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Spatially controlled simultaneous patterning
of multiple growth factors in three-dimensional
hydrogels

Ryan G. Wylie', Shoeb Ahsan?, Yukie Aizawa®, Karen L. Maxwell?, Cindi M. Morshead®>¢
and Molly S. Shoichet"%367*

Three-dimensional (3D) protein-patterned scaffolds provide a more biomimetic environment for cell culture than traditional
two-dimensional surfaces, but simultaneous 3D protein patterning has proved difficult. We developed a method to
spatially control the immobilization of different growth factors in distinct volumes in 3D hydrogels, and to specifically
guide differentiation of stem/progenitor cells therein. Stem-cell differentiation factors sonic hedgehog (SHH) and ciliary
neurotrophic factor (CNTF) were simultaneously immobilized using orthogonal physical binding pairs, barnase-barstar and
streptavidin-biotin, respectively. Barnase and streptavidin were sequentially immobilized using two-photon chemistry for
subsequent concurrent complexation with fusion proteins barstar-SHH and biotin-CNTF, resulting in bioactive 3D patterned

hydrogels. The technique should be broadly applicable to the patterning of a wide range of proteins.

for spatial control of cellular activities such as cell migration,

differentiation and proliferation'~. Neural tissue, such as the
retina, is defined by a laminar structure, consisting of multiple
cellular layers within a depth of 100-130 um (ref. 4). Taking
advantage of a new multiphoton patterning technique, scaffolds
can be created with chemically defined volumes with micrometre
resolution, providing a framework for controlled growth and dif-
ferentiation of stem/progenitor cells (collectively termed precursor
cells). Chemically defined volumes of growth factors were selected
on the basis of literature precedence to promote differentiation of
retinal precursor cells to mature cell types: amino-terminal sonic
hedgehog (SHH) for rod photoreceptors’, and ciliary neurotrophic
factor (CNTF) for bipolar cells®” or Miiller glia”®. Importantly,
several factors, including SHH and CNTF, have been previously
shown to remain active when immobilized®". Furthermore, be-
cause SHH is a chemoattractant for adult neural precursor cells
(NPCs; ref. 14), we investigated cell migration within 3D photo-
chemically patterned, immobilized-SHH-gradient hydrogels.

To achieve broad applicability, several criteria for protein
patterning in hydrogels were required: (1) protein localization
must be controlled in three dimensions; (2) multiple proteins
must be immobilized simultaneously to avoid protein inactivation
over multiple immobilization and washing steps; (3) the system
must be applicable to a wide range of proteins. Satisfying these
conditions would yield hydrogels with any desired 3D configuration
of bioactive proteins as a basis for engineered tissue constructs.

We took advantage of the orthogonal chemistry of peptide
binding pairs'>!¢ to design hydrogels with 3D immobilized proteins.

_|_he ability to localize proteins within 3D scaffolds is critical

The binding peptides were first immobilized in defined volumes in
the hydrogel using two-photon chemistry'”'®. Then the candidate
factors, expressed as fusion proteins containing the corresponding
binding partner, were immobilized. The system is applicable to
many proteins by using fusion proteins where one end of the
molecule contains the binding domain and the other a biologically
active protein, such as a growth factor that guides precursor
cell differentiation. The physical binding pairs used herein were
barnase-barstar'®* and streptavidin-biotin*' because they form
strong complexes with dissociation constants K4 of 107* M and
107" M, respectively. Barnase and streptavidin are ideal anchoring
proteins because they are stable, which is not true for all proteins,
yet it is critical during the fabrication steps of the hydrogel. For
example, streptavidin has a high thermal stability with a melting
temperature of 75°C (ref. 22), and barnase readily refolds in the
event that it is denatured®.

