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Abstract

The nanoscale geometry and topography of the extra-cellular matrix (ECM) is an important parameter
controlling cell adhesion and phenotype. Similarly, integrin expression and the geometrical maturation
of adhesions they regulate have been correlated with important changes in cell spreading and phenotype.
However, how integrin expression controls the nanoscale sensing of the ECM geometry is not clearly
understood. Here we develop a new nanopatterning technique, electrospun nanofiber lithography
(ENL), which allows the production of a quasi-2D fibrous nanopattern with controlled dimensions (250
— 1000 nm) and densities. ENL relies on electrospun fibres to act as a mask for the controlled growth
of protein-resistant polymer brushes. SEM, AFM and immunofluorescence imaging were used to
characterise the resulting patterns and the adsorption of the extra-cellular matrix protein fibronectin to
the patterned fibres. The control of adhesion formation was studied, as well as the remodelling and
deposition of novel matrix. Cell spreading was found to be regulated by the size of fibres, similarly to
previous observations made on circular nanopatterns. However, cell shape and polarity were more
significantly affected. These changes correlated with important cytoskeleton reorganisation, with a
gradual decrease in stress fibre formation as the pattern dimensions decrease. Finally, the differential
expression of avp3 and a5B1 integrins in engineered cell lines was found to be an important mediator

of cell sensing of the nanoscale geometry of the ECM.
Statement of significance

The novel nanofiber patterns developed in this study, via ENL, mimic the geometry and continuity of
natural matrices found in the stroma of tissues, whilst preserving a quasi-2D character (to facilitate
imaging and for comparison with other 2D systems such as micropatterned monolayers and circular
nanopatches generated by colloidal lithography). These results demonstrate that the nanoscale geometry
of the ECM plays an important role in regulating cell adhesion and that this is modulated by integrin
expression. This is an important finding as it implies that the knowledge of the biochemical context
underlying the integrin-mediated adhesive machinery of specific cell types should allow better design
of biomaterials and biointerfaces. Indeed, changes in integrin expression are often associated with the

control of cell proliferation and differentiation.
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1. Introduction

Cells are not “free-standing” objects but require to adhere to the extracellular matrix (ECM) and to
other cells in order to survive, carry out their function and form more complex structures (tissues). It
has been shown in the last decades that cells feel and respond to the physical properties of the complex
environment constituted by the ECM, contact with neighbouring cells and soluble growth factors and
cytokines. Focal adhesion (FA) formation and maturation are important processes via which cells sense
and adhere to the ECM and impact on signalling pathways eventually controlling cell phenotype [1, 2].
Such cellular sensing of the adhesive landscape occurs at different length scales, from the microscale,
at which cell shape and multi-cellular assemblies are controlled [3-5], to the nanoscale, at which the
formation and dynamics of single adhesions are regulated [6-11]. Importantly, underlying these
phenomena, the prevention of FA assembly leads to the disruption of the cell cytoskeleton: when cells
are forced to adhere on small areas or when adhesion points are too far apart to allow integrin clustering
and the interaction of key adapter proteins, cell spreading is impaired and other signalling pathways are

disrupted leading, for example, to stem cell differentiation [12, 13].

FAs are initiated and regulated by the binding of integrins to the ECM[14]. This phenomenon is
followed by their clustering and the recruitment of other molecules, amongst which vinculin, talin,
VASP, zyxin, paxillin, p130 Cas, focal adhesion kinase (FAK) and integrin-linked kinase (ILK) play
an important role in determining FA stability and cell phenotype. In addition, the precise positioning of
these molecules and 3D organisation of the structure of FAs is important to the stability of FAs formed,
their ability to sustain mechanical forces and transmit downstream signals [15, 16]. The dynamics of
such processes is regulated by the transmission of forces bidirectionally, inside-out and outside-in: when
cells cannot exert adequate grip on their surrounding environment, FAs are destabilised [17]. In turn,
the reorganisation of the cell cytoskeleton and formation of stress fibre (contractile actin bundles) are
strongly dependent on transmission of intracellular forces. Adapter proteins such as talin and vinculin
play an important role in such processes and regulate adhesion size, shape, as well as cell spreading and
shape [18-20]. Upon activation of vinculin FAs are generally stabilised, increase in size and, as a result,
cell migration decreases. Considering the essential role of integrin clustering to the formation and
development of FAs, it is clear that integrin expression itself should have a profound impact on cell
adhesion and associated mechanotransduction. Indeed, integrin expression level and the type of
heterodimers expressed (e.g. a5B1 vs avp3) was found to impact on cell shape, the architecture of the
cytoskeleton, as well as cell motility [21-23]. Such changes are associated with marked changes in
signalling via Rho GTPases [22, 24] and, strikingly, the scattering of cell clusters [21]. The shape,
number and size of FAs was also found to be strongly correlated with such changes in phenotype [21].
Such effect may be explained by the differential regulation of Rho GTPases Rac and RhoA [22], as well
as the differential binding affinity of 1 and 33 integrins for soluble fibronectin (and associated impact

on fibrillogenesis). These phenomena also correlate with important changes in the dynamics and
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nanoscale organisation of a5B1 and avB3 integrins [22, 25]. Differential regulation of FA maturation
and cell phenotype was also evidenced between different f1 heterodimers (e.g. a5 and a4) [26]. In
addition, a5B1 and avB3 integrins play important roles in the ability of cells to generate forces, respond
to applied mechanical stimulations and associated mechanotransduction [27, 28]. Hence, these studies
highlight a direct relationship between integrin expression, the regulation of the shape and size of
adhesions and the sensing of physical properties of the ECM.

