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Abstract

Intestinal organoids are self-organized tissue constructs, grown in vitro, that resemble the structure 

and function of the intestine and are often considered promising as a prospective platform for drug 

testing and disease modeling. Organoid development in vitro is typically instructed by exogenous 

cues delivered from the media, but cellular responses also depend on properties of the surrounding 

microenvironmental niche, such as mechanical stiffness and extracellular matrix (ECM) ligands. 

In recent years, synthetic hydrogel platforms have been engineered to resemble the in vivo niche, 

with the goal of generating physiologically relevant environments that can promote mature and 

reproducible organoid development. However, few of these approaches consider the importance 

of intestinal organoid morphology, or how morphology changes during development, as cues that 

may dictate organoid functionality. For example, intestinal organoids grown in vitro often lack the 

physical boundary conditions found in vivo that are responsible for shaping a collection of cells 

into developmentally relevant morphologies, resulting in organoids that often differ in structure 

and cellular organization from the parent organ. This disconnect relates, in part, to a lack of 

appropriate adaptable and programmable materials for cell culture, especially those that enable 

control over colony growth and differentiation in space and time (i.e., 4D materials). We posit that 

the future of organoid culture platforms may benefit from advances in photoadaptable chemistries 

and integration into biomaterials scaffolds, thereby allowing greater user-directed control over 

both the macro and micro-scale material properties. In this way, synthetic materials can begin to 

better replicate changes in the ECM during development or regeneration in vivo. Recapitulation 

of cellular and tissue morphological changes, along with an appreciation for the appropriate 

developmental timescales, should help instruct the next generation of organoid models to facilitate 

predictable outcomes.
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SUMMARY

Intestinal organoids are multicellular 3D tissue constructs that self-organize and differentiate 

from intestinal stem cells to form relevant cellular compositions and microarchitectures in 
vitro that mimic the structure, function, and spatial phenotypic distributions of the intestine1. 

Organoids contain intestinal crypts that house intestinal stem cells and secretory Paneth 

cells that extend off a central, enclosed lumen, replicating the crypt-villus architecture 

seen in vivo. The ability to recapitulate these complex structure-function relationships in 
vitro enables the use of intestinal organoids as relevant replacements for animal models to 

approach a host of applications, including drug screening2,3, studying organ development4 

and disease progression in vitro5, and sourcing transplantable tissue6. Naturally, there is 

substantial interest in generating more physiologically relevant intestinal organoid models 

with better-matched cellular diversity and functional outputs to rigorously replicate in vivo 
biological processes. However, the development of physiologically relevant organoid models 

in vitro requires recapitulating the complex mixture of signaling cues found within the in 
vivo microenvironmental niche. To date, a multitude of biomaterial and tissue engineering 

approaches have been used to develop in vitro culture platforms that present niche-specific 

mechanical cues7,8, ECM interactions9, and soluble growth factors10-12 that are known to 

enhance intestine-specific growth and morphogenesis. While the presentation of such cues 

is important for generating functional and physiologically relevant organoids, engineering 

strategies involving intestinal organoids have largely neglected the role of morphology and, 

more importantly, the time-dependence of tissue morphogenesis in recapitulating the in 
vivo niche (Figure 1). Formation of the intestine in vivo is highly regulated by cell shape 

and organization, which dictate the appropriate cell-cell contacts and paracrine signaling 

interactions that generate gradients to promote cellular self-renewal or differentiation that 

are essential for proper development. Additionally, formation of functional crypt-villi 

architecture relies on the proper temporal regulation of these morphological cues13. 
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However, in vitro organoid platforms often utilize isotropic materials and homogenous 

soluble cues in bulk media compositions that limit the proper spatial and temporal regulation 

of tissue morphology. To replicate the dynamic changes that occur during organoid 

evolution, we and others7,14,15 have focused on the development of adaptable materials 

that enable 4D control over material properties, thereby directing cellular interactions and 

organoid morphology.

