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Abstract

Human organoids provide constructive in vitro models of human development and disease, as 

these recapitulate important morphogenetic and functional features of the tissue and species of 

origin. However, organoid culture technologies often involve the use of biologically-derived 

materials (e.g. Matrigel™) that do not allow dissection of the independent contributions of the 

biochemical and biophysical matrix properties to organoid development. Additionally, their 

inherent lot-to-lot variability and, in the case of Matrigel™, tumor-derived nature limits their 

applicability as platforms for drug and tissue transplantation therapies. Here, we highlight recent 

studies that overcome these limitations through engineering of novel biomaterial platforms that (1) 

allow to study the independent contributions of physicochemical matrix properties to organoid 

development and their potential for translational therapies, and (2) better recreate the tumor 

microenvironment for high-throughput, pre-clinical drug development. These studies illustrate 

how innovative biomaterial constructs can contribute to the modeling of human development and 

disease using organoids, and as platforms for development of organoid-based therapies. Finally, 

we discuss the current limitations of the organoid field and how they can potentially be addressed 

using engineered biomaterials.

Introduction

The establishment of the first permanent cell line in culture in 1943 revolutionized science 

through 2D in vitro cell culture techniques1. Controlled and systematic expansion of cells on 

planar surfaces has allowed diverse scientific advances ranging from vaccine development 

(e.g. rabies or measles vaccine) to large-scale protein production (e.g. monoclonal 

antibodies, plasminogen activator (tPA) for thrombolytic therapy). Subsequently, to better 
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recreate the native environment of tissues, 3D organotypic in vitro cultures were developed 

to study morphogenetic developmental processes and disease progression2,3. These in vitro 
3D culture techniques involve the encapsulation of cells using biologically-derived materials 

(e.g. collagen or Matrigel™) to better promote morphogenetic processes specific to their 

tissues of origin and that can only be recapitulated in a 3D environment2–4. For instance, 

encapsulation of human pancreatic epithelial cells in Matrigel™ results in 3D morphogenetic 

organization into cysts with apicobasal polarity, as opposed to disorganized colonies formed 

by pancreatic cancer cell lines5. However, these models typically involve one or two cell 

types which constrains the histological complexity and morphogenetic dynamics of the 

tissues6. Consequently, in order to overcome these limitations, recent novel in vitro culture 

techniques that sustain the stem cell-driven formation and organization of self-renewing 

multicellular structures, termed organoids, have emerged as the state of the art in vitro 
models of human development and disease7,8.

To generate organoids in vitro, human pluripotent stem cell (hPSC)-derived tissues or 

primary adult stem cells are typically embedded within collagen gels or Matrigel™ (Fig. 

1a)7,8. Upon culture in specific growth factor cocktails, these materials support formations 

of multicellular structures that contain multiple cell types and exhibit functions that 

recapitulate many aspects of the tissue of origin. Protocols have been developed to generate 

different organoids (e.g., intestine, lung, brain, retina, and kidney) from these cellular 

sources that recapitulate important morphogenetic and functional features of the tissue and 

species of origin7,9. For instance, McCracken et al.10 developed an efficient method to 

generate pluripotent stem cell (PSC)-derived human intestinal organoids (HIOs), which 

closely mimic embryonic intestinal development by giving rise to major intestinal 

epithelium lineages and a functional dipeptide transport system. In parallel, Boj et al. 

established mouse and human organoids derived from primary pancreatic cancer cells that 

recapitulate tumor development from early-stage neoplasms to invasive ductal 

adenocarcinoma, and allow characterization of the genetic and proteomic changes that occur 

during cancer progression7,11. Without a doubt, organoids have the potential to serve as 

powerful tools for modeling of organ development and disease (Fig. 1b).

However, differences between organoids and the native organ still exist suggesting that 

biologically-derived culture materials do not yet offer the complete native environmental 

signals that promote organ development and maturation6. Achieving organoid maturation 

from fetal to adult stage in vitro remains a challenge for many hPSC-derived organoid 

models, which could be attributed to the lack of supporting physicochemical matrix 

properties from culture materials, the absence of paracrine signals12 and/or other cellular 

systems (e.g. immune cells, functional vasculature)13. Although these 3D culture materials 

have revealed important signals that regulate morphogenesis and tumorigenesis, the inability 

to uncouple biophysical and biochemical matrix properties does not allow to dissect their 

contributions to morphogenesis14 and to optimize matrix properties to promote enhanced 

organoid development and maturation. For instance, changes to the bulk density of collagen 

gels is a common approach to vary its mechanical properties (Fig. 2a). However, these 

changes in collagen concentration unavoidably alter other matrix properties, such as density 

of integrin-binding sites and fiber density/structure14. Moreover, the lot-to-lot structural and 

compositional variability of these biologically-derived materials reduces their reliability and, 
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in the case of Matrigel™, its tumor-derived nature limits organoid potential as tissue sources 

for regenerative therapies14–16.

