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Abstract:  26 

Organoids, which recapitulate the structure and function of human organs, have 27 

been widely used in various fields including disease modeling, drug discovery, 28 

personalized medicine, and regenerative therapy, demonstrating significant potential 29 

for future biomedical applications. Successful organoid culture depends on a matrix 30 

with the dual capability of mechanical support and mimicry of the in vivo 31 

microenvironment, both essential for cellular adhesion, proliferation, and 32 

differentiation. Owing to their tunable stiffness and viscoelasticity, which enable 33 

adaptation to the culture of different organoids, hydrogels have become a key material 34 

in the development of organoid culture matrices. This review summarizes current 35 

advances in hydrogels systems, encompassing both naturally derived and synthetic 36 

hydrogels used in organoid culture, with emphasis on their composition and 37 

physicochemical properties, with the aim of assisting researchers in selecting suitable 38 

hydrogels for their studies. We further explore how hydrogels composition governs 39 

gelation behavior and, ultimately, influences organoid growth and functionality, 40 

providing insights for the future development of "all-purpose" hydrogel matrices. 41 

Keywords: Naturally Derived Hydrogel Matrices, Synthetic Hydrogel Matrices, 42 

Organoid Culture, Hydrogel Characteristics 43 
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 45 

1 Introduction 46 

Among the various in vitro microreaction systems currently available, organoids 47 

have emerged as one of the most representative models due to their three-dimensional 48 

structure, cellular heterogeneity, and partial recapitulation of organ-specific 49 

physiological functions. These attributes enable organoids to closely mimic the native 50 

tissue microenvironment and in vivo biological processes1. To date, organoid models 51 

representing more than twenty normal and pathological human organs have been 52 

successfully established, including brain2, intestinal3, gastric4, 5, pancreatic6, cardiac7, 53 

hepatic8, renal9, and lung organoids10. These models have been widely applied in 54 

diverse research areas such as functional tissue induction, disease model construction, 55 

drug discovery and screening, personalized companion diagnosis, and regenerative 56 

medicine11, 12. 57 

Achieving high physiological fidelity in in vitro models necessitates precise 58 

engineering of the culture matrix. Hydrogels transcend the role of passive physical 59 

supports to act as sophisticated microenvironments. By strictly controlling 60 

physicochemical properties—such as biochemical ligands, viscoelasticity, and 61 

degradability—these matrices synergize with exogenous signals to orchestrate organoid 62 

morphogenesis. This active guidance of self-organization and maturation is critical for 63 

enhancing the reproducibility and standardization required for the clinical translation 64 

of organoid technologies. Efforts to develop suitable matrices can be traced back to the 65 

1950s, when modified agar-based substrates were first employed for embryonic organ 66 

cultivation13, and subsequently adapted for tumor tissue culture14. Despite its 67 

widespread use, agarose exhibited several intrinsic drawbacks, including low 68 

mechanical robustness, minimal bioactivity, inconsistency between batches, and limited 69 

functional versatility. These shortcomings impeded its effectiveness in supporting 70 

organoid culture and have prompted the development of alternative matrix systems with 71 

enhanced performance. A major breakthrough occurred in 1977, when a basement 72 

membrane extract containing extracellular matrix (ECM) was extracted from 73 
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Engelbreth-Holm-Swarm (EHS) mouse sarcoma. This material, later commercialized 74 

as Matrigel, provided a biologically active scaffold that revolutionized three-75 

dimensional culture systems and established the foundation for modern organoid 76 

research. In 2009, Hans Clevers and his colleagues demonstrated that single mouse 77 

LGR5+ intestinal stem cells could self-organizing into intestinal organoids with crypt-78 

villus structures in Matrigel in vitro, which marked the beginning of a new era for the 79 

early application of matrix gels in organoid culture. 80 

With the rapid advancement of organoid technologies, the drawbacks of Matrigel, 81 

including compositional instability, high production costs, and potential biosafety 82 

issues, have become more apparent12. To address these challenges, researchers 83 

developed a broad spectrum of alternative matrix systems with enhanced reproducibility, 84 

tunable mechanical properties, and defined biochemical functions. Early efforts focused 85 

on biologically derived scaffolds such as collagen13 and decellularized extracellular 86 

matrices3, which provided improved biocompatibility and native-like cues for cell 87 

organization. Subsequent advances introduced fully chemically defined hydrogel 88 

systems, exemplified by the 2017 development of a polyethylene glycol (PEG)-based 89 

matrix incorporating arginine-glycine-aspartic acid (RGD) peptides and heparan sulfate 90 

to regulate cell adhesion and growth factor interactions15. Building upon these 91 

developments, Ganguly et al. further integrated matrix engineering with biofabrication 92 

approaches by employing bioprinting to deposit Gelatin Methacryloyl (GelMA)-93 

carboxymethyl cellulose (CMC) composite hydrogels containing embedded cells in 94 

precisely predesigned structure. These engineered scaffolds, designed for in vitro 95 

culture, provided a significant step forward in creating customizable, functional 96 

alternatives to Matrigel for stem cell applications16. Collectively, these innovations 97 

highlight the evolution of Matrigel alternatives toward controllable, reproducible, and 98 

physiologically relevant culture systems for organoid modeling. 99 

In general, hydrogel matrices for organoid culture can be broadly classified into 100 

two major categories: naturally derived and synthetic systems. Naturally derived 101 

hydrogels include decellularized extracellular matrix (dECM)-based formulations and 102 
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those composed of natural polymers, whereas synthetic matrices encompass hydrogels 103 

formed from synthetic polymers, synthetic peptides, or recombinant collagen. To date, 104 

more than ten types of hydrogel matrices have been commercialized for organoid 105 

applications, the majority originating from basement membrane extracts of mouse 106 

tumors and thus classified within the dECM group. Based on distinct physicochemical 107 

properties, biological activities, and application preferences, each matrix offers specific 108 

advantages and limitations depending on the organoid model and experimental 109 

objectives. 110 

This article delineates the evolutionary trajectory of organoid culture matrices, 111 

moving from stochastic, ill-defined scaffolds toward engineered systems characterized 112 

by precise composition, tunability, and translational utility. By offering a systematic 113 

classification of hydrogels according to their material categories, this review seeks to 114 

guide researchers in navigating the complex landscape of matrix selection for enhanced 115 

experimental outcomes. Additionally, the relationship between the physicochemical 116 

properties and culture performance of hydrogel matrices is summarized, offering 117 

insights that may inform the rational design and future development of versatile, 118 

broadly applicable hydrogel systems. 119 

2 Naturally Derived Hydrogel Matrices 120 

2.1 Decellularized Extracellular Matrix  121 

 ECM is a complex and dynamic network of macromolecular fibers surrounding 122 

cells, mainly composed of fibrous proteins, glycoproteins, proteoglycans, and 123 

glycosaminoglycans. A typical derivative of ECM is the dECM, which is prepared by 124 

removing cellular components from natural ECM while retaining its intrinsic three-125 

dimensional structural framework and bioactive substances. The dECM serves as a 126 

structural scaffold but also as a biofunctional microenvironment capable of transmitting 127 

biochemical and biomechanical cues, thereby modulating key cellular processes such 128 

as adhesion, migration, proliferation, and differentiation. Through these regulatory 129 

functions, dECM plays an essential role in orchestrating cell fate determination and 130 
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organ development in vivo17, 18.Compared with other hydrogel sources, dECM-based 131 

hydrogels has two advantages19. Firstly, dECM retains natural biochemical signaling 132 

components, such as growth factors, polysaccharides, bioactive cryptic peptides, and 133 

natural proteins, which are essential for cell growth, differentiation, and functional 134 

maturation15, 20, minimizing the need for chemical modification12. Secondly, owing to 135 

their biocompatibility and clinical safety, several dECM-derived materials have 136 

received Food and Drug Administration (FDA) approval and are already employed in 137 

tissue repair and regenerative medicine applications21, underscoring their translational 138 

potential in both research and clinical contexts. 139 

2.1.1 Matrigel 140 

Matrigel is a soluble basement membrane matrix derived from the EHS mouse 141 

sarcoma. Its composition is predominantly composed of structural proteins and growth 142 

factors, notably laminin at approximately 60%, type IV collagen at around 30%, along 143 

with nidogen and other associated components. Together, these constituents assemble 144 

into a three-dimensional network that closely resembles the natural basement 145 

membrane, thereby offering stable mechanical support for cellular self-organization22.  146 

Building upon this compositional profile, Matrigel demonstrates remarkable 147 

biomimetic properties. It simulates the in vivo microenvironment to foster cell adhesion 148 

and differentiation, while its endogenous growth factors and adhesion motifs promote 149 

stem cell proliferation and directed differentiation23. These characteristics enable 150 

Matrigel to support the culture of various organoid types3, 24-30 . Combined with its 151 

stringent quality control, these attributes have established Matrigel as the "gold 152 

standard" for organoid culture matrices31. 153 

Since the advent of Matrigel, a variety of commercial basement membrane matrix 154 

products have become available, such as Thermo Fisher Geltrex™32, R&D Systems 155 

Cultrex® BME33, TheWell Bioscience Vivogel™34，BD Matrigel® Matrix 35, and Bio-156 

Chain Matrigel® Matrix Organoid Culture Scaffold Gel 36. Most of these products are 157 

extracts of the basement membranes of mouse-derived tumors, and therefore possess 158 
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similar culture properties to Matrigel. (Table 1) 159 

Table 1 Component Information and Applications of Commercially Available Matrix Gels 160 

Name of Matrix 

Gel 
Company Component Applications 

Corning® Matrigel® 

Matrix 

Corning  Mouse-Derived 

Tumor Basement 

Membrane 

Extract 

Small intestine organoids3, 

stomach organoids24, lung 

organoids25, kidney organoids26, 

liver organoids27, brain 

organoids28, pancreas 

organoids29, breast organoids30  

Geltrex™ Hydrogel Thermo Fisher Mouse-Derived 

Tumor Basement 

Membrane 

Extract 

Lung cancer organoids37, 

colorectal cancer organoids38, 

lung organoids39, intestinal 

organoids40, human induced 

pluripotent stem cells (hiPSC)41 

Cultrex® BME R&D Systems Mouse-Derived 

Tumor Basement 

Membrane 

Extract 

Intestinal organoids42, liver 

organoids43, pancreatic 

organoids44, breast organoids45 

BD Matrigel® 

Matrix 

Becton, 

Dickinson and 

Company 

Mouse-Derived 

Tumor Basement 

Membrane 

Extract 

Intestinal organoids24, mammary 

organoids24, pancreatic 

organoids24, liver organoids24, 

kidney organoids24 

Mogengel™ Matrix 

Organoid Culture 

Bio-Chain Mouse-Derived 

Tumor 

Basement 

Membrane 

Extract 

Colorectal cancer organoids25  

Matrigel® Matrix 

Organoid Culture 

Scaffold Gel 

Proteintech 

Group 

Mouse-Derived 

Tumor 

Basement 

Membrane 

Extract mainly 

including 

laminin, type IV 

collagen, 

nidogen, and 

heparan sulfate 

proteoglycan A 
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Liwo 

Biotechnology™ 

Scaffold Gel 

Liwo 

Biotechnology  

Extracellular 

matrix derived 

from porcine 

small intestinal 

submucosal 

cells, mainly 

including 

laminin, type IV 

collagen, 

nidogen, 

heparan sulfate 

proteoglycan, 

etc. 

Tumor organoids47 

Vitrogel™ 

ORGANOID 

TheWell 

Bioscience 

Synthetic 

Hydrogel 

Gastric cancer organoids48, 

placental organoids49, intestinal 

organoids50 

 161 

Nevertheless, Matrigel presents substantial limitations for applications in organoid 162 

culture. Primarily, it is derived from mouse tumor tissue and inherently contains 163 

xenogeneic proteins, tumor-derived growth factors, and various enzymatic components. 164 

These heterologous components are prone to triggering an immune response in the 165 

human body during subsequent transplantation therapy research or clinical translation 166 

of human-derived organoids, posing a severe immunogenic risk17. Secondly, the 167 

physicochemical and mechanical properties of Matrigel, such as elastic modulus, pore 168 

structure, and stress relaxation properties, are hard to be precisely controlled or 169 

customized to meet the distinct biophysical requirements of organoids derived from 170 

different tissue types. The inability to tune these parameters limits the capacity to 171 

systematically modulate the cell-matrix interactions, morphogen gradients, and 172 

mechanotransduction cues, which are essential for optimizing organoid growth, 173 

differentiation, and structural maturation under tissue-specific culture conditions. 174 

Thirdly, Matrigel exhibits inherent compositional heterogeneity and instability, 175 

resulting in significant spatial variability in its mechanical properties, with the elastic 176 

modulus varying considerably across different regions of the gel. This variability, 177 

coupled with fluctuations in performance between batches, complicates the 178 
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maintenance of consistency across different product lots in organoid culture 179 

applications. Additionally, Matrigel faces production bottlenecks and high costs, 180 

stemming from limited raw material availability and the complexity of its preparation. 181 

These challenges fundamentally constrain its ability to meet the growing demands of 182 

large-scale and high-throughput organoid culture12. 183 

2.1.2 Other Animal-Derived Decellularized Extracellular Matrices 184 

In the pursuit of more reproducible substitutes, other animal-derived dECM have 185 

gained attention due to their compositional similarity to Matrigel and their 186 

demonstrated efficacy in organoid culture. Among these, porcine tissue-derived dECM 187 

has emerged as the most extensively studied dECM type except murine-derived 188 

counterparts, attributed to its structural similarity to human tissue-derived dECM, easy 189 

accessibility, favorable biocompatibility, and minimal ethical concerns. María et al. 190 

developed a hydrogel for endometrial organoid culture by blending a 50:50 mixture of 191 

porcine endometrial dECM extract and 1% (w/v) PuraMatrix (PM) peptide solution51. 192 

PM consists of 16-residue peptides with a repeating (RADA)4 sequence, enabling self-193 

assembly into nanofibrous hydrogels under physiological conditions. The resulting 194 

hybrid hydrogel exhibited a honeycomb-like structure, where PM fibers infiltrated the 195 

type I collagen scaffold, leading to higher storage and elastic moduli compared to other 196 

composite formulations and Matrigel. The porcine kidney dECM hydrogel developed 197 

by Garreta et al. exhibits thermal-triggered gelation, with a gelation temperature of 198 

25°C52. This allowed the hydrogel to form and maintain a stable three-dimensional 199 

structure at physiological temperature, which was higher than its gelation threshold. 200 

Following gelation, both the storage modulus (G') and loss modulus (G'') were inclined 201 

to stabilization, indicating that the hydrogel maintains mechanical stability. These 202 

characteristics highlighted its favorable thermal responsiveness and consistent 203 

mechanical integrity post-gelation. Moreover, the dECM hydrogel could support the 204 

differentiation of human pluripotent stem cells (hPSCs) into kidney organoids, which 205 

exhibited differentiation characteristics and the formation of endogenous vascular 206 

components. 207 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

Beyond porcine-derived materials, dECM hydrogels from other mammalian 208 

sources have also shown promise in organoid culture. For instance, Kakabadze et al. 209 

found that the human placental dECM scaffold could support the survival of liver tissue 210 

fragments while maintaining functions such as albumin synthesis and bile transport53. 211 

Furthermore, transplantation of this scaffold restored liver function in sheep with acute 212 

liver failure. The natural vascular network and biocompatibility of placental dECM 213 

provided a physiological-level perfusion environment for organoids, while its preserved 214 

components such as collagen and laminin promoted cell adhesion and functional 215 

maintenance. 216 

Despite these advances, dECM hydrogels sourced from non-murine mammals 217 

have not yet reached large-scale commercial availability. Moreover, although these 218 

matrix gels have expanded the available sources of materials for organoid culture, they 219 

still fail to completely address the issues of Matrigel, such as non-tunable composition, 220 

batch-to-batch instability and immunogenicity. 221 

2.2 Natural Polymer Materials 222 

Natural polymer materials refer to high molecular compounds extracted from 223 

natural sources, typically characterized by excellent biocompatibility, biodegradability, 224 

and renewability. The extracellular matrix primarily consists of protein-based materials, 225 

such as collagen54-56, and polysaccharide-based materials, including hyaluronic acid 226 

and sodium alginate57. Compared with dECM, these materials retain high 227 

biocompatibility and possess tunable properties due to their well-defined chemical 228 

compositions, which can be modified through chemical and physical processes58. 229 

Furthermore, natural polymers offer a clear advantage over decellularized matrices by 230 

mitigating issues related to uneven composition and instability across batches. This is 231 

primarily due to their well-defined and consistent chemical structure, which allows for 232 

better control over material properties. 233 

2.2.1 Single-Component Natural Biomaterial Hydrogels 234 

2.2.1.1 Collagen 235 
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Collagen, the most abundant protein in animals, forms the structural framework 236 

and core component of the extracellular matrix. It provides essential support for 237 

organoid adhesion and growth, while also promoting cell proliferation and 238 

differentiation12. Its inherent thermosensitivity enables versatile manipulation in 239 

organoid culture, making collagen and collagen-based composite materials crucial 240 

components of hydrogel matrices for organoid applications. As a result, these materials 241 

have garnered considerable attention from researchers in the field. 242 

The collagen types most widely studied are Types I, II, III, and IV, which can be 243 

classified into two groups based on their protein characteristics: Types I, II, and III are 244 

fibrillar proteins, whereas Type IV is a membrane-forming protein. Among them, Type 245 

I collagen accounts for approximately 90% of the total collagen in the human body and 246 

is widely present in tissues such as the skin, bones, and tendons. It is composed of two 247 

α1 (I) chains and one α2 (I) chain, which assemble into a triple-helical structure that 248 

provides strength and stability to tissues. Type II collagen is mainly distributed in 249 

cartilage and forms a triple-helical structure with three α1 (II) chains. It can bind to 250 

proteoglycans to provide compressive strength to cartilage, maintain cartilage function, 251 

and reduce joint friction. Type III collagen has a distribution similar to that of Type I 252 

but is softer and more elastic; consisting of three α1 (III) chains, it plays a prominent 253 

role in tissue repair. Type IV collagen is a major structural component of the basement 254 

membrane, featuring a heterotrimeric helical chain structure formed by six α-type 255 

peptide chains. As a characteristic component of the basement membrane, Type IV 256 

collagen is an important constituent of Matrigel, accounting for approximately 30% of 257 

its composition. 258 

As a main component of the ECM, collagen, particularly Type I collagen, is one 259 

of the core materials in the exploration of Matrigel-free systems, as evidenced by its 260 

prevalence in the research literature13, 59-61. For instance, Irene et al. employed type I 261 

collagen as a complete substitute for Matrigel to constitute the core of the culture matrix 262 

for A549(human lung adenocarcinoma cells), normal fibroblasts (NFs), and cancer-263 

associated fibroblasts (CAFs)59. They observed that within the culture system 264 
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constructed with type I collagen hydrogel, CAFs significantly enhanced the 265 

proliferation and invasion of A549 cells, and this promotive effect was markedly 266 

stronger than that exerted by NFs—with 1.5~2-fold increase in organoid area and a 267 

