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Micropatterns of functional protein are important in biotechnology
and research. Using noninvasive wavelengths, green light lithography
allows to photopattern active proteins with high spatiotemporal
control. Patterns of light are projected onto a layer-by-layer (LbL)
multiprotein film, where the green light cleavable protein CarH
is integrated into the first layer. CarH is a tetramer in the dark
and dissociates under green light into its monomers. The LbL
protein film is designed to have different functional proteins in
each layer based on the specific and polyvalent interactions
between Ni*-NTA groups and His-tagged proteins, thus providing
oriented protein immobilization under mild conditions to preserve
protein activity. This enables the remote release of proteins in the
upper layers by exposing the film to green light with 1 pm spatial
and 10 s temporal resolution. Green light lithography is successfully
used to produce complex patterns of different functional proteins
including fluorescent proteins as well as the cell adhesion protein
fibronectin. These protein patterns are compatible with cell cultures
and the photopatterned fibronectins allow spatial control of cell
adhesion. Overall green light lithography provides a flexible way to
micropattern His-tagged proteins with high spatiotemporal control
and in an oriented way by using noninvasive green light assuring
protein function.

Patterning surfaces with active proteins on the micrometer scale is
important in many disciplines from biotechnological applications
such as tissue engineering, guiding neuronal growth, biosensing
and protein chips to fundamental research for the understanding
of cell-material interactions and high throughput screenings.
Micropatterned cell adhesion proteins, for example, define where
cells adhere on a material. The protein pattern on the micro-
meter scale determines which specific signaling pathways are
activated in the cell.> Photolithography, which requires project-
ing a pattern of light onto a light responsive surface, combines a
number of advantages over other micro-fabrication techniques,

Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz,
Germany. E-mail: wegners@mpip-mainz.mpg.de
+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c9mh00170k

1222 | Mater. Horiz., 2019, 6, 1222-1229

»

CHEMISTRY

Green light lithography: a general strategy to
create active protein and cell micropatternsf
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Conceptual insights

The spatial protein patterning provides structural and functional advan-
tages in vast technological applications as well as fundamental research.
Here, we describe a layer by layer (LbL) protein film, assembled using the
Ni**-NTA-His-tag interaction and the photocleavable protein CarH, that
allows for the local removal of specifically immobilized proteins on
demand with high spatial and temporal control. As a proof of concept,
this light-responsive LbL protein system is suitable both for the protein
and cell patterning applications. This study presents meaningful insights
for the assembly of multifunctional protein films which can be used in
a wide variety of applications in the field of biomaterials, biosensing,
and fundamental cell biology studies.

such as micro-contact printing, lithography and chemical
deposition.>® Photolithography also provides high spatial
and temporal control, is scalable and cost efficient, while being
remote controlled, noninvasive and tuneable.

There are two challenges remaining when using the technique
of protein photolithography to achieve micropatterns on active
and functional proteins: specific immobilization of proteins and
the use of noninvasive visible light. The first challenge - specific
immobilization: in many photopatterning approaches, the surface
chemistry is locally altered through exposure to light, which
changes the unspecific adsorption of proteins.”** Although
widely used, the unspecific adsorption of proteins leads to
indiscriminate binding of all proteins in the environment,
ill-defined interactions between proteins and substrate, unpredict-
able unfolding of proteins, and in the worst case inactive orienta-
tion on the substrate and loss of activity. To overcome these
problems, the specific interactions used to immobilize proteins
(e.g. between Ni**-NTA groups and His-tagged proteins,”>* biotin
and streptavidin," as well as glutathione and glutathione
S-transferase'®) have been rendered light-responsive and photo-
activatable chemical dimerizers'”'® have been developed using
UV light cleavable caging groups.

