
TE&HKICAL IEPOIT 
I 

1B7·90·fl 

STUDY OF THE W·ATER BINDING PROPERTIES OF 
FREEZE-DEHYDRATED MEAT lN RELATION TO 

PROTEIN COMPOSITI.ON AND PROCESSING 
TREATMENT 

by . 

' B. J. luyet and A P. Mac Kenzie 

I 
American .Foundation for. Biological Research 

I 
Madison, Wisconsin 

I 
Contract No. DA 19· 129-AMC-63( N) 

June 1967 

I 

I 
· Food Lab·oratory . 

· FL-57 
I 



This document ha.s been approved for public release and sale; 

its distribution is unlimited. 

The findings in this report are not to be construed as an 
official Department of the Army position unless so designated 
by other authorized documents. 

Citation of trade names in this report does not constitute 
an official indorsement or approval of the use of such items. 

Destroy this reJX)rt when no longer needed. Do not return 
it to the originator. 



Tliis ,.-dbcurntH1tot~as·<,been approved for public 
11Hl:·Nl!:t)::arid sale,;~ its distribution is unlimited 

TECHNICAL REPORT 
67·9G .. FL 

AD _____ _ 

STUDY OF THE WATER BINDING PROPERTIES OF FREEZE-DEHYDRATED MEAT IN 
RELATION TO PROTEIN COMPOSITION AND PROCESSING TREATMENT 

by 

B. J. Luyet ani A. P. MacKenzie 

American Founciation for Biological Research 
Maiison, Wisconsin 

Project reference: 
·7:&:84-06-033 

Contract No. DA19-129-AHC·63(N) 

June 1967 

Pooci Laboratory 
U. S. ARMY NATICK LABORATORIES 
Natiek, Massaea~setts 01760 

Series: FL-57 

\ 





lOU WORD 

. Tae relationships between ieayiration Yariables ana protein 
stability of muscle tissue are of 4irect importance to tae ievelopment of 
freeze•iriea meats with optim.m rehyiration ani_ texture properties. Tke 
present report ieals wita st.1ulies of tae effec~ ~f tke rate of freezing 
ana temperature of iellydration on protein aenattaration in beef muscle 
t~ssue. An effort was made to separate tae effects of freeze-irying from 
th.ose of 1aip t:emperature. It was taen possible to si.ow that i.eat appliei 
iuring tae oourae of freeze•4rying to accelera~e.tieayiration may induce 
insolubility in t1te portion alreaay iriei, wlaile tae part still to be 
iriei remains unciamagei. rree•irying per se (oltQaber temperature of •10°C 
ti.rouaacntt tae tirying, ani subsequent warming only to room temperature) 
iii not impair protein stability, as measurei \ly~xtractable protein ani 
insoluble reaiiue. 
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ABSTRACT 

(1) Determination of the low- and high-salt-soluble protein 
fractions, and of the insoluble fraction in beef muscle frozenat 3 rates 
and freeze-dried at 3 final temperatures. (2) Establishment of the 
adsorption isotherms of the freeze-dried muscle tissues. (3) Measuremen.~, 
by the mechanical pressure method of the water-holding capacity of the 
freeze-dried, cooked and noncooked tissues. (4) Evaluation of the rate 
and extent of rehydration of freeze-dried tissues subjected to various 
pretreatments. (5) Tests of tenderness of meat cooked after being freeze
dried. 

viii 
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INTRODUCTION 

A. General Plan and Division of the Work 

The general plan in this research was to study: (1) the water
binding ability of freeze-dried muscle tissue, as determined by the method 
of vapor pressure equilibrium in an atmosphere of known relative humidity 
(method of Briggs, 1931, 1932 and of Bull, 1944); (2) the water-holding 
capacity of such tissue, as measured by the amount of water not removable 
by mechanical pressure from rehydrated freeze-dried specimens (method of _ 
Grau and Ramm, 1957, modified by Wierbicki and Deatherage, 1958). (One 
may note that the plan involved the use of two of the many methods 
described in the literature for the study of bound water; Kramer, in a 
review published in 1956, mentions 14 such methods.) 

The water-holding capacity was to be examined in whole pieces of 
tissue; the water-binding ability, in both whole pieces and extracted 
protein fractions. Then the research was to be extended to tissues 
treated by heat (cooked meat), and finally a test was to be made of 
tenderness. 

·MOre specifically, the project involved: (1) Freezing muscle tissue 
in three ways: rapidly, slowly, and at an intermediate rate; (2) Freeze
drying each of the tissues so frozen under three sets of conditions: 
(a) by maintaining the temperature at -10°Co throughout the operation, or 
(b) by bringing the temperature to +50° for the completion of dehydration, 
(c) by bringing it to +80°. The three freezing rates and three freeze
drying conditions gave nine combinations of variables. The material 
treated in the nine corresponding ways constituted the "piece de 
resistance" of the research; but, in addition, we investigated other 
particular conditions which wifl be described and of which the results 
will be analysed in Appendices at the end of some of the sections of the 
report. 



The complete list of experimental operations to be performed were 
then as follows: (1) freezing, (2) freeze-drying, (3) rehydrating, 
(4) heating (cooking), (5) extractiBg the proteins, (6) determining the 
water-binding properties by the metboi of adsorption isotherms, 
(7) 4etermining the water-holaing capacity by the pressure method, 
(8) determining the rate of rehydration, (9) testing for tenderness. 

The first four of these operatioas may be consiaered as preparatory 
treatments, the last five as tests of the properties of the material after 
the treatments. Which tests are to be maie after which treatments are 
indicate• in the following schedule and summarized in Table 1. 

Scheiule of Operations: (a) Extraction (E in Table 1) of the 9 
freeze-<liried tissues, of tbe 3 frozen (not freeze•drieti) on.esp and of 
t!ssue not previously submitted to aay preparatory treatment. 
(b) Determiaatioi! the aisorption isotherms (I in the Table) of the 9 
freeze•driei tissues, of th.e extracted fra~tioas of them, of the non= 
treated tissue 9 an4 of the extractei fractioas of it. (c) Test by the 
pressure methoi (P) of the 9 freeze-drie.J r~hyirated ani the 9 rehydrated 
cooked tissues, of the 3 frozen (not freeze-dried) ones, of the aonffozen. 
cooked one$ an• of the one which iia not receive any preparatory 
treatment. (d) Determ.inatio:a of the rate of rehyclration (R) in the 9 
freeze-dried tissueso (e) TeRfierness test (T) of th.e 9 freeze•driecl 
rehyiratei cooked tissues ana of the nonfrozen cookei one. 

The report will be ~ividei, on tae basis of these tests, iato five 
parts: (I) Protein Extractability; (II) Water-Bimding as Determined by 
the Aesorptiom Isotherms; (III) Water-HoldiDg Capacity as Measured by the 
Pressure Methoi; (IV) Rehyiration Rates; (V) Tests of Tenderness. 

B. Material an4·General Proceiiure 

Materiale The material used in this research was postrigor beef 
muscle longissimus iorsi. On.e-to•two•pound pieces, graded u. s. Choice, 
were purchase4~ two to four days after slaughter» at a local supermarket, 
ani traasferred immeiiately to polyethylene bags. For further stora&e, 
they were kept in these bags at +2°C. 

Freezin& Procedure. T~e tissue to be frozen was cut into pieces of 
appropriate size an4 th.e pieces' either immersed <lirectly into a freezing 
bath or wrappei in aluminum foil (see details below) ani exposed in col4 
rooms to the 4esirei temperatures$ We use& tnree freezing rates: (1) a 
high rate 9 iB which slices of muscle 1 to 2 mm, thick were frozen by 
immersion in an isopentane bath at ·150°; (2) an intermediate rate 9 in 
which cubes of tissue measur:l:ng about a em, oa the sicie were frozen in a 
cold room at ·30°; (3) a relatively low rate in which a piece of tissue 
2 X I X 15 cmo was froze!l i$A a coli room at ol0°o The times aurittg which 
the pieces of tissue remained at the freezina point (plateau of the 
freezins curve) were, respectively~ of the order of one second~ several 
miautes amd several hours (see the three curves of Fig. 1). 
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Table 1 

Schematic Presentation of Experimental Operations 

(I, Adsorption Isotherm; R, RehydratioR Rate; E. Extraction; 
P, Mechanical Pressure; T. Tenderness Test) 

(A) Tissues Freeze-Dried 

Fr. Drying In Dry 
Mode of Temp~raturel State Rehydrated Extracted 
Freezing <oc.) (Whole) 2 (Whole) (Fractions)2 

Rapid -10 I,R E,P I 

-150° +50 I,R E,P I 
+80 I,R E,P I 

At -10 I,R E,P I 
Imterm +50 I,R E,P I 
Rate +80 I,R E,P I 
·30° 

Slow -10 I,R E,P I 

-100 +SO I,R E,P I 
+80 I,R E,P I 

(B) Tissues Not Freeze-Dried 

Rehydrated 
Cookecd 
(Whole) 

