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ABSTRACT: Cell migration is studied with the traditional focus on protrusion-driven cell body displacement, while less is
known on morphodynamics of individual protrusions themselves, especially in ﬁbrous environments mimicking
extracellular matrix. Here, using suspended ﬁbers, we report integrative and multiscale abilities to study protrusive
behavior independent of cell body migration. By manipulating the diameter of ﬁbers in orthogonal directions, we constrain
cell migration along large diameter (2 μm) base ﬁbers, while solely allowing cells to sense, initiate, and mature protrusions
on orthogonally deposited high-curvature/low diameter (∼100, 200, and 600 nm) protrusive ﬁbers and low-curvature
(∼300 and 600 nm width) protrusive ﬂat ribbons. In doing so, we report a set of morphodynamic metrics that precisely
quantitate protrusion dynamics. Protrusion growth and maturation occur by rapid broadening at the base to achieve long
lengths, a behavior dramatically inﬂuenced by curvature. While ﬂat ribbons universally induce the formation of broad and
long protrusions, we quantitatively protrutype protrusive behavior of two highly invasive cancer cell lines and ﬁnd breast
adenocarcinoma (MDA-MB-231) to exhibit sensitivity to ﬁber curvature higher than that of brain glioblastoma DBTRG05MG. Furthermore, while actin and microtubules localize within protrusions of all sizes, we quantify protrusion sizedriven localization of vimentin and, contrary to current understanding, report that vimentin is not required to form
protrusions. Using multiple protrusive ﬁbers, we quantify high coordination between hierarchical branches of individual
protrusions and describe how the spatial conﬁguration of multiple protrusions regulates cell migratory state. Finally, we
describe protrusion-driven shedding and collection of cytoplasmic debris.
KEYWORDS: protrusions, ﬁber curvature, nanoﬁbers, aligned ﬁbers, vimentin, protrusion branching, cell migration, cell debris

A

Furthermore, supporting stromal cells have been seen to lay the
groundwork for invasion by depositing additional ECM ﬁbers,
approximately 100−500 nm in diameter, as well as by
remodeling the ECM into a wide variety of possible forms:

key step in cancer progression involves the transformation of a normal microenvironment into a
stiﬀened network of extracellular matrix (ECM)
proteins, which provide structural support for cell migration
in the form of individual and bundles of ﬁbers that vary in size,
orientation, and mechanical properties.1 For instance, the
diameter of individual and bundled collagen ﬁbers has been
reported to be 70 nm and up to 30 μm, respectively.2
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Figure 1. Orthogonal grid of contrasting ﬁber diameters isolates protrusions from migration. (a) Schematic illustrating the geometric design
of the array of aligned suspended nanoﬁber networks that induce protrusions independent from cell body migration. Cells were observed to
migrate exclusively along the larger base ﬁbers (ﬁxed parameter) while extending protrusions on the crossed small diameter protrusive ﬁbers
(variable parameters). (b) SEM images of base ﬁber with orthogonal small, medium, and large diameter protrusive ﬁbers (3 μm scale bar).
Corresponding phase contrast microscopy images of cells on the ﬁbers are shown below (20 μm scale bars). (c) Representative single
protrusive cycle proﬁle with time-lapse images taken every minute (scale bar 20 μm in insets) showing protrusion maturation over time. The
protrusive cycle proﬁle is segmented into extension and retraction phases of the protrusion tip to attain a maximum length (Lmax) followed by
ﬁnal retraction of the protrusions back to the main cell body. (d) Time-lapse images showing a protrusion twinning (wrapping around) a
protrusive ﬁber (time shown in seconds and scale bar 20 μm).

dense or sparse, aligned or random, and stiﬀ or compliant.1,3,4
While ECM anisotropy aids invasion by providing a continuous
pathway for migration at high speeds without the need for
proteolytic ECM degradation,5−8 dense ﬁbrous meshwork
causes miniscule pore formation requiring metastatic cells to
either deform their body and nucleus or generate adequate
forces to widen the opening.9 Collectively, these various
substrates account for many types of curvatures and topographies, which cause instantaneous cell−ECM protrusive
interactions possibly contributing to the metastatic processes.10−12
Protrusions are projections of cytoplasm from the primary
cellular embodiment that exhibit spatiotemporal plasticity in
their formation and maturation. While the importance of
protrusions in metastasis is widely acknowledged, they are
almost always examined conjointly with migration; therefore,
the individual organization and dynamics of cell protrusions are
not fully described.13−19 To date, protrusions have been
extensively studied using ﬂat ligand-coated substrates, micro-

