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Abstract:

Hydrogel biomaterials have proven indispensable for three-dimensional (3D) cell culture but
have fallen short in replicating the innate physiochemical complexity of real tissue. Though
traditional photolithography affords localized material manipulation, robust methods that govern
when, where, and to what extent such phototailoring occurs throughout materials would be
profoundly enabling towards fabricating more-realistic 3D tissue constructs. Here, we introduce
“grayscale image z-stack-guided multiphoton optical-lithography” (GIZMO) as a generalizable
and intuitive strategy to rapidly photomodulate materials in full 3D non-binary patterns at
submicron resolutions spanning large volumes (>mm?). Highlighting its versatility, we employ
GIZMO to variably photopattern biomolecule release from, protein immobilization to, and
degradation within hydrogels based on biologically derived or synthetic grayscale image stacks
with unprecedented complexity. We anticipate that GIZMO will enable new opportunities to

probe and manipulate cell fates, as well as to engineer complex functional tissue.
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Main text:

Over the past three decades, hydrogels have gained unrivaled popularity as biomaterial
constructs for three-dimensional (3D) cell culture and tissue engineering (/—4). While hydrogels
provide a culture environment that recapitulates many critical aspects of the cellular niche (e.g.,
high water content, tissue-like viscoelasticity), modern engineered systems largely fall short in
mimicking the spatiotemporal complexity and dynamics of native tissue. Though recent
advances in bioprinting now permit the specification of hydrogel geometries and compositions at
macroscopic scales (5—8), leading strategies are limited in their geometric and structural
complexity (typical minimum feature size >100 um) and are often static (i.e., once formed, they
cannot be readily altered) (9—16). New fabrication methods are needed to replicate the dynamic
biochemical/biophysical complexity of tissues from macroscopic (mm) to cellular scales (i.e.,

sub- or single micron).

Complementing conventional bioprinting, photochemical methods offer a route to
cytocompatibly customize four-dimensional (4D) biomaterial properties at resolutions dictated
theoretically by the diffraction limit of light (typically submicron). Phototunable hydrogels have
been created that stiffen, soften, or undergo cyclic mechanical alterations, as well as to
immobilize, release, or reversibly bind biomolecules upon optical stimulation (/7—20). Precise
modulation of such materials is enabled through techniques that control when and where photons
are directed onto specific sample subvolumes (/7, 21, 22). In conventional photolithography,
projected light extends throughout the gel thickness in 2D geometric patterns specified using
photomasks or projection systems. Although these methods afford scalable single micron-

resolved patterning across large biomaterial surfaces (23—25), full 3D spatial control is not
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possible. In multiphoton-based laser-scanning lithography, modification is confined to the focal
point of a femtosecond-pulsed laser; programmed scanning of that focal point in space enables
intricate 3D patterning within photoresponsive materials at high resolutions (sub-micron in the
Xy, single-micron in z), but traditionally only in simple geometries with binary material/chemical
properties that span only very small volumes (26—37). The utility of such discretely modified
biomaterials — those whose on/off patterns may have 3D complexity but are inherently binary —

towards engineering biology’s native complexity is severely limited.

Taking advantage of the light dosage-dependence of many photochemistries, some lithographic
techniques have been developed that enable graded substrate modulation. Variably positioned
and non-binary patterned photomasks (32, 33), digital micromirror devices (34), and sequential
laser scanning (35) have successfully exploited such dosed response for heterogeneous gel
customization. However, no existing technique can independently vary photomodification at
different z-positions within the gels’ thickness, representing a major roadblock to controlling the

extent of functionalization throughout large-scale biomaterials at subcellular resolutions.

Here, we introduce a generalizable strategy to modulate biomaterials in full 3D non-binary
patterns with subcellular resolutions across mm?® scales. Using grayscale image z-stacks to
specify laser power during continuous raster scanning on a voxel-by-voxel basis, we
photocustomize hydrogel properties dynamically and at high resolution. As light intensity is
varied positionally on the fly, this method — referred to as “grayscale image z-stack-guided
multiphoton optical-lithography” (GIZMO) — is performed rapidly and at speeds independent of

pattern complexity (Figure 1). Highlighting the versatility of the approach and its immediate
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compatibility with state-of-the-art bioorthogonal photochemistries, we employ GIZMO to
photopattern biomolecule release from, protein immobilization to, and degradation within
hydrogel biomaterials, infusing newfound physiological complexity into synthetic cell culture

platforms.

