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ABSTRACT: Dynamic substrates for cell culture control the
spatial and temporal presentation of extracellular matrix
ligands that interact with adherent cells. This paper reports
a photoactive surface chemistry that can repeatedly activate
regions of the substrate for cell adhesion, spreading, and
migration. The approach uses self-assembled monolayers
presenting the integrin ligand RGD that is caged with a
nitrophenyl-based photoprotecting group. The group is also
modified with a maltoheptaose oligosaccharide to prevent
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nonspecific protein adsorption and cell attachment. The peptide is uncaged when irradiated with a laser source at 405 nm on a
microscope to reveal micron-size regions for single cell attachment. This method is applied to studies of gap junction-mediated
communication between two neighboring cells and requires the patterning of an initial receiver cell population and then the
patterning of a second sender population to give a culture wherein each pair of cells are separated by 30 ym. Finally, activation
of the region between the cells permits cell—cell contact and gap junction assembly between the sender and receiver cells. This
example demonstrates the broad relevance of this method to studying complex phenotypes in cell culture.

B INTRODUCTION

The development of model substrates that present extracellular
matrix (ECM) ligands has been important in studying cell
adhesion, migration, and differentiation.' ™ Dynamic sub-
strates in particular—where the activities of ligands can be
switched on and off during cell culture—have provided an
exciting strategy to mimic the dynamic aspects of biological
ECM.”~” Most of the methods used to control the activities of
ligands are based on electrochemical, thermal, or magnetic
modulation and have the limitation that they do not offer
unrestricted spatio-temporal control over ligand activity.'~ "
In this paper, we describe dynamic substrates based on a
photocaged adhesion ligand, and we demonstrate high
resolution, in situ, and completely flexible control over the
timing and position of ligand activation. Furthermore, we
describe an application of this strategy to studies of gap
junction-mediated cell—cell communication.

Many surface and polymer chemistries are available for
preparing dynamic substrates that can modulate the activities
of ligands, and those based on self-assembled monolayers
(SAMs) of alkanethiolates on gold have been among the most
effective.'”'> SAMs are structurally well-defined and offer wide
synthetic flexibility in controlling the structures and properties
of the surface, including a host of immobilization chemistries
for controlling the densities, orientations, and patterns of
adhesion ligands. Further, monolayers that present oligo-
(ethylene glycol) groups are among the most effective at
preventing the nonspecific adsorption of protein (and
attachment of cells) and, therefore, in controlling ligand—
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receptor interactions with an adherent cell.'® Photochemical

strategies have offered the greatest flexibility in spatio-temporal
manipulation of a substrate. The Nakanishi group, for example,
demonstrated an approach wherein a monolayer functionalized
with a photoprotected carboxylate resisted cell adhesion
because of an adsorbed layer of bovine serum albumin
(BSA)."” Trradiation at 365 nm resulted in uncaging of the
acid and desorption of BSA, which then permitted adsorption
of exogenously added fibronectin for cell attachment and
migration. In a similar strategy, this group coimmobilized a
photocleavable poly(ethylene glycol) chain and a cyclic RGD
peptide and demonstrated that the inert substrate could be
switched to cell adhesive after irradiation.'® In another
approach, Yousaf and Park uncaged a nitroveratryloxycarbon-
yl-protected group for subsequent immobilization of the RGD
peptide by way of an oxime linkage.'” Del Campo and co-
workers designed a surface presenting a photocaged RGD
ligand and demonstrated the patterning of cells and
subsequent activation of the surface to initiate cell migration.”’
This latter example represents the most effective route for
photomodulation of a surface for cell adhesion, but it does
require the use of a blocking protein that may limit the number
of times the surface can be activated. In this report, we use a
monolayer that presents a photoprotected RGD ligand
modified with an oligosaccharide to prevent nonspecific
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protein adsorption and that also allows multiple cycles of
photoactivation of the monolayer. Importantly, we describe
how the introduction of a photocaging group onto the RGD
ligand resulted in significant nonspecific attachment of cells,
and we show that the modification of this caging group with an
oligosaccharide served to maintain inertness of the monolayer.
We demonstrate the benefit of this approach by sequentially
patterning two distinct populations of cells and then initiating a
cell—cell junction to study transcellular transport.