The second challenge is that most photopatterning schemes
use UV light, which is toxic for cells and damaging to bio-
molecules. In particular, light cleavable (e.g. nitrobenzenes)'**°
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and light switchable (e.g. azobenzenes) moieties,*"*> which
have been widely used for unspecific and specific protein
patterning, both require the use of UV light, which limits their
use in cell biology. There are only a few studies in which
researchers were able to photopattern proteins with biocompa-
tible near infrared (NIR) and visible light. The advantage of NIR
light is that it can be used for protein photopatterning in 3D
using two-photon absorption.'® However, this technique is
time-consuming as each point needs to be illuminated sequen-
tially. NIR light can also be used for photopatterning in
combination with up converting nanoparticles, which absorb
NIR light and emit visible and UV light. For instance up
converting nanoparticles were used to locally photocleave a
ruthenium complex and the associated unspecifically adsorbed
proteins.”®> Recently, proteins were also specifically photo-
patterned with blue light on lipid vesicles and supported lipid
bilayer using the blue and red light-dependent interaction
between the proteins, which reverses in the dark or far-red
light.>***> While the reversibility of these patterns is of benefit
when studying dynamics, many biotechnological applications
require permanent protein micropatterns. As a result, there is
still a requirement to develop a general approach in order to
specifically photopattern active proteins of interest with non-
invasive visible light.
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One of the major applications of protein micropatterns is
the control of cell adhesion to enable studies in cell biology and
to discover new possibilities in tissue engineering.?® To date,
photopatterning approaches for cells focus on creating local
patterns of cell adhesive and repellent regions.>” This has been
achieved by coupling UV light responsive photocaging or photo-
switchable groups to the cell adhesion peptide RGD, by linking
nonadhesive polyethylene glycol (PEG) chains to surfaces through
nitrobenzene linkers,”®*° and immobilizing these molecules to
up converting nanoparticles.®® In order to go beyond the photo-
patterning of only adhesion peptides, a general approach is still
essential to introduce full length adhesion and signaling proteins
to the cell by using noninvasive wavelengths of light.

In this study, we present a versatile method of photopatterning
oriented and active proteins with green light using layer-by-layer
(LbL) multiprotein films. The LbL multiprotein film allows us to
incorporate proteins with distinct functions into different layers
depending on the application. For green light photolithography,
we used CarH,*** a green light cleavable protein, as the light
responsive building block. In particular, we integrated CarH into
the 1st protein layer to photopattern proteins in the upper layers
with green light at high spatiotemporal control (Fig. 1a). Light
responsive proteins, like CarH, were employed in the area of
optogenetics to control cellular processes noninvasively with light

Green light
/ '

Photopattern

o LbL multiprotein film
4-arm-PEG-Ni2*-NTA

Fig. 1 Strategy for green light lithography and the assembly of LbL multiprotein films. (a) The green light cleavable protein CarH, which is a tetramer in
the dark, is incorporated into the 1st layer so that proteins in the upper layers can be removed locally by projecting a pattern of green light onto the LbL
multiprotein film. (b) The LbL multiprotein films are assembled using the specific and multivalent interactions between 4-arm-PEG-Ni?*-NTA and
multimeric His-tagged proteins. A protein with multiple His-tags is immobilized on a Ni®*-NTA functionalized surface to form the 1st protein layer.
Subsequent layers are formed by alternately adding 4-arm-PEG-Ni*-NTA (Step 1) and a protein of interest with multiple His-tags (Step 2). This allows for

the assembly of a LbL multiprotein film with different proteins in each layer.