An agarose hydrogel was modified with coumarin-caged thiols,
which, on two-photon irradiation, are uncaged to yield reactive
thiol groups'®. Agarose was chosen as the hydrogel because
it is a transparent scaffold, which is critical to multiphoton
chemical patterning'®. Furthermore, the diffusion of proteins
through agarose is sufficient for their introduction and 3D
immobilization**. 6-bromo-7-hydroxycoumarin was chosen as the
thiol-protecting group because it has been previously used with
cells and tissue slices®®. Thiols were selected as the reactive sites
because they have been previously shown to be both effective
for biomolecule immobilization and non-cytotoxic**. The thiols
act as anchoring sites for the sequential immobilization of both
barnase and streptavidin, which were modified to contain thiol
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Figure 1| Method for the simultaneous immobilization of SHH and CNTF.
Maleimide-barnase (black circle) is immobilized using two-photon
photochemistry and a femtosecond laser. The hydrogel is then washed in
buffer to remove unbound maleimide-barnase. Next maleimide-
streptavidin (orange square) is immobilized using two-photon irradiation
followed by another washing step. The fusion proteins barstar-SHH (green
circle) and biotin-CNTF (red square) are soaked into the gel and bind to
barnase and streptavidin, respectively. After washing out excess protein,
both SHH and CNTF are simultaneously and independently immobilized in
three dimensions.

reactive maleimides. Two-photon patterning affords 3D control
because of the limited excitation volume. As shown schematically
in Fig. 1, maleimide-barnase is photochemically immobilized in
the hydrogel, which is washed to remove unreacted maleimide—
barnase, and then maleimide-streptavidin is immobilized using
the same photochemistry, but in spatially distinct volumes. After
washing out the unreacted maleimide—streptavidin, the fusion
proteins barstar—SHH and biotin—-CNTF are soaked into the gel
simultaneously, and specifically bind to immobilized barnase and
streptavidin, respectively. A final washing step is carried out to
remove unbound proteins, yielding two immobilized bioactive
factors in spatially defined volumes within the agarose hydrogel (see
Methods). This methodology was tested for each factor individually,
facilitating quantification and bioactivity of the immobilized
protein, and then for both factors together, demonstrating the
power of this technique for simultaneous protein immobilization.

To spatially control the immobilization of SHH to agarose,
barstar—-SHH and barnase—agarose were synthesized and then the
two reacted. The fusion protein barstar—-SHH was expressed in
Escherichia coli and then labelled with the fluorescent Alexa 488
before reaction with agarose-barnase. To synthesize the latter,
barnase was expressed in E. coli*®”, followed by modification
with sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate, yielding maleimide—barnase that reacted readily with
deprotected agarose—coumarin sulphides (Fig. 2a; see Supplemen-
tary Information for further details).

The synthesis of barnase—agarose was a multistep process,
involving first synthesis of coumarin-protected agarose sulphide'®,
then selective deprotection (in defined volumes) of the coumarin
groups by pulsed Ti-sapphire laser and finally reaction of these
reactive agarose sulphides with maleimide-barnase. A 1 wt%
(wt/vol.) coumarin sulphide agarose hydrogel was synthesized
with 2.8% of the agarose repeat units modified with coumarin
sulphide and then mixed with maleimide-barnase, before casting
as a gel. By controlling the exposure of defined agarose volumes
to the Ti-sapphire pulsed laser at 740nm, the number of
photo-exposed agarose-sulphide groups and thus the amount
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of maleimide-barnase immobilized was varied. Moreover, by
simply varying the number of laser scans over a selected volume,
the concentration of SHH-barstar immobilized to streptavidin—
barnase was controlled.

