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Protein-Functionalized Poly(ethylene glycol) Hydrogels
as Scaffolds for Monolayer Organoid Culture
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Stem cell-derived, organotypic in vitro models, known as organoids, have emerged as superior alternatives to
traditional cell culture models due to their unparalleled ability to recreate complex physiological and patho-
physiological processes. For this reason, they are attractive targets of tissue-engineering efforts, as constructs
that include organoid technology would be expected to better simulate the many functions of the desired tissue
or organ. While the 3D spheroidal architecture that is the default architecture of most organoid models may be
preferred for some applications, 2D monolayer arrangements remain the preferred organization for many
applications in tissue engineering. Therefore, in this work, we present a method to create monolayer organoid
cultures on poly(ethylene glycol) (PEG) hydrogel scaffolds, using intestinal epithelial organoids (IEOs) as
a proof-of-concept. Our process involves two steps: the hydrogel is first functionalized with a layer of
poly(D-lysine) (PDL), which then allows the adsorption of pristine, unmodified basement membrane proteins.
This approach successfully mediates the formation of IEO monolayer unlike conventional approaches that rely
on covalent modification of the hydrogel surface with cell-adhesive peptides and basement membrane proteins.
We show that these IEO monolayers recreate important physiological functions of the native intestinal epithe-
lium, including multilineage differentiation, apical-basal polarization, and the ability to model infections with
human norovirus. We also show coating of a scaffold mimicking intestinal villous topography, resulting in a 3D
IEO monolayer. We expect that this protocol will be useful to researchers attempting to leverage the increased
physiological relevance of organoid models to elevate the potential of their tissue-engineered constructs.
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Impact Statement

While organoids are physiologically superior models of biological functions than traditional cell cultures, their 3D sphe-
roidal architecture is an obstacle to their incorporation in many tissue-engineering applications, which often prefer 2D
monolayer arrangements of cells. For this reason, we developed a protocol to establish monolayer cultures of organoids on
poly(ethylene glycol) hydrogels and demonstrate its utility using intestinal epithelial organoids as a proof-of-concept. We
expect that this protocol will be of use to researchers creating engineered tissues for both regenerative medicine applica-
tions, as well as advanced in vitro experimental models.

Introduction

Organoid cultures, in which stem cells are differen-
tiated into multicellular three-dimensional (3D) aggre-

gates,1 are able to recapitulate many physiological functions
of native tissues that are often absent in other in vitro
models. Organoids can be created from a wide variety of
tissues, including the brain,2 lung,3 kidney,4 intestine,5 and

liver6; they can also be derived from individual patients and
used for applications in personalized medicine.7 For these
reasons, they show considerable promise for regenerative
medicine applications8 and as models of developmental and
pathological processes.9

For all their benefits, significant opportunities remain to
improve the quality of organoid-derived synthetic tissues.
Organoids are typically grown as spheroids distributed
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within 3D matrices composed of collagen type I or Matrigel.
While these naturally-derived materials are plentiful,
user-friendly, and economical, they present the growing
organoids with a non-native environment that may differ
significantly in topography,10 material properties,11 and the
molecular profile of the cell-binding proteins (e.g., laminin,
fibronectin, collagen, and so on), with wide-ranging effects
on the phenotype and physiology of the resident cells.12

To provide better control over the organoid environment,
investigators have used both synthetic13–15 and protein en-
gineered16 hydrogels to demonstrate that hydrogel stiffness
and the type and density of cell-adhesion molecules, among
other properties, affect the survival, proliferation, and cel-
lular phenotype of the organoids, confirming the benefits of
tailored culture substrates that can provide these types of
tissue-specific extracellular matrix (ECM) cues. These ad-
vances, however, still require the organoids to be cultured as
3D spheroids embedded within gel-like matrices, which
restrict experimental access to the apical surface of the
cells. To improve apical access, researchers have developed
techniques to convert different types of 3D organoids into
2D monolayers on Transwell and/or standard multiwell
plates.17–19 However, these substrates are orders of magni-
tude stiffer than the native tissues from which the organoids
are derived, with potentially detrimental effects on the
biological behavior of the organoids.

For this reason, we set out to develop a protocol to culture
2D monolayers of organoids on synthetic hydrogel matrices
customized to present native ECM cues. We started with a
model organoid system derived from adult stem cells of the
human intestinal epithelium. This intestinal epithelial or-
ganoid (IEO) model is one of the oldest organoid systems
in existence, recapitulates many important functions of the
intestinal epithelium, has already been incorporated into
several bio- and tissue engineering efforts, and has a well-
established protocol for converting 3D organoids into 2D
monolayers.

Although several investigators have cultured monolayers
of IEOs atop crosslinked collagen hydrogels,20,21 we used
poly(ethylene glycol) (PEG) hydrogels. PEG hydrogels can
be fabricated with biologically appropriate stiffnesses and
can be readily molded into anatomically-relevant geome-
tries. They are also bioinert and resistant to nonspecific
protein adsorption and yet can be functionalized with rele-
vant biomolecules to provide specific bioactivity.22 Sur-
prisingly, we discovered that a wide range of cell-adhesive
peptides and ECM proteins, when covalently anchored to
the hydrogel surface, were unable to support monolayer
culture of the IEOs atop the PEG.