Grayscale image z-stack-guided multiphoton optical-lithography (GIZMO)

To ensure that gel photopatterning is robust, flexible, and intuitive, we elected to guide
multiphoton-based laser-scanning lithographic processing using grayscale image z-stack
templates. Such image stacks are readily acquired from native biological specimens (e.g.,
confocal, multiphoton, and light-sheet micrographs), exported from 3D computer-aided-design
files (e.g., CAD), computationally generated, and/or obtained from repositories. Z-stacks can be
processed and manipulated (e.g., resized, cropped, combined, superimposed, deconvolved,
inverted, retouched) via countless commercial software and freeware packages in a manner that
is inherently familiar to bioscientists, affording near-limitless pattern customization. Moreover,
since they can be visualized in 3D, image stacks naturally impart a “what you see is what you

get” approach to digital fabrication that is widely considered powerful and convenient.

To control the degree of photopatterning at given gel subvolumes on a voxel-by-voxel basis, we
exploit individual grayscale pixel intensities to govern laser power and local light dosage in real
time. This is accomplished during raster scanning through use of an acousto-optic modulator
(AOM), an in-line device that can continuously vary laser output with an electrical drive signal.
Using custom MATLAB code, we calculate and load electrical waveform patterns to the AOM

that match its 3D outputted power profile to that of the inputted z-stack voxel intensities.
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Critically, since AOMs provide exceptionally high contrast (>1000:1) and operate at speeds (<1
us full rise/fall time) faster than typical pixel dwell times used during raster scanning, such an
approach can theoretically afford patterned biomaterials with properties specified non-discretely

on a voxel-by-voxel basis.

We initially developed GIZMO to operate within FluoView, a proprietary software compatible
only with Olympus-branded multiphoton microscopes (Supplementary Method 1). To ensure
that GIZMO was implemented in as broadly accessible form as possible, we subsequently
identified Scanlmage® (Vidrio Technologies, MBF Bioscience) as a particularly powerful
software package for controlling laser scanning microscopes (36). Scanlmage® interfaces with
and runs effectively on many brands of multiphoton microscopes, including those manufactured
by Scientifica, Sutter, Thorlabs, and others. Built upon MATLAB, it is intrinsically open source
and scriptable, permitting automated image processing that is not accessible via alternative
commercial options. Taking advantage of these features, we coded GIZMO into the Scanlmage®
platform. After prompting the user to identify serially stacked grayscale image files and
patterning parameters (e.g., laser wavelength, maximal laser intensity, scan speed), the software
automatically calculates and loads electrical waveform patterns to the AOM before raster
scanning the sample in the image-defined pattern. The process can be made to run exceptionally
fast; using a Thorlabs Bergamo II microscope equipped with a Coherent Chameleon Discovery
NX TPC femtosecond-pulsed laser with 8 kHz resonant scanning and a piezo objective “fast-z”
scanner, we have obtained grayscale patterning rates that approach 30 z-frames per second
(typical frame size = 360 um x 360 um, z-spacing = 2 pm), providing a clear path to large-scale

biomaterial customization on timescales of minutes. To facilitate widespread adoption of these
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techniques and in partnership with Vidrio Technologies, GIZMO is now included within the

current distribution of Scanlmage® as the “Print3D” module.

3D Photopatterned Biomolecule Release from Gels via GIZMO

Following chemical strategies that have found previous success at controlling cell proliferation,
differentiation, and intracellular signaling in 3D and at sub-cellular resolutions (37—41), we first
attempted to apply GIZMO to guide biomolecule photorelease from polymeric hydrogels in well-
defined grayscale patterns (Figure 2A). Towards this goal, we linked proteins homogenously
monotagged with a photoreleasable ortho-nitrobenzyl ester (0NB) moiety to hydrogels formed
through a step-growth strain-promoted azide-alkyne cycloaddition (28) between poly(ethylene
glycol) tetra-bicyclononyne (PEG-tetraBCN, M, = 20 kDa, 4 mM) and a linear PEG diazide (N;-
PEG-N3, M, = 3.5 kDa, 8 mM) in phosphate-buffered saline (pH 7.4) (Supplementary Method
S2-S8). Upon two-photon stimulation (A = 740 nm), the oNB linker undergoes irreversible
cleavage to form both nitroso- and carboxylic acid-containing byproducts, triggering
concomitant release of the previously immobilized species from the otherwise photostable gel
(Figure 2B). Modification of mCherry’s C-terminus with a polyglycine-oNB-azide peptide [H-
GGGGDDK(oNB-N3)-NHz>] via a sortase-tag enhanced protein ligation (STEPL) (40, 42)
yielded a photoreleasable species (mCherry-oNB-N3) whose relative gel-bound concentration
could be quantified fluorescently shortly after photopatterning, providing a direct and rapid
readout of pattern fidelity. Uniquely enabled through site-specific chemoenzymatic modification
(43), we anticipated that the monolabeled photoreleasable protein would be highly bioactive and

