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The natural trace metal compositions of human bone mineral and demineralized bone 
were measured by emission spectroscopy and compared with those of the original whole bone 
and human tendon. Cu, Fe and Zn remained in the collagenous matrix of bone and were found 
in similar quantities in tendon. I t  is suggested, therefore, that  these ions are chemically bound 
to the collagen matrix in these tissues in vivo, and that  the binding has a part in their activity. 
Most of the Pb, Si, Sr, and V in bone remained with the mineral portion, probably as sub- 
stituted or interstitial ions. Zn is divided between the organic and mineral phases. 
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La composition en 616ments mdtalliques, trouvgs ~ l '6tat de traces, dans le min6ral de l'os 
humain ct dans l'os ddmin6ralis6 est mesur6c par spectroscopie d'6mission et comparde s cellc 
de l'os original enticr et le tendon humain. Le Cu, F e e t  Zn restcnt dans la matrice collaggne 
de l'os et se retrouvent en quantit6s dquivalentes dans lc tendon. I1 semble donc que ces ions 
soicnt lids chimiqucment ~ la matrice eo]laggne de ces tissus in vivo et que cette liaison joue 
un rSle dans leur activit6. La majorit6 du Pb, Si, Sr, et V de l'os rcste dans la fraction min6rale, 
probablement sous la forme d'ions substituds ou intcrstitiels. Lc Zn se rdpartit entre les 
phases organiques et min6ralcs. 

Die natiirliche Zusammensetzung der Spurenclemente im menschliehen Knochenmineral 
und im dcmineralisierten Knochen wurdc mittels Emissionsspektroskopie gcmessen und mit  
jener im urspriinglichen, intakten Knochen und in der menschlichen Sehne vcrglichen. Cu, 
Fe und Zn blieben in der Kollagenmatrix des Knochens zurfick und wurden in /~hnlichen 
Mengen in der Schne gefundcn. Deshalb wird angenommen, dab diese Ionen in vivo chemisch 
an die Kollagenmatrix dicser Gcwebe gebunden sind und dab diese Bindung einen Anteil an 
ihrer Aktivi tat  hat. Der grSBte Tell des Pb, Si, Sr und V des Knochens blieb in der Mineral- 
fraktion, vermntlich als substituierte oder interstitielle Ionen. Zn ist gleichmaBig auf die 
organische und anorganische Phase verteilt. 
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A. Introduction 

Trace meta ls  are t hough t  to  p l a y  several  roles in the  synthesis ,  cross-linking, 
calcif icat ion and  diseases of connect ive tissues (Sobel and  Hanok ,  1952; O'Del l  
etal., 1966; Schi f fmanneta l . ,  1966; Chvapi l  and  t t n r y c h ,  1968). I n  previous  
inves t iga t ions  (Becket  et al., 1968; Ellis  et al., 1969) of the  t race  e lement  com- 
pos i t ion  of whole h u m a n  cort ical  bone and  beef tendon,  we have  observed a 
regu la r i ty  in the  appea rance  of cer ta in  metals ,  n a m e l y  Cu, Fe  and  Zn. These, and  
poss ib ly  other ,  ions m a y  be s t ruc tu ra l ly  incorpora ted  in the  collagenous matr ices  
of these tissues. Recen t  exper iments  have  suggested t h a t  the  collagens are no t  
mere ly  pass ive  cellular  products ,  b u t  are themselves  ac t ive  subs t ra tes  for in i t ia t ing  
the  growth  and  repai r  of connect ive t issues (Grobstc in  and  Cohen, 1965; Fr ied-  
m a n  et al., 1968 ; Ur i s t  et al., 1968). I f  this  is so, then  the  incorpora t ion  of specific 
me ta l  ions in  collagen mat r ices  is impor t an t .  

