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Abstract

Biofabrication allows for the templating of structural features in materials on cellularly-relevant
size scales, enabling the generation of tissue-like structures with controlled form and function.
This is particularly relevant for growing organoids, where the application of biochemical and
biomechanical stimuli can be used to guide the assembly and differentiation of stem cells

and form architectures similar to the parent tissue or organ. Recently, ablative laser-scanning
techniques was used to create 3D overhang features in collagen hydrogels at size scales of 10—
100 pm and supported the crypt-villus architecture in intestinal organoids. As a complementary
method, providing advantages for high-throughput patterning, we printed thioester functionalized
poly(ethylene glycol) (PEG) elastomers using digital light processing (DLP) and created
sacrificial, 3D shapes that could be molded into soft (G* < 1000 Pa) hydrogel substrates.
Specifically, 3-arm 1.3 kDa PEG thiol and 3-arm 1.6 kDa PEG norbornene, containing internal
thioester groups, were photopolymerized to yield degradable elastomers. When incubated in

a solution of 300 mM 2-mercaptoethanol (pH 9.0), 1 mm thick 10 mm diameter elastomer

discs degraded in <2 h. Using DLP, arrays of features with critical dimensions of 37 + 4 ym,
resolutions of 22 £ 5 um, and overhang structures as small as 50 pm, were printed on the order of
minutes. These sacrificial thioester molds with physiologically relevant features were cast-molded
into Matrigel and subsequently degraded to create patterned void spaces with high fidelity.
Intestinal stem cells cultured on the patterned Matrigel matrices formed confluent monolayers that
conformed to the underlying pattern. DLP printed sacrificial thioester elastomer constructs provide
a robust and rapid method to fabricate arrays of 3D organoid-sized features in soft tissue culture
substrates and should enable investigations into the effect of epithelial geometry and spacing on
the growth and differentiation of intestinal stem cells (1SCs).
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Introduction:

Organoids can develop from single stem cells when subjected to biochemical and
biophysical cues that activate proper signaling pathways, which drive self-assembly into
multicellular tissue constructs that are capable of recapitulating key aspects of the parent
organ or tissuel2. Interest in the culture of organoids has grown in recent years, with
applications in drug screening, tissue for transplantation, and for disease modeling®. The
cellular and functional sophistication of organoids relates to the ability of the stem cells

to self-organize, differentiate into relevant cell types, and organize into structures that

are similar to the parent organ from which they were derived. For example, intestinal

stem cell (ISC) colonies grow and form crypt-like protrusions from the central lumen

in vitro, generating architectures reminiscent of the crypt-villus axis in vive?3. To date,
most organoids, including intestinal organoids, are grown in Matrigel, which typically
leads to structures that are stochastically variant in shape and size*°. To address some

of these heterogeneities, recent work has developed synthetic biomaterial matrices for
intestinal organoid culture, where the biomaterial chemistry and time-varying properties
(e.g. elastic modulus) are used to control the size, structure, and periodicity of the crypt-
villus structures®:’. We and others have posited that organoid function will depend on form,
so efforts have focused on introducing physiologically relevant architectures, templates, or
molds to precisely control the size and shape of lab-grown intestinal organoids.

While recent advances in fabrication techniques have allowed intimate control over the
structure, architecture, and properties of many classes of biomaterials, some of the methods
are limited to features sizes > 100 um,8 and others are not compatible with printing in

many biological matrices (e.g., collagen, Matrigel)°. Here, we were interested in printing
features sizes (<100 um) that could be transferred to Matrigel (G<1000 Pa), resulting

in templated culture wells for intestinal organoids. To date, soft lithographic techniques,
such as poly(dimethyl siloxane) (PDMS) stamps, have been used to transfer pseudo-3D
architectures to soft materials, such as collagen. Typically, the positive PDMS features are
pressed into collagen solutions during gelation to form a cast mold of the original pattern.
Removal of the PDMS stamp leaves the freestanding culture substrate with patterned
negatives of the PDMS features. Wang et a/. used PDMS stamps to generate arrays of crypt-
villi structures in stiff collagen hydrogels, which were then used to culture intestinal stem
cells and led to spatially restricted lineages reminiscent of the jn vivo intestinal epithelium?.
While this method provides many advantages, the PDMS stamp must be removed, so
patterns with overhang features embedded within the matrix cannot be fabricated.

To build upon and complement the PDMS stamping method, researchers have also used
extrusion-based, sacrificial molds!!. These molds have been embedded within biologically-
relevant biomaterial scaffolds and subsequently dissolved in place to generate complex,
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three-dimensional tissue scaffolds!2. In one example, Miller er a/13 printed a carbohydrate
material into rigid fibers that could be embedded and rapidly dissolved in aqueous solutions
to create networks of channels to generate a wide range of cell-laden materials. For example,
hepatocytes seeded at high density in these thick, perfusable materials showed improved

cell survival and enzymatic function!3. Expanding on this approach, Koleski et a/. integrated
temperature-sensitive hydrogel inks (e.g., gelatin, Pluronics) into a multi-material printing
platform to print fugitive vasculature structures 1415, While the shear thinning behavior of
temperature sensitive inks enabled direct printing of sacrificial channels,® the low modulus
of the inks necessitated printing within a supportive substrate, preventing the formation

of free standing structures. Thus, although these techniques allow for the fabrication of
overhanging features and features embedded within bioscaffolds, the methods are limited by
the size and resolution that can be achieved (= 100 pm)8. Because of this, thiese approaches
lesss relevant for directing intestinal organoid growth and differentiation.

Alternatively, photochemical fabrication techniques have been widely used to pattern
materials at sub-cellular resolution.16:17.16.19 For example, Nikolaev et a/. used
photoablation of collagen/Matrigel composites to generate a 150 um diameter tube that
was further processed to integrate 50 um wide and 170 um long crypt projections’. When
seeded with intestinal stem cells, an epithelial cell monolayer grew and conformed to the
photoablated pattern to yield the patterned crypt-villus architecturel’. While photoablation
offers high-resolution, spatial control over the patterned features, the process occurs voxel
by voxel, rendering this strategy less amenable for generating large arrays of features for
high throughput testing. Thus, we were motivated to apply digital light projection (DLP) to
accelerate photopatterning speeds and create arrays of uniform features. DLP uses a spatial
light modulator array to print small feature sizes layer by layer rather than voxel by voxel?0:
however, photopolymer materials used in DLP can also serve as sacrificial, degradable
molds21: 22, In one example, Thomas et al. printed hyaluronic acid methacrylate based
features and then embedded the mold in gelatin methacrylate before using hyaluronidase
to erode the hyaluronic acid, yielding 300 pm diameter perfusable vasculature structures
22 However, the degradation time of enzyme erodible constructs can vary from minutes to
days depending on the hydrogel stiffness (i.e., crosslinking density), so there is a tradeoff
when higher strength to weight ratios are needed in the mold to pattern free-standing or
overhanging structures2324, In this contribution, we exploit recent advances in thioester
exchange chemistry, which is compatible with photopolymerization reactions?>-27, and
sought to design bioink formulations that would yield structurally robust elastomeric molds,
but allow for rapid and gentle network degradation28.29,

