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[Abstract] Objective To study the effect of the combinational use of miR-34a-functionalized Bio-Oss® bone pow-
der with transglutaminase crosslinked gelatin (Col-Tgel) on the osteoblastic differentiation of bone marrow mesenchymal
stem cells (BMSCs) and bone defect healing after irradiation. Methods The experiment was approved by the Animal
Ethics Committee. BMSCs were isolated from the bone marrow of 2-week-old Sprague-Dawley (SD) rats and identified.
After reaching 80% confluence, BMSCs were irradiated with 2 Gy of X-ray radiation to establish a radiation-damaged
BMSC model for further experimentation. 2.5 pL or 5 wL of Col-Tgel was mixed with 10 mg of Bio-Oss® (P) to prepare
PG-2.5 and PG-5. The optimal proportion of Bio-Oss® (P) and Col-Tgel was determined through in vitro and in wvivo
experiments. Cy3-labeled agomiR-34a, agomiR-34a, or agomiR NC was mixed with lipofectamine 2000 and added to
10 mg of Bio-0ss® (P). The mixtures were lyophilized, and 2.5 L Col-Tgel was added to each group of lyophilized Bio-
0ss®/lipofectamine/miRNA complexes or to 10 mg of Bio-Oss® to obtain PG-Cy3-miR-34a, PG-miR-34a, PG-miR NC,
and PG. Irradiated BMSCs were cocultured with PG-Cy3-miR-34a to evaluate cellular uptake of Cy3-agomiR-34a using
confocal microscopy. Then, irradiated BMSCs were cocultured with PG-miR-34a, PG-miR NC, and PG. The expression
of miR-34a was tested by RT-qPCR and cell proliferation was tested by CCK-8 assay. After 14 days of osteogenic induc-
tion, the mRNA expression of Runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), and osteocalcin
(OCN) was tested by RT-qPCR. The bilateral tibias of 8-week-old SD rats were irradiated with a single dose of 15 Gy of
X-ray radiation. Three weeks later, tibial defects with a diameter of 3 mm and a depth of 2 mm were created 2-3 mm be-
low the epiphyseal line in the tibial metaphysis. The composite bone substitute materials of PG-miR-34a, PG-miR NC,
and PG were implanted into the defect area. Eight weeks after implantation, the tibias were harvested and evaluated for
bone regeneration using micro-CT analysis and HE staining. Results The results demonstrated that 2 Gy irradiation
adversely affected the osteogenic differentiation capacity of BMSCs, evidenced by the decreased ALP staining and num-
ber of mineralized nodules stained with Alizarin red in the irradiated group compared to the non-irradiated group. The
composite material consisting of 10 mg Bio-0ss® and 2.5 wlL Col-Tgel exhibited good osteogenic induction capability
and handling properties and was used for subsequent experiments. The PG-Cy3-miR-34a could deliver the loaded Cy3-
agomiR-34a into irradiated BMSCs. PG-miR-34a enhanced the expression of miR-34a in irradiated BMSCs without af-
fecting cell proliferation. PG-miR -34a significantly upregulated the expression of osteogenic-related genes, including
Runx2, ALP, and OCN. In the experiment of bone defect healing in irradiated tibias, micro-CT analysis showed that PG-
miR-34a group had a higher bone volume in the bone defect area compared to other groups. The HE staining results al-
so confirmed that implantation of PG-miR-34a can promote the healing of bone defects in irradiated tibias. Conclu-
sion The combinational use of miR-34a-functionalized Bio-Oss® bone powder with Col-Tgel could promote the osteo-
genic differentiation of irradiated BMSCs and enhance bone regeneration in irradiated bone defects.

