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Abstract

Stem cells are known to sense and respond to a broad range of physical stimuli arising from their extra-cellular
environment. In particular, the role of the mechanical properties (Youngs or shear modulus, viscoelasticity) of
biomaterials has extensively been shown to have a significant impact on the adhesion, spreading, expansion
and differentiation of stem cells. In turn, cells exert forces on their environment that can lead to striking changes
in shape, size and contraction of associated tissues, and may result in mechanical disruption and functional
failure. However, no study has so far correlated stem cell phenotype and biomaterials toughness. Indeed,
disentangling toughness-mediated cell response from other mechanosensing processes has remained elusive
as it is particularly challenging to uncouple Youngs' or shear moduli from toughness, within a range relevant
to cell-generated forces. In this report, we show how the design of macromolecular architecture of polymer
nanosheets regulates interfacial toughness, independently to interfacial shear storage modulus, and how this,

in turn, controls the expansion of mesenchymal stem cells at liquid interfaces.
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Introduction

The mechanical properties of biomaterials have a significant impact on a wide range of cell phenotypes, from
the regulation of cell spreading and cell proliferation to the modulation of fate decision'3. In addition to cell
response to the stiffness of their extra cellular environment, cells sense other mechanical features of their
matrix, such as viscoelasticity*® and anisotropy’®. These mechanical properties combine to ligand density®,
nanoscale deformation!®, matrix remodelling!? and other biochemical cues to trigger and regulate
mechanosensing pathways>!2. Such sensing involves molecular force sensors!*!4, directly enabling the
probing of nanoscale mechanical properties of the cell microenvironments®®. For example, cells have been
found to respond directly to the local ligand density!®'” and to rearrange their local microenvironment,
resulting in the regulation of cell spreading and tissue or organoid development!**%, In turn, mechanosensing
processes, combined to cell contractility, regulate tissue formation, remodelling and function'®>?°. Poor
control of these parameters may result in fracture and failure of biomaterials and interfaces, and associated
impact on tissue repair’?®2. However, little is known of the direct impact of materials toughness on cell
phenotype, owing to the difficulty to uncouple toughness from other mechanical and physical parameters,

at the cell scale and in a range relevant to cell-mediated contractile forces.

The importance of local mechanical properties of materials is clearly illustrated by the ability of cells to
adhere, spread and proliferate at the surface of low viscosity liquids?*%. Indeed, it was demonstrated that
fibroblasts, epithelial cells such as HaCaTs and keratinocytes, and mesenchymal stromal cells can proliferate
at the surface of fluorinated oils, providing a mechanically strong protein nanosheet has formed at
corresponding liquid-liquid interfaces. This enabled the formation of cell colonies at the surface of low
viscosity liquid substrates that were as spread and dense as those formed on rigid tissue culture plastic and
sustained the preservation of stem cell phenotypes?*-!, despite the ultra-weak bulk mechanical properties

of underlying substrates.

The impact that polymer and protein self-assembly has on liquid-liquid interfacial properties, including
surface tension and interfacial pressure and viscosity is well established®?33, However, the impact of chemical
and structural parameters of corresponding macromolecules on interfacial mechanics, and in turn cell
spreading and phenotype at liquid interfaces, remain poorly understood. In this respect, protein-stabilised
interfaces have been shown to display a broad range of interfacial mechanics and fluidity, resulting in the
regulation of emulsion stability and associated formulations®*#*°. However, interfaces enabling the control of

nanoscale mechanics and bioactivity, including cell adhesiveness, remain elusive.

