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The Question of High- or Low-Temperature Glass Transition in
Frozen Fish. Construction of the Supplemented State Diagram
for Tuna Muscle by Differential Scanning Calorimetry
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Food Chemistry, Department of Dairy and Food Science, Royal Veterinary and Agricultural
University, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark

The thermal behavior of fresh tuna muscle, rehydrated freeze-dried tuna muscle, and tuna
sarcoplasmic protein fraction was studied by three types of differential scanning calorimetry (DSC):
conventional DSC, alternating DSC, and sensitive micro-DSC. The relationship between glass
transition temperature, Tg, and water content was established. Only a low-temperature glass transition
was detected for fresh tuna and freeze-dried tuna rehydrated to high water contents, whereas for
sarcoplasmic protein fraction both a low-temperature and an apparent high-temperature glass transition
were detected for samples of high water content. Construction of the supplemented state diagrams
for whole tuna muscle and for tuna sarcoplasmic protein fraction confirmed the low-temperature
transition to be glass transition of the maximally freeze-dehydrated phase. The apparent upper
transition of sarcoplasmic protein fraction was shown not to be a glass transition but rather to originate
from the onset of melting of ice, and the temperature of this event should be denoted T,,'. The glass
transition temperature and the concentration of the maximally freeze dehydrated tuna muscle are
—74 °C and 79% (w/w), respectively.

KEYWORDS: Glass transition; differential scanning calorimetry; state diagram; glass relaxation; ice
melting; frozen fish

INTRODUCTION Historically, the thermal events observed in differential

The hypothesis that food stability is dramatically influenced scanning calor |metry thermpgrams associated Wgtfand T
have been misinterpreted in terms of lower and upper glass

by significant changes in mechanical properties associated with - . -
glass transitions has been the subject of numerous investigationst.ranSltlons (13). Whereas the issue of double glass transitions

Several studies have dealt with the consequences of the physicall@S Peen clarified for simple systems of carbohydrate solutions
state of dried glassy systems for deteriorative chemical reactions(14: 15), the existence of either a high, a low, or both types of
in food systems¥—6). In systems with a high water content, Ty in fish muscle is still a matter of controversy and a subject
the glass transition temperature is situated below the equilibrium Of investigation {6—20). Precise knowledge of the glass
ice freezing temperatur&,,, and for these systems the interplay transition properties of freeze-dehydrated dry matter of fish is
between ice and glass formation can be characterized bymandatory if the hypotheses of the effect of glass transition on
supplemented state diagran®,(which describe the different  storage stability is to be tested by studying how the stability of
phases and the changes in physical state at various temperaturefish depends on the temperature during frozen storage.

and water contents. _In_ relation to frozen storage, two temper- , this paper, we describe the construction of supplemented
atures are characteristic for such systems: The glass transition

) state diagrams for tuna muscle and tuna sarcoplasmic protein
temperature of the maximally freeze-dehydrated dry matter (for fraction as a method for studying the glass transition properties
solutions often called maximally freeze concentratég),and ying 9 prop

