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ABSTRACT

Hydrogels are an important class of biomaterials that permit cells to be cultured and studied within engineered microenvi-
ronments of user-defined physical and chemical properties. Though conventional 3D extrusion and stereolithographic (SLA)
printing readily enable homogeneous and multimaterial hydrogels to be formed with specific macroscopic geometries, strate-
gies that further afford spatiotemporal customization of the underlying gel physicochemistry in a non-discrete manner would
be profoundly useful toward recapitulating the complexity of native tissue in vitro. Here, we demonstrate that grayscale con-
trol over local biomaterial biochemistry and mechanics can be rapidly achieved across large constructs using an inexpensive
(~$300) and commercially available liquid crystal display (LCD)-based printer. Template grayscale images are first processed
into a “height-extruded” 3D object, which is then printed on a standard LCD printer with an immobile build head. As the local
height of the 3D object corresponds to the final light dosage delivered at the corresponding xy-coordinate, this method provides
a route toward spatially specifying the extent of various dosage-dependent and biomaterial, forming/modifying photochemis-
tries. Demonstrating the utility of this approach, we photopattern the grayscale polymerization of poly(ethylene glycol) (PEG)
diacrylate gels, biochemical functionalization of agarose- and PEG-based gels via oxime ligation, and the controlled 2D adhesion
and 3D growth of cells in response to a de novo-designed a581-modulating protein via thiol-norbornene click chemistry. Owing
to the method's low cost, simple implementation, and high compatibility with many biomaterial photochemistries, we expect this
strategy will prove useful toward fundamental biological studies and functional tissue engineering alike.

© 2025 Wiley Periodicals LLC.
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1 | Introduction

Global efforts over the past several decades to probe and direct
cell biology in vitro have made extensive use of hydrogel bioma-
terials [1-4]. These water-swollen polymeric networks intrinsi-
cally mimic the highly aqueous nature of the body, support cell
encapsulation and extended culture, and can be synthetically
customized to mimic the physical and chemical aspects of na-
tive tissue. Though early successes have capitalized on using
homogeneous hydrogels cast in simple mold-defined geome-
tries, recent advances in additive manufacturing have enabled
the creation of macroscopically structured gels that span tissue-
level scales. While achievable resolutions, fabrication times,
costs, and general availability naturally differ between tech-
niques, digital light processing (DLP)-based [5], volumetric [6],
extrusion-based [7, 8], filamented light (FLight) biofabrication
[9], and open-microfluidic [10] printing now readily permit hy-
drogel materials to be cast in user-defined geometries. Further,
advanced implementation of these methods (e.g., multinozzle
extrusion, sequential DLP) can enable the synthesis of discrete
multimaterials useful for applications such as exploring geo-
metrically defined co-culture of various cell types and studying
tissue interfaces, among others [11, 12].

Despite tremendous advances in additive manufacturing,
methods to create non-binary biomaterials with arbitrary and
continuously varied physicochemistry remain largely undevel-
oped. Existing strategies often settle for simple linear or radial
gradients that do not necessarily reflect the underlying biology
they seek to mimic [13]. As heterogeneous chemical and phys-
ical cues underscore virtually all biological signaling events
throughout living tissue, techniques that permit user-defined
and “grayscale” fabrication/customization of biomaterials are of
prime interest. Towards this goal, light-based chemistries offer
two particularly distinct advantages: (1) material fabrication is
readily controlled in time and space based on when and where
light is directed, at potentially high resolutions over large areas,
and (2) many photochemistries exhibit predictable dosage-
dependence, in that greater photoreaction accompanies longer
or brighter light exposures [14-16]. Though the first advantage
lies at the core of every light-based printing technology (e.g.,
DLP, FLight), only a few attempts have exploited that second
and uniquely powerful advantage to create grayscale multima-
terials [17-20].

Our group recently introduced “grayscale image z-stack-
guided multiphoton optical-lithography” (GIZMO), enabling
rapid biomaterial photomodulation in full 3D non-binary
patterns [19]. While we have demonstrated GIZMO's utility
for grayscale physical or chemical modulation of gels at sub-
micron resolutions spanning >mm? volumes, the technique
relies on an in-line acousto-optic modulator capable of con-
trolling the intensity of a femtosecond-pulsed laser through-
out raster scanning. As this technique requires specialized
expensive equipment (~$500,000) and exhibits fabrication
times that scale linearly with construct volume, we sought to
develop a complementary method that trades one dimension
of spatial control for the ability to be easily implemented with
inexpensive and readily accessible commercial instrumenta-
tion (~$300) as well as with fabrication times that are fully
decoupled from construct size.

Striving to fill this manufacturing niche, we identified liquid crys-
tal display (LCD) screens as the most ubiquitous high-resolution
light producers. Consumer resin 3D printers ship with LCD
screens designed for radical-initiated photopolymerization and
integrated software for specifying pixel illumination patterns.
Although LCD printing has gained popularity for its affordabil-
ity and high resolution, often outclassing far more expensive DLP
systems, its applications for tissue engineering are only beginning
to be realized. A recent report found that off-the-shelf LCD print-
ers can be used for 3D bioprinting of cell-laden constructs at high
resolution (~80pum) [21]. During normal operation, the printer
lowers its stage into a vat of liquid monomer precursor. Beneath
this vat, the LCD screen delivers a user-specified light pattern,
typically at 405nm and~1-10mWcm=2, confining polymer-
ization to a thin binary-specified layer at the stage. Iteratively
retreating the build platform from the LCD screen and project-
ing a new pattern on a thin monomer layer enables complex 3D
structures to be generated in a layer-by-layer fashion. However, if
the stage were forced to remain in a fixed position relative to the
LCD display, the height of the “to-be-printed” inputted 3D model
would correspond to the final light dosage delivered at each xy-
coordinate. We hypothesized this could provide a route to spa-
tially defining the extent of biomaterial photoreaction.

