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1. 

Over 4a gubl ic~t iotr8  aeionttfic $ournrh hrve 
8ppgamd during th8 1- 10 308- mpOfibg lBQPOV8d lMflrod8 
for the deminerallrrtlon of bone3 8roh o t  these method8 e l a m  
to be superlor4o tha @-tin6 method8 of deminerallrrtlon, 
One of two eonolu81enr rmQt be dFam from t& la e mmber 
Of papera rSpOrtlf98 8UWe88hrf - 8 U l t S ;  elther 1 bone 
demineralizes equally well by any method, or (2 I' it I s  
fmposaible t o  Judge the value of any method becawe of a laek 
of standards for aolagrriaosr of results. A l l  who have worked 
In t h i s  f i e l d  agme that a l l  methods of demineralization are 
not  equally good; therefort, t he  d i f f i c u l t y  must  l i e  i n  the 
lack of comparative rturdords f o r  evaluations. 

A review of many experimental methods used by a number 
of technical innovrtor8 reveals t h i s  lack of standards, Since 
the repea tab i l i ty  of a teohnique is dependent upon duplication 
of the exact condltlons of a method, the poor reporting of 
d e t a i l s  makes it lmposelble, except by chance, t o  repeat the 
method and obta in  the qua l i ty  which the innovator describe . 
(For a complete bibliography on demineralization, see Gray 3 .) 

In general, most of the papers failed t o  give adequate 
information f o r  repeti t ion of methQd o r  evaluation of r e su l t s  
I n  the following par t icu lars :  

1. 

2. 

3. 

4. 

5. 

The bone samples i n  the experiments vary widely 
i n  their  surface area,  weight;, and proportions 
of ccmpact and cancellous bone. 
r e s u l t 8  are a l t e red  by the type bone used, lack 
of exact def in i t ion  of the bone sample makes it 
impossible t o  campare the resul ts .  

The cono+ntratlons of the various reagents used 
f o r  demineralization are ni;t specified. 

Because the 

The conditions of demineralization are usually 
undefined. The temperature, frequency of solution 
change, ag i ta t ion ,  and t o t a l  amount of f l u i d  used 
are omitted. 

End point determinations of demineralization a re  
vague. The most common method used was t o  probe 
the bone piece with a needle and judge from the 
resistance whether demineralization was complete. 

The time necessary f o r  demineralization I s  expressed 
frequently a s  p l u s  o r  minus a period of hours oe 
days . 
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2. 

6. The basis of the  h i s to log ica l  opinion as t o  the 
r e l a t ive  excel?e Ice of a preparation is not given , 
only t ha t  the slide is judged as excellent,  good, 
or fa i r .  

It Ps apparent tha t  a se r l ea  of such d i f f i c u l t i e s  would 

The scope znd purpose of t h i s  present work, therefore,  

make duplication o r  comparison of techniques impossible. 

i s  threefold:  

1. To define standard ccnclitians f o r  the comparison 
of the eff ic iency of metha3s of demineralization. 

2. To determine the basic f ac tu r s  which w i l l  be the 
l imitat ions of any meCuhcd ~f Cemineralization. 

3.  To determine whether varying t he  experimental 
conditions of temperature, ngi ta t ion,  type of acid,  
and molarity of acid bcth shortens the time of 
demineralization. 

. .  
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3. 

I. STANDARD BONE: For a l l  the experiments, sections of dense 
c o r t i c a l  bone from the shar"t of one, z i r -dr ied.  adul t  human 
femur  were used. This b w e  prevlcusly had been analysed 
chemically t c  determine 15s avzrcge ccmposition by tak ing  8 
samgdes from varicus par t s  of t h e  shaft; the individual1 
determinations differeZ from each s ther  by Less than 1%. 
The average composition of the bone w s :  

Nitrogen ......................... 5% 
Ca l c  lum a e . 21% 

Phosphorus ......................... 10s 

Fat a . 4 . 118 

......................... 3% 
Water removed by heating a t  125' C. 

f o r  4 weeks. ...................... 18% 
The amount of calcium an6 phosphcrrus f c r  the standard bone was 
0.gl mg pel' cubic millimeter of bone volume. 

11. METHOD OF PREPARING BONE SAMPLES: Bone samples f o r  an  
experiment were selected from adjacent parts of the sha f t  sf 
the  standard bone and given a rough shape by cut t ing w i t h  a 
band saw. The samples were then shaped by hand on medium and 
f i n e  m i l l  bastard f i l e s .  M i l l  bastarcs were selected because 
of t h e i r  hardness, which prevented metal fragiients from 
contaminating the bone sample, and t h e i r  deep ,grain, which 
removcdthe bone dus t  w i t h g u t  its being graune in to  the minute 
canals w i t h i n  the specimen. 

The bone pieces were measured w i t h  E verniar  ca l iper ,  
and the e r r o r  in these measurements d i d  not exceec! i O . 1  mm. 
Surface areas  were calculated from these measurements. 

The weisht of t he  bone sample was determined t o  the 
nearest milligram on a Roller-Smith torsion balance. 

111. EXPERIMENTAT, CONDITIONS: 
f cllawing czndi t i  ons were adhered t o  unless otherwise 

In all experiments, the 

spacif  i ed  . 
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1. 

2, 

3. 
4. 

5. 

6.  

7. 

8. 

9. 

Chem2callg clean polyethylene eontainsra were 
used for demineralization. 
containers W Z T ~  sealed with silicone stopcouk 
lubricant.  

The tops of the 

Plas t i c  instruments were used t o  remove the bone 
samples from the solutions.  

100 ml of' solut ion of a known molarity were used. 

The t empra tu re  of hb8 demineral.izing so lu t ion  
was maintained z t  25' C. 1' C. 

Chemical determinations were made upon a l iquots  
of the complete demineralizing solution. New 
containers were used far each solut ion change t o  
prevent contamination o r  loss of the so lu t ion  
through transfer. 

All samples were ag i t a t ed  on a ro l le r  a g i t a t o r  
a t  85 rpm during the experiment. This machine 
i s  i l l u s t r z t e d  i n  Figure 1. 

