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ABSTRACT

The stiffness, micro-curvature, and meso-curvature of cellular microenvironments can
significantly alter cell and tissue function. However, it is challenging to produce in vitro
tissue models that feature tunability in shape, stiffness, and curvature simultaneously in
high throughput and cost-effective manner. One of the significant challenges is the
fragility of micropatterns in soft and biocompatible hydrogels. Here, we describe an
approach that combines reflow photolithography, soft-lithography, and strain engineering
to create soft anatomically mimetic gelatin cell culture models. The models can be
mechanically tuned to have stiffnesses as low as 400 Pa to as high as 50 kPa featuring
hierarchical curvature at two length scales: the cellular length scale of 12 to 120 um, and
the mesoscale of 1 to 4 mm. We characterize the micro-structured gels using optical
microscopy and rheometry, highlighting tunability in the hierarchical curvature, modulus,
and shape. Also, collagen-based gelatin offers high-level biocompatibility and bypasses
the need for additional surface modification to enhance cell adhesion. We anticipate that
this approach could advance anatomically accurate in vitro 3D cell culture models of

relevance to biofabrication, cell biology, and drug screening.
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INTRODUCTION

Curving and folding of tissues at multiple levels or orders, defined here as
hierarchical, is a typical architectural phenotype found in living systems.’3 These
geometries provide unique advantages for enhanced surface area, cell viability, and
functionality. For example, the dermal-epidermal junction in human skin exhibits an
undulating pattern with dermal papillae projecting into the dermis. These projections
increase the contact between the layers promoting the exchange of oxygen, nutrients,
and waste products.* Similarly, hierarchical coiling and curved projections of the small
intestine provide a large surface area for nutrient absorption within the limited available
volume. These projections include 8-10 mm high plicae circulares that extend around the
inner circumference of the small intestine, 0.5-1.5 mm tall finger-like villi packed at a
density of 10-40 per square millimeter on the plicae circulares, and ~ 1um microvilli that
constitute the cellular brush border. Together, these hierarchical projections increase the
effective absorptive surface area by a factor of 20.57 Hierarchical curvature is also
observed in the human brain in the form of gyri and sulci of the cerebral cortex and folia
of the cerebellar cortex. In fact, the gyrification ratio is a commonly used metric to
characterize and compare the brains of animals.® Humans have one of the highest
gyrification ratios, which allows the packing of around 100 billion neurons and almost 25
times more glial cells in a highly interconnected fashion.'® In the lung, gas exchange
between the blood and surrounding tissue is facilitated by the highly branched tubular
vascular network comprised of vessels with diameters ranging from almost a millimeter
(arteries) to 8 ym (capillaries) that interact with the millions of alveoli in the lung.™ It is

necessary to replicate such hierarchically curved tissue microenvironments with
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biocompatible hydrogel materials to advance cell studies, create anatomically accurate
organs-on-a-chip, and increase the efficacy of a high-throughput drug. Accurate three-
dimensional (3D) models are especially important since the geometry of the cell
microenvironment has dramatic effects on cell polarization,'2'3 differentiation,#1°
migration,'®'7 and consequently, drug sensitivity.'®

Over the past decade, researchers have developed a variety of fabrication
approaches to structure cellular materials in curved and folded geometries. These include
fiber electrospinning,'®?° strain engineering,??? selective chemical etching,'” surface
micromilling,?3 lithography and molding,'2242° and 3D printing.3%-32 Strain mismatch in
bilayers or pre-stretched membranes has been extensively exploited to mimic the in vivo
features in situ. For example, stress relaxation of biaxially pre-stretched alginate-gelatin
methacrylate bilayers has been used to mimic respiratory or gastrointestinal mucosal
folding,?" whereas strain mismatch in metal films3® or polyethylene glycol diacrylate
(PEGDA) bilayers3#3® has been exploited to make tubes that mimic epithelial ducts.
Electrochemical etching of metal sheets has been used to create ultra-smooth
sinusoidally wavy surfaces to study the effect substrate topology on cell migration ."”"More
recently, 3D printing has been increasingly used to make cell culture platforms as it allows
building structural complexity that is present in vivo. Some examples include perfusable
vascular networks constructed by embedding dissolvable 3D support lattices in a cell-
laden hydrogel®® and models of intestinal villi using live-cell printing with collagen-based
bioinks to support both the epithelium layer and a capillary network.3?

