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RESEARCH NOTE:

HEMAGGLUTINATING ACTIVITY OF
LECTINS IN SELECTED VARIETIES OF
RAW AND PROCESSED DRY BEANS'

SUDHIR S. DESHPANDE? and RAKESH K. SINGH’

Department of Food Science
Purdue University, Smith Hall
West Lafayette, IN 47907

Accepted for Publication December 3, 1990
ABSTRACT

The effects of several processing methods on the hemagglutinating activity of
ten varieties of dry beans (Phaseolus vulgaris L.) were studied using a serial
dilution technique. Lectin activity ranged from 128-512 X 10° units/g whole
bean flour, with a mean value of 307 X 10% units/g bean. Small Red and Kidney
bean types had the highest agglutinating activities among the varieties studied.
No noticeable changes were observed upon dehulling beans, while germinated
beans and protein concentrates had lower hemagglutinating activity. Cooking
of beans completely destroyed the lectin activity.

INTRODUCTION

Lectins (phytohemagglutinins) are glycoproteins with the unique property of
binding saccharides and saccharide-containing proteins in a highly specific fash-
ion. Hemagglutinating activity of lectins in Amaranthus leucocarpus seeds has
been found to affect protein quality (Calderon de la Barca et al. 1985). In addition
to erythrocyte agglutination, lectins can interact with other types of cells. Lectins
make up 2—-10% of the protein of many leguminous seeds, and are particularly
concentrated in the kidney beans.

Lectins in dry beans have been shown to be tetrameric glycoproteins that exist
as a mixture of five hybrids of similar chemical properties but slightly different

'Journal Paper No. 12,106 of Purdue Agricultural Experiment Station.

*Author Deshpande (formerly with Purdue University) is now affiliated with Agriculture Canada
Research Station, Morden, MB, Canada.
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82 SUDHIR S. DESHPANDE and RAKESH K. SINGH

biological activity (Leavitt et al. 1977; Jaffe 1983). Unlike soybean lectins,
which have little, if any, direct effect on the nutritive value of soy proteins, dry
bean lectins inhibit rat growth at levels as low as 0.5% of the diet, with higher
levels hastening the onset of death (Turner and Liener 1976; Pusztai and Palmer
1977). In addition, cases of toxicity were reported in humans who had eaten
raw or partially cooked Red Kidney Beans (Noah et al. 1980).

The effects of several processing methods on the removal of phytic acid,
tannins and enzyme inhibitory activities of dry beans have been reported else-
where (Deshpande and Cheryan 1983, 1984; Deshpande et al. 1982). The effects
on residual lectin activity in dry beans of these processing methods are described
here.

MATERIALS AND METHODS

Dry beans of Phaseolus vulgaris L. biotypes were obtained from Roger Broth-
ers Seed Company, Twin Falls, Idaho. The seed colors and types are described
in Table 1.

Whole and Dehulled Bean Flours

Whole and dehulled bean flours (60-mesh particle size) were prepared as
described by Deshpande et al. (1982).

TABLE 1
DRY BEAN VARIETIES AND SEED TYPES SELECTED FOR THE STUDY

Variety Color Seed Type
Navy Bean White Sanilac
Great Northern White D 76067
Small White White D 76063
Pink Bean Pink Viva
Pinto Beans Mottled Brown UIlll
Cranberry Mottled Pink-Brown Michigan-Improved
Light Red Kidney Light Red Manitou
Dark Red Kidney Dark Red Charlevoix
Small Red Dark Red UI 36
Black Bean Dark Black Black Beauty
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Protein Concentrates

The preparation of protein concentrates from the whole beans of Small White,
Great Northern, Viva Pink, Cranberry and Light Red Kidney varieties was
reported earlier (Deshpande and Cheryan 1984).

Cooking

Intact whole beans (approximately 100 g) were first rinsed with distilled water
and then cooked in glass beakers covered with aluminum foil. Bean-to-water
ratios were 1:4 (w/v). The cooking temperature was 99°C. Beans were cooked
for 15 and 30 min and till they were fully cooked. At the end of the desired
period, they were quickly frozen along with the cooking broth, freeze dried, and
then ground to obtain 60-mesh flours.

Germination

Whole sound beans (about 50 g) were washed in a 2% solution of sodium
hypochlorite and then left soaking in distilled water for 12 h. The soaked beans
were washed, spread evenly on cheese-cloth lined glass plates, and were ger- -
minated in dark at 37°C. During the germination period, the beans were rinsed
twice each day and were sprayed periodically with distilled water. Contaminated
seedlings were discarded. Samples were collected at the end of 2, 4 and 6 days
and freeze dried. A portion of the 6-day germinated samples was also cooked
till soft and freeze dried along with the cooking broth. In both cases, unsoaked
and ungerminated beans served as controls.