This journal is © The Royal Society of Chemistry 2019
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at high spatiotemporal resolution.*® In recent studies, certain
light responsive proteins have also been used as useful building
blocks to produce light-responsive hydrogels for controlled
hydrogel formation, release of p roteins and cells, and also to
alter cell migration.**~3¢

The LbL assembly of films is a simple and versatile way of
generating substrates with diverse physicochemical and bio-
logical properties.®” In particular, stimuli-responsive (enzyme,
pH, temperature, light) LbL coatings have been developed for
diverse applications in biosensing, drug delivery, responsive
release and cell culture.>®™*

Surprisingly, when compared to diverse polymer classes,
there are only a few examples of LbL systems with multiple
functional proteins, given that different proteins can offer
unprecedented functional diversity.** For the LbL assembly of
multiple proteins, we used the specific interaction between
Ni*"-NTA groups and His-tags (polyhistidine sequences) of the
proteins. This interaction is attractive as it is specific, takes
place under mild conditions (in an aqueous buffer at neutral
PH and in the presence of other molecules). In addition, NTA
modified material as well as His-tagged proteins are readily
available. This is the reason why the interaction between Ni*'-
NTA groups and His-tags has already been used to assemble
a wide variety of protein-based materials ranging from micro-
particles to hydrogels.****

CarH forms a tetramer in the dark when it binds vitamin B,
as its cofactor.’’*>*>*® Under green light illumination, the
CarH tetramer dissociates into its monomers. We used this
light dependent cleavage of the CarH tetramer into its mono-
mers for the photopatterning of proteins, where we integrated
CarH in the 1st layer of the LbL multiprotein films and
subsequently were able to locally release proteins in the upper
layers by the green light illumination. As a model in this study,
we photopatterned the red fluorescent protein TurboRFP and
the cell adhesion protein fibronectin (FN).*”*® Photopatterns of
FN were then used to pattern cells. Given that the low inten-
sities of green light needed to cleave CarH are not damaging to
proteins and cells, it makes this approach highly biocompatible
and provides high spatiotemporal remote control.*> Additionally,
the specific interactions between the His-tagged proteins and
the Ni**-NTA groups provide specific and oriented protein
presentation to preserve protein activity. These results illustrate
a versatile strategy for assembling multiple active proteins into
LbL films and photopatterning proteins and cells using non-
invasive green light.

We began by assembling LbL multiprotein films based on
the interaction between His-tags and Ni**-NTA groups. The
assembly of such an LbL film requires multivalent interactions
between Ni**-NTA groups and His-tagged proteins so that the
lower and upper layers in the film can be linked to each other
(Fig. 1b). Therefore, we used proteins with multiple His-tags
oriented in opposite directions, such as the multimeric proteins
that carry one His-tag per monomer (MiCy: dimer, TurboRFP:
dimer, dKatushka: dimer, CarH: tetramer). To link the His-
tagged proteins in each of the different layers, we synthesized
and used a 4-arm-PEG (MW 10 kDa) with Ni**-NTA end groups.
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As shown in Fig. 1b, proteins with multiple His-tags bind to a
surface with Ni*-NTA groups to form the 1st protein layer.
Subsequent protein layers, which form the LbL multiprotein
film, are produced by alternately using 4-arm-PEG-Ni**-NTA
(Step 1) and a protein with multiple His-tags (Step 2). It should
be noted that the protein in the top layer can be any His-tagged
protein and does not need to carry multiple His-tags. In this
LbL set up, proteins with distinct functions integrated in each
layer will determine the overall functionality of the LbL multi-
protein film.