These strategies have significantly advanced the development of in vitro cell

culture substrates. However, it is still challenging to build model 3D cell culture platforms
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with tunable dimensions and geometry. 3D printing is a serial process with limited
throughput, is constrained in design, and can be a costly method for patterning features
smaller than 50 um.36-38 Electrospun mats mimic the fibrous nature of the ECM but exhibit
nonuniform cell spreading.®® Strategies based on techniques like electrochemical etching
or laser ablation are complex and not easily accessible, whereas conventional
lithographic patterning techniques yield only flat or cuboidal patterns.*+*3 Moreover,
these techniques are challenging to implement with soft materials that have a stiffness
below 10 kPa.** Patterning on soft materials is crucial as matrix stiffness is a major
effector in cellular functions like proliferation and differentiation. Early reports of this
phenomenon were based upon observations of fibroblasts grown in stressed and relaxed
collagen hydrogels. Fibroblasts in stressed gels formed more actin bundles and deposited
more matrix in comparison to relaxed gels,*>4% which was implicated in lung fibrosis.4’
Matrix stiffness has also been demonstrated to have a dramatic effect on stem cell
behavior,%-50 epithelial morphogenesis,® and cancer cell migration.>> Thus,
incorporating tunability of matrix stiffness that can achieve physiologic values, together
with hierarchical curvature in reproducible and mass-producible cell culture platforms, is
crucial for obtaining accurate results in drug discovery and tissue engineering.

Here, we demonstrate a micropatterned gelatin hydrogel platform with tunable
stiffness that mimics modulus characteristics of native tissues while also incorporating
hierarchical micro to mesoscale curvatures. The micropatterned hydrogel platform
resembles features present in epithelial glands, intestinal villi, neo-cortex, and blood
vessels. We combine easily scalable technologies, namely lithography and molding, to

pattern curved features at the cellular and larger length size scales, creating scaffolds
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that may be used as model cell culture platforms. The novel features of our approach are
the following: (a) We can micropattern soft as well as stiff substrates with moduli ranging
from 400 Pa to 50 kPa; (b) We are able to create curved patterns with a wide range of
radii of curvature, from 12 ym to 4 mm; (c) Our approach is compatible with computer
aided drawing (CAD) photomask design which allows us to mass produce regular and
tunable patterns, with high-fidelity and reproducibility; and (d) our use of gelatin - a
naturally cell adhesive derivative of collagen - obviates the need for small molecule or
protein adhesive constituents.
MATERIALS AND METHODS
Materials

We purchased gelatin (Type A from porcine skin, Bloom value 90-110 and 300),
poly(ethylene glycol) diacrylate (PEGDA, Mn 700), trichloro(1H,1H,2H,2H-
perfluorooctyl)silane, and poly(vinyl alcohol) (87-90% hydrolyzed) from Sigma Aldrich
(Missouri, USA) and Activa Ti microbial transglutaminase (mTG) preparation from
Ajinomoto (lllinois, USA) and used them without any further processing. Positive tone
photoresist AZ 9260 (MicroChemicals GmbH) was purchased from Integrated
Micromaterials (Texas, USA), and SPR 220 and S1813 were purchased from MicroChem
(Texas, USA). Histology section slides for mammalian cerebellum (Catalog# 470182-
728), small intestine (Catalog# 470176-962), and arteries (Catalog# 470177-610) were
purchased from VWR International and for human skin (Catalog# 470183-070) from

Ward’s Science.



Substrate fabrication

The strategy for gelatin substrate fabrication is summarized in Figure 2. We spin-
coated a positive tone photoresist of desired thickness on silicon wafers and patterned it
through a photomask using the manufacturer's protocol to create photoresist islands. We
then heated the patterned photoresist islands at 150°C for 20 seconds to induce resist
reflow and transform the patterns from a flat to a curved surface.53