Hemagglutinating Activity

Samples (100 mg, corrected for moisture content) were extracted with 0.9%
sodium chloride (saline) solution for 12 h at 4°C. Trypsinized red blood cells
from male sheep were prepared as described by Liener (1955). A 4% suspension
of erythrocytes was used for the agglutination test. Starting with 0.1 mL of
sample extract, serial two-fold dilutions were made with saline on Falcon 3070
microtiter plates. To each well was then added 0.1 mL of erythrocyte suspension.
The plates were gently shaken to mix the contents. After 4 h at room temperature
(25°C), agglutination patterns were observed with the aid of a microscope. A
series of wells containing only saline and erythrocyte suspension served as neg-
ative controls. One hemagglutination unit (HU) was defined as the lowest dilution
of hemagglutination occurring under the experimental conditions defined here.
The total hemagglutinating activity was calculated as described by Liener and
Hill (1953). The results of all hemagglutination analyses are means of four
individual determinations per sample. Whenever the replicates varied within one
dilution range, the higher dilution was considered for calculating the activity.
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84 SUDHIR S. DESHPANDE and RAKESH K. SINGH

RESULTS AND DISCUSSION

The effects of various processing methods on the hemagglutinating activities
of lectins of dry bean varieties used in this study are summarized in Table 2.
The values obtained for the hemagglutination activity of the whole dry beans
were within the ranges reported for several legume species (Nachbar and Open-
heim 1980; Stein 1976; Thompson et al. 1983). In the present study, these values
for the whole and dehulled bean lectins ranged from 128-512 X 10* and 128-
1024 x 10* units/g of bean flour, with mean values of 307 X 10* and 576 X
10* units/g, respectively. Meaningful comparisons, however, are difficult to make
because of the type of erythrocytes used in different studies. Often times, lectins
from different sources show agglutinating activity only against specific types of
erythrocytes. Small Red and Kidney beans had the highest agglutinating activities
among the varieties investigated. Although lectins are found in many commonly
eaten foods (Nachbar and Openheim 1980), they are probably most concentrated
in legumes.

Unlike phytic acid and enzyme inhibitors (Deshpande et al. 1982), no sig-
nificant increase in lectin activity was observed on dehulling of beans. The mean
increase was equivalent to only one serial dilution. A major source of error in
the serial dilution technique used for lectin analysis is the identification of the
visual agglutination end point. Because of the serial two-fold dilution involved,
an error equivalent to one dilution in the estimation of lectin activity is usual.
Therefore, a difference in activity equivalent to one dilution is seldom considered
significant.

Lectins are known to be quite heat labile. Simple heat processing is usually
adequate to destroy the hemagglutinating activity of dry bean lectins. In fact, in
optimally cooked beans and those cooked for 30 min, no hemagglutinating
activity could be detected. Even in the samples cooked for 15 min, the he-
magglutinating activity decreased below detectable levels in most varieties (data
not shown here). Only the beans of Red Kidney and Small Red varieties had
residual activity (0.5-1.0 X 10* units/g cooked beans). It appears that cooking
beans to the point where they may be considered edible is more than sufficient
to destroy virtually all of the hemagglutinating activity of lectins. Thompson et
al. (1983) also observed complete destruction of the hemagglutinating activity
of two commercial Kidney bean samples during cooking even before the beans
were considered edible. If the uncooked beans are used, for example as in salads,
then they could be responsible for the gastrointestinal symptoms occasionally
reported with the consumption of Kidney beans (Noah et al. 1980).

Germination was quite effective in lowering the lectin activity of dry beans
(Table 2). Hemagglutinating activity in the germinated beans decreased by 2-3
fold, while further cooking of the germinated beans lowered the activity below
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86 SUDHIR S. DESHPANDE and RAKESH K. SINGH

detectable levels. Although the lectin activity, expressed on per gram protein
basis for the protein concentrates, was also slightly lowered, on a unit weight
basis, the concentrates, because of their high protein content, would have higher
total lectin activity as compared to whole beans. However, further processing
of concentrates when used as adjuncts in various food systems should completely
eliminate the hemagglutinating activity.

The results of this study suggest that unlike heat stable antinutrients (such as
phytate and tannins) and, to some extent, enzyme inhibitors, lectins do not seem
to pose any special problems after proper cooking of dry beans for human
consumption. However, improperly cooked beans or dehulled beans and their
protein concentrates as used in certain food systems may cause minor gastroin-
testinal disturbances. Any such effects would be relatively small, since beans
are but only one component of the human diet. Thus, the antinutritional effects
of lectins in inadequately processed bean diets will be diluted or minimized,
and, most certainly, very difficult to measure.
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ABSTRACT

The effects of ultrasound treatment on the properties of chymosin and the
ultrastructure of abomasum during chymosin extraction were investigated. Ul-
trasound treatment at 36 W/cm® for 80 min did not decrease chymosin activity
and its proteolytic activity. However, high intensity ultrasound (157 Wicm’) and
the prolonged exposure to high intensity significantly decreased chymosin activity
and its proteolytic activity. Ultrasound treatment changed amino acid compo-
sition of chymosin. There were significant changes in the mole percent of his-
tidine, proline, tyrosine, methionine, valine, and lysine at the lower specific
intensity. Ultrastructure of abomasal tissue was not affected by ultrasound treat-
ment at specific intensity 36 Wicm® for 80 min. However, some mitochondria
cristae were damaged and secretory granules were more compact even though
their numbers remained the same.