In this work, we demonstrate that grayscale biomaterial me-
chanics and biochemistry can be rapidly achieved using an
inexpensive and commercially available LCD printer. Here,
non-binary image templates are first processed into a “height-
extruded” 3D object, whereby input pixel intensity specifies
outputted local object height. After slicing the extruded 3D
object into a series of cumulative masks, as is typical for LCD
3D printing, the patterns are sequentially projected onto pho-
tosensitive gel components to yield the grayscale construct
(Figure 1). Notably, pattern geometries are infinitely cus-
tomizable and are limited only in size by the LCD screen. We
demonstrate the utility of this technique by variably pattern-
ing the radical chain polymerization of poly(ethylene glycol)
(PEG) diacrylate, photomediated oxime ligation-based immo-
bilization of biomolecules within agarose- and PEG-based hy-
drogels, and a thiol-ene-based tethering of a de novo-designed
a5p1-modulating miniprotein to control 2D cell attachment
and 3D growth within gels. Given the exceptionally low cost,
ease of implementation, and broad compatibility with many
biomaterial photochemistries, we anticipate this strategy will
prove broadly useful towards engineering natively complex
tissue constructs at scale.

2 | Materials and Methods

2.1 | Materials

All hydrogel material precursors were purchased from listed
commercial suppliers or synthesized as described in the
Supporting Information document.

2.2 | Printer Modification and Pattern Generation

All LCD patterning was performed on an Elegoo Mars 4 Ultra
resin printer (Table S1). The build platform and resin tank were

20f13

Journal of Biomedical Materials Research Part A, 2025

85U80|7 SUOWILIOD BAIEa.D 8|qeo![dde 8Ly Aq peusenob ae S9olle YO 8Sn JO Sa|NnJ 10} A%eud1 78Ul U0 /8|1 UO (SUORIPUOO-PUE-SW.BI W0 A8 | 1M ARIq 1 BU1 [UO//:SANY) SUORIPUOD Pue SWie 1 8y} 88S *[5202Z/0T/80] U0 AkeiqiTaulluo A8|im ‘uoiBuiusem JO AisieAlun Aq 268.2€'Wql/z00T 0T/I0p/wod A8 iM AeIq Ul uo//Sdny WoJj pepeoiumod ‘v ‘SZ0Z ‘S96v2SST



Grayscale template Height-extruded

3D object

photomask series

Tissue-scale
gradient patterns

LCD screen
printing

Cumulative

precursor

FIGURE1 | Image-guided grayscale biomaterial customization enabled via LCD printing. A grayscale image template is height-extruded to pro-

duce a 3D object with the z-dimension representing pixel intensity at a given location. The 3D object is sliced into cumulative photomasks that are

sequentially applied to a hydrogel or precursor solution using an LCD printer screen. This gradient patterning technique can be applied to a variety

of common photochemical systems, including photopolymerization and biochemical tethering.

removed and replaced with 0.2mm-thick cover glass treated
with Rain-X. Patterning experiments were performed directly
on the glass (Figure S1). To minimize overall patterning times,
stage motor movements were set to the minimum (0.001 mm).
Similarly, motor speed was set to the maximum value to reduce
the time between layers.

3D objects were manipulated and sliced in CAD or using the in-
cluded ChituBox software (Figure S2). 2D images were extruded
by converting to .stl objects with a z-dimension equal to the rela-
tive intensity of each x-y pixel (Method S1, Figure S3). The total
height of the object was set to 2.55mm for 8-bit patterning, with
layer depth set to 0.0l mm and exposure time set to the maxi-
mum desired dosage divided by 255.

2.3 | Photorheometry

A 10wt% solution of PEG diacrylate (PEGDA, M, ~8kDa,
Sigma Aldrich) containing 5mM lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP; Allevi3D, Philadelphia, PA)
was prepared and pipetted in 30uL droplets onto a custom-built
photorheometry plate with a transparent bottom. A 400nm light
source was mounted beneath the plate and set such that the pre-
cursor solution was illuminated with 4mW cm~2. Rheological ex-
periments were performed on an Anton Paar Physica MCR-301
(Graz, AT) with parallel plate geometry at 25°C and 8 mm par-
allel plate geometry (500um gap, 1Hz, 1% strain). Oscillatory
time sweep experiments were performed at constant strain and
frequency, collecting measurements every 10s. The 400nm light
source was turned on for defined intervals and then switched off
until mechanical equilibrium was reached before beginning the
next dose. Gels were illuminated for up to 17min, corresponding
to a total dosage of 4.08Jcm™2.

