
Characterisation by PIXE method of trace elements

during physico-chemical reactions at the periphery of

bioactive glass pastilles in contact with biological fluids

Edouard Jallot, P. Moretto

To cite this version:

Edouard Jallot, P. Moretto. Characterisation by PIXE method of trace elements during
physico-chemical reactions at the periphery of bioactive glass pastilles in contact with bio-
logical fluids. 5th International Symposium on Trace Elements in human : New Perspectives,
Oct 2005, Athens, Greece. 34, pp.405-416, 2006, <10.1080/10739140600648803>. <in2p3-
00025081>

HAL Id: in2p3-00025081

http://hal.in2p3.fr/in2p3-00025081

Submitted on 18 Nov 2005

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
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A b s t r a c t  
Th e pr er eq u i si te f or  b i oa cti v e gl a sses to b ond to l i v i ng b one i s th e f or m a ti on of  b i ol ogi ca l l y  
a cti v e a pa ti tes on th ei r  su r f a ce i n th e b ody . Rea cti ons a nd b i oa cti v i ty  m ech a ni sm s b etween 
b i oa cti v e gl a sses a nd b one depend on th e gl a ss com posi ti on. W e stu dy  a  gl a ss i n th e S i O2-
N a 2O-C a O-P2O5-K2O-A l 2O3-M gO sy stem . To ch a r a cter i se ph y si co-ch em i ca l  r ea cti ons a t th e 
m a ter i a l s per i ph er y , we i m m er sed th e gl a ss pa sti l l es i nto b i ol ogi ca l  f l u i ds f or  del a y s of  5, 10  
a nd 20  da y s. Th e su r f a ce ch a nges wer e stu di ed a t th e m i cr om eter  sca l e b y  Pa r ti cl es I ndu ced 
X-r a y  Em i ssi on ( PI XE) m eth od a ssoci a ted to Ru th er f or d Ba ck sca tter i ng S pectr oscopy  ( RBS ). 
A f ter  20  da y s of  i m m er si on, el em enta l  m a ps sh owed th e f or m a ti on of  a  ca l ci u m -ph osph a te 
l a y er  a t th e su r f a ce of  th e gl a ss pa sti l l es. Th e th i ck ness of  th i s l a y er  wa s a r ou nd 15 µ m . 
Th a nk s to PI XE m eth od, we dem onstr a ted th e pr esence of  tr a ces of  M g i n th i s l a y er . Th e 
gl a ss doped wi th  M gO l ea ds to th e f or m a ti on of  a n a pa ti te wh i ch  i ncor por a tes m a gnesi u m . 
F or m a ti on of  th i s C a -P-M g l a y er  r epr esents th e b i oa cti v e pr oper ti es of  th e stu di ed gl a ss. Th i s 
b i ol ogi ca l l y  a cti v e l a y er  i m pr ov es th e pr oper ti es of  th e gl a ss a nd wi l l  per m i t a  ch em i ca l  b ond 
b etween th e cer a m i c a nd b one.  
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Introduction 

I ntegr a ti on of  a n i m pl a nt i nto b one i s cr u ci a l  to su ccess; th u s th e esta b l i sh m ent of  a n 
endu r i ng i nter f a ce b etween th e i m pl a nt a nd b one i s v er y  i m por ta nt. Bi oa cti v e gl a sses a nd 
gl a ss-cer a m i cs a r e a b l e to b ond to b one in vivo th r ou gh  th e f or m a ti on of  a n a pa ti te su r f a ce 
l a y er  [1-4]. Th i s pr oper ty  h a s b ecom e k nown a s b i oa cti v i ty . H ench  L .L . dem onstr a ted th i s 
b i oa cti v e pr oper ti es f or  cer ta i n gl a ss com posi ti on[1, 5]. D y na m i c i on ex ch a nge a nd b ondi ng to 
b one wer e dem onstr a ted f or  a  cer ta i n com posi ti ona l  r a nge wi th  S i O2, N a 2O, C a O a nd P2O5 i n 
speci f i c pr opor ti ons[6, 7 ].  