Thus, we developed a two-step biofunctionalization pro-
tocol, in which poly(D-lysine) (PDL) is first bound to the
PEG hydrogel to provide a high-density positively-charged
surface that then promoted adsorption of unmodified ECM
protein, thus creating a favorable surface for IEO adhesion
and monolayer formation. This approach supports the for-
mation of IEO monolayers that retain many important fea-
tures of the native intestinal epithelium, including their
apical-basal polarization, appropriate cellular differentia-
tion, and the ability to support enteric infections. This ap-
proach also can be applied to a PEG hydrogel fabricated
with a simple intestinal villous topography, enabling the
growth of an IEO monolayer on a 3D surface. We expect

that it will be useful for researchers seeking to create synthetic
tissues from organoids from a variety of tissues for both re-
generative medicine and disease modeling applications.

Methods

Hydrogel synthesis

Hydrogel precursor solutions were prepared by dissolving
20 kDa 8-arm PEG-norbornene (PEG-8N, JenKem Tech-
nologies) and 10 kDa 8-arm PEG-thiol (PEG-8T; JenKem
Technologies) in a visible light photoinitiation solution [29]
consisting of HEPES buffered saline (HBS), pH 8.3 with 1%
(v/v) triethanolamine (TEOA, Acros Organics), and 10 mM
eosin-Y disodium salt (Sigma Aldrich). To fabricate a
hydrogel, 4 mL of this solution was pipetted onto a
Sigmacote-treated glass slide between 320 mm tall PDMS
spacers and covered with a coverslip functionalized with
3-mercaptopropyl(trimethoxy)silane (Sigma Aldrich) as
described previously [30]. The gels were crosslinked using
150 kLux of white light (UltraTow LED Flood Light,
Northern Tool and Equipment) for 2 min and transferred to a
12-well plate for swelling in phosphate-buffered saline
(PBS) overnight.

The next day, the PBS was removed, and 6 mm diameter
cloning cylinders were secured to the coverslips with sili-
cone grease to create small wells (similar in size to one well
of a 96-well plate) surrounding the hydrogels for use in all
subsequent hydrogel modification and organoid culture
steps. Unless stated otherwise, the hydrogels were composed
of 5 mM PEG-8N and 2.5 mM PEG-8T, giving an excess
norbornene concentration of 20 mM for attachment to
thiolated ECM molecules.

Mechanical characterization of hydrogels

Hydrogel stiffness was measured using uniaxial uncon-
fined compression as described previously.23,24 Briefly,
hydrogels of 6 mm diameter · 1 mm thickness were fabri-
cated and swollen in PBS overnight. The swollen gels were
remeasured then compressed to 40% strain using a Bose
ELF 3200 mechanical tester with force measured by a
1000 g load cell (Bose ELF). The elastic modulus was cal-
culated from a linear regression of the stress versus strain
plot between 5% and 15% strain.

Noncovalent functionalization of hydrogels
with ECM proteins

For noncovalent immobilization of full-length ECM
proteins, a layer of thiol-functionalized PDL was anchored
to pendant norbornene groups on the PEG hydrogel sur-
face and then subsequently used to adsorb the unmodified
ECM proteins (Fig. 1). First, 2-iminothiolane was added to a
2 mg mL-1 solution of PDL hydrobromide (MW >300 kDa;
Sigma Aldrich) in HBS with 1% TEOA, pH 8.3 at a 1:10
molar ratio (relative to the lysine monomers), and reacted
for 1 h at room temperature. Unreacted 2-iminothiolane was
then removed using a PD-10 desalting column with G-25
medium Sephadex resin, and the thiolation of the PDL was
measured using Ellman’s reagent (Thermo Scientific). The
thiolated PDL (PDL-T) was then diluted to a concentration
of 0.5 mg mL-1 with HBS + TEOA solution containing
eosin-Y for a final eosin-Y concentration of 10 mM.
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After adding 100mL of this mixture to the hydrogels, the
PDL-T was conjugated to the surface with white light for 3 min.
The gels were washed twice with PBS and then incubated with a
1 mg mL-1 collagen IV solution in PBS for 1 h at 37�C. For
some experiments, growth-factor reduced, phenol-free Matrigel
(1 mg mL-1; Corning) was substituted for collagen IV.

Visualization of hydrogel modification with fluorescent
collagen IV

For visualization of the noncovalently-immobilized pro-
teins, we generated fluorescently-labeled collagen IV by
reacting 5/6-carboxy-tetramethyl-rhodamine succinimidyl
ester (Thermo Scientific) with collagen IV (2.0 mg mL-1)
in PBS at 4�C overnight following the manufacturer’s in-
structions and then dialyzed extensively against chilled PBS
to remove unreacted fluorophore. Hydrogels with excess
norbornene concentrations of 0 mM (2.5 mM PEG-8T and
2.5 mM PEG-8N) and 20 mM (2.5 mM PEG-8T and 5 mM
PEG-8N) were synthesized and functionalized with the
fluorescent protein as described above. The hydrogel surface
coverage was imaged using an epifluorescent microscope
(Nikon, Eclipse TE300), whereas hydrogel cross-sections
(cut into 500mm thick sections with a razor blade) were
imaged with a confocal microscope (Zeiss; LSM 510).