the lower temperature boundary for equilibrium ice formation, ©f tuna muscle and for discussing the question of muitiple glass
T’ (7). Regarding frozen storage, it is commonly accepted that trar_13|t|ons in fish muscle in general. Tuna muscle sarr_1p|es of
T, is the relevant glass transition temperature for increased Various water contents was prepared by freeze-drying and
storage stability§—12), since commercial freezing of food often rehydration to preset water activities, and the thermal behavior
is a relatively slow process, which allows for nearly maximum of the samples was studied by differential scanning calorimetry.
ice formation. In this way, the consistency between glass transition tempera-
tures in samples without ice formation and samples with ice
*To whom correspondence should be addressed (telephd8e3528 formation was studied, and possifig'-related phenomena can
3224; fax+45 3528 3344; e-mail jri@kvl.dk). be distinguished from real glass transitions. The results presented
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Table 1. Calorimetry Protocol? (10—-20 mg) were weighed, hermetically sealed in;A0aluminum
DSC crucibles, and scanned over an appropriate temperature range with
temperature® B (°Cl Ar p the heating scan rat¢ (linear up-scan), using an empty crucible as
(symbol)© calorimetry  min) anneal? (°C)  (min) reference.
Tyo (), Toe (O)  DSC 10 _ _ _ _ Alternating DSCFor the AI:_)SC technique, the same heat qux_DS_C
Too (%), Tge' (+),  DSC 10 —40°C, 420 mine - - instrument used for conventional DSC was used, but an oscillating
o' (V) -50 °C, 45 minf heating profile was applied, combined with a conventional linear up-
=50 °C, 180 ming scan (22—24). The heating profile is characterized by the heating rate
Tgo (@), Tge (®)  ADSC 1 - 1 1 (B) of the underlying temperature ramp and the pergdiad amplitude
Tgo(d), Tge (©)  MicroDSC - - - (A7) of the oscillating temperature modulation.
Sensitive MicroDSCimproved sensitivity and thus easier detection
2 All samples were loaded onto the DSC instruments at 25 °C and then cooled of glass transition in dry tuna muscle was achieved by MicroDSC
to an appropriate temperature, followed by a heating segment as tabulated. ® Tg, experiments using a Micro DSC IlI calorimeter, SETARAM (Caluire,
onset temperature; Tge, endset temperature. © The symbols refer to Figures 4 France), with water as external cooling medium. Calibration of heat
and 6. 9 Annealing procedure: after the cooling segment, the sample was heated flow and temperature was performed with naphthaldhe= 80.3°C,
to the annealing temperature and held for the given time. © Tuna muscle samples. AHus = 145.5 J/g). An aliquot 0~120 mg of sample was transferred
50% and 66.7% sarcoplasmic protein fraction. 9 20% sarcoplasmic protein fraction. to an inert metal vessel and hermetically closed. Samples were scanned

over an appropriate temperature range with an empty vessel as reference.
Annealing Optimization. Optimization of the annealing procedure

in this paper furthermore contribute to the scarce literature on for samples with high water content was performed using the

state diagrams of real food systen24). con_ventional DSC te_chnique and involved self-consistently _applying
an isothermal annealing at a temperature between the restjtiagd

Tm'. Annealing in this temperature interval promotes maximal ice
formation and is recommended in the literatu2&); Optimization of

Fish Samples.Tuna muscle was obtained from a local retailer and the annealing procedure involved the following steps:
used fresh or stored at18 °C until use. The water content of the tuna (i) An initial linear up-scan was performed without annealing for
samples was adjusted by the following procedure. Tuna muscle wasdetermination of the preliminar§y and T’ values.
freeze-dried for 24 h in an Edwards laboratory freeze-dryer at 0.1 mbar  (ii) New Ty values were determined by two or three scans after a
with the condenser operating-ab0 °C. The freeze-dried tuna samples 30 min annealing period at various temperatures above the preliminary
were subsequently stored in an evacuated desiccator gdg(relative T4 and preferably close to the preliminafy,.
humidity 0.0%) for further dehydration. The dried tuna samples were  jii The next annealing temperature was selected above the highest
transferred to desiccators and stored at room temperature until equi-1; determined in the previous scans, and still not excee@ingNew
librium over saturated salt solutions of LiCl, Mg&BH,0, KoCOs, Mg- scans were performed after a longer annealing period of 60 or 120
(NO3)2*6H,0, NaBr, SrC}-6H,0, NaCl, KBr, KCI, BaC}-2H,0, or min.
K.SQu. The water content of the rehydrated freeze-dried sample, the
dry sample (stored over;®s), and the fresh tuna muscle was
determined by incubating samples of 0-@.02 g in 5 mL of dry
methanol (<0.005% water) for 24 h and subsequently determining the
water content of 1 mL of the methanol suspension by Karl-Fischer
titration (Mettler DL18, Schwerzenbach, Switzerland). Freeze-dried
sample rehydrated to the water content of fresh tuna was prepared by
adding the appropriate amount of water to dry tuna. RESULTS

Sarcoplasmic Protein Fracthn. The procedure of Brake and . Tuna. Thermograms of fresh tuna muscle obtained by
Fennema (20) was used for isolating water-soluble sarcoplasmic

proteins. The isolated sarcoplasmic protein fraction, which may have conventional DSC protqgol revealedl two Char,aCte”St'C thermal
a content of low-molecular-weight salts and sugars, was freeze-dried VeNts: the glass transition and the ice meltifiggre 1). The

and then rehydrated to different water contents with water to give a thermogram of non-annealed tuna showed a broad glass
content of either 20% dry matter (w/w) or 50% dry matter (w/w), or ~transition temperature range beginningTgt = —80 °C and
rehumidified at room temperature to preset water activities over ending atTqe= —62 °C (Figure 1A). At higher temperatures,

