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Introduction

Within a human body, cells reside in a complex three-
dimensional (3D) extracellular matrix (ECM), providing 
unique tissue-specific biochemical cues, crucial for struc-
tural support of stem and differentiating cells.1 Its main 
components are structural proteins including collagen type 
I (e.g. the most abundant collagen type), elastin, and 
fibronectin, as well as polysaccharides and proteoglycans. 
The dynamics of ECM biochemical (macromolecules, 
small molecules, secretome, extracellular vesicles, ions, 
and other factors) and physical (anisotropic elasticity, vis-
cosity, and stiffness) components influence cell behav-
ior.1,2 One of the major tasks of tissue engineering (TE) is 
recapitulating ECM composition and properties in vitro 
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for subsequent 3D in vitro modelling, tissue mass produc-
tion, or regenerative medicine applications.2,3

The relevance of naturally derived ECM hydrogels is 
underscored by their broad application in stem cell-derived 
organoid models. Sato, Clevers and co-workers4 demon-
strated that adult stem cells can self-organise and recon-
struct a crypt-like functional organisation when grown in a 
Matrigel matrix, producing the ‘intestinal organoid’ model. 
Small intestinal organoids, which can be produced from 
adult and induced pluripotent stem cells (iPSC), can reca-
pitulate in vitro and ex vivo various functional aspects of 
the intestinal epithelium, including nutrient absorption, 
barrier function, complex cell composition, and can be 
used as a model to study host-pathogen interactions, 
prompting their wider use in producing multi-tissue and 
multi-organ lab-on-a-chip models, tissue repair, and dis-
ease modelling.5,6 The success in generating small intesti-
nal organoids sparked a growing interest in producing 
organoids from many other tissue types.7 Advanced mod-
els, based on organoids can represent assembloids, hybrid 
bioelectronics, organ-on-a-chip, or more complex struc-
tures, holding promise in potentially improved scalability 
and producing fully autologous tissue building blocks 
from the same donor.8

However, the most widely used hydrogel to culture 
organoids, iPSC, and cancer cells, Matrigel, is sourced 
from Engelbreth-Holm-Swarm (EHS) mouse sarcoma 
tumour cells.9 Matrigel provides cues of the basement 
membrane (BM), which are thin layers of a specialised 
ECM, essential for stem cell function and organoid pro-
duction. It contains laminin, collagen IV, and different 
ECM proteins, important for growing and differentiating 
organoids. Depending on the concentration used within 
Matrigel, it has a Young’s Modulus of <0.5–1.5 kPa, 
which is in the range of soft tissue and undergoes an 
inverse temperature transition, being liquid at 4°C and gel 
at 37°C.10–12 However, Matrigel and related EHS extracts 
are derived from mouse sarcoma tumour cells, making its 
use in human clinical applications impossible. Its manu-
facturing also involves challenging ethics (multiple mice 
are used to produce the extract, no compliance with the 3R 
principle) and leads to batch-to-batch variability and there-
fore poor compatibility with tuning mechanical properties. 
In addition, it is expensive, not fully defined (>1600 pep-
tides and proteins with varying composition) and not com-
pliant with GMP standards.13–16 Given all these limitations, 
developing refined and biocompatible semi-synthetic 
alternatives to Matrigel, represents one of the paramount 
tasks for organoids and tissue engineering.

To address the limitations of the Matrigel, several syn-
thetic and semi-synthetic hydrogels have been proposed, 
based mostly on modified PEG and employing azide-
alkyne and related ‘click’ chemistry approaches.17–19 These 
hydrogels aim at providing a defined microenvironment, 
mimicking the ECM, while avoiding the batch-to-batch 
variability seen in Matrigel. For instance, PEG-based 

hydrogels supplemented with ECM peptides were pro-
posed as prospective materials, supporting the growth and 
differentiation of intestinal organoids.20 Gelatin methacry-
loyl (GelMA) hydrogels, first described by Van Den 
Bulcke et al.21 represents an appealing alternative to 
Matrigel, due to its photo-crosslinkable nature and cell 
biocompatibility. GelMA is now a popular semi-synthetic 
hydrogel, finding many applications in 3D cell culture and 
bioprinting.22,23 It consists of the natural polymer gelatin, 
derived from collagen, and modified with methacryloyl 
functional groups (MA).21 Photo-crosslinking is used to 
form a covalently bound network of MA groups, which 
results in a GelMA hydrogel.24 The frequently used photo-
initiator lithium acylphosphonate salt (LAP) has a high 
solubility in water and efficient light absorption at 365 nm, 
with minimal effects on cell viability, low immunogenic-
ity, and biodegradability.25,26 GelMA also contains argi-
nine-glycine-aspartate (RGD) sequences, supporting cell 
adhesion, proliferation, and differentiation.27 The physical 
properties of GelMA can be defined by the degree of func-
tionality (DoF), the Mw, the GelMA concentration, and the 
UV exposure time of GelMA. These variables allow fine-
tuning of the physical properties and can influence viabil-
ity, differentiation, and proliferation of cells and tissue 
encapsulated in GelMA hydrogels. A higher concentration 
is also correlated with a smaller pore size, influencing the 
migration of the cells or 3D cellular structures in the 
hydrogel.28–30

