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Endothelial filopodia play key roles in guiding the tubular sprouting during
angiogenesis. However, their dynamic morphological characteristics, with
the associated implications in cell motility, have been subjected to limited
investigations. In this work, the interaction between endothelial cells and
extracellular matrix fibrils was recapitulated in vitro, where a specific focus
was paid to derive the key morphological parameters to define the dynamics
of filopodium-like protrusion during cell motility. Based on one-dimensional
gelatin fibrils patterned by near-field electrospinning (NFES), we study the
response of endothelial cells (EA.hy926) under normal culture or ROCK inhi-
bition. It is shown that the behaviour of temporal protrusion length versus cell
motility can be divided into distinct modes. Persistent migration was found to
be one of the modes which permitted cell displacement for over 300 pm at a
speed of approximately 1 pm min~'. ROCK inhibition resulted in abnormally
long protrusions and diminished the persistent migration, but dramati-
cally increased the speeds of protrusion extension and retraction. Finally, we
also report the breakage of protrusion during cell motility, and examine its
phenotypic behaviours.

1. Introduction

Natural extracellular matrices (ECMs) consist of fibril structures ranging from
the nanometre to the micrometre scale [1,2]. These fibrils provide specific
adhesive features, together with topographical and mechanical cues, which con-
duct cellular behaviours [3]. In vivo, individual cells would interface with one or
more ECM fibrils organized in a three-dimensional fashion [1-3]. Cytoplasmic
slender projections, for example filopodia, were suggested to function as anten-
nae to sense the biochemical and biophysical cues given by the surrounding
substratum, for example ECM, in turn guiding cellular locomotion [4]. For endo-
thelial cells in particular, filopodia were identified at the tip cell, which leads
sprouting vessels during angiogenesis [5,6]. Owing to the key role of filopodia
associated with angiogenesis, extensive studies have been performed to identify
the signalling pathways and molecular regulators of endothelial filopodia [5,7].
Motility guidance through soluble chemical factors, for example VEGF, has been
extensively studied [8,9]. However, guidance due to adhesion and topographical
factors presented by the ECM fibrils was subjected to limited investigation [10].
It is known that during tumorigenesis, significant alteration to the physical
characteristics of surrounding ECM takes place [11,12]. For example, thickening
and straightening of collagen fibrils are typically associated with tumour devel-
opment and angiogenesis [11,12]. Lumen formation, which is associated with
tubular sprouting in angiogenesis, only takes place for adhesive pattern smaller
than approximately 10 um [13]. Recent studies also showed that only the filopo-
dial migration mode, not the lamellipodial mode, promoted lumen formation
[14]. With the a priori investigations, it is thus of interest to address the question
of how the ECM fibrils may impact the protrusion initiation and development,
and its correlation to cell motility.
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As fibril structures are the building blocks of an ECM,
studying endothelial protrusion interaction with a single
ECM fibril can be seen as a simple and physiologically rel-
evant model system. Micrometre-wide tracks of ECM
molecules can be patterned by techniques such as contact
printing [15] and photopatterning [16]. Based on these sys-
tems, Doyle et al. [16] studied the fibroblast migration and
revealed the rapid and uniaxial migratory behaviour of
one-dimensional migration, mimicking the behaviour in a
three-dimensional ECM. Similar one-dimensional systems
have now been widely used for studying cellular motility
and morphogenesis [17,18]. However, to our knowledge,
detailed morphological characterizations of the dynamic
interaction between the filopodial-like protrusion and a
one-dimensional adhesive pattern are lacking. Therefore, in
our study here, the endothelial filopodium—-ECM interaction
is recapitulated using patterned gelatin fibrils. Ordered
patterns of gelatin fibrils of 2 um width were created by
near-field electrospinning (NFES) [19,20]. Gelatin, as a
denatured form of collagen, [21] was employed as the ECM
mimic, because collagen is the most abundant protein in
the ECM [22] and has possible implications in tumorigenesis
(as previously stated). Unlike the micropatterned tracks
which have a flat topography, the fibril produced by NFES
presents a convex surface (see Results), which is expected to
better recapitulate the topography of an ECM fibril. The inter-
action between endothelial protrusions and the fibrils was
monitored using live cell imaging on non-fluorescently
labelled cells. We observed occasional breakage of protru-
sions during cell migration. ROCK inhibition was applied
to test the influence of reduced ROCK-driven actomyosin
contractility [23,24] on the protrusion morphology and cell
motility. To perform quantitative and statistical analysis, we
adopted simple and directly observable parameters of
length characteristics to reflect the behaviours of protrusion.