Quantification of protein immobilization
on noncovalently modified hydrogels

To measure the efficiency of protein attachment to the
hydrogel surface, the concentrations of pendant norbornene
groups, PDL, and collagen IV were varied. First, hydrogels
were generated with excess norbornene concentrations (0–
20 mM) by varying the concentration of PEG-8N between
2.5 and 5 mM, while the concentration of PEG-8T was held
constant at 2.5 mM. The hydrogels were functionalized with
0.5 mg mL-1 PDL-T and 1.0 mg mL-1 fluorescent collagen
IV, washed overnight in PBS, imaged using epifluorescence
microscopy, and analyzed with ImageJ. These fluorescence

measurements were repeated for hydrogels functionalized
with varied PDL-T concentrations (0–1.0 mg mL-1), while
the norbornene and protein concentrations were held con-
stant at 20 mM and 1.0 mg mL-1, respectively. Finally, the
protein concentration was varied (0–1.0 mg mL-1), while the
norbornene and protein concentrations were maintained at
20 mM and 0.5 mg mL-1. Measurements were performed
using three hydrogels per condition.

Experiment

Establishment and maintenance of IEOs

IEOs were established from human jejunal epithelium and
cultured as previously described.25,26 Small intestinal biop-
sies were obtained from adults undergoing routine endos-
copy or from surgical specimens following a human subjects
protocol approved by the Institutional Review Board at
Baylor College of Medicine. Established cultures were
grown as multilobular forms termed 3D IEOs in growth
factor-reduced, phenol-free Matrigel (Corning). Three dif-
ferent media formulations were used to establish, maintain,
and differentiate the organoids. The IEOs were washed and
passaged in complete medium without growth factors
(CMGF-). Complete medium with growth factors (CMGF+)
maintained the IEOs in a predominantly undifferentiated,
stem cell-rich state. Differentiation medium (lacking Wnt)
allowed the IEOs over the course of 5 days to differentiate
into the major cell types found in the intestinal epithelium,
including enterocytes, goblet cells, Paneth cells, and en-
teroendocrine cells. All IEOs were used before passage 20.

Establishment of monolayer IEO cultures

IEO cultures were digested to single cells and seeded atop
of the biofunctionalized hydrogels using a previously de-
scribed method.17,27 Briefly, the IEOs were released from
Matrigel by washing each well with 500 mL of cold PBS
with 0.5 mM EDTA, pH 7.4, followed by centrifugation
(200 rcf for 5 min at 4�C), and then incubation with 0.05%

FIG. 1. Biofunctionalization of PEG hydrogels using PDL-mediated protein adsorption and subsequent seeding with
IEOs. PEG hydrogels with pendant norbornene groups are synthesized by reacting off-stoichiometric ratios of 8-arm PEG-
Norbornene (PEG-8N) and 8-arm PEG-Thiol (PEG-8SH, also termed PEG-8T in the text). Thiolated PDL (PDL-T) is
covalently anchored to the PEG hydrogel surface, and then unmodified ECM proteins are adsorbed before seeding with
dissociated IEOs. IEO, intestinal epithelial organoid; PEG, poly(ethylene glycol); PDL, poly(D-lysine); ECM, extracellular
matrix. Color images are available online.
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w/v Trypsin-0.48 mM EDTA (Gibco) for 4 min at 37�C. One
milliliter of trypsin was used for every eight wells. The
trypsin was deactivated with basal media containing
10% serum. The cells were strained (40 mm), and the flow-
through was collected and centrifuged at 400 rcf for 5 min at
room temperature. Finally, the cell pellet was resuspended
in CMGF+ media with 10 mM Y-27632 (EMD Millipore).
The cell suspension was pipetted into the cloning cylinder
wells around the hydrogels and left to settle overnight on the
hydrogel surface at a final density of 2 · 106 cells cm-2.
Media was changed to differentiation media the following
day and replaced every 48 h afterward. The IEOs were
differentiated for a total of 5 days and then used for
downstream experiments.

Comparison of IEO attachment on biofunctionalized
hydrogels

We compared IEO attachment on the PDL-protein
adsorbed (PDL-PA) functionalized PEG hydrogels to hy-
drogels functionalized with cell-adhesive peptides or cova-
lently modified collagen IV and Matrigel. PEG hydrogels
with excess norbornene molecules were synthesized as de-
scribed previously and then functionalized through covalent
linkage of thiolated cell-adhesive peptides or collagen IV.

To add cell-adhesive peptides to the hydrogel surface, a
15 mM stock solution of the cysteine-containing peptide in
dimethyl formamide was mixed 1:2 with photoinitiation
solution for a final peptide concentration of 5 mM. Ten
microliters of this solution was pipetted onto the top of the
hydrogels, which were then exposed to white light for 3 min
to complete the thiol-ene reaction. The hydrogels were then
washed 2 · with PBS to remove unreacted peptide.