INTRODUCTION

The release of enzymes and proteins from cells and subcellular particles is an
outstanding application of ultrasound. Biologically active substances extracted
by ultrasound are sometimes more active than thought theoretically possible
(Hess and Slade 1955). Ultrasound causes the destruction of the cellular structure
by a cavitation effect (Hughes and Nyborg 1962) and increases the activity of
substances which are bound in cell structures (Fry 1978). Destruction of animal
cells was explained by the development of cavitation inside the cells. In animal

'Contribution No. 90-437-J from the Kansas Agricultural Experiment Station, Manhattan, Kansas
66506.

?Author Kim, S. M. is currently associated with the Department of Marine Product Development,
KangNung National University, KangNung, Korea, 210-702.
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90 S. M. KIM and J. F. ZAYAS

tissues and extractive media, favorable conditions existed for the development
of exterior cavitation (Hughes and Nyborg 1962).

Ultrasound increased the diffusion and osmotic processes, which caused soft-
ening of the cell membranes (Tomas and Ronto 1959), and changed the properties
and the structure of protein as well as the enzyme activity, particularly in pure

.protein solution (Zayas and Strokova 1972).

An ultrasound method of chymosin extraction was developed for increased
efficiency (Kim and Zayas 1989). The use of ultrasound resulted in a significant
reduction of extraction time with increases in activity and yield of chymosin.
The optimal parameters for ultrasound extraction have been established: specific
intensity, time of ultrasound exposure, temperature of extractive medium, ratio
of abomasa to extraction solution and activation time of pro-chymosin.

The application of ultrasound in the extraction process of the insulin production
resulted in an increase in the activity and yield of this biologically active sub-
stance, as well as a significant decrease in the extraction time (Zayas 1985).

Ultrasound had a selective action on animal tissues; it destroyed some tissues
without changing others, and it disrupted the myofibrils with the formation of
segments (Zayas and Smolski 1970), causing the destruction of pancreatic tissues
(Zayas 1985). During tissue disruption, there was a migration of proteins, min-
erals, and other materials into extraction medium.

Development of an effective process of chymosin production requires im-
provement of the extraction process. The full extraction of chymosin from abom-
asa, increase in yield of chymosin, preservation of its activity, and better quality
are the most important problems. The objective of this study was to investigate
the influence of ultrasound on the properties of chymosin and the ultrastructure
of abomasum during chymosin extraction.

MATERIALS AND METHODS

Sample Preparation

The purified chymosin (Sigma product) containing 98% protein was purchased
and kept in the freezer at — 70°C until used. Abomasums of one month old calfs
were used for experiments. Fresh abomasum was obtained from the slaughter
house at Kansas State University and immediately preserved in solution of 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.

Ultrasound Treatment

Chymosin solution, prepared by dissolving 10 g of the purified chymosin
(Sigma Product) in 10% NaCl solution previously adjusted to pH 5.9 with HCI,
was treated with a Tekmar sonic disrupter, TK 1000 (Tekmar, Cincinnati, OH)
at different specific intensities and for different periods of time.
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The major components of a typical ultrasonic processor used for chymosin
extraction were shown in Fig. 1. The generator (1), or power supply, converts
conventional 50 or 60 Hz (cycles/second) alternating current at 120 volts to 20
kHz electrical energy at approximately 1000 V. This high frequency electrical
energy is fed to a converter (2), where it is transformed to mechanical vibration.
The converter vibrates in a longitudinal direction, and this motion is transmitted
to a titanium alloy disruptor horn (3). The horn transmits and amplifies the
energy, focusing it into a tip immersed in the extraction solution. Motion of the
tip generates the sound waves that propagate through the liquid, generating
microbubbles and causing cavitation. Extraction temperature in the container (4)
was controlled through a cooling coil (5) connected to a Lauda circulator, K-2/
R (Brinkmann, Westbury, NY) used as a cooling device (6).