Results herein report on the development of a degradable thioester-based elastomer resin for
3D printing and use DLP to print sacrificial, elastomer molds with critical dimensions of 37
+ 4 um and XY resolutions of 22 + 5 um. Three-dimensional, negative mold structures were
printed and then cast into soft biomaterials matrices, Matrigel and PEG hydrogels, that are
suitable for organoid growth. A reversible exchange reaction between 2-mercaptoethanol in
solution with thioester crosslinks in the printed structures lead to rapid degradation at pH
9.0 T 25°C, effectively transferring these complex patterns to the hydrogel material. This
pattern transfer was characterized as a function of feature size, resolution and depth for soft
(G<1000 Pa) poly(ethylene glycol )(PEG) and Matrigel hydrogels. Overhanging structures
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150 pm in diameter were either printed close together (< 50 um) or with perpendicular
overhanging cylindrical features (D > 50 um). Features were produced in arrays fifty at a
time on the timescale of ~20 min. The printed structures transferred to matrigel with high
fidelity to form shapes relevant to the crypt-villus structures found in intestinal epithelium
and intestinal organoids. Finally, we show matrigel hydrogels patterned with this technique
support the culture of intestinal stem cell monolayers, which formed confluent layers and
conformed to the patterned structures.

Materials and Methods

Synthesis of 3-arm PEG Thiol (1300 Da)

The PEG thiol synthesized has been previously described0. In brief, 14.06 mL of glycerol
ethoxylate (1000 Da, Sigma-Aldrich) and 8.4 mL of 3-mercaptopropionic acid were
combined in a 1000 mL round bottomed flask equipped with a stir bar, dean-stark trap,
condenser, and oil bath. 300mL of toluene were added through the condenser; then the
mixture was heated to reflux for 5 min; 3 drops of sulfuric were added; and the vessel
was stirred at reflux overnight. Next, toluene was removed in vacuo, and the mixture was
redissolved in dichloromethane and purified with three washes of a saturated NaHCOg
solution and one wash with brine. The remaining clear organic layer was then collected,
dried over NaySQy, and concentrated in vacuo to produce a clear viscous liquid. (>95%
functionalized) 1H NMR (400 MHz, CDCI3) 6 4.32-4.19 (m, 6H), 3.86-3.42 (m, 85H),
2.83-2.72 (m, 6H), 2.72-2.62 (m, 6H), 1.72-1.62 (t, 3H)

Synthesis of 3-arm PEG Thioester Norbornene (1600 Da)

10.0 g of 3-arm PEG thiol was combined with 13.65 g 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in a flame dried 2000 mL round-bottomed flask
equipped with a stir bar. 400 mL of anhydrous dichloromethane were added via cannula
followed by 5.8 mL of 5-norbornene-2-carboxylic acid (mixture of endo and exo, Alfa
Aesar). After stirring under argon for 15 min, 17 mL of diisopropylethylamine were added
to the vessel. After 15 min of argon, the apparatus was fixed with an argon balloon and
allowed to stir overnight. The reaction mixture was diluted to a volume of 800 mL with
fresh dichloromethane, then washed gently and quickly with 7 washes of 300 mL 0.1 N
hydrochloric acid. The organic layer was then washed three times with a saturated NaHCO3
solution, once with brine, dried over Na;SQy, and then concentrated /n vacuoto produce a
clear, slightly yellow viscous liquid. (85% functionalized) 1H NMR (400 MHz, CDCl3) &
6.52-5.78 (m, 6H), 4.32-4.19 (m, 6H), 3.86-3.42 (m, 85H) (Figure S1)

Elastomer Formation

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was dissolved in deionized water
at a concentration of 86.2 mg/mL, and combined with thiol and thioester norbornene
macromers in a molar ratio of 1 thiol:1 norbornene:0.01 LAP, resulting in a 97 wt% polymer
solution that readily polymerized when exposed to 10 mW/cm? 365nm light for 15 min.
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Mechanical measurements

Elastomer stress strain behavior quantified with a dynamic mechanical analyzer (DMA)
(RSA-G2, TA Instruments). Specifically, 250 um thick non-swollen elastomer samples were
elongated at 0.1 mm s~ crosshead speed to generate stress strain curves until failure. The
Young’s modulus (E) was calculated from the slope of the linear segment of the stress—strain
curve between 5% and 10% strain. Values are presented as the average £SD. To quantify
glass transition behavior, Young’s modulus and tan(delta) measurements were measured

in tension at a frequency of 1 Hz, a strain of 0.03%, a preload force of 0.34 N, and a
temperature ramp rate of 3°/min. Glass transition temperature was calculated as the peak of
the tan(delta) curve.

Mass Loss Study

Thioester elastomer samples were polymerized in the shape of discs (diameter =10 mm,
thickness =1 mm. Initial mass was measured and used to calculate the initial amount of
polymer contained in each sample (/7). Elastomer samples were placed in separate 50 ml
conical tubes and swollen in tris buffer (pH 9.0, 100 mM) for 1 h, then the solutions were
replaced with 5 ml of either tris buffer or tris buffer with 300 mM 2-mercaptoethanol. The
final pH of all solutions was adjusted to 9.0. The swollen mass (/mg) was calculated as the
ratio of elastomer swollen mass after 1 h in pH 9.0 Tris buffer relative to the dry mass
measured after lyophilization. Next, all samples were trimmed to a diameter of 8mm using a
biopsy punch and placed in a bath of tris buffer on a DHR-3 rheometer (TA Instruments) and
measured for their shear elastic modulus (G’) (0.1% strain, 1 hz). On the rheometer, an axial
force was applied and adjusted between 0.5 and 2.0 N to prevent sample slippage. Finally,
elastomer samples were lyophilized for 48 h, removed from conical tubes, and placed on a
zeroed balance to record dry polymer mass (mp). All data were taken in triplicate.

FTIR Characterization

Real-time Fourier transform infrared spectroscopy (RT-FTIR) (Nicolet 6700, Madison, WI)
was used to follow the functional group conversion and subsequent kinetic analysis. The
FTIR was equipped with a KBr beam splitter and MCT/A detector. Monomer formulations
were placed between polished NaCl plates, and a 405 nm LED (M405L3-C5, ThorLabs)

at an intensity of 8 mW cm~2 was used to initiate polymerization of the thiol:ene network.
Simultaneously, the disappearance of the peaks associated with the carbon—carbon double
bond of the norbornene (3060 cm™2) and the thiol (2555 cm™.) were monitored as a
function of exposure time. The area under the peaks (A) were measured before and during
the light exposure yielding the conversion (X) as a function of time. X was calculated based
on the disappearance of the peak associated with each reactive specie by

A
Ajnitial -

Xspecies =1- ()

A 60 s exposure was used for each sample, but samples were monitored up to 5 min on the
FTIR to assess any dark polymerization.
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3D Printing of Thioester Elastomers

A custom-built, digital light projection (DLP system) designed for bottom-up 3D printing
was used to produce all samples (Figure 3a). A 405 nm LED (SOLIS-405C, Thorlabs)

and a high resolution spatial light modulator (1920 x 1152 Analog SLM, Meadowlark
Optics, measured extinction ratio of 99.3%) were used to project patterns of a precise light
exposure (405 nm, 8 mW/cm?, 30 s) onto the printing resin (i.e., thioester precursors). The
exposure pattern was imaged onto the sample plane with demagnification, resulting in a
pixel diameter at the sample plane of 4.6 um. A glass slide was used as the build-stage.

