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Micro-/Nano-structured Biomaterials for Bone Regeneration: New Progress
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Abstract: Natural bone has a unique micro-/nano-structure, which is composed of organic nanomaterials (collagen
fibers) and inorganic nanomaterials (hydroxyapatite). Thus, compared with traditional synthetic materials, natural bone
has incomparable advantages in biological, functional and mechanical properties. In the research of tissue engineering
and regenerative medicine, biomaterial scaffold with micro-/nano-structures simulating the characteristics of natural
bone tissue are one of the research focuses. In recent years, researchers have found that micro-/nano-structured
biomaterials can effectively regulate cell proliferation, differentiation and migration, and have a strong ability to
promote cell osteogenic differentiation, so as to promote bone tissue regeneration in vivo. In this article, we focus on
reviewing recent research progress of biomaterial design on simulating the hierarchical characteristics of natural bone,
analyzing the complicated interaction between micro-/nano-structured biomaterials and cells, and summarizing their
applications in bone tissue engineering to provide new ideas for the design of biomaterials.
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Fig. 1 Schematic diagram of bone hierarchical structural
organization (up part) and scanning electron microscope
images (bottom part) of the cortical bone specimens located at
human femoral diaphysist'"'")

In bone tissue, macroscale arrangements involve both compact/ cortical
bone at the surface and spongy/trabecular bone in the interior. Compact
bone is composed of osteons and Haversian canals, which surrounded
by blood vessels. Osteons have a lamellar structure, with individual
lamella consisting of fibers arranged in geometrical patterns. The fibers
comprise several mineralized collagen fibrils, composed of collagen
protein molecules formed from three chains of amino acids and
nanocrystals of hydroxyapatite, and linked by an organic phase to form
fibril arrays
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Fig. 2 Schematic diagram of preparation process and bone
forming ability of traditional calcium phosphate (CaP), whiskered
calcium phosphate (wCaP) and micro-/nano-structured calcium
phosphate (nwCaP) bioceramics with different surface
morphologies®!
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Ilustration of the possible molecular mechanism involved in nwCaP bioceramics induced osteogenic effect!*’!

(a) Photos of Alizarin Red S and von Kossa stainings; (b) Cluster analysis of genes and quantitative qRT-PCR analysis expressions;
(c) Osteogenesis-related gene expression; (d) Representative western blot analysis; OVX: Ovariectomized
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Green fluorescence: CD31; Red fluorescence: EMCN; Blue
fluorescence: Nucleus of the cells
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REMS I T 4 RE B8 K IR 3R T Be AOHDRE 252, AR 7 1 0%
K I SE L AL M e, I BE 8% B 4T b e 2 Rl
240t B 35 A K0T, Ding 251 BH B B4k 45 A
REBTWIRMTEBBERZZ N 15 nm FEAMY)
DURTE S B PR ML ZE b, #l4 THgik
S MNT)IRZ, Rohes 45 SRR H 5L R
AL, MNT 32 RIS vk m 7 RS — AN
%, FHaes b BERUR th4 8 5, 1 H MNT iR)2
REWS A R BE A1 43 A BMSCs.

22 WMKEHESYXBEHENEZI

TEANK RES, FA 5T & A2 5T i 3 AT i
5 £F 4 LA 4k AROR T 2 BE AT S R HE 51 1 28 A7
RIAM(PLA). E LEER(PGA)FIE W BE(PCL)EL
AT Y PLGA. PLLA 5% PCLL)E.f K iF
YT 22 Re . 7 4H AN R 5T 1 RE T LA S 4 Ff AH
BRI A R, A TR EcE A R
O, Rk, ST gh K g R A Y g
RETUEBRTHRSEM IR T HEIE . B
4, Santos ZERIF AT T VR IR CLA R A AR
O 4 S B0 N B A (ECs) I B2 i, I R B AT
Y WRAR L5 48 b (AKX 48 AN GEFF T ECs 14514 52
BNk 2 W ) A, 38 B R L AR . o A
FUIE I X F g 2 AR R AR - & LRIt

