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The progress in the researches on the crystal chemistry of zinc in bioapatite
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Abstract: The crystal chemical behavior of zinc in bioapatite is different from that in geological body, thus the tra-
ditional theory of apatite isomorphism substitution is not completely applicable to the Ca site substitution in bioapa-
tite. In order to explain the appearance of zinc in bioapatite, the authors made a review on the existence of zinc and
the mechanism of zinc substitution for Ca site and the influence of zinc substitution in this paper. The implications
of crystal chemistry of zinc in bioapatite on the diagnosis and treatment of human tumors were also discussed. Both
theoretical and experimental results show that zinc incorporation into bioapatite can take place by occupying the Ca2
vacancy of the defect complex and the local structure would shrink as a whole. The substitution of zinc would have
a great impact on crystallite dimension, crystallinity, cell parameters and so on. When zinc is fixed in the lattice of
pathological calcification associated with human tumors, it might affect the zinc content in surrounding tissues and
body fluids, thus affecting the metabolism of zinc in human body.
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b5 AR A R B AR Dk b RO HE B 4 R A 2
TN, AW IR AT A A S5 W AR AR 22 T
PR AR P 22 IR Y 15 ( Legeros and Legeros, 1984;
Bigi et al. » 1992) . AATEEIR & FF U, H 200
WUBSY ¥ BE B K A1 CHAP) (223545, 2008 5K 7%
4, 2009; HEAERE, 20120 BEABEIE AR
HH WL — PP R AE Randall °s plaque( RP) [ BEER, 1%
PRERAIEN A I B 45 40 T B — A0 4 RORI B s
HEZ MRS JF ) HAP(Randall, 1944; Evan et
al. » 2006« SEpr b, NARJURHT IR CFLARE |
PRI L G SRR L 0 R D 48 v PR A — 8 A 1L
B5AK IR B i WA A ) HAP( Frappart et al. , 19865
Haka et al., 2002; ##5 j& %, 2008; & 3 %%,
2009; FEAKEKAE, 2011; FEARMEAE, 2011a, 2011b;
i F R, 2015) 0 LB AW Ak A bR R AT LUK
WF| Zn JC FK 1 7 7F ( Beattie and Avenell, 1992;
Tvinnereim et al. , 1999; HE4E7, 2012; o % i# 5%,
2013b, 2015, H & & T 100 x 10 ¢ 5 [ 9%,
1998; Merlin et al. , 2012)

TEAE B RS, HAP BB LU 1 AR )
AL AL, B9 AR 8 4L U8 Bt o B 4
B8, AN TORE AR IE) 2 N H] T8 AR A
AR} ( Suchapnek and Yoshimura, 1998; Sanosh
et al. , 2009) , & Al HE— 25 B SR BEAL KL (K] HAP
BRI HEL TS AR B4 (Tto et al. , 20003 Tamp-
ieri et al., 2001; 3K %% U5, 2009; Zhang et al. ,
2018 o Ay Tl AL Wi PR N ) 5 22, i A HAP
s In— 28 oe R DL L RE, & Zn FREEBE KA (Zn-
HAP) it He b AR5 B — SR vE R, HAT 3k
AR 18 50 b RE (2 B R 45, 2008,
2009; Zhang et al., 2018). W54 IE (M) A B Zn-
HAP 1 Zn** B AR B BRAEAE — 58 22 5, BER 7 A
15% ~25% (Bigi et al. , 1995; Miyaji et al. , 2005;
Tang et al. s 2009; Ren et al. , 2009) .

Zn {EML TSP FEAL 100 x 107, H Zn F Ca
(B TP ARAR ZE 8K, TR A T A S R A Zn %)
BEAATH Ca " PR CHRIR 355, 2009) , BRIk, 24
BEAAT ) Ca A7 4 HATRF IR AL G RO A 2R
FERMG B 0 3L Ca LB HIF A e 2 iE . &
TR, BT A IR Ak e AR ) B S AR 5
32K, Zn ££ HAP 1 A AE SR AR AR 2247 51k T
[T R (B §E %, 2013b, 20155 Zhang et al. ,
2018)

PRI AT IROBT R A A B B 2R AT O
FOPT & 8 3 1 2 () A % VI AH 9%, Zn 15 48 Ca B AL
B SO LR ARG R G5 RE ) B A 2 Vo 48 3
—E M ( Legeros et al. , 1999; Miyaji et al. , 2005;
Hayakawa et al. , 2007), K T fi# Zn 5 X\ HAP [ A
BB LA K Zn A2 AP0 A0 v fR i AR Ak 2247 D AR
WS, HAP 45 FALAEIE & T Zn BURIO I A
[ F) BH 5147 55 Cal F1 Ca2( Tang et al. , 2009; Mat-
sunaga et al. , 2010), 8 H i) 12 MW A 1
Zn-HAP [, (H 45 T AE 4 A 5 A — 2 Barrea et al. ,
2001; Hayakawa et al., 2007; Tang et al., 2009;
Matsunaga et al. » 2010), HAP H Zn 1 AL, U
FORE G LIRS AN AT E . ALELRIE T
WANE T DB IR AT Zn BIAFAE R Zn X Ca
(AR AL A Zn XA A2 0 ol A 1) 5% W) 45 77 18T
IR FLRE e L BLIR, IR I8 T Zn 7EAE DB AT )
A AL RIS N IR 2T BOR 7-AF

1 ARG A 2 o [RGB e LR

F2 0L B K 41 CHAP ), PR AR fk 2 0k
Cas[ PO, 1,COHD , J& T —RFLE L9, v LR A=
ZRBABH AR ST I 2R G AR )
B, XP A5 (2003) HEAT I BN TER I 273 : 78 Ca 7
T AFAE RPN () BH B 7 B A XTI ORI Cal A7
AN Ca2 A7, Z AR R AR AR 46 8 5
TR LLHE N P B R BT 2 S
Mn?* . Fe** . Ba?" 25 4k, B & H B Ce’* . La’™ .
Nd** \Sm** Y25 3 M LR S PR Nat 25 1 1
GIEET . KT Zn®t B AR IRE D W, A BRR T
(2006 ) 5% H LK il B 27 B 4R C CCSD O RiME 5 v g
KA R B, B A T & A L 1 Zn.

