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ABSTRACT Analysis of cell behavior while reversibly controlling the interactions between the
extracellular matrix (ECM) and cell surface receptors such as integrins would allow
investigating reciprocal signaling circuits between cells and their surrounding environment.
Engineering microstructured culture substrates functionalized with switchable molecules
remains the most adopted strategy to trigger surface adhesive properties although these
systems exhibit limited reversibility and necessitate sophisticated preparation procedures.
Here, we report a straightforward protocol to fabricate biofunctionalized micropatterned gold
nanoarrays that favor one-dimensional cell migration and function as plasmonic nanostoves
to physically block and orient the formation of new adhesion sites. Being reversible and not
restricted spatiotemporally, thermoplasmonic approaches will open new opportunities to

further study the complex connections between ECM and cells.
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Analysis of cell behavior by exogenously controlling cellular processes with
the help of biophysical means represents a complementary approach to
classic methods, such as gene knockdown' and pharmacological strategies.2
Reversible manipulation of interactions between the extracellular matrix
(ECM) and cell surface receptors such as integrins would allow triggering cell
adhesion to systematically analyze reciprocal signaling circuits between cells
and their surrounding environment. The combination of micro/nanofabrication
with stimulus-responsive surface chemistries proved to be a versatile tool to
dynamically modify extracellular environments. External stimuli such as
voltage and light can switch on or off the adhesive properties of surface-
anchored molecules to dissect new aspects of cell adhesion,3' 4 detachment®
and migration.s’ " However, limitations regarding advanced fabrication
procedures, stimulus localization and binding reversibility remain critical to
extend the applicability of chip-based devices and transfer them from
bioengineering to cell biology laboratories.® To overcome such issues, the
emergence of new strategies would be critical to exogenously manipulate
cells with the help of biophysical means.

In contrast to non-invasive approaches, variations in culture medium
temperature can be used to release cells when cultured onto dishes
functionalized with thermo-responsive polymers.® To make use of temperature
in a less invasive manner, electrically heated microwire electrodes were
utilized to induce cellular release of heat-shock proteins.10 Such approaches
never attempted to manipulate allosteric interactions between cells and their
binding environment due to restricted spatial freedom in generating local heat.

Gold nanoparticles can act as heat nanosources when excited at their
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plasmonic resonance due to enhanced light absorption. Thermoplasmonics
and related photothermal effects opened a new realm of applications in

Nanotechnology," which enabled to engineer optofluidic systems,'>

15, 16 and

analyze DNA dissociation, destroy selectively cancerous cells
release intracellularly bioactive molecules."”” So far these applications
exclusively used dispersed nanoparticles but never immobilized ones, which
would allow designing functional platforms to manipulate cell adhesion.

Here, we report a straightforward protocol to fabricate biofunctionalized
micropatterned gold nanoarrays that support integrin-mediated adhesion and

function as plasmonic nanostoves to physically block and orient the formation

of new adhesion sites.

RESULT AND DISCUSSION

Although many techniques are available for the fabrication of nanoparticle-
based devices, they all have significant shortcomings in using benchtop
facilities, minimizing the number of preparation steps and controlling
independently the device structural parameters. Among various advanced
lithographic techniques, block-copolymer micellar lithography (BCML) has
been recognized as a straightforward method for generating a wide variety of
periodic nanostructures with a long-range order.”® '® Although interparticle
distance can be adjusted from 25 to 250 nm, control over particle diameter is
restricted to sizes below 10 nm. Here, we used quasi-hexagonally organized
gold nanoarrays with a separation distance of about 90 nm and a particle
diameter of 7 nm. As such nanostructured surfaces do not exhibit an intense

absorption band for effective photothermal effects, an additional step is
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needed to grow larger gold particles. Hydroxylamine seeding of colloidal
gold20 was shown to be applicable to gold nanoarrays upon functionalizing the
substrate with alkyl chains for preventing particles to spontaneously lift-off

t."® To avoid this laborious substrate modification, we

during size enlargemen
directly immersed glass-supported gold nanoarrays into an aqueous solution
of Au** and tested for the first time ethanolamine as reducing agent. Since
alkylamines can mediate the generation of gold nanoparticles while acting as

21 we chose ethanolamine because of its

dual capping and reducing agents,
water solubility. As displayed in Figure 1, we successfully applied
ethanolamine seeding of colloidal gold to nanoarrays for which the particle
diameter homogeneously increased from 7 to 32 nm in 20 minutes and the
plasmon band intensity centered at 530 nm became significantly stronger.