tentacles, Boyden chambers, and collagen gels.20−25 While
these studies have shown the role of substrate properties and
dimensionality in inﬂuencing protrusive behavior and its
interplay with migration,23−25 they have yet to describe the
role of ECM mimicking curvature on protrusive behavior. Here,
using our previously reported non-electrospinning spinneretbased tunable engineered parameter (STEP) ﬁber manufacturing platform,26−29 we quantitatively describe dynamics of single
protrusions decoupled from cell body migration. By depositing
two ﬁbers of diﬀerent diameters orthogonally on top of each
other and fused at the intersections, we constrain cell migration
to the larger diameter ﬁber (∼2 μm), while allowing
protrusions to form on smaller diameter ﬁbers (∼100, 200,
and 600 nm) and ﬂat ribbons (300 and 600 nm width). In
doing so, we are able to develop morphodynamic physical
metrics to quantitate protrusion growth and maturation
sensitivity to curvature. Our strategy allows us to quantitate
protrusion shape-driven cytoskeletal arrangement, and we
demonstrate that for the tested cell-lines vimentin is not
B
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identify these phases, we investigated how extension and
retraction rates varied between the initial, ﬂuctuating, and ﬁnal
phases. Our results show that the extension rate for both the
initial phase and the ﬂuctuating phases ranged from 2 to 3 μm/
min, whereas the ﬁnal retraction rate, ranging from 3 to 6 μm/
min, was signiﬁcantly faster than the 1−3 μm/min retraction
that was observed during ﬂuctuating phases (Supplementary
Figure S3). The signiﬁcantly faster retraction to the main cell
body was termed the “retraction cycle” (shown by a dashed line
in Figure 1c).
Sensitivity of Protrusion Maturation to Fiber Size and
Curvature. Next, we asked if the protrusion dynamics was
sensitive to underlying ﬁber size and curvature. We imaged the
protrusions at higher magniﬁcation (63×) and shorter time
scale (1 s), which revealed that protrusions matured on
protrusive ﬁbers by twinning (wrapping around) the ﬁber axis
(Figure 1d and Supplementary Movies M5 and M6). Since the
protrusions were twinning the ﬁber axis, we inquired if
protrusion formation on round protrusive ﬁbers was similar to
those formed on ﬂat protrusive ribbons deposited on round base
ﬁbers (Figure 2a(i)). We designed the ﬂat ﬁber width to
represent the circumference of the round ﬁbers, thus small
(∼94 nm) and medium (∼202 nm) diameter ﬁbers
equivalently represented ﬂat ribbons having widths of
approximately 300 and 600 nm, respectively. For the large
diameter (565 nm) round ﬁber, the corresponding width of ﬂat
ﬁber (1775 nm) approximated the 2 μm base ﬁber and was thus
not included in the analysis. In order to compare the
protrusions, we deﬁned two metrics: eccentricity (E) and
maximum protrusion length (Lmax) (Figure 2a(ii)). Eccentricity
(E) physically represents a measure of protrusion width at the
intersection of the base and protrusive ﬁber and is calculated
from the contributions of major and minor axes of the largest
possible ellipse ﬁtted to the protrusion proﬁle. Thus, a
numerical value of E provides a measure of how the
morphological curvature of the protrusion deviates from a
circle, where a value of ∼0.7 and lower approximates a circle
(rod-like protrusion) and a value approaching ∼1.0 signiﬁes a
straight line (kite-shape protrusion). Protrusion length is
calculated by measuring the distance between the protrusion
tip and the projection of the center of eccentricity ellipsoid on
the protrusive ﬁber (Figure 2a(ii)) and Lmax is the maximum
length of protrusion recorded in a protrusive cycle. We found
both metrics to be sensitive to curvature, with longer lengths
and higher eccentricities on ﬂat ribbons (Figure 2a(ii) and
Supplementary Movie M7). On ﬂat ribbons, cells were observed
to achieve high eccentricities (E > 0.95) signiﬁcantly faster
(<∼5−7 min; see Figure 2a(iii)), compared to the more
gradual increase of eccentricities over time (>20 min) on round
protrusive ﬁbers (Supplementary Figures S5 and S6 for
representative protrusive proﬁles on ﬁbers and ﬂat ribbons,
respectively).
The transient measurements (Figure 2a(iii)) enabled us to
study the process of protrusion maturation on protrusive ﬁbers.
We found the growth and maturation of protrusions to always
begin with cells forming short rod-like protrusions (∼3−5 μm
length) at low eccentricities (Figure 2b, t = 0 min). Cells then
increased the protrusion length while rapidly broadening the
protrusion at the base simultaneously, thus leading to increase
in eccentricity (Figure 2b, t = 5−10 min). Subsequently,
protrusion elongation occurred in multiple phases of extension
and retraction associated with ﬂuctuating increase in eccentricity (0.90 and higher, Figure 2a(iii)). Cells on small diameter

required for formation of protrusions of long lengths.
Furthermore, through design of the ﬁber networks, we show
that hierarchical branching of single protrusions is highly
coordinated, while multiple independent protrusions formed
simultaneously or sequentially alter the migratory state of a cell
(low or high). Finally, we show the ability of protrusions to
either shed or contact debris. Altogether, the development of
this multiscale, versatile, and integrative engineering approach
enables isolation and quantitative description and comparison
of protrusion dynamics across multiple cell lines (“protrutyping”) and provides knowledge on the role of the microenvironment in regulating protrusion formation, maturation, and
elongation.