W 3 AR 5 et A R SIS T[] BT T s 2L 4% B
NEAF A EFARIE T CB O R/AIE 8PS
W) ) LA S RSP AT AR ABL 1 25 B 1 O ) 2
ZAFe B b, 20 5 Ca™ B TN B PR,
B A Y B, J5 8 I R Y B s Zn® R
Ca™ R 2PARH 25K, 23 9124 0. 074 nm A1 0. 099
nm, B F AN S BAHEUR, Hi s /E H Hhod s A
FL A AT T A RE T A BRI 28 0 R B AR IR 3 5
&, 2009), 2 Zn 7 HL 5T FH E AR E 100 x
10 %, At Zn 7 HAP " (K7 AEFEAT 1 20
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2 Zn AEEMIWEIRATH T ATAE

LI AR 40°C 1N AR AL AR 4 F 5 Zn
ST 5 (Murray and Messer, 1981 ) F14 14 ( Tvin-
nereim et al. , 1999; Milaim et al. , 2018) UL M ¥&7E
1995 BE Pk 85 46 ( Carpentier et al., 2011; Merlin et
al. , 2012; HEFEL, 2013b) . Zn |2 AEAETH
b, R E0C 0.0126% ~0.0217% ( Beattie and
Avenell, 1992), n] DLl ¥ 3h 9 & 1) &K & M 4k
( Yamaguchi et al. , 1987) . FAi# KILEH — € &
1 Zn, H 9% I AE 30 55 %% 5% 1948 75 571 ( Tvinnereim et
al. ,1999) , Takatsuka 2%( 2005 ) il it 525 5 UFE T ZnO
XoF 5F AT (K30 B H S Zn R e E W) o) i o 21 47
(O™ A 3 2 BT 9 2 168 95 A R 75 X ( Milaim e
al. , 2018) . Carpentier % (2011 ) Xf 2 /4~ RP ] Zn
AT T, 45 R I AR > 5000 x 10°°,
A T A R 0 Zn &, $E0R Zn ] DU R
Jo (8] 5 4ot R 45 R U AN ( Negri and Luis, 2018), B
SGABREMN I HMEEER T IEF 2l H
(Trincheri et al. , 1992), K& & Zn A= WA
5 B N A B AH O CTurney et al.
2014) . Merlin "5 (2012 £1| H /s 75 45 8 1146
T CICP ) sF U SR R R R840 A 425 48 v 119 S HL
JCFEBAT T I, WAF I O 0 3 Zn RS & T
100 x 10 . i B EEZE(2013b) A B4R 4 5 X
U 2 56 Cu-SRXRI) X FLIRAS [ 2 05 A2 45 14,4 13F
17T JCE AT, A B s X S 45 40 49 o 1 55
% 7n.

LA 2RI AT, 27 38 TR s s — Tt e 72
(Jallot et al. , 2005; Miao et al. , 2005; Z=HJ KK %,
2009) YA 275 (Ren et al. , 2009) 7K #3k (Li et
al. , 2008; ZEWIRK%%S, 2008; Xiao et al. , 2008) LM
W2EPUTETE(Bigi et al. » 1995; Legeros et al. , 1999;
XK 55 2%, 2003; Miyaji et al., 2005; 7% W] BK 45,
2008; Tang et al. , 2009; # RS, 2010; Matsunaga
et al. , 2010; Alioui et al. , 201 TN EXR T &
i Zn [f] HAP.

3 Zn SNLEDWERAT BARBLG

W2 0 FE T, HAP AT — i@ 1 1) B 28
45} ( White et al. » 2005) , HAEWFf Ca {7 5 Cal F

Ca2) L] 2% 40— & ® /) Zn(Ma and Ellis, 2008;
Matsunaga, 2008; Tang et al., 2009; Matsunaga et
al. » 2010) o X}F Zn 5\ HAP [ EAKMLE], 247
TELLR 3 AP e
3.1 WHMHMER

Bigi 55 (1995) S5 & B () HAP ¥3 K 1) Ca/Zn
1 SHIEV I T Ca/Zn A JLT-AHZE, B 5251
A Zn WPE IR RIS, Hk K5 Zn
BB A A A PR A A AR T v A% 3 18 AN BTG
JE 5o Barrea Z5(2001) F 3 X 5 28 W 80K 4i
GERITECEXAFS)WEIY T Zn 76 NAEF 6B (1) 55— 5%
JEBCAT , I E S ERAE S (1 Zn 5 DY AR BCAL, H
RN Zn WP T HAP Kifil. JH SO 25 (2007)
5K LA (2008 ) F I & 7 8 5¢ il & HAP, % & 7K 41 i
Zn® " AT TR, R0 HAP X Zn®* 1WA
B PAT, AT RE ], PR % — BHARFRMR A T
B, H HAP X Zn’* [ B £ 4 Freundlich 1 Lang-
muir W5, 95 A HAP X Zn® R AT LLE 7
AL e W B R T o Ay 3 R B A
3.2 Zn HEANBEEK Ca

Takatsuka %5(2005) 1l i %} Zn0/Zn0 + ZnCl, &b
PR A FE i IR R R R & G Zn-HAP,
ZnCl, ALY HAP 54 5 AT X5 2 2 100 W i ol
( XANES) F EXAFS X L6437, WA Zn #E N HAP &
0T Cao Barrea %5(2001) 1) EXAFS 45 1 %
W R P ERAE S P ) Zn 5 )\ THRECAT , 5 FARRE A Zn
HENT HAP i #% . Matsunaga %5 (2010) %4k 22 3T E
LA NI Zn-HAP () XRD 4 BT ilE 528 1% R A 5 — 1)
A, HAE G AE 773 K MR KJS 1) XRD Fil XANES 45
FBA B, A A B 1 Zn®* AN 2 fa] 5 1 i
BAE HAP R, M2 HEN T HAP ffs. 2= W RR &5
(2008) K F /K #4321l £ 40 K Zn-HAP, K BL B #5
Zn® TR, UY a BRI ¢ Bl 1) 1K) HAP &R R
SRS E o T e DA B AR RR I8 B kN e A
NZI S Zn 3E N HAP A% 5142 ). Ren 45
(2009) SR 255G 20K Zn-HAP 4T T 21X
PR U AR B, DAHE BRI B A T4, AH G S5
gERBUES Zn BEN HAP 58 F AR T Ca, A&
7 5 H W B AE HAP 3K 1H 2 AE S A e Alioui %5
(2019) XFUTTEEE A B Zn-HAP BEAT 038 1 45 5
KW Zn HENT HAP §h#% .