While proteinaceous biomaterials (e.g., collagen, Matrigel) are routinely used for organoid 

culture and have led to many advancements in the field, these culture scaffolds do not 

allow for spatiotemporal control over material properties. Intestinal stem cells cultured 

in these materials experience unrestricted self-organization to produce stochastic crypt 

geometries that generates an uncontrolled distribution in crypt size, number, and spacing. 

Unintended changes that occur in organoid architecture in vitro can alter the paracrine 

signaling mechanisms that are essential for proper development, and may be one of the 

reasons that different transcriptional profiles are observed in vivo and in vitro10,16.

As an alternative approach, micropatterning of biomaterials has been used to recreate 

tissue architectures seen in vivo. For example, Wang et al. developed polydimethylsiloxane 

(PDMS) stamps to generate 2D crypt-villus structures using collagen hydrogels with tunable 

stiffness17. Intestinal epithelial cells growing as a monolayer on the gel surface conformed 

to the patterned shape, which contributed to compartmentalization of the stem cell niche. A 

complementary platform used laser photoablation to reconstruct the relevant 3D crypt-villus 

architecture in within a collagen/Matrigel hydrogel, forming an intestinal monolayer that 

conformed to the constructed three-dimensional patterns18. Despite significant advances 

in patterning intestinal epithelial monolayers, these materials strategies do not consider 

the dynamic nature of tissue morphogenesis. Instead, they rely on templated approaches 

where stem cells are restricted to static, user-defined surfaces that minimize the capacity for 

progressive self-organization.

Of note, epithelial cell layers that conform to static material structure do not experience 

the same forces and cell interactions that occur during dynamic tissue formation found 

in vivo. However, advances in material chemistry now allow for dynamic control over 

cellular interactions and tissue morphology, particularly adaptable materials that can change 

mechanical properties or material conformation in response to internal and external stimuli 

in a spatiotemporally controlled manner. Highlighting the importance of matrix remodeling 

for intestinal development19, Gjorevski et al. developed a hydrolytically degradable 

poly(ethylene glycol) (PEG) hydrogel and tuned the degradation rate to capture aspects 

of temporal matrix remodeling that promote intestinal crypt formation7. As such, the use of 

temporally modulated materials, such as hydrolytic or protease degradable, or stress relaxing 

chemistries, can be tuned to mimic temporal changes in organoids that affect development. 

While the use of these chemistries enables time dependent control over material properties, 

it is necessary to simultaneously exert spatial control to achieve physiological relevant 

tissue geometries. However, independently combining spatial and temporal technologies has 

been difficult to achieve. Traditional degradable or stress relaxing chemistries that endow 

temporal control over hydrogel mechanical properties affect the bulk gel, and often cannot 

be applied in a spatially defined manner. Similarly, technologies that introduce spatial 
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control, such as micropatterning, do not afford temporal control as they are difficult to 

alter post fabrication. Instead, the application of light to modulate photosensitive chemistries 

offers unique spatial and temporal control in a singular hydrogel chemistry. Here, patterning 

of light exposure offers spatial control over material properties, while controlled shuttering 

of the light offers temporal control. The application of light controlled material chemistries 

to modulate the mechanical and biochemical properties of biomaterials (e.g., photoadaptable 

materials) presents unique opportunities to control organoid morphology in both space and 

time20.

FUTURE DIRECTIONS

Photoadaptable biomaterials have been used extensively to modulate mechanical properties 

and cellular interactions in vitro21-23, and these strategies also provide many benefits 

for controlling intestinal organoid development. For example, two photon laser scanning 

confocal microscopy was used to form 3D channels within photodegradable nitrobenzyl 

hydrogels that promoted and controlled axon outgrowth from motor neuron bundles21. 

