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Abstract

Bone, as a living structure with high stiffness and active metabolism, can heal small defects through
its intrinsic repair mechanism. However, critical-sized bone defects (typically defined as defects
longer than 1~2 cm or with more than 50% periosteal loss) caused by trauma, surgical resection, and
bone-related diseases require assistance from biomaterials for effective repair. Biomaterials have
emerged as a core research direction in bone defect repair due to their excellent biocompatibility,
mechanical properties, and functional regulatory potential. By simulating the extracellular matrix,
regulating cellular behaviors, and constructing a favorable microenvironment, biomaterials provide
crucial support for bone regeneration. This article systematically reviews the current research status
of biomaterials related to bone defect repair, focusing on the classification, compositional character-
istics, modification technologies, mechanisms of action, and clinical application research results of
inorganic materials (metallic materials, bioceramics, etc.) and natural biomaterials (biopolymers, hy-
drogels, autologous-derived materials, etc.). It analyzes the effects of key factors such as material sur-
face structure, porosity, and ion release on osseointegration and regeneration. Meanwhile, the devel-
opment trends of novel materials, such as nanocomposites composed of biodegradable polymers, pol-
yvinyl alcohol (PVA)-based materials, and gene-engineered targeted biomaterials for bone regenera-
tion, are prospected. Future research should aim to better simulate the natural process of bone regen-
eration, such as the coupling between angiogenesis and osteogenesis. Although imitating nature is
challenging, recent scientific and technological advancements indicate the possibility of fabricating
bone scaffolds that support local and systemic biological functions. The rational selection of scaffold
materials, their geometric structure design, pore size, and the ability to release biomolecules at an
optimal rate will play a pivotal role in the development of bone scaffolds in the future. This article pro-
vides a reference for the research and development as well as clinical translation of biomaterials for
bone defect repair, with the intention of promoting the innovation and application of bone substitute
materials in orthopedic therapy.
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1. 518

H S HA SN R RLER, Rt e kgs. AL EGT . 20K B, AWM E
. - 5 (cortical bone) Fl5 /N2 (trabecular bone) . B B2 i 5B B& 1) 80%. %R ) 20%5%F v T /NG,
NGEE B RS, FERHE R HALIREE, XERT LR, iR T H B E MR =[] [2]
HHLGUHRACI SRR, AW E S, B2 5 55 7 (periosteum) o &5 R R A4 40 i B i
JET- 21 i (periosteum derived stem cells, PDSCs) % VI, — R¥NUE 50 FAUS Sl S 5 T PDSCs HI#
5 IE513 PDSCs #HATH BIEE[3] [4]. XAE /NI E 08 LR A el @&, Hi T, F
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RIS H ZRARMPIRFIRR, BRI R E skt PUAREZRE S BE. XM RSHRN
W S8 SCHR T TS — B U RGN BER T 1~2 om AR 1K 3 50% [5]. (HB S,
(7] IR 3K 52 28] Rt 14 g 1) 5 FEL RV ) T P AL R 0 IR 285 O B2 i

AERPRE — KRR B AFE S S5RAELIE B AARE,  FoRy fOR 0 AR B RIF I 52 1, &
P RHE R A SHSUR AR & e AR BB AN T A BEE E A, Bt i o
BTNy, TR = 4R RIS, T AR RE MY . M. dERR ANk, DLBR T A RAE AR A A
BAFEAR[6] [7]

FORR IS B WO B 22 R R T AR OAD R RRRE B  REE L R SE R DL AE 0. A AR e xd
TN AR A R R AR SR o o fge i LIRS e At IXBUGR T A B AL 22k T, )
BEPER OIS ES AR . #HGUIR, ML 2 SLIRAIE A, NS ar A I BEAE KR S RAEB A Sl
AN £ R 25 45 2L 20 56 4 i 7 BELZE T EE I RE o AR 22 P T S LA AR B A SORE, ARk
PEIE, WU 5 & S LA, A RE AT T e LT3 SO RN [8]. 25 b, EWIR RN ARt 52E
Yo RSt M ERAIAL AR5, A e A AP o P9 B O AR ELAR RS — B8, AT IS R 47 e R