In this Review, we highlight recent biomaterial advances addressing current limitations in 

organoid culture technologies. First, we discuss the development of synthetic materials for 

organoid culture as a new avenue to understand the independent contributions of 

extracellular matrix (ECM) properties to organoid development, and as a vehicle for 

organoid transplantation (Fig. 1b). We then cover the use of engineered biomaterials to 

better model the microenvironmental signals that drive cancer progression as potential 

platforms for screening of drug therapies (Fig. 1b). Finally, we provide an outlook on 

organoid research and how biomaterial approaches might contribute new insights to that 

field.

Recent advances in biomaterials for organoid generation, maturation and 

transplantation

The presence of parental stem cells and the self-renewing capacity of organoids underscore 

their potential as tissue sources for regenerative therapies8. In their native environment, stem 

cells receive specific biochemical and biophysical signals from the microenvironmental 

niche to replicate, differentiate and assemble into tissues and organs. Researchers have 

recreated some of these signals in vitro through tissue embedding in biologically-derived 

materials and culture in growth-factor cocktails that mimic cell niches. When stem cells are 

cultured in these conditions, they differentiate into different organ-specific cell types and 

self-assemble into structures (organoids) that bear a morphological resemblance to the organ 

to which they are predetermined.

Matrigel™ is the commonly used material for organoid generation. Nevertheless, the 

inability to uncouple its physicochemical matrix properties, its lot-to-lot variability and 

tumor-derived nature limit its use to study organoid development and the potential use of 

organoids as tissue sources for regenerative therapies. In this context, researchers have 

addressed the limitations of Matrigel™ by engineering synthetic materials that allow 

independent control over its physicochemical properties to understand the independent 

contributions of matrix properties to organoid development (Fig. 2b,c). Gjorevski et al.17 

characterized the morphogenetic program of Lgr5+ intestinal stem cells (ISCs)-derived 

mouse organoids as a two-stage process using a set of defined poly(ethylene glycol) (PEG)-

based hydrogels with independently tunable physicochemical properties. A particular range 

of matrix stiffness (1.3 kPa) and fibronectin-based adhesion was optimal for ISC expansion 

and proliferation, whereas a softer matrix (190 Pa) and laminin-based adhesion was required 

for subsequent ISC differentiation and organoid formation. These observations demonstrate 

that, within a minimal 3D environment, separate stages of the organoid morphogenesis 

program require different microenvironments. Also, this study establishes the potential of 

synthetic materials to mimic the dynamic character of native microenvironments, which may 

help to enhance the similarity of organoids to native organs in a way that may be 

unachievable using biologically-derived materials.
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Cruz-Acuña & Quirós et al.9,18 developed a fully defined, synthetic hydrogel that supports 

the in vitro growth and expansion of hPSC-derived intestinal spheroids into human intestinal 

organoids (HIOs). The tunable nature of this material allowed to identify the independent 

contributions of the biophysical and biochemical matrix properties to organoid survival, and 

to establish a soft (~100 Pa), protease-degradable hydrogel presenting RGD adhesive peptide 

as an optimal formulation for human organoid generation and culture of both hPSC-derived 

intestinal and lung organoids. Furthermore, hydrogel-generated HIOs differentiated into 

mature intestinal tissue when transplanted into an in vivo environment, presenting a crypt-

like architecture and differentiated intestinal epithelial cells. Finally, injection of the 

hydrogel precursor solutions and HIOs to mucosal colonic wounds resulted in localized 

organoid engraftment and enhanced wound repair. This study establishes a well-defined 

synthetic material that not only can generate HIOs to similar levels as Matrigel™ and 

support other types of human organoids, but more importantly, has the potential to be used 

for HIO-based therapies to treat gastrointestinal diseases (e.g. inflammatory bowel disease), 

as opposed to Matrigel™ which is limited by lot-to-lot variabilities and tumor-derived nature 

(Fig 1b).

