Food Structure

Volume 5 | Number 1 Article 3

1986

Fixing Conditions in the Freeze Substitution Technique for Light
Microscopy Observation of Frozen Beef Tissue

M. N. Martino

N. E. Zaritzky

Follow this and additional works at: https://digitalcommons.usu.edu/foodmicrostructure

Cf Part of the Life Sciences Commons

Recommended Citation

Martino, M. N. and Zaritzky, N. E. (1986) "Fixing Conditions in the Freeze Substitution Technique for Light
Microscopy Observation of Frozen Beef Tissue," Food Structure: Vol. 5: No. 1, Article 3.

Available at: https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss1/3

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It
has been accepted for inclusion in Food Structure by an /[x\

authorized administrator of DigitalCommons@USU. For N . .
more information, please contact élla' ,()A]_ UtahStateUniversity

digitalcommons@usu.edu. { MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/foodmicrostructure
https://digitalcommons.usu.edu/foodmicrostructure/vol5
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss1
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss1/3
https://digitalcommons.usu.edu/foodmicrostructure?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/foodmicrostructure/vol5/iss1/3?utm_source=digitalcommons.usu.edu%2Ffoodmicrostructure%2Fvol5%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

FOOD MICROSTRUCTURE, Vol. 5 (1986), pp. 19-24

0730-5419/8681.00+.

SEM, Inc., AMF O'Hare (Chicago), 1L 60666-0507 U.S.A

FIXING CONDITIONS IN THE FREEZE SUBSTITUTION TECHNIQUE FOR LIGHT

MICROSCOPY OBSERVATION OF FROZEN

M.N. Martino and N.E.

Zaritzky

BEEF TISSUE

Centro de Investigacién y Desarrollo en Criotecnologia

CIDCA -
de La

de Alimentos -
Universidad Nacional
Plata (1900) Bs. As.

Abstract

The freeze substitution histological tech-
nique allows the indirect 1ight microscopic obser-
vation and the quantitative evaluation of ice
crystal size in frozen tissues. The useof chemical
fixatives in substituting fluids improves morpholo-
gical and histochemical preservationof the tissue.
Fixation conditions become important since this
step can introduce modifications in crystal sizes.
Effects of temperature on: a) diffusion rate of
fixing solution in tissue, b) recrystallization
rate of ice in frozen beef and c) variations of the
frozen water fraction were analyzed, establishing
that isothermal freeze fixation constitutes an
appfopriate method for histological observation.
Fixing at temperatures lower than that of the
sample, in an attempt to reduce recrystallization
effects, involves an increase of the frozen water
fraction in the tissue leading to modifications in
size of ice crystals and to changes in the
histological structure.
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Introduction

Examination of frozen tissue by iightmicros-
copy shows differences in the cell structure with
regard to the location of ice crystals (intra- or
extra - cellular) and fiber disruption. This
examination can be performed in two ways: a) di-
rect observation of ice crystals formed in the
tissue (microscope equipped with cryo-stage) and
b) indirect observation which considers voids to
represent the spaces occupied by ice crystals in
the specimen (freeze - substitution and freeze -
drying techniques). Indirect observation is the
more common method of choice.

Freeze substitution is based on the dissolu-
tion of ice within the tissue at low temperature
in a fluid solvent containing chemical fixing
agents which contribute to the morphological and
histochemical preservation of the tissue. Fixing
agents act mainly by introducing new cross-
linkages between and within the molecules of the
tissue constituents, thus immobilizing its struc-
ture (Feder and Sidman, 1958).

Traditionally, freeze substitution for both
1ight and electron microscopy required that frozen
tissues be cooled to very low temperatures, down
to - 20°C(Fernandes-Mordn, 1960; Van Harreveld and
Crowell, 1964; Van Harreveld et al., 1965; Rebhun,
1972; Asquith and Reid, 1980). Richardson and
Scherubel (1908) first reported observations on
the use of ethanol as a substituting agent to
examine ice crystal formation in frozen tissues.
Van Hulle et al. (1965) compared direct obser-
vation with the fixing - staining procedure show-
ing that tissue voids represent the size and loca-
tion of ice crystals and that the freeze substi-
tution technique did not result in any gross
misrepresentations of the frozen structure. If
fixation temperature differs from that of the
sample, melting of ice or additional freezing
of water can occur during fixation step, thus
changing the ice crystal measurements (Kaess and
Weidemann, 1961; MacKenzie, 1972, 1975; MacKenzie
et al., 1975; Lampila et al., 1985).

