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Applications and Optimization Strategies of Novel Matrix Materials
in Organoid Culture
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Abstract Organoids, as three-dimensional in vitro models of miniature organs, rely heavily on microen-

vironmental regulation mediated by matrix materials for their stable construction and functional maturation. Such
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regulation is critical for biological processes including organoid differentiation, proliferation, adhesion, morphogen-
esis, and phenotypic expression. Conventional matrix materials (e.g., Matrigel) are unable to meet the demands of
standardized research and clinical translation due to their complex composition, significant batch-to-batch variabil-
ity, and risks of animal-derived contamination, driving the development of novel matrix materials as a research pri-
ority. This review focuses on emerging matrix materials, proposing optimization strategies from four perspectives:
chemical composition, structural design, physical properties, and integration of biological signals, while analyzing
their application progress in organoid culture. Future research should further refine matrix materials to reconstruct
the extracellular matrix of source tissues, accurately mimic tissue-specific microenvironments, and guide direc-

tional differentiation to promote the formation of internal spatial structures. These advancements will significantly

enhance the maturity and physiological functionality of organoids, accelerating their clinical translation.
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A: optimize matrix chemistry with natural/synthetic/hybrid materials, tuning key component ratios to support cell growth and function; B: design macro/mi-
cro structures via patterning, pore size, and biofabrication to mimic in vivo conditions; C: adjust mechanical and chemical microenvironments dynamically
to promote organoid stability and function; D: integrate signaling ligands and cell communication to enhance organoid tissue specificity and complexity.

E1 EFRMRMLIC S B IEF IR RASSIN B 2 & (created with BioRender.com)

Fig.1 Path diagram for the realization of matrix material optimized organoids culture system (created with BioRender.com)
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Table 1 Advantages and disadvantages of matrix materials for organoid culture
AR
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Table 2 Optimization strategy for matrix materials

AL Heng BT iRgiTt I S R
Optimization strategy Specific methods Functionality enhancement Application References

Chemical composition Adjustment of composi-

optimization tion and proportions
rejection
Structural design improve- Modeling micro and

ment macro structures

Physical property regulation  Adjust stiffness and
permeability, promote
dynamic matrix degrada-
tion and remodeling

Biological signal optimiza- Integrate bioactive

tion signals, implement co-

culture

Composition close to real
tissue to reduce immune

Simulates the geometry of
specific organs

Mimic the physical and
mechanical properties of dif-
ferent tissues

Provides cellular recognition
sites and biosignals

Stomach, liver, pancreas, small [26-27,29-31]
intestine and cholangiocyte
organoids

Vascularized organoids (liver, [36,38,42,49-50]
heart), intestine, midbrain and
pancreatic islet organoids

Kidney, brain, cochlear and nasal ~ [55-56,58,69]

organoids

Immune-organoid interaction, [79-82,86-87,91]
Intestine, neuroepithelium, liver

and prostate cancer organoids




RHESE A SR R UM R SR B 15 7 vh O BT 5 LA SR

2171

FLmPR R, AN [A) BEAA KU B ECMAS BHFAERE X 72
FtE, T AR R AT B AR L e JEE N2 Th e 4k
FEmF R Fe it — S . B R AR R (3T
HARBEMAEN ) S Z 8 IR ES W
THAETHRE W B, ik 75 8 7 2 4R FE RIS 3R ESE, D
HEBN A B PR — P R R .

FEMRLETH 5 & BOT T, MNARIRER 2 Fh a3
@At WA ECMATELZ NENIIEE, AFEM & 2 5
G A T A 2 DU O, 3 DLIE I 8 245 1 PR
WIS ARSI AT RE S R A AR TH %
R, TG ST MIERRE T, 8RN
PR ZURIE 1) ECMH T Wl A 285 BB ], (BG4
DR LR R E B 1 A1 - B TR B ECM, HOoRIE &
MHEM 5, SRR R T AR KU &
A H U, R4 AR HE 22 Th g B AR 7 T e 1
A F IR /). 2 R TR E S it
ERAR AP EM BRI R, @il 7 3 4%
REV TIEMGPKEAR, 12O 2 7 W2 T LB,
BRI RS Bz ], TR A 2R R, I —$52
AREOYRERHL R R E T . 2 B A A2 S 1
A 2 38 BEAA [F) 2H 2R UR (1) ECMBR B AR ALE
T R R BRI AR B o X SRIE B T A SRR
SIS ECMIAL RS 250, ET IS ae B 55 9%
TR, IR DIRE A, AR 5 N IR H ZUm L
BCHIVE T BURAR B, AR IR o A Il PR B T B4 5 1
SR