MATERIALS AND METHODS

(iv) The isothermal annealing period was increased until no change
in the observed glass transition occurred, and the observed glass
transition temperature was then interpretedgs

Nonlinear fittingwas performed by a Levenberylarquardt scheme
using Microcal Origin software, version 6.

saturated solutions of LiCl, Mg&bH,O, Mg(NQs),6H0, or NaCl. an endotherm associated with melting of ice was observed
The water content of the rehydrated samples was determined by Kaf'-(Figure 1B,C). As shown by tangent construction Figure
Fischer titration as described above. 1B, the melting of ice started &, = —29 °C. The onset of

Differential Scanning Calorimetry. The thermal behavior of the o0 alting gives rise to a feature in the thermogram that is
samples was studied by three types of differential scanning calorime-

) ; ; ) i i .~ similar to a baseline shift immediately followed by a melting
try: conventional differential scanning calorimetry (DSC), alternating endotherm. Due to the relatively larae amount of heat involved
DSC (ADSC), and sensitive micro-DSC (MicroDSC). The specific . . ly larg . ; '
protocols varied with the sample type and method of calorimetry. Details {09€ther with a finite scanning rate and finite calorimeter
of the calorimetric protocols are given Table 1. In general, glass ~ 'esponse time2p), the ice melting ended at an appar@t
transition was associated with the endothermic baseline shift. The onsetabove 0°C (Figure 1C). The optimized annealing procedure
and the endset temperatures of the transitions were determined as thécf. Materials and Methods) for fresh and rehydrated tuna was
intersection points of the tangents to the heat flow curve step and to found to be 420 min at-40 °C. For fresh tuna, the annealing
the pre- and post-step baselines using the DSC software packageprocedure resulted in a glass transition at a higher temperature
supc):plled v;/.lth t?e Dlrésct:ruTrEentS- ional DSC et with an onset temperature @, = —74 °C and an endset

onzentiona .The conventional experiments were  tonoaratire atT.! = —56 °C (Figure 1A). Additional
performed with a DSC 820, Mettler Toledo (Schwerzenbach, Switzer- expgriments usigg annealing a{5(0 goc for 4)20 min gave

land), which is based on the heat flux principle and cooled with liquid ivalent al ¢ ition t t E . t th d
nitrogen. The heat flow and temperature were calibrated with indium equivalent glass transition temperatures. Experiments on thawe

(Tm = 156.6°C, AHys = 28.5 J/g) and zincT, = 419.5°C, AHgs = samples stored in a freezer and freeze-dried samples rehydrated
107.5 J/g) as standards. The low-temperature calibration was checked© the water content of fresh tuna showed that the glass transition
with decane Tn = —29.66 °C) and cyclohexaneTf, = 6.47 °C). properties were left unchanged by the freezing and freeze-drying

