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ART. CELLS, BLOOD SUBS., AND IMMOB. BIOTECH., 24(6), 693-702 (1996) 

POROI’S H\-DROXYAP.\T I T E  R E  IUFORCED W I T H  COLL.AGEV PROTEIN 

Qi-Qing Zhang*, Le i  Ren,  Chun Icang, Ling-Rong L i u  
l u e - J u n  Wen**, Yu-Hua L i i i * * ,  Xirig-Dong Zhang** 

Depar tmen t  o f  B i o m a t e r i a l s ,  I n s t i t u t e  o f  B i o m e d i c a l  E n g i n e e r i n g ,  
C h i n e s e  Academy o f  Yedical  S c i e i i c e s ,  P.O.Bou 2 5  1 2 0 4 1 ,  T i a r i j i n  
3 0 0 1 9 2 ,  P .R .Ch ina  

KEYWORDS: i i y d r o s y a p a t  i t e ,  c o l l a g e n ,  sompos i t . e  m a t e r i a l  

ABSTRACT: P o r o u s  h y d r o u y a p a t  i r . e ( H A P )  w i t h  c .e r ta i r l  p o r o s i  t!, and 
p o r e  s i z e  was p r e p a r e d ,  aiid i n c . o r p o r a t e d  K i t h  b o v i n e  c o L l a g e n  
p r o t e i n .  The c o m p o s i t i o n  and  s t t . i t c t i i r e  o f  t he  HAF w a s  c o n f i r m e d  
by ?(-Ray D i f f r a c t  ion1 X H D  I an,-I ICP. S c a n n i n g  E l e c t r o n  
Microscop:  ( S E Y ) ,  m e c h a n i c a l  t e s t s  arid i n  l - i t r o  d e g r a d a t i o n  ~ e r < v  
p e r f o r m e d .  Co l l age11  p r o t e i n  wj.th l o w  a n t i g e n i c i t y  was o b t a i n e d  
from h o t - i n e  tetidori by e n z y m e  d i g e s t  i o n ,  arid w a 5  t h r n  f o r c e d  t o  
f i l l  i n  t h e  H-\P m a t r i x  t d  form c o m p o s i t e s .  Scaiiriiiig E l e c t i ’ o n  
b l i c roscopy l  S E N ) ,  > l echan ic , i l  t e , s t s  arid i n  \. i t r o  degradation ucrv 
p e r f o r m e d .  T h e  t e s t  rebul t s  s h o w  t h a t  f i r s t ,  HAP t h u s  made h a s  
s p e c i f i c  p o r e  s i z e  and  d i r e c  t . ior is ;  s e c o n d ,  m e c h a n i c a l  p r o p e r t i e s  
o f  t h e  c o m p o s i t e s  h a \ - e  beeti mar.liedl?- i m p r o v e d ;  t l i i r d ,  t h e  i t i  

% i t r o  degz , ada t ion  r a t e  of  llre c o m p + > s i t e  i s  a l m o s t  t h e  same as. arid 
m a i n l y  c o r i t y u l l e d  b y  t h e  d e z r a d a t i o i i  r a t e  u f  c o l l a g e n .  