Regardless of the material used (biological or synthetic) to generate hPSC-derived intestinal 

organoids, the maturation status of HIOs only closely mimics embryonic intestinal tissue. 

Because HIOs are a powerful tool for the study of physiological interactions and have the 

potential to be used for patient-specific tissue transplantation therapy, methods are needed to 

generate mature HIOs with more similarities to adult human intestine. In this context, Poling 

et al.19 implemented a biomaterials approach to study how mechanical cues induce 

maturation and morphological complexity of fetal-state HIOs in an in vivo environment. In 

this study, a nitinol spring was used as an endoluminal lengthening device that exerted 

uniaxial strain inside HIOs transplanted into the mesentery of mice. Exposing HIOs to strain 

enhanced maturation by presenting increased morphological, transcriptional and functional 

characteristics that are more similar to postnatal human intestine, as compared to HIOs that 

did not experience applied force.

Taken together, these studies have established the importance of characterizing and 

integrating biomechanical and biochemical signals that collectively contribute to organoid 

generation, maturation and transplantation. The tunable nature of these biomaterials allows 

to evaluate organoid responses to the independent effects of the physicochemical properties 

of the matrix with potential to be adapted for the study of other types of organoids (e.g. lung 

organoids9,18). The use of novel biomaterials for organoid generation has led us one step 

closer in developing HIO-based therapies to treat gastrointestinal diseases in humans (Fig. 

1b).

Recent advances in biomaterials for cancer organoid modeling and drug 

testing

Monolayer cultures of adherent cancer cells have been traditionally used for studying the 

physiology of cancer, the signals that drive its progression, its metastatic characteristics and 

for drug screening20. For instance, cancer cell lines are used as a model to identify thousands 

Cruz-Acuña and García Page 4

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of mutations that correspond to the tumor they are derived from21. Nevertheless, as a 

consequence of the passaging conditions, cancer cell lines acquire culture-induced mutations 

and genetic homogeneity that reduces their reliability to recapitulate the genomic aberrations 

and heterogeneity observed in tumors8. Additionally, despite the practicality of cancer cell 

line models, 2D culture systems fail to recapitulate important features of the complex, 

heterogeneous in vivo microenvironment of cancer. A non-physiologically stiff substrate, the 

lack of morphologically-relevant 3D cellular interactions, and absence of matrix proteins 

and other cell types are some of the discrepancies of 2D culture systems to in vivo tumor 

environment20. Therefore, patient-derived tumor organoids developed in vitro have become 

an attractive pre-clinical model to study cancer biology and response to anticancer drugs, as 

these have demonstrated to retain key biological characteristics of the primary tumor and to 

recapitulate patient’s drug responses in the clinic (Fig. 1b)8,22.

Historically, biologically-derived matrices have been extensively used to study tumor 

progression23,24 and for the generation of tumor organoids25,26. For instance, previous work 

using collagen I has revealed that the density of the stromal collagen I changes during breast 

cancer progression27,28, and that a higher density of collagen I at the tumor-stromal interface 

correlates with invasion29,30. However, changes in collagen density unavoidably alter other 

matrix properties (e.g. density of integrin-binding ECM components, fiber density/structure; 

Fig. 2a), preventing the examination of the role of individual matrix properties to tumor 

progression. Therefore, several studies have focused on the use of biomaterials as a 

physiologically-relevant 3D tumor microenvironment model that allows to understand the 

independent contributions of the physicochemical matrix properties to tumor progression 

and metastasis31,32. Motivated by their observations that mammary tumors preferentially 

disseminate into collagen I and not into Matrigel™, Beck et al.31 developed a composite 

hydrogel to characterize the material properties that induce mammary tumor cell 

dissemination from cancer organoids into Matrigel™. The hydrogel was composed of PEG 

networks with tunable mechanical properties, and adhesive peptide (RGD) density, in 

combination with Matrigel™ scaffolds that model the laminin-rich basement membrane. 

PEG-Matrigel™ composite hydrogel with a narrow range of matrix elasticity and adhesive 

peptide density induced tumor organoids to support dissemination of malignant mammary 

epithelial cells, revealing that a specific combination of biophysical and biochemical signals 

of PEG-Matrigel™ composite hydrogel can induce dissemination without requiring the 

fibrillar structure or specific adhesion sequences of type I collagen. These observations 

challenge our current knowledge regarding the role of collagen I in tumor progression and 

further suggest that breast cancer dissemination could be driven by molecular routes that do 

not depend on collagen I and can occur in collagen I-deficient tissues with the characteristic 

physicochemical matrix properties.