RESULTS
Geometric Contrast between Orthogonal Fiber
Diameters Induces Protrusions Independent of Cell
Body Migration. We wanted to investigate the ability of a cell
to sense and protrude on ﬁbers of varying diameters by
decoupling the protrusion formation from migration. To
achieve this, we used the STEP technique to fabricate a
suspended nanoﬁber network composed of two orthogonal
layers of precisely deposited ﬁbers fused at intersections (Figure
1a,b). To restrict cell migration along one ﬁber axis, while
maintaining protrusive behavior on the orthogonal layer, we
examined multiple ﬁber diameter combinations (Supplementary Figure S1). On large diameter ﬁber networks (2000 nm
over 2000 nm), cells were able to change migration direction
and move along orthogonal ﬁbers. On submicron diameter
ﬁbers (600 nm over 600 nm), cells at the intersection were
observed to constantly change migration direction without
moving along any single ﬁber, while altering their shape from
kite to spindle, whereas on 100 nm over 200 nm diameter
ﬁbers, cells remained mostly rounded. However, on contrasting
diameter networks (200 nm over 2000 nm), we observed that
rounded cells on 200 nm migrated with rod-like protrusions,
and upon encountering a large diameter crossing ﬁber, they
would change directions and attach to a large 2000 nm
diameter ﬁber and migrate in spindle morphology. Subsequently, during migration on a 2000 nm diameter ﬁber, the
cells would encounter other crossing 200 nm diameter ﬁbers,
which they would at times sense and form protrusions upon,
but were almost never observed to switch directions and start
migration along them (Supplementary Movie M1). This
behavior was conserved at 600 nm over 2000 nm diameter
combination, as well. Thus, we concluded that diameter
mismatch between two layers restricted cell attachment and
migration to large diameter ﬁbers (∼2 μm in diameter),
denoted as “base ﬁbers”, while pseudopodial protrusions, which
exhibited varying temporal and morphological characteristics,
were elicited on smaller diameter ﬁbers (small, 94 ± 11 nm;
medium, 202 ± 7 nm; large, 565 ± 29 nm) denoted as
“protrusive ﬁbers” (Figure 1b and Supplementary Movies M2−
M4). We did not observe the protrusions to preferentially form
on a certain side of a base ﬁber, and the protrusions observed
on ﬁber networks were morphologically distinct from those
seen on a ﬂat surface (Supplementary Figure S2). After the
initial sensing phase on protrusive ﬁbers, protrusions were
mostly found to mature in phases of extension and retraction to
achieve long lengths (Supplementary Figure S3). We observed
the ﬂuctuating phases to brieﬂy stabilize followed by protrusion
retraction to the main cell body, thus completing a protrusive
cycle (Figure 1c and Supplementary Figure S4). In order to
C
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Figure 2. Curvature regulates protrusion dynamics and process of protrusion maturation. (a) (i) SEM images of network of ﬂat protrusive
ribbons deposited on top of round base ﬁbers (scale bar 20 μm), individual ribbon ﬁber (scale bar 1 μm), along with optical images of
DBTRG-05 MG cells protruding on protrusive ribbons with high eccentricities (scale bar 20 μm); (ii) schematic illustrating eccentricity (E)
and protrusion length measurements and the diﬀerences in protrusive behavior on protrusive ribbons and ﬁbers. Protrusions achieve higher E
(kite-like shape) faster and are of longer maximum length (Lmax) on ﬂat ribbons compared to the round protrusive ﬁbers (n = 23 ribbons, and
26 ﬁbers, all coated with 4 μg/mL ﬁbronectin); (iii) representative transient protrusion proﬁles for protrusive ribbons and ﬁbers with
maximum length (Lmax) identiﬁed. (b) Time-lapse images showing key steps involved in protrusion maturation, with time shown in minutes.
After initial sensing, the protrusions are observed to elongate followed by the commitment to mature by a rapid increase in eccentricity (time
point 5−10 min). Shaded ovals shown were ﬁt to a protrusion proﬁle to calculate eccentricity. Scale bars are 20 μm, and all error bars show
standard error (SEM).

ﬁbers typically exhibited rod-like protrusions having low
eccentricities, and with the increase in diameter, we observed
cells to form longer protrusions with higher eccentricities
(Supplementary Figure S5). Independent of the protrusive ﬁber
diameter and curvature, the mode of forming long length
protrusions through an initial rapid broadening at the base was
found to be conserved.
Next, we asked if the developed morphodynamic metrics
could be applied to distinguish protrusive behavior between
diﬀerent cell lines. In addition to looking at the role of ﬁber
diameters, we also inquired if ﬁbronectin coating on ﬁbers in
varying concentrations (2, 4, and 16 μg/mL) aﬀected
protrusive behavior. We chose ﬁbronectin as it is native to
both breast and neural tissue as well as being signiﬁcant for
metastasis.30−33 Therefore, by testing various diameters and
ﬁbronectin concentrations, the platform presented in this study
partially captures the heterogeneity of the tumor microenvironment and probes its eﬀect on cancer cell protrusive behavior.
We compared the protrusions of breast adenocarcinoma MDAMB-231 to those of MCF-10A, which are the normal breast
epithelial cells. The comparison study showed signiﬁcantly
higher protrusion lengths for MDA-MB-231, therefore
suggesting increased protrusion length might be indicative of
the invasive potential of a cell (Supplementary Figure S7). This
further prompted us to inquire if the platform could be applied
to quantitate protrusive behavior of diﬀerent metastatic cell
lines. To achieve this, we identiﬁed two additional metrics of
base length and protrusion tip amplitude. Base length signifying

cell body mass displaced on protrusive ﬁber was deﬁned as the
horizontal distance between the centers of the base ﬁber and
the projection of ellipse drawn for measuring eccentricity on
the protrusive ﬁber. Similarly, we tracked the tips of protrusions
at 1 min intervals and classiﬁed positive tip amplitude as the
maximum continuous distance extended before the tip would
retract and conversely negative tip amplitude as the maximum
continuous distance retracted before reversing direction. For
both cell types (Figure 3a), varying the concentration of
ﬁbronectin did not have a statistically signiﬁcant eﬀect on the
eccentricity (E@Lmax) of the protrusions within each diameter
category. For MDA-MB-231 cells, the average eccentricities on
the large diameter ﬁbers ranged from 0.86 to 0.89 (kite-like),
whereas a lower range of 0.60−0.72 (rod-like) was observed for
the small diameter ﬁbers. The protrusions seen on medium
diameter ﬁbers had eccentricities between 0.70 and 0.82 with an
intermediate morphology between the rod and kite-like forms.
The DBTRG-05MG cells showed kite-like protrusions with
high eccentricities on the large diameter ﬁbers (0.80−0.83);
however, narrower protrusions were observed on medium and
small diameter ﬁbers, which resulted in lower eccentricities
between 0.70 and 0.74. Altogether, MDA-MB-231 cells showed
higher dependence on ﬁber diameter when regulating their
protrusion morphology, whereas DBTRG-05MG displayed a
more constant morphology except for on the large diameter
ﬁbers.
DBTRG-05MG formed protrusions with lengths that
generally ranged between 20 and 25 μm throughout, whereas
D
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Figure 3. Cell-line-speciﬁc protrusion dynamics inﬂuenced by ﬁber diameter and ﬁbronectin coating concentration. (a) Average plots of
transient eccentricity−time proﬁles for highly aggressive breast MDA-MB-231 (n = 13, 13, 12, and 10 protrusions for small, medium, large,
and ﬂat ﬁbers, respectively) and brain DBTRG-05MG (n = 13, 12, 13, and 23 protrusions for small, medium, large, and ﬂat ﬁbers,
respectively), showing both cell types achieving higher E at slower rates on round ﬁbers compared with ﬂat ribbons. (ii) Eccentricity at Lmax
increases with ﬁber diameter but not with ﬁbronectin concentration (n = 30 per test category). (b) Measurements of maximum protrusion
length (Lmax)and associated base length as shown in schematic demonstrate that MDA-MB-231 modulate their protrusion lengths with
changing diameter and ﬁbronectin coating concentration compared to DBTRG-05MG (n = 100 per test category). (c) Protrusions ﬂuctuate
with positive amplitude away from the base fiber and with negative amplitude toward the base ﬁber. Positive and negative amplitudes on small,
medium, and large ﬁber diameters demonstrate a higher positive and negative displacement of breast MDA-MB-231 cells compared to that of
brain DBTRG-05MG cells (n = 20 protrusions per test category). All error bars show standard error (SEM).