Only two repor ts  have  been loca ted  deal ing wi th  the  na tu r a l  d i s t r ibu t ion  of 
t race  e lements  among the  components  of bone. Fore  and  Mor ton  (1952) in  the i r  
excel lent  inves t iga t ion  of Mn in bone, found  t h a t  a l though mos t  of the  1.4 p p m  
of Mn in ox femur  was loca ted  in the  minera l  por t ion,  a small  amoun t  was asso- 
c ia ted  wi th  the  organic ma t r ix ,  and  no de tec tab le  Mn was found in the  water-  
soluble fract ions.  Ell is  (1964) found, in qua l i t a t ive  studies,  t h a t  Cu and  F e  were 
more consis tent ly  associa ted  with  the  organic f rac t ion of h u m a n  bone, and  P b  
and  B wi th  the  mineral .  

W e  presen t  below d a t a  on the  concent ra t ions  of several  na tu ra l ly -occur r ing  
t race  meta l s  in the  organic and  minera l  f ract ions  of normal  h u m a n  cort ical  bone. 
I n  addi t ion ,  we r epor t  the  resul ts  of an analysis  of several  samples  of no rma l  
h u m a n  tendon,  which is mos t ly  collagen. To our knowledge,  no t race  analyses  of 
h u m a n  tendon  have  been prev ious ly  repor ted .  

B. Methods 

I. Sample Preparation 
Sections of cortical bone were isolated from the midshafts of either tibiae or femora of 

five individual amputee patients, the operations being necessitated by mechanical orthopedic 
conditions. Only the medial portions, exclusive of highly vasculated and trabecular bone, 
were used. Human tendon was obtained during similar amputations from Achilles, and foot 
extensor, tendons of four individuals. After dissection and removal of unwanted tissue, the 
tendon sections were air dried and stored in plastic containers until analysis. 

A set of representative bone samples was cut into small chips and refluxed with ethylene- 
diamine in acid-cleaned glassware by the technique of Williams and Irvine (1954). This 
procedure was extended for at least 60 distillation cycles (3 days). The miner~] was then 
washed for 24 h in distilled, de-ionized water. Another set of bone s~mples was treated for 
five days with a 5 % solution of formic acid to dissolve the mineral. The resulting samples of 
bone organic matrix were washed for 24 h in distilled, de-ionized water before analysis. 

These procedures limited the interpretation of analytical results. Ethylenediamine is a 
well known metal chelating agent and may dissolve some of the mineral, or sequester loosely- 
bound ions during refluxing. During deminerMization, the formic acid solution probably 
dissolves some of the collagen and other proteins; it may also remove loosely-bound ions, and 
expose the protein to the dissolving minerals. 

Nevertheless, an analysis of the organic and mineral phase of bone prepared as above 
could be expected to localize the more tenacious metallic ions and identify the more weakly- 
bound ions. Complete recovery would be unlikely. The residual Ca in the demineralized bone 
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samples was less than 1 ppm of dry weight in this experiment, and ignition to 450 ~ of the 
extracted bone mineral produced weight losses of only a few percent from the same mineral 
dried at 110% Thus, the separations, however inefficient, were virtually complete. 

II .  Spectrographic Analysis 
All samples were dried at 110 ~ for at least 18 h and weighed. Demineralized bone sections 

were dry-ashed in covered crucibles by slowly raising the oven temperature to 350 ~ over a 
2 day period. The remaining black ash, resembling graphite, weighed about 35 % of the original 
dry material and was powdered. The dried tendon sections were treated similarly, raising the 
temperature to 400 ~ over a four-day period, producing a 12% ash/dry-weight ratio. These 
organic ashes were mixed in the ratio of one part ash, one part Li2COa, and two parts pure 
graphite (including 0.05% (NH~)2PdC14 providing Pd as a general internal standard). The 
mixtures, along with similarly-prepared, multi-element graphite standards, were ignited in 
an arc and the spectra recorded as described previously (Ellis et al., 1969). Fortran programs 
designed in this laboratory for use on the IBM 360-50 were employed to perform emulsion 
calibrations and estimate concentrations from log-intensity vs. log-concentration working 
curves (Spadaro, 1969b). 