The sensing of the ECM is thus of particular importance to the regulation of cell phenotype. To
investigate the role of different microenvironmental cues, engineered biointerfaces presenting
controlled chemistry, topography and mechanical properties have been developed. In particular, the
modification of surfaces to create micro- to nano-scale features has been exploited to regulate FA
maturation and cell phenotype. Techniques to modify the surface range from bottom-up to top- down
approaches. Self- assembly methods have allowed the formation of nanofeatures with controlled spatial
distributions [6]. Replication methods such as photolithography and soft lithography are also widely
used to reproduce features with the use of a mask or stamp. In the latter, a patterned elastomer is used
to print molecules on a surface. Micro contact printing (uCP), which normally uses PDMS, has been
widely used to produce protein microarrays for cell-based assays [17, 29, 30]. Combining such uCP
with polymer brush growth (after printing of an initiator molecule) allows the generation of particularly
stable protein arrays that allow to control cell adhesion over long periods of culture time (beyond 7 days
[29]). However, molecular diffusion during the printing process does not allow high resolution
patterning (below 1 um). Direct writing is another approach used to deliver molecules to a surface for
chemical patterning: inkjet printing (1JP) and dip-pen nanolithography (DPN) have been applied to the
deposition of protein arrays for cell patterning [31, 32]. While high resolution (especially with DPN)

and flexible, direct writing approaches are generally slow and with low throughput.

We previously showed that the size of adhesions (100 nm to 3 um circular patches) primarily controls
the assembly of the cytoskeleton, and that blocking the geometrical maturation of adhesions does not
restrict protein recruitment significantly, nor the phosphorylation of proteins recruited to adhesions or
the assembly of ECM proteins at adhesion sites [10]. In contrast, we found that adhesion dynamics (rate
of diffusion of vinculin to the adhesions) was altered. This may highlight the role of adhesion dynamics,
assembly and disassembly, as important stages involved in nanoscale sensing. In this respect, the
continuity of the matrix, its geometry and topography are expected to regulate such dynamic processes.
How such nanoscale geometrical cues impact on adhesion size and shape as well as cell spreading and
shape is not understood. In addition, how the differential expression of integrins impacts on the sensing

of nanoscale geometry is not clear.

Here we developed a novel patterning platform, electrospun nanofiber lithography (ENL), allowing the

generation of cell-adhesive nanofibrous substrates on large scale suitable for the detailed investigation



of mechanisms underlying cell sensing of the nanoscale geometry of the ECM. This platform is based
on the deposition of electrospun fibres with controlled diameters in the range of 150 to 1500 nm, which
are then used as masks for the controlled growth of protein- and cell-resistant polymer brushes via
surface initiated atom transfer radical polymerisation (Figure 1). The nanofibers generated using this
method mimic better the fibrous structure of some natural matrices, but without introducing complex
3D effects (topography and changes in fiber curvature). In addition, these quasi-2D nanofibers allow
comparison with other 2D nanopatterns displaying circular patches of controlled diameters, previously
studied [10]. This allows to investigate relationships between adhesion size and geometry and cell shape
and spreading in a more realistic scenario, including with respect to the continuity of the matrix. Finally,
as ENL allows the patterning of thin glass coverslips and does not introduce structures with strong
refractive index mismatch, it is compatible with a broad range of high resolution live imaging
microscopy techniques. This platform was then used to investigate the influence of adhesion geometry
on cell spreading and shape. We make comparisons between cell response to the size of nanopatterns
in the case of circular discrete patches and continuous nanofibers with similar range of sizes and pattern
density. Finally, we investigate the role of integrin expression on nanoscale sensing of the geometry of

the adhesive landscape.
2. Materials and methods

2.1 Chemicals and Materials. Oligo(ethylene glycol methyl ether methacrylate) (OEGMA, Mw 300),
CuCl, CuCl2, 2,2'-dipyridyl (bpy), Poly (methyl methacrylate) (PMMA) (average Mw ~ 350,000 and
996,000), triethylamine (>99%), 2,2’-bipyridyl, copper (I) cloride (CuCl), copper(Il) bromide (CuBr2),
triton X-100, gelatin, Phallodin —Tetramethylrhodamine B isothiocyanate, PFA (paraformaldehyde),
Monoclonal AntiVinculin antibody produced in mouse, Mowiol 4-88, glycerol, DAPI (4,6-diamidino-
2-phenylindole), GTA (glutaraldehyde), phosphate buffer (PB) 0.1M, phosphate-buffered saline (PBS,
150 mM) and silicon wafers were purchased from Sigma Aldrich. CHCI3 (chloroform, >99%), DMF
(N, N-Dimethylformamide, >99.8%) and toluene were from VWR. Sodium chloride (NaCl) was from
fisher chemical. 3-Trimethoxysilylpropyl 2-Bromo-2methyl-propionate was from Fluoro Chem. Precut
wafers (P/Boron<100>, SI-MAT) were purchased from Litcon AB (Sweden). PDDA
(Poly(diallyldimethylammonium  chloride)), PSS  (Poly(sodium-4-styrenesulfonate))  and
Octadecylmercaptan were purchased from Sigma. PAX-XL60 (polyaluminium chloride) was purchased
from Kemira miljg (Denmark). Polystyrene colloidal particles, sulphate latex diameter 0.1 um, 0.3 pum,
0.6 um and 3 um were purchased from Invitrogen (US). Fibronectin from human plasma (1 mg/ml) was
from Millipore. Foetal bovine serum (FBS) and was from PAA. DMEM (500 mL), trypsin, versene
(100 mL) Alexa Fluor goat anti-mouse 488 were from Life Technologies. Polyclonal anti-Fibronectin
antibody (100 ug) and polyclonal anti-laminin from rabbit were from abcam. Penicillin-Streptomycin
(5,000 U/mL) L-Glutamine, Alexa Fluor donkey anti rabbit 594 and goat anti rabbit 488 were from

Fisher. Deionised water was obtained using a Synergy system from Millipore.



2.2 Silanization. Silicon wafers were treated for 10 min with air plasma (ZEPTO Plasma Etcher from
Diener Electronic Plasma Surface Technologies) and then incubated overnight in a solution of 30 pl of
3-trimethoxysilylpropyl 2-bromo-2methyl-propionate (1) and 50 pl of triethylamine dissolved in 40 mL
toluene. The substrates were then rinsed with DI water, acetone and ethanol and stored under inert

atmosphere until used for further treatment.

