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Abstract This article describes a dynamic platform in
which the biointerfacial properties of micro-patterned
domains can be switched electrochemically through the
spatio-temporally controlled dissolution and adsorption of
polyelectrolyte coatings. Insulating SU-8 micro-patterns
created on a transparent indium tin oxide electrode by
photolithography allowed for the local control over the
electrochemical dissolution of polyelectrolyte mono- and
multilayers, with polyelectrolytes shielded from the elec-
trochemical treatment by the underlying photoresist stencil.
The platform allowed for the creation of micro-patterned
cell co-cultures through the electrochemical removal of a
non-fouling polyelectrolyte coating and the localized
adsorption of a cell adhesive one after attachment of the
first cell population. In addition, the use of weak adhesive
polyelectrolyte coatings on the photoresist domains allowed
for the detachment of a contiguous heterotypic cell sheet
upon electrochemical trigger. Cells grown on the ITO
domains peeled off upon electrochemical dissolution of the
sacrificial polyelectrolyte substrate, whereas adjacent cell
areas on the insulated weakly adhesive substrate easily
detached through the contractile force generated by neigh-
boring cells. This electrochemical strategy for the micro-
patterning and detachment of heterotypic cell sheets
combines simplicity, precision and versatility, and presents
great prospects for the creation of cellular constructs which
mimic the cellular complexity of native tissues.
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1 Introduction

Polyelectrolyte-modified surfaces offer a high versatility for
the design of optimal biointerfaces for a variety of
biomedical applications. Polyelectrolytes in aqueous solu-
tions adsorb spontaneously onto oppositely charged surfa-
ces, hence facile coating processes applicable to any surface
geometry (e.g. dip-and-rinse, spraying), and polyelectrolyte
multilayers can be easily assembled through the alternate
deposition of polycations and polyanions, allowing for the
formation of structures ranging from nano-droplets to
micrometer thick continuous films (Decher 1997; Picart et
al. 2001, 2002; Schlenoff et al. 2000). The intrinsic
properties of the polyelectrolytes, the physico-chemical
properties of the cover medium, as well as the deposition
parameters can dramatically affect the multilayer’s internal
structure, allowing for a tight tuning of the physical,
chemical and mechanical properties of the coating. This
technique can be used to tune the adhesive properties of a
surface, from totally non-fouling to highly cell adhesive
(through specific or unspecific interactions) (Tang et al.
2006; Boudou et al. 2010; VandeVondele et al. 2003; Elbert
and Hubbell 1998). In addition to the multilayer’s compo-
sition and the use of appropriate build-up conditions, the
biological properties of polyelectrolyte coatings can also be
modulated with bioactive moieties, embedded in the
coating or adsorbed on the top of it (Boudou et al. 2010).
The surface modification with polyelectrolytes therefore
represents a simple approach of great potential for the
design of desired interfacial properties.
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Recently, polyelectrolyte-modified surfaces were suc-
cessfully applied as new platforms for cell sheet engineer-
ing, i.e. for the growth and subsequent non-invasive
harvesting of entire cell monolayers (Guillaume-Gentil et
al. 2008). Coatings made of poly-L-lysine (PLL) and
hyaluronic acid (HA) presented weak cell adhesive proper-
ties (Weder et al. 2010), allowing for spontaneous,
mechanical cell sheet detachment through the constrained
contractile force between adjacent cells in the contiguous
cell monolayers. On the other hand, polyelectrolyte-
modified indium tin oxide (ITO) electrodes allowed for
cell growth and cell sheet detachment upon electrochemical
trigger (Guillaume-Gentil et al. 2008). This latter approach
relied on the electrochemically-induced dissolution of
polyelectrolyte multilayers or electrochemical desorption
of polyelectrolyte monolayers, with the polyelectrolyte
coatings serving as sacrificial cell substrates.

Native tissues comprise multiple cell types assembled in
a complex, well-defined architecture in which cell-cell
interactions have a profound influence on the function and
fate of each individual cell, and hence on the overall tissue
properties. The engineering of platforms allowing for the
co-culture of multiple cell types mimicking the in vivo
spatial arrangement of cells in vitro is therefore a
prerequisite for the reconstruction of functional tissue-like
structures. In addition, recreating the heterotypic configu-
ration of native tissue also has a high relevance for the
creation of in vitro cell culture systems which better
maintain the physiologic functions of cells found in vivo.