WK 1 Bros, 76 HAP &5, Cal “FAT ¢ i HE
071 VA R Y v e i N I O U T Nl T
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X[ PO, TV AR 9 AN A1 T O AHEEC K 1a 1b), &
9 RALAL, Horr 6 ANMABIT ) O Ji-1(3 /> 01 F13 A
02 Ji 7, 43 5 oy A AE S AL A B R 2D 5 Cal
JEREAR Cal—PO, & 48, 535k 3 ANEGE A 03 Jif
T (Bl 1b), Cal—0, % ik [ L HERE; 12 45
Ji NP EL PO, 1 VY T A4k B B ¢ il e A (1 K
WMIECE 1a), BLAZECh 7 1 Ca2 A7 T3 3 P (
la), # 5 AL PO, I THIAAG L, 51 4~ 01.1 4~ 02.4
A 03 FI 1A 04 Ji7CJE T OH JEHD sl (I 1a.
le), Bl Ca2—0, ZifiAidid 5 M T 1 Ak 3L
55 ) TR P 9 1 05 141 DA P2 A i

BTy e BOLER I HAP 544 Ca) LL K Cal (b)) Ca2 {74
(o Mg R H Tang 55, 2009)

Fig. 1  Crystal structure of HAP viewed along the ¢ axis (a)

and local atomic structures of Cal (b) and Ca2 (c)

(modified after Tang et al. , 2009)

Tk Zn LEWEANAT 2L, BAWRRNECAT , HAP (1) )5
TG F AR 2R T LAIE Y. Zn AR Wik Zn K ¥
Cal D7 A1, B3R Cal—0, 2 I LT 1HI 1 L 1 45
o, A SRR Cal—PO, ‘B 4% W Zn & 4
Ca2 75, Zn—0 Z AR RIEIE OH () 55 Ke 45 4 11
5| S Ry FS A A R A WA AT AR R AH AR Call A7 1 5 1
5 /N, I E G X 25 8 3G BB 3R (Tang et al.

2009). FRi b Ca2 7 & e B £ 5F ( Matsunaga,
2008; Matsunaga et al. » 2008; Tang et al. , 2009) .

XANES 38 7 7 BA S il — AN 4 % it 1 9 SR 6
BC A S Ry M 2 25 B IR A o HARAE &, PRmw] ) T
S HT Zn-HAP 1) H AR 4k 2% 28 55 ( Matsunaga et al. ,
2010), 2T Zn A7 i Cal 5l Ca2 A7 B A] AEME
(Tang et al. , 2009; Matsunaga et al. , 2010) . X} Zn
FLA 5 RLEEAT (1) XANES SEREE L — B0 R Zn 5
554 Ca2 £ E Cal f7.( Ma and Ellis, 2008;
Matsunaga, 2008; Tang et al., 2009; Matsunaga et
al., 2010; %S, 2013b) .
3.3 Ca’" =(AFHH

AT WEIE HAP HH AR Ca®* 1 Zn® " 1 J5) #1835
5, Matsunaga 55 (2010 7558 MR T 0 YOG VLG %
1) Zn-HAP Ff 5 54T 7 XANES ik, 3573 T 5 Tang
2502009 ) « Takatsuka 45 (2010 JLF 56 42 4l [F (1) Zn
2% HAP (S0, IF 5 e v SR B8O
AT TIH ML (K 2) .

WK 2 FiR, “ Ca-def HAp " #7 dh Zn®* BUAR &
AR Ca2 A7 i K BRI 5 Zn@ Ca-2 7 CIE 48D
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Fig. 2 Experimental Zn-K XANES for Zn®** -doped HAP
in comparison with theoretical ones Cafter Matsunaga

et al. , 2010)
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55 9256 5 Expt. 7 CE P B A0 W Y m B — 3L
P 17 Perfect HAp "B o Zn (545 Cal AZAT Ca2 £
S 6IE Zn@ Ca-1 7 FI“ Zn@ Ca-2” CIE i (5)
R T 5 S 1 Expt. ” B B[R] (6 RS R AE
g AC9 662 eV) I B(9 665 eV) .U C(9 674 eV) LA
S AB Z ) [ Wy YA AE K ) 72 5%, HY Zn@
Ca-1"H1“Zn@ Ca-2"4E B VA5 thBL T8 U4FAE, 1M
A H IS B Expt. " 7E 9 656 eV PRIz 13
W, JXLETE SRR Zn HEN HAP 458 AN B H 58 4f
AR K Ca 5 T AR AR

Ji4b, Matsunaga %5 (2010) 38 15 25 4% Zn* " [
HAP O — w1 Ca® " BN EE 18, RIS T Zn*
1) HAP 4627 43 i 1) T8k 2K Ca,n(Ca +Zn)/ n(P)
< 1.67, 5 LIAE I — ST 50 45 R — 2 (Bigi et al. ,
1995; Miyaji et al., 2005). #& b, Matsunaga %5
(2010 5T T —A Ca®* 2B A7 R B 52 & AR S 78 AL )
{E Ca2 A7 11 Ca®* A7 L (HI%8 OH T B T ¢ Hlid
SR =SB Ca KL, HEAT 1A T 742, T2 P far
HPE IR 2 6 51 i B B S A, T (V- 2H)T TR
N MR A LRI T R s (V,— 21D CHAP)  +
Zn** Caq)—Zn.,(HAP) +2H" Caq), Hll Ca’* 2 {7 it
B S G AR AN HAP 80 i B 1R SR U T HLvT 78 24
Zn®" {E HAP T HJR 7 e AR AT T
Ca2 I SE7 K (Miyaji et al. , 2005) , BLAE IS (1)
XANES £ 5B IESE Ca® " A 0k B 52 45 02— Fh &
Ca BRI HAP W] BEAF /L1584 ( Matsunaga, 2008) .
A Zn® " FIGREE 5 4 vk Wos AR RS TER], B
BRBALE G A Zn® X Ca® " AL S A AR I B A
R, JF AT A T B Zn-HAP 85 B B ¥ 18 i ¢ Matsu-
naga et al. , 2010) .

