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Abstract

Osteoarthritis has emerged as a major public health concern affecting human well-being. Develop-
ing more effective therapeutic approaches for cartilage regeneration remains a key challenge in
clinical practice. Due to the limitations of conventional research models such as 2D cell cultures and
animal experiments, organoid technology, which has advanced rapidly in recent years, has at-
tracted significant attention. As self-organizing 3D cell clusters derived from stem cells, organoids
can more accurately simulate the complex structure and biological functions of cartilage tissue in
vitro. In recent years, cartilage organoids established through tissue engineering, induced mesen-
chymal stem cell differentiation, and pluripotent stem cell differentiation technologies have gradu-
ally been developed, offering new hope for the repair of cartilage defects. This review summarizes
the construction strategies and latest progress of cartilage organoid models, their applications in
the field of cartilage regenerative medicine, discusses the limitations in cartilage organoid culture,
and outlines future development directions for guiding stem cell-based multi-stage development
using engineering strategies. Objective differences exist between simple in vitro cell culture, animal
models, and the real physiological state of the human body. The newly developed organoid technol-
ogy can simulate the microphysiological characteristics of human cartilage, providing an ideal
model for the study of cartilage diseases to a certain extent, and also building a bridge for the clinical
translation of basic research into cartilage regeneration. This paper summarizes the application
scenarios of cartilage organoids in the field of articular cartilage repair, reviews the current limita-
tions in cartilage organoid research, and prospects the future development directions of engineered
cartilage organoids, including the in-depth integration of organoid technology with gene editing, 3D
printing, and microfluidic chip technologies, so as to promote the further development and appli-
cation of cartilage organoids.
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VA BB RGO O, BT AKIE S, b B S M 5 A S AT 5 2 T 2y T
RAFB G . TR K LG ER G, > BE R (R 7523, B 55 S B I I
TS 5 1R . AT, FEBE I Z R L IR UL R QU S0 %, & K BB 05 BB AT P, (l
B QUG BRAS), RS IE DA AR B A . SR A 4 T R B L2
PR, MIACHUBEAR T A2 5 B B, 0 A BRI Ve RS A T 970 000 G0 1)-[4].

FT, SRR LI 2, 23 R AN S T AL P R, e i & e
RS ATRIBN, KRN T IR BT TR BRI . 7RISR 7T, S G B e 5y
W, WRCETR . BRI R R DA B B R S R LR T B R, (EX AT
IR IRIE. B, BRI R SRR A, (BRI RS, AR,
B RS BT AR TR 3R D05 LA T G e 5 s X 4R UL P W 3 7 5 2
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F, AETAREIMR B 75 A PR LSR5 IFR0E &5 AR [5] [6] -

RS SRR, G0 AR B FR A BN L0, FEIR TR B B ML R F AL V6 7 28R 7 T A AE 1
ZAR . ZHEMNE IR R G B RAETIE . BOARBUR, HH TR TR G TR, s = gAY 2R
FHELAR FHAIAR N SRALLI = 4T 858, Mk DL S S BR300 4H MO CE AR N I AR D22 AT R . B S AR RE B AE
—ERERE EREAR N IAEE, (R TRl 22 e, SeIe g SAE A A DL B A B A T N SRIm R SE e, [+
P 35 T 1 25 0 B PR A1) SIS Jl O D R A w5 B3 56 00 R [ 71-[9] - = 420 % 3744 &, Spheroids (41 EK)
Microtissues (fZ121) 5 Organoids (GR#8 ENAIEWIAE 0 2 5. AHER 2 fc R a0 — g i Rtk Wik
WA 4K, TEW SRR Rt MAS B ARV HLUL SR, (HIFEHR—, = A4H
fE 111511971

FEMNEL S, KB ERARMEN T OB AT, NPCE AU R L. KE8E 2R
% HHRFER @R =48, R SR UR SR M DXl o J2 450, HLRe 7 WAk R D Re i, Pl
WEZ AR R, WEREEEN Pt s, 2R H AT sl Th e g, 255495
PESCIEPRE, BRREE R S SRR, RSN = 4 R I R SRR SO 1), AR R A
15T RE% 2 AL ) 30 2H 2310 AR BRI BEARAIE, TR SRR I ThRE . ARSI S5 M. 2RI
B A S AR R S AR AR BAE G &R, IRAIR AHCE R B L RS AR 08 B AR o 1 DL A s 3T ik v
TR TRIFTR B A ) TR IRk, BERRE LIEEMEAR . N % s 7%
FibRE . BN BAEGEMRIR . SCEHEMPRE, 1553 DR 1 0k DL SRS S BRI A 55 T T AN W AR R B, #E3)
WO R T IR H R, TR T AR B A A e I BRI LA 73(7] [10]-[14]

AN Bl SR R4 B AR B A R R SRR AR TS, VEAN R FO A S . BT R . T
IR LA R R R R J7 1), B AE AR B 300 7 A AU BIF S AT R S FH S (1t 4 1 1) 228 AR AR AR
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Figure 1. Construction components of organoids
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2. EBRFPNEE RS

15 PR TR 2R P 0 301 0 0 AR BT o BRATLARL S 0 vk 00 2 A MR A 2880tk DA B Tt FE i R
W REEZREENEN . REERACREI AT, EAEMBAR, 2R &SRR 2 N
THCE ST FE[15] [16]. A dr Bl b IR AL R Gt 32 200 5 LN M35 77 N Bl IR A& SMEAY (In vitro mod-
els); DLor BB AME R BAR B 55 37 N BN B AR B (Ex vivo models) R L& R « T AL Sy
fiti ¥ AR (I vivo models) [15] [17]-[19]. IXEEAEGERILN . A IS ARSI TR A SCAE R LR AN
PPt 1SS IR AR RO A i e 7 BT, A R, (B AE — € SRR .

A YT I DA 355 7R A BE R K R BT, D S ST A I ) AR ) AT R it T 4 ) B 0 S A 2 B A
KA IEAT R 77, £ B S B2 41 fu B 37 (monolayer cell culture) fTERIRIA[15] [20]. B Z 4037 X
PR 2D cell culture, H AR SN RIRIZ G AAS . ZEEM AT LM g 55, (B A5 A AR =
ME B ERIEERRKERA[15] [16]. AT 7R 2D AR E )RR, RN RERHE T spheroids.
pellets A1 microtissues %5 3D ¥57: 540, i EAVKIENIA spheroid. 3D B8 [F]FF B A I A FN 48 55 BUAIK |
Sy EAE RN AT SE R G AR 55, RIS B B 2D cell culture SEUFHIAEERAREME, HESh T H0CE K B IR
AL S U A RE[15] [17] [21]- {E H AT B BARLE R8I R IR 1) 1A AN A ) B Sk DL K St s 2
By G ERGER, HABACR A A W B AR A

BRI 32 B H 2R R ISR 38 B (organoid) 5 7%, FLER AL A BHPAIE L AR A SRS BE 4320 R AR B
WM AE K. BREHEANG IR SRR B N MR 2 7 KE S REAR T ik
B GHEET AR o 5ok 5 R ARGR M A A AR AT AR A RL[22] 23]

A RS SR SN ) R BB AN SC TR, B I A e AR YRR gl 2 BRN SR SE B MY
O 2 B T8 B BRI AR I J5 R T RO S b 7= AR T HEME . SR, BT ARz
() ) A e A ) 2 22 S, IR (ORI A B, X P R UM 5 SR 0 Rt . ik, S s
G TA) PR A ey o 4G BB SR v 46 ) RS PR 1 LR LN FH R [24]-[27]

AR Rt 5 NKE A R 22 7K. S5 R B, ABEARMEE. A s
HALTE DA IRAE R R, AR A 15 HORHE 73 R B X — B . s NSS4, DhReAmiE
S5 A AN S HE (Scaffolds) it H A2 28 R L BB AAC N 28 B I 4B R B AR, T SO el 2 SR 2R B [20] [28] 6

3. B EBERGHIE

O IRAR R LA R SR VIR A R E NS, JERE A1 R EORAE MRS 3D 55 % 28 T4t
FRRG T4 B % T4 A 5 B R A DR T RE A MR A s R ARSE) o R O R U UL
AR RRERRFAE . BRI SR E Th A A AE . RS R R AR PR RS A E . AT
THE RIS RN BAEBR. AYIREEIT T, R EMAL TR A RSO T
WHEE. WERBENMROEEFESEMHR. 58, HIRFRMEEARSE, A 5esn iEE
AREERI AT RE M B H[7]-[9]-

3.1. FLRpasER

AEAMT S35 B R A6 4 M () e EA R I AR AR B IS5 M L DhRe. AR SRR S B [29] . AR AR 4H M B
TR A R A TN EE — 2, BORM A SRS IGTERE I 2 Re b i ae, A H AR f8 76 &3 1) 5% A
N H A AN . (3013 580 ALY RIS R 40 i 32 28 0 B AR R I T4, B IR) 78
J5i T 41 2 Mesenchymal stem cells (MSCs). 532 A& T-4H /i Pluripotent stem cells (PSCs). MG T-4HE em-
bryonic stem cell (ESC)FIHART4HM, DL H 41 2% non-stem cell types [31]-[33]-
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3.1.1. MSC Stem Cells

8] 78 5 T 41 il (Mesenchymal stem cells, MSCs) & —FF EE IR T-H 8. Brir. FREAAE AN AR
HIRFH M2 [ i se ) 2 st TAHM[34]. fERFERIIGFRFM T, MSCs 1] by &M AHC A, 6
FEECE AN B A AR R AL AR S . O H A F AR B MSCs B & i S R A R IR AT
R BB i e . X P (WRF RN RS 2 PEAE MSCs BN B FCE R8s B i B AR T4, JFH AW
FORCIhE MSCs A H T 8B 288 591 [12] [31] [35]. @ik A4S & M4 B 40 5 B o R AE K IR A8
RANE TR MSCs, 1] DL A8 KA [36]. OF 2 M FiilkiE 1t MSCs I E 7 #05 9545, Bian
SR MSCs EMSMAE S EFEHLUE REE[35]; Xing SR HI A MSCs Mgt T #CH K455 [12]; Shen
Z5F F DNA-silk protein hydrogel microspheres 55 BMSCs il H 7, I T HE KA E[37]. AR
WG AT R MEFIR] A4k 5 i) 78 BRIR A R R MSCs B B B S as B EA(38] [39]. R
& MSCs 1 LI B IR R 401 28 2 B 2 2R AR AN B AR e 2 v R R FH e R, (BT TR I AN TR OR U MSCs
FRPER 22 5 OIS RN ML S 28 B B MESEPRAR[40] o BTXF BRI, 90N 5 S5l FLAth 4t P i
e, BARH VIR IEY] iPSC R A8 B MG SIS T MSCs, HILA MBI FER I iPSC K I ik
HIEREML T MSCs, I HAEM R BUBAAE AR R MBI E AN A 430 TE S i) BT MSCs [41].

3.1.2. iPSC Stem Cells

7552 A8 T41 e (Induced pluripotent stem cells, iPSCs) /& 5 iHil 5] AR R A Fii g EmE N L
RERE AR R, HEF KM, FARIAMMLIER, oS HLEENTA
KR 2 B AL UGN 28151 [42]. 14>, iPSCs fEMCH KA B M Pl 20 EEER, RN
WA R B @A TR, 5%, iPSCs iT LA E PR SR 7 ST, 8 T [FAl R il
(G2 HE 7 RN . FLUR, iPSCs W] LATE LR R [F)— R AL L R 0 AR S A gl 28 2, fgdetl— AN R4
YL, BT ERAS [F] £ R R I B AR Y, AT AR BE 2 P R AR o 1E 2 iPSCs [
XA L O B RS i 1 T H 4. iPSCs TEAEK AT B (TGF-B) TGF-p I 4 KA H(BMP)
BMP HJ3REN T I B AR R, O 2 N T3 A T RRSUR[31] [43] [44]; Li SAEM4
JRINE S iPSCs /- N ECE 2588 B [31]; Farshid S5@id R /N R 55 2 B8 T RGEPSCs) T & H T —HFhik
HRAE[44], XL TEII R B iPSCs A 3 5K IR CACE A8 71 9 H2 M g R 2848 B R I A0 ki . 28
1M iPSCs /E A EHCE I3 B IR G A MR IR A B s, iPSCs BAR B Pl 5l s A 22 77 2% e,
8.5 KA B W] B BE AL R e e N . 94k, EFEN iPSCs W Rt B A BUR IR . FF
SfEKE PSCs 140 M 25 7340 A S0 P78 B A 22 A MR AS BB AT B AR IE M BELAS T 7E I R HH N2 [45]-[47]
&2, iPSCs B AAZE, (HILANGEHCEISE B B IEN TG ARE % Sclk s — S, MET iPSCs,
ESCs B R E M4, [AIFF 2 M @ i 2888 B 1 A0 .