To add collagen IV to the hydrogel surface, a 2 mg mL-1

solution of collagen IV (from human placenta, Sigma
Aldrich) in PBS was thiolated by reaction with 2-
iminothiolane (Thermo Scientific) as per the manufacturer’s
instructions. Unconjugated 2-iminothiolane was then removed
using a PD-10 desalting column with G-25 Sephadex resin (GE
Healthcare). The thiolated collagen IV was mixed 1:2 with
photoinitiation solution, and 100mL of this mixture was added to
the hydrogels and exposed to white light for 3 min. The gels
were washed twice with PBS to remove unbound protein.

IEOs were seeded atop these covalently-functionalized
hydrogels, as well as PDL-PA hydrogels prepared as pre-
viously described, and differentiated for 5 days. The hydro-
gels were washed with PBS and imaged using an inverted
microscope. The cells were then lysed by a freeze–thaw
cycle with 100mL of ddH2O, and the DNA content of the
cell lysate was measured with the Quant-iT PicoGreen
dsDNA Reagent Kit (Invitrogen) as per the manufacturer’s
instructions. Two experimental runs of three hydrogels each
were collected per condition.

Immunofluorescent staining of IEOs

Immunofluorescent staining was used to evaluate the
morphology of the IEO monolayers. The cells were fixed
with 4% w/v paraformaldehyde (Fisher Scientific) in PBS,
pH 6.9, permeabilized with 0.125% v/v Triton X-100
(Sigma Aldrich), and blocked with 5% v/v normal donkey
serum (Abcam) in PBS with 0.05% v/v Tween-20 (Sigma
Aldrich). Primary antibodies were applied overnight at 4�C,

followed by secondary antibodies for 1 h at room tempera-
ture (Table 1). F-actin was visualized with Alexa Fluor-
conjugated phalloidin (Invitrogen), and the nuclei were
counterstained with DAPI (Invitrogen). Images were col-
lected with confocal microscopy (Nikon A1-Rsi).

Phenotypic characterization of IEOs with reverse
transcription–quantitative polymerase chain reaction

Phenotypic gene expression was assessed by reverse
transcription–quantitative polymerase chain reaction (RT-
qPCR). After 5 days of differentiation on either 96 well plates
or PEG hydrogels, IEO monolayers were lysed with TRIzol
(Thermo Fisher) and homogenized using a TissueLyser II
(Qiagen). The cells on hydrogels were flash-frozen before
lysis. Total RNA was extracted using qScript XLT One-
Step RT-qPCR ToughMix reagent with ROX reference dye
(Quanta Biosciences). RT-qPCR was performed using
TaqMan primer-probe mixes (Thermo Fisher) in a StepO-
nePlus system (Applied Biosystems) with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the reference gene.
Fold changes were calculated by the 2-DDCt method.

Human norovirus infection of IEO monolayers

IEO monolayers were infected with human norovirus
(HuNoV) as previously described.27 Briefly, IEO monolay-
ers were cultured in 96 well plates or on hydrogels, differ-
entiated for 5 days, washed once with CMGF medium, and
mock-inoculated or inoculated with 0.9 · 106 genome
equivalents of HuNoV GII.P31/GII.4_Sydney_2012 diluted
in CMGF- medium containing 500mM glycochenodeoxy-
cholic acid (GCDCA; Sigma, Cat# G0759) for 1 h at 37�C.
The inoculum was removed, and the monolayers were washed
twice with CMGF- medium to remove unbound virus. Dif-
ferentiation medium containing 500mM GCDCA was then
added, and the cultures were incubated at 37�C for 24 h.

At 1 and 24 h postinfection (hpi), 300 mL of TRIzol
(Amresco) was added to each mock- and HuNoV-inoculated
IEO well, and RNA was extracted as described earlier. To
account for virus from the initial infection that remained
associated with the cells, the viral load at 24 hpi was nor-
malized to the viral load at 1 hpi.

For RT-qPCR quantification of viral replication, the pri-
mer pair COG2R/QNIF2d and probe QNIFS were used for
GII28,29 with qScript XLT One-Step RT-qPCR ToughMix

Table 1. Antibody Specifications

for Immunofluorescence Staining

Protein
marker Dilution Source

villin 1:100 mouse monoclonal ab3304, Abcam
E-cadherin 1:500 mouse monoclonal 610181,

BD Biosciences
sucrase

isomaltase
1:100 goat polyclonal SC-27603,

Santa Cruz
mucin 2 1:50 mouse monoclonal SC-7314,

Santa Cruz
lysozyme 1:1000 rabbit polyclonal A0099, Dako
secondary Alexa Fluor-conjugated donkey anti-mouse/

rabbit, Invitrogen
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reagent with ROX (Quanta Biosciences). Thermocycler re-
actions were performed in a 15 mL volume using 50�C
(15 min) and 95�C (5 min) and then 40 cycles of 95�C (15 s)
and 60�C (35 s). A standard curve based on a recombinant
HuNoV RNA transcript was used to quantitate viral genome
equivalents in RNA samples.30,31

Application of coating method to a 3D surface

Hydrogels with 3D topographical features, resembling
villi, were formed with a sacrificial molding process adapted
from a previously reported method.32 A positive mold was
formed using a photolithographic 3D printer (Kudo 3D)
using S-Pro High-Resolution Resin (Spot-A Materials).
These models were attached to glass slides using 734 flow-
able sealant (Dow Corning).