FRATT AT LR 24 e i S A R GRS H L 3
AR AR S BB TES T, 4
VAL 7 R 2 IR N AT FT 40 1 5 oA B A ELAE
TR X M RS ECM I sh &84k, 51 5358
BTG A A Fr s B AR A, IR Sr g ffn—+4
B BAERBARBIA | DAR @ D e 58 9L 2848
Ho EARERRZ, N L8 FE (artificial intelligence,
ADFESC IR R IR 2 ), s AR IR &
GRS R (AR, AERET. ARk
% A I AT 9 ) R v 0 B T e 5 0 e
BERTT VRS ERMERRSRED, H AR
FBIL S 27 =) S e 8 UM GO 858 2 A0 A0 AT D Y
SR, DR E K, (A i o A 25 o R A 2
AR AR A BT, L SR R A TR 8. R4
H, ATZE AP RHIE) B F (40 Verheyen % 1) F A
BARHLAR 7 2D TF R AT T A I i R IR #h A e )t

EIAIE 1 JLAE AT AR R4 38 P BR AR
O, NRAS B R BT AL TR A .

5 it

I 25 3 R TR AR AN R R, BB R OE
IS G L B A 07 A M . SRR T
1) 2% A B IH S OB, X — A A% 0 IR 7
VB LT SRR IR 42 LA T 4 1397 5
Bi. 62V St ECMESER B3 RS R 2, {1k
YIS TR B B S NI T A 205 Fr R 3 A TR
Ao TR MRHT DR AL — R R R B
P RIR AL, SO 2 KB 5 4 M e 5 B 25 A B
VIR HAR, TR R T I A T TH A e R 5
KnfasEtt. BEEMRIRLSE 5 M 1A R
KR AT B F R h I I R
TEWGIRAS A . RS Yk ST S U 51 R AT H | HEBh I 2
LI [0 T g T A (T 48 7«

SE Wk (References)

[1]  ZHAO Z, CHEN X, DOWBAJ A M, et al. Organoids [J]. Nat
Rev Methods Primers, 2022, 2(1): 94.

[2] TANG XY, WU S, WANG D, et al. Human organoids in basic
research and clinical applications [J]. Signal Transduct Target
Ther, 2022, 7(1): 168.

[3] HOANG P, MA Z. Biomaterial-guided stem cell organoid engi-
neering for modeling development and diseases [J]. Acta Bioma-
ter, 2021, 132: 23-36.

[4] ZHAO Z, VIZETTO-DUARTE C, MOAY Z K, et al. Composite
hydrogels in three-dimensional in vitro models [J]. Front Bioeng
Biotechnol, 2020, 8: 611.

[5] GAN Z, QIN X, LIU H, et al. Recent advances in defined hydro-
gels in organoid research [J]. Bioact Mater, 2023, 28: 386-401.

[6] ZHUL,YUHAN J, YU H, et al. Decellularized extracellular ma-
trix for remodeling bioengineering organoid’s microenvironment
[J]. Small, 2023, 19(25): €2207752.

[7] KLEINMAN H K, MCGARVEY M L, HASSELL J R, et al.
Basement membrane complexes with biological activity [J]. Bio-
chemistry, 1986, 25(2): 312-8.

[8] KLEINMAN H K, MARTIN G R. Matrigel: basement membrane
matrix with biological activity [J]. Semin Cancer Biol, 2005,
15(5): 378-86.