Bi oa cti v e gl a sses ca n b e pr oposed b oth  a s b u l k  a nd coa ti ng f or  sev er a l  k i nd of  
a ppl i ca ti ons, especi a l l y  f ocu sed on or th opa edi cs, wh er e l oa d b ea r i ng i s r eq u i r ed [8 ]. S ev er a l  
b i oa cti v e gl a sses ca n b e u sed to pr epa r e b i ocom posi tes, m ost of  th em  b el ongi ng to th e sy stem  
S i O2-C a O-N a 2O-P2O5 wi th  di f f er ent a m ou nts of  oth er  ox i des ( B2O3, A l 2O3, M gO, Z r 2O etc 
… ) wh i ch  pr ov i ded di f f er ent pr oper ti es i n ter m s of  su r f a ce r ea cti v i ty  [9]. Th e f ol l owi ng pa per  
concer ns a  b i oa cti v e gl a ss i n th e S i O2-N a 2O-C a O-P2O5-K2O-A l 2O3-M gO sy stem . C r i ti ca l  
concentr a ti ons of  m a gnesi u m  ca n pl a y  a n i m por ta nt r ol e du r i ng ph y si coch em i ca l  r ea cti ons a t 
th e m a ter i a l  per i ph er y . On th e oth er  h a nd, a l u m i ni u m  m a y  i nh i b i ts a pa ti te pr eci pi ta ti on or  
r edu ces gl a ss m a tr i x  di ssol u ti on [10 ]. Togeth er  wi th  th e dev el opm ent of  gl a sses, sev er a l  ef f or ts 
h a v e b een pu r su ed i n or der  to ex pl a i n th e m ech a ni sm  r esponsi b l e f or  th ei r  in vit r o a nd in vivo 
b eh a v i ou r s [7 ,  11]. H owev er , th e f or m a ti on of  th e a pa ti te l a y er  i s not ex pl a i ned i n deta i l  b eca u se 
of  th e com pl ex i ty  of  ev ents occu r r i ng a t th e i nter f a ce a nd th e speci f i c r ol e of  tr a ce el em ents. 
M ost of  a u th or s f ocu ssed th ei r  i nv esti ga ti ons on S i , C a , P b u t oth er s el em ents a nd speci a l l y  
tr a ce el em ents l i k e M g m i gh t pl a y  a n i m por ta nt r ol e du r i ng ph y si co-ch em i ca l  r ea cti ons.  

Th e pu r pose of  th e pr esent pa per  i s to ch a r a cter i z e ph y si co-ch em i ca l  r ea cti ons a t th e 
gl a ss per i ph er y  du r i ng i nter a cti ons wi th  b i ol ogi ca l  f l u i ds a nd to ev a l u a te th e r ol e of  m a j or  a nd 
tr a ce el em ents i n b i oa cti v i ty  m ech a ni sm s. W e stu dy  a  gl a ss i n th e S i O2-N a 2O-C a O-P2O5-
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K2O-A l 2O3-M gO sy stem . Ph y si co-ch em i ca l  r ea cti ons a nd b i oa cti v e pr oper ti es of  th e gl a ss 
doped wi th  M gO a r e stu di ed du r i ng i nter a cti ons b etween gl a ss pel l ets a nd b i ol ogi ca l  f l u i ds. 
Knowl edge of  th e el em enta l  di str i b u ti on a t th e b i oa cti v e gl a ss per i ph er y  i s i m por ta nt to 
u nder sta nd th e ph y si co-ch em i ca l  m ech a ni sm s du r i ng i nter a cti ons wi th  b i ol ogi ca l  f l u i ds. 
C h em i ca l  ev a l u a ti on of  th e gl a ss/b i ol ogi ca l  f l u i ds i nter f a ce wa s per f or m ed b y  Pa r ti cl es 
I ndu ced X-r a y  Em i ssi on ( PI XE) a ssoci a ted to Ru th er f or d Ba ck sca tter i ng S pectr oscopy  
( RBS ). Th ese two m eth ods a r e especi a l l y  su i ta b l e f or  th e stu dy  of  th i s k i nd of  i nter a cti on 
u nder  th e m i cr om eter  sca l e a nd per m i t el em enta l  m a ps of  i nter f a ces[12, 13]. M or eov er , PI XE 
m eth od per m i ts th e detecti on of  tr a ce el em ents ( µ g/g) th a t wa s not possi b l e b y  Ener gy  
D i sper si v e X-r a y  S pectr oscopy  ( ED XS ). 
 