A gasket made from 3 mm thick high-temperature sili-
cone rubber (McMaster-Carr) was placed on top of the glass
slide to create a reservoir for a negative alginate replica.
This reservoir was filled with autoclave-sterilized solution
of 8% w/v sodium alginate (from brown algae, Sigma Al-
drich) and covered by a track-etched, porous, polycarbonate
Whatman membrane (GE HealthCare). An identical rubber
gasket was placed on top of the membrane and filled with
80 mM calcium chloride (Fisher Scientific) solution.

After allowing the alginate to crosslink overnight at room
temperature, the gasket holding the negative replica was
removed. A gel precursor solution containing 5 mM PEG-
8N and 2.5 mM PEG-8T in photoinitiation solution was
added to the negative alginate mold. The mold was covered
with a thiolated coverslip and crosslinked under white light
for 2 min. The hydrogel was removed from the alginate
mold and incubated overnight at room temperature in
80 mM EDTA solution to remove residual alginate.

To prepare hydrogels for IEO seeding, the EDTA solution
was replaced with PBS for 4 h. The hydrogels were then
functionalized with PDL-T and Matrigel, as described for
the flat surface monolayers, with special care being taken
to apply the protein solutions directly to the center of the
villous hydrogels to ensure that the entire hydrogel was
modified. IEOs were seeded on the surface of the villous
hydrogel in the same manner as the flat hydrogels. After
seeding, the cells were maintained in CMGF+ media for
6 days before switching to differentiation media for 5 days.

‰
FIG. 2. Characterization of the dynamics of PDL-
mediated biofunctionalization. Representative top-view (A)
and cross-sectional views (B) of PDL-BF hydrogel func-
tionalized with fluorescent collagen IV. Surface enrichment
of fluorescence due to immobilized collagen IV is only
present in hydrogels that contain excess norbornene moie-
ties. Dashed line boxes indicate the surface region of the
hydrogels in (B). (C) Adsorbed collagen IV varies linearly
(r2 = 0.909) with the concentration of excess norbornene
present in the PEG hydrogel. (D) The relationship between
adsorbed collagen IV and PDL concentration reveals a
threshold effect: collagen IV levels increase significantly
between 0 and 0.1 mg mL-1 (***p < 0.005) but are not sig-
nificantly different thereafter. (E) The amount of adsorbed
collagen IV is positively and linearly correlated with the
concentration of collagen IV applied to the hydrogel
(r2 = 0.996).
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Statistical methods

For functionalization efficiency and cell attachment ex-
periments, a one-way analysis of variance (ANOVA) was
performed using R (The R Foundation), followed by post
hoc Tukey’s HSD. Significance was defined as p < 0.05.

For the IEO phenotype assessments, the two experimental
groups (hydrogel vs. tissue culture plastic 96-well plate)
were compared using the nonparametric Mann–Whitney
U-test with the Holm-Sidak method for multiple compari-
sons. Three experiments were performed with at least six
technical replicates per run. For norovirus infections,
Welch’s t-test was used to compare the two groups, which
consisted of two runs of at least three technical replicates.
All data are reported as mean – standard deviation.

Results

Noncovalent functionalization of PEG hydrogels
generated a thin uniform layer of protein over the
hydrogel surface

To understand how the PDL-PA functionalization approach
distributed ECM proteins atop the hydrogel, we evaluated the
attachment pattern of collagen IV labeled with tetramethyl-
rhodamine (TMR-collagen IV). A representative top-view
(Fig. 2A) of a PDL-PA hydrogel revealed even TMR-
collagen IV distribution over the surface. Cross-sectional
views (Fig. 2B) indicated that the vast majority of the im-
mobilized ECM protein remained on the gel periphery. The
cross-sectional views also demonstrated that enrichment in
TMR-collagen IV occurred only when excess norbornene was
present on the surface, confirming that in the absence of a
target for PDL-T attachment, collagen IV did not adsorb to
the PEG.

Hydrogel functionalization depended on the amount
of excess norbornene in the hydrogel
and the concentration of basement membrane proteins
applied to the surface

We investigated how the amount of deposited protein was
affected by the concentrations of excess norbornene moie-
ties, the thiolated PDL, and the ECM proteins adsorbed onto
the PDL layer. Increasing the concentration of excess

‰
FIG. 3. Biofunctionalization of PEG hydrogels and seed-
ing with IEOs. (A) Representative brightfield images of
IEOs seeded on covalently biofunctionalized hydrogels;
scale = 200 mm. IEOs on CBF hydrogels form scattered
three-dimensional cellular aggregates rather than confluent
monolayers. (B) Representative brightfield images of IEOs
seeded on PDL-PA hydrogels; scale = 200mm. Neither PDL-
T nor unmodified collagen IV alone formed IEO monolay-
ers; however, their combination formed IEO monolayers
similar to those found on tissue culture plastic 96-well plates
(positive control). (C) Double-stranded DNA content from
IEOs seeded on both C-BF and PDL-BF hydrogels shows
that only PDL-BF hydrogels contain an equivalent number
of cells to tissue culture plastic controls. The letters above
each group indicate statistical significance ( p < 0.05).
Groups that do not share a letter are statistically different
from one another, while groups that share a letter are not
statistically different.
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norbornene from 0 to 20 mM (Fig. 2C) linearly increased the
amount of immobilized collagen IV (r2 = 0.909), ultimately
doubling the fluorescence intensity. Increasing the con-
centration of PDL-T (Fig. 2D) increased the immobilized
TMR-collagen IV, but only between 0 and 0.1 mg mL-1