2~3-fold increase in invasive cell protrusions. Jee et al. mixed Type I collagen extracted 268 

from bovine tendons with Ham's F-12 medium (II) and NaHCO₃ at a ratio of 8:1:1, 269 

successfully culturing small intestinal, gastric, and colonic organoids13. Additionally, 270 

after co-transplanting small intestinal organoids with this matrix into an EDTA-induced 271 

colitis mouse model, the organoids were able to successfully colonize the damaged 272 

tissue. Compared to organoids cultured in Matrigel, those grown in this collagen matrix 273 

exhibited a smaller perimeter and fewer buds, yet demonstrated higher stability and 274 

better preservation of stem cell properties. The reduction in bud formation was linked 275 

to precise regulation of the stem cell "self-renewal – differentiation" balance. 276 

Specifically, collagen, particularly type I collagen, binds to integrin β1 on the cell 277 

surface, activating downstream proliferative signaling pathways. The reduction in bud 278 

formation was linked to precise regulation of the stem cell "self-renewal –279 

differentiation" balance. Specifically, collagen, particularly type I collagen, binds to 280 

integrin β1 on the cell surface, activating downstream proliferative signaling pathways. 281 

This leads to upregulated stable expression of stemness markers such as LGR5 and 282 

SOX9, inhibits excessive differentiation of stem cells into functional bud structures, 283 

and enhances the long-term passaging stability of organoids62. The smaller perimeter 284 

reflects a more compact arrangement of the epithelial layer, which results from the 285 

mechanical stiffness of the collagen matrix being closer to that of the ECM in vivo 286 

tissues. This property promotes correct localization of epithelial polarity markers such 287 

as E-cadherin and ZO-1 by regulating cytoskeletal organization, thereby avoiding the 288 

loosening of the epithelial layer caused by the compositional heterogeneity of 289 

Matrigel63. Furthermore, the collagen matrix formed a stable three-dimensional 290 

network through physical encapsulation or chemical conjugation, which reduced 291 

disordered diffusion of signaling molecules. On one hand, this network suppressed 292 
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excessive cell proliferation via the integrin–FAK–YAP/TAZ mechanotransduction 293 

pathway; on the other hand, it helped prevent oxidative stress-induced damage to stem 294 

cell properties by modulating the balance between reactive oxygen species (ROS) 295 

production and clearance. Ultimately, this led to the functional phenotype of fewer buds 296 

– high stability – high stemness64. 297 

However, a crucial bottleneck restricting the widespread application of collagen 298 

hydrogels is the challenge of its preparation. Collagen preparation methods mainly 299 

include traditional extraction, chemical synthesis, and genetic engineering. While 300 

traditional extraction methods are cost-effective and relatively simple to execute, they 301 

may leave residual pathogenic components in the product, posing a risk of heterologous 302 

or allogeneic rejection. Furthermore, residual acid, alkali, and salt reagents from the 303 

extraction process may induce cytotoxicity. Although collagen preparation via chemical 304 

synthesis or genetic engineering eliminates the risks of rejection and pathogenicity, these 305 

methods are hindered by high costs and technological complexity. Moreover, obtaining collagen with full-length sequences and 306 

maintaining its native three-dimensional structure remain challenging with these approaches65. 307 

2.2.1.2 Alginate 308 

Alginate is a cost-effective natural biomaterial derived from algae. Calcium ions 309 

can coordinate with the oxygen atoms in two adjacent guluronic acid (G) residues on 310 

two chains of alginate, forming the "egg-box model" and further generating a hydrogel 311 

through lattice stacking66. These hydrogels have been extensively utilized for various 312 

in vitro applications, encompassing the culture of mesenchymal stem cells, 313 

chondrocytes, and tissues such as ovarian primary follicles 67, 68, 69, 70. Unmodified 314 

alginate does not have cell adhesion characteristics, and its hydrophilicity inhibits 315 

protein adhesion, making it a minimal support matrix that can only provide mechanical 316 

support for human intestinal organoids (HIOs) in a 3D environment71. Capeling et al. 317 

examined the mechanical properties of hydrogel prepared with different concentrations 318 

of sodium alginate solution (0.5% to 4% w/v), and the results showed that with the 319 

increase of sodium alginate concentration, the G' and G'' of the hydrogel also 320 
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increased71. The G' and G'' of the hydrogel derived from 1% (w/v) sodium alginate 321 

ranged between 2~5 kPa, which fell within the typical mechanical range of Matrigel 322 

(1~10 kPa) and simulated the viscoelasticity of native lung tissue ECM71. In contrast, 323 

the G' of the 2% (w/v) sodium alginate hydrogel was 5~8 kPa, slightly exceeding that 324 

of Matrigel and aligning with the G' (4~7 kPa) reported for PEG hydrogels optimized 325 

for human intestinal organoid culture15. This matching of mechanical moduli allowed 326 

cells to perceive a physiologically relevant mechanical microenvironment, which in 327 

turn regulated cytoskeletal organization and mechanotransduction pathways to support 328 

organoid differentiation25. Despite lacking inherent cell-adhesive properties, the 329 

alginate matrix—when mechanically tuned —enables human lung organoids (HLOs) 330 

to acquire the following differentiation characteristics: key lung differentiation markers, 331 

including the epithelial marker NKX2‑1 and the airway marker SCGB1A1, are 332 

expressed at significantly higher levels than in Matrigel cultures. Moreover, the 333 

proportions of multiciliated cells and mucus-secreting goblet cells more closely 334 

approximate those found in native lung tissue25. 335 

2.2.1.3 Hyaluronic Acid 336 

Hyaluronic acid (HA), a major glycosaminoglycan in the ECM, possesses a 337 

linearly repeating glycan chain structure and a large number of hydrophilic groups in 338 

its molecular architecture. These structural features endow it with excellent 339 

biocompatibility, tissue-mimetic viscoelasticity, and facile chemical tunability, thereby 340 

positioning it as one of the core scaffold material for organoid culture72. As a key 341 

regulator of cell signaling via interactions with Cluster of Differentiation 44 (CD44) 342 

and Receptor for Hyaluronan-Mediated Motility(RHAMM) receptors, HA is prone to 343 

rapid enzymatic degradation, exhibits weak mechanical integrity, and limited cell 344 

adhesion. These limitations are typically addressed through strategic functionalization, 345 

which remains a central focus in biomaterials research73. Common modification 346 

strategies introduce reactive moieties, such as acrylate, aldehyde, ketone, to enable 347 

controlled crosslinking, yielding hydrogels with customizable mechanical properties 348 

matching specific tissue microenvironments74. These modification strategies allow for 349 
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precise tuning of hydrogel properties. For example, acrylate-modified hyaluronic acid 350 

(AHA), when crosslinked with peptides containing matrix metalloproteinase (MMP)-351 

cleavable sequences, forms a gel whose mechanical strength could be easily adjusted 352 

by varying the crosslinker concentration, while also imparting MMP-mediated 353 

enzymatic degradability75. 354 

Functionalized HA hydrogels have demonstrated efficacy across various organoid 355 

culture systems. Owing to their defined composition, they often exhibit superior 356 

compositional consistency and batch-to-batch reproducibility compared to Matrigel10. 357 

The adhesion peptide sequence RGD can be functionalized onto the surface of 358 

hydrogels to regulate cell adhesion76. Collectively, these studies establish strategically 359 

modified HA hydrogels as a versatile, defined alternative to Matrigel, with applications 360 

spanning oncology, regenerative medicine, and personalized drug testing73-77.These 361 

studies collectively demonstrate that strategically modified HA hydrogels offer a 362 

versatile, defined alternative to Matrigel, with applications spanning multiple organ 363 

systems. 364 

Natural polymer materials, such as collagen, hyaluronic acid, and sodium alginate 365 

are recognized for their high biocompatibility, widespread availability, and ease of 366 

acquisition. Furthermore, each material system provides its own distinct advantages: 367 

for instance, natural or bio‑functionalized matrices often incorporate essential bioactive 368 

cues such as cell adhesion motifs, while synthetic or engineered systems tend to offer 369 

highly tunable physical properties including mechanical stiffness 59, 78. However, these 370 

natural polymer materials have certain limitations when used as a single-component 371 

scaffold material for organoid culture. For example, pure collagen hydrogel scaffolds 372 

often have poor mechanical properties79; unmodified sodium alginate hydrogel do not 373 

have cell adhesion characteristics and inhibit protein adsorption25; hyaluronic acid 374 

hydrogel scaffolding materials also have fewer cell adhesion sites and insufficient 375 

toughness80. Consequently, researchers are increasingly focusing on composite natural 376 

polymer materials that integrate the complementary advantages of multiple natural 377 

components. 378 
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2.2.2 Composite Natural Polymer Materials 379 

Composite natural polymer hydrogels stand as the optimal scaffolds in current 380 

organoid culture, with their core advantage lying in the integration of the inherent 381 

biocompatibility and biodegradability of natural polymers, while achieving precise 382 

regulation of key physicochemical properties such as cell adhesiveness, stiffness, 383 

viscoelasticity, and porosity81. Typically constructed using collagen, alginate, 384 

hyaluronic acid, and other core components via crosslinking or blending processes, 385 

these materials could tailor exclusive microenvironments to meet the growth 386 

requirements of different organoids. Crucially, these composites mitigate the limitations 387 

of single-component materials, such as the insufficient mechanical strength of pure 388 

collagen, while simultaneously overcoming the critical drawbacks of Matrigel, namely 389 

its significant batch-to-batch variability and ill-defined composition. Owing to these 390 

attributes, they have facilitated the development of diverse organoid models, 391 

positioning them as critical tools for sophisticated disease modeling and efficient high-392 

throughput drug screening82, 83. 393 

Targeted investigations have focused on optimizing material performance and 394 

organoid adaptability. For example, Curvello et al. prepared carboxylated nanofibers 395 

(TONC) from 2,2,6,6-Tetramethylpiperidin-1-Oxyl(TEMPO)-oxidized nanocellulose. 396 

These were crosslinking with collagen to form collagen - nanocellulose (Col-NC) 397 

hydrogels through concentration and pH adjustment, which were further functionalized 398 

with RGD peptides to enhance cell adhesion. This hydrogel exhibits a sol-gel transition 399 

at 37°C and possesses G' and G'' comparable to those of Matrigel. Increasing the TONC 400 

content yielded a high-stiffness matrix suitable for 3D tumor organoid culture and 401 

concurrently shortened the gelation time by 40% relative to pure collagen hydrogels. 402 

These findings confirmed the dual role of nanocellulose in enhancing mechanical 403 

properties and accelerating gelation kinetics79. In a similar approach, the team led by 404 

Ort developed a printable, stiffness-tunable collagen-alginate microgel system. After 405 

mixing diluted collagen with sodium alginate and a dextran cell suspension, followed 406 

by automated dispensing and crosslinking with calcium chloride, the system 407 
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successfully maintained the viability of HS-5 human bone marrow fibroblasts and 408 

MDA-MB-231 human breast adenocarcinoma cells for up to 9 days and 5 days, 409 

respectively. This provided an ideal model for investigating the regulatory mechanisms 410 

of matrix stiffness on cell morphology, contractility, and drug sensitivity84. 411 

In the field of 3D bioprinting, Shi et al. used silk fibroin as a embedding medium 412 

to stabilize bioinks composed of low-concentration type I collagen and poly(N-413 

isopropylacrylamide)-modified thermoresponsive hyaluronic acid (CH) 78. The grafting 414 

of poly(N-isopropylacrylamide) conferred thermoresponsive properties to the HA, 415 

thereby extending its retention time on the collagen matrix. This constructed 416 

microenvironment supported the growth of various tumor cell types and successfully 417 

recapitulate in vitro tumor angiogenesis.  418 

To address the specific matrix requirements for hepatic organoid culture, Roudaut 419 

et al. enhanced cell adhesion and recognition capabilities by grafting RGD sequences 420 

and galactosamine groups onto HA. This modified HA was subsequently mixed with 421 

equal proportions of type I and type IV collagen. Following pH adjustment, the mixture 422 

was crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 423 

purified to yield a hyaluronic acid-collagen scaffold. This scaffold exhibited both high 424 

mechanical stability and an elastic modulus that closely matched that of the native liver 425 

ECM. Hepatic organoids cultured in this scaffold can maintain Cytochrome P450 426 

enzymes activity and protein secretion capacity for 21 days, verifying its functional 427 

applicability85. 428 

Overall, these studies collectively demonstrate that composite natural polymer 429 

hydrogels surmount the inherent contradictions of single-component materials by 430 

leveraging the complementary performance advantages of their constituents (Table 2). 431 

This compositional synergy allows for high tunability—whether regulating mechanical 432 

properties with nanocellulose or optimizing cell-matrix interactions via 433 

biofunctionalized hyaluronic acid—enabling matrices to be tailored for specific 434 

applications. Such platforms can faithfully mimic physiological ECM characteristics 435 

while also ensuring experimental reproducibility. They thus emerge as ideal, defined 436 
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alternatives that circumvent the critical drawbacks of Matrigel, poised to continuously 437 

drive progress in organoid research and translational medicine.  438 

Table 2 Categories, Components, and Applications of Natural Polymer Biomaterials for 439 

Organoid Culture 440 

Category of 

Natural Polymer 

Materials Matrix 

Gels 

Components of 

Matrix Gels 

Key Functional Features & 

Mechanistic Advantages for 

Organoid Culture 

Applications  

collagen and its 

derivatives 

Type I Collagen Native ECM core component 

(90% of human ECM 

collagen); binds integrins 

(α2β1) on cells; supports 

tumor cell proliferation, 

maintains intestinal stemness, 

and promotes renal tubular 

differentiation 

Patient-Derived 

Tumor Organoids 

(PDTOs)86, 

Intestinal 

Organoid87, Renal 

Organoids61, 

Mammary 

Organoids60 

 Type I Collagen + 

Oxidized Gum 

Arabic 

Oxidized gum Arabic forms 

covalent crosslinks with 

collagen; enhances 

mechanical strength and 

reduces enzymatic 

degradation 

Pancreatic 

Organoids88 

alginate and its 

derivatives 

Alginate Ca²⁺-responsive crosslinking; 

adjustable stiffness supports 

pulmonary 

multiciliated/goblet cell 

differentiation and hepatic 

organoid viability 

Pulmonary 

Organoids25, 

Mammary Cancer 

Organoids89, 

Hepatic 

Organoids90 

 Alginate + Gelatin 

- 3D Printing 

Gelatin supplements RGD 

motifs (collagen-derived) to 

compensate alginate’s poor 

cell adhesion; 3D printing 

enables customized matrix 

structure, matching liver 

lobule microenvironment 

Hepatic 

Organoids91 

 Alginate + 

Fibronectin 

Fibronectin binds integrins 

(α5β1) on hepatic tumor cells; 

enhances cell-matrix 

interaction, simulating tumor 

stromal microenvironment 

Hepatic Tumor 

Organoids92 
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and promoting tumor organoid 

proliferation 

HA and its 

derivatives 

Methacrylated 

Hyaluronic Acid 

(Me-HA) 

Hydrogel 

Photocrosslinkable (UV/LAP) 

for precise gelation; 

viscoelasticity matches 

neural/spinal cord tissue, 

reducing mechanical damage 

to neural progenitors 

Neural 

Organoids93, 

Spinal Cord 

Organoids94 

 HA Native glycosaminoglycan; 

interacts with cell surface 

CD44 receptors; regulates 

biliary epithelial cell 

proliferation and ductal 

structure formation 

Biliary Duct 

Organoids95 

composite natural 

polymeric 

biomaterials 

Hyaluronic Acid + 

Alginate Double 

Network 

Double network (HA’s 

viscoelasticity + alginate’s 

rigidity) enhances mechanical 

stability; HA binds CD44 on 

cancer cells to regulate 

migration, simulating HCC 

microenvironment 

Hepatocellular 

Carcinoma 

Organoids96 

 Hyaluronic Acid 

Methacrylate 

(HAMA) + 

Pancreatic 

Extracellular 

Matrix - 3D 

Printing 

Pancreatic ECM provides 

tissue-specific signals (e.g., 

laminin, growth factors); 

HAMA ensures 3D 

printability; synergistically 

promotes islet organoid 

insulin secretion 

Pancreatic Islet 

Organoids91 

 HA+ Matrigel - 

Mixed Hydrogel 

HA reduces Matrigel’s 

xenogenic protein content 

(lower immunogenicity); 