M a te ria l s  a nd M e th ods  

B ioa c t ive  g l a s s  pa s t il l e s  c h a r a c t e r is t ic s   
Th e b i oa cti v e gl a ss com posi ti on i s :  50 %  S i O2, 20 %  N a 2O, 16 %  C a O, 6 %  P2O5, 5%  

K2O, 2%  A l 2O3 a nd 1%  M gO ( %  wei gh t). Th e b i oa cti v e gl a ss wa s ob ta i ned b y  m el ti ng a  
m i x tu r e of  r a w m a ter i a l s i n a  pl a ti nu m  cr u ci b l e a t h i gh  tem per a tu r e ( 2 h ou r s a t 120 0 ° C  a nd 3 
h ou r s a t 1350 ° C ). Th e m i x tu r e of  r a w m a ter i a l s conta i ned :  sa nd S i b el co, a l u m i ni u m  ox i de, 
a nh y dr ou s di b a si c sodi u m  ph osph a te, ca l ci u m  ca r b ona te, pota ssi u m  ca r b ona te, b a si c 
m a gnesi u m  ca r b ona te. Th en, th e gl a ss wa s ca st, cr u sh ed a nd tr a nsf or m ed i nto powder  of  gr a i n 
si z e u nder  4 0  µ m  i n di a m eter . A f ter  pr odu cti on, th e gl a ss com posi ti on wa s deter m i ned b y  
A tom i c Em i ssi on S pectr om etr y . F i na l l y , pa sti l l es ( 13 m m  i n di a m eter  a nd 1 m m  i n th i ck ness) 
wer e ob ta i ned u nder  pr essu r e wi th  th e gl a ss powder . 
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S a m pl e  t r e a t m e nt  a nd  S pe c im e ns  pr e pa r a t ion 
 Th e gl a ss pa sti l l es wer e i m m er sed a t 37 ° C  f or  5, 10  a nd 20  da y s i n 4 5 m l  of  a  sta nda r d 
D u l b ecco’ s M odi f i ed Ea gl e M edi u m  ( D M EM , V W R I nter na ti ona l  S .A .S ., F r a nce) ( pH  :  7 .3). 
D M EM  conta i ned th e f ol l owi ng i ngr edi ents ( m g/l ):  6 4 0 0  N a C l , 4 0 0  KC l , 20 0  C a C l 2, 20 0  
M gS O4-7 H 2O, 124  N a H 2PO4, 37 0 0  N a H C O3.  

A f ter  tr ea tm ent th e gl a ss pel l et wa s l y i ng on th e b ottom  of  th e b ox . Th e m edi u m  wa s 
ca r ef u l l y  r em ov ed a nd th e gl a ss pel l et wa s em b edded i n r esi n ( A G A R, Essex , Engl a nd). Th i n 
secti ons of  20  µ m  nom i na l  th i ck ness a r e pr epa r ed b y  m ea ns of  a  L ei ca  RM  214 5 m i cr otom e. 
C u tti ng i s m a de per pendi cu l a r  to th e su r f a ce of  gl a ss pa sti l l es. Th en, th e secti ons a r e pl a ced 
on a  m y l a r  f i l m  wi th  a  h ol e of  3 m m  i n th e centr e. M ea su r em ents a r e per f or m ed on th e a r ea  of  
th e secti on pl a ced ov er  th e h ol e. 

 
I on b e a m  m e t h od s  ( P I X E -R B S )  of  a na l y s is  

Pa r ti cl es I ndu ced X-r a y  Em i ssi on ( PI XE) a nd Ru th er f or d Ba ck sca tter i ng S pectr oscopy  
( RBS ) a r e u sed si m u l ta neou sl y . PI XE m eth od per m i ts to i denti f y  a nd, wh en possi b l e, to 
q u a nti f y  tr a ce el em ents. RBS  m eth od i s u sed to deter m i ne th e q u a nti ty  of  el ectr i c ch a r ge 
r ecei v ed b y  th e sa m pl e du r i ng i r r a di a ti on wh i ch  i s essenti a l  f or  q u a nti f i ca ti on of  PI XE 
spectr a .  