4 Zn BB XA AT 52

4.1 BRR-TMEREMNTK

A IFFCR B Zn [958 N 2 300 A2 P K A4 1
4o Bigi 5 (1995) KILKEH Zn’ " WREEMIHE N, &
J& Zn-HAP [f] XRD FFAE U 228 87 A2 55 L A2 55, (211)
CL12) ff T WY 1R XRD 06 43 284 1 48 759 580, TA N
Z® Y R R B0 A SR RS ISR CERO i A Y. 7
. LeGeros %5 (1999) i\ Jj /b 18 Zn 5 N\ E| HAP
G5 R A 2 3 SR I A A () 45 R B 8 R, PR
GERIANBER N 211 Zn. Miyaji 252005 ) 18 142
DUUEVE A L Zn-HAP, KIL Y Zn** PEIR 340N O ~

15% I, XRD 45 B 7% HAP F 45 1iE 06 0 5% Bt 45 Zn
I T SRR, R B HAP 1) 45 EBE Zn
O R IG I kg . AR WIRRAE (2008 ) K HI K A
LYK Zn-HAP I R BLBEAE Zn®* 34 5 119 38 0,
WY @ BRI ¢ il 1 B R RO ST Rt PR AR R A 9
Fadh, B AR RN Zn® F Ca’* 242 KN AL
Alioui 55(2019) RILBEA Zn®* W L I 1Y I, &
Zn-HAP i RT F G5 & B2 W2 BEAIG, i AR AR 15 AN B
WIFE25 55 15, 5 Ren 55 (2009) (1) 45 18—,

SR MR il 2R 400 27 ) fR B R UE, Zn 8B N
AL HEE W K AT B 45 e Zn T DU L ) SO
20 i R R SRR W AR A 1 AR K ( Yamaguchi et
al. , 1987) , Zn JRGeAR 2 il i 40 i v 25 25 1 = A 1
G 2 AT AU A Ak, bR AT T R
( Moonga and Dempster, 2010 ), H XS & 4 oy — &
(RHMHIE ] CTo et al. , 2000) . Zn BN HERIAY)
ORSIE S52 a) LA AR B 007 1 A Rk R TR ) T B, AT AR
BEE A G40 1) fL A (To et al. , 2000; 28 WIRKEE,
2008) . J34k, Hayakawa 55 (2007 ) #)38E v] i i 25 +
AT SN AE AN SO St ORE ST RIS RE TR 0
Zn’ " 5N HAP k%

4.2 RESHHITL

Zn W5 [ 58 AEAT ) Al ks 2 I, ST AR £ (1)
iSO E . K2 HA IR Zn B
2§15 HAP M5 S8 « 0 ¢ 93/ ( Barrea et al. »
2001; Hayakawa et al. , 2007; Ren et al. , 2009) .
WS HL a W, SEBRUNFREE N ¢ BAL B 17 Zn JRF
8, Zn JE WS Ca2 A7 ML E)(Ma and Ellis,
2008; Matsugana, 2008; Tang et al. , 2009) . il Z
e BE Zn 7 508G 0w gk /s (Bigi et al., 1995
Miyaji et al., 2005; Li et al., 2008; 2= W] Rk 4,
2008), 5 Zn** P42 /N T Ca® AR K

WA 2 H AR T B Zn® W (88 I, 5 2
Ha e RAEMMEZMARN . Li %£(2008) RiE T
IKPGL N1 Zn-HAP 1 554% S50 a 16 Zn® " FEIR 53
HUNT 10% I, B Zn®* B IR 43 B0 36 K00 9871 s 4
In®* FEIRYHURNT 10% W), Bl Zn®* R 7R 43 B 8K
MK . Miyaji 25(2005) 3@ 1t 525643 H HAP (1) 5 i
S8 a 1 In®* PEIR P BUNT 5% W23 Bl Zn®* BEIR 53
H 0 38 T HGO, A F U BT R K B i AR T
HAP Z5# P ¥ 3K . Legeros 55 (1999 ) i F Il e ¥4
HAT Ca BB HAP, 45 FR W] Ca A7 511K Zn AR
LTS 0 R ¢ #H K. Ren 25(2009) N %
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LY Zn® " BEIR P EUR T 10% I, @A S 4 a R ¢ #
WA 14 R, HED 5 A6 i T 22 i AT C D B 4
A K.
4.3 Hith

FRWIGT W], Zn-HAP B — S L BE7E A R
ZAF R 3RS, Bigi 45 (1995) 3K Ak 22 DU VE v A 1k
Zn-HAP, KN Zn® W B 3k ey I 2 A B A o AH 4
Zn,(PO,), * 2 H,0 Al CaZn,(PO,), * 2 H,0; Miyaji
£ (2005) ff FH A6 2% PUE V2 & B Zn-HAP, K I 4
Zn® " BEIR ) BUK T 18% W, 1 4f th B8 K A1 1 E
€ JEAH CA SRS BF 2 4 #h CaZn, (PO,), + 2 H,0;
=R 45 (2008 ) K HIZK #ak il  44K Zn-HAP, I
M Zn®t PER 4 BK T 40% W, T IR AR R
CaZn,(PO,), =2 H,0; Ren %5 (2009 ) 3K H ¥ b 2 2
TES Zn® " KR A oKk HAP S ik, 4 Zn®”
FEIRS BN T 20% I, B T e A 53 4 h, 3%
CaZn, (PO, ), * 2 H,0.(Ca, Zn) HPO, * 2 H,0.
Zn,Ca (PO,); *2 H,0% Zn,(PO,), * H,0 5 WHll,

Ty A, AR 2 R A 5] SR (8] 0 45 1 2 49
B Zn* " FAR LIRAT BRI 2 57, B Zo® " 4E HAP
AR EBRIAZ o LeGeros 55 1999) A Jy, /b
B0’ B NE] HAP 250 P 25 5 8508 2 A1 HH (19 45
v P55 B S B AT BE I B 84S A RR BB 211 Zn®
Miyaji Z(2005)  Tang %5 (2009 ) £3 H (185 K £ & ks
H Ca A7 18 Zn AR L FR BEIR 20 20204 15% , Ren 55
(2009) I\ 4 J2& 20% , Bigi 25 (1995) A h 42 25% o
Alioui 45(2019) W R BL 145 24 1) Zn®* FEIR 73 80N
15% W, 2 e F) Zn-HAP 942K & 52 30 H B0 1)+ 1
USIZR