To make these nanostructures compatible with cell experiments, we first
passivated the glass background with poly(ethylene glycol) (PEG) and
functionalized gold with cysteine-terminated linear RGD.??> RGD is a
conserved motif found in several matrix proteins, such as fibronectin. RGD
epitopes are bound by transmembrane receptors of the integrin family, which
mediate adhesion and physically connect the cytoskeleton to the ECM.?*2* In
tissue culture, cells migrate on extended surfaces in random directions. To
orient their behavior, it is possible to confine cells onto defined areas by using
micropatterned substrates coated with ECM proteins. For instance, cell
migration on thin fibronectin-coated lines was shown to be faster and more
persistent similarly as in vivo-like situations.?® To apply this concept to our

setup, we decided to structure gold nanoparticle distribution onto 10 pm-wide

lines for confining cell adhesion into one dimension.
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To prepare micropatterned gold nanoarrays, BCML can be combined to other
lithography techniques. For instance, electron-beam lithography can directly
fix gold-loaded micelles onto substrates via a serial exposure process.26
Despite a patterning precision of 100 nm, this method necessitates a
scanning electron microscope and long processing rates. More commonly
used, parallel procedures are more effective to fabricate simultaneously
patterns with sizes that remain larger than one micrometer.?* However,
these advanced protocols still hinder the high sample throughput necessary
for biological screening experiments. In an effort to work with affordable
facilities and minimize the number of processing steps, we used the simplicity
of a serial approach in a parallel fashion by using deep UV illumination onto
gold-loaded micellar monolayers. With a wavelength of 185 nm, deep UV
lithography can directly photoconvert chemical groups without using
photosensitizers and cross-linkers.®® Here, we successfully prepared
micropatterned gold nanoparticles by illuminating micellar monolayers with
deep UV through a photomask and transferring the substrate in toluene to lift-
off non-irradiated micelles (Figure 2). As revealed by X-ray photoelectron
spectroscopy (Figure S1), the immobilization of micelles occurred upon
partially oxidizing their polystyrene shells with deep UV, which enhances their
affinity to the glass substrate and reduces their solubility in toluene. As
displayed in Figure 2, this approach can rapidly micropattern gold
nanoparticles with various geometries and feature sizes of about 500 nm,
while conserving their quasi-hexagonal organization.

Next, we seeded mouse fibroblasts onto 10 ym-wide lines upon passivating

the glass background and biofunctionalizing gold nanoparticles of 35 nm in
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diameter. Similarly as on fibronectin-coated lines, fibroblasts selectively
adhered to the linear RGD-functionalized gold nanoarrays and adopted a
polarized shape to initiate migration without modifying the structure of gold
nanoarrays (Figure 3 and S2). Upon staining filamentous actin (F-actin) and
paxillin, an adaptor protein that connects actin cytoskeleton to the cytoplasmic
tail of integrins, cells could assemble similar intracellular architectures on both
types of substrates, as revealed by confocal fluorescence microscopy (Figure
3).

Besides confining the migration path of fibroblasts, micropatterned gold
nanoarrays have the ability to generate heat when illuminated with a laser
beam at A = 532 nm, close to the plasmon resonance wavelength. In contrast
to electrically-heated microwires, the use of thermoplasmonic structures
provide more spatial freedom, as control over thermal variations does not only
depend on pattern geometry but also on laser position. By using quantitative

' we found that

optical phase analysis that enables to image heat profiles,3
temperature increases proportionally with laser power. Although the laser
beam displays a homogeneous power density, we measured thermal
variations of 12.8, 18.7 and 24.2 K at the beam center and 7.5, 13 and 16.7 K
at its periphery for 2, 3 and 4 mW output powers, respectively (Figure 4). The
temperature variations follow a parabolic profile within the illumination area
and it decreases in 1/R outside the beam.*' Since many cellular components
absorb visible light, we decided to overcome phototoxicity by benefiting from

the temperature variations taking place outside the illumination area to

manipulate cells.
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Here, we tested the ability of local heat to interfere with cell adhesion by
simultaneously blocking and guiding protrusive activity during spreading and
migration. For this purpose, we first modified an epifluorescence microscope
by replacing the excitation lamp with a green diode laser (Figure S3). Upon
seeding fibroblasts, we first monitored cell spreading with live-cell imaging in
different conditions (Figure 5a,b,c, Movie 1). Without laser, the cell spread
equally in both directions for 30 minutes and finally polarized to initiate
migration (Figure 5a). By illuminating cell surrounding with a laser beam of
about 3 mW, the generation of local heat blocked the formation of adhesion
sites in one direction and allowed protrusive activity in the opposite one,
leading the cell to polarize earlier and initiate migration faster (Figure 5b). As
a control experiment, we immobilized RGD epitopes onto PEG-coated glass30
to prevent heat generation (Figure 5c). In these conditions, the cell entered
the laser beam and died within less than twenty minutes due to phototoxicity,
confirming the ability of local heat to restrain cells to adhere. As a second
example of cell manipulation, migrating cells could also be stopped for up to
30 minutes by local heat, acting similarly as a wall (Figure 5d,e, Movie 2).
Upon turning the laser illumination off, cells instantly reinitiated migration in
the same direction, which emphasizes the reversible character of
thermoplasmonic manipulations. In both examples, it is interesting to note the
ability of cells to adapt their behavior depending on local temperature.
Blocking protrusive activity may implicate the inability of integrins to tightly
bind to RGD epitopes in a warmer environment. According to Figure 4, cell
periphery experiences a local temperature of about 44 °C when localized at

