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Fabrication of three-dimensional structures for the assessment of cell
mechanical interactions within cell monolayers
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The measurement of the forces at play in cell/cell adhesion uses a cell monolayer plated onto
two-dimensional substrate like arrays of elastomeric microfabricated pillars. Unfortunately, the few
attempts that have been done in this direction do not mimic the extracellular environment and lack
knowledge on the correlation between the various types of cellular adhesions. Here, the authors
suggest using a new experimental setup that more accurately simulates the three-diméjonal
environment of cells in tissues, using stretchable hexagonal monocellular 3D structures. The present
article shows a way of fabricating these hexagonal biosensors, which are open structures made of
biocompatible elastomeric polydimethylsiloxaleDMS). The novelty of the whole fabrication
process of these 3D PDMS structures consists in the use of a sacrificial silicon mold. An original
mechanical PDMS planarization process is proposed. This article also describes a strategy for a
selective functionalization of the 3D structure sidewalls where the cells must adhe2610
American Vacuum SocietjDOI: 10.1116/1.3511435

I. INTRODUCTION In order to face the aforementioned limitations when es-
timating intercellular mechanical interactions, we suggest us-
The organization of biological cells is sensitive not only jng a new experimental setup that simulates more accurately
to the biochemical composition of their environment but alsothe three-dimensionaBD) environment of cells in tissues
to its mechanical properties. For instance, the physical(sing stretchable hexagonal monocellular 3D structures, both
chemical nature of the external medium and its binding withconnected in series and in parallel distributigase Fig.1).
the transmembrane proteins responsible for adhesion allowvery cell in a hexagonal deformable well is constrained in a
cells to probe the elastic properties of their environniént. shape that resembles the shapes of cells in tissues in an
Consequently, cells are able to discriminate patterns of rigidembry&4 and are close to the average cell shap@initro
ity of a surface on which they are placed and to migrate tell monolayers. An external mechanical device is to be fixed
the more rigid part.” The sensitivity of cells to the mechani- to the microfabricated sensor, which imitates forces exerted
cal properties of the extracellular matrix arises from theby neighboring cells. Our future goal is to measure the dy-
mechanosensitive nature of cell adhesidhRecent studies namics of the cellular response to such external stretching. In
show that adhering cells actively probe the physical properthe presence of a cell in the hexagonal wells, we expect that
ties of the extracellular matrix by pulling onto it through its the observed deformatioffior instance, the variation of the
adhesive regioris™ and respond by modulating their adhe- angled in Fig. 1) is smaller in the presence of a cell than for

sion or their migration activity'** A key issue now is to g stretched, empty well. An analysis of the deformation of

elucidate the stresses that cells transmit to each other in tighe hexagons will give us information on both the passive
sues. Measuring the forces at play in cell/cell adhesion igontribution of the cell to the deformation of the sensor
challenging, since the use of a force sensor in a cell moncrelasticity and viscosityand on the active contribution of its
layer leads to the emergence of cell/extracellular matrix adcontractile, cytoskeletal machinety.Due to their material
hesions. Few attempts have been done in this direttidn properties, the magnitude of the forces that cells apply
using cell monolayer or cell doubfétplated onto two-  should be on the order of niwm?2 This is indeed what is
dimensional2D) substrate like arrays of elastomeric micro- observed in the well studied case of cell adhesion onto an
fabricated pillars, but their analysis lacks knowledge on thextracellular polymeric matri%'® Such order of magnitude
correlation between the two types of adhesions. Recentlyor the forces exchanged between cells is therefore to be
isolated cells were plated onto 2D substrates with miCI’Ofabexpected_ For this reason, the force sensor we propose does
ricated pillars coated with cell/cell adhesion protéfiS or  not aim at giving a precise quantification of the intercellular
with pillars able to stress the cell as would do neighboringforces but at measuring the dynamics of the mechanical re-
cells”® However, cell geometry is known to influence genesponse of the cells to mechanical stimuli such as the ones
expressiofi and many cellular processes such as celthey are exposed to in a tissue. In the present article, we
division™ or cell adhesiori’ focus on the geometrical design and the microfabrication of
the device, including the chemical functionalization of the
JAuthor to whom correspondence should be addressed:; electronic maiBurfaces that will enable the cells to localize into the hexago-
alice.nicolas@cea.fr nal structures. Complex 3D patterning strategies have been
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ter per minute at STPPoxygen flow and a 500 W source
power for 30 s. The TI PRIME adhesion promot&ficro-
Chemical$is then spun on the silicon substrates at 3000 rpm
for 30 s using the standard two-step speed up process. This
spin on adhesion promoter is hotplate baked at 120 °C for 2
min. A positive AZ 1512HS photoresigMicroChemical$ is
then spun on this promoter. The pattern for the etching mask
definition is achieved by a contact lithography process using
a manual UvV400 MJB4 mask aligner from Suss Microtech
(200 W). The mask pattern is transferred with 72° sidewall
angle into the photoresist due to diffraction effects at the
mask pattern edges, which leads to a @ pattern shrink-