Poly(L-lysine) (PLL) is a polycationic polymer that has been widely used for the functionalisation of a broad
range of interfaces, enabling the direct coupling of other macromolecules and bioactive moieties as well as
adsorption of extra-cellular matrix proteins. It was found to result in the formation of particularly stiff

nanosheets at liquid-liquid interfaces, when assembling in the presence of reactive co-surfactants such as
2
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pentafluorobenzoyl chloride (PFBC)*® and, in turn, maintain the preservation of stemness and long term
expansion of mesenchymal stem cells (MSCs)?. However, little is known of the structural parameters
governing the mechanics of corresponding polymer/co-surfactant assembly and their nanoscale mechanics.
In this study, we examine the role of molecular weight on self-assembly and interfacial mechanical properties
of PLL nanosheets. We show that the molecular weight of PLL regulates interfacial toughness, resulting in
interfaces displaying toughnesses comparable to that of steel, and enabling to resist cell-mediated

contractile forces, for the formation of large and dense colonies.

Results and Discussion

PLL assembles into stiff nanosheets at liquid-liquid interfaces when combined to reactive co-surfactants such
as PFBC (Figure 1A). To investigate the adsorption and interfacial mechanical properties of nanosheets
assembled from PLL with different My, we used interfacial rheology (a du Noly ring positioned at the liquid-
liquid interface, coupled to a DHR3 rheometer). We first examined the impact of My, on the adsorption of PLL
at a fluorinated oil (Novec 7500)-aqueous (PBS) interface (Figure 1B). After equilibration of the system, PLL
with different My, was injected and the evolution of the interfacial shear moduli was monitored as a function
of time. After a rapid initial increase, interfacial storage moduli gradually levelled within a range of 0.5-2.5
N/m. The kinetics of adsorption was found to depend on the molecular weight of PLL (Figure 1C). To quantify
associated kinetics, we applied a Langmuir first order model*®, assuming that interfacial shear moduli
reflected the surface coverage at corresponding liquid-liquid interfaces. Adsorption traces were fit to the
resulting equation:

L OrT©)
Ty

1 —k,t (1)

Where I'(t) and It are the surface coverage of PLL at time t and equilibrium and ka is the adsorption rate
constant (see Methods). Our data was fitted over two separate early stages of the adsorption profiles, 100-
600 s and 1500-2500 s (affording two rate constants, ka; and kaz, respectively; Figure 1C-D). Although most
traces fit a linear relationship, some deviation was clearly observed for the lowest molecular weight PLL
tested (3 kDa). A gradual decrease in both rate constants was observed as a function of PLL M,,, consistent
with the expected impact of steric and coulombic hindrance associated with polyelectrolyte adsorption.
However ka; measured for 3 kDa PLL was significantly lower, presumably due to difficulty of achieving a
percolated network at the liquid-liquid interface with low molecular weight molecules. In contrast, PLL chains
with higher My, can bridge across isolated adsorption islands more readily and may be expected to form a
percolated network at early time points, following which stage the interfacial storage modulus may better

reflect changes in polymer surface densities.
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Despite differences in kinetics of adsorption, the ultimate (equilibrium) interfacial storage modulus of PLL
interfaces was strikingly similar at different M,, (Figure 1E). The only interfaces displaying slightly lower
interfacial shear storage moduli were those formed with 3 kDa PLL (0.76 N/m, compared to 2.0-2.3 N/m for
higher My,). To examine whether assembled nanosheets were associated with changes in PLL adsorption
densities, we characterised the abundance of PLL at corresponding interfaces, using tagged polymers and
fluorescence microscopy (Supplementary Figure S1). This indicated comparable levels of polymer adsorption
at liquid-liquid interfaces, independent of M. Similarly, we characterised variations in the degree of
functionalisation level of PFBC achieved on nanosheets from PLL with varying M,,. To test this hypothesis, we
characterised the atomic composition of PLL nanosheets by XPS (Figures 1F and G). Fluorination levels and
associated PFBC functionalisation levels were found to be comparable for all nanosheet, independent of the
molecular of the PLL used. The thickness of PLL nanosheets, characterised by neutron reflectometry in situ,
was found to be in the range of 6-10 nm*. Therefore, we estimate the equivalent bulk shear modulus of
materials that would be formed of PLL nanosheets to be in the range of 200-300 MPa. Such high stiffness
implies the formation of a continuous rigid phase, which we propose is rich in rigid aromatic moieties able to
aggregate via the formation of J-stacks (Figure 1a), owing to the strong quadripolar nature of fluorinated
aromatics®. PLL nanosheets displaying comparable functionalisation with pentafluorobenzoate moieties

