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The mechanisms and advances in hydrogel scaffold repair of osteoporotic bone
defects
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(1 Guangxi Key Laboratory of Oral and Maxillofacial Rehabilitation and Reconstruction, Guangxi Clinical Research Center for Craniofacial
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Abstract Osteoporosis (OP) is a systemic metabolic disease characterized by disrupted bone homeostasis. Bone defects caused
by OP are difficult to repair owing to an imbalanced bone microenvironment. Traditional therapies have limited efficacy,
numerous complications, and complex treatment procedures. Hydrogel scaffolds have emerged as novel repair materials owing
to their excellent biocompatibility and unique network structure, which can repair osteoporotic bone defects by promoting
angiogenesis and regulating immune responses. This review systematically summarizes the development status and therapeutic
mechanisms of hydrogel scaffolds in repairing osteoporotic bone defects, and discusses their application prospects and
limitations. Multi-material hydrogel systems can facilitate the osteoporotic bone defect repair through intelligent environmental
responses and diverse bioactive molecules or cell delivery, representing an ideal therapeutic strategy. Future research may focus
on advancing the functional modification and clinical translation of hydrogels, and provide new directions and insights for basic
research and clinical treatment of osteoporotic bone defects through in-depth investigations into their mechanisms of action.
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PP, SEOP, WEMMLE OC SEHERERHEE BT MR, HimEEiEm OP E&H K
A METEE AT 2 B, E RS AT Sk — b5 BMSCs IR 0 AL BE 1, BELAS BT ER AL B MR 1 AR
B, EEREE AR AL, WHEE F B IR EDIRS N e

BTG R LxFF OP Miigyr 7 NEBANAWIRIT, LEATT OP MW EFESUBIRE . MR
(calcitonin, CT) %, {HIXLGYHITHIFALS NFHE. WELZARE (BFEORMERETZN) &%
H OP HEIRIBAWIREA L, Frol RZFEIER . ¥ i 22 F0AE YR FH FE AR &5 ) Rt 30 — 25 PR |
TIXEEZGY R A, B B R LI PRIE T R AR A, (BT AR A A 4
B4R T A PR DA R A AV B B BT 75 1B IR 1, S SRR — e MR R, BRI
FE4% A SR s SR B A WY RN L I 4% T A A S A SR B R R, T
B I FLBR &5 A M K NEL BB R & 2 B R E E R s m . BHAEK OP & e B Mkl
FEEANE G (SRR S M A ) 2 EIhRE, KBRS AR AL T AR A 2 A e g SR R
ATVE ST SRR S, O A S TR AT BT T AN o K R AN AL RE UG A N R B A8 B T Sz BB A 4B
2, ETE R AR SLIL Y I AT R, SO 4 A R RE S IR R HT AL, [FIE R AN
fEG B A RV e 5 H B AR, N OP B if B &2 GG R AME Bt T & B kK. A
SCIE I A5 P R AR OSSR, SRR ZRAIIE T OP B R A5 A /K e e e o0 A R BB AT 223h, A AR SR
HEARZESMRZME, AIERIGIT OP B i3 (it

1 ARk TR RS

BZEHEARM (CNKI) . Web of Science Fll PubMed 25 4fs 122 i #% & 2026 4F 1 H (T4 Cilik,
YR RN “HRERT CEBMRT COKER” “BBET “EX7, EXKRRIAN
“Qsteoporosis” “Bone defect” “Hydrogel” “Bone repair” “Aging” . W Abr#E: SCEAA B K&
5 OP B4R I /KEER . OP RAMMLHIAKERIESE OP HH Kb . HEBRIRHE: SR BT K
B, FREZE. IERE &Rk, &Ikl 66 F SCEREE T4k .

