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Spatio-Temporal Control of Cell Coculture Interactions on Surfaces
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Mammalian tissues are composed of various cell types that in-
teract with each other in a constantly changing dynamic mi-
croenvironment.[1–5] Cell behavior and function is determined
by a range of factors including soluble signals from cells of the
same type (autocrine signaling), as well as those from other
cell types (paracrine signaling),[6, 7] and physical-mechanical and
hydrodynamic forces.[8–10] There have been numerous reports
showing the critical role that cell–cell interactions play in mod-
ulating overall cellular or tissue function from cell growth, mi-
gration, and differentiation to embryonic development.[11–15]

For example, heterotypic cell interactions between parenchy-
mal cells and nonparenchymal neighbors alter cell growth, mi-
gration, and differentiation.[12] In cocultures of transgenic cells
and wild type cells, the release of regulatory signals by wild
type cells helps the transgenic cells restore their cellular func-
tion.[16] Furthermore, lineage commitment of mesenchymal
progenitor cells is directly influenced by cell signaling fromACHTUNGTRENNUNGadjacent cells.[17]

To study these complex events there have been several ap-
proaches to develop spatially controlled micropatterned cocul-
ture model systems to mimic inter- and intracellular inter-ACHTUNGTRENNUNGactions. These strategies include thermo-responsive polymer
surfaces,[18, 19] soft-lithography-generated substrates[20–22] and
patterned extracellular matrix (ECM) surfaces.[23] For temporal
control of cell culture, dynamic surfaces have been generated,
and for cocultures a micromechanical strategy has been em-
ployed.[24] Although there has been significant progress in de-
veloping patterned cell surfaces, there are no coculture model
substrates that are able to: 1) Reversibly control the interac-
tions between different cell populations that are in patterns on
molecularly defined surfaces and 2) Serially manipulate the sur-
face to control the duration of the cell interactions. These fea-
tures would allow for many new studies of cell–cell interac-
tions for a range of cell biological and physiological research
fields.

Herein we report a combined photochemical and electroac-
tive self-assembled monolayer (SAM)-based substrate strategy
to generate a coculture platform with spatial and temporal
control of cell–cell interactions. These substrates possess the
ability to present a variety of ligands on the surface for biospe-
cific interactions between the immobilized ligands and cell sur-
face receptors. Furthermore, the photopatterning step enables
the ligands to be immobilized in complex patterns and even
gradients. This feature provides additional flexibility to study

the role of ligand pattern (geometry) and presentation on co-
culture interactions on complex surfaces.

The general surface chemistry strategy to pattern, immobi-
lize, and release ligands is shown in Scheme 1. A hydroquinone
alkanethiol (1) that has been protected with a photolabile

group (nitroveratryloxycarbonyl or NVOC) is installed onto a
surface and then deprotected by using ultraviolet light (hn) to
generate the hydroquinone (H2Q, 2).[25] The hydroquinone is
redox active and can be converted to the quinone (Q) through
a mild electrochemical oxidation for subsequent immobiliza-
tion of oxyamine tethered ligands (R-ONH2).[26, 27] The interfacial
oxime conjugate is also redox active and can be made toACHTUNGTRENNUNGrelease the ligand through a mild reductive potential ; this re-
generates the hydroquinone.[28] The immobilization and release
of ligands is compatible with adhered cells and cell culture
conditions, and has no side reactions or adverse effects to the
cells.[26, 28]

For spatial and temporal control of coculture interactions we
combined the photoelectroactive surface chemistry strategy
with a microcontact printing (mCP) patterning method
(Scheme 2).[25, 29] We first used mCP to selectively pattern hexa-
decanethiols (HDTs) onto a gold surface to generate hydropho-
bic regions. The remaining bare gold regions were backfilled
with a mixed solution of tetra(ethylene glycol)-terminated al-ACHTUNGTRENNUNGkane ACHTUNGTRENNUNGthiols (EG4SH, 3) and NVOC-protected hydroquinone-ter-
minated alkanethiols (1) (99:1 ratio). The use of a high percent-
age of tetra(ethylene glycol)-terminated alkanethiols renders
the nonpatterned regions inert to nonspecific protein or cell
attachment.[30] Ultraviolet light was shone on this SAM surface
through a patterned photomask to selectively deprotect the
NVOC groups to hydroquinone groups. To facilitate cell adhe-