would therefore be expected to display comparable interfacial storage moduli.
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Figure 1. Impact of molecular weight on protein nanosheet assembly at liquid-liquid interfaces. A)
Molecular structure of PLL nanosheets and proposed resulting architecture. B) Evolution of the interfacial
shear storage modulus of PLL nanosheets forming at Novec 7500-water interfaces (Novec 7500 containing
10 pug/mL PFBC; aqueous solution is PBS with pH adjusted to 10.5; strain of 10° rad and 0.1 Hz). PLL with
different My, (3, 10, 22.5, 50, 110, 225 and >300 kDa) was introduced (after 900 s of equilibration) to make a
final solution with a concentration of 100 pug/mL. C) Corresponding In(I'(t)/To) plots at two different time
points following protein injection. D) Adsorption rate constants extracted from corresponding linear fits. E)
Interfacial storage moduli as a function of My, of PLL, measured from frequency sweeps at a strain of 10 rad
and 0.1 Hz. Error bars are s.e.m.; n=3. F) XPS spectra (F 1s) obtained for nanosheets generated with PLL with
different My. G) Functionalisation levels quantified from corresponding XPS data (error bars are s.e.m.; n=3).

Considering the important role of viscoelasticity in the regulation of cell adhesion, migration and fate
decision®, we next examined how the molecular weight of PLL impacted on the viscoelastic profile of
nanosheets. Indeed, the interfacial storage modulus of PLL nanosheets displayed some frequency
dependency associated with a clear viscoelastic response (Supplementary Figure S2). To characterise further
viscoelasticity at PLL interfaces, we carried out interfacial stress relaxation experiments, using a double
exponential decay model. Upon application of a defined strain (typically 0.1-1%), PLL nanosheets displayed
apparent stress relaxation, with ultimate stress retention cr in the range of 55-75% (Figures 2A and B). Apart
from nanosheets formed from 3 kDa PLL, our data indicated a gradual increase in the og, and therefore

elasticity, as a function of increasing molecular weight.

This trend was surprising, considering the absence of change in interfacial storage modulus observed (Figure
1E) and, to gain further insight into this behaviour, we imaged corresponding liquid-liquid interfaces after
formation of nanosheets assembled from tagged PLL with different M,, (Figure 2C). Although surface
densities of PLL were found to be comparable (Supplementary Figure S1), the morphology of interfaces
differed widely, dependent on PLL M,,.. Whereas at low molecular weight interfaces were apparently formed
of fragmented nanosheets, they appeared homogenous and continuous over very large distances at higher
molecular weights, with domains exceeding several millimetres. The transition to such behaviour was in the

range of 50 kDa. Interestingly, although domains were clearly visible for the lowest molecular weight PLL
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tested (3 kDa), they remained tightly packed and no gap between such domains could be observed by
microscopy. This may explain the high ogr measured for nanosheets formed with 3 kDa PLL, and suggests that

the viscous behaviour observed in PLL nanosheets results from inter-domain relaxation.

We next carried out interfacial creep experiments, again using the 6-element Burger's model to quantify
associated data (Supplementary Figure S3A-B). At low interfacial stress (1 mN/m), our data indicated a classic
viscoelastic response (Supplementary Figure S3C), with no significant change in the main shear modulus G
as a function of PLL M,,, although G; and G, did increase slightly for PLL with My, > 300 kDa (Supplementary
Figure S3D). As in the case of stress relaxation experiments, the viscous component was found to increase
significantly at intermediate My, (Supplementary Figure S3E). However, at higher applied stress (5 and 10
mN/m), failure was clearly observed, depending on M,,: interfaces formed with 50 kDa PLL failed at 10 mN/m,
whereas those formed with 3 kDa PLL failed already at 5 mN/m (Supplementary Figure S3C). Hence