[9] SATO T, VRIES R G, SNIPPERT H J, et al. Single Lgr5 stem
cells build crypt-villus structures in vitro without a mesenchymal
niche [J]. Nature, 2009, 459(7244): 262-5.

[10] MA P, CHEN Y, LAI X, et al. The translational application of
hydrogel for organoid technology: challenges and future perspec-
tives [J]. Macromol Biosci, 2021, 21(10): e2100191.

[11] MAGNO V, MEINHARDT A, WERNER C. Polymer hydrogels
to guide organotypic and organoid cultures [J]. Adv Funct Mate-
rials, 2020, 30(48): 2000097.



2172 BT KB EAL A AR R R R R S R
[12] SEDIGHI M, SHRESTHA N, MAHMOUDI Z, et al. Multifunc- growth and differentiation of cholangiocyte organoids [J]. Bio-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

tional self-assembled peptide hydrogels for biomedical applica-
tions [J]. Polymers, 2023, 15(5): 1160.

PARK W, SHIN H, CHOI B, et al. Advanced hybrid nanomateri-
als for biomedical applications [J]. Prog Mater Sci, 2020, 114:
100686.

PASSANITI A, KLEINMAN H K, MARTIN G R. Matrigel: his-
tory/background, uses, and future applications [J]. J Cell Com-
mun Signaling, 2022, 16(4): 621-6.

VUKICEVIC S, KLEINMAN H K, LUYTEN F P, et al. Identi-
fication of multiple active growth factors in basement membrane
Matrigel suggests caution in interpretation of cellular activity re-
lated to extracellular matrix components[J]. Exp Cell Res, 1992,
202(1): 1-8.

AISENBREY E A, MURPHY W L. Synthetic alternatives to
matrigel [J]. Nat Rev Mater, 2020, 5(7): 539-51.

SOOFI S S, LAST J A, LILIENSIEK S J, et al. The elastic mod-
ulus of matrigel as determined by atomic force microscopy [J]. J
Struct Biol, 2009, 167(3): 216-9.

REED J, WALCZAK W J, PETZOLD O N, et al. /n situ mechan-
ical interferometry of matrigel films [J]. Langmuir, 2009, 25(1):
36-9.

KAUR S, KAUR I, RAWAL P, et al. Non-matrigel scaffolds for
organoid cultures [J]. Cancer Lett, 2021, 504: 58-66.

LU X, YANG J, XIANG Y. Modeling human neurodevelopmen-
tal diseases with brain organoids [J]. Cell Regener, 2022, 11(1): 1.
OLIINIK A A, RODRIGUEZ-ROMERA A, WONG Z C, et al.
Generating human bone marrow organoids for disease modeling
and drug discovery [J]. Nat Protoc, 2024, 19(7): 2117-46.
ZHAOY, LI S, ZHU L, et al. Personalized drug screening using
patient-derived organoid and its clinical relevance in gastric can-
cer [J]. Cell Rep Med, 2024, 5(7): 101627.

KIM S, MIN S, CHOI YS, et al. Tissue extracellular matrix hy-
drogels as alternatives to matrigel for culturing gastrointestinal
organoids [J]. Nat Commun, 2022, 13(1): 1692.

SALDIN L T, CRAMER M C, VELANKAR S S, et al. Extracel-
lular matrix hydrogels from decellularized tissues: structure and
function [J]. Acta Biomater, 2017, 49: 1-15.

YI S A, ZHANG Y, RATHNAM C, et al. Bioengineering ap-
proaches for the advanced organoid research [J]. Adv Mater,
2021, 33(45): €2007949.

HERNANDEZ-GORDILLO V, KASSIS T, LAMPEJO A, et al.
Fully synthetic matrices for in vitro culture of primary human
intestinal enteroids and endometrial organoids [J]. Biomaterials,
2020, 254: 120125.

MA W, ZHENG Y, YANG G, et al. A bioactive calcium silicate
nanowire-containing hydrogel for organoid formation and func-
tionalization [J]. Mater Horiz, 2024, 11(12): 2957-73.
GOLEBIOWSKA A A, INTRAVIAIA J T, SATHE V M, et al.
Decellularized extracellular matrix biomaterials for regenerative
therapies: advances, challenges and clinical prospects [J]. Bioact
Mater, 2023, 32: 98-123.

