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[Abstract] Objective To investigate the efficacy of magnesium-strontium co-doped hydroxyapatite mineralized col-
lagen (MSHA/Col) in improving the hone repair microenvironment and enhancing bone regeneration capacity, providing
a strategy to address the insufficient biomimetic composition and limited bioactivity of traditional hydroxyapatite miner-
alized collagen (HA/Col) scaffolds. Methods A high-molecular-weight polyacrylic acid-stabilized amorphous calcium
magnesium strontium phosphate precursor (HPAA/ACMSP) was prepared. Its morphology and elemental distribution
were characterized by high-resolution transmission electron microscopy (TEM) and energy-dispersive spectroscopy. Re-
combinant collagen sponge blocks were immersed in the HPAA/ACMSP mineralization solution. Magnesium-strontium
co-doped hydroxyapatite was induced to deposit within collagen fibers (experimental group: MSHA/Col; control group:
HA/Col). The morphological characteristics of MSHA/Col were observed using scanning electron microscopy (SEM). Its
crystal structure and chemical composition were analyzed by X-ray diffraction and Fourier transform infrared spectros-
copy, respectively. The mineral phase content was evaluated by thermogravimetric analysis. The scaffold’s porosity, ion
release, and in vitro degradation performance were also determined. For cytological experiments, CCK-8 assay, live/
dead cell staining, alkaline phosphatase staining, alizarin red S staining, RT-qPCR, and western blotting were used to
evaluate the effects of the MSHA/Col scaffold on the proliferation, viability, early osteogenic differentiation activity, late
mineralization capacity, and gene and protein expression levels of key osteogenic markers [runt-related transcription fac-
tor 2 (Runx2), collagen type I (Col-I), osteopontin (Opn), and osteocalcin (Ocn)] in mouse embryonic osteoblast precur-
sor cells (MC3T3-E1). Results HPAA/ACMSP appeared as amorphous spherical nanoparticles under TEM, with en-
ergy spectrum analysis showing uniform distribution of carbon, oxygen, calcium, phosphorus, magnesium, and strontium
elements. SEM results of MSHA/Col indicated successful complete intrafibrillar mineralization. Elemental analysis
showed the mass fractions of magnesium and strontium were 0.72% (matching the magnesium content in natural bone)
and 2.89%, respectively. X-ray diffraction revealed characteristic peaks of hydroxyapatite crystals (25.86°, 31° = 34°).
Infrared spectroscopy results showed characteristic absorption peaks for both collagen and hydroxyapatite. Thermogravi-
metric analysis indicated a mineral phase content of 78.29% in the material. The scaffold porosity was 91.6% =+ 1.1%,
close to the level of natural bone tissue. lon release curves demonstrated sustained release behavior for both magnesium
and strontium ions. The in vitro degradation rate matched the ingrowth rate of new bone tissue. Cytological experiments
showed that MSHA/Col significantly promoted MC3T3-E1 cell proliferation (130% increase in activity at 72 h, P <
0.001). MSHA/Col exhibited excellent efficacy in promoting osteogenic differentiation, significantly upregulating the ex-
pression of osteogenesis-related genes and proteins (Runx2, Col-I, Opn, Ocn) (P < 0.01). Conclusion The MSHA/Col
scaffold achieves dual biomimicry of natural bone in both composition and structure, and effectively promotes osteo-
genic differentiation at the genetic and protein levels, breaking through the functional limitations of pure hydroxyapatite
mineralized collagen. This provides a new strategy for the development of functional bone repair materials.