ing of the features’ bottom for a Zum thick photoresistFig.
3(a)]. Pattern shrinking was reduced by limiting the thick-
ness of the resist. The AZ 1512 HS photoresist was mixed
with its solvent(propylene glycol monomethyl ether acetate
or AZ EBR solven} in the proportion 1:1. We obtained a
0.6 um thick layer of AZ 1512 photoresist with a 3000 rpm
spin on process for 30 s, leading to a pattern shrinking of
0.2 um. The final resist pattern is developed with 1:1 AZ-
Fic. 1. (Color onling Force sensor for the measure of the mechanics ofdeve|0per;de_i0nized water mixture for 1 nfiig. 3(b)].

intercellular forces. Each hexagon will contain a unique cell. An externally The photoresist mask is transferred into the silicon b
applied forceF imitates the forces from neighboring cells that cells meet in P y

cellular monolayers(A) The overall sensor consists of parallelized and Plasma deep reactive ion etching using the Bosch protess
series hexagongB) Focus on one hexagonal structure. The measure of thewith a surface technology syste(8TS etcher, where both
variation of thd‘? arllglet) Ozr?gufic‘)’fc'g““%’/g; tifr‘ﬁofig't?:f”(‘)ﬁ":ﬁgtf\‘l?sg)bjfs‘iic the source antenna and the bottom electrode are powered
Eglr?etw?oerrg?gc:tchuti:e r?exagonal fre?me and the cell inside it. [Fig. 3(c)]. Twemy_ cycles of etching and deposition are per-
formed. The etching parameters are set to 2000 W plasma
source power, 50 W bias power, 60 mTorr pressure, and 400
done before using hard materials such as ré&fétout these SCCM SF6/20 SCCM C4F8/30 SCCM,@as mixture flow
strategies do not meet our requirements for the use of dewith an etching time increasing fno 3 s at thebeginning of
formable biocompatible materials such as polydimethylsiloxthe process to 4 s for the last etching cycle. The deposition
ane (PDMS). In addition, we aim at making open PDMS cycle parameters are set to 2 s duration, 2000 W source
structures, so that the cells do not build basal adhesions amgbwer, no bias power, 15 mTorr pressure, and 200 SCCM
keep a geometry that resembles their organization in tissue€4F8 flow.
For all these reasons, the strategy we describe here uses a
sacrificial silicon mold followed by an original planarization g Eaprication and unmolding of the PDMS structures
process that enables the opening of the PDMS structures. We
first describe the processes used for this purpose. In a secondA biocompatible bicomponent elastomeric PDMS SYL-
part, we report on the efficiency of the processes we develSARD 184, from Dow Corning, is used for the structure
oped, and we eventually discuss the limitations of the proProduction. The two PDMS components are thoroughly

posed strategy. mixed using a 10:1 base to curing agent mixing ratio in mass
and degassed under vacuu(@O* atm) to remove the
II. EXPERIMENTAL SETUP AND METHODS bubbles produced during the mixing. The mixture is eventu-

