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STUDIES ON DEMINERALIZATION OF BONE 07914

I. Tue Baste Facrors oF DEMINERALIZATION

: RUSSELL E. MORRIN, Jr.. M8 ave ROBERT S BENTON. AL
I WITH THE TECHNICAL AssisTANCE oF LaRose SyMiri axp JeEay Haskins

Department of Anatowy, The Medical College of South Carolina. Charleston, South Carolina

More than 40 papers in seientific journals during the last 10 vears report
presumably improved methads for the demineralization of bone, each of which
i= said to be superior to the previous methods. Oue of 2 conclusions may be
drawn from the relatively large number of papers that report successful results:
either (1) bone demineralizes equally well by any method, or (2) it is impossible
to judge the value of any method because of a lack of standards for comparison
of results. [vervone who has worked in this field agrees that all methods of
demineralization are not equally good; therefore, the difficulty must lie in the
lack of comparative standards for evaluation.

A review of many experimental methods used by a number of technical in-
novators reveals this lack of standards. Inasmuch as the repeatability of a tech-
nie is dependent upon duplication of the exact conditions of a method, the poor
reporting of details makes it impossible, except by chance, to repeat the method
and obtain the quality which the innovator deseribes. (For a complete bibli-
ography on demineralization, see Gray.#)

In general, most of the papers fail to give adequate information for repeti-
tion of the methad or evaluation of the results in the following particulars:

1. The bone samples in the experiments vary widely in their surface area,
weight. and proportions of compact and cancellous bone. Inasmuch as the re-
sults are altered by the type of bone used, lack of exact definition of the sample
of bone makes it impossible to compare the results.

The conventrations of the various reagents used for demineralization are
nat specified.

The conditions of demineralization are usually not detined. The tempera-
ture. frequeney of changing the solution, agitation, and total amount of fluid
used are omitted.

Fand point determinations of demineralization are vague. The most con-
mon method used was to probe the bone with a needle and estimate from the
resistanee whether or not demineralization was complete.

The time necessary for demineralization s expressed frequently as plus
or minus a period of hours or days.

The basix of the histologic opinion as to the relative exeellenee of o prep-
aration is not given. only that the slide is judged as exeellem, good, or fair,
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It s apparent that o series of such diffienlties wonld make dupheation or
comparison of technies impossible,

The =cope and purpose of this present work, therefore, is 3-fold: (1) to define
standard conditions for the comparison of the efticieney of methads of demin-
eralizztion: (25 to determine the basie factors that are the limitations of any
methad of demineratization: and 3 to determine whether or not the rime
required for demineralization ean be shortened by varving the experimental
conditions of temperature, agitation, tvpe of acid, and molarity of the acid
bath.

MATERIALS AND METHODS

Stanehird bone, For all of the experiments, seetions of dense cortical bone from
the <haft of an aiv-dried, adult human femur were used. This bone had been
previously analyzed chemically to determine it average composition by taking
N sumples from vartious parts of the shaft: the individual determinations dif-
fered from cach other by less than 1 per eent. The average composition of the
hone was: nitrogen, 5 per cent; caleiwm, 21 per cent; phosphorus, 10 per cent:
fut. 11 per cent; carbon dioxide. 3 per cent; and water removed by heating at
125 C. for 4 weeks, I8 per cent. The amount of caleium and phosphorus for the
standard bone was 0.81 mg. per eu. mm. of bone.

Method of preparing bone samples. Samples of bone for an experiment were
selected from adjacent parts of the shaft of the standard bone and given a
rough =hape by eutting with a band saw. The samples were then shaped by
hand on medium and fine mitl bastard files. Mill bastards were selected because
of their hardness (which prevented fragments of metal from contaminating the
sumple of bone) and deep grain (which removed the bone dust without its
being ground into the minute eanals within the specimen),

The picces of bone were measured with a vernier ealiper, and the error in
these measurements did not exeeed 0.1 mm. Surface areas were caleulated
from these measurements,

The weight of the hone sample was determined to the nearest milligram on a
Roller-Smith torsion balanee.

Eaopesimental conditions. In adl experiments, the following conditions were
adhercd to unless otherwise speeified:

1. Chemieally elean polyethylene containers were used for demineralization.
The top~ of the containers were sealed with silicone stopeock lubricant.

20 Plastie instruments were nsed 1o remove the samples ol bone from the

C~olnnions,

G0 100 mb of solution of & known molarity were used.

£ The tetmperature of the demineralizing solution was maintained ar 25
=10,

5. Chemieal determimations were made upon aliquots of the complete de-
mineralizing solution. New containers were used tor each change of solution
order to prevent contamination or loss of the solution through transfer.

Go Al of the sunples were agitated on a roller agitator at 85 rop.au. during
the experiment. This machine s illustrated in Figure 1.
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Fic. 1. The roller agitator machine provides constant motion of the sample of
hone during demineralization; a polvethylene container iwith the demineralizing
solution and sample of boner is shown in place. The speed of the machine may be
varied from 60 to 120 r.pom.

©. When the bone samples were removed to be weighed or x-raved, they were
blotted on bibulous paper by the same investigator each time. and the weighings
were made by the other investigator in order to keep errors constant. Repeated
dryving and weighings indicate that this error was not more than =1 my.

8. The completeness of demineralization was determined by x-ray films or by
clearing the piece of bone in beechwond erensote.

9. Timex were recorded in the experiments to the nearest minute.

Chemieal technies. Four quantitative chemieal determinations were made on
ach demineralizing solution. The individual determinations were made in
quadruplicate,

Acid standardization: The solutions of acid were titrated before wud after
demineralization with a standard solution of sodium hydroxide, using brom-
thymol blue, phenolphthalein, or bromo eresol green ax the indieator.

Nitrogen determinations: The total content of nitrogen was determined by
digestion with =ulfuric acid and steam distillation of the digestion mixture, as
deseribed by Koeh and MeMeekint Borie acid was used for colleeting the
distillate. which was Nesslerized' and read at 10 minutes in a photoclectrie
colorimeter at 425 my.

Phosphorus determinations: Phosphorus ion was determined by the methad
of Fiske and Subbarrow.? The teehnie was maditiod by inereasing the wmaount
of molybdate reagent 10-fold (in place of the distilied water) when making de-
terminations on chelating acids, owing to the binding of the molvbdate reagent
by these compounds,

Caletum determinations: Caleitin was determined by titration of the caleium
ion with disodium versenate, using purpurate as the indicator.! The 1echnie
was madified by precipitation of the caleium jon with animonia waner and
amuoium oxalate, and isolation by centrifugation hetore ttration, in order 1o
climinate interfering substances,

EXPERIMENTS
Seetion 12 The Basic Factors in Bone Demineralization

Experiment 1: The cffeet of variation in surface area nupon time necossary for
demincralization awith weight a constant. Pieces of the standard hone were shaped
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TABLE
Lom= iy Wetant, PeEr CexT o WEIGHT LosT, (xh AMorsT oF MINERAL REMovVED 1N
S Hovrs or DeEMiNgraLization 158 0.5 M HybaocHLonsc A1 FoR Pikces aor Bove
WITH DIFFERENT RURFACE AREAS R DIFFERENT WelGHYS
tkixperiments 1 and 2.

Per Cent Difference in ~ Mineral Removed

Surface Initial - R
R Weight Loy i L
Area Weleht o Orixinal d‘t}rti.::l:h(sclmo?;-» Ca p Total
weight eralization
) 7 T ~_q ;m - ":k'» o my. - T i mg. mg. i
Bones of equal
weight : “ :
Bur 4.64 750} 224 139 . 35 ™
Cylinder 3.41 53 18] D § RPN ¥ 158
Difference 1.24 3 44 nil 19 i 36
Bones of equal !
surface aren: :
Bur 1.60 6349 201 i’ 137 4 INe
Cylinder +4.60 1129 21 1420 33 195
Difference None 90 10 57 50 gl

to form a bar and a evlinder having the same weight, but different surface
areas: bar of hone—750 mg., with 4.64 sq. em. of surface area: cvlinder of bone
—¥53 mg.. with 3.41 sq. em. of surface area; proportion of the surface area of
the smaller to the larger bone, 73 per cent.

The hones were demineralized using the standard conditions (ef., Materials
and Methods) in 0.5 molar hydrochloric acid for 8 hours. The pieces were weighed

“every hour. and the acid solution was changed every 2 hours,

Results. The surface area of the smaller hone was 73 per cent of the larger
hone: the difference in weight between the samples was 3 mg. At the end of §
hours of demineralization, the weight loss of the bar was 43 mg. more than the
evlinder, and the difference in the weight of caleium and phosphorus removed
was 36 mg. (Table 1). Thus, the bone with the greater surface area was more
demineralized than the bone with the lesser surface area.

Faperiment 2: The effect of rariation in weight upon the time necessary for de-
mincralization with surface area a constant. Pieces of standard bone were shaped
to form a har and a evlinder having the same surface area but different weights:
bar of bone—G39 mg., with 4.60 sq. em. of surface areu: evlinder of hone——1124
mg., with 4.60 sq. em. of surface arca: proportion of the weight of the smaller
ta the Jurger bone, 37 per cent.,

The samples of bone were demineralized, wmng the standard conditions (el
Materials and Methods) in 0.5 molar hydrochlorie acid for 8 hours, They were
weighed every hour, and the acid solution was changed every 2 hours.

Resnlts. The surface areas of the 2 samples of bone were practically identical,
butt the smaller bone was 57 per cent of the larger bone hy weight. After 8 hours
of demineralization, the difference in the weight lost by the 2 samples was only
10 mg.. and a difference of only 9 mg. of caleinm and phosphorus removed
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(Table ). Thus, boues with the same surface area, bnt different weights, had
almost no difference in loss of weight or in the amounts of mineral removed.

Erperiment 3: The characteristics of mineral remoral and diffusion. \ piece of
standard bone was shaped as a bar and demineralized in 0.5 molar hydrochloric
acid for 6 hours, after which the experiment wax stopped, and the demineralized
matrix was removed. The surface area and weight were again determined : original
specimen—1131 mg., with 4.81 sq. em. of surface area; after removal of the
matrix—45 mg., with 2.87 sq. em. of surface area.

The bone was further demineralized under the saume conditions for a second
6-hour period. In both parts of the experiment, the bone was weighed and x-ray
films were made (front and profile views) at half-hour intervals. Changes of acid
solution were made every 2 hours. The depth to which mineral had been removed
from the sample of bone was measured on the x-ray negatives, and the surface
area of the undemineralized portion was calculated.

Results. Measurements of the depth of demineralized matrix revealed that the
process was essentially the same on all external surfaces of the bone (Tabie 2).
Because of this, the form of the undemineralized portion was not changed (Fig. 2).

There was a slightly greater depth of demineralization on the ends than on
the sides of the sample. Most of the Haversian canals were open to the solution
at the ends of the sample of bone, and it was found in other experiments that
demineralization always proceeded a little more rapidiy upon those surfaces of
the bone where the majority of the Haversian systems were open.

TABLE 2
Loss IN WEIGHT. AMOUNT oF MINERAL REMOVED, SURFACE AREA, AND DEPTH 0F
DeEMINERALIZATION AT 2-HoUr INTERvVALS
(Experiment 3)

Amount of Mineral " Depth of Demineraltized
Removed Surface A Matrix
) Weight and e e i Demineralized ur a“: e
Time k‘:z"‘? -y "ln““"':‘f of Undeminer- Average
Ca r Total alized Bone End Side increase
‘ . per 2
hour~
Before Removal of Matrix
hr. mg. mg. mg . omg. cu.omm 5q. em. wan. mm . mm
Ntart (131 4.6
2 ' 160 106 41 4T 354 054 050 .52
4 227 41 16 b 3.3) COS0 070 0023
6 273 29 i1 40 207 0.4 0N O 14

Total 176 [ 244 192.7

After Removal of Matrix

Start | 445 2.8
2 94 49 22 71 2.0 0.3 0.30 0.52
4 127 22 N 30 1.54 0.8 072 0.
6 148 16 5 21 1.35 0.98 0.8  0.16
Total ST 35 122 6.0
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Fra. 2. Contaet print of yrav
negative of i piece of demineraliz-
ing bone (Experiment 3i. The de-
mineralized area of bone is repre-
sented by the gray border about
the central black core of undemin-
eralized bone. The demineralized
portions are equal on all <idesx,
evidenee of the simultaneons ae.
tion of neid on all surfaces.

The more deeply the demineralizing agent penetrated into the matrix of the
houe sample, the more <lowly it penetrated per unit time (Table 2). The depth
of demineralization at the end of the sample during the first 2-hour period was
0.54 mm.: during the second 2-hour period, the inerease in depth was 0.26 mm.:
and during the third 2-hour period it was 0.14 mm. Thus the inerease in depth
of demineralization for any period of time was approximately 30 per cent of that
for the previous period,

Upon remioval of the demineralized matrix in the second part of the experi-
ment, the depth of demineralization repeated the pattern of the first 6 hours,
being 0.34 mm. for the first 2 hours, 0.26 mm. for the second 2 hours, and 0.18
mm. for the final 2 hours (Table 2).

This decrease in the depth of bone demineralized each 2-hour period was
relivted neither to surface area nor to the weight of the piece of hone. Rather, it
was related to the inereasing thickuess of demineralized matrix between the
solution and the undemineralized bone. This was demonstrated by comparing
the inerease in the depth of demineralized matrix during the last 2 hours before,
and the first 2 hours after removal of the matrix. These inereases in depth were
0.14 mm. and 0.34 mm. The only change of conditions between the 2 parts of
the experiment was the removal of the demineralized matrix. Al chemical
substances, be they demineralizer or bone salts, must diffuse through the de-
mineralized matrix, A= the demineralized matrix accumulated, the demineraliza-
tion slowed proportionally. This slowing of demineralization seemed 10 he the
resubt of the process of diffusion through the matrix,

The weight of caleium and phosphorus removed per 2-hour peried also de-
ereased. During the first anterval, 147 mg. of caleium and phosphorus were
removed: during the second imerval, 57 mg.: and during the third 2-hour
interval, 40 mg. In the second 6-hour perixd, there were decreases in removal of
mineral that were proportional to those of the first period. Less mineral was
removed in the second G-hour perind, and this reflected the difference in surface
area, or the amount of mineral available 1o the action of acid (see Experiments
1 and 2.