INTRODI‘CTION 

K i t h  t h e  advancement  o f  modern iued ica l  s c i e n c e ,  t r a d i t i o n a l  
a r t i f i c i a l  bone m a t e r i a l s  c a n  no l o n g e r  f u l f i l l  t h e  n e e d s  for .  t h e  
p r o s t h e s i s  and r e p l a c e m e n t  of  hiiman hard t i s s u e s .  I n  t h e  case  o f  
i n j u r i e s  r ,ai ised by e x c e s s i v e  s p o r t s  a i ~ r l  t r a f f i c  a c c i d e n t s ,  l iard 
t i s s u e  r e c o n s t r u c t i o n  and  r e p l a c e m e n t  a r e  becomirig i n c r e a s i n g l y  
c o m p l i c a t e d  and a g e s  o f  these p a t i e n t s  may x ’ a r y .  Fo r  many y e a r s ,  
t h e  c h o i c e  o f  t r a d i t i o r i a l  a r t i f i c i a l  bone m a t e r i a l s  have  been  
r e s t r i c t e d  t o  a few k i n d s  l i k e  metal a l l o y s ,  s y n t h e t i c  p o l y m e r s ,  
aluminum o x i d e  c e r a m i c s ,  c a r b i d e s ,  et i . .  The p r o p e r t i e s  o f  t h e s e  
m a t e r i a l s  are riot. t o t , a l l y  s a t i s f y i n g  when b e i n g  a p p l i e d  t o  
coniplex o p e r a t  i o n s  o f  t iard t i s s u e  r e p a r a t  i o n s .  T h e r e f o r e ,  
b i omed i c a I b 1 o 1 o g i c a 1 
p r o p e r t i e s  s i m i l a r  t o  t h o s e  o f  human t i s s u e s  arid o r ’gans  a r e  
h i q h I  y d e s i r a b l e  and  b e a r  t h e  common i n t e r e s t s  o f  b o t h  l a b o r a t o r y  
r e s e a r c h e r s  and c l i n i c a l  dOCtf‘JrS. 

mate r i A 1 s h-ho se phy s i c a1 - c hem i c a 1 and 

~ 

* To whom c o r r e s p o n d e n c e  skiould he addressed 
**Sichiinn U n i \ > e r s i t y ,  S i c h u a n ,  F .R.!’hlna 
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694 ZHANG ET AL. 

From the view of material science, human bone tissues can be 
regarded as natural composite materials composed of organic part 
-- collagen fiber and inorganic part -- calcium phosphate(1). 
Thus, research work is underway aiming to develop a kind of 
artificial bone material which has similar constituents, 
structures and properties to those of natural bones. In recent 
years, hydroxyapatite ceramic material is the focus of artificial 
bone research all over the world. Hydroxyapatite(HAP1 is expected 
to be an ideal substitution of human bone tissues because of  its 
good biocompatibility and bioactivity, that is, HAP can form firm 
osseous combination with natural bones(2-4). However, because of 
its brittleness and weakness in physiological environment and 
unsatisfactory growth rate of bone tissues into the HAP pores, 
the porous HAP material has only been used as bone filler and its 
application has been greatly limited(5-9). 

Collagen is the principal component of mammal connective 
tissues, It is a kind of protein and can be extracted from bovine 
tendon o r  calf skin by enzyme o r  acid(l0,ll). Collagen protein is 
fibrous and is formed by three a-polypeptide chains entangling 
together through hydrogen bonds. Strong light polarization 
reveals the helix structure of protocollagen. Stress-strain curve 
indicates the existence of plastic phase and elastico-viscous 
phase and thus resulting good tenacity and strength. It is 
recognized that collagen also contributes to the growth of 
cells(7). The @-chains and certain peptide degradation residues 
have the ability to affiliate tissue cells(l2). When applied to 
human, collagen is biocompatible(l8), nontoxic and has no 
anaphylaxis, pyrogen and carcinogenicity(l2). The degradation 
products can be excreted out of the body through urine(l2). 
Because of these advantages, collagen is being regarded as an 
important biomaterial(l3-17). But collagen has very poor 
stiffness and can not be used alone for hard tissue packing and 
substitution. 

In this article, after fully considering the properties of HAP 
ceramics and collagen protein, we experimented with porous HAP 
and collagen composites to form new artificial bone materials. It 
is expected that during the early stage of implantation, the 
porous HAP could act as the framework for the in-growth of bone 
tissues and the collagen could act as a reinforcement so as to 
enhance the strength and tenacity of the composites. At the same 
time, the growth rate of the new bone tissues into the HAP pores 
could be matched by the degradation rate of collagen so that 
eventually, the new bone combined with HAP would become permanent 
and naturally bioactive. 