RBS  m ea su r em ents wer e done wi th  a  si l i con pa r ti cl e detector  pl a ced a t 135°  f r om  
i nci dent b ea m  a x i s. I ts su r f a ce wa s 20  m m 2. Th e detector  wa s u sed to m oni tor  th e tota l  
nu m b er  of  pr otons th a t i nter a cted wi th  th e ta r get du r i ng a na l y si s v i a  th e y i el d of  b a ck sca tter ed 
pa r ti cl es. D a ta  wer e tr ea ted u si ng S I M N RA  code dev el oped a t th e M a x -Pl a nck -I nsti tu t f u r  
Pl a sm a Ph y si k  ( G a r ch i ng, G er m a ny )[14]. 

PI XE a na l y si s wa s per f or m ed wi th  a n S i ( L i ) sem i condu ctor  detector  pl a ced a t 135°  
f r om  th e i nci dent i on b ea m  a x i s. Th e su r f a ce of  th e cr y sta l  wa s 80  m m 2 a nd i ts th i ck ness wa s 
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3 m m . Th i s detector  wa s f i tted wi th  a  b er y l l i u m  wi ndow 12 µ m  i n th i ck ness. N o f i l ter  wa s 
u sed f or  ou r  a na l y ses. To a na l y se spectr a  ob ta i ned b y  PI XE we u sed G u PI X sof twa r e 
dev el oped a t G u el ph  U ni v er si ty , C a na da [15]. Th i s pa ck a ge pr ov i des a  non-l i nea r  l ea st-sq u a r e 
m eth od to f i t spectr a , togeth er  wi th  conv er si ons of  X-r a y  pea k  i ntensi ti es to el em enta l  
concentr a ti ons v i a  a  def i ned sta nda r di z a ti on tech ni q u e i nv ol v i ng sol i d a ngl e of  detecti on, 
r el a ti v e ch a r ge a nd u ser -def i ned i nstr u m ent consta nts. I n ou r  ca se, concentr a ti ons a r e 
ex pr essed i n µ g/g of  r esi n-em b edded m a ter i a l . 

A na l y ti ca l  m ea su r em ents wer e per f or m ed u si ng nu cl ea r  m i cr opr ob es a t th e C entr e 
d’ Etu des N u cl é a i r es de Bor dea u x -G r a di gna n ( C EN BG ) ( Bor dea u x , F r a nce). Th i s f a ci l i ty  i s 
b a sed on a  m i cr ob ea m  l i ne th a t i s u sed to ca r r y  ou t i on b ea m  a na l y ti ca l  tech ni q u es a t th e 
m i cr om eter  sca l e[16]. F or  th ese m ea su r em ents we em pl oy ed pr oton m i cr ob ea m s of  1.5 M eV  i n 
ener gy  a nd 10 0  pA  i n i ntensi ty . Th e b ea m  di a m eter  wa s nea r  2 µ m . I n or der  to r ea l i se m u l ti -
el em enta l  m a ps of  gl a ss pa sti l l es/b i ol ogi ca l  f l u i ds i nter f a ce, we a dj u sted th e sca nni ng sy stem  
wi th  a  50  H z  f r eq u ency . A  pr oton b ea m  of  ener gy  1.5 M eV  gi v es a  good i oni z a ti on cr oss-
secti on of  l i gh t el em ents ( Z < 20 ) a nd th u s a  b etter  sensi ti v i ty  f or  PI XE a na l y si s b y  u si ng a  
S i ( L i ) detector  wi th ou t f i l ter . Th e sca nni ng r a te, wea k  i ntensi ty  a nd th e ch oi ce of  pr otons a s 
i on b ea m  a l l ow th e ta r get degr a da ti on to b e m i ni m i z ed du r i ng i r r a di a ti on. Th e b ea m  i ntensi ty  
i s not too wea k  a nd th u s per m i ts a cq u i si ti on du r a ti on of  1 h ou r . 

 
R e s ul ts  

C oncentr a ti ons gr a di ents of  S i , C a , P, A l  a nd M g a cr oss th e per i ph er y  of  b i oa cti v e 
gl a ss pa sti l l es wer e stu di ed b y  pr oton b ea m  m i cr oa na l y si s on th i n secti ons. El em enta l  
m a ppi ngs f or  di f f er ent ex posu r e ti m es to b i ol ogi ca l  sol u ti on r ev ea l ed di f f er ent z ones f r om  th e 
centr e to th e su r f a ce of  th e b i oa cti v e gl a ss pa sti l l es ( f i gu r es 1, 2).    
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F i gu r e 1:  S i , A l , C a , P a nd M g m a ps a t th e b i oa cti v e gl a ss pel l ets per i ph er y  b ef or e i m m er si on 
i n b i ol ogi ca l  f l u i ds. 

