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Abstract

In vitro small intestinal models aim to mimic the in vivo intestinal function and structure, including
the villi architecture of the native tissue. Accurate models in a scalable format are in great demand
to advance, for example, the development of orally administered pharmaceutical products. Widely
used planar intestinal cell monolayers for compound screening applications fail to recapitulate the
three-dimensional (3D) microstructural characteristics of the intestinal villi arrays. This study
employs stereolithographic 3D printing to manufacture biocompatible hydrogel-based scaffolds
with villi-like micropillar arrays of tunable dimensions in poly(ethylene glycol) diacrylates
(PEGDASs). The resulting 3D-printed microstructures are demonstrated to support month-long

culture and induce apicobasal polarization of Caco-2 epithelial cell layers along the villus axis,



similar to the native intestinal microenvironment. Transport analysis requires confinement of
compound transport to the epithelial cell layer within a compound diffusion-closed reservoir
compartment. We meet this challenge by sequential printing of PEGDAs of different molecular
weights into a monolithic device, where a diffusion-open villus-structured hydrogel bottom
supports cell culture and mass transport within the confines of a diffusion-closed solid wall. As a
functional demonstrator of this scalable dual-material 3D micromanufacturing technology, we
show that Caco-2 cells seeded in villi-wells form a tight epithelial barrier covering the villi-like
micropillars, and that compound-induced challenges to the barrier integrity can be monitored by
standard high-throughput analysis tools (fluorescent tracer diffusion and transepithelial electrical

resistance, TEER).

Introduction

Orally administered drugs are mainly absorbed in the small intestine,! calling for reliable in vitro
intestinal models as a tool to engineer drug uptake and assess toxicity.>> Existing models, scalable
to industrially relevant numbers, have been restricted to two-dimensional (2D) monolayers of a
human colorectal carcinoma cell line (Caco-2) cultured on standard Transwell inserts, i.e.,
microtiter plate inserts with a microporous membrane allowing for diffusive transport between
separate liquid compartments.*> While the simple and robust Transwell models have provided
important biological insight, such 2D models fail to recapitulate the complex 3D
microenvironment of the small intestine with associated limited predictive value of drug uptake
and transport.*® The small intestine luminal surface presents a dense array of “crypt-villus” units.

Villi are finger-like protrusions maximizing the surface area for absorption, while crypts are well-



like invaginations at the base of each villus accommodating intestinal stem cells. The function of
the small intestine is maintained by constant renewal of the epithelium through guided migration
and differentiation of the intestinal stem cells along the crypt-villus axis.”® Hence, it is of
significant importance to include such microarchitectures to create more physiologically relevant

in vitro intestinal models.

To address the limitations of conventional 2D models, more advanced culture systems have
recently been developed to study the intestinal epithelium.~!! Primary intestinal stem cells isolated
from mouse or human gut specimens have been successfully cultured in vitro using extracellular
matrix such as Matrigel to form organoids exhibiting distinctive crypt- and villi-like domains.'*™#
Although these 3D models capture the intrinsic heterogeneity of the intestinal tissue, their cystic
architecture complicates luminal access and reduces their applicability for compound screening.
Alternatively, microfabrication techniques have been utilized to engineer 3D scaffolds that better
mimic the topography of intestinal crypts and villi.'">** These micro-patterned scaffolds were
seeded with intestinal cells, most often intestinal cell lines such as Caco-2 being a widely used,
easily accessible, cost-effective, and robust cell model, and used in combination with standard
Transwell inserts to allow for assays with quantitative readouts such as transepithelial electrical
resistance (TEER)* and permeability testing. However, these platforms are mostly engineered
through time-consuming and labor-intensive multi-step molding processes. In addition, extra
efforts as well as specialized equipment dedication are required to ensure tight attachment to the
Transwell insert so that mass transport is restricted to the cell-coated scaffold.'®!7:1%23-25 The most

widely used materials for molding intestinal scaffolds are collagen!>-17-242

and poly(lactic-co-
glycolic acid) (PLGA).?*?° Collagen promotes cell adhesion and growth, but its application as an

in vitro 3D scaffold for extended culture times is challenged by its short-term loss of structural



fidelity and stability. Moreover, collagen hydrogels have been reported to reduce the passage of
some hydrophobic drug molecules due to their absorption by the collagen network.!® PLGA is
more mechanically stable but requires the engineering of porosity to enable diffusive mass
transport.® Several “gut-on-a-chip” microfluidic platforms developed in the past decade have been
shown to mimic important aspects of the physiologically dynamic environment in vivo such as
fluidic shear stress and peristaltic motions.>'® Recently, microfluidics and planar villi-like
structures laser-cut in hydrogel sheets were elegantly combined with culture of mouse intestinal
stem cells to recapitulate important aspects of cell-fate patterning along the crypt-villus axis.*
However, many of these microfluidic systems are engineered using soft lithography in
polydimethylsiloxane (PDMS), which does not allow for aqueous compound transport and
provides limited topological design freedom, and typically requires multiple processing steps for
manufacture of a final device. Another major challenge in these microfluidic platforms is to
perform industry-standard TEER analysis, which has either not been implemented or requires
complicated setups.’>3#4942 Despite the listed limitations, these advanced models have
demonstrated the favorable influence of 3D intestine-like microenvironments on cell functions,

including proliferation, differentiation and polarization.