[Key words] bone powder; bone marrow mesenchymal stem cells; osteogenic differentiation; bone repair; miR -
34a; transglutaminase crosslinked gelatin; radiation damage; radiotherapy
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(G5422, Sigma, 3 [# ) , Col-Tgel (P1720H, Bioruo , 1
), Bio-0ss® 8 #; (82100724, Geistlish, %+ ) , Li-
pofectamine 2000(11668019, Invitrigon, FH),U6 2
k51 ¥) K RT-qPCR 59 (Q1124 Bt , th[E) |
miR - 34a JZ %% 5% 51 ¥ K RT-qPCR 5| %) (U1018 .
U0712, V0525, B 1, [ ) , agomiR - 34a (miR -
4000085, %t 1, 1 [E ) , agomiR control (miR4N0O000O
02-4-5, G, ) .

F B % R T L (LyoQuest , Teslstar, 7§
BEF) , %6 & PCR X 4% (CFX, BIO-RAD, 3
), AR (Multiscan , Thermo , 58 [ ) , 18] # 7¢Ot &
W 8% (IX83, OLYMPUS, H A% ) , 1E B % )t W il 5%

(BX63, OLYMPUS, H 74 ) , # J6 3 R £ B il 5
(880, Carl Zeiss, 8 [ ) , X £k 4% 8 1 (X-Rad 320,
PRECISION, & [ ) , micro-CT (AX-2000, Always Im-
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BMSCs 4 8 6 h J& 47 1 Ak JF 1l 2% 20 e B vk, $2
T&HEEAME,

1.3 A A BB AR5 &

Col-Tgel 5 Bio-Oss® & 3 1R & A1 KB il %« 4%
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(), % 2 6B 2B PG-2.5 T PG-5,

A E B R % 2 200 pL G 2 B K
A S wL lipofectamine 2000, 2 2 W TR S, &
I E S ming 200wl JC B £ B KA Cy3 -
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miR NC PG & &5 & #l .
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W AR5 S 14 dJ5 R RT-qPCR A
Runx2 \ALP \OCN £ [H 33k, 5175 W 1,
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e AR5 569 AF A A

8 Jiil SD K AT WU A B 15 Gy S IR 4, 51

RN 1.1 Gy/min, 56 8 3 J8 5 E 17 45 S 5 A5 AR 1)
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AHBERMBE T 1290, A2 Gy i8R
BMSCs , 48 h J&i hoechst % 41 fitd 42 , {f Fj 35 38 £ I i
B WL I3 I 58 PG-miR-34a 41 . PG-miR NC 41 .
PCAHR G HBMELET 2L, INA 2 Gy &
HE () BMSCs , 48 h J&5 #2 HU RNA , RT-qPCR £ Il miR-
34aFRik,

1.7 2 B3 76 4 )

# PG-miR-34a 21 .PG-miR NC 41 .PG 4 E &
AR E T 12 FL AR, I A 2Gy $5 BE ) BMSCs,
TR FE2.4.7 d R JH CCK-8 12t 1) £ K6 ) 4 i 154 5
B 2 hJ5, AL 200 WL %8 T 96 fLR , B b
ARG 450 nm 37 K A W6 B
1.8 F A BB R A 245 B )5 BMSCs s B o 1L 4
JA #a ]

# PG-miR-34a 41 .PG-miR NC 4 PG 4HE 515
BEAMBHE T 12400, A 2 Gy §R# IR # BMSCs,
48 h G HH A E 1A T . AN E AT 1445
FIH RT-qPCR A& ALP  Runx2 . OCN % K %3k, 5]
YIr s L1,

&1 RT-qPCR Y
Table 1~ Primers used for RT-qPCR

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3')
Runx2 5" AGA CCA GCA GCA CTC CAT AT 3’ 5" CTC ATC CAT TCT GCC GCT AGA 3’
ALP 5" ATG GCT CAC CTG CTT CAC G 3’ 5" TCA GAA CAG GGT GCG TAG G 3’
OCN 5" AGG GCA GTA AGG TGG TGA AT 3/ 5" GCA TTA ACC AAC ACG GGG TA 3/
GAPDH 5" GGCACAGTCAAGGCTGAGAATG 3/ 5" ATGGTGGTGAAGACGCCAGTA 3/

Runx2: runt related transcription factor 2 ; ALP: alkaline phosphatase ; OCN: osteocalcin