Allowing for the creation of 3D cellular constructs by
stacking harvested cell sheets, cell sheet-based tissue
engineering constitutes a promising approach for the
engineering of complex 3D cellular assemblies resembling
native tissues (Elloumi-Hannachi et al. 2010).

While overlaying cell sheets of different cell types
readily allows for the formation of heterotypic constructs,
even more precise spatial organization can be attained by
micro-structuring multiple cell types within the individual
cell sheets.

In the present work, tunable cell adhesivity and electro-
chemical dissolution of polyelectrolyte substrates, previously
developed for cell sheet engineering (Guillaume-Gentil et al.
2008), are combined into a novel approach for the micro-
patterning and harvesting of heterotypic cell sheets.

Several strategies have been previously developed for
the creation of micro-patterned cell co-cultures systems.
Early approaches relied on the preferential attachment of
one particular cell type (i.e. hepatocytes or astrocytes) on
defined proteins or polyelectrolyte micro-patterns obtained
by photolithography (Bhatia et al. 1997, 1998, 1999),
micro-fluidic (Folch and Toner 1998), or micro-contact
printing (Kidambi et al. 2007, 2008), and the subsequent
seeding of a more adhesive second cell type. A second

generation of micro-patterning systems made use of
physical barriers that could be removed after the attachment
of a first cell population, rendering the techniques suitable
for any combination of cell types. The reversible sealing of
microfluidic systems (Folch et al. 1999; Chiu et al. 2000) or
elastomeric stencils (Folch et al. 2000; Ostuni et al. 2000;
Wright et al. 2007) were thus used to prevent locally the
attachment of the first cell type. Alternatively, a recently-
developed micromechanical strategy enabled the spatial
organization of different cell populations by growing a
different cell type on two individual interlocking plates
which could be precisely positioned together or with a gap,
allowing for dynamic co-cultures with tunable micro-
spacing between the different cell types (Hui and Bhatia
2007). Lastly, strategies based on dynamic platforms were
developed, where non adhesive micro-domains can be
switched to cell adhesive after the adhesion of the first cell
population, allowing to control both spatially and tempo-
rally the biointerfacial properties of the substrate. Non-
fouling micro-patterns of hyaluronic acid created by
capillary force lithography were subsequently complexed
with poly-L-lysine or collagen, switching the domains
properties to cell adhesive (Khademhosseini et al. 2004;
Fukuda et al. 2006). Electron beam irradiation through a
metal mask allowed for the fabrication of micro-domains
grafted with thermally reversible polymers which can be
switched from hydrophilic, cell repellent to hydrophobic,
cell adhesive upon variation in temperature (Yamato et
al. 2001, 2002; Tsuda et al. 2005, 2006). Electroactive
self-assembled monolayers micro-patterned on gold elec-
trodes by micro-contact printing could be switched from
cell-repellent to cell adhesive upon electrochemical oxi-
dation (Yousaf et al. 2001; Lee et al. 2009). Finally, a
recent work reported the creation of micro-patterned co-
cultures using non-fouling micro-domains of self-
assembled poly(ethylene glycol) silane monolayers which
could be electrochemically desorbed from an ITO elec-
trode substrate after attachment of the first cell population
(Shah et al. 2009).

The alternative approach presented in this article is based
on the selective dissolution of polyelectrolyte mono- or
multilayers from indium tin oxide electrodes with micro-
patterned insulating domains. This new platform enables a
precise spatio-temporal control over the biointerface prop-
erties, while providing high versatility and simplicity.
Furthermore, the possibility for a final harvesting of the
micro-structured heterotypic cell sheets offers great pros-
pects for future application in cell sheet-based tissue
engineering. This novel approach is thus appealing not
only for the creation of 2D functional co-cultures systems,
but also for the creation of 3D tissue-like constructs
replicating the complex hierarchical organization of native
tissues.
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2 Materials and methods