In recent years, 3D printing (additive manufacturing) has emerged as a powerful approach to
create complex 3D constructs.*® High resolution 3D printing allows for the direct manufacture of
free-form features, with or without overhangs, including shapes mimicking the slightly tapered
villi of the small intestinal wall. Additionally, this technique enables accurate definition of the
interface in 3D when combining overlaying segments of two materials, which is highly challenging
using conventional multi-step molding processes. Laser scanning stereolithography (SLA) of a 3D

poly(ethylene glycol) (PEG) based hydrogel scaffold reproducing intestinal epithelium topography



has been reported.** However, the serial voxel-by-voxel fabrication process characteristic of fine-
spot laser scanning resulted in extended manufacturing times of about 12 h. Additionally, the
reported single-material scaffold cannot function as a self-contained system, hence limiting higher
throughput applications and quantitative analysis of barrier integrity.* Projection SLA, as opposed
to laser scanning SLA, offers larger volumetric throughput of complex structures enabled by
parallel whole-layer exposure.*** SLA is based on light-induced solidification of a liquid resin,
most commonly by radical or cationic photopolymerization, which usually results in single-
material constructs. A single material supporting cell culture and mass transport, exemplified by a
hydrogel with cell adhesive motifs, is ideal for intestinal scaffolds. However, manufacturing of a
self-contained device for compartmentalized compound transport analysis calls for spatially
selective diffusion properties provided by co-structuring of different materials. Dual-material SLA
by intermediate resin change has been reported previously 4’2 but not for engineering local

diffusive properties in cell culture systems.

Our focus is to address the aforementioned challenges in establishing a robust and easily
accessible analysis platform based on diffusion-tunable, yet mechanically stable and
topographically accurate, in vitro models capable of supporting intestinal enterocyte culture, and
to enable quantitative characterization of barrier integrity in a reproducible and scalable format by
taking advantage of projection SLA. We hypothesize that chemically similar monomeric starting
materials can be combined to form mechanically and dimensionally stable monolithic entities with
spatially variable physiochemical properties, such as aqueous compound diffusion, after cross-
linking during 3D printing. We report on the fabrication of SLA printed dual-material 3D cell
culture scaffolds, termed villi-wells, which encompasses villi-like diffusion-open micropillar

arrays at the bottom, enclosed by a diffusion-closed wall, as micro-topographically structured



analogues of Transwell inserts (Scheme 1a). To this end, poly(ethylene glycol) diacrylates
(PEGDA) of two different molecular weights are utilized to print each part of the dual material
structures. The bottom part, containing the villi-like micropillars, is composed of a diffusion-open
hydrogel material made from a medium molecular weight PEGDA and supplemented with a cell
adhesive protein to support cell culture. The villi-well wall is, on the other hand, made of
crosslinked low molecular weight PEGDA, a diffusion-closed non-swellable material. This
confines diffusive transport of ions, measured by TEER, and other aqueous compounds to occur
through the bottom hydrogel part (Scheme 1a). We explore the achievable design complexity and
detail by varying the inter-pillar spacing, structurally characterizing the resulting printed devices,
and evaluating the effect of villi-like structures on the organization and transport properties of

subsequently cultured epithelial monolayers.

Materials and methods

Synthesis of Gelatin methacrylate (GelMA)

GelMA was synthesized according to a previously reported method.> Briefly, 10 g of gelatin
(from porcine skin, Type A, gel strength ~300 g Bloom, Sigma Aldrich) was gradually dissolved
into 100 mL of pre-warmed Dulbecco’s phosphate-buffered saline (DPBS, Sigma Aldrich) at
50 °C under continuous stirring. After dissolution, 5.8 mL methacrylic anhydride (Sigma Aldrich)
was added and the mixture was vigorously stirred for 1 h. Once the reaction was completed the
mixture was centrifuged, and the obtained supernatant was diluted and dialyzed against Milli-Q
water (Millipore, >18.2 MOhm cm) for 7-10 days to remove unreacted reagents using a dialysis

membrane (cutoff 12-14 kDa) with the water being exchanged every day. Finally, the product was



lyophilized and stored at -20 °C. The degree of methacrylation was determined to be ~60% by 'H
NMR, calculated from the integrated area of the lysine e-methylene peak at 2.92 ppm for

unmodified gelatin and for GeIMA.

3D printing of the dual-material villi-wells

Dual-material scaffolds were fabricated using a custom-built projection based stereolithography
printer. The printer and its characteristics have been described in our previous work.>*> Briefly,
collimated light from a 365-nm high-power LED (LZ1-00UV00, Ledengin) impinges on a Digital
Mirror Device (10.8 pm pixel pitch, DLP9500 UV, Texas Instruments, DMD), and the resulting
image is projected 1:1 onto the bottom of a vat containing the printing resin (power density 10.9
mW cm?) (Scheme 1b). Cover glasses (22 x 22 x 0.4 mm?® Thermo Scientific Menzel
Haemacytometer Coverslip), functioning as print substrates, were silanized with 3-
(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich)** to promote adhesion of prints to the glass
support. Non-adhesive fluorinated ethylene propylene (FEP) foil (DuPont Fluoroplastic Film),
applied to the vat bottom, facilitated smooth release of each printed layer from the vat. 3D models
of the villi-wells were designed using Inventor 2018 (Autodesk) and subsequently sliced into a
series of digital masks with a slicing thickness of either 20 or 50 um, for the bottom hydrogel and
the wall, respectively, using the open-source slicer software Slic3r. Dual-material printing was
carried out in two steps. In the first step, the resin consisted of an aqueous solution of 200 mg mL ™!
poly(ethylene glycol) diacrylate (Ma 700 g mol!, PEGDA700, Sigma-Aldrich), 20 mg mL™!
GelMA, 5 mg mL™! lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich,