Scheme 1. Surfaces presenting NVOC-protected hydroquinone groups
(NVOC-HQ) are illuminated with ultraviolet light (365 nm). Photochemical de-
protection of the NVOC group reveals the hydroquinone (H2Q). Subsequent
oxidation of the hydroquinone results in the corresponding quinone (Q),
which can then undergo chemoselective ligation with aminooxy terminated
ligands (RONH2) to generate a stable and covalent oxime conjugate (Q-
oxime). The oxime is also redox active and can be reduced to regenerate
the hydroquinone with the simultaneous release of ligand through a mild
reductive electrochemical potential at pH 7.4. R represents rhodamine, and
the cell adhesive peptide GRGDS.
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Scheme 2. Schematic diagram of substrate preparation for dynamic coculture substrates. A glass coverslip was coated with Ti (3 nm) and then gold (12 nm)
by an electron-beam deposition method. A) To generate patterned surfaces, hexadecanethiols were microcontact printed onto the gold surface and the re-
maining bare gold regions were backfilled with a mixture of NVOC-HQ and EG4SH (1:99 ratio). B) The substrate was illuminated with UV light through a pat-
terned microfiche mask; this resulted in the selective deprotection of NVOC groups to reveal the electroactive hydroquinone. C) An adhesive protein, fibro-
nectin, was added to the substrate and only adsorbed to the hydrophobic microcontact-printed pattern. Cells were seeded onto the entire substrate but ex-
clusively adhered to the fibronectin-patterend regions. D) The patterned hydroquinone groups were then converted to reactive quinone groups through ap-
plication of a mild oxidative electrochemical potential. Addition of soluble RGD-ONH2 led to the installation of the adhesive peptide to the patterned quinone
region through the formation of a stable covalent oxime linkage. E) Addition of a second cell line generated patterned cocultures with exquisite spatial con-
trol. F) After a period of time, application of a mild reductive electrochemical potential causes breakage of the oxime linkage and release of RGD peptides;
this in turn causes one population of cells to release from the surface. This strategy allows for the analysis of both cell types through spatial and temporal
control of their interactions on a surface.
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sion to the microcontact printed regions, a fibronectin solution
(10 mm in PBS, 1 h) was added to the entire surface, but exclu-
sively adsorbed to the hydrophobic pattern.[31] The first fibro-
blast cell type was then seeded onto the surface and selective-
ly adhered and stayed confined to the fibronectin/microcon-
tact-printed regions. The hydroquinone groups in the photo-
patterned area were then electrochemically oxidized to qui-
nones. This oxidation is mild and rapid and is compatible with
cell culture conditions. The electroactive substrate allows for
the precise monitoring of the immobilization and release of li-
gands to and from the surface by cyclic voltammetry.[26, 27] Solu-
ble oxyamine-RGD (4) (50 mm, 1 h in PBS pH 7.4) was added,
and this installed the adhesive peptide onto the photopat-
terned area through the formation of an oxime linkage to the
quinone. Addition of the oxyamine-RGD allowed for the adher-
ence of a second cell type in a distinct pattern on the surface.
The RGD peptide ligand is derived from the extracellular
matrix protein fibronectin and is known to facilitate biospecific
cell adhesion through cell-surface integrin receptors.[32] This
coupling reaction is chemoselective and fast and can be car-
ried out in the presence of the first cell type pattern without
loss of cell function or pattern.[26] When a second cell type was
added, the cells selectively adhered only to the photopat-
terned RGD region. For temporal control, the second cell type
can be released from the pattern by a simple application of a
mild reductive electrochemical potential (�50 mV, 1 min in
serum-free medium, pH 7.4). The oxime linkage is broken and
the RGD ligand is released from the surface while the hydro-
quinone is regenerated. The second cell type then loses itsACHTUNGTRENNUNGattachment to the support and therefore is released from the
surface. This methodology is able to spatially and temporally
control cell–cell interactions on a molecularly defined surface
in various patterns and has the ability to immobilize and re-
lease a range of ligands (1–5) and cell types.