This photodegradation mechanism was subsequently adapted to intestinal organoid culture, 

in which photodegraded channels were used to direct the formation of physiologically 

relevant crypts structures within photodegraded regions and control symmetry breaking 

events in intestinal organoid colonies24. In combination with soluble differentiation cues, 

ISCs that expanded into the photodegraded regions underwent a shape change, triggering 

mechanosensitive pathways to induce fate specification and crypt formation. In this way, 

photodegradation, and thus crypt formation, can be manipulated at any point in space and 

time to replicate the dynamic changes that occur during in vivo crypt formation (Figure 

2A). The application of spatially patterned light could be used to generate physiologically 

relevant crypt spacing and dimensions to best replicate the in vivo niche and could 

even be tailored to accommodate species-specific13 or location-specific differences25 for 

advancements in personalized medicine.

While hydrogels with nitrobenzyl-containing crosslinks allow for spatiotemporal controlled 

crypt morphology, photodegradation kinetics are relatively slow, relying on a one-photon, 

one-event mechanism. In contrast, more recent research has shown that allyl sulfide 

hydrogels allow for amplification of photodegradation26, as well as the ability to induce 

viscoelastic material changes with light27. Amplification of this mechanism enhances the 

kinetics of photodegradation and circumvents issues with light attenuation that hinder 

nitrobenzyl photodegradation, and has been shown to be beneficial for bulk passaging 

intestinal organoids28 and bulk material degradation, leading to intestinal organoid 

differentiation15. By altering the photoreaction conditions, allyl sulfide-containing hydrogels 

can also be designed to undergo a photoinduced change in their viscoelastic properties. 

Marozas et al. used allyl sulfide PEG hydrogels to photopattern viscoelasticity to probe 

hMSC mechanosensing by following cellular process extension as a function of on-demand 

changes in viscoelasticity27. Similar strategies are being explored with intestinal organoids 

where application of photopatterned viscoelasticity can disturb the mechanical equilibrium 

between the expanding organoid and the surrounding hydrogel to spatiotemporally modulate 

epithelial shape, without altering the overall network structure (e.g., elastic modulus). Using 

these types of materials, researchers may be able to deconvolute the effects of cell-generated 
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forces from the overall hydrogel structure and equilibrium mechanical properties, ultimately 

improving the field’s understanding of the role of intestinal organoid morphology and cell 

shape in directing crypt formation (Figure 2B).

While photorelaxation approaches aim to control cell and tissue shape on the microscale, 

other approaches can be used to influence tissue-level organization by controlling 

macroscale material conformations. For example, the use of folding materials, such as 

origami or kirigami-inspired platforms, enable dynamic transitions in shape to occur during 

tissue development. Viola et al. prepatterned hinges into planar ECM sheets that folded into 

complex 3D origami shapes in response to cell-generated tension29. MDCK cells that were 

adhered to these sheets formed into epithelial tubules along the patterned folds to replicate 

the branching epithelial network of the kidney. In this case, development of the tissue 

was guided by the time-dependent formation of this macroscale architecture. However, the 

design of synthetic systems to recapitulate important morphological changes in organoid 

systems using programmed material strains is underutilized30. Shape memory polymers and 

liquid crystal elastomers are two promising classes of materials that can switch between 

material conformations in response to stimuli, such as light (Figure 2C). However, synthesis 

of these materials often requires harsh temperature and solvent treatments, and so care must 

be taken to preserve the activity of sensitive bioactive ligands necessary for cell attachment 

and survival. The expansion and utilization of shape morphing platforms will enable more 

complex macro-scale morphological changes to influence tissue development.

Photostiffening is a final photochemical process with potential to modulate organoid 

morphology. Recently, the photoinduced gelation of an interpenetrating synthetic network 

was used to fabricate three-dimensional, locally stiffened regions within ECM scaffolds that 

physically altered the morphology of expanding organoids31 and guided the direction and 

shape of crypt formation32 (Figure 2D). While these on-demand photostiffening reactions 

provide additional means to regulate local hydrogel mechanical properties to control 

organoid morphology, further control can be leveraged by the utilization of photochemistries 

to reversibly alter mechanical properties, such as reversible cycloadditions33,34 or 

photoisomerizations35. The ability to repeatably and reversibly soften and stiffen local 

hydrogel environments has the potential to provide even greater control over organoid 

morphologies in time and space.