1.9 B4R A R 4 K B S5 249 15
ol

8 i SD IR Bl i A7 WU A 1 BRI 15 Gy 7] 2 iR
SN 11 Gy/min, 57 18 3 i 5 2047 B Bl A
R S RSB T i A 8R4 N U7 2 ~ 3 mm &b
£ AR 3 mm R 2 mm B9 2B B0 B
[X # A PG-miR-34a £l .PG-miR NC 41 PG 45 & &
BACH BE, A A 8 J8 J5 BUA A7 2.5 CT (micro com-
puted tomography , micro-CT) £ Il (Always Imaging,
FED L H SRR 9 wm, R VG StudioMAX
(Volume Graphics, {8 [§ ) i 17 = 4 & & 1 530 4 , Jak
PRI (ROD) A J5U A5 A2 (L, 2 mms @, 3 mm)
4 {E 28 500 15 5444}, BIAE 33 550 9 4, B A
DA AR FRURH 6l A 397 2 1 AR L35 B AR FR £ (bone
volume fraction, BV/TV) o K Il 58 1l J& #F 17 Bid 85 4k
LU THE R,
110 %t 5547

Gi 1t 2 53 B B F R Graphpad prism 8, i1 %
BEUL B bR e 22 R, SR TR R 5 22 40 M, 41
[8]{# FH Tukey post-hoc ¥z 55 , P < 0.05 BJ A h 22 5+ 4
il m o

2 & B
2.1 M3 BMSCs s B 21 89 % v

B 35 00 40 M 45 5 BMSCs 5 5, T4 41 it i 4R
HHRK, GE R TR e, R A R R
CIBURIUE VISR AN R G = &7 2 S SRl I - =
AU 1a) o 2 Gy & 52 g BMSCs 8 H 41 1k 5E
BUEE S 1R IR ALP e (5, L A 8 B2 v (&
1b) s OB S 3 8, i IR P R e fb 2535
FAEE R ( 1c) .
2.2 R A Col-Tgel 5 Bio-Oss® B 4 it & )& 2t
Bio-Oss® & 8 #4F 14 4k 69 % »h

Bio-Oss® & #3 (P) AT MR 22 , K &) 5 ¥, 42 il
K G S B i, 2.5uL Col-Tgel 55 Bio-Oss® 8 ¥ 1R
4 )5 (PG-2.5) A] I T Bio-Oss® 5 ¥ & 1k , Bio-0ss®
WA 5 4y 8, AR BN BT R )
Wi, 5 pL Col-Tgel 5 Bio-Oss®*B#HR A5 (PG-5)
AT Bio-Oss® & 3y Al @ JEME , AN 5 7 i (1 2)
2.3 R A Col-Tgel 5 Bio-Oss® B #r A~ J& A %,
G R AR

FER 2 Gy #8 IR () BMSCs I AT 1R 1 i 15 5
14 d,P .PG-2.5 . PG-5 41 Z [A] Runx2 ,ALP ,OCN %3k
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Alizarin red Oil red O Alcian blue

a: characterization of BMSCs. The colony of primary BMSCs stained with crystal violet (x100), mineral node stained with Alizarin red (x40),
fat droplets stained with oil red O (x200), proteoglycans stained with Alcian blue (scale bar: 100 wm). b: ALP staining of non-irradiated and
2 Gy-irradiated BMSCs after 7 days of osteogenic induction (x40). ¢: Alizarin red staining of non-irradiated and 2 Gy-irradiated BMSCs after
21 days of osteogenic induction (40), BMSCs: bone marrow mesenchymal stem cells, ALP: alkaline phosphatase
Figure 1  Osteoblastic differentiation of non-irradiated and 2 Gy-irradiated BMSCs
Bl 1 2 Gy il 4 Bk BMSCs B 43 (5 1)