We silanized the master mold and created negative relief patterns on PDMS (1:10
curing agent to polymer weight ratio cured on the wafer at 80°C for 1 hour). The resulting
PDMS mold had concave features and was used to generate convexities on the gel. A
second step of PDMS molding was required to create concave features on the gel. In this
case, we silanized the first mold and poured PDMS on top of it to obtain a mold with
convex features, which was used to create concavities in the gel. We treated the molds
with 1% BSA for one hour to prevent the gel from sticking to the mold, which were then
gently washed with DI water, air-dried, and left under UV for at least 2 hours for
sterilization.
Next, we prepared the pregel solution (before crosslinking), which consisted of gelatin
and mTG. We first dissolved 12.5 wt% gelatin in PBS (Gibco) at 60°C. In a separate vial,
we prepared the mTG solution by dissolving mTG in PBS at a concentration of 10U mTG
per gram of gelatin. Both the solution were then sterile filtered through a 0.2 ym filter and
mixed to yield the final pregel with a composition of 10 wt% gelatin with 10U mTG per
gram of gelatin.®* We then poured the pregel solution on the PDMS mold and allowed it
to crosslink at 37°C until the desired mechanical properties were achieved. The

crosslinked gels were peeled from the mold and heat-treated in PBS at 65°C for 30
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minutes to deactivate the enzyme and dialyze out the reaction byproducts and stored in
PBS until use.

We fabricated the gelatin/PEGDA rolls and curved sheets with micro-curved
patterns by sequentially crosslinking thin sheets of gelatin and PEGDA, as described by
Jamal et.al.®* with some modifications. We made our chambers for bilayers using the
PDMS mold, which had the micro-curved features and a glass slide coated with a
sacrificial layer of 10% PVA. We crosslinked the gels using a ruthenium visible light
photoinitiator (Catalog #5248, Advanced BioMatrix, CA). The thickness of the gel layer
was set by the spacers placed between the PDMS mold and the glass slide during
crosslinking. For the pregel solutions, we mixed the contents of the photoinitiator kit with
gelatin as recommended by the manufacturer and with PEGDA at one half the
recommended concentration. The gels were crosslinked using an LED ring illuminator
(~60mW/cm? Nikon) held above the chamber at a distance of 2 cm, and then released
into PBS. Pregel solutions were filter sterilized using a 0.2 pym filter, and molds and glass
slides were sterilized using ethanol or UV light.

Mechanical Characterization

We measured the elastic moduli of the gels by oscillatory shear rheometry using
an Anton Paar MCR 302 rheometer. We loaded hydrogel disks (25 mm diameter, 4 mm
thickness) hydrated with PBS between a piece of sandpaper and a 25 mm sandblasted
plate probe and did all of the measurements at 37°C. We conducted an amplitude sweep

at a constant frequency of 5Hz and 0.5 N normal force.
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Cell maintenance and seeding

We cultivated human umbilical vein endothelial cells (HUVEC; ScienCell, Catalog
# 8000) in Endothelial cell growth media (PromoCell, Catalog # C22022) at 37°C and 5%
CO2. We seeded the cells on patterned gels at a density of 1x105 cells/cm?. Before
seeding the cells, we placed glass rings (Corning, Catalog # 3166-10) around the gels
using silicone grease (Dow Corning, Catalog # 1597418) to prevent spreading of cells
under the hydrogels and facilitate easy retrieval of the gels (Figure S1).

Cell viability, and immunostaining

We analyzed cell viability on the patterned substrates using a live/dead assay
consisting of Calcein AM and ethidium homodimer (Invitrogen™ Catalog# L3224) and
performed the test as per the manufacturer's protocol and analyzed the data using
epifluorescence imaging (Nikon AZ100).

Before immunostaining, we fixed the cells on the micropatterned gels with a 4%
paraformaldehyde solution for 15 mins, which were then permeabilized for 15 minutes
with 0.1% Triton X-100 (Sigma Aldrich) in 4% paraformaldehyde and washed with PBS
three times. We blocked the fixed samples for one hour with 2% BSA containing 0.01%
Triton X-100 (blocking buffer) to prevent non-specific binding of the antibody used. After
blocking, we incubated the samples overnight at 4°C with an antibody against VE-
cadherin (Rabbit, Cayman Chemicals, Catalog# 160840) prepared in the blocking buffer.
We then incubated the samples in a secondary antibody (Cy3 anti-rabbit secondary
antibody, Jackson Immuno Research Laboratories, Catalog# 711165152) for one hour.
The samples were also stained for F-actin with Alexa Fluor™ 488 Phalloidin (Invitrogen™,