the average protrusion lengths of MDA-MB-231 were more
widespread due to a higher dependence on ﬁber diameter and
ﬁbronectin coating (Figure 3b). As the concentration of
ﬁbronectin was raised from 2 to 16 μg/mL, the corresponding
protrusion length averages were 13−18 μm on small diameter,
18−23 μm on medium diameter, and 20−25 μm on large
diameter ﬁbers. However, for both cell types, we observed the
general trend of longer protrusion lengths obtained at higher
eccentricities (Supplementary Figure S8). Furthermore, for
every tested diameter, we did not observe base lengths to be
statistically diﬀerent, except for MDA-MB-231 between small
and large diameters (p < 0.001), thus further conﬁrming MDAMB-231 cells to modulate their response to changing ﬁber
diameter and ﬁbronectin ligand density.
Next, we compared the number of ﬂuctuating phases before
protrusions would retract to the main body, thus signifying
completion of a protrusive cycle (Figure 1c). We found that, on
average, protrusions extended and retracted in three phases for
MDA-MB-231 and four phases for DBTRG-05MG in a
protrusive cycle. We also measured the distances traveled in
ﬂuctuating phases at 1 min intervals (Figure 3c) and found that
MDA-MB-231 displaced larger distances (extension = 6−11
μm, retraction = 4−6 μm) than DBTRG-05MG (extension =
5−7 μm, retraction = 3−5 μm). For both cell types, we found
that eccentricity increased as the phase number increased
(Supplementary Figure S9).

Our quantitative analysis of protrusion dynamics suggests
that MDA-MB-231 cells show a strong dependence on ﬁber
diameter and ligand concentration, whereas DBTRG-05MG
cells exhibit low sensitivity to environmental conditions. In
comparing both ﬂat and round geometries, we ﬁnd that both
cell types quickly achieve high eccentricities (E > 0.95) on ﬂat
ribbons. However, diameter-sensitive MDA-MB-231 cells form
longer Lmax on 300 nm ﬂat ribbon ﬁbers (22.7 ± 2.1 μm (n =
10); data not shown) compared to those on comparable small
diameter round ﬁbers (Lmax ≅ 16 μm). On the other hand,
DBTRG-05MG cells, which exhibit low dependence on
diameter (Lmax ≅ 20−25 μm on all diameters), form
signiﬁcantly longer protrusion lengths on ﬂat ribbons (Lmax ≅
28−35 μm on corresponding widths) (Figure 2a(ii)). Thus,
combined together, our ﬁndings demonstrate that while the use
of ﬂat substrates allows formation and study of protrusions,
they lack the ability to capture the sensitivity of protrusions,
which we show to be cell-speciﬁc and sensitive to ECM ﬁber
diameter.
Protrusion Cytoskeletal Arrangement Is Directly
Inﬂuenced by Its Eccentricity and Is Independent of
Vimentin. Next, we wanted to investigate if physical metrics
could be used to describe the cytoskeletal component
localization within the protrusions of varying sizes. The fact
that the protrusions are rich in f-actin can be inferred from the
long lengths and broad morphologies achieved; however, the
E
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Figure 4. Eccentricity-based cytoskeletal arrangement and role of vimentin in protrusion maturation. (a) Immunoﬂuorescent images of f-actin,
tubulin, and vimentin along with phase contrast images in protrusions of increasing and varying eccentricities within the same cell. Vimentin
colocalizes in the protrusion only at high eccentricities, and yellow crosses indicate no observed localization of vimentin within protrusion
(scale bars are 10 μm). For each eccentricity range, the bar plot shows the fraction of cytoskeletal protein (f-actin, tubulin, vimentin) present
in protrusions from ﬁxed cell samples. The sample size for each eccentricity range is shown in the table on the bottom right. (b) (i)
Representative transient proﬁle of live vimentin (imaging done every 8 min) showing localization within a protrusion of high eccentricity; (ii)
bar plot showing eccentricity values at which vimentin front localization occurs in the protrusions for both cell types (n = 5, 4 for MDA-MB231 cells on medium and large diameter protrusive ﬁbers and n = 19, 8 for DBTRG-05MG on medium and large diameter ﬁbers). (c)
Representative protrusion proﬁles of cells with vimentin shRNA knockdown and wild-type show protrusions in both cell types mature
similarly. Bar graphs demonstrate no statistical diﬀerence in maximum protrusion lengths (Lmax) between wild-type and vimentin depleted
(shVim) cells for both cell types (n = 40 for each cell type and n = 20 for each category). All error bars show standard error (SEM).

