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Abstract
Cellell and celtmatrix interactions are essential to the survival and proliferation of most cells,
and are responsible for triggering a wide range of biochemical pathways. More recently, the
biomechanical role of those interactions was highlighted, showing, for instance, that adhesion
forces are essential for cytoskeleton organization. Silicon nandi8iré8N9 with their small
size, high aspect ratio and anisotropic mechanical response represent a useful model to
investigate the forces involved in the adhesion processes and their role in cellular development.
In this work we explored and quangid, by single cell force spectroscof8CF3, the
interaction of mouse embryonidroblasts with a exible forest of Si NWs. We observed that
the cell adhesion forces are comparable to those found on collagen and bare glass coverslip,
analogously the membrane tether extraction forces are similar to that on collagen but stronger
than that on bareat glass. Cell survival did not depend sigrantly on the substrate, although a
reduced proliferation after 36 h was observed. On the contrary both cell morphology and
cytoskeleton organization revealed striking differences. The cell morphology on Si-NW was
characterized by a large number ¢dpodia and a signicant decrease of the cell mobility. The
cytoskeleton organization was characterized by the absence of laets) which were instead
dominant on collagen andat glass support. Sucimdings suggest that the mechanical properties
of disordered Si NWs, and in particular their strong asymmetry, play a major role in the
adhesion, morphology and cytoskeleton organization processes. Indeed, while adhesion
measurements by SCFS provide out-of-plane forces values consistent with those measured on
conventional substrates, weaker in-plane forces hinder proper cytoskeleton organization and
migration processes.

Supplementary material for this article is availatiéne
Keywords: silicon nanowires, mechanotransduction, adhesion, single cell force spectroscopy

(Some gures may appear in colour only in the online journal

Introduction

4 . i A A . . . .
Present address: Ecole Polytechnique Fedérale de Lau#iig, CH- co|| adhesion is a complex biological process that plays a
1015 Lausanne, Switzerland.
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migration, proliferation, differentiation, metastasis, immuno- In this work the interaction of mouse embryonisro-
logical response, communication development and malasts(MEFS) with substrates densely covered by high aspect
tenance of tissug4—3]. When cells adhere to a substrate thawtio exible silicon nanowire&Si NWg is investigated. The
extend explorative elongation structures to sense the chenméchiesion forces between MEF and Si-NWSs, collagen and bare
or physical cues of the extracellular environment. Subggass substrates were measured and quahtly single cell
quently, this adhesion process is mediated by integrin traftsee spectroscop§CFS. This technique enables measuring
membrane receptors that bind to the extracellular environmiet adhesion strength with force sensitivity in the pN range
and recall a network of cytoplasmic proteins that ensuaad temporal resolution of the order of a few seconds while
connection and communication with cytoskeleton actstandard cell adhesion assays require long time pdffiats

bres|[3]. a few minutes up to hours[22-26]. The morphology,

This forms the basis of focal adhesion sites, a dynangigtoskeleton organization and MBFability to spread on Si-
machinery that rapidly assembles and disassembles duliWys after culturing are analyzed by scanning eled{®&iV)
cell migration, able to tune a number of signalling pathwagsd confocal uorescence microscopy. The proliferation rate
that mediate cell adhesion and migrat{@5] and conse- on Si-NWSs support was also investigated.
quently proliferation and survival. Indeed, when cells are
cultured under conditions that prevent adhesion and spread-
ing, they stop growing and lose viabilifg]. Materials and methods
Although cell adhesion has been widely investigated and