To demonstrate the LbL protein film formation based on the
above-described method, we used quartz crystal microbalance
with dissipation monitoring (QCM-D). QCM-D is a method
commonly used to study the adsorption and desorption of
macromolecules on surfaces, where adsorption of molecules
onto the crystal is observed as a decrease and desorption as an
increase in frequency. In order to form the 1st protein layer,
we prepared a PEG-coated SiO, QCM-D crystal, where the PEG
chain has terminal Ni**-NTA groups, then the dimeric protein
MiCy, where each of the monomers carry a His6-tag, was bound
to the surface (red arrow) and the excess protein was washed off
with buffer (orange arrow) (Fig. 2a). After the 1st protein layer of
with MiCy was formed, 4-arm-PEG-Ni**-NTA solution (Step 1,
blue arrow) was passed over the crystal in excess so that Ni>-NTA
groups bind to the free His-tags and Ni**-NTA groups in other
arms remained free for the next protein layer. Notably, upon
addition of the 4-arm-PEG-Ni**-NTA solution there is a slight
increase in frequency, which could potentially be due to the
sensitivity of QCM-D to changes in viscosity or the removal of
some weakly bound proteins from the surface. Subsequently,
His6-tagged TurboRFP, dimer, was passed over the surface to
form the 2nd protein layer (Step 2, red arrow). By repeating
Steps 1 and 2 using a His-tagged dKatushka protein, which
is also a dimer, a 3rd protein layer was formed. Further, the
QCM-D data could be used to determine the hydrated film by
fitting the curves to the Sauerbrey equation. The fitted QCM-D
curves give film thicknesses of 4.2, 1.6 and 1.4 nm for the 1st
(MiCy), 2nd (TurboRFP) and 3rd (dKatushka) protein layers,
respectively (Table S1, ESIt). Considering that the monomeric unit
of a fluorescent protein is 3-4 nm in each dimension, it is apparent
that the film thicknesses were less than the height of a protein.
This finding support the suggested LbL assembly strategy, where
a single nonconfluent layer of protein is added to the film in
each step due to the specific interaction between the His-tag and
Ni**-NTA groups. When we added an excess of imidazole, which
competes with His-tags and disrupts the interaction between
His-tag and Ni**-NTA, the components washed off the surface.
This shows that the LbL multiprotein film forms due to the
specific interaction between Ni**-NTA groups and His-tags.

To use green light lithography to produce protein micro-
patterns, we next integrated the green light-sensitive CarH tetramer
into the 1st protein layer in the LbL protein films, so that we could
release proteins in the upper film layers after green light illumina-
tion when the CarH tetramer dissociates into its monomers. At this
point we used the light sensitive C-terminal adenosylcobalamin
binding domain of CarH with a C-terminal His6-tag, which is

This journal is © The Royal Society of Chemistry 2019
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referred to as CarH in the manuscript.*™** In the dark CarH is a
tetramer when it binds to adenosylcobalamin and dissociates
into monomers upon exposure to green light due to drastic
conformational changes in the protein. For green light litho-
graphy, the CarH tetramer was immobilized on the Ni**-NTA
surface through multiple His6-tags (one on each monomer) to
form the first layer protein of a LbL protein film. Subsequently, a
second protein layer was assembled on top of the CarH tetramer
relying on some of the His-tags that are oriented towards the
upper part of the film using first 4-arm-PEG-Ni*"-NTA and then a
His-tagged protein of choice. Under green light illumination, the
CarH tetramer disassembled into its monomers, which broke
the linkage between the substrate and the upper layers of the
LbL film and lead to the removal of upper protein layers.
To integrate the CarH tetramer into the 1st protein layer, we
immobilized it on a PEG-Ni*-NTA functionalized SiO, QCM-D
crystal, followed by QCM-D measurements (Fig. 2b). Next, we
produced a 2nd protein layer on top of the CarH tetramer layer
using 4-arm-PEG-Ni*"-NTA (Step 1), and followed by His6-tagged
TurboRFP (Step 2). Upon green light exposure to the two layer
protein film, both CarH and the TurboRFP dissociated from the
surface (green arrow). Fitting the QCM-D data to the Sauerbrey
equation showed that the CarH and TurboRFP layers were 3.35
and 2.5 nm, respectively and the film thickness reduced to
1.5 nm upon green light illumination (Table S2, ESIt). Upon
green light illumination most of the protein was removed from
the surface including most of the CarH protein. This is pre-
sumably due to the washing off of CarH monomers that were not
linked directly to the substrate through their His-tags but to the
upper layer Ni*-NTA-PEG and a reduced avidity of the CarH
monomer with a single His-tag compared to the CarH tetramer
with four His-tags per protein. This observation was also supported
by QCM-D results, where just CarH was immobilized onto a
Ni**-NTA surface and later illuminated with green light. Upon
green light illumination surface bound CarH tetramer was
almost completely removed from the surface as dissociates into
its monomers under green light (Fig. S1, ESI{). Hence, in the
LbL multiprotein films the CarH tetramer acts as a green light
cleavable linker between the 1st and 2nd protein layers and the
protein in the 2nd layer can be flexibly chosen depending on
the intended application.