Bevilacqua et al. (1979) and Bevilacqua and

Zaritzky (1980) used the isothermal freeze substi-
tution technique to analyze the effect of freezing
on the ice morphology of beef muscle.

Freezing is one of the more common methods
of food preservation. Storage temperatures lower
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than - 18°C are indicated to retard frozen food
deterioration during prolonged periods but involve
considerable energy costs (Jul, 1984). When only
short storage times are required the technique of
partial freezing (super-chillingor light freezing)
with storage temperatures close to - 5°C can be
used to reduce energy consumption (Aleman et al.,
1982).

Histological analysis of partially frozen
tissues can be performed using isothermal freeze
fixation technique. Since the diffusion rate of a
fixing solution is not instantaneous, one concur-
rent phenomenon such as recrystallization could
modify crystal sizes and shapes during fixation,
thus altering subsequent measurements (MacKenzie
et al,, 1975?.

Recrystallization (graingrowth) isdetermined
by the average grain size enlargement without
increasing the total crystalline mass. Driving
forces are essentially differences in surface en-
ergy of the grain boundaries, which allow the
growth of the larger crystals at the expense of
the smaller ones (Luyet, 1966; Love, 1966, 1968;
Fennema, 1973). Recrystallization rate in muscle
tissue increases with temperature and becomes
important at thermal Tevels above - 7°C (Sy and
Fennema, 1973; Voyle, 1974; Gerrits and Jansonius,
1975; Bevilacqua and Zaritzky, 1982).

The objective of the present study was to
establish adequate fixing conditions (time and
temperature) for application of the freeze substi-
tution technique in the measurement of ice crystal
sizes in frozen beef tissues especially at high
subzero temperatures. Analysis was based on the
evaluation of the following phenomena occurring
in the samples: variation of the frozen water
fraction with temperature, diffusionof the fixing
solution and ice recrystallization rate in tissue.

Materials and Methods

Freezing Procedure
" Beef samples (Semitendinosus muscle, 60 hours
post-mortem) were frozen in a heat exchanger where
methanol from a Lauda UK 50 D-W Cryostat was circu-
lated with a temperature control of + 0.1°C. The
freezing rate was regulated by modifying the
temperature of the refrigerant (- 20 to - 30°C)
and interposing acrylic slabs between the meat
and the heat exchanger. Heat flux from both sides
was unidirectional and parallel to the muscle
fibers. Lateral insulation was provided by the use
of expanded polystyrene 5 cm thick. The corre-
sponding thermal histories were monitored by
copper-constantan thermocouples which were insert-
ed in the border and center of the meat pieces.
Freezing rate was represented by the time neces-
sary for the central point of the sample to change
its temperature from - 1 to - 5°C (characteristic
freezing time, t ).
Determination of ‘the Fixative Diffusion Coefficient
The freeze substitution method was applied
using Carnoy fluid as the fixative (absolute ethyl
alcohol 60%, chloroform 30% and glacial acetic
acid 10%, v/v). Ethanol solutions of picric acid
(1%) and mercuric chloride (1%) were also assayed.
According to the results of Bello et a]. (1981)
picric acid denatures the proteins of the tissues

and coagulates them, but causes extreme shrinkage;
mercuric chloride distorts the tissue less than
picric acid does. The general appearance of the
tissue was improved using Carnoy fluid as in
previous works (Bevilacqua et al, 1979; Bevilacqua
and Zaritzky, 1980, 1982).