nanosheet fracture and relaxation seemed to be strikingly impacted by the molecular weight of PLL.
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Figure 2. Interfacial viscoelasticity is controlled by the molecular weight of PLL. A) Representative stress
relaxation profiles of nanosheets assembled from PLL with different molecular weights (strain: 102 rad ). B)
Corresponding stress retentions or extracted from the corresponding fits. Error bars are s.e.m.; n=3. C)
Epifluorescence microscopy images of PLL nanosheets assembled with PLL with a range of M, (all tagged
with Alexa Fluor 488). Detail of interfaces: Novec 7500 containing 10 pug/mL PFBC; aqueous solution is PBS
with pH adjusted to 10.5; PLL with different My (3, 10, 22.5, 50, 110, 225 and >300 kDa) at a final
concentration of 100 pg/mL.


https://doi.org/10.1101/2022.03.31.485540
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.31.485540; this version posted April 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Interfacial oscillatory rheology in amplitude sweeps was next carried out. PLL nanosheets displayed broad
linear regions at low oscillation amplitudes, whereas significant thinning and non-linearity was observed at
higher amplitudes. Such phenomenon is typical of the viscoelastic profile of concentrated polymer solutions

and soft physically crosslinked polymer networks®4°

and was previously reported for other liquid-liquid
interfaces stabilised by protein surfactants®. The toughness apparent from these amplitude sweeps,
characterised from corresponding strain-stress traces, varied markedly depending on the molecular weight
of the PLL forming the nanosheet (Figure 3A). We extracted interfacial toughnesses from these
measurements, confirming a threshold of 50 kDa above which nanosheets were significantly reinforced
(Figure 3B), in agreement with the nanosheet morphologies observed by fluorescence microscopy. Analysis
of the damping function h(y) associated with such non-linear viscoelastic profiles confirmed this threshold,
with a significant shift in the position of the amplitude at which decay of the function and damping are
observed (Figure 3C). In concentrated polymer solutions and at liquid-liquid interfaces, the damping
functions are typically observed to collapse on the same profile, overlapping with the Soskey-Winter model**.
In contrast, the striking shift in the damping function observed for M,, above 50 kDa, with overlapping
functions for Mw > 50 kDa, implies a different mechanism for strain-induced softening. Indeed, although
parameters associated with the Soskey-Winter damping model are not formally linked to molecular
architectures (e.g. molecular weight, degree of crosslinking), the damping function is typically considered to
reflect the mechanism of disruption of entanglements and physical bonds forming a polymer solution or
network®>*°, Therefore, the shift in damping function observed, by one order of magnitude in oscillation
strain, is proposed to reflect a switch in domain relaxation and remodelling, from inter-domain to intra-

domain rearrangement.
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Figure 3. The nanoscale architecture of PLL nanosheets controls interfacial toughness. A) Representative
shear stress-strain curves extracted from amplitude sweep experiments (frequency of 0.1 Hz). The grey area
shaded correspond to the range of interfacial stresses expected to be exerted by mature focal adhesions. B)
Summary of interfacial toughness calculated from the corresponding shear stress-strain profiles. (error bars
are s.e.m.; n==3). C) Damping functions calculated from strain sweeps. The trend lines correspond to fits with
the Soskey-Winter model. D and E) Proposed model of nanosheet fracture, depending on the molecular
weight of PLL chains (D, side view; E, top view; only some chains localised at the fracture line are represented
for improved visualisation). F-H) Ellipsometric thickness of selected nanosheets determined dry (F), in
deionised (DI) water (G) and PBS (H). Nanosheets were transferred to silicon substrates using a Langmuir-
Blodgett liquid-liquid trough, prior to characterisation. Error bars are s.e.m.; n = 3. ) Summary of magnetic-
tweezer assisted interfacial microrheology data (shear moduli Go, G1 and G; extracted using the 6 elements
Burger's model). Detail of interfaces: Novec 7500 containing 10 pug/mL PFBC; aqueous solution is PBS with
pH adjusted to 10.5; PLL with different My, (3, 10, 22.5, 50, 110, 225 and >300 kDa) at a final concentration
of 100 pg/mL. Error bars are s.e.m.; n>7.