Matrigel provides biomimetic 

basement membrane, 

balancing safety and 

pulmonary organoid 

maturation efficiency 

Pulmonary 

Organoids83 

 Carboxymethyl 

Cellulose (CMC) - 

Sodium Alginate 

(NaA) Composite 

Hydrogel 

CMC enhances hydrogel 

viscosity to prevent tumor cell 

aggregation; NaA enables 

stiffness adjustment (matching 

patient-specific tumor ECM), 

supporting personalized drug 

testing 

Patient-Derived 

Tumor Organoids 

(PDTOs)97 
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  Methacrylated 

Hyaluronic Acid 

(Me-HA) - dECM 

Composite 

Hydrogel - 3D 

Printing 

dECM retains native bioactive 

components (e.g., collagen, 

growth factors); Me-HA 

ensures printability; supports 

stem cell adhesion and 

maintains multipotency for 

organoid co-culture 

Bone Marrow 

Mesenchymal 

Stem Cells98 

 441 

3. Synthetic Hydrogel Matrices 442 

Synthetic hydrogel matrices are chemically engineered, three-dimensional 443 

polymer networks characterized by their precisely defined compositions. In the context 444 

of organoid culture, these synthetic matrices are primarily classified into two major 445 

categories: synthetic polymeric biomaterials and synthetic polypeptides. 446 

Commercialized products derived from both classes have already confirmed their 447 

feasibility for xeno-free organoid culture. A prominent example is the commercially 448 

available VitroGel ORGANOID, developed by TheWell Bioscience. This material is 449 

produced through a fully synthetic manufacturing process, which inherently excludes 450 

all animal‑ or human‑derived components and thereby significantly reduces 451 

immunogenic risks associated with biological source variability48-50. Furthermore, it 452 

offers core advantages including a well-defined composition, tunable biofunctional 453 

moieties, and customizable mechanical strength and degradability. These features 454 

enable it to meet the culture requirements of diverse organoid types while maintaining 455 

high batch-to-batch stability. These properties collectively position synthetic matrices 456 

as a promising alternative to traditional animal-derived matrices like Matrigel, though 457 

performance gaps remain, as discussed below. 458 

3.1 Synthetic Polymer Materials 459 

Synthetic polymeric biomaterials refer to a class of biomaterials artificially 460 

prepared via chemical synthesis, with their core structure consisting of macromolecular 461 

chains composed of repeating structural units linked by covalent bonds. In terms of 462 

design, these materials allow precise regulation of molecular composition and degree 463 
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of polymerization, offer tunable biodegradability or long-term stability, and can be 464 

customized on demand to achieve physicochemical functions such as mechanical 465 

strength, hydrophilicity/hydrophobicity, and pore size. Thus, they are widely used in 466 

the biomedical field. Two primary subclasses dominate this category: PEG and its 467 

derivatives, and polyisocyanopeptides (PICs). 468 

PEG is recognized as an ideal ECM alternative due to its excellent biocompatibility, 469 

low cost, and biological inertness. PEG hydrogels are typically formed by the chemical 470 

crosslinking of PEG macromonomers into a three-dimensional network structure99. 471 

Common derivatives include multi-arm PEG and functionalized PEG variants, for 472 

instance acrylated and thiolated PEG100, which form hydrogels through diverse 473 

crosslinking reactions—such as photo-crosslinking101, click chemistry crosslinking99—474 

to provide structural support for organoid growth. The key advantage of PEG hydrogels 475 

lies in their highly tunable mechanical strength102, properties that directly influence 476 

organoid formation and function. To date, PEG-based hydrogels have been applied to 477 

the culture of neural86, 103, hepatic86, pancreatic104, 105, intestinal86, renal 86, mammary86, 478 

placental106, and tumor organoids86, 101, 107, highlighting their versatility. 479 

The second major subclass, PICs, is distinguished by its thermoresponsiveness—480 

a property critical for simplified organoid handling. PICs are synthesized via nickel(II)-481 

catalyzed polymerization of di-, tri-, or tetraethylene glycol-modified isocyanic acid-482 

(D)-alanine-(L)-alanine monomers. Their polyisocyanide main chain is stabilized by 483 

hydrogen bonds, forming a helical structure, while alanine side chains enable rapid 484 

transformation into a transparent hydrogel upon heating108. The lower critical solution 485 

temperature (LCST) of PICs correlates directly with ethylene glycol side chain length, 486 

shorter chains exhibit a lower LCST. Notably, above the transition temperature, strong 487 

hydrogels can be reversibly formed even at extremely low polymer concentrations (0.1 488 

wt%) 109. A study by Wang et al. highlighted the utility of PIC hydrogels in organoid 489 

maturation110. They found that these hydrogels, when supplemented with sodium 490 

butyrate and valproic acid, promoted the maturation of liver intrahepatic biliary 491 

epithelial cell organoids into functional biliary epithelial cells. The core mechanism lies 492 
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in the fact that, as a chemically defined material, PIC hydrogels have suitable 493 

mechanical properties that can assist in the polarity remodeling of organoids. 494 

Furthermore, they work in synergy with sodium butyrate and valproic acid to regulate 495 

the expression of genes related to biliary differentiation, collectively promoting the 496 

functional maturation of organoids. 497 

Collectively, synthetic polymeric materials offer significant operational 498 

convenience for researchers: mechanical properties can be regulated via grafting or 499 

modifying groups to alter crosslinking methods, and thermoresponsiveness can be 500 

readily achieved by incorporating thermo-responsive functional groups or adjusting 501 

copolymer composition. However, the performance of synthetic matrices in organoid 502 

culture often lags behind that of Matrigel, primarily due to their inherent limitations in 503 

bioactivity and biocompatibility, indicating a clear need for improvement in these 504 

properties. 505 

3.2 Synthetic Peptides 506 

Self-assembling peptide hydrogels are formed when peptides spontaneously 507 

assemble into one-dimensional supramolecular structures via non-covalent interactions; 508 

these structures then self-organize into a 3D network that encapsulates water 509 

molecules111. Two primary commercially available products are employed in organoid 510 

culture systems: PeptiGels® manufactured by Manchester Biogel112-114, and PM 511 

peptide analogs such as RADA16‑1, supplied by Shanghai Biotech Bioscience & 512 

Technology51, 115. Olayanju et al. demonstrated that the stiffness (1~14 kPa) and charge 513 

of PeptiGels® synergistically regulate liver organoid development112. A moderate 514 

stiffness (10 kPa) combined with a surface charge yielded the highest organoid 515 

formation rate, morphologies most closely resembling Matrigel, and peak epithelial 516 

marker (CK18) expression. Conversely, excessive rigidity (14 kPa) or a neutral charge 517 

impaired organoid stability and reduced RNA content. This confirms that liver 518 

organoids require balanced mechanochemical properties—a finding consistent with 519 

organoid-specific matrix demands116, 117. Complementing this, Xu et al. showed that 520 

RADA16-I peptide hydrogels can support airway organoid formation, allowing cells to 521 
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form lung-like cavities, maintain proliferation, and express tissue-specific markers115. 522 

By virtue of its defined composition—a key advantage over Matrigel's undefined 523 

nature87—the hydrogel enabled adenovirus infection assays while also highlighting the 524 

potential of peptide hydrogels in translational disease modeling. 525 

Together, these studies highlight the unique value of self-assembling peptide 526 

hydrogels. Their precise tunability, which is governed by established composition-527 

mechanical correlations78, 79, 84, 85, is a key advantage of both basic and translational 528 

research. However, these systems still exhibit a performance gap compared to Matrigel, 529 

notably in terms of lower RNA content and reduced culture stability, indicating the need 530 

for further optimization. Enhancing cell-matrix interactions, for instances, by 531 

integrating RGD motifs85 or nanocellulose79, is a key strategy. This positions them as 532 

strong contenders against other Matrigel alternatives, such as dECM or synthetic 533 

matrices, for organoid culture. 534 

Table 3 Categories, Components and Applications of Different Synthetic Matrix Gels 535 

Category of 

Synthetic 

Matrix Gels 

Components 

of Matrix Gels 

Key Functional Features & 

Mechanistic Advantages for 

Organoid Culture 

Applications 

PEG and its 

derivatives 

PEG hydrogel Biologically inert, low 

immunogenicity; 3D network 

provides stable mechanical support, 

avoiding neural cell cytotoxicity and 

maintaining pancreatic cancer 

organoid phenotype 

Neural organoids103, 

Pancreatic cancer 

organoids107 

 Thiol-ene 

modified PEG 

hydrogel 

Thiol-ene click crosslinking enables 

mild gelation (no harsh reagents); 

tunable stiffness matches neural 

tissue softness, supporting neural 

progenitor self-renewal 

Neural organoids86 

 PEG-RGD RGD motif binds integrins (e.g., 

αvβ3) on organoid cells; enhances 

cell-matrix adhesion, promoting 

hepatic albumin secretion, intestinal 

crypt formation, and placental 

trophoblast differentiation 

Hepatic organoids104, 

Intestinal 

organoids86, Renal 

organoids86, Breast 

cancer organoids101, 

Placental 

organoids106 
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 PEG-LMN Laminin-mimetic sequence mimics 

basement membrane component; 

interacts with cell surface laminin 

receptors, supporting epithelial 

organoid polarization 

Pancreatic 

organoids86, 

Intestinal 

organoids86, Renal 

organoids86, Breast 

cancer organoids86  

 PEG-MMP MMP-degradable peptide links 

enable cell-driven matrix remodeling; 

allows intestinal stem cell migration 

for crypt-villus formation and 

pancreatic organoid expansion 

Pancreatic 

organoids86, 

Intestinal 

organoids86, Renal 

organoids86, Breast 

cancer organoids86  

 PEG-Heparin Heparin binds growth factors via 

electrostatic interaction; sustains 

local growth factor concentration, 

promoting mammary epithelial 

organoid branching 

Mammary 

organoids86  

 Mixed PEG 

hydrogel 

Combines stiffness tunability of PEG 

derivatives and growth factor 

retention; matches liver ECM 

mechanical properties, maintaining 

hepatocyte P450 enzyme activity 

Hepatic organoids105 

PICs and their 

derivatives 

PIC Helical structure stabilized by 

hydrogen bonds; thermoresponsive 

(sol-gel at ~37 ℃, liquefies at 25 ℃); 

simplifies organoid passaging 

without enzymatic digestion 

Hepatic organoids118, 

Mammary 

organoids118, Prostate 

organoids118 

 PIC-RGD RGD peptide enhances mammary 

epithelial cell adhesion; 

thermoresponsiveness balances 

culture stability (37 ℃) and easy 

collection (25 ℃), optimizing 

mammary organoid yield 

Mammary 

organoids119 

 PIC-LMN Laminin-mimetic motif promotes 

hepatic biliary epithelial cell 

attachment; thermoresponsive 

property supports long-term culture 

of intrahepatic biliary organoids 

Hepatic organoids120 
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Hydrogel 

materials 

constructed 

from self-

assembling 

peptides and 

their derivatives 

FEFEFKFK 

(FEK) self-

assembling 

peptide 

hydrogel 

Self-assembles into nanofibrous 

network (mimics ECM fiber 

structure); hydrophobic interactions 

between FEK peptides enhance 

mechanical stability, supporting 

hepatocyte aggregation 

Hepatic organoids121 

 FEFEFKFK-

RGD 

RGD peptide improves cell adhesion; 

nanofibrous structure matches 

skin/pancreatic/cardiac tissue 

microarchitecture, promoting skin 

keratinocyte differentiation, 

pancreatic islet formation, and 

cardiac cell contractility 

Skin organoids122, 

Pancreatic 

organoids122, Cardiac 

organoids123 

 PeptiGel® Tunable stiffness and surface charge; 

adjusts to mammary epithelial 

branching and renal tubular 

formation via mechanosensing 

Mammary 

organoids114, Renal 

organoids113 

 RADA16-I Self-assembles into ~10 nm 

nanofibers (mimics native ECM); 

high water content ensures nutrient 

diffusion, supporting airway 

multiciliated cell differentiation and 

renal tubular viability 

Mammary 

organoids123, Airway 

organoids115, Hepatic 

organoids123, Renal 

organoids124 

 RADA16-I-

IKVAV/RGD 

IKVAV motif promotes neural 

progenitor differentiation; RGD 

enhances adhesion; synergistically 

supports neurite outgrowth and 

cortical layer formation 

Neural organoids125 

 RADA16-I-

RGD 

RGD peptide enhances intestinal 

LGR5+ stem cell adhesion; 

nanofibrous network facilitates stem 

cell self-organization into crypt-villus 

structures 

Intestinal 

organoids126 

 HYDROSAP Definable amino acid sequence; 

supports pancreatic islet-like 

structure maturation and neural 

organoid electrical activity via 

consistent microenvironment 

Pancreatic 

organoids127, Neural 

organoids127 

 FAQ Customized peptide sequence with 

neural cell-binding motifs; matches 

neural tissue viscoelasticity, reducing 

neural progenitor apoptosis 

Neural organoids127 
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  PuraMatrix Self-assembles into porous network; 

allows cardiac cell migration and 

nutrient transport, supporting cardiac 

organoid contractile function 

development 

Cardiac organoids128 

 536 

In summary, synthetic matrices leverage their engineered nature to provide 537 

precisely defined and tailorable systems (Table 3) 48-50,. This directly addresses the 538 

principal drawbacks of Matrigel, namely its undefined composition, batch instability, 539 

and intrinsic immunogenicity. Nonetheless, as earlier highlighted, the broader 540 

application of most synthetic matrices is hindered by two pivotal constraints: limited 541 

biocompatibility and suboptimal culture outcomes, which collectively impede a full 542 

transition from Matrigel. 543 

Notably, recombinant collagen-based hydrogels represent a distinct subclass of 544 

synthetic matrices that bridge the gap between animal-derived and conventional 545 

synthetic systems. Although artificially synthesized—thus ensuring definable 546 

composition and batch consistency—their inherent biological similarity to the native 547 

ECM confers superior biocompatibility. This characteristic, which sets them apart from 548 

other polymeric or peptide-based matrices, facilitates stronger cell-matrix interactions 549 

and reduces cytotoxicity. Consequently, they are positioned as a promising intermediate 550 

solution, offering the tunability of synthetic matrices without sacrificing the high 551 

biocompatibility of traditional animal extracts. 552 

3.3 Recombinant Collagen 553 

3.3.1 Classification and Organoid Culture Applications of Recombinant Collagen 554 

As mentioned above, recombinant collagen (rCols) refers to a class of collagen 555 

produced via genetic engineering techniques, designed to mimic the structure and 556 

function of natural human collagen. Collagen materials can be categorized into three 557 

types according to their compositional and structural similarity to native human 558 

collagen: The first type is recombinant human collagen (rhCol), which is generated by 559 
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recombinant DNA expression. rhCol reproduces the full-length sequence and triple-560 

helical structure of specific human collagen types and displays physicochemical and 561 

biological properties comparable to native collagen. The second type is recombinant 562 

humanized collagen (RHC), which is derived from sequences encoded by human 563 

collagen genes. This category includes full-length proteins, partial amino acid sequence 564 

fragments, or combinations of functional domains, all of which are sequence-identical 565 

to their natural human collagen counterparts. The third type is human-like collagen 566 

(HLC), which is encoded by specifically designed or modified gene sequences. These 567 

sequences produce full-length proteins, fragments, or combinations of functional 568 

domains. A defining characteristic of HLC is that its resulting gene and amino acid 569 

sequences possess low homology with those of natural human collagen129. Among the 570 

three types of recombinant collagen, rhCol and RHC closely mimic the structure of 571 

natural human collagen. Consequently, they exhibit high affinity, superior 572 

biocompatibility, and reduced allergenicity. Furthermore, their production via genetic 573 

engineering techniques effectively mitigates the risks associated with pathogen 574 

transmission. 575 

Leveraging these aforementioned advantages, rCols hydrogels have been utilized 576 

in the culture of organoids derived from various organs. In the culture of neural 577 

organoids, rhCol III scaffolds modified with integrin-binding peptides 578 

(GFOGER/IKVAV) effectively supported the adhesion, proliferation, and 579 

differentiation of human neural stem/progenitor cells, and promoted the formation of a 580 

double-layered structure that mimicked the embryonic cerebral cortex130. Additionally, 581 

the rhCol III scaffolds contributed to softer and more regenerative healing processes by 582 

mimicking key characteristics of scarless fetal wound healing131. 583 

However, the molecular structure of rhCols usually contains only a single collagen 584 

chain. This structural characteristic makes it difficult for them to stably maintain 585 

hydroxylation and glycosylation modifications in in vitro culture environments. 586 

Furthermore, when rhCols used alone, they are often insufficient for organoid culture 587 

primarily because they lack spontaneous gelation capabilities. This deficiency stems 588 
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from their lack of the requisite oxidase systems necessary to promote the self-assembly 589 

of collagen molecules into fibrous structures12. Therefore, achieving efficient gelation 590 

of rCols through multi-pathway regulation is a key technological breakthrough for 591 

promoting the successful application of this type of biomaterial in the field of organoid 592 

culture. 593 

3.3.2 Gel-Formation Methods of Recombinant Collagen 594 

To overcome the inherent lack of spontaneous gelation in rhCols, strategies are 595 

required to induce their crosslinking and assembly into stable hydrogels. Currently, four 596 

primary approaches are utilized for this purpose: chemical crosslinking, enzymatic 597 

crosslinking, encapsulation gelation, and self-assembly gelation. Each approach offers 598 

a unique balance of advantages, such as enhanced tunability or high biocompatibility, 599 

and inherent limitations, including harsh reaction conditions or high cost. The optimal 600 

choice of method is therefore dictated by the specific organoid application and the 601 

requisite final matrix properties. 602 

3.3.2.1 Chemical Crosslinking Method 603 

Chemical crosslinking is the most widely used strategy for preparing rhCol 604 

hydrogels. This technique utilizes crosslinking agents to form covalent bonds between 605 

molecules or within the same molecule, thereby constructing a three-dimensional 606 

network structure132-135. A major advantage of chemical crosslinking lies in its well-607 

understood reaction mechanisms, the variety of available crosslinking agents, and the 608 

broad range of compatible substrates. By adjusting the materials and reaction conditions, 609 

the properties of the resulting hydrogel, such as the degree of crosslinking, can be 610 

precisely controlled. This makes the method particularly suitable for fabricating 611 

complex network structures, especially composite hydrogels based on recombinant 612 

proteins132. However, chemical crosslinking often requires harsh reaction conditions, 613 

exhibits slow kinetics and low efficiency, and typically forms strong, irreversible 614 

covalent bonds, which limits its utility for synthesizing reversible hydrogels. 615 

Among the direct chemical crosslinking strategies, the zero-length carbodiimide 616 
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method, primarily using EDC and N-hydroxysuccinimide (NHS), is the most 617 

established and widely employed. In this approach, EDC initially converts carboxyl 618 

groups into active O-acyl urea intermediates, which are then stabilized by NHS to form 619 

NHS esters; these esters subsequently react with amine groups (-NH₂) to form stable 620 

amide bonds, thereby achieving molecular crosslinking136. 621 

While the widely-used EDC/NHS system is effective, it relies on synthetic 622 

reagents that raise concerns over potential cytotoxicity and the need for rigorous post-623 

reaction purification to remove byproducts. This has driven the exploration of natural 624 

alternatives. Genipin, a natural crosslinking agent derived from gardenia, offers high 625 

biocompatibility and low toxicity. Its crosslinking mechanism is pH-dependent. Under 626 

acidic or neutral conditions, polymer amino groups attack the C-3 carbon of genipin to 627 

form heterocyclic amines, leading to network formation. Conversely, under alkaline 628 

conditions, genipin hydrolyzes an aldehyde intermediate, which then forms crosslinks 629 

with amino groups via a Schiff base reaction137. 630 

Moving beyond the stable, irreversible bonds formed by crosslinkers like EDC or 631 