2. Material and methods

2.1. Near-field electrospinning of gelatin fibrils

NFES was used to pattern gelatin fibrils of 2 pm in width on a
flexible PDMS (polydimethylsiloxane) substrate, following a
procedure adapted from Huang et al. [20]. Briefly, a home-built
NFES system was constructed with two single-axis translation
stages placed orthogonally to enable two-dimensional horizontal
motions to control pattern formation. A syringe containing gela-
tin solution was fixed in a vertical (z) position directly above the
target, with a semi-spherical droplet of approximately 0.2 ul
attached at a tapered needle tip (BD Microlance, 19G). During
NEFES, a positive potential was applied at the needle, which
induced fibril extrusion from the leading edge of the droplet.
Fibrils were deposited onto a cross-linked PDMS film (1 mm
thick, Sylgard 184) attached to the electrically grounded
aluminium plate fixed on the translation stage. To enable conti-
nuous deposition of straight gelatin fibrils of 1-2 um, we used
a gelatin solution containing 15 wt% gelatin (porcine skin,
Sigma), 25 wt% deionized water, 36 wt% acetic acid (Sigma)
and 24 wt% ethyl acetate (Sigma). A voltage of 1000 V was
applied, and the spacing between the needle tip and the PDMS
surface was kept at 1.25 mm. After NFES, gelatin fibrils were
then cross-linked following procedures described in Zhang
et al. [25]. After cross-linking, the fibril-PDMS construct was
rinsed with 70% ethanol, and then phosphate buffered saline
(Sigma) prior to use for cell culturing.

2.2. Live cell studies and quantitative analysis

Human umbilical vein cell line EA.hy926 (American Type Culture
Collection, Manassas, VA, USA; given by the Institute of Cancer
Research London, UK; passage 10—20) were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (Sigma) and
1% penicillin—streptomycin (Sigma). Cells were maintained
under 5% CO,, 37°C in a Binder (Germany) incubator.

To study the interaction between EA hy926 and the gelatin
fibrils, aligned fibrils of 40 um spacing, patterned on PDMS
pieces of 0.5 x 0.5 cm, were used. Cells were seeded to obtain a
coverage of 100 mm? on fibril-patterned PDMS or bare PDMS
(as a reference). Time lapse imaging commenced approximately
1 h after cell seeding. Cells were found to attach fully to the sub-
strate/fibril approximately 1 h after imaging. As endothelial cells
are known to be sensitive to light, imaging was acquired using a
confocal microscope (Leica TCS SP2) at 633 nm laser (Helium—
Neon) scanning through a transmission mode. Cells were kept
under 5% CO, and 37°C using a live cell imaging chamber.
Images (512 x 512 pixels) were acquired using a scanning rate
of 400 Hz at a 10 min interval. In each experiment run, three
sample sets were simultaneously performed. The first sample
set (Fibril-0-0) involved cells seeded on fibril-patterned PDMS
and cultured in the standard culture medium for the initial
stage of image acquisition. After 12 h, the medium was replaced
with fresh culture medium and continued to be monitored for
8 h. The second sample set (Fibril-0-I, where I stands for inhi-
bition) underwent the same initial stage as the first sample set;
while at the second stage, the culture medium with 5uM
H1152 ROCK inhibitor was used instead. A reference sample
of cells growing on bare PDMS was also performed (Ref-0-0).
Three runs of experiments were performed.

Time lapse images for the live cells were subsequently ana-
lysed with LAS AF software (Leica Microsystems). Preliminary
inspection of endothelial cells showed highly dynamic protrusions
along the gelatin fibrils. Breakage of the protrusions was also seen
for some cells. Owing to the low contrast of a non-stained sample,
these measurements were manually determined. For each sample
set, over 50 cells which were free from interaction with neighbour-
ing cells were studied. We estimated that an uncertainty of +5 pm
was associated with the length values. This was estimated based
on the change in protrusion lengths between successive frames.
Protrusion lengths Ly and Lgg and cell position C (see defini-
tions in the Results and discussion section) were determined
using the IMaGE] Manual Tracking plugin. They were measured
for the period when the cell is visible not diving or clustering
with protrusion extremities clearly seen.