2.1 Polyelectrolytes and solutions

Poly-L-lysine hydrobromide (PLL, Mw ~15–30 kDa) and
hyaluronic acid sodium salt from bovine vitreous humor
(HA, Mw ~300 kDa) were purchased from Sigma Aldrich
(Buchs, Switzerland). Poly(L-lysine)-graft-(polyethylene
glycol) with a PLL backbone chain of 20 kDa, 2 kDa
PEG side chains and a grafting ratio of 3.5, and RGD-
grafted poly(L-lysine)-graft-(polyethylene glycol) copoly-
mer with a PLL backbone chain of 20 kDa, 2 kDa
unfunctionalized PEG side chains, 3.4 kDa longer PEG
side chains carrying the RGD ligand and a grafting ratio of
3.4, were obtained from SurfaceSolutionS GmbH (Zurich,
Switzerland); the polymers are later abbreviated as PLL-g-
PEG and PLL-g-PEG/PEG-RGD respectively. All the
polymers were used at a concentration of 0.5 mg/ml in
HEPES-2 buffer solution. Fibronectin from human plasma
(FN) was purchased from Roche Diagnostics GmbH
(Mannheim, Germany) and used at a concentration of
0.05 mg/ml in HEPES-2 buffer solution. All solutions were
filtered through 0.22 μm pore size filters before use.
HEPES-2 buffer was prepared with 10 mM 4-(2-hydrox-
yethyl)piperazine-1-ethanesulfonic acid (HEPES, Fluka,
Buchs, Switzerland) supplemented with 150 mM sodium
chloride (Fluka, Buchs, Switzerland) in ultra-pure water
filtered through MilliQ Gradient A10 filters (Millipore AG,
Switzerland), with a pH adjusted to 7.4 using 6 M NaOH
(Fluka, Buchs, Switzerland).

2.2 Cell culture and live-cell labeling

C2C12 mouse myoblasts and human mesenchymal stem
cells were purchased from American Type Culture Collec-
tion (LGC Standards, Molsheim, France) and Lonza
(Verviers, Belgium) respectively. Bovine chondrocytes
were isolated from knees of 6 month old calves using a
pronase/collagenase digestion. Healthy human cartilage
was obtained from surgical procedures at the University
Hospital Zürich according to ethical guidelines and chon-
drocytes were isolated using a pronase/collagenase digestion.
All cells were maintained at 37°C, 7% CO2 atmosphere in
growth medium consisting of Dulbecco’s modified eagle’s
media (DMEM, Invitrogen, Switzerland) supplemented with
10% fetal bovine serum (FBS, Invitrogen, Switzerland) and
1% penicillin/streptomycin (Invitrogen, Switzerland). For
fluorescent labeling of living cells, adherent cells were
trypsinized, washed one time with pure DMEM, and
incubated for 30 min at 37°C, 7% CO2 in DMEM
supplemented with 1–2 μM 5-(and-6)-(((4-chloromethyl)
benzoyl)amino)tetramethylrhodamine (CellTracker™ Or-
ange CMTMR, Molecular Probes, Invitrogen, Switzerland)

or 1–2 μM 5-chloromethylfluorescein diacetate (Cell-
Tracker™ Green CMFDA, Molecular Probes, Invitrogen,
Switzerland). The labeled cells were resuspended in growth
medium and counted with a Countess® Automated Cell
Counter (Invitrogen, Switzerland) before seeding at 150,000–
400,000 cells/cm2 on the micro-structured substrates.

