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Abstract: Doping of trace elements is an effective way to endow hydroxyapatite with more biological functions. But
the behaviors of different element doping remained to be further revealed. Here, nine kinds of hydroxyapatite particles
containing zinc, silicon, magnesium, iron, manganese, copper, strontium, selenium, and cobalt, respectively, were

prepared by parallel hydrothermal synthesis, and their physicochemical properties were studied. The results show that
the morphology and crystal growth direction of hydroxyapatite particles are significantly changed, while the phase
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composition is maintained. The peak intensity of (211) and (112) plane diffraction peaks decreased, accompanied by

decreased crystallinity. Analysis results show that the actual doping efficiency obeys the tendency of manganese > zinc >

magnesium > iron (trivalent) > strontium > cobalt > copper > selenium > silicon. Among these elements, doping

amounts of Mn, Zn and Mg are higher, because their ion radii are closed to that of Ca®". The low doping efficiency of

copper is caused by its complexation with ammonia in synthetic solution, while silicon and selenium are caused by

different geometry and charge of SiO;*, SeOs> from that of PO,”. This study reveals the reasonable relationship

between doping behavior and ion characteristics, providing a useful reference for design and development of

functionalized hydroxyapatite.
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Fig. 1 SEM images of hydroxyapatite samples doped by diff-
erent elements at 1%, 3% and 5% doping amount
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Fig. 2 XRD patterns from 26=20° to 70° of hydroxyapatite samples with 5% doping amount
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Tablel Crystallinity and lattice parameters of 5%
element doped samples (1 A =0.1 nm)

Sample  Crystallinity/%  a/A b/A c/A
HA 97.24 9.44 9.44 6.89
5%Zn-HA 82.60 9.45 9.45 6.88
5%Si-HA 95.19 9.43 9.43 6.88
5%Mg-HA 85.75 9.45 9.45 6.88
5%Fe-HA 95.40 9.44 9.44 6.89
5%Mn-HA 94.01 9.42 9.42 6.87
5%Sr-HA 85.37 9.44 9.44 6.90
5%Se-HA 92.85 9.43 9.43 6.88
5%Co-HA 92.31 9.43 9.43 6.88
5%Cu-HA 91.15 9.45 9.45 6.88
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Fig. 3 FT-IR spectra of functional groups of hydroxyapatites doped by different elements at 5% doping amount
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Table2 lon (atom) radius size of doped elements

Ton Radius dimension/nm
Ca* 0.099
Sr** 0.113
Mn?** 0.080
Co?* 0.074
Zn** 0.074
Cu? 0.072
Mg** 0.065
Fe* 0.064
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Fig. 5 Spatial configurations of phosphate ion and #n-silicate ion

3 4t

B S — AT K IVE R E, A IR T
THELOREC BEL B HR. M. AE. BE. B AUMOCE
1E HA FB 34T N SO = PRt B 520 o JURh o
FYIMIB A, N HA itk JCRB AT [ Rk
KBRS, BRIG T 458, (AU HA Pl 4h
FIFVRFAE B RE BT . TCERAHXT 5 28 I RN HEF N
Mn>Zn>Mg>Fe( = /I )>Sr>Co>Cu>Se>Si, H 3 ]
POERENBRBE TERE Ca BRI ER.
Ak, Co ML N Cu HRA ML EAEH R 55
M HAB 247N, Si Fl Se HISERRB A EELZEHT
Si0s* Al SeOs™ 5 HA 1 PO,> KL P B % 4% 1]y
RS AW B0 K & R BB A0 o & A Y]
BT i, MHARCR MM LIGER . KR IT R SRRk
TERBRIEEHFRI. AHFE N TR EBRITN
KAMBT, #n T HA BIR55EFRIE 8]
R, NITHITKIIREME TR B4R 1) HA MR
ft 7 IR SRR

S L Hk:

[1] BOANINI E, GAZZANO M, BIGI A. Ionic substitutions in
calcium phosphates synthesized at low temperature. Acta Bioma-
terialia, 2010, 6(6): 1882—1894.

[2] LAKHKAR N J, LEE I H, KIM H W, et al. Bone formation
controlled by biologically relevant inorganic ions: role and
controlled delivery from phosphate-based glasses. Advanced Drug
Delivery Reviews, 2013, 65(4): 405-420.

[3] CHENG Y, WANG M, WANG X X, et al. Investigation on in vitro
osteogenic properties of malti-doped hydroxyapatite with natural
bone content. Journal of Inorganic Materials, 2016, 31(12):
1341-1346.

[4] EMHE. M. 8. BRI SR R A
FIRETE. L hEBEEBER A (T E R A B L ERR R T
EEAr8 3L, 2018.

[5] GOMES S, VICHERY C, STEPHANE D, et al. Cu-doping of
calcium phosphate bioceramics: from mechanism to the control of
cytotoxicity. Acta Biomaterialia, 2018, 65(1): 462—474.

[6] XIAO D Q, TAN Z, FUY, et al. Hydrothermal synthesis of hollow
hydroxyapatite microspheres with nano-structured surface assisted
by inositol hexakisphosphate. Ceramics International, 2014, 40(7):



1096

WL MR

i F 365

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

10183-10188.

QIAO Y, ZHANG W, TIAN P, et al. Stimulation of bone growth
following zinc incorporation into biomaterials. Biomaterials, 2014,
35(25): 6882—6897.