A slab of index matched polydimethylsiloxane (PDMS) filled with carbon black was

used as a neutral density filter laminated to the build stage prevent back reflections.31 A
non-stick PDMS window was prepared using a Sylgard 184 Silicone Elastomer Kit (DOW
CORNING) mixed at 10:1 weight ratio.3233 Printed structures were washed overnight in
100% ethanol, then stored in ethanol until use.

Patterned elastomer staining and quantitative image analysis

Fluorescein (acid yellow 73, Sigma-Aldrich) was diluted in 100% ethanol to a final
concentration of 2 mg/ml and warmed to dissolve the fluorescein. Thioester elastomer
stamps were submerged in the fluorescein solution for 30 min, then dried in a vacuum
oven for 30 min, and transferred to glass slides for imaging with laser scanning confocal
microscopy (Zeiss LSM 710, Fluar 10x air, 0.5 NA, 1AU). Critical dimensions were
measured for printed pillar structures 50 pm tall and 10-100 pum in diameter. Resolution
was measured for printed pillar structures 100 um diameter and 50 um tall spaced 10-100
um. A z-stack (2.25 um step) of each structure was taken, then an image slice 10-20

um below the top of the feature was selected for analysis. This was done to avoid any
surface effects that may be introduced on the top layer of the print. The images were

then quantitatively analyzed in MATLAB. Each image was first turned into a binary image
using the graythresh( ) and imbinarize( ) functions. Diameter was quantified in the critical
dimension tests using the ‘EquivDiameter’ field of the regionprops( ) function. The spacing
between pillars for the resolution tests was then quantified by taking the complement of
the binary image and calling the improfile() function to measure pillar separation at the
narrowest point. All data reported consist of n = 3 stamps with 3 technical replicates
averaged together from each stamp.

Scanning Electron Microscopy

Printed thioester samples were removed from the ethanol wash solution and allowed to
dry in ambient conditions for 24 h Uncoated thioester elastomer samples with 3D printed
overhang structures were visualized on a scanning electron microscope (SEM, Hitachi
SU3500) using the secondary electron emission mode at an accelerating voltage of 5 kV.

Hydrogel formation and pattern transfer

PEG hydrogels were formed by photo-crosslinking the norbornene functionalized 20 kDa
8-arm PEG macromer with a thiol functionalized 2-arm 5 kDa PEG macromer. The two
macromers were combined in a 1:1 stoichiometric ratio and diluted with 1X PBS to a final
formulation containing 2.0 wt% polymer, 1 mM LAP photoinitiator, and 1 mg/ml 2000 kDa
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FITC dextran to facilitate direct hydrogel imaging. When irradiated with 10 mW/cm? of
365nm light for 60 s, a hydrogel with a final shear elastic modulus (G”) of 740 + 50 Pa
forms. (Figure S2)

Elastomer stamps, composed of a 100 um thick base with printed features on the top, were
trimmed with an 8 mm biopsy punch, submerged in 100 % ethanol in a conical tube, then
brought into a tissue culture hood to maintain sterility. After 10 min of swelling in ethanol,
the ethanol was replaced with 1X phosphate buffered saline (PBS), and the elastomer stamps
swelled for 1 h. Hydrogel prepolymer mixtures, either 2 wt% PEG or Matrigel (Corning),
were placed in an ice bath along with a 10 cm x 10 cm x 1 cm sterilized steel block.
Elastomer stamp manipulation was conducted as previously described.34:35 Briefly, the
elastomer stamps were placed on the chilled block with the features facing up, and excess
water was gently aspirated. Each elastomer stamp was then quickly washed with 2x 20 uL
of pre-gel mixture for 30 s each to remove excess water from the pattern surface. Then,

20 pL of pre-gel mixture were dispensed onto 12 mm coverslips functionalized with (3-
mercaptopropyl)trimethoxysilane (Sigma-Aldrich) placed into 6 well culture plates. Stamps
were placed face-down to submerge printed features in pre-gel mixture, then gelation was
induced. The Matrigel samples were placed in an incubator for 15 min to induce gelation.
PEG samples were irradiated through the coverslip with 10 mW/cm?2 365nm light for 60

s to induce gelation. Next, each stamp-hydrogel complex was washed twice with 3 mL of

a pre-warmed solution containing 100 mM tris, 300 mM 2-mercaptoethanol at pH 9.0 (2

h then 1 h, 37°C). Finally, patterned samples were washed 3x with pre-warmed PBS and
stored in the incubator until use.

Patterned hydrogel staining and image analysis

To visualize the patterned Matrigel hydrogels, samples were first transferred to a 24 well
plate washed with 1 mL of pre-warmed pH 9.0 100 mM NaHCO3 for 10 min, followed

by 500 pL of 0.031 mg/mL Fluorescein isothiocyanate (Invitrogen) in the same bicarbonate
buffer. After 1 h, patterned Matrigel samples were then washed three times with PBS

and stored in an incubator until imaging with confocal microscopy (Zeiss LSM 710, Plan-
Aprochromat 20x water, 1.0 NA, 1AU). Measurements of well diameter and spacing were
done by taking z-stack of each structure, then identifying an image slice 10-20 um above
the bottom of the well. These images were then quantitatively analyzed in MATLAB.

Each image was first turned into a binary image using the graythresh( ) and imbinarize( )
functions. For patterned PEG hydrogels, diameter was quantified in the critical dimension
tests by taking the complement of the binary image and using the ‘EquivDiameter” field

of the regionprops( ) function. Space between pillars was then quantified by calling the
improfile() function to measure pillar separation at the narrowest point. For patterned
Matrigel hydrogels, the improfile() function was used to measure both pillar separation and
pillar diameter. All data reported consist of n = 3 stamps with 3 technical replicates averaged
together from each stamp. (Figure S3)

Crypt Isolation and organoid culture.

Murine small intestinal crypts were extracted from Lgr5-eGFP-IRES-CreERT2 mice as
previously described.® The crypts were cultured as organoids by first embedding them in
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reduced growth factor Matrigel (Corning). The intestinal organoid cultures were maintained
using Advanced DMEM-F12 (Invitrogen), containing N2 and B27 Supplements (Thermo
Fischer Scientific), Glutamax (Gibco), HEPES, penicillin-streptomycin, and supplemented
with epidermal growth factor (50ng/mL, R&D Systems), Noggin (100ng/mL, from
collaborator), R-spondin conditioned media (5%), CHIR99021 (3uM, Selleckchem) and
valproic acid (1mM, Sigma-Aldrich). The medium was changed every 2 days, and organoids
were passaged every 4 days.

Seeding of intestinal stem cells onto 2D gels.