Measurements from the surface of the piece of bone to the sharp boundary
of undenineralized bone in x-ray negatives (Fig. 2) provided the data for
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eadeuluting the volume of bone that was demineralized, ingsmueh ax the amonm
of mineral removed was determined chemically, During the tirst 6-hour period,
0.790 mg. of ealeium and phosphorus were removed per en. mm. of demineralized
bone: during the second 6-hour period, 0787 g, were removed per cu. i,
(Table 2. The analyzed standard bone (ef., Materials and Methods) had an
average coneentration of caleium ad phosphorus of 0.81 mg, per cu. mm.

DISCUSSION OF THE BASIC FACTORS OF DEMINERALIZATION

The basie factors that eonstitute the mitations of any method of deminerali-
zation of bone were demonstrated in the 3 experiments desceribed.

1. The greater the surface area, the greater the volume of hone that was de-
mineralized per unit time. Data from Experiment 2 vevealed that when the
surface areas of pieces of bone were equal. but the weights unequal, there was no
appreciable difference in the amount of demineralization. In Fxperiment 1,
where the weights of the bones were the same but the surface areax differed.
there was considerable difference in demineralization. Therefore, if the surface
arcas of 2 bones are equal, the amount of demineralization will be equal. regard-
lesx of the weights of the bone: conversely, if the surface areas are unequal, the
amount of demineralization will vary with the difference in surface areas.

2. Demineralization proceeded simultaneously on all surfaces of the hone at
the saume rate, regardless of its surface arcu.

3. Demineralization occurred only at the interface between the demineralizing
solution and the bony mineral. The amount of mineral removed in the experi-
mental sample was approximately 3 per cent (Experiment 3) less than the
amount of mineral in the same volume of the analvzed standard bone. The
close similarity between the analyzed control standard and the experimental
hone, u= well as the sharp boundary of undemineralized bone in the x-ray
negatives, strongly indicated that there was little or no demineralization except
at the surface laver of the undemineralized part of the bone,

4. As demineralization continned, the process beeame progressively sjower
owing to the inereased distancee of diffusion through demineralized matrix. The
results of Experiment 33 indicated that the rate of demineralization deereased as
the thickness of demineralized matrix inereased: upon removal of the de-
mineralized matrix, the rate of demineralization returned to its initial value,
and again deereased as the thickness of the demineralized matrix increased. In
this experiment, all factors were constant exeept the changes in the thickness of
the demineralized matrix. The demineralizing acid must diffuse through the
Laver of matrix in order to reach the surface of the undemineralized bone, and
the minerals of the bone must diffuse outwuard through the same material. The
greater the distanee of diffusion, the longer the time required for these substances
to diffuse. Therefore, the progressive slowing of the demineralization process
ix o reflection of the inereased time required for the various substanees 1o diffuse
into and out of the bone through the constantly inereasing thickness of de-
mineralized matrix.

5. During demineralization, the surface area of undemineralized bone was
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continuously decreased, thus resulting in lesser amounts of bone minerals being
exposed to acid at the mineral-acid interface. This was demonstrated in Experi-
ment 3, in which 244 mg. of mineral were removed in 6 hours from a piece of
bone with a surface area reduced from 4.81 to 2,97 sq. em.; in the same bone,
following removal of the demineralized matrix, a second 6 hours of demineraliza-
tion vielded 122 mg. of mineral when the surface area was reduced from 2.87 to
1.35 s em. Thus, when the surface area was reduced by approximately 30 per
cent, the amount of mineral removed was reduced by approximately 30 per cent.
In both instances, the depth of demineralized matrix was the same. indicating
that the rate of demineralization was the same.

It must be expected, therefore, that a smaller rolime of bone will be de-
nmineralized as the process approaches completion, owing to the continued
reduction i surface area. However, the greafer time required for deminer-
alization is not the result of reduction in surface area, but is a reflection of
the inereasing distance of diffusion; the rate per unit of surface area remains
constant.

Nection [1: The Effects of Alteration of the Conditions on Demineralization

The limitations described in Section I are unavoidable, but this does not
preclude adjustment of 2 groups of conditions that affect demineralization, in
order to obtain the greatest efficiency within these limitations: (1) factors that
inerease the rate of diffusion (e.g.. temperature and agitation); (2) factors that
increase the efficiency of the demineralizer (e.g., type and concentration).

Experiment j: The effect of agitation on the rate of demineralization. In Experi-
ment +A, 2 pieces of standard bone were shaped to approximately the same
weight and surface area: one piece (to bhe agitated) weighed 575 mg., and had a
surface area of 336 sq. em.; the other (not to be agitated) weighed 573 mg.,
and had a surface area of 3.36 sq. em. For Experiment 4B, 2 more pieces of
standard bone were cut: one piece (to be agitated) weighed 783 mg., and had a
surface area of 392 sq. em.; the other (not to be agitated) weighed 788 mg..
and had a surface area of 3.93 sq. em.

The conditions were the same except for the length of time the experiment
was condueted: Le., Experiment 4.\ was concluded after 8 hours of demineraliza-
tion, whereas Fxperiment 413 was continued for 69 hours of demineralization.
In both experiments, the samplex were placed in 0.5 molar hydrochlorie acid.
and the containers with the samples for agitation were placed upon a roller-
agitator revolving at 85 r.p.m. The non-agitated samples were left undisturbed
in their containers between weighings. The samples were eleared in beechwod
creosote, and the depths to which the mineral was removed from the sumples
were measured. The timex of weighing the samples and changing the solution
are recorded in Table 3.

Resudts. In Fxperiments 4\ and 4B, the surfaces of the non-agitated samples
rapidly collected a laver of bubbles that eventually covered the samples in an
envelope of gas. This gaseous envelope decreased the amount of contact between .
the demineralizing solution and the bone, and probably was the major cause of
the slower demineralization of the non-agitated samples. The conditions were
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TABLLE 3
Lozs 1y WEIGHT, PER CexT or WELGHT LosT, axp AMoUNT or Canetom axn Praosruores
Resmovep Derinag Variovs Tive Perions From BoNes oF SimMiLar WEIGHT anp
NURFACE AREA DEMINERALIZED 1N 0.3 M HyproctLoRrie Actp Unper CoNnpiTross
oF AGITATION AND Lack oF Acitation

(Experiment 4. parts A and B

Loss of Weizht Per Cent of Weizht Lost Loss of Mineral
—_ . vitation sample | ,\'on-ul.'it:n;un
i Agitation Non-agitation  Agitation Non-agita- Agitation sample : sample
sample sample sample tion amprle ; . -
., Ca P Ca P
Experiment $A
—“—[,,_ my. e 7 me. my. mg. mg. a
0 (375 (G
2 83 65 14 11
4 118 03 21 16 63 30 50 22
[} 141 115 25 20 .
N ‘ 161 131 R4 23 IN 9 17 i
Taotal ; 161 131 28 23 N1 39 67 31
Experiment 4B
0 : (TR (7T88)
24 287 243 37 31 129 75 103 64
3 34 322 +H 41 20 15
69 — 342 - H - - 34 24
Total 341 342 ‘ 44 44 149 % 137 88

not constant, inasmuch as it was necessary to remove the gaseous envelope when
the samples were dried for the periodic weighings. This led to a slight increase
of the rate of demineralization for the non-agitated specimens.

Measurements of the volume of demineralized bone in Experiment 4\ (8
hours of demineralization) revealed that the mineral was removed from approxi-
mately 32 per cent of the volume of the agitated <ample. and from approximately
25 per cent of the non-agitated sample. In Fxperiment 4B, a similar result was
observed. The agitated sample was demineralized vompletely in 30 hours, but
the non-agitated sample, after 69 hours of deminerafization, still contained a
small. undemineralized core that measured approximately 4 x 1.5 x 1.5 mm.

Further data on the difference between agitated and non-agitated samples
are listed in Table 3. In Experiment 4B (69 hours of demineralization), the
agitated specimen lost 44 per cent of its weight in 30 hours and was completely
demineralized, whereas the non-agitated specimen did not attain this per cent
of loss of weight until 69 hours of demineralization. The agitated speeimen was
demineralized at least 38 per cent faster than the non-agitated specimen. Sini-
larly. in Experiment 40 (8 hours of demineralization), the agitated specimen
hud 21 per cent loss of weight in 4 hours, but the non-agitated specimen did not
have this per cent of loxs of weight until 6 hours of demineralization. Thus, the
agitated bone demineralized to the same extent in approximately 33 per cent
less time than the non-agitated sample.
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TABLE 4
Loss iy WEIGHT, PER CENT oF WEIGHT Lost, AND AMouNT oF Caren o axp PHoOSPHORE S
ReEMovED Frou 4 BoNEs oF Siattak WEIGHT AND SURFACE AREA DEMINERALIZED IN
0.5 M HybrocuLorie Acto a1t Variors TEMPERATURES ForR S Horrs

tlxperiment &

Mineral Removed

Pemperatare of - Tnitial Meleht ol o of Weight N el T
Ca r Total
my. my. my. e my.
26 (. 386 128 ' n 64 35 104
36 C. 387 146 25 it 3 14
16 C. 585 161 2w S0 3~ (BB

36 C. 387 IRY 32 hb 41 126

Experiment 5: The effect of rariation in temperature on the rate of demineraliza-
fion. Four samples of approximately equal weight (586, 587, 583, and 587 myg.,
respectively) and surface area (2.80 sq. em.) were prepared from the same part
of the standard bone. Fach of the samples was placed in a separate portion of
0.5 M solution of hydrochloric acid in order to he demineralized at a different
temperature, f.e., 26, 36, 46, and 36 C.. &1 C. The bone was weighed every
hour during the 8-hour period of demineralization, and the acid solutions were
changed every 2 hours.

Results. The data (Table 4) indicate that raising the temperatire of the de-
mineralizing solution increased the amount of mineral removed per unit time,
but above 36 C. undesirable side effects occurred. These are more evident if the
amount of mineral removed is expressed as a percentage of the total loss of
weight at cach temperature, .. the amount of mineral that was removed
accounted for 81 per cent of the loss of weight at 26 C., for 78 per cent at 36 (.,
for T3 per cent at 46 C., and for 66 per cent at 56 C. Although more mineral
was removed at the higher temperatures, larger amounts of other materials
were also removed (as much as 33 per cent at 56 C.). Chemical studies indicated
that these materials were chiefly proteins and fats of the organie matrix.

Similarly, there was a deerease in the efficieney of demineralization ax the
temperature wis raised, Lo, inereases in temperature from 26 to 36 C.oto 46 ¢,
and to 36 C. resulted, respectively, in 10 per cent, 4 per cent, and 6 per cent
inerease in the amount of mineral removed. Thus, the rate of removal of mineral
was not proportional to the inerease in temperature. The most advantageous
temperature seemed 1o be approximately 36 C. inasmuch as there was maximal
removal of mineral with minimal, undesirable side effects.

Experiment 6: The efficiency of rarious acids in demineralization. Seetions of
standard bone were prepared with similar weights (400 to 434 mg. and surface
afeas (0.218 to 0.235 xq. em.). These samples were placed in 1 M concentrations
of hyvdrochlorie, nitrie, hydrobromie, phosphorie, trichloracetic, formie. lactic,
acetie or eitrie acid, demineralized for 8 hours, and weighed every hour. Aeid
solutions were changed every 2 hours. At the end of the experiment, the samples
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TABLL 5
Per Cenr or WeErent Lost, Grass o Acto avp Mintivores oF Hynroaey lox Usen
D rive DEviseErRvization axp tE Ramio or Hyprocgex Tox to Miveran, Removen
Prrine ~ Horrs, For v SERIES oF Acips AT T M CONCENTRATION

tkxperiment )

Grams of \eid and
Per Cent ui 1 M

. ? . Caand P
D e illimatee of Removed Millimoles of  Ratio of
alization H Used Ca -1 Millimoles oi
Adid . buring .. __ . Remeved  Hydrogen o
per  Demineraliza- Demineraliza-  Millimole of
Cent of tion Lon Ca+ 1
Grams 1M Ca P Towul
Solu
tion
mg my . T
Hvydrochlorie 31 0.1136 3 317 NSOOA2 120 3.233 0.98:1
Trichloracetic 14 0.3133 2 1.4 42 20 62 1700 1.12:1
Formie h 00442 1 1.07 2 G 31 1.833 1.20:1
Phosphoric 15 0.3951 4 2.01 03 43 1. 105 1.81:1
Nitrie 30 0.6131 10 9.73 5 30 105 2,864 3.39:1
Hydrobromie o 1.5763 il 194N o 30 949 2.6497 .20
Acetie 1 0.2311 4 3.85 N3 11 .32} 11.08:1
Lactic 4 1.0170 11 1120 16 3 19 0,528 21 381
Citrie 3 6.4513 34 33.58 nil ml il nil

were cleared in beechwood ereosote, and the depth of the demineralized matrix
was measured. '

Resultx. The relative rates of breakdown and removal of nmineral by the acids
tested are summarized in Table 3, baxed on the per cent of los= in weight of the
bones after 8 hours of demineralization. The total mineral removed by each
acid is also summarized in Table 5.

When the per vent of loss in weight, depth of demineralized matrix, and
amount of mineral removed were compared with the dissociation constant and
solubility of the caleium salt of the acids, an almost perfeet relation was found.
The acids were classed into 3 groups, based on separations that oceurred in the
data:

solubility of Caleium
fer Cent of Loss in Mitlizrams oi Mineral Salts of the Acid in Range of Dizsociation Constants
Weieht of Bone Removed Gm. per W ml ol of the Acids®
Water at 23 C.°

1. 2% 10 31 09 1o 120 123 10 315 Tt X 10!

2Tt 16 31 10 62 3310 70 2X 1010176 X 10 ¢
3. 110 4 Oto 19 0.25 10 17 TAS X 10 10 1.6 X 10 »

* These figures were taken from the Handbook of Chendstry and Physies, Fd. 31, Charles
D. Hodgman, Fditor. Cleveland: Chemieal Rubber Publishing Company, 1044,

In the above relations, the acids with the highest dissociation constant and
solubility of their caleium salts had the most rapid rates of demineralization
(Group 1), and the lowest rates of demineralization were observed with acids
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that had the lowest solubility of ealeium salts and dissociation constants
(Group 3).