P,T 
P,T 
P,T 

P,T 
P,T 
P,T 

P,T 
P,T 
P,T 

(a) Tissues Frozen (b) Tissues Not Frozen3 

MOde of Freezing 

Frozen Rapidly E,P 

Frozen at Interm. 
Rate E,P 

Frozen Slowly E,P 

Cooked 
(Whole) 

P,T 

Not Treated 
(Whole) 

E,I,P 

Extracted3 
(Fractions) 

I 

1 The exposure to +80 was maintained for 24 hours (see text hereafter). 

2 ''Whole'' and "Fractions" refer, respectively, to pieces of tissues 
handlei whole, or to the extracted fractions of the tissues. 
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Fig. 1. Typical cooling curves for "rapidly frozen tissue•• 
(Curve A), tissue frozen "at an intermediate rate" (Curve B), 
and''slowly frozen tissue" (Curve C). 
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In the case ·of freezing at the intermecliate rate, the ietails of the 
procedure were as follows: The tissue was cu-t, in a cold room at +2°, 
into cubes one em. on edge; the cubes were·placei on· a sheet of aluminum 
foil; the latter was foldea over into an envelope of which the edges were 
replicateci to prevent the evaporatlon of the contents. The envelope was 
then transferree to a cold room at -30° and placed in such a position that 
its two faces were exposed simultaneously to the cold air of the room. 
The pieces remained overnight in the cold room and were then stored, for 
convenience, in liquid nitrogen. A thermocouple ha4 be~n: inserted in the 
center of one piece of tissue to permit the recording of the freezing 
curveo 

In the case of slow freezing, we followea essentially the same 
proceclurev but used larger pieces (as indicated above) and exposed them in 
a cold room at -10°, instead of •30° .. Then, after freezing was completedt 
these·larger pieces were cut, at -10°~ into cubes 1 em .. oa the side. 

Freeze-Drying Proceoure. Freeze-drying was carried out in an 
apparatus eonstructeEl in this laboratory (cf~· MacKenzie and. Luyet, 1963) 
to permit (1) observation of the total loss in weight at any time, 
(2) measurement of the temperature within. the tissue» (3) observation of 
the more or less gradual transition from primary to secondary drying 
("pseudo freeze-irying'' of Luyetp 1962) .. 

The apparatus (Fig. 2) consists of: (1) a specimen chamber sc, wh.ich 
contains a wire basket suspended. from a spiral tungsten spring~ (2) a · 
condenser Cj) to which is attache& a stopcock S, ani from which the 
specimen chamber may be remove«, (3) a trap T which. prevents the passage 
of oil vapors to the con<ienser.. The apparatus is equippei with air 
ialets and vacuum gauges; provisions are maie, in particular, for 
coanecting the thermocouple placed within a freeze•4rying specimen to a 
recoraer. 

The glass vessel which served as the drying chamber of the freeze• 
drying apparatus was generally precooled in an alcohol bath at •10°. Then 
25 grams of the frozen tissue were transferred to the wire basket 
contained in that vessel and~ after a copper-constantan junction had been 
placed as nearly as possible at the center of one of the pieces of tissue 
selected as typical, the vessel was attached to the freeze-drying 
apparatus and the latter put im operation. Checks were made periodically» 
during the latter stages of each run, of the 'degree of 4ehydration; for 
that purpose~ we closed the stopcock S and noted the equilibrium pressure 
indicated by gauge Gl. An empirical relationship between the pressure at 
equilibrium and the water remaining in the sample, established for each 
specimen-chamber temperature~ permitted the operator to discontinue 
freeze-drying when the residual moisture reached a level of about 2%o The 
freeze-dried material was then stored in a desiccator previously emptied 
of desiccant .. 

The frozen tissues were freeze ... firied under three different sets 
of conditions~ (1) The freeze-drying chamber was maintained in a bath 
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Fig. 2. Diagram of the apparatus.used in freeze-drying 
experiments. 
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at -10° during the entire freeze-drying .operation; (2) the vacuum pump was 
started while the drying chamber was at -10°, then the cooling bath was 
immediately removed and radiant heat applied. The source of radiant heat, 
a 250-watt G. E. infra-red lamp, placed 18 inches to one side of the 
specimen chamber (a pair of mirrors was set up on the o'ther side) caused 
the speci~en temperature to ri"se, ultimately, to 50°; (3) Freeze-drying 
was completed at -10°, as iri.{l), then the sample, still under vacuum in 
the specimen chamber, was warmed to 80° in an oil bath and kept at that 
temperature for 24 hours. 

To study the effects of changes in the temperature of the specimen, 
at various stages. of dehydration during the freeze-drying process, we 
recor4ee: (a) the temperature. within the specimen by means of the 
thermocouple insertei in it, (b) the loss in weight, that is, the degree 
of dehyiration, by measuring the contraction of the tungsten spring to 
which was suspended the wire-gauze basket containing the specimen, (c) the 
vapor pressure by means of the Pirani gauge placed between specimen ani 
condenser. These three values are represented in Fig. 3 in the cases of 
slowly frozen material, freeze-ari~i at -10° (Fig. 3,A) and freeze-driea 
at +50° (Fig. 3,B)" . 

The proceaures just outlined for freezing and freeze-srying were used 
throughout the work unless iniicated otherwise. Certain particular 
cletails of the procedures will be given, when pertinent, in. the 
iescription of the other operations (Parts 1 to 5). · 

PART I 

PROTEIN EXTRACTABILITY 
OF VARIOUSLY TREATED MUSCLE TISSUE 

A.. Methods 

Protein Extraction. Our original plan was to extract the proteins of 
the muscle by the Cori-MOmmaerts method (Mommaerts, 1958), which uses 0.5% 
NaCl, Oe4M KCl and 0.6M KCl as extractants. But Helander (1957) pointed 
out that the potassium chloride solution does not extract all the 
contractile proteins of muscle and, in a thorough study of the solvent 
properties of the various alkali and alkaline earth halides, he showed 
that a l .. lM solution of potassium iodide in O .. lM potassium phosphate, at 
pH 7.4, extracts approximately 20% more contractile protein than does 0.6M 
potassium chloride.. Questions could be raised over the likelihood: that 
potassium iodiae exert a degrading action on the actin or the myosino 
Tonomura, Sekiya and Imamura (1962) gave a partial answer to some of these 
questions by showing that potassium iodide causes no irreversible effect 
on the alpha•helix content of myosin. 
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We therefore resorted to Helander's method which with slight 
modifications suggested by Dr. E .. J. Briskey of the University of 
Wisconsin, is, briefly, as follows: (I) Frozen muscle tissue is 
disintegrated in 0.03M potassium phosphate buffer at. pH T.4, at 2°C., in ·a 
Waring Blendor. (II) The suspension' is ·stirred ·at 2° for three hours and 
submi t,ted to centrifugation. (III) Droplets of fat are removed from the 
supernatant by filtration on a large filter paper, (IV) The resiciue is 
extracted with l.lM potassium· ioclide at pH 7.4, at 2°, for three hours ana 
centrifuged (note that l.lM KI is O,lM with respect to potassium 
phosphate). (V) The protein content of each extract and the nonprotein 
nitrogen content of the low-salt-soluble extract are estimated by the 
biuret reaction (nonprotein nitrogen is esti~ated after precipitation of 
proteins with 20% trichloroacetic acid) .. 

The supernatant from (II) contains the low salt soluble proteins; the 
supernatant from (IV) contains actin~ myosin and tropomyosin; the residue 
from (IV). consists of stroma proteins, together with any proteins that may 
have been rendered insoluble by the various treatments .. 

(Note: In order to provide materials for the determination of the 
adsorption isotherms, we obtained samples ia a salt-free condition from 
each fraction of several of the first extractionso Subsequently, we tried 
to determine these isotherms but had to aban<ion the attempt as will be 
explained in Part II.) 

The successive steps in the procedure are r~presented graphically in 
Table 2. 

B.. Results 

The results of 21 series of extractions from muscle tissue frozen at 
one or the other of the three rates mentioned, and vacuum-sublimed under 
one or the other of the three sets of conditions clescribe€1, are given in 
Tables 3(A) ani 3(B)., 

The most outstanding feature in Table 3(A) is that the values 
obtained for the two extracted fractions and fQr the insoluble residue, 
when the freeze-dried ~aterial was exposed to +80° for 24 hours 
(Experiments 6, 7, 12, 19, 20 and 21) differ greatly from those obtained 
in all other conditions. This treatment evidently~;xerts a very drastic 
effect. 

Then there are two exceptional figures: (1) a high-salt-soluble 
fraction of 17.1% in Experiment No.9, (2) a high value of 4 .. 5% for the 
insoluble residue in Experiment No. 11. The first of these is apparently 
due to an error in measurement; in .. the second case, a rather la.r~e 
quantity of connective tissue was ¢bserved in the freeze-dried sample 
after fractionation. 