3.1.3. ESCs (hESCs)

JAR G2 BL(ESCs) A2 M 5 46 A5 B 41 i s - i v 4 5 SR — 2840 . ESCs TEAR AN IR T kAT 2
504k, I BB BT A G BRI GE T R, T 5 3 A Oy B AE SRR A M TE LT TR R A A
ESCs 7ECH S8 B A AR 12 B . FAERIBF AR O & RkIE T ESCs 7EAE KN 7 M1E R 5 3cE 40
MO EE TR A B A, BEE T ESCs H T CE JRA8 B BB FEAI[45] [48]. CAWIFMRIE 1
ESCs MZHH R E I M, Keller 2 NFIF ESCs I H 7 #CE 8 B IRH B A4 4R
T B R R FA I 2 E RN, 75 8 R BT T 3 H 4141[49]; Lauren 2 AFIH] ESCs F3 H 7 i [ B
FKAE[50]. SHABMMBA, ESCs AMUFT HE AR B AL, ERE L)y MSCs, MSCs i#t—5 71k
SRR 4TI P ) S8 R S B B R (451, H BT MSCs 7E8CH 588 B F @ AT 1) 2 IR A TR ZE o B
AR E B R B A8 e A B O B R s i B e —
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3.1.4. Non-Stem Cell Types

BT T4, HAETAMEREBEE. FE. EEMAREWEMWREE B2 CHEEMEH. X
Se T A SR B A A R DR, R EAHATEE - NNERNRSE, TEZ MRS 5
SEIL LR R D RE AT S B LS AR B IS R[5 1] B, BOR M. ReEani . AR AN, PR 4R
2 Y A0 T2 T A SR R AN T B I A 20 [30] o B A A 2 I I T extracellular matrix
(ECM) IR R ERF R I S5 A AT e, TRV CE A B R AR (52] 0 R 200 B e aod 3 75 225 B A
SR TE BN B AR R o B IR S R B B 5 M R R I AT, 0 — PR IR Rl i A
KTER, BT E AR T AA T T[S 1] [53]. PR 4l MO 7E 50 4l i fe &2 b = B e R (e adk &k
DACRUE BB AR AL, oh s A2 B R b 308 IR SCRFERT, (R 2R 38 B P UL TR . RAMEA B 5T
W, A B A AR E IR RS % 5% A AT LA a3k 0B 4 2 A Dby i A, 72 BB R b R Bk 3 BOR [ 54] [55] .
FRA A S 5B FCE 1B AN AR [55].  EWGR 4 RT JHCAth G0 40 B g F T 7 S 0% R AT R Joi 41
LA EAE R FL[9]. RIS 2, %5 non-stem cell types 7E3K & I 2835 B AR B R 3555 AR 1
TER, 72 EEA R .

M2, PR RLAR M B P AR AR B AR LR P AR R B R R OCRE T . EE B T
IR, AT EAE X T DR R T Re It MR SR A B RO, (R T e A TR A
ST R o

3.2. ZHEME

FrA AR 2 IE H AR KIS A e AR . b, BB RS E A ERE k. B,
DERAL A RA L ECM KR, VRS B R IR B aF 3R BE, WMaiiE Scaffolds. H BT HCH G B
I FH RS2 280k 2 KB 2 88 (Hydrogel systems), %45 Collagen-hydrogel. PEG-hydrogel. DNA-
hydrogel 1 Silk fibroin-based hydrogels (L4 2).
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Figure 2. Biomaterials for organoid construction

B 2. XFEWEAEIMR

DOI: 10.12677/jcpm.2026.52150 493 s PRANME AL 22 2


https://doi.org/10.12677/jcpm.2026.52150

ki, Bk

3.2.1. IKER RS

TR R — i B K () = 4R IR 8 A4 RE, B UK TR VIR H B, 456 T IR BT
ENPEMRAL k. RILH SAEMA SRR PERE, H=ZEM X RN T- AR Ah k57, Jf HRA Y
FLER LS RAF AR IR E . PRt . USRI E AR R . e bERE AR 7 0, X — R AU RS PEAE
HONHCE JA8 B SO B AR R (37 [56] [57]. RIRKTTHCH BA “ RIZ I TATHED S IR ZRENL A7
IR S8 ) B TR R B B 2R AR, X — SRR AL 2 LI B4R (A% 0, ARSI S BTEER . %
IR 28 P8 ks 4 3 A W] S ot e 92 g B 2T 4 I 1) 5 BRI B BRI B A, R (17 R BB BE KB S8, B iy
A5 T UK R A B TR SR IR R B X A F(SZP) 5 1T B, HAZ 5w U MERFEAE AR Y mT AR e IR B, i
B SR B0 DS S PE R A [54)- (57 LA OV 20 T U A 1A 2 K B A2 P 0 BR AL 2 R SR T At B
A M CORGs HIH R KB o U el AL Kk A BT e 55 2« FLIR 225 W) AN A2 B o P S5 2 A AT S 0 1Y)
J1EEVERE IR BERG S8 (M SCHE S5 M) o SR A 2 R B AN 5] N — Be LR W R B4 AT SAE A R B L 8 LA
AE[58][59]. M /K EERZHIEE (¥ CORGs i ZARIANANMIAE A SN LR IR, MRl e B, IR R
A BCM R R 1 o] BRI R KRR AT AR A AR FE B — AL 3 o A AN L W] AR BB
PRSP BCM, 38 AT DS KR PSR A M R MTE 20 1 ZKEBEIRAE CORGs 77 BAT
ZHEEM, FOVENIAMERME 7> 3D 3885, 10 HAL 7 i B Re PR B RGA BE[37] [60] [61]. 1%4%
KA FL R BRYE, WU MR 7 B R T 2 A 2 SR B P i 2R A A A

3.2.2. Collagen-Hydrogel

J I B 1 2 BRBE AL R 2T RS R 1, KA AE T BK LR W07 s i I AR RN 45 4
AHH[62]. NAARIFEFREZ, TR Z 04 TREAHN ECM o RIEFHCE A0 £ 24
BURy s FERCH U TR KA B R EE D A E I [63] SR, SR A HUMGR A P A
A RTYEEAT RANE AR S B SRR SR R e, IR S AR SRR A s DU ORI SRR, S e LA
BCE G TR B R RS Rt . Collagen-hydrogel 5t /& — Bl R UF (1 20 4 5 N2 - 3001 75 A2 0038
Collagen-hydrogel H1 - H:AWIAR A 1AM 2 4 I 66 B AN B ) [l A e 0, Ol % M IR A5 3 1 2K
Bt SR A 1] H AR UL BE[64]. Lin SEAH MSC 254 I JE /K B ek sl D ] 46 B B RE AL 2R
[65]. Meike S NRM 7 HCHAMLEIFY 1G5, HAKR B H K5 K (OA)FAEIR A (ND) R RN 3K 4
M, TERGER IR E BRI KA T . R T OB IIEERER I KB, Bk
SEORMBCE RS EAHL, IFIH Collagen-hydrogel 7 | HE K& E[66]. BIRHIEMIAAVE . AP0]
B Pt AASEALL R AR ECML (R RE 0 A He SO B R 8% B SR BRAR B A K

3.2.3. PEG-Hydrogel

R BE(PEG) /K& LA A A NE L SRR IE S TERIE . A AR PRI A 23 A A0 TG 25 M A R AR
MRz ST HLATAR . Ajiik, EYEIRISER 2R, 5 HAKER A B, B2 R
IR A S U E PRI, 2 MR R SRR AR Hk, i b2, PEG W]
DAV S22 M RE RN P 2R, 2R B8 B AR ARG AE I = 4 20[671-[70]. Yu ZE AW T —FhE 55
AT B AU AL ) B 2R £ EE(PEG) AZ R 25 (KGN) L0 1) 72 B8 (CHI) A (1 X0 X 4% (DN) 7K i sz
PEG-CHI-KGN DN /K& B REF AR Ty A RIS SIEm 122 Re, AT 2t 4 & i A 78 /5
T2 il (PB-MSCs) % B 5 S 14 25k DA 1) 26 125 R 48 Bl &0 56 J03 1) 43 WA 710 Yin &5 N 008 3 28 A FH ffil) 4
Chitosan/polyethylene glycol-silicotungstic acid (CS/PEG-SiW) XU W £ /K &t fic o BT MU K CS/PEG-SiW
KU FBER E FSA Z BBR ARG o 5 T Bl /K B AR 2 [ R B B &S AH AR T, CS/PEG-SiW Fi/K B AR R S239 N FF IR
TR 2 AR E 2 ALK EER . A 2 FLKER B R A MRAAYE, WG SO RE R R 785 T 40 A
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(BMSCs) I8 5 Al 73 IR R BRCE SR B R I0E T B A 2 4L CS/PEG-SiW 7K EBERR e % (L 3k 4K
HHA[72]. #3)T PEG-hydrogel 75515 5 A48 B #4 # AR 1 K & -

3.2.4. DNA-Hydrogel

DNA-hydrogel #2238 DNA SAEECAT . LA sl BOE B A5 7 1A BLAE R G R, DL A YA
AR GFRVE T EFR(45]. TR, J:T DNA ZKER L 25101815 F A N i 20 245 4146325 S g Al
FEPCE A CAR SR S AR R T T2 R RIS T — RS . ERTH SF-DNA WU 25 K e H T
ol AR T A AR W R R G, 45 A 6 SRR self-assembly techniques, & T —F#i 8 ) RGD-
SF-DNA hydrogel microsphere (RSD-MS). &AMt 7E B, RSD-MSs 358 1 & fii[A] 7851 T4 i (BMSCs) I
T . BB AR Ak o Bk 220 M iR 2R RSD-MSs Al S HCE T R BEAh, RN HT AR W, K BMSCs
i 2] RSD-MSs b LU A 0E 688 B 1T 4 (cop) it 2 (X BE JCH 28 o TEL, RSD-MS 2 AT IR 57 4K
R E N EAREE T, N AR AL TR T — R G () SRS AR BHE$E[37]. Zhang S5F H
DNA-hydrogel /£ — HFXUINMET) 2R84k, %8 MET [¥) DNA ZKEEAT 5 26T b, BEEK
7 MET FEK75 1 A5 B8 IO IR [A], 30 H A UM B RAEH, A B4 M < #[73]. DNA-hydrogel H T3
RS ) S RE AT AE A e, B R TR 2R A8 B IV AR L I

L LRk, RIRKEDR, 1 Matrigel MR, BUOYEATHR R ST c s, JE el ECM, {2
BRI AE I LA, FERE KRN F s HE/EH . SR, PEG-hydrogel. DNA-hydrogel
SN LA Bk B R AR AR A T PR T H &3 8, IEBH 7 HAE TR RS A8 B AE I G 28
IO [ 2 2Rk R TR AT TR AR o T 30E 2538 B M R KB I AT AT FE AR 28, BAERIE A
ISP A KA Ak, T AR AL R IR B AR 1) ) 2 A A R M AR . 5 25 AR
B, 0T R IR LK S i E T AR R A U A AR SRS R ) B O EL B

3.2.5. Silk Fibroin-Based Hydrogels

2 FH A Silk fibroin (SF)/& —F RIS TV, EE R, Wk, &1 WRAEHE— R5501)
FEA o T 22 R HOBRE (R A5 R R ) S PR RE AN B 1= BRI IR T I W FU RS [74] [75] il #% Silk fibroin-
based hydrogels &= Bl it S8 Bk 7V 0 ACHR 12— M3 A DT A B J5 1 o A2 A8 BRE I R N A2 B 71
JeHIRFFIRGERAE AN LR, INiE SF pBtcAt . ML S, PRSP @ i IR pH. M
Y. BIU) IR A YIS HUE SF H 4135 K EEiE[76]. Silk fibroin-based hydrogels 78 H 25 2% B f
KRS & E 2. He, HAE R SEFE, Silk fibroin-based hydrogels FA5 R 47 (1 2E4)
FHANMERN AT BB IE o DR R B A2 — Dol AR . N T 808 84 B Silk
fibroin-based hydrogels F.AG G 3d 1 M AR 2 K MR =03 oA s, FE T gl iilie[77] [78]. HAIR,
HEAEHBBEM AL, Silk fibroin-based hydrogels F A SE/K I = 4E 2 FL45H), 1 LUBHILHCE 1) ECM.
YEN ECM 1 #R,  Silk fibroin-based hydrogels 1122 FLE5 4 AT LA SAE 7247008 47 B AH i 5 4 4
FR I FS A PR P B3 B A5 DAE IZ R o SB[ 79]-[82]. P37, e B 7 O 4H i 73068 7, Silk fibroin-
based hydrogels A5 AN AAE J), AT 5O 0CR 40 M T (R AR KOG B, M7 SE AR B A [37]
[83]. EEEMZ, HEA REEYEHEYI LR, Fa8 B RTR ELEA R J7 13T 2 00k, TR
ZAMHMIEE, XSO MR SR R R e R AR R E R S A, BT AR RS ) TS I R
71, Silk fibroin-based hydrogels AJ LUR I 7128 2 Ak 254 AR a4 KPR 7R RIS A0 b 5 . 3EAE R 4
1841 IX—RFNME M H T Silk fibroin-based hydrogels 7E7CH FiAE 155 R 25 3% B A4 2 7 THI 1) 22 52
71, Silk fibroin-based hydrogels /&M HCH K28 B MU ELARS R, Al AR 888 B M SR T — L i A1
¥l
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3.3. BBHETF