exhibit well-behaved photokinetics.
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To probe the x-dimensional patterning resolution of GIZMO for protein photorelease, whereby
the laser focus translates linearly in the x dimension during raster scanning, we first released
mCherry from z locations well below the gel surface following an interspaced line binary image
pattern (line width = 15 pm, line spacing = 15 um). Using conditions standard for multiphoton
imaging (pixel size = 0.5 pm/px, pixel dwell time = 2 ps/px, A = 740 nm, power = 40% of
maximum, repeats = 32, 25x objective), we observed a sharp transition between gel regions fully
functionalized with protein and those where it had been completely released (Figure 2C).
Fluorescent analysis further revealed a transition resolution distance of approximately 2 — 3
pixels (90% =2 px ~ 1.1 um, 95% = 3 px ~ 1.4 um), as imaged. Since the time required for the
AOM to tune the laser intensity is proportional to power change, which is maximal in the case of

a binary pattern, this was viewed as the “worst case” x resolution for the stated conditions.

We next employed GIZMO for grayscale patterned protein release from hydrogels, first utilizing
an image file uniform in the y dimension but graded linearly across all pixel intensities (0 — 100)
over ~470 um in X. Varying the maximal laser power from 35 — 60% but holding all other scan
parameters constant, the expected gradients were formed (Figure 2D). Though oNB
photocleavage follows non-linear kinetics, we observed that a near-linear graded response was
achieved when a maximal laser power of 40% was employed. Utilizing this laser power setting,
grayscale images could be faithfully reproduced in hydrogels without the use of a predetermined
lookup table correlating laser power to the extent of protein release. In this manner, we exploited
GIZMO (25x objective) to reproduce Vincent van Gogh’s “The Starry Night”, Leonardo da
Vinci’s “Mona Lisa”, and the photograph of a current-day biomaterial scientist in protein-

functionalized gels, each with excellent fidelity achieved over single seconds (Figure 2E).
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Utilization of a high-magnification objective (60x) enabled even finer grained features to be
formed. These GIZMO patterns are created with significantly higher grayscale depth and with a
method that is at least two orders of magnitude faster than serial scanning (Supplementary
Figure S1). Parity plots comparing the pixel intensity of the inputted image with that from the
patterned gels demonstrated high similarity and effective patterning (Figure 2F, Supplementary

Fig. S2).

Taking GIZMO to the next dimension, we patterned photorelease of a fluorescent bioactive
peptide [N3-oNB-GRGDSK(AF488)-NH:, Supplementary Method S9] from gels using a
grayscale z-stack consisting of 200 distinct planar images using previously optimized conditions.
The image stack was generated from author-acquired drone footage of the forested Green River
near the Kanaskat-Palmer Washington State Park, mapping the video’s time dimension onto z-
stack position. Using a z-spacing of 6 um, we patterned (25x objective) this grayscale image
stack within our gel, resulting in a 300 um x 300 pm x 1.2 mm digitally fabricated biomolecule
“flipbook” (Figure 2G, Supplementary Movie S1). Pattern fidelity remained high, independent
of sample location, affording a patterned hydrogel with unprecedented 3D complexity and

providing a critical step towards recapitulating native tissue’s diverse biochemical makeup.

Seeking to demonstrate that GIZMO enables biologically directed microfabrication, we patterned
protein release from gels (60% objective) following fluorescent confocal micrographs of
immunostained cardiomyocytes cultured on glass. Localizing mCherry release to inverted
patterns of cardiomyocyte cytoskeletal a-actinin, actin skeletal muscle, and nuclei fluorescent

channels, each at a different gel position, demonstrated 1:1 biomaterial customization on a native
9
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biological scale (Figure 2H). Moving forward, we anticipate that such bioinspired fabrication

will provide a uniquely powerful tool to study and recreate functional tissues.