PDL-T, with the overall increase in intensity varying be-
tween 1.5-fold and 1.9-fold for the nonzero concentrations
of PDL-T. Finally, increasing the concentration of TMR-
collagen IV from 0 to 1.0 mg mL-1 increased the amount of
adsorbed protein linearly (r2 = 0.996), with a roughly four-
fold increase in fluorescence intensity (Fig. 2E). Overall,
these results indicate that the amount of protein immobilized
on the hydrogel surface can be tuned by varying the excess
norbornene and protein concentrations, but not the PDL-T
concentration.

PDL-PA functionalized hydrogels supported IEO
monolayer formation better than covalent
biofunctionalized approaches

We compared the ability of our two-step PDL-PA bio-
functionalization approach to form organoid monolayers to
more traditional approaches using covalent attachment
of cell-adhesive peptides and full-length ECM proteins.

Because intestinal epithelial cells normally adhere to base-
ment membrane, we chose collagen IV and Matrigel as our
full-length ECM proteins and a library of laminin-derived
sequences33 as our cell-adhesive peptides. A representative
sample of these approaches is shown in Figure 3A, with the
full list in Table 2.

PEG hydrogels were synthesized to contain excess, and
thus unreacted, norbornene groups for subsequent surface
biofunctionalization through reaction with thiolated peptides
and proteins. Nonfunctionalized PEG hydrogels and colla-
gen IV-treated polystyrene well plates served as negative
and positive controls, respectively. None of the peptides
supported the formation of confluent epithelial monolayers.
The most common result was a sparse distribution of small
spherical aggregates that were firmly attached to the hydro-
gel, as exemplified by the AG73 and RGDS-functionalized
hydrogels (Fig. 3A). On hydrogels with covalently attached
collagen IV (Collagen IV-T), the IEOs still predominantly
formed 3D aggregates, but they were more densely dis-
tributed on the hydrogel surface. IEO monolayers did form
in small isolated regions of the hydrogel, but not in a con-
fluent monolayer as seen in 96-well plates. In compari-
son, IEOs seeded atop PDL-PA functionalized hydrogels
(Fig. 3B) formed confluent monolayers that resembled those

Table 2. Covalent Hydrogel Functionalization Approaches Tested and Their Outcomes

After Seeding with Intestinal Epithelial Organoids

Covalent hydrogel modification with peptides

Hydrogel Peptide sequence Outcome

PEGDA C-RKRLQVQLSIRT (C-AG73) **
PEGDA C-RGDS
PEGDA C-RGDS + C-AG73 *
PEGDA C-YIGSR **
PEGDA C-IKVAV *
PEGDA C-RYVVLPR 2
PEGDA C-SIYITRF *
PEGDA C-IAFQRN *
PEGDA C-GEFYF 2

Covalent hydrogel modification with ECM proteins

Hydrogel Linking Chemistry ECM Molecule* Outcome

PEGDA Sulfo-SANPAH Collagen IV, Matrigel **
PEGDA Acrylic acid-succinimidyl ester Collagen IV, Matrigel ***
PEGDA 5-(acryloylamino)hexanoic acid-succinimidyl ester Collagen IV, Matrigel ***
PEG-norbornene 2-iminothiolane Collagen IV, Matrigel ***

Controls Outcome

Unmodified PEG hydrogel 2
Collagen IV-treated 96-well plate 1111

Outcome Key

- Scattered dead cells, no cell aggregates
* Sparse three-dimensional aggregates, no monolayers
** Scattered three-dimensional aggregates, no monolayers
*** Dense three-dimensional aggregates, sparse areas with monolayer
++++ Confluent monolayer over entire area

*ECM molecules listed were each tested independently.
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formed on tissue culture plastic 96-well plates. Although
the IEOs formed a small number of 3D aggregates on the
PDL-T functionalized hydrogels (without the collagen IV),
it was noted that neither individual component of the two-
step PDL-PA method (PDL-T or collagen IV) facilitated
monolayer formation on its own.

These qualitative observations were confirmed by quan-
tifying the double-stranded DNA extracted from IEOs
attached to the surface of the hydrogel (Fig. 3C). Many
functionalization approaches (RGDS and AG73 peptide,
collagen IV, and PDL-T) failed to adhere to more IEOs than
negative controls. Collagen IV-T hydrogels were only able
to attach roughly one-tenth of the IEOs found in the positive
control. In fact, only the PDL-PA functionalized hydrogels
achieved IEO adhesion comparable to that of tissue culture
plastic (96-well plates), supporting the conclusion that the
PDL-PA treatment facilitated the formation of confluent
IEO monolayers on PEG hydrogels.

The stiffness of the hydrogel formulation used for these
and all other experiments, as characterized by compression
testing, was 23.7 – 3.3 kPa.