T DR R AR VR B A . Al AT S A RAT N RV A SO S GBS AR TR AN T
B HOR A OSBRI AE A o X e i PR - R0 5 75k b N ik S B IR s e S A R T 2 AR 2 S, WO
e PSR B G, R E WA R IR E 2O E B, X el i R 1 i 5 78
AICAPREER, A B TR AR B, (R ESE 38 B I D)3 97851 [86]. WFFLE LML T IR | K B4R R
A FFEAS T —E R, #140 transforming growth factor beta-1 (TGF-f). IGFs. BMPs. FGFs. f-#i%&
CWE. B-H MR . AR A 4E4N A= K R F(FGF-2)+ cartilage-derived morphogenic proteins (CDMP-1, 2). Ifll
BN EAEKETF A (VEGFA). bone morphogenic proteins (BMP-2, 4, 6, 7). IL-3. IL-6. G-CSF (k4 i £E
RPN 7). SCF (T4fLX ¥). FLT3 Bifk. EPO (L4 ) A TPO (/ML) HhIEKFa.
4t % C. b-sodium glycerophosphate -4 f R 1302 T 0E B BUE $EIE A% B 4 A 20 2 AR K ) 4t e
PR A5 [ 13] [24] [87] [88]. BMP-2 A& SR BAA HAMER, JFResg st s BB (ALP) A RUNX #H
KGR HF 2 (RUNX2) I ERIE . Bk, & 8 T2 T 200 ) i 4l 4046 . & BMP-2 [R5 28 mT H
T E AR A EE[89] [90]. TGF- Bl T4 U8 sE . /b ECM &k, SRIEHEHLE A, TGFs-p
family /& HCE K B B A K P2 — G X F AR K 15 micromass 454, 24—
FPALT WG R B I CE TE B 1Y) 3D 5577 F TR FCCE T RO 1] &1 LA AR, — T0UF 5000 FH G S 48
A A BT i iPSC 4HHER, FEAE LG M5 TGF-B [ 5577 3L, 2888 5 [ chondrogenic center
' sulfated glycosaminoglycans (s-GAGs) Al COL2 & EACNFEE , Wonth 7R EHCE A2 BT 2R [90] [92].
AT 44T M AE K R F-(FGF)-2 Fl FGF-18 7ERECHE /- P g SR, I HLARLSF 56 18] 70 J5 40 M FH R 20
MAAF MAEH . FGF-2 Al FGF-18 {2 ik & AR W A a /b 7 il A 4l M ik 42, 2F 1 5 3 MSCs
proteoglycan (PG) & B IN[93] [94].

BeAh, ASES 5550 2 [ B R R A B B P A SR A S e (1 AR A . o, B veh ol TR TG 5 5
KA FIGUIR IR T 40 38 B R F & A I R s HhFERMA T2t BMP-2 55 i 40 e 23 b Fi i
4y B5G5H BMP-6 H1 TGF-A3 HCE 2R FRdE, fE8IR 1 21 RIGTEAL T3 58, exterior region [f]
COL2 Al GAG &, EM e s m B K 7] [8] [13] [87]. FEHCEHANMIRE 251N, FGF-2 Al TGF-
B ILEME R ECM TR, W B S B LB [95]. IGF-1 a] LAV A TGFA A1 BMP-7 i i3k 1] 78 Jii T-4H
L SR B A [96]

ST 2, 0B DR LR B R 2R A B A A R R R AN v T AL TR A ) o R B A A
LT AEBORE R A AR L, i A BT EIRNHL T RS N LS AR S R AR R A
A HE R AR T o 3y E R FE SGBR BRI IR FE B4 T 37 AR SRS R 7 VR (R 1)

Table 1. Cytokines and inducers in cartilage organoids

F 1. WEABFEFHARETFFFEST

KEEFRA 2 g A YR (0SS HRHET 775 ZHE IR
Human cartilaginous human pluripotent TGF-43, CHIR99021,
or2anoi di stem cell (hPSCs) or  TGF-$1, BMP-2, p-Mercaptoethanol, In vitro [97] [98]
& ESCs FGF-2, GDF-5 Verteporfin
Murine osteochondral Dexamethasone,
Murine iPSC BMP-2, TGF-43 [-mercaptoethanol, In vitro [44]

organoids p-glycerophosphate
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B3k
Human bone, adi Ijzergzlrlived In vitro
Cartilage, and/or joint P hvmal cell TGF-p1, IGF-I / 7 [96]
organoids mesenchymal cell, In vivo.
(hAMC)
p-glycerophosphate,
Human skeletal MSCs and TGF-41, ITS, AZAEI?,[‘?I:;;; tAZAR In vitro [99]
organoids endothelial cells BMP-2, M-CSF & i !
dexamethasone,
ascorbate-2-phosphate
Human cartilage AmnlOtl}f ﬂul? / :
organoids mesenchyma TGF-$3 In vitro [91]
stromal stem cells
Knee and ankle .
cartilage (both normal Human basic FGF / In vitro [95]
and OA) chondrocytes (bFGF), FGF-18
TGF-p1, dexamethasone,
Callus organoid PDCs BMP-6, BMP-2,  ascorbate-2 phosphate, In vitro [100]
GDF-5, FGF-2 proline
. . equine articular
OA equine organoid BQ-123-CHI, .
model chondrocytes IL-18 R-954-HA In vitro [101]
(eACs)
human primary
. . articular bone morphogenetic .
Cartilage organoids chondrocytes / protein 9 (BMP-9) In vitro [102]
(hPaCs)

3.4. RFEEBWERAR

WERBENHETEEFRSEMNHERAR, RS 6 el 20 & A 45 A ThRe 7 TH K%
EANFEMAEHR, FERFHEREA MR L SR L 2848 B AUk 5 H A @&+ R4 : Microfluid. Bioreactors
F1 Bioprinting .

3.4.1. Microfluid

Microfluid /& —F7ERCK RZ_E#RSRAA R HOR, G0 E B OEE . M. o & o 3 B ok sl .
ERZORE R MUNRE . R sl s M2 IIReE k. SN NREFREAAHEL, Microfluid
NSRRI T AR T —FhsR R 7%, AT LSE AP AR A A B2k 1 . Microfluid ] BLid i &2 |
perfusion, mechanical forces, and other essential parameters >k | f#4F & (140 B2 5o B2 RN 40 B ff A 55 A8 46 103 ]
[104]. ff1H Microfluid ¥ 7R EH B LN, B, WIRERENMS /X AMBERARER, A
Wb T ARSRYER AT RE . B, NIRRT RG> TIRAIAEH . =, Bl ERIERIC T AN LA
BAS, RN T ARG 5, MIERG A DUINEE S B . RO ECE A M DepEs
YA, FrUHME R GRIIE S KRBT . ERERBSETM, WOBERMAESE TER,
VARG IR S VDR 0 AT o X —RHEA B T-00 % 3D 454, SEErith 2 hl R IR 2L, T a A e
DIRER E B AT RE[105] [106]. 519 A BT U1 7 RIIBOR 4ERF 508 A0 Ms PR 5 DhRe R B AE 3RS 5, 1441
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AR IR R Z %05 5 SECRE H I RERAEA L o RIS BORIE DR HE R R AR, FTRLDAA Y 5%
TRIZN ATV ReAEL, RN SEIUE IR FR SR T, A RIS ES B A O X SR SE R TR Y, (3%
SRTHECE A B IR B WARE 70 (B 11 YRR . BRERHCH 3K) [101]-[106]. Microfluid = B AU A (1 4 77
WL, (et B G BRAR A AR A, SRR E T AE: SKBLRIEE R, ik
ZIFE R AN GEAFARAL o

3.4.2. Bioreactors

gt b, “AWRMNAE" — iR R BT A P YA kL. TEASC T, Bioreactors A& AT AR T
TSR AR SN AT ZH 2K 3D K5 TR B4 o N T 2548 B M 22 1) Bioreactors 45 stirred bioreactors, rotating
wall vessels, Microfluidic bioreactors 1 electrical stimulation bioreactors [107]. Bioreactors 7E& A 24 4%
BRI ETRIEE B REEMER, RO EATRESH A — AN A B 5C 1 I BT 428 1) #1858 ok SCHRF 2 )
A EANEEL . Bioreactors B1IE (1 240 B A A7 A8 T DURE i 428 B2 . A0A0KSE L pH EATE 7R (LR
EXRBEAKEKE EREENEARE, NSRS T I E R AN AL, & A ImR
EF[108][109]. eitf) Bioreactors £ A L TT A fif R VF 2 4% B 77 [ (0 L, 9 oK) 3D 4
UL 78 R A A E Rt g, KRARBE AL B HAL W F KD s H[107]. ok,
Bioreactors 1] LAH 28 28 B R RUABTRUAR A2 7=, 100t 2500 L 245 W0t o R P A8 s 2 (1 A0 R FH e LR [110]
JRAE Bioreactors 1] AR EA 2R E, (HLEX TG KPR T IR IR — M. FH0Tix—Jm R,
A LME 2 AR B RN A KR E S XA 2. S22, ff/ Bioreactors 1] LU= S & n] & HilFI T
I RIRH AR E, XL H & & 2 TR A R AH S FE R N H

3.4.3. Bioprinting

AT B I8 IR A 1 A R R AR DR ) 7 (] 43 AT AT SE BN B0 B 2R S K48 3D S5k i)
i, AAEEREE S E YRR, WSRERE RN AR RIS, A AE S B AR R AL
KMLRLE, F HAE MK 3D 45145 BIAH LGB AR, 2 4504 2 TR AR PR & R 1)
BB AR Z —[111]-[113]. bioprinting IS YT EY)S2/KZE AN A K 7 KB 1R & 4) 7] BA
P B R JUATAR B R B o AT DR 8 5O VR 2 AR M4 T B R B 2H 1B 40, R R E T
CLECIAT EDASRES B I 0 HE . AiBys DA RREME . T = 32 220 bioprinting f4 Inkjet-Based 3D Bi-
oprinting Extrusion-Based 3D Bioprinting . Laser-Assisted 3D Bioprinting 1 Photocuring-Based 3D Bioprinting
[10][112]

Inkjet-Based 3D Bioprinting /& —F 5 1% it 24T EIAL R BRAH [F] (14 732, M) FH P 38k sl b i i o A
BHOWOR, FIER SR RIEAR . B FTEE R & T4 & T S50 AR [114]-[117]. Extrusion-Based
3D Bioprinting J&—FikE TH5 (1) 3D AEFTEI T8, 0T DAFT ER & FhAS [RDRS BE 1R 7K 58 1 5 s VRV s 2%
FEREY . H5HATTEALG, HUREIRSN 7 VEST ERS FE Sy, 8 D H B S B F 0 5 8RR 2 1
MEAHZEPE[112] [118]. Laser-Assisted 3D Bioprinting i F 7 —Ffa] DA S 3OE RIS SUZ 4504 8 7
TR E I BRI BRI AEY) SRR ISR R SR T ENHLANE], O BT EIALANfd FH i Mg g L A
YisEoK, B CLHGT A MRA = AR BT T) J . DRIE, AT BN H SR I 4 A= 035 1t 52 . th4h, Laser-Assisted 3D Bi-
oprinting FATAEH TN 73 8, FLA W] DITEIR N[ 119] [120]. Photocuring-Based 3D Bioprinting
Je— FIELE B FI B AE S AU T2 (1 3D FTERH AR o X EEFT EPHLAE A light-induced polymerization, M
abarrel of resin A1 i 3D 4544, S5 HAMFTEN 7% AHE, Photocuring-Based 3D Bioprinting HT-7E4T E1 it
TR SR ST, D AH A5 2B m . T BRI AR bR [121]-[125]

- PR SRR ESE R (A R TR ) R R T AR A O B SRR, AR GG R DTV AME AL
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3D TR E I 2 WSk A B AT EN SR, WA “ T 7 4k TGF-B1 (BCE i SR 1) JRES B-TCP (i
TEPERLIY)” WIBRE S, SEIUE - OE — AL S MM AR, RO T AR e 2 SR 45 155
1B R ZE 0 0] R, A4 P9 SR 6 CUE S AT A IR 0 5 3CE N B AR 114]-[120]. B2, BARERCE KA
T 3D AEVATEM AT R B, HEA BRI ). SRR B & B H LT =451
(1) 57 o &5 FA 7 TH LA R PR AR 3, i LS T DI o & oK Bk i — B AL S R 5 i B, AT ER
M2 VE TR SR . MUBRAR /N, XX S ) AV S A A M S L

4. REBERFENARER

KT A R T AR AR H 8 7, DL A R B R SR 4, (R S e S ch B
AT PRI — KRR i I SR f AN DO R RS D e 28 K S22, 177 X Y07 B 5% 15 28 S 90 0 1) 1 e i
BREE. PRV EZEA NG G AR RS . BT, e scia sy skl e
OB A B IE F ) IR . AR, TR BRI A R R R B — A R R s = A M ) AR AR,
RSB A B AR BRI ARSI AR AT DATE X 7 TR SR kAR S 5 (R AN S, (R Fh 2 [R] 4544
A3 22 S AF A5 S 00 45 A RE S R AN WE AN, W HLIEZEREHF RARKKRS . REtfH
HME AR S5 AR SN TR Y, R IX S SR R AR Y AT USSR P 30— e N\ A2 2R3 1 S AR (1 AR B
WOIABEFIThRE . EHORIFEAREAR RS, IAAR LI RE, HAMON LI 45 ek, ik, BA
AEACAZE 46 F1 A B D) 6 R B R S 3 B R AR SR FU 1 D59 K B I I BAR R Y . BE AU R B 2R e
ARV E R, Y5k AR S S0 RA T Z RIS R AT 5. IA PR K285 st
FONAESN BCE PR LS 0T RIBE S AR R DTk 7] [31].