2.4 | Fluorescence Recovery After Photobleaching
(FRAP)

Precast gels were equilibrated for 24h in a solution (5uM)
of recombinant Enhanced Green Fluorescent Protein (GFP,

MW ~31kDa). FRAP was performed using a Leica SP8X con-
focal microscope equipped with a 488 nm argon laser and a 25X
water immersion objective. Bleaching and imaging scans were
performed at 512 x 512 resolution and 5X zoom on the maximum
scan speed, resulting in a 0.371 s scan duration. The bleach spot
was a circle with a radius of 25um. FRAP measurements were
performed using 10 bleaching scans (3.715s) followed by 162 re-
covery scans (60.10s). Recovery data in the circular bleach spot
can be fitted to a closed-form solution of the simplified diffusion
equation using modified Bessel functions [22]:

=70 2) +1(2)]

T _W2
D=7
D

)

where frap (f) is the time-dependent fluorescence value in the
bleach spot, and w is the spot radius to yield the diffusion coeffi-
cient Dy for each gel. A decay curve relating G’ and D, from iden-
tically formed hydrogels within the observed dynamic range
(G'=0.5 to 10kPa) was derived as:

G' =34.22e70120;

2.5 | Using FRAP to Map Spatial Heterogeneity

A simple 14X 14 pixelated ghost pattern was selected for spatial
mapping to minimize the number and complexity of FRAP mea-
surements needed to probe its mechanical properties. FRAP data
was collected in a regular grid pattern at about 50 um depth below
the gel surface. The resulting curves were fit to calculate Dy, then
interpolated to calculate G at each location. The resulting values
were arranged in a heatmap to compare pattern fidelity with Dy
at the bleaching location taken as a proxy for the surrounding
300X 300pum pixels. It is important to note the limitations of this
assumption considering chain growth hydrogels are known to
have naturally high spatial heterogeneity compared to more ho-
mogenous step growth counterparts. Additionally, while D; and
G’ are certainly related, they are not independent of other factors
including solute shape and mesh radius [23].
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2.6 | Photomediated Oxime Patterning in PEGDA
Hydrogels

A 5wt.% solution of PEGDA (M ~575Da, Sigma Aldrich) was
prepared containing [Ru(bpy),]Cl, (200uM, Sigma Aldrich),
ammonium persulfate (2mM), and DCMAC-NO-MA probe
(100 uM, Methods S2-S3, Figure S4, and Table S2). The pre-
cursor solution was pipetted between two Rain-X-treated
glass coverslips separated by a 0.5mm-thick silicone gasket
before being polymerized under 455nm light—a wavelength
that does not perturb the DCMAC cage [24]. The resulting hy-
drogel was washed in water for 1h to remove the photoinitia-
tor, then transferred to the LCD printer and patterned using
405nm light. The patterned gel was washed overnight in 1 uM
AlexaFluor-488 aldehyde (AlexaFluor-488-CHO; XFD488 al-
dehyde, AAT BioQuest, Pleasanton, CA) or AlexaFluor-594
aldehyde (AlexaFluor-488-CHO [25]) with 0.1% aniline, then
for 1h in water. Patterns were imaged using a Leica Stellaris 5
confocal microscope.

2.7 | Photomediated Oxime Patterning in Agarose
Hydrogels

A solution containing 1% ultra-low melting point agarose and
0.5% DCMAC-NO-modified agarose (Methods S4 and S5) was
prepared by heating to 80°C and then pipetted between two
Rain-X-treated glass coverslips separated by a silicone gasket
(width=0.5 or 1.0mm). The gel was equilibrated in water for
1h, then patterned, stained, and fluorescently imaged as with
the PEGDA gels described above.

2.8 | Pattern Fidelity Comparison

Template and confocal pattern images were cropped and aligned
using Adobe Illustrator, then pixel intensities adjusted using
ImagelJ to maximize dynamic range without excess saturation and
to equalize the number of pixels in each image. Using a custom
Python script described previously [19], a random subset of the
pixel locations from the template was sampled such that each of
64 bins (each containing 4 sequential 8-bit values) contained an
approximately equal population. Each pixel location was plotted
on a heatmap with x and y axes representing the template and pat-
tern intensity, respectively. An identical pattern and template will
result in all points falling on the x=y parity line. Additionally, a
subtraction plot was generated by simply subtracting the pixel in-
tensities in the template from those in the pattern.

2.9 | hMSC Encapsulation and Patterning
of NeoNectin®4C

Human mesenchymal stem cells (hMSCs) were purchased from
RoosterBio Inc. (Frederick, MD) and cultured in Mesenchymal
Stem Cell Growth Medium 2 (PromoCell GmbH; Heidelberg,
Germany) supplemented with 1x Penicillin-Streptomycin (PS)
in a standard 37°C, 5% Co, cell culture incubator. Cells were
passaged 1:10 upon reaching 80% confluency. All experiments
were conducted with cells at passage 5.

For encapsulation, thiol-ene gels were formed off stoichiometry
with monomers and gel precursors combined at 3mM 8-arm PEG-
norbornene (PEG-NB; JenKem; Plano, TX), 10mM dicysteine
peptide crosslinker (Ac-GCRDLPESGGPQGIWGQDRCG-NH,)
(GenScript, Piscataway, NJ), and 5mM LAP to preserve additional
norbornene sites for modification with a carboxyfluorescein-
modified  NeoNectin®44C  (FAM-NeoNectin®4¢,  Method
S6). hMSCs were encapsulated within gels at a density of
2x10%cellsmL~!; upon mixing, 35uL droplets were pipetted
between Rain-X-coated glass coverslips spaced at 500um. The
precursor solution with suspended cells was polymerized by
exposure to 405nm light on the LCD printer screen for 1min.
Immediately following this, cell-laden gels were soaked in the
FAM-NeoNectinF4€ solution (200uM) with LAP (5mM) for 1h
at 37°C, then patterned on the printer for 70s. Following this,
the gels were washed 3x30min in clean media to remove excess
protein. The gels were cultured for 7days and then fixed with 4%
paraformaldehyde for 1h, after which they were washed 3 X 10min
in tris-buffered saline (TBS) and permeabilized with 0.5% Triton
X-100 solution in TBS. The actin cytoskeleton and nuclei were sub-
sequently labeled with 1:500 AlexaFluor-532-Phalloidin (Thermo
Fisher) and 1:1000 4',6-diamidino-2-phenylindole (DAPI), respec-
tively, in TBS. The gels were then rinsed in TBS and imaged on
a Leica Stellaris confocal microscope. Cell eccentricity was ana-
lyzed with Cell Profiler 4.0 [26].