As shown in Fig. 2, barstar—-SHH was immobilized in spatially
defined volumes of agarose—barnase. A series of squares, patterned
400 um below the surface of the hydrogel, demonstrates that
the amount of irradiation correlates with the amount of protein
immobilized. Ten boxes of 100 wm by 100 um by ~40 um (depth)
were patterned in the presence of maleimide-barnase with an
increasing number of laser scans, from 10 to 46 per box, washed
to remove unreacted maleimide—barnase and cleaved coumarin
molecules, and then immersed in a solution of barstar—-SHH-488
for 16 h. The gel was thoroughly washed to remove excess barstar—
SHH-488 and visualized using confocal microscopy (Fig. 2b).
The fluorescence intensity was converted to amount immobilized
by comparison with a calibration curve (see Supplementary
Information for more detail) and plotted as a function of the
number of scans in a given volume (Fig. 2c). Interestingly, after
10 laser scans 12nM of SHH were immobilized, and after 46
scans 134nM of SHH were immobilized. A linear relationship
between number of scans and amount of immobilized SHH was
observed. 12 nM represented the lowest concentration that could
be imaged, not the lowest concentration that can be immobilized,
because the quantification was restricted by the detection limit
of the confocal microscope. The concentration of immobilized
SHH can be further controlled by varying both the substitution
rate of coumarin sulphide on agarose and the laser intensity. The
distribution of immobilized barstar—SHH in the z plane within
the agarose gel was demonstrated by plotting the fluorescence
profile of barstar—SHH-488 against distance along the z axis. The
point of irradiation (maximum fluorescence) was arbitrarily set
to 0 micrometres for graphical representation. The fluorescent
intensity profile of the z axis for all boxes spans approximately
40 um (Fig. 2d), which represents the best resolution that can be
achieved in the z axis. The profile of fluorescence along the z
axis broadened with scan number because the excitation volume
of the two-photon laser increased with amount of irradiation;
however, a 5um resolution can be achieved in the x—y plane
when patterning fluorescent molecules'®. These data demonstrate
that the coumarin sulphide photochemistry combined with the
barnase—barstar system enables 3D immobilization of proteins.

The stability of agarose-immobilized SHH was investigated by
measuring the SHH concentration before and after immersion
in phosphate-buffered saline (PBS). After 14d in PBS, there
was no statistically significant change in concentration of SHH-
agarose (Supplementary Fig. S1), indicating that the barnase—
barstar interaction is a suitable physical interaction for stable
protein immobilization. This complements the streptavidin—biotin
complex, which has been previously shown to be effective for stable
biomolecule immobilization in hydrogels'®*.

To spatially control the immobilization of CNTF to agarose,
biotin—-CNTF and streptavidin—agarose were synthesized and then
the two reacted (Fig. 3a), following a similar overall strategy as
described with barstar—-SHH and barnase—agarose. Mouse CNTF
with the biotinylation sequence, GLNDIFEAQKIEWHE (ref. 29),
and a histidine tag at the carboxy terminus was expressed in E. coli
from a pET-24d vector® and purified before biotinylation with
the E. coli biotinylation enzyme. The protein was then covalently
modified with the fluorescent Alexa 633 tag to enable visualization
once immobilized to agarose—streptavidin (see Supplementary
Information for further details).

To visualize 3D-immobilized fluorescently tagged CNTF, a
series of boxes was patterned in the agarose gel, with number
of scans varying from 1 to 19 (Fig. 3b). As was observed in the
barstar-barnase system, increasing the number of scans with the
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Figure 2 | 3D immobilization of barstar-SHH-488 using barnase-barstar. a, Maleimide-barnase (black circle) was immobilized in a coumarin sulphide
agarose gel, followed by the addition of barstar-SHH (green circle) modified with Alexa 488. b, Ten different squares 100 x 100 um with heights of

20-40 um were patterned 400 um below the surface of the gel, with each square being scanned a different number from 10 to 46 scans. Scale bar, 100 um.
¢, The amount of barstar-SHH-488 immobilized versus number of scans was quantified by measuring the fluorescence from each box and compared
against a standard curve of coumarin sulphide agarose gels with known concentrations of Alexa 488 (mean=s.d., n=3).d, The z-axis profile of
fluorescence of barstar-SHH-488 for boxes with 10, 26 and 46 scans, with the maximum intensity centred at O um.

multiphoton Ti—sapphire pulsed laser (at 740 nm) led to increased
immobilized CNTF, on the basis of increased agarose sulphides
available to bind maleimide—streptavidin and then biotin~CNTF.
The concentration of immobilized CNTF was determined by
fluorescence to vary between 20nM and 80nM as a function
of scan number (Fig. 3c). The fluorescence profile along the z
axis for biotin-CNTF was quantified using the same method as
described for barstar—-SHH. The fluorescence intensity profile of
the z axis for the box increased with number of scans from
approximately 40 um for 1 scan to 100um for 19 scans, with
the peak fluorescence centred at Oum (Fig. 3d). The resolution
in the z axis decreased (broadened) in the streptavidin—biotin
system compared with that of barnase—barstar. Because the same
photochemistry was used for both methods, the difference in
resolution is probably a consequence of the binding interactions
having different valences.