several biochemical pathways elucidated, some issues stilNws fabrication
have to be claried about the forces involved in the cellular _ . ) o
response to the geometrical and mechanical properties of RHiEON nanowires were grown on a glass coverslip in a
environment and how this cellular response evolves ofedrCVD reactor, using Au as a catalyst and Séid a pre-
time. For such an aim nanostructured supports are very usEfjfOr- The growth time was used to control the NWs length,
to investigate how different geometry and elasticity affect While keeping catalyst and NW density constant. For rela-
cell adhesion, migration, growth and differentiatighg]. tvely short growing times the NWIm is mainly composed
Among nanostructured supports, nanowires have attracdtFhort NWs that densely cover the substrate with the pre-
attention because of their nanometric size, high aspect r&fgCce Of a few longer ones; this is due to the non homo-
and a broad range of mechanical, optical and electrical f§n€ous diffusion limited growth process in which thin NW
tures[10, 11]. Such characteristics make them highly suitab#0W faster. However by increasing the growth time the
as versatile platform for cell manipulatihZ], biosensors 9rowth of the thin NWs is limited by substrate-to-tip diffu-
[10, 13] drug delivery{14] and study of the forces exerted orviON: and eventually all NWs have the same length.
and or by the cells upon adhesion and migrat[ds, 16].
This last issue is of particular importance for clarifying tHeell culture and proliferation analysis

mechanotransduction mechanisms that convert exter,sﬁ}nary mouse embryonidroblastsMEFS were prepared
mechanical stimuli into biological response and allows fgt, ., c56 BL mice as described ifi27] and cultured in
interfacing the ceII_ with th_e external envi_ronm(a'ni.. extra- pMEM supplemented with 15% fetal bovine serum and 1%
cellular matrix, neighbouring cells or atially engineered niipiotics penicillinstreptomycinThermo Fisher Scient,
mateng]. Kim et a}l reported on the spontaneous penetratiqfaitham, MA, USA at 37°C, 5% CQ. In order to evaluate

of vertical NWs in the cell membrane thus affecting cel| proliferation, approximately 20 000 cells were seeded on
viability [17]; on the other hand Shalek al obtained NWs g; N\, collagen coated and bare glass coverslip. A coating
penetration without affecting cell viability and thus enabling, glass coverslip was achieved with 0, 1% geléSigma-

microinjection and release of various reagents into tﬁﬁjrich) in phosphate-buffered salif®B9 for 15min at

cell [14]. room temperature and subsequent washing with PBS. In this

Perssoret al cultured broblasts on non-ordered vertiy,ork we refer to this type of coating as collagen-coated

cally arrays of GaP NWs, observing no plasma membraig,es. Cell density was evaluated at 12, 24 and 36 h from
penetration, but reduced cell mobility and proliferafiod]. g seeding. Spectally, each time sample was washed twice
Similarly InAs-NWs are observed to affect morpholog;ovith PBS and xed with 4% paraformaldehydéSigma-
adhesion and cell viability of an embryonic kidney ¢&0]. Aldrich) for 20 min, then washed with PBS and incubated

Finally, small tuning of NW characteristics in terms Qfith pAP for nuclei staining, then used for cell counting.

length, diameter, density and elasticity can promote a $peGtierwards, phase contrast images and DAPI-positive cells

cell lineage differentiation toward chondrocy®] and \yere taken by Axiovert 200 inverted microscdpar Zeiss,
osteocyte§l9, 20] and neural lineage 1] without the presence jo4 Germany(10X objective.

of speci c induction proteins in the medium, thus evidencing
the relevant potential of NWs to t'rigg(.ar a bi'ological reactiorJSCanning electron microscopy

However, up to now, a detailed investigation and quan-
ti cation of the forces developed in the interaction of celdter 12 h, the culturing medium was aspirated and samples
with nanostructures and their relation with cytoskeletavere xed as described above. Afterward they were dehy-
organization is still missing. drated using a series of ethanol steps with increasing
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concentration from 50% to 90% ethanol for 5 min each awodlture medium and then inserted into the BioCell about
by a critical-point drying procedure. Then sample we9 min after removal from a petri dish. Adhesion measure-
sputtered-coated with a thin layer of Afthickness of ments were performed using tipless V-shaped silicon nitride
approximately 10 njn A low current and bias have beertantilevers having a nominal spring constant of 0.32 N an
employed for the deposition process to reduce the damag®.68 Nm * (NanoWorld, Innovative Technologjes O,
the cell. Imaging was performed at low acceleration voltaglasma treated cantilevers were functionalized with con-
(2keV) by detecting secondary electrons in planar antd 4&anavalin-A(Sigma-Aldricl) (incubation 10 M for 15h at

tited con guration in a Zeiss Supra40 SEM. 4°C) and stored in PBS. Before each experiment the canti-
lever spring constant was calibrated by using the thermal
Focused ion beam milling noise method?28§]. In order to allow MEF cell binding to the