The diffusion coefficient of the Carnoy fluid
in frozen beef tissue was measured at different
temperatures in meat samples simulating unidirec-
tional mass transfer conditions, Beef samples of
3.5 x 3.5 x 1 cm3were frozen as described above
reaching final uniform temperatures of -4, - 10,
- 20 and - 26°C. Carnoy fluid with Methylene blue
(0.1% W/V), used as an indicator to facilitate
visualization of diffusion through the tissue,
was allowed to cool in storage chambers to the
same final temperatures. Specimens were trans-
ferred to a volume of fixative that was 100 times
the tissue volume and freeze fixation was allowed
to proceed isothermally. Depth of penetration
(&) of the fixative was measured photographically
under an S.R. Zeiss stereomicroscope equipped
with a Zeiss MC 63 Camera at 6 hour intervals.
Experiments at the assayed temperatures were
performed in triplicate.

Histological Method. Effect of Fixing Temperature

Beef samples 5 cm in diameter and 1 cm thick
were frozen as described above reaching a uniform
final temperature of -5°C (typical of a partially
or lightly frozen tissue). For histological analy-
sis (freeze substitution method) small pieces of
0.5 cm in diameter and 1 cm thick were cut from
the initial specimens in a cold chamber at - 5°C
to avoid thermal changes. These specimens were
fixed at two different temperatures (-5and - 15°C)
to analyze the effects of this step on ice crystal
morphology. Experiments were performed in quadru-
plicate.

Fixation times at each temperature (t) were
obtained from the results of the diffusion coef-
ficient experiments previously described. Once
this step was accomplished, samples were brought
to room temperature, dehydrated using a series of
gradually increasing concentrations of ethyl alco-
hol, cleared in benzene and embedded in paraffin
(56-58°C). The sectioning was done with a rotary
microtome (American Optical, model 820) using a
steel knife; section thickness ranged from 8-10 um.
Sections were mounted on glass slides and stained
With haematoxylin-eosin.

Ice Crystal Measurements

Micrographs of the frozen specimen sections
were obtained with a Leitz Ortholux II microscope
equipped with a Leitz Vario-Orthomat Camera . A
Zeiss Morphomat 30 semi-automatic image analyzer
working on the principle of coordinate measure-
ment by quantifying the propagation time of magnet-
ically induced waves (magnetostriction), was used
to obtain, using an adequate internal program,
the equivalent diameter of the holes left by the
crystals in the tissue and the total area occupied
by ice. The equivalent diameter (Dg) was defined
as the diameter of the circle which has the same
surface area as the measured figure.

Mean crystal diameters and standard devia-
tions were obtained from a frequency distribution
of more than one hundred crystals per field. Con-
fidence 1imits for the mean crystal diameter were
calculated using the Student "t" test (P > 0.05)
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Results and Discussion

£ffects of Fixing Temperature on Histological
Structure of Frozen Beef Tissue

HistoTogical transverse sections of bovine
semitendinosus muscle (60 hours post-mortem),
frozen at - 5°C with a characteristic freezing
time t_. = 20 min, and fixed at - 5 and - 15°C,
are illustrated in Fig. 1 a) and b) respectively.
The analysis of the micrographs in the image
analyzer equipment showed that samples fixed at
- 15°C have a significantly (P < 0.05) higher
proportion of ice and larger meancrystal diameter
than those at - 5°C. The experimental ratio of
areas occupied by ice at - 15°C with respect to
- 5°C was 1.20 and the corresponding mean equiv-
alent diameters were D, = 20.46 + 1.71 um at
- 15°C and D = 12.41 y 2.84 ym at - 5°C. These
results are ttributed to the effect of tempera-
ture on the frozen water fraction in the tissue.
According to Fig. 2, 85% of total water in beef
muscle is frozen at - 15°C and only 74% at - 5°C
(Riedel, 1957), leading to a theoretical ratio of
frozen water fraction at these temperatures of
1.18 close to the experimental value of 1.20
obtained from the micrographs.