GIOBBE G G, CROWLEY C, LUNI C, et al. Extracellular ma-
trix hydrogel derived from decellularized tissues enables endo-
dermal organoid culture [J]. Nat Commun, 2019, 10(1): 5658.
WILLEMSE J, VAN TIENDEREN G, VAN HENGEL E, et al.
Hydrogels derived from decellularized liver tissue support the

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

materials, 2022, 284: 121473.

KIM S, CHOI Y S, LEE J S, et al. Intestinal extracellular matrix
hydrogels to generate intestinal organoids for translational appli-
cations [J]. J Ind Eng Chem, 2022, 107: 155-64.

SONG H, JIANG H, HU W, et al. Cervical extracellular matrix
hydrogel optimizes tumor heterogeneity of cervical squamous
cell carcinoma organoids [J]. Sci Adv, 2024, 10(20): eadI3511.
QUfLEZ C, JEON E Y, PAPPALARDO A, et al. Efficient gen-
eration of skin organoids from pluripotent cells via defined
extracellular matrix cues and morphogen gradients in a spindle-
shaped microfluidic device [J]. Adv Healthc Mater, 2024, 13(20):
€2400405.

YIN X, MEAD B E, SAFAEE H, et al. Engineering stem cell
organoids [J]. Cell Stem Cell, 2016, 18(1): 25-38.

BRASSARD J A, LUTOFL M P. Engineering stem cell self-
organization to build better organoids [J]. Cell Stem Cell, 2019,
24(6): 860-76.

GJOREVSKI N, NIKOLAEV M, BROWN TE, et al. Tissue
geometry drives deterministic organoid patterning [J]. Sci, 2022,
375(6576): eaaw9021.

KRATOCHVIL M J, SEYMOUR A J, LI T L, et al. Engineered
materials for organoid systems [J]. Nat Rev Mater, 2019, 4(9):
606-22.

BERNAL P N, BOUWMEESTER M, MADRID-WOLFF J, et
al. Volumetric bioprinting of organoids and optically tuned hy-
drogels to build liver-like metabolic biofactories [J]. Adv Mater,
2022, 34(15): 2110054.

MOUW J K, OU G, WEAVER V M. Extracellular matrix as-
sembly: a multiscale deconstruction [J]. Nat Rev Mol Cell Biol,
2014, 15(12): 771-85.

KIM T G, SHIN H, LIM D W. Biomimetic scaffolds for tissue
engineering [J]. Adv Funct Mater, 2012, 22(12): 2446-68.
THERY M. Micropatterning as a tool to decipher cell morpho-
genesis and functions [J]. J Cell Sci, 2010, 123(Pt 24): 4201-13.
ABILEZ O J, YANG H, GUANYY, et al. Gastruloids enable mod-
eling of the earliest stages of human cardiac and hepatic vascu-
larization [J]. Science, 2025, 388(6751): eadu9375.

CHEN Y, DONG X, SHAFIQ M, et al. Recent advancements on
three-dimensional electrospun nanofiber scaffolds for tissue engi-
neering [J]. Adv Fiber Mater, 2022, 4(5): 959-86.

JOSHI I M, MANSOURI M, AHMED A, et al. Microengineer-
ing 3D collagen matrices with tumor-mimetic gradients in fiber
alignment [J]. Adv Funct Mater, 2024, 34(13): 2308071.

BAKER B M, GEE A O, METTER R B, et al. The potential to
improve cell infiltration in composite fiber-aligned electrospun
scaffolds by the selective removal of sacrificial fibers [J]. Bioma-
terials, 2008, 29(15): 2348-58.