3D Protein Photoimmobilization within Biomaterials via GIZMO

Building on success in grayscale protein photorelease from biomaterials, we turned our attention
towards grayscale patterned immobilization of proteins throughout hydrogels. Though
biochemical patterning of hydrogels has proven effective in spatially guiding cell fate,
multiphoton-enabled protein tethering within gels has been only sparsely explored (30, 35, 38—
40, 44—46). Prior studies have yielded only binary patterns with limited 3D complexity, with the
one notable exception reported by the Zenobi-Wong group where a small grayscale protein
pattern invariant in the z dimension was demonstrated (35). Towards filling this technological
gap, we sought to apply GIZMO in conjunction with a bioorthogonal oxime photoligation (38,
40, 44, 46) to immobilize site-specifically modified proteins within polymeric hydrogels in well-

defined non-binary patterns across cubic millimeter volumes (Figure 3A).

Photodecoratable hydrogels were formed via SPAAC step polymerization of PEG-tetraBCN (Mx
~ 20 kDa, 4 mM), tri(ethylene glycol) diazide (8 mM), and a heterobifunctional tetra(ethylene
glycol) bearing both a BCN and a 7-dicarboxymethylaminocoumarin (DCMAC)-photocaged
alkoxyamine (DCMAC-HNO-TEG-BCN, 100 uM, Supplementary Methods S10-11). Though
not previously utilized for photomediated oxime ligation, we anticipated that DCMAC’s high
two-photon sensitivity (33, 47) would prove useful for GIZMO-based gel customization. Upon
two-photon stimulation (A = 740 nm), DCMAC is cleaved, liberating a reactive alkoxyamine that

undergoes localized oxime ligation with gel-swollen aromatic aldehyde-modified proteins
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(Figure 3B). Following diffusive removal of unbound proteins, the gel remains covalently
functionalized in light-exposed regions. Chemoenzymatic modification of the C-termini of both
Enhanced Green Fluorescent Protein (EGFP) and mGreenLantern (mGL (48)) with a
polyglycine-aldehyde peptide [H-GGGGDDK(CHO)-NH>, Supplementary Methods S3-4 and
S6-7] via STEPL yielded homogenously monotagged and photopatternable species (EGFP-CHO,

mGL-CHO) whose fluorescence could be used to visualize and assess patterning success.

After determining optimal laser conditions for grayscale protein phototethering (pixel size = 0.78
um/px, pixel dwell time = 88 ns, A = 770 nm, power = 80% of maximum, repeats = 10, 25%
objective) (Figures 3C-D), we fed GIZMO sliced 3D model inputs (STL files) to immobilize
EGFP-CHO locally within gels in the 3D shape of the Seattle Space Needle, a lovable gremlin,
and a two-toned version of the protein’s crystal structure (Protein Data Bank ID: 2Y0G (49))
(Figures 3E-F, Supplementary Figure S3). Taking advantage of DCMAC’s high two-photon
sensitivity, we employed tiled GIZMO to tether mGL-CHO within hydrogels matching the shape
of Mount Rainier (Figure 3G). Notably, patterning time of this large structure (8 mm x 8 mm x 2
mm, 130 pL, 1:3,000,000 scale) was complete in just under 7 hours. Using an inputted image
stack (200 images) from Walt Disney’s short film “The Mad Doctor” (public domain), a mGL-
based “flipbook” (900 um x 700 um x 600 pum total size) was also patterned (Figure 3H,
Supplementary Movie S2). Tiled implementation of GIZMO enabled grayscale protein
immobilization across large scales in 3D and with excellent pattern fidelity, evidenced through
recreation of Leutze’s “Washington Crossing the Delaware” (3.8 mm x 2.4 mm) and z-graded
letters corresponding to our technique’s acronym (2.7 mm x 0.8 mm x 0.7 mm) (Figures 3I-L).

We anticipate that such 3D grayscale biochemical modulation will prove useful in probing and
11
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directing cell fate, particularly when the image stacks driving GIZMO are derived directly from

living samples.