Samples of tuna muscle (320 mg) and sarcoplasmic protein fraction — processes. Also, when using the same annealing procedure, DSC
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Table 2. Water Contents of Fresh and Rehydrated Freeze-Dried Tuna
® Samples and Glass Transition Temperature Obtained by Various
Calorimetric Methods
water content, Tgo Tge
a? % (wiw) (°C) (°C) calorimetry®
0.00 1.86 51 62 MicroDSC
71 110 ADSC
0.11 3.49 40 54 MicroDSC
53 69 ADSC
0.33 6.21 2 45 ADSC
- (8) 0.43 6.76 -10 41 ADSC
z 0.527 9.38 -19 -5 DSC
Y -20 30 ADSC
§ 0.577 10.35 =31 -10 DSC
3 0.712 14.64 -55 =27 DSC
0.76 16.32 -60 —40 DSC
0.81 21.42 -72 52 DSC
. L L 0.842 225 -82 =59 DSC
25 20 15 =74 (Tgo) -52 (Tge')  DSC, anneal
0.903 28.22 -93 —62 DSC
or © =74 (Tq0') -53(Tye')  DSC, anneal
— - 0.975 4735 (-90)¢ (-61)° DSC
40} =76 (Tgo') —-60 (Tge')  DSC, anneal
(with water) 70.4 =74 (Tgo') -55(Tge')  DSC, anneal
ol (fresh) 704 (-80)° (-61)° DSC
=74 (Tgo") -55(Tge')  DSC, anneal
water 100 -137 -125 from (29)
-120
20 o P 10 2 a Water activity at 25 °C (33, 34). " Refers to Table 1. ¢ Not compiled into
TrC Figure 4.
Figure 1. Thermograms of fresh tuna muscle obtained by DSC
experiments, as described in Table 1. (A) The low-temperature part of 0-
the thermograms of annealed and non-annealed samples. The heat flow
curve of non-annealed tuna (—) shows a glass transition range from —80
to —62 °C, denoted Ty, and Ty, respectively. For the annealed sample -
(= -), the glass transition range is from —74 to =56 °C. (B) The medium- =
temperature part of an annealed sample. The onset of ice melting at Ty’ z
= =29 °C is indicated by tangents to the heat flow curve. (C) The high- 2
temperature part of the thermogram for a sample. The melting endotherm §
ends at a temperature above 0 °C. T
. -400
scans of the freeze-dried tuna rehydrated to lower water contents
of 22.5—47.4% (w/w): almost identical glass transition ranges
(cf. Table 2) and onset of ice melting temperatures were ob-
— . T 1T T 1

served. Also for these rehydrated tuna samples with lower water 40 20 0 20 40 60 80 100 120
content, the glass transition temperatures of non-annealed TI°C]
samples were considerably lower, as can be seérabie 2. ] )
The ice melting endotherm was systematically smaller for Figure 2. MicroDSC thermogram of a rehydrated freeze-dried tuna sample
samples of lower water content. with water content of 3.49% (w/w). A glass transition range with Ty, =
Thermograms obtained by DSC of freeze-dried samples 40 °C and Ty = 54 °Cis qbser\_/t_ad. Superimposed on the glass transition,
rehydrated to lower water contents (92i1.42%) did not display @ 9lass relaxation can be identified.
an ice melting endotherm and further revealed that the glassexperiment, thus presumably giving rise to the observed
transitions occurred at higher temperature ranges with decreasingelaxation phenomenon, which is caused by relaxation of the
water contents. The results from the conventional calorimetry glass to a state of lower enthalpy during aging of the glass (26).
experiments with fresh and rehydrated tuna are summarized in  With ADSC, it was possible to separate the detected heat
Table 2. flow into two components: the heat capacity-related (reversing)
Glass transitions could not be identified by the conventional heat flow, and the kinetic (non-reversing) heat flow contributions
linear scan protocol (DSC) for freeze-dried samples that had (22, 23). The non-reversing heat flow is caused by processes
been rehydrated to water contents lower than about 9% (w/w), which are not reversible within the time scale of one period of
and the more sensitive MicroDSC and ADSC techniques were the sinusoidal modulation, or by truly irreversible processes such
therefore employed-igure 2 shows results from a MicroDSC  as oxidative degradation of the sample or crystallization of
experiment on a rehydrated sample with water content of 3.49% amorphous material (22—24). Processes which are thermody-
(w/w). In the thermogram oFigure 2, a glass transition range  namically reversible within a modulation period cause events
from Tgo = 40 °C to Tge = 54 °C, accompanied by a glass observed in the reversing heat flow such as glass transitions
relaxation, can be identified. As the glass temperature was above(22—24). The resulting three different heat flow curves for a
room temperature, these dry samples had, in contrast to the moreehydrated freeze-dried tuna sample with water content of 6.21%
wet samples, been stored in a glassy state during the full (w/w) are shown irFigure 3. Inspection of the total heat flow
rehydration period and during handling before the calorimetric curve did not reveal a glass transition, since no baseline shift
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Figure 3. ADSC thermogram of a rehydrated freeze-dried sample with a
water content of 6.21% (w/w). The total heat flow curve (- -) is separated
into two components: the non-reversing heat flow (- - <) and the reversing
heat flow (—). In the reversing heat flow curve, a glass transition with
Tgo = —10 °C and Ty = 41 °C can be identified. Inset: The alternating
heat flow envelope ADSC from which the total reversing and non-reversing
heat flow curves are generated.
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Figure 4. Supplemented state diagram for the system of tuna solids and
water, as constructed from calorimetric experiments on fresh and
rehydrated freeze-dried tuna. Symbols refer to the calorimetric schemes
summarized in Table 1 and calorimetric results summarized in Table 2.
The Tq lines interpolate the DSC and ADSC data and are drawn using
the Gordon—Taylor equation, as described in the text. The Ty, line is only
drawn for completeness of the diagram and is not based on actual
experiments.
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Table 3. Water Contents and Glass Transition Temperatures for
Sarcoplasmic Protein Fraction