WERBENHEENH — 2 EEESE, XW2HE AHAHIEB TR P, RS
BT RASR B T 08T IR R AT DLOdE A AT 4 S A A R A A, NI AN SR T — A
ARG A RGRMT TP . FERIEH)— I, Cullier 2Nl IL-18 H 3L T 5 OA K& E
B, sEIR g5 R BoR, Rl AN R-18 (IL-1)H 31 OA LRI ERAY, type A endothelin receptor
antagonist (BQ-123-CHI)F type B1 bradykinin receptor antagonist (R-954-HA) ¥ 65 FH R ME FRAR 28 SEbR &
Yo X— RILGRE T 2RI E VN7 500 08 BEAE B RN R BRI T VAV TEE: 1. [101] Menssen 25
AFJF bone morphogenetic protein 9 (BMP-9)i%5 Human articular chondroprogenitor cells (haCPCs) I #)
BT RS E IR TR EAL, 4 haCPCs HAL2E A B gi /M4, haCPC K48 E
il BSCHT AR B B FEZH 23102 Sun %8 A {#1 A human synovial mesenchymal stromal cells (SMSCs)#4 4
BB B E I T N T P ER A4S 52 B ) miR-24[126]. Yang %% A%t mesenchymal stem cells (MSCs)
[ea) BB A 1R E [8) 7 AN 3 X — ), R T 3 WIS R (HA) AR L B A (HY P)sE il 1 25 T Wk
(IR VR IEIRS , I AE AR N B 238 B R A8 R S i FVE AR (40 I FR A CH-Microeryogels Al
0OS-Microcryogels), mRNA-seq 7347 &7~, CH-Microcryogels 3B I 1545 5 (15 5 38 AL 30 40 B 20 A 40
il R AE SN, T OS-Microcryogels 38 I 1 5145 7€ 5 5 W B AL E BB 70 A -4 Sl OB . B fim, TEAK
AL TR AR SE A VR B AN R B R A b, B Sl oo B R A%, B T eE
Pl TR R FA . BTl MM T il Aiv R IR AR R 2 3 B 2R AR B IO T i O AL S AR
BRR FESE AL T — MR AT SRR AR[12]. EAM M AR ST A Do @ e KA T, #iln
Meike %5 A\ 735l H OA 1 ND &35 #2#ff) human chondrocyte 144 H AN [F] U ECE 2648 5, JF{8 FH porcine
notochordal cell-derived matrix (NCM)¥577 OA RIFH KA T IR B HAM M BFBEEREN .. 4R R 0A
RTINS ND 2888 B LI LE sulphated glycosaminoglycan Al hydroxyproline & & V& H % 7 .
X EAMWEABCE A G T iR 4 7 AT RE, ORI FUEEE 5 B B YT R AR M TR AMERL[127].
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Hall S8 N$&H T — M2k & o K EA T 1, 18 IX Fh 77, AN R B 2828 B 4 VBT AR i A,
BHREN T AN RS, =B HA R AL R, D BRACE BT, ipse fTAE RHCE A
HEATE KRB KRB EL AL, TTUERE FEARE BN EH LR, ety @i p 4 5 Ak r= =1 4
HITAREANDSAE 7 AT R, a3 FH T3S0 B v 2 1 AR A AR HROR RN SRR g X ek DR AN RIAR B HLThy
fe[123]. UbAh, FIERAGRIERE RS EE ERSRFMME T KREE ™. 5D E 7 AFR
B MR B A R R B R T B B S R BRI R A RO IR EE B N, BT T R
HAER T KES RREHECE S AR B . XL TR B 7L ECM AL S5 A=Y 3R 1k
DI S RANEK L, AR AL TG TR 6. 54, ARUFTCRESRA 1 KB (AL s e
BeE R E S, 4R 1 T KR KR SRR, AT MR SR E AR K. MEIFERE S 1
R S ARSI B R B R . X — R I i H TR R e B it AR S R X, Al
IR TH R AU B PR A S it 1B g [61]. BN AERCE SR BT, 7 REMHRREMZER, W
— P WA R ARG, N R SECE SR AT R T RSl . A R IE L. BEAS
A B TV

W RBERFERNHZ — 856 AV RIE T AR, RE8E I ORI 2518 5 I 4 2 L,
HIL TR LA B TR R, SRESE R L AR A T R AT 25 A E] IR R E AR
R FE . K 22 B2 WAL I PR U v T 75 2SR S AN A RS o SR, 17 5P O ASE 2R R S P 8 8 1) SRy R 12
T FUAH M D B P S e 25 N AR MEAN TR, AN RE ST 4 S R 2 Rt N AR IR B ST AU B PERIE A . AH
XTI FH A Gt 1 Sh )RR A8 B S50 SR 1R AT 250 (R A R, A FH SIS 8 B SRASEAUL N 853 (1) s BE A BEIA B
¥ S 2540 s e R BE BB (0 L . I, Abraham %5 A\ A 78 F A MSCs and endothelial cells #% H %k
B R RIRE Adenosine A2A receptor (A2ARNHE WEEAIEM, 45 R HCE KT 1T LIMENHR
KB A LR IRI6 T 23 A S AE ) AR [99] . Sun S8 AR BB 9] 52 2 1Y miR-24 uS/SMSC 248
BEAKEEMSOMH T EBE, b4 K E/R, miR-24 T TAOKI K&k IFEHE SMSC 58 B A4
HHE[126]. Cullier £ AN B type A endothelin receptor antagonist (BQ-123-CHI). type B1 bradykinin
receptor antagonist (R-954-HA)TE B KA BB R R /EH . fEiEd Adil N R-18 (IL-18)i%E 311
OA LREEiiAih, BQ-123-CHI Al R-954-HA 1 L fiIe& FH 2 fih & 1 9&RE AN 43 AR b 2 40 1) B3 KB
ME[101]. Laura F AME 7 — N EARCEMMRALKR ARG 8 PCF Lm0 (e AU AE AL 55 3 2 OA
T BRAFAE ) N AR & B A RL, R FL B T8 IL-1Ra S5 R 1 BT, JREAT T B T B i B Bl 2= A
K IL-1Ra 55 F i /> #% 5 K -7 CCAAT/enhancer-binding protein beta 17245, [KlIt, AZS OA 5 2Eas
BN R IR 1B AR IR 73 1 SR BN PR Z RV A ) A SG B VR T RS TAESC LA [124]. BE KRB E BA
TR TE I EE AP B BORE ) & £E 25T R IR T TS A AR RS 6k, AHAN Ay — Flos B A S 245 i e Al
MR T I 1T KA. thah, FIH CREEORPE ., K&, SREARERETH T EEREY
Yk, 9 OA MZHIFT R IR B 4G 2MI6TT OA $R4E 1 T A R B0t 58 77 i 5k

H AT T8 KA B A R ERE N A GBS, Rl R RINE BARIT . Hads
IR TE OA 1 3 2205 BEESCAR , (H HH T 2015 B0 AR 1R 4 A0 AN AR BEARR M, 3018 55 0 B S T s 5K ) Pk 1 o
I PR b5 B A 1) T T 2 S A AE S E H RN B AR B E R AR R AR MR A, B ) AR kAT
BT BE R RTT BIARIGIT . /1M, BT HARHIG IR RS A E ARG ZE, BIRE T
REAEPEIT AR . REV A ER TR FEE 2R . Lin % AR A Human articular chondroprogenitor cells
(haCPCs)%% & bone morphogenetic protein 9 (BMP-9)i% 5, haCPCs H 23 3 & il =F & 14l fu M J£ i, haCPC
KA ERE BOH A E P E A, haCPC e BHRLE BONAEE PR EHAH, Bon 7 HEGERE 4
BRI J1[102]. EFCE R E R T I RIGIT 5B ST, AR MEE AN RE fl s 888 s, JFHH
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LT AR = AR T2 R S I [V A () 2R 28 B AR 40 H 22 . Kengo 55 AR EE (1) [8] M 544 iPSC
ATAE B3R K38 B AR R KRNI ST R E S B A s R &, R R T s . AR5
TR, [FEF AR IPSC fTAE I HRE B8 B R0 B A S S OB, B R 5 1E M E A T
WFEA, JEP I EE FEEAS . Single-cell RNAsequence analysis 7, HUE 28 B AERIE G 2L,
AT T 0 RATIE M AH R B PRGA I3RIE . BEFLEE AR, iPSC KRIEMI K K28 B 1 [RIFp AR R 1 A B2 1E
I R b TE 7 ST Ol S s . SRR A AR I PR B A 1 — A EE SRRV A 2 6 /N HLAR AR T 5,
e AR AR 2 BHAS HLAE NG R V2 R o« X #E, Yang 55 A\ 43 # H hyaluronic acid (HA)F1 hydrox-
yapatite (HYP) & il 15T BRI A VR EE R, I8 7R 1R Y B 4028 il 30| K48 B R 1S S 3Cs Fl e FHAE (Or
HIFRN CH-Microcryogels Fil OS-Microcryogels). SESG 7R, € fill KA SRS 2% B B R 4 I 40 P AR 25
PRI AT JEE S S AN G SR, AT 55 MSCs [ 8 AR 77 [F) 434k, RIS BT 1 4H 208 pl i i 24
HIAE ST BIREAL T AT T G CE AR N RN AR, SR TR AR . X Rl oR] FH g il
TR VR o o SR A S ) L 2R B v 38 B B 7V N 0 AR A AR U AR it 7 — AN T B R AR T
SHEE12].

B KA T ARG AL, 2Rk AN AR T T R I T R B S R . I AR A4 2 2R
WEE, N FCE KT 7SRRI AL . ROk, IR RIS B IR OA Pl i A FIHT ) iR
7RI B — DR XS OA PRI RAIGYT o XL AN CE B AE SR AE T3 %, IR RS
BLE T Bl

5. RERBERRNBRS

BAR, PR R HCE R E LRSIV H S HA . B @MY R IR TRk, 4t T
oA gt — AEAN B I M) P A AL B 1 LI 6 o SR, ATBORAFEAE B ORPRAR AR e, el R AER
G IR AL R IR RRIRA R AW )R T T . B %, S AITIREA S8 R BAUR N IAES . R
KA E BIRGEAE — EfEE EEACE AR A TIRe, H T 223400 1) 2 PP R0 oy AR B 2,
TR e R EIAR N I AR BRI B, ORI MAE S AR A S S AR BRI, AR
BARNAEROAREE R A e AR B D e, S BULAER LTS BB E UL 2 (7] [17]. 3B,
AR O 52 2%, A ) 2 AN S — AN R AR S BT I AR, RE S ME 5 N E SR
H AT 7R 24 BAR BE R AT R B R0 B IR A, (EE 40 B RSB % IR AEEAN 2, IX AT Re 2 PR 1) 3L
YK EERTRN . =, REERKIRE MY Rem VR fE G FG, BEE N [ R, 3K
B E S EEFRY B LT AR IR FEEE ), TR Ar AN BEORIE, AT RE TG — PR ER 2 URh 78 S 45 1) TR
o ZEPU, MR LA RS, B0 iPSCs A7 AR F R 2588 B 4 A AT 1E 25 40 b B0 (178 75 K
B, X0 I AR L FHAS) R T B KPR AN R TR R [121]-[127]0 S5, i PEREAUCHC 8, i 1]
a5 Re S A B LR E R, a KRB EEEARN G, AR AR 518 LALLM R )5 58T,
FEE N TS o« BN, FTERE B ME 77 a8, 40 A 25 1 22 A0 e A A O 75 1 4 =) PR PR
il TR BN A IR, BeAFECE WM EIRIE S, el (e U K IR
TRINH AR B A 2 S NI SUR I R ) 9 % 2 B B, WEHRBE BRREREFHLA TR
PSR 7 b BA BRI ), A0 B R E — SRR Fa il F5 RV AR E A — PR R A TF RO AR W 7
E[127]-[131].