The photocleavable CarH protein layer makes it possible
to photopattern complex patterns of a designated protein in the
upper layer using noninvasive green light, which we term green
light lithography. To demonstrate this, we formed the above-
described LbL multiprotein film with CarH and TurboRFP layers
on a Ni*-NTA-PEG coated glass surface. Then, using green light,
we projected the logo of the Max Planck Society, Minerva’s head,
onto it for 60 seconds using a digital micromirror device (DMD,
2048 x 2048, 0.488 pm per pixel). When the sample was fixed and
imaged under a fluorescent microscope, we observed dark areas
following the projected pattern on a bright fluorescent background
(Fig. 2¢) indicating that the fluorescent protein TurboRFP was
removed from these regions. As a negative control, we immo-
bilized just TurboRFP on the Ni**-NTA-PEG coated glass surface
and projected the same pattern for the same amount of time

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 LbL film formation and protein patterning. (a) A 3 protein LbL film is
formed on a PEG-Ni?"-NTA functionalized SiO, QCM-D crystal using
4-arm-PEG-Ni?*-NTA and the dimeric proteins MiCy (1st layer), TurboRFP
(2nd layer) and dKatushka (3rd layer). (b) A light-sensitive LbL protein film
using the green light cleavable protein CarH (1st layer) and TurboRFP (2nd
layer) is formed on a PEG-Ni?*-NTA coated SiO, QCM-D crystal and
removed upon green light illumination. Red arrows: 5 pM of the respective
protein, blue arrows: 25 pM 4-arm-PEG-Ni>*-NTA, orange arrows: buffer,
cyan arrows: buffer with 250 mM imidazole and green arrow: green light
illumination. The 7th overtone is presented. (c) Proteins were locally
patterned by projecting the logo of the Max Planck Society, the Minerva,
onto a LbL film with CarH (1st layer) and TurboRFP (2nd layer). The removal
of the fluorescent protein TurboRFP from the illuminated areas leads to a
dark protein pattern on a bright background. Scale bar: 100 um.

(Fig. S2, ESIt). This did not result in any pattern formation on
the surface, showing that the green light projected by the DMD
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does not result in significant photobleaching. The observed
pattern is due to the light-induced CarH cleavage and the
resulting protein dissociation. These results demonstrate a versatile
strategy for gaining spatial control of oriented proteins on surfaces
and can be flexibly adapted to other His-tagged proteins for the
design and production of biosensors and protein chips.

Green light lithography provides both high spatial and
temporal control over the produced protein patterns. To demon-
strate the spatial resolution that this method provides fine lines
of proteins with widths from 100 pm to 1 pm and separated by
20 pm were patterned onto an LbL film containing CarH and
TurboRFP described above by projecting 20 pm lines with a
552 nm laser for 10 s using a confocal microscope (0.568 pm
per pixel). Dark lines following the projected 20 pm lines with
bright areas between them down to 1 pum resolution were
observed (Fig. 3a). In contrast, illuminating a pure TurboRFP
film (negative control) the same way did not result in any
pattern formation (Fig. S3, ESIt). Similarly, 20 pm bright lines
with distances of 100 um to 1 pm between them were patterned
on LbL CarH/TurboRFP films, when lines with different widths
were projected into the substrate (Fig. 3b). So, both positive and
negative protein patterns with a resolution down to 1 um were
attained using green light lithography. The spatial resolution of
1 pm we obtained for green light lithography is comparable to
the resolution obtained for UV lithography in conventional
setups’®™'* but has the clear advantage of using a noninvasive
wavelength of light. Theoretically, the minimum feature size is
directly proportional to the wavelength and therefore, the
resolution for green light lithography (ca. 550 nm) is about
two fold lower that for UV (ca. 200-356 nm) lithography. The
other important advantage of this method is the high temporal
control over protein patterns it offers and the possibility to
modify them at a desired time point. To demonstrate this, we
first pattered lines of 40 pm widths onto a CarH/TurboRFP LbL
film as described above and imaged the protein pattern (Fig. 3c,
left). Later at a second time point, we patterned 80 pm lines
perpendicular to the first ones on the same substrate, by again
illumination for 10 s under the confocal microscope (Fig. 3c,
right). Hence, green light lithography does not only allow to
pattern proteins with a spatial resolution of 1 um but also
allows for the manipulation of such patterns at a desired time
point within 10 seconds.