2 OP Bt E AR KERER K

TR I R e = 4 0 4% 45 #9540 B AR 3L 7 Cextracellular matrix, ECM) AHAL, B 355 BIFLER DL A%
REFBIAREIRYE . FEmvE. AR E A 2 H TR ECM, (Rt Rl 431k, 76 OP B8k VG IT
o B B A A 00 ROEE IR o B R RS 4 2R AT o N R AR B B K B 5 B A K B Y d
R 32 AW 0 4 28] A0 IR IE TEHL W . ik AR K R . RIS B S5 A KR o« AN R Foh 2R R K I
TEYR YT OP ‘B SR 45 A3 A [A] B Re PR AN FH 35
2.1 BBKERERHESHE
211 RARKER

RIKBRL I E B N Z FERAE AR, HiREH T OP BRI RAREEMH I
B, BRI, WEEA. K. 22502, RARKE R R S R M EtE s, o7
G5 NARTROR B B o A AU, BRI 2 N E R IR . 2RSSR, g A R & AR
W, A2 51 R B B S HE R ORI, X6 F B ROA B R EL R OP B BRI =, Aeis A 0l s ikt
— B N E R A RIE N, N 4 Costeoblast, OB) . BMSCs Z5H IR Al A KR8 . AR, KA
IKEERRAE OP B Si45138 7 H I B B AFE B SR FRYE . OP B s i 3, A BB B i b« SR )1 22,
RARIKEE IR 2 W EE S BB 35 A 2 A AR &, BRI, NG & K AR B &5
O, K A RS BRI R SR, DR Z BB S sl R B 1 g, BRI T HAE
FREIAI MR FEEBF RN, BT I R R O iR I ERSS G AEE A ER ) X R AR
IKE AT M REAR AL T, A B RS I T L AR AR . B TR BRER D), SR A Ca?t s B R Eh K
eIk, TAE— e FERE LB L S B R P AR e D), bR s B UE S R . R, AL W
[ S AT R, A R AR o TR 2 TR RS e B SR B,k — 2D B aE K R IR I g A 1 R R 4 ) R
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B KB 2 R A 2 B i 2 T B ARE I SR A RO B R N & T . HH T OP B IA
7 A BOK B, T EAFER Z B (polyethylene glycol, PEG) /K¥tfE . BAM - 2 MRILRY
(poly(lactic-co-glycolic acid), PLGA) /K&t KA MER (polyacrylic acid, PAA) /K& . 5 RIRK
BERARLL, A KR I B KA SR SE M T 4 ko . W 0% mlad I R T R RS . R A A,
IR KBRS 0 J7 25 . PRl RSB bR . eAh, & BUKEEIR (1) 2 TH B A8 Bl @ ik s i kAT
VR, (ET RS A S 8,

15 250G LK BRI 1) 43 F S5 80 5 NAR R IR R o0 22 S 300K, M DAASEADL R S8 1 2 o (R A BA B
AR X BB E IR = A — e s A K BRI 1R B e 7= 0 R B 2 5| R R 90 RN, AR T
A RERON Ah, A B K R ) ) % e R R S B AR R N ) B R B R R, A R BR AR
ATRES = AR — B A R, o LI PR S 22 4k .

213 EAKER

Br 7K I A i T o B 1 o DA R R A T R R KRR, RE S SEEAS [R) A IR AL B B, AR
AN RIRAKEEIR 150 AL o A KB AR DA 2 M R EE RIS, B OP B i i 34 B 15 1y B AE /K
B EARIAL . Wang ZEPHHH H 1) PEG/HEER 3h Y 48 OK BRI, o rp Py 3R 2 e — TR A T i 7 IR
78 4iE % (reactive oxygen species, ROS) & FR7, MM EERR AN KB A A KK TR A&,
B LI SA PR R4, BA RIFAEMMAENE. 26 /KB T AE 94 90 Y 5 i A 75 3%
A, SEILGAS R ORI M gk M H (1, A OP i it 7 s, SO va T Sem, 2 i KE ke iE
J7 OP ‘BSR4 1) 32 L R J& 77 1
22 IRIBHEYRHIER 55K

R FIRABH . A BOK BRI A A KB R Hxs L

Table 1 Comparison of the characteristics of natural hydrogels, synthetic hydrogels and composite hydrogels

RHIE RIRIKEER B KR EIKEER
Characteristics Natural hydrogels Synthetic hydrogels Composite hydrogels
WIS MEEEEREN. SoRME. ALK
G % SN N L PEG. PLGA. PAA % KR + AT
Common ingredients Gelatin, sodium alginate, chitosan, PEG. PLGA. PAA, etc. Natural and synthetic polymers

collagen, pectin, hyaluronic acid, etc.

