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Nano-mechanical single-cell sensing of cell-matrix contacts
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Extracellular protein matrices provide a rigidity interface exhibiting nano-mechanical cues that guide cell growth and
proliferation. Cells sense such cues using actin-rich filopodia extensions which encourage favourable cell-matrix contacts to

recruit more actin-mediated local forces into forming stable focal adhesions. A challenge remains in identifying and

www.rsc.org/

measuring these local cellular forces and in establishing empirical relationships between them, cell adhesion and filopodia

formation. Here we investigate such relationships using a micromanipulation system designed to operate at the time scale

of focal contact dynamics, with the sample frequency of a force probe being 0.1ms, and to apply and measure forces at

nano-to-micro Newton ranges for individual mammalian cells. We explore correlations between cell biomechanics, cell-

matrix attachment forces and the spread areas of adhered cells as well as their relative dependence on filopodia formation

using synthetic protein matrices with a proven ability to induce enhanced filopodia numbers in adherent cells. This study

offers a basis for engineering exploitable cell-matrix contacts in situ at the nanoscale and single-cell levels.

Introduction

Cell and tissue development rely on the ability of individual cells to
sense and exploit extracellular microenvironments.2 Rigidity
sensing has a major role in this regard and is critical for the
transduction of physical cues to cells.® Existing evidence suggests
that more rigid substrates promote stable cell adhesion resulting in
appreciable cell spreading and proliferation.# Such dependence is
attributed to focal adhesions which mature better on rigid
substrates, while focal contact areas correlate with local cellular
forces.> To deploy a local force, cells form actin-rich membrane
appendages, also known as filopodia. These act as mechanosensors
mediating cell contacts with the extracellular matrix (ECM).87
Conversely, it can be said that actin filaments drive the contraction
and expansion of the cell membrane necessary for cell locomotion
on the ECM.8 However, cell protrusions displaying filopodia must
overcome the resistance of the plasma membrane, which they
achieve by bundling >10 actin filaments in each filopodium.® Such
actin bundles endow filopodia with substantial increases in stiffness
in response to external stress.® As a consequence, cell-matrix
contacts adopt a broken, ellipsoidal, symmetry that allows more
actin and adhesion proteins to be recruited to the protruding ends.1!
Enforced by local actomyosin forces this process maintains a
constant stress of 5.5 + 2 nN/um2 on focal contacts,'2 which with
lateral dimensions not exceeding <500 nm,3 would elongate with a
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spring constant of 2.5 nN/um. Given that the shear detachment
forces of cells adhered to the ECM are on the order of 1 uN,* cell
migration over single-cell distances (€100 pum) may be expressed
with a spring constant of 10 nN/um. Because the adhesion of an
individual cell can be supported by up to 100 focal points, whose
formation cycles occur within seconds, > 16 their collective force, and
by association of filopodia,!” results in a typical stiffness of 20-40
nN/um for an adhered cell.’® This enables fast responses to the
substrate cues that stimulate directional motility, with each focal
point elongating in a recruiting manner.®

Cell recruitment on substrates is most important within the first
hours that determine a cell proliferation pattern.'® For this reason,
filopodia emerge as early as in embryos composed of just eight cells
to initiate the formation of the first tissue-like layer.2> Embryonic
clusters without filopodia die due to the lack of surface tension which
is necessary for cells to expand and contract. Based on all of the
above, the challenge of measuring cell recruitment goes beyond
individual focal points that are of less importance to cell survival than
combined forces of cell stiffness, spreading and attachment,2l 22
which are directly linked to filopodia formation.”