[Key words] biomimetic mineralized collagen; magnesium-strontium co-doping; amorphous calcium phosphate;
hydroxyapatite; intrafibrillar mineralization; bone regeneration; osteogenic differentiation; bone repair scaffold
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FESFERRAER (high molecular weight poly-
acrylic acid, HPAA) , B4 J1 1R 2 J5 i Ca™ | Sr** |
HPAA 9% £ 43 5 4 9 mmol/L . 0.9 mmol/L, 0.1 mg/
mL. JIAJC K& AGEE , i Mg ¥ 2 R 1.8.0.9.0.6
mmol/L. B : 4.2 mmol/L ¥ B R & — ¥ . 1R
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1.3 HPAA/ACMSP # i 44 & L 9L 5%

F T 23 PE ARG G 7 2 U5 (high-resolution
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MSHA/Col J 25 fift 47 8H T Jm 246 I o {5 HPAA/
ACP 1 Ak i 2 2 BL i I A 07 A6 I I (hydroxyapa-
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1.5 MSHA/Col 7 5239 4% B L AL L 6t 55 7

FARHIE 2 5, A 314 FL T R BB (scanning
electron microscope, SEM) W ¢ MSHA/Col # Tf] 4¥
ik, i R A B 21 A0 56 1% (fourier transform infrared
spectroscopy, FTIR) Fll X 4 £& 117 4 (X-ray diffrac-

tion, XRD) PF-Hr MSHA/Col F4) 4k, 27 5 44 18 B 4y A
P, I il FH #CHE 43 BT (thermogravimetric analysis ,
TGA) Kl A4 BT 4 JoT % £
1.6 MSHA/Col 3U% #y | & F B AL B AR S 5 1 4
-4
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B E S5 min J5 , 0 SR JOK S BER BT IC SR AR, 4R
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WEAR AT SR, R 1 d RS SR L Y A
JE 3K 85% B, FH 9 2 11 I Ak 4 M O 2E AT AR AR
WAk B T4 T 5 R FH 75% 0 T IR U 5 77, 400 M 4
FhATEEAMRGS 2/ 2 he
1.8 ZiikH &
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CCK-8 VA A 40 f 4 S TG M . B F S 72 h, 4% B3
=5 fift 375 /9 240 T 4% €300 5 4 S0 0T 3 4 A A A
AT e 5
110 #HE 55 B2 Bl % 36 7 4r 3 &4 AR A A M Al

B MC3T3-E1 4042550 T 24 FLAR , 40 M 4% %
1x10° /AL, BB 3 E AL, B LA T mL 20 i
B o IR 1.8 P IR B R A e AR I R R 15
OB IR B R S OT R A A o 4 24 FLARE T
B FRAE vh BE 3% 24 h, 1R 20 B WG BE I B R I R
B F e 928 4 20 (6] 1.9) [ B AL A1 mL 1 25 4519
£ 41 (MSHA/Col 3 HA/Col ) BUH 5 R 40 b i F SL R
P, A AR RAIMA L mLAHE B SRR, W
R o WiFe 7 dJe , HAE W ER B R 58, JH PBS ot
B 3 UK, B i 4% B 96 I il 1R SR AT Y 2 03
Br L AR BB AR o J5 3R 14 dJR/haO
Wt R T PBS Mk 3 9K, 4% B R 4T (A
AR T e, i TR R N
1.11  RT-qPCR #&:M s B 248 % 2 B f ik

B MC3T3-E1 40 g 42 M F 6 FL AR, 20 i 5 1
2x10° /4L, 537 1 d Je R4l 52 95 4320 ([A] 1.9) B 46
N2 mLBE S o A B IR IR AR U, B 2 d TR 1
Wo 14 dJ5 70 o 32 B4 LB RNA I S f% sk
cDNA, F| F§ RT-qPCR £ ] Runt £ 3¢ %% 5% A - 2
(runt-related transcription factor 2, Runx2) . | B jig
Jii (collagen type I, Col-1) .8 #r # F (osteopontin,,
Opn) ‘B 452 (osteocalcin, Ocn)JE [ A mRNA &3k
Ko VAB-WLhE H (B-actin) fE NN S, H EL
BECLIE (29806 ) THAE & 4 B 0 B R (4 A 0 3R 3R K
Vo SEFB ETHESIIEL