photoinitiator) and 12 mg mL ™' Quinoline Yellow (QY, Sigma-Aldrich, photoabsorber), optimized



for printing resolution in our former publication.>* For the prints used for structural analysis by
confocal fluorescence microscopy, the aqueous resin was supplemented with 20 pg mL!
fluorescent beads (200 nm, carboxylate-modified microspheres, yellow-green fluorescent
505/515, FluoSpheres™, Thermo Fisher Scientific). The first few layers (corresponding to ~200
pum thickness) were exposed for 4 s at a reduced step height of either 5 or 10 um to ensure proper
attachment of the polymer to the glass. Remaining layers were exposed for 3 s at a step height of
20 um. After printing the diffusion-open bottom, the built-stage with the mounted structure was
removed from the printer and briefly rinsed in DI water. Surplus water was immediately removed
by lens tissue paper. In the second step, the aqueous resin in the vat was replaced by pure
poly(ethylene glycol) diacrylate (Mn 250 g mol!, Sigma-Aldrich, PEGDA250) containing 4 mg
mL™"  phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819, Sigma-Aldrich,
photoinitiator, soluble in PEGDA250) and 1 mg mL™' Avobenzone (Sigma-Aldrich,
photoabsorber, soluble in PEGDA250) (see the Supporting Information for details on optimizing
the print formulation and for rheological properties of the two resins). The print substrate with the
printed PEGDA700/GelMA part was moved to the last position of the first printing process. The
first few layers (corresponding to ~150 pm thickness) were exposed for 4 s at a reduced step height
of 25 um to ensure proper attachment, and the remaining part was exposed for 3 s for each layer
at a step height of 50 um. The manufacturing time per villi-well was 35 minutes (two devices
produced in parallel in 70 minutes). The resulting dual-material villi-well was thoroughly rinsed
in ethanol to remove remaining resin and subsequently immersed in Milli-Q water. The prints
remained immersed for a couple of days to leach out remaining reagents, mostly from the
diffusion-open hydrogel compartment, as well as to reach its equilibrium swelling. Finally, the

still-immersed villi-wells were post-cured for 12 h by UV-A illumination (365 nm, 4.5 mW cm?,



CUREbox™ CB-4230, Wicked Engineering). The structural accuracy was quantified from tiled
confocal stacks acquired on the entire area of two villi wells for each villi spacing, for a total of
>100 villi analyzed for each spacing. The height, base diameter, and interpillar spacing were
measured for all micropillars using Zeiss Zen 2012 Black Edition software after correcting for the

effect of the refractive index of water on the measured heights.

Swelling study

Solid single-material rectangular blocks (10 x 10 x 3.5 mm?®) were printed on cover glasses in
PEGDA250, PEGDA700 (without added GeIMA), and PEGDA700/GelMA, using the resin
formulations and procedure described above. Immediately after printing, each sample was
removed from the cover glass by a scalpel. The surplus resin on the surfaces was removed by tissue
paper, and the sample weight was measured. The samples were then immersed in DI water, and
their weight was monitored periodically until reaching equilibrium. The swollen samples were
eventually lyophilized to obtain the dry weight for calculating the mass swelling ratio (q), defined

as q = My/M,; with Mg and M, being the mass of the swollen and the dry structures, respectively.

Mechanical characterization

Solid single-material cylinders of 6 mm diameter and 5 mm height were printed using the three
resin formulations described above. The printed cylinders were immersed in DI water to reach
their equilibrium degree of swelling. The still-wet samples underwent a compression test using a

mechanical tester (Instron 5967, UK) equipped with a 500 N load cell, at a compression rate of 0.5



mm min’!' until breakage. The stress-strain data was analyzed using neo-Hookean rubber elastic

theory that predicts a linear dependence of the stress on A-A~2 (4 being the extension ratio).>

Cell line maintenance

Human colon adenocarcinoma (Caco-2) cells (Sigma-Aldrich) were cultured in Minimum
Essential Medium Eagle (MEM, Sigma-Aldrich) supplemented with 10% v/v fetal bovine serum
(FBS, Sigma-Aldrich), 1% v/v L-glutamine solution (200 mM, Sigma Aldrich), 1% v/v MEM non-
essential amino acid solution (NEAA, Sigma-Aldrich) and 1% v/v penicillin-streptomycin (P/S,
Sigma-Aldrich). Cells were cultivated in T75 culture flasks at 37 °C and 5% CO2 with medium
renewal every 2-3 days and passaged weekly. For all experiments, Caco-2 cells were used between

passage 50 and 65.