2.3 Electrospinning. PMMA was used to produce electrospun nanofibers. The polymer was dissolved
in a mixture of chloroform and DMF with ratios 7:3 or 6:4. This proportion was selected to guarantee
both conductivity (from DMF) and fast evaporation rate (from chloroform) of the solution during the
spinning process. Different PMMA concentrations and molecular weight (M of 350,000 and 996,000
g/mol) were used to obtain a set of fibre diameters ranging from 150 to 1500 nm (see Supplementary
Table S1). The highest My, PMMA was used for preparing the lowest concentrated solution: this
decreased the formation of beads for fibres generated in this condition. To further prevent bead
formation for the lowest and highest viscosity solutions (3%, 3.5% and 10%), the addition of salt (NaCl,
0.1 % w/v) which allows to further increase the conductivity of the solution and improve the stretching
of fibres was required. To completely allow PMMA to dissolve, the solutions were kept sealed at 50°C

overnight whilst stirring.

The solution was loaded in a syringe and supplied to the system using a Kent Genie syringe pump. The
solution flowed through a needle fixed at the top of the system and connected to a high DC power
supplier (Glassman EQ high voltage) in order to charge the solution. The fibre collector was a metal
plate which was grounded. In order to characterise fibre uniformity and the formation of beads, fibres
were collected first on glass slides and observed under an optical microscope. The flow rate and voltage
were consequently adjusted until beads stopped forming (typically by lowering the flow rate).
Typically, the starting flow rate and voltages were 0.3 mL/h and 23 kV, and their range was within 0.2-
0.5 mL/h and 21-25 kV, respectively. Fibres were then deposited on silicon wafers previously silanised
with the polymerisation initiator 1. The density of the mats and fibre dimension were confirmed via

SEM prior to the next patterning step.

2.4 Annealing. Deposited fibres were thermally annealed in an oven in order to improve their contact
with the underlying substrate. The annealing temperature was adjusted for each fibre diameter in order
to preserve the fibre dimensions whilst ensuring a good contact with the underlying substrate (see
Supplementary Table S2) while incubation time was kept at 1 hr. Substrates were directly placed in the
oven, on a metal tray. The thickest fibres were found to require higher annealing temperature in order

to deform and bond with the substrate. Fibre dimensions were characterised post-annealing via SEM.

2.5 Colloidal Lithography. Samples were prepared on precut natively oxidized silicon wafers and
coated by 4 nm Ti and 30 nm Au (RF magnetron sputtering (home-made), 2x10 mbar argon pressure,
Ti deposition rate 1nm/s (6.45 Watt/cm?), Au deposition rate 2.2 nm/s (2.5 Watt/cm?). The gold coated



wafers were cleaned with UV/ozone for 1h prior to use followed by immersing in MQ-water for 1h
after UV/ozone treatment to allow for the Au,Os formed to be reduced back to Au®. Nanostructured
samples were fabricated via Sparse Colloidal Lithography®. A triple layer of PDDA (2% in MQ), PSS
(2 % in MQ) and PAX-XL60 (5 % in MQ) was deposited onto the gold coated substrates followed by
colloidal assembly of dispersed monolayers of polystyrene particles (100 nm, 300 nm, 600 nm and 3000
nm) by electrostatic self-assembly. Particles concentrations of 0.2 % in MQ for 0.1-0.3 pum, 0.5% for
0.6 um and 2% for 3 pum particles and deposition times from 120 s to 12 hours were used. After particle
deposition, the samples were carefully rinsed, transferred without dewetting to a pressure chamber with
MQ-water in which they were heated to 120°C (140°C for 3 um particles). Inm Ti and 11nm SiO, was
evaporation coated onto the sample (3kwW Multiple Crucible Linear e-Gun, Port Townsend, US. Ti
deposition rate 0.5-1A/s, SiO. deposition rate 1-10A/s). The particles were removed by tape stripping
and sonication in ethanol and MQ-water.

Pre-cut nanopatterned substrates (6*6 mm) were placed in a 48-well plate and treated with air plasma
for 10 min (Zepto Plasma Etcher from Diener Electronic Plasma Surface Technology) before incubation
with an ethanolic solution of octylthiol (Sigma, 5 mM) overnight. The resulting substrates were then
washed twice with 70% ethanol and left to sterilise in 70% ethanol for 5 min before washing twice with
phosphate buffer saline (PBS, Sigma). The substrates were incubated in a solution of poly(L-lysine)-g-
poly(ethylene glycol) PLL(20)-g[3.5]-PEG(2) (Surface Solutions, Switzerland, 25 mg/mL) in (HEPES,
10 mM, pH 7.4, Gibco) for 45 min, then washed with PBS twice.

2.6 Polymer brush growth. Poly oligo(ethylene glycol methyl ether methacrylate) (POEGMA) brushes
were used as anti-fouling coating to prevent protein and cell adhesion and to define the background
between fibres. POEGMA brushes were grown in between electrospun and annealed PMMA fibres via
atom transfer radical polymerization (ATRP) on the target surface pre-functionalized with the silane
initiator 1. The brush thickness was controlled via the polymerization time and monitored via
ellipsometry using homogenous silicon substrates functionalised with initiator 1. The polymerization
was carried out under inert gas (typically nitrogen) to avoid the oxidation of the metal catalyst used in
the ATRP process. A round-bottom flask containing the monomer/catalyst solution was prepared,
containing the monomer (OEGMA, average M, 300, 12.6 g), the ligand 2,2’-bipyridyl (= 99%, 320 mg)
and the deactivation catalyst copper(ll) bromide (CuBr», 18 mg) into a mixture of de-ionized water and
ethanol (4:1, total volume of 30 mL). The flask was sealed with inert gas inlet and stirred to allow the
dissolution of reagents whilst bubbling with inert gas (nitrogen) to remove oxygen from the flask and
solution, for 45 min. Copper (1) chloride (CuCl, 82 mg) was quickly added to the solution which was
subsequently stirred whilst bubbling with nitrogen for another 15 minutes. The solution was then
transferred using a syringe to sealed vials containing the samples (previously degassed and left under
inert gas). During the polymerization samples were kept under nitrogen. The polymerisation time was

selected depending on the height of the polymer brush required. For 30 nm brushes, polymerization was



carried out for 30 min. Water was then quickly added to the system to stop polymerization and samples
were washed with plenty of water to remove any catalyst, then ethanol and dried. The PMMA fibrous
masks were then removed from the substrates in Chloroform for 10 min and samples were finally rinsed
with water and ethanol and dried. The density of the patterns and fibre dimension were confirmed via
SEM.