Interestingly, similar amounts of barnase (11.9£2.3nM) and
streptavidin (15.8 + 4.8 nM) were immobilized with comparable
laser scan numbers of 10 and 9, respectively, yet significantly
different concentrations of SHH and CNTF were immobilized
owing to the different binding capacities of barnase—barstar
and streptavidin—biotin. For example, the ten scans required to
immobilize barnase resulted in 11.9 +2.3nM of barstar—SHH
whereas the nine scans used to immobilize streptavidin resulted
in 63.0 £4.8nM of biotin—CNTF. Streptavidin has four binding
sites for biotin®*? whereas barnase has only one binding site for
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barstar, thus accounting, in part, for the different concentrations
of immobilized factors. In this way, we were able to vary the
multivalency of grafted proteins between our systems, which has
previously been shown to be important for protein potency on
linear polymer chains®.

The simultaneous 3D immobilization of proteins was achieved
with SHH and CNTF by taking advantage of orthogonal chemistry
with the selective protein binding pairs, barnase-barstar and
streptavidin-biotin (Fig. 1). By first immobilizing maleimide—
barnase to distinct volumes of coumarin-deprotected agarose
sulphide, washing extensively, and then repeating with maleimide—
streptavidin, the agarose hydrogel was synthesized for 3D patterning
with the barstar and biotin binding partners. A coumarin sulphide
agarose hydrogel with maleimide-barnase in PBS at pH 6.8 was
patterned with a truncated circular shape, figuratively representing
the globe of an eye. A series of four identical shapes was patterned
into the agarose hydrogel by scanning 40 times across this shape
with the Ti-sapphire laser: each layer was separated by 100 um
in depth, with the deepest layer being 700 um below the surface
of the gel. The gel was washed thoroughly in PBS at pH 6.8 to
remove any unreacted maleimide-barnase and then re-patterned in
the presence of maleimide-streptavidin. To immobilize maleimide—
barnase in the appropriate volume, attaining the desired final
shape, the loss of coumarin fluorescence due to maleimide—barnase
immobilization was first imaged with the confocal microscope.
The laser was then focused in the proper volume to immobilize
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Figure 3 | 3D immobilization of biotin~-CNTF-633 using biotin-streptavidin. a, Maleimide-streptavidin (orange square) was immobilized in a coumarin
sulphide agarose gel, followed by the addition of biotin-CNTF (red square) modified with Alexa 633. b, Ten different regions of boxes of 100 um x 100 um
with heights of 40-80 um were patterned 400 um below the surface of the gel, with each region being scanned a different amount from 1to 19 scans. Scale
bar, 100 um. ¢, The amount of biotin-CNTF-633 immobilized versus number of scans was quantified by measuring the fluorescence from each box and
compared with a standard curve of coumarin sulphide agarose gels with known concentrations of Alexa 633 (mean=+s.d., n=3). d, The z-axis profile of
fluorescence of biotin-CNTF-633 for boxes with 1, 9 and 19 scans, with the maximum intensity centred at O um.

maleimide—streptavidin (Fig. 4a). The maleimide—streptavidin was
patterned in an oval shape, within the pocket of the truncated
circle of maleimide—barnase, figuratively representing the lens of the
eye. The maleimide—streptavidin was immobilized in four distinct
volumes with 15 scans per layer of the Ti—sapphire multiphoton
laser. More scans were used to immobilize maleimide—barnase than
maleimide—streptavidin, on the basis of the results with single-
protein patterned volumes.

The 3D patterned agarose hydrogel, with distinct volumes
of barnase and streptavidin, was simultaneously modified with
barstar—-SHH—488 and biotin—-CNTF-633 by simply immersing
the hydrogel in a solution containing both proteins. Importantly,
barstar—-SHH and biotin—-CNTF were selectively immobilized in
distinct volumes, following the agarose-immobilized patterns of
barnase and streptavidin, respectively.