Table 2 

Outline of Extraction Procedure 
(The steps in the procedure are·numbered; the stages of the 

material are enclosed in a frame) 

!Raw Mus_~.!~~ __ Ti~s~~ 

(1) .Freeze 

I Frozen Tissue I 

(2) Blend 2 mins. with 
0.03Mphosphate 
at 2 o C. , pH 7. 4 

(1') Freeze-dry 

I 
Freeze-dried 

Tissue 

(2) Blend 2 mins. with 
0.03~ phosphate, 
at 2 o C. , pH 7. 4 

l Suspension of c~~-;~~-d-~-;~-;] 

(3) Stir 3 hrso at 2°C., 
(4) Centrifuge 

~ 
jr--_R_e_s_i_d_u_e..,J l.--su_p_e_r_n_a t a~t] 

(5) Extract 3 hrs. 
with l.lM KI 

(5')(a) Filter, 

+ 0. OlM phos. , 
pH 7. 4, 2 o 

(6) Centrifuge 

~ 
j_R_e_s_i_d_u_e_,l [ Sup_e_r_n_a_t ___ a_n_t-Tj 

(7) Wash with 
dist.water 

t 
I Salt-free stroma 
1proteins & other 
I insoluble proteins 

(7')(a) Estimate proteins, 
(b) Dilute. ten-fold, 
(c) Centrifuge, 
(d) Re-suspend, 
(e) Centrifuge 

I
, Salt-free actin, 

myosin & tropomyosin 

10 

(b) Estimate prot. 
and nonprot. N. 

(c) Concentrate, 
(d) Dial ze 

I 
t 

I Sa. 1 t- free, ~o-w]-1 
~t solub~es 



As for the values reported in each of the four columns: low-salt
soluble, n.p.n., high-salt-soluble, and insoluble residue' they do not 
differ enough in the specimens frozen at different ra,tes, in those freeze
dried under different conditions (Table 3A), and in the ·specimens frozen 
at different rates and not freeze-dried (Table 3B) to indicate a 
significant effect attributable to any of these factors. 

The differences reported from one run to another in experiments of 
the same category are probably due to variations ir(the composition of thEl 
material, such as, in the fat and connective tissue contents and in the 
water content. 

Conclusions: (A) The data reported thus concur in showing no 
definite differences in extractablity (1) when the samples were frozen 
rapidly, or at an intermediate rate, or slowly; (2) when they were not 
freeze-dried, or were freeze-dried at -10°, or were freeze-dried in 
conditions in which the dry tissue reached +50°; (3) when they were 
freeze-drie€1 to residual moisture contents of 2%, or to moisture contents 
of less than. 1% (no matter whether this limit had. been reached by freeze
drying at -10° or after the application of radiant heat which resulted in 
a rise of the temperature to+S0°). 

(B) l'~reatly decreaseci high-salt extractabilities resultei from 
exposure of samples to +80°, following completion of freeze-drying at 
-10°, regardless of the initial mode of freezing (rapid, intermediate or 
slow). (One should note also that low-salt-soluble fractions are 
decreased much less than high-salt-soluble ones.) .- Further, exposure to 
+80° resulted in about the same decrease in extractability for tissues 
freeze-dried at 2% residual moisture and for tissues freeze-dried to less 
than 0.2(o, these moisture levels being equivalent, roughly, to the 
presence ana the absence of a water monolayer on the protein molecules. 

Appendix 1 

Effect of Long-Storage of Freeze-dried Tissue 
on Protein Extractability 

We extracted muscle tissue which had been freeze-driea in 1960 by the 
U. s. Army Food and Container Institute and kept in sealed cans for three 
years. The entire muscle, the longissimus dorsi, had been exposed to an 
air-blast at -20°C.; its internal temperature had remainee between 0° and 
-10° for about 2 hours (cf. Luyet, 1962, p. 196). Table 4 gives the 
results obtained with that material, with fresh muscle extracted after 
recent freeze-drying and with controls not freeze-dried. 
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Table 3(A) 

Protein Extractability of Tissue.Frozen at the Three Standard Rates 
and Freeze-Dried at the Three Standard Temperatures 

Experi
ment 

No. 

1 
2 
3 
4 
5 
6 
1 

Freeze
Dryinf 
Temp. 
< c.) 

•10 
aolO 
·10 
-10 
+50 
+80 
+80 

Re
sidual 
Water 

(%) 

Low-Salt
Soluble 

Fraction 
(%) 

Non
Prot. 
Nitr. 

(%) 

(a) Tissue Frozen Rapidly 

0 
1.7 
1.8 
2.6 
1.4 

6 
4.0 

7,.8 
5.7 
6.6 
6.5 
6,.6 
4.2 
6.1 

1.5 
0.9 
1.8 
0.6 
1.3 
0.5 
2.0 

High-Salt• 
Soluble 
Fraction 

(%) 

12.2 
12.8 
10.8 
10.8 
11.6 
3.5 
4.6 

(b) Tissue Frozen at Intermediate Rate 

8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

-10 
-10 
·10 
+50 
+80 

10310 
-10 
-10 
olQ 
+50 
+50 
+80 
+80 
+80 

1 to 59 •10 
8 to 11, anci 
13 to 18)) +50 
6,7» 
12,19, +80 
20,21 

2.0 
0 

2.0 

5.4 
6,.5 
8.0 
8.1 
7.0 

(c) Tissue Frozen Slowly 

1.3 
2.2 
2.6 
0.6 
o.a 

0 
0 

2.0 

7.2 
7.0 
6.5 
6.1 
6.6 
5.9 
4.3 
4.1 
4.1 

0.4 
0.4 
0.3 
0.7 
1.1 
0.4 
1.2 
1.6 

Averages and Extremes2 

Max.: 
Av.: 
Min.: 
Max.: 
Av.: 
Min.: 

8.1 
6.7 
5.4 
7.0 
5.0 
4.1 

1.8 
0,.9 
0.3 
2.0 
1.1 
0.4 

11.3 
17.1 
13.2 
11.6 
3.6 

12.1 
11.7 
11.9 
12.8 
11.6 
12.1 
3.7 
4.2 
4.0 

13.2 
11.~ 
10.8 
4.6 
3.9 
3.5 

Inso1. 
Resi

due 
(%) 

1.0 
0.9 
0.9 
1.5 
1.4 

10.1 
9.8 

0.8 
2.1 
2.4 
4.5 

14.5 

1.1 
1.6 
2.0 
1.2 
2.5 
2.3 
9.8 

13.8 
8.0 

2.5 
1.5 
0.8 

14.5 
11.0 
8.0 

1 See text for 4eta.il s of procedure in cases of tissue marked. "'freeze
dried at +so and + 80° 0 tt 

2 The data for tissues freeze-iriei at -10° and +50° are averaged 
together, as they show no evident iifference. 
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Table 3(B) 

Protein Extractability of Tissue Frozen at the Three.Standarci Rates 
but not Freeze-Dried (Controls for·MaterialReported in Table 3(A) 

Experi-
ment 

No. 1 

lC 
2C 
3C 
.4C 
sc 
6C 
1C 

8C 
9C 
lOC 
llC 
12C 

13C 
14C 
15C 
16C 
17C 
18C 
19C 
20C 
21C 

1C 
to 
21C 

Max.: 
Av.: 
Min.: 

(b) 

Low-Salt• Non- High-Salt• 
Soluble Prot. Soluble 

Fraction Nitr. Fraction 
(%) (%) ·. (%) 

(a) Tissue Frozen Rapidly 

7.4 2~5 13.5 
6.4 0.2 11.4 
7.4 2.5 13.5 
5.6 0.4 11.2 
6.:3 0.6 11.3 
7.4 2o5 13.5 
7.4 2.5 13.5 

Tissue Frozen at Intermediate Rate 

s.o 11.6 
7o7 12.0 
6.7 0.9 13.0 
7.8 0.6 13.6 
6.7 0.9 13.0 

(c) Tissue Frozen Slowly 

4.6 0.6 12.1 
6o3 0.3 11.5 
6e~'8 0.4 1le~3 
6.3 0.3 11.5 
6.3 0.6 11.3 
6.3 0.6 11.3 
6.3 0.3 11.5 
6.3 0.3 11.5 
6.3 0.3 11.5 

Averages and Extremes 

7.8 2.5 13.6 
6.4 Oe~7 12.0 
4.6 0.2 11.2 

Insol. 
Resi .. 

tiue 
(%) 

0.5 
2.1 
0.5 
1.4 
2.1 
o.s 
0.5 

o.s 
2.7 
1.0 
o.s 
1.0 

0.9 
1.1 
2.6 
1.1 
2.1 
2.1 
1.1 
1.1-
1.1 

2.7 
1.4 
0.5 

1 The experiments reported in this table being the controls for those 
reporteci in Table 3(A) receive the same numbers with"the addition of 
symbol C (for Control). 
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Table 4 

Protein Extractabil,ity of Tissue Recently 
Freeze-d4ied and of Tissue Stored for Three Years 

Control Tissue Recently Tissue Fr,-Dried 
Frozen Fr.-Driei After After Slow Freez-

not Freeze- Slow Freezing _ing, Stored for 
Driea (Av, of 2···runsl · 3 years 

Low-Salt Sol, 
Fraction (%): 7.1 6.3 4.8 

Contractile 
Proteins (1o): 10.5 11.9 5.2 

Stroma 
Proteins (%): 0.72 2a4 4.7 

Totals: 18.3 20.6 14o7 

Thus. muscle tissue storeci for.3 years gave a noticeably lower yield 
of low=saltesoluble ani contractile proteins and a much higher proportion 
of stroma proteins than tissue recently freeze•dried. 