This brings up three requirements. Firstly, to sense cell-matrix
interactions requires an approach able to operate at the time scale
of focal contact dynamics, i.e. seconds. Secondly, such an approach
must able to detect forces exerted by individual cells in the nano-to-
micro Newton range. Thirdly, to establish the dependence of cell
recruitment on filopodia requires nanostructured protein matrices
with a proven ability to induce enhanced filopodia formation in cells.
Regarding the first two points, different approaches have been
developed to probe the effect of substrate stiffness on cell migration,
single-cell adhesion and detachment forces. These include traction
force microscopy,?® cytodetachment,* micropipette aspiration,?*
atomic force microscopy (AFM),%> biomembrane force probe?¢ and
optical tweezers.2” Most of these methods however are limited in the
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range and type of forces that can be measured. Some can only
capture focal adhesion dynamics in the early stages of attachment or
in highly localized areas of the cell.28 Force-calibrated microneedles
or micropipettes have been used to study the mechanical properties
of a wide range of biological structures.?>3! In contrast to other
methods, the advantages of using micropipettes include the
application of a greater range of forces appropriate for single-cell-
matrix contacts and the ability to measure dynamic interactions.32To
overcome the limitations of piezo and image-based force sensing
methods, such as hysteresis and temperature sensitivity and limited
temporal resolution and the need for additional imaging channels,
we chose a capacitive based force sensor.33 In doing so, we were able
to match the sensing performance to the range and types of forces
needed to measure cell mechanics and substrate binding forces.
More specifically, we developed a novel micromanipulation system
comprising a highly sensitive capacitive force transducer mounted on
precision piezoelectric stages (Fig 1). The system is capable of directly
measuring uniaxial or shear forces involved in single-cell detachment
events after several hours of incubation on coated slides over a range
of 0.05 — 100 uN. Computer-controlled cell indentation provides
repeatable measurements of cell stiffness and detachment forces in
the time scale of seconds. Direct and continuous measurements of
these characteristics allow for comparison of cell responses to
different substrates in biologically relevant conditions.

Regarding the third point, native ECM scaffolds do not normally
regulate the extent of filopodia formation. Therefore, we focused on
our recently introduced synthetic ECM analogue that takes
advantage of mechanistic protein assembly to yield a fibrous, net-like
matrix. The matrix, dubbed a self-assembling net (SaNet), uniquely
causes increased filopodia numbers in cells when compared to native
collagen matrices and ECM adhesion proteins.3* Another advantage
of this synthetic substrate is that it maintains enhanced filopodia
formation from the first, early hours of cell adhesion for over a
week.3* To benchmark this effect a native collagen substrate
supporting the formation of low filopodia numbers was used as a
control. The experiments were performed on both substrates using
the primary cell culture of human fibroblasts. These cells are the
main structural constituents of connective tissue serving as a stromal
framework for functional cells (parenchyma). Therefore, matrix
contacts are particularly critical for fibroblasts whose elongation is
controlled by mechanosensing at the nanoscale.!>

Experimental design
Micromanipulation system design

Our micromanipulation system (Fig. 1a) for characterizing the cell-
matrix interactions is based around an inverted light microscope (IX-
71, Olympus). Glass microscope slides coated with adhered
fibroblasts were mounted on a set of manual linear stages with two-
dimensional travel over a range of tens of millimetres, allowing for
manual location of cells within the field of view of the microscope. A
uniaxial force transducer (Aurora 406A, Aurora Scientific Inc.)
mounted on a set of high-precision piezoelectric linear stages (ECS
industrial line, Attocube) measures the shear force applied to cells
during mechanical indentation by a stretched glass capillary tube. An
instrument control program written in LabVIEW (National
Instruments) allows for the movement of the probe in repeatable,
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automated sequences of indentations while simultaneously logging
the force measured by the probe, the displacement of the probe and
capturing phase contrast images of the cell under test. The force
transducer uses two variable displacement capacitors to measure
compressive and tensile forces from 0 to 500 uN with a nominal
sensitivity of 10 nN. An external closed quartz tube is coupled to one
of the capacitors, and different tips can be easily attached to and
detached from the tube, allowing for flexibility in the size and shape
of the probe used.
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Figure 1. Micromanipulation system design. (a) Schematic diagram showing
the micromanipulation system. (b) Magnified view of sample slide showing
droplet of a buffer solution formed inside a hydrophobic barrier. (c) The
microscope field of view showing a typical indentation sequence.