Chymosin Activity

Chymosin activity was determined according to the methods of McMahon and
Brown (1985) and Ernstrom (1958). Milk substrate was prepared by dispersing
12 g low heat, nonfat dry milk (NFDM) in 100 mL 0.01 M CaCl, solution. The
substrate solution was then refrigerated for 20 h to allow time for complete
hydration of the NFDM. The substrate solution was warmed to 35°C prior to
analysis (30 min), and maintained at that temperature throughout the analysis.
One mL chymosin extract for both control and experimental samples was added
to 100 mL of the substrate. Milk-clotting time was measured visually, and
chymosin activity was calculated as:

Chymosin activity (Cu/mL) = 100 Ts/Ta X Cs/Ca

FIG. 1. ULTRASOUND UNIT FOR CHYMOSIN EXTRACTION
1. Ultrasound generator. 2. Converter. 3. Horn.
4. Sample container. 5. Cooling coil. 6. Cooling device.
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where Cu = chymosin units; Ts = coagulation time of control chymosin so-
lution; Ta = coagulation time of experimental chymosin solution; Cs = amount
of control chymosin solution; Ca = amount of experimental chymosin solution.

Proteolytic Activity

Proteolytic activity of chymosin was determined according to azocasein
method (Christen and Marshall 1984). Azocasein solution, prepared by dissolving
1% (wt/vol) azocasein (Sigma product) in sterile 0.02 M phosphate buffer at pH
6.4, was dispensed aseptically into sterile screw-up tubes (2 mL/tube). One mL
chymosin solution was added into each tube. After incubation at 32°C for 1 h,
the reaction was stopped by adding 3.0 mL aqueous trichloroacetic acid (TCA),
5% wt/vol. A blank was prepared by adding TCA to azocasein without addition
of enzyme. After being held for 30 min at 22°C, samples were filtered through
Whatman #41 paper and absorbance was measured at 345 nm. Proteolytic
activity of chymosin was expressed as absorbance at 345 nm. Mean values
obtained from these three replications are presented in Table 1.

TABLE 1.
INFLUENCE OF ULTRASOUND ON THE ACTIVITY OF PURIFIED CHYMOSIN'

Method Chymosin activity, Proteolytic activity?
Cu/mg
Control 100.0° 0.205°
Ultrasound
at 36 W/cm? 95.0° ‘ 0.197°
for 80 min
Ultrasound
at 157 W/cm? 83.5° 0.165°
for 10 min
Ultrasound
at 157 W/cm? 56.8° 0.119¢
for 20 min

®:cMeans in the same column with different superscripts are significantly
different (P < 0.05).

Mean values obtained from three replications
2Proteolytic activitz was expressed as absorbance at 345 nm after 1 h
incubation at 32°C
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Amino Acid Analysis

The chymosin solution was treated by ultrasound at different specific intensities
and for different periods of time. Samples were dialyzed for 48 h against 3
changes (2 liters each) of distilled water. Samples were dried in 0.6 X 5 cm
borosilicate glass tubes, evacuated and hydrolyzed with 6 M HCI at 110°C for
22-24 h in a Waters’ amino acid hydrolysis vial. The hydrolysates were dried,
redried, and derivatized with phenylisothiocyanate (Bidlingmeyer ez al. 1984).
A standard amino acid mixture was also dried, redried, and derivatized in the
same way. The derivatized samples were dissolved in 100-200 wL Waters’ Pico
Tag samples diluents and analyzed by a Pico Tag (Waters) amino analysis column
at 46°C using HPLC. Average of four replications are presented in Table 2.

Electron Microscopy

A 1 g sample of fresh abomasal tissue, cut into 0.3 X 0.7 mm pieces and
preserved in solution of 2.5% glutaraldehyde in 0.1 M cacodylate buffer, was
placed in a 50 mL container with 25 mL 10% NaCl solution previously adjusted
to pH 5.9 with HCI. The sample was treated by ultrasound at specific intensity
36 W/cm? for 80 min, which were the optimal parameters of chymosin extraction

TABLE 2.

INFLUENCE OF ULTRASOUND ON AMINO ACID
COMPOSITION OF THE PURIFIED CHYMOSIN'?

Ultrasound Ultrasound
Amino Acid Control at 36 W/cm? at 157 W/cm?

for 80 min for 10 min
Asp 15.22° 15.92%° 16.50°
Glu 14.86° 14.68° 14.88°
Ser 7.41° 7.48° 7.12"°
Gly 7.42° 7.61° 7.46°
His 1.91° 1.75° 1.69°
Arg 4.09° 3.80° 3.85°
Thr 7:11° 7.07° 7.03°
Ala 6.83° 7.04° 7.14°
Pro 5.32° 4.67° 4.51°
Tyr 3.22° 2.73° 2.81°
val 6.30° 6.64° 6.68°
Met 1.34° 1.10° 1.16°
Ile 3.15° 3.32°%° 3.46°
Leu 6.46° 6.59%P 6.81°
Phe 4.90° 4.78° 4.31°
Lys 4.46° 4.56° 4.84°¢

2.b.CMeans in the same row with different superscripts are significantly different
: (P < 0.05).