2.7 Fibronectin deposition. After fibre removal samples were functionalised with fibronectin (FN),
which selectively deposited in the gaps left between POEGMA brush coated areas after fibre removal.
Samples were incubated for 45 min in a FN solution (10 pg/mL in PBS) at room temperature, then
washed with PBS first by diluting twice and then completely replacing the buffer twice more. Cell

seeding or immunostaining was carried out directly after this.

2.8 Cell culture and seeding. HaCaT and GE cells were cultured in DMEM supplemented with 10%
FBS, glutamine and antibiotics. GE B1-deficient epithelial cells (GE) and GE cells in which o531 and
avB3 integrins are stably expressed (GEPB1 and GEPB3, respectively, obtained by retroviral
expression[33]°) have been previously described (expression levels of a581 and avp3 integrins are
reported in previously published work). Cells were cultured to confluency (about 80% density) and
were detached using trypsin/versene (1:9) and reseeded on the samples in a 48 well plate at a density of
7,500 cells/well (ImL/well) in DMEM medium. Cells were then allowed to adhere for 24 hrs and then
fixed.

2.9 Immunostaining. After 24 h incubation cells were fixed with 4% paraformaldehyde (in PBS) for 10
min, permeabilized with 0.2% Triton X-100 (in PBS) for 5 min and blocked with a solution of 10%
FBS and 0.25% gelatin for 1 h at room temperature. Phalloidin (1:500) was added at this stage too.
Samples were then incubated with the primary antibody (anti-vinculin, 1:200) for 1 hr at room
temperature, washed and incubated with the conjugated secondary antibody (1:1000; Alexafluor 488)
and DAPI (1:1000) for 1 h at room temperature and washed again before being mounted on glass slides

with Mowiol solutions.

To check the quality of FN deposition, fibronectin was immunostained. After deposition, samples were
blocked for 1 h, then incubated with the fibronectin antibody (anti-fibronectin, 1:200), washed,
incubated with the secondary antibody (1:1000; Alexafluor 488 anti-rabbit) for 1 h and finally washed
again. All steps were carried out at room temperature. Double staining of fibronectin and vinculin was
also carried out. Samples were incubated for 1h at room temperature with primary antibodies (rabbit-
a-fibronectin and mouse-a-vinculin mouse) first and then washed and incubated in secondary antibody
(in this case using Alexafluor 594 for fibronectin) solutions in blocking buffer (as above) for 1h. For
laminin-332 and fibronectin staining, samples were treated first with a 1:1 mixture of FN and labelled

BSA (Albumin, Tetramethylrhodamine isothiocyanate bovine, Sigma 10pu/mL) and after cell seeding



they were incubated with primary antibody (anti-laminin, 1:200) and secondary antibody (Alexafluor
488-conjugated, 1:1000).

In order to assess integrin expression in the different cell line (GE, GE 1 and GE 33) double staining
of fibronectin/ labelled BSA (as previously described) and either av (Anti-Integrin alpha V antibody
[EPR16800], Abcam) or B1 (Anti-Integrin beta 1 antibody [P5D2], Abcam) integrin monomer was
performed.

2.10 Characterization

2.10.1 Ellipsometry. Ellipsometry was used to quantify the thickness of polymer brushes after
polymerization on a reference homogenous (no fibre) silicon substrate functionalised with silane 1. The
dry polymer thickness (hg) was measured using an o-SE® spectroscopic ellipsometer (J. A. Woollam)
at an incident angle of 70°. A silicon substrate/Cauchy film model was used and fitted between 400 nm
and 900 nm.

2.10.2 SEM. Samples were characterized via scanning electron microscopy (Inspect F from FEI) after
each step to check fibre morphology. Fibre diameter was assessed after electrospinning, annealing and
polymer brush growth. Fibres were coated with Gold (SC7620 Mini Sputter Coater, Quorum
Technologies), 60 sec coating and 20mA process current, whilst this step is not required to image
patterns after their removal. A voltage of 20 kV, a spot size of 3.5 and an aperture of 30 um were used.
SEM images were used to assess the pattern density (area were the ECM protein is deposited) and the
gap area between the fibres at different fibre sizes using ImageJ. The SEM images are first transformed
in black and white images and then the area of the black object (the fibres if density is needed or the
area between the fibres when assessing the gaps) is calculated. SEM was also used to investigate cell
morphology after adhesion to the patterns. Cells were fixed after 24 h adhesion with 2.5%
glutaraldehyde in PB for 2 h at room temperature. Samples were then washed 3 times with PBS 0.1M
and dehydrated with a series of ethanol washings increasing the ethanol content from 20% to 100%,
each wash repeated twice for 5 minutes. Critical Point Drying was then performed (EMS 850 Critical

Point Dryer).

2.10.3 AFM. Atomic force microscopy (AFM- NT-MTD, NTEGRA) was carried out on the patterned
samples before and after fibronectin to check the depth of the pattern and the roughness. Semicontact
mode was used and the row pictures were corrected with a first order function by the software (Nova).
Non-contact NSGO1 cantilevers from NT-MDT were used (force constant 1,45-15,1 N/m and resonant
frequency 87-230 kHz).