The spatial control of proteins on functionalized surfaces
is important in order to guide cell-material interactions in
general, and cell adhesion in particular, for applications in
tissue engineering and to gain a better understanding of cell
biology. The possibility of being able to photopattern a protein
of our choice motivated us to control cell adhesion through the
patterning of the cell adhesion protein fibronectin (FN). To do
this, we constructed a LbL protein film where the 1st layer
contains CarH and the 2nd layer contains His-tagged FN and
observed the forming by QCM-D (Fig. 4a and Table S3, ESIT).
As expected, the CarH/FN film is also sensitive to green light
and can be removed from the crystal surface by green light
illumination (green arrow). Next, we investigated if this CarH/
FN film was able to support cell adhesion and if the removal of

1226 | Mater. Horiz., 2019, 6, 1222-1229
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Fig. 3 Spatial and temporal control over protein patterns using green light
lithography. (a) Protein patterns with thickness of 100 um to 1 pm (100 pm,
75 um, 50 pm, 25 pm, 10 pm, 5 um and 1 pm) separated by 20 um and
(b) 20 um protein patterns separated by distance from 100 pmto 1 pmona
LbL film with CarH (1st layer) and TurboRFP (2nd layer). Lines of green light
corresponding to the dark areas in the protein pattern were projected onto
the substrate for 10 s under a confocal microscope. Protein patterns with a
resolution down to 1 um were achieved. Below: Fluorescence intensity
profile of the protein patterns. (c) Firstly, 40 pum vertical lines were
patterned onto an LbL CarH/TurboRFP film (t;). Subsequently, 80 pum
horizontal lines were patterned onto the same substrate (t,), resulting in
a cross protein pattern. Hence, protein patterns can be altered at any
desired time point. Top: Projected green light pattern, bottom: obtained
protein pattern. Scale bar: 100 um.

FN with green light produces nonadhesive surfaces. With this in
mind, we incubated MDA-MB-231 cells (5.21 x 10’ cells per cm?)
for 4 hours on the Ni**-NTA-PEG coated glass surfaces with either
a CarH/FN film or just FN as a positive control. While one set of
surfaces was kept in the dark, another set of surfaces was exposed
to green light for 5 minutes before the cells were seeded (Fig. 4b).
First, equal numbers of cells adhered to the CarH/FN surface kept
in the dark and to the FN modified surfaces. It should be noted
that the cells adhered but did not spread on FN or CarH/FN
surfaces, presumably due to the low overall FN concentration on
the substrate (Fig. S4, ESIt). Secondly, only very few cells adhered
to CarH/FN surfaces that had been exposed to green light
illumination (1.9% of seeded cells) compared to the CarH/FN
surfaces that remained in the dark (25% of seeded cells). In fact,
the removal of FN upon green light exposure was very efficient as
the number of cells that adhered to green light-exposed CarH/FN
surfaces were comparable to the number of cells that adhered to
the unmodified Ni**-NTA-PEG-coated glass surfaces. This reduced