2Mo1e percent

Average of four replications
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established in the previous study (Kim and Zayas 1989). Small pieces of abomasal
tissue, trimmed to approximately 0.1 mm’ treated by ultrasound and untreated,
were fixed in 1-1.5 mL 3% glutaraldehyde solution in 0.1 M cacodylate buffer
(dimethyl arsenate) at pH 7.4 and stored for at least 3 h against one change at
4°C. Samples were rinsed 3 times (10 min each) with cold 0.2 M sucrose solution
in 0.1 M cacodylate buffer. After rinsing, samples were retrimmed to about 0.05
mm’. Samples were then postfixed for 30 min in cold 1% osmium tetraoxide
solution in 0.1 M cacodylate buffer at pH 7.4 and repostfixed again for 30 min
in the same osmium tetraoxide solution. After fixation, samples were rinsed 3
times (5 min each) with distilled water and warmed to 22°C. Samples then were
dehydrated (10 min each) in increasing concentrations of acetone (30, 50, 70,
80, 95 and 100%). The dehydrated samples were then infiltrated through pro-
pylene oxide: Luft’s epon (2:1, 1:1, 1:2) for a minimum of 2 h each and then
through 100% epon for at least 8 h. Samples were embedded in a flat Beem
mold and cured for 48 h at 60°C. Gold-silver color sections were cut with glass
knives on a Reichert Om-2 ultramicrotome (Am. Optical Corp., Buffalo, NY)
and counterstained with uranyl acetate and lead citrate for 10 min each. A Phillips
201 transmission electron microscope (TEM) operated at 60 KV was used to
examine the sections.

Statistical Analysis

Analysis of variance and least significant differences were used to ascertain
significant effects at the 5% level. Regression analysis was conducted by the
method of Steel and Torrie (1980) for simple regression models.

RESULTS AND DISCUSSION

Influence of Ultrasound on the Properties of Chymosin

Influence of ultrasound on a solution of purified chymosin is shown in Table
1. Ultrasound at moderate specific intensity (36 W/cm?) did not decrease chy-
mosin activity and its proteolytic activity, whereas at high level of specific
intensity (157 W/cm®) of ultrasound, chymosin activity and its proteolytic activity
significantly decreased. Prolonged exposure (20 min) at the high specific intensity
(157 W/cm’®) significantly decreased the chymosin activity and its proteolytic
activity compared to the 10 min treatment.

The specific effect of high intensity ultrasound on chymosin activity could be
related to two factors. At first, there is significant temperature increase of the
extractive mixture that is very difficult to control even in the laboratory condi-
tions. However, increase of the temperature is not a reliable parameter of ultra-
sound heat effect on enzymes, because local temperature inside cavitational
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bubbles could be significantly higher. Second, phenomenon that should be taken
into consideration is an extremely high pressure inside the cavitational bubbles
especially at the moment of disruption.

The higher activity of nonpurified (abomasal) chymosin obtained by ultrasound
treatment in a previous study (Kim and Zayas 1989) might have been due to the
higher level of chymosin extraction from abomasa or the protective effect of
foreign substances (mostly proteins) that were extracted together with chymosin.
Foreign substances, particularly proteins, may have not only a protective effect
during chymosin extraction by ultrasound, but also a positive effect on the quality
of chymosin preparation, especially its activity. Protective effect of foreign
substances, including proteins during ultrasound extraction was suggested as a
result of electrophoretic studies of insulin extracted by ultrasound (Zayas 1986).
Additional studies related to the protective role of foreign proteins in extractive
mixture are needed.

The negative effect of prolonged exposure of high intensity ultrasound on
chymosin activity can be related to inactivation of active sites in enzyme mol-
ecules. Another possible effect under these extreme conditions is partial thermal
denaturation and partial inactivation of the active sites of enzyme, which results
in its partial inactivation.

Ultrasound itself did not increase the chymosin activity and its proteolytic
activity. Foreign substances such as proteins (Donovan and Beardslee 1975),
sugars (Back et al. 1979) and polysaccharides (Imeson ez al. 1977) stabilize
proteins against thermal denaturation. Changes were found in the properties and
the structure of proteins as well as the enzyme activity after ultrasound treatment,
particularly if the pure protein solution did not contain particles of animal tissue
or foreign proteins (Zayas and Strokova 1972). Dubbs (1966) reported that
ultrasound had a selective effect in intracellular enzymes, not affecting some,
especially serum cholinesterase, while inactivating others such as aminopepti-
dase. He also found that prolonged ultrasound treatment caused progressive
smearing and disappearance of a dilute zone of serum protein in starch gel
electrophoresis. According to Weissler (1960), high intensity ultrasound created
small quantities of free radicals which could denature proteins and other mole-
cules. According to Santamaria and Levi (1952), without a protective atmosphere
or reducing agent present, ultrasound can inactivate enzymes by oxidation of
sulfhydryl or other sensitive groups in the enzyme molecule. Oxidase tends to
be more sensitive than reductase and amylase. Trypsin and polyphenoloxidase
are rapidly inactivated in the presence of air; pepsin is somewhat more resistant.
The presence of a reducing agent prevents biocatalytic inactivation of hyaluron-
idase. Protective effect of a reducing agent was not confirmed by Alliger (1975),
who reported that ribonuclease in the presence of a reducing agent was inactivated
by OH radicals during ultrasound treatment.
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Amino Acid Composition of Chymosin