Cytotoxicity Assay for PEGDA 250

Bowl structures (Qinner 4.5 mm, Qouter 6.5 mm, 0.6 mm thick bottom, 3.1 mm overall height) were
printed using non-aqueous resin PEGDA 250 and subsequently post-cured for 12 h by UV-A
illumination (365 nm, 4.5 mW cm, CUREbox™ CB-4230, Wicked Engineering). To promote
cell adhesion, 30 pL aqueous solution of 20 mg mL ™' GelMA and 5 mg mL ™! LAP was added to
each bowl, followed by 10 min of UV-A illumination. The reaction mixture was removed, and the
structures were washed with DI water 3 times before being immersed in serum-free medium
(MEM) supplemented with 2% v/v P/S. The printed bowls were then sterilized by 20 min exposure

of UV-C irradiation (254 nm, UV sterilization cabinet, Cleaver Scientific) in a laminar flow bench.
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Prior to cell seeding, the surface of the sterile bowls was further incubated with 10 pg mL™
fibronectin (fibronectin bovine plasma, Sigma-Aldrich) at 4 °C overnight. Caco-2 cells were
harvested from the culture flask at 75% confluency using 0.5% trypsin in DPBS/EDTA (Sigma-
Aldrich) and seeded in each printed bowl at 5 x 10* cells cm 2 and cultured at 37 °C in 5% CO2
for 1, 4 and 7 days, respectively. Cells were then stained with calcein-AM (2 pg mL ™!, Invitrogen)
and propidium iodide (PI, 2 ug mL™!, Sigma-Aldrich) for 1 h. Each sample was characterized by

confocal laser scanning microscopy (LSM 700, Zeiss).

Cell culture in villi-wells

Prior to cell seeding, printed scaffolds were submerged in serum-free medium (MEM)
supplemented with 2% v/v antibiotic and sterilized by 20 min exposure of UV-C irradiation (254
nm, UV sterilization cabinet, Cleaver Scientific) inside a laminar flow bench. The surface of the
sterile villi-wells was then incubated with 10 pg mL™ fibronectin (fibronectin bovine plasma,
Sigma-Aldrich) at 4 °C overnight. Caco-2 cells were harvested from the culture flask at 75%
confluency, using 0.5% trypsin in DPBS/EDTA (Sigma-Aldrich), and seeded onto the villi-wells
at 6.4x10* cells per printed well. The villi-wells had previously been placed into either Transwell
inserts (24 well, Corning Transwell, 0.4 pum pore size) or 6-well plates, depending on the intended
experiment. Cells were cultured for up to 45 days, with the medium being exchanged every 2-3
days for both Transwell inserts (100 pL for apical side and 800 uL for basal side) and 6-well plates.
The Transwell-fitted samples were utilized to assess the barrier integrity, while cells in 6-well
plates were used for either live/dead staining (2 ug mL™! calcein-AM and 2 ug mL™! propidium

iodide for 1 h) or immunostaining.
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Barrier integrity assay

To evaluate the integrity of the epithelial barrier formed on the 3D structure of the villi-wells,
standard protocols were employed. The transepithelial electrical resistance (TEER) between the
two compartments was monitored every 5 days using an EVOM?2 epithelial voltmeter equipped
with EndOhm culture cup (World Precision Instrument). The resistance of the blank scaffold
without cells was subtracted from the measured resistance values, which were then normalized by
multiplying with the developed surface area (ohm cm?). The surface area for culture was defined
as the inner-well area of the hydrogel bottom including villi-like micropillars and calculated using

Autodesk Inventor 2018 (Table S1).

On day 42 of culture (when the TEER values reached a plateau in the villi-wells), the barrier
integrity was further evaluated using TRITC-dextran (4.4 kDa, Sigma-Aldrich) as a model
diffusing species. Medium was replaced at the basal side and 100 pl of TRITC-dextran solution
(0.5 mg mL! in medium) was added to the apical side. Cell-free villi-wells of the same geometries
were analyzed as a control to ensure that the hydrogel itself does not measurably affect the
permeability. After 15 and 60 minutes, 100 pL aliquots were collected from the basolateral side
and replaced with fresh medium. The fluorescence intensity of the retrieved samples was measured
using a microplate reader (Tecan Spark 20M) at 547 nm excitation and 572 nm emission. Drug-
induced loss of barrier integrity was investigated by introducing 100 pL of TRITC-dextran
solution (0.5 mg mL™! medium) containing 100 uM staurosporine to the apical side following the
replacement of the basal medium with fresh medium. At each time point, 100 pL aliquots were

sampled and replaced from the basal side, followed by analysis of their fluorescence intensity as
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described above. Throughout the experiment, cells were incubated at 37 °C. All experiments were

done with four replicates.

Immunostaining

After 10, 21 or 45 days of culture, cells were rinsed with DPBS, fixed in 4% paraformaldehyde
solution for 20 min at room temperature, and washed twice for 5 min with DPBS. After washing,
cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) for 10 min. The samples were
then washed with DPBS and incubated with blocking buffer (3% BSA + 0.1% Tween 20 in DPBS,
Sigma-Aldrich) for 45 min. Cells were again washed with DPBS and subsequently incubated with
the primary antibodies of interest (Rabbit anti-ZO-1, Invitrogen #617300, 1:125 or Mouse anti-
Ezrin, BD Transduction #610602, 1:50) for 60 min at room temperature, washed three times,
incubated with secondary antibodies (Goat-anti-rabbit AlexaFluor 488, Thermo Fisher Scientific
#A11008, 1:200, or Goat-anti-mouse AlexaFluor 488, Thermo Fisher Scientific #A11001, 1:200)
for 30 min and washed three times with DPBS. Finally, all samples were incubated with 7-
Aminoactinomycin (7-AAD, 2 pg mL"!, Thermo Fisher Scientific) for 30 min to stain the nuclei

prior to imaging.