It can be observed that fixingat temperatures

Fig. 1. Transverse section of beef (Semitendinosus
muscle) frozen at - 5°C. a) fixed at - 5°C, b)
fixed at - 15°C. Dark zones correspond to area
occupied by fibers (F).
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lower than that of the sample in an attempt to
reduce recrystallization effect at high subzero
temperatures,involved an increase of the frozen
water fraction of the tissue which led to a dif-
ferent histological structure,

Determination of the Diffusion Coefficient of
Fixative in Beef Tissue

To compare the useof low fixing temperatures
with isothermal freeze fixation at high subzero
temperatures, fixative diffusion coefficient and
influence of recrystallization during fixation
have to be evaluated.

A typical photograph indicating Carnoy fluid
penetration in frozen beef tissue is shown in
Fig. 3. The system can be mathematically consid-
ered as a semi-infinite media since during the

frozen water fraction

1 1 1 1
-20 =13 =% 0
Temperature (°C)

-30

Fig. 2. Equilibrium freezing point curve for beef
tissue. Initial water content of the tissue on
wet basis: 74%Z. From Riedel, (1957) and Maschero-
ni and Calvelo, (1978).

Fig. 3. Diffusion of the fixative in frozen tis-
sue. The light zone shows penetration depth (&)
of Carnoy fluid with methylene blue (& = 0.34
after one day of fixation at - 10°C). Arrow in
the border of the tissue indicates direction of
the diffusion flux.
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experiment fixing penetration depths were small
in comparison with sample thickness in the
direction of mass transfer. Values of fixing
solution penetration (&) as a function of time
were used to determine diffusion coefficients
(Crank, 1957) according to:

§=4VDt (1)

where: & : depth of fixative penetration (m); D:
diffusion coefficient of fixative (m¢/s), t :
time (s). Values of D were calculated at differ-
ent temperatures (Table 1). Activation energy
(Ea) for the diffusion process of fixing solution
was determined according to an Arrhenius type
dependence on temperature:

D= o, e ER/RT @)
where D is the pre-exponential factor. The acti-
vation Energy was estimated from the linear regres-
sion of 1n D versus 1/T (Fig. 4) obtaining
Ea = 57,560 + 2390 J/mole. Eqgs. (1) and (2) allowed
the calculation of total fixation times (t
expressed in hours at different temperaturgs:
2 -5
= 8 1;726 10 (3)
Do e Ea/
Values of tf £Tab1e 2) were obtained considering
6 = 0.25 x10-¢ m, which corresponded to the radius
of the samples used for the histological treat-
ment.
The determination of diffusion coeffi-
cients for the fixing solution in frozen beef
allowed estimation of total fixation times at

Table 1. Effects of temperature on the diffusion
coefficient of fixing solution (D).

T (°C) 0 x 10*1 (m¥/s)

-4 1.460 + 0.007°

- 10 0.834 + 0.006

- 20 0.454 + 0.124

- 26 0.125 + 0.006

a = 95% confidence Timits of mean values
calculated from three replicates.

Table 2. Effects of recrystallization on mean
crystal diameters during fixation.

Changes of ice crystal diameter due

1 tf to recrystallization A (um)
(°c) (hrs) ~ Do = 30.08 Do = 50.0
+2.6b ym +3.2 um
- 5 8 0.79 0.48
-10 12 0.84 0.51
-15 21 0.97 0.59
-20 35 1.08 0.66

T: fixing temperature; tg: total fixation time
(correspond to specimen radius = 0.25 cm);

4 =D - Do with Dy: initial mean crystal diame-
ter and D: mean crystal diameter at total fixa-
tion time; a: mean values from four replicates;
b: 95% confidence interval for Dy value.
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25K

_26._

In D(Fixative diffusion coefficient)

1 1
4.0

1
3.7 3.8 3.9
(Temperature) -1~ 103
(ok~1)
Fig. 4. Determination of the activation energy
for the diffusion of the fixing agent in frozen

beef tissue. Correlation coefficient r = 0.97.
Each point is the mean of three replicates.

different temperatures, accelerating the operation
of the freeze substitution technique.
Recrystallization Effects during Fixation