5 Zn W mAARLL
RSN ERIN

9o P 5 0T A T T AR P 27 S AR B N  A:
AT ZH 2055 A8 CAL ARG 40D AiF 5 DA K A 27 A 398 0 A4
TG 3R B i A R AR S R 0% T, R b R RO A A
VEZAF DT A2 M98 f) P — AT A4S I 45 35 ( Ling et al.
2013; O’Grady et al. , 2018), M T HE Zn 5%
Wk KOG R % V) ( Prasad and Kucuk, 2002;
Ho, 2004 , 52 BRI R 4 1 S 72 (10 9% 8 6 3% (Ka-
gara et al. , 2007) o AN [F) SR 1) L B A2 CFL MR g
FUIRETYE IR SRS A RE A FUIR 2RE 5D B 4T

2,

’F 2

=

7 B TR B

WCYIA HAP) TR B85 7 Zn J0HR, HFLIRIE 514
T Zn & a e TR R AR Ol 558 55, 2013b,
2015), HSFUIR RSB L P Zn H R E S —
PR 4%, 1994 MIR%E, 2000; Geraki et al. ,
2002; Magalhdes et al. , 2006, 2008; Siddiqui et al. ,
2006) o FEIG AR G A B s A [F) S Y 1) 7L s A2 £
e Ca 55 Zn (K73 A KAA—2L, 7E Ca 81 Zn 73 A 2
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AKX Zin FRROBCORIURE JSC, 3X 4 4 Je B9F 9405 Ak il 41
YU Zn (5 A7 AL IS DL SRR Y Zn IR 4 1t
THMEMEE

A Zn AEEAL R AT AE B R 22 R N Sl
Ko BT Zn JGEA W EAEH, IEEA Zn
{9 it A7 LS Zn TR AR AT S K1 T i o 5 2 1
P VR s AN R TR LRI 22 485 4K, AN ()9 JH B B
B A AL A Zn & 5K AT %
KA . M T AT WL 2L sk, 55 A2 £E 4T 1) T
MU A6 AT B A e v, nT R AT Zn 02 AR
Tl B IG5t T Zn J6 25 0 A Ak 2
AT A, FF T W R A W 1 2 A8 R 9, ] LA 7
Zn JCF SRR AE IR BE M G2, o N AR g )
R AN A 157 A 2R 00T B (AL 110 e 2R R AL B

References

Alioui H, Bouras O and Bollinger J C. 2019. Toward an efficient antibac-
terial agent: Zn- and Mg-doped hydroxyapatite nanopowders [ J 1.
Journal of Environmental Science and Health. Part A, Toxic/Hazard-
ous Substances & Environmental Engineering, 54(4): 315 ~327.

Bai Nan, Xia Furong, Zhang Ziqin, et al. 2000. Determination of 8 trace
elements in breast cancer tissue: Adjacent mammary gland tissue and
hair[ J]. Journal of Capital Medical University, 21(4): 351 ~352
(in Chinese).

Barrea R A, Vicentin F C, Kawachi E Y, et al. 2001. XAFS study of
mineral forms of biological phosphates[ J]. American Journal of Veter-
inary Research, 17(64): 523 ~530.

Beattie J H and Avenell A. 1992. Trace element nutrition and bone metab-
olism[ J]. Nutrition Research Reviews, 5(1): 167 ~188.

Bigi A, Foresti E, Gregorini R, et al. 1992. The role of magnesium on

the structure of biological apatites[ J]. Calcified Tissue International ,
50(5): 439 ~444.

Bigi A, Foresti E, Gandolfi M, et al. 1995. Inhibiting effect of zinc on
hydroxylapatite crystallization[ J]. Journal of Inorganic Biochemistry,
58(1): 49 ~58.

Carpentier X, Bazin D, Combes C, et al. 2011. High Zn content of Ran-
dall’s plaque: A w-X-ray fluorescence investigation[ J]. Journal of
Trace Elements in Medicine & Biology, 25(3): 160 ~165.

Cavallo F, Gerber M, Marubini, et al. 1991. Zinc and copper in breast
cancer: A joint study in northern Italy and southern France[ JJ.
Cancer, 67: 738 ~745.

Chen Zhenyu, Zeng Lingsen, Liang Fenghua, et al. 2006. On the Miner-
al chemistry of apatite in eclogites from the CCSD main borehole and
the geochemical behaviors of F, Cl, Sr and other elements in eclogites
[J]. Acta Geologica Sinica, 80(12):1 842 ~1 850Cin Chinese with
English abstract).

Chen Zhenyu, Zeng lingsen and Meng Lijuan. 2009. Mineralogy and trace
elemental geochemistry of apatite in Sulu eclogites[ JJ. Acta Petrologica
Sinica, 25(7): 1 663 ~1 677Cin Chinese with English abstract).

Cui Fuzhai. 2012. Biomineralization(2nd Ed. )[ M]. Beijing: Tsinghua
University Press, 265 ~326(in Chinese).

Dong Shengmin, Guo Zhixin and Gao limin. 2010. Hydrothermal synthe-
sis of Zn-substituted hydroxyapatite[ J]. Journal of Heilongjiang Insti-
tute of Science and Technology, 20(1): 14 ~ 17 Cin Chinese with
English abstract).

Evan A, Lingeman J, Coe F L, et al. 2006. Randall’s plaque: Pathogen-
esis and role in calcium oxalate nephrolithiasis[ J]. Kidney Interna-
tional, 69(8): 1313 ~1 318.

Frappart L, Remy I, Lin H C, et al. 1986. Different types of microcalci-
fications observed in breast pathology: Correlations with histopatholog-
ical diagnosis and radiological examination of operative specimens[ J J.
Virchows Archiv. A—Pathological Anatomy and Histopathology, 410
(3): 179 ~187.

Geraki K, Farquharson M J and Bradley D A. 2002. Concentrations of
Fe, Cu and Zn in breast tissue: A synchrotron XRF study[ J]. Phys-
ics in Medicine and Biology, 47(13): 2 327 ~2 339.

Gu Jirong, Zhu zhongyao, Yin Weihua, et al. 1994. Trace elements in
human breast cancer and non-cancer tissues[ J . Studies of Trace Ele-
ments and Health, (3): 23 ~25(Cin Chinese).