METHODS 

1.Preparation of porous HAP 
Raw HAP were ground and meshed to form fine powder. Certain 

amount o f  hydrogen peroxide (aqueous solution) and paper pulp 
were added and mixed thoroughly. The slurry was then desiccated 
at 9 0 ° C  in a rectangular container and slowly heated to 1280 'C  
and remain there for 3 hours. After being slowly cooled to room 
temperature, porous HAP ceramics with specific porosity, porous 
size and directions was thus formed. 
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POROUS HYDROXYAPATITE 695 

2 . P r e p a r a t i o n  o f  c o l l a g e n  mater ia ls  
F r e s h  b o v i n e  t e n d o n  w a s  washed ,  f r o z e n  and  s l i c e d  t o  1-2mm 

t , h i c k .  P r o t r i n a s e  was u s e d  f o r  1 6 - h o u r - d i g e s t i o n  a t  3 7  OC. Then 
t h e  e n z y n e  was i n a c t i v a t e d  and  t h e  t e n d o n  w a s  washed by d i s t i l l e d  
water and  d i s s o l v e d  i n  a c i d  s o l u t i o n .  The a b o u t  10% c o l l a g e n  
s o l u t i o n  Kas c e n t r i f u g e d  and  s t o r e d  a t  5 O C .  

3 . P r r p a r a t i o n  of  HAP-col lagen c o m p o s i t e s  
C o l l a g e n  s o l u t i o n  w i t h  v a r i o u s  c o n c e n t r a t i o n s  w a s  c e n t r i f u g e d  

w i t h  p o r o u s  HAP. C o l l a g e n  w a s  t h u s  p r e s s e d  t o  f i l l  i n  t h e  p o r o u s  
HAP a t  a s i n g l e  d i r e c t i o n  as d e e p  as p o s s i b l e .  The HAP ceramics 
w e r e  d r i e d  i n  vacuum d e s i c c a t o r  a t  35 O C  and  c r o s s - l i n k e d  by 
1,4%(V/V) f o r m a l d e h y d e  f o r  1 h o u r  a t  room t e m p e r a t u r e .  Then t h e  
HAP-col lagen c o m p o s i t e s  were remobed from t h e  c r o s s - l i n k  a g e n t ,  
washed t o  n e u t r a l  w i t h  d i s t i l l e d  water and  a m b i e n t l y  d r i e d  i n  
vacuiim d e s i c c a t o r  f o r  f i i r t h e r  u s e .  

4 . R r c o n f i r m a t i o n  o f  HAP c o m p o s i t i o n  a n d  s t r u c t u r e  
A D/MAX-RA Y-ray d i f f r a c t o r  w a s  u s e d  t o  o b t a i n  X R D  d i a g r a m s  o f  

HAP s a m p l v s  i n  t h e  fo rm o f  powder ,  and t h e  r e s u l t  w a s  compared 
w i t h  s t a n d a r d  d i a g r a m  of  ASTW(9-432). E lementa l  a n a l y s i s  w a s  
c:onducted on a J a r r a l l - A s h  9000 t2000  ICP a p p a r a t u s  t o  e n s u r e  t h a t  
t h e  HAP s a m p l e  h a s  s u f f i c i e n t  p l t r i t y .  

5 .  P o r o u s  m i c r o s t r u c t u r e  i n v e s t i g a t i o n  
A Cambridge-S200 S c a n n i n g  E l e c t r o n  M i c r o s c o p e  was u s e d  t o  

c h a r a c t e r i z e  t h e  m i c r o s t r u c t u r e  o f  t h e  HAP-col lagen c o m p o s i t e ,  
P 0 r o s i t . v  a t t (1  p o r e  s i z e  were c a l c u l a t e d .  

6 . Yerha 11 i c a 1 t e s t s  
Y e c h a n i c a l  p a r a m e t e r s  1 i k e  c o m p r e s s i v e  s t r e n g t h  , b e n d i n g  

s t r e n g t h  and  d e f o r m a t i o n  r a t i o  o f  t h e  c o m p o s i t e  s a m p l e s  
f a b r i c a t e d  w i t h  d i f f e r e n t  c o l l a g e n  c o n c e n t r a t i o n s  h-ere o b t a i n e d  
~ i s i n g  WD-10  E l e c t r o n i c  m a t e r i a l  t e s t i n g  a p p a r a t u s .  