3. Results and discussion

3.1. Visual analysis of cellular interaction with

gelatin fibrils
Figure 1la,b shows the profiles of a NFES gelatin fibril.
The fibril has a uniform width with a convex surface con-
tour. The cellular morphology on the fibrils, i.e. Fibril-0-0,
is different from that on a bare PDMS (Ref-0-0). The endo-
thelial cells in Fibril-0-0 were observed to preferably attach
to the fibrils. They formed visually more elongated cell
shapes (cell aspect ratio =2.4+1.6s.d.) compared with the
Ref-0-0 (cell aspect ratio=1.6+0.53s.d.; see figure 1c,d).
This effect is similar to the bipolar cell shape typically seen
when cells interact with patterned fibronectin tracks smaller
than 5 pm [16,26] or a three-dimensional collagen matrix
[27]. One distinct feature of the Fibril-0-0 cells is the filopo-
dial-like protrusion developed at either ends of a bipolarly
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Figure 1. (a,b) Profiles of the NFES gelatin fibril imaged by atomic force microscopy. (c—e) Immunofluorescence images showing the morphology of the EA.hy926
endothelial cells subjected to different treatments: (c) Ref-0-0 for the bare PDMS case, (d) Fibril-0-0 for the fibrillar case and (e) Fibril-0-I for the fibrillar case with
ROCK inhibition. Nuclei were stained with Hoechst-33258 (Sigma), and F-actin stained with Phalloidin-Alexa-488 (Invitrogen). (f) Time lapse images (at an interval

of 10 min) showing elongation, retraction and breakage of a protrusion.

shaped cell along the gelatin fibril. After ROCK inhibition for
sample Fibril-0-1, figure 1le shows that the gelatin fibril again
guided the path of the cellular protrusion. The protrusion
that meandered along the fibril seems to be longer than those
of Fibril-0-I. The cell aspect ratio associated with Fibril-0-I is
2.1 + 1.2 s.d. (N.B. The lower value compared to Fibril-0-0 is
because the long thin protrusion was not significant to be
accounted in calculating the long axis of the cell.)

Our preliminary observation prompts us to study the
dynamics and morphology of these protrusion structures as
a key feature to characterize the interaction between endo-
thelial cells and gelatin fibrils. It is of note that cells might
remain on the same fibril, or cross between different fibrils
at a fibril spacing of 40 wm. Fibril crossing of a cell normally
took place when an existing cell interacted with another
endothelial cell residing on the neighbouring fibril. A protru-
sion was found to initiate this process by first approaching
the neighbouring fibril and seemingly pulled the cell across
to another fibril. If a cell stayed on a fibril instead of crossing,
the two opposing protrusions would remain prevalent. Irre-
spective of the case of crossing or staying, cell motility
seemed to be initially directed by the anchoring of protrusion
on the fibril, after which the cell body was retracted and
pulled forward by protrusion shortening. In our study here,

we focus on investigating the case where a cell remains on
the same fibril.

Typical migration behaviours on a single fibril involved
continuous protrusion extension and retraction at opposite
ends. This seemingly leads to some ‘confusion’ for the cell
to designate a leading edge for migration. The cell’s central
position could progress persistently towards one direction
or oscillate forwards and backwards along the fibril. To
allow for quantitative analysis of the above behaviours, we
define the temporal lengths of the two dominating protru-
sions Laa’ and Lpp; the centre position C where the shift in
position C (equivalent to cell displacement) will be studied.
The maximum of Lo and Lgg for the same cell observed
during the course of imaging process (i.e. when the cell
was within the image window, typically between 5 and
10 h) is defined as Ly;. Here, it is worth emphasizing that
cells might exhibit some thinner protrusions which were
not detected under our imaging conditions; however, we
would like to focus on the dominating, visible filopodial-
like protrusions which were expected to play a major role
in force generation and load bearing. It is interesting to
note that competition between the two edges sometimes
also resulted in fracture/scission of one of the protrusions.
We further define the length of the protrusion prior to
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Figure 2. The temporal protrusion lengths and cell motility relationships are divided into different groups and illustrated in (a—c) for Type-1A, (d,e) for Type-1B,
(f,g) for Type-2 and (h,i) for Type-3. In each group (graphs in the same row), the first plot shows a collection of C-position shift traces for various cells exhibiting the
corresponding mode. The subsequent plot(s) emphasize the behaviour of one or two example cell(s), by overlapping the time traces of C-position shift, Lyy and Lgg.
In the collection of C-position shift shown in (d), (f) or (h), each symbol indicates one cell. Specifically, the cell represented by the dark blue-squared symbol
corresponds to the cell which is selected for further analysis in (e), (g) or (i). In (f), which represents the Type-2 persistent migration mode, a linear best fit is also
drawn to indicate the speed of displacement.

breakage as Lg. An example image sequence illustrating the
aforementioned leading edge selection process for Fibril-0-0
is shown in figure 1f. The majority of the cells do not exhibit
protrusion breakage during cell migration, and they display
the stages of protrusion extension, retraction and shifting of
their centre positions C along the fibre (see sequence (f1-f4)).
For those cells that exhibited protrusion breakage, clustering
of protrusion tips and subsequent ‘necking’ of the trailing pro-
trusion occurred, which led to some retraction of the elongated
cell body and subsequent cell release after the breakage of the
trailing protrusion (see sequence (f5) and (f6)). For the ROCK-
inhibited counterpart Fibril-0-1, a similar process of protrusion
breakage was also observed. In the following sections, we will
further perform quantitative analysis of the dynamics of cell-
fibril interaction, by first discussing the different forms of

protrusion morphology versus cell motility, and then moving
on to study the protrusion breakage events.