2.10 | Statistical Analysis

Data analysis was performed in GraphPad Prism. Values are ex-
pressed as mean +SD (95% CI).

3 | Results

3.1 | Modification of a Resin Printer for Gradient
Patterning

During conventional operation of an LCD-based 3D printer, a to-
be-printed 3D input model is first sliced into a stack of regular
z intervals of defined thickness. The LCD screen then delivers
a sequence of binary pixel illumination patterns, each defining
which xy-positions will be polymerized at a z-location specified
by the build plate. To achieve grayscale fabrication, we sought
to repurpose such illumination sequences to ultimately specify
the light dosage delivered at each xy position on an immobile
sample. Here, stationary fabrication (i.e., the build plate does
not move in z throughout illumination) results in the delivery of
more light repetitions to “taller” regions of the input model. For
example, a conical 3D input model would print as a circle with a
dosage exposure that decays radially. In doing so, we effectively
re-encode z-dimensional information from the input model into
light dosage (and thus reaction extent) in the grayscale print.

We initially implemented this strategy using an Elegoo Mars 4
Ultra resin printer ($278 at time of purchase in October 2023,
$209 at the time of manuscript submission in October 2024), re-
purposing its 7-inch 9K mono LCD screen. Here, we removed
the build platform and minimized print delays between “layers”
(usually reserved to accommodate platform movement). This
delay can be lengthened if printing with temperature-sensitive
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samples, allowing heat dissipation to occur between rounds of
light exposure. The Mars 4 Ultra's 405nm LCD screen intensity
was measured at 4+0.1 mW cm—2, consistent across the entire
screen. Printing through the stock basin with perfluoroalkoxy
(PFA) base—typically employed to prevent polymerization at the
basin surface—was possible, though light scattering and attenua-
tion necessitated longer fabrication times and yielded poorer print
resolutions. Alternatively, we found that removing the PFA base
and simply placing a cover glass layer directly on the LCD screen
resulted in dramatically improved grayscale processing: in addi-
tion to patterning speed improvements by decreasing attenuation,
better refractive index matching minimized scattering.

For each non-binary print, we performed a height extrusion on a
grayscale input image. The total pattern height and layer depth
settings were configured to give the desired range of grayscale
values (Figure 1). For example, an 8-bit image (255 nonzero val-
ues) can be encoded using a 2.55mm “z maximum” with an in-
dividual layer thickness of 0.01 mm (Figure S3). Dwell time per
layer is then calculated as the maximum exposure time divided
by the number of layers. If the photokinetic properties of the
material are well characterized, we anticipate that it would be
possible to recreate the original input with high fidelity, even if
it contained complex features and gradients.

Since the aim of this study is to repurpose an inexpensive and
commercially available LCD printer for grayscale fabrication,
it is vital that the LCD light dosage and wavelength are com-
patible with established photochemistries. For radical-initiated
hydrogel polymerization, the popular type I photoinitiator LAP
is extremely sensitive to 405nm light and amenable to tissue en-
gineering activities such as cell encapsulation [27]. Direct photo-
caging and radical-free processes are slightly more challenging
and often have synthetic prerequisites, but there is a growing
selection of redshifted and synthetically accessible options. For
example, the dicarboxymethylamino coumarin cage (DCMAC)
[28, 29] has proven extremely sensitive in our hands both to mul-
tiphoton and near-UV/blue light single-photon activation [19].
For traditional caging groups such as ortho-nitrobenzyl that
have poor sensitivity to 405nm light, there are many affordable
stereolithographic (SLA) printing solutions available with alter-
native specifications, including blue-shifted light sources (e.g.,
365-385nm) and higher screen intensities that could be simi-
larly modified. As a result, this technique should allow complex
gradient patterning both in physicochemical systems such as gel
photopolymerizations and in biochemical patterning through
the selective immobilization of biomolecules (Figure 1).

3.2 | Grayscale Patterned Gel Photopolymerization

Chain growth polymerizations are already exploited with high
frequency in stereolithographic 3D printing. Most commer-
cial resins contain a mix of acrylate- or acrylamide-containing
monomers alongside a photoinitiator. Hydrogel fabrication via
chain growth acryl chemistries is identical, but with precursors
that are explicitly water soluble and able to form a hydrated net-
work. Acrylated polymer chains, including poly(ethylene glycol)
(PEG) or structural biomolecules such as gelatin and hyaluronic
acid, have been used to fabricate hydrogels for a variety of bio-
logical applications. In radical chain growth polymerization, the

light-exposed photoinitiator generates an active radical that prop-
agates through unsaturated carbon-carbon bonds on the mono-
mer to yield high molecular weight chains (Figure 2A). Since one
active radical will yield many propagation events, photoinitiators
with small molar extinction coefficients (e.g., LAP ~50M~!cm™!
at 405nm) can be used at low and cytocompatible concentra-
tions. Even so, the radical propagation process is known to be
dose-dependent due to spontaneous termination events, includ-
ing radical decay through reactions with abundant oxygen in the
aqueous precursor solution. We hypothesized that the modified
LCD printing strategy could be applied to form complex mechan-
ical gradients via grayscale photopolymerization.