The samples of extracted bone mineral were ground to a fine powder in a dental shaker, 
mixed 1 : 1 with palladiumized graphite and ignited in an arc with specially-designed external 
standards previously reported to be effective for the analysis of bone ash and mineral (Spa- 
daro, 1969a). Both the precision and accuracy of this method have been shown to be about 
8%, averaged over 18 common elements (Spadaro, ]969b). The average precision of the 
demineralized bone and tendon analyses was estimated to be from 10% to 20% and generally 
below sample variations. In all cases, spectrographic grade reagents (Johnson-Matthey) and 
graphites (:National) were used; all vessels were washed in dilute sulfuric acid and rinsed 
thoroughly in distilled, de-ionized water. 

C. Results 

I. Human Bone Mineral and Bone Collagen 

The average concentrat ions of detected elements in samples of bone mineral  
and  demineral ized bone are shown in  Fig. 1, ad jacent  to the results for the original 
5 whole bone samples for comparison. The concentrat ions in  all three materials  
are given in  equivalent  ppm of 110 ~ dried whole bone to make the comparison 
easier 1. As can be seen in  Fig. 1, Pb, Si, Sr and  V, while found at  reduced con- 
centra t ions  in  bone mineral,  seemed to be absent  from demineralized bone to 
relat ively low limits. Therefore, pa r t  of the content  of these metals in  bone is 
p robab ly  tenaciously bound  to the mineral,  either as subst i tuted,  or interst i t ial ,  
ions. This has been previously shown for Pb  and Sr using X- ray  diffraction 
(MacDonald et al., 1951). Results for Mn and  Sn are inconclusive, bu t  they appear  
to be only  weakly bound,  if a t  all, to the organic matr ix.  

I n  contrast ,  par t  of the Cu and  most  of the Fe remained with the decalcified 
organic matr ix ,  with li t t le or none remaining with the bone mineral.  This is an 
i m p o r t a n t  observation,  because i t  indicates t ha t  these ions are relat ively strongly- 
bound  to the bone collagen and  m a y  therefore be funct ional ly  impor t an t  to it. 
The actual  average concentrat ions of Cu and  Fe in the organic mat r ix  in  terms of 
dry  demineral ized bone were 2.7 =J= 0.4 ppm and  8.4:j=3.7 ppm respectively 2. 
Al though the results for Zn were only approximate,  due to technical  difficulties 

1 Here it was assumed for the purpose of calculation that the mineral was 68% and 
decalcified matrix about 30% of whole dried bone, and that processing weight losses were 
small. 

2 The errors expressed are average deviations in five samples. 

4* 



o 
m 60 

o 

>,50 

,.g 

4 0  

z 
o 5 o  
I-.- <~ 

,,z z0 

0 

z IO 

B [ ]  Whole Bone ~ 7 5  
M [ ]  Bone Mineral [~L 
C E~ Decolcified Bone 

T Defection Limit 

 T.-L 
M C B M C B M C B M C B M C B M C B M C B M C B M C B M C 

AI Cu Fe Pb Mn Si Sr Sn V Zn 

IF]. 
Fig. 1. Trace analysis of bone mineral and demineralized bone compared to whole bone. 
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Fig. 2. Ana lys i s  of f resh  h u m a n  t endon .  Concen t ra t ions  are in p p m  b y  weight  of d ry  t i s sue  
on  a log scale. De tec t ion  l imi t s  for  some  e lemen t s  n o t  de tec ted  are shown  wi th  solid lines. 
The  resu l t s  of t h ree  Achilles,  and  one foot  ex t enso r  t endon ,  all f rom di f ferent  indiv iduals ,  

were averaged .  P was  de tec ted  in on ly  one sample ,  however ,  a n d  is n o t  ave raged  
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in using the Zn line 2138, it appeared as if par t  of the Zn in bone is firmly bound 
to the mineral, and part  (about 6 ppm) to the collagen matrix. Zn was detected 
in all whole bone samples and in their extracted components. 

I I .  H u m a n  Tendon 

The average concentrations of metals in human tendon, expressed in ppm of 
dry tissue (110~ are shown in the graph in Fig. 2. The detection limits for the 
last six elements are shown because they had been found previously in either 
human bone or beef tendon (see references cited above). The large concentrations 
of Na, Ca, K, Mg and P are included for completeness (P was detected in only 
one sample and had a detection limit of 12 ppm in this analysis). The results in 
Fig. 2 are similar to those for whole and purified beef tendon (Ellis et al., 1969) 
and demineralized bone (Fig. 1). Zn, Cu and Fe were detected in human tendon 
in concentrations between 3 and 20 ppm of dry tissue. Metal concentrations in 
the current analysis showed average sample-to=sample deviations of from 10-30 To 

The small amounts of Si, A1 and Sr found in tendon may also have been 
present in the demineralized bone, since detection limits in the analysis of the 
latter were not as low as for the tendon analysis. 