7 .  Tn v i t r o  d e g r a d a t i o n  
95mg HAP-col lagen c o m p o s i t e s  ( c o n t a i r i i i i g  img c o l l a g e n  I and  lms 

p u r e  c o l l a g e n  p r o t e i n  Tier? loadecl i n t o  t e s t  t u b e s  a n d  2 m l  S t o c k  
s o l i l t  i o n  ancl 0 .  I m l  S t o c k - c o l  l agenr i se  s o l u t i o n  were added  
r e s p r c t i v r , l y .  T l i e  t u b e s  were  1 - i b r a t e d  a t  t h e  s p e e d  o f  1 0 0 r . p . m .  
a t  3i°C. C o n c e t i t r a t  iotl  cha i iges  o f  t h e  major d e g r a d a t i o n  p r o d u c t  - 
l i > ~ i l r o ~ y 1 ~ r o  I i n e  -- h e r e  r e c o r d r d  by  CV-265  u l t r a - v i o l e t  
s p e c t r o p h o t  o ine t e r  at d i f  f e r r i i t  t i m e  sl'aiis. 

RESI'LTS 

1 .Sample ))re.lwil ' .ri i o n s  
rilr,l.etli I>- i I.ie>re itre t h r r r  me thods  cmplo?ed  i i l  t h e  f a h r i c a t i o n  

o f  i ~ < , r o : i s  h i n c e r h r n i c s  -- u s i n g  s e p a r a t e  h i i b b l e - g e n e r a t i n g  a g e n t s  
r , t i icr  t h a t 1  rractixe i n g r e t l i e n t s ,  01'  u s i n g  o t h e r  p o r o u s  m a t e r i a l s  
iis a fr.nmerr,i.li, or a c h i r \ - i r i g  tJUbble g e n e r a t  i o n  d u r i n g  s y n t h e t i c  
ar:tI/cor q i i i t  e r i r i g  ~~rocr , s t . s  t1.v ~ ~ r - o p f - r t y  < . h o o s i n g  react  ixe a g e n t s .  
4morig t t ip re ,  t h c  f i r s t  olethorl i s  fourid to be  t h e  most e f f e c t i v e .  
H y d r n i . : , - p e r  :)I i d e  i k  thr mo3t  (,oniiiiuiily s e l e c t e d  b u b b l e - f o r m i n g  
r e a g c n t ,  I J i l t  i r i  inany c a s e s ,  i t  i s  r u t h e r  d i f f i c u l t  t o  a s s e r t  some 
c o n t r . n l  ,111 t h e  kizf .  a t i d  s h a p e  < I f  the p o r e s  i i l  t h e  c e r a m i c  
ii1 ; ; ! .1 ' i c  w - . .  Ti-ic i t . fore ,  K P  e . , p r . i m e n t e d  b? a d d i n g  i n  p a p e r  p u l p  
i : l i i r i t i <  t h ~  fot.tii;tt i u r i  cf t.tie IfAF m i i t  i r i x ,  a n d  w e r e  s u c c e s s f i t l l y -  
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696 ZHANG ET AL. 

able to produce samples with specific pore size and shape by 
altering ratios of the involved paper pulp. We prepared three 
types of HAP samples with various porosity and pore size as shown 
in Table 1. The formed micro pores could be interconnected since 
the paper pulp has a higher vaporization temperature, Special 
effort had also been paid to grant a certain extent of direction 
to the arrayed pores. 