 
 
Bef or e i m m er si on i nto b i ol ogi ca l  f l u i ds, th e b i oa cti v e gl a ss pa sti l l e per i ph er y  i s 

h om ogeneou s ( f i gu r e 1). C oncentr a ti ons of  S i , C a , P, A l  a nd M g a r e consta nt ( f i gu r e 1, ta b l e 
1). A f ter  5 a nd 10  da y s of  i m m er si on i nto b i ol ogi ca l  f l u i ds, we ob ser v ed th e sa m e 
h om ogeneou s per i ph er y . H owev er , we f ou nd a  decr ea se i n S i , C a , P a nd M g concentr a ti ons i n 
th e b i oa cti v e gl a ss pa sti l l e per i ph er y  ( ta b l e 1). On th e oth er  h a nd, A l  concentr a ti ons i ncr ea se.  
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 S i  A l  C a  P M g  
Bef or e i m m er si on  248411 ± 9 0 87  9 83 1 ± 3 7 6   13 5 16 0  ± 13 0 9 4 35890 ± 17 3 0    5 245  ± 6 7 4  

5 da y s a f ter  
i m m er si on  

2 4 5858 ± 7 6 23  1 006 0 ± 49 7  1 34 1 56  ± 6 148 3 43 3 7  ± 117 0  51 6 8 ± 3 7 3   

10  da y s a f ter  
i m m er si on  

2 32 56 7  ± 3 45 9  1 086 0 ± 283  1 3356 2  ± 1113 4 3 23 3 7  ± 1445  5031  ± 17 1 

20  da y s a f ter  
i m m er si on  

2 2 1 1 56  ± 18143  1 1 7 89 ± 3 3 8 1 2 0035 ± 15 0 6 1 2 7 553 ± 7 0 6  4 06 1  ± 45 3  

 
Ta b l e 1:  El em enta l  concentr a ti ons ( µ g/g of  r esi n em b edded-m a ter i a l ) of  S i , A l , C a , P, M g i n 
th e gl a ss b ef or e i m m er si on i n D M EM  a nd a f ter  5, 10  a nd 20  da y s of  i m m er si on i n D M EM .   

 
A f ter  20  da y s of  i m m er si on i nto b i ol ogi ca l  f l u i ds, we ob ser v e two a r ea s a t th e 

b i oa cti v e gl a ss pa sti l l e su r f a ce ( f i gu r e 2). Th e f i r st a r ea  i s com posed wi th  S i , C a , P, A l , M g 
a nd r epr esents th e gl a ss. Th e second a r ea  i s essenti a l l y  com posed wi th  C a , P togeth er  wi th  
tr a ces of  M g. A t th i s ti m e per i od, a  C a -P-M g l a y er  a ppea r s a t th e su r f a ce of  b i oa cti v e gl a ss 
pa sti l l es. Th e th i ck ness of  th i s l a y er  i s i n th e or der  of  15 µ m .  C a , P, S i  a nd M g concentr a ti ons 
i n th e b i oa cti v e gl a ss conti nu e to decr ea se a nd A l  concentr a ti on i ncr ea ses ( ta b l e 1). H i gh  C a , 
P concentr a ti ons a r e f ou nd i n th e l a y er  togeth er  wi th  a  l ow concentr a ti on of  M g ( ta b l e 2). Th e 
C a /P a tom i c r a ti o i n th i s l a y er  i s nea r  1.7 . 

 
 

 S i  A l  C a  P M g  
20  da y s a f ter  
i m m er si on  

21447  ± 87 1 123 5  ± 3 82 3 89 0 47  ± 3 89 6 1 180 0 5 5  ± 5 421  10 27 5  ± 16 5 2 

 
Ta b l e 2:  El em enta l  concentr a ti ons ( µ g/g of  r esi n em b edded-m a ter i a l ) of  S i , A l , C a , P, M g i n 
th e su r f a ce l a y er  a f ter  20  da y s of  i m m er si on i n D M EM .   