A more detailed summary of the grouping of the various acids is listed below,
where the acid with the highest value in a category is named at the top of that
column, and the acid with the lowest value is at the bottom:

Per Cent of Loss of Depth of Deminer- Solubilivy of the Dissociation

Weight alized Matrix Mineral Removed Calcium Salts Constant
1. Hydrocehloric Hydrochloric Hydrochlorie Nitrie Hydrobromie
Nitrie Hydrobromie Nitrie Hydrochlorice Nitric
Hydrobromic Nitrie Hydrobromie Hydrobromie Hydrochlorie
2. Trichloracetic  Phosphoric . Trichlorucetic  Trichloracetic -~ Trichloracetic
Phosphoric Trichlorucetic = Phosphoric Acetie Phosphorie
Formie Formice - Formic Phosphoric Formic
3. Lactic Lactie Laetie Formic Lactic
Citric Citric Acetic Laectice Citrie
Acetic Acetic Citric Citric Acetic

The rate of breakdown of the mineral in the organic matrix of the bone is
determined by the dissociation of the acid, and the solubility of the calcium
salts partially regulates the rate of removal by diffusion through the de-
mineralized matrix. It is difficult to separate these 2 components experimentally
because the dissoriation constants of acids usually parallel the solubilities of
their calcium salts. Acetic acid, however, did not follow this general rule, and
the solubility of calcium acetate stands higher in the classification than does the
dissociation of acetic acid. The demineralization rate of acetic acid was the
lowest of all the acids used, and it also had the lowest dissociation constant of
all the acids in this experiment. According to the solubility of calcium acetate.
acetic acid should rank in the group with trichloracetic acid, and not as the
poorest demineralizing agent tested. I'rom this, it would seem that the solubility
of the caleium salt of an acid is of no benefit if the mineral is not broken down
in bone. Thus, it 1s reasonable to conclude that the rate of demineralization is
chiefly determined by the rate of breakdown of mineral, which is reluted to the
dissociation constant of the acid.

Titrations of the coneentrations of acid at the end of the experiment revealed
the amount of acid that was utilized in the process of demineralization. The
maximal amount of acid utilized was 34 per cent in the case of eitrie acid {Table
3): the other acids averaged approximately 10 per cent utilization during the 8
hours of demineralization. Inasmuch as a 10 per cent reduction in molarity
only reduced the concentration from 1 to 0.9 M. an adequate amount of acid
was present for demineralization (ef., Experiment 7 for the minimal concentration
of acid for effective demineralization).

.\ measure of the efficiency of an acid in the removal of mineral from hone
was established by determining the number of millimoles of hydrogen used to
remove 1 millimole of the mixture of caleium and phosphorus in bhone. This
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ratio of hydrogen 1o mineral removed is recorded in Table 5. The data revealed
that hydrochloric acid was the most cfficient for removal of mineral, inasmuch
as 0.98 millimole of hydrogen removed 1 millimole of the mixture of minerals,
Hydrochlorie acid was followed by trichloracetic, farmic, and phosphoric avids.
all of which had a ratio of less than 2: 1. All the other geids had u ratio of more
than 3:1, and this was regarded ax inefieient. Chemical determinations revealed
that the acids with a ratio higher than 3:1 had a higher concentration of nitrogen
in the solution following demineralization. 1t is suspected that the excessive
amount of hydrogen wasx used in hydrolyzing protein rather than removing
nuneral. This same phenomenon of high removal of nitrogen from the de-
mineralizing bone was also noticed in the higher concentrations of trichloracetie
acid.

From this experiment, it was coneluded that the rate of breakdown of mineral
is & function of the dissociation constant of the demineralizing acid because the
higher the dissociation of the acid, the more rapid was the removal of mineral.
In all of the determinations hydrochlorie acid ranked first, and it was the most
rapid demineralizing agent.

Frperiment 7: The effect of concentrations of an acid upon the rate of deminerali-
zation. Six samples of approximately equal weights and surface areas were pre-
pared from the same part of the standard bone. One sample was placed in each
of the following concentrations of hydrochloric scid and demineralized for §
hours: 4, 2, 1, 0.5, 0.1, and 0.05 M. The samples were weighed every hour, and
the acid solutions were changed every 2 hours. At the end of the experiment
the pieces of hone were cleared in beechwood creosote, and the depth of the de-
mineralized matrix was measured.

Results. At the end of 8 hours of demineralization there was no difference in
the per cent of loss in weight or in the amount of mineral remaoved (Table ¢
with 4 and 2 M hyvdrochlorie acid. The loss in weight of the sample of bone in |
M acid was 89 per cent of the loss in weight of the bone in 2 M hydrochlorie

TABLE 6
Loss iy Werant, Pen Cext or WelenT LosT, axb MitLiarays or Careres AND
ProsetgoRUs REMOVED FROM BoXE SaMPLES OF SiMiLar WEIGHTS axp SURFack
AREAs DEMINERALIZED 1IN DIFFERENT CONCENTRATIONS OF HybRrocuLorwe
Actp ror N Hovrs
tExperiment 7

neentrati itial Wei . ; Mineral Kemosed
ki " Initial Weiehy o n Weisht Pet Ceat af ‘

Ao one Weight Lost - (;“_‘——"p‘— _:r|\‘;‘l
M my, g, my. "y "

4 G637 ez 35 130 Al 181

2 637 226 35 129 52 181

| 635 X0 32 115 4N i

0.5 633 164 26 NT 42 129

0.1 624 62 1o 33 21 64

0.05 : 633 29 5 37 14 5l
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acid, and the mineral removed in 1M acid was 92 per cent of that removed in
2 M aeid. The removal of mineral and Joss in weight with 0.5 M hydrochloric
acid was 71 per cent of that in 2 M acid. Demineralization in 0.1 and 0.05 M
concentrations was of such low order that these coneentrations were regarded
ax ineffective. A peeuliarity was noticed in demineralization with 0.1 and 0.05 M
hydrochlorie acid. In these, the amount of mineral removed exceeded the amount
of weight that was lost (Table 6). A subsequent experiment indicated that this
was the result of absorption of water by the demineralized matrix of the bone,
imasmuch as the differences in loss of weight in the completely demineralized
bones disappeared when the samples were dried at 123 C. for 6 days.

It was evident that increasing the molarity of the acid beyond 2 M did not
result in an inerease in the efficiency of demineralization, and the process was
uuduly prolonged when the concentration was less than 0.5 . The optimal
voncentration for hydrochloric acid as a demineralizing agent was between 1
and 2 ML

DISCUSSION OF THE EFFECTS OF ALTERING THE CONDITIONS OF DEMINERALIZATION

In Section I of thix paper, the inescapable limitations of any process of de-
mineralization are described. The experiments described in Section Il were
devoted to determining the optimal conditions for demineralization of bone,
and 4 factors were studied: the effect of agitation, the effect of temperature, the
relative value of several acids as demineralizing agents, and the optimal concen-
trations of an acd for maximal efficiency. Using the optimal conditions for each
of these fuctors made it possible to reduee the time of demineralization more
than 50 per cent, us compared with the usual methods and the same reagents.

Effect of agitation. Continuous agitation of the pieces of bone inereased the
amount of demineralization approximately 30 per cent, The rate of agitation is
not importamt as long as the bone is continually tumbling in the solution. The
rate of 83 rpam. was used in these studies because it resulted in continuous
motion of the hone, regardless of the size of the pieces.

There are probably 3 reasons for the shortening of the time of demineraliza-
tion by agitation. Agitation prevents the accumulation of bubbles of gas on the
surface, which would limit the contaet with the demineradizing acid and reduee
the rate of demineralization. Secondly, agitation prevents the piece of bone from
rexting on the bottom of the container, which would reduce its area of contact
with the demineralizing acid. Thirdly, agitation assures an equal distribution of
bone salts and acid in the deminerahzing solution. The removal of mineral
from bone is chielly o process of diffusion, and in a statiec system the salts may
tend to aceunmlate at the surface of the bone; these salts are dispersed and
replaced by acid during agitation, .

Efleet of temperatre. An iuerease in the temperature of the demineralizing
solution from 23 C. (average room temperature) to 36 to 40 C. deereased the
time of demineralization approximately 13 per cent. Increases of temperature
above 40 C. resulted in o continued decrease in the time for demineralization,
but the amount of mineral removed was not proportional to this decrease: in
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Clear in 1:1 mixture of oil of wintergreen and absolute ethanol, then in 1:1
mixture of oil of wintergreen and xylene (approximately 12 hours),

6. Embed n paratlin (melting point, 52 C.} in racuo and block; eut seetions 4
microns in thickness, mount, and hydrate (approximately 2 hours),

7. Immerse sections in 5 per cent agueous solntion of ammonium chloride
(approximately 30 minutes).

8. Apply Wright's stain, dehydrate, and elear in buryl aleohol and xylene;
put coverslip in position with Clarite (approximately 15 minutes). If a Giemsa
preparation is desired. apply the stain after step 7, differentiate, and coverslip
after clearing in xylene (approximately 2V, hours).

Results. There is practically no shrinkage of the tissue (Fig. 1), and the c¢v-
tologic details are well preserved and vividly stained (Fig. 2). The total time
required for preparation of slides stained with Wright's stain is approximately
26 hours, and for those stained with Giemsa’s stain, approximately 28 hours.

DISCUSSION

The experiments on staining of bone and associated soft tissues (after de-
mineralization of the hone) indicated that the eritical element in the various
procedures was the fixing of the tissues, i.e., eytology was not altered by the acid,
during demineralization, if the tissues were fixed well. A fixative that provides
and maintains good preservation during demineralization should have the follow-
ing characteristies:

1. The fixative should be relatively rapid in action owing to the fact that the
cells in bone marrow undergo irreversible changes shortly after death or after
removal of a piece of hone during surgery. The density of the bone and the limited
amount of exposed surface make it desirable that the fixative penetrate well,
in order that the deeper portions of the tissue may be preserved prior to disinte-
gration of the cells.

2. The fixative should not harden the tissue excessively, inasmuch as further
hardening that results from treatment in acid and embedding in paraffin may
make it practically impossible to cut sections in which the histologic pattern
ix preserved.

3. The fixative should bring about precipitation of protein in an insoluble
form. If the precipitate ix not insoluble, treatment with acid during demineraliza-
tion will result in excessive hyvdrolysis.

The advantages and disadvantages of various fixing =olutions were observed in
several experiment=. Although Orth's, Zenker's, and Helly's fluids usually provide
excellent preservation of exvtologie structures, they were unsatisfactory for pre-
serving bone marrow during demineralization. These fixatives were slowly pene-
trant and fixed only the outer millimeter or so of tissue: although this region had
excellent preservation of cellular elements, the hone could not he used for study
inasmuch as it was fragmented during the sawing of the specimen. In addition,
dichromate fixatives made the tissue extremely hard, and after demineralization
the seetions tended to shatter and tear.

Metallic substances such as iodine (in methanol) and osmic acid provided
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A 2 M concentration of trichloracetic acid, however, was too strong for
satisfactory demineralization, inasmuch as considerable digestion of the matrix
oceurred at this concentration.® Complete demineralization of these samples of
hone was usually indicated by a loss in weight of approximately 44 per cent,
but the loss with 2 M trichloracetic acid exceeded 30 per cent. A 1 M concen-
tration of this acid did not lead to an excessive loss in weight, and it may be
used ax a demineralizing agent.

SUMMARY

1. The surface area determines the amount of bone that is demineralized per
unit time, inasmuch as the process is active on all the surfaces at the same time
and same rate, and bone demineralizes only at the interface between the acid
and the mineral. Thus, a piece of bone 1 x 1 x 100 mm. will demineralize in
the same time that is required for a piece 1 x | x 1 mm.

2. The time required for demineralization of bone becomes progressively
greater as the process approaches completion, owing to the increased distance
for diffusion through the demineralized matrix. For example, a piece of bone
1 x ! x| mm. can be demineralized with agitation in 1 M hydrochloric acid
in approximately 2 hours, but approximately 8 hours (under the same conditions)
are required if the piece of bone is 2 x 2 x 2 mm.

3. Approximately 30 per cent less time is required for demineralization of a
piece of bone that is agitated during the time in acid, as compared with the
time required for a piece (with the same weight and surface area) that is not
agitated.

4. Increasing the temperature from 25 C. (room temperature) to 36 to 40 C.
results in approximately a 15 per cent reduction of the time required for de-
mineralization. Temperatures above 40 C. lead to increased hydrolysis of protein
without proportionally increasing the rate of demineralization.

5. Hydrochlorie acid is the best one to use as a demineralizing agent. It is the
most efficient, most rapid in action, and the least harmful of the several acids
tested.

6. The optimal concentration of hydrochlorie acid for maximal rates of de-
mineralization is between 1 and 2 M. Convcentrations nore than 2 M do not
increase the rate of demineralization, and those less than 0.5 M are inefficient.
One hundred miilliliters of a 1 to 2 M solution demineralizes a 2 GGm. specimen
of bone with so little depletion of acid that a change of the acid solution during
the process is hardly warranted. '

SUMMARIO IN INTERLINGU A

1. Le area del superficie determina le quantitate de vsso que es dismineralisate
in un certe spatio de tempore, nam le processo es active simultaneemente ¢ con
le mesme grado de intensitate a omne le superficies. e le osso es dismineralisate
solmente al interficie de acido e mineral. Assi un pecia de osso de 1 per | per 100
mm es dismineralisate in le curso del mesme tempore (ue es requirite pro le
dismineralisation de un pecia de osso de 1 per | per | mm.
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2. Le tempore requirite pro ledismineralisation de osso erexce progressivemente
in tanto que le processo approcha su completion. Isto es explicate per le erescente
distantia del diffusion a transverso le jam dismineralisate portion del matrice.
Per exemplo, un peria de os=o de | per 1 per 1 mm pote esser dismineralisate con
agitation in acido hydrochlorie de un concentration de 1 M in le curso de ecirea
2 horas, sed =ub le me=nie conditiones cirea 8 horas ex requirite si le dimensiones
del pecia de o0 ex 2 per 2 per 2 mm.

3. Le tempore requirite pro le dismineralisation de un peeia de osso es reducite
per cirea 30 pro cento si illo es agitate durante le tempore de immersion in le
acido. Iste reduction es constatate per comparation con le tempore requirite pro
le dismineralisation de un pecia de osso del mesme peso e del mesme area super-
ticial que non es agitate durante su immersion in le acido.

4. Un augmento del temperatura ab 23 C (temperatura normal de interior) a
306 o0 40 C resulta in un reduction de circa 15 pro cento in le tempore requirite
pro le dismineralixation. Temperaturas de plus que 40 C resulita in un augmento
del hydrolvse de proteina sin acceleration proportional del processo disminerali-
sante,

3. Avido hydrochloric es le melior agente de dismineralisation. Illo es le plus
efficace. ha le plus rapide action, e es le minus nocive inter le varie acidos probate.

6. Le concentration optimal de acido hydrochloric pro grados maximal de
dismineralisation es inter 1 e 2 M, Concentrationes de plus que 2 M non accelera
le processo dismineralisante, e concentrationes de minus ue 0,5 M es inefficace.
Cento mi de un solution de 1 a2 2 M dismineralisa un specimen de 2 g de oss0 con
si has=e grados de depletion del acido que nulie renovation del solution es indicate
in le curso del processo.