Figure 4b shows a confocal micrograph of the first layer of the
pattern, with barstar—SHH (green) and biotin~CNTF-633 (red).
This image overlaps with that of the loss of coumarin fluorescence
from the patterning steps with the laser, demonstrating spatial con-
trol through multiphoton irradiation. The 3D reconstructed view,
showing each of the four patterned volume layers, demonstrates our
ability to pattern both proteins simultaneously in three dimensions
(Fig. 4c,d). The fluorescence intensity for each layer of SHH—488
seems to decrease with depth even though the same number of scans
was used: the fluorescence at a depth of 400 um in the gel is more
intense than that at 700 um because the laser intensity during both
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excitation and emission is attenuated as a function of depth owing
to increased scattering of light. The decrease in fluorescence was not
observed for CNTF-633 (Supplementary Fig. S2), indicating that
the two-photon patterning remains consistent over the depths in-
vestigated. The attenuated fluorescence observed for SHH-488 was
not observed for CNTF-633 probably because longer wavelengths
scatter less light than shorter wavelengths. This suggests that the
majority of fluorescence loss for SHH—488 as a function of depth
is not from the photochemistry used for immobilization, but rather
an artefact of the imaging process (Supplementary Fig. S2).

The beauty of this technique is its simplicity. It can be applied
to a broad range of proteins for multiple simultaneous patterning
and, importantly, can be achieved with the multiphoton laser
of a confocal microscope. Any protein that can be expressed as
a fusion protein, with the appropriate binding partner, can be
immobilized. Therefore this system can be applied to numerous
applications involving 3D cell culture. We have demonstrated
the strength of this technique with two proteins, but recognize
that more proteins can be immobilized simultaneously with
the immobilization of other binding partners. Furthermore, we
have demonstrated that concentration gradients of proteins can
be patterned (Figs2 and 3), which is useful for cell guidance.
Because all but the final washing step is complete before protein
immobilization, the risk of denaturing or degrading the proteins
during immobilization is significantly diminished. If the proteins
were immobilized sequentially, then those proteins immobilized
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Figure 4 | Representative figures for the simultaneous 3D patterning of biotin—-CNTF-633 and barstar-SHH-488. Maleimide-barnase was patterned in
layers in the shape of a truncated (green) circle 400, 500, 600 and 700 um below the surface of the hydrogel with 40 scans per layer.
Maleimide-streptavidin was then patterned in a smaller (red) oval shape inserted into the truncated circle of the maleimide-barnase pattern. The oval was
patterned with 15 scans in four layers, following the identical method for maleimide-streptavidin. Barstar-SHH-488 and biotin-CNTF-633 were
immobilized by simply immersing the hydrogel in solutions of the proteins. a, A confocal micrograph showing the loss of coumarin fluorescence of the layer
at 400 um from patterning of maleimide-barnase and maleimide-streptavidin. Scale bar, 100 um. b, A confocal micrograph of the layer at 400 um

demonstrating the localization of barstar-SHH-488 and biotin-CNTF-633 to the volumes patterned. Scale bar, 100 um. ¢, 3D projection of the
reconstructed stack using Image J 3D viewer rotated to see the layers. d, The same projection as in ¢ viewed from a different angle. Biotin-CNTF-633 in

red; barstar-SHH-488 in green.

first might be completely or partially inactive by the time the final
protein is immobilized. With the proteins added at the final step, we
are more confident in their bioactivity. Thus simultaneous protein
immobilization obviates numerous sequential immobilization and
washing steps, which had been the state of the art before this study.
Moreover, because the immobilization is governed by specific
physical interactions, many potential side-reactions are eliminated.
For example, by reacting agarose thiols with maleimide-binding
partners, side-reactions such as disulphide bonds between proteins
and agarose thiols are obviated.

Having demonstrated the patterning chemistry, we tested the
bioactivity of the immobilized proteins. Because we are interested in
the nervous system, we tested bioactivity with retinal precursor cells
(RPCs) derived from the ciliary margin of the adult mouse retina®.
We examined the activation of SHH and CNTF signalling pathways
in cells exposed to the immobilized proteins by plating RPCs on the
surface of functionalized hydrogels. All agarose hydrogel scaffolds
were chemically modified with the cell-adhesion peptide GRGDS
(ref. 35), because agarose itself is non-adhesive and the bioactivity
and cell-survival assays to test for possible cytotoxic effects could
not be carried out on a non-cell-adhesive substrate>’.