Appenaix 2 

Protein Extractability in Prerigor and Postrigor Muscle 

Tissue extra.ctea in the prerigor state gave practically the same 
results as that extracted in the postrigor state. The figures for the 
three fractions and the totals are given in Table s. 

Low-Salt-Solo 
Fraction (%)! 

Contractile 
Proteins (%): 

Stroma 
Proteins (%): 

Totals: 

Table 5 

Protein Extractability of 
Prerigor an4 Postrigor Muscle 

Preriior 
Muscle 

8.3 

0.75 

19.9 
14 

Postrigor 
Muscle 

7.1 



Appendix 3 

Effect of Freeze•Dryingat ·30° a.ndat Room Temperature 
on Protein Extractability 

In addition to the three modes of freeze=drying regorted in the main 
body of Part I (·10°, and at temperatures rising to +50.· and to +80°), 
some freeze-drying experiments were made in which the temperature was 
maintained at -30° throughout the operation (a 20-gram batch of tissue· was 
found to freeze-dry in about 3 days in a. specimen-chamber maintained at 
-30°)» and other experiments in.which the specimen-chamber~ maintained at 
~10° until the start of freezeadryingj was allowed thereafter to warm to 
room temperature • 

. As in the case of freeze-dryin& the three standare conditions 9 

completion of the process was checked each time by the "vapor pressure= 
rise=to ... equilibrium'' method. The freeze-dried materials were then 
submittee to the extraction procedure already described. The results are 
presented in Tables 6(A) ani 6(B) and the freeze=drying curves in Fig. 4. 

The data show that, in general, neither the freeze-drying at -30° nor 
the freeze-drying at room temperature leads to any significant reduction 
in protein extractability. The slightly higher figures for insoluble 
residue, noted in Runs 2~ 4 and 11 are most probably due to a failure to 
exclude small quantities of co~nective tissue from the test materials. 
While it is possible that freeze-drying at -30° leads to an increase in 
insoluble residue~ it seems unlikely that dehydration at this low 
temperature could cause changes (such as, aenaturation) not observei after 
freeze-drying at -10° (see Table 3A). 

Appendix 4 

Protein Extractability of Tissues Dried Without Freezing 

The high extraetabilities obtained with freeze-dried samples prompted 
us to try some drying procedures more likely to lower extractability& 
Samples were driedJ either at +22° or at +2° ~ in a vacuum desiccator 
a4apted to permit use of thermocouples and the measurement o£ pressure. 
In one case, after iehydration was completed 3 the temperature was raised 
to 80° ani maintained there for 24 hours& The following three desiccants 
were used: (1) :f.,inde "molecular sieve 11 " which was chosen for its 
excellent dehy4rating properties when we wanted a high degree of 
desiccation; (2) 55% sulphuric acid 9 which 11 at 20°1l exerts a partial vapor 
pressure slightly greater than that of ice at 0°, was selected when a less 
drastic action was desire« ana the danger of freezing by evaporative 
coolins was to be avoicletil; (3) saturatei potassium fluoricle solution, 
which exerts about the same water vapor pressure as 55% sulphuric aaiaJ 
and was substitutea for the latter when we suspected that so2 released 
from the sulphuric acid might have led to losses in tissue protein 
extractability. 
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Questions arose too about the possibility that traces of hytirofluoric 
acid might have led to some protein denaturation., We shall~ thus, 
concentrate our attention on the results obtained with molecular sieve, 
although we give in Table 7, the results obtained with the three 
desiccants a 

A comparison of the data presented in the first five lines ·o·f this 
table with the data presented previously on frozen and on freeze-dried 
tissue does not reveal any evident effect of drying without freezing on 
the extractability of the proteinso 

Dehydration by molecular sieve followed by heating at 80°, at ve,r,y 
low moisture contents, lead.s to an almost complete loss of extractability., 
Since desiccation with sieve reduces only slightly the solubility, the 
damaging action of the heat is clearly evident, and the effect is similar 
to that reported above on freeze-dried tissueo 

Table 6(A) 

Protein Extractability of Tissue Frozen at the Three Standard Rates 
and Freeze-Dried at ~30° and at Room Temperature 

Freeze- Re- Low-Salt- Non- High-Salt- Insol. 
Experi- Drying siclual Soluble Prot., Soluble Resi-
ment Tempo Water Fraction Nitr~• Fraction due 

No .. ~°Col ~%l {%l ~%l ~%) ~%l 
(a) Tissue Frozen Rapidly 

1 ""30 2 .. 8 Sol lOol loS 
2 .... 30 3o2 6"1 O .. l 10 .. 8 3 .. 6 
3 Rm. Temp. 6o3 13o2 2 .. 3 
4 Rm" Temp .. 0 .. 7 5 .. 4 11.4 4.1 
5 Rm .. Temp .. 3 .. 3 7o8 13"2 lo4 

(b) Tissue Frozen at Intermediate Rate 

6 -30 2 .. 5 5 .. 6 0.7 15o5 2o3 
7 Rm .. Temp .. 6.4 11.8 Oo8 
8 Rm .. Tempo 7 .. 5 Oo5 11 .. 2 loS 
9 Rmo Temp. 1 .. 4 6 .. 9 11 .. 5- 1 .. 3 
10 Rm .. Tempo 1 .. 9 7.,0 Oo5 llo2 lo9 

(c) Tissue Frozen Slowly 

11 -30 3o3 6o2 Oo6 11 .. 0 . 3 o9 

Averages and Extremes 

1,2, Maxo ~ 6o2 Oo7 15.5 3.6 
6,11 -30 Av .. ~ So8 o.s llo9 2o8 

Min .. ~ Sol Ool lOol 1.,5 
3,4,5, Max.,: 7o8 Oo5 13o2 .4 .. 1 
7,8,9~ Rm .. Temp. Avo: 6 .. 8 Oo5 11.9 :lo9 
10 Min .. : 5.,4 OoS 11 .. 2 OoB 
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Table 8(8) 

Prot•la latr·actabllitJ $Jf Tiaa.ae :rroaea at the Tbree ltaa.clarct Jtat•• 
but aot rrH&e•Driecl (Coatrola for *terlal .. , .... ia Table 8(A) 

Low- S&l t• Boa- . lli&b-lalt- laiiOl• 
kper1- Soluble Prot. 8o11il)l• &eai-
.. at Practloa Kltr. .l'raotloa due 

JIG. 

.lC 
2C 
3C 
4C 
IC 

(~) (I) (I) (~) 

(a) Tiaaue f·rozeD RapldlJ 
4.0 - &.0 
8.4 0.5 10.8 
·7.1 - 11.3 
7.5 - 11.3 
1.5 11.3 

1.1 
O.G 
o.a 
0.8 
0.8 

(b) 
ac 
7C 
ac 
9C 

Tissue Frozea at IotenMdiate Bate 

lOC 
llC 

1c,ac, 
IC,llC 

ac,4c,sc, 
7C,8C,tC, 

lOC 

Max.: 
AY.: 
MiD.t 
Max.: 
Av.: 
Kia.: 

1.7 0.9 13.0 1.0 
1.0 - 11.8 0.1 
7.8 0.6 13.8 0.1 
7.& 11.3 0.8 

(c) Tl••~• ProseD Slowly 
8.3 0.3 11.5 
••• 0.4 11.2 

Averaa•• aad Bxtreaes 
6.7 0.9 13.0 
1.7 0.1 10.4 
4.0 0.4 6.1 
Y.e o.e · 11.1 
e.7 o.a 12.1 
&.0 0.3 11.3 

1.1 
1.4 

1.1 
1.1 
0.1 
1.1 
0.7 
0·.& 

12 • 20 24 28 32 36 40 44 48 
TIME (Rrs.) 