Image acquisition and analysis

Images of printed scaffolds were captured using a stereo microscope (Motic SMZ-168).
Brightfield images of cell cultures in villi-wells were recorded using phase contrast microscopy

(Primovert, Zeiss). Confocal images were acquired on an upright Zeiss LSM 700 confocal laser
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scanning microscope using excitation at 488 and/or 555 nm. The vertical axis of the acquired
confocal z-stack images was corrected for the refractive index of the culture medium using the
microscope software package (Zeiss Zen 2012 Black edition). Two-photon fluorescence imaging
was performed on a custom-made upright microscope’’ equipped with a femtosecond laser
adjustable from 660 to 1320 nm (Chameleon Discovery, Coherent) and a 25X 1.0 NA water
immersion objective (XLPLN25XSVMP2, Olympus) using excitation at 980 and 1100 nm. Z-
stack images were recorded at a step height of 2 um. Composite microscopy images were

generated using Fiji by combining different fluorescence channels.

Statistical analysis

All quantifications are presented as mean =+ standard deviation, unless stated otherwise.
Statistical analysis was performed using GraphPad Prism 7 software (San Diego). A difference
between groups was considered statistically significant if p < 0.05. Data sets were compared

through one-way analysis of variance, followed by Tukey’s post hoc test.

Results and discussion

Sequential stereolithography can combine contrasting diffusive and mechanical properties

in a monolithic device

Stereolithographic 3D printing offers high spatial detail but with limited possibilities for

combining multiple materials within a print, which is needed for the targeted application. We
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overcome this limitation by first printing a device part in a diffusion-open hydrogel material
followed by printing another device part in a diffusion-closed hydrophobic material to produce
contrasting diffusive properties in a monolithic device (Figure 1a). Successful combination of
different materials in stereolithography requires covalent bonding between the material layers by
compatible crosslinking chemistry. Equally important, the second resin should not cause
significant changes in the volume of the first printed material, since contraction or expansion will
lead to changes in layer spacing and resulting poor or failing cohesion between layers in the
stereolithographic process. The hydrogel part of our device is printed from resin I, an aqueous
resin®* containing medium molecular weight PEGDA monomers (Ma 700 g mol™, 200 mg mL™!,
PEGDA700), photoinitiator (LAP) and photoabsorber (QY). A small amount of gelatin
methacrylate is incorporated into the prepolymer mixture for the cell culture studies to provide
arginine-glycine-aspartic acid (RGD) sequences that promote cell attachment. Resin II for the
diffusion-closed part consists of undiluted low molecular weight PEGDA (Ma 250 g mol™,

PEGDA250) with dissolved photoinitiator (Irgacure 819) and photoabsorber (avobenzone).

We initially tested the resulting diffusive properties using large 3D printed well structures
consisting of either pure PEGDA250 or PEGDA250 walls with a bottom of PEGDA700. The dual-
material printed wells demonstrated selective permeability towards water-soluble small molecules
when immersed in aqueous solutions of a blue food dye (Brilliant Blue FCF, Mallard Ferriere,
France). After incubation for 2 h, the bottom compartment was completely infiltrated by the dye
while the PEGDA?250 wall remained pristine in color (Figure 1b). Compressive mechanical testing
and analysis by neo-Hookean theory on 3D printed cylinders of pure PEGDA250, pure
PEGDA700, or PEGDA700 with added GeIMA showed a 100-fold higher shear modulus (G~58

MPa) of PEGDA250 compared to that of PEGDA700 and PEGDA700+GelMA, both having shear
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moduli of G~0.5 MPa (Figurelc). Water swelling analysis of 3D printed material cubes using the
same resin compositions found that PEGDA250-based prints show very little swelling, in
agreement with the observations of the food dye exposure, while PEGDA700-containing prints
exhibit slight post-printing swelling in the first hour after printing until reaching equilibrium
(Figure 1d). It should be noted that the change in mass swelling ratio from the freshly printed state
to the equilibrium swelling state differs by no more than ~10% (~3% in linear dimension) between
the PEGDA250 and the PEGDA700 (without or with added GeIMA). This implies that the
interface between the PEGDA250 and the compliant PEGD700-based materials only has to
accommodate a small interfacial stress at all times. Unreacted leachable acrylates may induce
significant cytotoxicity. Our previous work showed that PEGDA700-containing prints are non-
cytotoxic®*. We confirmed a similarly negligible cytotoxicity of PEGDA250-based prints using

Caco-2 cells cultured on the planar bottom of test wells printed in PEGDA250 only (Figure S3b).

TEER measurements quantitatively assessed the ion permeability of printed wells using single-
material and dual-material resin formulations (Figure 1e). Wells printed solely in PEGDA250
exhibited a high areal resistance, while wells printed in PEGDA700 (with or without added
GelMA) or using the dual-material sequence showed similar areal resistance to that of empty
Transwells. These results confirm that resin II (PEGDA250) effectively restricts ion transport,
thereby enabling reliable TEER measurement through the PEGDA700-based bottom in dual-

material prints.

Sequential stereolithography offers stable 3D features at microphysiological detail level
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First, the bottom part with a dense array of villi-like micropillars was printed to a total thickness
of 0.9 mm using resin I (aqueous PEGDA700 and GelMA). The outer diameter of villi-wells (6.5
mm) was designed to fit into commercial Transwell insert for 24-well plates, and the topography
of the micropillars was designed to closely recapitulate the architecture of the human small
intestine epithelium. Each micropillar mimicking a single villus was 500 um in height, with a
diameter of 350 um at the base, and a spherical cap of diameter 300 um and height 100 pm at the
micropillar apex. Varied micropillar spacings, 60, 120, and 180 um, were used to explore the
potential effect of villi density on cell function and proliferation, with smaller spacings offering a
better geometric representation of the human small intestinal villi but also limiting diffusive
transport of oxygen and nutrients to the cells located in the inter-pillar recesses (Figure 2a). To
ease the release of printed wells from the cover glasses and subsequent transfer to Transwell
inserts, an array of rectangular blocks (0.8 x 0.8 x 1.0 mm?®) was included underneath the well

bottom as a support structure which could later be removed by a scalpel.