Precisely Controlled 3D Hydrogel Degradation via GIZMO

Building on success in customizing grayscale biomaterial biochemistry, we sought to further
highlight the versatility of GIZMO by using it to create well-defined synthetic microvasculature
within hydrogels (Figure 4A). Though small multiphoton-patterned microvoids within gels have
found substantial utility in controlling multicellular geometry and outgrowth (50—53), creating
perfusable and cellularized networks (54-57), and in investigating biological mechanisms
underpinning hematologic diseases (58), prior efforts have been substantially limited in their 3D
complexity and size. We aimed to demonstrate that GIZMO could be applied in light-mediated
subtractive manufacturing to readily create synthetic microvasculature with capillary-sized

features whose makeup is physiologically informed.

Towards this goal, photodegradable hydrogels were formed via SPAAC step polymerization of
PEG-tetraBCN (M, = 20 kDa, 4.05 mM) and a recently reported bis-azide modified
photodegradable ruthenium (Ru) polypyridyl complex-based crosslinker [(Ru(2,2’-bipyridine),-
(4-azidobutanenitrile),, Rubpy (59), 8 mM] (Supplementary Method S12). After gel formation,
two-photon absorption (A = 750 — 850 nm) and triggered crosslinker photoscission permits direct
hydrogel restructuring through localized material dissolution (Figure 4B). Taking advantage of
the slight stoichiometric excess of BCN groups included during gel formulation, photopatterned
gels were stained with a fluorescent azide dye (Cy5-Ns, 1.25 uM). After gel patterning and

fluorescent labeling, we imaged samples using fluorescence confocal microscopy and quantified
12
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the extent of degradation within and immediately surrounding each of the illuminated regions
(here, a lack of fluorescence was taken to indicate complete photodegradation). This label-after-
photopatterning approach enables full confidence that desired gel regions were degraded as

intended (Supplementary Figure S4).

We first identified optimal laser scanning parameters enabling complete photodegradation,
defined as those that afforded the fastest (e.g., minimal scan repeats) patterning with minimal
bleed in the z dimension. To our delight, Rubpy proved exceptionally sensitive to two-photon-
mediated cleavage, enabling complete and localized material degradation following a single
resonance-scanned (8 kHz) exposure at full power (pixel size = 0.70 pum/px, pixel dwell time =
88 ns/px, A = 750 nm, repeat = 1, 25x objective). Using these parameters, GIZMO was employed
to photodegrade 2D and patent 3D structures into gels, initially within one imaging window

(Figures 4C-D, Supplementary Figure S5).

Towards generating large-scale, native tissue-derived vasculature networks, we cleared, stained
(anti-a-Smooth Muscle Actin), and 3D imaged the vascular network within whole mouse brain
samples using hybrid open-top light-sheet microscopy (60) (Supplementary Method S13). The
entire intact brain was imaged at a rate of ~350 mm? hr'! with near-isotropic resolution

(xyz resolution of 4.41 +0.83, 4.09+ 1.07, and 5.48 + 1.08 um). We next developed a custom
Python-based workflow for 3D vessel segmentation, which we used to generate a high-resolution
3D model for a 2 mm x 2 mm x 2 mm vasculature subvolume (Figure 4E, Supplementary
Method S14). This model was further transformed into a tiled image stack used to drive

GIZMO-based gel photodegradation. Owing the Rubpy’s remarkable two-photon sensitivity, the
13
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entire GIZMO process took just 64 min for the 8 mm? structure. Furthermore, results highlight
that GIZMO’s underlying AOM was able to effectively modulate laser power with high x-
resolution, even under such rapid laser scanning. Upon fluorescent labeling and visualization
(color inversion-based surface renderings employed for 3D visualization), patent capillary-sized
channels that were faithfully indistinguishable from the inputted model were observed with
diameters spanning single to hundreds of micrometers over cubic millimeter volumes (Figure
4F-G, Supplementary Movies S3-4). These patterns extend well beyond the current state of the

art for engineered vasculature networks in complexity, size, and resolution.