25 um away from the beam border. Although such a temperature
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corresponds to an extreme physiological condition, cells neither died nor lost

their ability to migrate persistently.

CONCLUSION

In the present study, we report a simple and cost-effective protocol to
micropattern thermoplasmonic nanoarrays by combining deep UV and
micellar lithography. Being reversible and not restricted spatiotemporally, the
generation of photothermal gradients in the vicinity of cells interferes
microlocally with cell adhesion and allows both guiding and blocking cell
migration in a defined microenvironment. As future challenges, it would be
crucial to extend the use of deep UV-assisted micellar nanolithography for
designing gold structures that absorb wavelengths within the tissue
transparency window, such as near-infrared. By overcoming cellular
phototoxicity and fluorophore photobleaching, thermoplasmonic manipulation
could be performed while analyzing live-cell spreading, migration and
detachment by fluorescence microscopy. Moreover, this approach could be
applied to spatiotemporally manipulate the affinities of other cell surface
receptors to their respective ligands, which would enable to further dissect

reciprocal signaling circuits between cells and their environment.
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EXPERIMENTAL METHODS

Fabrication of extended gold nanoarrays. In a typical synthesis, polystyrene(1056)-block-
poly(2-vinylpyridine)(495) (PS4gs6-b-P2VP,4g5) from Polymer Source Inc. was dissolved at
room temperature in anhydrous toluene (Sigma-Aldrich) with a concentration of 5 mg/mL and
stirred for 2 days. The quantity of gold precursor was calculated relative to the number of
P2VP units (Npoyp) with a loading parameter (L) equal to 0.5, i.e., 1 molecule of HAuCl, for 2
P2VP monomers. Hydrogen tetrachloroaurate (lll) trihydrate (HAuCl,.3H,0, Sigma-Aldrich)
was added to the polymer solution and stirred for 2 days in a sealed glass vessel. Glass
cover slips (Carl Roth) were cleaned in a piranha solution for at least 5 hours and were
extensively rinsed with MilliQ water and dried under a stream of nitrogen. Gold-loaded
micellar monolayers were prepared by dip-coating a glass coverslip into the previously
prepared solutions with a constant velocity equal to 24 mm.min”'. To remove the organic
template and form inorganic nanoparticles, the dip-coated glass slides were exposed to
oxygen plasma (150 W, 0.15 mbar, 45 min, PVA TEPLA 100 Plasma System). Scanning
electron measurements were performed with a Dual Beam™ (FIB/SEM) instrument (Quanta
3D FEG, FEl, Hillsboro).

Fabrication of micropatterned gold nanoarrays. This protocol is schematically described in
Figure 2. Briefly, a glass coverslip coated with a gold-loaded micellar monolayer was
immobilized with vacuum onto a mask holder and then sandwiched with a photomask made
of a patterned chromium layer supported on UV-transparent quartz (ML&C, Jena). The
system was then exposed to deep UV light using a low-pressure mercury lamp (Heraeus
Noblelight GmbH, NIQ 60/35 XL long-life lamp, quartz tube, 60 W) at 5 cm distance for 7 min.
The micellar monolayer was then incubated for 30 minutes in toluene to wash non-irradiated
micelles away and dried with the hood airflow. The enlargement of immobilized gold
nanoparticles was performed by incubating the substrate for several minutes in 10 mL of an
aqueous solution containing ethanolamine (2 mM) and KAuCl, (0.1 wt%).

Surface functionalization. Gold nanoarrays supported on glass coverslips were incubated in
water with 0.25 mg/mL of PLL-g-PEG (SuSoS) for 2 hours. The substrates were rinsed with

water, dried with nitrogen and incubated for 5 hours in a 50 yM aqueous solution of
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fibronectin-mimicking polypeptide, N-terminated C-L;G;PHRSN-Gg-RGDS.* Finally, the
substrates were rinsed and incubated overnight in water before plating fibroblasts.