Second, a matching wall of 6.1 mm in height and 1.0 mm in thickness was printed on top of the
printed hydrogel structure using resin II (non-aqueous PEGDA250) to produce a self-contained
Transwell-like system. The dimension of the wall was designed to match that of the EndOhm
electrode used for TEER measurement. The printed stiff PEGDA250 wall, compared to the
compliant hydrogel bottom part (Figure 1c) greatly eases the handling of printed scaffolds using
common lab tweezers. Water-filled PEGDA700/GelMA hydrogels de-swell in undiluted
PEGDA250 and consequently shrink to some extent. However, this shrinkage is reversible after
immersion in water (Figure S2c). Transmitted light and fluorescence microscopy analysis
confirmed that the delicate villi-like micropillar structures survive the de-swelling/swelling cycle

during the two-step printing process. Figure 2b,c shows that the dimensions of the micropillars
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(height and diameter) as well as the interpillar spacing closely match the design dimensions.
Examples of the tiled confocal microscopy stacks used for the dimensional analysis are shown in
Figure S4. Macroscopically, the interface between the two parts also remains largely intact with
negligible delamination (Figure S2d). Stability studies showed that the interface of the two
compartments and the micropillars maintain their stability even after a year of storage in water
(Figure S2c¢). Degradation studies of test blocks of PEGDA700/GelMA immersed in complete
culture medium for the maximum used culture time of 45 days also show as small relative weight
loss (3.7+£0.4%) and decrease in shear modulus (Figure S3b). Jointly, these results shows that
neither of the two printed materials undergo significant post-printing swelling or degradation, and
therefore present mechanically and chemically stable structures. These results collectively
demonstrate that the initially printed hydrogel network withstands the temporary de-swelling in
PEGDATorr250 during the second step of the printing. Swelling reversibility is also enabled by
the short printing times involved (each step lasting 30 min for printing two wells in parallel),

whereas slower manufacturing processes would result in more extensive de-swelling.

Protein-modified villi-wells support long-term intestinal cell culture

Due to the lack of protein affinity of PEG-based hydrogels, the polymeric networks were further
functionalized with extracellular matrix proteins and protein products to support cell adhesion and
growth.”® GelMA was incorporated into the resin I prepolymer solution to covalently anchor
molecular binding sites for both cells and cell adhesive proteins in the hydrogel compartment of
the villi-wells. Printed constructs were then coated with fibronectin, by physical adsorption, to

further support cell adhesion (Figure 3a). The villi-wells were seeded with Caco-2 cells, a well-
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established model cell line that upon differentiation exhibits characteristics similar to the native
intestinal enterocytes.*> Live staining (calcein-AM) after three weeks of culture, the standard
period for Caco-2 cells to differentiate in 2D culture systems, revealed a confluent monolayer in
all villi-wells (Figure 3¢,d). Equivalent results were found using culture of Caco-2 cells at different
passage numbers (Figure S5a). Dead staining showed a higher number of dead cells in villi-wells
with the narrowest interpillar spacing (60 pm) (Figure S5b). The cause is likely stronger oxygen
depletion at the well bottom due to a higher effective seeding density, since the same number of
cells were seeded in all wells and villi-wells with a 60-um interpillar spacing have the smallest
surface area between the pillars to accommodate the sedimenting cells just after seeding (Table

S1).

Monolithic dual-material villi-well devices enable facile barrier integrity assessment

Intestinal barrier models for compound screening should ideally allow for easy quantification of
the barrier integrity. Most reported 3D hydrogel scaffolds mimicking the villus-crypt topography
require substantial efforts to perform transport studies, since dissolved species can not only be
transported through the cultured epithelial layer but also through the surrounding diffusion-open
hydrogel material. Our dual compartment system overcomes this problem and enables simple

TEER analysis and barrier integrity studies.

Formation of a functional barrier can be monitored by TEER measurement using the setup
illustrated in Figure 4a. The experiment was conducted for the villi-wells of varied inter-pillar
spacing as well as the flat-bottom system (Figure 4b). TEER values for Caco-2 cell layers cultured

on hydrogel scaffolds were generally found to be lower than those cultured directly on the

19



polycarbonate membrane in Transwells as control (Figure S6a), in agreement with previous
reports.?’-?*334 This can be explained by distinctly different mechanical properties of the
hydrogels, coupled with the effect of the surface topography in villi-wells. The temporal
development of the TEER shows a sigmoidal behavior in the villi-wells, which could be interpreted
as cells gradually moving onto the micropillars and covering their surfaces (Figure 4b). However,
immunofluorescence imaging of cell nuclei and of the tight junction protein zonula occludens-1
(ZO-1) in cell layers cultured for 10 and 21 days reveal that the micropillars are already populated
on day 10, while tight junctions only developed over longer culture times (Figure S7b and 5a). The
sharp increase in TEER around day 27 may indicate that the formed barrier tissue started to mature
in terms of cellular differentiation and polarization, which reached full development after 45 days.
A faster sigmoidal development in TEER values is observed in flat-bottomed wells (Figure 4b),
possibly due to the smaller developed surface area to be covered by cells prior to tight junction

formation.