6. MEXBFEHRAIR
R B ET ORI ST T e SR R BD R R IR R T — AN BRI BT &, )

DOI: 10.12677/jcpm.2026.52150 501 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150

ki, Bk

RAMLERE . FAMPORREAME ., MIRESEH, BERSEAERRNNATS. Bk, KSEH
AR ST IR AR SN 2 S U AR R FR A 2 B, B0 s B A R 1 40 M A D B
MIRE ST, NECE AT REAR AL T BARAO R T4 . e AT T ARSI R B3, IR B A R AR s 1k
MEEAR, AFEMTEREREMOIMES, WER R, RWREBRGAMRE K EARSE. @i
HOE R B IR IR AT ARG A 75, W DA i A S AR IR R &, I R VA ST AR AL TE 2 A%
MR R BN AL, T DMt B A B AEANME R, IR T RERN S5, Dl R 3R
AR 7] [14] [17][124]. FR, AEHREBEITM, YWoKas SHHIME S, BRI 4,
NEBEBOE R IRAE 7RISR . B PO A, T DU SR I S A Th BE . i
BEERE AL FENER, R m R IKERCR, R R R X R TR A WA T RUR B [12]. 55,
XFAMEACIRTT, PO SRS E A B MR OCEANT ORI AT S, UG B 5 (4 i R B R
WE, AT MER TR RNGTT . XA BT O R ME R IR T T S, IRENRITRCR, b
ARRNEIRAET]. 8N, LW TITH, POE 2R H RIS e A AME I B I A B8, 250
AR 7RG RN ORI . R B SE A B AT 29k, TT AR e 2GR ) RCR AE R, b
NI, ARSI R I AR [126]. 85, ZFRHEIETT, BE K8 7T 75 20
L AR, WA MRERLEE . BRAE5E . 2 RHE IR RN GEAT B TR & A R R LSS An B,
HEZBFCE A B RO SRR, Y BAS SERRE R (LI 3). B2, IXUEREEAAEYCE HE. A2MBE. ME
WIRIT < Z5WIBIE RNk 75 T B A ERIITE 0o FRER T TEIR B AR D — 52 3RATTAS W7 o Al HL ik By
I 78 M S RA% B BORTEAE YR 22 TR AN 2R B2 2 v () S RS J[126]-[133].

Al
\
L Exe o
/ - c» (
]}Mf Drug Screening y X
Gene Editing Fewer Aninal
Experiments
— :
— :
Disease Modeling i Biobank

Cartilaginous

Organoid
~ =

f’} P \ J
Regenerative ﬁ Pel\;IS%r_la_lized
Medicine edicine

Callus Organoid

Figure 3. Future application prospects of organoids

B 3. XFRERRKEBATR

DOI: 10.12677/jcpm.2026.52150 502 g RN PEAK = 2


https://doi.org/10.12677/jcpm.2026.52150

ki, BIE

7. &

BB A B BORME MU SRR LG TR AN R AR PR A AU ) B B R, R 2R R iR A 245 4
MR T R 6 o MECTAR G —4e it SR A IR, BB R4 B R 6 T B S
BEHRAMR IR IIRE, N KB« BIRHLEI LS IT AR e T s et 7A TR A
SRR T HCE R T RO RIS . W FURE SR S AR R M AR B A MO, IR YY1 A AR i B Pk
AIARK B JETT T o

E&mE
ASSCE G T T SRR SR (e T e 2022-yxyc-007).

SE

[1] Fang, E.F., Xie, C., Schenkel, J.A., Wu, C., Long, Q., Cui, H., ef al. (2020) A Research Agenda for Ageing in China in
the 21st Century (2nd Edition): Focusing on Basic and Translational Research, Long-Term Care, Policy and Social Net-
works. Ageing Research Reviews, 64, Article ID: 101174. https://doi.org/10.1016/j.arr.2020.101174

[2] Tagliaferri, C., Wittrant, Y., Davicco, M., Walrand, S. and Coxam, V. (2015) Muscle and Bone, Two Interconnected
Tissues. Ageing Research Reviews, 21, 55-70. https://doi.org/10.1016/j.arr.2015.03.002

[3] Cui, C., Fu, Q., Meng, L., Hao, S., Dai, R. and Yang, J. (2021) Recent Progress in Natural Biopolymers Conductive
Hydrogels for Flexible Wearable Sensors and Energy Devices: Materials, Structures, and Performance. ACS Applied Bio
Materials, 4, 85-121. https://doi.org/10.1021/acsabm.0c00807

[4] Kuo, C.L. (2023) The Role of Nurses in Bridging the Health Literacy Gap: Empowering Patients in the Post-Pandemic
Eral. The Journal of Nursing, 70, 4-6.

[5] Clevers, H. (2016) Modeling Development and Disease with Organoids. Cell, 165, 1586-1597.
https://doi.org/10.1016/j.cell.2016.05.082

[6] Chen, K.G., Park, K. and Spence, J.R. (2021) Studying SARS-CoV-2 Infectivity and Therapeutic Responses with Com-
plex Organoids. Nature Cell Biology, 23, 822-833. https://doi.org/10.1038/s41556-021-00721-x

[71 Bai, L., Zhou, D., Li, G., Liu, J., Chen, X. and Su, J. (2024) Engineering Bone/cartilage Organoids: Strategy, Progress,
and Application. Bone Research, 12, Article No. 66. https://doi.org/10.1038/s41413-024-00376-y

[8] Faeed, M., Ghiasvand, M., Fareghzadeh, B. and Taghiyar, L. (2024) Osteochondral Organoids: Current Advances, Ap-
plications, and Upcoming Challenges. Stem Cell Research & Therapy, 15, Article No. 183.
https://doi.org/10.1186/s13287-024-03790-5

[9] Wang,J., Chen, X,, Li, R., Wang, S., Geng, Z., Shi, Z., et al. (2025) Standardization and Consensus in the Development
and Application of Bone Organoids. Theranostics, 15, 682-706. https://doi.org/10.7150/thno.105840
[10] Hu, Y., Zhang, H., Wang, S., Cao, L., Zhou, F., Jing, Y., et al. (2023) Bone/Cartilage Organoid On-Chip: Construction
Strategy and Application. Bioactive Materials, 25, 29-41. https://doi.org/10.1016/j.bioactmat.2023.01.016
[11] Dhawan, A., Kennedy, P.M., Rizk, E.B. and Ozbolat, I.T. (2019) Three-Dimensional Bioprinting for Bone and Cartilage

Restoration in Orthopaedic Surgery. Journal of the American Academy of Orthopaedic Surgeons, 27, €215-¢226.
https://doi.org/10.5435/jaaos-d-17-00632

[12] Yang, Z., Wang, B., Liu, W., Li, X, Liang, K., Fan, Z., et al. (2023) In Situ Self-Assembled Organoid for Osteochondral
Tissue Regeneration with Dual Functional Units. Bioactive Materials, 27, 200-215.
https://doi.org/10.1016/j.bioactmat.2023.04.002

[13] Chen,J., He, Y., Shan, C., Pan, Q., Li, M. and Xia, D. (2015) Topical Combined Application of Dexamethasone, Vitamin
C, and B-Sodium Glycerophosphate for Healing the Extraction Socket in Rabbits. International Journal of Oral and
Maxillofacial Surgery, 44, 1317-1323. https://doi.org/10.1016/j.ijom.2015.06.011

[14] Lin, W., Wang, M., Xu, L., Tortorella, M. and Li, G. (2023) Cartilage Organoids for Cartilage Development and Carti-
lage-Associated Disease Modeling. Frontiers in Cell and Developmental Biology, 11, Article 1125405.
https://doi.org/10.3389/fcell.2023.1125405

[15] Wang, X., Liu, N., Zhang, H., Yin, Z. and Zha, Z. (2023) From Cells to Organs: Progress and Potential in Cartilaginous
Organoids Research. Journal of Translational Medicine, 21, Article No. 926.
https://doi.org/10.1186/s12967-023-04591-9

[16] Giannoni, P. and Cancedda, R. (2006) Articular Chondrocyte Culturing for Cell-Based Cartilage Repair: Needs and

DOI: 10.12677/jcpm.2026.52150 503 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1016/j.arr.2020.101174
https://doi.org/10.1016/j.arr.2015.03.002
https://doi.org/10.1021/acsabm.0c00807
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1038/s41556-021-00721-x
https://doi.org/10.1038/s41413-024-00376-y
https://doi.org/10.1186/s13287-024-03790-5
https://doi.org/10.7150/thno.105840
https://doi.org/10.1016/j.bioactmat.2023.01.016
https://doi.org/10.5435/jaaos-d-17-00632
https://doi.org/10.1016/j.bioactmat.2023.04.002
https://doi.org/10.1016/j.ijom.2015.06.011
https://doi.org/10.3389/fcell.2023.1125405
https://doi.org/10.1186/s12967-023-04591-9

ki, Bk

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Perspectives. Cells Tissues Organs, 184, 1-15. https://doi.org/10.1159/000096946

Kim, J., Koo, B. and Knoblich, J.A. (2020) Human Organoids: Model Systems for Human Biology and Medicine. Nature
Reviews Molecular Cell Biology, 21, 571-584. https://doi.org/10.1038/s41580-020-0259-3

Yao, Y. and Wang, Y. (2013) ATDCS: An Excellent in Vitro Model Cell Line for Skeletal Development. Journal of
Cellular Biochemistry, 114, 1223-1229. https://doi.org/10.1002/jcb.24467

Luo, X., Wang, J., Wei, X., Wang, S. and Wang, A. (2020) Knockdown of LncRNA MFI2-AS1 Inhibits Lipopolysac-
charide-Induced Osteoarthritis Progression by miR-130a-3p/TCF4. Life Sciences, 240, Article ID: 117019.
https://doi.org/10.1016/1.1£s.2019.117019

Lee, S., Lee, J., Choi, S., Kim, E., Kwon, H., Lee, J., et al. (2024) Biofabrication of 3D Adipose Tissue via Assembly of
Composite Stem Cell Spheroids Containing Adipo-Inductive Dual-Signal Delivery Nanofibers. Biofabrication, 16, Ar-
ticle ID: 035018. https://doi.org/10.1088/1758-5090/ad4a67

Brassard, J.A., Nikolaev, M., Hiibscher, T., Hofer, M. and Lutolf, M.P. (2021) Recapitulating Macro-Scale Tissue Self-
Organization through Organoid Bioprinting. Nature Materials, 20, 22-29. https://doi.org/10.1038/s41563-020-00803-5

Wauelling, M. and Vortkamp, A. (2014) Cartilage Explant Cultures. In: Hilton, M., Ed., Skeletal Development and Repair,
Humana Press, 89-97. https://doi.org/10.1007/978-1-62703-989-5_7

Zhang, J., Tan, X., Li, W., Wang, Y., Wang, J., Cheng, X., et al. (2005) Smad4 Is Required for the Normal Organization
of the Cartilage Growth Plate. Developmental Biology, 284, 311-322. https://doi.org/10.1016/j.ydbio.2005.05.036

Szponder, T., Latalski, M., Danielewicz, A., Kra¢, K., Kozera, A., Drzewiecka, B., ef al. (2022) Osteoarthritis: Patho-
genesis, Animal Models, and New Regenerative Therapies. Journal of Clinical Medicine, 12, Article 5.
https://doi.org/10.3390/jcm12010005

Marx, U., Akabane, T., Andersson, T.B., et al. (2020) Biology-Inspired Microphysiological Systems to Advance Patient
Benefit and Animal Welfare in Drug Development. ALTEX, 37, 365-394.

Panoutsopoulos, A.A. (2021) Organoids, Assembloids, and Novel Biotechnology: Steps Forward in Developmental and
Disease-Related Neuroscience. The Neuroscientist, 27, 463-472. https://doi.org/10.1177/1073858420960112

Fowler, J.L., Ang, L.T. and Loh, K.M. (2020) A Critical Look: Challenges in Differentiating Human Pluripotent Stem
Cells into Desired Cell Types and Organoids. WIREs Developmental Biology, 9, €368. https://doi.org/10.1002/wdev.368

Baptista, L.S., Kronemberger, G.S., Cortes, 1., Charelli, L.E., Matsui, R.A.M., Palhares, T.N., ef al. (2018) Adult Stem
Cells Spheroids to Optimize Cell Colonization in Scaffolds for Cartilage and Bone Tissue Engineering. International
Journal of Molecular Sciences, 19, Article 1285. https://doi.org/10.3390/ijms19051285

Jensen, K.B. and Little, M.H. (2023) Organoids Are Not Organs: Sources of Variation and Misinformation in Organoid
Biology. Stem Cell Reports, 18, 1255-1270. https://doi.org/10.1016/j.stemcr.2023.05.009

Brassard, J.A. and Lutolf, M.P. (2019) Engineering Stem Cell Self-Organization to Build Better Organoids. Cell Stem
Cell, 24, 860-876. https://doi.org/10.1016/j.stem.2019.05.005

Zeng, D., Chen, Y., Liao, Z., Wei, G., Huang, X., Liang, R., ef al. (2023) Cartilage Organoids and Osteoarthritis Research:
A Narrative Review. Frontiers in Bioengineering and Biotechnology, 11, Article 1278692.
https://doi.org/10.3389/fbioe.2023.1278692

Solorio, L.D., Phillips, L.M., McMillan, A., Cheng, C.W., Dang, P.N., Samorezov, J.E., ef al. (2015) Spatially Organized
Differentiation of Mesenchymal Stem Cells within Biphasic Microparticle-Incorporated High Cell Density Osteochon-
dral Tissues. Advanced Healthcare Materials, 4, 2306-2313. https://doi.org/10.1002/adhm.201500598

Lozito, T.P., Alexander, P.G., Lin, H., Gottardi, R., Cheng, A.W. and Tuan, R.S. (2013) Three-Dimensional Osteochon-
dral Microtissue to Model Pathogenesis of Osteoarthritis. Stem Cell Research & Therapy, 4, Article No. S6.
https://doi.org/10.1186/scrt367