water content, Tgo Tge
a,? % (wiw) (°C) (°C) calorimetry®
0.00 0 62 76 DSC
0.11 4.38 27 42 DSC
0.33 9.36 -6 7 DSC
0.527 16.2 -38 -28 DSC
0.76 33.28 -82 =72 DSC
—69 (Tgo') =59 (Tge') DSC, anneal
(with water) 50 -67(Tgo)  —57(Tge)  DSC, anneal
(with water) 20 —67 (Tgo')  —58(Tye')  DSC, anneal

a Water activity at 25 °C (33, 34). ? Refers to Table 1.

range observed with ADSC in general is much broader(40
50 °C) than the one observed with DSC (about 20).
Therefore, most emphasis should be given to the glass transition
onset temperatures of the state diagr&igure 4.

For rehydrated samples of 1.86% and 3.49%, it was possible
to compare the MicroDSC and the DSC methods. Fii@hle
2 it can be seen that thg;, values of MicroDSC are 13—20
°C lower than the ones observed with ADSC, and it is therefore
concluded that the two methods are not fully consistent. As
ADSC is compatible with DSC, we chose to use the MicroDSC
results in a more qualitative way. Due to the narrow and well-
defined transition region, the MicroDSC results serve merely
as supplementary proof of a glassy state in tuna systems of low
water content.

The annealing protocol used in this study ensures that the
observed glass temperatures of fresh tuna are independent of
the annealing time when the annealing time is longer than 420
min and independent of annealing temperature for annealing
temperatures between the observed glass transitions temperature
and the onset of ice melting. The facts indicate that the annealing
procedure used in this study produces a maximally freeze-
dehydrated state in fresh tuna and that the observed glass
transition temperatures should be interpreted gwvalues.

The fact that fresh tuna and samples rehydrated to the same
water content gives the same glass transition temperatures
justifies that the glass transition properties of tuna of low water
content can be studied using freeze-dried samples. The glass
transition temperatures of annealed rehydrated samples and
annealed fresh tuna forms, together a concentration-independent
T4 zone, as can be seenTiable 2, and as indicated iRigure
4 with horizontal lines. The finding of a concentration-
independenty zone strongly supports the interpretation of a
maximally freeze-dehydrated state in frozen fresh tuna and
rehydrated tuna with th&; ; value of the tuna solids and water

was detected. However, when the non-reversing heat flow wassystem of about-74 °C.
discarded and the reversing heat flow curve was inspected, a The intersection of the horizontdly' line and theTy line

rather broad glass transition range wii§, = —10°C andTge

= 41 °C was observed.

provides the concentration of the maximally freeze-concentrated
glass,Cy', which in the case of tuna muscle is 79% (w/w), as

The results of all the calorimetric experiments on fresh and determined fromFigure 4. The glass transition temperature

rehydrated whole tuna muscle are summarizedahle 2 and

presented irFigure 4 as a supplemented state diagrdrable

ranges observed by the various calorimetric schemes in non-
annealed samples, together with the glass transition temperature