B RESULTS AND DISCUSSION

Design. Our approach for repeatedly patterning regions of
a substrate for cell attachment uses a SAM that presents a
photoprotected RGD ligand against an otherwise inert
background (Figure 1). We prepared the surfaces by
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Figure 1. Monolayer presenting photocaged RGD adhesion ligands
(red star) against an otherwise inert background is photodeprotected
to reveal the ligands (green block), which then allows cell adhesion
and spreading.

immobilizing a photoprotected RGD ligand to a monolayer
that presents maleimide groups against a background of
tri(ethylene glycol) groups (Figure 2). The latter group is
effective at preventing nonspecific protein adsorption and
ensuring cell attachment is exclusively mediated by the RGD
peptide.'®

The RGD peptide was photocaged with a 3-(4,5-dimethoxy-
2-nitrophenyl)-2-butyl ester (DMNPB) protecting group at
the aspartic acid side chain, as reported by del Campo and co-
workers.”’ The group is efficiently removed when irradiated at
405 nm on a confocal microscope and, therefore, can be used
to pattern monolayers with micrometer resolution for cell
attachment. Importantly, the surface can be repeatedly
photoactivated and imaged with optical/fluorescent micros-
copy to observe cell adhesion and enable more complex cell
culture experiments. As we show in the work that follows, we
not only pattern two cell types with single cell resolution, but
we also subsequently activate regions between the patterned
cells to initiate cell—cell contact in a defined geometry.

Preparation of Monolayers. We prepared SAMs that
presented maleimide groups at densities of 0.1—1% against a
background of tri(ethylene glycol) groups as described
previously.”’ We synthesized the photoprotected RGD ligand,
cyclic RGD(DMNPB)fC, using standard Fmoc peptide
synthesis protocols with DMNPB-protected Fmoc-L-aspartate.
We chose the cyclic form of the peptide (as opposed to the
common linear form) because much work has established that
it is a better mimic of native ECM compared to the lower
affinity linear form.”””’ We used self-assembled monolayers for
matrix-assisted laser desorption ionization-mass spectrometry
(SAMDI-MS) to confirm immobilization of the protected
peptide (Figure S1) because this technique provides masses for
the alkanethiolates in the monolayer.”* Peaks in the spectrum
corresponded to the expected masses for the peptide—
alkanethiolate conjugate as a mixed disulfide with the
tri(ethylene glycol)-terminated chain (1666 m/z) as well as
the free alkanethiolate (1332 m/z). We also observed peaks
corresponding to photodegradation products including loss of
the photoprotecting group (—237 Da) and fragmentation of
the nitro group (—16 Da). The mass spectrometer uses a 355
nm laser to desorb the monolayer, and this wavelength
overlaps with the absorption spectrum for the nitrophenyl
chromophore and is therefore expected to cause at least partial

Figure 2. Monolayer presenting maleimide groups against a background of tri(ethylene glycol) groups was treated with a cyclic RGD peptide
(blue) having a photoprotecting group (red) at the aspartic acid side chain and a cysteine that allowed its covalent immobilization to the
monolayer. Irradiation of the monolayer at 405 nm results in deprotection of the peptide and can be used to activate select regions of the
monolayer for cell adhesion. As described later, the oligosaccharide chain (green) on the photoprotecting group renders the surface inert and allows

repeated cycles of activation.
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deprotection of the peptide. Indeed, a regular matrix-assisted
laser desorption ionization spectrum of the free peptide reveals
peaks at the corresponding mass, confirming that the
fragmentation is not influenced by the SAM structure (Figure
S1).

Photoactivation of the Monolayer for Cell Adhesion.
To test our ability to switch cell adhesion with our DMNPB
photoprotected RGD monolayer, we optimized photodepro-
tection with a 365 nm UV lamp source (Figure S2) and then
cultured cells on this monolayer with and without irradiation.
We observed poorly attached cells on photoprotected surfaces
but well-spread cells on the UV-treated surfaces comparable to
that observed on monolayers presenting the unprotected RGD
ligand (Figure S3). Thereafter, we used a confocal microscope
equipped with a diode laser at 405 nm along with the
manufacturer’s software designed to perform photobleaching
experiments to activate regions of the monolayer for cell
adhesion. We first performed several experiments to determine
the combination of write speed and laser intensity that gives
complete deprotection of the peptide; in this way, we could
minimize the time needed for patterning and also minimize
any unwanted damage to the monolayer that might stem from
the excess irradiation. We programmed the microscope to
deprotect a millimeter-sized square by rastering the region in a
serpentine pattern. We repeated this process for laser energy
densities ranging from 0.5 to 25 J/cm® We first found that
illumination at 1 J/cm? with a dwell time of ~20 us, gave
complete deprotection (Figure 3). Reducing the irradiation
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Figure 3. SAMDI mass spectrum of a monolayer presenting a
photoprotected RGD ligand after irradiation with a 405 nm laser at 1
J/cm?® The expected peaks for the photoprotected RGD-terminated
alkanethiolates at 1666 m/z and 1332 m/z are not present, whereas
the corresponding peaks for the deprotected peptide, at 1429 m/z and
1095 m/z, are present.