. cantilever the NWs support were grown only on half of the
A rough milling at 26100 pA current and 30 KV was per-gass coverslip while the resting half was coated with bovine
formed using a ,Ga ion beam(LEO 1540 crossbe:?\)‘rto serum albumigBSA), for which MEF cells have low ahity.
create a groove in the selected cell. After lowering ion beg#pcq the cells are inserted into the chamber the concanavalin-
current and voltage, the resulting groove was observed Q¥gnctionalized cantilever is pressed on a single a cell
standard SEM imagindvoltage 3KV, working distance 5gainst the BSA layer for 30s with a contact force of
Smm, filt angle 53 current 50 pA with a ZEISS in lens 7 1 nN to allow a stable immobilization of the cell. Then
detector to better highlight the morphology of the cell sectigy cejl was lifted from the surface and allowed to establish a
and increase the contrast for different materials. rm adhesion to the cantilever for about 15 min. Afterwards

the cantilever was moved toward the NWs area and adhesion

Immunostaining and confocal microscopy measurements were performed at a contact force of 0.5 nN for

Cells were xed in 4% paraformaldehyde containing 0.15d8iferent contact timet0, 20, 40, 80 and 160 & the culture
picric acid in PBS, saturated with 0.1 M glycine, permeatﬂ@ed'”m' After each force measurement, the cell was retracted

lized with 0.1% Triton X-100, saturated with 0.5% BSA_O recover for a period of time slightly higher than the contact

(Sigma-Aldrich in PBS and then incubated for 1 h with rabbit M€ With the surface, before adhering to a different spot on
polyclonal anti-bronectin  antibody (Merck Millipore, the surface. An optical microscope was used to monitor the

Darmstadt, GermaiyThe secondary antibody was goat antkell status during thg measurements, which were interrupt.ed
rabbit Alexa Fluor® 594, F-actin was marked with AlexgS S00n as changes in cell morphology was observed. During
Fluor® 488 phalloidin(Thermo Fisher Scientt) and the Ccontact, the piezo height was kept constant using the AFM
incubation time was 30min. Nuclei were stained withlosed loop feedback mode. The cantilever was withdrawn at
2 gml Lin PBS Hoechst 3334@igma-Aldrich for 5 min. constant speed of 5m/ sec over pulling ranges of 100n to

All the incubations were performed at room temperatfgSure complete detachment of the cell from substrate.

(20°C-22°C). The cells were examined using a Leica
DMIREZ2 confocal microscopf.eica Microsystems GmbH,
Wetzlar, Germany equipped with DIC and uorescence
optics, diode laser 405 nm, A&rKr 488 nm and HENe

543594 nm lasers. 63 magni cation and a 1.4 NA objec- ) ! )
tive was used. Images were acquired at 1921024 pixels ( 9urel), in order to match the NW mechanical properties

resolution and z stacks with 20250 nm step size. ImageWith the typical biological forces involved in focal adhesion

processing was performed Image J by W Raslfdedeloped formation. A characterization of Si NWs used including a

at the US National Institutes of Health and availabletat// distribution of diameter, length, horizontal and vertical pro-
rsbweb.nih.gokij/ ). jections is reported in the supplementary dagure S1 is