&£ 1 RT-qPCREIYF5I
Table 1 RT-qPCR Primer sequences

Gene Primer sequence(5'—3°)
B-actin F:AGATCAAGATCATTGCTCCTCC
R:AAGGGTGTAAAACGCAGCTCA
Runx2 F:GACCTGCCACCTCTGCTT
RATTGTGGGTTGGAGAGGG
Col-I F:GATGTTCACTTTGTGGACTC
R:GGCCCTTAGCCATTGTTA
Opn F:CCAGCCAAGGACCAACTACAA
R:GTCGTCGTCATCATCGTCCA
Ocn F:CCTCAACAATGGACTTGGAGCC

R:GCTGTGCCGTCCATACTTTC

Runx2: runt-related transcription factor 2; Col-1: collagen type I; Opn:

osteopontin; Ocn: osteocalcin

112 &G F % &0 i kA B oLt X & 8
Ak

4 MC3T3-E1 4 i 70 T 6 FL AR , 40 JifL % 15
2x10° /4L, B5 57 1 d JE AR 5L 50 43 41 ([R] 1.9) 546
92 mL BUH 5 S A 5 R R P, R 2 d R 1
Wo 14 dJF, 7 KB FR5E, PBS T Ve 4 i, m A
RIPA 24 T vk b2 OB . @3 BCA .
W 2R RS T B B R A RE S T
Jot B B 1R M - 3R D M T P 58 JC LUK 43 9, B B B
F AW IR, 5% NS A4 05 S L 2 )
JIMA Runx2 | Col-1 ., Ocn , Opn } PN £ B-actin ] —$i
F4°CWEIER. TBSTHE G, “EEMT 1
h, g RO R & RS, THRERRSET
KA BT 50 1 B AR RIS KF
1.13 %t 3547

Jr A B s K A GraphPad Prism 8 #4317 48 11+
Ab PR R OE S o A R 25 5F 1 S Ak
2 A) 25 S5 2R FH A ST AR A ¢ G 56 HEAT HE AL, S B A
W IES sk o 2 AF L, R AES
Kruskal-Wallis Bk A4 59 #4741 [8] FL 48 . P<0.05 K
ERAFHITHRE L.

2 & R
2.1 HPAA/ACMSP 4y K &4 oyl & 5

il £ H A A B 5 5 19 HPAA/ACMSP 44k 42 &
Yy, 5 BR A R Won  ASTR R M Y TE L T
QUK GBORL (B 1) o BETE 20 BT 2 B, N [A) Ve & Mg
2 ) AR Bk R B TS oG R A, A AR EE LT
K. MR, AN E Rk E & YT
910 em™ .1 036 em™ 25 4b i 3 TG & JE W 2 45+ PO,>
PIRRIEWE (& 1) . R 9Kk E SR
FETLA, BB 715 401 B A 0 38 00 22 TV 0 R 45 1)
SERRRE

HE— A %} HPAA/ACMSP HEAT 5 40 9385 5 i 8
WL K B, HPAA/ACMSP 4k &2 & ) 52 81 BRE
TURL . FR T L 07 S PR 0 3 i DX A S B
B4 A7 5 I BB A, AT DUGIE B HPAA/ACMSP A TG /2
TEARAS s RIS, T K BB IS 45 R &, R AT HPAA 1Y
e VEOTE , 50K TCE Y R S B AR Y A5 LB
B HRIC R i — 5, R HPAA 5 0058 JE B BR 45
PERZ M AEAE A BAE R B T A HL-TC LI JE
ARG A (E2), il FaRsSeR:, uk il i o &
BT B AR AL 2% 0 2 Y W IR A i SR
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@ Mg*/Ca**=1:5 @

Mg**/Ca**=1:10

Q Mg**/Ca**=1:15

100 nm 100 nm 100 nm
d
6
- > 6
z =4 n
= 32 =
E2 = £2
051.0152.02.53.03.54.04.5 05101520 2.5(3\5) 3.54.04.5 0.51.01.52.0 2.;1(3\5) 3.54.04.5
Energy/keV nergy/ke nergy/ke
1236 1036
1036
E é —§ 1050
5 5 s
F z z
<
=< - 100
910
920 960 1000 1040 1080 920 960 1000 1040 1080 920 960 1000 1040 1080
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a: HPAA/ACMSP (high-molecular-weight polyacrylic acid-stabilized amorphous calcium magnesium strontium phosphate) nanocomposites (the
Mg**/Ca* molar ratio equals 1:5); b: HPAA/ACMSP nanocomposites (the Mg**/Ca** molar ratio equals 1: 10); ¢: HPAA/ACMSP nanocomposites