Fil. 4. Set of curves·illuatratins the progress of 
freeze-drying in a typical experiment

0
conducted at 

a specimen .. chamber temperature of -30 C. 
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Table 7 

Protein Extractability of Tissues Dried Without Freezing 

Ex- Re- Low-Salt ... Non- High-Salt-
peri- Drying Type of sidual Soluble Prot. Soluble 
ment Temp. De sic· Water Fraction Nitr. Fraction 

No. ~oc ol cant !%l ~%l ~%l ~%l 

(A) Tissue Dried 

1 +2 Mol. Sieve 5.9 0-2 10.3 
2 +22 Mol. Sieve 6.4 0~9 12.0 
3 +2 Mol. Sieve 2.0 5.8 1.3 10.4 
4 +22 Mol. Sieve 2.0 5.2 o.s 8.7 
5 +22 Mol. Sieve 1.3 6.7 1.8 10.1 
6 +22 55% H2so4 5.4 4.8 1.3 5.6 
7 +22 55% H2S04 6.3 5.8 1.3 8.8 
8 +22 Sate. KF 5.5 6.6 0.9 7.1 
9 +22 & +80 Mol. Sieve 1.8 0.3 1.8 

Averages and Extremes 

1 Max.: 6.7 1.8 12.0 
to Av.: 6.0 0.9 10.3 
5 Min.: 5.,2 0.2 8.7 

(B) Tissue Not Dried (Controls for Nos. 1 to 9) 

lC 6.4 0.5 10.8 
2C 6.4 0.5 10.8 
3C 5.6 0.4 11.2 
4C 6.4 0.5 10.8 
sc 7.4 2.5 13.5 
6C 6.3 0.6 11.3 
7C 5.4 2.0 10.7 
sc 6.1 Oo4 10.0 
9C 6"1 0.4 10.0 

Averages ana Extremes 

lC Max.: 7.4 2.5 13!'5 
to Av.: 6.5 1.1 11.8 
s-c Min.: 5.6 0.4 10.8 

General Conclusions of Part I 

1. Tables 3(A) ana 3(B), 6(A) ani 6(B) show that the freeze
drying process, !•£•, the act of removing~ by sublimation, the ice 
formed from water in the tissue, ioes not affect the extractability 
of any of the proteins present. This conclusion holds for widely 
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Insol. 
Resi-

due 
~%l 

2.7 
1.1 
2.2 
3.1 
0.5 
9.0 
5.6 

11.8 
18.4 

3.1 
1.9 
0.5 

0.6 
0.6 
1.4 
0.6 
o.s 
2.1 
6.1 
2.8 
2.8 

1.4 
0.8 
o.s 



differing freeze-drying conditions, with the possible exception of freeze
drying in a specimen chamber maintained at -30 • (The effects of the 
last-mentioned treatment deserve further investigation.) 

2. Furthermore, sufficiently ~entle but more or less complete drying 
from the nonfrozen state has very little or, perhaps, no effect on 
extractability. It, therefore, appears that dehydration may be 
accomplished at temperatures in the range 0° to +20°, with corresponding 
concentration of proteins and salts, without the occurrence of reactions 
leading to "denaturation" of either the low-salt-soluble or the structural 
proteins. 

3. Again, Tables 3(A) and 3(B), 6(A) and 6(B) show that the 
secondary drying stage in the freeze-drying operation, can be carried 
beyond the 2% residual moisture level without affecting extractability. 
Thus there does not seem to be any "vital water" layer, the removal of 
which causes damage to the system. 

4. Heat applied to the tissue in the dried state - whether the· 
tissue be freeze-dried, or merely dried, and whether the water c'ontent be 
2% or high, or 0.2% or lower - leads to reactions which cause reductions 
in extractability, particularly in extractability of the actin, myosin and 
tropomyosin. 

PART II 

WATER BINDING 
OF VARIOUSLY TREATED MUSCLE TISSUE 

AS STUDIED BY ADSORPTION ISOTHERMS 

(A) Method and Apparatus 

In principle, a piece of freeze-dried tissue of known dry weight is 
placed in an atmosphere of given relative humidity until it is in vapor 
pressure equilibrium with that atmosphere; then its weight is measured 
again. A plot of the increasins weight of the piece in terms of the 
increasing water vapor pressure will then give information on the water
binding properties of the tissue. 

To facilitate such determinations we set up the apparatus represented 
in Fig. 5. The specimen A (a piece of freeze-dried tissue), weighing less 
than 5 mg.~ is suspended at the lower end of a quartz fiber B which hangs 
on the arm C of a torsion microbalance. The specimen is exposed to the 
atmosphere D in a glass vessel of about 500 ml~ capacity which contains a 
mixture E of water and sulphuric acid that controls the relative humidity. 
Measured quantities of water are added from a burette F to provide 
stepwise increases in water vapor pressure. The temperature is controlled 
by a thermostat in the bath G. A double stirrer H agitates the air and 
the solution in the vessel. 
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H F 

Fig. 5. Apparatus for the determination of water binding by 
the method of vapor pressure equilibrium. 
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01:11: plans eallee for two series of cleterm.inatiens ef aisorption 
isotierms, one on"wh.ole pieces of t:List~~e'freeze~ariea wllieh hai'been' 
s\1bjecte4 to one of tne nine standard treatments (eombinatiorii'of freezing 
rates ani freeze-iryini conaitiC1lns), tae other on taeir'extraeted 
fractions. The results of our experiments will be presentei in two 
eorr~sponiing aectionso 

Io Atlsoqtion ·. Isotlterms of Wlt.cle Pieces of Freeze=Driei Tissue. A 
plottina of tae·reaults of 16 final.ieterminationa of. the isotl\erms of all 
tae categories of tissues stu4ie4 revealei tltat tae curves were 
classifiable into 3 groups aceoriing to the rate of freezingo The 
averages of tae 3 groups are representee in Figo 6. 

Rarkei differences appearei also between th.e isotaerms of tae tissue 
aeatei to +80° after aavini been freeze•iriei and those of tissue not so 
treateio We represent in Fig. 7 tee isotaerms obtainei wita material 
frozen at one of tne tkree ataneara rates ani exposea tc 80° after aaving 
been freeze-iriei; tlley are to be compared witk tlle istltaerms of Fi&o 6 
wkiela were obtainea witla material frozen at one of tae ti.ree standati 
rates ani not expose« to +80° after having been freezeairiei. 

An analysis of the cata leads to the following oonolasions: 

(1) The three freezina rates yieliei iifferent water-binding 
properties in cietenuinations macie in tb.e ranae of relative a:amiciities (RB) 
exteniing from 0 to somewhere between 10 ani 201 (cf. Carves R, I ani S of 
Pig. 6, for rapi4, intermeiiate ana. slow freezing, respeetively)o Tlte. 
high. freezing velocity gave tlae greatest reaisorption of water; t1te lew 
velocity, tke smallesto • In tae range of IH exteniing from 20 to 30~, tlae 
vertical aeparations between tke three average iaotlterma are tb.e 
greatesto = Above 30% RH, tlaese separations are graiually smaller until, 
aroune 85% BH, tae taree curves intersect. = Above 90% RH» curYes A ani c 
seem to cross each otaert C becomina tb.e aigkest ane A tke l~westo 

(2) Freeze-4rying at ·10° or at +50°, after freezin& at any of tae 
tlt.ree rates, aa4 no iefini.te infl•enee on tae rea4isorption of water. 

(3) Exposure o:f tke freeze•tlriec tissue fer 24 aoars to +80° lowerecl 
the isctlaems, very cirastically after slow freezing, bv.t less so after 
freezing at intermet:iiate or aigh rate (compare curves A, I an4 C in 
Figs .. 6 an411 7)o 

Analysis by tlte metaoi of Brunauer, Emmett ani Teller (B.,E.T .. ) 
of tlte isotlterms leais to valu.es for tl\e area of the aasorbea water 
monolayer whioa are almost in4epenjent of the initial freezing rate 
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Fig. 6. Water binding by freeze-dried 
tissue. Curves obtained with average 
values determined· from individual ad
sorption isotherms.. R = rapidly frozen; 
I • frozen at an intermediate r•te; 
S = slowly frozen. · 
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Fig. 7. Adsorption isotherms for 
tissue frozen rapidly (R), at an 
intermediate rate (I), and slowly(S), 
prior to freeze-drying at -10° and 
exposure to 80° for 24 hours, follow
ing completion of freeze-drying. 
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(0 .. 188, 0.183 ani 0.180 m2/mg. for rapii 11 intenileiiate ani slow freezina 
ratesp respectively) h•t inclieates that th.e monolayer is bemd more 
strongly, tlte nigher tae initial freezina rate. 

B ... E .. T.. analysis of the isoth.erms of tissue aeatei to 80° after 
freeze=cirying shows tmat tae R.eating R.as refiucei tlte area of tae surface 
available for the formatiq:n of a water monolayer.. Tlle re«•ctions in area 
were of tlte orfler of 15%, 40% an4 75% for tae .tissues initlally frozen at 
aiga,.· intermediate ani low ratest respectively; we may thus conclucle th.at 
tae higher the initial freezing rate~ th.e less th.e susceptibility to 
reauction in monolayer area by heating to 80° .. 