2.3 Photoresist patterning on ITO electrodes

Glass wafers (63.5 mm×63.5 mm×0.5 mm) coated with
a ~50 nm thick indium tin oxide (ITO) layer (Micro-
vacuum, Hungary) were cleaned by 10 min ultrasonica-
tion in isopropanol, 10 min ultrasonication in Millipore
water, N2-blow drying, and 2 min O2 plasma treatment.
The ITO coated substrates were then placed on a heating
plate at 150°C for 20 min to remove adsorbed water and
improve the photoresist adhesion. After cooling down to
room temperature, a negative photoresist (SU-8, GM1040,
Gersteltec, Switzerland) was spin coated on the wafers at
500 rpm for 40 s, and the substrates were soft baked
(10 min, 65°C; ramped to 95°C at 2°C/min; 30 min,
95°C). A Karl Süss X380 mask aligner was used as a UV
source and the photoresist was illuminated for 26 s
through a mask, and post-baked with the same temperature
profile as used for the soft baking. The SU-8 structure was
developed in 2-methoxy-1-methylethyl acetate (PGMA)
for 2 min, rinsed with isopropanol and dried at ambient
air, before hard baking at 135°C for 2 h on a hot plate. The
wafers with SU-8 micro-structures were finally diced into
24 mm×24 mm chips.

2.4 Electrochemistry

All electrochemical experiments were performed using a
teflon electrochemical liquid-cell provided with a three
electrode configuration system: the ITO surface of the
substrate contacted with a metallic copper spring served as
working electrode, a silver wire was used as Ag/AgCl
reference electrode, and a platinum wire as counter
electrode. As electrolyte solutions, HEPES-2 buffer was
used for electrochemical treatments without cells, while cell
growth medium supplemented with 3 mM HEPES was
used for the samples with cells. The electrochemical stimuli
were applied using an AMEL potentiostat/galvanostat
(model 2053, AMEL electrochemistry, Italy).

2.5 Surface modification with polyelectrolytes

Shortly prior polyelectrolyte adsorption, the chips were
cleaned by ultrasonication for 10 min in isopropanol and
10 min in ultrapure water, drying with filtered nitrogen,
followed by 2 min oxygen plasma treatment, and cyclic
voltammetry in HEPES-2 buffer (5 cycles between 0 and
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2 V). PLL and HA layers were adsorbed by substrate
immersion for 20 min in the respective polyelectrolyte
solution followed by three rinsing steps in HEPES-2 buffer,
starting with a polycation layer and alternating polycation
and polyanion deposition until formation of the desired
coating. Additional layer of fibronectin or PLL-g-PEG/
PEG-RGD, onto PLL or HA-outermost layers respectively,
was assembled through a 45 min dipping step followed by
three rinsing steps in HEPES-2. For the investigation of the
selective polyelectrolyte dissolution by electrochemical
atomic force microscopy, the (PLL/HA)6 multilayers were
alternatively deposited by spraying technology, using a
custom made automated spraying system described else-
where (Guillaume-Gentil et al. 2010). All polyelectrolytes
were sprayed on the samples tilted at 45°, from a distance
of 19±2 cm and at a constant pressure of 1 bar for 5 s,
followed by a pause of 15 s, spraying of HEPES-2 buffer
for 5 s, and a pause of 5 s.

2.6 Monitoring of local polyelectrolyte electrochemical
dissolution by electrochemical atomic force microscopy
(ecAFM)

A Nanowizard I BioAFM (JPK Instruments, Germany) and
Mikromasch CSC38/noAl cantilevers were used. The
samples mounted in the electrochemical liquid-cell were
scanned both in contact and intermittent-contact fluid
modes. At first, polyelectrolyte-coated samples were
scanned at different locations on ITO, SU-8, and mixed
domains. The samples were then subjected to an electro-
chemical stimulus (15 μA/cm² for 15 min), followed by
new imaging of the local areas previously scanned.
Electrochemical and imaging steps were repeated until nearly
complete dissolution of the polyelectrolytes from the ITO
domains. No rinsing of the samples was performed. The
obtained ecAFM height mode images were further processed
using SPM image processing software (JPK Instruments,
Germany). Processed images were exported as ASCII files for
calculation of the adsorbed volume in MatLab. As AFM
output data is pixilated the simplest way to calculate the
volume was to multiply each pixel value with its area to create
one pixel volume. The pixel volumes were then added
together to represent the entire volume of the PEM structures.