Genipin, Schiff base crosslinking offers a mechanism for forming dynamic and stimuli-632 

responsive hydrogels, which result from the condensation between amino groups and 633 

carbonyl-containing compounds such as aldehydes or ketones. While these bonds can 634 

construct a stable three-dimensional network when multifunctional reactants are used138, 635 

139, their inherent reversibility is key to advanced material properties. This approach is 636 

often leveraged in dual-crosslinking systems to create sophisticated, tunable 637 

biomaterials.  638 

Beyond dynamic linkers, other synthetic agents are employed to achieve high 639 

crosslinking efficiency and superior mechanical properties. Tetrakis (hydroxymethyl) 640 

phosphonium chloride (THPC), for example, is noted as a highly reactive crosslinking 641 

agent. Wang et al. utilized THPC as a crosslinking agent to prepare a recombinant 642 

collagen hydrogel for aging skin rejuvenation140. They reported that THPC 643 

demonstrated higher efficiency than traditional EDC/NHS, enabling complete hydrogel 644 

crosslinking even at low concentrations. Mechanistically, the four active hydroxyl 645 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

groups of THPC are proposed to form robust crosslinks with the trimeric collagen. This 646 

resulted in a hydrogel with superior mechanical strength, injectability, stability, and 647 

durability, showing promise for anti-skin aging applications. 648 

In stark contrast to the direct chemical mixing methods described above, 649 

photocrosslinking offers unparalleled spatiotemporal control over gelation. To achieve 650 

this, the rCol polymer must first be functionalized, most commonly through 651 

methacrylation (MA). Upon exposure to ultraviolet (UV) light, these introduced 652 

methacrylate groups undergo a radical-mediated polymerization, driving the formation 653 

of a robust three-dimensional network with enhanced mechanical strength141. 654 

Methacrylated polymers generally exhibit excellent biocompatibility, support cell 655 

adhesion and proliferation, and are widely used in tissue engineering, 3D bioprinting, 656 

and drug delivery.  657 

3.3.2.2 Enzymatic Crosslinking Method 658 

Enzymatic crosslinking represents a highly specific and biocompatible method for 659 

hydrogel fabrication. It utilizes enzymes as biological catalysts to promote the 660 

formation of covalent bonds between protein molecules, effectively improving the 661 

structure and function of the resulting biomaterial142. While a wide array of enzymes 662 

can modify proteins, the crosslinking of rCol hydrogels predominantly relies on three 663 

main enzyme systems. 664 

The first and most widely characterized enzyme for rCol crosslinking is 665 

transglutaminase (TG). Its popularity stems from its high specificity and ability to 666 

function under mild, physiological conditions. Mechanistically, TG catalyzes an acyl 667 

transfer reaction that forms highly stable isopeptide bonds between the 𝛾-carboxamide 668 

group of glutamine residues and the 𝜖-amino group of lysine residues, making it highly 669 

effective for crosslinking collagen143-147. The applications of TG-crosslinked rCol 670 

hydrogels are extensive, particularly in skin tissue engineering and wound healing.  671 

In contrast to the transamidation mechanism of TG, oxidative enzymes provide an 672 

alternative pathway for crosslinking. Tyrosinase, a copper-containing redox enzyme, is 673 
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a prominent example and exhibits a dual catalytic function142, 148. First, it catalyzes the 674 

oxidation of monophenols to ortho-diphenols. Second, it further oxidizes these ortho-675 

diphenols into highly reactive ortho-quinones. These quinones subsequently function 676 

as in-situ crosslinking agents that spontaneously react with nucleophilic residues 677 

present in the protein, such as lysine, tyrosine, or cysteine, to generate a stable and 678 

crosslinked network142. While this reaction can utilize the native tyrosine residues 679 

within rCol, the crosslinking efficiency and hydrogel properties are often significantly 680 

enhanced by grafting additional phenolic substrates onto the polymer backbone. A 681 

sophisticated example of this strategy was demonstrated by Yuan et al148. They first 682 

functionalized HLC by grafting tyrosine onto its backbone to produce HLC-TA. In 683 

parallel, they functionalized HA by grafting epigallocatechin gallate (EGCG) onto it, 684 

resulting in the modified derivative termed HA-EGCG. Separately, they prepared 685 

mesoporous polydopamine (MPDA) nanoparticles loaded with deferoxamine (DFO), 686 

thereby creating deferoxamine-loaded MPDA nanoparticles, which were designated 687 

M@D. Finally, tyrosinase was used to catalyze the rapid crosslinking between the 688 

enhanced HLC-TA and HA-EGCG components, entrapping the M@D nanoparticles 689 

within the hydrogel. The prepared hydrogel possessed versatile functionalities: it not 690 

only promotes M2 macrophage polarization but also exhibits anti-inflammatory 691 

properties. This function was crucial for supporting the survival and maturation of cells 692 

in complex structural vascularized organoid culture systems.  693 

A second major oxidative system utilized for rCol crosslinking is based on 694 

Horseradish Peroxidase (HRP). In contrast to tyrosinase, HRP's catalytic activity is 695 

critically dependent on a co-substrate, hydrogen peroxide (H₂O₂). The underlying 696 

mechanism has been well characterized. H₂O₂ initially activates HRP, which 697 

subsequently oxidizes phenolic compounds, such as dopamine or tyramine, to generate 698 

highly reactive phenol radicals149. These radicals rapidly couple with one another to 699 

form covalent bonds, crosslinking the polymer chains into a 3D network. Similar to the 700 

advanced strategies seen with tyrosinase, this method is exceptionally powerful when 701 

used in composite systems where one component is first functionalized to provide the 702 
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phenolic substrate. Similar to advanced strategies involving tyrosinase, this method is 703 

particularly effective in composite systems where one component is pre‑functionalized 704 

to serve as the phenolic substrate. A major advantage of the HRP/H₂O₂ system lies in 705 

its high tunability: gelation time and matrix rigidity can be precisely controlled by 706 

modulating the concentrations of enzyme and H₂O₂149. For instance, softer matrices can 707 

be tailored for neural organoids, while stiffer matrices are suitable for intestinal 708 

organoids.  709 

In summary, enzymatic crosslinking offers a compelling strategy for rCol hydrogel 710 

fabrication, characterized by significant advantages in biocompatibility. The primary 711 

benefits stem from its physiologically mild reaction conditions, which avoid the 712 

extreme temperatures or pH values that could compromise the viability of encapsulated 713 

cells or the structural integrity of biomacromolecules142. This inherent "cell-714 

friendliness," combined with the high biocompatibility of the enzymes themselves, 715 

makes the resulting hydrogels exceptionally well-suited for sensitive biomedical 716 

applications, particularly organoid culture where cell viability and functional 717 

differentiation are paramount. Moreover, the high specificity of enzymes minimizes off-718 

target reactions, enhancing the reliability and reproducibility of the gelation process. 719 

Despite these advantages, several practical and technical limitations persist. The high 720 

cost of purified enzymes can be prohibitive for large-scale production. The process is 721 

also operationally complex, demanding precise control over environmental conditions 722 

to maintain optimal enzyme activity. Compared to more robust chemical methods, the 723 

range of compatible substrates is often narrower. Critically, the enzymes themselves are 724 

susceptible to inactivation during the crosslinking process. This poses a significant risk 725 

of incomplete gelation and inconsistent hydrogel performance—factors that could 726 

severely undermine organoid growth and experimental consistency142.  727 

3.3.2.3 Encapsulation Gelation Method 728 

The encapsulation gelation method offers a distinct strategy that bypasses the 729 

common limitations of direct chemical or enzymatic crosslinking. Its core value lies in 730 

constructing a protective network via the physical crosslinking of a complementary 731 
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polymer, for instance sodium alginate, rather than relying on chemical modification of 732 

the rCol itself150, 151. n this approach, the recombinant collagen along with other 733 

sensitive biomolecules, such as enzymes, proteins, or cells, are passively entrapped 734 

within the resulting hydrogel matrix. This mechanism is highly advantageous: by 735 

leveraging well-characterized physical gelation processes and eliminating the need for 736 

harsh chemical agents or expensive enzymes, it ensures high biocompatibility while 737 

reducing costs. This makes it an ideal solution for applications where preserving the 738 

full biological activity and stability of the encapsulated cargo is the paramount objective. 739 

In terms of application, this method has been refined into two distinct protocols to 740 

improve scenario adaptability, targeting either therapeutic use or in vitro culture. 741 

Although this protocol primarily focuses on wound therapy, its core logic is to achieve 742 

in situ gelation through encapsulation via physically crosslinkable matrices, and this 743 

logic can be extended to organoid culture. This extension reduces organoid damage by 744 

minimizing handling steps and enables seamless integration with the matrix. 745 

Overall, the encapsulation gelation method is often the preferred choice for 746 

applications that require the preservation of recombinant collagen or encapsulated cell 747 

viability, due to its simplicity, low cost, and favorable biocompatibility. However, this 748 

approach is inherently constrained by its dependence on physical crosslinking, typically 749 

achieved through sodium alginate-calcium ion systems, which presents two main 750 

limitations. First, the hydrogel's physical properties, such as mechanical strength, and 751 

its biological functions, including cell adhesion, are intrinsically coupled. Because both 752 

are governed by the same collagen-to-alginate ratio, enhancing mechanical 753 

performance often comes at the expense of biofunctional efficacy, necessitating a 754 

compromise. Second, achieving uniform encapsulation remains challenging. The 755 

distribution of recombinant collagen is highly sensitive to mixing parameters and 756 

gelation kinetics, frequently yielding a heterogeneous matrix. Such heterogeneity can 757 

undermine the reproducibility of organoid growth and experimental outcomes. 758 

Consequently, in organoid culture applications, this method imposes a trade-off: while 759 

it offers excellent biocompatibility, it generally requires relinquishing fine-tuned 760 
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control over the final hydrogel's physical properties. 761 

3.3.2.4 Self-Assembly Gelation of Recombinant Human-Derived Collagen 762 

Natural collagen self-assembles into large molecular fibers and complex networks 763 

under specific in vitro conditions, such as temperature, concentration, pH and 764 

incubation time152, and its large molecular weight, high anisotropy, and strong self-765 

assembly ability—superior to most globular proteins—are key to its function as an 766 

extracellular matrix component. Recombinant collagen, however, lacks this inherent 767 

capability despite its advantages in organoid culture and tissue engineering, a 768 

longstanding barrier to its use as an independent hydrogel matrix152-157. Recent 769 

advances in synthetic biology and protein engineering have addressed this limitation by 770 

customizing recombinant collagen sequences to create self-assembling hydrogel 771 

variants, opening new paths for collagen matrices with modular functionality, full 772 

synthetic origin, and batch stability. 773 

Across these approaches, synthetic biology enables precise modification of 774 

recombinant collagen to introduce self-assembly-mediating motifs or amino acids. The 775 

resulting hydrogels share three key advantages: batch stability which is vital for 776 

reproducible organoid culture, non-antigenicity reducing in vivo immune responses, 777 

and modular integration of functional sequences such as cell adhesion motifs, growth 778 

factor-binding domains. 779 

By overcoming the poor biocompatibility of conventional synthetic polymers and 780 

the variability of Matrigel, rCol has established itself as a pivotal material for organoid 781 

technology. Its principal limitation, however, remains its lack of spontaneous gelation. 782 

This challenge has spurred the development of diverse strategies, many with significant 783 

trade-offs. Chemical crosslinking is highly tunable but relies on harsh conditions133-135, 784 

141, 158-160. Enzymatic crosslinking offers a mild, biocompatible alternative but is often 785 

cost-prohibitive142-149, 161. Encapsulation gelation is simple and inexpensive, yet suffers 786 

from poor tunability and uniformity150, 151. Self-assembly gelation has thus emerged as 787 

a compelling fourth strategy, valued for its high modularity, consistency, and 788 
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biomimetic nature152-157 This approach, particularly when driven by synthetic biology, 789 

represents a highly promising avenue for future advancements. 790 

3.4 Key Performance of Major Hydrogel Categories 791 

As the core microenvironmental scaffold for organoid culture, the chemical 792 

composition of hydrogels directly defines their physicochemical characteristics. These 793 

properties, in turn, modulate organoid formation, differentiation, and functional 794 

maturation via cellular mechanotransduction, biochemical signaling, and related 795 

pathways, collectively establishing a "composition – property – function" cascade 796 

regulatory network. Below, we provide a concise comparison and summarize the 797 

regulatory principles of key hydrogel properties—such as mechanical stiffness and 798 

thermoresponsiveness—in organoid culture. (Table 4) 799 

Table 4 Key Performance of Major Hydrogel Categories 800 

Hydrogel 

Category 

Formation 

Efficiency 

Functionali

ty 

Transcriptional 

Fidelity 

Typical 

Advantages 

Core 

Limitations 

Natural 

Origin - 

dECM 

(Matrigel 

as 

representat

ive) 

High 

High (Multi-

organ 

adaptability) 

High 

(Physiologically 

relevant) 

Excellent 

biocompatibility

, strong 

biomimetic 

microenvironme

nt construction 

ability 

Undefined 

composition, 

significant 

batch-to-

batch 

variation, 

immunogeni

city risk 

Natural 

Origin - 

Composite 

Natural 

Polymers 

Medium-

High 

Medium-

High 

(Customizab

le) 

Medium-High 

Controllable 

composition, 

tunable 

mechanical 

properties 

Insufficient 

bioactivity 

of some 

combination

s 

Synthetic 

Origin - 

PEG-based 

Medium 

Medium 

(Ligand 

modification 

required) 

Medium 

Defined 

composition, 

batch-to-batch 

stability, low 

cost 

Weak 

bioactivity, 

need for 

additional 

ligands 

Synthetic 

Origin - 

Synthetic 

Medium 
Medium 

(Specific 
Medium 

Precise 

tunability, no 

immunogenicity 

Narrow 

application 

range, 
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Peptide-

based 

organ 

adaptability) 

insufficient 

long-term 

stability 

The performance variation observed among hydrogel categories fundamentally 801 

stems from the trade-off between bioactivity and controllability. dECM possesses 802 

functional superiority owing to its inherent biomimetic composition, yet it suffers from 803 

limited controllability and variable safety. Composite natural polymers, by contrast, 804 

achieve a more favorable balance between bioactivity and tunability via synergistic 805 

interactions among components, making them widely adopted in current basic research. 806 

Synthetic hydrogels — such as PEG and engineered peptides — emphasize 807 

controllability as a primary strength, though they typically necessitate conjugation with 808 

bioactive ligands to compensate for their inherent lack of cellular recognition. 809 

Recombinant collagen represents a "natural-synthetic hybrid system," combining high 810 

transcriptional fidelity with low immunogenicity, and has demonstrated promising 811 

utility in specific organoid culture models—despite remaining challenges in gelation 812 

process optimization. 813 

These performance characteristics offer key criteria for selecting organoid culture 814 

matrices: in applications where functional maturation is paramount, dECM or 815 

composite natural polymers are often preferred; whereas contexts that prioritize clinical 816 

translatability or batch-to-batch consistency may favor PEG-based hydrogels or 817 

recombinant collagen. 818 

Underlying these functional distinctions are differences in hydrogel chemical 819 

composition and structural design. Mechanical properties— including stiffness and 820 

viscoelasticity—serve as critical regulatory intermediates, directly linking material 821 

composition to organoid phenotypic outcomes. 822 

4. Chemical Composition and Properties of Hydrogels 823 

As the core microenvironmental scaffold for organoid culture, the chemical 824 

composition of hydrogels fundamentally dictates their physicochemical properties. 825 
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These properties regulate organoid formation, differentiation, and functional maturation 826 

through mechanisms such as cellular mechanotransduction and biochemical signal 827 

mediation, collectively establishing a "composition – property – function" cascade 828 

regulatory network. Here, we systematically outline the principles by which key 829 

hydrogel properties influence organoid culture, elucidate the underlying mechanisms 830 

through which compositional modifications govern material properties, and provide 831 

theoretical foundations for the rational design of organoid culture matrices. 832 

4.1 Regulatory Principles of Hydrogel Mechanical Properties in Organoid Culture 833 

The mechanical performance of hydrogels is quantified by key parameters 834 

including G’, which reflects elasticity, G”, which indicates viscosity, and compressive 835 

modulus (K) , which measures rigidity84, 116, 117, 162, 163. These parameters collectively 836 

constitute “ mechanical microenvironment signals, ”  and their compatibility with 837 

organoid functions — mediated through molecular signal transduction — directly 838 

influences culture efficiency. 839 

Organoid-specific mechanical requirements have been well documented. For 840 

intestinal organoids, Guo et al. demonstrated that matrix softening with G’ (0.5~1 kPa)  841 

was crucial for driving crypt formation, as stiffer matrices restricts cytoskeletal 842 

rearrangement necessary for crypt budding. When G’ > 2 kPa, the polarized distribution 843 

of stem cells was disrupted and crypt budding rates were significantly reduced164. In 844 

contrast, bone organoid differentiation required a matrix with a higher compressive 845 

modulus K (10~20 kPa). Under pulsatile pressure, this modulus activated the Piezo1 846 

ion channel, upregulated osteogenic markers such as runt‑related transcription factor 2 847 

(Runx2) and osteocalcin (OCN), and enhanced the osteogenic differentiation efficiency 848 

of mesenchymal stem cells (MSCs) by regulating cytoskeletal remodeling, reducing 849 

oxidative stress, and maintaining calcium homeostasis16. When K < 5 kPa, MSCs tend 850 

to differentiate into adipocytes rather than osteoblasts. Cardiac organoid culture 851 

benefited from dynamic stiffness regulation. Gradually increasing G' from 1 kPa to 3 852 
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kPa enhanced cardiomyocyte contractile response to isoproterenol via the integrin–853 