AR S B TCEE . TR ALIRTERE . EAKEREDL R ﬂﬂ%ﬁﬁ‘r&%@ﬁiwﬁ.@% ST 2R T

B MRS . 2K SRR AT
s 5] LLTMH N 3%7J< PEaf ‘ G %%*%EQTE ' BURT R SERC I
L Excellent biocompatibility, non-toxic Excellent mechanical properties, . o
. . . . Both biocompatibility and good
Advantages degradation, can simulate the swelling properties, strong R . >

\ . . PSR mechanical properties, functional

microenvironment of bone matrix, and  modifiability and controllable drug . o

e design, strong adaptability
good hydrophilicity release

IR IENS 2 BRZ AR,
IR R TR R . W4 LERE S
Slightly poor biocompatibility, lack of Some components compatibility,
biological activity, some have slight ~preparation process more complicated
cytotoxicity

AT BRI, NSHEE, T rn i o g g 2| agp o g N6 TRV IEVI I LT 3R1%,

Fa MR ZE . HUMGR AR, SRIEAH
SR BRAE XA IR
Limitations Poor stability, low mechanical strength,
and relatively limited sources

£ OP ‘& B3t A At S b FH 285 R e it = L e thRIE R
Practical application effect in bone Not easy to increase local Can be implemented as a good carrier

Provides mechanical support and may

defect of OP inflammation, but poor support and . . of bioactive substances, multi-function
cause secondary inflammation

easy degradation repair together

K A R B2 AR B At 1 ) 2 SCHE AV TR 0967 VB AL AR T /KB I 25 o AR 5 (1 e o3 e 1, L A7 3%
IR VTS EM R ThAE, XEkE OP HEBURBEMIA . M H AR A EEENE
X, XA RV AR K OP & SR8 5 AU i) wF 58 3 45
221 BELHT YRAIKERR

OP B2 h TN MR & & B E K, 2GR s T . 8 o 15 1) 7K R m A
WRARBHIE AL, NE RN R 7T 5 R, W, RE KA
Chydroxylapatite, HAp) J& & & 51 () 2 AL, 5 A KB J5 BERE i H R 48 Bl SR A B, I8
BE IR B Py IR R R A R R A P Liang 2220 78 (0 RE AN K HAp 78 05 A 15 A2 2K B e w1 i
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Fe oA L SR A, AT T A A A AR AR B 4 X AL 5 R . AR PR B R
HAUTREP I RBER 7y, FLRRMERETBUN Si* AT i 3l B 20 (R 7 R b I35 2R i, B Ca® Il BE N
B A AL R,
222 BEEKEFHKER

AKEFRERETHANRBES T, HAEKKTFEERN S0 EE 2 0E, BB E
FoRKHATRE S R RIER « /KEBER Be s SEHUN A KR 7 a4 1) . Fral Rk, 76 R i 4R A 2 iR T
WPE T DA i AR B R e e RIE T REAN A, W AR K IR AT N R S SR A
AT BRIETSHE TS EIERETUE RS KEERBE (bone morphogenetic proteins,
BMPs) . #Ab A K F-p AREK, REIEREE S A% O R 7B i 4 pl K DL N R A A
¥ (vascular endothelial growth factor, VEGF) AU, 7] i g ik i 8 A5 Bl B -5 Sk 53 38 47 118
S8 AR R T DU R R AE KR -1 AR, s RSP Lei SR TH 1R
SR e 2 7K 8 e H PR 498 K I 4 - 2R TR T R SRR R TR A K AE 1 2 (bone morphogenetic protein 2,
BMP-2) it 35d, %4 OC A=k, [FIRFIG 5% OB HIMFE . RUH AW bs EV)RIAFIE T 1L o
2.2.3 BBEXYAEAIKEERL