2.7 Micro-patterning polyelectrolytes and homotypic cell
cultures

Micro-patterned electrode substrates were coated with the
desired polyelectrolytes and subjected to a current density
of 15 μA/cm² for 30 to 60 min, under constant rinsing with
HEPES-2 buffer, in order to remove polyelectrolytes from
the non-insulated ITO domains. As a backfilling step to
render the ITO domains cell-resistant, the samples were

then incubated for 45 min with a PLL-g-PEG solution and
rinsed three times with HEPES-2 buffer. Prior to cell
seeding, the substrates were shortly rinsed with a 70%
ethanol solution, and rinsed three times with sterile filtered
HEPES-2 buffer and three times with cell growth medium.
Cells were then seeded at densities ranging from 150,000 to
400,000 cells/cm², and the samples were incubated for 20–
30 min under normal cell culture conditions before rinsing
with growth medium to wash away non-adherent cells.

2.8 Electrochemical desorption of PLL-g-PEG and formation
of heterotypic co-cultures

For the creation of heterotypic co-cultures, the samples with
micro-patterned homotypic cultures were first subjected to
electrochemical treatment to remove the non-fouling PLL-
g-PEG layer. A current density of 15 μA/cm² was then
applied for 15 min, in cell growth medium supplemented
with 3 mM HEPES. The electrochemical desorption of
PLL-g-PEG was immediately followed by sample incuba-
tion for 15 min with a PLL-g-PEG/PEG-RGD solution at
37°C, 7% CO2. The samples were then rinsed three times
with HEPES-2 and three times with cell growth medium,
and let incubated under normal cell culture conditions until
next cell seeding. The second cell population was seeded at
densities ranging from 150,000 to 400,000 cells/cm², and
the non-adherent cells were washed away upon rinsing with
growth medium after 20–30 min incubation under normal
cell culture conditions.

2.9 Electrochemically-induced detachment of heterotypic
cell sheets

Samples with a micro-patterned co-culture were incubated for
1 day under normal cell culture conditions, allowing for cell
growth and the establishment of cell-cell contacts. An
electrochemical treatment (15 min at 15 μA/cm² in growth
medium supplemented with 3 mMHEPES) was then applied,
inducing the detachment of the heterotypic cell sheets, starting
from the periphery. Rinsing of the samples with growth
medium aided the detachment of the cell monolayer.

2.10 Fluorescence and phase contrast microscopy

Phase contrast and fluorescence microscopy images were
acquired using an inverted microscope (DM IL, Leica
Microsystems Ltd, Switzerland).

3 Results and discussion

In this study, a novel approach for the micro-patterning and
consecutive detachment of heterotypic cell sheets is
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presented, based on the spatially controlled electrochemical
dissolution of polyelectrolyte coatings (see Fig. 1).

The micro-patterned substrates with SU-8 insulating
domains and the selective electrochemical dissolution of
polyelectrolytes from non-insulated domains were char-
acterized by ecAFM. The micro-patterning of polyelec-
trolytes and homotypic myoblast or chondrocyte cultures,
and the creation and harvesting of chondrocyte-
mesenchymal stem cell co-cultures demonstrated the
versatility and potency of this technique for future
applications in tissue engineering.

3.1 Creation of insulated domains and selective
polyelectrolyte dissolution

At first, insulated micro-patterns were created on indium tin
oxide electrodes by photolithography, using a negative
photoresist (SU-8) (Fig. 1(a–b)). The obtained SU-8 adlayer
presented well resolved micro-structures and had a thick-
ness of about 2.3 μm as determined by AFM measurements

(Fig. 2(a)). To demonstrate the insulating properties of the
micro-structured SU-8 adlayer, hence the possibility for a
selective polyelectrolyte dissolution from the non-insulated
ITO micro-domains (Fig. 1(c–d)), a micro-patterned sub-
strate coated with a (PLL/HA)6 multilayer was subjected to
a current density of 15 μA/cm² for 30 min and the
electrochemically induced dissolution of the polyelectrolyte
coating was followed locally, in situ, by ecAFM (Fig. 2(b–
c)). On both ITO and SU-8 domains, the deposited
polyelectrolytes formed nano-droplets complexes, with
heights ranging from 40 to 100 nm. Upon the electrochem-
ical trigger, the PLL/HA nano-droplets on the ITO domains
dissolved, with less than 15% residual volume after 30 min
(Fig. 2(b)). The polyelectrolyte nano-structures on the SU-
8 micro-patterns remained however unaffected, with no
changes in the coating morphology or in the volume of
polyelectrolyte adsorbed (Fig. 2(c)). These results demon-
strate that the electrochemical detachment of the polyelec-
trolytes is highly localized to the conductive areas. Previous
studies (Guillaume-Gentil et al. 2010; Boulmedais et al.