To the best of our knowledge, reports on the application 
of GelMA in the culture of small intestinal organoids are 
lacking. A few recent studies applied GelMA to cell cul-
tures of intestinal-like cells (Caco-2), as well as neural, 
liver and salivary gland organoids.31–33 Neuronal orga-
noids embedded within GelMA facilitated the formation of 
functional neural networks. On the other hand, GelMA 
was used to mimic the ECM for liver organoids and 
seemed to improve the functional hepatic tissue and its 
metabolic activity.31 With salivary gland organoids, 
GelMA-based scaffolds also supported the growth and dif-
ferentiation. In addition, collagen I-based matrices were 
successfully used for intestinal organoid culture,34 which 
indicates that GelMA-based hydrogels, displaying tunea-
ble mechanical properties and ease of production, repre-
sent promising materials for intestinal epithelium 
engineering. Here, we investigated how GelMA hydrogels 
with tuneable mechanoreciprocity supported small intesti-
nal organoid growth, proliferation, and differentiation as 
compared to Matrigel.

Materials and methods

Materials

X-PURE® GelMA products (based on type A gelatin) were 
provided by Rousselot BV (Ghent, Belgium). The 
X-PURE® GelMA products 90p40, 90p60, 160p60, and 
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160p80, with a concentration of 5% and 10% were used. 
The products exhibit variations in both average molecular 
weight (Mw) and degree of functionality (DoF). Here, 90 
and 160 are the Mw in kDa, 40, 60, and 80 are the DoF and 
p stands for porcine. Cell culture sterile plasticware was 
obtained from VWR (Belgium). For microscopy, orga-
noids were transferred and grown onto microscopy dishes 
(coverglass no. 1.5 thickness, e.g. μ-slide 12-well, Ibidi 
GmbH, Germany, Cat. No. 80821).

Dyes

Calcein Green AM (Cat. No. AS-89201, Tebubio, France), 
Hoechst 33342 (Cat. No. H3570, Invitrogen, Belgium), 
propidium iodide (Cat. No. 25535-16-4, Sigma-Aldrich, 
Belgium), APN-specific VHH (clone 3L94)35 fused with 
the Fc domain of mouse IgG2a, Goat anti-Mouse IgG 
(H + L) cross-preabsorbed secondary antibody, Alexa 
Fluor 488-conjugated (Cat. No. A-11001, Thermo Fisher 
Scientific Inc., Belgium) and phalloidin-Alexa Fluor 546 
(Cat. No. A2228, Thermo Fisher Scientific Inc., Belgium).

Synthesis and characterisation of GelMA 
hydrogels

Different GelMA products were dissolved in 0.1× phos-
phate-buffered saline (PBS; Sigma-Aldrich, Cat. No. 
818708) and placed in the oven (+45°C, 2 h). GelMA 
products were sterilised using double filtration through 
0.45 and 0.2 μm filters (Thermo Fisher, Cat. No. 5640020) 
in the laminar airflow cabinet. For crosslinking, lithium 
phenyl-2,4,6-trimethyl-benzoylphosphinate (LAP; Sigma-
Aldrich, Cat. No. 85073-19-04) was used, dissolved in 
0.9× PBS. After freeze-drying of GelMA (7 days), the 
solid product was weighed and mixed with sterile LAP-
PBS to reach a 5% and 10% GelMA concentration. After 
addition of the LAP-PBS to the freeze-dried products, the 
solution was vortexed (10–20 s), incubated in a water bath 
(+45°C) until complete dissolution and disappearance of 
foam. Each GelMA solution was made in triplicate in a 
dome formation (50 μL, ±0.8 mm diameter and ±1 mm 
thickness) within a 24 well-plate and cured by 365 nm UV 
light (8 mW/cm2, 30 s or 1 min). Mouse laminin-111 
(Corning, Cat. No. 354232) was added to the 5% or 10% 
GelMA products, at a final concentration of 5 or 100 μg/
mL. The resulting GelMA products were stored in the dark 
at +4°C for short-term usage (up to 2 weeks) or at −20°C 
for long-term usage.

Mechanical testing of GelMA and Matrigel 
hydrogels

50 μL domes of GelMA and Matrigel (Corning, Cat. No. 
356231) were added in triplicate to a 24 well-plate (VWR, 
Cat. No. 734-2325). The GelMA domes were crosslinked 

for either 30 s or 1 min, with a light intensity of 8 mW/cm2 
(365 nm) using benchtop UV-chamber (Veronica DUO, 
UVD-42). Matrigel domes were solidified by incubating at 
+37°C, 5% CO2 for 5 min. Subsequently, the domes were 
tested with a plunger (surface 0.7 mm2; TA.XTPlus) within 
a 24 well-plate. A 0.25 mm compression distance with a 
0.1 mm/s test speed was used together with a continuous 
trigger force of 0.0049 N at +21°C throughout the meas-
urements. The measured force, together with the deforma-
tion of the hydrogels, was used to produce a stress-strain 
curve and to calculate Young’s Modulus. The elasticity of 
the hydrogels was calculated through the compression 
tests for 20 s. The force (Fend; in Newton; N) measured 
after 20 s was divided with the maximum measured force. 
The calculations were done in Microsoft Excel.