3.2. Motility mode versus protrusion morphology
on fibril

Analysing the temporal migration and protrusion dyna-
mics of endothelial cells on fibrils reveals different types of
behaviours depending on the treatment. The first type of be-
haviour (Type-1A) is characterized by the weak oscillatory
shift in the cells’ central position C with distances typically
below 50 pm. The associated protrusions constantly extended
and retracted with Las and Ly remaining smaller than
100 pm. This behaviour is seen for cells in both Fibril-0-0
and Fibril-0-1 (see figure 2a—c). The second category of
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Figure 3. (a,e) Scatter plots of Ly, versus Lgg:, where the arrows indicate the trend of the behaviour; (b,f ) scatter plots of temporal length versus the magnitude of
C-position shift, with division of three modes shown in the plots; (c,g) histograms of temporal lengths; (d,h) histograms of the magnitude of C-position shift fitted
with a Logistic distribution; the fitting between Logistic (red fitting) and Normal (blue fitting) distributions are compared in the inset. For the above figures, the ones
in the top row correspond to Fibril-0-0, and those in the bottom row are associated with Fibril-0-I.

behaviour is similar to Type-1A, but with an amplified oscil-
latory effect in the position shift. We term this behaviour
Type-1B, and it is only present for Fibril-0-0 cells, with
examples shown in figure 2d. The Type-1B behaviour is also
characterized by the relatively synchronized patterns between
the variation in protrusion lengths and the C-position shift
(figure 2e). The pair correlation coefficient between Laa or
Lgg w.r.t. C-position shift for the Type-1B example cell is
approximately 0.6. In comparison, the correlation coefficient
for the two examples in Type-1A is approximately —0.5 to
0.2. Another type of migratory behaviour which is only exhib-
ited by Fibril-0-0 is persistent migration for distances over
100 pm. Examples of this behaviour (Type-2) are shown in
figure 2f. The speed of persistent migration seen in Type-2 is
estimated to be approximately 1 pm min ', Similar to Type-
1A, Laa and Lgg of Type-2 did not show a strong variation
pattern. Finally, for Fibril-0-I, a distinct behaviour displayed
is the extremely long protrusions with lengths much exceeding
100 pm (Type-3). However, the migratory distance of these
cells was very limited.

A question to be addressed first is the correlation between
Laa and Lgg at the same time point. For a homogeneous
one-dimensional feature, one would expect the average distri-
bution of L' and Lgg to be invariant for sufficient sampling,
because there would be no overall preference for the protru-
sions to develop in either direction along the fibril with the
same adhesive cues. To answer this question, we plot pairs of
Laa and Lpg occurring at the same time point, for the entire
range of time trace over a number of cells (N = 57 for Fibril-
0-0 and N = 56 for Fibril-0-I). Such a scatter plot implies the
probability of a cell, at a randomly chosen time point, to be
seen exhibiting a specific combination of L, »» and Lgp'. Accord-
ing to figure 3a,¢, this seems to be the case: one observes that the
scatter patterns L ar versus Lgg for Fibril-0-0 and Fibril-0-I are
both roughly symmetrical with respect to the line of Laa=
Lpg. In particular, cells in Fibril-0-0 are more likely to have
comparable lengths of Laa and Lgg within approximately
50 pm. In comparison, cells in Fibril-0-I might have a large

discrepancy in Laa and Lgp as the protrusions lengthened.
The temporal lengths of Fibril-0-1 are suggested to be less
tightly controlled than Fibril-0-0, as seen by the more dispersed
scatter pattern.

To systematically describe the correlation between the tem-
poral lengths and cell motility modes seen in figure 2, we
construct scatter plots of C-position shift versus temporal pro-
trusion lengths (including both Laa and Lgg). As Laar is
invariant to Lgg, we deduce that such an analysis strategy is
valid. Figure 3b,f indicates that an individual scatter plot can
be partitioned into three regions separated by length =
125 um and C-position shift =200 wm. For Fibril-0-0 in
figure 3b, the majority of behaviours are located within
Region-1, which consists of the Type-1A and Type-1B modes
as discussed earlier. A small number of events is also seen in
Region 2, which characterize the Type-2 behaviour. A histo-
gram of the temporal protrusion lengths in figure 3c indicates
the most likely length to be approximately 10—15 pm. As the
adhesive feature on either direction of the fibril is the same,
the most likely C-position shift is expected to be 0 and is also
confirmed in figure 3d. Moving onto Fibril-0-I in figure 3f, the
data points all lie in the lower half of Regions 1 and 3, which con-
tain the Type-1A and Type-3 modes, respectively (i.e. modes of
weak motility and long protrusion lengths). A histogram of the
temporal protrusion lengths in figure 3¢ shows a modal length
of approximately 20—25 um. The modal C-position shift is
again at 0, as shown in figure 3h. Cross-comparing the scatter
plots of Fibril-0-0 and Fibril-0-I, one notes that for C-position
shift below approximately 50 wm, the temporal lengths of pro-
trusions seem to be uncorrelated with the C-position shift even
for temporal lengths more than 125 um. However, for Fibril-0-0,
of which C-position shift takes place for long displacements,
short temporal lengths are favoured.