DAMANIK F F R, SPADOLINI G, ROTMANS J, et al. Biologi-
cal activity of human mesenchymal stromal cells on polymeric
electrospun scaffolds [J]. Biomater Sci, 2019, 7(3): 1088-100.
PATIENT J D, HAJIALI H, HARRIS K, et al. Nanofibrous scaf-
folds support a 3D in vitro permeability model of the human
intestinal epithelium [J]. Front Pharmacol, 2019, 10: 456.
AAZMI A, ZHANG D, MAZZAGLIA C, et al. Biofabrication
methods for reconstructing extracellular matrix mimetics[J]. Bio-
act Mater, 2024, 31: 475-96.



RHESE A SR R UM R SR B 15 7 vh O BT 5 LA SR

2173

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

CAI H, TIAN C, CHEN L, et al. Vascular network-inspired diffus-
ible scaffolds for engineering functional midbrain organoids [J].
Cell Stem Cell, 2025, 32(5): 824-37,¢5.

WANG D, GUO'Y, ZHU J, et al. Hyaluronic acid methacrylate/pan-
creatic extracellular matrix as a potential 3D printing bioink for
constructing islet organoids [J]. Acta Biomaterialia, 2023, 165:
86-101.

XUE T, ZHANG J, LI F, et al. Tunable biomechanical niches
regulate hepatic differentiation of mesenchymal stem cells for
acute liver failure therapy [J]. Biomaterials, 2025, 324: 123458.
DUPONT S, MORSUT L, ARAGONA M, et al. Role of YAP/TAZ
in mechanotransduction [J]. Nature, 2011, 474(7350): 179-83.
SCOTT K E, FRALEY S I, RANGAMANI P. A spatial model
of YAP/TAZ signaling reveals how stiffness, dimensionality, and
shape contribute to emergent outcomes [J]. Proc Natl Acad Sci
USA, 2021, 118(20): €2021571118.

WANG T C, ABOLGHASEMZADE S, MCKEE B P, et al. Matrix
stiffness drives drop like nuclear deformation and lamin a/C tension-
dependent YAP nuclear localization [J]. Nat Commun, 2024,
15(1): 10151.

STANTON A E, TONG X, YANG F. Extracellular matrix type
modulates mechanotransduction of stem cells [J]. Acta Biomater,
2019, 96: 310-20.

TREACY N J, CLERKIN S, DAVIS J L, et al. Growth and dif-
ferentiation of human induced pluripotent stem cell (hiPSC)-
derived kidney organoids using fully synthetic peptide hydrogels
[J]. Bioact Mater, 2022, 21: 142-56.

ISIK M, OKESOLA B O, EYLEM C C, et al. Bioactive and
chemically defined hydrogels with tunable stiffness guide cere-
bral organoid formation and modulate multi-omics plasticity in
cerebral organoids [J]. Acta Biomater, 2023, 171: 223-38.
LESAGE B L, ZHANG D, HUERTA-LOPEZ C, et al. Engi-
neered matrices reveal stiffness-mediated chemoresistance in
patient-derived pancreatic cancer organoids [J]. Nat Mater, 2024,
23(8): 1138-49.

XIAM, WU M, LI1Y, et al. Varying mechanical forces drive sen-
sory epithelium formation[J]. Sci Adv, 2023, 9(44): eadf2664.
NAURYZGALIYEVA Z, GOUX CORREDERA I, GARRETAE,
et al. Harnessing mechanobiology for kidney organoid research
[J]. Front Cell Dev Biol, 2023, 11: 1273923.

TAKADA E, MIZUNO S. Reproduction of characteristics of ex-
tracellular matrices in specific longitudinal depth zone cartilage
within spherical organoids in response to changes in osmotic
pressure [J]. Int J Mol Sci, 2018, 19(5): 1507.

GAO Y, CHO H J. Quantifying the trade-off between stiffness
and permeability in hydrogels [J]. Soft Matter, 2022, 18(40):
7735-40.

LEE M K, RICH M H, BAEK K, et al. Bioinspired tuning of
hydrogel permeability-rigidity dependency for 3D cell culture [J].
Sci Rep, 2015, 5(1): 8948.

LU P, TAKAI K, WEAVER V M, et al. Extracellular matrix deg-
radation and remodeling in development and disease [J]. Cold
Spring Harbor Perspect Biol, 2011, 3(12): a005058.