Gupta S K, Shukla V K, Vaidya M P, et al. 1991. Serum trace elements
and Cu/Zn ratio in breast cancer patients[ J]. Journal of Surgical On-
cology, 46(3): 178 ~181.

Haka A S, Shafer-Peltier K E, Fitzmaurice M, et al. 2002. Identifying



878 = A W

mo¥ A

Wz o Aﬁ‘ﬁ 38 %

microcalcifications in benign and malignant breast lesions by probing
differences in their chemical composition using Raman spectroscopy
[J]. Cancer Res., 62(18): 5 375 ~5 380.

Hayakawa S, Ando K, Tsuru K, et al. 2007. Structural characterization
and protein adsorption property of hydroxyapatite particles modified
with zinc ions[ J]. Journal of the American Ceramic Society, 90(2):
565 ~569.

Ho E. 2004. Zinc deficiency, DNA damage and cancer risk[ J1. Journal
of Nutritional Biochemistry, 15(10): 572 ~578.

Ito A, Ojima K, Naito H, et al. 2000. Preparation, solubility, and cyto-
compatibility of zinc-releasing calcium phosphate ceramics[ J]. Jour-
nal of Biomedical Materials Research Part A, 50(2): 178 ~183.

Jallot E, Nedelec ] M, Grimault A S, et al. 2005. STEM and EDXS char-
acterisation of physico-chemical reactions at the periphery of sol-gel de-
rived Zn-substituted hydroxyapatites during interactions with biological
fluids[ J]. Colloids and Surfaces B Biointerfaces, 42(3): 205 ~210.

Kagara N, Tanaka N, Noguchi S, et al. 2007. Zinc and its transporter
ZIP10 are involved in invasive behavior of breast cancer cells[ J].
Cancer Science, 98(5): 692 ~697.

Larner F, Woodley L N, Shousha S, et al. 2015. Zinc isotopic composi-
tions of breast cancer tissue[ J]. Metallomics, 7C1): 112 ~117.
Legeros R Z and Legeros J P. 1984. Phosphate Minerals in Human Tis-

sues[ J]. Phosphate Minerals, 368 ~375.

Legeros R Z, Bleiwas C B, Retino M, et al. 1999. Zinc effect on the in vitro
formation of calcium phosphates: Relevance to clinical inhibition of calcu-
lus formation[ J ]. American Journal of Dentistry, 12(2): 65 ~71.

Li M, Xiao X, Liu R, et al. 2008. Structural characterization of zinc-
substituted hydroxyapatite prepared by hydrothermal method [ J J.
Journal of Materials Science Materials in Medicine, 19(2): 797.

Li Ming'ou, Xiao Xiufeng and Liu Rongfang. 2008. Hydrotherml prepara-
tion and structure characterization of Zn-substituted hydroxyapatite
[J]1. Journal of the Chinese Ceramic Society, 36(3): 378 ~382(in
Chinese with English abstract).

Li Ming'ou, Xiao Xiufeng, Liu Rongfang, et al. 2009. Synthesis of Zn-
substituted hydroxyapatite powders by sol-gel method[ J]. Rare Metal
Materials and Engineering, 38(a01): 183 ~187(in Chinese).

Ling H, Liu Z B, Xu L H, et al. 2013. Malignant calcification is an im-
portant unfavorable prognostic factor in primary invasive breast cancer
[J]. Asia-Pacific Journal of Clinical Oncology, 9(2): 139 ~145.

Liu Rongfang, Xiao Xiufeng, Ni Jun, et al. 2003. Hydrothermal synthe-
sis and kinetics of hydroxyapatite powder[ J]. Chinese Journal of Inor-
ganic Chemistry, 19(10): 1 079 ~1 084(in Chinese).

Liu Yu and Peng Mingsheng. 2003. Advances in the researches on struc-

tural substitution of apatite J1. Acta Petrologica et Mineralogica, 22
(4): 413 ~415Cin Chinese with English abstract).

Ma Liying. 1998. Research progress on zinc and bone metabolism[ J].
Journal of Environmental Hygiene, (5): 271 ~274(Cin Chinese).

Ma X and Ellis D E. 2008. Initial stages of hydration and Zn substitution/
occupation on hydroxyapatite (0001) surfaces[ J]. Biomaterials, 29:
257 ~265.

Magalova T, Bella V, Babinska K, et al. 1996. Zinc and copper in
breast cancer[ AJ]. Therapeutic Uses of Trace Elements[ CJ. US:
Springer, 373 ~375.

Magalh@es T, Becker M, Carvalho M L, et al. 2008. Study of Br, Zn,
Cu and Fe concentrations in healthy and cancer breast tissues by
TXRF[ J]. Spectrochimica Acta Part B: Atomic Spectroscopy, 63
(12): 1473 ~1 479.

Magalhdes T, Von Bohlen A, Carvalho M L, et al. 2006. Trace elements
in human cancerous and healthy tissues from the same individual: A
comparative study by TXRF and EDXRF[J]. Spectrochimica Acta
Part B: Atomic Spectroscopy, 61(10): 1 185 ~1 193.

Matsunaga K. 2008. First-principles study of substitutional magnesium
and zinc in hydroxyapatite and octacalcium phosphate[ J1. Journal of
Chemical Physics, 128(24): 06B618-36.

Matsunaga K, Inamori H and Murata H.2008. Theoretical trend of ion ex-
change ability with divalent cations in hydroxyapatite[ J]. Physical
Review. B, Condensed Matter, 78(9): 1 884 ~1 898.

Matsunaga K, Murata H, Mizoguchi T, et al. 2010. Mechanism of incor-
poration of zinc into hydroxyapatite[ J]. Acta Biomaterialia, 6 (6):
2289 ~2 293.

Meng Fanlu, Li Yuan, Li Yan, et al. 2015. Synchrotron radiation study
on mineralization of human breast cancer[ J]. Acta Petrologica et
Mineralogica, 34(6): 957 ~962(in Chinese with English abstract).

Meng Fanlu, Wang Changqiu, Li Yan, et al. 2013a. Mineralogy of psam-
moma bodies in two types of ovarian tumors[ J]. Earth Science Fron-
tiers, 20(3): 154 ~160(in Chinese with English abstract).