extent in which microtubules and intermediate ﬁlaments are
involved is not as obvious. Through ﬁxed immunostaining, we
investigated the presence of f-actin, tubulin, and vimentin
within protrusions of varying eccentricity for the brain and
breast cancer cells (Figure 4a and Supplementary Figure 10).
As expected, the rhodamine phalloidin marker was always
visible throughout the entire protrusion, which supports our
initial inference of an f-actin-rich structure for both high and
low values of eccentricity. Although not as prevalent as f-actin,
we observed localization of tubulin (microtubules) at low
(∼20−60% occurrence) and high (∼75−100% occurrence)
eccentricities. Contrarily, vimentin intermediate ﬁlaments were
rarely detected within protrusions with eccentricities below
∼0.8. To examine this further, we conducted live imaging of
vimentin ﬁlaments (Figure 4b and Supplementary Figure S11
for representative proﬁles and Supplementary Movie M8). We
found the dynamics of eccentricity length behavior for vimentin
to be similar to that of the parent protrusion, with a rapid
increase in eccentricity followed by the increase in vimentin
front length (Figure 4b(i)). For both cell types (MDA-MB-231
and DBTRG-05MG), while it is conceivable that individual or a
few vimentin ﬁlaments might be localized at lower

eccentricities, our observations suggest that major vimentin
ﬁlament fronts were observed to colocalize in the body of the
protrusion at higher eccentricities (0.8 or higher, Figure 4b(ii)).
Thus, to further investigate the role of vimentin in protrusion
formation and maturation, we performed shRNA knockdown
of vimentin in both cell types and compared the protrusion
dynamics on medium and large diameter protrusive ﬁbers. For
both cell types, we did not observe any statistically signiﬁcant
diﬀerences in maximum protrusion length (Lmax) between wildtype and vimentin knockdown (shVim) cells (Figure 4c and
Supplementary Figures S12 and S13 for representative
proﬁles), which suggests that, compared with other cytoskeletal
components, vimentin is not required during protrusion
formation and maturation. Our ﬁndings on vimentin localization in protrusions are in agreement with previous ﬁndings
of vimentin to localize only when invadopodia have achieved
long lengths.20 However, here, in addition, we show that
broadening of protrusion at base signifying maturation is a
prerequisite for vimentin localization, and more notably, in
contrast to previous ﬁndings,20 subsequent elongation of
protrusion occurs independently of vimentin localization.
F
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Figure 5. Multiprotrusion coordination and single protrusion hierarchical branching. Cells interacting with multiple ﬁbers display random or
biased protrusion formation depending on the cell migratory state, whereas a single protrusion interacting with multiple ﬁbers forms
hierarchical branches. (a) Protrusion and migratory state: (i) low migratory state with random protrusions along all sides of the cell body, (ii)
high migratory state with biased protrusions toward the direction of migration, and (iii) representative protrusion proﬁles of cells showing
random and biased protrusion states. The solid areas represent protrusion base length and the thin lines represent protrusion length. (b)
Migration speed (black) remains low and unchanged during random protrusions, whereas in the case of biased protrusion formation,
migration speed is unaﬀected by short protrusions (shown by the red star) and decreases only when long length protrusions are formed
(shown by the direction of arrows). (c) Original zeroth-order protrusion branches into smaller ﬁrst-order protrusions. These protrusion
subsets can then branch further into second and higher-order protrusions. Optical images of a cell protrusion branching into ﬁrst-, second-,
and third-order with time shown in minutes on top left. (d) First- and second-order protrusions are all coordinated with one another as shown
by the transient plots, while the zeroth-order shows stochastic behavior (shown here is example of synchronous behavior). (e) (i) Root mean
square deviation measurements show that left and right protrusion branches are in synchrony with one another, but not with the forward
protrusion (n = 15 protrusions per category); (ii) protrusion branches extend slower with decomposition (n = 50 per category), and (iii)
cumulative branch length increases with decomposition (n = 97, 48, and 22 for zeroth-, ﬁrst-, and second-order, respectively). (f)
Immunoﬂuorescent imaging for zeroth-, ﬁrst-, and second-order branched structures shows f-actin and tubulin to localize in all branches,
while vimentin localizes only in protrusions of high eccentricity. Scale bars in (a) and (c) are 20 μm and in (f) top panel 10 μm and bottom
panel 5 μm. All error bars show standard error (SEM).

Multiﬁber Protrusion Coordination and Single Protrusion Hierarchical Branching. After investigating the
behavior of single protrusions and their cytoskeletal arrangement, we inquired if our platform is able to quantify dynamics
of multiple protrusions formed independently by the cell or
those that branched from a single parent protrusion, thus
providing insights in cell migratory state and its ability to sense
the environment, respectively.
Multiple Independent Protrusions. We found that cells were
able to form multiple protrusions in diﬀerent directions,
sequentially and/or simultaneously, when in contact with more