When the bone samples were removed t o  be 
weighed o r  X-rayed, they were blot ted on bibulous 
paper by the same i n v e s t i g a t w  each time; the 
weighings were made by the o ther  inves t iga tor  t o  
keep e r r o r s  constant. Repeated drying and 
weighings have shown t h i s  e r r o r  t o  be not more than 
- 1 ma. + 

The completeness of demlnerzlization was determined 
by X-ray p ic tures  o r  by clear ing the bone piece i n  
beechwood creosote. 

Times were recorded in the exaeriments t o  the 
nearest minu te .  

IV .  CHEMICAL TECHNIW: Four quant i ta t ive  chemical determi- 
nations were made on each demineralizing solution. The indivi-  
dual determinations were made i n  quadruplicate. 

1. Acid Standardizztion: The acid solut ions before 
and af te r  demineralization were t i t ra ted with 
standard sodium hydroxide solut ion using bromo- 
thymol b lue ,  phenolphthalein, o r  bromocresol green 
as the indicator.  

I 0 4  I 0 9 8  
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2. Nitro en Deteminat?m?s ----- : Total nitrogens were 
h y  ~ ~ ? u r i c  eciC! digestion ar;d steam 
d i s t i l l a t i o n  of dige t i o n  mixture as described 
by Koch and McMeekin . Boric acid was used t o  
co l lec t  the d i s t i l l a t e .  
Nesslerized (Koch and McMcekin ) and read a t  10 
minutes i n  a photoelectr ic  colorimeter a t  425 
millimicrons. 

8 
The d t s t i l l a t e  was 

3. Phosphorus Determinations : Phosphorus ion was 
.CY m r X ? . e f i y  the mztnoa of Flske and Subbarrow2. 

The tec-hnique wzs modified by increasing the 
amount of molybdete rdagent 10 f o l d  i n  place of the 
d i s t i l l e d  water when makine determinaticns on 
chelating acids because of the b lnding  of the 
molybdate reagent by these oampounds. 

4. Caacium Determinations : Calcium was determined by 
t i t r a t i o n  of t h  e calcium ion with di-sodium 
versenate" using pur ura te  as indicator as 

by prec ip i ta t ion  of the calcium ion  with ammonia 
water and ammonium oxalate and i so la t ion  by 
centrifugation before t i t r a t i o n  t o  eliminate 
in t e r f e r ing  substances. 

described by E l l i o t t  4 . The technique was modified 

* Grateful acknowledgment is made t c  the Bersworth 
Chemical Compsny, Framingham, Massachusetts, who supplied the 
Ci-sodium versenate f o r  these studies.  



EXPERIMENTS ----- 

Part 1: TIiE BASIC FACTORS IN BONE DEMINERALIZATION. 

Experiment 1: .The e f f ec t  of var ia t ion  in surface area upon 
t h e  neu<asary f o r  demineralization with weight 
a constant. 

Pieces of the standard bone were shaped t o  form a bar 
and a cylinder having the same weight bu t  d i f fe ren t  surface 
areas . 
Data : Weight Surface Area Surface area pro- 

portion of the 
sma 1 l e r  t o  the 
la rger  bone . 

Bar 750 mg 4.64 sq. cm. 

3.41 sq. cm. 
73% 

The bones were demineralized u s i n g  the standard condi- 
t ions  (cf .  Materials and Methods) in 0.5 molar hydrochloric 
acid for 8 hours. 
acid solution changed every 2 hours. 

The bones were weighed every hour and the 

RESULTS : 

The surface area of the smaller bone was 73% of the 
l a rge r  bone; the difference i n  weight between the samples was 3 
mg. A t  the  end of 8 hours of demineralization, the weight loss 
of the Sar  was 43 mg more than  the cylinder,  and the difference 
i n  the weight of calcium and phosphorus removed was 36 mg 
(Table I). 
more demineralized than the bone w i t h  the l e s se r  surface area. 

Thus, the bone with the g rea t e r  surface area was 

Experiment 2: The e f f ec t  of v a r i a t i o n  in weight upon the time 
necessary f o r  demineralization ulth surface area 
a constant. 

Pieces of standard bone were shaped t o  form a bar and.a 
cylinder having the same surface area b u t  d i f fe ren t  weights. 

Data : Weight Surf ace Area We ight proport ion 
of the smaller t o  
the la rger  bone, 

639 mg 4.60 sq. cm. Bar 

Cylinder 1129 mg 4.60 sq. cm. 
57s 
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The bone smples were desinerallzed using the standard 
conditions (cf, Pkterieis and Me%hods) In 0.5 molar hydro- 
chlor ic  acid f o r  8 hours, 
and acid so lu t ion  changed every 2 hours, 

The bones were weighed every hour 

msms: 
The surface arezs of the two bone samples were near 

Ident i ty ,  b u t  smaller bone was 57% of the larger bone by weight. 
After 8 hours of demineral?zatIon, hie difcerence In the weight 
l o s t  by the  two samples wa3 33 mg ~ n d  a difference of 9 mg of 
calcium and phosphorus removed (Tzble 21). Thus, bones with 
the  same surface area but diffei-ect we2ghta shawed almost no 
difference i n  weight loss or  weiGht of mineral removaI. 

Experiment 3: The cha rac t e r i s t i c s  of mineral removal and 
i-T;flTusion. 

A piece of standard bone was given the shape of a bar 
and demineralized i n  0.5 molar hydrochaoric acid f o r  6 hours; 
the experiment was stopped, and the demineralized matrix 
removed. The surface area and weight were again determined. 

Data : Weight Surface Area 

Original Sample : 4.81 sq. cm. 

After Matrix Removal: 445 mg 2.87 sq. cm. 
The bone was fu r the r  demineralized under the same 

conditions f o r  a second six-hour period. In both par t s  of the 
experiment, the bone was weighed and X-ray pictures  taken of 
both f r o n t  and p ro f i l e  views a t  half-hour in te rva ls .  Changes 
of acid solut ion were m8de every 2 hours. The depth t o  which 
mineral had been removed from the bone sample was measured on 
the X-ray negatives, and the surface area of the undemineralized 
p o r t i o n  was calculated. 