HU M, LING Z, REN X. Extracellular matrix dynamics: tracking
in biological systems and their implications [J]. J Biol Eng, 2022,
16(1): 13.

KHARKAR P M, KIICK K L, KLOXIN A M. Designing degrad-

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

able hydrogels for orthogonal control of cell microenvironments
[J]. Chem Soc Rev, 2013, 42(17): 7335-72.
JABLONSKA-TRYPUC A, MATEJCZYK M, ROSOCHACKI S.
Matrix metalloproteinases (MMPs), the main extracellular matrix
(ECM) enzymes in collagen degradation, as a target for antican-
cer drugs [J]. J Enzyme Inhib Med Chem, 2016, 31(supl): 177-
83.

CUI'N, HU M, KHALIL R A. Biochemical and biological attri-
butes of matrix metalloproteinases [J]. Prog Mol Biol Transl Sci,
2017, 147: 1-73.

JI'Y, WANG A, ZENG W, et al. Secretion correlation between
matrix metalloproteinases and extracellular vesicles revealed by
synchronized dynamic monitoring of single cells on a microflu-
idic chip [J]. Sens Actuators, B, 2025, 423: 136836.

LI L, JIAO L, FENG D, et al. Human apical-out nasal organoids
reveal an essential role of matrix metalloproteinases in airway
epithelial differentiation [J]. Nat Commun, 2024, 15(1): 143.
DEDHIA P H, SIVAKUMAR H, RODRIGUEZ M A, et al. A 3D
adrenocortical carcinoma tumor platform for preclinical model-
ing of drug response and matrix metalloproteinase activity [J].
Sci Rep, 2023, 13(1): 15508.

CHEN Z H, LUO X C, YU C R, et al. Matrix metalloprotease-
mediated cleavage of neural glial-related cell adhesion molecules
activates quiescent olfactory stem cells via EGFR [J]. Mol Cell
Neurosci, 2020, 108: 103552.

PARSONS J T, HORWITZ A R, SCHWARTZ M A. Cell adhe-
sion: integrating cytoskeletal dynamics and cellular tension [J].
Nat Rev Mol Cell Biol, 2010, 11(9): 633-43.

KHALILI A, AHMAD M. A review of cell adhesion studies for
biomedical and biological applications [J]. IIMS, 2015, 16(8):
18149-84.

PIERSCHBACHER M D, RUOSLAHTI E. Cell attachment
activity of fibronectin can be duplicated by small synthetic frag-
ments of the molecule [J]. Nature, 1984, 309(5963): 30-3.
MASSIA S P, HUBBELL J A. Vascular endothelial cell adhesion
and spreading promoted by the peptide REDV of the IIICS re-
gion of plasma fibronectin is mediated by integrin alpha 4 beta 1
[J]1. J Biol Chem, 1992, 267(20): 14019-26.

GRAF J, IWAMOTO Y, SASAKI M, et al. Identification of an
amino acid sequence in laminin mediating cell attachment, che-
motaxis, and receptor binding [J]. Cell, 1987, 48(6): 989-96.
TASHIRO K, SEPHEL G C, WEEKS B, et al. A synthetic pep-
tide containing the IKVAV sequence from the a chain of laminin
mediates cell attachment, migration, and neurite outgrowth [J]. J
Biol Chem, 1989, 264(27): 16174-82.

KNIGHT C G, MORTON L F, PEACHEY A R, et al. The colla-
gen-binding a-domains of integrins a1p1 and a2f1 recognize the
same specific amino acid sequence, GFOGER, in native (triple-
helical) collagens [J]. J Biol Chem, 2000, 275(1): 35-40.
CRUZ-ACUNA R, QUIROS M, FARKAS A E, et al. Synthetic
hydrogels for human intestinal organoid generation and colonic
wound repair [J]. Nat Cell Biol, 2017, 19(11): 1326-35.
GJOREVSKI N, LUTOFL M P. Synthesis and characterization
of well-defined hydrogel matrices and their application to intesti-
nal stem cell and organoid culture [J]. Nat Protoc, 2017, 12(11):
2263-74.