2 facilitates a comparison of glass transition temperatures of water (28,29), form a continuouSg zone, as can be seen in
obtained by the various calorimetric methods in order to deduce Figure 4. The boundaries of this zone are interpolated by fitting
the mutual consistency of the methods. The glass transitionthe Gordon—Taylor equation (35) to the DSC and ADSC onset
temperature of tuna samples rehydrated to a water content ofand completion temperatures using the glass transition of
9.38% (w/w) is reported both from DSC and ADSC experi- completely dry tuna solids and the weighting factaras free
ments. It is seen that the two methods give equivalgptalues parameters. The results of the two fitting procedures are
of —19 and—20 °C, and it is therefore concluded that the two summarized iTable 4. TheTy, line of the state diagram, shown
methods are mutually consistent with respect to onset temper-in Figure 4, is drawn only for completeness of the diagram
atures. This is not the case for tige values, as the transition  and is not based on actual experiments.
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Figure 5. Conventional linear up-scan (DSC) thermograms of 20% (w/w)
solutions of sarcoplasmic proteins obtained with (- =) and without (—)
annealing. The scanning and annealing protocol is summarized in Table
1. The glass transition range of the non-annealed sample is =72 to —61
°C, and that for the annealed sample is —67 to =58 °C.

Table 4. Gordon-Taylor Parameters Obtained by Nonlinear Fitting to
Calorimetric Data

Tgo Tgc k
(°C) (°C) onset completion
tuna muscle 124+8 154 +14 124+£0.8 105+1.2
sarcoplasmic protein - - 5.1+0.09 53+0.2
fraction

Sarcoplasmic ProteinsWater-soluble sarcoplasmic proteins
were isolated from tuna muscle in order to further investigate
the potential glass forming fractions of the tuna dry matter. A
limited number of conventional calorimetric experiments were

performed with samples of sarcoplasmic proteins that had been

freeze-dried and rehydrated to different water contd¥itgpure

5 shows thermograms of annealed and non-annealed 20% w/w

solutions of the sarcoplasmic protein fraction. The scanning and
annealing protocols are summarized Table 1. The non-
annealed sample showed a glass transition range Tigy
—72°C to Tge = —61 °C, whereas annealing raised the glass
transition range fronTy, = —67 °C to Tye = —58 °C. At

higher temperatures, a large endothermic baseline shift was

observed for both kinds of samples; the origin of this “upper”

transition will be discussed below. Similar glass transition ranges
were observed for DSC scans of sarcoplasmic protein rehydrate
to 50% and 66.7% (w/w) when the same annealing protocol
was applied, although shorter annealing periods were neede

in order to obtain a consistent glass transition temperature. ¢
Similar to the case for tuna muscle, the glass transition ranges

occurred at higher temperatures with samples with lower water
contents. The results of the calorimetric experiments on sample
with various water contents are summarizedTible 3 and
presented ifFigure 6 as a supplemented state diagram for the
system of pseudobinary mixtures of tuna sarcoplasmic proteins
and water. Thdy lines were interpolated by fitting the weighting
factor, k, of the Gordon-Taylor equation to the onset as well
as completion temperatures obtained by calorimetryTahle

4). From Figure 6 it is seen that the maximally freeze-
concentrated state is characterized blj,@ of —67 °C and a
water content of about 25% (w/w).

DISCUSSION

It has been hypothesized that the glass transition of the
maximally freeze-concentrated phaseyTshould act as a

d

S
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Figure 6. Supplemented state diagram of the pseudobinary system of
sarcoplasmic protein fraction and water, as constructed from DSC
experiments. Symbols refer to the calorimetric schemes summarized in
Table 1 and calorimetric results summarized in Table 3. The Ty lines are
interpolated using the Gordon—Taylor equation as described in the text.
The Ty, line is only drawn for completeness of the diagram and is not
based on actual experiments.

temperature threshold for the stability of frozen foods. Notable
in this context, no general annealing optimization protocol for
determining Ty has been reported before. In the present
calorimetric study, we have employed a general “self-consistent”
annealing procedure, which involves multiple DSC trial scans
in order to determine a proper annealing temperature between
Ty andTy'. The procedure furthermore involves determination
of the annealing times that are adequate for obtaining consistent
glass transition temperatures.

Using optimized annealing procedures, low-temperature glass
transitions of fresh/rehydrated tuna muscle and the sarcoplasmic
protein fraction were detected @, = —74 °C and Ty, =
—67 °C, respectively. These glass transition temperatures were
independent of the water content for annealed samples, and thus
we interpret this transition to be the glass transition of the
maximally freeze-dehydrated phase.

The finding of a low-temperature glass transition of tuna
muscle is in agreement with the low glass transitions reported
for tuna, Ty = —71 °C (16), and codTyg = —77 °C (17, 18).