time by a factor of 2 still gave >90% deprotection of the
peptide (as defined by the ratio of the areas under the curves
for peaks corresponding to the deprotected peptide and the
sum of the areas under the curves for peaks corresponding to
both the protected and deprotected peptide) (Figure S4). In
the experiments that follow, we used a laser energy density of 1
J/cm? and a dwell time of 20 us to pattern monolayers.

We next patterned a monolayer supported on a glass
coverslip coated with an optically transparent film of gold and
where the photocaged RGD peptide was present at a density of
1% relative to the tri(ethylene glycol) groups. We programmed
the microscope to pattern the slide with a 10 X 11 array of
rectangular features, each measuring 22 ym X 44 ym and each
spaced from its neighbor by 100 ym. We then allowed HT-
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1080 fibrosarcoma cells to attach to the substrate for 1 h before
exchanging the medium and incubating the cells at 37 °C for
~8 h (Figure 4). Optical micrographs reveal that cells were

Figure 4. Monolayer presenting DMNPB photoprotected RGD was
patterned with a microscope laser into an array of 22 um X 44 ym
rectangular regions. HT-1080 cells were seeded and cultured for 8 h.
An optical micrograph shows that cells selectively attached to and
spread within illuminated regions. Scale bar—S50 pm.

confined to the patterned rectangular features, confirming that
the deprotected regions serve as a matrix for cell adhesion and
that the complementary photoprotected regions could still
prevent nonspecific cell attachment. The number of patterned
regions not having an attached cell can be reduced by
increasing the number of suspended cells present during
adhesion or allowing adhesion to continue with a second batch
of suspended cells.

Inertness of Monolayers Presenting Photocaged
RGD. In experiments that pattern two different cell
populations, it is necessary to pattern the first population
and then to perform a second patterning step to place the
second cell population. Hence, the regions that are not
deprotected in the first step must remain inert to cell
attachment during the intervening steps and then must still
be able to be deprotected and support attachment. However,
our early experiments revealed that the second population of
cells failed to attach to the patterns that were activated in a
second photopatterning step (Figure 5). We reasoned that the
second patterning step failed because the monolayer was no
longer inert to the nonspecific adsorption of protein and that
adsorption of protein would block the RGD peptides and
prevent cell adhesion. Specifically, adsorption of BSA, a major
component of cell culture media, could prevent cell adhesion
to regions of the surface that had deprotected RGD ligands.

To address this possibility, we used surface plasmon
resonance (SPR) spectroscopy to directly characterize the
adsorption of BSA onto monolayers presenting DMNPB
photoprotected RGD as well as a control monolayer presenting
only the tri(ethylene glycol) group (Figure 6). We prepared
monolayers on gold-coated coverslips and mounted these
substrates into cassettes from the manufacturer, as described
previously.”® Phosphate-buffered saline (PBS) buffer was
allowed to flow over the chip for 2 min, then a solution of
BSA in PBS (1 mg/mL) for 25 min, and finally PBS buffer
again for 10 min. Figure 6 shows that there was essentially no
adsorption of BSA to monolayers that presented only the
tri(ethylene glycol) group—that is, monolayers that had the
photoprotected peptide present at a density of 0%—whereas a
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Figure S. Monolayer of DMNPB photoprotected RGD was photopatterned with a 300 ym X 350 ym region (white) and then HT-1080 cells were
cultured for 3—4 h. A second region (yellow) was thereafter illuminated, followed by culturing of a second population of cells dyed with
CellTracker Green. Overlaid bright-field and fluorescent images show that the first population of cells selectively attaches and spreads to the
illuminated region (A). The second population (green) also attaches and spreads to the first region but fails to do so to the second region (B). Scale