Meng Fanlu, Wang Changqiu, Li Yan, et al. 2013b. A geochemical dis-
cussion on the distribution of zinc in the pathological mineralization of
the human b()dy[.]]. Acta Petrologica et Mineralogica, 32(6): 789
~796(in Chinese with English abstract).

Meng Fanlu, Wang Changqiu, Li Yan, et al. 2015. Psammoma bodies in
two types of human ovarian tumours: A mineralogical study[ J]. Min-
eralogy and Petrology, 109(3): 357 ~365.

Merlin P S O, Bohorquez P C L, Martinez-Cruz R, et al. 2012. A study
on inorganic elements in psammomas from ovarian & thyroid cancer

[J]. The Indian Journal of Medical Research, 135(2): 217.



%56 1 2

DA BEAE R AAT B R AR AL A T T 879

Miao S, Weng W, Cheng K, et al. 2005. Sol-gel preparation of Zn-doped
fluoridated hydroxyapatite films[ J]. Surface and Coatings Technolo-
gy, 198(1): 223 ~226.

Milaim S, Agim B, Sami S, et al. 2018. The role and impact of salivary
Zn levels on dental caries [ J]. International Journal of Dentistry,
2018: 1 ~6.

Miyaji F, Kono Y and Suyama Y. 2005. Formation and structure of zinc-
substituted calcium hydroxyapatite[ J]. Materials Research Bulletin,
40(2): 209 ~220.

Moonga B S and Dempster D W. 2010. Zinc is a potent inhibitor of oste-
oclastic bone resorption in vitro[ J]. Journal of Bone and Mineral Re-
search, 10(3): 453 ~457.

Murray E J and Messer H H. 1981. Turnover of bone zinc during normal
and accelerated bone loss in rats J]. The Journal of Nutrition, 111
(9): 1 641.

Negri A L and Luis A. 2018. The role of zinc in urinary stone disease
[ J]. International Urology and Nephrology, 50: 879 ~883.

O’Grady S and Morgan M P. 2018. Microcalcifications in breast cancer:
From pathophysiology to diagnosis and prognosis[ J]. Biochimica et
Biophysica Acta ( BBA) —Reviews on Cancer, 1 869(2): 310 ~
320.

Prasad A S and Kucuk O. 2002. Zinc in cancer prevention[ J]. Cancer
and Metastasis Reviews, 21(3 ~4): 291 ~295.

Qin Shan, Lu Anhuai and Wang Changgiu. 2008. Minerals in human
body[ J 1. Geoscience Frontiers, 15(6): 32 ~39 (in Chinese with
English abstract).

Randall A. 1944. Recent advances in knowledge relating to the forma-
tion, recognition and treatment of Kidney Caleuli[ J]. Bull. N Y
Acad. Med. , 20(9): 473 ~484.

Ren F, Xin R, Xiang G, et al. 2009. Characterization and structural
analysis of zinc-substituted hydroxyapatites[ J]. Acta Biomaterialia, 5
(8): 3141 ~3 149.

Sanosh K P, Chu M C, Balakrishnan A, et al. 2009. Synthesis of nano
hydroxyapatite powder that simulate teeth particle morphology and
composition[ J]. Current Applied Physics, 9(6): 1459 ~1 462.

Seven A, Erbil Y, Seven R, et al. 1998. Breast cancer and benign breast
disease patients evaluated in relation to oxidative stress[ J 1. Cancer
Biochemistry Biophysics, 16(4): 333 ~345.

Siddiqui M K, Jyoti, Singh S, et al. 2006. Comparison of some trace ele-
ments concentration in blood, tumor free breast and tumor tissues of
women with benign and malignant breast lesions: An Indian study
[J]. Environment International, 32(5): 630 ~637.

Silva E G, Deavers M T, Parlow A F, et al. 2003. Calcifications in ovary

and endometrium and their neoplasms[ J]. Modern Pathology, 16
(3): 219 ~222.

Suchanek W and Yoshimura M. 1998. Processing and properties of
hydroxyapatite-based biomaterials for use as hard tissue replacement
implants[ J1. Journal of Materials Research, 13C1): 94 ~117.

Takatsuka T, Tanaka K and Iijima Y. 2005. Inhibition of dentine demi-
neralization by zinc oxide: In vitro and in situ studies[ J]. Dental Ma-
terials, 21C12): 1 170 ~1 177.

Takatsuka T, Hirano J and Matsumoto H T. 2010. X-ray absorption fine
structure analysis of the local environment of zinc in dentine treated
with zinc compounds[ J]. European Journal of Oral Sciences, 113
(2): 180 ~183.

Tampieri A, Celotti G, Sprio S, et al. 2001. Porosity-graded hydroxyapa-
tite ceramics to replace natural bone[ J]. Biomaterials, 22 (11):
1365 ~1 370.

Tang Y, CHAell H F, Dove M T, et al. 2009. Zinc incorporation into
hydroxylapatite[ J ]. Biomaterials, 30(15): 2 864 ~2 872.

Tang Wenqing, Zeng Guangming, Zeng Rongying, et al. 2007. Study on
carbonate hydroxyapatites adsorption capacity for Zn**  from
wastewater and its mechanism[ J]. Metal Mine, (3): 73 ~76 (in
Chinese with English abstract).

Trinchieri A, Mandressi A, Luongo P, et al. 1992. Urinary excretion of
citrate, glycosaminoglycans, magnesium and zinc in relation to age and
sex in normal subjects and in patients who form calcium stones[ J ].
Scandinavian Journal of Urology & Nephrology, 26(4): 379 ~386.

Turney B W, Appleby P N, Reynard J M, et al. 2014. Diet and risk of
kidney stones in the Oxford cohort of the European Prospective Investi-
gation into Cancer and Nutrition ( EPIC) L1l European Journal of
Epidemiology, 29(5): 363 ~369.

Tvinnereim H M, Eide R, Riise T, et al. 1999. Zinc in primary teeth
from children in Norway[ J1. Science of the Total Environment, 226
(2): 201 ~212.

Wang Changqiu, Zhao Wenwen and Lu Anhuai. 2011. Characteristics of min-
eralized focuses in several breast diseases[ J]. Geological Journal of Chi-
na Universities, 17(1): 29 ~38(in Chinese with English abstract).

White T J, Tim J, Ferraris C, et al. 2005. Apatite: An adaptive frame-
work structure [ J]. Reviews in Mineralogy and Geochemistry, 57
(1): 307 ~401.