S . ally annealed at 100 °C for 15 min to obtain a 1 MPa elastic
The hexagonal structure_z fabrlcat|0n_ is carried o_ut bymodulus polyme?io (see Sec. Il A [Fig. 3(d)]. Unmolding
means of several comm_ermal_technologlcal tool_s, which are the PDMS device will be performed by selectively etching
commonly useq fo-r making mlcr.oelectromechamcal systemﬁqe silicon mold, thus preventing unmolding-induced me-
or integrated circuits. The gxpenmental details below fonowchanical deformation of the PDMS structure. To this aim, the
the sequence of .the technical processes used for the S€N$BLidual PDMS layer on top of the mold must be etched.
fabrication(see Fig.3). Preliminary planarization of the PDMS is necessary, so that
the final PDMS microstructures have a homogeneous thick-
ness through the whole device. Planarization proceeds before
The silicon mold designs are printed on pieces of siliconthermal reticulation by pressing a flat silicon master support-
wafer using standard lithography steps: the pieces of silicoing a polyethylene film coated with AZ 1512 HS resist film
are first dried and turned hydropbhilic via oxygen plasma for{Fig. 3(d)]. The resist is deposited onto the polyethylene film
a better adhesion of the promoter and the photoresist. Thigsing the same lithographic recipe as initial silicon wafer
plasma is generated using a Plassys MDS 150A tool with @aamples used for mold fabrication: an oxygen plasma in
25 cnt/min (SCCM, where SCCM denotes cubic centime- Plassys MDS 150 A turns the polyethylene surface to hydro-

A. Design of the silicon mold
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philic and the resist spin on is possible after TI PRIME ad-
hesion promoter spin on. This polyethylene film coated with
AZ 1512 HS resist is then placed between PDMS and a flat
piece(25x 6 mn?) of silicon wafer. A squeezing force of 50
N is applied for at least 1 min on the silicon master.

After thermal reticulation, the polyethylene film is peeled
off the PDMS, and the PDMS residual layer is removed in an
inductively coupled industrial plasma sour¢decoupled
plasma sourcéDPS from Applied Materials, Ind. Details s _
of the DPS source may be found elsewh&ré. The PDMS
is etched with a 1:2 @ CF, gas mixture, close to the 1:3 gas L + 2um ]
mixture usually applied in other works>* with 1000 W + 3pm
source power, 100 W bias power, and 10 mTorr gas pressure \ | \ | \
[Fig. 3(f)]. This provides a uniform PDMS etching rate of : : u(“mS) )
1 pwm/min with quasi-infinite selectivity with the silicon
mold. Fic. 2. (Color onling Finite element calculation of the displacemenwith

Unmolding of the PDMS device is conducted by Se|ec_the stres_sf for two thicknesse; of the framg of the hexagdn';; the force
. . - . F per unit of the surface that is pullddee Fig.1 for the notations
tively etching the silicon mold using the same Bosch process
recipe as for mold etchindrig. 3(g)]. The etching selectivity

10 -

£ (MN/um’)

of Si:PDMS is 50:1. agonal wells that are to be functionalized with a protein that
is involved in intercellular adhesioffor instance, from the
C. Selective 3D functionalization of the device cadherin family. Each hexagonal well of the force sensor

AZ 1512 HS photoresist is used as a mask to limit theshould host a unique celsee Fig.1). We therefore choose

adsorption of the adhesion proteins to the regions of th(¥\’e”_S with di_mensions as represented in F_IigThe_ wells are
PDMS device where the cells must localizee Fig.5). de_S|gned W'th.a depth of 1&m. The depth will be opti-
An oxygen plasma treatme(flassys MDS 150 Ais ap- mized de_pendmg on the cell type. :

plied for 30 s to make the polymer surface hydrophilic. The . The th|c_kness of the hexagonal framg determn_wes the elas-
water drop contact angle decreases from 110° before oxidd!© properhes of the force sensor. As discussed |nz the Intro-
tion to a value below 10fPDMS in air recovers hydropho- duction, gxpected forces are on the order_c_)f/nhh ) The .
bicity on the scale of 11° AZ 1512 HS photoresist is spun Qeformat!on of the hexagons will be qgaqtlfled by visualiz-
on the surfacé100 rpm/s, 1500 rpm, and 30 and baked to ing the displacement of the labeled point in Figby phase
evaporate the solvei£00 °C, 3 min. Low acceleration en- contrast microscopy. Displacements must therefore be on the

sures that the 1Qum deep structures are filled with the re- order of 1 um to ensure proper detection. Hexagons with a

sist. The substrate is aligned with a chromium mask tha rame of thicknes_,s between Z_Qnd;ﬂn an_d Young's modu-
s of 1 MPa fulfill such conditiongsee Fig.2).