2. s

T B NG @R AR S @A R, EATRA B NUERE, N5 R TEEEM: ALeHREdT
YRR R LR . SR AA A PR R RN H T A B E . SRR R,
L OBVRIBEA 42[9] [10]. B TERBRBRIER NSRS, &KL —MONANELIMILER, XM T
ERFCT FEE oM RE s[RI ER BLE s IR HURISR T, o) o 5 57 By 1A 2 o (A 1 B RN 470 B 1) TR R 3t
W, ReRDHIANEE RGP o HAKANRRER N, WUMERE R, (AR ER A S BON IR R B i ) 4@ 2 2R bt
BHL1] [12]0 St 2 4P PRk B sp A FH 4 J8 B AR MDA R AN RE RS B CR , T2 BV 2 B BRI
AR, 3D TR, 545 T2, BABEERA, BHEE, nfsStmiMEb it I HifE R e
M, R ARIEAE MR SRR R[13]. [FII —Iiah st 3D FTENA R G &S 28N R
S5 600 pm L% 3D FTE 2 ALK A & AR A R T HE W [14]. Rk ZUTRBI& B R b2 s
RN B A4 P9 20 A 25 1 IR B AR AR R 7 Ze 22—, AT DA il B -1 A P 30 v B R b v ) ko G i
W47 (HAP). SEWERRES(CPP). XUMRERRAG(BCP). 1 8 J# Al CaSiOs AWM %, ULKEIE. HRE .
IKEERLFNGURARL o IX LR EAN AT LAIZ LU BR &, 1 H AT LA 3259 g sl AR K R 7 [15]. 5 HEh 5%
N¥s Ca-P R ZHEA &R NI ER IR K BRI E, SREW, BT R R SR ek e k&
FARIER, XN RER A — P U SCIE AT, o K SR SR 1) 1 B AR B A P R 2ORE[16] . R
FF 55 N A E LU B2 B8 A 18- T R — A5 0% 2 S BB 2 ey M I i kAt 25 R SCBRIRE
SR p-TEIR = A5 I iR R R LA 317 [17]. XS N PUA B /KB IR 2 B8 N ET VR 9T IR T i etk
HHIR T RL[18]. (TSR NI HRZ LML ZBRIRZE I F R B 18 5 8 b 45 1% B S5 7 3%
[19]. FHERIZ, APrds kb Al A B e 4 Ja T 7= A 2 (Al RN BIF FEUE ST T B8 (Sr) OB R A/ AL . EEA
G4 % N 524 (CaSR) M T 521 45 (Ca), LA M2 i BMP-2/Smadl 1 OPG/RANKL {5 538 B L 1 1 15 ple i
SHM IR B AN O R, BERERIE LA, RN E Rk [20]

IINEE(MQ) T Mg-Ca-Sr & 4 [ = W) AE A2 3 B P34 07 T e I H g 77, 85 B8 -1 ik B (09 ZE AL
Al AR IS MAPK/ERK 55 8 # . Wnt/g-catenin {558 #. Notch 5 5@ 5% LA 3 B FEIEREE A
B TRPM7 25 PI3K/AKt 15 58K [21] [22]. 7 —LLRFFisR . Zn BSF mIfEidk(a] 78 3 141 e (MSC) 3
Ba - TR BERR B (ALP)IG . E AL AV URR . [23] 58 B EEAA 2, Zn 40 O Th A A 2 0 S i DA A4 5t
PRI o 200 M 4 MR P 0o 1 R D D ) 70 5 - 40 M (BMISC) B A XU A FH o B A9 TR BE(2~5 pgrmL—)
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A LAESE BMSCs HOMIAAREIRISESE, BEJG T Zn $I8LLES e 0. MR, T mies e 7k E (5
ng-mL-1) gk AU RRE B AT SE R R A R e [24] -

3. RAREPHH

MAEYI S LBV R SR ED R G . XY RSV ARG THAN ., A atEms
VIbEfREE . HETOX LM AE R AR AEY RS T T AT . RAREMOLE. 7R, KR
EA. WK, |, WFER. THEEMNEVIFRIR[25] [26]. T HHEkR, d3maidi iyt 28 g 1m0 R R
FE R A Wi 1 1) 7K B B A 81 T 2 7 o sk 2 22 ()4 P o /KBEME L 5 Ny 1 S5 M AE AL 254
AIAEYIRERR, JFREE BRI E . HET, R AR KB, e SRR, 1 B R
KB UA R B IR B e B AT AR o B AR T2 B T SRl B A DA AR N 245, 20 MR AR K DR (1 i
[27][28]. BT B AEM B AUutoBT) A E 444 A FUBURNE B &F RIFIsgm, m A S 4 e H F ik
N2, I REAS R4 BT 24 29] - 7222 (natural silk) & —Fh i I BUAEYI G, DI BAG IR R AT 4 bl
PR DA K A MR 28 M AE A AR R 2 AT 4% 52 1A [30] o — TURIF 700 v [ VT 7 PO T P 2 4 (B 95 22 R0 2k
HLYENKBRAE, WERTAEREHAFENER. SRR L EBA N3], mRE%H
BRI IR N RIRBE GG R G . B—RKREWMEEY), BB o= iiE iR
T AR AR (RS 8 AR ), DA PR A B R D R AR 4E (91 i R IR AR AR 4 R 4-4E) . 35—
FAFE AR R BRCR IR PLA. R £ ZHElf PGA K HILRYFIR NG PCL)LA A HURER R &4, 11
WS R EE PDMS. ARG PHA. RS SRR NMEE PPF FISRER 5L T IR PHB [25] [32]. 4
YIRED ) — A BB SR 5 TN TR, ARy — AR FK TR - g 17 1 SR 11 B Atk
FEFELUTRIBFREAT: PGA BERfFHER, LU PLA, 1 PCL F#ARRS A [33]. & RS WA R
TR EA, A ARRIAREPLA). R OERPGA) MRS LRI R Y (PLGA). RHHRN
A7 12 FE B (PMIMIA) PR JF Rt g ] T 25 e () BB e P T SR I PR B8 B B 7K Ve - AR, PMIMA 2356t JA
B SUE R AT, T H LRk O — AP SE IR SE A A EEME[34] . BEAh, PMMA TEGRRIX )
VIR RRZRIBAR, TTRES X B AR K A i s, AR Fa e R A P 45 P 2R I IE S [35]