When operating the transducer in a liquid environment, we find a
noise limited sensitivity of approximately 50 nN with a range of 100
uUN. The force probe output was calibrated by placing a known
reference mass3 on the quartz tube (without a tip attached) and
adjusting the voltage gain and offset of the transducer until the
measured force corresponded to the correct value. The piezoelectric
stage configuration allows for the three-dimensional positioning of
the probe tip with a nominal repeatability of 50 nm, a positioning
resolution of encoders being 1 nm and travel of up to 30 mm in each
direction through the use of a closed loop positioning controller
(ECC100, Attocube). Borosilicate glass capillary tubes (100 pm
outside diameter, stretched to 1 — 10 um diameter points, Capillary
Tube Supplies Ltd.) were used as disposable tips and bonded to the
quartz tube using a low melting point adhesive (Crystalbond, Agar
Scientific). Prior to each experiment, the tip was dipped into a silane
solution (99% triisopropylsilane) to further minimize adherence of
biological material. The axial stiffness of the capillary tubes is
sufficiently high to prevent apparent deformations under the
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relatively small forces the tubes are subject to during cell
indentation.

Axial stresses transmitted along the capillary tube result in
displacement of a fused silica cantilever which forms one of the
plates of a variable displacement capacitor. The corresponding force
signal is then proportional to an output signal current generated by
the transducer drive electronics, which is itself proportional to the
difference in capacitance of the force capacitor and an electrically
matched reference capacitor mounted beside it. This differential
arrangement significantly improves the signal-to-noise ratio by
rejection of common mode signals due to thermal effects and
mechanical vibration.

Microscope images were acquired with an EMCCD camera (iXon
Ultra 897, Andor). Spread cells were imaged with a phase contrast
objective (LCACHN 40XPH, Olympus) giving a field of view of 205 um.
Images were captured with a typical frame rate of 10 fps. The three-

5 hours

dimensional probe position and the force transducer output were
logged simultaneously; y and z positions were recorded at the image
acquisition rate, while x position and force were logged at a higher
sampling rate of 10 kHz.

Cell-matrix model and filopodia formation

SaNet is a micrometre-spanning nanofibre net structurally mimicking
the native ECM (Fig 2a).3* The matrix shares the morphological and
characteristics of the ECM
structure, network-like assembly and high persistence length.34

dimensional including nanoscale
Unlike the ECM or collagen substrates, SaNet does not incorporate
known cell recognition motifs (e.g. RGD, YIGSR, IKVAV). Therefore, in
the absence of established ligands it is the architecture of the matrix
that supports cell proliferation, likely owing to unique filopodia-
recognized adhesion points.®34
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Figure 2. Cell-matrix filopodia-enhancing model using human dermal fibroblasts. (a) Optical micrographs of protein self-assembling nets (SaNet) taken from
different areas. (b) Fluorescence micrographs of human dermal fibroblasts stained for F-actin (green) and DNA (blue) grown for 5 hours and 24 hours on
collagen and SaNet. (c) Total counts of elongated protrusions with filopodia for 24-hour incubations. The numbers are given in percentage for each substrate
are the actual number of filopodia-displaying protrusions divided by the total number of protrusions after subtracting the background number (bare surface).
Cells grown on SaNet had significantly (p < 0.001) higher numbers of filopodia in comparison to collagen (ANOVA followed by a Fisher post-test for three

independent experiments each done in triplicate for each test). Other post-tests used (Tukey, Scheffe and Bonferroni) returned similar p-values.

The adhesion and proliferation of human dermal fibroblasts on this
substrate, which were visually monitored by fluorescence
microscopy and quantified using cell proliferation assays, gave
patterns similar to those of native fibrous collagen and ECM proteins
(fibronectin).3* Compared to collagen, cells on SaNet exhibited
greater numbers of filopodia per cell and per elongated protrusion
(Fig 2b), while brushed filopodia protrusions (>10 filopodia) were

evident only for SaNet (Fig 2c).3* The effect was already apparent in
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the first five hours of cell adhesion (Fig 2b,c). In contrast, only
moderate filopodia formation was observed for collagen substrates
(Fig 2b, c). Thus SaNet and collagen are well suited for a comparative
study of cell-matrix contacts as a cumulative function of cell stiffness,
attachment and spreading, all of which are physically correlated with
actin-rich filopodia.81® More specifically, given the observed
differences in filopodia formation, we envisaged that these
properties would be enhanced?’ for cells adhered to SaNet when
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compared to collagen. To assess this, we monitored the detachment

of individual live cells from collagen and SaNet substrates in real
time.