than one protrusive f iber (Figure 5a). We observed that the
proﬁles of protrusions on either side of the cell matched those
reported before for single protrusions (Figure 1c), thus
suggesting each protrusion to be independently regulated.
However, we found the protrusions to switch between random
and biased formation depending upon the migratory state of
the cell. We deﬁned the migratory state of the cell to be low
when the cell rarely traversed base−protrusive f iber intersections
and remained almost stationary along the base ﬁber (Figure
5a(i)), and the migratory state was deﬁned to be high when the
cell frequently passed these intersections while moving along
G
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within ﬁrst-order protrusions on opposite sides (1L and 1R, L is
left and R is right) and combinatorically out-of-sync with
protrusion 1F (F is forward) in direction of parent protrusion.
This pattern was moderately conserved for second-order
protrusions, as well. We quantiﬁed this by determining the
root-mean-square deviation (rmsd) between transient protrusion length plots (Figure 5e(i)) and found lower rmsd values
(high coordination) between side branches (1L and 1R),
whereas higher rmsd values (low coordination) were calculated
between branches perpendicular to one another (1L and 1F). In
addition, we noticed that, with branching, the protrusive rates
decreased (Figure 5e(ii)). However, the cumulative lengths of
hierarchical branches increased with branching order, thus
exhibiting an overall displacement away from the main cell
body (Figure 5e(iii)). Fixed immunostaining demonstrated factin and tubulin to be present in all branches, whereas
vimentin was present only in the zeroth- and ﬁrst-order
branches of high eccentricity (Figure 5f). This is consistent
with our observations in primary protrusions wherein broadening at the base (high eccentricity) is a prerequisite to
vimentin localization.
Protrusion Shedding and Debris Collection. Cancer
cells have been known to release and sense fragments of varying
sizes and shapes, which serve as a communication mechanism
or guidance cues similar to a “trail of breadcrumbs” during
metastasis.36 The assimilation of the fragments by other cells
can even induce certain phenotypic changes unachievable by
any other means.37 We observed protrusion fragments; we term
debris being deposited on ﬁbers and, at times, contacted by
other cells (Figure 6). Debris was observed to be deposited on
the ﬁbers through a multistep process (Figure 6a(i,ii) and
Supplementary Figure S16a). First, the protrusion extending on
the protrusive ﬁber would start to show large balloon-like
ruﬄes emerging at the tip which then moved rearward along
the protrusion’s length to the base (at ∼1.3 μm/min, Figure
6a(iii)). Second, the ruﬄes would persist until the cell initiated
migration along the base ﬁber while still maintaining attachment of the protrusion tip on the protrusive ﬁber. As the cell
continued to move away, the protrusion would narrow due to
necking. Third, the narrowed protrusion eventually failed, thus
leaving the still-attached protrusion tip on the protrusive ﬁber
in the form of a debris (Figure 6a(iii) and Supplementary
Movie M12). We observed that most debris remained
stationary at the location they were shed and continuously
altered their shape. In certain instances, debris was also
observed to translate autonomously across the ﬁbers (at ∼1.4
μm/min). Although the debris varied in shape and size, they
were seen to be either spherical (5−25 μm in diameter) or
elongated narrow cylinders (10−40 μm in length). We
determined the cytoskeletal composition of the debris and
found that they contained f-actin and tubulin almost all the
time, but the ruﬄes and narrower debris were generally devoid
of vimentin (Figure 6a(iv) and Supplementary Figure S16b).
We also observed other cells to approach and contact other
debris by ensuing migration on base ﬁbers toward the debris.
Once near the debris, the cells were observed to extend and
mature the protrusion toward the debris, make contact, and
then retract the protrusion with the debris toward the main cell
body (Figure 6b and Supplementary Movie M13).

the base ﬁber (Figure 5a(ii)). We found the low migratory state
to be correlated with “random” protrusions, whereas a high
migratory state is associated with “biased” protrusion formation
at the leading edge (Figure 5a(iii)). Cells displaying randomly
directed protrusions extended multiple protrusions outward
onto almost every protrusive ﬁber that they were interacting
with while being in a low (i.e., nearly stationary) migratory state
(Supplementary Figure S14a,b and Movie M9). To determine if
there was a bias in protrusion formation at any location on the
cell body, we analyzed cells interacting with exactly three ﬁber
junctions for a period of 60 min. For each cell, we recorded the
number of times a protrusion (minimum 5 μm length) was
formed along the protrusive ﬁbers at the top, middle, and the
bottom junction (Supplementary Figure S14c). We found that
the cells showed similar probability of extending protrusions
(top, 32.6 ± 5.1%; middle, 35.5 ± 3.6%; bottom, 32.0 ± 3.4%
of the protrusions), thus suggesting that the cells are primarily
using their protrusions as a sensory mechanism, carried out by
random and uncoordinated probing from all sides, while having
minimal migration along the base ﬁber. This behavior is similar
to that seen in ﬁbroblasts and microglial cells where multiple
protrusions in diﬀerent directions lead to a low migratory
state.34,35
In contrast, when the cell is in a high migratory state
(Supplementary Movie M10), protrusions primarily form at the
leading edge, thus suggesting a bias toward the direction of
migration. Quantitation of this behavior showed that
approximately 89% of migratory cells formed protrusions
(minimum 5 μm length) at the leading edge (Supplementary
Figure S15a,b). We observed the migration speed to remain
unaﬀected by the formation of short-lived and smaller length
protrusions (white protrusion with the red star in Figure 5b(ii)
and Supplementary Figure S15d). However, with further
increase in the length of protrusions, signifying maturation,
the migration speed decreased (shown by arrows in Figure
5b(ii)). We quantiﬁed the protrusion length migration speed
relationship and found that a minimum total protrusion length
of 13.9 ± 2.3 and 20.3 ± 2.1 μm is required for a 20 and 40%
drop in the migration speed, respectively. Any subsequent
increase in protrusion length was not observed to reduce the
migration speed of the cell (Supplementary Figure S15c).
Single Protrusion Branching. After looking at how the
entire cell responds to multiple ﬁbers, we then investigated how
an individual protrusion behaves when it contacts multiple
ﬁbers, such as when it reaches a ﬁber intersection. In order to
allow a protrusion to reach an intersection, we added additional
ﬁbers (∼200 nm diameter) parallel to the base ﬁbers. As a
result, a single protrusion extending along the primary
protrusive ﬁber branched into multiple smaller protrusions on
these additional secondary protrusive ﬁbers (Supplementary
Movie M11). We classiﬁed this behavior by terming the initial
originating protrusion the zeroth-order protrusion. Following
this nomenclature, then, the ﬁrst set of protrusions that branch
from the zeroth-order are the ﬁrst-order protrusions, and shortlived structures branching from the ﬁrst-order protrusions are
termed second-order protrusions, and so forth (Figure 5c).
We investigated the dynamics of the branched protrusions
and found the zeroth branches on opposite sides on the same
protrusive ﬁber to be stochastic in behavior (comparison of
extension phases for multiple protrusions, Supplementary
Figure S14a) and at times observed to extend and retract
synchronously (in-phase and out-of-phase, Figure 5d).
However, we observed high coordination (in-sync) branching