Finally, recognizing the importance of networks mechanics on cell function (67), we sought to
exploit partial material photodegradation to manufacture hydrogels with locally varied grayscale
mechanics (Figure 4H). Towards this, we determined the grayscale photodegradation response
to varied laser power, holding all other scan parameters constant (pixel size = 0. 44 pm/px, pixel
dwell time = 3200 ns/px, A = 850 nm, repeats = 1, 25% objective) (Figures 4I-J). Stiffness-
patterned gels were then created in the form of Vermeer’s “Girl with a Pearl Earring” and many
others, each with high pattern fidelity (Figure 4K-L, Supplementary Figure S6). Using similar
scanning parameters, we created a mechanically variable “flipbook” following inputted frames
from the Popeye short film “A Date to Skate” (public domain) consisting of 300 planar images
(450 pm x 350 um x 650 pm total size) (Figure 4M, Supplementary Movie S5). We anticipate
that the ability to customize network stiffness at subcellular resolutions and in 3D will prove
useful for mechanobiology, just as the engineered voids will aid in building vascularized tissues,
fabricating next-generation microfluidic devices, and other applications that require precise

microstructural control.
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Conclusion

In this manuscript, we introduced GIZMO as a generalizable strategy to rapidly photocustomize
mm?>-scale materials at submicron resolutions and with 4D grayscale control. We have
demonstrated GIZMO’s specific use in patterning non-discrete protein release from,
biomacromolecule immobilization to, and degradation within polymeric hydrogels at
unprecedented complexity and scale. The method is largely photochemically agnostic and is
expected to be compatible with the ever-expanding library of multiphoton-sensitive chemistries.
To facilitate widespread and rapid adoption by the community, we have prioritized open-source
code development that ensures compatibility with several leading commercial as well as

homebuilt multiphoton microscopes.

Modern biological research increasingly suggests a dense interconnectedness between biological
structure, proximity, and function. We anticipate that the threads of this network will be
increasingly revealed by flexible and high-throughput tools that can probe, direct, and eventually
replicate biological function in heterogenous tissue culture. Beyond biological research,
engineering challenges such as personalized medicine, drug discovery, and biological data
storage will benefit from robust image-guided biomaterial fabrication. GIZMO represents a
major step toward these challenges as the first platform for rapid, high-resolution, and grayscale