The photopatterning method provides an important feature
in that ligand molecules can be installed onto the surface in
virtually any geometric pattern and even complex patterns
such as gradients. By employing a photomask with a patterned

gradient design, a ligand gradient with control of pattern and
slope can be generated on the surface; this can elicit a com-
plex cellular response within the pattern on a coculture sur-
face. This particular flexibility allows complex cell–cell signaling
to be examined. Also, the role of patterned cocultures on cell
behavior can be studied in cases which each cell type pat-
terned might be undergoing discrete processes such as migra-
tion, growth, or differentiation, depending on the underlying
surface chemistry composition.[33, 34]

The characterization of a gradient surface generated by the
photopatterning strategy is shown in Figure 1. Fluorescence
microscopy was used to visualize a rhodamine-oxyamine (5)
immobilized gradient pattern.[25, 26] The slope was determined
from the fluorescent gradient pattern by using imaging soft-
ware and was in accord with the corresponding gradient slope
of the photomask. When the same procedure was used but in-
stead a RGD-oxyamine peptide was immobilized, seeded cells
first attached to the high density region of the gradient. The
cells then migrated and proliferated down the gradient until
the ligand density no longer supported migration or division.
The cells achieved this equilibrium or final resting position on
the gradient after approximately three days. Figure 1 C shows a
plot for the relative density with respect to the distance along
the gradient generated from ImageJ software. To extrapolate
the density along the gradient from this plot, we assume that
the maximum peptide density is 2.7 � 104 molecules per mm2

based on a 1 % NVOC hydroquinone monolayer that has been
completely modified to the peptide ligand on the surface. The
ligand density at 1 % NVOC hydroquinone was determined
based on integration of the area under the oxidative or reduc-
tive waves corresponding to the hydroquinone monolayer
after the photodeprotection of monolayer presenting only the
NVOC hydroquinone groups. By aligning the density plot with
the patterned cells (averaged over twelve experiments), we
can determine the minimum ligand density for supporting cell
adhesion along this particular gradient (ca. 0.16 % = 0.43 � 104

molecules per mm2).
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We observed that the slope of the gradient influences the
final position of the cells and found that the steeper the slope,
the higher the ligand density required to support adhesion.
Conversely, the shallower the slope, the lower the ligand densi-
ty required to support adhesion. Interestingly, our data show
that the minimum ligand density varies on each gradient.
Therefore, the cells are able to sense the slope and alter their
position based on the combination of slope and ligand density.
We are exploring how the spatial distribution (front to back) of
cellular focal adhesions, which connect the integrin receptors
to the extracellular RGD ligands, transduces the slope and den-
sity information to the actin cytoskeleton and induces cell po-
larity and directed cell migration.[25, 35] This strategy allows for
the immobilization of a variety of ligands to a patterned gradi-
ent surface to study a range of cellular behavior.

To demonstrate a dynamic coculture in which two cell lines
can be patterned in close proximity with different underlying
surface chemistries, we combined mCP with our electroactive
immobilization and release strategy. Figure 2 shows micro-
graphs of two different patterned cell lines. The microcontact
printed area (rectangular shape) contains a stably transfected
mouse fibroblast cell line expressing GFP-actin.[36] The photo-
patterned RGD region contains a nonfluorescent mouse fibro-
blast cell line. The spatial interactions between cocultures can
be precisely controlled by varying the pattern size, geometry
and distance of the two patterns by employing soft lithogra-
phy and photomasks. Temporal control over the coculture in-
teractions can be regulated by electrochemistry. After the two
cell types are patterned, one cell type can be selectively re-
leased by the application of a mild electrochemical potential ;
this releases the RGD ligands and therefore one of the pat-
terned cell types. This method allows for spatial and temporal
control of coculture interactions on surfaces that can be tail-
ored with a variety of ligands. Furthermore, thy ways in which
a ligand gradient influences cellular behavior and coculture
communication can also be explored.