(the Mg**/Ca®" molar ratio equals 1:15). TEM (transmission electron microscopy) analysis showed nanoparticle formation across all Mg** concentra-

tion groups and EDS (energy dispersive X-ray spectroscopy) confirmed the presence of Ca, Mg, Sr, P, C and O elements across all groups (the Sr**/

Ca®* molar ratio equals 1:10), while characteristic PO,” bands at 910 ecm™ and 1 036 cm™ in FTIR (fourier transform infrared spectroscopy) spec-

tra demonstrated preserved amorphous calcium phosphate (ACP) structure despite ion doping
Figure 1 Morphological and structural characterization of HPAA/ACMSP nanocomposites with varying Mg>* concentrations
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a: HRTEM (high-resolution transmission electron microscopy) confirmed spherical morphology of HPAA/ACMSP (high-molecular-weight poly-
acrylic acid-stabilized amorphous calcium magnesium strontium phosphate) nanoparticles with uniform size. b: SAED (selected area electron dif-
fraction) patterns showed the amorphous structure due to absent diffraction rings and spots. ¢: EDS (energy dispersive X-ray spectroscopy) mapping
illustrated homogeneous distribution of C, O, P, Ca, Mg, and Sr, indicating organic-inorganic interactions (the Sr**/Ca®* molar ratio equals 1:10; the
Mg**/Ca®* molar ratio equals 1:15)

Figure 2 High-resolution transmission electron microscopy images of HPAA/ACMSP nanocomposites and elemental analysis

B2 HPAA/ACMSP 442K &9 0 1= o0 PR 15 O i 5 R e 2 0 #r

a: incomplete mineralization occurred with visible D-periodicity at Mg®*/Ca® = 1:5. b: partial mineralization appeared with residual periodic struc-
ture at Mg*"/Ca®* = 1:10. ¢: complete intrafibrillar mineralization developed with obscured collagen bands at Mg®*/Ca** = 1: 15 (the Sr**/Ca®*
molar ratio equals 1:10). MSHA/Col: magnesium-strontium co-doped hydroxyapatite mineralized collagen

Figure 3  Scanning electron microscopy images of MSHA/Col under different Mg?* concentrations
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a: scanning electron microscopy (SEM) image of MSHA/Col (magnesium-strontium co-doped hydroxyapatite mineralized collagen) showing fully

mineralized collagen fibers (Scale bar: 500 nm). b: energy-dispersive X-ray spectroscopy (EDS) quantitative analysis of MSHA/Col, indicating the
presence of Mg (0.72 wt%) and Sr (2.89 wt%). c: elemental distribution maps of MSHA/Col. d: SEM image of HA/Col (hydroxyapatite mineralized

collagen) showing fully mineralized collagen fibers (Scale bar: 500 nm). e: EDS quantitative analysis of HA/Col. f: elemental distribution maps of
HA/Col. g: X-ray diffraction (XRD) patterns of MSHA/Col and HA/Col, showing characteristic hydroxyapatite peaks (e.g., 002 at 25.9° and 211/
112/300 between 31° ~ 34°); h: fourier-transform infrared spectroscopy (FTIR) spectra of MSHA/Col and HA/Col, displaying collagen amide bands
(Amide I at 1 650 em™, Amide II at 1 550 ¢cm™) and phosphate peaks (1 017 ¢cm™, v,P0,); i: thermogravimetric analysis (TGA) curves of MSHA/

Col (mineral content: 78.29%) and HA/Col (mineral content: 76.80%)