IEO monolayers differentiate into distinct epithelial cell
types and retain appropriate apicobasal polarization

Next, we evaluated whether the IEOs retained their ability
to transition from a stem-like state into the multiple cell
types of the differentiated intestinal epithelium. Growth
factor removal from the medium resulted in differentiation
of the organoids grown on hydrogels, as well as on tissue
culture plastic (96-well plates). As shown in Figure 4A,
IEOs grown in the two conditions demonstrated no signifi-
cant differences in gene expression of markers of ente-
rocytes (SI and ALP), goblet cells (MUC2), enteroendocrine
cells (CHGA), Paneth cells (LYZ), or intestinal epithelial
stem cells (HOPX, LRG5, CD44, KI67). At the protein level,
these markers of differentiated epithelial cells (SI, MUC2,
and LYZ), apical microvilli (VIL1, ACT), and basolateral
adherens junctions (CHD1) retained their expected subcel-
lular distribution patterns when viewed along the XY plane
(Fig. 4B) and along the Z-axis (Fig. 4C). Together, these

‰
FIG. 4. IEO monolayers of PDL-PA hydrogels display
appropriate cellular differentiation and polarization and are
infectable with norovirus. (A) Analysis of the cellular
composition of the IEOs by qRT-PCR reveals multilineage
differentiation with no significant differences between cells
grown on hydrogels and cells grown on TCP in 96-well
plates ( p > 0.05). Expression levels of each gene are shown
relative to GAPDH. (B) Immunofluorescent staining for
markers of differentiated intestinal epithelial cells demon-
strates that IEOs cultured on hydrogels contain all the major
cell types found in native intestinal epithelium. (C) Cross-
sectional views of these monolayers reveal appropriate
apicobasal polarization with prominent microvilli (actin
and villin) and a robust brush border (sucrase isomaltase)
after 5 days of differentiation, scale = 50 mm, vertical slice
depth = 0.65 mm. (D) Quantification of noroviral replication
following a 24 h infection demonstrates that IEOs grown on
hydrogel scaffolds are capable of supporting infection
equivalent to IEOs grown on TCP in 96-well plates. TCP,
tissue culture plastic. Color images are available online.
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results demonstrate that IEOs grown on PDL-PA hydrogels
retained their diverse cell phenotypes and robust physio-
logical functions.

IEO monolayers on hydrogels retain their infectivity
by HuNoV

To establish that IEOs cultured on the PDL-PA hydrogels
can model pathological processes, we inoculated IEOs with
HuNoV, GII.4 HuNoV, and then measured viral replication
at 24 hpi (Fig. 4D). PDL-PA hydrogels successfully sup-
ported the replication of norovirus with no significant
difference between replication on PDL-PA hydrogels (70 –
43-fold increase) and on the established tissue culture plastic
96-well plate model (139 – 86-fold increase).

Continuous IEO monolayers form on hydrogels
with villous topographical patterns

As a proof-of-concept demonstration that the coating
method could be applied to generate an IEO monolayer atop
a 3D surface, we generated hydrogels with intestinal villous-
like protrusions (height 100mm, width 500mm) using a
sacrificial molding process. The pattern from a 3D printed
replica was transferred to the hydrogel by way of a negative
mold made of alginate (Fig. 5A–C). We functionalized the
villous hydrogels with PDL and adsorbed collagen IV and
then seeded them with IEOs. The IEOs initially formed
monolayers on the base of the hydrogel and tips of the villi
(i.e., the two horizontal surfaces of the gel).

Over the course of 6 days, the monolayers proliferated and
migrated to cover the vertical sides of the villi, eventually
forming a contiguous layer covering the majority of the hy-
drogel surface. The surface of the gel remained covered
throughout the 5-day differentiation period. The coverage was
confirmed with both brightfield microscopy (Fig. 5D, E) and
confocal microscopy (Fig. 5F, G), indicating that the non-
covalent functionalization approach could be adapted to
allow cell attachment and migration over a complex three-
dimensional surface with high aspect ratio features.

Discussion

Stem cell-derived organoid models show promise as ex-
cellent in vitro models of developmental and pathological
processes, as well as components of engineered tissues.
However, they are predominantly cultured as 3D aggregates
within animal-derived matrices, which fail to recreate their
native tissue-specific ECM cues. Furthermore, the apical-in
orientation of these organoids complicates their experimen-

tal utility. Thus, we developed a method to biofunctionalize
the surface of PEG hydrogel scaffolds, allowing a model
organoid system to be grown in monolayers on a 2D or 3D
substrate mimicking aspects of its native microenvironment.