YAP/TAZ pathway, yielding a 30% increased in contractile force compared with static 854 

matrices and calcium transient kinetics more closely resembling those of adult 855 

cardiomyocytes163. Moreover, dynamic stiffness suppressed the expression of the 856 

profibrotic factor TGF‑β1 and reduced phenotypic dedifferentiation. Matrix stiffness 857 

could also modulate cell-drug interactions and differentiation outcomes. In soft 858 

microgels with G’ (0.3~0.8 kPa), myogenic differentiation factors effectively promoted 859 

myoblast fusion into myotubes; in stiffer matrices with G’ (> 5 kPa), intercellular 860 

junction formation was inhibited and differentiation is impaired84. For tumor organoids, 861 

when matrix stiffness matched the native tumor extracellular matrix—for instance, with 862 

G’ (2~4 kPa) for breast cancer organoids—the membrane localization of drug targets 863 

such as HER2 was enhanced, thereby improving chemosensitivity and the accuracy of 864 

drug response evaluation101. 865 

4.2 Mechanisms Underlying the Compositional Regulation of Hydrogel 866 

Mechanical Properties 867 

As a core component of the natural ECM, collagen constitutes approximately 30% 868 

of total mammalian proteins. Its capacity to bind integrins and support cell adhesion 869 

has established collagen as a foundational scaffold for most organoid hydrogels78, 79, 85. 870 

To address the diverse mechanical requirements of different organoids, compositional 871 

modification has emerged as a key strategy for precise performance tuning, primarily 872 

through additive integration, functional modification, and regulation of crosslinking 873 

methods. 874 

Additive Integration is widely used for the targeted optimization of hydrogel 875 

mechanical parameters. The incorporation of functional materials enables precise 876 

control of stiffness and gelation kinetics. For example, composite collagen-877 

nanocellulose (Col-NC) hydrogels, formed by blending collagen with nanocellulose 878 

(50~100 nm in diameter), increase G’ from approximately 1 kPa (as seen in pure 879 
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collagen) to (5~8 kPa)—matching the mechanical range of Matrigel. Concurrently, 880 

gelation time is shortened by about 40% to (15 ± 2 min), reducing organoid exposure 881 

to sol-state matrix damage and making this system suitable for intestinal organoid 882 

culture79. Likewise, supplementing collagen hydrogels with 0.5~2% (w/v) alginate—a 883 

polysaccharide capable of Ca²⁺-responsive crosslinking—can tune G’ from 884 

0.54 ± 0.15 kPa to 2.3 ± 0.28 kPa, covering the stiffness requirements of intestinal 885 

organoids with G’ (0.5~1 kPa))  and pancreatic organoids with G’ (1.5~2 kPa)84. 886 

Functional Modification synergistically improves both mechanical performance 887 

and biocompatibility, thereby expanding the applicability of hydrogels. For instance, 888 

plant-derived nanocellulose hydrogels functionalized with RGD peptides can achieve a 889 

G’ comparable to Matrigel with only 0.1% nanocellulose content under ionic 890 

crosslinking. Additionally, RGD peptides bind to cell-surface integrins (αvβ3), 891 

enhancing cell adhesion and self‑organization in intestinal crypt organoids and yielding 892 

a transcriptomic correlation of 0.89 with Matrigel-cultured controls165. These results 893 

demonstrate how functional modification can concurrently optimize mechanical and 894 

biological properties. 895 

Crosslinking Methods directly govern hydrogel mechanical strength and stability, 896 

thus determining their suitability for specific applications. Compared with physically 897 

crosslinked systems, chemically crosslinked biopolymer hydrogels—formed through 898 

irreversible covalent bonds—typically exhibit superior mechanical strength and 899 

stability both in vitro and in vivo. For example, UV-crosslinked glycidyl 900 

methacrylate‑modified collagen (Col-GMA) combined with methacrylated hyaluronic 901 

acid (HA-MA) yields a Col/HA composite hydrogel with G’ (350 Pa)—significantly 902 

higher than that of pure HA hydrogels (175 Pa)—which meets the mechanical demands 903 

for organoids used in bone‑defect repair models166. These results demonstrate how 904 

functional modification can concurrently optimize mechanical and biological properties. 905 

Crosslinking Methods directly govern hydrogel mechanical strength and stability, 906 

thus determining their suitability for specific applications. Compared with physically 907 
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crosslinked systems, chemically crosslinked biopolymer hydrogels—formed through 908 

irreversible covalent bonds—typically exhibit superior mechanical strength and 909 

stability both in vitro and in vivo. For example, UV-crosslinked Col-GMA combined 910 

with methacrylated HA-MA yields a Col/HA composite hydrogel with G’ (350 Pa)—911 

significantly higher than that of pure HA hydrogels with G’ (175 Pa)—which meets the 912 

mechanical demands for organoids used in bone‑defect repair models 167. 913 

4.3 Thermoresponsive Hydrogel Materials 914 

Thermoresponsive hydrogels, which are characterized by reversible sol-gel 915 

transitions at physiological temperatures (32~37°C) , have gained significant traction 916 

in organoid culture. This property enables them to simplify the passaging process by 917 

eliminating the need for enzymatic digestion and to enhance seeding uniformity. Their 918 

behavior is driven by either intrinsic material properties, such as collagen self-assembly, 919 

or through deliberate compositional modifications, with overall performance optimized 920 

by balancing thermoresponsiveness, mechanical strength, and biocompatibility. 921 

Pure collagen hydrogels exhibit inherent thermoresponsiveness, transitioning from 922 

sol to gel at ~37°C via triple-helix formation and fibrillogenesis. However, their low 923 

mechanical strength with G’ (0.5~1 kPa) limits use for organoids requiring structural 924 

support79, 139. To address this limitation, composite strategies have been developed. For 925 

instance, Col-NC hydrogels retain thermoresponsiveness, with a transition temperature 926 

of approximately 36°C , while simultaneously increasing G’ to (∼5 kPa). This enhanced 927 

mechanical performance can support liver organoid culture for durations of up to 21 928 

days79. Similarly, collagen-chitosan hydrogels—prepared by adding β-929 

glycerophosphate sodium (β-GP)—exhibit gelation at 37°C and K (8 ± 1 kPa), with 930 

Shen et al. showing that this composite maintains pancreatic organoid integrity during 931 

passaging139. 932 

Shi et al. grafted thermosensitive groups onto hyaluronic acid to prepare a 933 

thermally responsive hyaluronic acid-based polymer (HA-pNIPAM) 78. By combining 934 
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this thermosensitive polymer with collagen, when the temperature exceeded the 935 

polymer's LCST, the hydration size of the polymer increased significantly, prolonging 936 

its retention time within the collagen hydrogel framework. Consequently, a stable 937 

hydrogel formed within the collagen network at 37 °C. 938 

 Compared to covalently crosslinked networks, physically crosslinked networks 939 

exhibit significantly lower bond energy, enabling the formation of reversible network 940 

structures, which consequently impart superior stimulus responsiveness and self-941 

healing capabilities. For instance, 8-PEG-cytosine50 hydrogels can form physical 942 

crosslinked networks through triple hydrogen bonds between cytosine-cytosine pairs. 943 

These hydrogels can form gel-like structures at room temperature under physiological 944 

pH and liquefy at 65 ℃, demonstrating thermoresponsive behavior87. Similarly, 945 

composite biomaterials formed by nickel(II)-catalyzed polymerization of isocyanide 946 

monomers modified with dimeric, trimeric, or tetrameric ethylene glycol and 947 

functionalized with (D)-alanine-(L)-alanine residues feature a polyisocyanide backbone 948 

stabilized by hydrogen bonds into a helical structure. The alanine side chains further 949 

participate in hydrogen bonding, enabling PICs to rapidly transition into transparent 950 

hydrogels upon heating and depolymerize upon cooling, thereby exhibiting 951 

thermoresponsive properties108. 952 

Collectively, thermoresponsive hydrogels bridge the gap between mechanical 953 

performance and operational convenience. Compositional modifications such as Col-954 

NC, HA-pNIPAM, enable simultaneous optimization of transition temperature 955 

(34~37°C), stiffness (0.5~10 kPa), and gelation time (5~30 min), making them 956 

adaptable to intestinal, liver, neural, and pancreatic organoid cultures. 957 

5. Conclusion 958 

In conclusion, the advancement of organoid culture is inextricably linked to the 959 

sophistication of its hydrogel matrices. As this review has demonstrated, progress no 960 

longer lies in choosing between naturally derived or synthetic materials, but in their 961 

strategic synthesis. It is this very interplay—leveraging the biocompatibility of natural 962 
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polymers while harnessing the tunability of synthetic ones—that is collectively driving 963 

the field from an "empirical" model to a "precision-based" one. 964 

Naturally derived hydrogel matrices are centered on dECM and natural polymeric 965 

materials. Among them, Matrigel, as a representative of dECM, has become the "gold 966 

standard" for organoid culture due to its ability to construct a biomimetic 967 

microenvironment. However, issues such as immunogenicity caused by xenogeneic 968 

proteins, batch instability resulting from component heterogeneity, and the inability to 969 

regulate mechanical properties on demand have limited its application in clinical 970 

translation. Although natural polymeric materials retain high biocompatibility, and their 971 

properties can be regulated through chemical/physical modifications to address the 972 

problem of uneven composition of dECM, single-component materials have obvious 973 

shortcomings, such as low mechanical strength from pure collagen, lack of cell 974 

adhesion sites from unmodified alginate, and insufficient toughness from hyaluronic 975 

acid. Therefore, composite natural polymeric hydrogels with "complementary 976 

advantages" have become the mainstream. They have demonstrated greater application 977 

potential than Matrigel in the culture of organoids such as tumor, liver, and intestinal 978 

organoids. 979 

Synthetic hydrogel matrices are characterized by core advantages of well-defined 980 

components and controllable properties, mainly including synthetic polymeric material, 981 

synthetic peptide, and recombinant collagen. Although the first two categories can meet 982 

the culture requirements of different organoids through functional modification and 983 

have no immunogenicity risk, problems such as insufficient biocompatibility and lower 984 

organoid maturation efficiency compared to Matrigel still need to be solved. As a 985 

special subclass of synthetic matrices, recombinant collagen achieves structural 986 

similarity to natural human collagen through genetic engineering technology. It 987 

combines the batch stability of synthetic materials and the biocompatibility of natural 988 

materials, effectively avoiding the pathogenic risks and immunogenicity of natural 989 

collagen. It has shown higher organoid formation efficiency in the culture of neural and 990 

liver organoids; however, its core bottleneck lies in the lack of spontaneous gelation 991 
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ability. Currently, four major technical approaches—chemical crosslinking, enzymatic 992 

crosslinking, encapsulation gelation, and self-assembly gelation—can achieve gelation, 993 

but each has limitations: chemical crosslinking requires harsh conditions, enzymatic 994 

crosslinking has high costs, and encapsulation gelation has poor tunability. Although 995 

self-assembly gelation driven by synthetic biology is the optimal direction, further 996 

optimization is still needed in sequence design and large-scale production. 997 

The performance of hydrogels is ultimately determined by their chemical 998 

composition and inherent properties. Mechanical properties, including stiffness, 999 

viscoelasticity, and porosity, must be tailored to match the physiological requirements 1000 

of the specific organoid type. Simultaneously, thermoresponsiveness enables critical 1001 

procedures such as subculturing passaging and cell seeding to be performed under 1002 

suitable physical states of the material. Various properties of hydrogels can be achieved 1003 

through component compounding, functional modification, and selection of 1004 

crosslinking methods. 1005 

The future development of hydrogels for organoid culture needs to make 1006 

breakthroughs in three main directions: first, optimizing the gelation efficiency and 1007 

property tunability of recombinant collagen, especially promoting the industrialization 1008 

of self-assembly gelation technology to reduce production costs; second, improving the 1009 

biocompatibility of synthetic polymers and synthetic peptides, and narrowing the gap 1010 

in organoid maturation efficiency between these materials and Matrigel by simulating 1011 

the multi-component synergy of natural ECM; third, developing composite natural 1012 

polymeric hydrogels, and optimizing the organoid culture performance of hydrogels 1013 

through targeted modification and component combination. Beyond these established 1014 

directions, several emerging trends are poised to redefine organoid culture and expand 1015 

its translational impact. Dynamic hydrogels are engineered to possess 1016 

stimuli‑responsive mechanical and biochemical properties, enabling them to mimic the 1017 

spatiotemporal remodeling processes characteristic of the native extracellular matrix. A 1018 

key example is the progressive adjustment of matrix stiffness, which can be achieved 1019 

through the incorporation of enzyme‑cleavable linkers, such as sequences sensitive to 1020 
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matrix metalloproteinases, or via photo‑activation mechanisms triggered by factors 1021 

secreted by the developing organoids. This dynamic adaptability provides 1022 

stage‑specific mechanical support critical for tissue maturation, for instance within 1023 

intestinal crypts or hepatic lobules, thereby overcoming the fundamental limitations of 1024 

static matrices in accurately recapitulating complex developmental dynamics. 1025 

Multi‑material and spatially patterned hydrogels leverage advanced fabrication 1026 

techniques including 3D bioprinting, microfluidics, and microcontact printing to 1027 

introduce region‑specific heterogeneity. By incorporating distinct natural or synthetic 1028 

components, cell‑adhesive motifs such as RGD peptides, or precisely controlled 1029 

growth‑factor gradients within defined spatial domains, these engineered systems 1030 

enable the reconstruction of complex tissue architectures. Examples include the 1031 

intestinal crypt‑villus axis, the hepatocyte‑sinusoid interface in the liver, and 1032 

heterotypic tumor‑stroma microenvironments. Consequently, this approach 1033 

significantly enhances the physiological relevance of organoids for research focused on 1034 

tissue patterning mechanisms and disease progression pathways. Immunocompetent 1035 

organoid models are enabled by immunomodulatory hydrogels that are functionalized 1036 

with immune‑active components, for instance encapsulated immune cells, cytokines, or 1037 

checkpoint molecules. These engineered matrices regulate the bidirectional crosstalk 1038 

between organoids and specific immune cell subsets, such as T cells or macrophages. 1039 

Consequently, they offer robust and physiologically relevant experimental platforms for 1040 

investigating fundamental immune responses, modeling autoimmune diseases, and 1041 

evaluating the therapeutic efficacy of immunotherapies including PD‑1 and PD‑L1 1042 

inhibitors, with direct translational relevance to clinical applications. 1043 

CRISPR‑engineered matrices combine gene‑editing technology with hydrogel carriers, 1044 

either by modifying the genome of seed cells to alter their ECM‑secretory profiles or 1045 

by engineering hydrogel‑encapsulated stromal cells to express specific growth factors 1046 

or signaling molecules. This precise customization of the microenvironment according 1047 

to organoid‑specific genetic backgrounds substantially improves physiological fidelity 1048 

and supports applications in personalized medicine. These breakthroughs will 1049 

accelerate the translation of organoids from basic research to fields such as disease 1050 
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modeling, drug screening, and regenerative medicine, and are expected to realize the 1051 

clinical application goal of personalized organoid diagnosis and treatment. 1052 

Acknowledgements 1053 

None. 1054 

Author contribution statement 1055 

LI Yaxiao: Visualization, Writing-original draft. CHOU Wenhsuan: Writing-review & 1056 

editing. ZHANG Weiwei: Data Curation, Visualization. WANG Yi: Conceptualization, 1057 

Writing-review & editing. ZHANG Chong: Conceptualization, Writing-review & 1058 

editing. All authors have approved the final manuscript. 1059 

Consent 1060 

Not applicable. 1061 

Data availability statement 1062 

Not applicable. 1063 

Declaration of competing interest 1064 

All the contributing authors report no conflicts of interest in this work. 1065 

Ethical approval 1066 

Not applicable. 1067 

Funding 1068 

This work is granted by the National Key Research and Development Program of China 1069 

(Grant No. 2024YFA0917700), and Program of China Department of Chemical 1070 

Engineering-iBHE Joint Cooperation Fund (Grant No. DCE-iBHE-2024-2) 1071 

Use of AI statement 1072 

During the preparation of this work, the authors used Doubao for language polishing. 1073 

Upon using this tool, the authors thoroughly reviewed and edited the content, and 1074 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

assume full responsibility for the published work. 1075 

Reference 1076 

(1) Liu, K.; Fang, X.; Aazmi, A.; Wang, Q.; Gong, X.; Chen, Z.; Qin, M.; Pu, C.; Zhao, Y.; Qiu, X. 1077 

Organoids: Principle, application and perspective. The Innovation Life 2024, 2 (3), 100088–100081. 1078 

(2) Hendriks, D.; Pagliaro, A.; Andreatta, F.; Ma, Z.; van Giessen, J.; Massalini, S.; López-Iglesias, C.; 1079 

van Son, G. J. F.; DeMartino, J.; Damen, J. M. A. Human fetal brain self-organizes into long-term 1080 

expanding organoids. Cell 2024, 187 (3), 712–732. 1081 

(3) Sato, T.; Vries, R. G.; Snippert, H. J.; Van De Wetering, M.; Barker, N.; Stange, D. E.; Van Es, J. H.; 1082 

Abo, A.; Kujala, P.; Peters, P. J. Single Lgr5 stem cells build crypt-villus structures in vitro without a 1083 

mesenchymal niche. Nature 2009, 459 (7244), 262–265. 1084 

(4) VanDussen, K. L.; Marinshaw, J. M.; Shaikh, N.; Miyoshi, H.; Moon, C.; Tarr, P. I.; Ciorba, M. A.; 1085 

Stappenbeck, T. S. Development of an enhanced human gastrointestinal epithelial culture system to 1086 

facilitate patient-based assays. Gut 2015, 64 (6), 911–920. 1087 

(5) Bartfeld, S.; Bayram, T.; van de Wetering, M.; Huch, M.; Begthel, H.; Kujala, P.; Vries, R.; Peters, P. 1088 

J.; Clevers, H. In vitro expansion of human gastric epithelial stem cells and their responses to bacterial 1089 

infection. Gastroenterology 2015, 148 (1), 126–136. 1090 

(6) Boilève, A.; Cartry, J.; Goudarzi, N.; Bedja, S.; Mathieu, J. R. R.; Bani, M.-A.; Nicolle, R.; Mouawia, 1091 

A.; Bouyakoub, R.; Nicotra, C. Organoids for functional precision medicine in advanced pancreatic 1092 

cancer. Gastroenterology 2024, 167 (5), 961–976. 1093 

(7) Schmidt, C.; Deyett, A.; Ilmer, T.; Haendeler, S.; Caballero, A. T.; Novatchkova, M.; Netzer, M. A.; 1094 