 9

 

 
F i gu r e 2:  S i , A l , C a , P a nd M g m a ps a t th e b i oa cti v e gl a ss pel l ets per i ph er y  a f ter  20  da y s of  
i m m er si on i n b i ol ogi ca l  f l u i ds. 
 

D is cus s ion 

Th e pr esent wor k  a na l y z es th e su r f a ce ch a nges of  gl a ss pa sti l l es i n th e S i O2-N a 2O-
C a O-P2O5-K2O-A l 2O3-M gO sy stem  a nd i m m er sed i nto b i ol ogi ca l  f l u i d. To u nder sta nd 
m ech a ni sm s of  i nter a cti on b etween gl a ss a nd b i ol ogi ca l  f l u i ds a  ph y si co-ch em i ca l  a ppr oa ch  i s 
a dopted, na m el y  th e a na l y si s of  th e tr a nsf or m a ti on k i neti cs of  th e pa sti l l es per i ph er y  b y  
m ea ns of  PI XE-RBS . PI XE a ssoci a ted to RBS  per m i ts to ob ta i n q u a nti ta ti v e ch em i ca l  
m a ppi ngs of  a l l  el em ents wi th  a  Z > 11 ( N a ) a t th e m i cr om eter  sca l e. Th a nk s to PI XE m eth od 
we ca n stu dy  m a j or , m i nor  a nd ev en tr a ce el em ents wi th  concentr a ti ons of  som e µ g/g. I n th i s 
stu dy  we f ocu sed ou r  a ttenti on on S i , A l , C a , P, M g el em ents a nd we do not di scu ss b eh a v i ou r  
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of  N a  a nd K b eca u se th ese el em ents a r e not f i r m l y  b ond i n th e gl a ss m a tr i x  a nd r a pi dl y  
r el ea sed. A na l y si s of  di f f u si b l e el em ents l i k e N a  a nd K i s i nter esti ng b u t i t i s i m possi b l e to do 
th i s stu dy  on b u l k  sa m pl es em b edded i n r esi n. I t wou l d b e b etter  to stu dy  th ese el em ents on 
gl a ss pa r ti cl es a nd b y  u si ng cr y o-m eth ods a ssoci a ted to el ectr on pr ob e m i cr oa na l y si s[4, 17 -19]. 
C h em i ca l  m a ppi ngs a cr oss th e per i ph er y  of  gl a ss pa sti l l es sh ow th e ph y si co-ch em i ca l  
r ea cti ons occu r r i ng a t th e su r f a ce of  th e gl a ss i n conta ct wi th  b i ol ogi ca l  f l u i ds.  

D u r i ng i nter a cti ons b etween th e b i oa cti v e gl a ss pa sti l l es a nd b i ol ogi ca l  f l u i ds sev er a l  
ph y si co-ch em i ca l  r ea cti ons occu r  a t th e m a ter i a l  su r f a ce. Th e b i oa cti v e com posi ti on ev ol v es 
wi th  ti m e of  i m m er si on i nto b i ol ogi ca l  f l u i ds. S i , C a , P a nd M g concentr a ti ons i n th e gl a ss 
decr ea se wi th  ti m e. Th ese el em ents a r e r el ea sed i nto th e sol u ti on a nd th e gl a ss u nder goes 
di ssol u ti on ( f i gu r e 3). A l u m i ni u m  concentr a ti on i ncr ea ses i n th e gl a ss b eca u se th i s el em ent i s 
not r el ea sed l i k e oth er  el em ents. A l 3+ i ons a r e l ower  r el ea sed th a n oth er  i ons b eca u se i t i s 
f i r m l y  b onded to S i . D u r i ng th e b i oa cti v e gl a ss di ssol u ti on, A l 2O3 i s b onded to th e u nr el ea sed 
pa r t of  si l i con. A l 2O3 i s a  networ k  f or m er  a nd i ts a ddi ti on i n b i oa cti v e gl a sses ca n b e u sed to 
contr ol  a nd r edu ce th e sol u b i l i ty  of  th e gl a ss[10 , 11].  
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F i gu r e 3 :  S ch em a ti c v i ew of  th e C a -P-M g su r f a ce l a y er  a nd ph y si co-ch em i ca l  r ea cti ons a t th e 
b i oa cti v e gl a ss per i ph er y  a f ter  20  da y s of  ex posu r e to b i ol ogi ca l  f l u i ds. 