P PG-2.5 PG-5

0ss® mixed with 5 pL Col-Tgel

0ss® mixed with Col-Tgel

PERE A 5 R

a: morphology of P, PG-2.5 or PG-5. b: mo-
bility of P, PG-2.5 or PG-5. c: stabilization
of P, P-2.5 or P-5 was tested by immersion
in water. d: filling rat tibial bone defects
with P, PG-2.5 or PG-5. e: rat tibial bone
defects filled with P, PG-2.5 or PG-5. Col-
Tgel: transglutaminase crosslinked gelatin;
P: Bio- 0ss® group; PG -2.5: Bio - Oss®
mixed with 2.5 pL Col-Tgel; PG-5: Bio-

Figure 2 Handling properties of Bio-

& 2 Col-Tgel Xt Bio-Oss® & #) # 1
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TGt 5% (P>0.05) (E 3a), 34t kHER K
FRUHA B AT S 5 e B, 45 21 H RT DL R R BB
I A, PR PG-2.5 21 8 8 BEK & 84y, PG-5 41
B BRI A ANAE (& 3b) o 3 41 [A] 5 4t X1 o AL/

Runx2 ALP

1.5 2.0
= =
2 .
2 1.07 - z
o L8]
< <
z z,
i i
o 0.5+ o
2 B
= =
L 5
[=~1 =

0.0-

P PG-2.5 PG-5 P PG-2.5 PG-5

@ P PG-2.5

ST A (BA/TA) i e it 22 22 5% (F = 106, P =
0.011) , P 41 F1 PG-2.5 4 BA/TA K F PG-541 (P =
0.015,P =0.019) (Kl 3c)., T LI LZ5R, % #E PG-
2.5 el AT JE L5 50 o

OCN

0.5

Relative mRNA expression

P PG-2.5 PG-5

IS
(=]
]
*
k

PG-5

Bone area to total area/%

P PG-2.5 PG-5

a: mRNA expression of Runx2, ALP and OCN in irradiated BMSCs after 14 days of osteogenic induction, n = 3; b: representative HE staining

of new bone formation (x40), scale bar =500wm; c: data of bone area to total area (BA/TA) are shown as mean+SD, n = 3, *P < 0.05. ALP: alka-

line phosphatase; Runx2: runt related transcription factor 2; OCN: osteocalcin; BMSCs: bone marrow mesenchymal stem cells; Col-Tgel: trans-

glutaminase crosslinked gelatin; P: Bio-Oss® group; PG-2.5: Bio-Oss® mixed with 2.5 pL Col-Tgel; PG-5: Bio-Oss® mixed with 5 pL Col-Tgel

Figure 3 Comparison of the osteogenic effect of Bio-Oss® mixed with Col-Tgel in different proportions

3 A[E B Col-Tgel 5 Bio-Oss®H ¥R A )5 1Y BH T BE H i

2.4 miR-34a F #H -Col-Tgel £ & H# 4 7T 4% 3 45 1R
45 BMSCs F miR-34a #) % ik K F

LR £ i B AR K PR, 2Gy §5 BB () BMSCs 5
PG-Cy3-miR-34a L35 3% )5 |, Cy3 #1iC [1) agomiR-34a
Al e AL, BMSCs /R4l 258 (Bl 4a) . RT-qPCR
60 25 J B 7R, PG-miR-34a 1] i 2 42 5 miR-34a 3
KK (F = 89.69, P < 0.001) (& 4b) .
2.5 miR-34a F #H -Col-Tgel £ &+ A 12 it 45 P& 437
15 BMSCs 1 9F %, B -4k

2 Gy 4 BUS ) BMSCs 27 T PG-miR-34a 41 |
PG-miR NC 1 #1 PG 4H 5 & & &k, 555 2 .4,
7 d, CCK8 K 45 5 8 7R 3 ZH B4k XoF 441 i 1% 48 TG B
B2 (P>005) (K5, #FF 345 6K
BCEE S 2 S R A DG R 2R3k . RT-qPCR
g5 R R, PG-miR-34a 41 BUH A G IN Rk m T
PG-miR NC 41 (Runx2: P = 0.050, ALP: P <0.001,
OCN: P = 0.003) 1 PG 41 (Runx2: P = 0.033, ALP:

P <0.001,0CN:P =0.002) ,PG-miR NC 41 I PG 41
B FR B K TE2E 57 (P> 0.05) (K 6),
2.6 miR-34a F # -Col-Tgel &+ A2 it 45 BB X
R T

Micro-CT 6 I & B #5118 2 AR J5 8 Ji 4 4l ¥ 8
TE UG B, 25 4135 0] D e it DXOBT B 08 1, 1 fig
BB Ry WURLARAE B AR 2SR R 2 2l
4o PG-miR-34a 41 ‘B Bz T % 2k PR K B BT, PG-
miR NC 41 Fl PG 4115 ¢ it K AFAE S B (8 7a) o =
2 A AR B AR B (BV/TV ) FEAE B i 2 5 (F =
61.20, P <0.001) , PG-miR-34a 2H #1 2F & T HoAth Wi
ZH(P<0.001) (K 7b), HE o458 575, PG-miR
-3da 2115 M UKL R A R B B OB, B 5 B R
B [A] A, PG-miR NC 41 H1 PG 415y UL ] ]
TE BB B DURR, {H &R 438 43 UKL [8] £ 75 45 45 41 21
(K 7¢).
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e PG-Cy3-miR-34a PG-miR NC

PG

Merged/Cy3/Hoechst Merged/Cy3/Hoechst Merged/Cy3/Hoechst

@ stk

300
250 I
200

150

100
50 =

Relative expression of miR-34a

a: images of 2 Gy-irradiated BMSCs cultured with PG-Cy3-miR-34a, PG-miR NC or PG (X100). b: miR-34a expression determined by RT-
qPCR in BMSCs 48 hours after transfection. n = 3; “"P < 0.001. BMSCs: bone marrow mesenchymal stem cells; Col-Tgel: transglutaminase
crosslinked gelatin; PG-Cy3-miR-34a: Cy3-agomiR-34a loaded Bio-Oss® mixed with Col-Tgel; PG -miR-34a: agomiR-34a loaded Bio-Oss®
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Figure 4 Effect of PG-miR-34a on the expression level of miR-34a in irradiated BMSCs
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Two Gy-irradiated BMSCs were cultured with PG-miR-34a, PG-miR NC or

PG-miR-34a PG. Cell proliferation was measured by CCK-8 2, 4 and 7 days after culture

. 7 & AI :5g-mu{ Ne (n = 3). BMSCs: bone marrow mesenchymal stem cells; Col-Tgel: transgluta-
5‘ 204 minase crosslinked gelatin; PG - miR - 34a: agomiR - 34a loaded Bio - Oss®
; 1.5 = fn mixed with Col-Tgel; PG-miR NC: agomiR control loaded Bio-0ss® mixed
% 1.0 with Col-Tgel; PG: Bio-Oss® mixed with Col-Tgel
E; 0.5 1T Figure 5 Effect of PG-miR-34a on the proliferation of irradiated
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Figure 6 Inducing effect of PG-miR-34a on the in vitro osteogenesis of irradiated BMSCs
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a: two- and three-dimensional (2D and 3D) micro-CT images of bone formation in the defect area of irradiated tibias 8 weeks after

transplantation. The dotted boxes indicate the original bone defects. In the 3D images, the yellow parts represent the newly formed

bone, and the blue parts represent bone substitudes. b: the morphometric analysis of BV/TV for micro-CT. Data are shown as the

Aok

mean = SD, n = 4; “"P < 0.001. c: representative HE staining of new bone formation (X40), scale bar =500 m. Col-Tgel: transgluta-

minase crosslinked gelatin; PG-miR-34a: agomiR-34a loaded Bio-Oss® mixed with Col-Tgel; PG-miR NC: agomiR control loaded Bio

-0ss® mixed with Col-Tgel; PG: Bio-Oss® mixed with Col-Tgel

Figure 7  Effect of PG-miR-34a on bone formation in irradiated bone defects
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