available at stacks.iop.orgNANO/ 28/ 155102 mmedia.
These Si NWs, 3 1 m long and 73 20 nm diameter,
have an elastic constant in the-®22 mN m * range. Cells,
when migrated can displace focal adhesion points at a rate up
SCFS measurements were carried out by a NanoWizeyd250 nmmin® [29] and a force larger than 56 pN is
atomic force microscopAFM) (JPK Instruments, Berlin, required to trigger the formation of focal adhesion pdisik
Germany mounted on top of an Axiovert 200 invertedThus the nanowires described above which produce forces in
microscope(Carl Zeiss, Jena, Germanyith a CellHesion the 26-2400 pN range upon displacements of 100 nm are the
module that enables extention of the vertical range of ARNBEeal substrate to investigate the effect of the substrate
from 15 m up to 100 m thus enabling complete cellmechanics on mechanostransduction processes.
detachment from substrate. All experiments were performed The adhesion forces of MEF cells on Si NWs on short-
at 37°C using a temperature-controlled BioCell chambscale time and with pN resolution is measured by SCFS.
(JPK Instruments, Berlin, GermgnyMEF cultured on a Representative retraction force traces of MEF on the different
collagen (Sigma-Aldrich coated petri dish, were detachedupports are shown ingures 2(a)—(c), together with an
from the petri dishes by incubating cells for 10 min with 0.5%ptical image of a cell attached to the cantilgvgure2(d)).
trypsinrEDTA (Thermo Fisher Scientt), re-suspended in During the measurements the status of the cell attached to the

Results and discussion

We used substrates densely covered lexible Si-NWs

Single cell force spectroscopy set-up and adhesion
measurements

3
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Figure 1. SEM micrograph of a Si NW support where the presence of NWs with different lengths can be observed. Stagé. tihiade54
bar 1 m.

Figure 2. Representative foredistance retraction traces for MEFs on Si N@<n collagen(b) and on glasgc) at 10 s contact time; some
features of the curves that enables to quantify adhesion properties as the maximum force exerted for cell detachment and the tether force
indicated by arrowdd) differential interference contrast optical image of a MEF cell immobilized on a tipless carftalerbar 20 m).

cantilever did not show signtant morphological variations, mechanical damage induced during the SCFS measurement,
and the life time of the cell on Si NWs is observed to b&any, is negligible.

comparable to that on collagen and glass coverslip. On the The larger recorded negative value of the force
contrary, similar measurements performed on ZnSe N\etachmen: IS generally used as a rough measure of the
grown at low temperature on ITO substrafesline supple- adhesion force; this value is obtained at the beginning of the
mentary gure S2 [31] reveal that after a few contacts, theetraction, when the cell starts to detach from the substrate.
cell forms globular structures related to cell injury and deatiternatively the energy involved in the adhesion can be
with a fast reduction of adhesion forc@sline supplemen- obtained by the work of detachment evaluated by integrating
tary gures S3 and 34The same behavior is observed @t the whole area under the forgistance curve. Both focal
ZnSe substrates and we conclude that the effect arises femthesion points and individual receptors contribute to adhe-
ZnSe toxicity rather than a topographical effect. The comion force and energy. During further retraction of the canti-
parison of the results on ZnSe and Si NWs suggests thatltheer a train of steps is generated by pulling individual

4
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Figure 4. Cell density as function of culture time for MEF cells on Si
NWs, collagen and glass coverslip. The density was determined by
2001 . optical microscopémean value: SD).
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receptors anchored to the cytoskeleton, which is responsible

b for the observed elastic respor(@empg. Finally long pla-
teaus are observed when the receptors are detached from the

L cytoskeleton and a membrane nanotube is pulled out the cell

-
50 -y body (tethej: here the membrane viscosity is mainly
é éé éé %é ; responsible for the measured force which depends only on the
0
® ®© ®

Fsteps (pN)
L ]

pulling speed. Jumps and tethers are mainly generated by
R membrane receptof82-36]. The results of the detachment
Contact time (sec) force analysis are shown igure3(a). The adhesion strength
of MEFs on Si NWs is comparable to that observed on col-
c lagen for all the time intervals considered, while higher than
=3 Nws that obtained on glass, although not sigaintly different. To
@l collagen analyze in detail the substratell interaction at a single
3 glass receptor level, we evaluated the force and number of the
membrane tethers, by estimating the force steps of the long
plateau in the forealistance retraction curve gure 3(b)).
I For all contact times, the tether adhesion values of MEF on Si
®