2.11 Immuno-fluorescence microscopy and data analysis. Fluorescence microscopy images to quantify
cell spreading (after phalloidin staining), cell density (after nuclear staining with DAPI) and fibronectin

deposition (after immunostaining as described above) were acquired with a Leica DMI 4000B



epifluorescence microscope (EL6000 lamp, 20x0.7 NA lens, 63x1.40 Oil lens). Fluorescence
microscopy images for vinculin staining were obtained with a Leica TCS SP2 confocal and multiphoton
microscope (X-CITE 120 LED lamp, 63X1.4 Oil lens). To quantify cell area, 50-150 cells were
analysed and experiments were carried in triplicates at least. Images were analysed with ImageJ,
calculating the area of cells after thresholding. For cell density, Dapi staining images thresholding and
watershed were used to identify individual nuclei. Profiles for fibronectin stainings were obtained from

the corresponding images of immunostained samples, using ImgeJ.

2.12 Statistical analysis. Statistical analysis was carried out using Origin 8 and one-way ANOVA with
Tukey test for posthoc analysis. Significance was determined by * P < 0.05, ** P < 0.01, *** P < 0.001.
A full summary of statistical analysis is provided below (Supplementary Tables S3-12). In figure

captions, “n” means the number of independent replicates of the experiment presented.

3. Results and discussion

3.1 Development of electrospun nanofiber lithography (ENL). In order to pattern 2D-nanofibers on
relatively large areas and throughput, allowing comprehensive biological studies, we developed a nano-
fabrication technique based on the deposition of sparse mats of electrospun fibres (Figure 1). These
mats are used as masks to control the growth of protein and cell resistant polymer brushes from exposed
areas. After removal of the fibres, the remaining brushes define a quasi-2D fibrous pattern onto which
ECM molecules such as fibronectin can be adsorbed. Therefore this platform is relatively inexpensive,
can be scaled up to generate high numbers of substrates in parallel (typically 5-10 microscopy slides
can be generated in one batch and cut in smaller samples for seeding in multi-well plates) and

compatible with high resolution microscopy, including live TIRF and laser-scanning confocal imaging.

PMMA nanofibers were generated via electrospinning with diameters in the range of 130 + 10 to 1400
+ 130 nm and deposited onto substrates functionalised with an ATRP initiator. The dimensions of
nanofibers was controlled via the molecular weight of the PMMA used, its concentration (in
chloroform/DMF solutions) and the presence of an electrolyte (NaCl, see Figure 2B and C and
Supplementary Figure S1). The driving voltage and feed solution flow rate were adjusted to suppress
the occurrence of beading. This is in good agreement with previous reports that demonstrated the control
of Polyethersulfone (PES) [34] and PMMA [35] nanofibers ranging from few hundreds nanometres to
microns based on the molecular weight and concentration of materials deposited. In order to improve
the contact between fibres and the underlying substrates, an annealing step was carried out prior to
brush growth. This had a modest impact on the diameter of nanofibers, as determined by SEM (see

Figure 2A and Supplementary Figure S2).
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The background of the patterns was passivated next. This was carried out via the growth of a protein
and cell resistant polymer brushes based on oligo(ethylene glycol methacrylate) repeat units
(POEGMA). Such polymer brushes display excellent protein resistance, due to their hydrophilicity and
high packing density and have proved particularly robust for the design of micropatterned cell arrays,
even after long incubation times and at high cell densities [5, 29, 30]. POEGMA brushes were grown
via surface initiated atom transfer radical polymerisation, which allows a relatively precise control of
the thickness of the polymer coatings generated. We targeted a thickness of 30 nm, based on the
excellent protein resistance performance of POEGMA for such brush height [29]. After removal of
fibres, we found that the height of the brush patterns left, defining the remaining fibrous patterns, was
30 £ 2 nm high, comparable to the thickness predicted and that of homogenous brushes grown in
identical conditions and evaluated by ellipsometry (Figure 2A, C and Supplementary Figure S3). The
contour profile of the resulting pattern is sharp (90 nm/um, from AFM profiles) and the width of the
resulting fibres closely matches that of the corresponding annealed fibres (Supplementary Figure S2),
confirming the efficiency of the fibrous masks to control the localisation of the brush patterns generated
via ENL. In addition, we were able to directly image the resulting patterns using SEM, due to the
difference in electron density between the exposed silicon substrate and the insulating brush coating.
This allowed us to confirm the size of the fibres generated but also their density. We found that large
fibres (e.g. 800 nm and 1 um) displayed a poorer control of the distance between fibres and their density
(especially when high densities are desired, Supplementary Figure S4), presumably due to the difficulty

of fully annealing the rigid fibres generated with these dimensions.

3.2 Control of protein adsorption and cell adhesion. To enable integrin-mediated cell adhesion,
fibronectin was deposited on the patterns (Figure 3A and Supplementary Figure S5). Fluorescence
imaging confirmed that fibronectin selectively adsorbed to areas unprotected by POEGMA brushes and
formed fibrous fibronectin patterns with controlled dimensions. The intensity profile across fibres
within the resulting patterns, with sharp peaks associated with fibronectin fibres (Figure 3A), confirmed
the specificity of the protein adsorption and the quality of the resulting patterns. This is in good
agreement with results obtained for micro-patterned POEGMA brushes[29], indicating that the initiator
layer deposited in the first step of the ENL process remained intact during electrospinning and annealing
steps and enabled dense brushes to be generated, with high protein resistance. This also indicates that
fibronectin adsorbs well on the exposed fibres to provide a high contrast between fibres and the
background. In addition, we examined whether the hydrophobic initiator layer exposed within
nanofibers led to the formation of protein clusters and associated changes in nanoscale topography, as
was observed during the adsorption of fibronectin to hydrophobic polymers [36, 37]. Measurements of
surface roughness via AFM did not highlight any major change in nanoscale topography, either along
fibres themselves or within POEGMA-coated areas (Supplementary Figure S6). This confirms that