Our two-step method to modify PEG hydrogels with
basement membrane proteins adsorbed to a covalently im-
mobilized layer of PDL enabled monolayer formation by

‰
FIG. 5. Topographical hydrogel synthesis and seeding
with IEOs. (A) Schematic for fabrication and PDL-PA
modification of high-aspect ratio, topographically patterned
hydrogels. (B, C) Examples of positive (B) and negative (C)
replicas generated in the molding process, scale = 500 mm.
(D, E) Brightfield images of the villous hydrogel before (D)
and after (E) seeding with intestinal epithelial organoids;
scale = 500mm. (F, G) Confocal images of villous hydrogels
seeded with organoids. Cells are labeled with DAPI (blue)
and phalloidin (green). (F) Maximum intensity projection;
scale = 200mm. (G) Representative cross-sectional view
through an individual villus; scale = 100mm. Color images
are available online.
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our model organoid system, IEOs. In comparison, none of
the more traditional hydrogel biofunctionalization methods
successfully accomplished this task, possibly due to the low
affinity displayed by the cell-adhesive peptides toward non-
integrin cellular adhesion receptors, such as syndecans.
Syndecan engagement amplifies downstream integrin sig-
naling34,35 and likely contributes to polarization and forma-
tion of cell–cell junctions in epithelial cells.35,36 Although
one of the peptides tested, AG73, is reported to interact with
syndecans37,38 and has been used together with RGDS pep-
tide to mimic aspects of basement membrane,39 we found
AG73 to be no more successful in forming 2D IEO mono-
layers than the other integrin-engaging peptides, either in
isolation or in combination with RGDS.

Despite collagen IV and Matrigel containing ample bind-
ing sites for both integrins and syndecans, successful for-
mation of IEO monolayers required immobilization of these
proteins on the hydrogel without any chemical modifications
of their amino acids. We suspect that these modifications
may have involved structurally important side chains of the
protein and thus affected how integrins and syndecans could
interact with their binding sites. Indeed, conjugation can
adversely affect the activity of the modified proteins,40

particularly for basement membrane proteins.41 None-
theless, direct covalent attachment of basement proteins to
PEG hydrogels has successfully mediated attachment of
other cell types despite the poor bioactivity of the pro-
teins.42,43 It may be that the adhesion requirements of IEOs
and possibly other organoids are especially sensitive.

In addition to facilitating organoid attachment to the
hydrogels, the noncovalent protein immobilization approach
also promoted polarization and differentiation of the orga-
noids, resulting in a monolayer of IEOs that closely resem-
bled those found in vivo. Furthermore, the model supported
the replication of norovirus, an intestinal pathogen that is
responsible for severe morbidity and mortality in both the
developing and the developed world.44

Given that ECM cues can affect developmental and re-
generative processes45,46 and may modulate innate immuni-
ty,47 our tunable, organoid-friendly approach for preparing
hydrogels will allow for investigation of the roles of mi-
croenvironmental factors in essential developmental and
pathological processes. In addition, coculture models con-
sisting of stromal cells in the interior of PEG hydrogels and
epithelial or endothelial cells on the hydrogel surface48,49

and/or in the interior50 have been used to recapitulate
paracrine signaling events, and the incorporation of orga-
noid technology will only improve their ability to model
important organotypic processes in vitro.

The amount of ECM protein deposited onto the hydrogel
surface depended primarily on the concentrations of un-
reacted norbornene in the hydrogel and of protein in the
solution used to functionalize the hydrogel. Although
thiolated-PDL was required for protein adsorption, its con-
centration was not important, likely because even low con-
centrations were sufficient to saturate the norbornene
functionalities on the hydrogel surface. Although hydrogels
with more than 20 mM of unreacted norbornene were fragile
and sample dilution during dialysis restricted testing higher
fluorescent collagen concentrations, it is likely that protein
deposition could be further improved by increasing either of
these two factors. However, we observed excellent cell at-

tachment at intermediate concentrations of these reagents,
suggesting that it is not necessary to drive protein adsorption
to its maximum level.

Importantly, we were able to modify topographically-
patterned hydrogels with unmodified ECM proteins just
as effectively as the flat hydrogels, allowing the IEOs to
completely cover their surface. However, the application
of the coating method to this 3D surface was challenging.
The array of tall, thin tightly packed villi could tear during
demolding, and its tendency to retain liquid slowed the re-
peated addition and removal of the various protein solutions
required to functionalize the 3D surface successfully. Other
biologically relevant topographies and architectures, such as
tubular, papillary, and acinar structures found in other or-
gans, present many of these same challenges.

Therefore, the successful application of this two-step hy-
drogel coating method to a simple villous topography serves
as proof-of-concept that this approach could be useful for
organoids derived from other tissues in the future. Moreover,
this work complements previous studies in which monolay-
ers of IEOs were seeded atop villous- or crypt-shaped
topographical surfaces and crosslinked collagen I hydro-
gels.20,21,32,51 Overall, we believe that this hydrogel scaffold
that can mimic the stiffness, ECM cues, and high aspect ratio
topography of the intestinal environment adds to the range of
in vitro strategies to investigate the relationship between
intestinal cellular organization and anatomic structure.

Conclusion

In summary, we developed a protocol for depositing un-
modified basement membrane proteins onto the surface of
PEG hydrogels to support culture of 2D monolayers of or-
ganoids. As a proof-of-concept, we demonstrated that IEO
monolayers retain many physiological characteristics of the
native intestine, including multilineage differentiation,
apical-basal polarization, and the ability to sustain infections
with HuNoV. This protocol can be applied to both flat and
more complex 3D hydrogel surfaces. We believe this tech-
nology will be widely applicable to organoids from many
tissues and will improve our efforts to create synthetic tis-
sues for improved in vitro experimental models and regen-
erative medicine applications.
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