Ginistrelli, L. C.; Juncosa, E. M.; Bhattacharya, T. Multi-chamber cardioids unravel human heart 1095 

development and cardiac defects. Cell 2023, 186 (25), 5587–5605. 1096 

(8) Harrison, S. P.; Siller, R.; Tanaka, Y.; Chollet, M. E.; de la Morena-Barrio, M. E.; Xiang, Y.; Patterson, 1097 

B.; Andersen, E.; Bravo-Pérez, C.; Kempf, H. Scalable production of tissue-like vascularized liver 1098 

organoids from human PSCs. Experimental & molecular medicine 2023, 55 (9), 2005–2024. 1099 

(9) Morizane, R.; Bonventre, J. V. Generation of nephron progenitor cells and kidney organoids from 1100 

human pluripotent stem cells. Nature protocols 2017, 12 (1), 195–207. 1101 

(10) Sherman, H.; Elliott, N.; White, A.; Rossi, A. High Throughput Gene Expression Analysis of 3D 1102 

Airway Organoids. All About Organoids 2019, 14. 1103 

(11) Zhao, Z.; Chen, X.; Dowbaj, A. M.; Sljukic, A.; Bratlie, K.; Lin, L.; Fong, E. L. S.; Balachander, G. 1104 

M.; Chen, Z.; Soragni, A. Organoids. Nature Reviews Methods Primers 2022, 2 (1), 94. 1105 

(12) Kozlowski, M. T.; Crook, C. J.; Ku, H. T. Towards organoid culture without Matrigel. 1106 

Communications biology 2021, 4 (1), 1387. 1107 

(13) Jee, J. H.; Lee, D. H.; Ko, J.; Hahn, S.; Jeong, S. Y.; Kim, H. K.; Park, E.; Choi, S. Y.; Jeong, S.; 1108 

Lee, J. W. Development of Collagen‐Based 3D Matrix for Gastrointestinal Tract‐Derived Organoid 1109 

Culture. Stem cells international 2019, 2019 (1), 8472712. 1110 

(14) Salvatorelli, G.; Gulinati, A. M.; Negri, P.; Rosaspina, S. Organotype cultures of carcinoma of the 1111 

portio cervicis. Clinical and Experimental Obstetrics & Gynecology 1978, 5 (3-4), 133–137. 1112 

(15) Cruz-Acuña, R.; Quirós, M.; Farkas, A. E.; Dedhia, P. H.; Huang, S.; Siuda, D.; García-Hernández, 1113 

V.; Miller, A. J.; Spence, J. R.; Nusrat, A. Synthetic hydrogels for human intestinal organoid generation 1114 

and colonic wound repair. Nature cell biology 2017, 19 (11), 1326–1335. 1115 

(16) Ganguly, K.; Dutta, S. D.; Randhawa, A.; Patel, D. K.; Patil, T. V.; Lim, K. T. Transcriptomic changes 1116 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

toward osteogenic differentiation of mesenchymal stem cells on 3D‐printed GelMA/CNC hydrogel 1117 

under pulsatile pressure environment. Advanced Healthcare Materials 2023, 12 (11), 2202163. 1118 

(17) Heo, J. H.; Kang, D.; Seo, S. J.; Jin, Y. Engineering the extracellular matrix for organoid culture. 1119 

International journal of stem cells 2022, 15 (1), 60–69. 1120 

(18) Gattazzo, F.; Urciuolo, A.; Bonaldo, P. Extracellular matrix: a dynamic microenvironment for stem 1121 

cell niche. Biochimica et Biophysica Acta (BBA)-General Subjects 2014, 1840 (8), 2506–2519. 1122 

(19) Broguiere, N.; Isenmann, L.; Hirt, C.; Ringel, T.; Placzek, S.; Cavalli, E.; Ringnalda, F.; Villiger, L.; 1123 

Züllig, R.; Lehmann, R. Growth of epithelial organoids in a defined hydrogel. Advanced Materials 2018, 1124 

30 (43), 1801621. 1125 

(20) Ehrbar, M.; Rizzi, S. C.; Hlushchuk, R.; Djonov, V.; Zisch, A. H.; Hubbell, J. A.; Weber, F. E.; Lutolf, 1126 

M. P. Enzymatic formation of modular cell-instructive fibrin analogs for tissue engineering. Biomaterials 1127 

2007, 28 (26), 3856–3866. 1128 

(21) Broguiere, N.; Isenmann, L.; Zenobi-Wong, M. Novel enzymatically cross-linked hyaluronan 1129 

hydrogels support the formation of 3D neuronal networks. Biomaterials 2016, 99, 47–55. 1130 

(22) Hartman, C. D.; Isenberg, B. C.; Chua, S. G.; Wong, J. Y. Extracellular matrix type modulates cell 1131 

migration on mechanical gradients. Experimental cell research 2017, 359 (2), 361–366. 1132 

(23) Slater, K.; Nandivada, H.; Bedford, M. A. Culture of Mouse Intestinal Organoids in Corning® 1133 

Matrigel® Matrix for Organoid Culture. All About Organoids 2019, 10. 1134 

(24) Benedetti, G.; Jones, B. C.; Sgualdino, F.; De Coppi, P.; Giobbe, G. G. Generation of human gastric 1135 

assembloids from primary fetal organoids. Pediatric Surgery International 2023, 40 (1), 6. 1136 

(25) Dye, B. R.; Decker, J. T.; Hein, R. F. C.; Miller, A. J.; Huang, S.; Spence, J. R.; Shea, L. D. Human 1137 

lung organoid culture in alginate with and without matrigel to model development and disease. Tissue 1138 

Engineering Part A 2022, 28 (21-22), 893–906. 1139 

(26) Takasato, M.; Er, P. X.; Chiu, H. S.; Maier, B.; Baillie, G. J.; Ferguson, C.; Parton, R. G.; Wolvetang, 1140 

E. J.; Roost, M. S.; Chuva de Sousa Lopes, S. M. Kidney organoids from human iPS cells contain 1141 

multiple lineages and model human nephrogenesis. Nature 2015, 526 (7574), 564–568. 1142 

(27) Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.-R.; Ueno, Y.; 1143 

Zheng, Y.-W.; Koike, N. Vascularized and functional human liver from an iPSC-derived organ bud 1144 

transplant. Nature 2013, 499 (7459), 481–484. 1145 

(28) Lancaster, M. A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L. S.; Hurles, M. E.; Homfray, 1146 

T.; Penninger, J. M.; Jackson, A. P.; Knoblich, J. A. Cerebral organoids model human brain development 1147 

and microcephaly. Nature 2013, 501 (7467), 373–379. 1148 

(29) Rezanejad, H.; Lock, J. H.; Sullivan, B. A.; Bonner‐Weir, S. Generation of Pancreatic Ductal 1149 

Organoids and Whole‐Mount Immunostaining of Intact Organoids. Current protocols in cell biology 1150 

2019, 83 (1), e82. 1151 

(30) Yuan, L.; Xie, S.; Bai, H.; Liu, X.; Cai, P.; Lu, J.; Wang, C.; Lin, Z.; Li, S.; Guo, Y. Reconstruction 1152 

of dynamic mammary mini gland in vitro for normal physiology and oncogenesis. Nature Methods 2023, 1153 

20 (12), 2021–2033. 1154 

(31) Janzen, D.; Bakirci, E.; Faber, J.; Andrade Mier, M.; Hauptstein, J.; Pal, A.; Forster, L.; Hazur, J.; 1155 

Boccaccini, A. R.; Detsch, R. Reinforced Hyaluronic Acid‐Based Matrices Promote 3D Neuronal 1156 

Network Formation. Advanced Healthcare Materials 2022, 11 (21), 2201826. 1157 

(32) Hua, H.; Wang, Y.; Wang, X.; Wang, S.; Zhou, Y.; Liu, Y.; Liang, Z.; Ren, H.; Lu, S.; Wu, S. 1158 

Remodeling ceramide homeostasis promotes functional maturation of human pluripotent stem cell-1159 

derived β cells. Cell Stem Cell 2024, 31 (6), 850–865. 1160 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(33) Seah, C.; Breen, M. S.; Rusielewicz, T.; Bader, H. N.; Xu, C.; Hunter, C. J.; McCarthy, B.; Deans, 1161 

P. J. M.; Chattopadhyay, M.; Goldberg, J. Modeling gene× environment interactions in PTSD using 1162 

human neurons reveals diagnosis-specific glucocorticoid-induced gene expression. Nature neuroscience 1163 

2022, 25 (11), 1434–1445. 1164 

(34) Kong, Y.; Yue, M.; Xu, C.; Zhang, J.; Hong, H.; Lu, J.; Wang, Y.; Zhang, X.; Chen, Q.; Yang, C. 1165 

RGMb drives macrophage infiltration to aggravate kidney disease. Proceedings of the National Academy 1166 

of Sciences 2025, 122 (11), e2418739122. 1167 

(35) Shi, M.; Lin, X.-D.; Chen, X.; Tian, J.-H.; Chen, L.-J.; Li, K.; Wang, W.; Eden, J.-S.; Shen, J.-J.; 1168 

Liu, L. The evolutionary history of vertebrate RNA viruses. Nature 2018, 556 (7700), 197–202. 1169 

(36) Shen, H.; Yuan, J.; Tong, D.; Chen, B.; Yu, E.; Chen, G.; Peng, C.; Chang, W.; E, J.; Cao, F. Regulator 1170 

of G protein signaling 16 restrains apoptosis in colorectal cancer through disrupting TRAF6-TAB2-1171 

TAK1-JNK/p38 MAPK signaling. Cell Death & Disease 2024, 15 (6), 438. 1172 

(37) Bell, S.; Rousseau, J.; Peng, H.; Aouabed, Z.; Priam, P.; Theroux, J.-F.; Jefri, M.; Tanti, A.; Wu, H.; 1173 

Kolobova, I. Mutations in ACTL6B cause neurodevelopmental deficits and epilepsy and lead to loss of 1174 

dendrites in human neurons. The American Journal of Human Genetics 2019, 104 (5), 815–834. 1175 

(38) Foong, D.; Zhou, J.; Zarrouk, A.; Ho, V.; O’Connor, M. D. Understanding the biology of human 1176 

interstitial cells of Cajal in gastrointestinal motility. International journal of molecular sciences 2020, 21 1177 

(12), 4540. 1178 

(39) Chu, K.; Han, W.; Jiang, D.; Jiang, Z.; Zhu, T.; Xu, W.; Hu, Y.; Zeng, G. Cross-neutralization 1179 

capacity of immune serum from different dosage of Sabin inactivated poliovirus vaccine immunization 1180 

against multiple individual polioviruses. Expert Review of Vaccines 2021, 20 (6), 761–767. 1181 

(40) Rajendra, C.; Wald, T.; Barber, K.; Spence, J. R.; Fattahi, F.; Klein, O. D. Generation of knockout 1182 

gene-edited human intestinal organoids. In Intestinal Stem Cells: Methods and Protocols, Springer, 2020; 1183 

pp 215–230. 1184 

(41) Luo, Y.; Liu, C.; Cerbini, T.; San, H.; Lin, Y.; Chen, G.; Rao, M. S.; Zou, J. Stable enhanced green 1185 

fluorescent protein expression after differentiation and transplantation of reporter human induced 1186 

pluripotent stem cells generated by AAVS1 transcription activator-like effector nucleases. Stem cells 1187 

translational medicine 2014, 3 (7), 821–835. 1188 

(42) Yamada, M.; Yoshida, Y.; Mori, D.; Takitoh, T.; Kengaku, M.; Umeshima, H.; Takao, K.; Miyakawa, 1189 

T.; Sato, M.; Sorimachi, H. Inhibition of calpain increases LIS1 expression and partially rescues in vivo 1190 

phenotypes in a mouse model of lissencephaly. Nature medicine 2009, 15 (10), 1202–1207. 1191 

(43) Cao, J.; Poss, K. D. Explant culture of adult zebrafish hearts for epicardial regeneration studies. 1192 

Nature protocols 2016, 11 (5), 872–881. 1193 

(44) Holokai, L.; Chakrabarti, J.; Lundy, J.; Croagh, D.; Adhikary, P.; Richards, S. S.; Woodson, C.; 1194 

Steele, N.; Kuester, R.; Scott, A. Murine-and human-derived autologous organoid/immune cell co-1195 

cultures as pre-clinical models of pancreatic ductal adenocarcinoma. Cancers 2020, 12 (12), 3816. 1196 

(45) Kami, D.; Kitani, T.; Kawasaki, T.; Gojo, S. Cardiac mesenchymal progenitors differentiate into 1197 

adipocytes via Klf4 and c-Myc. Cell death & disease 2016, 7 (4), e2190–e2190. 1198 

(46) Ruan, F.; Li, L.; Wu, M.; Xue, F.; Fu, Z.; Zhang, F.; Zuo, Z.; Bu, L.; Zeng, F.; He, C. Fullerenol 1199 

Doped Matrigel Promotes Maturation of Intestinal Organoids by Inhibiting Oxidative Stress and 1200 

Apoptosis. ACS Applied Bio Materials 2025, 8 (8), 7161–7170. 1201 

(47) Wu, Y.; Wang, H.; Qu, C.; Deng, X.; Li, N.; Yue, S.; Xu, W.; Chen, Y.; Zhou, M. Pig-derived ECM-1202 

SIS provides a novel matrix gel for tumor modeling. Biomedical Physics & Engineering Express 2024, 1203 

10 (6), 065002. 1204 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(48) Cherne, M. D.; Sidar, B.; Sebrell, T. A.; Sanchez, H. S.; Heaton, K.; Kassama, F. J.; Roe, M. M.; 1205 

Gentry, A. B.; Chang, C. B.; Walk, S. T. A synthetic hydrogel, VitroGel® ORGANOID-3, improves 1206 

immune cell-epithelial interactions in a tissue chip co-culture model of human gastric organoids and 1207 

dendritic cells. Frontiers in Pharmacology 2021, 12, 707891. 1208 

(49) Arthurs, A. L.; Dietrich, B.; Knöfler, M.; Lushington, C. J.; Thomas, P. Q.; Adikusuma, F.; 1209 

Williamson, J. M.; Babikha, S.; Damhuis, T.; Jankovic-Karasoulos, T. Genetically edited human placental 1210 

organoids cast new light on the role of ACE2. Cell Death & Disease 2025, 16 (1), 78. 1211 

(50) Pineiro-Llanes, J.; da Silva, L.; Huang, J.; Cristofoletti, R. Comparative Study of Basement-1212 

Membrane Matrices for Human Stem Cell Maintenance and Intestinal Organoid Generation. Journal of 1213 

Visualized Experiments (JoVE) 2024, (205), e66277. 1214 

(51) G ómez‐ Álvarez, M.; Bueno ‐Fernandez, C.; Rodr íguez‐ Eguren, A.; Franc é s ‐Herrero, E.; 1215 

Agustina‐Hernández, M.; Faus, A.; Gisbert Roca, F.; Martínez‐Ramos, C.; Galán, A.; Pellicer, A. Hybrid 1216 

Endometrial‐Derived Hydrogels: Human Organoid Culture Models and In Vivo Perspectives. Advanced 1217 

Healthcare Materials 2024, 13 (11), 2303838. 1218 

(52) Garreta, E.; Moya‐Rull, D.; Marco, A.; Amato, G.; Ullate‐Agote, A.; Tarantino, C.; Gallo, M.; 1219 

Esporr ín‐Ubieto, D.; Centeno, A.; Vilas‐Zornoza, A. Natural hydrogels support kidney organoid 1220 

generation and promote in vitro angiogenesis. Advanced Materials 2024, 36 (34), 2400306. 1221 

(53) Kakabadze, Z.; Kakabadze, A.; Chakhunashvili, D.; Karalashvili, L.; Berishvili, E.; Sharma, Y.; 1222 

Gupta, S. Decellularized human placenta supports hepatic tissue and allows rescue in acute liver failure. 1223 

Hepatology 2018, 67 (5), 1956–1969. 1224 

(54) Ootani, A.; Li, X.; Sangiorgi, E.; Ho, Q. T.; Ueno, H.; Toda, S.; Sugihara, H.; Fujimoto, K.; 1225 

Weissman, I. L.; Capecchi, M. R. Sustained in vitro intestinal epithelial culture within a Wnt-dependent 1226 

stem cell niche. Nature medicine 2009, 15 (6), 701–706. 1227 

(55) Jabaji, Z.; Brinkley, G. J.; Khalil, H. A.; Sears, C. M.; Lei, N. Y.; Lewis, M.; Stelzner, M.; Martín, 1228 

M. G.; Dunn, J. C. Y. Type I collagen as an extracellular matrix for the in vitro growth of human small 1229 

intestinal epithelium. PloS one 2014, 9 (9), e107814. 1230 

(56) DiMarco, R. L.; Su, J.; Yan, K. S.; Dewi, R.; Kuo, C. J.; Heilshorn, S. C. Engineering of three-1231 

dimensional microenvironments to promote contractile behavior in primary intestinal organoids. 1232 

Integrative Biology 2014, 6 (2), 127–142. 1233 

(57) Lindborg, B. A.; Brekke, J. H.; Vegoe, A. L.; Ulrich, C. B.; Haider, K. T.; Subramaniam, S.; 1234 

Venhuizen, S. L.; Eide, C. R.; Orchard, P. J.; Chen, W. Rapid induction of cerebral organoids from human 1235 

induced pluripotent stem cells using a chemically defined hydrogel and defined cell culture medium. 1236 

Stem cells translational medicine 2016, 5 (7), 970–979. 1237 

(58) Kratochvil, M. J.; Seymour, A. J.; Li, T. L.; Paşca, S. P.; Kuo, C. J.; Heilshorn, S. C. Engineered 1238 

materials for organoid systems. Nature Reviews Materials 2019, 4 (9), 606–622. 1239 

(59) Monleon-Guinot, I.; Milian, L.; Martinez-Vallejo, P.; Sancho-Tello, M.; Llop-Miguel, M.; Galbis, J. 1240 

M.; Cremades, A.; Carda, C.; Mata, M. Morphological characterization of human lung cancer organoids 1241 

cultured in type i collagen hydrogels: a histological approach. International Journal of Molecular 1242 

Sciences 2023, 24 (12), 10131. 1243 

(60) Sachs, N.; Tsukamoto, Y.; Kujala, P.; Peters, P. J.; Clevers, H. Intestinal epithelial organoids fuse to 1244 

form self-organizing tubes in floating collagen gels. Development 2017, 144 (6), 1107–1112. 1245 