To investigate the dose-dependent evolution of gel mechanics,
we performed photorheological measurements of 10wt.% PEG
diacrylate (PEGDA) (M, ~8kDa) hydrogels after periodic doses
of 400 nm light. This experiment yielded gels with tunable com-
pressive moduli (G’) from 0.4 to 10kPa, spanning nearly two
orders of magnitude (Figure 2B). To further investigate the vari-
ably polymerized networks, we quantified protein diffusion in
each using fluorescence recovery after photobleaching (FRAP).
Here, formed gels were equilibrated with enhanced green fluo-
rescent protein (GFP, 31kDa). FRAP measurements were per-
formed using a confocal microscope, and diffusion coefficients
(Df) were determined for gels with varied but known degrees of
polymerization. Relating these two datasets yielded a correla-
tion between compressive modulus and protein diffusivity for
this specific gel system that was used to infer spatial variations
in stiffness inside patterned hydrogels (Figures 2C and S5).

A grayscale pattern in the shape of a pixelated cartoon ghost was
prepared to test gradient photopolymerization using the LCD
printer. Four unique grayscale values were assigned to differ-
ent parts of the pattern before height extrusion and fabrication
(Figure 2D-F). The resulting pattern was partially visible to the
naked eye, a feature we have previously observed in hydrogels
with heterogeneous stiffness [30]. This is likely due to slight dif-
ferences in refractive index and swelling ratio between soft and
stiff regions.

To quantify and map the spatially heterogeneous mechanical
properties, we collected FRAP measurements in a regular grid
pattern across the x—y plane and calculated local vaalues for
each region. Since the chosen pattern was uniform across its
14x 14 “pixels” (not including the high-intensity protective
border), each FRAP measurement was taken as a proxy for
the diffusivity throughout the corresponding ~300 X 300 um
square “pixel”. Softer regions of the pattern (e.g., whites of
eyes) that received less light dosage show markedly faster fluo-
rescence recovery than higher dosed and stiff regions (e.g., pu-
pils) (Figure 2G). Importantly, it was also possible to achieve
intermediate stiffnesses across a range of values correspond-
ing to the inputted height map. By applying these diffusivity
measurements to the previously generated fit, we could infer
local G’ values throughout the patterned gel. Mapping these
values back to their original locations yields a spatial map
of local mechanical values that closely resembles the input
image (Figures 2H and S6). Gradient photopolymerization
performed in this way allows the fabrication of heterogeneous
materials with rapid spatial mechanical changes on the order
of ~100 um (Figure S7).
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FIGURE 2 | Grayscale stiffening of PEGDA-based hydrogels. (A) Chemical and cartoon depictions of acryl-based chain growth polymerization.
Cartoon adapted with permission from ref?. R, =H, CH,; R, can represent many chemistries. (B) Varied 400nm light dosage yields gels with com-
pressive moduli spanning nearly 2 orders of magnitude in a 10wt.% 8kDa PEGDA hydrogel. Values are expressed as mean+SD, n=3. (C) FRAP
data matched with known compressive moduli is used to derive a relationship between compressive modulus and diffusion coefficient for a 31kDa
fluorescent protein in 10wt. % 8 kDa PEGDA hydrogel. (D) 2D height map of an arbitrary pattern with annotated 8-bit pixel intensities (inverted). A
high-intensity border is included to protect mechanical integrity during downstream processing but is not necessary. (E) Height extrusion from the
grayscale image template shown in panel D. (F) A gel photopolymerized according to the grayscale pattern in panels D-E. The pattern is slightly
visible due to refractive index changes at mechanical borders. Scale bar=2mm. Total fabrication time =10min. (G) Representative FRAP curves
and timestamped images from a soft (top, whites of eyes) and stiff (bottom, pupils) region of the hydrogel in panel F. Scale bar=25um. (H) Spatially
mapped compressive moduli for the hydrogel in panel F inferred from FRAP-derived calculations of diffusivity.

3.3 | High-Resolution, Large-Scale Patterned including that for photomediated oxime ligation-based immo-
Biomolecule Immobilization bilization of biochemical cues within preformed hydrogels.

Towards this goal, we turned to the use of dicarboxymethyl
In addition to radical-mediated hydrogel photopolymeriza-  aminocoumarin-caged oxyamines (DCMAC-NO), demon-
tion, we hypothesized that the LCD printer screen could de- strated previously to exhibit high light sensitivity and
liver enough light to drive radical-free uncaging reactions, semi-linear dose dependence below the saturation dose. To
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introduce this photocaged reactive handle within gels formed
via radical chain polymerization, we synthesized and charac-
terized a novel methacrylate-modified variant of this species
(DCMAC-NO-MA).

The photomediated oxime reaction proceeds through light-
induced cleavage of the carbamate linking group followed
by covalent ligation of an aldehyde-tagged payload to form a
stable oxime bond (Figure 3A). After photolysis, the reaction
proceeds spontaneously but exhibits significantly enhanced
kinetics in the presence of benzenamine catalysts (e.g., ani-
line, 4-amino-L-phenylalanine) [31]. Gels were precast with a
known concentration of the DCMAC-NO-MA probe, photo-
patterned via grayscale LCD exposure, followed by incubation
with the aldehyde-labeled payload (in this case a fluorophore)
and catalyst. Following diffuse removal of any unbound dye,
the selectively immobilized dye was visualized via confo-
cal microscopy (Figure 3B). As expected, patterning resolu-
tion was enhanced when the PFA membrane was removed
(Figure S8).