RESULTS : 

Measurements of the depth of demineralized matrix showed 
t h a t  demineralization proceeded simultaneously on all external 
surfaces of the bone about the same amount (Table 111). 
of th i s  
(Fig. 21. 

Because 
portion d i d  not change the form of the undemineralized 

There was a slightly grea te r  depth of demineralization 
on the ends than on the s ides  of the sample. Most of the 
Haversian canals were open t o  the solut ion on the ends of the 
bone sample, and it has been found i n  other  experiments that 
demineralization always proceeded a l i t t l e  more rapidly upon 
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those surfaces of the bone where the majority of the Haversian 
systems were open, 

The more deep!.y tha Ceinineralizing agent penetrated i n t o  
the matrix of the b a e  sample, the more slowly it penetrated per  
u n i t  time (Table 111). The depYh of demineralization during 
the first two-hour period on the end of the sample was 0.54 m; 
d u r i n g  the second two-?.our peviod, the increase in depth was 
0.26 mm; and during the t l i i y 5  tv:o-bcur period it was 0.14 mm. 
Thus the increase i;? depth of deninel-zlizatioiY f o r  any period 
of time was about 50s of tha t  f o r  ths previous time period. 

Upon removal of the deminsrslizc3 . w . ~ P ~ x  i n  the second 
pa r t  of the experiment, the depth of' demineralization repeated 
the pattern cf the f irst  6 hours being 0.54 rnm f o r  the first 
2 hours, 0.26 mm f o r  the second 2 hours, and O.Z$ mm f o r  the 
f i n a l  2 hours (Table 111). 

This decrease i n  depth of bone demineralized each 
two-hour period was relatecl nei ther  t o  surface area no r  t o  the 
weight of the bone piece. Rather, it was related t o  t h e  
Increasing thickness of demineralized matrix between the 
solut ion and the undemineralized bone (cf. Fig. 2) .  This was 
demonstrated by comparing the increase in the  depth of 
demineralized matrix during the l a s t  2 hours before removal of 
the matrix and the f i rs t  2 hours a f t e r  removal of the matrix. 
These depth increases were 0.14 mm and 0.54 mm. 
of conditions between the two parts of the experiment was the  
removal of the demineralized matrix. 
be they demineralizer o r  bone salts ,  must  diffuse through the 
demineralized matrix. As the  demineralized matrix accumulated, 
the demineralization slowed proportionally. 
demineralization a p e a r e d  t o  be the r e su l t  of the d i f f u s i o n  
process through the matrix. 

The only change 

All chemical substances, 

This slowing of 

The weight of calcium and phosphorus removed per  two- 
hour period also decreased. During the f irst  two-hour interval ,  
147 mg of calcium and phosphorus were removed; during the second 
two-hour interval ,  57 mg; and dsring the  th i rd  two-hour interval ,  
40 mg. The second six-hour period showed decreases i n  mineral 
removal which were proportional t o  those of the first period. 
Less mineral w 3 s  removed in tbe second six-hour period than  in 
the f i rs t  and t h i s  ref lected the difference in surface area of 
amount of mineral avEih'ble ts acid act ion (see Experiments 1 
2nd 2 ) .  

Measurements f r c l m  the s u r f a w  of the bone piece t o  the 
sham k=cundary of undcminerallzed bone in X-ray negatives (cf. 
Fig. 2) gave the necessary data tc.  calculate  the volume of bone 
cemineralized. The amdunt of mineral removed from t h i s  velume 
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of bone is known from the chenlcal deternlnations.  During the 
first six-hcur period, 0.790 ing of calcium and phosphorus were 
removed per cubic millimzter of bone demineralized; du r ing  the 
second six-hour pepicd, 0.7!$’ mg of calcium and phosphorus were 
removed per cubic millimeter af Sone demineralized (cf.  Table 
111). The analysed standard 5one (cf. Materials and Methods) 
showed an average calcium and phosphorus concentration of 0.81 
m g  per cubic millimeter. 



lo . 
Discussion of Part I: THE BASIC FACTORS OF DEMINERALIZATION. 

The basic f ac to r s  I n  the demineralization of bone have 
been demonstrated by the  f irst  three experiments. 
cons t i tu te  the basic l i i n i t a t i o m  of any method of bone demineral- 
i za t ion .  

These fac tors  

I. The g rea t z r  tho surface area,  the g rea t e r  the volume 
of bone tha t  was demineralized per u n i t  time. Data from 
Experiment 2 showed that when the surface areas  of bone pieces 
were equal, b u t  the weights unequal, there  was no appreciable 
difference In the amount of demineralization. I n  Experiment 1, 
where the weights of the bones vitr2 the s m e  b u t  the surface 
ereas  d i f fe red ,  there  was conelderable difference in deminerali- 
zation. Therefore, i f  the surface areas of two bones are  equal, 
the  amount of demineralization will be equal regardless of the 
bone weights, and conversely, if the surface areas a r e  unequal, 
the amount of deminemlization will vary as the difference i n  
surface areas. 

2. DemineraLfzation proceeded simultaneously on a l l  
surfaces of the bone a t  the same ra t e  r e g a d l e s s  of i t s  surface 
area (cf Table 111, Depth of Deminaralization). 

between the demineralizing solution and the bone mineral. The 
amount of mineral removed i n  the experimental sample was about 
3s (cf. Experiment 3)  less than was found in the  same volume of 
the  anelysed standard bone (cf .  Materials and Mthods). The 
close comparison between analysed control bone standard and the 
experimental bone sample a s  well 8s the sharp boundary of 
undernineralized bone i n  the X-ray negativzs s t rongly indicated 
t h a t  l i t t l e  o r  no demineralization took place except a t  the 
surface layer  of the undemineralized par t  of the  bone. 

4. As demineralization continued, the process became 
progressively slower because of the Increased diffusion distance 
through demineralized matrix. T h i s  was demonstrated by Experi- 
ment 3. T h i s  experinent showed that the r a t e  of demineralization 
decreased as thz thickness of demineralized matrix increased 
(cf . Table 1x1, Depth of Demineralization); upon removal of 
the demineralized matrix, the r a t e  of demineralization returned 
t o  its i n i t i a l  value and again decreased a s  the thickness of the 
demineralized mat pix increased . 