A s th e gl a ss m a tr i x  di ssol v es, v a r i ou s el em ents di sper sed i n th e b i oa cti v e gl a ss a r e f r ee 
to go ei th er  i nto th e sol u ti on or  to com b i ne wi th  el em ents i n th e b i oa cti v e gl a ss th a t m a k e u p 
su r f a ce l a y er s. A f ter  20  da y s of  i m m er si on i nto b i ol ogi ca l  f l u i ds, th e di str i b u ti on of  si l i con, 
a l u m i ni u m , ca l ci u m , ph osph or u s a nd m a gnesi u m  di f f er s b etween th e gl a ss pa sti l l es centr e a nd 
th e su r f a ce. C oncentr a ti on gr a di ents dem onstr a te th e f or m a ti on of  a  C a -P r i ch  l a y er  wh i ch  
conta i ns M g. F or m a ti on of  th i s l a y er  i ncl u des a  com pl ex  ser i es of  ph y si co-ch em i ca l  a nd 
u l tr a str u ctu r a l  ph enom ena . Bi oa cti v e gl a ss pa sti l l es i n conta ct wi th  b i ol ogi ca l  f l u i ds a r e i n 
di ssol u ti on a nd S i , C a , P, N a , K, M g a r e r el ea sed. N a + a nd K+ i ons a r e r a pi dl y  a nd h i gh l y  
r el ea sed[17 ]. A n a ppr eci a b l e a m ou nt of  S i , C a , P, M g i ons i s r el ea sed f r om  th e b i oa cti v e gl a ss 
i nto th e su r r ou ndi ng f l u i ds.  Th e di ssol u ti on r esu l ts f r om  b r ea k i ng of  S i -O-S i  b onds a nd l ea ds 
to th e f or m a ti on of  a  new m a ter i a l s com posed wi th  S i , A l , C a , P a nd M g. Th en, a n 
a ccu m u l a ti on of  C a 2+, PO43- i ons occu r s on top of  th i s m a ter i a l  a nd a  C a -P r i ch  l a y er  sta r t to 
b u i l d u p. Th i s C a -P l a y er  ev ol v es wi th  ti m e of  ex posu r e to b i ol ogi ca l  sol u ti on. Th e si z e of  th i s 
l a y er  i ncr ea ses a nd a f ter  20  da y s i s nea r  15 µ m . Th e C a /P a tom i c r a ti o i n th e ca l ci u m  
ph osph a te l a y er  i ncr ea ses to 1.7  a f ter  th i s ti m e per i od of  i m m er si on wh i ch  cor r esponds to th e 
a tom i c r a ti o of  a n a pa ti te. 

Th ese r ea cti ons r ef l ect th e f or m a ti on of  a n a pa ti te l a y er  a t th e b i oa cti v e gl a ss su r f a ce. 
F or m a ti on a nd gr owth  of  th e a m or ph ou s C a -P r i ch  f i l m  i s b y  i ncor por a ti on of  sol u b l e ca l ci u m  
a nd ph osph a tes i ons com i ng b oth  f r om  th e gl a ss a nd th e sol u ti on ( f i gu r e 3). C a 2+ i ons i ncr ea se 
th e degr ee of  su per sa tu r a ti on of  th e su r r ou ndi ng b i ol ogi ca l  f l u i ds a nd ca u se pr eci pi ta ti on. 
Th ese speci f i cs pr eci pi ta ti on condi ti ons l ea d to th e f or m a ti on of  b one a pa ti te l i k e cr y sta l s. 
F or m a ti on of  th i s a pa ti te l a y er  r epr esents b i oa cti v i ty  pr oper ti es of  b i oa cti v e gl a sses. Ev ol u ti on 
of  th i s dy na m i c i nter f a ce a nd th e f or m a ti on of  th e a pa ti te l a y er  wi l l  per m i t in vivo a  ch em i ca l  
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b ond b etween th e b i oa cti v e gl a ss a nd b one ti ssu es. Th u s, a  b i oa cti v e i nter f a ci a l  r egi on i s 
f or m ed.  