Results and discussion

Micromanipulation of live cells on extracellular matrices

To accurately measure cell-interaction forces in nano- to micro-

Newton ranges in a liquid environment the probe was moved at a

constant average velocity of 70 £ 7 um/s. This velocity was found to
balance the transient effects of viscous drag generated at higher
velocities with the stepped nature of the piezo stage at lower
velocities. Although nominally uniaxial, the force transducer

exhibited a non-zero sensitivity to forces applied perpendicular to
the probe (x) axis. Consequently, the submerged tip volume resulted
in a buoyancy force offset, which depended roughly linearly on the
position of the probe in the droplet. Correction for these underlying
variations in measured force was achieved by recording a
“reference” indentation at a location close to the cell of interest and
subtracting it from the force measured during indentation of the cell
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itself (Fig S1 and Supporting Information). Over the course of a single
experiment, indentation data was collected for individual cells at the
various stages of spreading and adhesion. Figure3a shows a typical
force trace for the indentation of a cell on SaNet, along with a
reference trace, where a negative value indicates compression of the
probe (Fig S2). Fig 3b shows the corresponding corrected force-
displacement curve and comprises four distinct regions, with
corresponding phase contrast images from each region (Fig 3c). In
region 1, the force remains constant before contact with the cell is
made. Further displacement of the probe results in deformation of
the cell (region 2) and an increase in compressive force. The force-
displacement curve in this region appears to be linear, suggesting
that the material can be characterized by a spring constant.3¢
Compressive force decreases in region 3 as focal adhesions are
deformed and the cell is gradually detached from the substrate.
Finally, in region 4 the cell is fully detached. In this region, the force
signal returns to a constant near-zero value (Fig 3b,c), as the
detached cell that is adhered to the probe exerts a small buoyant
force resulting in a small nonzero shift in the force signal (Video S1).
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Figure 3. Quantitative measurement of fibroblast biomechanics on SaNet. (a) Measured force (solid blue line) and probe position (dashed orange line) for

typical reference and cell indentations. For the reference indentation measured force decreases approximately linearly with time (displacement). (b) Corrected

force-displacement signal computed from the difference between force signals recorded during reference and cell indentations. The dotted green line shows

fibroblast stiffness extracted in linear compression region. (c) Phase contrast optical micrographs showing an individual cell at different stages of cell

indentation. Images correspond to the highlighted points in the force difference plot shown in (b). See also accompanying Video S1.

Comparative quantification of cell-matrix mechanics

Recorded force-displacement curves were analysed3’3¢to determine
two main parameters: (1) the cell stiffness defined as the gradient of
the force-displacement curve in the linear compression region
(region 2) and (2) the detachment force defined as the maximum
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variation in force over region 2 (Fig 3c). (1) provides a combined
measure of cell stiffness and the strength of focal adhesions and (2)
is an estimate of the initial detachment force required to break cell-
matrix contacts. Both parameters proved to have appreciably larger
values for individual cells on SaNet compared to collagen: (1) 59.27
13.64 nN/um versus 36.18 + 7.45 nN/um and (2) 1.51 + 0.16 pN
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versus 0.86 + 0.18 uN, for SaNet and collagen, respectively. The
values for cells on collagen were similar to those typically observed
for cells on rigid substrates as well as the native ECM and ECM
proteins.1*18 |n this light, the higher values obtained for SaNet, which
promotes enhanced filopodia formation, are notable. Filopodia
encourage cell spreading and focal adhesions, which increase
traction forces,38 but also stimulate cell motility and more profound
attachment-detachment dynamics leading to a higher variance in the
measured parameters.®17 Indeed, stiffer and more tightly adhered
cells on SaNet had a relatively larger footprint area of 3700 um?
versus 2900 um? for collagen, while the variance in cell area was
higher for cells on SaNet (Fig 4). These findings suggest inter-
relationships between cell area and detachment forces or cell
stiffness. To determine the significance of these relationships, the
Spearman
distribution of values extracted for the two substrates. Detachment

rank correlation was calculated to compare the

forces and cell area were positively correlated for both SaNet (p =
0.55) and collagen (p = 0.26), while positive correlations between cell
stiffness and cell area appeared to be less significant (p = 0.27 and p
=0.08, respectively).
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Figure 4. Comparison of measured cell parameters for fibroblasts on different
substrates. (a, b) Distribution of measured cell area, detachment force and
cell stiffness for human dermal fibroblasts adhered to collagen and SaNet
measured for over 25 single cells. Histograms were normalized to show
relative frequency, data was binned into 10 intervals and bin widths were
equalized. Fitted normal distributions are overlaid. (c) Comparison of
distributions for collagen (red solid line) and SaNet (dashed blue line) with bar
plots showing mean and standard error of the mean (SEM) for each
distribution of values. Cell areas on either substrate were not significantly
different (p < 0.05). Cells were significantly stiffer (p < 0.01) and with a
significantly higher detachment force (p < 0.001) on SaNet than cells adhered
to collagen (ANOVA followed by a Fisher post-test). Other post-tests used
(Tukey, Scheffe and Bonferroni) returned similar p-values.