Assessment of cell viability with HCT116 cells

Human colon cancer HCT116 were from ATCC and han-
dled as described previously.36 The cells were cultured in 
antibiotic-free McCoy 5A media (Cat. No. 392-0420, 
VWR, Belgium) supplemented with 10% FBS (Cat. No. 
11573397, ThermoFisher Scientific, Belgium) and 2 mM 
Glutamate (Cat. No. 35050061, Gibco) throughout experi-
ments and split every 2–3 days using T25 cell flasks (Cat. 
No. 10062-872, VWR, Belgium).

For embedding into GelMA, HCT116 cells were seeded 
at a density of 30,000 cells/well or 300,000 cells/well, 
respectively, with different GelMA in a U-shaped 96-well 
plate (Cat. No. 734-2328, VWR, Belgium). Viability of the 
cells was evaluated with a live-dead staining by using 
2 μg/mL Calcein Green-AM green and 1 μg/mL propidium 
iodide (PI), staining live and dead cells, respectively, on 
days 1 and 4 after embedding. Microscopy of the live-dead 
stained samples was performed on an inverted widefield 
fluorescence microscope IX8137 (Olympus-Evident; or 
PAULA, Leica Microsystems). The counting of live and 
dead cells was performed with the help of ImageJ software 
(version 2.14) using following formula (with # = counted 

cells): Cell viability %
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Intestinal organoids culture

Porcine small intestinal organoids were cultured as 
described previously.38 Briefly, organoids produced from 
jejunum crypts isolated from 6 to 7 weeks old female pigs 
were cultured in growth factor-reduced Matrigel 
(Corning™) in antibiotic-free human organoid growth 
medium (Cat. No. #06010, IntestiCult™ OGM, Stemcell 
Technologies). For basal-out passaging of organoids, the 
Matrigel domes were dislodged in a 24-well plate by pipet-
ting for 30–50 times (P10 tip on top of a P1000 pipette tip), 
depending on the expected size of the organoids. Organoids 
were then collected in a 15 mL tube, the wells were rinsed 
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with warm washing media (advanced DMEM F12 supple-
mented with 10 mM HEPES and 2 mM GlutaMax) and 
collected in the same 15 mL vial with a final volume of 
10 mL, centrifuged (300g, 5 min, 4°C), and kept on ice 
after removal of the supernatant. Subsequently, organoids 
were resuspended in ice-cold Matrigel and dispensed to 
form domes (by 50 μL per dome) in a pre-warmed flat bot-
tom 24-well plate, solidified and supplemented with 
500 μL of IntestiCult media. The organoids were subcul-
tured every 3–4 days in ratio 1:3 with the approximate den-
sity of 100–300 organoids per dome.

Re-embedding of intestinal organoids in GelMA 
and Matrigel

One day after splitting, two to four of the 50 μL Matrigel 
domes with organoids were collected in 12 mL of ice-cold 
5 mM EDTA-PBS in 15 mL Lipidure™-pre-coated38 vial 
and incubated on an orbital shaker platform for 1 h at 4 °C 
to dissolve the Matrigel. After centrifugation (4°C, 300g, 
5 min), the EDTA-PBS solution was carefully removed, 
and the organoid pellet was gently resuspended in remain-
ing amounts of EDTA-PBS by tapping. Subsequently, 
organoids were resuspended with Lipidure pre-coated 
P1000 tips, transferred to a 1.5 mL tube with washing 
media, centrifuged (21°C, 300g, 5 min), supernatant was 
removed, and the organoid pellet was placed on ice. Next, 
organoids were placed within either a 20 or 50 μL GelMA 
(prewarmed up to 37°C) or Matrigel domes onto fresh pre-
warmed microscopy dish or 24 well-plates, respectively, in 
IntestiCult media.