Intestinal organoids were released from Matrigel using cold media followed by mechanical
stimulation from a pipette tip. The organoids were then enzymatically dissociated into single
intestinal stem cells (ISCs that are Lgr5+ and express GFP) by incubation at 37°C for 8 min
in ImL TrypLE (Life Technologies), supplemented with DNAsel (~10mg, Sigma-Aldrich),
1uM N-acetylcysteine (Sigma-Aldrich), and 10uM Y27632 (Stemgent). Added to the single
cell suspension was 1mL FBS and 3mL Advanced DMEM/F12, before passing through a
40um filter to remove multicellular aggregates. The intestinal stem cell pellet was formed by
centrifugation at 1,200 RPM for 4 min. The cell pellet was resuspended in an appropriate
volume of media and 10 uL of the suspension was added to the surface of the patterned
Matrigel gel. Cell-laden gels were incubated at 37°C and 5% CO-, for 15 min before
carefully adding 600 pL of growth media (ENRCV) supplemented with blebbistatin (15mM)
to each well. Media was replaced with ENRCYV, but without blebbistatin two days after
seeding.

Immunofluorescence analysis.

Three days after seeding, intestinal stem cell monolayers were fixed with 4%
paraformaldehyde and 0.1% glutaraldehyde in PBS (15 min, room temperature). Following
fixation, gels were washed with PBS (3x10 min at room temperature), treated with 20mM
sodium borohydride in PBS (5 min, room temperature), and washed again with PBS (3x10
min, room temperature). The gels were then solubilized using 0.2% Triton X-100 in PBS (1
h at room temperature) and blocked using 10% horse serum and 0.01% Triton X-100 in PBS
(1 h, room temperature). The samples were then incubated overnight at 4°C with rhodamine
phalloidin (1:200) and DAPI (1:2000) in blocking buffer. After washing with PBS (5x1h,
4°C) to remove any residual antibody, the fluorescently labeled monolayers were imaged
using confocal microscopy (Zeiss LSM 710).

Frequency Map Generation.

Z-stack images were taken of ISCs fixed and stained for the nucleus and actin cytoskeleton
after 3 days of culture on microwell patterned matrigel substrates. The locations of cell
nuclei along the top, middle, and bottom, of the patterned microwell structure were
determined using ImageJ. Nuclei within the lower 20 um and upper 20 um of the stack
were counted as the “bottom” and “top”, respectively, while the intermediate stacks were
considered the “middle”.
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Coordinates of individual nuclei were normalized to the center of each well and scaled to
the measured radius of each well. Cell data were then assembled in MATLAB and displayed
using the pcolor() function.

Design of degradable thioester crosslinked poly (ethylene glycol) elastomers

The photoinitiated thiol-ene “click’ reaction (Scheme 1) is known to drive rapid formation of
a step-growth network while exhibiting favorable characteristics, such as high selectivity,
allowing for use in combination with other functional groups, cytocompatibility, and
insensitivity to oxygen.38 In recent literature, the photoinitiated thiol-ene polymerization

has also been used to produce crosslinked materials with dynamic thioester crosslinks for

applications ranging from the design of viscoelastic hydrogels to recyclable thermosets.
25,26,37

In this work, thioester elastomers were synthezised from thiol and thioester norbornene
functionalized PEG macromers. Specifically, the thiol macromer was synthesized by
thiolation of a 3-arm 1 kDa PEG alcohol (>95% functionalization by H NMR) by
Fischer esterification with 3-mercaptopropionic acid (Figure 1a). The thioester norbornene
macromer was synthesized by further functionalization of the thiol macromer with 5-
norbornene-2-carboxylic acid to yield a thioester norbornene functionalized macromer
(~85% functionalization by 1H NMR, Figure S1).

Thiol and thioester norbornene macromers were combined in a 1:1 ratio of thiol

to norbornene and mixed with a concentrated solution of lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photoinitiator in water (82.6 mg/ml, 0.01 eq. LAP)

to form a final solution that was 97.1 wt% polymer and yielded an elastomeric network
when cured with 356nm UV light (10 mW/cm?2, 15 min). Mechanical properties of the
thioester elastomers were measured using an RSA-G2 dynamic mechanical analyzer (TA
Instruments): Thioester elastomers exhibit a young’s modulus (E) of 2.6 0.4 MPa, ultimate
tensile strength of 1.8 £0.2 MPa, and a strain at break of 160 + 50 % (Figure 1b). Young’s
storage modulus and tan(delta) measurements were conducted over a temperature range of
—-70°C-30°C, and a glass transition temperature of —40°C was observed (Figure 1c). The
degradation of the elastomers was assessed under slightly basic conditions with a high
concentration of thiol (pH 9.0, 300 mM 2-mercaptoethanol), consistent with a thioester
exchange mechanism as reported previously?8:2%, Over the course of 2 h, transparent,
dimensionally stable elastomer samples became tacky and opaque, eventually degrading
into a viscous residue (Figure 1c).

PEG thioester elastomers degrade rapidly in 2-mercaptoethanol with little swelling

Thioesters undergo nucleophilic attack by a deprotonated thiol (thiolate), leading to a
rearrangement and the formation of a new thioester and the regeneration of a thiolate
(Scheme 2). This reaction is reversible and has been well studied in both hydrogel and
elastomer systems, including exchange reactions that lead to degradation.2>37 In the case
when a monofunctional thiol is introduced to the thioester network, thioester exchange
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results in the cleavage of crosslinks and subsequent mass loss. To better understand how
crosslink cleavage via thiol catalyzed thioester exchange gives rise to mass loss in the 3-arm
3-arm PEG system developed here, thioester elastomer samples were immersed in a basic
aqueous buffer (pH 9.0 100 mM Tris buffer) with and without 300 mM 2-mercaptoethanol.
Samples were monitored with degradation time until complete mass loss (<2 h).

To better understand the degradation mechanism and alterations in the network structure
with time, rheological properties were measured on the thioester elastomers as a function
of degradation. When thioester elastomers were placed in a pH 9.0 solution with thiol, the
shear elastic modulus (G”) decreased exponentially with time until complete degradation
(Figure 2a). Moduli data were normalized to the initial swollen shear elastic modulus (G’)

and fit to the exponential decay function g— = exp(—%) where t is time and the characteristic
o

degradation time zwas determined to be 17.9 £+ 0.3 min (Figure S4). This result suggested
to us a relatively uniform crosslink cleavage throughout the sample, typical of a bulk
degradation process. However, it is important to note that erosion/mass loss is dictated by
the network connectivity and solubility of the degraded fragments. As a control, thioester
elastomers displayed no significant change in modulus over the course of 2 hin pH 9.0
solution without thiol, suggesting no crosslink exchange. Thus, on the time scale of these
experiments, hydrolysis of the network ester groups is negligible, and elastomer degradation
is occurring primarily through thiol thioester exchange.