To determine the optimal 405nm dosage for a linear pat-
terning response in DCMAC-NO-decorated hydrogels, we
exposed the small molecule to variable light doses and quan-
tified the relative extent of uncaging via liquid chromatogra-
phy-mass spectrometry (LC-MS). Here, peaks corresponding
to the emergence of the uncaged DCMAC alcohol byprod-
uct were integrated for kinetic quantification (Figure 3C,
Methods S7 and S8). The relationship between 405nm light
dosage and reaction extent can be approximated as a pseudo
first-order reaction with k=1.2+0.2cm/2J~! and a reaction
half-life of 0.6 +0.1J/cm™2, corresponding to 2.5min of irra-
diation at 4mW/cm~2 (Figure 3D). To validate the utility of
these constants in hydrogel photopatterning, a process that
is abstracted by several steps from decaging in solution, we
exposed DCMAC-NO-modified hydrogels to linear dosage
gradients with varying endpoints prior to oxime-based im-
mobilization and quantification of a fluorescent aldehyde dye.
Here, a series of square wedge patterns with height ratios 1:2:3
were patterned into the gel using print settings correspond-
ing to 3, 6, and 9min of total exposure (i.e., 0.72, 1.44, and
2.16Jcm™2, respectively). Height-mapping these wedges was
expected to result in a linear dosage gradient across the y-
dimension and constant dosage across x. After staining with
AlexaFluor-488-CHO, relative fluorescence was compared
between the curves, revealing near-identical dose-dependent
responses, but which were slightly below and more linear than
that of the photocaged probe in solution (Figures 3E and S9).
This is potentially attributable to small amounts of attenua-
tion from scattering or incomplete ligation of the fluorophore,
though these results are advantageous for gradient patterning.

In addition to dose response, we next evaluated the LCD
screen's resolution limit for biochemical patterning. According
to Elegoo documentation, the illumination pixel size in the
Mars 4 Ultra is 18 X 18 um, but some spreading of the non-
collimated light is expected, particularly as it passes through
samples that are far thicker than the recommended layer depth
for resin printing. A series of lines of known width ranging
from 20 to 500 um were patterned into DCMAC-NO-modified

agarose hydrogels using the LCD screen. Agarose was em-
ployed due to its negligible swelling, helping ensure accurate
comparison of post-staining lines with the template. The larg-
est lines (150-500um in width) were reproduced with high
fidelity but showed some widening (typically 20-40 um) at
the edges, presumably due to the spreading of uncollimated
light. The smaller lines showed significant deviation from the
template dimensions as well as reduced maximum intensity,
although peaks with full width half maximum (FWHM) as
small as 100um were achieved (Figures 3F and S10). These
results are in agreement with observed resolution limits in
DLP-patterned biomaterials where the minimum resolv-
able features are often somewhat larger than the theoretical
minimum dictated by pixel size [32]. Scattering and atten-
uation also place limits on the maximum pattern thickness
achievable by this technique. In PEG-based hydrogels, we
routinely observed some decrease in pattern intensity with
depth, but patterns remained visible and sharp beyond 1 mm
(Figure S11). Finally, the DCMAC-NO-acryl probe was used
to pattern a 1:1 grayscale reproduction of SOX10 expression
from a murine melanoma section [33] into a precast PEGDA
hydrogel, demonstrating the ease with which biological geom-
etries can be incorporated into this image-guided workflow
(Figure 3G).

With a solid understanding of the dose-dependent response
and minimum feature size in this system, we set out to demon-
strate the advantages of patterning using a large LCD screen.
Namely, fabrication time is independent of pattern size pro-
vided the sample is smaller than the screen itself. Here, we
cast a large DCMAC-NO-modified agarose gel (5cm diam-
eter) and patterned it with a large grayscale reproduction of
William Morris’ “Pomegranate” (Figure 4A). Subsequent
staining with aldehyde-tagged AlexaFluor-594 revealed a
faithful representation of the pattern with clearly differenti-
ated grayscale values between the background and brightest
sections of the image. For example, leaves are clearly visible
against a dark background with brighter vein structures run-
ning between (Figure 4B,C), while flowers show a clear in-
tensity gradient from petals to receptacle (Figure 4C, bottom).
We next assessed the pattern fidelity by aligning excerpts from
the template and pattern images pixel-by-pixel and compar-
ing their respective intensities (Figure 4D). From the aligned
images, a binned sample of pixels was collected to represent
regions across the 8-bit intensity range. These comparisons
were plotted as a parity heatmap with points on y=x corre-
sponding to a perfect template-pattern match (Figure 4E).
The Morris pattern is faithful to its template image, particu-
larly above pixel intensities of 100. Darker regions tended to
be slightly overpatterned, partially due to the nonzero back-
ground in confocal microscope images. This becomes obvious
if the pattern and template images are subtracted (Figure 4F,
blue/green). Additionally, many of the underpatterned pixels
(Figure 4F, pink/orange) appear to reside in a damaged por-
tion of the gel. The majority of the patterned regions, however,
appeared black (well-matched) in the subtraction plot, as de-
sired. In future applications where the local concentration of
a biomolecule tether must be precisely controlled, it should be
possible to perform an initial calibration pattern, then refit the
template pixel intensities to yield even more faithful patterns.
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FIGURE 3 | Photomediated oxime ligation enables grayscale biochemical functionalization of gels. (A) A photomediated oxime ligation pro-
ceeds through removal of the DCMAC cage (orange), liberating an oxyamine handle (green) prior to covalent ligation with aldehyde-tagged (blue)
biomolecule tethers. (B) Photopatterned immobilization of biomolecules proceeds along the hydrogel backbone as the DCMAC photocage cleaves
in response to light. (C) Liquid chromatography-mass spectrometry (LC-MS) traces show a light dose-dependent increase of the coumarin-alcohol
uncaging product ([M-H|~ =306.2) and liberated oxyamine ([M-H]~=291.2) and a decrease of the caged DCMAC-NO-MA probe ([M-H]~=624.2).
(D) Quantitative analysis of LC-MS peak area yields the photochemical constant for DCMAC-NO-MA uncaging at 405nm. Values are expressed as
mean + SD, n=3. (E) AlexaFluor-488-CHO is immobilized in gels following 3 distinct linear light exposure gradients (between 3-, 6-, or 9-min max
exposure over 3mm). When normalized for dosage, response curves match one another and are similar to that determined for in solution DCMAC
uncaging (dotted line). (F) Above: LCD-patterned AlexaFluor-488-CHO immobilization in lines of decreasing widths. Below: Average pixel value
pixel columns across the upper image. Scale bar=1mm. (G) A 1:1 reproduction of SOX10 expression in a murine melanoma section (yellow). The
pattern is made from immobilized AlexaFluor-488-CHO (green) in a PEGDA hydrogel. Scale bars =2mm.