RPCs were first shown to express an SHH receptor, Ptchl, by
PCR with reverse transcription (RT-PCR) (Fig. 5a), which on SHH
binding leads to the upregulation of the transcription factor Gli2
(ref. 36). To test the bioactivity of the immobilized SHH fusion pro-
tein, RPCs were screened for the expression of Gli2 by RT-PCR. Gli2
expression was evident for both agarose-barnase-barstar—-SHH

NATURE MATERIALS | VOL 10 | OCTOBER 2011 | www.nature.com/naturematerials

(with GRGDS) and agarose-GRGDS plus soluble wild-type SHH,
but not for agarose-barnase (with GRGDS only; Fig. 5b). These
data demonstrate that the immobilized SHH fusion protein, ex-
pressed in E. coli, is bioactive. Assays for potential cytotoxicity
compared cell survival on agarose—barnase—barstar—SHH (with
GRGDS) to agarose—barnase (with GRGDS) and agarose-GRGDS.
The PicoGreen assay’’ was used to determine the relative amount
of double-stranded DNA (dsDNA) as a measure of viable cells after
7d in culture. The number of viable cells in all groups was not
significantly different (p > 0.05), demonstrating no toxic effect of
the immobilization method used for SHH in the cultures (Fig. 5¢).
A live/dead stain (calcein AM/ethidium homodier-1) of the RPCs
demonstrated that the percentage of live cells varied between 70
and 80% with no statistical significance between groups, further
demonstrating the coupling method is non-toxic (Supplementary
Fig. S3). It is important to realize that we anticipated a decrease in
cell number relative to the number plated, even after 7 d of culture,
because many of the cells are lost during plating™.

To test the bioactivity of agarose-immobilized CNTF, RPCs
were first shown to express the CNTF receptor (CNTFR) by
RT-PCR (Fig. 5d). To monitor CNTFR activation, we followed the
expression of phosphorylated STAT3, a well-known downstream
effector of CNTF-CNTEFR binding”®*. Importantly, RPCs stained
positive with anti-phospho-STAT3 for immobilized and soluble
CNTF and not for controls that lacked CNTF (Fig. 5¢). These
results demonstrate that our CNTF fusion protein expressed in
E. coli remained bioactive after immobilization and was able to
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Figure 5 | SHH and CNTF signalling pathways are activated in RPCs that are cultured on immobilized SHH and CNTF, respectively. a, RPCs were assayed
for the presence of the Ptchl receptor in the SHH pathway using RT-PCR. b, RPCs upregulate a key SHH signalling mediator, Gli2, in response to
immobilized SHH as assayed by RT-PCR. Ag, agarose. ¢, No cytotoxic effect was found by comparing the survival of RPCs cultured on
agarose-barnase-SHH (with GRGDS), agarose-barnase (with GRGDS) and agarose-GRGDS. Cell numbers were measured after 7 d by total dsDNA
content using the PicoGreen assay (mean=s.d., n=5 with 5,000 cells per gel). No significant difference was observed between groups using one-way
analysis of variance with Tukey's post hoc analysis (p > 0.05). d, RPCs were assayed for the presence of CNTF receptor, Cntfr, by RT-PCR. e, RPCs respond
biologically to immobilized CNTF. This was determined through immunostaining for phosphorylated STAT3, a protein activated through phosphorylation
on CNTF ligand binding to CNTFR. RPCs cultured on gels with either immobilized CNTF or soluble CNTF both stained positive for STAT3-P, whereas gels
with only streptavidin and GRGDS did not stain for STAT3-P. The percentage of immunostained cells was calculated, as written below each series of
images, and shown to be not statistically different (p > 0.05, n=5 samples, mean=s.d.). f, The survival of RPCs cultured on agarose-streptavidin-CNTF
(with GRGDS), agarose-streptavidin (GRGDS) and agarose-GRGDS was similar. Cell numbers were quantified after 7 d by the amount of dsDNA present
using the PicoGreen assay (mean=s.d., n=>5 with 5,000 cells per gel). No significant difference was observed between any groups using one-way analysis

of variance with Tukey's post hoc analysis (p > 0.05).