3.3. Speed of protrusion extension and retraction
As previously demonstrated in figure 2, a protrusion could
undergo intermittent extension and retraction during the
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Figure 4. (a,b) Histograms of protrusion velocity for Fibril-0-0 and Fibril-0-I, respectively. The shaded area in each histogram indicates a 50% population. (c,d) Maps
of protrusion velocity versus temporal length for Fibril-0-0 and Fibril-0-I, respectively, where the colour scale indicates the number of occurring events. It is to note
that a positive velocity indicates protrusion extension, and a negative velocity indicates retraction. The trend of change in protrusion velocity w.r.t. length is indicated

by black arrows.

cell migration. The temporal length traces show that a con-
tinuous extension/retraction process typically lasts for over
30 min. Hence, to account for random fluctuation in the
length measurement, a three-point average velocity (equival-
ent to 30 min duration) of temporal length variation is
considered at each time point (i.e. v} = (vii1 + v +vi+1)/3
and v; = (L;j — Li_1)/(ti — ti_1), where L; is the temporal
length of either Lya’ or Lgy at the time point ;). Therefore,
a velocity of a positive sign will be associated with an extend-
ing protrusion, and a negative sign will be associated with a
contracting protrusion.

Figure 4a,b shows the histogram of the temporal protrusion
velocity for Fibril-0-0 and Fibril-0-1, respectively. One signifi-
cant difference between Fibril-0-0 and Fibril-0-1 is the range
of the magnitude of protrusion velocity. For Fibril-0-0, the
speed values rarely exceed 2 pm min ™!, with a modal speed
at 0pmmin~ ! (ie. no change in length over an averaging
30 min period) and a mean speed at 0.4 pm min '. For
Fibril-0-1, the speed values can reach beyond 20 um min},
with a modal speed again at 0 pum min ' and a mean speed
of 4 pm min~?, which is 10 times that of Fibril-0-0.

The correlation between the temporal protrusion length
(Laa or L) and velocity is of particular interest as illustrated
in figure 4c,d. The colour level of each map indicates the differ-
ing number of events occurring at specific ranges of protrusion
length and speed. As an overview of these two maps, one
observes that cells in Fibril-0-1 exhibited longer protru-
sions accompanied by higher protrusion retraction/extension
speed than Fibril-0-0. For Fibril-0-0, the map is relatively sym-
metrical with respect to velocity = 0 pm min~*. This means
that both the retraction and the extension speed follow similar
relationship with the temporal protrusion length; also, they
are comparable in magnitude for the same temporal length.
It is important to note that the protrusion speed tends to
decrease as the temporal length increases. Hence, a protrusion
might exhibit a maximum length as its speed approached
0 wm min . In comparison, Fibril-0-1 displayed a very differ-
ent pattern of temporal length versus velocity profile. For
contracting protrusions, the speed of retraction monotonically
decreases for increased protrusion length as the case for Fibril-
0-0. However, for the extending protrusions, there seems to be
two regimes: the protrusion extension speed first increases for

temporal lengths up to approximately 50 wm, after which a
decreasing trend is observed. The extension speed at this turn-
ing point is approximately 10 wm min~ . For small protrusion
lengths, the speed of retraction is higher than extension. The
protrusion length at which a crossover between the retraction
and extension speeds occurs is approximately 30 pm. There-
fore, under ROCK inhibition, protrusions having temporal
lengths between approximately 30 and 50 pm were capable
to further lengthen.