This journal is © The Royal Society of Chemistry 20xx

A spreading cell securing a greater number of focal adhesion sites can
be expected to exhibit a positive correlation between cell area and
detachment force.38-40 Although precise relationships between cell
area, focal adhesions and tensile forces have yet to be established,
there appears to be a threshold area above which focal adhesion
assembly saturates.3®41 This is in good agreement with the fact that
the collective force of 100 focal points at any given time (down to
seconds) supports the adhesion of a single cell,’>-17 which makes the
impact of individual adhesion sites that become ruptured during
indentation negligible.*?
correlations between cell area and cell stiffness are less likely as cell

migration and prior to In  contrast,
matter density remains constant under elongation.*® However, since
the exact location of indentation on the cell varied between the
experiments, variances found in cell stiffness are expected and can
be partially attributed to local variations in cytoskeleton stiffness
that invariably relate to the varied extent of filopodia formation.17:44
Consistent with this, the variance in cell stiffness was greater for cells
on SaNet, and were correlated with those for detachment forces and
cell areas (Fig 4).

The observed differences in the measured forces prompt a
conclusion that SaNet supports stronger adhesion due to its
profound ability to promote filopodia formation reflecting in greater
cumulative cell stiffness and detachment forces (Fig 4).
alternative or complementary contribution of SaNet as a stiffer
substrate than collagen is not deemed to have a differential effect.
Like collagen and stromal ECMs, SaNet is made of the same
constituent material of protein nanofibres that have similar stiffness
parameters.*> In addition, integrin links between extracellular
matrices and cellular cytoskeleton, of which there can be 10* per
cell,*® operate at lower force ranges (picoN-nN), and alone cannot
force-differentiate between different substrates.#” With no
statistically significant differences found in cell area distributions, the
significant differences observed in cell stiffness and detachment
forces therefore suggest substrate-specific adhesion mechanisms
mediated by filopodia recruitment.

Comparative mechanics of stress-accommodating cells

To gain a further insight into to the role of these differences, it was
appropriate to probe a specialised cell type with (i) intrinsically
broader elasticity values than those of fibroblasts,*® and (ii) an
equally critical dependence on matrix contacts. Bone-generating
human osteoblasts appeared as an excellent model, for which similar
force-displacement curves were recorded (Fig S3a,b & Video S2).

Regarding (i), osteoblasts exhibit significant variability in elasticity
(0.3-20 kPa),*® which helps them to accommodate to a broad range
of externally applied stress without changing cell morphology or
area.>® This property is likely to allow osteoblasts to adopt similar
footprints on both studied matrices. In line with this, osteoblasts on
SaNet and collagen had nearly identical footprint areas, 2100 um?2
and 2300 um?, respectively, while showing similar variances with no
0.53). The
smaller cell areas for osteoblasts were consistent with osteoblasts

significant differences in statistical distributions (p =

being stiffer and more compact than fibroblasts.4?30 This finding is
therefore notable for two reasons. Firstly, it strongly suggests that a
relative ratio in cell stiffness values for osteoblasts on the two
matrices should be reduced when compared to that for fibroblasts.
This was indeed observed. The values for fibroblasts (59 nN/um
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versus 36 nN/um) related at 1.6 ratio, whereas a much closer ratio of
1.2 was derived from cell stiffness values, albeit expectedly higher
(70 nN/um versus 57 nN/um on SaNet and collagen, respectively),
for osteoblasts. Secondly, with the cell area being essentially
constant, this ratio should be and was supported by comparable
correlations between detachment force and cell stiffness, which for
SaNet and collagen were p = 0.87 and p = 0.82, respectively.