Catalog# A12379), and nuclei were labeled with 4'.6-Diamidino-2-Phenylindole,
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Dihydrochloride (DAPI; Invitrogen™, Catalog # D1306). For imaging, the samples were
placed on glass-bottom dishes (MatTek Corporation, Catalog # P35G1.520C) with the
patterned surface closer to the objective lens and either mounted in FluorSave (Millipore,
Catalog# 345789) or maintained in a humidified chamber. We used a Nikon A1 confocal
microscope to image the samples.
RESULTS AND DISCUSSION
Anatomical relevance

Cells in living tissues reside in environments which are hierarchically micro-curved
(Figure 1) and mechanically diverse. For example, the epidermal-dermal interface of the
human skin has undulating folds with radii in the range of 10-50 ym depending on the

age, location, and pathology of the tissue (Figure 1a).%° Similarly, the cells in the intestine

e

b picae cis o

Figure 1. Histology sections of fixed ierarchically curved tissues: a) Undulating dermal-
epidermal interface with an additionally 10x magnified view (inset). (b) Longitudinal section of small
intestine depicting mesoscale curvature of the pilcae circulares and microscale curvature of villi (inset
with 10x magnification). (c) Cross section of cerebellar folia, and (d) transverse sections of mammalian

arteries. The histology sections were imaged in our laboratory using a Nikon inverted microscope.
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are packed on a curved and folded mucosa as seen in the transverse section of the small
intestine (Figure 1b) with villus tips having radii in the range of 50-100 ym and elastic
moduli in the range of 1 kPa (healthy) to 20 kPa (diseased).%6-%” These heterogeneities in
cellular microenvironment, and the broad ranges of variability that are seen with
development, disease, and senescence necessitate the innovation of model cell culture

platforms that mimic and customize the in vivo conditions more accurately.
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Figure 2. Micro curved gel substrates. (a) The strategy and series of steps used for fabricating the micro-
curved features on soft hydrogels are shown. (b) 32 ym thick gel sheets were patterned with the micro-
curved features. (c) Patterned sheets may be transferred between solutions without damage. (d) A
representative 3D-reconstructed image of the micro-curved gel substrates is shown. Cross-sections of gels
demonstrating the tunability of the process correspond to (e) lung alveoli, (f) the epidermal-dermal interface
and (g) tips of intestinal villi. (h) Determination of the radius of curvature was accomplished by estimating
the features as spherical caps, where R is the radius of curvature, h is the height/depth of the curved feature

and r is the base radius of the patterned feature.

Our strategy to create micro and mesoscale curved features on soft gels utilizes
photolithography, resist reflow, molding, and strain engineering and facilitates tunability
for recapitulation of in vivo parameters. To make models with a single curvature that

mimics the tissue architectures depicted in Figure 1(a and b), we first created the micro
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curved features on a silicon wafer using resist reflow lithography (Figure 2a). Villi-like
features were made by patterning the photoresist using backside exposure to get tapered
features and then reflowed to get curved tips. The curved photoresist patterns were then
used as masters to make negative molds in PDMS®8 that were then used to pattern sheets
or blocks of gel. With this process, we were able to pattern gels with features including
radii of curvature in the range of 12-120 ym - reasonable facsimiles of tissues including
the tips of intestinal villi, dermal papillae, pulmonary alveoli, and the acini of mammary
and sweat glands.

We used gelatin as the primary material for making these micropatterned gels.
Gelatin is a protein which thermally crosslinks at room temperature by forming a triple
helix. However, it is not stable at temperatures higher than 30°C and has to be covalently
crosslinked for use as a cell culture substrate. Hence, we used microbial
transglutaminase (mMTG) to covalently crosslink the gel to use it at physiological
temperature. mTG crosslinks gelatin by linking the lysine and glutamine residues and
hence does not require any chemical modification.®®6® mTG is also a milder, less toxic
crosslinker than glutaraldehyde, EDC/NHS or genipin, and does not plasticize the gel.
Importantly, covalently crosslinked gelatin can still undergo coiling at room temperature,
and this increases the ease of handling for soft gels.