Wu Li and Ma Yuguang. 2008. The clinical study of trace element and
the breast cancer[ J]. Journal of Modern Oncology, 16(5): 745 ~
746(in Chinese with English abstract).

Xiao X, Liu R, Chen C, et al. 2008. Structural characterization of zinc-

substituted hydroxyapatite prepared by hydrothermal method[ J]. Jour-



880 HOoAH W B oy k& o538 %
nal of Materials Science: Materials in Medicine, 19(2): 797 ~803. AT, 2012, WL 2 BOIMI. Jb 5t 35 oK% A,

Xiong Cui’e; Wang Changqiu, Lu Anhuai, et al. 2011a. Mineralogical
studies of calcification in inflammation and hyperplasia of breast[ J] .
Acta Petrologica et Mineralogica, 30(6): 1 014 ~1 020(in Chinese
with English abstract).

Xiong Cui’e; Wang Changqiu, Lu Anhuai, et al. 2011b. A mineralogical
study on calcification in fibroadenoma of breast[ J]. Acta Mineralogica
Sinica, 31(4): 713 ~718Cin Chinese with English abstract).

Yamaguchi M, Oishi H and Suketa Y. 1987. Stimulatory effect of zinc on
bone formation in tissue culture[ J]. Biochemical Pharmacology, 36
(22): 4007 ~4 012.

Yang Ruochen. 2008. Mineralization Characteristics of Several Human
Epithelial Tumors[ D ]. Beijing: Peking University, 6 ~ 13, 20 (Cin
Chinese with English abstract).

Yiicel I, Arpaci F, Ozet A, et al. 1994. Serum copper and zinc levels
and copper/zinc ratio in patients with breast cancer[ J1. Biological
Trace Element Research, 40(1): 31 ~38.

Zhang Aijuan. 2009. Synthesis of bone-like hydroxyapatite in simulated
body fluid[ JJ. Journal of Shangdong University ( Engineering Sci-
ence), 40(3): 86 ~90(in Chinese with English abstract).

Zhang J, Xiao D, He X, et al. 2018. A novel porous bioceramic scaffold
by accumulating hydroxyapatite spheres for large bone tissue engineer-
ing. IIl: Characterization of porous structure[ J]. Mater. Sci. Eng. C
Mater. Biol. Appl., 89: 223 ~229.

Zhang Yu, Li Xiaoming, Zheng Wei, et al. 2008. Discussion on Zn**
Removal of from wastewater by carbonate hydroxyapatite and mecha-
nism thereof [ J]. Industry Water and Wastewater, 39(4): 69 ~72
(in Chinese with English abstract).

Zhao Wenwen, Wang Changqiu, Lu Anhuai, et al. 2009. Mineralogy of
psammoma bodies in papillary thyroid carcinomal J]. Acta Petrologica

et Mineralogica, 28(6): 623 ~628(in Chinese with English abstract).

Mt e 32 2% STk

M1OA, B SKASE, 45 2000, SUMRE LSS 55 FUIRLLSUR K
K 8 AR TR IMEL )], RSB R AR, 21(4): 351
~352.

WidRS:, 48, R, S 2006, CCSD FALAE & b i K 4 1
WA K 0 B T L CLL St 45 6 MR 16 22 4T 0 1) 5%
L], HbBRAEIR, 80C12): 1842 ~1 850.

Widess, 48, TS, 2009. FRE RIS T 2 I 4 A A1
HICFEMIRIL AL T]. AR, (T): 1663 ~1677.

265 ~326.

HRER, AR, FEIEAR. 2010, KL G A EE R IR R A L]
RIETTRHRAE 24, 2001 : 14 ~17.

e, AMIE, TN, A 1994, N FLIRE SRR 4 U o0 3
ERMET ALY ], o R SRS, (3): 23 ~25.

AUTHCG, 750, XUKEDT. 2008, SRR ALEE AT I KA RS 454
RAELTT. REERER2F4R, 36(3): 378 ~382.

IR, T, XIRTS, 25 2000, VAR BEIR VR £ R BRI B K
LB ALY M & EA RS TR, 38(a01): 183 ~187.

XIKETT, MF0E, i 7, %% 2003, FEIEEK A0 R 10 K A Rl K
L], JTohUA 22, 19¢10): 1079 ~1 084,

R, WA 2003, BEACA AR BT RO ], AR

Rk, 22(4): 413 ~415.

TR dE. 1998, BEHEARMIFITCHE )], B LA ERE, (5):
271 ~274.

WEE, P, 4 0, 2 2015, APRSUBREEE AL IR 17 25 4R ST BT

FRLIL, HATPHIE, 34(6): 957 ~962.

T, LR 2, 45 2013a. BIRNIE SR PO RSO 4)
LT ] AR, 20(3): 154 ~ 160.
TR, TR, &= Hi, S5 2013b. BEAE AR BT AL o A
R R A TR . S 2k, 32(6): 789 ~796.
ZOE, B, TRK 2008, AAHEHII]. HEw2, 15
(6): 32 ~39.

RESCHE, WOGH], WREE, S5 2007, BERIEBEAC KR Zn?t )
W B e AL SEL D). @, (3): 73 ~76.

TR, B, B, 2011, JUAN LR A A 84120 B 5T
[J]. mgH AR, 17¢1): 29 ~38.

Wy, B, 2008 R TCER SRR IR, BAR
FEEE, 16(5): 745 ~746.
RERRM, TR, B2etl, 25 2011a. FURRSOME K AR AL P As 40
=gl ] a A A 2ea, 3006): 1014 ~1 020.
REBIE, F KA, G2, % 2011b. FLIRLT 4 IR AL T4 10
WeERSELT]. W EaR, 31(4): 713 ~718.

WA st 2008, JURP A AA L R Jib 8 5 44 £ FH RS AL AT 90 C 1 24 4 i
SOID]. JB3T: JEHURAE, 6 ~13, 20.

B, ZNELL O, 5 2008, BRESEEACH N BKH Znt K2
B VBRI T ], TR SR K, 39(4): 69 ~72.

FKEIR. 2009, BRI P ERIEHRA A LT ], LR KA
LMD, 40(3): 86 ~90.

B, TR, GLm, % 2009, FURARTL SRR RS BG4
PRI HA AR, 28(6): 623 ~628.

i 2

o
JIL AR

%