Thermal imaging of micropatterned gold nanoarrays31. Temperature measurements were
performed by quadriwave shearing interferometry (TIQSI), a recent thermal imaging
technique based on thermal-induced variation of the refractive index of the liquid
environment. This approach is particularly simple since it is label-free and it allows rapidly and
quantitatively mapping a temperature distribution with an accuracy of less than 1 K. Due to
the modification of the refractive index in the heated region, the optical wavefront of an
incident light experiences a distortion that is imaged using a Hartmann grating in front of a
CCD camera. The interferogram recorded by the CCD camera is then numerically processed
to retrieve the actual temperature distribution.

Setup for thermoplasmonic manipulation. In order to microlocally generate heat while
performing live-cell imaging, we equipped a Zeiss Axiovert 40 CFL microscope (Carl Zeiss,
Jena, Germany) with a cell culture chamber (37 °C, 5 % CO,), a green laser (Laserglow,
Hercules 250, A = 532 nm), a beam-splitter, a band pass filter and a camera (Canon, EOS
450D), as depicted in Supplementary Fig. S4. For cell manipulation experiments,
approximately 1.10° cells in DMEM containing 0.5 % FBS were seeded onto functionalized
micropatterned gold nanoarrays. Thermoplasmonic experiments were conducted within the
following 10 hours to avoid the contribution of ECM secretion.

Immunofluorescence. After three hours in culture, fibroblasts were fixed with 2% PFA,
permeabilised with 0.1% Triton X-100 and incubated with primary and secondary antibodies.
Paxillin was stained with anti-paxillin (mouse monoclonal; Transduction Laboratories), F-actin
with phalloidin (Molecular Probes) and nuclei with DAPI. Secondary antibodies used for
immunofluorescence were from Invitrogen (Alexa488, Alexa647). The fluorescent images
were collected by laser scanning confocal microscopy (TCS SP5; Leica) with a 63x oil

objective and Leica confocal software.
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Supporting Information Available: Supplementary methods; X-ray photoelectron spectroscopy
analysis; additional low and high-magnification SEM images and schematics of microscope
setup used for thermoplasmonic manipulation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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16 Ethanolamine-assisted growth of gold nanoparticles supported on glass coverslips. SEM images of gold

nanoarrays after immersion for (a) 0, (b) 5, (¢) 10, (d) 15 and (e) 20 minutes in an aqueous solution of

ethanolamine (2mM) and KAuCl4 (0.1 wt%). (f) Absorption spectra of the different gold nanoarrays upon
rinsing with water and drying with N2.
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supported by a glass coverslip l

irradiation with deep UV for 7 min l
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lift-off of non-irradiated micelles
for 30 min in toluene l
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206 206
nanoparticle enlargement

Combining deep UV and micellar lithography to micropattern thermoplasmonic gold nanoarrays. (a)
Schematics displaying the successive steps necessary to fabricate micropatterned gold nanoparticles. (b)
Low-magnification SEM image of nanostructured lines with a width of 1 and 10 um. (c), (d), (e), and (f),
display high-resolution SEM images of micropatterned gold nanoarrays of various shapes and dimensions.
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21 Cell adhesion on FN- and RGD-coated 10 um-wide lines occurs similarly. Phase contrast microscopy images
22 of mouse fibroblasts migrating onto (a) FN-coated glass and (c) RGD-functionalized gold nanoparticles of 35
23 nm in diameter separated by 90 nm. Confocal fluorescence microscopy images of fixed cells stained with
24 GFP-labeled paxillin and red-labeled F-actin displaying adhesive sites and cytoskeleton of a cell migrating
o5 onto (b) FN-coated glass, and (d) RGD-coated gold nanoparticles.
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Position (um)

Photothermal effects of a quasi-hexagonal lattice of spherical gold nanoparticles under laser illumination at
A=532 nm. The measurements were performed on a gold nanoarrays made of 35 nm particles with an
interdistance of 90 nm and irradiated by a beam of 10 um in diameter at powers of 2, 3 and 4 mW. (a)

Temperature distribution exposed to a laser power of 4 mW and (b) temperature profile obtained from the

linescan (black arrow in (a)). The white dashed lines indicate the borders of the 10 um-wide lines made of

gold particles.
423x392mm (72 x 72 DPI)
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Heat-assisted manipulation of cell adhesion during spreading and migration: Guiding cell migration during
spreading. Phase contrast images of cells spreading onto RGD-coated nanoparticles of 35 nm in diameter (a)
33 without and (b) with laser illumination of 3 mW for 40 minutes. (c) Cell spreading onto RGD-coated glass
34 coverslip under the same irradiation conditions as in (b). Blocking cell adhesion during migration. Phase
35 contrast images of cells migrating onto RGD-coated particles (d) without and (e) with laser illumination of 3
36 mW for 30 minutes. Each image has a time interval of 10 minutes
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