2.HAP composition and structure 
The YRD diagram of HAP sample is giver1 in Figure 1(.4), and 

compared with standard XRD diagramlASTW9-432) in Figure l:E';q The 
obvious disparity between major  diffraction ~ 'ea l i s  ,l the  t h o  
diagrams indicates that the :mrous sample is \rirtiLally coml'osrti 
o f  HAP. Solution concentrat iuii-. of t t i t .  pi,eserit e l t . o ~ t ~ r ; t ,  A L ' Y  

listed in Tnble 2 .  It ci111 be s e t r i i  that Ca arid P a l e  t a k i t i y  the.  
dominant role, r , h i  Le the >:(ill <if  i r t I  t l i z .  ..)tilei. r~or~stit~~ents is 
less than 0.2% of  t h e  total c .o i~ . e i i t i . - t t  itin, 

J.SEI1 ,',se~\nI i < - r i i s  
Figure 2 si lors  t h e  SE!! photo o f  the tl.AP structure, and Figure 3 
j l l a w s  the SE>f image c.rf t h e  H.AP-collagen HAP-collagen composite 
sample .  The SE?l resiilts show that collagen filled into the HAP 
ceramics in the form of solutions shrinks along and is loosely 
attached to the pore walls after desiccation. Examinations of the 
structure o f  vertical layers indicate that collagen materials 
have been imbibed into the pores and stretch along the pore 
directions. But the pores are not fully imbued with collagen 
because of large viscosity of the collagen solutions. 

The calculated values of pore size are given in Table 3. The 
average porosity is 62.2%.  Actually, the porous matrix is filled 
with macro pores of  300-1500um as well as micro pores of 0 . 5 -  
20um. The pores has a certain direction and internally connected. 
According to Klawitter and tIulbert(19), the minimum pore size is 
100um for hone ingrowth into ceramic structures. The average pore 
size of the sample here is large enotigh to allow ample ingrowth 
of  tissues and cells. 

1.Mechanical properties 
The results of mechanical tests show that compressive strength 

increases after the HAP was filled with collagen and is larger 
when the direction of stress is parallel to the pores lsee Figure 
4 ) .  Bending strength and deformation ratio also increase t o  
various extent. Bending strength is larger when stress is 
vertical to the pores whereas deformation ratio is larger when 
stress is perpendicular lsee Figures 5 and 6 ) .  We have not found 
a distinct explanation of the irregular sudden rises and falls of 
the mechanical parameters. We suspect that this could be 
explained by the non-homogeneous distribution of collagen protein 
within the HAP matrix caused by the composition procedure, which, 
at the meantime, being modified and improved s o  as to avoid this 
s i t ua t ion. 

5.In vitro biological degradation test 
The result of in vitro degradation test is given in Figure 7 

in which the solution concentrations of hydroxyproline were 
monitored by an UV spectrophotometer at different time intervals. 
The degradation curve indicates that degradation rates of the 
composite and collagen are largely the same. Degradation rate of 
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POROUS HYDROXYAPATITE 691 

A 

, , 

F i g u r e  1 .  S R D  diagrams of (.A1 HIP s a m p l e  atid I D 1  HAP c - t n r l d a r c l  
sample 
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698 ZHANG ET AL. 

, I, 185.11 
F 8 8 . 3 0 2  

F i g u r e  2 .  SEH p h o t o s  o f  the HAP sample.  I . < )  area cut b e r t i c a ?  t o  
t h e  p o r e  d i r e c t i o n ,  and  ( B )  nrea c u t  p a r a l l e l  t o  t h e  
pore  d i r e c t i o n  

t h e  c o m p o s i t e  is main13 d e t e r m i n e d  by t h e  r a t e  u f  c o l l a q e l l  
p r o t e i n  i n s i d e  t h e  HAP m a t r i x .  The  c o l l a g e n  p r o t e i n  a l m o s t  
e n t i r e l j  d i s a p p e a r s  a f t e r  a b o u t  1 2 0  h o u r s  k h e n  t h e  r o t ~ c e i ~ t r a t  Lon 
o f  h q d r o x y p r o l i n e  r e a c h e s  i t s  p e a h .  