These observations raise interesting questiElns. For instance, it is 
curiotas tllat~ at 201 RH, the samples yielding curve A have almost twice as 
high a water•biniing ability (5%, w/w) as the samples giving eurve C 
(2..8%) w/w)~; wl!lereas~ in tlle range 80 to 85% RB~ all samples slaowth.e same 
water-bind.ing ability (28 .. 5%, w/w at 85% RH) ani above 85% tbe trend may 
be reverseao Ability te •'t:.ini'' or nholi" water between 901 and 100% RH 
is, of course, of consicerable significance., 

But both the establishment of the facts ani taeir interpretation nee& 
further investigationo 

Aisorption Isother.s of Protein Fractions. We maie numerous trial 
experiments to fini suitable metkocis for·lletendning aclserption isetll.erms 
of low- ani 'high-salt-soluble proteins ani of insoluble resi4ues 11 b•t 
fovnul it impossible to obtain significant tlata.. ''Desaenciin& isotaerms," 
.!o.!. .. , isotherms requiring eqtailibration at s•ccessively lower relative 
lt~ieities$ of material whiell is initially in the wet statej appearei tc 
be detennineci by the rate of deh.ycration in the range 100 t:o 80% Imj) and 
steady values for water content at lower relative lumiaities were 
apparently not establishec t'herea:fter .. 

We then tried to ietermine "as~~niing isotaenns'' both for tlle soluble 
ani insol11ble fractions ani, again~ coald l'iet make equilibrium 
measurements of the adsorptien of water» exeept at very lew relative 
ltumiiities.. Interpretation ~f these naseentiins isotherms" was further 
complicat'ei by tlte fact tJaat all fractions~ whether from freeze-cried or 
from eontrol tissue samples$ were subjectei te complete aeaytiration prior 
to determination of the isotherms~ 

Tlte difficulties eneountereti in tllese attempts were in sharp contrast 
to tae ease wita wl\ica reprciu~ible ''ascen~ing isotherms'' were obtainei 
from waole freeze-irieci tissue. Sinc.e the same te~hniques were em.ployei 
in all adsorption experiments& it wc•l« seem tllat tae 4ifficulties 
eneeunterei were clue to some paysieal preperties o.f tae fraetionatecl 
materials ani possibly to en~cal reactions macie possible by ~aese 
physical prcpertieso · 



PAI.T III 

WATER-HOLDING CAPACITY 
OF VARIOUSLY TREATED MUSCLE TISSUE 

AS STUDIED BY Tim PR!SSURB METHOD 

.As was already state&, we, use4 tll.e pressure m.et.ho&i of Grau ana Bamm 
(1957) ani Wierbicki ancl Deatherage (1958) in :fo11r ·eategories of tmtsele 
tias11e 9 naelyg (a) in tissues in tlte f'resi. state (eontro1 9 net frozen)$ 
(b) after freezing ani thawing (control, net: freeze..;ariei); ·(c) after 
freezing at eaca of tae taree staruiar<i rates~ fre®zem4ryini at one of tlie 
taree stanciare temperatures, an« rekytlrating; (i) after treatment by lieat 
(cooking) t:ae tissue previously treat•• as in (c)o ne methoti ... one·will 
reoall ... consists in ciete.naining.tlte waterwholiing capaeity of tlle tlsswe 
by m.easv:ring· tl\e proportion of water wkieh ~Ban.not be sxpr<~ssei by tae 
application of a given meokani~al presswreo· 

Tlle m.etaoas uaei in tais project wkich. ltave not yet been iesaribed 
include~ (1) pressing~ (2) reay4rating tke freezeciriei material ani 
(3) eookingo 

Pressina Proceiur~o Samples of m~scle tissue weigh.ing about 300 m&o 
we~e plaoei on Nco 1 (9 cmo) Wkatman filt~r pap~r prec~nditionei &6coriing 
to Wierbietki ani Death.erage 0 B m.etboi~ mel prtHis~i fer l minvmte at 
500 po&oio between plexislass plates •.nteci in a 1\yfira:alic presso 

Water=aolciina C\tapa@ity waa ieterm:bJJ.ei by at~btraoticn ef tae quantity 
of water expresse4 from tlte t~tal quantity, ~f water .Present before 
pre~sin&o Thi$ 4ifference~ ioeo, the water not remove4 by pressing$ may 
then be expresse4 aa a pere~ntage of tke total water present initially as 
a percenta&e 9 w/w& of tae total solii content of the tissue before 
pressing .. (For more •~tails we ref@r t?ae reaar to tile original papers of 
tlt.e awtaors eitei .. ) 

Jlellyiration Pro)(~eiure.. Reaya:ration of flree~e=iri~i tissue was 
aeeomplishea with tae apparat~s ani in the manner aes~ribei by Luyet ~ 
.!!,o (1961). Cubes ~f tisew.~ were weiille4l in tlte freeze ... ir:lee state, 
eoverea on five siies wita alD'!inum f~il (to laelp pr~vent tae loss ~f 
water..,.sclu;ble proteins) 21 ancl J'Ul~kei 21 exposei •ppermest 9 in tae bottom 

tke reayirating ahamber ef tlle apparatus. A weigktei wire gauze aisc, 
pla\'iei over tlae cnabes 9 servei to prevent tkem from floating on contact 
witil water.. nt.e ellamber was t'h.en evacusatei an4 water was aimittei 9 in 
vacuo~ 1mtil t:ae pie~es were totally S'll~rgeio Unier tkese ceniitions 9 

rekyiration is rapic ani ta~ tissue is tk~r@•ikly impr~snateeo The eubes 
were taen re•vei from tae rellyirati@n ®i.lamber an«D after aaving been 
freei from tke fcil 9 were tamblei ~ver w~t filter paper in s•ca a way taat 
the ex~ess ••rface ~ist•re was r~vei.frem tae six siies of tke eubeao 
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Table 8 

Water-Holding Capacity of Muscle Tissue: (1) Freeze-Dried 
and Rehydrated, (2) Freeze-Dried, Rehydrated and Cooked, 
(3) Controls: (a) Not Frozen, (b) Frozen and Thawed, (c) 

Not Frozen~ Cooked 

(1) Tissue Freeze-Dried (2) Tissue Freeze~Dried, 
Mode 
of 

Freez-
ini 

Rapid 

At 
In term. 
Rate 

Slow 

Freeze- and Rehydrated Rehydrated and Cooked 
Drying Water Held Water Held Water Held 

Temp. (%of (%of (%of 
~oc .. l Total Waterl Drx Wt o} Total Waterl 

-10 50.99 53.1SI 65.2,64.2 24 .. 9 
53.3 

+50 37.2 85 .. 8 14.7 
+80 34 .. 4, 41 .. 1 91.5»78.0 5.4 
-10 51.8 120.1 19 .. 4 
+50 62.4 64.9 17.8 
+80 17 .. 8 23o8 7 .. 1 
-10 48 .. 8, 49.3 116.8 17.5 
+50 49.8, 55.3» 117 .. 4»94.5 22.5 

66.8 
+80 37 .. 1, 37.8 80.3' 13.4 

(3) Controls 
Water Held (% of Total Water) 

(a) Not Frozen: 58.7~ 59.9, 61.8, 64 .. 4 9 67.3 
(b) Frozen and Thawed~ 42~6, 46 .. 0 9 55.4, 63.6, 64 .. 4 
(c) Not Frozen, Cooked~ 53 .. 5~ 84 .. 2 

Water Held 
(%of 

Dr;:£ Wt .~ 

41.3 

27 .. 3 
9.7 

28 .. 1 
23 .. 8 
13 .. 0 
24 .. 9 
33 .. 9 

19.9 

Heating (Cooking Procedure). Pieces of tissue, having a wet weight 
of about 300 mg., either fresh or rehydrate4 after having been freeze
dried~ were wrapped individually in aluminum foil (or w~re already wrapped 
for rehydration)<> The wrapped. pieces$) one of whicn contained a 
thermocouple, were further enclosed together in a single~ watertight foil 
envelope$ placed in a boiling water bath for a few seconds (until the 
thermocouple indicated an internal temperature of 70°) and transferred to 
a second water bath at 70° for 15 minutes. 

(B) Results 

The results are reported in Table 8$ in which the amount of water 
held by the tissue submitted to pressure is expressed in percent of the 
Eiry weight and also in terms of the total water present before pressing .. 