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9mh00170k

Open Access Article. Published on 11 March 2019. Downloaded on 3/13/2026 5:09:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

1*layer 2" layer  Green
a) CarH Fibronectin  Light
i
~N
L 5.
>
(&)
[ax
@ -10-
-
O
o
. -154
-20_
0 30 60 90 120 150
b) Time (min)
1.5
(}I/\
=
-
S 1.0
>
‘D
G 05
QY
©
O
Dark Light Dark Light PEG
CarH/FN FN
C) e —

Fig. 4 Cell patterning through a patterned fibronectin LbL film. (a) A LbL
film with CarH (Ist layer) and FN (2nd layer) is formed on a PEG-Ni?*-NTA
functionalized SiO, QCM-D crystal and can be removed upon green light
illumination. Orange arrows: buffer, red arrows: 5 uM of the respective
protein, blue arrow: 25 uM 4-arm-PEG-Ni2*-NTA, green arrow: green light
illumination, cyan arrow: buffer with 250 mM imidazole. The 7th overtone
is presented. (b) Quantification of the number of cells that adhere to
CarH/FN and FN functionalized surfaces kept in the dark or exposed to
green light. Cells cannot adhere to CarH/FN surfaces exposed to green
light. (c) Patterned MCF-7 cells on CarH/FN modified surfaces. Cells only
adhere to those areas, which were not exposed to green light. Scale bar:
100 um.

cell adhesion on CarH/FN films upon green light illumination was
clearly due to the photocleavage of CarH, as cells adhere equally
well on pure FN surfaces even when exposed to green light.
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In summary, these results demonstrate that the CarH can be
used to photorelease FN from the surface and hence control cell
adhesion by using green light.

Next, we set out to photopattern FN with green light litho-
graphy to locally control cell adhesion on CarH/FN LbL films.
For this purpose, we first projected a striped pattern of green
light on a CarH/FN LbL film and then seeded MCF-7 cells onto
it (Fig. 4c). The MCF-7 cells adhered to the stripes that were not
illuminated, but did not adhere to the illuminated regions,
indicating the removal of FN in these areas. The cell patterns,
which follow the photopatterned FN, show that spatially con-
trolled presentation of active proteins influences cell behaviour
such as cell adhesion. These straightforward protein and cell
patterns demonstrate that green light lithography allows for
the flexible photopatterning of active proteins on different LbL
multiprotein films and can be used in a wide variety of appli-
cations in the field of biomaterials, biosensing, and fundamental
cell biology studies.

To conclude, we have presented a general method for photo-
patterning of oriented and active proteins using green light on
LbL multiprotein assemblies. The ability to photopattern active
proteins with noninvasive green light is based on two scientific
advancements. To begin with, we were the first to use the green
light cleavable protein CarH as a light-sensitive building block
for photolithography. This provided us with the desired high
spatial and temporal remote control over the protein patterns,
while being noninvasive and biocompatible. Secondly, we
developed a LbL assembly method for multiprotein films based
on the specific and multivalent interaction of Ni*'-NTA groups
and His-tagged proteins, which allowed us to achieve the
oriented presentation of a His-tagged protein of interest. The
specificity of this interaction and the compatibility with buffered
solutions at a neutral pH, are key factors in the bioactive
presentation of proteins. We focused here on using these
multiprotein LbL films to introduce and remove proteins by
using green light and by incorporating His-tagged CarH in the
1st protein layer. These LbL multiprotein films can be used
for cell patterning, as a promising strategy to modulate cell-
material interactions, and to design new biomaterials. The wide
availability of His-tagged proteins and Ni**-NTA-modified
materials makes this approach highly modular and adaptable
for other applications. A further advantage is that the LbL
structure of the multiprotein film can be used to control the
sequence of released proteins. Given this, we anticipate that
this approach will prove highly useful in applications using
protein patterning, drug delivery and tissue engineering.
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