In summary, we have generated a dynamic substrate with
spatial and temporal control of coculture interactions. This
strategy relies on a photopatterning and electroactive immobi-
lization and release strategy in combination with mCP. This
strategy is flexible in that ligands can be presented on the sur-
face in complex patterns and gradients to study the interplay
of ligand density, ligand affinity, pattern geometry, ligand slope
and distance between cocultures for a range of autocrine and
paracrine signaling studies. As a biotechnology platform, this
system may also allow for the modular patterning and ex-
change of multiple cell lines to a single surface for novel small
molecule and RNAi coculture screens.[37]

Experimental Section

Synthesis of alkanethiolates : NVOC-protected hydroquinone tet-
ra(ethylene glycol) alkanethiol, tetra(ethylene glycol) alkanethiol,
and rhodamine oxyamine were prepared as previously de-
scribed.[25, 26]

Solid-phase peptide synthesis : All peptides were synthesized
through automated solid phase peptide synthesis by using the
CS136XT Peptide Synthesizer (CS Bio Co., Menlo Park, CA, USA).

RGD-oxyamine (4): Fmoc (9-fluorenylmethoxycarbonyl)-protected
amino acids were used on Fmoc-Ser ACHTUNGTRENNUNG(tBu)-Rink Amide-MBHA resin.
The synthesized peptide was cleaved from the resin by agitation in
a solution of trifluoroacetic acid (TFA)/water/triisopropylsilane
(95:2.5:2.5) for 3 h. TFA was evaporated and the cleaved peptide
was precipitated in cold diethyl ether. The water-soluble peptide
was extracted with water and lyophilized. Mass spectral data con-
firmed the peptide product. MS (ESI) (m/z): [M+H+] calculated for
linear RGD-oxyamine (C25H45N11O11), 676.69; found, 676.5. [M+H+]
calculated for control scrambled peptide, GRD-oxyamine
(C25H45N11O11), 676.69; found, 676.4. [M+H+] calculated for control
soluble peptide RGD (C17H31N9O8), 490.48; found, 490.3.

Microscopy of surface immobilized rhodamine : Scotch tape (3M,
Minneapolis, MN, USA) was adhered to the monolayer. The result-
ing substrate was then cured at 85 8C for 20 min. The tape was

Figure 1. Characterization of a ligand gradient on a surface generated by
photopatterning and subsequent electroactive ligand immobilization. A) A
microfiche mask with gradient pattern. B) The fluorescent micrograph shows
the fidelity of surface patterning. First, UV illumination through the mask
was performed, and then electroactive conversion from the hydroquinone
to the quinone was carried out; this was followed by rhodamine-oxyamine
immobilization to generate the oxime conjugate. Imaging software was
used to calculate the gradient slope from the fluorescent image and corre-
sponds to the microfiche mask gradient. C) In parallel experiments RGD-
ONH2 was immobilized to the photodeprotected pattern to which cells bio-
specifically adhered through their integrin receptors (colors ; red, actin;
green, tubulin; blue, nuclei). By comparing the position of the cells at the
lowest end of the gradient with the slope profile generated from the fluo-
rescent gradient, the minimum required ligand density (G) for cell adhesion
can be determined. In this example, cell adhesion was greatly diminished
when the ligand density was reduced to 0.16 % from the highest ligand den-
sity used (see text for details).
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peeled from the substrate; this resulted in the transfer of the
monolayer from the gold substrate to the tape. The resulting
image was quantified by using fluorescent microscopy and Image
J software.

Microscopy of attached cell culture : Adherent cells were fixed in
paraformaldehyde (3.7 %) in phosphate buffered saline (PBS) for
ten minutes and then permeabilized with Triton X (0.1 %) in PBS
(PBST) for ten minutes. Cells were then stained with anti-tubulin
(1:1000) in PBS that contained goat serum (10 %) for one hour, fol-
lowed by staining with an Alexa 488-conjugated goat anti-mouse
antibody (1:100 in PBST), phalloidin-tetramethylrhodamine B iso-
thiocyanate (1:50 in PBST), and DAPI (1:300 in PBST) for one hour.
Substrates were rinsed with deionized water before being mount-
ed onto glass cover slips for microscopy. All optical and fluorescent
micrographs were imaged using a Nikon inverted microscope
(model TE2000-E). All images were captured and processed by
MetaMorph.