At selected time points, samples were lyophilized and mass loss over time was quantified.
No significant mass loss was observed for thioester elastomers placed in media without
thiol, however, in media with thiol the thioester networks exhibited a linear mass loss

at early times points and 93 + 7% of the initial polymer mass remained in the thioester
condition at 1.5 h (Figure 2b). Equilibrium mass swelling data show and increase in

the swelling of thioester networks in thiol solution from 1.8+0.3 g/g to 2.4+0.2 g/g

over 1.5 h of degradation (Figure 2c). While this is an appreciable change in swelling,

the small magnitude compared to the 100 fold change in shear elastic modulus suggest
swelling was not strongly affected by the degradation. These non-swelling characteristics
are known to occur in water swollen networks with decreased hydrophilic character either
though high crosslink densities3%:38 or the addition of less hydrophilic polymers often with
thermoresponsive character30:39,

Macroscopically, this combination of polymer swelling increasing by a factor of 2-3, while
G changes by 2 orders of magnitude resulting in a slow transition from clear rigid solid

to viscous liquid without large changes in sample dimensions with the simple introduction
of 2-mercaptoethanol. This is highly advantageous for cast-mold applications where large
amounts of swelling typically observed in degrading hydrogel systems could damage cast
features. The concept of a thiol stimulus to induce degradation in a 3D printable resin
rendered this formulation suitable for the goal of printing sacrificial molds.
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DLP printing of thioester elastomers to produce high-resolution 3D structures with
overhanging features

To print thioester elastomers and assess the resolution and critical dimension limits of

the thioester materials, a high-resolution DLP printer was used. Uniform illumination was
achieved using a 1920x1152 pixel liquid crystal on silicon (LCoS) spatial light modulator
(SLM) with 405 nm light to form the desired image from a digital file that was then
de-magnified to the sample plane (Figure 3a). The extinction ratio for this SLM was 99.3%.
A non-stick PDMS on glass window was illuminated from underneath the sample for a
bottom-up build direction upon the print stage, and the stage was moved vertically to create
each layer. Each layer was exposed with a unique image before raising the print stage;
additional resin then flowed into the exposure plane; and the next layer was exposed to a
new image.

To print thioester resins, the 3-arm PEG thiol and 3-arm PEG thioester norbornene
macromers were added to a concentrated LAP solution to form a solution that was 97.1

wt% polymer with a molar ratio of thiol:norbornene :LAP of 1.1:1.0:0.011 respectively.

The formulation was modified to include a 10% excess of thiols, which was found to
improve bonding between printed layers, presumably due to the ability of unreacted thiols
to participate in the thiol-ene polymerization of the subsequent layer. FTIR was used to
monitor the disappearance of peaks associated with the thiol (2555 cm™1) and norbornene
(714 cm~1 and 3060 cm™1) functional groups when irradiated with 8mw/cm?2 405nm light
(Figure 3b). The initial slope of each conversion plot was measured in the initial linear
region of the plot and found to be 0.066 + 3 s~ for thiol species and 0.070+ 4 s™1 for
norbornene species; this suggests thiol and norbornene species were consumed at a 1:1 rate.
As expected, the norbornene conversion was higher than the thiol conversion due to the 10%
thiol excess in the resin formulation with values of 0.97+0.04 and 0.91+0.03 respectively. 30
s of 8mw/cm? 405nm light was selected as the minimal dose necessary for a full cure.

To facilitate the printing of layers, a photoabsorbing species was added to the formulation

to attenuate light and control the depth of penetration. Cure depth calculations were
conducted as previously reported9, but briefly, Beer-Lambert absorption was assumed

for the photoabsorber (Tinuvin Carboprotect, BASF) then combined with the light dose-
conversion profile determined by FTIR, and the percolation threshold of 50% conversion for
a 3-arm 3-arm step growth co-polymerization to determine the maximum depth where light
could penetrate and form a gel. At a concentration of 0.75 wt% Tinuvine Carboprotect, 90%
of light was absorbed in the top 110 um of the resin, and for a single 30 s exposure at 8
mW/cm?, 405 nm light the cure depth was determined to be 50 pm. Importantly, this means
that the z-dimensions of overhang features, since light was patterned on liquid resin with

no previous layers, were determined by the cure depth rather than the layer thickness set by
the stage. To account for this effect, overhang feature designs were adjusted based on the
calculated cure depth (Figure S5). At these printing conditions, a layer thickness of 10 pm
optimized the fidelity of the x-y features while ensuring layer-to-layer adhesion and printing
of reliable 3D structures.

Once the printing process and formulation were optimized, the critical dimension and
resolution limits of the printing platform were tested. To analyze these parameters, features
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of various sizes and varied spacing were printed onto prefabricated 100 um thick thioester
elastomer bases, which acted as a stamp-like support when manipulating the printed
constructs (Figure 3c—d). Critical dimensions were assessed by printing 50 um tall cylinders
with diameters ranging from 30-100 um (Figure S6). For characterization purposes, printed
constructs were stained with fluorescein (acid yellow 73), and directly imaged via laser
scanning confocal microscopy. Measurements of the pillar diameter were taken between 10
and 20 um from the top of the pillar to avoid the influence of surface distortions, thus,
printed structures that did not exceed a height of 20 um were not measured (Figure 3e).

The experimental limits of patterned resolution were assessed in a similar fashion where 2
cylinders 50 um tall and 100 um in diameter were printed at spacings ranging from 10-100
um. For these experiments, measurements were taken between 10-20 um from the top of the
pillars, and we observed a minimum resolution of 30 pm (Figure 3f, S7). Interestingly, both
the measured diameter and resolution of the patterns were slightly smaller than the designed
dimensions. This difference might be attributed to elastomer shrinkage during the ethanol
washes or after desiccation (see 3D printing thioester elastomers in methods).

The results of 2D characterization of minimum critical dimensions and feature sizes were
used to design a series of 3D structures with overhang features ranging from slight to
extended protrusions. Many of the printed structures were selected to be reminiscent of the
crypt and/or branched crypt structures found in the intestinal epithelium (Figure 3g). The
achievement of these crypt-like structures demonstrates the resolution achievable with this
material system and the ability of the method to create molds with overhanging features
(Figure 3g-h). Figure 3i shows distinct overhangs with features sizes down to 50 um in the
X, Y, and z print directions; these structures and size scales were similar to other fabricated
branched crypt structures (Figure 3h—i)10:17. These results show, however, that rounding
occurs at the edge of features which has been previously observed 40, We attribute this
artifact to polymerization in the “dark” region as a result of simultaneous reaction and
diffusion that occur when printing and patterning features near the resolution limit of the
material. 41

Hydrogel substrate influences feature size, resolution, and depth

After characterizing the limits of printed features and resolution, we next sought

to understand how printed patterns transferred to soft synthetic (PEG hydrogel) and
extracellular matrix (Matrigel) platforms relevant to the culture of intestinal organoids. The
PEG hydrogel was composed of 8-arm 20 kDa PEG norbornene and 2-arm 5 kDa PEG
thiol combined in a stoichiometric ratio diluted to 2 wt% (G’= 740 + 50 Pa, Figure S2),
which compares favorably with PEG hydrogel organoid culture platforms®. To pattern soft
hydrogels, elastomer stamps were brought into contact with pre-gel mixture, and gelation
was induced by placement of the sample the incubator (Matrigel) or irradiation with 365nm
light (PEG hydrogel). Once the hydrogel cured, the elastomer hydrogel complex was
immediately bathed in 100 mM Tris buffer supplemented with 300 mM 2-mercaptoethanol
adjusted to a pH of 9.0.