OP R4 A AL T~ RAE A B b, JKEEIR RE ik (0 Fh 1 4E PR AR (5 P . 3858 . TR A4y
7S 18], 30 R B 43 280 R X A M iR A 5, AR B ORI AN SCREBOAE AT B 75y 32 32 440 i 1) A7 7
. RN E SR TIRE . KEERIEE M 3 5 0T 50 s 2 P A G I ZH R 1Al ECM, TR —
NINEMIEERG. 5 R TR 0 1 40 M df 285 N KB, 18 Rl s2 8 B bR IR 78 SR 5 7 10 4 30 52 55
HZrilh. BMSCs @R H &) Z Mgk M4, BA 2o, segaeim, HaekFEEEAs
Oy KAEFEF P RN SRR 78 T T M UM (58 . BB F T, SIRDUS RN Z RS, &6
TR IE BN Z 9 OP a0, OB WEn{fig AN M4sfE, (HiRIMGIRMERE K, BRI IR,
Z T Rl 5T
2.2.4  BBEHWING TG W HY 7K AR

OP BB E it B B AERE B AW 8 . AT IE B R 55 ) 3, R FH /K BRI A 2k 40 OP 24
MECR A BCE U S RN A E YD, R R BIIE RS 2 — . AN T2 KR
RESCILZG W) R TR Ix, $Em Witk AL 29k s . b 2 SR RIERN, JRRE AR, Stk
TR KGR B TR R R RERE 2y . BB EZI AT 7 APt OP 25, Bt R WA PL I 259
S, bl OP 29 in BUBEIR 3 il i i) OC vE M I FH T, AR RBY B 2WindE i
PR 9% 24 ) 38 i 10 1) A SR A i M 9D T SRR R A R, R A AR BT 25 T LR R X SR R
29 B BRI A B S A . AKEEIR INAAR BE N A E Y XU, AT LE B A b 0 [ I A2 32 B
P, SCHLWEE R /E A B2,
225 BEHEAIKER

OP M RZXE EERIONMEB RS =, HARSIREZ (parathyroid hormone, PTH) ki & CT
OYUAAS SR o ZK R g T Ik S 0 a3 26 W K B R, TR AR A I B . MEBER 24K o Cestrogen
receptor-o, ERa) X' SEIMMEIEN, MEMFRELLE S ERa, > OC 74k, 735800 5B AH o0 2L A
MR, OB IR SR LR - 17B- M WA R 3 5 A A AR I T E A K 17 B R AR O R G
R, B KEE 12 FJ5KY) 50%00 B S gl B 41 41 E Fr i 7e B R B E A 2R AL Rk
B, WA EFETR LGRS R AR, 38 B0 3 2 1 A 1 R 4 e B8,

PTH fE M85 B fe S A B B I B b kR HEEH, PTH K HATAEY R Lk S Z H 16
J7 OP. IR b2 FSRaiff i PRS2y, HRiZET Tk gaE AR, WIT kit 2. KEKR
T PTH J R LMK ] &R 45 2 Re e (e adb i e B, RIBT D RIME R . Al S M BL A fb PTH FHOGE 7
TREGUR AT YK B R e85 52 BMSCs I AN 52 . A70G . 345 SOE R RE 711300, Kuang ZB71%
THR R IR R, B PTH B o] 3 5 /K B i Re % il ke PTH 4% 75 B JBORN I 15 5 S5 AL A AL
AR, TR RUE R 2 B LK BRI R R A
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PERa SO OP SEMH WKL —. #EMFE45E (salmon calcitonin, sCT) J&—Fhilfi K
WA, R RSB LRI OP MMk £ . (H2IMTE sCT mI LA PLEER, FLEEME, A
J7RUCRAME CLRR SR . FE T sCT S8 Ab 4 R85 S 50 47 R 2 T 366 PR 9 J5 1 2 T R /I g e T ARG e BRI sCT K IE
28d, LiABIIE#EERES (alkaline phosphatase, ALP) %144 63%, JF4 /0 ECM £5 11 R 4 429081,
2.2.6 BIEMAMINTEE ( extracellular vesicles, EVs) BI7K#EEEE

EVs YE NI IR IR e T, AT R AR . RS A T, EV B AU ok
FERZ AR . (HUFE EVs FEARN R . B A RSB E, AKER T /E N ISE EVs ELAR
. ZHEEAWER EVs BiEKER, nHEKERMEBREMNEK EVs (ERBH, [FR{EB) EVs
W RIE RO PRI S B, RiEEBE.