Gels with micro-curved features may either be made in the form of thin sheets that
are several microns thick (Figure 2 b and c) or in the form of gel disks with a thickness
of one millimeter. (Figure 3 b and c). We allowed thin gels sheets to swell on the mold
by immersion in PBS, to release it without causing damage to the patterned features. In

contrast, thicker gel disks were peeled directly from their molds. We optically
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characterized the prepared gels using confocal microscopy to visualize the micro-curved
features. Gels were imaged by dyeing them with fluorescein (Sigma Aldrich, Catalog #
F6377) and obtaining z profiles that were reconstructed to view the gels in 3D (Figure
2d). A variety of features of different shapes and scales that mimic in vivo geometries
may be fabricated with ease, as the technique is dependent only on photomask design
and the thickness of the resist (Table S1). The ability to tune the radius of curvature of
the features is demonstrated in Figure 2 (e, f, g), which depicts cross-sectional views of
patterned gels that mimic the curved environments found in lung alveoli, epidermis, and
tips of the intestinal villi, respectively. The fidelity and reproducibility of the molding
process were confirmed by comparing the designed radii of curvature to the z-profile
measurements of the actual gels. For this, we approximated our features as spherical
caps and used the acquired z-profiles to estimate the radius of curvature as defined in
Figure 2h.

We anticipate that these micro-curved patterned gels can be used as models for
cell culture studies. Our fabrication strategy is facile and does not employ complex
processes like mechanical milling, electrochemical etching, and 3D printing. We can
achieve tunable curved shapes even with microscale features in a high throughput
manner, which is an advantage over serial processes like 3D printing.

Mechanical characterization

Commercially, gelatin is available in various Bloom values, which indicates the
strength of gelatin gel for a given molecular weight. To determine the effect of crosslinking
duration and molecular weight on the stiffness, we performed rheological measurements

on the mTG-crosslinked gels prepared from gelatin with either of two Bloom values: 90-
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110 (Mwa~20,000-25,000) or 300 (Mwa~50,000-100,000). Based on the rheological
measurements we chose lower Bloom value gelatin for soft gels and higher Bloom value
gelatin for stiffer gels to tune the gels with physiologically relevant mechanical properties.
The mechanical properties were estimated from the linear viscoelastic region (LVER) of
the amplitude sweep (Figure S2) performed at 0.5 N normal force and a frequency of 5

Hz using a rheometer. We first calculated the shear moduli (G*), which is defined as G* =

VG'? + G where G' and G are the storage and loss moduli, respectively, and can be
determined from the amplitude sweep (Figure S2). We then estimated the Young's

Moduli (E) to compare our gels to tissues and other cell culture materials. Since the gels
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Figure 3. Mechanical properties of the gel are dependent upon Bloom value and curing time. (a)
Lower Bloom (90-110) gels or soft gels can be tuned from 400 Pa to 1.8 kPa and (c) higher Bloom (300)
gels or stiff gels from 20 kPa to 50 kPa. Gel disks with 50 g weight placed on top and 1 mm thick gel disk

held with forceps to highlight the difference in mechanical properties of the gels in (b) (soft gels) and (d)

(stiff gels).
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are assumed to be isotropic and incompressible under very low strain, the shear modulus
can be correlated to Young’s modulus using the equation E = 2G*(1+v).%"%2 The
Poisson's ratio (v) was assumed to be 0.5.% Figure 3 (a and c) summarizes the effect of
Bloom value and crosslinking reaction duration on the mechanical properties of the gels.
The Young’s moduli of the gels prepared with higher Bloom value gelatin was in the range
of 20 - 50 kPa which corresponds to fibrotic or diseased tissue, whereas gels prepared
with lower Bloom value gelatin can be tuned in the range of 0.4 - 1.8 kPa which
corresponds to soft mucosal tissues and pulmonary interstitial matrices.%* Figure 3(b and
d) depict blocks of gel with 50 g weights placed on the surface, as well as gel fragments
held with forceps, to give the reader an idea of the gel properties.

Cell culture on micropatterned substrates

Conventionally, mechanically tunable tissue models made from elastomers®® and gels
like polyacrylamide®® or alginate®7-%° are not cell-adhesive. The surfaces of such models
have to be functionalized with adhesion-promoting proteins either by microcontact printing
or by chemical conjugation or modification. These surface modification processes

often result in uneven distribution of the protein on the gels, and hence to non-uniform
cell spreading and surface coverage.

We chose gelatin as our primary substrate material in order to overcome these
limitations of surface functionalization. Gelatin is derived from collagen, which is the most
abundant component of the extracellular matrix’®. Gelatin contains the cell adhesion RGD
peptide present in its collagen moiety and therefore does not require functionalization.
We plated HUVEC on the patterned gels to demonstrate biocompatibility and plating

efficiency. Figure 4 shows the 3D reconstructed images of the gel substrates with
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HUVEC, which were fixed after seven days of culture. We estimated the nuclear density
per feature and observed less than 15% variance, thus concluding that the cells spread
uniformly in concavities and on convexities on both soft and stiff substrates without
surface functionalization. The seeded cells were viable for more than one week in culture
with minimal cell death occurring due to overgrowth and crowding as depicted by the
live/dead assay (Figure S3), demonstrating the biocompatibility of the prepared

substrate.