bar—100 ym.
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Figure 6. Data from SPR spectroscopy for the adsorption of BSA (1
mg/mL in pH 7.6 PBS buffer) to monolayers presenting photo-
protected RGD at a density of 1% (top), 0.1% (second from top), a
monolayer having the unprotected RGD at a density of 1% (bottom),
and a monolayer of tri(ethylene glycol) (third from top). The change
in angle of minimum reflectivity (A#) is plotted against time as
solutions are allowed to flow over the surface. PBS buffer was first
allowed to flow, followed by a solution of protein in buffer and then
buffer. The periods of time during which each solution was allowed to
flow over the monolayer are indicated above the plot.

modest amount of protein adsorbed to the monolayer with the
protected peptide present at 0.1% density and a substantial
amount of protein adsorbed to monolayers having a peptide
present at a density of 1%. This latter amount corresponds to
the amount of adsorption observed on a methyl-terminated
monolayer (I'cyy, = 210 ng/cm* vs I'ggp = 212 ng/cm®) and
represents a near-complete monolayer of protein.26 Hence, the
presence of the photoprotected peptide, even at densities of
only 1%, compromises the inertness of the monolayer and
gives near maximum nonspecific adsorption of protein. Finally,
we confirmed this lack of inertness by observing that under
serum-free conditions (without BSA), cells nonspecifically
attach to a monolayer presenting protected RGD peptide at a
density of 1% (Figure SS). These properties are consistent with
our observation that when patterning two cell populations, the
first population is able to attach to the regions that are initially
deprotected (and before any protein was introduced to the
monolayer), but subsequent cell attachment is inhibited by the
adsorbed layer of protein.

Inertness of Monolayers Presenting RGD with a
Modified Photoprotecting Group. To address this loss of
inertness, we modified the DMNPB photoprotecting group to
include an oligosaccharide; prior work has shown that
carbohydrates are effective at preventing nonspecific protein
adsorption,”””® and work by Micklefield and co-workers
showed that photoprotecting groups could be rendered more
inert when modified with groups that are normally used to
make surfaces inert [ie., an oligo(ethylene glycol) group].”’
We synthesized a new protecting group wherein one methoxy
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Figure 7. Monolayers presenting RGD with DMNPB (left), maltotriose-clicked (middle), and maltoheptaose-clicked photoprotecting groups were
prepared at 0.1% density. HUVEC cells were seeded on surfaces in serum-free media to determine the inertness of the various surfaces to
nonspecific cell attachment. Optical micrographs reveal that while the maltotriose surface still promoted adhesion, the maltoheptaose surface was
sufficiently inert for carrying out repeated photoactivation experiments. Scale bar—100 ym.
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group of the nitrophenyl core was substituted with a propargyl
ether and which therefore provided a handle to introduce
azido-carbohydrates by way of a click reaction. The synthesis
of this molecule is described in Scheme S1, and after preparing
a protected Asp Fmoc amino acid, we synthesized a cyclic
RGD peptide protected with this new group. To this alkyne-
containing peptide, we coupled either f-p-maltotriose azide or
ﬂ—D—maltohegtaose azide (both prepared via a one-step “Shoda
activation”).”” We then immobilized the resulting peptides to
the maleimide-terminated monolayers, and we confirmed
immobilization using SAMDI-MS (Figure S6). Next, we tested
the effect of including the oligosaccharide in the photo-
protecting group by measuring nonspecific cell attachment on
monolayers presenting these two peptides along with the first-
generation DMNPB-protected peptide (Figure 7). The
maltotriose conjugate slightly improved inertness, and the
maltoheptaose conjugate was substantially more effective.
Finally, monolayers presenting the maltoheptaose-containing
peptide at low density (0.1%) completely reduced nonspecific
cell attachment for human umbilical vein endothelial cells
(HUVECs). This low density was required as surfaces
presenting this peptide higher than 0.1% density were not
inert. The observation that the inclusion of an oligosaccharide
in the photoprotecting group could improve inertness is also
supported by SPR data showing a reduction in BSA adsorption
with the maltotriose conjugate (Figure S7). We used the
maltoheptaose photoprotected monolayer for patterning
experiments described next.