EVs m i i 485 (95 RNA (microRNA, miRNA) B0 [ 4> FiF S M1 A B g 4i i 7 M2 RUAR AL,
0] OP SR FAL 118 1 28 5 S B, N A TE BRI g RO, EVs B RESE 1A T 1 B 240G
A IR FBE AR/ R4 2B 10 S Wit B 22 S JFTE A SR (U S i A O M5 Sl g (42, BEAN A OC
W DA D B W, XI5 BMSCs BUE 704k K OB WAL g Jy LU BE B T i EVs 36wl 4% A Bz 40
hie, PREEUR XIS E B4, N AR e 2 B RN K R 1 2 FLAGE RO I K N R A 3
e,

AR A 7 CFF R 2 B ALK EVs KEEIR R 40, Zhou SN BE N TRESUE AN EVs 5
HAMA 2 4 Cinterleukin-4, 1L-4) FL[FA32E T HIEL N IGEBLLH R (gelatin methacryloyl, GelMA) 7K
e, S R AR IL-4 SZARIS R RO, BES 40 EVs B BMP-2 Al VEGF ®ik, H5RpE 5 Ml
EA . Dai SR T RE 05 B0 R B AT A4 B Costeoblastic progenitor, OBP) f] EVs, ¥4 #iff
antagomiRNA 3 T EVs J5 & & 2 /K&, K 238 7 Xk sz, Jo )5 Rk OBP 458 5 il #4,
A SR N R SR . D IR EVs 1 GelMA 7K Bt AT _E i Runt 41 55 % 5% A 7- 2 (Runt-related
transcription factor 2, Runx2) . &5 3 5 B i b SV Rk, 78 I B BRai 5 A b B 3 R dE i F
/:—'5[46]0

2 BHOPH BBUK B HIE YT IR A28
Table 2 Type of substance delivered by hydrogel for repairing bone defect of OP

BIEPI AR AR Xf OP “H S A1  FKRER H A
Deliver material types Common materials Effect on bone defect of OP Commonly used hydrogel carriers
B N\, N\ / P T2 S b AL ST o e RN A KB R
L N Supplement calcium and phosphorus to  Chitosan, sodium alginate and other
Inorganic minerals HAp, tricalcium phosphate . R
promote bone mineralization hydrogels
¢ HRESRERA-2. MENAER (R, GLk R LIGWE. BY TR KR
AR T8 S o : ot
Growth factors S Promote osteogenic differentiation and Polyvinyl alcohol, hyaluronic acid and
BMP-2. VEGF facilitate angiogenesis other hydrogels
HFEEAARANE . HES S E AN
B REN TS T AU i N EIY R o LA b s
M) ﬁBﬁjl\iISng}iaSJiuul]f endOﬂilﬁFZﬂE@ Supplement ﬁ%}feiﬁted cells and NI RS AR
Cells ? | Suppiement ; . Gelatin, alginate and other hydrogels
(VECs) directly participate in bone regeneration
and angiogenesis
; N . H KB . T EEIREN. PLGA 5%
" MRS, PR, 2 B o
SN TR, T, g TR, SR ek K
. . . Inhibit osteoclast activity, anti- .
Drug/small molecule Bisphosphonates, statins, and curcumin inflammatory. promote osteogencsis Self-assembled hydrogels, sodium
> P g alginate, PLGA and other hydrogels
el ek PTH N XM, PEG, PLGA SAHR
. Chitosan, PEG, PLGA and other
Hormone Estrogen, PTH Regulate bone metabolism hydrogels
PR TR ME IR B G R B F L A S e K R
- EVs Stem cell-derived and bacterial-derived Regulate the immune Hydrogels such as methacrylated
extracellular vesicles microenvironment gelatin