General Observations and Comments. (1) The first important feature 
in Table 8 is the enormous variations obtained in experiments made under 
similar conditions~ but on different pieces of tissue; for example, in two 
controls, not frozen, cooked (last line). On several occasions, we 
observed that a tissue firmer to the touch had a higher water..,holding 
capacitye 
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(2) Despite th.ese great:.variati~ns$1 cn~may 4istinguislttwc main 
t:renis: (a) Tissue cookei after having been reayiratei nolis msca less 
water than non-eookei.tissueo (b) Tissue l:teatecl to 80° after llavitig 'been 
freeze-ciriecl, loses muelt of its water=aolciirig eapaoity in-tllat: treatment~ 
(e) Tissue freezeQiriei at +50° aai about tne sam~ water~aoliing capacity 
as tissue freezemdried at -10°o 

PART IV 

REHYDRATION RATE 
OF VARIOUSLY TREATED 9 FUEZE=DRI.ED MUSCLE TISSUE 

Tl\e problem of re'b.y4raticn rate is closely related to that of the 
obstaalea to reayirati~n» in partic•lar tae entrapping of air b•bbleso 
Acooriingly 9 Part IV of th.is report will ~onsist ~f two se~tions 9 one 
iealina witn the rekysration rate pr@per 9 th~ otaer with entrapping of airo 

(A) Meth.ois 

Rate of Reaydrationo Of several metaois that we triej for measuring 
tlle rate of reaytiration of freeze-iriei muscle tissue 9 we chose the "cirop 
methoi" 1fhi11h. recommenis itself fer simpli11:ity an.i reliabilityo It 
consists in allowing a irop of water to fall on tae piece of tissue frem a . 
given eistance~ ani in measuring the time require4f for tke irGp to be 
absorbe4o 

The aetails of the procedure ar~ as follows: A irop of distillei 
water 9 ieliverei from a one-millimeter (IoDo) capillary tube 9 of wnick tae 
lower enci is plaeei 5 Dmo above tlle pi~ce of tissue~ falls on tae latter 9 

an« the time elapsei utntil tke originally smooth.!) unln:oken 9 wet surface of 
tlte tissue eeases to reflt~~ct ligilt uniformly is receorituio 

We $OOn realize4 tae importance of two partic•lar factors in t•at 
technique~ (1) tae orientation of tae muscle fibers wita reference to tae 
plane of the surface stuiie8 9 (2) t~e previo~s nist~ry cf that surface, 
namely, waetker it originate« from a se@ti~n maie before freezing or after 
freezeo4ryingo We tken iecidei (1) t~ 8etermine tae rate of reayiration 
on two surfaces~~> one parallelll the other perpeniicular to the fllirection of 
tlte fibers, ana (2) to use only pieces cut before freezing in one or tae 
otaer of tae two iesirable orientationso 

Amount of Entrappe4 Airo Pieces of freeze-dries tissue!) ael4 
with tkeir fibers orientated in a vertical or horizontal direction, 
were inmersei abruptly in the reh.yara.ting fluid., ~istillei watero 
Taese pieces were cubes~ approximately one centimeter on a. aiieD 
except in the oase of rapii freezing 9 in wai~R they were layers one 
to two millimeters th.i~ko In that case1> each layer was rehyeratei 
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separately and enough layers were then assembled to provide approximately 
the same quantity of material as with the cubes. All samples were held in 
the rehydrating fluid for three minutes .. 

To determine the quantity of air entrapped in the course of 
rehydration~ we squeezed out, under water, with the aid of a single piston 
device~ the air remaining in pieces of tissue after the three-minute 
immersion, collected it, and measured its volume in an eudiometer. 

The apparatus - which has been described in a paper by Luyet et alo 
(1961) to which we refer the reader for details • consists of (1) a 
compressing chamber, (2) a eudiometer,. (3) a system of c<O>nnec ting tubes, 
vessels and stopcocks for transferring the air from the compressing 
chamber to the eudiometero 

(B) Results 

Rate of Rehydration.. The results are given in Table 9o 

In all case~ ___ _!::_b,.e ___ _sa.mp.l~_warmed to +80° required a longer time to 
absorb the drop ___ of water o This is. apparently due, to large extent» to the 
melting, or softening of the fats that tend to close the channels left by 
the sublimation of the ice. Such a view is confirmed by the fact that 
often the surface has a glossy appearance, as if fats have spread over ito 

Table 9 

Rates of Rehyd.ration as Determined by the "Drop Method'' 

Tempo Surface Perpend. to Fibers Surface Parall~l to Fibers 
of Avo Ex- Nr. of Av. Ex., Nr .. of 

Mode of Fr .. =Drying Time tremes De term- Time tremes De term-
Freezina ~oCol ~secl !secl inations ~secl ~s®cl inations 

... 1o 4 lca6 9 44 3-107 11 
Rapid +50 2 1 ... 4 10 38 l5e:o90 10 

+80 12 7-17 5 40 22 ... 100 9 
At -10 1 .. 5 1-4 11 4 2 ... 16 15 
In term. +50 4 1-9 10 10 2-26 18 
Rate +80 27 10-49 10 78 38-138 6 

-10 2 1-5 12 2 1 ... 3 13 
Slow +50 2 1-3 10 2 1-4 10 

+80 20 7 ... 46 12 35 11 ... 70- 8 

The drop was absorbed faster on the surfaces perpendicular to the 
fibers than on the surfaces parallel to them~ apparently the channels left 
after the sublimation of the ice» which are known t~ be predominantly 
parallel to the fibers~ act as capillary tubeso 
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''Generallyj tissues'frozeri at 1\igner coolin& rates liai lower 
absorption rates. Since we know tlaat migner cooling rates<result in the 
formation of smaller ice crystals ... ariel finer eaannels whica~ after freeze
crying~ wouli exhibit stronger capillary acition, 'we are lea to consleer 
the intervention of another irih.ibiti:rig factor' wllick may be tae counter 
effect of t~e air entrapped. in such. small c'han!l~l~!. 

Amount· of Entrapped Air o ... The volwnes. of air entrappei citt~ing 
reh.yiration, ancl remaining after taree minu.tes, are shown in Table 10 
wltich &ives tlte results of two series of experiments witla fibers placed 
vertically ani two with tln.e fibers place« 'b.orizontally. (lri tae case of 
the tlain slices usee for rapid freezing9 such orientation being 
impossible, we limited ourselves to tlaree s$tieso) 

Tlte following trenis are apparent in Table 10: (1) Less air was 
entrappei in tlte slowly frozen tD.a.n in the more rapialy frozen samples; 
(2) less air was entrappe<l wlten the fibers were erientatei vertically. 

'aurin& reaydration tltan waen t1ley were orientat~i h.orizontally; an« 
(3) samples freeze-iriei at high.er temperatures aai mere entrappei air 
taan taose freeze~iriei at low temperatures. < 

Hccie of 
Freezing 

Rapicl 

At 
In term. 
Rate 

Slow 

Table 10 

Amounts of Air Entrappecl During Reltydration 

Fr.-D;yin& 
Temp. 
(oc.) 

-10 
+50 
+80 
+tlO 
+50 
+80 
-10 
+50 
+80 

EntrappeGl Air 
Fibers Placei Fibers Place« 
Horizontally Vertically 
(ml/a/dry wt.) (ml/a/eiry wt.) 

.25, 

.24, 

.259 
o78, 1.28 
.84, .92 
1.55, 1.82 
.36~ .so 
.44, .46 
1.079 1.09 

o30$ oJJ 
.27' .30 
o4Ji) o61 

.59~ .68 
0 70' 0 72 
lo57, 1.,15 
o29il o31 
o22, o34 
o58~ o53 

!!!!,: So many factors ani complex relationships, ()11 wh.ica we have 
little information$ wou.lti be involved in the interpretatien of tlaese 
trencls that furtaer speculation would aarily be justifieio Thus a factor 
waielt ia 9 no ioubt, important is tae :aisscl'ation of tlte entrappea air by 
the invaiin& rehyiration flvii, iissolution wh.iell, itself9 4epemis on t:'b.e 
surface areas involveclj) tnat is, on tlle aize. of the ice erysta.ls, ani the 
latter, in turn, 4epen4s on tlle freezing ... rateo 
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PART V 

TESTS FOR TENDERNESS 

We used 9 in this work 9 two methods of determining tenderness: 
sensory evaluation and mechanical testing .. ..,. The types of tissue tested 
included: (1) freeze-dried, rehydrated and cooked tissue of the nine 
standard categories~ (2) fresh tissue (not frozen) 9 cooked .. 

(A) Methods 

Preparatory Treatments. A piece of stock tissue was divided into 
four parts which were then used to provide rapidly frozen slices$ cubes 
frozen at an intermediate rate~ larger pieces frozen slowly 11 and control 
material.. Portions of each of the three types of frozen material were 
then freeze-dried in one or other the three standard conditions) thus 
yielding the nine different types of freeze-dried product from the same 
batch of tissue .. 