The fact that the glass transition temperatures for both the
sarcoplasmic protein system and the tuna system at various water
ontents could be mapped into state diagraRigures 4 and

) with the same structure as state diagrams of well-known glass-
ormers such as various sugagy/(30) strongly strengthens

the interpretation of the low transition to be a true glass
transition, with components present in the sarcoplasmic protein

fraction as the main glass-former of the tuna.

An apparent “high” glass transition arourd®0 °C has been
suggested for cod1@, 20) and mackerel and sarcoplasmic
proteins of mackerePQ), as an endothermic baseline shift was
seen in this temperature range. In this study, an endothermic
baseline shift has been detected aroub °C (Figure 5) for
samples of sarcoplasmic proteins with a water content high
enough to make ice formation possible. However, these apparent
second-order transitions were not observed in samples of lower
water content, and therefore it is more likely that these features
of the thermograms are associated with the presence of ice in
the system. From the point of view of the state diagram, there
is no W-dependenty line associated with thé/-independent
apparently line, whereW is the concentration of dry matter.
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Consequently, this apparent glass transition cannot be mappedxplain multiple Ty values observed in these systemiS)(
into a state diagram of the well-known type. We take this as an However, the knowledge gained from model systefd) the
indication that this “upper” transition of the sarcoplasmic protein present results from experiments on sarcoplasmic proteins and
fraction is not a glass transition in the common sense. The onsettuna stress the importance of not “confusing, phenomena
of ice melting atTy' in annealed samples of fresh tuna gave with actual glass transitions, as the onset of ice melting could
rise to a transition with some similarity to an apparent “upper” be localized at specific temperatures and could give rise to an
glass transition. This may be related to the apparent findings of apparent endothermic baseline shift which easily can be
upper glass transitions in fish (120). These studies reported misinterpreted in terms of a true glass transition.
that an annealing temperature close to the apparent glass A few comments are appropriate concerning the use of
transition temperature was mandatory in order to observe thesupplemented state diagrams as a description of complex
apparent “upper” glass transition at all or to observe the materials, such as muscle food and multicomponent mixtures.
transition in a reproducible manner. As the tuna samples, in A temperature/composition phase diagramidimensional for
this study, were annealed at relatively low temperature, the anN-component mixture. From such a diagram, the composition
finding of a less clear apparent “upper” glass transition is and amount of any of thél + 1 possible phases can be read
therefore not surprising in the light of the observation previously out. An example of constructing a map of the temperature
reported in the literature (120). The annealing procedure is  dependence of a multicomponent system is the state diagram
usually taken to be related to ice formation on proper freeze of the sucrose/glycine/water ternary syst&dh)( For more than
concentration of the solids (14,5, 27), and the annealing  two components, such a diagram does not fit into the plane of
temperature is recommended to be higher than the glassthe paper, and traditionally in the study of glass formation,
transition temperature in order to ensure sufficient mobility of examples have been seen of projection of a three-dimensional
water but still low enough to ensure a driving force for further diagram for a fructose/glucose/water system onto a two-
freeze concentration. A temperature in the interval of maximal dimensional plane, which effectively describes the system as a
ice formation is usually recommended to be optimal for two-component mixture of water and soli@®2). In this process
annealing 27). The apparent upper glass transition temperature of projection, information on the higher dimensional space is
of fish was reported to be higher than the annealing temperaturelost; as a result, the solubility limit of solids is not well defined,
(20), and when the annealing temperature was changed in oneas the two sugars are not equal, and information of the
direction, the apparent “upper” glass transition relocated in the concentration of each of the sugars of a saturated solution cannot
same direction. This behavior is somehow different from the be determined from such a diagram. Concerning non-equilibrium
behavior seen for the well-studied glass-forming carbohydrate freezing and glass formation, the situation is simpler, adghe
systems (1427) and indicates that water is not immobilized in  line and theTy line usually are interpreted as describing the
the apparent formed glass, as annealing at temperatures correcoexistence of only two phases, pure water in the form of ice
sponding to the apparent glassy state seemed to increase freezgnd a homogeneous concentrated solution; i.e., the molar ratio
concentration. In the present study, only one glass transition of the sugars in the solution is conserved, and no information
was observed for the tuna samples of lower water contents, ands lost.
this transition was related to the “lowly, as indicated in the Concerning the more complex system, tuna muscle, the
state diagramfrigure 4. On the basis of the same arguments as sjtyation is different. Such biological materials are highly
used for sarcoplasmic proteins, we therefore suggest that thestyctured and heterogeneous, containing various cells, organels,
upper transition found for annealed fresh tuna is not related to 54nq domains. For such materials, fgline andT, line contain
glass formation. information about the average water content of the dehydrated
Apparent double values dfy have been encountered before materials coexisting with the ice formed in the system. Some
in the low-temperature calorimetric studies of simple solutions parts of the freeze-concentrated solids may have higher water
of sugars and other carbohydratd8 @nd references therein).  content and some parts lower water content. At a sufficiently
The lowest glass transition was interpreted to be the glasslow temperature, the combined effect of temperature and
transition of incompletely freeze-concentrated domains of dehydration transforms parts of the solids into a glassy state.
solution, whereas the upper transition was interpreted to be theAccording to the state diagrarfigure 4, the average water
glass transition of the maximally freeze-concentrated solution. content of the maximally dehydrated material is around 79%
This interpretation was inconsistent with the system of glycerol/ (w/w), with the possibility that the actual glassy parts have
water mixtures, where the two apparent transitions took place different and presumably lower water content.
at widely separated temperatures, with the upper transition ata |n conclusion, the relationships between the glass transition
temperature higher than that of the glass transition of pure temperature and water content of fresh tuna muscle and
glycerol (14). The generally accepted interpretation is now that rehydrated tuna muscle (rehydrated to various water contents)
the lower transition is the glass transition of the freeze- \yere systematically investigated by three different differential
concentrated solutiolf{’) (14) and the upper apparent transition - scanning calorimetric techniques. To investigate the glass-
is due to the heat flow induced by the onset of ice melting at a forming part of tuna, the sarcoplasmic protein fraction was
temperature high enough to allow sufficient mobility. This jsolated from tuna muscle, and the dependence of the glass
temperature is now often denotégl (27). We have established  transition temperature on water content was observed with
through various DSC experiments that the upper transitions of conventional DSC. The DSC results for both the tuna muscle
sarcoplasmic protein fraction and tuna are not actual g'aSSand sarcoplasmic protein fraction were mapped into supple-
transitions but rather events associated with the onset of icemented state diagrams. The construction of the supplemented
melting. We therefore attribute this upper transition to the onset state diagram for tuna muscle and tuna sarcoplasmic protein
of ice melting and recommend the notatiog'. fraction confirms the existence of a glassy state in tuna. In
It has been suggested that the natural heterogeneity ofrelation to storage stability, the maximally freeze-concentrated
biological material such as fish muscle and the inhomogenity glass transition temperaturgy’, and the related concentration,
due to molecular incompatibility in other complex food could Cg, are the important parameters to be derived from the