3.4. Implication
The first point to be discussed is the cell motility. If an endo-
thelial cell performed random one-dimensional migration on
the fibril, the resultant C-position histogram in figure 3d,h
should have the form of a half-normal distribution. However,
the histograms are found to be better fitted with a half-
logistic distribution to account for the events occurring at
larger values of position shifts (especially for Fibril-0-0). It
is likely that the fibril might give rise to enhanced persistency
for cell migration. As a consequence, a heavier tail is seen in
the probability distribution. The mean value of C-position
shift is similar for Fibril-0-0 (22 um) and Fibril-0-1 (24 pm).
However, the probability for a cell to have its C-position
shift greater than 50 wm (i.e. an approximate size of the cell
body) is 15% for Fibril-0-0, higher than the 5% for Fibril-0-I.
As demonstrated previously, a persistent migration mode
(shown in figure 2f) was only observed for Fibril-0-0. The
associated migration speed of approximately 1 pm min’,
interestingly, is comparable to the 60 pm h™' (1 pmmin™1)
speed found for fibroblast migration in a three-dimensional
collagen gel [16]. Therefore, we postulate that these ‘rare’
endothelial migratory modes imply the inherent capability
for the endothelial cells to be mobilized for events such as
wound healing and angiogenesis. This persistent migration
mode is mostly associated with protrusion lengths shorter
than 50 pm as shown in figure 34, though we cannot make
a definite conclusion on whether long protrusions slow
down migration.

Our results show that the overall protrusion extension
speed of Fibril-0-0 (mean speed approx. 0.4 pm min™ ') is
lower than Fibril-0-I (mean speed approx. 4 wm min 7).
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Mogilner et al. [28] theoretically estimated the speed of pro-
trusion extension to be 0.05-0.1 pms ! (3—6 pm min ).
This was modelled based on an unsupported protrusion
reaching a maximum length of 10 pm [28]. These authors
[28] suggested that for protrusion lengths exceeding 10 pm,
the bundling of actin would be significantly limited by G-
actin diffusion. Coming back to our study, it is known that
ROCK-driven actomyosin contractility was required for
retraction of the protrusion [23]; upon inhibition of ROCK,
the retraction was blocked or delayed. Our finding seems to
suggest that retraction activated by actomyosin seems to be a
more pronounced factor regulating the speed of protrusion
extension than G-actin diffusion. This may explain the enhanced
rate of protrusion and the bigger temporal length, when com-
paring Fibril-0-I to Fibril-0-0 samples. Our results further
suggest that for Fibril-0-1, deregulation in ROCK-driven contrac-
tility could lead to unmatched speed of protrusion extension
versus retraction, thus leading to higher rate of growth, resulting
in enhanced temporal lengths.

3.5. Protrusion breakage characteristics

In figure 1f, we have demonstrated that in addition to con-
stant variation in the protrusion length as a cell migrated,
its protrusion could also experience breakage. To characterize
this process, two characteristic lengths will be studied. First,
the maximum length of protrusions during the course of
image acquisition, Ly;; secondly, the length of the visible pro-
trusion before its breakage, Lg. Typical migration and
temporal length traces associated with the breakage events
are shown in figure 5a,b for Fibril-0-0 and figure 5c for
Fibril-0. Ly; and Lg are indicated on the corresponding traces.
Two points are to be emphasized. Firstly, on the same cell,
protrusion breakage does not necessarily need to happen
on the protrusions which experience Ly (cf. figure 5a versus
5b). Secondly, after breakage, a sharp drop in length was
observed. The sudden length decrease could be an effect of
release/relaxation in residual tension in the protrusion. At
breaking, the cell was relatively stationary (as reflected by
the shallow slope of C-position shift w.r.t. time trace). The
stationary behaviour can be an indication of the ‘confusion’
state of the cell to designate a leading edge. Post-breakage,
the cell might start relatively directed migration (Type-2
mode) like case (1), or resume position shifting (Type-1A
mode) as in case (b) and (c).

Histograms summarizing the distributions of Ly and Lg
are shown in figure 6a,d,g,b,e,h. Here, the reference sample,
which involves cells on featureless PDMS (Ref-0-0), is also
illustrated. By comparing the Ly results for the three cases,

it is found that interaction with a fibril did not significantly
alter the distribution of Ly; for the untreated cells. Both
Fibril-0-0 and Ref-0-0 have a modal Ly; of approximately
50 pm, though Fibril-0-0 may exhibit a bimodal distribution
showing a secondary peak at approximately 75 pm. In com-
parison, Fibril-0-I shows significantly wider range of Ly.
There also seem to be two peaks in the distribution, with a
major one at Ly~ 60 um and a secondary one at Ly ~
90 wm. Extremely long protrusions with Ly > 150 um were
also present, which were not observed for Fibril-0-0 and
Ref-0-0. For Fibril-0-0 and Fibril-0-1, the major modal Ly, is
approximately 30 pm longer than that of their respective
temporal lengths (see figure 3b,f ).

