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Morphology and Biological Function of Calcium Phosphate Regulated by Elemental Doping
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Abstract: The inorganic composition of natural bone tissue is mainly calcium phosphate and consists of a variety of other elements
necessary to maintain life activities to ensure the normal growth and development of bone tissue. In the preparation of calcium
phosphate biomaterials, elemental doping can effectively regulate the morphology of calcium phosphate and have antibacterial
properties, immune regulation, angiogenesis, osteoinduction and other biological functions. This review represented the regulatory
effects of single-doping or co-doping of Mg, Zn, Sr, Cu, Ag, Co, Ag, Mn, and rare earth elements as well as Se, Si, and F in a variety of
calcium phosphate on the structural morphology and biological function of materials. In addition, the future research work of calcium
phosphate biomaterials was also proposed to provide a reference for the future research of novel scaffolds in tissue engineering.
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Fig. 1 Schematic diagram of element doping regulates material properties and biological function of calcium phosphate materials
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(a) SEM images and EDS spectra

(b) RT-PCR for BMSCs gene expression

RT-PCR for gene expression, including the BMP2 gene, OCN gene, OPN gene, and RUNX2 gene (*p<0.05, significant; **p<0.01, highly significant).
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Fig. 2 Magnesium regulates the morphology and osteogenic activity of hydroxyapatite
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Fig. 3 Morphology and biological function of HA regulated by Cu
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Fig. 4 Schematic diagram of the reaction mechanism of HA/Se-HA and its role in the fate of mesenchymal stem cells (MSCs)"**!
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(a) SEM images of Mg/Zn-HA

(b) Fluorescence staining of OBs cultured in Mg/Zn-HA

(c) Expression of BMSCs osteogenic genes in Mg/Zn-HA
K5 Mg/Zn 345 2400 HA T30 b FLAR i 1k B Fr s i %)

Fig. 5 Effect of Mg/Zn co-doping on HA morphology and its osteogenic properties

3.1.2  EEAEXUB 4 Scalera 2524 gk a2 1y
Mg. Sr #ZIEBEK A (Mg/St-HAYK AR, T
i) 2% = B2 DU 2 AL 3CHE, Ho 0.5Mg/Sr—HA R i
LS AP DR, AT R AR SRR A B B R B
(I 2 S 5k k. Wang 5 U KOG Wi iR R AE
Ti MAYIEEAE Mg/Sr-HA &2, 5Sr5Mg-HA
MR H & E AP ALP W&, Rk
RUNX2. OPN. OCN Hj#ik, FHHEH Mg/Sr—HA

[38]
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A A8 . Ullaht! R 46 B 7 Wik B R R Bk & 4 0
& Efil& Zo/Sr-HA R E. RWERIHESMES
SREE, VAR RUFHIAEMIMANE. PrEEtEne.
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R Z$ 5 HA P RS /. Kulanthaivel 251 7Y
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BHEE S, JEIL{E#E RUNX2. HIF-la. VEGF %[
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HEW Se MR FLM -1 38 HA (442 hae!,
A DML R E RS AR, Singh 80 it
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PAEE, AEF T 2RI . Chen 10N
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#H Sm-HA MR 124, Sm 5] Aff
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i 45 4 R A 5 20006 e b 0 RN ARG 0 453 F 12 4 3t
Al RE.
3.2 B RFIB TR

RS )RR RRES A R BN
DA BB R I IR T B RR AS AR B e B A% A%
fRRUIMAE . BB S 2 HAEYF IR, £t

(a) SEM images of Se/Sr/Zn doped HA

OD is optical density.

(c) Bacterial activity of E. coli (d) Bacterial activity of S. aureus

FIB ISR 2 B2 1 .

AL Mg, Mn. Sr JEHUR HA, 4530 ER
St [IAFAEAETS HA FF Mg Fl Mn [ 52PRi5 44 2 &,
HARFRE S A AT, Gopi 251l i #0s
WA A Sty Mg A1 Zn JEHUR [ 9 K 32 3L ol
i (St/Mg/Zn-HA), {E pH=10 I3 Bit KA
Sr/Mg/Zn—HA #KFikL, I FEAA MR (SBF) 4 4
RIRIU A . FAZESEIPE R SBE P
Na's Mg™, @M F, #l% = nkiks
LW AT (Na/Mg/F-HA). Bi# F & &, HA
UKL 128 7 BRI 3% A8 OB R 5 4 o [F] I Na/Mg/
F-HA 4 2 (U8 & BRI LA — @ sl e .
Rajendran 2£"Y7E HA A5 A\ Mg. Zn #1 Co,
5 AT HA FEE, Mg/Zn/Co-HA TEARHIEAS AL,
AR, A EUF I EYDIETE . A0S 7 AP TS
RATATIPDEATH % Se. Srv Zn =IGEB 4 HA
(Se/St/Zn-HA) K I, 7% Se. Sr 8l Zn AIXf HA &
WA HEAT IS, H Se/Sr/Zn—HA [T
—ILERBR HA MIBATEE . XL SRE T
Se/St/Zn-HA HILH RIFHIETRBAT A, AR
et MC3T3-E1 HGEF B E i ge )1, LA —
SE FIPL B AP IR PERE (B 6), B R A 5 B b
B A B B0 R SR A i SR 2%

(b) Fluorescence staining of OBs

(e) ALP activity of BMSCs (f) Activity of MG63

KBl 6 Se/St/Zn =L EB I HA RS TSR S A2 o agl1?)

Fig. 6 Se/St/Zn co-doped HA regulates the morphology and biological function
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Tablel Common element doping regulates the morphology and biological function of calcium phosphate

Eement

Regulative effects

References

Magnesium (Mg)
vascularized bone regeneration
Zinc (Zn)

Regulate crystal growth. Improve mechanical properties. Regulating bone immunity and accelerating

Regulate the morphology, size, and crystallinity. Antibacterial activity, regulation of immune cells and

[11, 15,22-23]

[11,24, 34-42]

bone metabolism. High content inhibits osteogenic activity

Strontium (Sr)

osteoclasis. Accelerate new bone formation

Regulate the morphology. Enhance mechanical properties. Promote osteogenic activity and inhibit

[11, 36, 43-49]

Copper (Cu) Regulate the morphology and size. Antibacterial properties. Promote vascularization and induce [20, 50-59]
osteogenesis; High concentration produces cytotoxicity

Silver (Ag) Regulate the morphology. Low concentration without cytotoxicity. Extensive antibacterial activity [60-69]

Cobalt (Co) Regulate the morphology and size. Inducing hypoxia response, stimulating angiogenesis, and promoting [70-77]
osteogenesis. High concentration produces cytotoxicity

Manganese (Mn) Regulate the morphology and crystallinity. Promote osteogenic differentiation and bone calcification; [51, 78-83]
Only active at low concentrations

Rare earth elements (REEs)  Imaging visualization. Antibacterial properties. Promoting bone differentiation and new bone formation [84-89]

Selenium (Se) Regulate the crystal growth, morphology and size. Anti-tumor. Antibacterial. Promoting bone formation [63, 90-96]

Silicon (Si) Regulate the morphology and phase transition. Regulate cell behavior. Promote vascularization and [51,97-101]
osteogenesis

Fluorine (F) Regulating crystal structure. Improve stability. Antibacterial properties. Regulate bone homeostasis. [63, 102-108]

Promoting bone formation
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