I n th e ca se of  b i oa cti v e gl a sses doped wi th  1%  of  M gO, th e a pa ti te l a y er  conta i ns 
m a gnesi u m . Th e pr esence of  M g does not i nh i b i t b i oa cti v i ty . Bu t, th e pr eci pi ta ti on condi ti ons 
f a v ou r  th e f or m a ti on of  a pa ti te-l i k e cr y sta l s, wh i ch  i ncor por a te m a gnesi u m . Th i s k i nd of  
b i ol ogi ca l l y  r el ev a nt ca l ci u m  ph osph a te i s i m por ta nt f or  b one b ondi ng[20 ]. M g ca n pl a y  a n 
i m por ta nt r ol e du r i ng sponta neou s f or m a ti on of  in vivo ca l ci u m  ph osph a tes a nd b one 
b ondi ng[21]. M g2+ i ncor por a ted i nto th e a pa ti te l a tti ce ca n i ndu ce ch a nges i n i ts ph y si co-
ch em i ca l  pr oper ti es. A pa ti te su b sti tu ted wi th  M g r esu l ts i n a  C a  def i ci ent a pa ti te wh i ch  i s 
m or e sol u b l e th a n stoi ch i om etr i c a pa ti te[21].  

 
 
 

C oncl us ion 

I n ca se of  b i oa cti v e gl a sses th a t u nder go di ssol u ti on du e to i on di f f u si on, spa ti a l l y  
r esol v ed X-r a y  m i cr oa na l y ses i s of  gr ea t i m por ta nce i n ev a l u a ti ng m ech a ni sm s of  ph y si co-
ch em i ca l  r ea cti ons b etween m a ter i a l  a nd b i ol ogi ca l  f l u i ds, b eca u se th e ph enom enon occu r s 
u nder  m i cr om eter  sca l e.  Th a nk s to PI XE m eth od we a r e a b l e to stu dy  m a j or , m i nor  a nd tr a ce 
el em ents a t th e r eq u i r ed sca l e. Ph y si co-ch em i ca l  r ea cti ons ca n b e decom posed i n i on 
l ea ch i ng, pa r ti a l  di ssol u ti on of  th e gl a ss-su r f a ce wh i ch  l ea d to th e f or m a ti on of  a  b one l i k e 
a pa ti te l a y er  on th e gl a ss su r f a ce. F or m a ti on of  th e a pa ti te l a y er  r epr esents b i oa cti v i ty  
pr oper ti es of  th e stu di ed b i oa cti v e gl a ss. Pr esence of  2 %  A l 2O3 i n th e b i oa cti v e gl a ss r edu ces 
i ts di ssol u ti on b u t do not i nh i b i t i ts b i oa cti v i ty . 

Th e pr er eq u i si te f or  b i oa cti v e gl a sses to b ond to l i v i ng b one i s th e f or m a ti on of  
b i ol ogi ca l l y  a cti v e a pa ti tes on th ei r  su r f a ce i n th e b ody . Th e a pa ti te l a y er  b r i dges ch em i ca l l y  
th e b one a nd th e i m pl a nt. Th e r ea cti ons b etween b i oa cti v e gl a sses a nd b one, a nd dependence 
of  th ese r ea cti ons on th e gl a ss com posi ti on a r e i m por ta nt i n b i oa cti v i ty  m ech a ni sm s. Ou r  
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r esu l ts dem onstr a te th i s pr oper ty  of  b i oa cti v i ty  f or  th e stu di ed b i oa cti v e gl a ss. Th e b i oa cti v e 
gl a ss i n th e S i O2-N a 2O-C a O-P2O5-K2O-A l 2O3-M gO sy stem  l ea ds to th e f or m a ti on of  a  C a -P-
M g r i ch  l a y er . Th i s pa per  dem onstr a tes th e pr esence of  M g i n th e C a -P r i ch  l a y er  a t th e 
i nter f a ce b etween th e b i oa cti v e gl a ss a nd b i ol ogi ca l  f l u i ds. H owev er , m a gnesi u m  i nf l u ences 
th e f or m a ti on a nd th e ev ol u ti on of  th e a pa ti te l a y er . Th e M g m a y  b e a b l e to enter  th e f or m i ng 
h y dr ox y a pa ti te nu cl ei  a nd th u s i nh i b i ts th ei r  ev ol u ti on to ti ny  a pa ti te cr y sta l s, b eca u se th i s 
el em ent ca n not b e a ccom m oda ted i n th e h y dr ox y a pa ti te str u ctu r e.  
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