DISCUSSION
In contrast to other approaches for studying protrusions, we
demonstrate an integrative and multiscale engineering approach
H
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Figure 6. Cytoplasmic debris shedding and contact. (a) (i) Cells use protrusions to leave fragments at locations away from their migratory
path. Time shown in minutes. (ii) Schematic illustrating formation and translocation of ruﬄes (blue arrows) followed by a pinching
mechanism (red arrows) by which debris is shed. Postshedding, debris can translate (arrow) or remain immobilized (ground). (iii) Protrusion
proﬁle (purple) showing the deposition of a cell fragment (green at 170 min time point) occurring during protrusion retraction. During the
deposition process, ruﬄes were observed to retract backward at ∼1.3 μm/min (shown in red). Representative time-lapse images showing
stationary and migratory debris with time shown in minutes. (iv) Cytoskeletal component makeup of ruﬄe (top panel, yellow oval) and of
cytoplasmic debris of varying sizes and shapes. Smaller and narrower debris were generally devoid of vimentin (yellow cross); scale bar 4 μm.
(b) Time-lapse images show a cell migrating on base ﬁber after sensing debris attached to a protrusive ﬁber (dashed circle) and maturing
protrusion to grab the debris and bring it back to the main cell body (white arrows). Time shown in minutes, and scale bars are 20 μm.

the migratory state, we ﬁnd that any mature protrusion can
branch hierarchically, and each subsequent individual branch
has a high degree of coordination in extension and retraction.
Finally, while it is well documented that cellular fragments are
usually shed from the trailing edge along migration tracks, as
seen in 3D collagen matrices,39,40 here, in contrast, we report
that cells are able to deposit debris at protrusive sites in the
transverse direction and away from the migratory path.
Our platform serves as a tool to mechanobiologically
interrogate protrusive behavior. It enables quantitating knowledge on how the speciﬁc properties of a ﬁbrous micro/
nanoenvironment, in this case, the ﬁber size and curvature, can
either promote or hinder the development of protrusions.
Furthermore, the ability to constrain debris-shedding sites on
the protrusive ﬁber in coculture environments provides means
to interrogate cell decisions and phenotypic plasticity. We
emphasize the need to investigate the role of curvature at the
nanoscale by integrating chemical and physical41,42 stimulation
to image signaling molecules, such as the Rho GTPases, which
we believe will allow ﬁngerprinting spatiotemporal sensory
events that commence protrusion stabilization or termination.
Such detailed queries may ﬁnally allow “protrutyping” diﬀerent
cell lines in response to various curvatures and stimuli
encountered in vivo, thus providing abilities to understand
cell-speciﬁc decision steps in migration. The term “pseudopodia” means “false feet” and the ability to isolate protrusive feet
of varying shapes and sizes in a controlled and repeatable
manner provides alternative pathways to study and disable
cancer’s “feet”. Stepping forward, we aim to understand the

for studying the formation and maturation of protrusions
independent of cell body migration using suspended nanoﬁbers
of contrasting diameters. Such investigations, to the best of our
knowledge, are not feasible with current culture systems. Our
strategy allows us to develop morphodynamic physical metrics
for quantifying protrusion morphology, dynamics, cytoskeletal
arrangement, and coordination among multiple protrusions.
We ﬁnd that protrusions mature through a sequence of events
entailing initial sensing followed by a short elongation and
commitment to mature by rapid broadening at the base.
Protrusion shape and length are sensitive to curvature as we
ﬁnd that, compared to high-curvature round ﬁbers, protrusions
on low-curvature ﬂat ribbons broaden dramatically faster,
leading to longer maximum lengths. We are able to apply the
developed metrics to quantitate protrusive behavior of diﬀerent
cell types. In addition, contrary to current understanding of the
role of intermediate ﬁlament vimentin in protrusion elongation,
we ﬁnd that vimentin colocalizes in protrusions only when they
have broadened at the base and more notably protrusion
elongation occurs independently of this localization. Our
strategy demonstrates that cells can maintain persistent
migration even if they are forming shorter lateral protrusions
similar to lateral perpendicular spike protrusions formed during
proteolytic modiﬁcation of surrounding ECM architecture.38
However, we observe a drop in cell migration speed when the
lateral protrusions mature. Thus, collectively, this allows us to
link multiprotrusive behavior with the migratory state of the
cell, wherein stationary cells forming random protrusions
suggest a microenvironment sensing state, while migratory cells
biasedly form protrusions at the leading edge. Independent of
I
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antibodies were diluted in antibody dilution buﬀer and added at the
following dilution ratios: Alexa Fluor 405 goat anti-mouse (1:100) and
Alexa Fluor 488 goat anti-rabbit (1:100). Rhodamine phalloidin was
also diluted in antibody dilution buﬀer with a dilution ratio of 1:100.
All stains were imaged using immunoﬂuorescent microscopy with a
Carl Zeiss microscope. All stained samples were imaged with a 63×
water-objective immersion lens.
Live Vimentin. DBTRG-05MG and MDA-MB-231 cells were
tagged for vimentin using LentiBrite GFP-vimentin lentiviral biosensor
(EMD Millipore, 17-10152). The cells were incubated with 20−40
multiplicity of infection LentiBrite biosensor for 48 h at 37 °C and 5%
CO2 for DBTRG-05MG and no CO2 for MDA-MB-231 in 6-well
plates. The medium from the well was then aspirated out; the
nanoﬁber substrates were washed with PBS, and fresh cell culture
medium was added to the well plates. The cells were incubated in fresh
media for 24 more hours and then imaged using Zeiss Axiovision
Observer Z1.
Vimentin Depletion. MDA-MB-231 and DBTRG-05MG cells were
transduced with recombinant lentivirus (Sigma-Aldrich (St. Louis,
MO) encoding for shRNA targeting vimentin (shRNA vimentin-19
sequence: CTAACTACCAAGACACTA; shRNA vimentin-23 sequence: ACAGGTTATCAACGAAAC). The second generation
lentivirus was produced as described previously.43 Brieﬂy, 293T cells
(ATCC, Manassas, VA) were transiently cotransfected with three
plasmids including lentiviral vector, ΔR 8.91 and pMDG-VSVG using
calcium phosphate precipitation method. After 22−24 h of transfection, the medium was replaced with fresh medium, and lentiviral
particles were harvested 24 h later and immediately ﬁltered through a
0.45 μm ﬁlter (Millipore, Bedford, MA) to remove cells debris and
then stored at −80 °C. For transduction, 1 × 105 cells in 35 mm
culture dishes were repeatedly transduced with lentivirus with 8 μg/
mL Polybrene to reach high transduction (>80%). The expression of
vimentin was analyzed by Western blotting using an antibody against
vimentin. Actin was used as loading control.
Statistical Analysis. Statistical analysis of the data was performed
using GraphPad Prism software. D’Agostino-Pearson omnibus
normality test was performed to test for normality of the data.
Parametric t tests and analysis of variance or their corresponding
nonparametric tests Mann−Whitney and Kruskal−Wallis test were
used to test for statistical signiﬁcance. One, two, and three stars on
plots represent p < 0.05, p < 0.01, and p < 0.001, respectively. All error
bars show standard error.