Rehydration was accomplished by the method described in Part III, 
after minimal storage periods in the freeze-dried condition (one to two 
days), and cooking was performed in the manner also described in Part III. 

Sensory Determination of Tenderness.. The test was carried out with 
the aid of a taste panel composed of seven members of the Foundation's 
staffo The panel members were requested to compare the tenderness of each 
of the nine processed samples with that of the control (nonfrozenj cooked) 
and to make semi-quantitative estimates of the extents to which 
tenderness was greater or less than that of the control. Estimates from 
the various members of the panel were then averaged and expressed in 
figures on an arbitrary scale from 1 to 5 2 5 being the most tendero 

Mechanical Testing of Tendernesso For this purpose~ we designed and 
constructed a simple apparatus which consisted of an aluminum bar, 20 em .. 
long~ pivoted at one end to a heavy base and containing a stainless steel 
razor blade, with it:s single cutting edge parallel to the length of the 
bar, at the other endo The movin& end the bar rest~d on a split 
specimen-table, about 2 x 2 em .. ~ such that the razor blade fitted into a 
Split between the tWO 1 X 2 cmo halves of the table but iid not touch 
themo For the test, we raised the arm, placed the samples» one 'at a 
timelil across the slit in the table» and released. the arm from a fixed~ 
predetermined position.. The razor blade cut into the sample; the depth 
an<il the length of the cut were measured and multiplied to yield the area 
of the cut surface.. A series of 5 to 7 cuts were ma~e parallel to the 
fibers in the sample, and a similar number of cuts at right angles to the 
fibers in each 1 ems cube of tissue examined .. 
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The tenderness of the sample for a given orientation of the fibers 
was then defined as the average area of the cut, produced in the manner 
described, for that orientation. Quite consistent results were obtained 
first in several preliminary tests on controls, and then in the case of 
freeze-dried, rehydrated and cooked samples. 

(B) Results 

The experimental findings recorded with the two testing methods are 
presented in two sections of Table 11. The information obtained from the 
tasting panel is expressed in figures in the scale of tenderness (Score: 1 
to 5) and in verbal comments by the members of the panel (tender or tough, 
very or medium (vo or m.) tender or tough; the information fr~m the 
mechanical test is expressed in narea of cut surface" (in em. ) and in a 
corresponding figure for relative tenderness (again 9 Score: 1 to 5). 

Table 11 

Tenderness of Freeze-Dried, Rehydrated and Cooked. Meat 

Mechanical Test 
Freeze
Drying 

Temp. 
(OC .) 

-10 
+50 
+80 

-10 
+50 
+80 

-10 
+50 
+80 

Perpend. to Parallel to 
Sensory Evaluation Fibers Fibers 

Cut Surf. Cut Surf. 
Score Are~ Score Are2 

(em ) (em ) 
Score Connnents: 

Tissue Rapidly Frozen 

4.0 m.tender 
5.0 tender 
2.0 tough 

4 
3 

3 
6 

Tissue Frozen at Intermediate Rate 

3.6 m. tough 
3o3 tough 
1.3 v .. tough 

3 
1 
2 

0 .. 35 
0.18 
Oo31 

Tissue Slowly Frozen 

4 .. 0 m .. tender 
5.0 tender 
0 .. 8 V.,tOUih 

4 
4 
2 

Control (n~t Frozen) 9 Cooked 

tender 5 0.49 

3 
3 
2 

4 
4 
5 

5 

Conclusions: 1. Freeze-dryina leads to slight or moderate loss 
of tenderness, the lo$s being (a) least detectable in slowly frozen 
tissue and greater in tissue frozen at intermediate and high rates, 
and (b) independent of the Freeze•dryin& temperature (-10 or +50°), 
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2.. The application of heat at 86° for 24 hours~> after freeze .... drying 
at -10°, causes extreme toughness in cooked tissue$ save when. the 
toughness is measured parallel to fibers in tissue slowly frozen before 
being freeze-dried.. In this latter easel) heating at 80° has apparently 
loosened the fiber bundles .. 

3.. Results of sensory and mechanical testing are in good agreement 
if one compares results of sensory tests with an average of results from 
mechanical tests made with the blade of the testing instrument, 
perpendicular and parallel to the direction of the fibers.. "' 

General Evaluation 

lo (a) The sarcoplasmic proteins seem to be highly resistant to 
iamage by freeze-drying.. Though we cou14 not find a way to obtain a 
meaningful isotherm from this fraction extracted from freeze~dried tissue~ 
we observed that the extracted fraction was entirely soluble after a 
second freeze-drying in the presence the extracting salts. 

(b) Ther~ was considerable evidence that the structural proteins are 
susceptible to damage by freezeGdrying and to heat appliei to the whole 
freeze-dried tissueo Salt ... free quantities of structural proteins readily 
lost their ability to re•tiissolve in salt solutie»ns exhibited lower 
adsorption isotherms after repeated dehydration, whether by freeze-drying 
or by air=dryingo 

(c) The contribution the stroma to.the properties of the meat and 
the effects of freeze-drying on this fraction are less easily assessed .. 
In fact~ we have been unable to find any evidlenee for a relationship 
between changes in tenderness ana changes in properties of the stroma 
fraction .. 

2o As for the water binding properties of the freeze-dehydrated 
meat, we would only note the relationships expressed in Figso 6 ani 7 .. 
That is» water binding by the freeze-dried tissue in greater when the 
initial freezing rate has been higher® and is reiuced by the application 

heat after freezea~ryings the reduction being greater when the initial 
freezing rate has been lower .. 

3.. No direct relationship was observed water binding ability 
and water holding capacity after rehydration.. A relation1e1hip existed» 
however, by coincidence$ betw~en these two characteristics in the case of 
tissues heated to 80°, in as much as tissue heated to 80° after freeze-
4rying exhibits lower water=binding ability after rehydration» 
exhibits lower water holding cap~city in comparison with similar freezea 
dried tissues not exposed to heat. 

4o There is a relationship between water=binaing ability and 
rehydration rate (and extent cf rehydration) in ~s much as water-binding 
ability is greater when .the initial freezing rat~ been higher 
Part II)~ and rehydration rate (and extent) are greater when the initial 
freezing rate has been lower (see Part IV) .. Thus there is an inverse 
relationship between fixed bound hydration water and rehydration rate and 
extento 32 . 



The following values for variables susceptible to control in freeze
drying are suggested: 

(a) Low freezing rates "!" these permit good rehydration 
characteristics and relatively high tenderness scores after cooking. 
Furthermore, the low water binding ability after freeze-drying of slowly 
frozen tissue.does not seem to be of practical significance. We would 
even suggest that f1;1rther trials be made in which tissues are frozen very 
slowly prior to freeze-drying (time at the freezing plateau of a day or 
more). 

(b) Moderate specimen chamber temperatures - there does not seem to 
be an advantage to low (-10°C.) or extra low (-30°) temperatures in 
freeze-drying of meat. MOderate application of infra-red radiation has 
led to as acceptable a product as freeze-drying at •10°. 

We suggest, however, that many more experiments be made on the lines 
we have taken to determine the effects of specimen chamber temperature. -
Freeze-drying is achievea more rapidly (though sometimes not more 
economically) with greater temperature gra&ients; but higher temperatures 
on the specimen'lead to loss of protein extractability ana i!lcidence of 
toughness after rehydration and cooking~- A study of the kinetics of the 
development of insolubility, in tissue freeze-dried to various moisture 
contents, ane subsequently exposed to 50°, 60°, 70°, etc., for various 
times, shoule lead to an estimate of the maximum safe specimen chamber 
temperature for a given batch of tissue. 

6. In view of the limitee correlation between the measured 
tenderness of tissue, the water-binding ability and the water-holding 
capacity, we suggest that further attention be devoted to a search for a 
measurable characteristic which correlates well with tenderness after 
cooking. 

Since the pressure of 500 p.s.i. was chosen by Wierbicki and 
Deatherage from a consideration of the properties of fresh tissue, and 
since it is likely that the relationship between pressure applied and 
fluid expressed is different for tissue freeze-dried an& rehydrated, we 
suggest that attention be focused on a study of this very relationship, 
as it is affected by freeze-drying. 
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SUMMARY 

The purpose of this contract was to study the water sorption 
characteristics of raw beef muscle which had been freeze-dried by 
different methods. The sorptiv~ properties were examined on the basis of 
the adsorption isotherm, water holding capacity, ex.tractability, 
solubility, rehydratability and tenderness. When the results are 
considered on an ''overall texture'' basis~ optimum rehydration and 
tenderness characteristics after cooking were obtained in meat which was 
frozen at a ~ ~ and dehydrated at a final 50°C temperature in the 
dehydration chamber. Higher temperatures immediately after the final 
stage of dehydration were found to have the most detrimental or toughening 
effect on the texture of meato On the other hand, no advantage existed 
when low (-10°C) or extra low (·30°C) chamber temperatures were usedo 
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