3 .  Demineralization took place only a t  the interface 

In t h i s  experiment, 311 fac tors  were constznt except the 
changes in the thickness of' the deniineralized matrix. It is 
evident tha t  the demineralizing acid m u s t  d i f fuse  through the 
rnntrix layer t o  recch the undemineralized bone surface,  and that 
';he bone mineral must  d i f fuse  c u t  by the same route. 
-:he diffusion dis tance,  the longer the time necessary f o r  these 
substances t o  diffuse.  The slowing of demineralization was 
proportional t o  the thickening of the demineralized matrix. The 

The greater  
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slowing of demineralization then, was proportional t o  the 
increase in the d i f r u s i o n  distance through the demineralized 
matrix. Therefore, the progressive sl.owing of the deminerali- 
zation process i s  due t o  the incraase in time necessary f o r  the 
various substances t o  d i f fuse  i n t 3  ant! a u t  of the bone through 
the constantly Increzsinz thickness of &mineralized matrix. 

5. During demineralization, the surface area of undemin- 
eral ized bone WES cuntinuously decreased, t h u s  decrezsing the 
amount cf bone miner21 available t o  the m i d  because deminerali- 
zation took place m l y  a t  the mineral-acid interface.  This  was 
demanstrated by Experiment 3 in which 244 mg o r  mineral were 
removed in 6 hours frcm a bone w h x e  surface acea was reduced 
from 4.81 tc,  2.97 sq. cm.; i n  the same bone foll-owing removal 
of the demineralizes matrix, a seconci 6 hours of demineralization 
gave 122 m g  Gf mineral when the surrace area was reduced from 
2.87 t o  1.35 sq. cm. When the surface area was reduced by about 
508, the amount of mineral removed was reduced by about 50$. I n  
both instances, the depth of demineralized matrix was the same 
indicating that the r a t e  of demineralization was the same f o r  
both. 

It m u s t  be expected, therefore,  t h a t  a smaller volume 
of bone w i l l  be demineralized a s  the process approaches 
completion because of the continual reduction i n  surface area. 
However, the increase i n  time necessary f u r  demineralization is 
no t  due t o  t h h  reductT5n in sur.face w e a ,  b u t  t o  the increasing 
distance of d i f f u s i o n ;  tne r a t e  per u n i t  of surface area remains 
constant . 

Part 11: THE EFFECTS OF ALTERATION OF THE CONDITIONS ON 
XNERALIZATI ON. 

The l i m i t a t i m s  described in Secticjn I are  unavoidzble, 
b u t  t h i s  dces n o t  preclude adjustment of the conditions of 
demineralizztion t o  obtain the g re s t e s t  eff ic iency w i t h i n  these 
l imitations.  
o t t a in  a grea te r  eff ic iency:  

Two groups of conclitions may be manipulated t o  

1) Those f a c t c r s  which increase the r a t e  of 
Clffusicn ( e . g . ,  tsmperature and ag i ta t ion) .  

2) ThGse f ac to r s  which increase the eff ic iency 
cf the demineralizer (e.g., type and concentration). 

Experiment 4 :  The effec-l cf ag i ta t ion  upon the r a t e  of 
demineralization. 

Experiment 4A (8 hours demineralization) : Two pieces 
of standarc? Sone were shaped t o  approximately the same weight 
and surface area. 



Date : Weight Surface Area 

Agitation Sainple 575 mg 3.36 sa.. cm. 

Non-agi’wtlm Szmplc 573 mg 3.36 sy. cm. 

Experinent 4B (69 hours demineralization) : Two pieces 
of standard bone were shap& tc. approximately the same weight 
and surface area. 

Datz : Weight Surface Area 

Agitation Sample 783 w3 3.92 sq. cm. 

Non-agitation Sample 788 n;g 3.93 sq. cm. 

In both Experiment 4i i  and 4B, the conditions were the same 
except f o r  the lengtn cf time the experiment was conducted. 
Experiment 4 A  was concluded a f t e r  8 hours of demineralization 
while Experiment 4B continuee f o r  69 hours cf demineralization. 
In both experiments, the samples were placed in 0.5 molar 
hydrochloric acid. The containers wi th  tne ag i ta t ion  samples 
were p lace t  upon a r o l l e r  a g i t a t o r  revolving a t  85 rpm. 
non-agitation samples were l e f t  undisturbed i n  t h e i r  containers 
between weighings. The samples were cleared i n  beechwood 
creosote and the depth t o  which the mineral had been removed from 
the samples was measured. The times of welghint; of the samples 
and the s o l u t i o n  changes are reccrded i n  Table TV. 

The 

RESULTS : 

In both Experiment 4 A  and 4B, the surfaces of the non- 
agi ta ted  samples rapidly col lected 3 layer  of bubbles which 
eventually encased the samples in an envelope of gas, This gas 
envelope decreased the amount of contact between the deminerali- 
zing solution and the bone, and prcjbably was the major cause of 
the slower demineralization of the non-agitated samples. The 
conditions were not constant becatse it was necessary t o  remove 
the gas envelope when the samples were dried f o r  the periodic 
welghings. This gave a s l igh t  increase t o  the r a t e  of 
demineralization f o r  the nan-agitated specimens. 

Measurements of the volume of demineralized bone In 
Experiment 4 A  (8 hours demineralization) showed that  the mineral 
was remove:! from about 32$ of the volume of the ag i ta ted  sample 
and from about 25s of the non-agitated sample. In Experiment 4B, 
a s imi l a r  r e su l t  was seen. The ag i ta ted  sample was demineralized 
completely i n  50 hours but the  non-agitated sample a f t e r  69 hours 
demineralization s t i l l  contained a small undeminerzlized core 
neasuring approximately 4 x 1.5 x 1.5 mm. 



Further evidence of the J f fererlce between agi ta ted and 
non-agitated samples vras seer! . h J  tI:e d a t ?  j c f ,  Table IV). 
Experiment 4B (69 hours &mine:baliz?,t i oc j  $he rgitated specimen 
l o s t  44s of its weigh'; i n  5a hours and was completely deminerali- 
zed while the nm-agitated sFec!.nen clid no t  reach t h i s  percent 
weight loss u n t i l  69 hours of dcmineral izat im.  
specimen was demineralized a t  l e a s t  3b$ f a s t e r  that  the non- 
agi ta ted  specimen. 