Recrystallization could modify the crys-
talline structure during the diffusion of the
fixative particularly at temperatures near -1.1°C
(initial freezing point of beef tissue). To esti-
mate this effect, increments in mean ice crystal
diameters during fixation time were calculated
according to the ice recrystallization kinetics
in frozen beef proposed by Bevilacqua and
Zaritzky (1982):

dD/dt = K/D (4)
that gives the following:

Pt gk (5)
where:D : mean ic® crystal diameter at fixation
time t; Dy : initial mean ice crystal diameter;
K : recrystallization kinetic constant, with:

K = k' e ER/RT (6)
where : -5 7

K' (preexponential factor)= 1.67 x 107° m“/s;

Eag(activation energy of recrystallization
phenomenon)=4.35 x 10% J/mole.

The difference (4) between the average ice
crystal diameter at the total fixation time and
the initial diameter (A = D - Dy) should indicate
the enlargement of ice crystals due to recrystal-
lization during fixation.

Effects of initial crystal diameters and
fixing temperature on A were estimated using Eq.
(5) with t = tf (total fixation time). Two
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typical average values of initial extracellular
ice crystal with their confidence limits were
considered (Table 2). As can be observed large
initial crystal diameters led to smaller changes
in A because the driving force for recrystal-
lization increased with the average curvature
of the surface (reciprocal of the mean crystal
diameter, Eq. 4). Changes in the size of ice
crystals during fixation at different tempera-
tures were not statistically significant
(P > 0.05) because increments in size due to
recrystallization laid in the 95% confidence
interval for the corresponding D, value (Table 2).
Results confirmed that 1sot%erma1 freeze
fixation was an appropriate method for analyzing
the histological structure and ice crystal pat-
tern in frozen tissues. It was demonstrated that
changes in crystal size caused by recrystal-
lization were not statistically significant
(P > 0.05) even when sample temperature was as
high as - 5°C since the simultaneous increase
of the fixative diffusion rate reduced total
fixation times. When the temperature of the sam-
ple is lower than - 15°C isothermal freeze fixa-
tion is also recommended. In this case, howev-
er, effects of recrystallization and percentage
conversion of water to ice during the fixing
step were notably reduced and an eventual fluc-
tuation of the fixing temperature would not
introduce any significant change in ice crystal
sizes.

Conclusions.

Determination of temperature effect on fixa-
tive diffusion coefficients allowed estimation of
total fixing times thus accelerating the opera-
tion of the freeze substitution technique. Iso-
thermal freeze fixation was an appropriate method
for analyzing ice crystal patterns in frozen beef
tissue even at high subzero temperatures (lightly
frozen tissues). Fixing at temperatures lower
than that of the sample in an attempt to reduce
recrystallization effects (grain growth) involved
an additional freezing of water in the tissue
that changed ice crystal measurements.Experiments
showed that recrystallization effects during iso-
thermal freeze fixation produced non-significant
(P > 0.05) changes in ice crystal diameters even
when sample temperature was close to - 5°C be-
cause fixation times were notably reduced.
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Discussion with Reviewers

M. Brown: Why do you consider the evaluation of
recrystallization effects important?

Authors: Reported data showed that recrystal-
Tization rates in frozen beef tissues are rele-
vant at high subfreezing temperatures. Since
fixative diffusion in freeze-fixation proceeds
with a finite velocity, recrystallization phenom-
enon during fixation time can increase ice crys-
tals modifying the initial pattern. Therefore,
one of the objectives of this study was to evalu-
ate this change. However, finally we demonstrated
that recrystallization effect was negligible
because diffusion rate of the fixative increases
at high subfreezing temperatures reducing fixing
time and the possibility of recrystallization
during this stage of the histological analysis.

S. Cohen: How do the authors define lightly
frozen tissue?

Authors: Lightly frozen or partially frozen beef
tissue is that submitted to temperatures between
- 5 to - 1.1°C (high subfreezing temperatures),
having therefore a low proportion of water
converted to ice. This kind of tissue becomes
important since partial freezing improves the
quality of the products with respect to the
refrigeration process.
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