Takayama, Y., Kusamori, K. and Nishikawa, M. (2021) Mesenchymal Stem/stromal Cells as Next-Generation Drug
Delivery Vehicles for Cancer Therapeutics. Expert Opinion on Drug Delivery, 18, 1627-1642.
https://doi.org/10.1080/17425247.2021.1960309

Bian, L., Zhai, D.Y., Tous, E., Rai, R., Mauck, R.L. and Burdick, J.A. (2011) Enhanced MSC Chondrogenesis Following
Delivery of TGF-43 from Alginate Microspheres within Hyaluronic Acid Hydrogels in Vitro and in Vivo. Biomaterials,
32, 6425-6434. https://doi.org/10.1016/j.biomaterials.2011.05.033

Gao, L., Orth, P., Cucchiarini, M. and Madry, H. (2017) Effects of Solid Acellular Type-I/III Collagen Biomaterials on
in Vitro and in Vivo Chondrogenesis of Mesenchymal Stem Cells. Expert Review of Medical Devices, 14, 717-732.
https://doi.org/10.1080/17434440.2017.1368386

Shen, C., Wang, J., Li, G., Hao, S., Wu, Y., Song, P., et al. (2024) Boosting Cartilage Repair with Silk Fibroin-DNA
Hydrogel-Based Cartilage Organoid Precursor. Bioactive Materials, 35, 429-444.
https://doi.org/10.1016/j.bioactmat.2024.02.016

DOI: 10.12677/jcpm.2026.52150 504 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1159/000096946
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1002/jcb.24467
https://doi.org/10.1016/j.lfs.2019.117019
https://doi.org/10.1088/1758-5090/ad4a67
https://doi.org/10.1038/s41563-020-00803-5
https://doi.org/10.1007/978-1-62703-989-5_7
https://doi.org/10.1016/j.ydbio.2005.05.036
https://doi.org/10.3390/jcm12010005
https://doi.org/10.1177/1073858420960112
https://doi.org/10.1002/wdev.368
https://doi.org/10.3390/ijms19051285
https://doi.org/10.1016/j.stemcr.2023.05.009
https://doi.org/10.1016/j.stem.2019.05.005
https://doi.org/10.3389/fbioe.2023.1278692
https://doi.org/10.1002/adhm.201500598
https://doi.org/10.1186/scrt367
https://doi.org/10.1080/17425247.2021.1960309
https://doi.org/10.1016/j.biomaterials.2011.05.033
https://doi.org/10.1080/17434440.2017.1368386
https://doi.org/10.1016/j.bioactmat.2024.02.016

ki, BIE

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

Dominici, M., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, 1., Marini, F.C., Krause, D.S., et al. (2006) Minimal Criteria
for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position Statement.
Cytotherapy, 8, 315-317. https://doi.org/10.1080/14653240600855905

Chamberlain, G., Fox, J., Ashton, B. and Middleton, J. (2007) Concise Review: Mesenchymal Stem Cells: Their Pheno-
type, Differentiation Capacity, Immunological Features, and Potential for Homing. Stem Cells, 25, 2739-2749.
https://doi.org/10.1634/stemcells.2007-0197

Vail, D.J., Somoza, R.A. and Caplan, A.I. (2022) MicroRNA Regulation of Bone Marrow Mesenchymal Stem Cell
Chondrogenesis: Toward Articular Cartilage. Tissue Engineering Part A, 28, 254-269.
https://doi.org/10.1089/ten.tea.2021.0112

Diederichs, S., Klampfleuthner, F.A.M., Moradi, B. and Richter, W. (2019) Chondral Differentiation of Induced Plu-
ripotent Stem Cells without Progression into the Endochondral Pathway. Frontiers in Cell and Developmental Biology,
7, Article 270. https:/doi.org/10.3389/fcell.2019.00270

Yamashita, A. and Tsumaki, N. (2021) Recent Progress of Animal Transplantation Studies for Treating Articular Carti-
lage Damage Using Pluripotent Stem Cells. Development, Growth & Differentiation, 63, 72-81.
https://doi.org/10.1111/dgd.12706

Limraksasin, P., Kondo, T., Zhang, M., Okawa, H., Osathanon, T., Pavasant, P., et al. (2020) In Vitro Fabrication of
Hybrid Bone/Cartilage Complex Using Mouse Induced Pluripotent Stem Cells. International Journal of Molecular Sci-
ences, 21, Article 581. https://doi.org/10.3390/ijms21020581

O’Connor, S.K., Katz, D.B., Oswald, S.J., Groneck, L. and Guilak, F. (2021) Formation of Osteochondral Organoids
from Murine Induced Pluripotent Stem Cells. Tissue Engineering Part A, 27, 1099-1109.
https://doi.org/10.1089/ten.tea.2020.0273

Li, X., Sheng, S., Li, G., Hu, Y., Zhou, F., Geng, Z., et al. (2024) Research Progress in Hydrogels for Cartilage Organoids.
Advanced Healthcare Materials, 13, €2400431. https://doi.org/10.1002/adhm.20240043 1

Liu, Z., Tang, Y., L, S., Zhou, J., Du, Z., Duan, C., et al. (2013) The Tumourigenicity of iPS Cells and Their Differen-
tiated Derivates. Journal of Cellular and Molecular Medicine, 17, 782-791. https://doi.org/10.1111/jemm.12062
Medvedev, S.P., Shevchenko, A.I. and Zakian, S.M. (2010) Induced Pluripotent Stem Cells: Problems and Advantages
When Applying Them in Regenerative Medicine. Acta Naturae, 2, 18-27.
https://doi.org/10.32607/20758251-2010-2-2-18-27

Bigdeli, N., Karlsson, C., Strehl, R., Concaro, S., Hyllner, J. and Lindahl, A. (2009) Coculture of Human Embryonic
Stem Cells and Human Articular Chondrocytes Results in Significantly Altered Phenotype and Improved Chondrogenic
Differentiation. Stem Cells, 27, 1812-1821. https://doi.org/10.1002/stem.114

Craft, A.M., Ahmed, N., Rockel, J.S., Baht, G.S., Alman, B.A., Kandel, R.A., et al. (2013) Specification of Chondrocytes
and Cartilage Tissues from Embryonic Stem Cells. Development, 140, 2597-2610. https://doi.org/10.1242/dev.087890
Foltz, L., Avabhrath, N., Lanchy, J., Levy, T., Possemato, A., Ariss, M., et al. (2024) Craniofacial Chondrogenesis in
Organoids from Human Stem Cell-Derived Neural Crest Cells. iScience, 27, Article ID: 109585.
https://doi.org/10.1016/j.is¢i.2024.109585

Zhao, D., Saiding, Q., Li, Y., Tang, Y. and Cui, W. (2024) Bone Organoids: Recent Advances and Future Challenges.
Advanced Healthcare Materials, 13, €2302088. https://doi.org/10.1002/adhm.202302088

Freyria, A. and Mallein-Gerin, F. (2012) Chondrocytes or Adult Stem Cells for Cartilage Repair: The Indisputable Role
of Growth Factors. Injury, 43, 259-265. https://doi.org/10.1016/].injury.2011.05.035

Cui, J., Shibata, Y., Zhu, T., Zhou, J. and Zhang, J. (2022) Osteocytes in Bone Aging: Advances, Challenges, and Future
Perspectives. Ageing Research Reviews, 77, Article ID: 101608. https://doi.org/10.1016/j.arr.2022.101608

Hong, J., Zheng, W., Wang, X., Hao, Y. and Cheng, G. (2022) Biomedical Polymer Scaffolds Mimicking Bone Marrow
Niches to Advance in Vitro Expansion of Hematopoietic Stem Cells. Journal of Materials Chemistry B, 10, 9755-9769.
https://doi.org/10.1039/d2tb01211a

Park, Y., Cheong, E., Kwak, J., Carpenter, R., Shim, J. and Lee, J. (2021) Trabecular Bone Organoid Model for Studying
the Regulation of Localized Bone Remodeling. Science Advances, 7, eabd6495. https://doi.org/10.1126/sciadv.abd6495
Xue, X., Hu, Y., Wang, S., Chen, X., Jiang, Y. and Su, J. (2022) Fabrication of Physical and Chemical Crosslinked
Hydrogels for Bone Tissue Engineering. Bioactive Materials, 12, 327-339.
https://doi.org/10.1016/j.bioactmat.2021.10.029

Zhang, H., Wu, S., Chen, W., Hu, Y., Geng, Z. and Su, J. (2023) Bone/Cartilage Targeted Hydrogel: Strategies and
Applications. Bioactive Materials, 23, 156-169. https://doi.org/10.1016/j.bioactmat.2022.10.028

Wu, S., Zhang, H., Wang, S., Sun, J., Hu, Y., Liu, H., ef al. (2023) Ultrasound-Triggered in Situ Gelation with Ros-
Controlled Drug Release for Cartilage Repair. Materials Horizons, 10, 3507-3522. https://doi.org/10.1039/d3mh00042¢g

DOI: 10.12677/jcpm.2026.52150 505 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1634/stemcells.2007-0197
https://doi.org/10.1089/ten.tea.2021.0112
https://doi.org/10.3389/fcell.2019.00270
https://doi.org/10.1111/dgd.12706
https://doi.org/10.3390/ijms21020581
https://doi.org/10.1089/ten.tea.2020.0273
https://doi.org/10.1002/adhm.202400431
https://doi.org/10.1111/jcmm.12062
https://doi.org/10.32607/20758251-2010-2-2-18-27
https://doi.org/10.1002/stem.114
https://doi.org/10.1242/dev.087890
https://doi.org/10.1016/j.isci.2024.109585
https://doi.org/10.1002/adhm.202302088
https://doi.org/10.1016/j.injury.2011.05.035
https://doi.org/10.1016/j.arr.2022.101608
https://doi.org/10.1039/d2tb01211a
https://doi.org/10.1126/sciadv.abd6495
https://doi.org/10.1016/j.bioactmat.2021.10.029
https://doi.org/10.1016/j.bioactmat.2022.10.028
https://doi.org/10.1039/d3mh00042g

ki, Bk

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Kang, J., Li, Y., Qin, Y., Huang, Z., Wu, Y., Sun, L., ef al. (2023) In Situ Deposition of Drug and Gene Nanoparticles
on a Patterned Supramolecular Hydrogel to Construct a Directionally Osteochondral Plug. Nano-Micro Letters, 16, Ar-
ticle No. 18. https://doi.org/10.1007/s40820-023-01228-w

Kronemberger, G.S., Spagnuolo, F.D., Karam, A.S., Chattahy, K., Storey, K.J. and Kelly, D.J. (2024) Rapidly Degrading
Hydrogels to Support Biofabrication and 3D Bioprinting Using Cartilage Microtissues. ACS Biomaterials Science &
Engineering, 10, 6441-6450. https://doi.org/10.1021/acsbiomaterials.4c00819

Crispim, J.F. and Ito, K. (2021) De Novo Neo-Hyaline-Cartilage from Bovine Organoids in Viscoelastic Hydrogels. Acta
Biomaterialia, 128, 236-249. https://doi.org/10.1016/j.actbio.2021.04.008

Amirrah, I.N., Lokanathan, Y., Zulkiflee, I., Wee, M.F.M.R., Motta, A. and Fauzi, M.B. (2022) A Comprehensive Re-
view on Collagen Type I Development of Biomaterials for Tissue Engineering: From Biosynthesis to Bioscaffold. Bio-
medicines, 10, Article 2307. https://doi.org/10.3390/biomedicines10092307

Liu, D., Nikoo, M., Boran, G., Zhou, P. and Regenstein, J.M. (2015) Collagen and Gelatin. Annual Review of Food
Science and Technology, 6, 527-557. https://doi.org/10.1146/annurev-food-031414-111800

Zheng, M., Wang, X., Chen, Y., Yue, O., Bai, Z., Cui, B., e al. (2023) A Review of Recent Progress on Collagen-Based
Biomaterials. Advanced Healthcare Materials, 12, €2202042. https://doi.org/10.1002/adhm.202202042

Liu, J., Yu, C., Chen, Y., Cai, H., Lin, H., Sun, Y., ef al. (2017) Fast Fabrication of Stable Cartilage-Like Tissue Using
Collagen Hydrogel Microsphere Culture. Journal of Materials Chemistry B, 5, 9130-9140.
https://doi.org/10.1039/c7tb02535a

Kleuskens, M.W.A., Crispim, J.F., van Doeselaar, M., van Donkelaar, C.C., Janssen, R.P.A. and Ito, K. (2023) Neo-
cartilage Formation Using Human Nondegenerate versus Osteoarthritic Chondrocyte-Derived Cartilage Organoids in a
Viscoelastic Hydrogel. Journal of Orthopaedic Research, 41, 1902-1915. https://doi.org/10.1002/jor.25540

Zustiak, S.P. and Leach, J.B. (2010) Hydrolytically Degradable Poly(Ethylene Glycol) Hydrogel Scaffolds with Tunable
Degradation and Mechanical Properties. Biomacromolecules, 11, 1348-1357. https://doi.org/10.1021/bm100137q

Jamaluddin, M.F.B., Ghosh, A., Ingle, A., Mohammed, R., Ali, A., Bahrami, M., et al. (2022) Bovine and Human En-
dometrium-Derived Hydrogels Support Organoid Culture from Healthy and Cancerous Tissues. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 119, €2208040119.
https://doi.org/10.1073/pnas.2208040119