hides regions that have to be kept protected from surfac
treatment by the resist. Exposition time to UV is 19 s o
(8 mW/cm?) in soft contact mode. After development in Az B- Fabrication of the sensor

developer, the surface is turned hydrophilic by exposure to The previously designed hexagonal features require the
oxygen plasma. The substrate is then incubated in a 1:1 miaprication of a sacrificial mold for PDMS features’ demold-
ture of fibronectin/Alexa 488 labeled fibrinogen at ing. One way of hexagonal feature production may be the
20 pg/ml (Invitrogen for 1 h. The resist is rinsed in ethanol direct use of photosensitive PDMS, but the photosensitive
for 50 s and sonicated for an additional 30 s. The sensor iIPDMS has a weak resolution for feature sizes smaller than

then immersed in a 1% solution of Pluronic F1&igma. 10 um and has a poor pattern anisotrdpy’ Another way
could be to use a soluble sacrificial mold such as polyvinyl
Ill. RESULTS acetate(PVA), but this material is too soft to achieve a

simple PDMS planarization process. In addition, PVA could
not be placed under vacuum because of the presence of water
The average size of animal cells is on the order of i) in its composition. Since a reliable mold filling up by PDMS

when they are suspended in a solution. Depending on ceis achieved under vacuum and since PDMS planarization is
type, they may spread on a substrate and extend up to abothnducted under etching plasmas, the use of PVA is difficult
50 um. Cells in monolayers are less spread. They exhibit 40 apply here. Finally, among several approaches, the use of
columnar shape and their height is largely dependent on theesist or silicon molds seems suitable for an easy sacrificial
interaction they have with the extracellular layer underneathmold production. The hexagonal structure fabrication is
For our purpose, we want to uncouple the response of intebased on several standard technological steps commonly
cellular adhesions from cell/matrix adhesions. We thereforavailable in clean room environments or open technological
design a force sensor with no basal matrix. Cells will onlyplatforms. Besides, these processes are numerous and rather
have the opportunity to attach to the lateral sides of the hexmiddle cost than low cost; they are easy to use without criti-

A. Design of the sensor
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solvent. This allows a 0.gum thick resist onto the silicon
samples using 3000 rpm for 30 s spin on. This resist thick-
ness could be naturally reduced toward @& for 10 um
etching using a larger AZ EBR proportion in the AZ 1512
HS photoresist:AZ EBR solvent mixture.

Once the resist is developéHig. 3(b)], the samples are
etched in the STS cluster. The most critical parameter seems
to be the oxygen flow in the etching gas mixture, which
makes the deposition layer removal at the bottom of the
etched features easier. However, a too high oxygen flow level
may partially oxidize the etched silicon surface, leading to
the formation of “black silicon(tiny nanowires of silicon

The etched features are then filled up with liqguid PDMS
mixture using a 10:1 base to curing agent ratio in mass. At
this step, Fig3(d) shows that the PDMS is planarized before
thermal cross-linking. Several attempts have been under-
taken to achieve the right PDMS planarization that allows