(61) Cruz, N. M.; Song, X.; Czerniecki, S. M.; Gulieva, R. E.; Churchill, A. J.; Kim, Y. K.; Winston, K.; 1246 

Tran, L. M.; Diaz, M. A.; Fu, H. Organoid cystogenesis reveals a critical role of microenvironment in 1247 

human polycystic kidney disease. Nature materials 2017, 16 (11), 1112–1119. 1248 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(62) Jia, X.; Fan, X.; Chen, C.; Lu, Q.; Zhou, H.; Zhao, Y.; Wang, X.; Han, S.; Ouyang, L.; Yan, H. 1249 

Chemical and structural engineering of gelatin-based delivery systems for therapeutic applications: a 1250 

review. Biomacromolecules 2024, 25 (2), 564–589. 1251 

(63) Cui, J.; Liu, L.; Chen, B.; Hu, J.; Song, M.; Dai, H.; Wang, X.; Geng, H. A comprehensive review 1252 

on the inherent and enhanced antifouling mechanisms of hydrogels and their applications. International 1253 

Journal of Biological Macromolecules 2024, 265, 130994. 1254 

(64) Liu, L.; Fan, X.; Lu, Q.; Wang, P.; Wang, X.; Han, Y.; Wang, R.; Zhang, C.; Han, S.; Tsuboi, T. 1255 

Antimicrobial research of carbohydrate polymer-and protein-based hydrogels as reservoirs for the 1256 

generation of reactive oxygen species: A review. International Journal of Biological Macromolecules 1257 

2024, 260, 129251. 1258 

(65) Ricard-Blum, S. The collagen family. Cold Spring Harbor perspectives in biology 2011, 3 (1), 1259 

a004978. 1260 

(66) Hu, C.; Lu, W.; Mata, A.; Nishinari, K.; Fang, Y. Ions-induced gelation of alginate: Mechanisms and 1261 

applications. International Journal of Biological Macromolecules 2021, 177, 578–588. 1262 

(67) Bidarra, S. J.; Barrias, C. C. 3D culture of mesenchymal stem cells in alginate hydrogels. In Stem 1263 

Cell Niche: Methods and Protocols, Springer, 2018; pp 165–180. 1264 

(68) Mhanna, R.; Kashyap, A.; Palazzolo, G.; Vallmajo-Martin, Q.; Becher, J.; Möller, S.; Schnabelrauch, 1265 

M.; Zenobi-Wong, M. Chondrocyte culture in three dimensional alginate sulfate hydrogels promotes 1266 

proliferation while maintaining expression of chondrogenic markers. Tissue Engineering Part A 2014, 1267 

20 (9-10), 1454–1464. 1268 

(69) Shea, L. D.; Woodruff, T. K.; Shikanov, A. Bioengineering the ovarian follicle microenvironment. 1269 

Annual review of biomedical engineering 2014, 16 (1), 29–52. 1270 

(70) Shikanov, A.; Xu, M.; Woodruff, T. K.; Shea, L. D. Interpenetrating fibrin–alginate matrices for in 1271 

vitro ovarian follicle development. Biomaterials 2009, 30 (29), 5476–5485. 1272 

(71) Capeling, M. M.; Czerwinski, M.; Huang, S.; Tsai, Y.-H.; Wu, A.; Nagy, M. S.; Juliar, B.; Sundaram, 1273 

N.; Song, Y.; Han, W. M. Nonadhesive alginate hydrogels support growth of pluripotent stem cell-derived 1274 

intestinal organoids. Stem cell reports 2019, 12 (2), 381–394. 1275 

(72) Xu, X.; Jha, A. K.; Harrington, D. A.; Farach-Carson, M. C.; Jia, X. Hyaluronic acid-based hydrogels: 1276 

from a natural polysaccharide to complex networks. Soft matter 2012, 8 (12), 3280–3294. 1277 

(73) Tavianatou, A. G.; Caon, I.; Franchi, M.; Piperigkou, Z.; Galesso, D.; Karamanos, N. K. Hyaluronan: 1278 

molecular size‐dependent signaling and biological functions in inflammation and cancer. The FEBS 1279 

journal 2019, 286 (15), 2883–2908. 1280 

(74) Guo, Z.; Ma, W.; Gu, H.; Feng, Y.; He, Z.; Chen, Q.; Mao, X.; Zhang, J.; Zheng, L. pH-Switchable 1281 

and self-healable hydrogels based on ketone type acylhydrazone dynamic covalent bonds. Soft Matter 1282 

2017, 13 (40), 7371–7380. 1283 

(75) Lei, Y.; Gojgini, S.; Lam, J.; Segura, T. The spreading, migration and proliferation of mouse 1284 

mesenchymal stem cells cultured inside hyaluronic acid hydrogels. Biomaterials 2011, 32 (1), 39–47.  1285 

(76) Porras Hernández, A. M.; Pohlit, H.; Sjögren, F.; Shi, L.; Ossipov, D.; Antfolk, M.; Tenje, M. A 1286 

simplified approach to control cell adherence on biologically derived in vitro cell culture scaffolds by 1287 

direct UV-mediated RGD linkage. Journal of Materials Science: Materials in Medicine 2020, 31 (10), 1288 

89. 1289 

(77) Zhang, Q.; Liu, Y.; Yang, G.; Kong, H.; Guo, L.; Wei, G. Recent advances in protein hydrogels: 1290 

From design, structural and functional regulations to healthcare applications. Chemical Engineering 1291 

Journal 2023, 451, 138494. 1292 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(78) Shi, W.; Mirza, S.; Kuss, M.; Liu, B.; Hartin, A.; Wan, S.; Kong, Y.; Mohapatra, B.; Krishnan, M.; 1293 

Band, H. Embedded bioprinting of breast tumor cells and organoids using low‐concentration collagen‐1294 

based bioinks. Advanced healthcare materials 2023, 12 (26), 2300905. 1295 

(79) Curvello, R.; Alves, D.; Abud, H. E.; Garnier, G. A thermo-responsive collagen-nanocellulose 1296 

hydrogel for the growth of intestinal organoids. Materials Science and Engineering: C 2021, 124, 112051. 1297 

(80) Baker, A. E. G.; Bahlmann, L. C.; Xue, C.; Lu, Y. H. J.; Chin, A. A.; Cruickshank, J.; Cescon, D. W.; 1298 

Shoichet, M. S. Chemically and mechanically defined hyaluronan hydrogels emulate the extracellular 1299 

matrix for unbiased in vivo and in vitro organoid formation and drug testing in cancer. Materials Today 1300 

2022, 56, 96–113. 1301 

(81) Ma, W.; Zheng, Y.; Yang, G.; Zhang, H.; Lu, M.; Ma, H.; Wu, C.; Lu, H. A bioactive calcium silicate 1302 

nanowire-containing hydrogel for organoid formation and functionalization. Materials Horizons 2024, 1303 

11 (12), 2957–2973. 1304 

(82) Xu, N.-Y.; Li, J.; Wang, M.-L.; Chen, X.-Y.; Tang, R.; Liu, X.-Q. Fabrication of a coculture organoid 1305 

model in the biomimetic matrix of alginate to investigate breast cancer progression in a TAMs-leading 1306 

immune microenvironment. ACS Applied Materials & Interfaces 2024, 16 (9), 11275–11288. 1307 

(83) Zhao, Y.; Gong, J.; Liu, H.; Huang, H.; Tan, W.-s.; Cai, H. A chemically defined, mechanically 1308 

tunable, and bioactive hyaluronic acid/alginate double-network hydrogel for liver cancer organoid 1309 

construction. International Journal of Biological Macromolecules 2024, 282, 136707. 1310 

(84) Ort, C.; Chen, Y.; Ghagre, A.; Ehrlicher, A.; Moraes, C. Bioprintable, stiffness-tunable collagen-1311 

alginate microgels for increased throughput 3D cell culture studies. ACS Biomaterials Science & 1312 

Engineering 2021, 7 (6), 2814–2822. 1313 

(85) Roudaut, M.; Caillaud, A.; Souguir, Z.; Bray, L.; Girardeau, A.; Rimbert, A.; Croyal, M.; Lambert, 1314 

G.; Patitucci, M.; Delpouve, G. Human induced pluripotent stem cells‐derived liver organoids grown on 1315 

a Biomimesys® hyaluronic acid‐based hydroscaffold as a new model for studying human lipoprotein 1316 

metabolism. Bioengineering & Translational Medicine 2024, 9 (4), e10659. 1317 

(86) Gan, Z.; Qin, X.; Liu, H.; Liu, J.; Qin, J. Recent advances in defined hydrogels in organoid research. 1318 

Bioactive materials 2023, 28, 386–401. 1319 

(87) Chrisnandy, A.; Blondel, D.; Rezakhani, S.; Broguiere, N.; Lutolf, M. P. Synthetic dynamic 1320 

hydrogels promote degradation-independent in vitro organogenesis. Nature Materials 2022, 21 (4), 479–1321 

487. 1322 

(88) Buchmann, B.; Engelbrecht, L. K.; Fernández, P.; Hutterer, F. P.; Raich, M. K.; Scheel, C. H.; Bausch, 1323 

A. R. Mechanical plasticity of collagen directs branch elongation in human mammary gland organoids. 1324 

Nature Communications 2021, 12 (1), 2759. 1325 

(89) Sandilya, S.; Singh, S. Development of islet organoids from human induced pluripotent stem cells 1326 

in a cross-linked collagen scaffold. Cell Regeneration 2021, 10 (1), 38. 1327 

(90) Lin, Z.; Rao, Q.; Liang, S.; Wang, R.; Yu, W. Key role of calcium ion in sodium alginate based 1328 

composite hydrogel for breast cancer organoid culture. Chinese Journal of Tissue Engineering Research 1329 

2025, 29 (22), 4702. 1330 

(91) Pasqua, M.; Pereira, U.; de Lartigue, C.; Nicolas, J.; Vigneron, P.; Dermigny, Q.; Legallais, C. 1331 

Preclinical characterization of alginate‐poly‐L‐lysine encapsulated HepaRG for extracorporeal liver 1332 

supply. Biotechnology and Bioengineering 2021, 118 (1), 453–464. 1333 

(92) Wang, D.; Guo, Y.; Zhu, J.; Liu, F.; Xue, Y.; Huang, Y.; Zhu, B.; Wu, D.; Pan, H.; Gong, T. 1334 

Hyaluronic acid methacrylate/pancreatic extracellular matrix as a potential 3D printing bioink for 1335 

constructing islet organoids. Acta biomaterialia 2023, 165, 86–101. 1336 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(93) Cevik, E.; Erdogan, O.; Cevik, O. Bio-fabrication of liver cancer stem cells and testing of 1337 

gemcitabine; OAE Publishing Inc., 2023. 1338 

(94) Wu, S.; Xu, R.; Duan, B.; Jiang, P. Three-dimensional hyaluronic acid hydrogel-based models for 1339 

in vitro human iPSC-derived NPC culture and differentiation. Journal of Materials Chemistry B 2017, 5 1340 

(21), 3870–3878. 1341 

(95) Chen, X.; Liu, C.; McDaniel, G.; Zeng, O.; Ali, J.; Zhou, Y.; Wang, X.; Driscoll, T.; Zeng, C.; Li, Y. 1342 

Viscoelasticity of hyaluronic acid hydrogels regulates human pluripotent stem cell‐derived spinal cord 1343 

organoid patterning and vascularization. Advanced healthcare materials 2024, 13 (32), 2402199. 1344 

(96) Rizwan, M.; Ling, C.; Guo, C.; Liu, T.; Jiang, J. X.; Bear, C. E.; Ogawa, S.; Shoichet, M. S. 1345 

Viscoelastic notch signaling hydrogel induces liver bile duct organoid growth and morphogenesis. 1346 

Advanced Healthcare Materials 2022, 11 (23), 2200880. 1347 

(97) Zhang, J.; Marciano, D.; Wang, L.; Wang, W.; Gossen, M.; Yang, M.; Peng, T.; Gautrot, J.; Xu, X.; 1348 

Ma, N. Bioinspired Hyaluronic Acid‐Based Hydrogel Fuels Bi‐Directional Lung Organoid Maturation 1349 

via PIEZO1 and ITGB1 Mediated Mechanosensation. Advanced Materials Interfaces 2024, 11 (28), 1350 

2400194. 1351 

(98) Xie, D.; Chen, B.; Xue, Y.; Sun, Z.; Ning, B.; Zhang, Z.; Chi, J.; Su, M.; Song, Y. Printable and 1352 

biocompatible hydrogels for residual-free and high-throughput printing patient-derived organoid 1353 

biochips. Science China Materials 2024, 67 (8), 2505–2514. 1354 

(99) Magno, V.; Meinhardt, A.; Werner, C. Polymer hydrogels to guide organotypic and organoid cultures. 1355 

Advanced Functional Materials 2020, 30 (48), 2000097. 1356 

(100) Agarwal, T.; Celikkin, N.; Costantini, M.; Maiti, T. K.; Makvandi, P. Recent advances in chemically 1357 

defined and tunable hydrogel platforms for organoid culture. Bio-Design and Manufacturing 2021, 4 (3), 1358 

641–674. 1359 

(101) Bock, N.; Forouz, F.; Hipwood, L.; Clegg, J.; Jeffery, P.; Gough, M.; van Wyngaard, T.; Pyke, C.; 1360 

Adams, M. N.; Bray, L. J. GelMA, click-chemistry gelatin and bioprinted polyethylene glycol-based 1361 

hydrogels as 3D ex vivo drug testing platforms for patient-derived breast cancer organoids. 1362 

Pharmaceutics 2023, 15 (1), 261. 1363 

(102) Wang, L.; Riediger, L.; Rao, Q.; Xu, X.; Nie, Y.; Zhou, Y.; Zhang, J.; Tang, P.; Wang, W.; Tacke, F. 1364 

Tunable Synthetic Hydrogel Modulates Hepatic Lineage Specification of Human Liver Organoid. 1365 

Advanced Functional Materials 2025, e08430. 1366 

(103) Majumder, J.; Torr, E. E.; Aisenbrey, E. A.; Lebakken, C. S.; Favreau, P. F.; Richards, W. D.; Yin, 1367 

Y.; Chang, Q.; Murphy, W. L. Human induced pluripotent stem cell-derived planar neural organoids 1368 

assembled on synthetic hydrogels. Journal of Tissue Engineering 2024, 15, 20417314241230633. 1369 

(104) Sorrentino, G.; Rezakhani, S.; Yildiz, E.; Nuciforo, S.; Heim, M. H.; Lutolf, M. P.; Schoonjans, K. 1370 

Mechano-modulatory synthetic niches for liver organoid derivation. Nature communications 2020, 11 1371 

(1), 3416. 1372 

(105) Wang, A. J.; Allen, A.; Sofman, M.; Sphabmixay, P.; Yildiz, E.; Griffith, L. G. Engineering modular 1373 

3D liver culture microenvironments in vitro to parse the interplay between biophysical and biochemical 1374 

microenvironment cues on hepatic phenotypes. Advanced nanobiomed research 2022, 2 (1), 2100049. 1375 

(106) Slaby, E. M.; Hansen, N.; Sharma, R.; Pirrotte, P.; Weaver, J. D. Engineered 3D Hydrogel Matrices 1376 

to Modulate Trophoblast Stem Cell-Derived Placental Organoid Phenotype. bioRxiv 2024, 2024–2005. 1377 

(107) Below, C. R.; Kelly, J.; Brown, A.; Humphries, J. D.; Hutton, C.; Xu, J.; Lee, B. Y.; Cintas, C.; 1378 

Zhang, X.; Hernandez-Gordillo, V. A microenvironment-inspired synthetic three-dimensional model for 1379 

pancreatic ductal adenocarcinoma organoids. Nature Materials 2022, 21 (1), 110–119. 1380 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(108) Kouwer, P. H. J.; Koepf, M.; Le Sage, V. A. A.; Jaspers, M.; Van Buul, A. M.; Eksteen-Akeroyd, 1381 

Z. H.; Woltinge, T.; Schwartz, E.; Kitto, H. J.; Hoogenboom, R. Responsive biomimetic networks from 1382 

polyisocyanopeptide hydrogels. Nature 2013, 493 (7434), 651–655. 1383 

(109) Koepf, M.; Kitto, H. J.; Schwartz, E.; Kouwer, P. H. J.; Nolte, R. J. M.; Rowan, A. E. Preparation 1384 

and characterization of non-linear poly (ethylene glycol) analogs from oligo (ethylene glycol) 1385 

functionalized polyisocyanopeptides. European polymer journal 2013, 49 (6), 1510–1522. 1386 

(110) Wang, Z.; Ye, S.; van der Laan, L. J. W.; Schneeberger, K.; Masereeuw, R.; Spee, B. Chemically 1387 

defined organoid culture system for cholangiocyte differentiation. Advanced healthcare materials 2024, 1388 

13 (30), 2401511. 1389 

(111) Ekiz, M. S.; Cinar, G.; Khalily, M. A.; Guler, M. O. Self-assembled peptide nanostructures for 1390 

functional materials. Nanotechnology 2016, 27 (40), 402002. 1391 

(112) Olayanju, A.; Miller, A. F.; Ansari, T.; Goldring, C. E. Self-Assembling Peptide Hydrogels-1392 

PeptiGels® as a Platform for Hepatic Organoid Culture. bioRxiv 2021, 2021–2003. 1393 

(113) Treacy, N. J.; Clerkin, S.; Davis, J. L.; Kennedy, C.; Miller, A. F.; Saiani, A.; Wychowaniec, J. K.; 1394 

Brougham, D. F.; Crean, J. Growth and differentiation of human induced pluripotent stem cell (hiPSC)-1395 

derived kidney organoids using fully synthetic peptide hydrogels. Bioactive materials 2023, 21, 142–156. 1396 

(114) Lingard, E.; Dong, S.; Hoyle, A.; Appleton, E.; Hales, A.; Skaria, E.; Lawless, C.; Taylor-Hearn, I.; 1397 

Saadati, S.; Chu, Q. Optimising a self-assembling peptide hydrogel as a Matrigel alternative for 3-1398 

dimensional mammary epithelial cell culture. Biomaterials Advances 2024, 160, 213847. 1399 

(115) Xu, Y.-E.; Ao, D.-S.; Sun, X.; Chen, W.; Luo, X.; Zhao, C.; Wang, S.-Y.; Song, H. A novel Airway-1400 