I n  

The agi ta ted 

Similarly,  in Experiment 4 A  (8 hour8 demineralization), 
the ag i ta ted  specimen reached 21% weight loss i n  4 hours while 
the non-agitated specimen did not  reach t h i s  percent weight 
loss u n t i l  6 hours of demineralizstion, 
had demineralized t o  the same extent in about 33% l e s s  time 
than the non-sgitated sample. 

The ag i ta ted  sample 

Thus, in general ,  the agi ta ted specimens demineralized 
a t  l ea s t  308 more rap id ly  than the corresponding non-agitated 
samples .. 
Experiment 5: The e f fec t  of variation i n  temperature upon the 

rate Gf demineralization, 

FGUr samples of approximately equal weight and surface 
area were prepared from the same par t  of the standard bone. 

Data: 
2 6 O c .  36OC. 46'~. 56OC. 

Weight (mg) 586 587 585 587 

Surface Area 2.60 2.80 2.80 2.80 
(sq. cm.) 

The samples were placed in 0.5 molar h drochloric acid 
and so lu t icn  temperatures were controlled a t  9 l C C ,  during the 
experiment, 
every hour; the ac id  scllutions were changed every 2 hours, 

The bones were demineralized for 8 hours and weighed 

RESULTS : 

The data  from t h i s  experiment a re  recorded I n  Table V. 
These data shawed t h s t  ra i s ing  the temperature of the deminerals 
zing solut ion increased the amount of m i n e r a l  removed per u n i t  
t i m e ,  b u t  above 36OC,, various side e f f ec t s  occurred which were 
undee'irable. T h i s  was seen i f  the mineral removed was expressed 
as  a percent of the t o t a l  weight loss f o r  each 10°C, increase in 
temperature : 



a t  26'C 

a t  3 6 O C  

a t  4 6 O C  

a t  56 '~  

818 of the weight loss was mineral removed. 

73;: of the w i g h t  l o s s  was nrneral  removed. 

735 c? the  weight loss  was mineral removed. 

56;: c f  the wejght lcss was mineral removed. 

While more mineral was removed a t  the higher temperatures, l a rge r  
amounts of other  mater ia ls  were a l so  removed (as  much as 33% a t  
56Oc). Chemical s tudies  indicated these materials ware primarily 
p r o t e i n s  and fa ts  of the organic matrix. 

Similarly,  there  was a decrease in efficiency of 
demineralization as the temperature increased because : 

a temperature increase from 2 6 O  t o  360C. gave a lo$ 

a temperature increase from 360 t o  46OC. gave a 4$ 

increase i n  m i n e r a l  remwcd 

increase i n  mineral remcved 

a temperature increase from 45* t o  5 6 O c .  gave a 6% 
increase in mineral removed. 

Thus,  while more mineral was removed a t  the higher temperatures, 
the r a t e  of' removal was not prapx-tional t o  the temperature 
increase. 

advantageous because t h i s  gave maximal mineral remcval wi th  
minimal unwanted s ide e f f ec t s .  

A temperature around 36'c. apseared t o  be the most 

Experiment 6: The eff ic ienoy of variaus acide in demineraliz- 
a t  ion . - 

Sections of standard bone were prepared having similar 
weights and surface areas; the weights of the bone varied from 
400 t o  434 and the surface areas varied from 0,218 t o  0.235 
sq. cm. These S m e  samples were placed i n  1 molar concentrations 
of hydrochl,mic, n i t r i c ,  hydrobramic, phosphoric, t r ich loroace t ic  
formic, l a c t i c ,  a c e t i c  o r  c i t r i c  acid. The bones were 
demineralized f o r  8 hours and weighed every hour, 
solut icns  were changed every 2 haurs. A t  the end of the ex- 
periment, the sam2les were cleared i n  beechwood creosote and 
the depth cf demineralized matrix measured, 

Acid 



, -  

i 5  . 
RESULTS : 

Table V I  summarizes the r e k t i v e  r a t e s  of mineral break- 
down and removal by the aclds tested. These r e l e t ive  ra tes  were 
based on the  percent weig3t loss  of the bones a f t e r  8 hours of 
demineralization. 
summarized in Table VI .  

The t o t a l  m l n e x l  removed by each acid i s  z lso 

When the percent weight loss, depth of demineralized 
matrix, and mineral removed were compared with the dissociation 
constant and s o l u b i l i t y  of the calcium s a l t  of the acids, an 
almost perfect  re la t ion was found. The acids were grouped in to  
three  divis ion$,  
separations which occurred i n  the data. 
w i l l  show t h i s  more c lear ly :  

These divis ions were according t o  the 
The following summary 

Range of Range of 
percent Mineral 
weight removed 
lo s s  

1-4s 0-19 mg 

Range of 
s o l u b i l i t y  of 
calcium s a l t s  of 
the acids a t  25OC.* 

GROUP I 

GROUP I1 

35-70 g / l O O m l  HOH 

GROUP I11 

0.25-17 g / l O O m l  HOH 

Range of dissoclatior 
constants of the 
acids* 

7 t o  9 x 10-1 

2 t o  10-1 t o  
1.76 x 10' 

1.38 x lom4 t o  
1.76 x 10-5 

In the above re la t ions ,  the acids with the highest 
dissociat ion constant and s o l u b i l i t y  of t h e i r  calcium s a l t s  had 
the most rapid ra tes  of demineralization (Group r). 
lowest r a t e s  of demineralization were seen with those acids 
which had the lowest calcium s a l t  so lub i l i t y  and dissociation 
constants (Group 111). 

The 

*These fikwres were taken from Handbook of Chemistry and 
c1 eve l a n d ,  Ph s i c s ,  31st Edition, Charles D. Hodpian, Ed1 tor. 

h l  Rubber Publishing Company, 1949. 

, 
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A more detai led summary of ~P.E grouping of the individual 

acids  may be seen below. Thz acid a t  the t o p  of each colu;nn 93d 
the  highest  va lue  i n  the wtegory and the actd SL the bottom,, the 
lowest value i n  the w..tegorYy. 