Nucleus VE- Cadherin

Figure 4. Uniform cell coverage on patterned gelatin hydrogels without surface functionalization.

3D reconstructions of cells seeded on gels patterned with (a) concavities with 50 um radii of curvature, (b)

tapered pillars with tip radius of curvature of 30 um, and (c) alveolar geometries. Insets depict brightfield

images of the top view of the gels (top right in each panel). Cartoons of the cross section of each gel are

shown at the bottom right of each panel.
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Mesoscale curvature

In vivo tissues are curved and folded at multiple levels. To mimic this characteristic,
we fabricated gels curved at a mesoscale. These mesoscale curvatures were created by
strain-engineered gelatin, and polyethylene glycol diacrylate (PEGDA) bilayers
crosslinked using a visible light ruthenium-based photoinitiator. We sequentially photo-
crosslinked thin films of gelatin (1 kPa) and PEGDA (723 kPa) through a CAD designed
mask.>* PEGDA forms an interpenetrating network with gelatin resulting in bilayers that
form wavy sheets or tubes when they are released in PBS. For wavy sheets, we patterned
squares of PEGDA on a continuous sheet of gelatin to form connected semi-curved
regions of PEGDA/ gelatin. Using this process, we can fabricate gels with mesoscale radii
of curvature in the range of 1- 4 mm.
Hierarchical curvature

Importantly, as we show, we can combine micro and mesoscale features to create
hierarchically curved gelatin substrates (Figure 5). We made these hierarchically curved
gelatin substrates by sequentially crosslinking gelatin with PEGDA between the micro
curved PDMS mold and a water-soluble sacrificial layer (polyvinylalcohol, PVA) coated
glass slide (Figure S4). First, we coated the PDMS mold with gelatin mixed with a visible
light photoinitiator, covered it with the PVA coated glass slide with spacers in between the
slide and the mold, and photocrosslinked the gelatin using visible light. After gelatin
crosslinking, we removed the PVA coated glass slide. We observed that the gelatin
surface is hydrophobic immediately after crosslinking and does not stick to the PVA and
remains on the patterned PDMS mold when the PVA coated glass slide is removed. We

then added PEGDA on top of the flat side of the gelatin and placed the PVA coated glass
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slide with spacers on top. After photocrosslinking PEGDA, the gelatin/PEGDA bilayer
adhered to the PVA coated slide. The bilayer was released from the glass slide by the
dissolution of the PVA in PBS to form wavy sheets (Figure 5a), or tubes and helices
(Figure 5b, c, and d). Cells seeded on to these hierarchically curved bilayers adhered to

the microcurved patterns in the outer gelatin layer (Figure 5e).

& m PEGDA Gelatin

Ve

Figure 5. Hierarchically curved gelatin biomimetic éubstrates. Schematic representation and optical
images of (a) a curved sheet with (a’) micro-curved features and (b), (b’) rolls patterned with micro-curved
features to model hierarchically curved tissues. Epifluorescence micrographs of (c) a patterned tube
depicting the cross-section (inset) and (d) self-folded helix with patterns on the gelatin side. The constructs
were dyed with fluorescein to visualize the pattern. (e), (e’) HUVEC seeded on hierarchically patterned rolls

labeled for endothelial cell junction (VE-cadherin red in e and gray in e’).
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We note some important features and rationale of our approach. First, the gelatin
must be photocrosslinked first, and the PEGDA layer on top of it. We observed that the
curing time of gelatin (30 s) is longer than that of PEGDA (15 s), and if the gelatin is
photocrosslinked after PEGDA, it leads to over curing of the PEGDA which stiffens this
layer and reduces bilayer curvature. Also, we note that the gelatin needs to be crosslinked
on the micro-patterned PDMS mold and PEGDA on the flat side of the gelatin layer so
that the features are transferred to gelatin. Second, to form a bilayer, an interpenetrating
polymer network is required to increase adhesion and prevent delamination on bending.
Since gelatin is much more porous as compared to PEGDA, the PEGDA pre-polymer can
easily penetrate gelatin and form a robust bilayer on crosslinking. Finally, PEGDA is
hydrophilic and sticks to the PVA coating on the glass slide. This adherence facilitates
the transfer of the gelatin/PEGDA bilayer to the PVA coated glass slide and subsequent
release of the bilayer on the dissolution of the PVA in PBS.