Amino acid composition of the chymosin treated by ultrasound is shown in
Table 2. In this study, the concentration of amino acids was expressed as mole
percent. There was a difference in amino acid composition of the purified chy-
mosins treated by ultrasound and untreated (P < 0.05). The decrease in the mole
percent of some amino acids was observed. Ultrasound treatment at the specific
intensity of 36 W/cm? for 80 min decreased the mole percent of histidine, proline,
tyrosine and methionine. The difference in valine and lysine content was sig-
nificant although more data on amino acid composition are necessary. Ultrasound
treatment at the very high specific intensity (157 W/cm?) for 10 min influenced
the mole percent of phenylalanine, histidine, proline, tyrosine, methionine, as-
partic acid, valine, and lysine.

According to Weissler (1960), ultrasound may disrupt or create some amino
acids. In the presence of oxygen, solutions of trytophan, tyrosine, and phenyl-
alanine underwent ultrasonic degradation and formed intermediate products with
a yellowish-brown color. Spectrophotometry data indicated rupture of the aro-
matic rings in these compounds. Elpiner and Sokolskaya (1958) reported that
these and other free radical changes can be avoided by processing in a gas
atmosphere of carbon dioxide or hydrogen. Under prolonged ultrasonic action
without protective agents, amino acids might degrade to other complex organic
compounds, and in some cases, to other amino acids. A sonicated solution of
histidine revealed a chromatographic spot of aspartic acid as well as histidine,
probably caused by the breaking of the imidazole ring of histidine (Elpiner and
Sokolskaya 1958).

This study established that ultrasonic treatment of the purified chymosin with-
out protective agents might degrade some amino acids such as histidine, tyrosine
and phenylalanine. More experimental data are needed to evaluate ultrasound
effect on amino acid composition of purified chymosin, treated by high intensity
ultrasound.

Influence of Ultrasound on the Ultrastructure of Abomasum
During Chymeosin Extraction

The ultrastructures of abomasal tissue treated by ultrasound and the control
are shown in Fig. 2 and 3, respectively. Ultrasound treatment for up to 80 min
at 36 W/cm?’ specific intensity caused no significant changes in the ultrastructure
of abomasal tissue. The degree of organelle damage after 80 min ultrasound
treatment was surprisingly minimal. Some mitochondrial cristae were disrupted,
especially in lumen and secretory granules more compact even though their
numbers remained the same. All organelle membranes and plasma membranes
were intact.
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FIG. 2. ULTRASTRUCTURE OF ABOMASUM TREATED BY
ULTRASOUND AT 36 W/CM? AND 25°C FOR 80 MIN (17475X)
1. Nuclei. 2. Mitochondria. 3. Golgi complex. 4. Secretory granule.

Even though the disruption of abomasal tissue was not severe in this study,
there was clear evidence that ultrasound damaged the cellular structure of abo-
masal tissue, thus enhancing the extraction of soluble proteins, including chy-
mosin. Alliger (1975) found that ultrasound rapidly disrupted mitochondria with
fine membrane fragmentation and changed the sedimentation pattern.
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FIG. 3. ULTRASTRUCTURE OF UNTREATED ABOMASUM (17475X)
1. Nuclei. 2. Mitochondria. 3. Secretory granule. 4. Vacuole. 5. Collagen. 6. RER.

Reynolds et al. (1978) reported that ultrasound resulted in the disruption of
muscle fiber, especially as seen in longitudinal section. The large increase in
endomysial space in cross section indicated that the separation of muscle fiber
was caused by ultrasound treatment. Theno et al. (1977) reported that tumbling
or massaging resulted in the increased salt-soluble protein extraction and the
cellular disruption. These factors were both increased with ultrasound. The his-
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tological structure of abomasum is significantly different from that of muscular
tissue and in this study, it was difficult to make comparisons with muscle parts
on the microscope photographs.

CONCLUSIONS

Effect of ultrasound on the purified chymosin depends on its specific intensity.
Ultrasound treatment of the purified chymosin at specific intensity 36 W/cm” for
80 min did not decrease the activity of the chymosin and its proteolytic activity.
However, ultrasound treatment at high intensity (157 W/cm?) and the exposure
for 10 and 20 min decreased chymosin activity and its proteolytic activity. There
was a significant difference in amino acids composition of the purified chymosins
treated by ultrasound and untreated. Ultrasonic treatment of the purified chymosin
without protective agents might degrade some amino acids. Difference in
amounts of several amino acids were found in chymosins treated by ultrasound
at specific intensities of 36 W/cm? for 80 min and 157 W/cm?® for 10 min. There
were no changes in the ultrastructure of abomasal tissue after ultrasound treatment
at specific intensity 36 W/cm® for up to 80 min. Some mitochondrial cristae
were damaged and secretory granules were more compact, even though their
numbers remained the same. Ultrasound has a significant potential to be rec-
ommended for extraction of chymosin from abomasum.
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ABSTRACT