3.4 | Patterned Integrin-Mediated Cell
Attachment Using a De Novo-Designed Protein

Thiolated cargo immobilization can also be photopatterned in
grayscale using the LCD printer screen via a radical-mediated

thiol-ene conjugation. Many proteins either contain natively
reduced cysteine side chains or can be produced recombi-
nantly with a free thiol to enable patterned immobilization
of a variety of enzymes and biological cues. Towards pattern-
ing cell spreading in 2D and 3D cell culture, we identified a
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FIGURE4 | Grayscale image-guided biochemical patterning of agarose gels via photomediated oxime ligation. (A) Grayscale crop of William
Morris' “Pomegranate” (1864-5). Inset is the original color drawing. Source: The Metropolitan Museum of Art. (B) Patterned AlexaFluor-594-CHO
immobilization in a large agarose hydrogel via photomediated oxime ligation. A 500 um maximum intensity projection. Scale bar=5mm. (C) A

“sequential colormap” of the patterned gel in panel B reveals the range of gradient immobilization, with a magnified subset shown below. Scale

bars=5mm (top), 1 mm (bottom). (D) Excerpts from the template and pattern are sized and aligned prior to pixel-by-pixel comparison. (E) Parity

heatmap of the floral-patterned gel. Points above the parity line are too intense or over-patterned while points below are under-patterned. The

trend at lower pixel intensities is expected due to the non-zero background of confocal images. (F) Pixel-by-pixel subtraction of the aligned pattern

and template images reveals regions of under- (pink/orange) and overdosed (blue/green) light during patterning. Minimal color throughout further

highlights good overall patterning fidelity.

recently reported and de novo-designed a5f1 integrin binder
[34]—NeoNectin—for thiol-ene patterning. Here, we em-
ployed a variant of this protein engineered to contain just a
single cysteine residue installed at a solvent-accessible location
(NeoNectinEF44C), thereby permitting site-specific tethering of
the bioactive protein to ene-containing hydrogels (Figure 5A)
[35]. Human mesenchymal stem cells (hMSCs) were either
encapsulated in or surface-seeded on a PEG-peptide hydro-
gel formed via step polymerization of a dicysteine-containing
matrix metalloproteinases (MMP)-degradable peptide and

an 8-arm PEG norbornene. Gels were polymerized with LAP
photoinitiation on the LCD screen (exposure time 1 min) with
a stoichiometric excess of norbornene functional groups prior
to incubation with a fluorescently tagged NeoNectin®44C and
LAP photoinitiator. At this point, a second round of LCD-
based photopatterning was performed to selectively immo-
bilize NeoNectinF44C in a variably wide stripe pattern across
the gel (Figure 5B). After 7 days of incubation, surface-seeded
cells were fluorescently labeled to reveal marked cell spread-
ing and attachment only in regions containing immobilized
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Protein immobilization in a thiol-ene PEG-peptide hydrogel proceeds through radical-mediated ligation of the thiol side chain of the protein's sole
cysteine residue with excess norbornene groups on the hydrogel backbone. (B) Cells respond to the photopatterned NeoNectin pattern. (C) Confocal
imaging of the hMSCs seeded onto hydrogel surfaces containing a stripe pattern of immobilized FAM-NeoNectin44C (green). Image taken after
7days of culture with immobilized protein. Nuclei are stained in blue, Actin cytoskeleton in red. Scale bar=2mm. (D) Representative images of
hMSCs encapsulated in a thiol-ene hydrogel taken 7 days after patterned immobilization of FAM-NeoNectinP44€, Cells within an unpatterned region
are shown above and cells in a region photopatterned with immobilized protein are below. Scale bar =50 um. Individual cell measurements (n =250
for each condition) are plotted over bars representing the mean + SD. (E) Quantification of 3D cell eccentricity within NeoNectin-patterned and un-
patterned regions. Student's t-test. ***=p <0.001. (F) A representative cell from the protein-tethered region shows clear spreading and skeletal fiber
formation. Scale bar =25 um.
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NeoNectinF44¢, Additionally, 3D-encapsulated cells showed
increasing eccentricity with pronounced protrusions as they
interacted with tethered NeoNectin, while cells in unpat-
terned regions remained largely spherical (Figures 5C-F and
S12). To the best of our knowledge, this represents the first use
of a photopatterned de novo-designed protein to guide cell fate.