EV)(PLGA) AT 4E M ARY) 5 B i (Col) s R E WA
TRA 4% Mg K 2F 45 PLGA-Col-HA = 4 37 #1701,
SELR IS RAB AT 4 PLGA S 4URI K 4F
4 PLGA/Col SR LEL, g K4F4E PLGA-Col-HA
S BA R (AR SR . Ak, Gong 25U K b 24
EEET N EAY IR E S5 ANRECH
P iz A0 BA Jie e, Jd ek Al A L 4 22 R % T e A
FSCH R B A FH B oK . SIe T &5 S 3% Bl ik
% 5E 25 A PCL K B R B A 2 AN TR], 2450 Re Jicith
] LUZ B, Eh IR 50 Vb B IR PR RO o
B R SRR TRORT LA A8 1 40 v A, TR B A g
Tl H B A .

AL UL, A2 B 5T /N LR R B R 5N gk
SR (AN TE A WD 5 I PP I N 448 K S0RE B840 oK 41 4
B SR RALINE IR IRGUKE G 451, T
SCER LA BE RO R B L 5 RN L) . A,
Cui PR H I a7 22 3:6 4% T HIEBE R G /RIAR
Be-ACBR 2 & A, 45 B RIS HE 1) Ptk o
AliE 6.27 MPa, 215 T NF/NEE, T HiZmMak
A2 SRR T B RCE A S R BMP2 AT AR I
223k, REMAEHE B BB . Xu &5 7
Tk 2F 4 39 9 10 5% K R R - 45 oK FR R BE K A
(PEEK/n-HA/CF) &K E AR, 45 R RN
KGR ST A MR TE AR A e B2 R R 4 i
MG-63 (1358 F1 4348, 75 7R PI RE (2 3k P 44 5 1
B Z a4 Ao Li 25U H R £ B (PDA) & 1
SHEFTENR R B A R R O RS AL R T, M s
AN KAR (A E 45 . W74 R 54 PCL 52
ZUAR L, A Mg K B 435 PDA Al nAg BRI
nAg/PDA/PCL & & 3 BEA A 9/ 20 B b Bt A
0541 400 B B RO A, R SR B R AT B A A
SIREMERE . Wu S R RSNk 5 R 2, —
mE4v, PEEK LS, A H K EOGAHE SN/PEKK
2 A& ME(SPC), ME T RM MM KL WK
SN/PEKK fH A¥I(FSPC). 45 R K ¥l 5 SPC Al PEKK
FHLL, FSPC 5 Mgk &5 MR {22 T BMSCs
BBt AFIEFORRE 4k, RO B SR 40 B
E— BN R a5 &I, 5 SPC F1 PEKK AH
bt, FSPC SRIN HH & K I - iR A 122 fish A0 o K 1) 4
H 77, RSN SRR TR B E R B S
Li 255 v 750 000 48 A L 47 2291 4% T B 3L
R -$2 5L 2R 3L T W (PLGA) A sk g 2K A= 0 v 1 3 i
(MNBG)H BRI FRE Z JLOUZ . S5 R R IR &
JEEA R ) 1 e . R AR M, IF AL
MNBG & G4 i 2 BMSCs [ H 7310