To further explore the mechanism of fracture mechanics and relaxation of PLL nanosheets with different My,
we characterised the thickness of nanosheets and their swelling. Nanosheets were transferred from
corresponding liquid-liquid interfaces to mica and silicon substrates via Langmuir-Blodgett transfer. Tagged
nanosheets were transferred to mica substrates in order to confirm via fluorescence imaging that large

macroscopic nanosheets covering the surface of the target substrates could be transferred (Supplementary
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Figure S4). Nanosheets transferred to silicon substrates were then characterised by ellipsometry (Figure 3F-
H). Dry nanosheets displayed thicknesses in the range of 1-4 nm. In deionised water, the hydrophilic phase
of nanosheets increasingly swells, to 30-50 nm, depending on PLL M. In contrast, in PBS, the swelling of all
nanosheets was comparable and reduced compared to deionised water. Such ionic strength-dependent

42-44

behaviour is expected from polyelectrolytes tethered to interfaces and increased hydrodynamic

diameter associated with PLL chains of increasing My*>4°.

In addition, we characterised the nanoscale mechanical properties of the soft hydrophilic phase of PLL
nanosheets via magnetic-tweezer assisted interfacial micro-rheology. Negatively charged magnetic particles
were allowed to adhere to PLL nanosheets, prior to the application of a 30 s force pulse via a magnetic
tweezer (Supplementary Figure S5). Bead trajectories were monitored (50 frames per second), the creep
profile associated with such stimulation was then modelled using a 6-element Burger's model and the
associated shear moduli were quantified (Figure 3l). In contrast to the macroscopic interfacial rheology data
obtained (Figure 1E and Supplementary Figure S3), the moduli of PLL interfaces were found to decrease as a
function of molecular weight. Together with our ellipsometry data, this suggests that the hydrated, swollen
soft phase of PLL nanosheets is increasingly soft and stretchable at high PLL M. In turn, this soft phase is
able to bridge across fracture cracks, dissipate local energy and reinforce the brittle PFBC-rich hard phase of

47-49

PLL nanosheets (Figure 3D and E), in an analogous manner to polymer-reinforced composites and

engineered tough hydrogels>®L,

We next examined how the toughness of PLL nanosheets may impact on stem cell adhesion and proliferation
at liquid interfaces. Mesenchymal stem cells (MSCs) were allowed to adhere to fibronectin-coated PLL
nanosheet-stabilised liquid-liquid interfaces and their spreading was characterised by immunostaining and
confocal microscopy (Figure 4 A and B). Cells assembled a structured actin cytoskeleton on liquid substrates,
despite the fluidity and low viscosity of the underlying substrate (Novec 7500). Morphological analysis
revealed no significant difference between cells adhering to PLL nanosheets with different My and cells
adhering to rigid glass coverslips coated with PLL and fibronectin. Similarly, MSCs formed focal adhesions

located at the end of stress fibres on all PLL nanosheets, independent of the PLL M,, (Figure 4C).
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Figure 4. Stem cell expansion at liquid interfaces correlates with interfacial toughness. A and B) Impact of
PLL molecular weight on cell spreading at Novec 7500 interfaces stabilised by corresponding nanosheets. C)
Confocal microscopy images of MSCs spreading (after 24 h) on PLL/FN functionalised Novec 7500 interfaces.
Zoom-in correspond to the dotted boxes. D and E) MSC expansion at PLL-stabilised Novec 7500 interfaces (D,
representative nuclear stainings). F) Highly confluent MSCs remodel and fracture PLL/FN nanosheets
assembled at the surface of Novec 7500. Epifluorescence microscopy images of PLL nanosheets 24 h after
seeding MSCs at 200,000 cell/well (left). Red, PLL; blue, nuclei. Detail of interfaces: Novec 7500 containing
10 pug/mL PFBC; aqueous solution is PBS with pH adjusted to 10.5; PLL with different My, (3, 10, 22.5, 50, 110,
225 and >300 kDa) at a final concentration of 100 pug/mL. Error bars are s.e.m.; n> 4.