Fig. 1 Micro-patterning heterotypic cell sheets based on local
electrochemical dissolution of polyelectrolyte coatings. (a) A SU-
8 layer spin-coated on an indium tin oxide (ITO) electrode is exposed
to UV light through a mask. (b) After development, SU-8 micro-
patterns with insulating properties are formed on the ITO electrode. (c)
The whole substrate is coated with a weak cell adhesive polyelectro-
lyte multilayer. (d) The sample is subjected to electrochemical
polarization, inducing polyelectrolyte dissolution only from the ITO
domains. (e) The bare ITO domains are backfilled with PLL-g-PEG, a
cell-resistant polymer. (f) A first cell population is seeded, and non-

adherent cells are washed away. (g) A second electrochemical step
allows for the removal of the non-fouling PLL-g-PEG monolayer from
the ITO domains. (h) The bare ITO domains are backfilled with a cell
adhesive PLL-g-PEG/PEG-RGD monolayer. (i) The second cell
population is seeded, and non-adherent cells are washed away. (j)
After one day growth, a final electrochemical step allows for cell sheet
detachment through the dissolution of the PLL-g-PEG/PEG-RGD
monolayer. The cells on the weak cell adhesive domains also detach
easily because the cohesion between the cells is bigger than their
interaction with the substrate
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2006; Gabi et al. 2009) reported that the applied electro-
chemical treatment induces the electrolysis of water, hence
the continuous production of protons at the electrode
surface. The resulting pH lowering, which instigates
the dissolution of the polyelectrolyte multilayer, has
been shown to remain locally confined, extending only
to a few hundreds of nanometers above the ITO
electrode in our experimental conditions. Thus, while
sufficient to trigger the disassembly of nanometer-scale
polyelectrolyte structures adsorbed directly on the ITO
electrode, the electrochemical treatment did not affect
the bulk solution or the polyelectrolytes on the neigh-
boring SU-8 domains.

3.2 Micro-patterning of polyelectrolytes and cells

Based on the selective dissolution of polyelectrolyte
coatings (from ITO but not from SU-8 insulated
domains), cytophilic/cytophobic micro-patterned sub-
strates were created (Fig. 1(c–e)). At first, ITO substrates
with SU-8 micro-structures were coated with polyelectro-
lyte coatings, with an outermost layer preventing the
adsorption of PLL-g-PEG, e.g. a positive PLL terminal
layer or final adsorption of fibronectin or PLL-g-PEG/

PEG-RGD. The substrates were then subjected to a current
density of 15 μA/cm² for 30–60 min in order to remove
the polyelectrolytes from the non-insulated ITO domains.
In a final backfill dip-and-rinse step, non-functionalized
PLL-g-PEG was adsorbed on the ITO background,
rendering it resistant to cell attachment (Elbert and
Hubbell 1998). The substrates were then incubated with
mammalian cells for 20–30 min. The cells attached on the
micro-patterned polyelectrolyte-coated SU-8 domains, and
the non-adherent cells which sedimented on the PLL-g-
PEG domains were washed away upon rinsing (Fig. 3(a–
b)). In Fig. 3 (b–j) a sampling of homotypic micro-
patterned culture of myoblasts or chondrocytes obtained
with this technology is shown, with patterns of different
geometries and sizes ranging from 50 μm to 2 mm. The
patterns of adherent cells reproduced the design of the
polyelectrolyte-coated SU-8 stencil with high fidelity, with
a minimal cell attachment on the pegylated ITO domains.
SU-8 has been previously reported to be compatible with cell
cultures (Voskerician et al. 2003). Here, the different cell
types showed a good adhesion onto the polyelectrolyte-
coated SU-8 structures, and no adverse effect was
observed on the cells cultured on the micro-patterned
substrates.