Percent Depth of Mineral ScluSi l i ty  of Dissociation 
weight demineralized removed the calcium Constant of 
loes with matrix w i t h  with s a l t  of the the ac id  
acid ac id  acid acid 

f H C 1  HC1 H C 1  HN03 

HBr HN9 HC1 

m03 HBr HBr 
I 

HBr 

HC1 

C13COOH C13COOH H3PO4 Group 
I1 H 3 P 0 4  C 1 3 C O H  H3PO4 Acetic H3FQ4 

Formic Formic Formic H3PO4 Formic 

Lactic Lactic Formic Lactic 

C i t r i c  Acetic Lactic Ci t r ic  

Acetic C i t r i c  Ci t r ic  Acetic 

The r a t e  of breakdown of the mineral i n  the organic matrix 
I n  the bone is determined by the dissociat ion of the  acid. The 
s o l u b i l i t y  of the calcium s a l t  will determine, i n  pa r t ,  the r a t e  
of removal by diff'usion through the demlneralized matrix. It I s  
d i f f i c u l t  t o  separate these two components experimentally because 
the dissociat ion constants or" acids usually p a r a l l e l  the so lub i l i t y  
of t h e i r  calcium salts, h e t i c  acid, however, d i d  not follow t h i s  
general  rule. The s o l u b i l i t y  of calcium acetete  stands higher i n  
the c l a s s i f i ca t ion  than does the dissociat ion of ace t i c  acid (cf .  
ab\we). 
of all the  acids used, and it a l so  had the lowest dissociat ion 
constant cf all the acids i n  t h i s  experiment. According t o  the 
s o l u b i l i t y  of calcium acetate ,  th l s  acid should rank In the group 
w i t h  trich1oroacet:c acid,  not as the poorest demineralizing agent 
tes ted  (cf.  above). From t h i s ,  it would appear tha t  the so lub i l i t y  
oi' the  calcium s a l t  of an acid was of no benefi t  if the mineral 
w m  not broken down in bone. Thus, it seems reasonable t o  conclude 
tha t  the r a t e  of demineralization is primarily determined by the 
rate of mineral breakdown which is  related t o  the dissociat ion 
c w s t a n t  of the acid. 

The demineralization r a t e  of ace t ic  a c i d  was the lowest 



Ti t ra t ions  oftbe ac id  concentrations e t  the end of tl?e 
experiment showed the ammnt of acj-d utilLzcc! in %k? lernin;.rulS:-as-i 
process. The mxirral a m w n t  of acid utilized vas I n  +,k 2q:c 
of c i t r i c  acid ( c f .  Table  Vl); Ae okher acids tiberapd a'mvt X J ; ~  
u t i l i z a t i o n  dur ing  the b hours of dzin:ne?a.lization. 
reduction in molarity only  reduced -tize concentration from 1 t o  0.9 
molar, an 
(c f .  Experiment ? f m  the  minimal  acld concentration for e f f e c t i v e  
demlneralizat ion ) . 

Since a 10% 

adequate amount cf ac id  w s s  present f o r  demineralization 

A measure of the e f f i c i ency  of an aciC In the removal of 
m i n e r a l  from bone has keen  established by determining the number 
of mlilimoles of hydi-ogen used t o  remijve 1 millimole of the 
mixture of' calcium and phosphwus I n  bcne. 
t o  m i n e r b l  remsved I s  recoided in Table V I .  
hydrochloric acid t o  be the mosk e f f i c i e n t  i n  removal of mineral 
s ince 0.98 milllmole of hydrogen removed 1 millimole of the 
mineral mixture. Hydrochloric acid was followed by t r ich loroace t ic ,  
formic, and phosphorio acids ,  all of which hzid a hydrogen t o  
mineral removed r a t i a  of less than 2:1. All the  o ther  ac ids  
had a r a t i o  of more than 3 : l  which was cmsidered. t o  be Inef f ic ien t .  
Chemical determinations showed that the acids  with 
i? r a t i o  hlghe;. than 3 : l  nad a higher nitrogen ccncentration in 
the solution fol3owing demineralization. It is suspected that 
the excessive a i n m n t  of hydrogen was used in hydmlysing protein 
rather than removing mineral. 
nitrogen removal from the  demineralizing 3ones alsc has been 
noticed i n  the higher concentrations of t r ichloroacet ic  acid. 

T h i s  r a t i o  of hydrogen 
The data showed 

This same phenomenon of high 

From t h i s  experiment, it has been concluded tha t  the rate 
of mineral breakdcwn is 8 function of the dissociation constant 
of the de:nineralizing acid because, the higher the dissociat ion 
of the acid,  t h e  mare rapiG WBS the mineral removal. 
detzrminations, hydrxh lg r i c  acid rankec! first and was the mcst 
rapid denineralizing agent. 

I n  a l l  

Experiment 7 :  The effect  of cancentrctions cf an a c i d  upon 
the  rate af demineralizZ33n. 

Six samples of apprDximately equal weights and surface 
areas  were prepared frcm the  same pa r t  of t he  standard bcne. 
One sample was placed i n  each o f  the  following concentrations 
of hydrochloric acid and demineralized f G r  hours: 

4 Molar 

2 Molar 

1 Molar 

0.5 Molar 

0.1 Molar 

0.05 Molar 
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The samples were weighed every h c u r  and ?he ac i e  sglutions 
changed every 2 hours, A t  the end cf the cx?erimenc , ",he bons 
pieces were cleared Cn b e ~ c h w ~ o d  crcosct.e a:>9 the .:.-pth ol" Zn:? 
demineralized matrix was measured. 

RESULTS : 

A t  the  end of & hours cf Cemineralizatian there  was nc 
difference i n  ercent weight loss 3r weight 3: mineral removed 
(cf .  Table VI1 P with 4 and 2 molar hyurochloric aci8. The weight 
loss of the bone sainple in 1 molar acid was 8% of the weight loss 
of the bme in 2 malm hydrcchloric acid,  and the mineral removed 
i n  1 molar acid was 32s of that remmed I n  2 molar acid. The 
mineral removal and weight loss with 0.5 molar hydrochhric  acid 
was 71% of the 2 molar acic?. 
molar concentrations were of such low orders that  they were 
considered t o  Se ineffective.  