Wilson, R.L., Swaminathan, G., Ettayebi, K., Bomidi, C., Zeng, X., Blutt, S.E., e al. (2021) Protein-Functionalized
Poly(Ethylene Glycol) Hydrogels as Scaffolds for Monolayer Organoid Culture. Tissue Engineering Part C: Methods,
27, 12-23. https://doi.org/10.1089/ten.tec.2020.0306

Lee, Y.J., Kim, K.C., Lee, J.JM., Lim, J.M. and Lee, S.T. (2023) Development of Polyethylene Glycol-Based Hydrogels
Optimized for in Vitro 3D Culture of HepG2 Hepatocarcinoma Cells. Anticancer Research, 43, 4373-4377.
https://doi.org/10.21873/anticanres.16633

Chen, Y., Yan, X., Yuan, F., Lin, L., Wang, S., Ye, J., ef al. (2022) Kartogenin-Conjugated Double-Network Hydrogel
Combined with Stem Cell Transplantation and Tracing for Cartilage Repair. Advanced Science, 9, €2105571.
https://doi.org/10.1002/advs.202105571

Shi, T., Niu, D., You, J.,, Li, S., Li, G., Ren, K., et al. (2023) Injectable Macro-Porous Chitosan/Polyethylene Glycol-
Silicotungstic Acid Double-Network Hydrogels Based on “Smashed Gels Recombination” Strategy for Cartilage Tissue
Engineering. International Journal of Biological Macromolecules, 233, Article ID: 123541.
https://doi.org/10.1016/j.ijbiomac.2023.123541

Zhang, C., Huang, H., Chen, J., Zuo, T., Ou, Q., Ruan, G., ef al. (2023) DNA Supramolecular Hydrogel-Enabled Sus-
tained Delivery of Metformin for Relieving Osteoarthritis. ACS Applied Materials & Interfaces, 15, 16369-16379.
https://doi.org/10.102 1/acsami.2c20496

Zhou, Z., Cui, J., Wu, S., Geng, Z. and Su, J. (2022) Silk Fibroin-Based Biomaterials for Cartilage/Osteochondral Repair.
Theranostics, 12, 5103-5124. https://doi.org/10.7150/thno.74548

Farokhi, M., Aleemardani, M., Solouk, A., Mirzadeh, H., Teuschl, A.H. and Redl, H. (2021) Crosslinking Strategies for
Silk Fibroin Hydrogels: Promising Biomedical Materials. Biomedical Materials, 16, Article ID: 022004.
https://doi.org/10.1088/1748-605x/abb615

Yang, C., Li, S., Huang, X., Chen, X., Shan, H., Chen, X., et a/l. (2022) Silk Fibroin Hydrogels Could Be Therapeutic
Biomaterials for Neurological Diseases. Oxidative Medicine and Cellular Longevity, 2022, Article ID: 2076680.
https://doi.org/10.1155/2022/2076680

Cao, Y. and Wang, B. (2009) Biodegradation of Silk Biomaterials. International Journal of Molecular Sciences, 10,
1514-1524. https://doi.org/10.3390/ijms10041514

Sun, W., Gregory, D.A., Tomeh, M.A. and Zhao, X. (2021) Silk Fibroin as a Functional Biomaterial for Tissue Engi-
neering. International Journal of Molecular Sciences, 22, Article 1499. https://doi.org/10.3390/ijms22031499

DOI: 10.12677/jcpm.2026.52150 506 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1007/s40820-023-01228-w
https://doi.org/10.1021/acsbiomaterials.4c00819
https://doi.org/10.1016/j.actbio.2021.04.008
https://doi.org/10.3390/biomedicines10092307
https://doi.org/10.1146/annurev-food-031414-111800
https://doi.org/10.1002/adhm.202202042
https://doi.org/10.1039/c7tb02535a
https://doi.org/10.1002/jor.25540
https://doi.org/10.1021/bm100137q
https://doi.org/10.1073/pnas.2208040119
https://doi.org/10.1089/ten.tec.2020.0306
https://doi.org/10.21873/anticanres.16633
https://doi.org/10.1002/advs.202105571
https://doi.org/10.1016/j.ijbiomac.2023.123541
https://doi.org/10.1021/acsami.2c20496
https://doi.org/10.7150/thno.74548
https://doi.org/10.1088/1748-605x/abb615
https://doi.org/10.1155/2022/2076680
https://doi.org/10.3390/ijms10041514
https://doi.org/10.3390/ijms22031499

ki, BIE

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

Izadifar, Z., Chen, X. and Kulyk, W. (2012) Strategic Design and Fabrication of Engineered Scaffolds for Articular
Cartilage Repair. Journal of Functional Biomaterials, 3, 799-838. https://doi.org/10.3390/jf63040799

van der Schot, G. and Bonvin, A.M.J.J. (2015) Performance of the WeNMR CS-Rosetta3 Web Server in CASD-NMR.
Journal of Biomolecular NMR, 62, 497-502. https://doi.org/10.1007/s10858-015-9942-7

Cui, X., Soliman, B.G., Alcala-Orozco, C.R., Li, J., Vis, M.A.M., Santos, M., et al. (2020) Rapid Photocrosslinking of
Silk Hydrogels with High Cell Density and Enhanced Shape Fidelity. Advanced Healthcare Materials, 9, €1901667.
https://doi.org/10.1002/adhm.201901667

Li, Q., Xu, S., Feng, Q., Dai, Q., Yao, L., Zhang, Y., et al. (2021) 3D Printed Silk-Gelatin Hydrogel Scaffold with
Different Porous Structure and Cell Seeding Strategy for Cartilage Regeneration. Bioactive Materials, 6, 3396-3410.
https://doi.org/10.1016/j.bioactmat.2021.03.013

Xu, B., Ye, J., Yuan, F., Zhang, J., Chen, Y., Fan, B., et al. (2020) Advances of Stem Cell-Laden Hydrogels with Bio-

mimetic Microenvironment for Osteochondral Repair. Frontiers in Bioengineering and Biotechnology, 8, Article 247.
https://doi.org/10.3389/tbioe.2020.00247

Shen, C., Zhou, Z., Li, R., Yang, S., Zhou, D., Zhou, F., et al. (2025) Silk Fibroin-Based Hydrogels for Cartilage Organ-
oids in Osteoarthritis Treatment. Theranostics, 15, 560-584. https://doi.org/10.7150/thno.103491

Valenta, T., Degirmenci, B., Moor, A.E., Herr, P., Zimmerli, D., Moor, M.B., et al. (2016) Wnt Ligands Secreted by
Subepithelial Mesenchymal Cells Are Essential for the Survival of Intestinal Stem Cells and Gut Homeostasis. Cell
Reports, 15, 911-918. https://doi.org/10.1016/j.celrep.2016.03.088

Fathi-Achachelouei, M., Keskin, D., Bat, E., Vrana, N.E. and Tezcaner, A. (2020) Dual Growth Factor Delivery Using
PLGA Nanoparticles in Silk Fibroin/Pegdma Hydrogels for Articular Cartilage Tissue Engineering. Journal of Biomed-
ical Materials Research Part B: Applied Biomaterials, 108, 2041-2062. https://doi.org/10.1002/jbm.b.34544

Yuasa, M., Yamada, T., Taniyama, T., Masaoka, T., Xuetao, W., Yoshii, T., et al. (2015) Dexamethasone Enhances
Osteogenic Differentiation of Bone Marrow- and Muscle-Derived Stromal Cells and Augments Ectopic Bone Formation
Induced by Bone Morphogenetic Protein-2. PLOS ONE, 10, ¢0116462. https://doi.org/10.1371/journal.pone.0116462
Khan, A.O., Rodriguez-Romera, A., Reyat, J.S., Olijnik, A., Colombo, M., Wang, G., ef al. (2023) Human Bone Marrow
Organoids for Disease Modeling, Discovery, and Validation of Therapeutic Targets in Hematologic Malignancies. Can-
cer Discovery, 13, 364-385. https://doi.org/10.1158/2159-8290.cd-22-0199

Dai, K., Shen, T., Yu, Y., Deng, S., Mao, L., Wang, J., ef al. (2020) Generation of rhBMP-2-Induced Juvenile Ossicles
in Aged Mice. Biomaterials, 258, Article ID: 120284. https://doi.org/10.1016/j.biomaterials.2020.120284

Hayes, A.J. and Melrose, J. (2020) Aggrecan, the Primary Weight-Bearing Cartilage Proteoglycan, Has Context-De-
pendent, Cell-Directive Properties in Embryonic Development and Neurogenesis: Aggrecan Glycan Side Chain Modifi-
cations Convey Interactive Biodiversity. Biomolecules, 10, Article 1244. https://doi.org/10.3390/biom10091244
Zuliani, C.C., Bombini, M.F., de Andrade, K.C., Mamoni, R., Pereira, A.H. and Coimbra, 1.B. (2018) Micromass Cul-
tures Are Effective for Differentiation of Human Amniotic Fluid Stem Cells into Chondrocytes. Clinics, 73, €268.
https://doi.org/10.6061/clinics/2018/e268

Qiao, Z., Xin, M., Wang, L., Li, H., Wang, C., Wang, L., ef al. (2020) Proteoglycan 4 Predicts Tribological Properties
of Repaired Cartilage Tissue. Theranostics, 10, 2538-2552. https://doi.org/10.7150/thno.39386

Alterio, J., Courtois, Y., Robelin, J., Bechet, D. and Martelly, 1. (1990) Acidic and Basic Fibroblast Growth Factor
mRNAs Are Expressed by Skeletal Muscle Satellite Cells. Biochemical and Biophysical Research Communications, 166,
1205-1212. https://doi.org/10.1016/0006-291x(90)90994-x

Jacob, G., Shimomura, K. and Nakamura, N. (2020) Osteochondral Injury, Management and Tissue Engineering Ap-
proaches. Frontiers in Cell and Developmental Biology, 8, Article 580868. https://doi.org/10.3389/fcell.2020.580868
Ellman, M.B., An, H.S., Muddasani, P. and Im, H. (2008) Biological Impact of the Fibroblast Growth Factor Family on
Articular Cartilage and Intervertebral Disc Homeostasis. Gene, 420, 82-89. https://doi.org/10.1016/j.gene.2008.04.019
Zhou, Q., Li, B., Zhao, J., Pan, W., Xu, J. and Chen, S. (2016) IGF-I Induces Adipose Derived Mesenchymal Cell
Chondrogenic Differentiation in Vitro and Enhances Chondrogenesis in Vivo. In Vitro Cellular & Developmental Biology
- Animal, 52, 356-364. https://doi.org/10.1007/s11626-015-9969-9

Tam, W.L., Freitas Mendes, L., Chen, X., Lesage, R., Van Hoven, 1., Leysen, E., ef al. (2021) Human Pluripotent Stem
Cell-Derived Cartilaginous Organoids Promote Scaffold-Free Healing of Critical Size Long Bone Defects. Stem Cell
Research & Therapy, 12, Article No. 513. https://doi.org/10.1186/s13287-021-02580-7

Zhu, J., Lun, W., Feng, Q., Cao, X. and Li, Q. (2023) Mesenchymal Stromal Cells Modulate YAP by Verteporfin to
Mimic Cartilage Development and Construct Cartilage Organoids Based on Decellularized Matrix Scaffolds. Journal of
Materials Chemistry B, 11, 7442-7453. https://doi.org/10.1039/d3tb01114c¢

Abraham, D.M., Herman, C., Witek, L., Cronstein, B.N., Flores, R.L. and Coelho, P.G. (2022) Self-assembling human

DOI: 10.12677/jcpm.2026.52150 507 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.3390/jfb3040799
https://doi.org/10.1007/s10858-015-9942-7
https://doi.org/10.1002/adhm.201901667
https://doi.org/10.1016/j.bioactmat.2021.03.013
https://doi.org/10.3389/fbioe.2020.00247
https://doi.org/10.7150/thno.103491
https://doi.org/10.1016/j.celrep.2016.03.088
https://doi.org/10.1002/jbm.b.34544
https://doi.org/10.1371/journal.pone.0116462
https://doi.org/10.1158/2159-8290.cd-22-0199
https://doi.org/10.1016/j.biomaterials.2020.120284
https://doi.org/10.3390/biom10091244
https://doi.org/10.6061/clinics/2018/e268
https://doi.org/10.7150/thno.39386
https://doi.org/10.1016/0006-291x(90)90994-x
https://doi.org/10.3389/fcell.2020.580868
https://doi.org/10.1016/j.gene.2008.04.019
https://doi.org/10.1007/s11626-015-9969-9
https://doi.org/10.1186/s13287-021-02580-7
https://doi.org/10.1039/d3tb01114c

ki, Bk

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

skeletal organoids for disease modeling and drug testing. Journal of Biomedical Materials Research Part B: Applied
Biomaterials, 110, 871-884. https://doi.org/10.1002/jbm.b.34968

Nilsson Hall, G., Mendes, L.F., Gklava, C., Geris, L., Luyten, F.P. and Papantoniou, I. (2020) Developmentally Engi-
neered Callus Organoid Bioassemblies Exhibit Predictive in Vivo Long Bone Healing. Advanced Science, 7, Article ID:
1902295. https://doi.org/10.1002/advs.201902295