Fig. 2 Selective polyelectrolyte
dissolution upon electrochemical
treatment. (a) AFM height mode
image (80×40 μm²) of a micro-
structured SU-8 adlayer on an
ITO electrode. The profile (right)
corresponds to the white dash
line drawn on the AFM image.
(b) AFM height mode images
(10×10 μm²) of a (PLL/HA)6-
coated ITO domain
initially (0’) and after
electrochemical treatment (30’).
The graph on the right side
represents the percentage of
initial volume of polyelectrolyte
adsorbed calculated from four
AFM images, with standard
errors of mean as error bars. (c)
AFM height mode images (10×
10 μm²) of a (PLL/HA)6-coated
SU-8 domain initially (0’) and
after electrochemical treatment
(30’). The graph on the right side
represents the percentage of
initial volume of adsorbed
polyelectrolyte calculated from
four AFM images, with standard
errors of mean as error bars
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3.3 Electrochemical switching of ITO domains
and formation of micro-patterned co-cultures

The addition of a second cell type to the same micro-
structured substrate required a switch of the surface
properties of the ITO domains from non-fouling to cell
adhesive. The samples with the first cell population on the
SU-8 micro-patterns defined on a cell-resistant PLL-g-PEG
background were thus further subjected to electrochemical
polarization. A current density of 15 μA/cm² was applied
for 15 min, leading to desorption of the PLL-g-PEG
monolayer from the conducting areas. The cells attached
on the SU-8-insulated domains were not affected by the
electrochemical treatment. As previously discussed, the
electrochemical reactions triggering polyelectrolyte disso-

lution occur locally at the ITO interface, without affecting
the bulk solution or the insulated areas. The bare ITO
domains unveiled through the electrochemical treatment
could then be coated with a cell adhesive PLL-g-PEG/PEG-
RGD monolayer simply by incubation with an aqueous
solution of the polymer. The incubation of the samples with
human mesenchymal stem cells or myoblasts resulted in a
rapid, selective attachment of the cells to the RGD-
functionalized domains, while cell adhesion onto the first
cell population remained poor. Non-adherent cells were
washed away upon rinsing of the samples. Figure 4 shows
micro-patterned co-cultures of primary human chondro-
cytes and human mesenchymal stem cells achieved using
this approach. While an RGD-functionalized PLL-g-PEG
copolymer was used as cell adhesive, electrochemically

Fig. 3 Cell micro-patterning on SU-8 domains with various cell
adhesive coatings and a non-fouling PLL-g-PEG coated ITO back-
ground. (a) C2C12 myoblasts 20 min after seeding at 400,000 cells/cm2

on SU-8 coated with PLL-FN with a 500 μm patterned hole. After
rinsing (b), the cells attached on PLL-FN remained, while cells on the
PLL-g-PEG domain were washed away. (c, h) C2C12 on PLL-FN,

20 min after seeding at 400,000 cells/cm2. (d) Human chondrocytes on
(PLL-HA)3-PLL-g-PEG/PEG-RGD 2 h30 after seeding at 300,000
cells/cm2. (e, g) C2C12 on PLL 60 min after seeding at 300,000 cells/
cm2. (f) Human chondrocytes on (PLL-HA)-PLL-g-PEG/PEG-RGD
30 min after seeding at 300,000 cells/cm2. (i-j) Human chondrocytes on
PLL-FN 1 h15 after seeding at 150,000 cells/cm2
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desorbable substrate for the second cell type, versatility can
be added to this platform by modifying the PEG chains of
the PLL-g-PEG polymer with a variety of other bioactive
molecules. Furthermore, the surface density can be tailored
during polymer synthesis by adjusting the grafting ratio or
by mixing functionalized and non-functionalized polymers
with at different molar ratio (Faraasen et al. 2003; Huang et
al. 2001; Tosatti et al. 2003; Zhen et al. 2006).