Conclusion

In summary, we have developed a strategy for patterning very soft biocompatible
hydrogels with anatomically relevant hierarchically curved geometries. The shapes can
be tuned to have cellular length scale radii of curvature of 12-120 ym, and overall radii of
curvature from 1 - 4 mm. These parameters mimic in vivo morphometrics, including those
of intestinal villi, epithelial tissues and their appendages, blood vessels, lung alveoli, and
gyri of the brain. The use of standard high-throughput wafer-scale lithography and
molding ensures that the process is reproducible, mass-producible, and scalable. The
resist reflow transforms the flat lithographic features into curved geometries, while

differential swelling generates meso-curvature. We used gelatin as the primary substrate

20



material as it promotes cell adhesion, and we show that these gelatin-based hydrogels
can be mechanically tuned to resemble either soft (0.4 - 1.5 kPa) or stiffer tissues (20-50
kPa). Our gelatin micro-curved substrates offer improved biomimicry with respect to the
physical microenvironment of cells with the relative ease of use. We anticipate that this
new platform will augment in vitro cell culture strategies for studies in which in vivo cell
and tissue mechanics and microenvironmental geometries need to be closely

recapitulated.
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Hierarchically curved gelatin for 3D biomimetic cell culture
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Table S1: Fabrication parameters and their anatomical relevance

Base radius Resist Curved resist Radius of Anatomical relevance
height height curvature
r(um) Nresist (M) h (pm) R (um)
125 8 9+3 12 +2 Capillaries, villi tips

Dermis, mammary

25 12 16 +3 25 +2 e
glands, villi tips
50 25 28 + 2 54 +3 Arterioles
85 35 37 42 117 + 4 Alvgolar glands, arterl_es,
plicae circulares, folia
Gel disks with N Glass rings

microcurved . /
Q / features 2
Tk ~ i

6o BRE) - e
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Figure S1: Setup for cell seeding on the hydrogels. Disks of gels patterned with curved features were
cut using an 8 mm biopsy punch, and then placed in a plastic dish. Glass rings with inner diameter of 8
mm were snugly attached around these gels and the ends of these rings were coated with silicone grease
to form a good seal with the bottom of the dish. Cells were added to the region within each glass ring, to
prevent the cells from spreading under the gel and to facilitate retrieval of the gels from the plastic dish for

imaging.
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Figure S2. Mechanical and rheological properties of the gel. (a) and (b) Curing time dependent storage

moduli (G’, squares) and loss moduli (G”, diamonds) of the soft and stiff gels respectively and (c) and (d)
Young’s moduli of the soft and stiff gels respectively.

12 um 54 um Stiff 54 ym

Soft

12 pm

Figure S3. Biocompatibility of the prepared gels. Live dead assay at days one and eight for cells
seeded on soft and stiff gels with micropatterned concavities having radii of curvatures 12 ym and 54
pum. Live cells are labeled with Calcein (green) and dead cells are labeled with ethidium homodimer
(red). The cells are viable for more than a week with limited cell death that occurs due to cellular
overcrowding. Scale bar = 200 ym.
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Figure S4: Process flow for the fabrication of hierarchically curved features using gelatin/PEGDA
bilayers (images shown in Fig. 5 of the paper). In Step 1, the gelatin mixed with the photoinitiator is
added between the PDMS master mold (which is patterned with microurvatures by casting with a resist
reflow pattern) and PVA coated glass slide separated by aluminium foil spacers. The gelatin is crosslinked
by exposure to visible light. In Step 2, the PVA coated glass slide is removed, and PEGDA prepolymer is
added on top of the gelatin. In Step 3, the PVA coated glass slide is placed on the PEGDA and the PEGDA
is crosslinked with visible light. In Step 4, the PVA coated glass slide is removed with the PEGDA/gelatin
bilayer attached to it. In Step 5, the bilayer spontaneously curves on immersion in PBS due to the dissolution
of the PVA sacrificial layer and the swelling mismatch between PEGDA and gelatin.
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