removing the cross-linked PDMS residual layer by plasma:
(i) The simple sample spinning after mold filling up with
PDMS does not produce a flat surface of the PDMS residual
layer (roughness of a few micrometersin addition, the
PDMS residual layer thickness cannot be reduced below
about 10 um. These two drawbacks do not permit perform-
ing plasma planarization afterwargi.) The use of a flat sili-
con master or polyethylene filitbetween PDMS and a flat
silicon master coated with a silane antisticking layé®p-
tool DSX, Daikin, with a surface energy of 10 rmi here
during the PDMS thermal cross-linking does not achieve
good demolding results. These solutions end up with dam-
aged cross-linked PDMS structures when the silicon master
is removed or the film is peeled, despite these antisticking
Fic. 3. (Color onling Schematic view of the hexagonal structure fabrication coatings providing very good results in imprint lithography
stages(a) Lithography on silicon samples coated with AZ 1512 HS photo- for 200 mm diameter silicon masters demold?ﬁgNe ob-
resist, (b) r_e'sist develc_:p_men(c) Qeep reactive ion etching qf th_e silicpn served that the affinity between cross-linked PDMS and pho-
s s e et oot i, 2o ot o {OFeSists is smaller than the two formerly mentioned Solu-
of the hexagonal structures by PDMS residual layer dry etching. tions. Optool DSX coating is therefore replaced by an AZ
1512 HS resist coating on the polyethylene film. This choice
appears as the key point for successful PDMS planarization.
L . . A PDMS residual thickness of less than dm is easily
cal technical issues. FiguBeshows the way of creating these achieved by applying a squeezing force of 50 N for at least 1

hexagonal features using a silicon sacrificial mold that WE ' on the silicon master. After PDMS thermal cross-

described in this article. The broad lines of the process cone i . '

e : : o . inking, the peeling of the polyethylene film does not cause
sist in casting PDMS into the mold, planarizing this PDMS d o the PDMS struct T linked PDMS
onto the mold, removing this planarization layer to open thefNY damage to the structures. 1he cross-linked r

pyer at the upper surface is removed by dry etching it in the

top of the hexagonal structures, and etching the sacrificia{ ) i X )
mold. previously described DPS etching readtbig. 3(f)]. As the

First, the standard lithographic procefi&g. 3(a)] de- cross-linked PDM_S etch rate is close to,u‘tn/_min using a
scribed in Sec. Il is carried out on silicon wafer pieces com2:1 CF:O; gas mixture(see Sec. )| the opening of the top
ing from cloven 200 mm silicon wafer. As the minimal width of the hexagonal structures is obtained in 1 min. At the end,
of the features is 2—3um, the resist thickness must be re- the silicon mold could be selectively etched. Aligning a spe-
duced to contain the pattern shrinking of the patterned feacific lithographic process onto the mold for the selective
tures. Here, the best remains to spin on the minimal photoetching of either the inner part or the outer part of the hex-
resist thickness required for the next silicon etching step. A&gonal structures is possible. Thus, the opened part may be
the silicon to resist etching rates selectivity is 50:1 with anfunctionalized. In the following, we indeed etch the entire
etching depth of typically 10—2Qum, the resist thickness silicon mold and hide selective regions with a resist. Our
required is 0.5um at the most. We therefore choose as aconstraint is to keep proteins in functional conformations
resist the 1:1 mixture of AZ 1512HS photoresist:AZ EBR that could be damaged by vacuum conditions.

e)

-

S £ SHeat (100°C, 15’ £ S

30% 02 + 70% CF4
f) High Density plasma etching

A
i .ﬁ S

g)SiIicon selective plasma etching

ER R # g Poms
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1 1 l 1 l 1 lw rermfive adhesive

F) & =eE =

Fic. 5. (Color onling Strategy of surface functionalizatio®®) The PDMS
frame is still attached to the silicon waf¢B) A positive photoresist is spun
onto the PDMS frame(C) The regions that are to be treated with adhesive
proteins are exposed to UV and develop@).After oxidation of the PDMS
surface, adhesive proteins are deposited on the surf&gelhe resist is
diluted with ethanol and hydrophobic bare surfaces of the PDMS are un-
veiled. (F) Antiadhesive Pluronic F127 deposits onto the bare surfaces.

X1.58K E2@0.8rm

Fic. 4. PDMS frame is removed from the mold by selectively etching the
silicon mold.