D. Discussion 

The most important  observation made during the present experiments was 
tha t  Cu, Fe and Zn, in small but relatively constant amounts, are found both 
in the insoluble organic fraction of human bone (despite extensive demineraliza- 
tion) and in human tendon. This result, and the similar concentrations previously 
found in whole bone (Becker et al., 1968) and in beef tendon (Ellis et al., 1969) 
lead us to assert with confidence that  these ions are in some way bound to the 
collagen matrix and not merely present in the interstitial fluids. At tachment  to 
the non-collagen proteins or to protein-mucopolysaccharides, while not ruled out, 
is unlikely, due to the fact that  Ca, Fe and Zn have been found in similar con- 
centrations in acid-demineralized bone collagen and in salt-extracted tendon 
collagen (Ellis et al., 1969), as well as in all untreated collagenous tissues ex- 
amined so far. Furthermore, it has been shown that  collagen, especially in ma t r ix  
form, binds these ions rather strongly in  vitro (Spadaro et al., 1970) a. The 
question is, what role, if any, do these ions play in the growth and/or function of 
collagenous tissues ? 

The observed concentrations imply, if the distribution is homogeneous, the 
presence of only one a tom of metal  for about 10 or more molecules of tropo- 
collagen. The roles would then involve (1) direct interactions on the supramole- 
cular level of organization, or (2) indirect interactions, for example through the 
control of enzymatic activity. 

These interactions are not, in fact, mutually exclusive. I t  is possible that  the 
metal  ion in  s i tu  is responsible for enzyme activation ; tha t  is, the collagen matrix- 
metal ion complex may confer activity on an enzyme, mostly as a co-factor. 
Alternatively, the collagen matrix, through its binding specificity, could con- 
centrate necessary ions which would be released to the appropriate enzyme by ion 

3 In most cases, the binding constants of Cu 2+, Zn 2+, Fe 3+ were found to be about 
100 times that of calcium under identical conditions. 
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exchange.  An  act ive role of the  collagen m a t r i x  has, in  fact ,  been suggested b y  
recent  bone induc t ion  exper iments  (F r i edman  et al., 1968 ; Ur i s t  et al., 1968). Cu, 
Fe  and  Zn are excel lent  candida tes  for such in terac t ions .  They  have  been enzymat -  
ica l ly  l inked to collagen synthes is  and  cross-l inking and  to bone calcif icat ion;  
t h e y  are s t rongly  bound  b y  collagen matr ices  in  vitro; and  t hey  are p resen t  
consis tent ly  in  bone and  t endon  collagen in app rop r i a t e  concentrat ions .  

W i t h  regard  to the  h u m a n  t endon  analysis ,  i t  is wor th  not ing  t h a t  the  Mg/Ca 
weight  ra t io  in t endon  is a p p r o x i m a t e l y  0.1, or a b o u t  10 t imes  t h a t  of bone, The 
Sr/Ca rat io ,  however,  is found to be 0.45 X 10 -a in d r y  h u m a n  tendon,  exac t ly  as 
found  b y  Thurbe r  et al. (1958) in the i r  exhaus t ive  s t u d y  of Sr in h u m a n  bone. 
Since this  l a t t e r  f igure is 1/15 of t h a t  found in average rock  and  soft and  even for  
h u m a n  muscle (Repor t  of Commit tee  I I  on Permissable  Dose fox" In t e rna l  l~adia- 
t ion,  1960), i t  is clear t h a t  t endon  discr iminates  aga ins t  Sr (in re la t ion  to  Ca) to 
the  same ex ten t  as does bone, a l though  the  l a t t e r  is over  2/a mineral .  F u r t h e r  
inves t iga t ions  of these re la t ionships  seem to be required.  
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