Acknowledgment. Grateful acknowledgment is made to the Bersworth Chemical Com-
pany, Framingham, Massachusetts, for supplying the dizodium versenate for these studies,
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Richman. Geliand, and HillP in 1947 introduced the electrolytic method for
demineralization of bone, and this technic has received widespread aceeptance
because it is said to demineralize hone more rapidly than any other method.
Lilliec and his associates,' and Rosen and Friedland* presented evidence that
the decreased time of demineralization by the electrolytic method was the re-
sult of an increase in the temperature of the solution.

The present experiments were designed to determine if electrolvsis does
shorten the time of demineralization, under constant conditions for all known
variables except the electric current.

MATERIALS AND METHODS

1. An electrolytic machine was constructed which controlled the electric
current, the temperature of the demineralizing solution, and the rate of agita-
tion. The apparatus was constructed in 3 parts, {.c., a rotating electrode carrier
and a container for the solution, a source of direct current, and a constant
temperature bath (Fig. 1).

The electrode carrier was constructed of 2 lucite dises that were connected
by an aluminum shaft and bearing. The lower disc rotated in the
bearing mounted in the upper dise; electrical contact was maintained during
rotation by a commutator of copper rings and silver brushes, A thermometer,
a mercury thermostat, and 2 platinum electrodes were mounted on the lower
dise of the carrier. The electrodes were made of 1G-gauge platinum wire wound
to a l-em. diameter, and were placed 1 em. apart. The amount of platinum
wire submerged in the solution was the same for both electrodes.

The source of direet current wax a Heath powerpack that provided controlled
wattage from 0 to 12 volts at 0 to 8 amperes.

The temperature of the electrolvtic solution was controlled by circulating
water through a coil of 5-mm. polyethylene tubing in the container. The poly-
ethylene coil was connected to a constant temperature hath through a pump
that wax controlled by the thermostat mounted in the clectrode carrier. The
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Fii. 1. The electrolytic machine used for demineralizing bone in the controlled
experiments consisted of: 1 geared motor driving the electrode carrier containing 2
platinum electrodes; a thermometer and mercury contact thermostat; insulated
demineralizing chamber and polyethylene tubing connections to the constant tem-
perature hath: actuating relay connecting the water-bath pump to the thermostat;
and power =ource with variable voltage.

denineralizing solution was maintained by this method within 21 ¢, of the
desired temperature,

2. Samples of bone for the experiments were dense cortical bone from the
shaft of an air-drted, adult, human femur. The chemical analesis of this stand-
ard bone was previously reported ?

3. One hundred milliliters of an acid solution of known molarity were used
for demineralization.

4. Determinationz of concentration of acid, caleium, phosphorus, and ni-
trogen were made on all solutions betore and atrer demineralization. The tech-
nieal methods used were deseribed in the previous paper:

J. Samples of hone were placed in the coil of the anadal eleetrode and moved
through the solution at 25 r.pan., and x-ray tilms of the <amples of bone were
made during the proeess of demineralization. When the samples were removed
to he weighed or x-rayed, they were blotted on bibulous paper by the same
investigator cach time, and the weighings were made by the other investigator
in order to keep errors constant. Repeated devings and weighings indicated
that this error was not more than 21 mg.
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Experiment 1: To determine i demineralizing conditions in the elecirolysts
machine are comparable o those previously wsed. Two pieces of the standard
hone were shaped to approximately the saume weight and surface area: Sample
1 weighed 232 mg., and had a surface area of 1.65 sq. em.; Sample 2. 230 mg.,
and 163 . em. The samples were demineralized separately in the electrolytic
machine, without electrolysis, in 1 M hydrochlorie acid for 2 hours at 25 (.,
after which the bone was weighed. X-ray films were also made, and the depth
to which mineral had been removed was measured from the x-ray negatives. A
the end of the experiment, the samples were digested in 25 ml. of concentrated
hydrochlorie acid, and the content of caleium, phosphorus, and nitrogen was
determined.

Results. During the process of demineralization Sample 1 lost 533 mg. (23 per
cent), and Sample 2 lost 49 mg. (21 per cent). The amount of mineral removed
from the 2 samples differed by 1 mg., e, 34 mg. of caleium and 12 mg. of
phosphorus were removed from Sample 1, and 33 mg. of caleium and 12 mg.
of phosphorus were removed from Sample 2. There was no difference in the
amount of nitrogen removed, or in the depth to which mineral was removed
from the 2 specimens.

The weight of mineral determined after digestion of the 2 pieces of hone
differed by 1 mg., i.c., 29 mg. of caleium and 11 mg. of phosphorus in Sample
1, and 30 mg. of calcium and 11 mg. of phosphorus in Sample 2. The total
amount of mineral in each sample of bone was the same.

The reduction in the molarity of the acid during demineralization of the
samples was so low that it was regarded as nil.

Erperiment 2: The effect of electrolysis wpon the rate of demincralization with
hydrochloric acid. Two pieces of standard bone were shaped to approximately
the same weight and surface area for demineralizing at 23 C.) with and with-
out electrolysis (Experiment 2A). The electrolytic sample weighed 185 mg.,
and had a surface area of 1.56 sq. em., and the control sample, 174 mg., with
the same surface aren. Two maore samples of standard bone were cut for de-
mineralization at 45 C., with and without electrolysis (Experiment 2By, The
electrolvtic sample weighed 193 mg.. and had a surface area of 1.67 sq. em.,
and the control sample weighed 191 mg., and had a surface area of 1.66 . em.

The bone was demineralized for 2 hours in 1 M hydrochlorie acid at 25 C.
or at 35 C. The electrolvtic samples were treated at 3 volts and 3 amperes to
provide a 15-watt electrolysis. Changes of acid, weighings, and x-ray films
were made every half hour. The depth to which mineral had been removed was
measured on the x-ray negatives,

Results. ‘The data are summarized in Table 1. After 2 hours of demineraliza-
tion at 25 . (Experiment 20\), the sample treated by electrolysis lost 47 mg.,
and the control lost 48 mg. The amount of mineral removed from the elec-
trolytic sample was 43 mg., and from the control sample 42 mg. Thus, the
eleetrolytic and control samples differed by only 1 mg. with respeet to loss in
weight and the amount of mineral that was removed.

In EFxperiment 2B, after 2 hours of demineralization at 45 C., the sample
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TABLLE 1
Toral Loss or WEIGHT. PER CENT oF WEIGHT Lost, ANp ToT L AMorNT oF CaLcies axe
PraospHoRrUs REMOVED PROM BONES OF SiMILAR WEIGHT AXD BURFACE AREA AFTER 2
Hotrs 18 1 M HypRocCHLORIC Acih AT 25 C. axp 45 O, wiTH axn
WITHOUT ELECTROLY SIS
(Experiment 2A and 2B

Electrolysis Sample (15 watts: Control Samnle
Time . Minera! remov Mi -
Loss of Per cent of linera ved Loss of Per cent of M\hnetal removel
veight weicht lost . weight weight Jost. -
wee N o F Ca+P , " Ca P Ca4P

Experiment 2A (25 C.

hr. mg mg. mg. mg. mg. my. mg. my.
0 (185 (174
2 47 25 ‘ 30 13 13 8 2 3 11 42

Experiment 2B (45 C,)

0 (193 (191
2 69 36 12 i 4 56 66 35 39 14 33

treated by electrolysix had a loss in weight of 69 mg., and the control sample
lost 66 mg. The amount of mineral removed from the electrolytic sample was
56 mg., and from the control sample 33 mg. Thus, the 2 samples differed by 3
mg. with respeet to the loss in weight or the amount of mineral removed.

The molarity of the acid was determined at the end of each half hour. The
reduction in the conecentration of acid in the electrolysis solutions was from 1.0
to 0.7 M at 25 C., and from 1.0 to 0.6 M at 45 C.; the reduction in molarity
of both control solutions was from 1.0 to 0.99 M. There was no difference in
the amount of nitrogen removed from the electrolysis and control samples, and
the depth to which mineral was removed was the sate for both electrolysis and
control samples. :

Experiment 3: The effect of clectrolysis on the rafe of demineralization with
phosphoric acid. Two picces of standard bone were shaped to approximately
the same weight and surface area for treatment with phosphoric acid at 23 €.,
with and without electrolysis (Experiment 3A). The sample for electrolysis
weighed 134 mg.. and had a surfuce area of 1.26 s. em., and the control sample,
130 mg. with a surfuce area of 1.28 sq. em. Two more pieces of standard bone
were cut for treatment at 43 C., with and without eleetrolysis. The electrolytie
sample weighed 141 myg., and had a surface area of 1.32 = em., and the con-
trol specimen weighed 142 mg., and had a surface area of 1.34 sq. em.

The bone was demineralized for 3 hours in 1 M phosphoric acid at 23 C. or
at 45 C. The electrolysis samples were treated with 10 volt= at 1.5 amperes to
provide a 15-watt electrolysis. Changes of acid, weighiugs, and x-ray films were
made at intervals of 30 minutes. The depth to which mineral had been removed
was measured from the x-rav negatives.

Results, During the 3 hours of demineralizing at 25 €. (Experiment 3.\).
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the electrolysis xample lost 24 mg. (IS per cent of the original weight, and the
control lost 22 mg. (17 per cent of the original weighty, Thus, the difference in
the amount of weight lost was 2 mg. During the 3 hours of demineralization at
45 C. (Experiment 3B), the electrolytic sample lost 31 mg. (22 per cent of the
original weight), and the control lost 28 mg. (20 per cent of the original weight ),
Thus, the difference in the amount of weight lost by the 2 samples was 3 mg.
Determinations of the amount of minerals lost are not reported inasmuch as
the large amount of phosphorus in the solutions made the results of doubtful
value.

The reduction in the molarity of the acid during demineralization was so
small as to be within the error of measurement. There was no difference in the
amount of nitrogen removed from the electrolysis and control samples, and the
depth to which mineral was removed was the same for both electrolysis und con-
trol samples.

Experiment §: The effect of electrolysts upon the rate of demineralization with

formic acid. Two pieces of standard bone were shaped to approximately the

same weight and surface area. The bone to be treated with electrolysis weighed
404 mg., and had a surface area of 2.33 =q. em.. and the control speci-
men weighed 401 mg., with a surface area of 2.37 sq. em. Both pieces of bone
were demineralized in 1 M formic acid at 25 C. for 3 hours. During the de-
mineralization the one piece was also treated with 12 volts at 0.5 ampere to
provide a G-watt electrolysis. Weighings and x-ray films were made at the end
of the 3 hours, and the depth to which mineral wax removed was measured from
the x-ray negatives.

Results. Both samples of bone decreased in weight by the same amount, 7.c.,
7 mg. each, representing a loss of 2 per cent of the original weight. The same
amounts of mineral, i.e., 21 mg. (14 of caleium and 7 of phosphorus), were re-
moved from both of the specimens, and the depth to which mineral was re-
moved was the same.

The amount of mineral removed from each of the picees of bone was greater
than the loss in weight. Thix oceurs when mineral acids of low molarity (below
0.5 M) or weakly ionizing acids are used for demineralization, and it is the re-
sult of hydration of the matrix of the bone.?

Reduetion in the molarity of the acid solutions during demineralization was
within the error of the titration for hoth the eleetrolysis and control samples,
and there was no difference in the amount of nitrogen removed from the 2
specimens of bone.

DISCUSSION

The theoretical basis of the electrolytic method of demineralization is that a
polarizing current will cause an inereased rate of migration of the mineral ions
from the sample of bhone to the electrical pole of opposite charge. During de-
mineralization, the primary mineral element to be removed from bone is the
divalent, positively charged caleium ion. The minerals of bona can not be re-
moved any faster than theyv are released from their combination within the
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bone, and the removal of the minerals, under any cireumstanees, can not be
more rupid than the breakdown of the mineral complex by the demineralizing
acid. In order to break down the mineral complex in bone. the aeid must dif-
fuse through the demineralized bone matrix and come in contact with the
mineral complex. Hydrogen ions and ealeium ions are positively charged. It is
difficult to understand how a polarizing current cuan cause 2 positively charged
ions to migrate in opposite directions, t.e., the hydrogen ion into the bone. and
the caleium ion out of the bone.

On theoretical grounds, it must be concluded that the electrolvtic method
of demineralization does not accomplish its purpose, inasmuch as (1) minerals
can not be removed faster than the minerals are released from their complex
within the bone, and (2) the electrolysis, rather than increasing the diffusion of
the acid into the bone, probably tends to the opposite result. Thus, if the elec-
trolytic method of demineralization does deerease the time of demineralization,
the effect results from some cause other than the applied polarizing current.

FFor the present experiments, the range of difference in the loss of weight and
the amount of mineral removed from paired samples of standard bone had 1o
be determined under the conditions used in the electrolytic machine. In previons
experiments under standard conditions,? the variation in loss of weight per
unit of time was from 0 to 3 mg. for approximately matched bone samples. Thix
difference (3 mg.) results from the difficulty in shaping pieces of hone to identi-
cal weights and surface areas; the slight differences in surface area, which often
are bevond the range of aceurate measurement, can lead to the small differ-
ences found in the experimental results,

Iixperiment 1 was made to determine if the difference in loss of weight and
amount of mineral removed from matched samplex of standard bones was the
same in the electrolytic machine as that found under the standard conditions
previously reported.? The data indicated that the difference in loss of weight
was 4 mg., and the difference in the amount of mineral removed from matched
samples was 1 mg. The difference in surface arew of the 2 samples was 0.02 =q.
«m.; the bone with the greater loss in weight had the greater surface area. These
result= were comparable to the differences found under the previously estab-
lished stundard conditions.

In Experiment 2. the loss in weight and the amount of mineral removed from
matched samples of bone were determined with and without eleetrolysis in 1 M
hydrochlorie aeid. At 23 C. the samples differed in loss of weight by 1 mg. when
the surface areas were the same; at 45 C. the sumples differed by 3 mg. wherse
the surface areas differed hy 0.01 <. em. The 3 mg. greater loss at 45 €. was
tn the bone with the greater surface area. Thus, the samples of hone demin-
eralized with equal rapidity, with or without electrolv=is, if all other conditions
were made constant. .