The barrier function of the villi-well models was assessed by introducing a fluorescent probe
(4.4 kDa TRITC-dextran) on the apical side (inside the well) followed by the measurement of the
fluorescence intensity in the basal volume. Villi-wells without seeded cells were used as controls.
The results in Figure 4c for the control villi-wells show little difference in probe retention
compared to control experiments using a Transwell only (Figure S6b), confirming that the printed
hydrogel bottom is nearly fully diffusion-open to compounds of this molar weight. In contrast,
when an intact, tight barrier is formed by the epithelial cell layer on the hydrogel compartment,
the fluorescent probe is largely retained in the villi-wells (note the gap in the intensity scale).
Induced disruption of the formed barrier was investigated by addition of 100 uM staurosporine,

an inducer of apoptosis,*® to the apical volume. This yielded a higher signal in the basal medium,
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and the barrier integrity was found to gradually diminish over time (Figure 4d). Interestingly, cells
cultured in printed flat-bottom wells showed much smaller difference in barrier integrity on drug-
induced disruption. Similarly, conventional Transwell systems have also been reported to exhibit
much lower changes in barrier disruption assessment.>> These observations collectively supports
that the topographical features of the villi-wells — and not only the hydrogel substrate — leads to

an improved 3D barrier model compared to Transwells and 2D cultures.

Printed pillar materials optimized for cell adhesion support apico-basal polarization and

tight-junction formation

Figure 5 shows 3D reconstructions of two-photon fluorescence micrographs of the villi-wells
after 45 days of culture, when the cell layer has fully developed into a tight and functional barrier
according to the TEER measurement. The confluent Caco-2 cell layers expressed tight junction
markers (ZO-1) between cells (Figure 5a and S5b) and apical localization of brush-border specific
Ezrin indicating brush border formation and polarization of the cells (Figure 5b and S5c). These
markers were expressed at all elevations of the micropillars for interpillar spacings of 120 um and
180 um, with a decreased observed intensity towards the pillar bottom. The lower intensity is likely
caused by limited optical access but may also be due to differences in differentiation behavior by
the incorporated 3D microarchitectures along the crypt-villus axis, with cells being less
differentiated towards the bottom.?** Orthographic projections of the pillar sides (Figure 5b)
clearly show that cell nuclei are oriented closer to the underlying surface (basal nuclei), while
Ezrin covers the apical side in agreement with the formation of a polarized epithelium. The

micrographs also show that the villi-like micropillars maintained their structural integrity over a
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long culture period (up to 45 days), which indicates that our proposed approach is suitable for
long-term in vitro studies due to the minimal degradation and post-printing swelling of our
developed hydrogel material. For the villi-wells of narrowest inter-pillar spacing (60 pum) cell
clusters accumulated between neighboring pillars, which strongly decreased the observable
intensity towards the bottom and made the imaged pillars appear lower than their true height (cf.
Figure 2¢). We note that cell coverage of the printed villi-like micropillars as well as tight junction
formation was noticeable already within a 10-day culture period, while brush border formation
was only observed after a 3-week culture period (Figure 5b and S5c¢). These results collectively
suggest that our 3D printed villi-like scaffolds support gradual cellular growth, differentiation, and

polarization of intestinal enterocytes.

Conclusions

We have developed a fast and simple dual-material stereolithographic 3D printing modality,
which enables the manufacture of monolithic transport analysis devices mimicking important
topographical properties of small intestinal tissue and permitting quantitative data acquisition, to
narrow the gap between simpler commonly used intestinal barrier models and the native tissue.
Thanks to the high resolution and high reproducibility of SLA 3D printing, micropillars of
anatomically relevant shapes were printed with tunable density at the bottom of the two-material
villi-wells having a well-defined interface, and the micropillars were found to influence the growth
pattern (time to barrier formation) and barrier properties (TEER) of the resulting barrier model.
Our method combines different macromers with matching cross-linking chemistries in separate

printing sequence steps to manufacture cytocompatible polymeric constructs with different
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physiochemical properties integrated in a monolithic device. In future work, we will leverage
SLA’s demonstrated ability (by us and others) of manufacturing complex microfluidic devices>*>
to extend our presented approach with additional material layers for engineering next-generation

in vitro intestinal models that capture both essential structural and dynamic in vivo cues.
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Scheme 1. Engineering monolithic transport analysis devices with villi-like surface
microstructures using dual-material stereolithography. a) Illustration of a 3D dual-material printed
villi-well with a printed hydrogel bottom featuring villi-like microstructures. The hydrogel bottom

supports diffusion of biological molecules and culture of intestinal epithelium, while the
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surrounding wall printed in a non-permeable material restricts mass transport to the formed cellular
barrier lining device bottom. b) The monolithic devices are produced by stereolithographic high-
resolution 3D printing in a vat sequentially containing one of two photo-crosslinkable
poly(ethylene glycol)-diacrylate (PEGDA)-based resins to manufacture diffusion-open or

diffusion-closed final materials.

36



a)

e ] _I_
L ik

Aqueous resin (1) - Non-aqueous resin (1l)
(20% PEGDA 700 + 2% GelMA)  [llumination (100% PEGDA 250) IIIumlnatlon

c) 80 AR
087 | — PEGDA250 —:l[

remem——— T i — PEGDA700
e 064 | — PEGDA700/GelMA

Shear Modulus (MPa)
o

PEGDA PEGDA700 PEGDA
(700) GelMA (250)

wn

d) e) 5.