El i

B AR, S ORI RHE B A SRR R T T i 757

2.3 HMKEHEDFERERENEBEERNZ

HHAEFT R KILGE K, HPk ok
S FLIREE, ORI (HA) R LA 53 (1 2
RS BT LA HA Dy 32 (025 9 W s 11 [ A i 1
AW 2N, W2 W E AR 45 FEE 4K
JUEE By R & — AN E KRB . Lin
2D (a- TR = 495)a-TCP B B A N i R A4, i
IR N S A K S PR R K A B . SR
BPIK T PR RGO BR A A = Fh 45 H E e
532 AR R THURT BT 0 AR B R PR, {2 3 4 A
B AL, TGN KRR 4L A 45 R Bt e
AT T b B4 2% 400 2K 5 K49 . Elrayah 25077V 5 78 7K #42%
P B T (Cu” O IR ) & T R Rk %
TR A S 28, HBEE Cu® ik ok, 4
R HECIR L RER, A TE R K. 1k
A S &% Bk — 45 3% WA FR S B K A S B0 3R T Bl
KAEHIREE 52 Py 7 A 3, Hoh S5A0IRE S
SRS IR 0 A R . ARSI — b
TR BB A ST AR IR T oK &5 ) 53 5 T
BT, T AR S SR I R i 3R A
% . Zhang 25U L B0 AL B (DLP)T ENE A 5 5L
i PRAE KR M GE A M T K 4 £ 1L B-TF IR
=A5(B-TCP) SR, 45 BRI AK S5 1) B-TCP 3L 4L
MY BERGIEHE BMSCs %k I A AE, I8 RE L4 E
BMSCs B ok, Horp & A AN A B 20 i (i ik 1R
FH Bt e A P 206 45 TR 3R B Z gl oK 45 4 S 2R g
T I T ORI HEOK BT s AR . AR
A 50 A A T 300 0 9 7 L S E T T 2 S s ) S
32 2 Bl A A W) 2R TG R B W A A KR 1 1) B 4R
B, M35 FE T g K &5 b 3 5 1 K A P e P R
BN, BAh, @A bR iD R B BLAEE
Ve ZE LN A LE P AR A (T B0 11 B I8 5 12
BT, 18 T B RCE B s T s 1 s 1) AT 35 R FL
BE TR T2 BB A B T B 1) 32t 5 40 30 (1) FLEE
It HLAE B A R R B8 1 B K 45 0 F2 R i K
ARG R ERA T R, 2R HS R
A K (B S).

HR, Moorthi 2SI T ghy K A W Bl 3 e %
(nBGC) F5 KL 1) A= 0 3 Pk M AR BB VE R, ESE T
nBGC kL AT (i 3k K B S 40 M 395 5, o3t A Py
ERK 15 510 % A 40 Mo & A 8 1 3Rk, I A i sl
ISR F RUNX2 A58 JEL 40 i 1 )i 404 o
Lin 5V 0 2 BIURE R 5 40 oK 2T i £E R 41 AT Lt
BMSCs IR 41k, FEAR PN Al e k5 2L . Feng 251
K 3D ITENGE Gk b B % 1 B rp 4 il IE A0

TN K 3R T R PR 3 B2 A ) P & (AKT-H-N) o & T
Pe R 2R INUMRBRE, gk &5 #9184 F T BMSCs
FHP ARG, A Py S G 45 SR B A 00 E A oK
SER B B AR B T RN, AN 12 w i RE S (2 it
G B AR AL T BB B o Tang 2EBURIA FLAE MG T
PeFG(MBG) A AR, K F b FE 32 )<< 35) 5 Joiar 14
SR 2RI L & T AEE A NE Y RUE E -
2(thBMP-2) 1) 7 Tl 41 oK = 123 £ L 3 42 (Trimodal
MBG scaffold, TMS). Z5RKINZZEAMUEAA R
UF e R RN R B, iE B R IG5 S
M. Bis S, thBMP-2 BRI DL K AR W R
Hu 2252 P 8 Je - U i ek 45 A B 1 1 45 (R el ok
GERAEWDIEPE B (MNBG), A I L8 s B K
FIERRE IR R AF I AEYIAR A, e R AR iE N A
Hl(HDPC) 3858 5531k

3 HRSRE

ARG TR, ALV RHRERS 9 A0 M AR HT
G FEAN 7340 LR 2GR T )R A A SR AL S 4 AT
PR A R AR IS, S R A
e 20 /A A SR T 32 A 5 PR 2R T AR R EL R A A A
HY, 3610 51 AR AR A OB L G A SR PR R
A, A AL G AR X R AR R
RIMEIE VIR, o bR 2% 7 25 6 4 1 28
KD 10 5 T T TR D 1 R E R B AR AR Y
BEBEHNERZ ) B IS AR T 8 — S5,
TN K 55 K e 8 SE I 22 R A5 4 R 1 TR %, LRI
BEALAE A — 5 T oK &5 R R DO JR 4 2R 1)
A BEBE . Bl AR R A T R R
(] 53— J7 TGN K 5 A8 mT AR 9 ol i A 5% 4H L i
Ve, PRAERFIT R MR S, AR
BT P Id  a oK &6 i ] LU 5 22 )y e 3k 4 21
A, AR S 18 T8 5T A0 0 SR AL, R
A B, R I P R D I A O Ak B e 2
HRBETECER 1) J5 80 722 IR TT AR
1] B A= DR 5 A5 BT A AP B 2 M) A AR LA
P, MTTIRR Z 585 B2 E & K5 A )
BB R R 5 AR WA RL 2 18] (K52 BAT T U K AR
TEFBLEL