To quantitatively characterize how the printed thioester features patterned into the hydrogels,
the final pattern critical dimension, resolution, and depth were measured in Matrigel and
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PEG hydrogels (Figure 4a). Measurements of pillar diameter and spacing were once more
assessed between 10 and 20 um of the bottom of the well in order to most closely match the
diameter of the pillar section used to cast the well. Well depth measurements were measured
to the nearest whole image slice of a z-stack taken of each well (Figure 4b—d). Analysis

of the patterned well diameter data revealed that critical dimensions were a function of the
type of material with 40 and 60 pum pillars being the smallest size of pillars that could be
transferred into the PEG and Matrigel hydrogels, respectively (Figure 4e). At the largest
condition patterned well sizes for both hydrogel platforms were larger than the original
pattern by ~30% (e.g., Dmoig = 93 £ 3 um vs Dy = 118 £ 16 um).

Opposite trends were observed for patterned resolution in the PEG versus Matrigel
hydrogels. The spacing between patterned wells in the PEG hydrogels followed a slope
slightly higher than 1 (1.27 + 0.10), suggesting the spacing between wells grows larger by
an amount proportional to the original patterned distance (Figure 4f). This observation is
consistent with the isotropic expansion expected as the cast hydrogel reaches equilibrium
swelling in PBS#243, In contrast, the space between the wells in Matrigel mostly contracted,
with the smallest patterned gap of 40 pm measuring only 16 pm. Instead of a change in slope
of measured well gap plotted against measured pillar gap, we observe a downward shift in
the y-intercept. This suggested to us that the observed effect is likely not a function of the
measured distance between pillars, but rather a property of the Matrigel itself.

Finally, we explored the depths of the patterned wells as a function of pillar height. Given
that the print height was controlled by the layer-by-layer printing process, the patterned well
depth was compared directly to the patterned pillar height. Patterned wells in PEG hydrogels
were slightly deeper with a 200 um pillar forming a 248 + 8 um deep hole (Figure 4g). This
enlargement was proportional to the height of the initial pattern with a slope greater than 1
indicative of hydrogel swelling. In contrast, the wells in Matrigel were shallower; the sample
200 pm pillar formed a 70 = 17 um deep well. This contraction was proportional to the
height of the original pattern with a slope less than 1 indicative of hydrogel contraction.

Overall, patterns transferred into PEG reflect the original pattern with high fidelity, albeit
with a predictable enlargement of critical dimension, resolution, and depth consistent with
isometric expansion. We hypothesize that pattern trends in Matrigel are consistent with
isometric contraction of a viscoplastic hydrogel. Since the designed thiol solution has a

high concentration of thiol and tris buffer, sudden introduction to the soft hydrogels may
cause a sudden isometric contraction on the timescale of the diffusion of water out of

the hydrogel and salts and thiol into the hydrogel. The thioester elastomer has a higher
modulus and, therefore, would not undergo the same amount of isometric contraction,
potentially causing compressive stress to build up around the imbedded pattern. Matrigel, as
a known viscoplastic hydrogel, would relax the imposed stress around the elastomer features
through network rearrangement.?4 This may explain why the diameter of patterned holes
enlarge while other metrics show contraction. These same trends were not observed in PEG
hydrogels, as PEG hydrogels are poroelastic materials; compressive load over time results in
the movement of water out of the hydrogel but no plastic deformation.*>
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Thioester fabrication facilitates formation of close patterned and overhanging structures in
Matrigel

After characterizing the effect of the material chemistry on the final printed features’
dimensions and resolution, we next investigated the ability of the sacrificial thioester mold
to transfer close-patterned and overhanging features embedded within Matrigel (Figure 5a).
The current /n vitro model of the intestinal organoid is a spherical cyst structure (~100-200
pum in diameter) with crypt-like buds where the stem cells reside. To template the size of
the intestinal organoid cysts, we fabricated a close-packed, 5x5 array of 150 um tall stems
that were 50 um in diameter and space 50 um apart, and then printed a 150 um sphere on
the top of the stem (Figure 5b). The thioester elastomeric mold was pressed into Matrigel
and subsequently degraded. Using a laser scanning confocal microscope, tile images were
collected at the top and middle of the features patterned within Matrigel (Figure 5¢c—d).
Consistent with prior results, the patterned well dimensions in Matrigel were enlarged
compared to the original 3D printed elastomer mold, with the stem portion of the well
enlarging from 62 + 3 um to 143 £ 5 um, and the ball portion enlarging from 130 £ 2 ym to
203 + 4 pm (Figure 5e). Similar to trends reported in Figure 4, the space between features
contracted compared to the original printed construct with crypt-crypt distances reducing
from 52 £ 3 um to 41 + 2 um and opening-opening distances reducing from 122 + 5 um to
106 + 5 um. The feature depth was also reduced from 227 + 8 ym to 84 + 2 ym.

Next, PEG thioester sacrificial molds were fabricated with similar dimensions, but including
100 pm long, 50 pm tall and 50 um wide branched, channels to template the stem cell

crypt niches (Figure 5f). After degradation, images taken at the surface and middle of the
patterned Matrigel once more showed enlarged and slightly misshapen branched structures
(Figure 5g-h). Nevertheless, distinct overhang void spaces with high aspect ratios were
formed in Matrigel (Figure 5i).

Intestinal stem cells form epithelial layers conforming to 3D patterned features

Intestinal stem cells (ISCs) encapsulated in Matrigel grow to form cyst-like enteroids and
upon differentiation and self-organize to form multicellular intestinal organoid where paneth
and ISCs reside in the budded crypt regions. When ISCs are cultured on 2D patterned
substrates, they proliferate to form a confluent epithelial cell monolayer, where the cell sheet
layer conforms to the underlying features of the of the tissue culture substrate. Here, to
recapitulate the dimensions of mouse intestinal villi and crypt structures*6, we first printed
pillars that were 50 pm in diameter and 200 pm in height using the thioester formulation.
The sacrificial mold was then used to transfer the intestinal features into Matrigel, forming
wells 104 + 4 um in diameter and 72 + 2 um deep (Figure S8). Finally, ISCs were seeded in
the patterned Matrigel structures. After 24 h, a monolayer of the epithelial cells forms at the
base of the wells, and over times, the ISC begin to migrate towards the gel surface (Figure
6a). By 72 h, a confluent monolayer of epithelial cells forms on the hydrogel surface.
Samples fixed after 72 h and stained for F-actin and cell nuclei showed complete coverage
of a confluent monolayer that conformed to the top, sides and bottom of the patterned

well geometries with nuclei interspersed throughout. (Figure 6b) Monolayer confluency can
be additionally visualized through a xz-projection, shown in Supplementary Figure S8d.
Z-stack images were used to identify the location of cell nuclei along the top, sides, and
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bottom, of patterned microwells. Nuclear coordinates were scaled to the measured radius of
each well, and a frequency map was plotted with MATLAB (Figure 6c). Similar frequencies
of cell nuclei were observed at the top, middle, and bottom, of the well structure suggesting
that after ISCs underwent proliferation and migration out of the wells, a uniform distribution
of cells was reached in the final confluent layer.