During electrolysis with hydrochlorie acid, hydrogen ehloride gas evolved,
thereby decreasing the coneentration of acid, as indicated by titrations of the
remaining acid. Inasmuch as such a loss of acid might be a possible cause of
the lack of effect of the eleetrolytie method with hvdrochlorie acid, 2 acids that
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do not form gas were used, {.e., phosphoric and formie acids. In Experiments 3
and 4 the differences between the electrolvtie and coutrol samples were within
the expected range of variation. There was no difference in the loss of weight
from the 2 samples when formie acid was used, and, although there wax a 3-mg.
difference in loss of weight when phosphorie acid was used, the greater loss was
noted i the sample that had a larger swrface arca. Thus, the loss of hydro-
chlorie acid during electrolysis did nov affeet the time necessary for deminerali-
zation. Results from previous experiments* indicated that the reduction of
concentration of hydrochlorie acid from 1.0 to 0.6 M doex not appreciably
affect the rapidity of demineralization,

Electrolysis produces heat in the acid solution because of the resistance of
the solution to the flow of current. Experiments with the electrolytic machine
used in these studies revealed that a rise in temperature of 0.1 C. was produced
per minute per watt of electrolysis in 100 ml. of 1 M hydrochlorie acid. The
amount of heat produced will vary with the resistance of the solution, but t M
concentrations of other acids (i.e., phosphoric, formie, and trichloracetic) had
approximately the same rise of 0.1 C., 'minute watt 100 ml. of solution during
clectrolysis. In the previous paper.? the influence of temperature on deminerali-
zation was determined, and it was found that an increase of 20 C. {(an increase
from 25 to 45 C.) decreased by 15 to 20 per cent the time necessary for demin-
eralization.

In the present experiments, an increase in temperature also decreased the
time required for demineralization. Owing to the fact that the samples of bone
used in the various experiments were of different weights and surface areas,
and, in order to make proper comparison, the data should be expressed as
milligrams of weight lost per square centimeter of surface area. The results of
Experiment 2 indicate that bhone demineralized for 2 hours in 1 M hydrochlorie
acid at 45 C. lost 0.40 mg. per sq. env.; whereas the piece treated similarly, but
at 25 C. lost 0.30 mg. per sq. em. Thus, the difference was 0.1 mg. per sq. em.
of surface area. Similarly in Experiment 3, bone demineralized for 3 hours in
1 M phosphoric acid at 45 C. lost 0.23 mg. per sq. ¢nm.; whereas the specimen
treated at 25 C. lost 0.18 mg. per sq. em., a difference of 0.05 mg. per sq. em.
Thus, the greater loss of weight that oceurred at the higher temperature was in
approximately the same range ax that previously determined, and the time re-
quired for demineralization was reduced approximately 20 per cent.

The experimentx deseribed in this paper indicate that the electrolytic method
of demineralization will result in higher temperatures in the acid solutions. At
15-watts electrolysis, the temperature of 100 ml. of 1 M hydrochlorie acid will
inerease 15 €. in 10 minutes. The demineralization will then proceed at 40 C.
or higher. If the time required for demineralization at 40 C. is compared with
the time usually required at 25 C.; the electrolytic method seems to be more
rapid, but this is the result of the increased temperature of the demineralizing
agent. When the temperature of the solution was controlled, the electrolyvtic
and control samples demineralized at the same rate. Electrolysis produces heat
in the acid solution, but electrolysis per se is not effective as a demineralizing
agent
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SUMMARY

1. The use of electrolysis to bring about more rapid demineralization of bone
i= basell on an unsound theoretical concept; namely, that 2 positively charged
ions migrate in different directions in response to the same polarizing current,
I.e.. the hydrogen ion into the bone, and the calcium ion out of the hone.

2, Electrolysis per sc has no effeet on the time required for demineralization.

4. Heat is produced in electrolytic baths, and an increase in the temperature
of the demineralizing solution will result in less time being required for demin-
eralization of bone. The controlled experiments described in this paper indicate
that the reported decreases in time required for demineralization when using
the electrolytic method are the result of higher temperatures caused by the
electric current passing through the demineralizing solution.

SUMMARIO IN INTERLINGUA

1. Le uso del electrolyse con le objectivo de accelerar le dismineralisation de
ossos es basate super un insolide concepto theoric, i.e., le concepto que 2 iones a
carga positive migra in differente directiones sub le effecto del mesme currente
polarisante: le ion hydrogenic a in le osso, le ion de calcium a ex le osso.

2. Electrolvse per se ha nulle effecto super le tempore requirite pro le dis-
mineralisation.

3. Calor es generate in le banio electrolytic, e un augmento del temperatura
in le solution dismineralisante resulta in un reduction del tempore requirite pro
le dismineralisation de ossos. Le experimentos controlate que es describite in le
presente articulo indica que le reportate reductiones del tempore requirite pro
le dismineralisation quando le methodo electrolvtic es usate, resulta del elevate
temperaturas que-es causate per le electricitate currente a transverso le solution
dismineralisante.
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Recently attemptx were made to decrease the time required for demineraliza-
tion of bone by adding to the demineralizing acid various compounds that bind
and remove the dissolved minerals of the bone. The compounds used for this
purpose were ion exchange resins and chelating agents. Inasmuch as the action of
these compounds is based on the same principle, they were considered as a unit
in this investigation of their usefulness.

Dotti, Paparo, and Clarke?* introduced the use of an ion exchange resin (Win
3000) mixed with formic acid. The method was said to result in demineralization
move rapidly than other methods, and not to alter the morphology or staining
reactions of the tissue, Lillie,* in a review of this paper. questioned whether the
results of the method were actually better than formic acid alone because there
was no control for comparison. Case? studied the use of a cation exchange resin
in demineralization, and found that the addition of Win 3000 to formic acid did
not appreciably shorten the time of demineralization. or enhance the preserva-
tion and staining qualities of the tissue.

Sreebny and Nikiforuk’ and Birge and Imboff! introduced a method of de-
mineralization in which the chelating compound, ethylene diamine tetra acetate
(or Versenate*), is used in acid solution. The method was admittedly slower
than others, but it was thought to be useful because of the excellent preservation
of the tissue.

The purpose of this study is to determine whether or not ion exchange resins
or Versenate have advantages that are not found in the use of an acid solution
alone.

MATERIALS AND METHODS

1. Samples of bone for the experiments were either dense cortical bone from
the shaft of an air-dried, adult. human femur, or whole caudal extremities (bone
and soft tisswes) of male Wistar rats that were more than 130 days of age. The
samples of human bone were from the standard sample of bone previously de-
seribed (Morris and Benton?),
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2. All demineralizations were made in polvethylene containers and the samples
were agitated at T8 vpan. at 25 CLoon a rotler agitator,

3. One hundred ml. of acid solution of known molarity were used in each
demineralization. In the experiments with resins 23 Gm. of resin (in the satu-
rated hydrogen form) were added to 100 ml. of acid solution of known molarity.
Four ion exchange resins were used for the experiments: IRC 50, a carboxylie
acid type of cation exchanger that operates in a pH range from 4.0 to 8.0; IR
112, a sulfonic acid type of cation exchanger that operates over the entire range
of pH: IR 120, a sulfonic acid type of cation exchanger that operates over the
entire range of pH: Win 3000, an ammonium salt of a sulfonic acid type of
cation exchanger that operates in the acid range.*

5. The extent of demineralization was determined by measuring the zone in
x-ray films.

6. Determinations of concentrations of acid, caleium, phosphorus, and nitrogen
were made on all of the solutions before and after demineralization. The technical
methods were described in the section on Matertals and Methods in a previous
paper (Morris and Benton®).

EXPERIMENTS

Experiment 1: Demineralization ("sing Ion Exchange Resins and Acid, Compared
with That from Acid Alone

Five pieces of standard bone were shaped to approximately the same weight
and surface area, according to the method deseribed in a previous paper (Morris
and Benton?®). The weights of the bone samples varied from 233 to 244 mg., and
the surface areas from 165 to 169 sq. mm. One piece of bone was placed in each
of the following solutions: 1 M hydrochloric acid: 1 M hydrochloric acid plus
25 Gm. of IRC 30: 1 M hydrochlorie acid plus 25 Gm. of IR 112; | M hydro-
chloric acid plus 25 Gm. of IR 120; 1 M hydrochloric acid plus 25 Gm. of Win
3000. The samples of bone were agitated in these solutions until completely
demineralized, as determined by x-ray films.

After the samples were completely demineralized they were digested in concen-
trated hydrochlorie acid. Determinations of ealeitm, phosphorus, nitrogen, and
molarity were made on all of the demineralizing solutions, and also on the di-
gestion solutions.

Results. The various samples were not demineralized in the same amount of
time; those in the acid alone, and in the IRC 50 and acid were demineralized in
17 hours. The samples in acid plus IR 112, IR 120, or Win 3000 were demineral-
ized in 19 hours.

The loss in weight for each of the bones was approximately the same, but the
least loss was found in the samples that were demineralized in the acid alone,
or in acid plus IR 112 or Win 3000. Each of thexe samples lost approximately
105 mg. The samples that were demineralized in acid plus IR 120 or IRC 50 had a

* Win 3000 is distributed by the Winthrop Laboratories (formerly Winthrop-Stearns,
Inc.1, 1430 Broadway, New York 18, New York.
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TABLE
DEMINERALIZATION oF STaNxparbd Boxe iy HyprocuwoRrie Actn axp N Acto witu Lox
FEXenaxce Resins

thixperument 1

Nitrogen
i Per \1:?1?3('"‘1" r;ltl‘n(e)rt.'x I-
Gt beminetiinesion WL R Gt T i el
Lost  ————— After
¢ p ool
. my. mg. mg. . omg. g, mE.
17 1 M hydrochlorie acid 240 104 43 66 - 23 - Less than 9.1
0.1
- 1 Mhydrochloric acid plux = 244 112 46 39 21 Less than 9.5
. 25 Gm. IRC 3 : 0.1 ‘
19 1 M hydrochloric acid plus 233 103 44 27 21 Less than 9.1
25 Gim. IR 112 (R
1 M hyvdrochlorie acid plus 241 11 46 12 22 Less than 9.2
25 Gm. IR 120 0.1
1 M hydrochlorie aeid plus 238 105 H 11 22 Less than 9.5
25 Gm. Win 3000 0.1

loss of approximately 111 mg., or 6 mg. more than the other samples. There was
no significant change in the molarity of the acid in the solutions during de-
mineralization; determinations of nitrogen on the demineralizing solutions
revealed less than 0.1 mg. of nitrogen for all samples. The amount of unbound
mineral and other results are recorded in Table 1.

The determinations of nitrogen on the digestion mixture of the demineralized
picces of bone revealed no appreciable difference in the amount of protein
hydrolysis between the acid and the acid solutions with resins. All determina-
tions were within 2 parts per 1000 of each other. No caleium or phosphorus was
detected in the digestion solutions.

Evpertment 2: Demineralization with Aeid and lon Eechange Resins and with
Aeid Alone, Using Bone and Assoctated Soft Tissues

The caudal extremities of male Wistar rats more than 130 days of age were
fixed by perfusion with 10 per cent solution of formalin, or Bouin's solution, or
3 per cent solution of iodine in methanol. ‘

Four acids and combinations of 4 resins with the 4 acids were used in this
experiment. The acids were 1 M concentrations of hydrochlorie, formie, tri-
chloraeetic, and phosphorie arids, and cach was used as a control solution of
aeid alone, and with 25 G of IRC 30, or TR 112, or 111 120, or Win 3000 resin.
Thus. a total of 75 variations of fixative with acid solution, or fixative with acid-
resin solution were used,

Before the extremities were placed in the demineralizing solutions, the muselex
were trimmed to a thickness of approximately 1 centimeter on all sides of the
bone. Complete demineralization was determined by x-ray films of all of the
pieces of bone except those fixed in iodine solution. The presence of the iodine
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in the tissues made the specimens opaque and masked the removal of the caleium
from the bone. After demineralization, the extremities were sectioned for mi-
eroscopic examination, and these results are reported in the following paper.

Determinations of caleium, phosphorus, nitrogen, and molarity of the acid
were made on the demineralizing =olutions before and after demineralization.

Results. The order of rapidity with which the various samples were demineral-
ized may have been due to diferences in the size of the extremities, or the amount
of muscle, or both, although the specimens were selected at random. In general,
the control solutions (acid alone) were most frequently the fastest in demineral-
izing activity, and acids with IRC 30 or IR 112 were usually second in order.
Acid solutions with Win 3000 were slow ax often as they were fast, and those
with TR 120 were most frequently the slowest in demineralizing activity.

Changes in the molarity of the acid solutions were slight, being lexs than
0.2 M in the controls and solutions with IRC 30, and less than 0.1 M in the
solutions with other resins.

Determinations of nitrogen revealed that the largest amounts of nitrogen
were removed from specimens that were demineralized in trichloracetic acid,
with phosphoric acid, and formic acid (in decreasing order) removing lesser
amounts. The least amounts of nitrogen were removed by hydrochloric acid.
The amount of nitrogen removed by a certain acid solution was the same with
or without the presence of the various resins. The average amount of nitrogen
removed by the 4 acids was as follows, in mg. per 100 ml.: trichloracetic, 28.2;
phosphoric, 12.3; formie, 9.5: hydrochlorie, 8.5.

Erperiment .3: Comparison of Atkaline and Acid Versenate with 1 M Hydrochloric
Acid as Demineralizing Agenis

Samples of standard bone were shaped to approximately the same weight
and surface area, as previously described (Morris and Benton®): sample 1
weighed 85 mg., and had a surface area of 106 sq. mm.; sample 2, 88 mg.. with a
surface area of 105 sq. mm.; sample 3, 85 mg., with 105 sq. mm. of surface
area.

Sample 1 was placed in 1 M hydrochlorie acid, sample 2 in 0.1 M faturated
solution) disodium dihyvdrogen Versenate at pH 4.8, and sample 3 in 0.1 M
{(saturated solution) tetrasodium Versenate at pH 8.8. The tetra-hyvdrogen form
of Versenate was not used inasmuch ax it is almost insoluble at the higher levels
of pH. The extent of demineralization was measured on x-ray films, and determi-
nations of nitrogen were made on all of the solutions.

Results, Sampie 1 was demineralized in 4 hours (control), but 12 days were
required to achieve the same resuit with sample 2. Sample 3 was not completely
demineralized when the experiment was terminated, after 23 days of treatment
in 0.1 M tetrasodium Versenate at pH 8.8. The amount of nitrogen in all solu-
tions was nil.

DISCUSSION

The purpose in using an ion exchange resin for demineralization is 2-fold,
i.c., to decrease the time required, and to decrease the amount of destruction
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of soft tissue by the hydrolytic action of the acid. lon exchange resins aceept
and bind cations: it was thought that the gradient of diffusion of salts out of the
bone would be inereased if the caleium cations were removed, thereby decreasing
the time required for demineralization. The use of Win 3000 was said to prevent
morphologic alteration and to maintain the tvpical staining reactions of the
cellular elements. The mechanism of this protection was not deseribed by the
innovators of the method. .