Imaging of intestinal organoids

To verify the polarity of the organoids, 20 or 50 μL Matrigel 
(Cat. No. 356231, Corning) or GelMA (with or without 
addition of laminin-111 hydrogel-embedded organoids 
were fixed with 4% paraformaldehyde (Cat. No. 818708, 
PFA, Sigma-Aldrich) in PBS (10 min, room temperature), 
washed with PBS and permeabilised with 0.1% Triton 
X-100 (Cat. No. T8787, Sigma-Aldrich) in PBS and 
blocked with 5% FBS/ PBS (30 min, room temperature). 
The samples were incubated with APN-specific VHH 
(clone 3L94) fused with the Fc domain of mouse IgG2a 
(6.7 ng/μL in PBS) or with phalloidin labelling reagent for 
30 min, washed with PBS, co-stained with 1 µM Hoechst 
33342 and stored overnight protected from light at 4°C. 
Organoids were imaged on inverted widefield LED-based 
fluorescence (Olympus IX81, Olympus-Evident)37 or 
white-light laser-based confocal FLIM (Stellaris 8 Falcon 
FLIM, Leica microsystems) microscopes, as described 
previously.36 Briefly, CoolLED pE4000 with 16 channels 
(365–770 nm) and air objective 40×/0.6 UPlanFL N were 
used on Olympus IX81 microscope, with images con-
verted from .vsi to .tiff and processed with ImageJ (ver. 

2.14). For confocal microscopy, HC PL Apo 40×/1.25 
GLYC corr. objective was used, images were exported 
from the LAS X software (version 4.6 or higher) and pro-
cessed with ImageJ software (version 2.14).

For live imaging, organoids embedded in 20 μL 
Matrigel or GelMA hydrogel domes, were grown on 
microscopy dishes (Ibidi) for 3 days (37°C, 5% CO2). To 
stain organoids with K+-sensitive fluor-ionophore nano-
particles, FI4 nanoparticles39 (10 μg/mL) were added to 
the IntestiCult media for overnight incubation prior to the 
imaging. To visualise lysosomes, LysoSensor Green 
(4 μM, Thermo Fisher, Cat. No. L7535) dye was added to 
the IntestiCult Media for 1 h incubation with organoids. 
Prior live imaging microscopy analysis the media in wells 
with domes were exchanged for imaging media (phenol 
red-free DMEM supplemented with 10 mM HEPES pH 
7.2, 1 mM sodium pyruvate, 2 mM GlutaMax, 10 mM 
D-glucose).36

Statistics

GraphPad (version 10.2) was used for statistical analysis. 
With the normally distributed data, a Student’s t-test was 
used for two groups comparison and two-way ANOVA 
was performed to compare multiple groups. The standard 
deviation (SD) was calculated for each condition. If not 
normally distributed, a Mann-Whitney U-test or Kruskal-
Wallis tests were used to compare two or multiple groups, 
respectively. Statistical differences were defined as 
p < 0.05, p-values are represented as * if p < 0.05, ** if 
p < 0.01, *** if p < 0.001 and **** if p < 0.0001. The N 
indicates the number of conditions or samples/organoids 
used during experiments.

Results and discussion

Laminin-111 influences the mechanical 
properties of GelMA

To test mechanoreciprocity factors of GelMA hydrogels, 
we synthesised eight different products, varying in con-
centration (5% and 10%), molecular weight (90 and 
160 kDa) and degree of functionality (DoF, %; 40, 60, and 
80). For cell culture experiments, the 50 μL hydrogel 
domes were crosslinked for either 30 s or 1 min to prevent 
overcuring. Mechanical tests showed that the different 
GelMA conditions exhibited an exponential correlation 
between 5% and 10% GelMA (90p40, 90p60, 160p60, and 
160p80) and their crosslinking time (30 s or 1 min; Figure 
1(a)–(f)). The softest hydrogel (5% 90p40, 30 s crosslinked) 
exhibited a forty-fold Young’s Moduli difference com-
pared to the stiffest GelMA (10% 160p80, 1 min 
crosslinked; that is, 2.45 kPa, vs 101.18 kPa; Supplemental 
Table S1). The Young’s moduli of 5% GelMA crosslinked 
for 30 s reached range of 2.45–18.08 kPa, while those of 
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10% GelMA were in range of 8.80–87.54 kPa (Figure 
1(a)–(d), Supplemental Table S1). Extending the crosslink-
ing time to 1 min resulted in an increase of the Young’s 
moduli of 5% GelMA to 4.84–19.03 kPa and for 10% 
GelMA to 12.68–101.18 kPa (Supplemental Table S1). 
However, no significant difference was seen between 
crosslinking times (Figure 1(e) and (f)). Only the differ-
ences in GelMA concentration could result in significant 
differences between mechanical properties, except for 5% 
and 10% 90p40 (Supplemental Figure S1A and S1B). With 
the samples of 5% and 10% 90p40, as well as 5% 90p60 
(30 s or 1 min crosslinking), we could achieve softness, 
comparable to Matrigel, that is, 2.94 kPa (Figure 1(a)–(d); 
Supplemental Table S1). These experiments showed a 
direct correlation between the mechanical properties of 
high and low degree methacrylated gelatin and overall 
consistency in the elastic properties. The tuneability and 
low batch-to-batch variability of tested X-Pure GelMA 

enable to explore the effect of different mechanical proper-
ties of this 3D hydrogel, ranging from Matrigel-like and 
stiffer matrices. This versatility could lead to differences in 
proliferation, migration, and differentiation of cell cul-
tures.23–25 However, when tested with mammalian cultured 
cells HCT116 (Supplemental Figure S2), we saw that 
mechanical properties of the different hydrogels do not 
have an impact on cell death (>90% viability, based on 
Live-Dead assay). Interestingly, low degree of modifica-
tion and less stiff GelMA hydrogels displayed formation of 
spheroids, a phenomenon also observed with Matrigel and 
other soft hydrogels. Taken together, mechanical property 
testing underscored the importance of understanding how 
critical the concentration, MW, DoF, and crosslinking time 
are for fine-tuning of GelMA. In addition, this ensures 
consistency and reliability of the hydrogel.