Therefore, consistent with the impact of hydrogels and biomaterials mechanics®*3, MSC adhesion to PLL
nanosheet-stabilised interfaces with comparable interfacial storage moduli had no significant impact on cell
adhesion and spreading. However, the proliferation of MSCs was significantly impacted by the molecular
weight of PLL assembling nanosheets, and resulting interfacial toughness (Figure 4D ad E). This was not
associated with any change in cell viability, which remained high and comparable on all substrates
(Supplementary Figure S6). The abundance of fibronectin deposited at PLL nanosheet interfaces was also
comparable (Supplementary Figure S7), in agreement with the similar spreading observed and the
observation of focal adhesions and structured actin cytoskeleton on the different PLL interfaces tested.
Instead, we propose that cells spreading on nanosheets assembled from lower My, PLL sense the toughness
of corresponding interfaces. Indeed, gaps in cell coverage were observed in cultures at nanosheets formed
from low and intermediate M,, PLL. Hence, cell-mediated forces are proposed to locally fracture PLL
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nanosheets, or to extend shear induced fractures occurring during substrate preparation, leading to local

relaxation of the 2D network and gradual reduction of the elasticity of the network.

Finally, to better evidence cell-mediated fracture of PLL nanosheets, we seeded MSCs at high densities at
nanosheet-stabilised interfaces and characterised the morphology of resulting cultures 24 h after seeding.
Clearer gaps can be seen in high density cultures seeded on low M,, PLL nanosheets (Figure 4F) and these
gaps are clearly associated with fractures in PLL nanosheets. This suggests that local fracture in nanosheets,
together with concerted contractile forces, further extending such defects to dimensions spanning several

hundreds of microns, results in these gaps in dense cell cultures.

Overall, our data demonstrate that cells can directly sense the nanoscale toughness of interfaces to which
they adhere and, despite developing mature adhesions at early time points, can mechanically disrupt their
adhesive landscape, leading to retraction of adhesive areas and reduction in cell expansion. With forces
exerted by cells in the range of 1-50 nN per adhesion, and focal adhesions displaying cross-section of 500 nm
to 2 um, the equivalent interfacial stress that can be expected to be transferred to nanosheets lies within the
range of 5.10%-0.1 N/m ***%7 and more specifically to the case of MSCs, fully mature adhesions were found
to generate stresses near 10-40 mN/m (maximum forces in the range of 20-40 nN, with adhesions 1-2 um in
cross-section >**°). This is precisely a range that is in between the ultimate interfacial stress that we measured
for low and high M,, PLL nanosheets (Figure 3A). Therefore, the transition observed in interfacial toughness
is proposed to overcome the maximum stress exerted by contractile cell adhesions, enabling to sustain

nanosheet integrity over prolonged culture times.

The ability of cells to sense the mechanical properties of their environments is enabled by the reciprocal
responses of the adhesion machinery (underpinned by integrin binding, actin assembly and contractility and
mediated by adapter proteins such as talin and vinculin!>°8) and the nanoscale mechanics of corresponding
interfaces®. Deformation, strain stiffening and clustering, associated with the viscoelastic profiles of
corresponding materials are integral elements sensed by cell adhesions and triggering downstream signalling.
Our work proposes that the toughness of interfaces can further modulate such processes, not through the
direct regulation of cell adhesion, but by defining a threshold above which interface and matrix remodelling
lead to failure of the adhesive landscape, and as a result the retraction of cell adhered from associated areas.
This concept is important to the engineering of biomaterials displaying significant mismatch in mechanical
properties in bulk and at interfaces, as in the case of cell culture on liquid substrates and bioemulsions. It also
underpins some of the processes occurring during matrix remodelling. For example, during the deposition of
extra-cellular matrix and its mechanical integration to pre-existing biomaterials or tissues, or during tissue

contraction in wound healing or tissue regeneration contexts.
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