Gap Junction Dynamics. We used the monolayers
described above to pattern two populations of HUVECs to
visualize transport of cytosolic molecules through gap
junctions formed between neighboring cells. This example
required the patterning of pairs of single cells—where the first
was labeled with a fluorescent dye in order to visualize
diffusion through the gap junction—with a separation between
the cells of ~30 um. We chose HUVECs because of their
significant expression of the gap junction connexin protein.
Additionally, we fabricated a “monolayer-bottom” culture
chamber with three-dimensional printing to obtain high-quality
fluorescent images (Figure S8). We first patterned the
monolayer with an array of triangular features and allowed
HUVEC:s to attach to these features for 4—5 h, which resulted
in an array of cells that were attached to the triangular shapes.
We then patterned a second set of triangular features adjacent
to the first, with a center-to-center spacing of 75 pm, and
allowed cells preloaded with calcein-acetoxymethyl (AM) dye
to attach to these features. We optimized the distance between
the pairs of triangular features to prevent migration of the first
cell into the second illuminated region but still allow activation
of gap junction assembly between the neighboring cells. We
subsequently observed efficient attachment of the second
population that assumed shapes that again mirrored the
pattern (Figure 8). After 2—3 h in culture, we performed a
third photopatterning step where we illuminated the gap
region between each pair of cells. Thereafter, we used bright-
field microscopy to observe interaction of the cells and
fluorescence microscopy to image transport and diffusion of
the dye from the first cell to the second (Movie S1).

Once the middle region was activated, we observed
protrusions from the vertices of the triangular cells that gave
cell—cell contact within a few hours, and clear diffusion of the
dye about 3 h later. Transfer of the calcein dye occurred after
cell—cell contact and is consistent with the assembly of
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Figure 8. Monolayer presenting maltoheptaose-protected RGD
ligands was photopatterned to give an array of 1000 ym?” triangular
features. After allowing HUVECs to attach and spread for several
hours, patterned cells were located via imaging. A second triangular
feature was illuminated at a set distance (center-to-center ~75 ym)
offset from existing cells. After culturing of a second population of
HUVECs preloaded with calcein-AM dye, patterned cell pairs were
located (left panel). The region in between cells was then irradiated to
allow the cells to contact one another, and time-lapse imaging was
used to observe the dynamics for cell—cell contact and diffusion of the
dye through gap junctions. Bright-field and fluorescent images reveal

the formation of cell—cell contact (middle panel) and subsequent
calcein-AM dye transfer (right panel). Scale bar—S50 ym.

bridging gap junction channels; cells that were cultured
without activation of the middle region showed no transfer.
The ability to observe, in real time, the dynamics of cell—cell
contact, gap junction formation, and transfer of molecules in
individual cells offers a new opportunity for mechanistic
studies of this important activity. More broadly, this experi-
ment demonstrates the value of an intrinsically inert photo-
protected RGD surface that can support repeated activation of
ECM across multiple spatial and temporal scales.

B CONCLUSIONS

Dynamic surfaces having properties that can be modulated in
real time offer a significant opportunity for understanding how
cells respond to spatio-temporal changes in their micro-
environments. We present here a dynamic SAM for repeated
activation of RGD ligands that mediate cell adhesion. The use
of light to activate the surface offers the greatest flexibility in
spatio-temporal control over adhesion and allows repeated
cycles of activation and cell attachment, which will be
important for more complex experiments. The enablement
of this strategy required that the monolayers are highly
effective at preventing nonspecific adsorption of protein, and
we found that the previous “gold standard” surfaces based on
oligo(ethylene glycol) groups were insufficient. By using SPR
to measure protein adsorption and cell culture experiments
with patterned monolayers, we demonstrated that a revised
protecting group that was modified with a maltoheptaose
group met this requirement. The need for seven sugar units
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(maltoheptaose) is likely due to the linear helical nature of the
oligosaccharide, maximizing extension into the bulk phase but
restricting the two-dimensional hydrophilic footprint, though
further work will be required to determine the relevant
mechanistic factors for this group. Nevertheless, we expect that
the ability to laser-activate the RGD ligands on demand and
sequentially will enable studies of cell behavior in response to
multiple ECM cues (i.e, initiation of cell migration at
diametrically opposing points) and cell—cell cues (i.e., hub
cells induced to contact with two different receiver cells).
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