Shi, Y., Bergs, C., Abdelbary, M.M.H., Pich, A. and Conrads, G. (2022) Isoeugenol-Functionalized Nanogels Inhibit
Peri-Implantitis Associated Bacteria in Vitro. Anaerobe, 75, Article ID: 102552.
https://doi.org/10.1016/j.anaerobe.2022.102552

Menssen, D.M.A., Feenstra, J.C.A., Janssen, R.P.A., Abinzano, F. and Ito, K. (2025) Cartilage Organoids from Articular
Chondroprogenitor Cells and Their Potential to Produce Neo-Hyaline Cartilage. Cartilage.
https://doi.org/10.1177/19476035241313179

Scheiman, J., Luber, J.M., Chavkin, T.A., MacDonald, T., Tung, A., Pham, L., et al. (2019) Meta-Omics Analysis of
Elite Athletes Identifies a Performance-Enhancing Microbe That Functions via Lactate Metabolism. Nature Medicine,
25, 1104-1109. https://doi.org/10.1038/s41591-019-0485-4

Puschhof, J., Pleguezuelos-Manzano, C. and Clevers, H. (2021) Organoids and Organs-On-Chips: Insights into Human
Gut-Microbe Interactions. Cell Host & Microbe, 29, 867-878. https://doi.org/10.1016/j.chom.2021.04.002

Ozkan, A., LoGrande, N.T., Feitor, J.F., Goyal, G. and Ingber, D.E. (2024) Intestinal Organ Chips for Disease Modelling
and Personalized Medicine. Nature Reviews Gastroenterology & Hepatology, 21, 751-773.
https://doi.org/10.1038/s41575-024-00968-3

Jiang, W., Li, M., Chen, Z. and Leong, K.W. (2016) Cell-Laden Microfluidic Microgels for Tissue Regeneration. Lab
on a Chip, 16, 4482-4506. https://doi.org/10.1039/c61c01193d

Licata, J.P., Schwab, K.H., Har-¢l, Y., Gerstenhaber, J.A. and Lelkes, P.1. (2023) Bioreactor Technologies for Enhanced
Organoid Culture. International Journal of Molecular Sciences, 24, Article 11427.
https://doi.org/10.3390/ijms241411427

Phelan, M.A., Lelkes, P.I. and Swaroop, A. (2018) Mini and Customized Low-Cost Bioreactors for Optimized High-
Throughput Generation of Tissue Organoids. Stem Cell Investigation, S, 33. https://doi.org/10.21037/s¢i.2018.09.06

Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., ef al. (2016) Brain-Region-Specific
Organoids Using Mini-Bioreactors for Modeling ZIKV Exposure. Cell, 165, 1238-1254.
https://doi.org/10.1016/j.cell.2016.04.032

D’Costa, K., Kosic, M., Lam, A., Moradipour, A., Zhao, Y. and Radisic, M. (2020) Biomaterials and Culture Systems
for Development of Organoid and Organ-On-A-Chip Models. Annals of Biomedical Engineering, 48, 2002-2027.
https://doi.org/10.1007/s10439-020-02498-w

Shen, S., Chen, M., Guo, W., Li, H., Li, X., Huang, S., et al. (2019) Three Dimensional Printing-Based Strategies for
Functional Cartilage Regeneration. Tissue Engineering Part B: Reviews, 25, 187-201.
https://doi.org/10.1089/ten.teb.2018.0248

Zhang, Y., Li, G., Wang, J., Zhou, F., Ren, X. and Su, J. (2024) Small Joint Organoids 3D Bioprinting: Construction
Strategy and Application. Small, 20, €2302506. https://doi.org/10.1002/smll.202302506

Wang, Z., Wang, L., Li, T., Liu, S., Guo, B., Huang, W., ez al. (2021) 3D Bioprinting in Cardiac Tissue Engineering.
Theranostics, 11, 7948-7969. https://doi.org/10.7150/thno.61621

Cui, X., Breitenkamp, K., Finn, M.G., Lotz, M. and D’Lima, D.D. (2012) Direct Human Cartilage Repair Using Three-

Dimensional Bioprinting Technology. Tissue Engineering Part 4,18, 1304-1312.
https://doi.org/10.1089/ten.tea.2011.0543

Chen, K., Jiang, E., Wei, X., Xia, Y., Wu, Z., Gong, Z., et al. (2021) The Acoustic Droplet Printing of Functional Tumor
Microenvironments. Lab on a Chip, 21, 1604-1612. https://doi.org/10.1039/d11c00003a

Takagi, D., Lin, W., Matsumoto, T., Yaginuma, H., Hemmi, N., Hatada, S., et al. (2019) High-Precision Three-Dimen-
sional Inkjet Technology for Live Cell Bioprinting. International Journal of Bioprinting, 5, 208.
https://doi.org/10.18063/ijb.v5i2.208

Sturm, F., Zieger, V., Koltay, P., Frejek, D. and Kartmann, S. (2024) Particle Detection in Free-Falling Nanoliter Drop-
lets. Micromachines, 15, Article 735. https://doi.org/10.3390/mil15060735

Liang, L., Li, Z., Yao, B., Enhe, J., Song, W., Zhang, C., et al. (2023) Extrusion Bioprinting of Cellular Aggregates
Improves Mesenchymal Stem Cell Proliferation and Differentiation. Biomaterials Advances, 149, Article ID: 213369.
https://doi.org/10.1016/j.bioadv.2023.213369

Cui, X., Jiao, J., Yang, L., Wang, Y., Jiang, W., Yu, T., ef al. (2024) Advanced Tumor Organoid Bioprinting Strategy
for Oncology Research. Materials Today Bio, 28, Article ID: 101198. https://doi.org/10.1016/j.mtbi0.2024.101198

DOI: 10.12677/jcpm.2026.52150 508 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1002/jbm.b.34968
https://doi.org/10.1002/advs.201902295
https://doi.org/10.1016/j.anaerobe.2022.102552
https://doi.org/10.1177/19476035241313179
https://doi.org/10.1038/s41591-019-0485-4
https://doi.org/10.1016/j.chom.2021.04.002
https://doi.org/10.1038/s41575-024-00968-3
https://doi.org/10.1039/c6lc01193d
https://doi.org/10.3390/ijms241411427
https://doi.org/10.21037/sci.2018.09.06
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1007/s10439-020-02498-w
https://doi.org/10.1089/ten.teb.2018.0248
https://doi.org/10.1002/smll.202302506
https://doi.org/10.7150/thno.61621
https://doi.org/10.1089/ten.tea.2011.0543
https://doi.org/10.1039/d1lc00003a
https://doi.org/10.18063/ijb.v5i2.208
https://doi.org/10.3390/mi15060735
https://doi.org/10.1016/j.bioadv.2023.213369
https://doi.org/10.1016/j.mtbio.2024.101198

ki, BIE

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Xiong, R., Zhang, Z., Chai, W., Chrisey, D.B. and Huang, Y. (2017) Study of Gelatin as an Effective Energy Absorbing
Layer for Laser Bioprinting. Biofabrication, 9, Article ID: 024103. https://doi.org/10.1088/1758-5090/aa742

Xie, C., Liang, R., Ye, J., Peng, Z., Sun, H., Zhu, Q., et al. (2022) High-Efficient Engineering of Osteo-Callus Organoids
for Rapid Bone Regeneration within One Month. Biomaterials, 288, Article ID: 121741.
https://doi.org/10.1016/j.biomaterials.2022.121741

Quan, H., Zhang, T., Xu, H., Luo, S., Nie, J. and Zhu, X. (2020) Photo-Curing 3D Printing Technique and Its Challenges.
Bioactive Materials, 5, 110-115. https://doi.org/10.1016/j.bioactmat.2019.12.003

Hall, G.N., Tam, W.L., Andrikopoulos, K.S., Casas-Fraile, L., Voyiatzis, G.A., Geris, L., ef al. (2021) Patterned, Organ-
oid-Based Cartilaginous Implants Exhibit Zone Specific Functionality Forming Osteochondral-Like Tissues in Vivo.
Biomaterials, 273, Article ID: 120820. https://doi.org/10.1016/j.biomaterials.2021.120820

Donges, L., Damle, A., Mainardi, A., Bock, T., Schonenberger, M., Martin, 1., et al. (2024) Engineered Human Osteo-
arthritic Cartilage Organoids. Biomaterials, 308, Article ID: 122549. https://doi.org/10.1016/j.biomaterials.2024.122549

Rodriguez Ruiz, A., van Hoolwerff, M., Sprangers, S., Suchiman, E., Schoenmaker, T., Dibbets-Schneider, P., e al.
(2022) Mutation in the CCAL1 Locus Accounts for Bidirectional Process of Human Subchondral Bone Turnover and
Cartilage Mineralization. Rheumatology, 62, 360-372. https://doi.org/10.1093/rheumatology/keac232

Sun, Y., You, Y., Wu, Q., Hu, R. and Dai, K. (2024) Senescence-Targeted MicroRNA/Organoid Composite Hydrogel
Repair Cartilage Defect and Prevention Joint Degeneration via Improved Chondrocyte Homeostasis. Bioactive Materials,
39, 427-442. https://doi.org/10.1016/j.bioactmat.2024.05.036

Zhong, L., Huang, X., Karperien, M. and Post, J. (2015) The Regulatory Role of Signaling Crosstalk in Hypertrophy of
MSCs and Human Articular Chondrocytes. International Journal of Molecular Sciences, 16, 19225-19247.
https://doi.org/10.3390/ijms160819225

Xing, D., Liu, W., Li, J.J., Liu, L., Guo, A., Wang, B., et al. (2020) Engineering 3D Functional Tissue Constructs Using
Self-Assembling Cell-Laden Microniches. Acta Biomaterialia, 114, 170-182.
https://doi.org/10.1016/j.actbio.2020.07.058

Phillips, R. (2023) Allogeneic IPSC-Derived Organoids Repair Articular Cartilage. Nature Reviews Rheumatology, 19,
196-196. https://doi.org/10.1038/541584-023-00937-1

Luo, Y., Li, M. and Xu, D. (2022) Biochemical Characterization of a Disease-Causing Human Osteoprotegerin Variant.
Scientific Reports, 12, Article No. 15279. https://doi.org/10.1038/s41598-022-19522-9

Chen, Z.Y ., et al. (2024) Transcriptome Sequencing-Based Study on the Mechanism of Action of Jintiange Capsules in
Regulating Synovial Mesenchymal Stem Cells Exosomal miRNA and Articular Chondrocytes mRNA for the Treatment
of Osteoarthritis. Journal of Traditional Chinese Medicine, 44, 1153-1167.

Abe, K., Yamashita, A., Morioka, M., Horike, N., Takei, Y., Koyamatsu, S., et a/. (2023) Engraftment of Allogeneic iPS
Cell-Derived Cartilage Organoid in a Primate Model of Articular Cartilage Defect. Nature Communications, 14, Article
No. 804. https://doi.org/10.1038/s41467-023-36408-0

Mizuno, S., Takada, E. and Fukai, N. (2016) Spheroidal Organoids Reproduce Characteristics of Longitudinal Depth
Zones in Bovine Articular Cartilage. Cells Tissues Organs, 202, 382-392. https://doi.org/10.1159/000447532

DOI: 10.12677/jcpm.2026.52150 509 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52150
https://doi.org/10.1088/1758-5090/aa74f2
https://doi.org/10.1016/j.biomaterials.2022.121741
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://doi.org/10.1016/j.biomaterials.2021.120820
https://doi.org/10.1016/j.biomaterials.2024.122549
https://doi.org/10.1093/rheumatology/keac232
https://doi.org/10.1016/j.bioactmat.2024.05.036
https://doi.org/10.3390/ijms160819225
https://doi.org/10.1016/j.actbio.2020.07.058
https://doi.org/10.1038/s41584-023-00937-1
https://doi.org/10.1038/s41598-022-19522-9
https://doi.org/10.1038/s41467-023-36408-0
https://doi.org/10.1159/000447532

	软骨再生工程类器官的研究及应用前景
	摘  要
	关键词
	Research and Application Prospects of Organoids for Cartilage Regeneration Engineering
	Abstract
	Keywords
	1. 引言
	2. 生命科学中的模型系统
	3. 软骨类器官的制造
	3.1. 干细胞来源
	3.1.1. MSC Stem Cells
	3.1.2. iPSC Stem Cells
	3.1.3. ESCs (hESCs)
	3.1.4. Non-Stem Cell Types

	3.2. 支架材料
	3.2.1. 水凝胶系统
	3.2.2. Collagen-Hydrogel
	3.2.3. PEG-Hydrogel
	3.2.4. DNA-Hydrogel
	3.2.5. Silk Fibroin-Based Hydrogels

	3.3. 诱导因子
	3.4. 类器官的构造技术
	3.4.1. Microfluid
	3.4.2. Bioreactors
	3.4.3. Bioprinting


	4. 软骨再生类器官的研究进展
	5. 软骨类器官技术的缺点
	6. 软骨类器官技术的前景
	7. 结论
	基金项目
	参考文献