Glass Transition in Frozen Fish

J. Agric. Food Chem., Vol. 51, No. 1, 2003 217

supplemented state diagram. For tuna muscle and tuna sarco-(17) Levine, H.; Slade, L. Response to the letter by Simatos, Blond

plasmic protein fraction, these values dig = —74 °C, Cy
= 79% andTy, = —67 °C, Cy' = 75%, respectively.
On the basis of the discussion of the question of a low- and

a high-temperature glass transition, it may be concluded that

the “upper” transition found for sarcoplasmic proteins and tuna

is not a glass transition but, since it is observed only in samples

with ice formation, is related to the onset of ice melting, and
the temperature of this thermal event should be dendjg¢d

and Le Meste on the relation between glass transition and stability
of a frozen productCryo-Lett.1989,10, 347—370.

(18) Nesvadba, P. Glass transitions in aqueous solutions and food-
stuffs. InThe Glassy State in FoodBlanshard, J. M. V., Lillford,
P. J., Eds.; Nottingham University Press: Loughborough, U.K.,
1993; pp 523—526.

(19) Jensen, K. N., Danish Institute for Fisheries Research, Depart-
ment of Seafood Research, University of Denmark, personal
communication.

The results presented in this paper suggest that the apparent(20) Brake, N. C.; Fennema, O. R. Glass Transition Values of Muscle

“upper” transition found in fish17, 19, 20) should possibly be
interpreted as the onset of ice melting instead of a glass
transition.
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