fibronectin deposited homogenously on the nanofibers.
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To investigate the control of cell adhesion using the patterns generated via ENL , HaCaT cells were
seeded on nanofibrous substrates with fibre widths ranging from 250 to 1000 nm (specifically, 250,
550, 800 and 1000 nm width). In order to assess whether cell adhesions are controlled by the nanoscale
geometry of the fibrous pattern, confocal imaging of vinculin (focal adhesion marker) and fibronectin
immunostained substrates was carried out (see Figure 3B and Supplementary Figure S5). Colocalization
of the two markers was observed, indicating that the geometry of the fibronectin adhesive patterns was
efficiently controlling cell adhesion and the maturation of adhesive complexes. This is in good
agreement with previous work on circular nanopatches that showed a good control of adhesion
geometry using substrates generated via sparse colloidal lithography [10, 38]. These observations were
supported by SEM images of HaCaT cells spreading at the surface of nanofibrous substrates (Figure
3D and Supplementary Figure S7). In these images, cell protrusions can be observed to make links with
shapes defined by the fibres (despite the low contrast with which quasi-2D fibrous mats can be observed
after gold coating of the substrates). In addition, the distal part of these protrusions was found to extend
from fibres and be associated with changes in membrane curvature. This led to more irregular geometry
of the cell edge and lamellipodiae, compared to cells spreading on homogenous substrates.
Lamellipodiae are structures playing an important role in the sensing of physical properties of the matrix
and their dynamics and stability controls the formation of stable focal adhesions [39, 40]. Hence,
changes in their geometry and dynamics are likely to have an impact on cell spreading and cell shape.
Interestingly, cells seeded on wide fibres (800 nm) displayed an increase in contrast in structures
observed at areas of lamellipodiae overlapping with fibres (Figure 3D and Supplementary Figure S7).
This was not observed on smaller fibres and may indicate an enrichment in cytoskeletal components
associated with the recruitment of adhesion molecules at wide fibres and associated stabilisation of

lamellipodiae.

Finally, cells can effectively remodel their microenvironment, via deformation of the matrix [41], its
degradation[42] or deposition of new ECM proteins [43]. Hence keratinocytes were found to leave trails
of laminin-332 during migration [44] and deposit this protein at the surface of circular nanopatches[10].
Such processes may lead to a complete remodelling of the nanoscale geometry of the adhesive landscape
as cells spread at biointerfaces. We examined the extent of such phenomena via the immunostaining of
HaCaTs spreading on fibronectin nanofibers, probing for the deposition of laminin-332 (Figure 3C and
Supplementary Figure S5D). Confocal microscopy indicated that, after 24 h of spreading at the surface
of nanofibrous patterns, cells deposited laminin-332 to nanofibers directly in contact with their basal
membrane. In addition, double stained cell-seeded substrates (simultaneously probed for fibronectin
and laminin-332) showed that the laminin-rich fibres directly extended from the fibronectin fibres onto
which cells spread (note that both primary antibodies were raised in the same species and that stainings
appear in the same channel). These results indicate that, although ECM protein deposition occurs at the

surface of nanopatterned substrates, this phenomenon remains localised to the fibres themselves and
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therefore should not significantly impact the geometry of the adhesive landscape, at least during

relatively short-term cell adhesion and culture.

3.3 Impact of nanoscale geometry on cell spreading and shape. The extent of cell spreading at the
surface of nanofibrous patterns was investigated next. The impact of fibre dimension and density (ratio
of ECM-coated area over the total area of the substrate, in this case 60 £ 5 % for high and 22 + 8 % for
low density pattern) was explored first (see Figure 4A and Supplementary Figure S8). The density of
cells found to adhere at the surface of patterns after 24 h was relatively insensitive to the size and density
of nanofibers. A slight decrease compared to homogenous substrates was observed, potentially due to
the lower overall density of ECM proteins. This effect was more pronounced on the largest fibres,
perhaps as a result of increased distances between fibres required to preserve the ECM coated area
comparable across the range of fibre dimension (Supplementary Figure S4) and prevented the study of
cells on the largest fibres at the lowest density. Cell area was more sensitive to the fibre dimensions at
low fibre density (22 £ 8 %), although, at high density (60 £ 5 %), changes in cell spreading were still
significantly different on the smallest fibres (250 nm) compared to controlled substrates (P = 0.0002).
Such impact of fibre density may be a result of some level of fibre fusion at higher fibre densities. In
addition, changes in cell spreading were found to occur gradually, rather than be sensitive to a specific
dimension or density. This is in good agreement with changes in cell spreading reported for adhesion
to circular nanopatches [10], but contrasts with observations made in the case of cells spreading on
mixed patterns presenting one large adhesive island surrounded by nanopatches, for which an area-

threshold was reported [45].

Cell shape was also strongly affected by nanofibers (Figure 4C, D and 5). Whereas HaCaT cells spread
isotropically on homogenous control substrates, cells adhering to nanofibers displayed asymmetric
polarized shapes. This resulted in an increase in cell aspect ratio on all fibres and a decrease in circularity
down to 550 nm fibres, beyond which circularity increases again as a result of the marked decrease in
cell spreading observed for cells adhering to 200 nm fibres. At high fibre densities, in agreement with
the weaker changes observed in cell spreading, cell shape was not as significant (cell circularity

remained unchanged and cell aspect ratio only rose up to 2.2 + 0.08 for 550 nm fibres).