KIM H, MONDAL S, BHARATHIRAJA S, et al. Optimized
Zn-doped hydroxyapatite/doxorubicin bioceramics system for effi-
cient drug delivery and tissue engineering application. Ceramics
International, 2017, 44(6): 6062—6071.

Gt es. AR R SRR R, T RME TR
2008, 15(7): 19.

BEJARANO J, DETSCH R, BOCCACCINI A R, et al. PDLLA
scaffolds with Cu- and Zn-doped bioactive glasses having multi-
functional properties for bone regeneration. Journal of Biomedical
Materials Research Part A, 2017, 105A(3): 746-756.
IGNJATOVIC N L, AJDUKOVI Z, RAJKOVI J, et al. Enhanced
osteogenesis of nanosized cobalt-substituted hydroxyapatite.
Journal of Bionic Engineering, 2015, 12(4): 604-612.

ZHENG Y, YANG Y, DENG Y. Dual therapeutic cobalt-incorporated
bioceramics accelerate bone tissue regeneration. Materials & Engi-
neering C, Materials for Biological Applications, 2019, 99: 770-782.
LI X, WANG Y, CHEN Y, et al. Hierarchically constructed
selenium-doped bone-mimetic nanoparticles promote ROS-mediated
autophagy and apoptosis for bone tumor inhibition. Biomaterials,
2020, 257: 120253.

WANG Y, WANG J, HAO H, et al. In vitro and in vivo mechanism
of bone tumor inhibition by selenium-doped bone mineral nano-
particles. ACS Nano, 2016, 10(11): 9927.

PORTER A E, BEST S M, BONFIELD W. Ultrastructural com-
parison of hydroxyapatite and silicon-substituted hydroxyapatite
for biomedical applications. Journal of Biomedical Materials
Research Part A,2004, 68A(1): 133-141.

BENGIY, AMMAR Z A, ZAFER E. Co-doped hydroxyapatites as
potential materials for biomedical applications. Microchemical
Journal, 2019, 144: 443-453.

ARA, FERMR. BRI 2 5 B A A B ) 48 D7 VAR AR W) 2 R AE
P E H A TRERE 7T, 2018, 22(6): 938-944.

VARITSARA B, XIAOAN Z, LI T, et al. Silicate-based bio-
ceramic scaffolds for dual-lineage regeneration of osteochondral
defect. Biomaterials, 2019, 192: 323-333.

DJORDIE V, TAMARA M, TANJA S, et al. Mg/Cu co-substituted
hydroxyapatite-biocompatibility, mechanical properties and antimi-

[20]

[21]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

crobial activity. Ceramics International, 2019, 45(17): 22029-22039.
LIN K, XIA L, LI H, et al. Enhanced osteoporotic bone rege-
neration by strontium-substituted calcium silicate bioactive cera-
mics. Biomaterials, 2013, 34(38): 10028-10042.

DING Q Q, ZHANG X J, HUANG Y, et al. In vitro cytocom-
patibility and corrosion resistance of zinc-doped hydroxyapatite
coatings on a titanium substrate. Journal of Materials Science,
2015, 50(1): 189-202.

ALSHEMARY A Z, GOH YF, AKRAM MU, et al. Barium and
fluorine doped synthetic hydroxyapatite: characterization and
in-vitro bioactivity analysis. Science of Advanced Materials, 2015,
50: 189-202.

NOURI-FELEKORI M, KHAKBIZ M, NEZAFATI N. Synthesis
and characterization of Mg, Zn and Sr-incorporated hydroxyapatite
whiskers by hydrothermal method. Materials Letters, 2019,
243(MAY 15): 120-124.

WANG Q, LI P, TANG P, er al. Experimental and simulation
studies of strontium/fluoride-codoped hydroxyapatite nanoparticles
with osteogenic and antibacterial activities. Colloids and Surfaces
B: Biointerfaces, 2019, 182: 110359.

KIM H, MONDAL S, BHARATHIRAJA S, et al. Optimized
Zn-doped hydroxyapatite/doxorubicin bioceramics system for effi-
cient drug delivery and tissue engineering application. Ceramics
International, 2018, 44(6): 6062—6071.

MA X, PENG W, SU W, et al. Delicate assembly of ultrathin
hydroxyapatite nanobelts with nanoneedles directed by dissolved
cellulose. Inorganic Chemistry, 2018, 57: 4516-4523.
KARUNAKARAN G, KUMAR G S, CHO E B, et al. Microwave-
assisted hydrothermal synthesis of mesoporous carbonated hydro-
xyapatite with tunable nanoscale characteristics for biomedical
applications. Ceramics International, 2019, 45(1): 970-977.
MONIKA S. Substituted hydroxyapatites for biomedical applica-
tions: a review. Ceramics International, 2015, 41(8): 9203-9231.
TOUNSI H, DJEMAL S, PETITTO C, et al. Copper loaded hydro-
xyapatite catalyst for selective catalytic reduction of nitric oxide
with ammonia. Applied Catalysis B Environmental, 2011, 107(1):
158-163.

HE LEI, LI HONGYU, CHEN XINGYU, et al. Selenium-substituted
with
osteogenic differentiation and anti-tumor effects. Ceramics Inter-
national, 2019, 45(11): 13787-13789.

hydroxyapatite particles regulated microstructures for