activate the CNTF signalling pathway. Cell viability assays to test
for potential cytotoxicity were carried out using the PicoGreen
and live/dead assays, and demonstrated that RPCs cultured for
7d on agarose—streptavidin—biotin-CNTF (with GRGDS) versus
agarose—streptavidin (with GRGDS) versus agarose-GRGDS had
similar cell viabilities (p > 0.05, Fig. 5f; Supplementary Fig. S3).
Moreover, the RPC viability on the CNTF gels was not significantly
different from that on the SHH gels (p > 0.05). These results
confirm that barstar—-SHH and biotin—~CNTF remain bioactive
after immobilization, capable of downstream signalling similar
to that observed with soluble controls. Our data are consistent
with previous results demonstrating that SHH and CNTF remain
bioactive after immobilization, albeit with different chemistry
and other cell types'>'*.

To gain greater insight into cell migration into the patterned
agarose hydrogel, an immobilized gradient of barstar—-SHH in
GRGDS—-agarose was photochemically patterned using an identical
synthetic procedure. Using Alexa 488 SHH, the protein gradient
was quantified over the first 100 um, relative to a calibration curve,
to be 100-500 ngml~' (Fig. 6a). NPCs from the subventricular
zone, which are known to migrate along an SHH gradient",
were plated on SHH-gradient GRGDS—agarose gels and compared
with GRGDS—agarose. Interestingly, we observed cellular migration
predominantly into patterns that contained SHH gradients (to a
depth of 85um, Fig. 6b), which is a depth appropriate for thin
tissues, such as the retina. Only limited migration was observed
into channels with only GRGDS (to a depth of 20 um, Fig. 6¢).
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To facilitate visualization of the migrating cells, NPCs expressing
yellow fluorescent protein were shown to migrate into SHH-
gradient GRGDS-agarose gels (Fig. 6d). These data demonstrate
that 3D penetration of cells into photochemically patterned
agarose gels is facilitated with chemoattractant molecules, such
as SHH. These data are consistent with previous results, where
a concentration gradient of an immobilized vascular endothelial
growth factor was required to guide endothelial cells into an
agarose hydrogel®.

Defining the cellular microenvironment is becoming increas-
ingly important as we design in vitro systems to better predict
in vivo response and engineer de novo tissues. Designing the 3D
scaffold with the appropriate chemical and physical properties is
the first step to understanding the cues important to cell survival
and stimulation. For example, these 3D biomimetic hydrogels
can be used to begin to emulate the complexity of the stem-cell
niche, presenting extracellular matrix mimetics, growth factors and
mechanical stimuli similar to native tissue while also enabling
co-culture of multiple cell types. As the 3D imaging tools continue
to advance, probing cells in three dimensions will be facilitated
and will open high-throughput (or high-content) screening pro-
tocols to advanced 3D patterned hydrogels. Moreover, 3D protein
patterning has applications in regenerative medicine, where tissues
are engineered in vitro before transplantation. Here the agarose
hydrogel serves as a blank canvas in which proteins are patterned,
demonstrating our ability to create chemically complex scaffolds
that will be used ultimately to spatially guide cell fate.
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Figure 6 | NPCs migrate into a channel of SHH with RGD. a, Quantification of the concentration profile of SHH-488 as a function of depth within the
hydrogel from the surface of the gel to a depth of 100 um. b, Bright-field image of SHH-RGD channel showing that NPCs have migrated into the agarose gel
after 14 d to a depth of 85 um. ¢, Bright-field image of RGD-only channel showing that only minimal migration was observed within the hydrogel after 14 d to
a depth of 20 um. Mostly processes were observed within the gel. d, Confocal micrograph of SHH-RGD channel emphasizing migration of NPCs expressing
yellow fluorescent protein into the agarose gel. All scale bars represent 50 um. For all cell images the white dashed line represents the surface of the gel.