All cation exchange resins do not accept the same amount of caleium jons
per Gm. of resin. Titrations of resins with caleium ions revealed that IR 120 and
Win 3000 were the most efficient acceptors of ealelum, and approximately 28
mg. of Ca** were hound per Gm. of resin. IR 112 avas intermediate in capacity,
binding approximately 18 mg. of Ca**+ per Gn., and IRC 50 was least, with
less than 1 mg. of Ca*+ per Gm. being bound in acid solution.

In Experiment 1 samples of standard bone were demineralized in mixtures of
hydrochlorie acid and resins. The results indicated that IRC 30 was the most
rapid of the 4 resins tested as demineralizing agents, and this resin accepts the
least amount of calcium ions among the group of 4 that were studied. In Experi-
ment 2, where resins and acids were used for demineralizing hone (with associ-
ated soft tissues), IRC 30 and IR 112 were the most rapid of the resins as de-
mineralizing agents, and these resins are relatively poor acceptors of calcium
ions. On the other hand, resins with the greatest capaecity for binding calcium
ions were slower as demineralizing agents. In Experiments 1 and 2, the resin-acid
mixtures did not demineralize bone as rapidiy as did the acid alone.

Protection of thq tissues by resins could not he demonstrated in these studies.
The amount of nitrogen in the solution after demineralization is an indication
of the amount of protein that is hydrolyzed by the acid solution. If the resin
protects the soft tissues from hydrolysis by acid, the amount of nitrogen in the
solutions of resins should be less than that found in the control acid solutions.
In Experiment 1 the amount of nitrogen in the solutions after complete de-
mineralization was the same for the acid control as for the acid-resin solutions,
and the amount of nitrogen in the demineralized and digested samples of bone
wax the same, whether the specimens were treated with acid alone or with acid
and resin. In Experiment 2, where the caudal extremities of Wistar rats were
demineralized in different acids and various combinations of these acids with
different resin, after different methods of fixation, the mass of muscle provided
an abundant source of protein for hydrolysis by the acid. However, the amount
of nitrogen removed from the picces of bone was the same for all fixative-resin
combinations with a given acid. There were differences in the amount of nitrogen
released from the tissue, but these differences were related to the tvpe of acid
used, and not to the resin. Trichloracetic acid removed the most nitrogen from
the tissues, and hydrochlorie acid removed the least.

Versenate, a chelating agent, was relatively ineffective as a demineralizing
agent, owing chiefly to its slow rate of activity. Acid Versenate did not have any
advantages over hydrochloric acid, and it had the disadvantage of requiring
70 times as long to bring about demineralization. According to Sreebuy and
Nikiforuk,” one of the advantages of Versenate was that it could be used as a
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neutral or alkaline demineralizing agent. On the other hand, the results of Ex-
periment 3 indicate, for all practical purposes, that demineralization did not
oceur in an alkaline solution of Versenate. Thus, in order to be effective, Ver-
senate must be in the acid form, and then it has the disadvantages of any solution
of a weak acid.

The authors previously demonstrated that the speed of demineralization is
determined by the dissociation constant of the acid that is used to break down

“the mineral in the hone. 8 If a resin is added to the demineralizing acid, it

does not alter the amount of hydrogen ion that is present by accepting the
caleium salts. Furthermore, the resin does not protect the tissue from the hy-
drolytic action of the acid by accepting the free cations, The resin may protect
the tissue to s limited extent by removing the hydrogen ion from solution, and
reducing the concentration of acid, but this was improbable in the experiments
because the resins were in the saturated acid form initially. When they are in
this state, resins will accept practically no additional hydrogen ion. This was
demonstrated by titrations of the molarity of the acid before and after addition
of the resins to the solution, and no difference in molarity was observed.

Hydrogen ion is the agent responsible for demineralization of bone, and for
the alterations in morphology and staining qualities of the tissues. The resins
and chelating agents are additives that remove calcium and other cations from
the solution, but such substances are relatively ineffective as demineralizing
agents.

SUMMARY

1. Four cation exchange resins (IRC 50, IR 112, IR 120, and Win 3000) were
tested in acid solutions in order to determine their effect on demineralization of
bone. The resins did not reduce the time required for demineralization below that
required with the acid solution alone.

2. Ton exchange resins did not protect the soft tissues during demineralization.
The amount of nitrogen removed from the samples was the same, with or with-
out the addition of resins to the acid solutions.

3. Versenate was a weak acid type of demineralizing agent, similar in action
to acetic acid. Although Versenate did not bring about destruction of tissues,
it required a greatly increased amount of time for demineralization, and did
not have any advantages over hydrochlorie acid.

4. Versenate demineralized bone in alkaline solution extremely slowly.

SUMMARIO IN INTERLINGUA

1. Quatro resinas a excambio de cationes (IRC 50, IR 112, IR 120, ¢ Win
3000) esseva probate in solutiones de acido pro determinar lor effecto super le
dismineralisation de ossos. Le resinas non reduceva le tempore requirite pro le
dismineralisation per le action del acido.

2. Resinas a excambio ionic non protegeva le histos molle durante le dis-
mineralisation. Le quantitate de nitrogeno abferite ab le osso esseva le mesme
sin e con le addition del resinas al solution de acido.
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3. Versenato esseva un dismineralisator del tyvpo de acido extenuate. su

action esseva simile al action de acido acetic. Ben que Versenato non effectuava
le destruction de histos, illo requireva grandemente augmentate intervallos ee
tempore pru le dismineralisation ¢ habeva nulle avantages in comparation eon
acido hydrochlorie.

1. In solutiones alealin, le dismineralisation de o=so per le action de Versenato

es extremenmente lente.

Acknowledgment. The authors gratefully acknowledge the courtesies of the Rohm and

Haas Chemical Corporation for the supply of resins used in this study, and the Bersworth
Chemical Company for the supply of Versenate.
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STUDIES ON DEMINERALIZATION OF BON

IV. EvALUCATION OF MORPHOLOGY AND STAINING CHARACTERISTICS OF Tissuks
ArTER DEMINERALIZATION

RUSSELL E. MORRIS, JR., M5 axp ROBERT 8. BENTON, AN
WITH THE TECHNICAL ASSISTANCE OF LaRosg Surrit axp JEan Haskins

Department of Anatomy, The Medical College of South Carolina, Charleston, South Carolina

This paper deals with an evaluation of the morphology and staining charac-
teristics of tissues after various methods of demineralization, as well as an
analvsis of (1) the effectiveness of certain fixatives in preventing destruetion of
tissue hy hydrolysis with acid, (2) the staining reactions of cells and tissues,
and (3) various methods of correcting poor staining reactions following the im-
mersion of tissues in acid.

In order to make preparations of bone (with associated soft tissues) that are
suitable for microscopic study, the hone must be demineralized hetore it can be
cut into thin sections. The principle in demineralizing bone is to change the
insoluble inorganic salts of bone to soluble salts that can be removed from the
tissue. The use of acid solutions is the only presently known method that is
effective in accomplishing this change.

The acid solutions frequently alter the morphology or staining reaction of
the tissues associated with the bone, and, for this reason, several proposals have
been made to modify acid demineralizing solutions in such a way that unwanted
alterations will not oceur. These methods may be grouped into 4 general cate-
gories:

1. The use of a weak acid for a long period of time (lactic acid, by Haug).?

2. The use of a strong acid for a short period of time (nitrie acid, by Busch:?
50 per cent hvdrochloric acid, by Ranvier).”®

3. The use of protective agents mixed with various acids (phloroglucine with
hydrochlorie acid, by Ferreri;® alecohol with nitric acid, by Schaffer;" olive oil,
alcohol. and pierie acid, by De Galantha? sodium citrate with formic acid. hy
Evans and Krajian).?

4. The use of exchange svstems or absorbing agents to remove the bone saits
from solution and increase the gradient of diffusion out of bone, thereby shorten-
ing the time required for demineralization (electrolytic method, by Richman.
Gelfand, and Hill:" jon exchange resin, by Dotti, Paparo, and Clarke* Versenate,
by Sreebny and Nikiforuk,'® and by Birge and Imbhoff).!

Morris and Benton analyzed the relative efficiencies of various methods of
demineralization under standard conditions.?>-!! The criteria for a good method
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of demineralizing bone were (1) rapidity of demineralization, and (2) a low
amount of hydrolysis of protein, ax demonstrated by only small quantities of
nitrogen in the solutions after demineralization of the hone,

EXPERIMENTS

Experiment 1: Study of Smears of Blood and Bone Marrow under Various
Conditions

The purpose of this experiment was to determine the effects of various acids,
fixatives, and various concentrations of fixative and acids upon the preservation
of evtologic detail and staining properties of blood cells in smears, These were
prepared from human and rat peripheral blood and rat bone marrow by spreading
a drop of blood or bone marrow in a thin film on a glass slide. The smears were
stained for 1 minute in Wright’s stain (Coleman and Bell, Cert. No. CWr-19)
and diluted for 4 minutes with distilled water at pH 6.5. or they were stained for
2 hours in Giemsa's stain (National Aniline, BSC Cert. No. NGe-16) and differ-
entiated in 0.1 M phosphate huffer at pH 7.0. Coverslips were not applied. These
air-dried smears constituted the control samples for comparison with the experi-
mental results.

The following experimental variables were employved:

1. Smears of peripheral blood and hone marrow were fixed in the following
solutions for 2, 8, 12, and 24 hours and then stained with Wright’s or Giemsa’s
stain: 10 per cent formalin; absolute methanol; ahsolute ethanol; Bouin’s fluid;
Bouin's fluid followed by 1 hour in 70 per cent ethanol; 5 per cent metallic
iodine in absolute methanol; and 2 per cent aqueous osmic acid.

2. Fixed and unfixed smears of peripheral blood and bone marrow were im-
mersed in 1 and 2 M concentrations of the following acids for 2 or 18 hours:
hydrochloric acid; hydrobromic acid: phosphoric acid; trichloracetic acid;
nitric acid; and formic acid.

3. After removal from the acid solution, the smears were (a) washed briefly
in distilled water, or they were placed in Ringer’s solution at pH 7.0 for 1 hour,
prior to immersing in Wright’s stain, or (b) thev were placed in 0.1 M phosphate
buffer at pH 7.2 for 1 hour, prior to immersing in Giemsa’s stain.

4. All slides were marked with a code number and the results were analyzed
without knowledge of the procedure that was used. Cvtologv and staining
quality were judged separately, and the results were classified as ercelient, good,
fair. or poor. These classifications were defined before evaluation of the results as:

Excellent cytology. Preservation of the cytologic elements was equal to that in
the control slides. The granules were elear, distinet, rounded, and evenly dis-
tributed. The cells were filled without being swollen, and were not shrunken
or irregular. Nuclear and cellular membranes were distinet and intact. Nuelear
chromatin was clear, and was situated either diffusely. or in blocks, or in blocks
with threads, as was characteristic of the particular cell and fixative. Red blood
cells contained hemoglobin, and were not shrunken or swollen.

Good cytology. Slight deviations from the excellent results were observed, such
as indistinet or irregular granules, lack of clarity of the blocks or threads of
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nuclear chromatin, irregular distribution of elements within the cells, slight
vacuolization of the cytoplasm, or slight shrinkage of the cells.

Fair cytology. The cells were shrunken or swollen, with indistinet clumps of
granules or nuclear chromatin and large cytoplasmic vacuoles.

Poor cytology. The cells were characterized by destruction of granules, nuclear
chromatin or cellular membrane. and there was gross shrinkage or swelling. The
end point was complete disorganization of the cell.

Excellent staining. Coloring was equal to the best control slides. The granules
were clearly stained with the proper dves, and the cytoplasm was clear and
lightly stained. Nuclear detail was clearly differentiated without staining of
the nucleoplasm. The red blood cells stained red.

Good staining. There were slight variations in the balance of color from that
regarded as excellent. The red blood cells were palely stained, or were slightly
blue, or not stained at all. The background material of the nucleus and cytoplasm
was overstained, or irregularly stained, and the granules had variations in the
intensity of color.

Fair staining. Pale irregular staining was ohserved, with a tendency to over-
stain with either the red or blue component. Differentiation was incomplete
owing to the overstaining of the cytoplasm and nucleoplasm.

Poor staining. Cells were stained with only 1 dve component, and were without
differentiation. The background was heavily stained. In some instances cells
were not stained, or they were stained with odd combinations of unusual colors.

Results. The results of the various combinations of fixative with acid with
stain are summarized in Table 1.

1. Effert of fixation without acid immersion: Good morphologic preservation
was obtained with all the fixatives tested. The optimal time for fixation was from
2 to 12 hours for blood smears; longer fixation made the cells more refractive to
staining. Fixation in methanol, iodine in methanol, or ethanol (to a lesser extent)
resulted in the hest staining with Wright’sx or Giemsa’s stain’; smears fixed in 10
per cent formalin were always overstained with the blue component. Bouin’s
fluid without 70 per cent ethanol vielded poor results, with red blood cells that
were vellow and loss of granules from the white cells; fixation in Bouin's fluid
with 70 per cent ethanol eliminated the yellow color of the picric acid, and
maintained the granules of the white cells, but the stain was still only fair. Stain-
ing following fixation with osmic acid wa= impossible owing to the binding of
osmium to the cellular components, but morphologic detail following fixation
with oxmie acid was excellent.

2. Effect of immersion in acid: Unfixed smears were completely removed irom
the slidex by immersion for 2 hours in any concentrations of the acids tested.
With fixed smears no difference was observed between 1 and 2 M concentrations
of hydrochlorie, hvdrobromice, and formic acids, and the evtologic results with
these acids were good following fixation with 10 per cent formalin, Bouin’s
fluid with ethanol, iodine in methanol, and 2 per cent osmic acid. Distortion of
cellular detail was noted in smears that were immersed in 2 M trichloracetic or
phosphorie acids, but fair to good results were obtained in 1 M econcentrations.
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TABLE 1

EfrrFecT of FIXaTion anNp IMMERsIoN 1IN VARIOUS Actds oX THE CYTOLOGY AND STAINING
oF BLoob aAND MaRRow SMEARs*

(Experiment 1)

- - P - "-“ K

Fixative Acid -3-‘ %g ) gg Fixative Acid :f \-§§ zg
None None 'E E E [ Bouin’s fluid None i G | F F
HCl ; Smears re- | with 70 per HCI G F F

HBr . moved | cent etha- HBr |G PP

H3P04 . during v nol H:LPO{, : F g P i, F

CCLCOOH immer- CCL.COOH | F | F | F

HNO; ~ sion in | HXNO,; P PP

HCOOH . acid ; HCOOH ‘"G |F F

10 per cent for- None G P ' P |5 percentio- None G |G G
malin HCI G F | F  dinein HCI G!G G
HBr G F  F ! methanol HBr ‘F f F F

H.PO, ‘F P P H.PO, 'F |F'P

CCI,CO0H F F ° F CCl,COOH 'F ' F . G

HNO; P P P HNO; PP P

HCOOH .G F F HCOOH G |G G

Absolute meth- None E E E ,2 per cent None E|{P P
anol HCl . F GG osmic acid HCI E'P P
HBr tF F . F HBr "EP P

H,PO, "F F . F H:PO, -E P .P

CCLCOOH F G 1 G CCL,COOH 'E P 'P

HNO, P PP HNO, Flp P

HCOOH F G G~ HCOOH E (P P

Bouin's fluid None F P . P  Absoluteeth- None iGI!F F
HCl PP P anol HC! JFipP P

HBr p P P HBr PP P

H.PO, L N H;PO, P PP

CCLCOOH P P P CCLL,COOH P P : P

HNO; PP P HNO; P.P P

HCOOH F ¢ P HCOOR F r

!