The addition of laminin-111, an important component of 
the basement membrane (BM), had an overall softening 

Figure 1. Young’s Moduli and elasticity analysis of GelMA hydrogels: (a–d) The effect of the crosslinking time on the Young’s 
moduli in the GelMA hydrogels compared to Matrigel, as a function of GelMA concentration, Mw, DoF, and time. (e) analysis of 
elasticity of GelMA at different concentrations.
Bars represent the mean with standard deviation. Significant differences are indicated with asterisks (* indicates p < 0.05; ** indicates p < 0.01; *** 
indicates p < 0.001; **** indicates p < 0.0001). n = 3 domes per condition. Bars represent the mean with standard deviation.)
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effect on the different GelMA hydrogels. Addition of 5 μg/
mL laminin-111 still showed significant differences 
between the Young’s moduli of the 5% 160p60 and 160p80 
and the 10% 90p60, 160p60, and 160p80 compared to the 
Matrigel control (Figure 2(a) and (b)). The addition of 
laminin-111 at 5 μg/mL resulted in a difference of the 
Young’s modulus of the 5% 90p60 and 160p80 GelMA 
ranging in 1.80–11.72 kPa, whereas those of 10% GelMA 
showed 18.72–58.93 kPa (Figure 2(a) and (b); Supplemental 
Table S2). As expected, addition of laminin-111 at higher 
concentration (100 μg/mL) resulted in a reduction of stiff-
ness: 5% and 10% 90p40 GelMA hydrogels were exces-
sively soft, making it not possible to accurately measure the 
hydrogel domes. As such, this condition was excluded from 
further analysis, in addition to the stiffer 5% and 10% 
160p60 conditions. However, we still noticed a significant 
difference between the Matrigel and the 5% 160p80 and 
10% 90p60 and 160p80 conditions (Figure 2(c)–(h)). The 
supplementation with 100 μg/mL laminin-111 resulted in 
the Young’s modulus of the 5% 90p60 and 160p80 GelMA 
hydrogels in range of 1.40–13.23 kPa, whereas those of 
10% GelMA showed 10.48–30.95 kPa (Supplemental Table 
S2). In agreement with the study of Marcinczyk et al.,40 a 
softening effect in the hydrogels was observed with increas-
ing concentration of laminin, even though the effect was 
non-statistically significant. These experiments confirmed 
important role of laminin in determining hydrogel mechan-
ical properties.

Embedding of organoids in GelMA hydrogels 
results in apical-out phenotype

After testing the mechanical properties of the produced 
GelMA hydrogels, we looked at how they can influence 
the growth of intestinal organoids. Following the re-
embedding procedure, initial light microscopy assessment 
revealed that the UV-crosslinking conditions (optimised 
with the human colon cancer HCT116 cells, Supplemental 
Figure S2) had no apparent effect on the overall cell viabil-
ity of the intestinal organoids in the various GelMA hydro-
gels. However, fluorescence microscopy of F-actin 
labelled organoids (marker of apical membranes),41 
revealed their apical-out polarity topology in GelMA, with 
the high intensity F-actin labelling at the external side of 
the organoids (Figure 3). This phenotype was seen through-
out all eight tested GelMA types (not shown). Polarity 
reversion and ‘apical-out’ phenotype has been previously 
reported for intestinal organoids deprived from the 
Matrigel and incubated in low-attachment plates by 
Amieva and co-workers.41,42 Subsequently, this phenotype 
was reported for organoids and polarised cell lines from 
other tissues and polymer hydrogels when no ECM cues 
were present.43–46

Apical-out topology represents an important advance 
for intestinal organoid engineering, as it enables direct 

access of nutrients, pathogens, metabolites, and medium 
from the apical side of the epithelium. At the same time, 
such transition results in subsequent lack of stem cell 
niche-supporting basement membrane, which will result in 
differentiation of all the crypt-based cells and limited lifes-
pan of the organoid culture. We therefore wondered 
whether the mechanical properties alone are sufficient to 
influence basal-out organoid topology. To address this, we 
tested the effect of different GelMA stiffness and how the 
addition of laminin-111, a primary component of Matrigel, 
would influence the topology of embedded organoids 
(Figure 4). To minimise the number of tested conditions, 
we chose 90p60 and 160p80 conditions, displaying the 
most striking differences in mechanical properties.