photomodulation of biomaterials in 3D.
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Fig. 1. Biomaterial patterning through grayscale image z-stack-guided multiphoton optical-
lithography (GIZMO). Multiphoton laser-scanning lithographic patterning enables high
precision biomaterial customization in 3D, whereby photochemical reactions are confined to the
focal point of a femtosecond-pulsed laser. Modulation of laser power during raster scanning as
positionally specified on a voxel-by-voxel basis by the corresponding tiled z-stack location’s
grayscale intensity yields patterned 3D biomaterials through GIZMO. Since inputted image
stacks can be generated from 3D models (e.g., AutoCAD, STL) or obtained directly through
many common imaging techniques (e.g., confocal, light sheet, two-photon microscopy), this
approach affords precise control over a wide range of multiphoton-compatible chemistries
following user-specified and/or biologically defined patterns.
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Fig. 2. Photopatterned biomolecule release from biomaterials using GIZMO. (A) Site-
specifically modified proteins tethered to hydrogel biomaterials through a photodegradable linker
are readily photoreleased via GIZMO. (B). The oNB moiety C-terminally installed between the
mCherry protein and the material (R1) undergoes photoscission in response to focused laser light
(A =740 nm), resulting in protein release and its diffusive removal from the gel. (C) Using an
interspaced line binary pattern to guide protein release, a sharp transition between areas fully
functionalized and those in which protein has been completely photoreleased was achieved, as
revealed by fluorescent microscopy. (D) Linear gradient exposure patterns (470 pm wide, varied
from 0 to maximum laser intensity) conducted at different maximum laser power (35 — 60%)
were used to correlate laser power with extent of mCherry protein photorelease. Representative
gradient corresponds to maximum power of 40%. (E) GIZMO patterning of mCherry
photorelease from PEG hydrogels in arbitrary patterns, including van Gogh’s “The Starry
Night”, da Vinci’s “Mona Lisa”, and the photograph of a current-day biomaterials scientist. (F)
Direct comparison of the pixel intensities from the “Mona Lisa”-patterned gel with the
corresponding input image showcased high parity. (G) Representative slices of GIZMO-
patterned grayscale z-stack consisting of 200 distinct planar images comprising the biomolecule
“flipbook” (300 um x 300 um x 1.2 mm total size), derived from drone footage acquired near
Kanaskat-Palmer Washington State Park. (H) Cardiomyocytes stained for a-actinin (red), actin
(green), and nuclei (blue) were used as the basis for biologically defined GIZMO patterning of
mCherry protein release from a gel. Patterned proteins are shown with false coloring to match
that of the corresponding original fluorescent channel. Each channel was patterned within
separate locations in the gel prior to superposition. For C-E and G, bound species is shown in
white; released regions appear black. Inset images correspond to template images. Scale bars: 50
pm in C-F, 20 um in G.
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Fig. 3. Photopatterned protein immobilization within hydrogels via GIZMO. (A) Site-
specifically modified proteins are photochemically tethered at specific regions within
biomaterials by GIZMO. (B) A photomediated oxime chemistry permits aldehyde-modified
proteins to be covalently tethered C-terminally within the gel in response to pulsed laser light (A
=740 nm). (C-D) Linear gradient exposure patterns (varied from 0 to maximum laser intensity)
at different maximal laser powers (20 — 60%) were used to relate protein immobilization with
patterning conditions. Arrow denotes increasing maximal power (20, 30, 40, 50, 60%). E) 3D
patterned immobilization of EGFP-CHO is achieved within the gel in the shape of a lovable
gremlin. (F) Gels were functionalized with EGFP-CHO in a 3D geometry as defined by the
protein’s crystal structure, with alternating strands corresponding to different levels of
modification (color map from red to green with increased protein functionalization). (G) Tiled
binary patterned immobilization of mGL-CHO in the form of Mount Rainier (§ mm x 8§ mm x 2
mm, approximate 1:3,000,000 scale). (H) Representative slices of GIZMO-patterned grayscale z-
stack consisting of 200 distinct planar images comprising the mGL-CHO “flipbook” (400 um x
300 um x 600 um total size), in the form of Walt Disney’s short film “The Mad Doctor”. (I-K)
2D tiled GIZMO photoimmobilization of mGL-CHO in the form of Leutze’s “Washington
Crossing the Delaware”. Pixel intensity comparisons showcase high parity between input image
and patterned gels. (L) Tiled GIZMO gel patterning for 3D letters “GIZMO”. Individual letters
were patterned with linearly graded concentration in y, as well as offset positions in z. For C, H-
J, and L, immobilized species is shown in white; unfunctionalized regions appear black. Inset
images correspond to reference images and 3D models that guided GIZMO. Scale bars: 50 pm in
C-FandJ, 100 umin H and L, 500 um in G and L.
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Fig. 4. Patterned biomaterial photodegradation through GIZMO. (A) Patterned 3D voids are
readily etched within photodegradable hydrogels via GIZMO. (B) The Rubpy crosslinkers within
the gel backbone (R and R») photolyze under focused laser light (A = 750 — 850 nm) irradiation,
locally inducing reverse gelation and material dissolution. (C) 2D control over material
degradation is achieved within 3D gels in arbitrary patterns. (D) 3D patterning of an anatomical
model of human pulmonary arteries is achieved through GIZMO-driven hydrogel
photodegradation, showcased with a 3D color-inverted rendering. (E) Entire intact mouse brain
with fluorescently stained vasculature (grey, anti-aSMA staining; teal, input subset used for
GIZMO), obtained by open-top light-sheet microscopy following CUBIC clearing, and subset
used for vessel patterning (cyan). (F-G) Surface renderings of tiled GIZMO-photodegraded
voids throughout gel at various magnifications, following native microvasculature pattern in E.
(H) Partial material photodegradation by GIZMO affords patterned material softening. (I-J) Gels
exposed to a gridded array of varying power (0% — 100% relative to maximum, moving from
left-to-right, top-to-bottom). Following fluorescent staining, extent of gel photodegradation was
assessed through loss of fluorescence, and (J) quantified with bands reflecting error about the
mean for n=3. (K) 2D GIZMO-patterned photosoftening of gel following Vermeer’s “Girl with a
Pearl Earring”. (L) High parity on a pixel-by-pixel basis between inputted image and patterned
gel softening was obtained. (M) Representative slices of GIZMO-patterned softened hydrogel
“flipbook” consisting of 300 planar images (450 um x 350 pm x 650 um total size), in the form
of the Popeye short film “A Date to Skate”. For C and I-M, intact gel is shown in white or red,
while photodegraded regions appear black; grayscale values in between correspond to partially
degraded materials of intermediate stiffnesses. Inset images correspond to reference images and
3D models that guided GIZMO. Scale bars: 50 um in C and I-M, 10 pm in D, 2 mm in E, 50 um
in F, 200 um in G.

29


https://doi.org/10.1101/2024.01.31.578280
http://creativecommons.org/licenses/by-nc-nd/4.0/