governing mechanistic relationships that link sensory protrusions with mechanotransduction in the metastatic invasion.

METHODS
Fiber Manufacturing. Round Fibers. Rectangular incisions were
made into 300 μm thick plastic coverslips (Fischer Scientiﬁc,
Pittsburgh, PA) to create gaps of 2 × 3 mm2. Here, we used our
previously reported nonelectrospinning spinneret based tunable
engineered parameters (STEP) platform to deposit polystyrene ﬁbers.
Polystyrene (PS, Scientiﬁc Polymer Products, Ontario, NY, Mw = 2 ×
106 g mol−1) was dissolved in p-xylene (Fischer Scientiﬁc, Pittsburgh,
PA) at 8, 10, and 13% (w/w) for at least a week to prepare a polymeric
solution for ﬁber spinning. The solution was extruded through a
micropipette (inside diameter ∼100 μm, Jensen Global, Santa Barbara,
CA) to deposit suspended ﬁbers. The diameter of the ﬁbers was
conﬁrmed by scanning electron micrograph measurements. The
scaﬀolds were subsequently tacked down in glass-bottom 6-well dishes
(MatTek Corp., Ashland, MA) using high-vacuum grease (Dow
Corning, Midland, MI). The scaﬀolds were sterilized with ultraviolet
rays in a sterile biosafety cabinet (1300 Series A2, Thermo Scientiﬁc,
Waltham, MA) before cell seeding.
Flat Fibers. Round ﬁbers were deposited to fabricate ﬂat ribbons.
Polydimethylsiloxane (PDMS) prepolymer was deposited on a silicon
wafer and cured at 150 °C for 15 min, followed by gradual cooling (10
°C every 5 min) to room temperature to obtain a smooth surface.
Using the STEP method, PS round ﬁbers were then deposited on a
PDMS surface, followed by exposure to tetrahydrofuran (THF), which
deformed the ﬁbers into ﬂat ribbons. The second layer of PS ﬁbers was
then deposited and fused to the ﬁrst layer of ﬁbers after being exposed
to THF vapor. Subsequently, a layer of biocompatible epoxy was
deposited on the edges of the PDMS surface to form a scaﬀold. After
the epoxy scaﬀold was completely cured, it was detached from the
PDMS surface with the ﬁbers attached to the top. The process ﬂow is
depicted in Supplementary Figure S17.
Cell Seeding and Culture. MDA-MB-231 (mammary ductal
adenocarcinoma) cells were cultured in L-15 medium supplemented
with 10% FBS and 1% penicillin. DBTRG-05MG (glioblastoma
multiforme) cells were cultured in RMPI-1640 medium supplemented
with 10% FBS, 1% penicillin/streptomycin, 30 mg/L L-proline, 35 mg/
L L-cystine, 3.57 g/L HEPES, 15 mg/L hypoxanthine, 1 mg/L
adenosine triphosphate, 10 mg/L adenine, and 1 mg/L thymidine.
Cultures were maintained in an incubator at 0 and 5% CO2 (MDAMB-231 and DBTRG-05MG, respectively) and 37 °C. Scaﬀolds with
fused ﬁber networks were coated with ﬁbronectin in varying
concentrations (2, 4, and 16 μg·mL−1) and incubated at 37 °C for 3
h before cell seeding. Cells were seeded with a seeding density of
300 000 cells·mL−1, where only a fraction would attach to ﬁbers
depending on ﬁber diameter and ﬁbronectin concentration. Samples
were maintained in well plates with 2 mL per well of their respective
growth medium once cell ﬁber attachment was observed.
Time-Lapse Microscopy and Analysis. Samples were imaged
with a Carl Zeiss microscope (AxioObserver Z.1 with mRm camera)
equipped with an incubator within the glass-bottom 6-well plates. The
incubator was maintained at 0% (MDA-MB-231) and 5% (DBTRG05MG) CO2 for the two cell lines at 37 °C. Time-lapse videos of
single cells not making contact with other cells were taken at a
magniﬁcation of 63 and 40× with a frame imaged every second or
minute. Live vimentin imaging was conducted every 8 min for 6 h.
Videos were analyzed manually using measurement tools on the Carl
Zeiss Axiovision software.
Immunostaining and Imaging. Cells were ﬁxed while attached
to nanoﬁber substrates using 4% paraformaldehyde. Cells were
permeabilized by soaking samples in permeabilization solution (0.1%
Triton-X-100 in phosphate-buﬀered saline, PBS) for 15 min. Samples
were then immersed in blocking buﬀer (5% goat blocking buﬀer) for
30 min. Primary antibodies were diluted in antibody dilution buﬀer
(Triton-X-100 and BSA) at the following dilution ratios (v/v):
vimentin mouse monoclonal antibody (1:100), α/β-tubulin antibody
(1:100), paxillin rabbit polyclonal antibody (1:250). Secondary
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