DISCUSSIONS AND C'ONCI.VS I O N  

The v i t a l  w e a k n e s s  o f  porous H A P  ceramics i s  i t s  b r i t t l e n e s s .  
When t h e  i n n e r  s tress e x c e e d s  t h e  c r i t  i c n l  p o i n t ,  i i n a \ - o i d a h l e  
c o l l a p s e  o f  t h e  ma te r i a l  i s  o f t e n  a b r u p t  a n d  d i s a s t r o u s .  W e  i lave 
u s e d  a k i n d  o f  f i b r o i t s  p r o t e i n  - -  c o l l a s e i i  t o  form composj t , es  
w i t h  H.AP. I n  the  case of  t h e  neb  c o m p o s i t e s ,  when t h e  HAP matri?. 
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POROUS HYDROXYAPATITE 699 

Figure 3 .  SEM photos of the HAP-collagen Composite. ( A 1  shows the 
combination of HAP and collagen fibers (the arrows are 
pointing to the places where HAP arid collagen combine), 
and ( B l  is a more detailed view of the HAP-collagen 
interface I 

is pressed, the collagen fiber inside could partially afford the 
stress and retard the broadening of rifts, thus enhancing the 
strength and tenacity of the mat.eria1. This is distinctively 
demonstrated by the mechanical tests. However, it is extremely 
important to properly control the HAP-collagen ratio. The 
strength of the material increases with the concentration of 
collagen only within a certain range of ratios. Since the 
viscosity of the collageri solutions becomes too large when the 
collagen concentration reaches a certain value, it is discovered 
that it is rather difficult to fill more collagen into the HAP 
pores. Then, the strength of the composite may decrease with 
increasing collagen concentration. 

The in vitro degradation test suggest that the collagen 
protein does not change its nature after composites are formed. 
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i 
0 1 2 3 4 5 6 

Concentration of collagen (%) 

Figure 4. Compressive strength versus collagen concentration curvcs of the composites. 
O - O . A - A , O - O  -- No.1,2,3 HAP-collagen composites, directions 

of stress vertical to the pores 

.-*.A-A..-m -- No.1,2,3 HAP-collagen composites, directions 
of stress parallel to the pores 

7 

: -----I 
0 1 2 3 4 5 6 

Concentration of collagen (116) 

Figure 5 .  Bending strength versus collagen concentration curves of the composites. 
o - o . ~ - ~ . n - n  -- No.1,2,3 HAP-collagen composites, directions 

of stress vertical to the pores 

o - - . . A - - ~ . . - - .  -- No.1,2,3 HAP-collagen composites, directions 
of stress parallel to the pores 
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POROUS HYDROXYAPATITE 701 

04 -I 

Concentration of collagen (%) 

0 1 2 3 4 6 

Figure 6. Deformation ratio versus collagen concentration of the composites. 
o-o.A-A.o-~ -- No.1,2,3 HAP-collagen composites, directions 

of stress vertical to the pores 

o - * . A - A . B - - .  -- No.1,2,3 HAP-collagen composites, directions 
of stress parallel to the pores 

40 - 
~-CCJ-------- A 

35 -. / 
P'' 

B 

0 , ; : : :  : : : :  : : : :  -i 

Time (hr) 
0 20 40 60 80 100 120 140 160 180 200 220 240 260 

Figure 7. In vitro degradation curves of the composite and collagen. A-collagen, B- 
composite. 
O-O,A-A,O-O -- No.1,2,3 HAP-collagen composites, directions 

of stress vertical to the pores 

*-*. A-A...-m -- No.1,2,3 HAP-collagen composites, directions 
of stress parallel to the pores 
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So it is possible to control the degradation rate of HAP- 
composites by controlling the cross-linking conditions and 
degradation rate of the collagen. Previous in vivo study of 
collagen protein reports that pure collagen starts to degrade at 
about 15 days after implantation. This roughly matches the growth 
rate of natural hard tissues. It is thus predicted that after the 
HAP-collagen composite is implanted, the collagen component will 
degrade concomitantly uit.h the growth of the bones. So at the 
early stage of  implantation, i t  can reinforce the material 
matrix, induce the grout h of tissues and gradually disappear 
during the course of tissiie regeneration. Then the collagen w i l l  
be completely replaced and new bone which consists of natural 
Lone tissiies and HAP ceramics w i l l  be ultimately formed. 
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