Breakage is observed for approximately one in 10 cells for
all the three cases (sampling cell number N = 73 for Ref-0-0,
N = 203 for Fibril-0-0, N = 132 for Fibril-0-I). As the breaking
events were relatively rare, and the statistics were obtained by
manual observation, a precise probability is not stated here.
Figure 6b,e,h shows that breakage can occur for various
lengths. It is important to note that this Lg distribution does
not give a true reflection of correlation between the prob-
ability of breakage and length. This is because, as seen in
figure 3c,g, the probability of having protrusions of large tem-
poral lengths diminishes as a protrusion becomes greater
than approximately 25 pum. This leads us to investigate
whether there is a correlation between the possession of
large Ly and the likelihood of protrusion fracture. A par-
ameter, ‘fracture likelihood’ is established as follows. If one
defines the number of cells possessing a specific range of
Lm as N, and out of this Ny, number of cells, N[LM]B
cells experienced protrusion breakage, then fracture likeli-
hood is N[LM]B /Njp,,- It is again worth emphasizing here
that for a cell which experienced protrusion breakage, the
particular protrusion which broke might or might not relate
to the longest protrusion. In other words, the longest protru-
sion did not necessarily lead to the eventual breakage of the
protrusion. The fracture likelihood is plotted against their cor-
responding Ly in figure 6¢,f,i. For Fibril-0-0, it is observed that
having long protrusions increased the probability of fracture
for Lys > 80 pm. For Ref-0-0, the influence of Ly, on fracture is
not obvious. In comparison, Fibril-0-I shows some positive
dependence of breakage on Ly, up to approximately 150 wm.
However, as Ly increased beyond approximately 150 pm (i.e.
the upper Ly threshold for the untreated cells), the Fibril-0-I
cells did not experience any protrusion fracture.

Finally, we investigate the correlation between Ly; and
Lg. By plotting L against Ly for the different cells in all these
three cases, an interesting correlation is revealed. Figure 6;
indicates that regardless of the treatment and interface,
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a majority of the (Lyy, Lp) pairs scatter with respect to a
straight line of Lz =k x Ly — L (wm). k is the pre-factor and
k~1; L' ~ 10 pm is the interception at the y-axis. Based on
this linear relationship, we may postulate that (i) for cells
which experience protrusion breakage events, L is most
likely to be 10 pm shorter than Lys. Re-surveying figure 5a—c,
this seems to be indeed the case. (ii) For the trailing protrusions
which are shorter than 10 pum, they can be effectively retrac-
ted without incurring breakage from cellular motility. This
postulation is further supported by figure 3c,g, which show a
good proportion of cells which can have protrusion lengths
smaller than 10 wm; however, no Lg is observed to have
values in this range in figure 6eh. It is interesting that the
extrapolated value of L" coincides with the upper protrusion
length predicted by the limitation in G-actin diffusion [28].

It may be the fact that only within this length scale, coordi-
nation in actin stress fibre formation with respect to cell
motility can be dynamically regulated by polymerization and
de-polymerization of actin filaments across the entire cell.

3.6. Implication

Fracture of the protrusions may be interpreted as a result of
uncoordinated clustering of focal adhesion with respect to
the retraction-lead cell motility [29]. The complete dis-
sociation of actin filaments from the matured focal adhesion
is possible, since recent studies have indicated a layered
architecture of focal adhesions, where the focal adhesion
kinase-associated integrins were vertically separated from the
actin filament ends [30]. In this case, approximately 5 um
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patch break-off from the protrusions seemed to suggest that
multiple focal adhesions of less than 200 nm [26] were con-
tained. We suggest that the dipolar morphology of the Fibril-
0-0 had resulted in a more pronounced dependence of fracture
on Ly, for large Ly (comparing figure 6¢,f), because all the force
components causing the tension were acting along the same
line. This contrasts with Ref-0-0, which had a more rounded
cell morphology. On the other hand, for Fibril-0-I, cells with
longer Ly under ROCK inhibition were expected to produce
weaker actin filament bundles in the protrusion interior, but
at the same time retaining lower levels of contractility [23,24].
Balancing these two factors, it is possible that a transition in be-
haviour occurred such that cells with abnormally long Ly
demonstrated no protrusion breakage (cf. figure 6i).

For both Fibril-0-0 and Fibril-0-1, directed protrusion tips
were initiated by the gelatin fibrils. In other words, the
inherent ability of protrusions to interact with the substra-
tum was not affected by the decrease in the ROCK-driven
actomyosin contractility induced by the H1152 treatment.
This postulation is supported by the fact that extremely
long protrusions Ly > 100 pm would have consumed sub-
stantial actin monomers; and, second, by the fact that for
Ly > 150 wm, breakage of protrusions was not observed.
Both of these suggest unregulated distribution of actin
across the cell body and the lack of strong stress fibres for
cell motility (as confirmed by the much reduced long-
ranged migration illustrated before).