Analysis of organoids, co-stained with phalloidin and 
Hoechst 33342 (labelling nuclei) and embedded in 5% and 
10% 90p60 and 160p80 GelMA hydrogels, revealed three 
main morphological types: apical-out, apical-basal, or 
basal-out (Figure 4(a); Supplemental Figure S4). The api-
cal-out morphology was noted by the F-actin staining out-
lining the organoids periphery, while the nuclei were 
localised towards the inner organoid ‘body’ (Figure 4). 
Other organoids displayed a double row of cell nuclei, 
indicating a partial reorganisation of the organoids, result-
ing in a mixed ‘apical-basal’ phenotype (Figure 4(b), (c), 
(g), and (h)). In few organoids, the basal-out phenotype 
could still be seen in GelMA, where F-actin stained the 
inside, while nuclei were localised at the organoid periph-
ery. In contrast, Matrigel-embedded organoids demon-
strated a full basal-out phenotype after 1 day of 
re-embedding (Figure 4(k)). Even though the 90p60 
GelMA was softer than 160p80 (Supplemental Table S1), 
the same morphology phenotypes were observed 
(Supplemental Figure S4). Interestingly, the stiffer 160p80 
GelMA displayed a 3D to 2D transition of the intestinal 
organoids, which was not seen with the 90p60 GelMA 
hydrogel (Supplemental Figure S3). In all tested GelMA 
hydrogels, the apical-out and apical-basal morphologies 
prevailed, suggesting that a stiffer microenvironment did 
not influence the polarity topology of the intestinal orga-
noids, but positively correlated with observed 3D to 2D 
transition. Taken together, this data suggests that GelMA 
hydrogel alone cannot provide the proper microenviron-
ment or biochemical cues for stem cell niche.

Next, we looked if the addition of laminin-111 at con-
centrations of 5 and 100 μg/mL (used previously by 
Dobre, Lutolf and co-workers44,47) could influence the 
polarity reversion in GelMA. Thus, supplementation of 
5 μg/mL laminin-111 within 5% and 10% 160p80 GelMA 
did not result in significant differences from the non-sup-
plemented 160p80 GelMA. The laminin-GelMA orga-
noids still showed mostly an apical-out morphology 
(Figure 4(l) and (m)). However, we also observed the 
apical-basal morphology after laminin supplementation 
more frequently, with minor appearance of basal-out 
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Figure 2. Effect of laminin-111 supplementation on the mechanical properties of GelMA: (a) Young’s moduli of the 5% 90p40 
and 90p60 GelMA/laminin-111 hydrogels and Matrigel, (b) Young’s moduli of the 10% 90p40 GelMA/laminin-111 and Matrigel, (c) 
Young’s moduli of the 5% 90p60 GelMA/laminin-111 and Matrigel, (d) 10% 90p60 and 160p80 GelMA with laminin-111 still display 
higher Young’s moduli than the Matrigel, (e and f) A comparison of all used conditions of the 90p60 and 160p80 GelMA hydrogel, 
showing a correlation of the stiffness with and without laminin-111 supplementation, (g) The concentration-dependence of the 
GelMA hydrogels supplemented with 100 μg/mL laminin-111, and (h) An overview of the Young’s moduli of 90p60 and 160p80 
GelMA tested conditions.
Bars represent the mean with standard deviation. Significant differences are indicated with asterisks (* indicates p < 0.05; ** indicates p < .01; *** 
indicates p < 0.001; **** indicates p < 0.0001). n = 3 domes per condition. Bars represent the mean with standard deviation.)
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organoids (Figure 4(f), (l), and (m)). We also could see 
transitioning from 3D to 2D for laminin-supplemented 
organoids (Supplemental Figures S3 and S4).

We next increased the laminin-111 up to 100 μg/mL 
supplementation in 5% and 10% 90p60 GelMA condi-
tions, while keeping the same experimental set-up as with 
the 160p80 GelMA. Here, a stronger increase of the api-
cal-basal morphology was noted compared, to the non-
supplemented conditions, with a slight increase in the 

basal-out phenotype of the organoids in the supplemented 
90p60 GelMA (Supplemental Figure S4). Although some 
variability was observed between the experimental repli-
cates, an overall trend of the different morphology types 
remained consistent (Supplemental Figure S4K and S4L). 
To validate the widefield fluorescence microscopy data, 
we performed additional confocal 3D microscopy of orga-
noids embedded in Matrigel and various GelMA condi-
tions and observed the basal-out, apical-basal, and 