High-throughput sequencing techniques have been used to generate large-scale genomics 

data to predict cancer behavior and response to therapeutics20. Nevertheless, this data is 

conventionally generated using cancer cell lines which are not an adequate model to predict 

response to therapeutics as they cannot replicate the intra-tumoral heterogeneity in patient 

tumors22,33. Therefore, patient-derived xenograft (PDX) models have emerged as robust pre-

clinical models to predict therapeutic responses, as PDXs preserve tumor heterogeneity, 

histopathological characteristics and drug response to patient tumors34,35. However, the 
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labor-intensiveness and high cost of PDX animal models have fueled the in vitro generation 

of PDX-derived human tumor organoids using novel hydrogels as platforms for drug 

screening34. For instance, Fong et al.33 generated an in vitro system of human tumor 

organoids using cells derived from 14 different PDX lines from hepatocellular carcinoma 

(HCC) patients to study its potential as a model for drug testing. For the generation of tumor 

organoids, they used a hydroxypropyl cellulose hydrogel conjugated with galactose ligands 

that supported the viability, proliferation and intra-tumoral heterogeneity of the HCC-PDX 

organoids. This group had previously shown that this hydrogel is superior to other matrices 

(e.g. collagen I), as its macropores enable spheroid size control that prevents cell death of 

inner core due to diffusion limitations, presents in vivo-like mechanical stiffness, has 

minimal drug absorption and is readily scalable, establishing this hydrogel platform for 

high-throughput, large-scale drug safety testing applications33,36. Moreover, correlative 

studies demonstrated that the hydrogel-generated organoids had a strong genomic and 

transcriptomic resemblance to their in vivo counterparts and retained intra-tumoral 

heterogeneity. Finally, HCC-PDX organoids were sensitive to treatment of drugs used for 

HCC patients, suggesting that organoids generated in the biomaterial system can be used for 

pre-clinical drug development. However, the physical constraint exerted by the non-

degradable hydrogel crosslinks may have limited the proliferation of the organoids, 

demonstrating the importance of designing materials that allow cell-directed matrix 

remodeling by incorporation of matrix metalloproteinase-sensitive moieties. Yet, this study 

demonstrates the potential of well-defined engineered biomaterials to overcome the 

limitations of biologically-derived materials by presenting in vivo-like properties and 

scalable features with potential to serve as pre-clinical models for high-throughput screening 

of anticancer drugs using organoids.

Since conventional methods to understand cancer biology and for drug testing continue to 

rely on 2D culture of cancer cell lines and biologically-derived matrices, these studies 

underscore their limitations and explore avenues to create new in vitro models that better 

represent the heterogeneity of tumors and their microenvironment with the use of engineered 

biomaterials. The well-defined, tunable design of these biomaterials allows to characterize 

matrix properties that more closely resemble the native tumor microenvironment and 

facilitate the formation of organoids that closely recapitulate human tumor biology and can 

be used for high-throughput, large-scale pre-clinical drug screenings (Fig. 1b).

Outlook for biomaterial approaches for organoid research

These recent studies present novel biomaterial approaches to overcome some of the current 

limitations of the conventional culture matrices of organoids for the modeling of human 

development and disease. Conventional 2D culture systems and biologically-derived 

materials do not fully recapitulate native cellular developmental processes, have restricted 

control over microenvironmental cues in development and disease, and their inherent 

variability limits their reliability as platforms for drug screenings and tissue transplantation 

therapy. Whereas, well-defined, engineered materials highlighted in this review allow to 

understand the independent contributions of physicochemical matrix properties to organoid 

development, and can better characterize the heterogeneous tumor microenvironment and 

serve as scalable platforms to predict cancer patient drug response. However, although 
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engineered systems provide superior tunability of matrix properties over biologically-

derived matrices, there are still several challenges that need to be addressed in order to 

recapitulate the structural properties of the native tissue of interest. For instance, 

crosslinking of multi-armed PEG macromers yields an amorphous structure with a nanoscale 

mesh size, as opposed to the fibrillar architecture with micrometer-sized pores of stromal 

collagen. Additionally, in many synthetic systems, it is not possible to uncouple mechanical 

properties from diffusional properties, such that varying polymer density also alters the 

hydrogel mesh size, which can impact diffusional properties of these synthetic networks. 