Demineralization in 0.1 and 0.05 

A pecul ia r i ty  was noticed I n  the demineralization with 
0.1 and 0.05 molar hydrochl.~ric acid. In these, the amount 
of mineral removed exceeded the amount of weight loss (Table V I I ) ,  
A subsequent experiment showed this  result  t o  be due t o ' t h e  
absorption of water by the demineralized matrix of the bone 
since the differences in weight loss of the completely 
demineralized bones disappeared upon drying f o r  6 days a t  125OC, 

Prom these results, it was c l e a r  that Increasing the 
molar i ty  of the acid beyanc! 2 molar d i d  not increase the 
e f f ic iency  of demineralization. Below 0.5 molar concentrations 
of the acid,  demineralization was unduly  prolonged. 
range of concentration for hydrochloric acid in demineralization 
was between 0.5 molar and 2 molar, the optimal concentration 
being between 1 and 2 molar. 

The optimal 

Discussion of P a r t  11: THE EFFECTS CF ALTERATION QF 
$ON. 

In Section I of th i s  paper, the inescapable l imitat ions 
of any process of demineralization w e r e  deacrlbed; Seetion I1 
has been devoted t o  the determination of the optimal conditions 
t o  be used i n  demineralization wi th in  t h i s  framework of baslc 
l imitat ions,  In  the determination of the optimal canditions, 
four  f ac to r s  of demineralization were laolated and studied: 
The e f fec t  of agi ta t ion,  the e f f e c t  of increases i n  temperature, 
the r e l a t i v e  value of several  acids  as demineralizers, and the 
cptirml concentrations of an acid f o r  maximal demineralizing 
ef'fj-c ien cy . 

By u t i l i z i n g  the optimal conditions of each of these 
facmrs ,  It was possible t o  reduce the time of demineralization 
b.y i n w e  than 50% as compared with the usual methods us ing  
c +z?  ?am2 reagents, 
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Effect of ag i ta t ion :  Continual ag i ta t ion  of bone samples 

dur ing  deminerallzat ion increased d6mircralizatign about 30$ 
(cf, Experiment 4) .  
provided the bme sample is cant inual ly  tumbling i n  the solution. 
The r a t e  of 85 rFm was useG in these s tudies  Secause t h i s  r a t e  
Insured the continual tum3l ins  regardless cf the size of the bone 
pieces used in the experiments. 

The rate of agi ta t ion  1s- not important 

Three reasons w e  given f o r  the shortening of 
demineralization time by ag i ta t ion .  1) Agitation srevents  the 
accumulation of gas bubbles on the surface of the bone piece. 
This bukble layer  limits the contact w i t h  the demineralizing 
acid end reduces the r a t e  of demineralization. 2)  Agitation 
prevents the Sone piece from re s t ing  on the bottom of the 
cmta iner .  When the bone piece rests on the bottom of the 
contziner, i t s  area of contact with the demineralizing acid 
is  limited. 3)  Agitation insures an equal d i s t r ibu t ion  of the 
bone s a l t s  and demineralizing aoid In the  demineralizing solution. 
The removal of mineral from bone i s  primarily a diffusion process, 
and in a s t a t i c  syatem, the sal ts  may tend t o  accumulate a t  the 
surface of the bone; these salts a re  dispersed and replaced by 
acid during agi ta t ion.  

Effect of increases in temperature: An increase in the 
temperature of t h  e aemineralizing solution frQm 25% (average 
mom temperature) t o  36-400C. 
about 15% (cf .  Experiment 5) . 
showed a continued decrease I n  the time f o r  demineralization, but 
the amount of mineral m o v e d  was not proportional t o  t h i s  
decrease; in additiun, the higher temperatures seemec! t o  increase 
the amount of destruction of the organic matrix. An increase In 
temperature fi-om 26 t o  56'~. decreased the time of demineralization 
about 20$, b u t  the destruction of matrix, a s  indicated by nitrogen 
determinations, Was about twice thz t  a t  3 6 0 ~ .  For the additional 
5% decrease in demineralization time, the unwanted s ide  e f f ec t s  
were doukled. 

&creased the time of demineralization 
Temperature increases above 4O0C. 

Evaluation of some acid demineralizers: The r a t e  of 
mineral breakcorn I n  bone by an acid was m l a t e d  t o  i t s  degree 
of icnization; acids w i t h  high dissociat ibn constants were 
rapLC demineralizers and acids  wi th  low dissootatlon constants 
w e x  slow demineralizers (cf . Experiment 6) . 

Associated w i t h  the re la t ion  of acid ionization t o  rapid 
demineralization was the s o l u b i l i t y  of the calcium salt of the 
actd. 
uwially paralleled the rank of the acid accoreing t o  i ts  
d.-ssociation constant. 
dmiczra l iza t ion  also had the  highest calcium s a l t  s o l u b i l i t i e s  
u;'.,,f:t- insured a moPe rapid d i f f u s i o n  of the mineral  out of the bone. 

The r e l a t ive  ranking according t o  calcium sa l t  s o l u b i l i t y  

The acids with the highest r a t e s  of 
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When qual i f ica t ions  of varl-!us a'cids accordin 

rapidi ty  of demineralization, atfic5ency of action 
by the r a t i o  of millimoles of hydrogen used t o  remave 1 millimole 
of mineral), and the  minimal removal of nitrogen from tne bone 
matrix were compareQ, hydrocnlx ic  acid ranked first in a l l  
categories. 

b u t  they had the disadvanta.ge of a r e l a t ive  high destruction 
of ,?rotein s t ructures .  C i t r i c ,  l a c t i c ,  and ace t ic  acids had 
such low r a t e s  of demineralization a s  t o  be valueless. 