Organoid model based on a Nano-Self-Assembling peptide: construction and application in adenovirus 1401 

infection studies. International Journal of Nanomedicine 2023, 5225–5241. 1402 

(116) Yuan, X.; Ding, Z.; Fu, L.; Wu, J.; Zheng, Y.; Zhang, Z.; Tian, G.; Sui, X.; Liu, S.; Guo, Q. 1403 

Preparation and characterization of methacryloylated hyaluronic acid/acellular Wharton’s jelly composite 1404 

hydrogel scaffold. Chinese Journal of Tissue Engineering Research 2024, 28 (22), 3517. 1405 

(117) Ranga, A.; Girgin, M.; Meinhardt, A.; Eberle, D.; Caiazzo, M.; Tanaka, E. M.; Lutolf, M. P. Neural 1406 

tube morphogenesis in synthetic 3D microenvironments. Proceedings of the National Academy of 1407 

Sciences 2016, 113 (44), E6831–E6839. 1408 

(118) Zimoch, J.; Padial, J. S.; Klar, A. S.; Vallmajo-Martin, Q.; Meuli, M.; Biedermann, T.; Wilson, C. 1409 

J.; Rowan, A.; Reichmann, E. Polyisocyanopeptide hydrogels: A novel thermo-responsive hydrogel 1410 

supporting pre-vascularization and the development of organotypic structures. Acta biomaterialia 2018, 1411 

70, 129–139. 1412 

(119) Zhang, Y.; Tang, C.; Span, P. N.; Rowan, A. E.; Aalders, T. W.; Schalken, J. A.; Adema, G. J.; 1413 

Kouwer, P. H. J.; Zegers, M. M. P.; Ansems, M. Polyisocyanide hydrogels as a tunable platform for 1414 

mammary gland organoid formation. Advanced Science 2020, 7 (18), 2001797. 1415 

(120) Ye, S.; Boeter, J. W. B.; Mihajlovic, M.; van Steenbeek, F. G.; van Wolferen, M. E.; Oosterhoff, L. 1416 

A.; Marsee, A.; Caiazzo, M.; van der Laan, L. J. W.; Penning, L. C. A chemically defined hydrogel for 1417 

human liver organoid culture. Advanced functional materials 2020, 30 (48), 2000893. 1418 

(121) Ma, Y.; Hu, L.; Tang, J.; Guo, W.; Feng, Y.; Liu, Y.; Tang, F. Three-dimensional cell co-culture liver 1419 

models and their applications in pharmaceutical research. International journal of molecular sciences 1420 

2023, 24 (7), 6248. 1421 

(122) Burgess, K. A.; Frati, C.; Meade, K.; Gao, J.; Diaz, L. C.; Madeddu, D.; Graiani, G.; Cavalli, S.; 1422 

Miller, A. F.; Oceandy, D. Functionalised peptide hydrogel for the delivery of cardiac progenitor cells. 1423 

Materials Science and Engineering: C 2021, 119, 111539. 1424 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

(123) Marchini, A.; Gelain, F. Synthetic scaffolds for 3D cell cultures and organoids: applications in 1425 

regenerative medicine. Critical reviews in biotechnology 2022, 42 (3), 468–486. 1426 

(124) Cruz-Acuña, R.; Mulero-Russe, A.; Clark, A. Y.; Zent, R.; García, A. J. Identification of matrix 1427 

physicochemical properties required for renal epithelial cell tubulogenesis by using synthetic hydrogels. 1428 

Journal of cell science 2019, 132 (20), jcs226639. 1429 

(125) Sun, X.; Liu, H.; Tan, Z.; Hou, Y.; Pang, M.; Chen, S.; Xiao, L.; Yuan, Q.; Liu, B.; Rong, L. 1430 

Remodeling microenvironment for endogenous repair through precise modulation of chondroitin sulfate 1431 

proteoglycans following spinal cord injury. Small 2023, 19 (6), 2205012. 1432 

(126) Asghar, M. A.; Iqbal, J.; Ahmed, A.; Khan, M. A.; Shamsuddin, Z. A. Aflatoxin B1 in betel nuts 1433 

(Areca catechu L.) imported to Pakistan from different regions of South Asia. Food Additives & 1434 

Contaminants: Part B 2014, 7 (3), 176–181. 1435 

(127) Marchini, A.; Ciulla, M. G.; Antonioli, B.; Agnoli, A.; Bovio, U.; Visnoviz, V.; Bertuzzi, F.; Gelain, 1436 

F. Long-term cultures of human pancreatic islets in self-assembling peptides hydrogels. Frontiers in 1437 

Bioengineering and Biotechnology 2023, 11, 1105157. 1438 

(128) Ichihara, Y.; Kaneko, M.; Yamahara, K.; Koulouroudias, M.; Sato, N.; Uppal, R.; Yamazaki, K.; 1439 

Saito, S.; Suzuki, K. Self-assembling peptide hydrogel enables instant epicardial coating of the heart with 1440 

mesenchymal stromal cells for the treatment of heart failure. Biomaterials 2018, 154, 12–23. 1441 

(129) Ye, T.; Xiang, Q.; Yang, Y.; Huang, Y. Research, development and application of collagen: a review. 1442 

Sheng wu Gong Cheng xue bao= Chinese Journal of Biotechnology 2023, 39 (3), 942–960. 1443 

(130) Que, R. A.; Arulmoli, J.; Da Silva, N. A.; Flanagan, L. A.; Wang, S. W. Recombinant collagen 1444 

scaffolds as substrates for human neural stem/progenitor cells. Journal of Biomedical Materials Research 1445 

Part A 2018, 106 (5), 1363–1372. 1446 

(131) Shan, Y.; Wang, T.; Lin, H. Applications of recombinant type III collagen in tissue engineering. 1447 

BioMedical Engineering OnLine 2025, 24 (1), 114. 1448 

(132) Liu, W.; Lin, H.; Zhao, P.; Xing, L.; Li, J.; Wang, Z.; Ju, S.; Shi, X.; Liu, Y.; Deng, G. A regulatory 1449 

perspective on recombinant collagen-based medical devices. Bioactive Materials 2022, 12, 198–202. 1450 

(133) Wang, Y. J.; Yang, C. R.; Wang, L. Y. Influence of EDC/NHS Crosslinking on Physicochemical 1451 

Properties of Collagen [J]. Journal of South China University of Technology (Natural Science Edition) 1452 

2007, 35 (12), 66–70. 1453 

(134) Liu, W.; Merrett, K.; Griffith, M.; Fagerholm, P.; Dravida, S.; Heyne, B.; Scaiano, J. C.; Watsky, 1454 

M. A.; Shinozaki, N.; Lagali, N. Recombinant human collagen for tissue engineered corneal substitutes. 1455 

Biomaterials 2008, 29 (9), 1147–1158. 1456 

(135) Islam, M. M.; Cėpla, V.; He, C.; Edin, J.; Rakickas, T.; Kobuch, K.; Ruželė, Ž.; Jackson, W. B.; 1457 

Rafat, M.; Lohmann, C. P. Functional fabrication of recombinant human collagen–phosphorylcholine 1458 

hydrogels for regenerative medicine applications. Acta biomaterialia 2015, 12, 70–80. 1459 

(136) Deng, A.; Yang, Y.; Du, S.; Yang, X.; Pang, S.; Wang, X.; Yang, S. Preparation of a recombinant 1460 

collagen-peptide (RHC)-conjugated chitosan thermosensitive hydrogel for wound healing. Materials 1461 

Science and Engineering: C 2021, 119, 111555. 1462 

(137) Sung, H. W.; Liang, I. L.; Chen, C. N.; Huang, R. N.; Liang, H. F. Stability of a biological tissue 1463 

fixed with a naturally occurring crosslinking agent (genipin). Journal of Biomedical Materials Research: 1464 

An Official Journal of The Society for Biomaterials, The Japanese Society for Biomaterials, and The 1465 

Australian Society for Biomaterials and the Korean Society for Biomaterials 2001, 55 (4), 538–546. 1466 

(138) Fang, Z.; Lu, C.; Du, W.; Wang, X.; Yang, H.; Shi, M.; Liu, T.; Xie, Y.; Wang, S.; Xu, X. Injectable 1467 

self-assembled dual-crosslinked alginate/recombinant collagen-based hydrogel for endometrium 1468 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

regeneration. International Journal of Biological Macromolecules 2023, 236, 123943. 1469 

(139) Shen, S.; Fan, D.; Yuan, Y.; Ma, X.; Zhao, J.; Yang, J. An ultrasmall infinite coordination polymer 1470 

nanomedicine-composited biomimetic hydrogel for programmed dressing-chemo-low level laser 1471 

combination therapy of burn wounds. Chemical Engineering Journal 2021, 426, 130610. 1472 

(140) Wang, Q.; Yan, H.; Yao, L.; Xie, Y.; Liu, P.; Xiao, J. A highly bioactive THPC-crosslinked 1473 

recombinant collagen hydrogel implant for aging skin rejuvenation. International Journal of Biological 1474 

Macromolecules 2024, 266, 131276. 1475 

(141) Yang, X.; Li, X.; Wu, Z.; Cao, L. Photocrosslinked methacrylated natural macromolecular 1476 

hydrogels for tissue engineering: A review. International Journal of Biological Macromolecules 2023, 1477 

246, 125570. 1478 

(142) Long, M.; Zheng, N.; Zhang, Z.; Gao, L.; Wang, Y.; Xia, X. Mechanisms and applications of 1479 

enzyme-catalyzed protein cross-linking. Sheng wu Gong Cheng xue bao= Chinese Journal of 1480 

Biotechnology 2022, 38 (7), 2499–2512. 1481 

(143) Guo, Y.; Xu, B.; Wang, Y.; Li, Y.; Si, H.; Zheng, X.; Chen, Z.; Chen, F.; Fan, D. Dramatic promotion 1482 

of wound healing using a recombinant human-like collagen and bFGF cross-linked hydrogel by 1483 

transglutaminase. Journal of Biomaterials Science, Polymer Edition 2019, 30 (17), 1591–1603. 1484 

(144) Huang, J.; Lei, X.; Huang, Z.; Rong, Z.; Li, H.; Xie, Y.; Duan, L.; Xiong, J.; Wang, D.; Zhu, S. 1485 

Bioprinted gelatin-recombinant type III collagen hydrogel promotes wound healing. International 1486 

Journal of Bioprinting 2022, 8 (2), 517. 1487 

(145) Zhu, C.; Lei, H.; Fan, D.; Duan, Z.; Li, X.; Li, Y.; Cao, J.; Wang, S.; Yu, Y. Novel enzymatic 1488 

crosslinked hydrogels that mimic extracellular matrix for skin wound healing. Journal of Materials 1489 

Science 2018, 53 (8), 5909–5928. 1490 

(146) Guo, Y.; Bian, Z.; Xu, Q.; Wen, X.; Kang, J.; Lin, S.; Wang, X.; Mi, Z.; Cui, J.; Zhang, Z. Novel 1491 

tissue-engineered skin equivalent from recombinant human collagen hydrogel and fibroblasts facilitated 1492 

full-thickness skin defect repair in a mouse model. Materials Science and Engineering: C 2021, 130, 1493 

112469. 1494 

(147) Xu, L.; Liu, Y.; Tang, L.; Xiao, H.; Yang, Z.; Wang, S. Preparation of recombinant human collagen 1495 

III protein hydrogels with sustained release of extracellular vesicles for skin wound healing. International 1496 

Journal of Molecular Sciences 2022, 23 (11), 6289. 1497 

(148) Yuan, Y.; Fan, D.; Shen, S.; Ma, X. An M2 macrophage-polarized anti-inflammatory hydrogel 1498 

combined with mild heat stimulation for regulating chronic inflammation and impaired angiogenesis of 1499 

diabetic wounds. Chemical Engineering Journal 2022, 433, 133859. 1500 

(149) Jafari, H.; Ghaffari-Bohlouli, P.; Podstawczyk, D.; Nie, L.; Shavandi, A. Tannic acid post-treatment 1501 

of enzymatically crosslinked chitosan-alginate hydrogels for biomedical applications. Carbohydrate 1502 

polymers 2022, 295, 119844. 1503 

(150) Ben, C.; Liu, X.; Shen, T.; Song, Y.; Li, H.; Pan, B.; Hou, W.; Liu, T.; Luo, P.; Ma, B. A recombinant 1504 

human collagen hydrogel for the treatment of partial-thickness burns: a prospective, self-controlled 1505 

clinical study. Burns 2021, 47 (3), 634–642. 1506 

(151) Liu, T.; Qiu, C.; Lu, H.; Li, H.; Zhu, S.; Ma, L. A novel recombinant human collagen hydrogel as 1507 

minced split-thickness skin graft overlay to promote full-thickness skin defect reconstruction. Burns 2023, 1508 

49 (1), 169–181. 1509 

(152) Hu, J.; Wang, J.; Zhu, X.; Tu, R. S.; Nanda, V.; Xu, F. Design strategies to tune the structural and 1510 

mechanical properties of synthetic collagen hydrogels. Biomacromolecules 2021, 22 (8), 3440–3450. 1511 

(153) Xu, Y.; Keene, D. R.; Bujnicki, J. M.; Höök, M.; Lukomski, S. Streptococcal Scl1 and Scl2 proteins 1512 

Ju
st

 A
cc

ep
te

d



This is a Just Accepted version, keep updated with https://doi.org/10.26599/HE.2026.9460013 

Health Engineering 2026, 2, 9460013 

form collagen-like triple helices. Journal of Biological Chemistry 2002, 277 (30), 27312–27318. 1513 

(154) Litowski, J. R.; Hodges, R. S. Designing heterodimeric two-stranded α-helical coiled-coils: effects 1514 

of hydrophobicity and α-helical propensity on protein folding, stability, and specificity. Journal of 1515 

Biological Chemistry 2002, 277 (40), 37272–37279. 1516 

(155) Wang, J.; Hu, J.; Yuan, X.; Li, Y.; Song, L.; Xu, F. Recombinant collagen hydrogels induced by 1517 

disulfide bonds. Journal of Biomedical Materials Research Part A 2022, 110 (11), 1774–1785. 1518 

(156) He, H.; Wei, N.; Xie, Y.; Wang, L.; Yao, L.; Xiao, J. Self-assembling triple-helix recombinant 1519 

collagen hydrogel enriched with tyrosine. ACS Biomaterials Science & Engineering 2024, 10 (5), 3268–1520 

3279. 1521 

(157) Wu, J.; Zhou, L.; Peng, H.; Wang, Z.; Wang, Z.; Keasling, J. D.; Liu, S.; Zhou, G.; Ding, S.; Wang, 1522 

Q. A General and Convenient Peptide Self‐Assembling Mechanism for Developing Supramolecular 1523 

Versatile Nanomaterials Based on The Biosynthetic Hybrid Amyloid ‐ Resilin Protein. Advanced 1524 

Materials 2024, 36 (4), 2304364. 1525 

(158) Yang, Y.; Ritchie, A. C.; Everitt, N. M. Recombinant human collagen/chitosan-based soft hydrogels 1526 

as biomaterials for soft tissue engineering. Materials Science and Engineering: C 2021, 121, 111846. 1527 

(159) Haagdorens, M.; Edin, E.; Fagerholm, P.; Groleau, M.; Shtein, Z.; Ulčinas, A.; Yaari, A.; Samanta, 1528 

A.; Cepla, V.; Liszka, A. Plant recombinant human collagen type I hydrogels for corneal regeneration. 1529 

Regenerative Engineering and Translational Medicine 2022, 8 (2), 269–283. 1530 

(160) McLaughlin, S.; Sedlakova, V.; Zhang, Q.; McNeill, B.; Smyth, D.; Seymour, R.; Davis, D. R.; 1531 

Ruel, M.; Brand, M.; Alarcon, E. I. Recombinant human collagen hydrogel rapidly reduces 1532 

methylglyoxal adducts within cardiomyocytes and improves borderzone contractility after myocardial 1533 

infarction in mice. Advanced Functional Materials 2022, 32 (32), 2204076. 1534 

(161) Wang, Y.; Zhang, Y.; Yang, Y.-P.; Jin, M.-Y.; Huang, S.; Zhuang, Z.-M.; Zhang, T.; Cao, L.-L.; Lin, 1535 

X.-Y.; Chen, J. Versatile dopamine-functionalized hyaluronic acid-recombinant human collagen hydrogel 1536 

promoting diabetic wound healing via inflammation control and vascularization tissue regeneration. 1537 

Bioactive materials 2024, 35, 330–345. 1538 

(162) Burdick, J. A.; Vunjak-Novakovic, G. Engineered microenvironments for controlled stem cell 1539 

differentiation. Tissue Engineering Part A 2009, 15 (2), 205–219. 1540 

(163) Young, J. L.; Engler, A. J. Hydrogels with time-dependent material properties enhance 1541 

cardiomyocyte differentiation in vitro. Biomaterials 2011, 32 (4), 1002–1009. 1542 

(164) Li, Y.; Chen, M.; Hu, J.; Sheng, R.; Lin, Q.; He, X.; Guo, M. Volumetric compression induces 1543 

intracellular crowding to control intestinal organoid growth via Wnt/β-catenin signaling. Cell stem cell 1544 

2021, 28 (1), 63–78. 1545 

(165) Curvello, R.; Kerr, G.; Micati, D. J.; Chan, W. H.; Raghuwanshi, V. S.; Rosenbluh, J.; Abud, H. E.; 1546 

Garnier, G. Engineered plant ‐ based nanocellulose hydrogel for small intestinal organoid growth. 1547 

Advanced Science 2021, 8 (1), 2002135. 1548 

(166) Zhang, T.; Chen, H.; Zhang, Y.; Zan, Y.; Ni, T.; Liu, M.; Pei, R. Photo-crosslinkable, bone marrow-1549 

derived mesenchymal stem cells-encapsulating hydrogel based on collagen for osteogenic differentiation. 1550 

Colloids and Surfaces B: Biointerfaces 2019, 174, 528–535. 1551 

(167) Yan, X.; Huang, H.; Bakry, A. M.; Wu, W.; Liu, X.; Liu, F. Advances in enhancing the mechanical 1552 

properties of biopolymer hydrogels via multi-strategic approaches. International Journal of Biological 1553 

Macromolecules 2024, 272, 132583. 1554 

 1555 

Ju
st

 A
cc

ep
te

d