2000 C
& £ 3
£ 1000 =
g @ —~— PEGDA700
S \ / NS ‘\/4 = 24 PEGDA700/GelMA
& 100 ‘ 3 ~— PEGDA250
~ 75
14 &=
501
251 _
0 . _ — . 0 T T T T T T T
PEGDA PEGDA Dual-Print  Dual-Print Initial Th 2h 3h 4h Sh 6h
250) (700) (PEGDA700)  (PEGDA700/GelMA) Time (h)

Figure 1. Characterization of the dual material printed structures. a) The bottom of villi-wells is
printed using resin I (20% PEGDA700/2% GelMA) shown in pink, followed by printing the
diffusion-closed walls made of resin II (100% PEGDA?250) shown in gray. b) [llustration of a flat-
bottom dual-material well and side view photographs of an all-PEGDA250 print (top) and a dual-
material print (bottom) after 2 h of incubation with an aqueous blue food dye solution. ¢) Uniaxial
compression of 3D printed solid cylinders of different resin formulations. The measured stress

(solid lines) is displayed versus A=2 — A (neo-Hookean elastic theory), where A is the extension
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ratio. The shear modulus is obtained by linear fitting (dashed lines). d) Transepithelial electric
resistance (TEER) analysis on cell-free 3D printed wells confirms that PEGDA250 prints are
diffusion-closed to ions in aqueous media. ¢) Time-dependent mass swelling ratio of 3D printed
solid objects immersed in water shows that PEGDA250 exhibits minimal post-printing swelling,

while PEGDA700-based materials show ~10% post-printing swelling.
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Figure 2. Microstructural design elements are faithfully reproduced in the 3D printed villi-wells.
a) Schematic cross-section of the dual-material villi-wells with varied interpillar distances,
presenting a culture support mimicking the topography and dimensions of human small intestinal
epithelium. b) Optical micrographs showing top views (upper row) and cross-sectional view (lower

row) of printed villi-wells. The dashed line marks the boundary of a single villus-like micropillar.

39



Printed villi-wells were immersed in water overnight prior to imaging. c¢) (left) 3D reconstruction
of confocal laser scanning micrographs (upper row of sub-panels) showing the printed villi-like
micropillars, and cross-sectional views (xz, xy and yz; right) of a single micropillar visualized by
two-photon fluorescence microscopy (lower row of sub-panels). (right) Analysis of the
dimensional variations in the printed villi structures (error bars show the standard deviation) based
on tiled confocal microscopy stacks of entire villi wells. Fluorescent microbeads (green) were

added to the resin formulation to assist visualization.
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Figure 3. 3D printed hydrogel scaffolds are compatible with long-term dense enterocyte culture.
a) The culture support is 3D printed by photochemical crosslinking of PEGDA 700 and GeIMA to
shape the hydrogel bottom of the villi-wells, followed by physical adsorption of fibronectin onto
the 3D printed bottom to enhance enterocyte adhesion. The modified scaffolds are seeded with
enterocytes to produce the intestinal tissue model. b) Representative phase-contrast images (top
view) of human colon carcinoma cells (Caco-2) cultured for 21 days in 3D printed and fibronectin
coated villi-wells of varied surface topography. ¢) Representative 3D reconstruction of two-photon
fluorescence micrographs of individual villus-like micropillars covered with Caco-2 cells after 21

days of culture (live cells green, calcein AM; dead cells red, propidium iodide). d) Cross-sectional
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views (xz, Xy and yz) of live Caco-2 cells (calcein AM, green) cultured in villi-wells of varied

inter-pillar spacing for 3 weeks and visualized by confocal laser scanning microscopy.
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Figure 4. Villi-wells enable simple barrier integrity assessment. a) Schematic of a printed villi-

well seeded with Caco-2 cells and the measurement setup used for both TEER and barrier integrity

assays. b) Intestinal barrier function quantified by TEER measurement over time for Caco-2 cells

cultured in villi-wells. c) Evaluation of the intestinal barrier function by introduction of 4.4 kDa

TRITC-dextran into the villi-well (apical side) and measurement of the fluorescence intensity

outside the Transwell insert (basolateral side) after 15 and 60 min. Villi-wells without cells were

included as controls. d) Drug-induced loss of barrier integrity over time. The apical-side medium

was replaced with a solution of TRITC-dextran supplemented with staurosporine, and basolateral

medium was sampled for fluorescence analysis at the indicated time points.
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Figure 5. Villi-wells support apico-basal polarization of Caco-2 cells. Cells were seeded in 3D
printed dual-material villi-wells and cultured for up to 45 days, followed by fixation and staining
for nucleic acid (blue), ZO-1 (green) and Ezrin (red). a) 3D reconstruction of z-stack images (left)
as well as cross-sectional views (xz, Xy and yz; right) of Caco-2 cells cultured for 45 days in printed
villi-wells by two-photon fluorescence microscopy, displaying tight junctions (stained for ZO-1)
on the tip and over the vertical sides of the villi-like micropillars. b) Cross-sectional views (xy and

yz) of Caco-2 cells cultured for 10, 21 and 45 days in villi-wells by two-photon fluorescence
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microscopy shows gradual brush border formation (expression of Ezrin) on the apical side, in

support of the formation of a polarized tissue.
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