Single Cell Force Measurement Using Suspended Fiber Nanonets
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Introduction: Mechanical communication between a cell and its substrate occurs bi-directionally. Cells generate
forces which act on their surroundings to interrogate substrate stiffness and topography (inside-out) but also
respond to forces transmitted through the ECM which elicit reactionary cellular response (outside-in)[1-4]. Force
measurement platforms that are able to capture both modes can allow one to distinguish the forces that cells apply
from those that they can withstand, with implications to disease states where progression from normal function to
failure either occurs rapidly or with minimal warning or detection (bone fracture, muscle or ligament tears, blood
vessel aneurysms). In recent years, numerous force measurement (inside-out and outside-in) techniques have been
developed to investigate single cell behavior. While these methods have yielded fundamental insights, they lack
ECM mimicking fibrous environment for capturing cell-fiber interactions. Fiber based biophysical interactions,
involving parameters of curvature, structural stiffness (N/m), alignment and hierarchy, have been shown in studies
by others and us to play key roles in disease and developmental biology. Here, using our non-electrospinning fiber
manufacturing platform (STEP: Spinneret based Tunable Engineered Parameters[5-7]), we demonstrate
development and application of fused-fiber nanonets as force probe sensors for measuring single and population
level cell forces. Using these nanonets, we demonstrate the ability to measure contractile forces exerted by single
cells attached to and migrating along the fiber axis (inside-out). This is followed by an investigation of force
response of single cells attached to two parallel fibers using a probe capable of deflecting the leading fiber at
different strain rates (outside-in). In both techniques, forces are calculated using beam deflection within the elastic
limit.
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Figure 1. Scanning electron microscopy (SEM) image of suspended STEP nanonets showing with scale bars of 100 um.
STEP based force measurement probes: (iv) inside-out method showing single cell force measurement during migration,
and (v) outside-in. Effect of cytochalasin D drug dosage on cell force (iv) inside-out, and (v) outside-in with inset
respective optical images of single cell force response.

Materials and Methods: STEP nanonets of varying diameters were deposited in parallel and cross hatch patterns
and fused at the intersections using an in-house fusing technique (Fig. 1). Cells of different lineages were
investigated for force response with and without the presence of cytoskeletal altering drugs using a microscope
with incubating capability (Zeiss AxioObserver Z1, Thornwood, NY).

Results and Discussion: One of the important goals in this cell force study is to achieve a force map for a single
cell by increasing the spatial force resolution. Microdimensional force sensor arrays (ULFSA) with large pillar
densities and polymer gels with densely embedded beads have been used to achieve detailed single cell force
maps. Currently, the spatial force resolution ranges from 2-9 um depending on center to center distance between
pillars and beads. In our study, densely spaced nanofiber arrays (fiber spacing ~5 um) have been prepared for
single MSC force mapping as shown in Figure 1 (iv) (A)-(D). It was found that the largest contractile forces



always localized at the edge of the cell, indicating that much of the mechanical work underlying cell locomotion
is generated near the cell boundary. This observation of traction force decline with distance away from the edge is
in agreement with previous cell force studies based on micropillar arrays and polymer gels.[8,9] In addition, we
find that the advancing edge of the cell is always exerting larger forces than the mid body and posterior. Similar
results have been reported by Dembo et al, who argues that the mid-body and posterior are more like passive
structures being pulled forward by the contractions generated at the leading edge.[9] Note that our current spatial
resolution (5 um) is comparable to most micro-pillar arrays (2-9 um) and polymer gels (5um). For the highly
aggressive glioma model (DBTRG-05MG), we investigated single cell force modulation with and without the
presence of a cytoskeleton altering drug (cytochalasin D) using outside-in perturbation. Cytochalasin D
compromises the spreading ability (area) of single glioma cells, eventually decreasing their ‘inside-out’ contractile
forces, and ‘outside-in’ force response to external strain (Figure 1). Additionally, we have recently demonstrated
measurement of cell-cell junctional forces and forces involved in cellular blebbing using outside-in perturbation.
Conclusions: Through time lapse microscopy and immunofluorescence imaging, we present our findings on the
role of suspended fiber geometry (curvature and structural stiffness) on single and population level cell force
modulation. The suspended and aligned fiber networks act as ultra-sensitive force probes (~ nanoNewtons) for
investigating temporal drug response and efficacy in disease models at the single cell resolution. Furthermore,
measurement of stem cell forces involved in life-cycle of a single and population of cells provides new insights in
the role of forces in cell differentiation and development biology. Combined, these two platforms provide new
pathways to investigate cell behavior on synthetic ECM fiber mimics which present cells with simultaneous 1, 2
and 3D environments. Through engineering and study of these simple systems of exceedingly complex
interactions, we hope to contribute to development of mechanistic in vitro assays combined with relevant
biochemical growth factors, thus approaching in vivo physiological relevance for studying development biology
and disease.
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