!
!

* E = excellent: G = good; F = fair; ' = poor.

The results with nitric acid were always poor inasmuch as there was destruction
of evtologic elements and loss of staining qualities.

In general, good preservation of extologic features was maintained following
immersion in acids if the smears were fixed in formalin, osmic acid, Bouin's fluid
with 70 per cent ethanol, and iodine in methanol; fair preservation was obtained
following immersion in acid after fixation in methanol. and there was poor
preservation after fixation in Bouin’s fluid alone or ethanol.

The staining characteristies of the cells were as good as the preservation
provided by a given fixative. If the cells were well preserved. and the fixative
did not interfere with good staining when there was no immersion in acid, the
acid solution did not alter the results.

3. Description of eytologie results: Red blood cells had specifie kinds of distor-
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tion of cytologic detail and staining quality, associated with particular combina-
tions of fixatives and acids. The results were classified as follows: excellent—red
blood cells similar to those in the standard smears; good—red blood cells weakly
“basophilic’ in staining reaction, but exvtologically normal; fair—red blood cells
pale in staining reaction and swollen; poor—red blood cells colorless and shadowy
(membrane ‘‘ghosts™), or no cells present.

The basophilic staining reaction was a common result after immersion in acid,
regardless of fixation. This was corrected by treating the smear for 1 hour in
either Ringer’s solution or 0.1 M phosphate buffer. After such treatment, the
red blood cells were most resistant to immersion in acid following fixation in 10
per cent formalin or iodine in methanol. Fixation in Bouin’s fluid with 70 per
cent ethanol provided fair preservation, but Bouin's fluid alone yielded poor
results, with colorless or shadowy cells. Fixation with ethanol or methanol re-
sulted in little protection against immersion in acid. and the cells were pale and
swollen. '

Immersion of smears in hydrochloric, hydrobromic, and formic acids for 18
hours, after good fixation, did not bring about cytologic alterations of the red
blood cells. The cells were usually pale and swollen after immersion in trichlor-
acetic and phosphoric acids, regardless of the fixative, and the alteration was
greater in 2 M than in 1 M concentration. Nitric acid destroyed the red blood
cells.

The white blood cells manifested some resistance to alteration by immersion
in acid. The most resistant were the lymphocytes, and then neutrophils, mono-
cvtes, and eosinophils in decreasing order. The ability of basophils to resist the
effects of immersion in acid could not be determined owing to the limited number
of cells. The blast cells in bone marrow were resistant to acid, but, as the cells
became progressively more mature, they were more easily altered by the acid
solution. The most labile elements were the cyvtoplasmic granules, and next
there was swelling and alteration of the pattern of chromatin in the nucleus.
Finally, there was fragmentation and complete disorganization of the cells.

Fixation for 12 hours in 10 per cent formalin. iodine in methanol, or Bouin's
fluid with 70 per cent ethanol protected the white cells from cytologic damage
during immersion in acid, but not to the same degree with all the acids. Best
resuits were obtained with hvdrochlorie, formic, and hvdrobromic acids. The
cvtoplasmice granules were indistinet after immersion of smears in 2 N[ trichlor-
acetic acid. but 1 M concentrations did not cause any serious alteration. Phos-
phoric acid produced clumping and blue-staining of the cvtoplasmic granules of
the eosinophils and neutrophils, Nitrie acid produced cells that were pale staining,
swollen, or completely disorganized.

The platelets remained well preserved in all acids except nitrie acid, and the
best method of fixation was with iodine in methanol.

Experiment 2: Studies of the Preserration and Staining of Tissues Other than
Peripheral Blood and Bone Marrow

The purpose of this experiment was to test the effect of fixation and immersion
in acid on muscle and associated tissues.
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TABLE 2
Irreer oF FixaTiox aNv IMMERs1oN IN Actp oN CYTOLOGY AND STAINING®
(Experiment 2)

Stain

Fixation Acid Cytology -
. Hematoxylin 1-step
and eosin trichrome

E
G

Bouin’s fluid with 70 per None
cent ethanol HCl

HBr
H,PO,
CCI1;COOH
HCOOH

10 per cent formalin ‘ None
HCI
HBr
H,PO,
CCl1,COOH
HCOOH

Absolute methanol None
HCI
HBr
H,PO,
CCl1,COOH
HCOOH

lodine in absolute meth- None

anol : HCl1

HBr
H,PO,
CC1,COOH
HCOOH

—
1“4

aoOomOMmmmeoYTTTmQOMTIMNmOmmYanr
QT QmUYTTTYTMOQRTOMmMOOTTYTm

IO ONmmTYToTmOOmmmoamTs

* E = excellent; G = good; F = fair; P = poor.

Muscle tissues from male Wistar rats more than 150 days of age were either
perfused with, or submerged in fixing solutions. The animals were perfused by
inserting a cannula into the dorsal aorta and washing the vascular svstem with
Ringer’s solution and then with the perfusion fluid. The skin was removed from
the hind limbs of the rat, and the muscles were transected to make sections
approximately 5 mm. thick. The entire limb (with the attached muscle) was then
submerged in fixing solution for at least 24 hours. Following fixation, pieces of
musele, 3 mm. thick and approximately 1 em. in the other dimensions, were cut.
from the limbs, washed in tap water, and placed in polyethyvlene containers with
100 ml. of the acid solution. The specimens were agitated at 78 rpm. on a
roller agitator for 24 or 48 hours at 25 C. The pieces of musele were then washed
in water, dehydrated in graded solutions of ethanol. and embedded in paraffin
with a melting point of 52 C. Sections were cut 7 microns in thickness and
stained with hematoxylin and eosin or a 1-step trichrome stain (Morris).?

Five fixatives were used: 10 per cent formalin, Bouin’s fluid, Bouin’s fluid
for 18 hours followed by 70 per cent ethanol for 6 hours, iodine in methanol,
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and methanol. Tissues fixed in these fluids were placed in either 1 or 2 M concen-
trations of the following acids: hydrochlorie, hydrobromie, trichloracetie, phos-
phorie, formie, and nitrie acids. Fixed tissues not immersed in the acid solutions
served as the controls.

The slides were labeled in code and examined without knowledge of which
procedure had been used. Evaluations were made according to preservation of
morphologic detail, staining and balance of color, shrinkage, and friability of
the tissue. All of the specimens treated in nitric acid were discarded, inasmuch
as the connective tissue was digested, leaving the muscle as a macerated, struc-
tureless mass.

Results. The results are summarized in Table 2. Good preservation of the
morphologic features and excellent staining were obtained in all of the control
slides except those fixed in methanol. Bouin’s fluid with 70 per cent ethanol, 10
per cent formalin, and iodine in methanol provided protection to muscle and
connective tissue during immersion for 48 hours in hvdrochloric, formie, and
trichloracetie acids, but not during immersion in phosphoric and hydrobromic
acids.

Iodine in methanol was an excellent fixative inasmuch as the fixed tissue seemed
to be fresh. The muscle fibers were round, closely packed, and had brilliant and
numerous nuclei. The shrinkage was minimal with this fixative. Fixing with
formalin seemed to predispose the tissue to being ‘‘cooked” during embedding in
paraffin. This was particularly true after immersion in hydrobromic, hydro-
chloric, and trichloracetic acids. If the tissue was allowed more than the minimal
time for infiltration with paraffin, it would shred and fragment during sectioning.
Bouin’s fluid without 70 per cent ethanol resulted in poor staining of nuclei, and
the connective tissue was swollen and partially digested following 48 hours of
immersion in any of the acids tested. These disadvantages were eliminated by
the additional fixation in 70 per cent ethanol.

Staining results paralleled the quality of fixation. If the fixation was good, the
staining was good, but the tissue stained poorly in the center of the block where
the fixation was imperfect. The staining of the nuclear chromatin with hema-
toxylin following immersion in the various acids was difficult, and this consti-
tuted the major alteration of morphologic detail in the series.

Experiment 3: Effects of lon Erchange Resins and the Electrolytic )M ethod on
Preservation of Tissuc

The caudal extremities of male Wistar rats more than 150 davs of age were
fixed by perfusion or immersion with 10 per cent formalin, Bouin’s solution
followed by 70 per cent ethanol, or 5 per cent iodine in methanol. Four acids and
4 cation exchange resins were used in the experiment. The acids were 1 M con-
centrations of hydrochlorie, formie, trichloracetic, and phosphoric acids. Fach
acid was used in 3 wavs: as a control solution of acid alone, and with 25 Gm. of

* Win 3000 is distributed by the Winthrop Laboratoriex (formerly Winthrop-Stearns:
Inc.), 1450 Broadway, New York 18, New York.
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TABLE 3
Errect oF FIXaTioN AND DEMINERALIZATION IN VaRiovs Acips AND loN Excuaxce
REsiNS oN THE CYTOLOGY AND STAINING OF WHoOLE LEGS oF Rats*

(Experiment 3)

Fixation in 10 Per Cent ‘ Fixation in Bouin's Fluid

Formalin

Acid . Resin

Cytology
Hand E
Trichrome
Cytology
Trichrome

Wright's
Giemsa's

MOMAQAQAAOOQQOQAQAOAQOA0RQ

HCl 3 None
IRC 50
IR 112
IR 120
; Win 3000
HCOOH : None
i IRC 50
IR 112
IR 120
Win 3000
HJPOl .\'one
IRC 50
IR 112
IR 120
: Win 3000
CCl,COOH None
IRC 50
IR 112
IR 120
Win 3000

O OMOO000OmOQO M E Mt E M,
5doonoonooooowoooooolhﬁs
R U
'UA“;;"IE)';U"'\J'C’U'\“'.a".'J'U"ﬂ"i"U""J"ﬂ"ﬂ"’,"‘UQAI_\\:IV’ighl'l

000000 A0000ONEHEE D
: M OmoR YT T T Y D D I(}icmu's

* I = excellent; G = good; F = fair; P = poor.

IRC 30, or IR 112, IR 120, or Win 3000.* In all, 75 variations of fixative with
acid with resin were used.

Before the extremities were placed in the demineralizing solutions, the muscle
tissue was trimmed to approximately 1 em. in thickness. Demineralization
of the specimens of bone was done under standard conditions in polvethylene
containers with 100 ml. of solution. The bone was agitated at 78 r.p.m. on a roller
agitator at 25 C, until demineralization was complete, as determined by x-ray
films.

Following demineralization, the tissues were washed in water, dehvdrated in
graded solutions of ethanol, and cleared in a 1:1 mixture of oil of wintergreen
and xylene. The blocks were embedded in paraffin {melting point, 52 C.), and
10-micron sections were cut and mounted. The sections were treated in Ringer's
solution at pH 7.2 for 2 hours, and were then stained with hematoxylin and
eosin, 1-step trichrome. Wright’s and Giemsa’s stains.

Specimens were also demineralized in an electrolytic machine at 25 C., with 15
watts of electrolysis in 1 M hydrochloric acid, as described previously .

Resulis. The histologic results from this study are summarized in Table 3, and
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the chemical data were reported in the preceding paper.' There was good preser-
vation of structures and good staining when the tissues were fixed in 10 per cent
formalin and demineralized in hydrochlorie acid, with or without the addition
of resins. Similarly, when tissues were fixed in 10 per cent formalin, treatment
with formic acid also provided good slides, but those treated in trichloracetic
acid were only fair, and consistently poor results were obtained after deminerali-
zation in phosphoric acid. Sections of tissue fixed in Bouin's fluid and 70 per
cent ethanol were usually poorer than those fixed in formalin. There was a
difference in clarity of differentiation and staining, rather than of morphologic
identification of the cellular elements. Iodine in methanol resulted in poor preser-
vation of the blood cells of the bone marrow, and these data are not recorded in
Table 3.

The tissues that were demineralized in the electrolytic machine were similar to
those demineralized in the acid without electrolysis: no differences between the
control and experimental specimens could be demonstrated.

Erperiment 4: Studies on Improved Methods of Staining Bone Marrow
after Demincralization

The femora from male Wistar rats more than 150 days of age were removed,
and the ends of the bones were split to expose the marrow cavity. The split bones
were fixed in 10 per cent formalin or in Bouin’s fluid and 70 per cent ethanol.
The tissues were demineralized in 1 M concentrations of trichloracetic, hydro-
chloric, phosphoric, and formic acids, and in 0.1 M disodium dihydrogen Ver-
senate. The specimens were placed in 100 ml. of the demineralizing fluid and
agitated at 78 r.p.m. on a roller agitator at 25 C. until demineralization was
complete, as determined by x-ray films.

After demineralization the specimens were washed in water, dehydrated in
graded solutions of ethanol, cleared in 1:1 mixture of oil of wintergreen and
xvlene, and embedded in paraffin (melting point, 52 C.). Sections were cut 7
microns in thickness, mounted, and immersed in one of the following solutions
for 1 hour prior to staining with Wright’s or Giemsa’s stain: phosphate buffer,
pH 7.0: Ringer’s solution, pH 7.0; Ringer’s solution, pH 6.4; 2 per cent potas-
sium dichromate in Ringer's solution, pH 9.0: 2 per cent potassium dichromate
in Ringer’s solution, pH 6.4; 5 per cent agueous solution of magnesium chloride,
or ammonium chloride, or sodium chioride; 2 per cent aqueous solution of sodium
chloride: 5 per cent aqueous solution of barium chloride. The sections were
cleared in butyl aleohol and xylene, and mounted in Clarite with coverslips.