BERERIPIR =Rk P Sy ) A Al o i el i
ANDngR . B A R AT T RE, AT
SEIAN B R JRHIR T B4, mTREmE
SEMELRA SRR . NI Wik, it
AN B e, 3E— 20 5 gl oK 5 4 2R ) i 12 Ml e 4
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Fig. 5 In vivo sequential fluorescence labeling of new bone formation inside porous nwHA bioceramics

[16]

(a) Observed patterns of new bone formation (yellow: tetracycline label; green: calcein label); (b) Two types of osteogenesis discovered inside the
pore structure of nwHA bioceramics (green indicating CD 31, Red indicating EMCN, and blue indicating nucleus); (c¢) Comparison of mineral
apposition rate (MAR) between different nwHA groups, with statistical analysis of the relationship between osteogenesis type and pore diameter of
the bioceramics, and the relationship between osteogenesis type and MAR
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Table 1 Summary of previous work on bone formation in the micro-/nano-structured biomaterials
Material Synthesis method In vitro results Animal model  In vivo results Ref.
P-TCP scaffolds with micro/  DLP printing and in situ  Promote osteogenic differentiation Rat skull Improve the bone [17]
nano surface topography  growth crystal process of stem cells defects regeneration
Micro/nano-scale titania ~ One-step alkaline Facilitate osteogenic and angiogenic  Rabbit femur Induce ameliorative [21]
fiber-like network on the treatment in NaOH differentiation of BMSCs and defects osseointegration
surface of Ti implants solution endothelial cells; Suppress M1
macrophages and stimulate M2
phenotype
MNBG/PLGA bi-layered Electrospinning Promote osteogenesis [24]
membranes
Micro-nano rough TigAl,V  Acid etch process Improve osteogenic [26]
differentiation of MSCs
HA bioceramics with Sintering Maintain the conformation of Canine Process excellent [28]
submicron- to nano- BMP-2, activate the osteogenic intramuscular bone-like apatite
topographies differentiation of BMSCs implantation forming ability and
outstanding
osteoinductivity
HA with micro/nano Photolithography and  Promote osteogenic differentiation [41]
hierarchical structures hydrothermal of hBMSCs and angiogenic
techniques acticvity of HUVECs
S-TCP/CaSiO; composite 3D bioplotting and Upregulate the cellular differentiation Ectopic Promote capillary [45]
ceramics with micro/ hydrothermal of mBMSCs and gene expression subcutaneous formation and bone
nano-HAp the surface treatment of HUVECs implantation augmentation
layer at the back of
rats
PEEK/CF/n-HA ternary ~ Oxygen plasma and Promote the proliferation and Dog Boost the [73]
biocomposite with micro/ sandblasting differentiation of MG-63 cells mandibles osseointegration
nano-topographical between implant
surface and bone
Micro/nano structural Femtosecond laser Promote osteogenic differentiation Rabbit femur Promote [75]
silicon nitride and PEKK  ablation of  BMSCs; Exhibit a greater cavity defect osseointegration
composite bacteriostatic activity and bone repair
Silicate-based bioceramic 3D printing and Facilitate the attachment and Rabbit femur Boost the newly [80]
with micro-nano surfaces hydrothermal proliferation of BMSCs defects bone formation
and hollow channels treatment
PLLA/CS composite 3D printing and Promote cell adhesion and [87]

scaffold with micro/nano-
fiber hierarchical structure

thermally induced
phase separation
technology

proliferation
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