4. AIHE

UEAESAE, 6 HBT B AR AR TS T IR, X Bl AR S R SRR B AR 2
BRI TR . SRR T T A AR T A A B oK ST B AR R L TR . A AT 224
W A 1 5 A ke X L . B AR A i S AR, R R T I AT REYEL36] [37]. i TR 24
B2 (PVA) 5 FARA AL M ML Ak B, TR T e, 5 /KR A Ak (O ALk /7, i),
A E I R T RIS . A TR N ARG CUBCRH S A 2 T, ST PVA AR 7
SRR 7 1 [38] [39]. HE DR ARy I KR F , A A5 b3 T A T A AR b e 8 AT S P 400
5. #ig

BARAAE 5 A AT O (B AE T3 IR R 2 P RHRE P S U ORI LA, S Il T2k
(RS S FAREAS ST S AR I T 7 LA AL AV B M WA, HEBUIER . Ak R R % IR
Ko PIEARE T, SARMFLIE TR 5L BB A B AR KON, TR RDEH H U R B T UL AL
EHAS, BN FE S E IR S SO RIS RN, A S A eSS R R B K
FIB-BEIR = A5 SRR, IE R TIX — F A S B . (R b, DR R T Ao 5 B4 BT
(AR AR e R A I L KEE 1 BB O T PRI o R, B B B T I TR B A i % BMIP-
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2/Smadl. Wnt/g-catenin <545 S H, SEILMCH SHCH DBERIBNAS T, TR 2 BOR (82 A — 20 9 e
TR RE AR 2 8] o AR ERL O AE T AE AR S DIRE S I, SO AR B AR AP S 45 4
SCRETAHRRRIN . S0 S 040, RIS e e e ONL, BRI AR, TE OBl M B 42 S8 RAR RSN
R, IERAFEILL R B A AP

B ARPEANURE B AR R T RSB R IE A, MRS S e R R T ] B R 2 A
FITE . AN RS R 5 A 22V 5 P 5 LR 55 e A AR AL 3R T 5 SO PR 7 70 WA
S RS E T2 IR PR 5 0k B 4 S 2RIE I interleukin-10 AR 15 4H D G 28 11 1 (i o S ik
B UESE AR T 00 SR B AR I IR A AR TR AR A 1 DU T ARG JR) P4 AE S N R
NEBAERERENEL. LA, GBS e A AR A A S SO TR R AR 4%, AR R
A BRI IX — R LT, 3k Sl ORI s, BN A S R E A A E AR

AEMIRERE NS 5 E i I RS 75 22 D0 22 4R FE I ALt 7, RIS T e 22 B AR S5 T RS L o AL BR
1ok, @l ARSI IR AR A AR S R R, SV SRI P R B R RCR, W
MBI IRESE T NIRREAL L OEE RS MORH AL ™ 5 ], G ORIEA ™ i
Mtk RE — 2k KIAE 2R, e EARHI R B A RCR G B AR RE 15 . 3D 4T EN
BOR B EA S IR SR (AT RE, (RGO LI PR N (AR 5 A Irl AL BT R T, MPRFR AT a2
B RIATRHAT ML bR e, B EVIAIRE . ratkfe . KIS RGN, RGeS AR 5
I ARG UEAR & Z0 7™ A% i 5 7 AT RE NIRRT 8 DR ELAE e R ASE P o ) 22 4k S5 Rk

gi b, BB R AR A 7 DB A ST ZRBH R N O, BESE R B, B R
IR, SRR A L SR I LH R AT S A IR R e, HESh B AR I IR R T 65T,
HOBUE R IR m . ZAERGITIT R

6. &it

B, WERESAEYAE, sRe . T A M HOBT AR, AT SE B AR M DL 2H 24
R A IR O B AR . BT U7 1 N A S A AL AR I B AR R, A R
R R R o EORARMERS (T B AR, (BRI RO IR W], A3 T B i SO ) A 4 B AR D g
M SCEE . IEMR R SRR U FLRR RN DUR AR AR R A= 731 B RE T, B EARK
BSOS RAR R
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