Results. The results of the combinations of the variables in this experiment
are listed in Table 4. Good evtologic detail was obtained after fixation in either
10 per cent formalin or Bouin's fluid with 70 per cent ethanol. Cellular staining
comparable to that in the control blood smears was obtained with Wright’s and
with Giemsa's stain after demineralization in hvdrochloric, formic, and tri-
chloracetic acids, following the use of certain mordants,

Analysis of the data indicated that excellent results were obtained in 23 in-
stances of the 200 different combinations of variables. These excellent results
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oceurred after immersion in a mordant of 2 per cent aqueous solution of potas-
sium dichromate, or 5 per cent aqueous solutions of sodium chloride or of am-
monium chloride. Poor results were obtained in Y instances, i.e., after immersion
in phosphate butfer, in 2 per ¢ent aqueous solution of sodium chloride, or in 5
per cent aqueous solutions of magnesium chloride or of barium chloride.

Phosphate jon was associated with every poor result, either as phosphate buffer
or phosphoric acid. Tissues that were immersed in phosphate solutions were
always overstained with the blue component of the dye, and had lack of staining
with the red component. This sort of result was usually associated with Wright's
stain, and occasionally with Giemsa's. Good staining was obtained with Giemsa's
stain after treatment with phosphate buffer at pH 7.0, but excellent results were
not obtained.

The analyvsis of the excellent results in the stains indicated that tissues treated
with hvdrochloric acid were excellent 11 times, whereas only 6 such instances
were observed after treatment with formic acid, and 4 after use of trichloracetic
acid. Preparations of tissue previously treated in phosphoric aeid or in Versenate
were excellent in only 1 instance each. Giemsa’s stain provided excellent results
14 times, and Wright's in 9 instances, and excellent results in staining were ob-
served 14 times after fixation in Bouin’s fluid with 70 per cent ethanol, and 9
times after fixing in 10 per cent formalin. Similarly, excellent results were ob-
tained in 14 instances after use of ammonium chloride, in 5 instances after use
of potassium dichromate, and 4 times after 5 per rent aqueous solution of sodium
chloride.

Thus, the best combination of factors for excellent staining of the cells in
bone marrow seemed to be: (1) fixation in Bouin’s fluid, followed by 70 per cent
ethanol; (2) demineralization in 1 to 2 M hydrochloric acid; (3) use of 3 per cent
aqueous solution of ammonium chloride as a mordant; (4) Giemsa's stain.

Ereperiment 5: Application of the Best Combination of Variables for
Rapid Preparation of Sections of Bone Marrow

The following protocol represents a specifie application of the results of studies
to determine the most reliable rapid method for preparing excellent sections of
decaleified bone:

1. Remove specimen of rib and place in fresh Bouin’s fluid (approximately 2
hours).

2. Cut into eross sections with a Stryker bone saw (pieces approximately 1 em.
long, weighing approximately 2.5 Gm.). This type of section maximizes the area
exposed to the demineralizing agent. Place specimens in fresh Bouin's fluid and
treat on the roller agitator at ¥8 r.p.m. (approximately 4 hours).

3. Place specimen in 70 per cent ethanol and agitate again at 78 r.p.m. (ap-
proximately 2 hours).

4. Wash in tap water, and treat with 100 ml. of 1 M hydrochloric acid on the
roller agitator at 78 r.p.m. at 25 C (approximately 3 hours).

5. Wash demineralized specimens in tap water and agitate at 78 r.p.m. during
dehydration in graded solutions of ethanol (50, 70, 95, and 3 changes of absolute).
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Clear in 1:1 mixture of oil of wintergreen and absolute ethanol, then in 1:1
mixture of oil of wintergreen and xylene (approximately 12 hours).

6. Embed in paraffin (melting point, 32 €.} in racio and block; eut seetions 4
microns in thickness, mount, and hydrate (approximately 2 hours),

7. Immerse sections in 3 per cent agqueons solution of ammonium chloride
(approximately 30 minutes}.

8. Applv Wright's stain, dehydrate, and elear in butyl aleohol and xylene;
put coverslip in position with Clarite (approximately 15 minutes). If a Giemsa
preparation is desired, apply the stain after step 7, differentiate, and coverslip
after clearing in xylene (approximately 21, hours).

Results. There is practically no shrinkage of the tissue (Fig. 1), and the cy-
tologic details are well preserved and vividly stained (Fig. 2). The total time
required for preparation of slides stained with Wright’s stain is approximately
26 hours, and for those stained with Giemsa's stain, approximately 28 hours.

DISCUSSION

The experiments on staining of bone and associated soft tissues (after de-
mineralization of the bone) indicated that the critical element in the various
procedures was the fixing of the tissues, i.c., evtology was not altered by the acid,
during demineralization, if the tissues were fixed well. A fixative that provides
and maintains good preservation during demineralization should have the follow-
ing characteristies:

1. The fixative should be relatively rapid in action owing to the fact that the
cells in bone marrow undergo irreversible changes shortly after death or after
removal of a piece of hone during surgery. The density of the bone and the limited
amount of exposed surface make it desirable that the fixative penetrate well,
in order that the deeper portions of the tissue may be preserved prior to disinte-
gration of the cells.

2. The fixative should not harden the tixsue excessively, inasmuch as further
hardening that results from treatment in acid and embedding in paraffin may
make it practically impossible to eut sections in which the histologic pattern
is preserved.

3. The fixative should bring about precipitation of protein in an insoluble
form. If the precipitate is not insoluble, treatment with acid during demineraliza-
tion will result in excessive hydrolysis,

The advantages and disadvantages of various fixing solutions were observed in
several experiments. Although Orth’s, Zenker's, and Helly's fluids usually provide
excellent preservation of c¢ytologic structures, they were unsatisfactory for pre-
serving bone marrow during demineralization. These fixatives were slowly pene-
trant and fixed only the outer millimeter or so of tissue; although this region had
excellent preservation of cellular elements, the bone could not ‘be used for study
inasmuch as it was fragmented during the sawing of the specimen. In addition,
dichromate fixatives made the tissue extremely hard, and after demineralization
the sections tended to shatter and tear.

Metallic substances such as iodine (in methanol) and osmic acid provided
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excellent fixation of thin smears or tissues that actually came in contaet with the
fixing solution during perfusion. Following treatment with iodine in methanol,
cells in the center of the block of bone were usually disorganized after deminerali-
zation because the iodine did not reach the deeper areas of the bone marrow with
sufficient rapidity to bring about good fixation before autolysis began., De-
mineralization then resulted in digestion of the untixed portions of the tissue.
Osmie acid formed a complex with the proteins in such a manner that satizfactory
staining of the tissue was impossible,

Solutions of aleohol were unsatisfactory fixatives because thev did not protect
the tissue from hydrolysis by acid. The nueleoproteins were well fixed. and the
staining of nuclei was generally good after demineralization. Although the
aleohols were rapidly penetrant, fixation was generally less effective in the center
of the block than at the edge. The poorer fixation at the center of the block
may have been the result of dilution by water absorbed from the tissue during
the diffusion into the deeper portions, Alcohols did not harden the tissue exces-
sively, but the precipitated protein wax easily hyvdrolyzed by the acid solutions
used for demineralization.

Formalin was the best general fixative. It was rapid in penetration, did not
harden the tissue excessively, and the protein compounds formed were resistant
to hydrolysis by acid. It was characteristic to have only small amounts of nitro-
gen in the demineralizing solutions after use of this fixative.

Bouin’s fluid was rapidly penetrant and did not harden the tissue excessively.
It was excellent for precipitating protein, but much of the precipitate was soluble
in water and was hydrolvzed or lost during immersion of the tissue in acid.
Bouin’s fluid alone did not fix the granules of the white cells or the nuclear
chromatin, and these elements did not resist hydrolysis during demineralization
with acid. The use of ethanol as an additional fixative rendered these elements
resistant, and fixation with Bouin’s fluid followed by ethanol provided excellent
preservation that was maintained during demineralization.

Various workers reported in the past that blood cells stained poorly after
fixation with Bouin’s fluid or formalin. For this reason other fixatives were used
in order to obtain better results with staining. but such fixatives were not ax
suitable for tissues that were to be demineralized, inasmuch as the tissues were
not resistant to damage by acids. In order to correct this deficiency, methods
were proposed in which such substances as aleohol. olive oil, citrate salts, or
phloroglucine were added for the purpose of protecting tissue from alteratious by
the acids. These additives depressed the ionization of the acids. and thereby led
to a decreased amount of demineralization as well as to less alteration of the
tissue. Similar results were obtained with a low concentration of acid, but some
alteration of structures also occurred. In addition, low concentrations of acid
resulted in excessive hydration of the tissue (Morris and Benton®), and this can
predispose to poor results as do the higher concentrations of acid. These additives
were not as effective in preventing alterations of tissue as was good fixation
initially.

The addition of ion exchange resins to the demineralizing solutions did not
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Fic. 1. Section of human rib (10 microns in thickness) prepared in 26 hours. accord-
ing to the method outlined in Experiment 5. Note the in situ relations hetween elements

of the bone marrow and the minimal shrinkage of the gross elements. Wright stain.
Approximately X 20.

improve the preservation of the tissue or the quality of stained preparations ob-
tained after demineralization. Furthermore, the electrolytic method of de-
mineralization was no better than the same acid used at the same temperature
without electrolvsis. If the temperature of the acid was raised above 40 C. during
electrolysis, the tissues seemed to be *“‘cooked” and their staining reactions were
poor. As a means of demineralizing bone, electrolysis had no advantages over
those of hyvdrochloric acid alone,

After fixation in Bouin's fluid and ethanol or in formalin, staining reactions
with Wright's and Giemsa’s stains were improved by the use of mordanting
solutions. The clarity of staining of evtoplasmir granules and the brilliance of red
blood cells was restored by treating the slides in 2 per cent aqueous solution of
potassium dichromate for 1 hour. Five per cent aqueous solution of sodium
chloride also restored good staining, but the differentiation of granules was not
as good as with dichromate solution. The best mordant was 5 per cent aqueous
solution of ammonium chloride, inasmuch as the quality of staining was not
distinguishable from that observed in air-dried smears of peripheral blood and
bone marrow.

SUMMARY

1. The results of this study indicate that several methods of demineralization
of bone are acceptable. Alterations that occurred in cytologic structures during
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demineralization in hydrochlorie, formie, or trichloracetic acids were prevented
by good fixation in 10 per cent formalin, or in Bouin’s fluid followed by 70 per
cent ethanol.

2. One to 2 M concentration of hydrochlorie acid was the best demineralizing
agent inasmuch as (a) it was the most rapid in action, (b) the greatest number of
excellent staining reactions were observed after its use, and (¢) it removed the
least amount of nitrogen from the tissues. Equally good results weie obtained
less often after demineralization with formic acid, but it was considerably
slower and greater amounts of nitrogen were removed from the tissues. Tri-
chloracetic acid in 1 M concentration was an effective demineralizing agent,
but a 2 M concentration brought about excessive alteration of cytologic struc-
tures.

3. Addition of ion exchange resins to the demineralizing solutions did not
affect the process or improve the results obtained with the acid alone.

4. Treating sections with a mordant (2 per cent aqueous solution of potassium
dichromate, or 5 per cent aqueous solution of ammonium chloride) restored
staining quality to tissues that were fixed in 10 per cent formalin or in Bouin's
fluid and 70 per cent ethanol. After use of either of these mordants, the quality of
Wright’s and Giemsa’s stains on sections of tissue that were demineralized could
not be distinguished from that observed in air-dried control smears of peripheral
blood and bone marrow.

3. If one uses the best possible combination of factors that were studied in
these experiments, bone may be fixed, demineralized, cut into histologic sections,
mordanted, and stained with Wright’s stain in 26 hours, or with Giemsa’s stain
in 28 hours,

SUMMARIO IN INTERLINGUA

1. Le resultatos del presente studio indica que plure methodos de dismine-
ralisation de ossos es acceptabile. Alterationes que oceurreva in structuras cvto-
logic durante le dismineralisation in acidos formie, hydrochloric, e trichloracetic
esseva prevenite per bon fixation in formalina a 10 pro cento o in fluido de Bouim
sequite per ethanol a 70 pro cento.

2. Un concentration a 1 a 2 M de acido hydrochloric esseva le melior agente
dismineralisante in tanto que illo esseva (a) le plus rapide in su action, que illo
resultava (b) in le plus grande numero de excellente reactiones de coloration, e
que illo abfereva (¢) le plus parve quantitate de nitrogeno ab le histos. Resultatos
equalmente bon esseva obtenite minus frequentemente post dismineralisation
per medio de acido formic, sed iste agente esseva plus lente, e illo abfereva plus

FiG. 2. Section of human rib (4 microns in thickness) prepared in 28 hours, according
to the method outlined in Experiment 5. The 2 photomicrographs tllustrate the mainten-
ance of basophilic cytoplasm and nuelear detail in the myeloblasts, and the granular
detail in the promyvelocytes. In the ervthrocytic series there is proper balance of baso-
philia in the cytoplasm and early acidophilia of the hemoglobin in prorubricytes. Giemsa
stain. Approximatelyv X 1250.

Editor’s Nate: Cytologic details in the original preparations were even more distinct
and vivid than the illustrations indicate. The printed reproductions were copied from
colored negatives, and some detail was lost owing to the technical limitations.
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grande quantitates de nitrogeno ab le histos. Acido trichloracetic in un concen-
tration de I M esseva un efficace agente dismineralisante, sed in un concentration
de 2 M illo effectuava un excessive alteration del structuras evtologic.

3. Le addition de resinas a excambio ionie al solutiones de dismineralisation
non afficeva le processo e produceva melior resultatos que le acidos sol. Le
tractamento del sectiones con un mordente (2 pro cento de dichromato de kalium
in un solution aquose o 5 pro cento de chlorido de ammonium in un solution
aquose) restaurava le qualitates de coloration in histos fixate per formalina a 10
pro cento o in fluido de Bouin sequite per ethanol a 70 pro cento. Post le uso del
un o del altere del mentionate mordentes, le qualitate del colorantes de Wright e
de Giemsa in sectiones de histos dismineralisate non esseva distinguibile ab lo
que esseva observate in aero-desiccate frottis de controlo de peripheric sanguine
e medulla ossee.

3. 8i on usa le melior possibile combination de factores studiate in iste experi-
metitos, un specimen de osso pote esser fixate, dismineralisate, secate in sectiones
histologic, tractate a mordente, e colorate con le colorante de Wright in 26 horas
o de Giemsa in 28 horas.

Acknowledgment. The authors gratefully acknowledge the courtesy of the Rohm and
Haas Chemical Corporation in supplying the resins used in this study.
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