Close examination on the breakage process shows thinning
(or ‘necking’) of the trailing protrusion prior to breakage. The
sharp retraction at breaking shown in the temporal length
traces in figure 5 also implies that tensile strain energy was
stored in the protrusions prior to breakage. As the system is
in quasi-equilibrium, one can evaluate the protrusion pulling
force (Fp,) exerted on the fibril, which is assumed to be locally
transmitted via approximately 5 um adhesive patch. Under
these conditions, we can postulate F, ~ F, ~ F}. Here, F} is
the tensile breaking force for a filopodial-like protrusion; F,
is the attachment force provided by the integrin clusters at
the adhesion patch. Taking the force per unit area (f,) of the
adhesion patch as 300 dyne eam 2 (3 x 107 N pm™?) [31]
and the area (A) of the patch as 20 pm? (i.e. approx. 5 pm diam-
eter), the adhesive force F, ~f, x A~ 6 x 107°N, and thus
the upper limit of Fp ~Ff ~6x 1071 N. Separately, the
breaking force for a single actin filament (10-30 pm long,
7 nm in diameter) has been experimentally determined to be
approximately 107" N under isometric tension [32]. Hence,
it is postulated that fewer than 10 actin filaments had remained
in the ‘neck’ of the protrusion prior to breakage.

4. Conclusion

In this study, we have investigated the behaviour of endothelial
cells on NFES gelatin fibrils as a model system to recapitulate
the endothelium—-ECM interaction. Our analysis suggests
that cellular migration along a gelatin fibril is accompanied
by filopodial-like protrusion extension and retraction. When
interfaced with a fibril, cells adopt a bipolar morphology
with extended protrusions at both ends. Different modes of
cell motility versus temporal protrusion lengths are identified
under normal culture and ROCK inhibition. Type-1A mode
is characterized by weak displacement along with relatively
short protrusions (mostly less than 50 um); Type-1B mode is

characterized by the more distinct and regular oscillatory n

movements between displacement and short protrusions;
further, Type-2 mode is seen to be associated with persistent
migration; and, finally, Type-3 corresponds to weak motility
along with long protrusions (more than 125 pum). Fibril-0-0 is
shown to exhibit Type-1A and B, and Type-2 behaviours,
whereas Fibril-0-1 is shown to possess Type-1A and Type-3
behaviours. Analysing the patterns of protrusion length
versus cell displacement seems to indicate that short protru-
sions better facilitate cell motility. ROCK inhibition, which
significantly increased the temporal protrusion lengths, did
not apparently alter the mean value of cell displacement
(22—24 pm); however, it had reduced the probability of long-
ranged cell migration (i.e. C-position shift more than 50 wm).
Measuring the protrusion velocity indicates that the speeds
of extension and retraction have very different distributions
between the Fibril-0-0 and Fibril-0-1 cases. For Fibril-0-I, a
much wider range of speeds is observed with an asymmetrical
distribution between the extension and retraction processes.
The rate of protrusion length change of Fibril-0-1 is on average
10 times that of the Fibril-0-0.

Occasional protrusion breakage is observed during cell
motility, while its implication and the resulting effects on mem-
brane integrity are still to be investigated. It is noted that during
the experiments, we also observe cases of subsequent internaliz-
ation of the broken protrusion fragments by another cell (which
resembles endocytosis). According to our results, protrusion
breakage can occur on a variety of lengths (from 20 um to
over a 100 pm). A positive dependence between the likelihood
of breakage and Ly seems to result for both Fibril-0-0 and
Fibril-0-I up to Ly;= 150 wm. However, owing to the relatively
small number of breakage events observed, a conclusive prob-
ability of breakage is not determined here. Nevertheless, by
investigating the correlation between Ly; and Lg, a limiting
breakage length L'~ 10 pm is extrapolated. Therefore, we pos-
tulate that when a trailing protrusion has lengths lower than
L', they can be effectively retracted during cell motility without
breakage. Overall, our results suggest that characteristic lengths
of endothelial protrusions, Ly and Lg, can act as indicators for
cellular contractility. In addition, NFES of one-dimensional
ECM fibrils provides a simple and well-controlled model to
recapitulate fibril topography. In particular, our data show
that for the case of persistent migration on fibrils, endothelial
cells can proceed with a migration speed of approximately
1 pm min "', similar to fibroblast migration in a three-dimen-
sional collagen gel. Future studies which involve comparison
to in vivo systems are important to further validate the fibrils’
physiological relevancy. Optimization in the NFES fibril-based
culture to include a combination of different fibril diameters
and adhesive molecules will improve its bio-mimicry. Such a
system may potentially allow the study of a variety of cell
types including human origin, and also facilitate the ease of
data analysis for potential high-throughput applications.
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