4 | Discussion

In this manuscript, we demonstrated that an inexpensive LCD
printer can be repurposed for non-binary material fabrication/
modulation, enabling rapid and high-fidelity encoding of gray-
scale input image templates into gel stiffness and biochemi-
cal cue presentation. This initial demonstration made use of a
commercial LCD printer that could programmably emit low-
intensity 405 nm light for photocustomization. While this low in-
tensity is useful for the printer's originally intended application
in layer-by-layer printing, the “thickness” of grayscale-patterned
materials that can be readily processed is theoretically limited
by absorption and scattering that can vary widely by applica-
tion. For example, dense 3D cell assemblies (e.g., organoids) and
naturally derived fibrous scaffolds (e.g., collagen, fibrin) can
almost certainly be patterned on an LCD screen, but they will
present different resolution and z-depth limits than optically
clear, homogeneous step-growth hydrogels. In some of these
cases, a printer equipped with a brighter LCD screen or an SLA
printer with improved collimation may be more appropriate at a
slightly higher cost. Similarly, printers with larger LCD screens
are available if bigger patterned areas are needed. Either of these
solutions remains cost-efficient and accessible to teams without
extensive patterning experience.

In addition to thickness limitations potentially imposed by the
printer's weak light source, the current LCD emission wave-
length (405 nm) must be matched with chemistries that respond
in a dose-dependent manner to visible light. Though there are
many cytocompatible photochemistries that respond in this
manner, many others require higher energy photons (e.g.,
365nm) for activation [36]. An LCD screen engineered to emit at
these lower wavelengths, but in an otherwise similarly program-
mable manner, would substantially widen the library of chem-
istries that could be implemented and indeed already exist on
the commercial market. Alternatively, the requirement to utilize
visible light may help spur further innovation in the chemistry
space [37, 38], further expanding the palette of red-shifted and
dose-dependent photoreactions.

The method presented here is limited to 2D collimated pat-
terns and is unable to include fully 3D features such as over-
hanging structures and voids. If desired, however, one could
also imagine intentionally engineering an LCD-based printer
for the purpose of grayscale 3D material photopolymeriza-
tion. Grayscale DLP-based approaches (g-DLP) have begun
to emerge in additive manufacturing research but have yet to
gain traction in biomaterials fabrication [39]. Gradient SLA
printing is generally challenging because light sources are
ultimately binary and must be tuned after emission either by
the photomask itself or through another workaround strategy.
Conversely, laser lithography allows dynamic intensity switch-
ing in a pixel-by-pixel manner, but fabrication time scales

linearly with construct size. Some recent studies have sought
to circumvent the need for gradient light exposure altogether,
opting for multiwavelength [40] or vat-switching [11, 41] strat-
egies. In the case of LCD printing, a simple software update
(e.g., adding a grayscale “mode” that allows multiple virtual
layers to exist within each z slice) alongside reintroduction of
the moving build stage could yield an inexpensive and effective
solution for fabricating 3D objects with internally variable and
non-binary stiffnesses. Truly grayscale LCD screens do exist,
but they are uncommon and often only allow a limited range of
simultaneous intensity values [42].

Finally, while this work has focused on controlling local reac-
tion extent using purely synthetic chemistry-based reactions, we
note that the overall approach could be similarly employed for
optogenetic regulation of (intra)cellular processes. Given that
many optogenetic systems respond to visible light, we would
expect that porting this method to more “inside-out”-based ap-
proaches to be very straightforward. As more image-guided pat-
terning strategies emerge, it will also be vital to match them with
both “inside-out” and “outside-in” biological systems possessing
complementary throughput-resolution requirements [43]. For
example, extremely high resolution/low throughput laser fabri-
cation techniques are well suited for addressing individual cells
(<10 pum) or for spatiotemporal tuning of micron-scale processes
such as organoid assembly [44]. Conversely, LCD patterning has
extremely high volumetric throughput limited only by screen di-
mensions and can address biological chemical and mechanical
gradients over distances as small as ~100 um, ideal for modeling
larger structures such as biological interfaces and whole tumors.
We began exploring opportunities in this space by mimicking
the SOX10 gene expression pattern from a murine melanoma
with high spatial control. Given the wealth of existing high res-
olution biological image datasets and emerging gradient biofab-
rication technologies, there are endless opportunities to begin
probing the complex relationship between geometry and func-
tion in living tissue.

5 | Conclusion

Though recent advancements in additive manufacturing have
enabled hydrogels to be printed in user-defined geometries,
techniques to variably specify graded physicochemical prop-
erties throughout this important class of biomaterials have
been largely elusive. In this work, we established that light
dose-dependent reactions can be employed alongside an inex-
pensive and minimally modified LCD printer to achieve gray-
scale image-guided patterning of hydrogel film stiffness and
biochemistry. Showcasing the method's compatibility with
many common biomaterial photochemistries, we spatially pat-
terned the extent of polymerization of PEGDA-based gels, im-
mobilization of biochemical cues via a photomediated oxime
ligation, and 3D spreading of encapsulated mammalian cells in
response to a de novo-designed protein tethered using a thiol-
ene click reaction. While our initial motivation centered around
the creation of patterned biomaterials to be used to study cell
response to variable matrix-presented cues, we anticipate that
fabrication approaches presented—particularly given their ease
of implementation—will be of broad interest to other sectors of
advanced manufacturing.
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