Figure 4 Comparative morphological and physicochemical characterization of MSHA/Col and HA/Col
4 MSHA/Col 5 HA/Col HJE MR 2% S BAL PE BEXT L 43 #7
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a: the porosity of the pure collagen (Col) scaffold, hydroxyapatite mineralized collagen (HA/Col) scaffold, and magnesium-strontium co-doped hy-

droxyapatite mineralized collagen (MSHA/Col) scaffold was measured by the liquid displacement method. The porosity of the MSHA/Col scaffold
was measured to be 91.6% + 1.1% by the liquid displacement method. Data are presented as mean = SD (n = 3). *P < 0.05, **#*P < 0.001. b: the

cumulative release profiles of magnesium (Mg?*) and strontium (Sr**) ions from the MSHA/Col scaffold in phosphate-buffered saline (PBS) over 1,

3,7, and 14 days (n = 3) showed an initial rapid release phase within the first 3 days, followed by a sustained release plateau. c: the in vitro degra-

dation profile of the MSHA/Col scaffold over 2 weeks, presented as cumulative mass loss (n = 3), demonstrated a slow degradation trend, with a

final mass loss of 36.0% + 1.5%, indicating good degradation stability

Figure 5 Porous structure, ion release, and in vitro degradation performance of MSHA/Col
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a: viability of MC3T3-E1 cells cultured in media containing extracts from blank control (culture medium without material extracts), hydroxyapatite
mineralized collagen (HA/Col ) scaffold, and magnesium-strontium co-doped hydroxyapatite mineralized collagen (MSHA/Col) scaffold for 24, 48,
and 72 hours, as determined by CCK-8 assay. Data are presented as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
b: representative fluorescence images of live/dead staining after 72 hours of culture. Viable cells were stained green with calcein-AM, while dead
cells were stained red with propidium iodide (PI). Scale bar: 100 pm

Figure 6 Cytocompatibility evaluation of MC3T3-E1 cells cultured with material extracts

B 6 MC3T3-E1 42 RHR S WAk BES ) 240 M A= Y AR 25 VR 3

Blank control HA/Col MSHA/Col

Representative images of alkaline phosphatase (ALP) staining (day 7) and alizarin red S (ARS) staining (day 14) of MC3T3-E1 cells following osteo-
genic induction culture with extracts from blank control (culture medium alone), HA/Col (hydroxyapatite mineralized collagen), and MSHA/Col
(magnesium-strontium co-doped hydroxyapatite mineralized collagen)

Figure 7 Alkaline phosphatase and alizarin red S staining for evaluating osteogenic differentiation
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mRNA expression levels of osteogenesis-related genes in MC3T3-E1 cells cultured with extracts from blank control (culture medium without mate-
rial extracts), hydroxyapatite mineralized collagen (HA/Col), and magnesium-strontium co-doped hydroxyapatite mineralized collagen (MSHA/Col)
for 14 days. a: runt-related transcription factor 2 (Runx2); b: collagen type I (Col-I); c: osteocalcin (Ocn); d: osteopontin (Opn). *P < 0.05, **P <
0.01, *#%P < 0.001, ns: not significant. Data are presented as mean + SD (n = 3)

Figure 8 RT-qPCR was used to detect the effects of the MSHA/Col scaffold on the expression of osteogenesis-related genes in

MC3T3-E1 cells
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a: representative western blot images of runt-related transcription factor 2 (Runx2), collagen type I (Col-I), osteocalcin (Ocn), osteopontin (Opn),
and the loading control B-actin in MC3T3-E1 cells after 14 days of osteogenic induction with extracts from blank control (culture medium without
material extracts), hydroxyapatite mineralized collagen (HA/Col), and magnesium-strontium co-doped hydroxyapatite mineralized collagen (MSHA/
Col). b - e: semi-quantitative analysis of the protein expression levels of Runx2(b), Col-I (c), Ocn (d) , and Opn (e). *P < 0.05, **P < 0.01, ***
P < 0.001, ns: not significant. Data are presented as mean = SD (n = 3)
Figure 9  Western blotting was used to detect the effects of the MSHA/Col scaffold on the expression of osteogenesis-related pro-
teins in MC3T3-E1 cells
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