Preparation of monolayers : All gold substrates were prepared by
electron-beam deposition of titanium (3 nm) and then gold
(12 nm) on glass cover slips (75 mm x 25 mm). All gold-coated
glass substrates were cut into 1 cm2 pieces and washed with abso-
lute ethanol. The substrates were immersed in an ethanolic solu-
tion containing the alkanethiolates (1 mm) for 12 h, and then
cleaned with ethanol prior to each experiment.

Electrochemical measurements in cell culture : All electrochemical
experiments were performed by using a Bioanalytical Systems CV-
100W potentiostat (West Lafayette, USA). For RGD peptide immobi-
lization, electrochemical oxidation of the monolayer was per-
formed by applying an oxidative potential at 750 mV for 10 s in
PBS (pH 7.4). Addition of 50 mm RGD-ONH2 installed the peptide
onto the surface. For RGD peptide release from the surface, a re-
ductive potential of �50 mV was applied for 1 min in serum free
media (pH 7.4). A platinum wire was used as the counter electrode,
Ag/AgCl was used as a reference, and the gold/SAM substrate was
used as the working electrode.

Fabrication of photomasks : The photopatterns were designed
and drawn in PowerPoint. The patterns were then reduced 25
times and printed onto microfiches.

Photochemical deprotection of substrates : A substrate present-
ing NVOC-protected hydroquinone and tetra(ethylene glycol)
groups (1:99) was illuminated with ultraviolet light (100W Hg lamp,
Nikon) filtered through a band-pass filter (365 nm) for 30 min to
ensure complete deprotection of the NVOC groups to the corre-
sponding hydroquinone.

Figure 2. Spatial and temporal control of coculture interactions. A nonfluor-
escent fibroblast cell line and a GFP-actin transfected cell line are used to
demonstrate dynamic patterned cocultures. The microcontact-printed
region contains a GFP-actin transformed cell line and the photodeprotected
patterned RGD peptide gradient region with nonfluorescent fibroblasts.
A) Brightfield images show both cell lines adhered (top); however, only the
GFP-actin cell line is visible when visualized by fluorescence microscopy
(bottom). This shows that the combined method of microcontact printing
and photopatterning is effective to prepare a substrate with spatially con-
trolled cocultures. B) Upon application of a mild reductive potential, the
oxime linkage is broken and the RGD peptide ligands and adhered cells are
released. This strategy selectively releases only one cell type on the surface,
and allows for the spatial and temporal control of coculture interactions on
surfaces. Scale bar : 100 mm.
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Photopatterning of peptide ligands : UV illumination of a sub-
strate presenting NVOC-protected hydroquinone and tetra(ethyl-ACHTUNGTRENNUNGene glycol) groups (1:99) through a photomask for 30 min re-
moved the NVOC groups. The substrate was then oxidized electro-
chemically at 750 mV for 10 s to convert the hydroquinone to the
quinone in PBS buffer (pH 7.4). A RGD oxyamine solution (50 mm

in PBS) was added to the substrate for 1 hour to ensure complete
immobilization of the peptide ligands. The substrate was then
rinsed with water and dried before using for cell culture.

Cell culture : Swiss 3T3 fibroblasts were cultured in Dulbecco’s
Modified Eagle Medium (Gibco, Carlsbaad, CA, USA) supplemented
with calf bovine serum (10 %) and penicillin/streptomycin (1 %).
Cells were removed with a solution of trypsin (0.05 %)/EDTA
(0.53 mm), resuspended in serum-free culture medium (10 000
cells/mL), and plated onto the SAM substrates. After 2 h, the sub-
strates were placed in serum-containing media and maintained at
37 8C in a humidified 5 % CO2 atmosphere.
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