Wet salting of low-fat yellowtail (Trachurus mccullochi Nichols) in 5%, 10%,
15%, 21% and saturated brine solutions at 25°C and 35°C, and desalting of
salt-saturated fish, was carried out and assessment made of the salt content,
moisture content, water activity and rate of water transfer. Brine concentration,
fish shape and brine temperature had a significant effect (P < 0.01) on both
equilibrium salt content (X;) and rate of salt uptake (k,). In whole and split fish,
the rate of salt uptake increased with an increase in brine concentration, while
moisture loss occurred only in fish brined in from 15% up to saturated brine.
In whole fish, the rate of salt loss during the desalting process was nearly the
same as the rate of salt uptake during the salting process, while in split fish the
rate of salt loss was faster than the rate of salt uptake.

INTRODUCTION

Salting is a traditional method of preserving fish which is still used extensively
in many tropical countries because of the simplicity of the process, the low
production cost and its ability to be combined with drying and smoking or other
methods in order to satisfy consumers’ habits and requirements. In combination
with the drying process, salting also assists in reducing the water activity (a,,)
of the fish to assist preservation before drying. If the weather conditions are not
suitable for sun drying, or if the drying capacity of a mechanical dryer is in-
sufficient, e.g., when a large quantity of fish is caught at the same time, then
fish is frequently stored in saturated brine for lengthy periods. However, in-
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creasing the salt content of the fish produces a slower rate of reduction of moisture
content and a higher final moisture content during drying (Berhimpon ez al.
1990). Light salting, on the other hand, is limited by the possibility of spoilage
during an extended processing step. The choice of salt level, therefore, depends
on the length of processing delays and the nature of the process to be applied
to the product. In recent years there has been a preference for lower salt fish
(Buckle et al. 1988).

The aims of this study were to determine the minimum process requirements
for a salted fish suitable for drying. Three aspects were considered: equilibrium
salt content, the rate at which equilibrium is reached and the changes in a, of
the fish during salting and desalting. This study was part of a detailed investi-
gation aimed at improving the quality of traditionally processed dried-salted fish
in South-east Asia.

MATERIALS AND METHODS

Raw Materials

Fresh yellowtail (Trachurus mccullochi Nichols) in ice were purchased from
the Kingsford Fish Market, Kingsford, NSW, within 24 h of capture. The weight
range for individual fish was 59-76 g, the length range 17-20 cm, and the
proximate composition ranges were moisture 72.0-72.3%, fat 0.67-0.70% and
protein 21.9-23.4% (wet weight basis, WWB). The fish were iced during trans-
portation to the laboratory where they were immediately washed with tap water
and then wet salted. Coarse refined and kiln dried salt (Pacific Salt Pty Ltd,
NSW, purity 99.7% NaCl) was used to prepare 5% (16.3% saturation), 10%
(33.8% saturation), 15% (52.5% saturation), 21% (76.6% saturation) and 26.5%
w/w(100% saturation) brines.

Salting

Fish were divided into three batches: the first batch was left as whole fish,
the second batch was split longitudinally and spread along the backbone, and
the third batch was filleted (skin on). Brining of whole and split fish was con-
ducted in plastic containers at 25° and 35°C. Brining of fillets was conducted in
glass containers at 25°C and 35°C. Brine concentrations were adjusted by salt
addition and monitored with a salt analyzer (PTI-54, CHK Engineering, Sydney).

To brine the whole and split fish, 20 containers each containing 28 fish were
held for 50 h at the given temperature with occasional stirring, during which
samples were taken for analysis of salt and moisture contents and a,,. To brine
the fillets, 10 containers each containing 20 fillets were held for 3.5 h at the
given temperature with occasional stirring, during which samples were taken for
measurement of water transfer.
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Desalting

Whole and split fish were brined in saturated brine at 25°C for 96 h to ensure
equilibrium was reached (Berhimpon ez al. 1990). Saturated fish were then
desalted in running tap water at ambient temperature (approx. 22°C) and samples
taken up to 40 h and for split fish up to 30 h for analysis of salt and water
contents and a,,.

Chemical Analyses

Moisture content was determined by a vacuum oven method (102° + 2°C for
24 h); protein content by automated Kjeldahl procedure (Kjel-Foss Model 16210-
A/SN, A/SN Foss Electric, Denmark); fat content by the Soxhlet extraction
method (AOAC 1984); salt content by titration with silver nitrate (FAO 1981);
a,, by a relative humidity meter (Hygroskop DT, Rotronic Ag, Zurich) calibrated
against saturated salt solutions providing the following relative humidities at
25°C: MgCl,-6H,0, 33.2%; K,CO;, 43.2%; Mg (NO,),-6H,0, 53.4%; NaNO,,
64.4%; NaCl, 75.8%; KCl, 84.2%; K,SO,, 96.9% (Wexler and Hasegawa 1954;
Young 1967; Labuza 1984); and water transfer was determined according to the
method of Fougére (Fougére 1952; Deng 1977).