SaNet

Figure 5. Filopodia formation on osteoblasts. Fluorescence super-resolution
micrographs of osteoblasts that were actin-stained with phalloidin-Alexa
Fluor 488 following incubation on SaNet and collagen (24 hours). The images
are colour coded depth projections to distinguish between cytoskeleton actin
in lamellipodia projections (violet) and filopodia extending from lamellipodia
(orange). Depth colour scale is 1 um.

Based on the above and regarding (ii), this ratio can be used as a
quantitative measure to express the strength with which an
experimental matrix may promote cell adhesion. In this case,
collagen serves as a reference matrix to benchmark the experimental
matrix, while ratio values above and below 1 respectively indicate
enhanced and impaired adhesion properties of the assessed matrix.
A question however remains as to what encourages stiffer
osteoblasts on SaNet. In fibroblasts increased stiffness was linked to
enhanced filopodia formation, while in osteoblasts the same effect
has not been shown before. Intriguingly, the very force
measurements performed on osteoblasts revealed evident filopodia
formation (Fig S3b, ¢ & Video S2). A more detailed super-resolution>!
analysis of the same samples confirmed remarkably abundant
filopodia projections for osteoblasts on SaNet, which was in marked
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contrast to cells cultured on collagen (Fig 5). These results strengthen
the earlier conclusion of that SaNet promoted stronger adhesion by
inducing enhanced filopodia formation. The phenomenon thus
appears to be a likely deferential factor for force dynamics on
different matrices. To further support this conjecture, the measured
cell parameters obtained on the reference matrix collagen were
compared for the two cell types (Fig S4). The variance analysis
confirmed that cell areas were not significantly different between
the two types, while osteoblasts remained significantly stiffer than
fibroblasts. Collectively, these findings indicate that SaNet induces
profound filopodia formation leading to increases in cell stiffness
without necessarily having impact on the footprint areas of cells with
intrinsically broader variations in elastic modulus.

Because filopodia are actin-rich cellular projections, all the observed
differences and deduced correlations are pre-determined by normal
actin polymerisation at early stages.>2 At least partly, this proved to
be the case in our studies. Specifically, cells treated with an actin-
depolymerising drug latrunculin underwent immediate detachment
from collagen requiring forces at a lowest observed range of 0.63 £
0.12 pN. The effect was in good agreement with the reduced areas
of such cells which did not exceed 500-1000 pm?2, suggesting
significantly compromised adhesion abilities.

Conclusions

Despite their importance for cell growth and development, the
dynamics of cell-matrix adhesions remain challenging to capture, let
alone to understand fully. Partly, the problem is technical as it
requires an approach capable of routine force measurements at the
time and length scales of single-cell focal adhesions. Not only should
such measurements be able to register force differences at the nano-
to-micro Newton ranges, but they should do so for individual live, as
opposed to fixed, cells in native and near-native environments.

In this regard, our micromanipulation system provides a capability
that measures biomechanical properties of live cells during cell
indentations with time in biologically relevant conditions over a
much larger range of forces and their distribution than the current
state of the art methods allow.?3-33 The system can visually assess the
deformations of the contact area to understand the force
distribution upon, during and after contact.

For another part, the problem comes down to finding suitable
extracellular matrix models that given the nature and purpose of the
measurements would help emphasise the physical rather than
biochemical rationale of cell recruitment. Using a synthetic, non-
biological, collagen-like mimetic we have shown that physical forces
regulating cell-matrix contacts can be measured differentially and
correlatively during the time of cell displacement and at the
nanoscale. Exemplified by a natural biophysical phenomenon,
filopodia formation, our approach provided evidence for more
appreciable cell recruitment as a function of stronger cell-matrix
contacts supported by enhanced filopodia formation. By extracting
empirical correlations between cell stiffness, detachment force and
cell area we established that cells directly respond to morphological
and physical variations in extracellular matrices. These responses are
reflected in increased forces cells apply to the sensed matrix points
suggesting enhanced actin-rich recruitment in focal adhesions.
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All in all, our findings offer a basis for engineering exploitable cell-
matrix contacts in situ at the single-cell and nanoscale levels. The
results are anticipated to underpin searches for more subtle
correlations, at the molecular and near-atomistic levels, which may
reveal molecular or morphological patterns on nanofibre matrix
surfaces as potential non-biological determinants for differential
cellular responses.3453
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