Figure 3. Confocal microscopy reveals polarity reversion and apical-out topology in intestinal organoids embedded in GelMA 
2 days after embedding. Organoids were embedded either in 5% 90p40 or 10% 160p80 GelMA, fixed, stained with phalloidin-Alexa 
Fluor 546 and analysed by confocal microscopy. Top row: Single optical microscopy sections showing peripheral localisation of 
F-actin. Bottom: depth color-coded 3D reconstructions. Scale bar is 200 μm.
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apical-out phenotypes (Figure 5, Supplemental Figure S5). 
Taken together, our data suggests that proportional increase 
of laminin-111 supplementation causes a partial morphol-
ogy restoration within the GelMA hydrogels. Interestingly, 
this transition occurred more prominently in the 10% 
160p80 supplemented with 5 μg/mL laminin-111 com-
pared to the softer 10% 160p80 supplemented with 100 μg/
mL laminin-111. Although it might seem contradictory 

that stiffness promotes a 3D-to-2D transition, we hypoth-
esise that the higher laminin concentration (100 μg/mL) 
reinforces cell-matrix interactions and stabilises the 3D 
architecture, thus counteracting the effect of lower stiff-
ness. However, the laminin-111 supplementation alone 
does not suffice to reconstruct the basal membrane, poten-
tially due to the absence of collagen IV, required for stem 
cells in the intestinal organoids. Additional factors, such as 

Figure 4. Fluorescence microscopy of intestinal organoids embedded in Matrigel, 160p80 GelMA and with addition of 
laminin-111. After 1 day of embedding, organoids were fixed, stained with phalloidin (red) and Hoechst 33342 (green) and analysed 
by widefield fluorescence microscopy: (a) Overview of the apical-out procedure and possible phenotypical outcomes of the 
embedded organoids, (b–k) An apical-out and apical-basal phenotypes of the organoid embedded 5% and 10% (with or without 
supplementation of 5 µg/mL laminin-111) 160p80 GelMA and Matrigel control (basal-out phenotype), and (l and m) calculated 
frequency of the observed phenotypes within Matrigel and 160p80 GelMA conditions (with or without 5 µg/mL laminin-111 
supplementation). N = 176 organoids for all conditions together. Scalebar is 100 µm.
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peptides or carbohydrates may be also required to fully 
support the typical basal-out morphology, growth, and 
proliferation of the intestinal organoids.

Intestinal organoids demonstrate growth within 
GelMA independently on the laminin-111 
supplementation

Interestingly, we noticed that after embedding, organoids 
continued to grow in 5% and 10% 90p60 and 160p80 
GelMA hydrogels regardless of the supplementation with 
laminin-111 or their apical-out or basal-out phenotypes, 
until the day 4 (Figure 6). Thus, 90p60 GelMA with and 
without laminin-111, showed significant differences 
between the growth (Figure 6(d)). However, monitoring 
the growth of embedded organoids after day 4 deemed 
challenging due to the transition of the organoid culture 
from a 3D to a 2D monolayer (Supplemental Figure S3; 
Figure 6), which made accurate measurements of every 
organoid surface area non-feasible.

We found that organoids re-embedded in 160p80 condi-
tions exhibited an immediate transition from 3D to 2D by 

day 2, which prohibited any accurate surface area meas-
urements (Figure 6(b)). Only one condition (10% 160p80 
with 100 µg/mL laminin-111) did not show such transition. 
In comparison with a Matrigel (which demonstrates rapid 
growth and requires a splitting every 2–3 days to prevent 
overgrowth), growth in GelMA was slower. After 1 week 
of culturing GelMA organoids died (not shown).

Physiological relevance of the apical-out 
transition in GelMA

Observed the apical-out, as well as partial reversal to 
basal-out polarity of organoids in GelMA represents an 
attractive feature for recapitulating biomolecular interac-
tions of organoids from the apical side or comparing these 
interactions between apical and basal membranes. Using 
GelMA for producing apical-out organoid culture has also 
advantages of (i) continued organoid growth and (ii) 
potential application of tuneable mechanical properties of 
the hydrogels (with or without laminin), which can help 
better mimicking mucus and host-microbe interactions at 
the apical membrane occurring in vivo.48–50 We therefore 

Figure 5. 3D microscopy of the basal-out, apical-basal, and apical-out phenotypes observed with organoids embedded for 2 days 
in GelMA and Matrigel. Organoids were embedded in hydrogels, fixed, stained with phalloidin-Alexa Fluor 546 (magenta) and 
Hoechst 33342 (yellow) and analysed by confocal microscopy. XYZ and separate XY, XZ, and YZ sections are shown. (a) Basal-out 
phenotype observed in Matrigel. (b) Apical-basal organoid, 10% 90p60 GelMA with 100 μg/mL laminin-111. The scale bar is 50 μm 
(a) and 100 μm (b).
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tested if GelMA organoids (1 day after embedding) showed 
comparable properties to conventional Matrigel-embedded 
cultures. Ion homeostasis and pH are important for intesti-
nal tissue function.51,52 Using K+-sensitive nanosensor 
FI4,39,53 we compared staining of Matrigel- and GelMA-
embedded organoids using fluorescence microscopy and 
FLIM54,55 (Supplemental Figure S6). Since with the basal-
out Matrigel-embedded organoids FI4 displayed basal-
membrane and luminal staining, it was difficult to compare 
its localisation in the apical-out organoids. However, when 
we looked at the distribution of fluorescence lifetimes, we 
found them comparable, in both types of organoids. This 
suggests that FI4 shows localisation in the same cell types 
and with similar efficiency in both apical and basal-out 
organoids. To look at pH homeostasis, we stained orga-
noids with LysoSensor Green dye, which labels different 
types of endosomes and lysosomes and displays pH-
dependent fluorescence lifetime changes.56 Data shown on 
Supplemental Figure S7 confirmed that despite drastic dif-
ferences in topology, both GelMA and Matrigel-embedded 

organoids displayed similar dynamics of fluorescence life-
times/pH in endo- and lysosomal compartments.