O

o
o
J

-2

o
1
J

Frequency of tethers (%)
S 8

NWs is comparable with those on collagen and sicpmtly
” higher than those observed on bagg glass, with a mean

& & value of 30 pN on collagen and Si NWs, while is 20 pN on
glass for all interval times. This force appears to be higher on
collagen than that observed on glass up to 80 s contact time,
Figure 3. Distributions of the detachment forces obtained for MEwhile at 160 s contact time they do not siggantly differ
e e o e e e e eyt TH s agfeement i prevous Worksnwich
apst 2%/5%) anz thirdpquartile(75"/z;), the line within the box is the hgtrong attachment of the cells on Si NWs ar_1d InAs NW_S with
median valug50%), the () indicate maximum and minimum of respect to aat substrate of the same materials was estimated
the distribution; while outliers are indicated () the mean value is by rinsing and centrifugation metho@37, 3§. Moreover
indicated ag+) (a). The group of data at each contact time are  MEF cells show a number of tether steps on Si NWs that

statistically analysed with the KruskaVallis test and Dunn post testj,creases with contact times as compared to glass and col-
to compare all pairs of column. For 10 seconds 0.0557; for

20 seconds  0.2728; 40 seconds# 0.0423; 80 seconds lagen CpatEd §uppo(’tgure 3(0)_)' Thus. MEFs adhere qn S_'

p = 0.5058; 160 seconds 0.6595. A set of 4 curves was NWs with a high number of interactions having a binding
acquired for each cefh = 3) on the different supports for each force comparable to that shown on collagen. In general, MEFs
contact time. Tether force distributions for the three supports  are able to develop strong interactions witixible Si NWs

investigated at increasing contact titb The group of data at each o 41eq glasses, which can represent an interesting alternative
contact time are statistically analysed with the Kruahalllis test 9 ’ P 9

and Dunn post test. For 10, 20, 40, 80 s the distribution of tethefO traditional protein coated glasses. Therefore we investigate
strength on Si NWs is not sigrgantly different from that on the effect of such Si NWs on cell proliferation and migration.

collagen, while that on glass is sigoantly lower than that on Si In order to assess the effect of the substrate morphology
NWs and collageifp < 0.000); for 160 s the tether strength on Sion cellular proliferation, the number of cells was evaluated

NWs and collagen does not sigoantly differ as well as that of er 12. 24 and 36 h culture time. After 12 h and 24 h cul-
collagen as compared to glass, while the strength on Si NWs is %fﬁ ' )

| . ) i
signi cantly higher than that on glags< 0.000). p value< 0.05 ?urlng, the cells adhere f_;md proliferate on S_l NWs similarly to
is considered statistically sigmiant. Relative percentage of tethersollagen and glass, while at 36 h the proliferation seems to
number observed on the three supports at increasing contaétitimedecrease on Si NWSs, but the difference remains within the

0 .
N ®

Contact time (sec)
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Figure 5. SEM micrographs of MEFs after 12 h culturing on Si N@Js(b); (d), (e); (g), (h) and on at glass suppoft), (f), (&—(c) scale bar
50 m and(d)—f) scale bar 10 m); higher magnication micrographs of MEFs on Si NWs that highlight the presence of numdopasiia
on Si NWs(g scale bare 10m) (h scale bar 1 m) (i scale bar 2 m).