Although researchers have demonstrated that several morphogenetic programs recapitulated 

in vitro are insensitive to differences in matrix architecture and diffusion properties18,37, it is 

important to acknowledge and address these implications when trying to develop a synthetic 

matrix that resembles the characteristics of the native tissue. In that context, others have 

addressed these implications with other hydrogel systems (e.g. hyaluronic acid-based, 

poly(lactic-co-glycolic acid)-based hydrogels) by applying electrospinning to the synthesis 

process, fabricating a porous, fibrillar hydrogel for tissue engineering applications and 3D 

culture techniques38,39.

Biomaterial approaches still need to address several important implications towards their 

capacity to model human development and disease using organoids. For instance, current in 
vitro protocols to generate hPSC-derived organoids fail to recapitulate the morphogenetic 

maturity and differentiation of adult human tissue without subsequent implantation into 

animals. Therefore, to further explore the potential use of human organoids for patient-

specific transplantation therapy, synthetic biomaterial designs need to be further engineered 

to generate tissues with increased size, maturity and function. Perhaps materials that present 

multiple adhesive ligand types at specific densities and mimic the structural properties of 

ECM proteins (e.g. fibrillar structure) can orchestrate such complex organoid morphogenetic 

programs. In addition, co-culture of organoids with supporting cellular systems (e.g. 

immune, mesenchymal cells) and/or exposure to paracrine signals (e.g. STAT3 signaling) 

could help induce organoid maturation, circumventing the need for in vivo implantation13. 

Finally, considering that each organ requires different physicochemical signals during 

development, researchers should take advantage of the user-defined tunability of engineered 

biomaterials to demonstrate their adaptability to model other complex developmental 

processes (e.g. tubular morphogenesis of kidney and blood vessels, folding process of 

mucosa) and pathologies (e.g. polycystic kidney disease) using organoids40–42.

Although novel biomaterials can better recreate the tumor microenvironment as compared to 

traditional culture techniques, these do not fully recapitulate its heterogeneity and its 

variations during the different stages of cancer. Biomaterial-based in vitro models that 

recreate the complexity and changes in physicochemical signals over time can serve as 

platforms to model the different stages of a specific type of cancer and for screening of drug 

therapies. In this context, perhaps exploring new biomaterial designs that allow controlled 

changes to the physicochemical matrix properties via external stimuli (e.g. by incorporation 

of light-sensitive moieties) during organoid culture may better model changes in the native 

tumor microenvironment43,44. For instance, materials that allow temporal control over its 

biophysical properties via external stimuli have demonstrated to be advantageous to study 

the progression of matrix-stiffness dependent pathological states, such as tissue fibrosis and 
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cardiac remodeling after myocardial infarction45–49, demonstrating the potential of 

engineered biomaterials to study different pathological states.

Whereas innovative ways of integrating and regulating bioactivity into biomaterials are 

developed, engineered materials will continue to offer new developments in translational 

medicine and tumor models using organoids, and promise innovative therapeutic options that 

biological matrices cannot provide.
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Fig 1: Cellular sources for organoid generation and their current and potential applications.
(a) For in vitro generation of organoids, primary tissue containing organ-specific stem cells, 

ESCs-derived or iPSCs-derived spheroids are embedded in naturally-derived materials. 

Upon culture in specific growth factor cocktails, these materials promote formation of 

multicellular structures that contain multiple cell types and exhibit functions that recapitulate 

many aspects of the tissue of origin. (b) In vitro organoids are commonly used for modeling 

of organ development and disease (e.g. cancer). Potential future applications for organoids 

using biomaterials are organoid-based transplantation therapies and high-throughput drug 

screenings. Created with BioRender.
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Fig 2: Engineered materials with tunable biophysical and biochemical matrix properties.
(a). Illustration of biological matrices such as collagen gels and Matrigel™ where changes in 

polymer density to vary mechanical properties invariably alter adhesive site density and 

organization through changes to fiber structure and density. (b,c) Illustration of independent 

control of polymer density and adhesive ligand density in multi-armed PEG-based 

hydrogels. (b) Changes in adhesive ligand density is independent of polymer density; 
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conversely, (c) changes in polymer density to vary mechanical properties does not alter 

adhesive ligand density and organization. Created with BioRender.
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