Discussion

With the growing applications and interest in intestinal organoids, there is a heightened
appreciation as to the role of microenvironmental factors, especially those that affect cell
shape and final organoid geometry, on the final structure of the differentiated organoid’:4’
High resolution 3D printing techniques, such as DLP, can generate free-standing crypt and
villi structures relevant to the intestinal organoid (<100 pm), but usually require printing
resins >100x stiffer than Matrigel, which is used for ISC cultures. Sacrificial 3D printing
techniques have been used to pattern complex 3D geometries in otherwise less printable
hydrogels like Matrigel 13 but a lack of photopolymerizable resins that degrade rapidly
under mild conditions compatible with Matrigel has hindered the translation of sacrificial
approaches to light-based 3D printing systems. To address these issues, we developed

a photocurable PEG thiol-norbornene elastomer with thioester function groups on the
backbone to facilitate network erosion. A high concentration of thiol (2-mercaptoethanol)
and mild basic conditions (pH 9.0) were selected to drive trans-thioesterification of 2-
mercaptoethanol with thioester crosslinks and balance gentile degradation conditions with
fast degradation times (<2 h). These photocurable PEG thioester resins readily translated to
existing high-resolution DLP 3D printing platforms where critical dimensions of 37 + 4 ym
and resolutions of 22 + 5 um were achieved.

One limitation of the thioester sacrificial patterning in this work is that while degradation
conditions are gentle enough to maintain integrity of soft tissue culture substrates, the use
of a non-physiological pH precludes the presence of cells during elastomer erosion. This

is an important limitation compared to other light?2 and extrusion!3:1° based sacrificial
printing strategies, where cytocompatible fabrication strategies easily facilitate the creation
of cocultures by culturing one cell type in the hydrogel substrate, and another cell type in
the degraded construct. In this work, the elevated pH was used to accelerate degradation
by increasing the amount of deprotonated 2-mercaptoethanol. Although pH exerts a potent
influence on thioester exchange, other factors such as pKa of the thiol and thioester could
be used to achieve similar rates of degradation at more physiological pH values. To facilitate
fabrication in the presence of cells a thioester resin could be made with a lower pKa

thiol and degraded with a molecule like cystine which is cytocompatible and readily forms
thiolate species at physiological pH.

While the ~10 pm dimension and resolution limits that are achievable with photoablative
techniques remain unmatched for patterning biological materials'’:19, the DLP printed
degradable thioester materials provide a complementary biofabrication method that provides
the attainment of cellularly-relevant feature sizes with rapid printing of large arrays of
features. Results (e.g., Fig. 4e) demonstrated that thioester sacrificial molding allow feature
sizes >40 um in soft cell culture substrates, which compare favorably to commonly used
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PDMS micromolding34:3%, However, the on-demand degradation of the thioesters and
tailoring of the material properties offers additional benefits for creating features embedded
within soft hydrogels and the ability to fabricate interconnected and overhanging features.
We further demonstrate these overhanging features can be printed close together to form
dense arrays with resolutions as small as 40 um and that the overhangs can be patterned in
Matrigel with either low or high aspect ratios. In addition, branched structures, extending
>100 um into the culture substrate, from primary culture well were created. Since each layer
is printed with a single light exposure, DLP 3D printing techniques provide the ease of
scalability and speed compared to photoablative techniques, where patterning occurs voxel
by voxel. However, DLP printing requires the ability to control layer thickness (e.g., by
controlling light attenuation) with the final structural dimension in mind. Here, we optimized
the layer thickness for 10 um features, which maximize printing speed while maintaining
the cellular scale resolution needed for patterning crypt-like overhang structures found in
intestinal organoids. To fabricate structures at other length scales ranging from sub-cellular
to macroscopic, further optimization of the layer thickness and cure depth could be readily
performed.

Lastly, we showed that Matrigel features patterned with this method support the growth

of intestinal stem cell monolayers, and successfully imparts geometry to the epithelial

layer which conforms to the designed pattern. Recent advances to primary-cell derived
monolayer culture platforms have focused on the optimization of culture and substrate
conditions in attempt to replicate in vivo intestinal function*®-50. However, these in vitro
monolayer cultures have not considered the shape of the crypt-villus axis, which imparts
three-dimensional behavior onto the intestinal epithelium and is necessary to generate
morphogen gradients®! and cell shape changes®23 essential for proper development. While
there has been some work to incorporate 3D topologies into intestinal monolayer cultures,
these applications have relied on the use of PDMS or 3D printed plastic stamps to generate
topology19:54. As a soft lithographic technique, stamping to create patterned features for
intestinal monolayers has only been used to create simple features in stiff hydrogels (G’ >

8 kPa) 10:54, |n effect, this limits the cell morphologies and behaviors that are attainable.
For example, substrate stiffness has been shown to influence crypt domain morphology

in 2D monolayers®® and 3D encapsulated organoids3-6. With PDMS stamps, monolayer
cultures are restricted to stiff materials, thus limiting the range of biological behaviors

that are attainable. Instead, we show that printed thioester features can be transferred

into a variety of soft, biologically relevant materials (<1000 Pa), while still maintaining
feature resolution. This platform enables the ability to more thoroughly investigate specific
intestinal disease states, like fibrosis, in which substrate stiffness is a contributing factor®’.
Additionally, our platform enables the generation of complex, overhanging features that
cannot be realized with PDMS stamping. The shape of the crypt-villus axis is known to
direct cell fate specification in the developing intestine52:58 and the ability to create complex
and physiologically relevant 3D shapes with greater resolution will offer greater insight into
these developmental processes.
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Conclusion

Intestinal organoids have become important tools for studying fundamental biology and
modeling disease /n vitro. With control over geometry and shape becoming increasingly
important in some complex intestinal organoid systems, we sought to develop a new
biofabrication approach that could match resolution of soft lithographic approaches while
maintaining advantages of 3D printing, like forming high resolution overhanging features.
In this work, we present a novel elastomer resin that is compatible with state of the art

light based 3D printing techniques and undergoes rapid degradation in the presence of
2-mercaptoethanol. We show that thioester elastomer resin can be printed using DLP 3D
printing at resolution and feature sizes at and above 30 um. The subsequent feature erosion
was triggered by the introduction of a thiol to solution and was gentile enough to be used in
the presence of Matrigel. This work shines a light on the potential of sacrificial resins based
on covalent adaptable chemistries by introducing a novel fabrication method for organoid
structures with complex geometries. This tool expands on existing biofabrication methods
and allows for the testing of new hypotheses related to the role geometry plays in complex
organoid cultures.
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Figure 1:

Phgotoinitiated thiol-ene “click’ chemistry and thioester chemistry were used to create
mechanically robust networks with adaptable crosslinks. a) A 3-arm PEG macromer was
functionalized with thiol or thioester norbornene function groups to yield resin precursors:
3-arm PEG thiol (1300 Da) and 3-arm PEG norbornene with internal thioester groups
(1600 Da). b) Typical stress-strain behavior of a thioester elastomer under tensile loading
until failure (0.1 mm/s). The Young’s modulus was calculated using the slope of the curve
between 5 and 10% strain. ¢) The young’s storage modulus (black) and tan(delta) (grey)
were measured as a function of temperature. A glass transition temperature of —40°C is
illustrated by the position of the peak in tan(delta). d) Representative images of free-standing
elastomer samples placed in pH 9.0 tris buffer over the course of 2 h with and without 300
mM 2-mercaptoethanol to monitor degradation. Gridline spacing is 5 mm.
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Scheme 2.
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Figure 2:
Degradation of thioester elastomers placed in pH 9.0 buffer with and without 300

mM 2-mercaptoethanol was observed over 2 h. Degradation was only observed when
2-mercaptoethanol was present in solution suggesting degradation was mediated only by
thioester exchange. a) Shear swollen moduli were observed as a function of time. An
exponential decrease in modulus was observed for the thiol condition suggesting that
crosslinks were cleaved throughout the sample via a bulk erosion mechanism. 0.1% strain,
1Hz; N = 3, error bars are standard deviation. b) Elastomer samples were lyophilized
measured for polymer mass. Dry mass data were normalized to the calculated theoretical
amount of polymer included in formulation and plotted here as a function of time and
degradation condition. N = 3, error bars are 95% confidence interval. c) Mass swelling ratio
was calculated as the ratio of the swollen polymer mass to the measured dry mass and are
reported here as a function of time and degradation condition. N = 3, error bars are 95%
confidence interval.
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Figure 3:
Thioester elastomer photocurable resins were optimized for printing with existing high

resolution DLP 3D printing techniques. a) Schematic of DLP 3D printing stage and process.
Lenses and polarizers are labeled L and P, respectively, and the spatial light modulator is
labeled “SLM”. b) FTIR Spectroscopy was used to obtain conversion of norbornene and
thiol species as a function of light dose delivered to the sample. (8 mW/cm2, 405 nm light,
N =3) ¢) Top and side view of a single 50 pm tall, 100 pm diameter pillar, and d) a pair

of pillars patterned 30 um apart. Elastomer stained with fluorescein. Scale bars 25 pm.
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e) Measured pillar diameter plotted versus patterned diameter, a dotted line with a slope

of 1 is plotted for visual reference. N = 3 stamps each containing 3 technical replicates
averaged together, error bars are standard deviation f) Measured pillar spacing plotted versus
patterned pillar spacing. A dotted line with a slope of 1 is plotted for visual reference. N

= 3 stamps each containing 3 technical replicates averaged together, error bars are standard
deviation. Scanning electron microscopy was used to take images of three dimensional
constructs containing overhang features including: arrays of g-h) crypt and i) branched crypt
structures. Scale bars 100 pm.
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Figure 4:

Thioester elastomer structures were degraded /n situto cast patterns into soft, swollen
hydrogel platforms. a) 3D printed thioester elastomer constructs were lowered into solutions
of Matrigel or 8-arm 20 kDa PEG norbornene and 2-arm 5 kDa PEG thiol combined in a
stoichiometric ratio diluted to 2 wt% (G’ = 74050 Pa). Each hydrogel was polymerized,
then a solution of pH 9.0 300 mM 2-mercaptoethanol was added to degrade the thioester
elastomer stamp. Hydrogel cast patterns were then equilibrium swollen in PBS and imaged
by laser scanning confocal microscopy to assess how printed pillar dimensions transfer to
each hydrogel substrate. b) 50 um tall pillars with a range of diameters were patterned

into Matrigel and Soft PEG hydrogels. Z-stack images of each well were taken with laser
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scanning confocal microscopy. Well diameter was measured between10-20 um from the
bottom of the well using MATLAB (for more details please see methods).A representative
image is shown of a well cast by a 90 pm diameter pillar into PEG hydrogel. An orthogonal
view of the XZ plane is included for reference ¢) 50 um tall, 100 um diameter pillars with
a range of spacing were patterned into Matrigel and Soft PEG hydrogels. Z-stack images
of each well were taken with laser scanning confocal microscopy. Well resolution was
measured between10-20 pm from the bottom of the well using MATLAB (for more details
please see methods).A representative image is shown of a pair of wells cast by pillars 30
pum apart into PEG hydrogel. An orthogonal view of the XZ plane is included for reference.
d) 50 um diameter pillars with a range of printed heights were patterned into Matrigel and
Soft PEG hydrogels. Z-stack images of each well were taken with laser scanning confocal
microscopy. Well depth was measured as the number of image slices multiplied by the image
thickness (for more details please see methods).A representative image is shown of a well
cast by a 200 um tall pillar into PEG hydrogel. An orthogonal view of the XZ plane is
included for reference. e) The measured well diameter in Matrigel and soft PEG hydrogels
is plotted versus the measured pillar diameter in the elastomer print. f) The measured well
separation in Matrigel and soft PEG is plotted versus the pillar separation measured for the
elastomer print. g) The measured well depth in Matrigel and soft PEG is plotted versus the
designed height of the elastomer print. PEG hydrogels were visualized by 2000 kDa FITC
dextran entrapped in network. Scale bars 50 pm. n = 3 patterned hydrogels each containing 3
technical replicates averaged together.
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a)Printed thioester features were reproducibly degraded in the presence of Matrigel to
cast mold close-packed and overhanging structures reminiscent of the intestinal organoid
features. b) SEM image of printed crypt structures consisting of a 150 um ball on top
of a 50 pm wide by 150 pm tall stem printed with a 50 pm spacing. Scale bar 100 pm.
Printed organoid features were patterned into Matrigel and a tile scan was taken of the c)
stem and d) ball regions of the well. e) Z-stack images of each well were taken with laser
scanning confocal microscopy and used to construct an orthogonal view of the patterned
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array along the XZ plane. Scale bar 100 pm. f) SEM image of branched crypt structure
shows defined overhang features. scale bar 100 um. Printed organoid features were patterned
into Matrigel and images were taken of the g) stem and h) branched crypt regions of the
well. i) Z-stack images of each well were taken with laser scanning confocal microscopy and
used to construct an orthogonal view of the patterned array along the XZ plane. Scale bar
100 pm. Matrigel hydrogels were labeled with FITC fluorophore after patterning. For more
details, please see Patterned hydrogel staining and image analysisin methods
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Figure 6.
a) Single intestinal stem cells were seeded onto patterned Matrigel gels and formed

confluent monolayers over the course of three days. b) Immunostaining for F-actin (green)
and nuclei (blue) shows the formation of a cell monolayer covering the patterned features.
Scale bar is 50um. ¢) Frequency map images representing nuclear placement of 1ISCs along
the top, middle, and bottom, of each well show even dispersion along the surfaces of the
patterned well structures. X and Y image dimensions were normalized to the radius of each
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microwell which is represented by a white circle. The color bar represents the number of
nuclei present in each region. N = 20 wells.
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