While the use of photoadaptable 4D materials offers unprecedented spatial and temporal 

control over organoid morphology, their use is not without limitations. Photosensitive 

chemistries are susceptible to issues with light absorbance such as scattering and attenuation, 

which reduces the fidelity and penetration depth of illuminated patterns. Additionally, 

cellular applications involving photoadaptable materials must ensure that the combination 

of light intensity, irradiation time, and wavelength are cytocompatible36. Although light-

responsive systems are largely dependent on specialized chemistries, synthetically tractable 

approaches for many of these materials are available using inexpensive reagents. Moreover, 

emerging hydrogel technologies present new opportunities for sequential or repeatable 

degradation and crosslinking in a spatiotemporal manner34,37,38. While many advanced 

photochemistries that enable these properties have yet to reach the intestinal organoid 

community, unique mechanical conditioning involving both softening and stiffening will 
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be made newly accessible by next-generation biomaterials incorporating this orthogonal 

responsiveness.

These technologies are also challenging to apply in a high-throughput manner to intestinal 

organoids. Photopatterning using a directed laser requires application of light on a pattern-

by-pattern basis, which is not readily scalable without advanced computational assistance. 

While the use of photomasks can provide higher-throughput patterning, this method requires 

initial spatial patterning of cells to align with prefabricated photomask patterns, which 

can be achieved using microfabrication techniques like soft lithography and imprinting2. 

New technologies to deliver light, such as tomographic projection, will broaden the use 

of photoadaptable materials for organoid development by affording scalable 3D control 

over illumination and subsequent manipulation of mechanical properties and biochemical 

cues39,40.

A final limitation of photoadaptable materials is that the modulation of material properties to 

guide in vitro development is user-defined, relying on previous knowledge of developmental 

geometries and timescales to influence the timing and extent of irradiation. For mouse 

intestinal organoids, which mimic some aspects of murine intestinal development, relevant 

in vitro geometries and timescales can be easily derived by studying in vivo developmental 

dynamics of mouse models. However, knowledge of developmental dynamics may be 

difficult to assess in more relevant or complex species, such as humans, or in organs 

and tissues that are less accessible than the intestine. While mimicking changes in tissue 

geometry can enhance the physiological relevance of organoid models, it is clear that 

this approach is necessary but not sufficient for guiding organoid development in vitro 
to optimally recapitulate in vivo processes. Tissue generation in vivo is enhanced by the 

incorporation of multiple niche cues acting in concert, including ECM signaling, soluble 

growth factors, and microenvironmental mechanics. Thus, designing the next generation 

of 4D biomaterials will involve increased collaboration between engineers, chemists, 

biologists, and biophysicists to design, guide, and control complex cellular behaviors at 

precise points in space and time to build better functional tissues and organs
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Figure 1. 
Engineering approaches have attempted to enhance the fidelity of intestinal organoid models 

by the addition of niche specific soluble signaling cues, immobilized ECM cues, and 

mechanical cues. Geometric confinement of intestinal organoids is an underutilized method 

to construct physiologically relevant organoid structures and morphologies.
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Figure 2. 
A) The application of patterned light to photodegradable hydrogels results in local softening 

that guides crypt formation into the degraded region. B) Similarly, patterned light can 

temporarily induce viscoelasticity to modulate intestinal epithelial shape, allowing intrinsic 

morphogenic programming to dictate crypt morphology. C) Irradiation of shape morphing 

hydrogels causes a macroscale deformation that guides crypt formation. D) Photostiffening 

reactions are used to generate locally stiff regions that confine intestinal crypts to the 

patterned shape.
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