The changes in cell spreading and shape were correlated with marked changes in the structure of the
cytoskeleton (Figure 5). Whereas peripheral transverse actin bundles were typically observed in cells
spreading on homogenous substrates [46], cells displayed thick concave stress fibres when spreading
on wide nanofibers (800 nm). As the size of nanofibers decreased to 550 and 250 nm, so did the
thickness and length of stress fibres, in agreement with the reduction in cell spreading. The formation
of stress fibres with associated stable focal adhesions correlates well with the increase in cell polarity
and aspect ratio. As the nanofiber size decreased, despite the formation of relatively large focal

adhesions, the assembly of stress fibres seems to be gradually prevented, suggesting that, as for cells
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adhering to circular nanopatches [10], the nanoscale geometry of the adhesive landscape regulates

cytoskeletal assembly rather than focal adhesion protein recruitment.

Having established that cell spreading and shape are determined by fibre diameter, we investigated
whether the shape of focal adhesions could influence cell spreading and shape, comparing cell adhesion
experiments on nanofibers and circular nanopatches (Supplementary Figure S9). To this aim, we seeded
HaCaT cells on circular nanopatches generated via sparse colloidal lithography (with ECM densities
comparable to those of the sparse fibres, 20 % of the overall area) [38, 43]. We found a similar trend in
cell spreading, as cell area decreased to 449 + 33 um? on 300 nm patches (Figure 6A), although the
larger cell areas observed on the gold control substrates used to compare nanopatches resulted in a
stronger decrease in the relative cell spreading for the smallest nanopatches (0.26 £ 0.03 for 300 nm
patches, compared to 0.36 + 0.03 for 250 nm nanofibers). However, cell shape remained largely
unaffected by the size of nanopatches and cells spread relatively homogenously and presented only
weak polarisation, compared to their behaviour on nanofibers (Supplementary Figure S10). Hence, in
addition to focal adhesion size, the shape of adhesive clusters, as determined by the nanoscale geometry

of the adhesive landscape, has an important impact on cell spreading and shape.

3.4 Impact of integrin expression on nanoscale sensing of ECM geometry. The expression of different
types of integrins strongly influences the size and shape of focal adhesions and this impacts on cell
spreading and shape [24]. We next examined whether differential integrin expression could also act as
an important sensing element of the nanoscale geometry of the adhesive landscape. The GE cell line is
a B1-defficient epithelioid cell line (established from B1-null mouse embryos after clonal culture and
selection) expressing low levels of av and 33 integrins, whereas the GEB1 and GE3 cell lines express
high levels of o531 and avPB3 integrins heterodimers, respectively (see Figure S11) [21, 24]. Such
integrin expression strongly influences cell morphology and phenotype (e.g. fibrillogenesis,
cohesiveness of colonies mimicking an epithelial-mesenchymal transition). In order to study the impact
of integrin expression on cell sensing of the nanoscale environment, we seeded these three cell lines on
nanofibrous patterns (Figure 6B-D, 7, 8 and Supplementary Figures S12-S14). We found that, although
all three cell types responded to the dimensions of nanofibers, the decrease in cell spreading occurred
for wider nanofibers and was stronger in the case of av3 expressing cells, in particular GEB3 cells.
We confirmed that the specific integrins expressed were recruited at the nanofibers (Figure S11). Hence
whereas the relative cell spreading of GEB1 cells remained relatively high on 1000 nm-wide fibres (0.8
+ 0.03), it had already decreased significantly on GE and GEB3 cells (0.63 + 0.02 and 0.62 + 0.03,
respectively; P = 0.003 and 0.012, respectively). On the thinnest fibres (250 nm), the relative cell
spreading of GEB3 cells was the lowest (0.25 £ 0.03, compared to 0.42 + 0.03 and 0.44 + 0.04 for GE
and GEPB1 cells, respectively; P = 0.00001 and 0.0010, respectively). These results contrast with those
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previously obtained for GE cells spreading onto circular nanopatches, which had indicated that

nanoscale sensing of the pattern geometry was insensitive to integrin expression [10].

Focal adhesions assembled by the three types of GE cells were characterised by confocal microscopy.
Consistent with previous reports [24], we found that GEf1 cells adhering to homogenous substrates
displayed few elongated focal adhesions, associated with a more polarised morphology, whereas GE
and GEP3 cells displayed many punctate adhesions, with less polarised morphologies (Figures 7-8 and
Supplementary Figures S12-S14). The qualitative changes in morphologies observed as a result of
differential integrin expression correlated with changes in shape descriptors measured for the three
types of GE cells, with higher aspect ratios and lower circularities measured for GEB1 cells (Figure 7).
All three cell lines, upon adhesion to nanofibers, displayed larger and more elongated adhesions, a
phenomenon that was most striking for GE and GEB3 cells. However, for all three cell types, the size
and number of adhesions decreased with the size of nanofibres (Figure 9), especially for GES3 cells,
confirming the control of cell adhesion geometry through ENL, irrespective of integrin expression. This
reduction in size was apparent for the largest adhesions, which displayed reduced populations on
smaller nanofibers. However, the populations of the largest adhesions (above 2 um?) assembled on all
nanofibers was higher than for adhesions formed on homogenous substrates. This may indicate that the
restricted nanoscale geometry determined by nanofibers contributes to the merging or stabilisation of
adhesions into larger complexes. This is however insufficient to maintain the spreading area observed
for cells on control homogenous substrates and indicates that ECM geometry may directly impact on
the assembly of other structures than focal adhesions, such as the actin cytoskeleton, to regulate
spreading. Overall, the reduction in ECM adhesion size and humbers was associated with a disruption
of the structure of the cytoskeleton, with shorter and thinner actin fibres originating from adhesions

formed on smaller nanofibers (Supplementary Figures S12-S14).