3 JKEERRRE OP BHkiiE S ML

3.1 R#HFEXE, KEFFHTEN
IKEEAE OP 8B B h i O E R 2 — Rl Bl ECM, Oy BMSCs Rt 3058 & R A4F[34
Bi, feit RN BSEA 4. OP B skt IX I A M BE i 3 T B, mIE A B K B 1 )25 5
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B, AFH SR PE R . B IRE, JEJ5 A f RE E S e [A) SR 0 T 40 e (mesenchymal
stemcells, MSCs) [ E 102, 247K B i A 8 2 30 B 2L 43, MSCs mJ i iet /a8 e 336 /7 A 58 38 o
B R UL B AL 45 K —10-11 5485 = 2 (ten-eleven translocation 2, Tet2) , @il Tet2/HDACI1/E-45
FEA/B-EHEE (B-catenin) 15 Tl I i WUE FFELTR R Wnt/B-catenin, #1 F i Runx2. ALP
SERNCE AR E WY AR G4 B AE N I = W TR BN AT B, T A 1 5 AR T AR A ) 2 AR
S, {RbE AP,

32 AENBHEXESHERE, RIEKE. HHEE

HAr, K& OP B L S E /b %05 5 I8 i 32 Z 55 Wnt/B-catenin®®®!, BMP/Smad[®®],
e MR ALEE 3-8/ 1 4 B (phosphatidylinositol 3-kinase/protein kinase B, PI3K/Akt) B2, “R[&E|/(5
SEM U EAEH . AHE AT, LRI OP B S & AR I 73 1 A 45 I 45

Whnt/B-catenin {5 518 % 2 IR B % OB 2 —. 7E OP B i %+, Wnt/B-catenin {55
WA TARRIERA, FE BMSCs Bl IR T I, B TR REE T a5 58], fi Bk mksk B IR BN A= W Th e
HIKEEIR R I RIFIE AL S, BRSNS Wit/B-catenin 3B i LA R BEH , 123 OP B k45 &2 B,
BMP/Smad 15 5 18 % & o) — 2 R B il A5 58 %, b BMPs Kk 2 it H # SR 7, THE
%S BMSCs ] OB 704k, fRiE el 25 & BRI L. Lei 25U 45 ) ml R 56 A0 B2 /K Bt i /ot i 7 &
I RRER BMP-2, J0E BMP/Smad 15 5@ 2%, SCILK BT OP FECE DRk, PI3K/AKt {5 5@ %
ShE I R MG G (R A A AN R E R, 25 OP BRI e AR . BN BRI
Bk P 2RO T PR R LR 2 i B e /KB, AT % PIBK-Akt. Wint/B-catenin {5 5 i@ #%, FEEEHS. £
M A . 3T OC AT B i 1160,

33 REHEMEBEERK, MERBINE

M T 2 OP & s R FE I OCR 3A 1, 2 E HART &1, 5 mgsimmit, OP
B R A5 B AT A7 A BH S 0 S B TS B AT R IR, RIE DN RS R IA it — P IR A R BB T
fe, Bl KM EREAME. MEINFEA4, S8 OB. BMSCs Z4i R E =W e = . AR SR Yy HE
TIEIEE S 5 BB EERE, ™EH OP & Bhfi s & ke,

KB T DAE 3 A7 48 I A AR BORE R AR S P, DL A AR A B, BN EL N VECs B4R
K2, 2t OP B B AL I Fr A . VECs s L& T A% 04l i, 5 VECs Tk T AV A R
B EERS H, AR VECs %5z OP i LG EA BT 4545, (e FL 3G 58,  30E 1 T B 2 de 1 I )
281621, Qin ZIOSIFF e (1 ] 3 S W R 0 2% IR 4 BH R K IS, BB REERREIN Zn?t. Sr¥ AN PTH, ik A
KA N AT, BUE PIBK/IAKUBMP-2 {55, HEMAREE A . LAk, 7KEER I 2 FL45 f vl 5
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