RANGA A, GIRGIN M, MEINHARDT A, et al. Neural tube



2174

LR KB EAEE A RE MR I N SR

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

morphogenesis in synthetic 3D microenvironments [J]. Proc Natl
Acad Sci USA, 2016, 113(44): E6831-9.

MOSQUERA M J, KIM S, BAREJA R, et al. Extracellular ma-
trix in synthetic hydrogel-based prostate cancer organoids regu-
late therapeutic response to EZH2 and DRD2 inhibitors [J]. Adv
Mater, 2022, 34(2): €2100096.

GRANEY P L, LAI K, POST 8, et al. Organoid polymer func-
tionality and mode of Klebsiella pneumoniae membrane antigen
presentation regulates ex vivo germinal center epigenetics in
young and aged B cells [J]. Adv Funct Materials, 2020, 30(48):
2001232.

PAGEL M, HASSERT R, JOHN T, et al. Multifunctional coating
improves cell adhesion on titanium by using cooperatively acting
peptides [J]. Angew Chem Int Ed, 2016, 55(15): 4826-30.

SUN M, DENG J, TANG Z, et al. A correlation study of protein
adsorption and cell behaviors on substrates with different densi-
ties of PEG chains [J]. Colloids Surf, B, 2014, 122: 134-42.
NUSSE R, CLEVERS H. Wnt/B-catenin signaling, disease, and
emerging therapeutic modalities[J]. Cell, 2017, 169(6): 985-99.
KIM H J, KIM G, CHI K Y, et al. Generation of multilineage
liver organoids with luminal vasculature and bile ducts from hu-
man pluripotent stem cells via modulation of Notch signaling [J].
Stem Cell Res Ther, 2023, 14(1): 19.

WANG J, YU H, DONG W, et al. N®-methyladenosine-mediated
up-regulation of FZD10 regulates liver cancer stem cells’ proper-
ties and lenvatinib resistance through WNT/B-catenin and hippo
signaling pathways [J]. Gastroenterology, 2023, 164(6): 990-
1005.

ZHANG Q, DENG T, ZHANG H, et al. Adipocyte-derived exo-

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

somal MTTP suppresses ferroptosis and promotes chemoresis-
tance in colorectal cancer [J]. Adv Sci, 2022, 9(28): €2203357.
WEN Z, ORDUNO M, LIANG Z, et al. Optimization of vas-
cularized intestinal organoid model [J]. Adv Healthcare Mater,
2024, 13(31): €2400977.

ZHOU L F, LIAO H Y, HAN Y, et al. The use of organoids in
creating immune microenvironments and treating gynecological
tumors [J]. J Transl Med, 2024, 22(1): 856.

XIANG Y, TANAKA'Y, PATTERSON B, et al. Fusion of region-
ally specified hPSC-derived organoids models human brain de-
velopment and interneuron migration [J]. Cell Stem Cell, 2017,
21(3): 383-98,¢7.

ANDERSEN J, REVAH O, MIURA'Y, et al. Generation of
functional human 3D cortico-motor assembloids [J]. Cell, 2020,
183(7): 1913-29,¢26.

EIKEN M K, CHILDS C J, BRASTROM L K, et al. Nascent
matrix deposition supports alveolar organoid formation from ag-
gregates in synthetic hydrogels [J]. Stem Cell Rep, 2025, 20(1):
102376.

GJOREVSKI N, SACHS N, MANFRIN A, et al. Designer matri-
ces for intestinal stem cell and organoid culture [J]. Nature, 2016,
539(7630): 560-4.

WANG H, LI X, YOU X, et al. Harnessing the power of artificial
intelligence for human living organoid research [J]. Bioact Mater,
2024, 42: 140-64.

VERHEYEN C A, UZEL S G M, KURUM A, et al. Integrated
data-driven modeling and experimental optimization of granular
hydrogel matrices [J]. Matter, 2023, 6(3): 1015-36.