Our results suggest that, although cell adhesion is correlated with the size of nanofibers, differential
expression of integrin heterodimers is an important mediator of the sensing of the nanoscale geometry
of the adhesive landscape. Hence, Bl-expressing cells are less susceptible to the dimension of
nanofibers compared to B3-expressing cells. We hypothesise that the ability of f1-expressing cells to
retain a spread morphology on nanofibers may be related to their polarised morphology, even on
homogenous substrates. Therefore, spreading on nanofibers does not force p1-expressing cells to adopt
an abnormal polarised phenotype, whereas p3-expressing cells are strongly induced to polarise on

nanofibers.
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4. Conclusion

Overall, our results show that the nanoscale geometry of adhesions is an important regulator of cell
spreading and shape. In contrast to circular nanopatches that restrict the geometrical maturation of
adhesions via the control of their size, nanofibers allow adhesions to develop along one axis. From this
point of view, nanofibrous patterns, although 2D, mimic better the continuity and geometry of natural
fibrous matrices, often found for example in the mesenchyme and stroma. The parallels observed
between cell spreading on circular and fibrous patterns indicate that the size of adhesions regulates the
assembly of the actin cytoskeleton. However, the ability of adhesions to develop along one dimension
on nanofibers result in the polarisation of cells that otherwise would adopt symmetric shapes on
homogenous substrates. Such sensing of the nanoscale geometry of the adhesive landscape offers strong
parallels with the spreading of cells on surfaces regulating the topography of self-assembled fibronectin
[47]. Our results also demonstrate that differential expression of integrins modulates sensing of
nanoscale geometrical cues. Considering the importance of differential integrin expression to the
mechanical sensing of the matrix and response to deformation [27, 28], integrin-specific physical
sensing of the microenvironment appears as a general phenomenon. In this respect, developing
differential expression of integrins may provide an adaptive advantage for cells able to sense and
respond to the physical properties of their micro-environment. This may explain some of the differences
typically observed in integrin expression between epithelial and mesenchymal tissues. Our findings
highlight the importance of understanding the specific sensing mechanisms of nanoscale physical cues
in order to develop appropriate implant texturing designs for promoting the adhesion of specific cell
types (and potentially controlling their phenotype). However, the detailed mechanism via which integrin
ligation mediates the sensing of nanoscale geometrical cues remain elusive. The reorganisation of the
cytoskeleton seems to play an important role in this process, but key steps and parameters controlling

this phenomenon are not clearly understood.
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Figure 1. Method used for patterning: electrospun fibres are used as a mask to protect areas from
polymer brush growth (the non-fouling background), prior to their removal via dissolution in
chloroform. Protein adsorption to the resulting unprotected areas is then carried out from solution and

generates 2D ECM protein nanofibers that will define the nanoscale geometry of cell adhesions.

Figure 2. A. SEM pictures. Top row: electrospun fibres 200 nm (left) and 2000 nm (right). Middle row:
200 nm fibre before (left) and after (right) annealing at 140°C. Bottom row: 250 nm (left) and 1000nm
(right) fibre pattern after mask removal. Scale bar is 10 um. B. Fibre dimensions obtained using
different PMMA concentration and with or without the use of an electrolyte (with SE). For statistical
test: *, P < 0.05; **, P < 0.01; ***, P <0.001; **** P < (0.0001. C. AFM of 1000, nm fibres pattern
with height profile. Scale bar is 2, um.

Figure 3. A. Images from epifluorescence microscopy: 200 nm (left) 800 nm (right) patterns after
fibronectin deposition and immunostaining. The inset shows the corresponding fibronectin intensity
profile. Scale bar 50 um. B. Confocal microscopy images of cells on 600 nm fibres (first image from
the left, scale bar 10 um): vinculin (green) and fibronectin (red). Zooms of the region delimited by
dashed box (scale bar 2 um). C. Confocal images of immunostained samples: laminin on 1000 nm
patterns (right) and FN/BSA (1/1, 594nm, red) and laminin (green) on 550 nm patterns (left). Scale bar
is 10 um. D. SEM images of HaCaT cells growing on 300 nm (left) and 800 nm (right) patterns. Scale
bar 10 pum.

Figure 4. HaCat cell spreading and relative area change on low (A) and high (B) density pattern with
fibres dimensions of 250, 550 and 800 nm. Ctrl is the homogenous control surface. Cell morphology
quantified via circularity and aspect ratio on low (C) and high (D) density patterns. Error bars are SE,
n > 3, with n representing the number of experiments. For statistical test: **, P < 0.01; ***, P < 0.001;
**%% P < 0.0001.

Figure 5. Confocal images of HaCat cells spreading on different size patterns: vinculin (green) and
actin (red) staining of cell spreading on control homogenous surfaces (first column, Ctrl), 800 nm
(second column), 550 nm (third column) and 250 nm (last column) patterns (low density). Scale bar is

10 um.

Figure 6. A. HaCat cell spreading and relative area change on circular patches (see corresponding SEM
image at the top and in Supplementary Figure S9). Cell spreading and relative area change of GE11
(B), GE11p1 (C) and GE11B3 (D) on fibrous patterns (see SEM image, scale bars are 10 um, and
schematics of integrin expression at the top) in the boxes. Ctrl is the homogenous control surface. Error
bars are SE (n > 6, with n representing the number of experiments). For statistical test: **, P < 0.01;
*** P <0.001; **** P <0.0001; *****pP < (0.00001.
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Figure 7. GE cell density on different pattern size (A). Shape descriptor (circularity and aspect ratio),
for GE (B), GE B1 (C) and GE B3 (D) cells on different pattern sizes. Ctrl is the homogenous control
surface. Error bars are SE, n > 4, with n representing the number of experiments. For statistical test: *,
P <0.05; **, P <0.01; *** P < 0.001; ****, P < 0.0001.

Figure 8. Confocal images: vinculin (green) and actin (red) staining of cell spreading on control
homogenous surfaces (first column, Ctrl), 800 (for HaCat on circular patches)/ 1000 nm (for GE cells)
(second column), 500 nm (third column) and 250 nm (last column) patterns (low density). Scale bar

10 um.

Figure 9. A, B and C: focal adhesion distribution for the GE11, GE11 Bl and GE11 B3 cells
(respectively) on the different pattern size. D: total number of FA per cell for each condition. Ctrl is the
homogenous control surface. Error bars are SE, n = 3, with n representing the number of experiments.
For statistical test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 7
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