C. 3D functionalization of the sensor

The for nsor must host on Il per hex nand n . . .
© force sensor must nost onhe cell per hexagon a d <?ompat|ble materials such as PDMS. The use of photosensi-
cells in the rest of the sensor. Thus, internal and extern

. : Ive PDMS could be a way of creating these structures. Un-
walls of the hexagons must be coated, respectively, with a?ortunately the minimum size resolution of the

adhesive and a repulsive coating. As a first step, we choos i . LT
to coat the adhesive regions with fibronectin. This proteinp%otosensmve PDMS is 1@um in width in the absence of a

. . 7 . .
triggers cell/matrix adhesion. For our final purpose, we WiIImOId’ with & poor pattern anisotropy;” while our require

need to change fibronectin for some cadherin chimera tharf]entS are 3um wide and 10—-20um high anisotropic hex-

. ; . agonal structures. Thus, the design of a mold seems to rep-
contains the extracellular part of the protein targeted to in- :

. : resent a straightforward way for PDMS hexagonal structure
tercellular adhesion, such as Fc E-cadherin or F

. 183940 — o ) . (‘fabrlcatlon. The PDMS planarization—for PDMS residual
N-cadherin:#3%“° Fibronectin is a more easily available pro- . !
. X o layer reduction above the mold in order to open the other
tein and we use it to demonstrate the principle of our

. . . . hexagonal structure side—and the PDMS demolding repre-
method. Repulsion of the cells from the desired regions will ) :
. . . sent two new issues. We present here several simple techno-
be ensured by adsorbing Pluronic F1&5igma or bovine

serum albumir? Both preferentially adsorb onto hydropho- logical steps to overcome these difficulties by the use of an

bic surfaces, while adhesive proteins adsorb onto hydrophiligrlglnal PDMS plan_a_rl_zatlon process and the use of the sili-
surfaces. con mold as a sacrificial mold.

Standard photolithography steps are performed with arlaroAlthough not presented here, the aspect ratio was varied

AZ 1512 HS photoresist to hide the regions that must not b%v itrr:]oitt%g;:r[\)/ms gﬁmz dcgitzic?# arr dr:;%zuallp d (2):13: Tshh;flgiﬁi_
coated with the adhesive proteirisee Fig.5). Oxygen g any Y-

plasma renders the bare surfaces of the PDMS hydrophilié?rllj{:tgnrg?ﬁlg frsaurﬁz &Ztegtc::irtshivﬁeeriorr;nn?g\?i% o:htehemgle(i
and fibronectin adsorbs onto them. After stripping the resist 9 )

I PO e, vt o L B e o i i g 3o
adsorb. Pluronic organizes as a brush of poly#iérthat P P - 2nying

prevents the adsorption of the molecules of the extracellulatrhe sample afterward for further selective functionalization

matrix generated by the cellsAlignment of the PDMS mi- steps remains delicate because the capillary forces during

. i L .. evaporation induce the collapse of the structures. The
crostructures with the chromium mask for resist insulation is .  ee
. - X method we propose here circumvents this difficulty of re-
the crucial step. The precision of the alignment must be be- ~". :
. moving the PDMS frame from the mold by selectively etch-

low 2 pm, since the walls of the hexagons are 2 opfh ing the silicon mold(Fig. 4). This method requires planariz
wide. However, due to the depths of the PDMS microstruc- 9 9- . q P

tures, the photoresist does not spread as a flat surface, ang and removing the micrometer thick excess of PDMS on

the sample cannot be approached very close to the masgbe surface of the mold, as detailed in Sec. Ill B. After etch-

. i - ing, the PDMS layer remains bound to the silicon only by its
Performing good alignment as presented in Bigan there- . . ) . .
fore be tedious. basis, which makes it easy to detach even in dry conditions.

Here, we take benefit from the attachment of the PDMS
sample to the silicon to perform the functionalization step.
IV. DISCUSSION The sample is only detached for final use, which minimizes
In the present work, we propose an original process thathe deformations of the frame.
leads to the fabrication of a 1@m thick layer of open struc- In the present article, we propose a strategy for 3D func-
tures of PDMS, with 3D local patterning of proteins. Com- tionalization that begins with the adsorption of the adhesive
plex 3D patterning strategies have been done before, usingoteins on selected regions and ends up with the deposition
hard materials such as resiét® However, these strategies of a repulsive coat. This choice is based on the fact that the
do not meet our requirements for the use of deformable bioadhesive proteins we use adsorb onto hydrophilic surfaces.
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This process can be used for any protein that keeps a func-
tional conformation when dipped into an ethanol bath.
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