3.4 Detaching heterotypic cell sheets

The micro-patterned cell co-cultures obtained with this
electrochemical approach had ultimately two different types
of underlying substrates. The first cell type was grown on
(PLL/HA)-based polyelectrolyte domains, insulated from
the electrode by a thin SU-8 layer. Such polyelectrolyte
coatings have been shown to present relatively weak cell

Fig. 4 Micro-patterned
co-cultures of primary human
chondrocytes and human mes-
enchymal stem cells. (a)
Micro-pattern of human
chondrocytes grown for 3.5 h on
PLL-HA-PLL-g-PEG/PEG-
RGD (right) and freshly seeded
hMSCs on PLL-g-PEG/PEG-
RGD (left). (b) hMSCs (green)
grown for 3 h on PLL-g-PEG/
PEG-RGD next to human chon-
drocytes (red) cultured for 6 h
on PLL-HA-PLL-g-PEG/PEG-
RGD. Circular (c) and line pat-
terns (d) of human MSCs on
PLL-g-PEG/PEG-RGD (green)
co-cultured with human chon-
drocytes on PLL-HA-PLL-g-
PEG/PEG-RGD (red) after 24 h
growth

Fig. 5 Electrochemically-in-
duced detachment of human
chondrocyte (red) and human
mesenchymal stem cell (green)
co-cultures, grown for one day
on PLL-HA-PLL-g-PEG/PEG-
RGD and PLL-g-PEG/PEG-
RGD, respectively. The white
dashed line on each fluorescence
microscopy image shows the
border of the SU-8 microstruc-
ture, and the white arrow indi-
cates the peeling of the
heterotypic cell sheet. (a and b)
are contrast and fluorescence
microscopy images of the same
region of one sample. (c-e) are
images of detaching and folding
cell-sheets of various other
samples
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adhesive properties (Weder et al. 2010) and to allow for cell
sheet detachment through the contractile forces exerted
between adjacent cells in a dense cell monolayer once cell-
cell contacts have been established (Guillaume-Gentil et al.
2008). The second type attached on highly cell adhesive
domains through a PLL-g-PEG/PEG-RGD monolayer
adsorbed electrostatically on the ITO electrode. It has been
shown previously (Guillaume-Gentil et al. 2008) that cells
can be released as intact sheets from such substrate upon
electrochemical dissolution of the sacrificial PLL-g-PEG/
PEG-RGD monolayer. Therefore, in order to harvest micro-
patterned cell sheets, the co-cultures were grown for one
day and subjected to electrochemical treatment (15 min at
15 μA/cm²). Inducing the PLL-g-PEG/PEG-RGD desorp-
tion, the electrochemical trigger instigated the detachment
of the entire heterotypic cell sheets, with the cells on
insulated domains following the detachment as a result of
their weak interaction with the substrate and the strong
interactions with neighboring cells. Figure 5 shows exam-
ples of co-cultures of primary human chondrocytes and
human mesenchymal stem cells detaching from the micro-
structured substrate upon electrochemical stimulation, with
preservation of the heterotypic cell-cell contacts. In these
experiments the obtained cell sheet folds onto itself because
of the internal stress of the cells. However, this could be
easily avoided using gel stamps that support the cell-sheet
during detachment as previously shown by the Okano
group (Sasagawa et al. 2010).

4 Conclusions and outlook

The strategy described in this article allowed for the micro-
patterning of both homotypic cell cultures and heterotypic cell
co-cultures, as well as for controlled detachment of the micro-
structured cell co-cultures. Combining the precision of SU-
8 photolithographic processing and the localized nature of the
electrochemically-induced dissolution of polyelectrolytes, this
approach allowed for an accurate spatial and temporal control
over the cell attachment on the micro-structured substrates.
The potential of this cell micro-patterning strategy was
demonstrated with several cell types, including human
mesenchymal stem cells, primary chondrocytes and a myo-
blastic cell line. This simple, versatile platform offers great
prospects for future tissue engineering applications, with the
overlaying of harvested micro-patterned co-cultures allowing
for the design of 3D cellular constructs mimicking the
complex architecture of tissues in vivo.

Future work will include the application of this micro-
patterning approach to electrode arrays through preliminary
etching of the ITO layer, to assess the possibility of
multiple, separately addressable electrodes for the micro-
patterning of more than two cell types.
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