Hydrcbramic and n i t r i c  aCic?S were rapid demineralizers, 

Some methods reported have used sal ts  with acids i n  
d s r h x r a l i z a t i o n  because t h i s  mixture was believed t o  give 
more rapid and sa t i s f ac to ry  results.  Several s a l t s  were 
tes ted :  sodium chloride, sodium c i t r a t e ,  sodium fwmate, 
ammonium n i t r a t e ,  sodium s u l f a t e ,  anc! disodium phosphate. 
These s a l t s  had no e f f ec t  as demineralizers; when they 
were corn3ined wi th  an acid,  no difference in the demineralization 
was found. When the s a l t  neutral ized the zcid, the reduction i n  
r a t e  of demineraliza%ion was di-rectly proportional t o  the 
reduction in the acid concentrations. 

The e f fec t  cf acid concentrations: Varying the molarity 
of hyCrochlor1c acid sclutions varied the  r a t e  of demineralization 
(cf .  Experiment 7). 
of hyclrochloric acid f o r  the maximal rate of demineralization 
was between 1 and! 2 molar. An increase f r G m  2 t o  4 molar d id  
n c t  a l t e r  the demineralization r a t e  and concentrations above 
5 molar hydrochloFic acid d i d  n o t  demineralize bone, they 
Cigested the bone sample. 

t c  be 0.5 molar hydrochloric acid; concentrations of 0.1 and 0.05 
mcla?  were inerfect ive a s  deminerallzars since they took 5 to 10 
times longer than 2 molar acid. 

It WBS found that the optimal Concentration 

The m3mimal concentration f o r  demineralization was found 

The usual hydrochloric acid. s t rength reccnnmended i n  the 
l i t z r a t u r e  f o r  demineralization is a 5% solution; a 55 solution is 
st,a*dc 0.4 molar consentration OF the  minimal concentration found 
prac",cal in demineralization. Increase of concentration from 0.5 
tc, 2 nolar  decreased the t i m e  of demineralization about 30$ and d i d  
rict c a s e  any s igni f icant  increase i n  n i t r cgen  removal from the 
tone matrix. 

A 2 molar concentration of t r ich lor3ace t ic  acid, however, 
t"i:S toc; s t rong  f o r  s a t i s f ac to ry  demineralizetion; considerable 
c.:p,-ition of the bone matrix occurree a t  t h i s  concentration (Morris 
LX? Xmtm5) . 
xr.*:i!iy indicatad by a percent weight loss of about vs, bu t  the 
: . l e - x - 2 i i t  weight loss with 2 molar t r ich lcroace t ic  acid exceeded 50$. 
', f ; ;?~l&r concentration of t h i s  acid d id  not  show an excessive 
>czaw!,7t weight loss and can be used as a demineralizer. 

Complete demineralization of these bone samples was 

l O 4 t  I14 
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A. The basic l imitat ions which govern demineralization are:  
4 

1 . The surface area w i l l  determine the amount cf 
tone Cemineralized 2er  u n i t  time because: 
a )  

C) 

demineral izat im takes place on a l l  the bone 
surfaces a t  thz same time a t  the same ra te ,  and 
hone Ceminerzlizes only a t  the interface between 
the acid and the mineral. 

2. The time necessary f o r  bone demineralization will 
tecame progressively g rea t e r  a s  demineralization 
approaches completion tecause of the increased 
distance of diffusion through the demineralized 
matrix. 

I n  a p rac t i ca l  sense, only s e l e c t i m  of the bone weight 
and surface area can minimize these physical l imitations.  By way 
of example: a bone piece which measures 1 x 1 x 1 mm w i l l  
demineralize i n  the same Ermount of time a s  a bone piece which 
measures 1 x 1 x 100 mi, because the t h e  necessary f o r  
deminer&lizatlon w i l l  be? determined by the l ea s t  dimension of 
the bone piece which i n  t h i s  case is 1 millimeter. 
S U T ~ P C Z  w i l l  demineralize in exact ly  the same amount of time 
as the 1 mm of surface am2 since the acid ac t s  on a l l  surfaces 
a t  an  equal r a t e  a t  the same time. 

The above bone samples can be dealneralized with agi ta t ion 
in 1 molar hydrochloric acid i n  about 2 hours. If  the bone aize 
i s  increased L.y 1 mm on all sides so th3,t it w i l l  be 2 x 2 x 2 mm, 
dmiDeral lzat ion under the s m e  conditions w i l l  take 8 hours o r  
L! 'c:nes as long. The increase in the t h e  f o r  demineralization i s  
d-.i,? ';c the  increased depkh o f  matrix through which the ac id  and 
~21;;s must diffuse,  Therefore, the time f c r  deninerellzation w i l l  
be determined by the l e a s t  dimension, 

€3. The optimal conditions f a r  maximal r a t e  of demineralZzation; 

1. 

The 100 nun 

&Ita t ion  of a bcne specimen w i l l  decrease the time 
of' demlneralizztion by 30$ over a non-agitated sample 
of the same weight and surface area. 

2 . An increase in the temperature of the demineralizing 
solution from 25W. (room temperature) t o  36-40OC. 
w i l l  decrease the time of demineralization about 15s. 
Temperature increases & w e  40W. w i l l  increase the 
amount of protein hydrolysis without  proportionally 
increzsing the r a t e  of dmineral izat ion.  
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3.  The acid of choice f o r  a demineralizer I s  hydrochloric 

acid because it is the most e f f i c i e n t ,  the most r a p i d .  
of action, and th& leaet hanlrprul of a31 the aoids 
test-ea. 

4. The optimal concentration of hydrochloric acid f o r  
maximal rates of demineralization is between 1 and 2 
molar. Concentrations over 2 molar 40 not increase 
the rate of demineralization; concentrations below 
0.5 molar a re  so i ne f f i c i en t  as to be almost valueless. 
The concentration of hydrochloric acid usually used i n  
rout ine methods of demineralization is about 0.4 molar 
(5% so lu t ion  of acid) ;  Icy Increasing th i s  concentration 
from 0.4 t o  1-2 molsr concentration (12 t o  25s solution),  
the time of demineralization can 5e decreased about 30$. 
100 ml of a 1 t o  2 molar concentration of hydrochloric 
acid. w i l l  demineralize 
a 2 gram specimen of bone without su f f i c i en t  acid 
depletion t o  warrant change of acid solution during 
demineralization (bone estimated a t  kl$ mineral or  
800 m g  which w i l l  use 1 gram of acid o r  reduction 
of about 0.3 molar in concentration). 
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