statistical errof gured4). From these measurements we can By performing SEM imaging with a tilted angle, it is
conclude that these Si NWs supports do not affect sighserved that cells seem to grow suspended on a Si-NW array
ni cantly the short term cellular viability. On the other hand, gure5(d)), only in some cases single NWs piercing the thin
for longer culture time§96 h), on ordered GaP NWs array acellular lateral extension are obseryedure5(i)). However,
signi cant lower cell proliferation for broblasts was FIB miling of MEF cells on NWs together with SEM
observed, with a stronger effect on longer and denser nawvisualization points to evidence that single NWs do not seem
wires substrateld 8, 39]. In both cases this behavior seems tm penetrate the cell membrane and enter into the cell cyto-
be associated also with the formation of multinuclear celidasm ( gure 6), as also observed in previous studies for
which were not observed in our short term cultures. broblast cultured on vertically aligned GaP NWs, where the
After 12 h culturing, we observe that MEFs adhere amdembrane surrounds the NWs rather than being pi¢t&d
spread on Si NWs similarly to collagen and glass as shown in Concerning lopodia, commonly they are known to
SEM imageq gure5). However, MEFs cultured on Si NWsmediate the early steps of adhesion because their main role is
frequently display an elongated morpholggguress(a), (b), to explore the environment, while they quickly disappear in
(d) and(e)) as compared to theat large cell shape commonlyfavor of lamellipodia on aat surfacg41]. More recently it is
observed on at support( gures5(c) and(f)). This observa- also demonstrated thatbroblasts spreading on micro-
tion is supported by the cell aspect ratio that for cells on Sructured matrix protein arrays primarily usi®podia to
NWs is found to be & 6 (meanx SD), higher than that reach new adhesive surfaces. Then at the contact of adhesive
obtained on collage@®@ + 1) and glass suppo®@ + 3). A surfaces, these structures are stabilized and subsequently
closer look shows that MEFs on Si NWs are generalhucleate lamellipodia-like extensions that lead to full cell
characterized by a large number of thilmpodia that sur- spreading[8]. In our case after 12 h culturing numerous
round the cell body and anchor the cell body to the NWdopodia are still present with very little progression toward
( gures5(g), (h)). Consistent variations in morphology aréamellipodia structures. Although lamellipodia arldpodia
observed for different cell types cultured on NWare intimately connected in cell protrusiorippodia alone
[20, 37, 38]. Likewise the postnatal retinal cells cultured onannot drive cell motility[42], indeed they have been
GaP NWs extend subtle radial protrusions from the cell bodgserved to be integrated into the lamellipodium as the cell
while on at GaP they assume a polygonal shigfi}. edge advancd43]. Such behavior appears in agreement with
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Figure 6. SEM micrographs of FIB milled MEF cells after 12 h culturing on Si NWs. Two lateral side of the groove obtained on single
adherent cell are shown (g) and (b). The white arrows indicate the plasma membrane. Scale bar 1

Figure 7. Confocal uorescence images of MEF cells after 12 h cultu@@n Si NWs(scale bar 10m) and(b) on at glass substrate
(scale bar 25m). From left to right: actin in greenbronectin in red, Hoechst nuclear staining in blue and merge.

what we observed by time-lapse microscopy, where MERf®Dbility is observed with mesenchymal cells seeded on NWs
seem to be trapped on Si NWs with a considerably redudbdt showed a preferential neuronal lineage differentiation
mobility as compared to that observed on glass or collaged]. Our results and previous works seem to support that the
substratgsee movie S1 and movie S2 in the online suppl&rmation of lopodia and long protrusions grasping the Si
mentary data This decrement in mobility is frequentlyNWs anchor the cell and reduce its mobility, differently
observed for cells culture on NWES, 21, 39]. A more recent affecting their behavior and fatee. migration, proliferation
work has demonstrated that the reduction in mobility is also differentiatioi.

related to nanowires density: a lower density remarkably The adhesion, spreading and migration are depending on
reduces cell mobility and the cell shows long thin protrusiorfecal adhesion sites formation that occur after a few minutes
while in presence of higher density the cell adopts a morgif-contact adhesion, such focal adhesion sites are connected
ology closer to that on at control and exhibits a higherto actin bers via complex protein interaction. We observed
mobility [39]. A similar behavior is observed also for neuronthat after 12 h culturing MEF cells on NWs, the actin cytos-
that easily attach to pillars that could serve as geometricdBleton organization does not present the well-organized
superior focal adhesion points for cell attachment, but on tteess bers( gure7(a)) typically observed instead on at
other hand, they markedly reduce the cell mobility by creatisgrface(see gure 7(b)). This demonstrates that the NWs

a long time trap for neurong!4]. Moreover a lower cell support does not allow thebers formation important for cell
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