Methods

Photopatterning and imaging. All patterns were created and imaged on a Leica
TCS-SP2 confocal microscope equipped with an argon laser (50 mW; 458, 476, 488,
514nm), a red HeNe laser (10 mW; 633 nm), a multiphoton Mai Tai laser using
a x20 objective (NA = 0.4) and an electronic stage. For patterning experiments,
the multiphoton laser was set to 740 nm with an offset of 75% and gain of 0%
for visualization and an offset of 75% and gain of 43% for patterning. One scan
of a 100 um x 100 um square takes 1.28's. A typical patterned hydrogel of ten
squares (Figs 2 and 3) took between 2 and 6 min. The maximum length scale
that can be achieved (maximum depth of patterning) is limited by the working
distance of the lens (15 mm). Leica software version 2.5.1227a was used for
the visualization and fluorescence quantification. Z-stacks and 3D images were
constructed using Image J.

Patterning SHH-barstar. 25 plof 1 wt% coumarin sulphide agarose gels with
0.15mgml~" of maleimide-barnase was patterned and reacted for 2 h at room
temperature (RT) in a humidity chamber. The series of boxes was created by
selecting a 100 um by 100 wm squares, with a height of ~20-40 um, 400 pm below
the surface of the hydrogel. Using a macro, the first box was scanned ten times
followed by a further four scans for each subsequent box. The gels were then
washed in 200 ml of PBS for 1 d. 20 ul of 0.3 mgml~' SHH-barstar-488 was placed
on top of the gel and left overnight at RT. The gels were washed in PBS at pH 7.4 for
2.d, changing the PBS daily. For the quantification, a z-stack was imaged spanning
182 um with 2 pum steps and six scans per slice. The 458, 476, 488 nm excitation
wavelengths were set to 100% and the gain of the photomultiplier tube was 602
with wavelengths from 500 to 590 nm collected.

Patterning biotin—-CNTF. 25 plof 1 wt% coumarin sulphide agarose gels with

1 mgml~! of maleimide-streptavidin was patterned and reacted for 2h at RT in a
humidity chamber. A series of boxes was created by selecting a 100 um by 100 um
square, with a height of ~40-80 um, 400 um below the surface of the hydrogel.
Using a macro, the first box was scanned once followed by a further two scans
for each subsequent box. The gels were then washed in 200 ml of PBS at pH 7.4
for 1d. 20 ul of 0.54 mg ml™" biotin~CNTF-633 was placed on top of the gel and
left for 16 h at RT. The gels were washed again in PBS at pH 7.4 for 2 d, changing
the PBS once. For the quantification, a z-stack was imaged spanning 163. 2 um
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with 2 um steps and six scans per slice. The 633 nm excitation wavelength was set
to 100% and the gain for the photomultiplier tube at 591 with wavelengths from
640 to 750 nm collected.

Dual patterning. A 25 pl gel of 1 wt% coumarin sulphide agarose with 0.15 mgml™!
of maleimide—barnase was patterned. The truncated circle was selected, after which
the region was scanned 40 times. This was repeated three more times with each
100 um below the previous pattern to construct the layered pattern. After 2hin a
humidity chamber, the gel was washed in PBS at pH 6.8 for 2 h. A solution of 20 ul
of 2mgml™! of maleimidopropionic acid in PBS at pH 6.8 was added on top of
the gel. After 16 h the gel was washed for 1d in PBS at pH 6.8. 20 ul of 2 mgml™
maleimide—streptavidin in PBS at pH 6.8 was added on top of the gel at 4 °C. After
16 h, the gel was patterned again by selecting an oval region fitting into the truncated
circle and scanned 15 times. This was repeated for each layer of the barnase pattern.
The gel was then washed in 200 ml of PBS at pH 7.4 for 1d. A 20 ul solution of
0.3 mgml~! of both barstar—SHH-488 and biotin-CNTF-633 was added on top of
the gel. After 1d, the gel was washed for 2d in PBS at pH 7.4, changing the buffer
once. A 327.6 um stack was constructed with 2.1 um spacing between slices using
the following settings: lasers 458, 476, 488 and 633 nm set to 100%; six scans per
slice; collected wavelengths of 500-590 nm and 640—-800 nm; photomultiplier tubes
of 683 and 589 for green and red channels, respectively.

Migration of NPCs into SHH-RGD channel. NPCs were placed on top

of hydrogels with patterns consisting of an SHH gradient with GRGDS or
GRGDS alone. After 14 d, hydrogels were imaged and cell migration into
the hydrogel was compared between conditions (greater detail is provided in
Supplementary Information).
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