We confirmed apical-out topology using F-actin label-
ling (Figures 3 and 4). However, we could not rule out the 
possibility that observed topology could be also a result of 
actin cytoskeleton reorganisation within the cells, rather 
than ‘true’ reversion of the apical- and basolateral mem-
branes in the organoids during the embedding.57 To better 
understand this, we also performed immunofluorescence 
labelling of organoids with the marker of apical mem-
branes, aminopeptidase N (APN), characteristic marker 
for intestine, kidney, and liver tissues.58 Confocal micros-
copy of APN- and F-actin labelling in Matrigel and 
GelMA-embedded organoids confirmed co-localisation of 
these two markers of the apical membranes and the 
observed apical-out transition (Figure 7). Anti-APN anti-
body showed brighter staining of the apical membranes, 
predominantly localised at the internal, luminal side of the 
Matrigel-embedded organoids and at the external mem-
branes in 90p60 GelMA-embedded organoids, even in the 

Figure 6. Growth of organoids in Matrigel, 5% and 10% 90p60 and 160p80 GelMA hydrogels on day 1 and day 4 after emberdding: 
(a) Comparison of intestinal organoid growth in 5% and 10% 90p60 between day 1 and day 4. Scalebar is 100 μm, (b) comparison of 
intestinal organoid growth in 5% and 10% 160p80 between day 1 and day 2. The transitioning of the 3D to 2D pattern was noted in 
three of four conditions, together with some growth. Scalebar is 100 μm, (c) growth of organoids embedded within Matrigel on day 
1 and day 4, and (d) growth patterns of organoids on day 1 and day 4 in 5% 90p60 without laminin-111 and with laminin-111. N = 30 
organoids per condition. Each dot represents the area (μm2) of the measured organoids per conditions.
*indicates p < 0.05; *** indicates p < 0.001.
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Figure 7. Confocal microscopy of fixed and phalloidin-Texas Red and anti-APN antibody-stained organoids, 1 day after embedding either 
in Matrigel, 90p60 5% or 90p60 5%, 100 μg/mL laminin GelMA. Transmission light (TL), Phalloidin (magenta), APN (cyan), and Hoechst 
33342 (yellow) fluorescence images (single optical sections) are shown. Right: slice 3D views of the organoids. Scale bar is in μm.
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presence of laminin-111. This was also confirmed with 
160p80 GelMA organoids (not shown).

Conclusion

Here, we thoroughly studied mechanical properties and 
crosslinking conditions for different GelMA hydrogels, 
with respect of their applicability for the culture of stem 
cell-derived intestinal organoids. GelMA showed excellent 
biocompatibility with cultured colon cancer cells. However, 
encapsulation of organoids in GelMA with Young’s moduli 
ranging from 2.4 to 101 kPa (also covering the compressive 
modulus of Matrigel) resulted in polarity reversion and 
yielding apical-out organoids, irrespectively to the stiffness 
of hydrogels. This means that GelMA alone is not sufficient 
to recapitulate basal membrane components, present in 
widely used Matrigel. This was confirmed by supplement-
ing GelMA hydrogels with laminin-111, which led to par-
tial restoration of ‘normal’ basal-out topology and resulting 
in apical-basal organoids. Interestingly, we found that 
stiffer gels resulted in 3D to 2D transition of organoids and 
that organoids could continue to grow in GelMA, with and 
without laminin-111, though for a very limited time. We 
confirmed the viability and topology of apical-out orga-
noids using staining with nano- and dye-based sensors, as 
well as with the apical membrane markers.

In addition to the mechanical cues, GelMA can hypo-
thetically still provide ‘biochemical’ cell-interacting fac-
tors even in the absence of laminin-111, therefore affecting 
the observed polarity reversion phenomenon. However, 
the most plausible explanation is that it provides only the 
mechanical cues, as the polarity reversion was also 
reported before within fully synthetic hydrogels lacking 
any biochemical signalling, or in the absence of 
Matrigel.38,41,43,46 In addition, polarity reversion was 
observed in all tested GelMA conditions, independently 
from the Mw and DoF, supporting that the lack of correct 
biochemical signalling at the basal membrane is the main 
contributing factor for the observed phenomenon.

Collectively, our experiments demonstrate that GelMA 
represents an attractive biomaterial with tuneable proper-
ties, promising for intestinal organoids applications, where 
apical membrane access and controlled polarity is essen-
tial, that is, in organ-on-a-chip, host-microbe and related 
tissue engineering applications.
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