Mathematical Modelling and Statistical Analyses

The following equations (1 and 2), developed by Zugarramurdi and Lupin
(1980), were used to determine the rate of salt uptake (k,) and water diffusion

(k)
X, = Xre ™™ + X5 — e 1)
X, = Xoe ™™ + XI-(1 — e %)

where: X/X,, = salt/water content (g/100g nonsalt solids basis, NSSB) at
time, t
XyX,, = salt/water content (g/100g NSSB) at time zero
X7X;, = salt/water content (g/100g NSSB) at equilibrium
k/k, = specific rate constants for salt uptake/water loss, and
t = time (h).

To obtain the fit data for water transfer, the model (Eq. 3) proposed by Deng
(1977) was used:

X=C —e™ 3)

where: X = weight change (%) at time t,
C = weight change (%) at equilibrium,
k = rate constant.



104 SIEGFRIED BERHIMPON et al.

The equilibrium salt and water contents (X and X)) and the specific rate
constants (k; and k,) were determined by a nonlinear least square procedure
using the SAS package (SAS Institute Inc. 1985). The X, X3, k, and k,, values
of the regression equation were then analyzed as dependent variables, by a two-
way analysis of variance procedure using the SPSS package (Kim and Kohout
1975).

RESULTS AND DISCUSSION

Salting

Figure 1 shows that in whole and split fish, the rate of salt uptake increased
with an increase in brine concentration to reach constant values dependent upon
brine concentration. The higher the brine concentration the higher the equilibrium
salt content and the faster the fish reached equilibrium, in agreement with previous
work on yellowtail (Berhimpon et al. 1990).

Brine concentration, fish shape and brine temperature individually had a sig-
nificant effect (P < 0.01) on both X and k, values (Table 1). Split fish attained
equilibrium salt contents higher and faster than those of whole fish, and fish,
brined at 35°C, whether whole or split, attained equilibrium salt content higher
and faster than those of fish brined at 25°C. Brine concentration and fish shape
in combination were found to have a significant effect (P < 0.01) on X and k;
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FIG. 1. SALT CONTENTS OF YELLOWTAIL DURING BRINING
(A) Whole fish at 25°C. (B) Whole fish at 35°C. (C) Split fish at 25°C. (D) Split fish at 35°C:
5% Brine (). 10% Brine (). 15% Brine (@). 21% Brine ([J). 26.5% Brine (O).
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TABLE 1.

CONSTANT (k,) FOR SALT UPTAKE OF YELLOWTAIL
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Parameter
1 3
+
BC FS BT X& ks X3 ks X< ks
5 1 25 18.5 0.09 18.6 0.07 18.5 0.08
35 25.4 0.10 27.0 0.08 26.1 0.09
S 25 27.9 0.20 28.4 0.21 28.1 0.21
35 27+3 0.26 277 0.30 27:5 0.28
10 W 25 35.5 0.08 36.0 0.07 35.7 0.07
35 36.0 0.12 37«5 0.13 36.7 0.13
S 25 44 .4 0.25 44.0 0.24 44.2 0.25
35 47.1 0.27 45.5 0.:31 46.3 0.29
15 W 25 51.3 0.07 52.6 0.06 51.9 0.07
35 47.8 0.12 49.2 0.10 48.4 0.11
S 25 53.9 0.20 55.0 0.20 54.5 0.20
35 56.3 0.34 57.6 0.30 87:0 0.32
2% W 25 56.2 0.11 61.8 0.08 59.0 0.09
35 59.8 0.10 62.2 0.10 61.0 0.10
S 25 63.2 0.26 65.5 0.23 64.3 0.24
35 65.5 0.38 67.6 0.30 66.6 0.38
26.5 W 25 72.6 0.10 73.0 0.10 72.8 0.10
35 T7:6 0.11 78:3 0.11 77.9 0.11
S 25 71.2 0.39 7%.2 0.37 71.2 0.38
35 771 0.36 74.0 0.40 5.4 0.40
BC,FS & BT= Brine concentration(%w/w), fish shape (whole or
split) and brine temperature (°c), respectively
W and S = Whole and split fish, ~
1 and 2 = Replication 1 and 2; and 3= Xg and kg values

calculated from average of experimental data of 2

replications; coefficient of correlation ranged

from 0.98 to 0.99.

values, while the combined effect of brine temperature and concentration was
significant (P < 0.01) only for the k, value; other interactions had no effect on
X and k, values.

Comparing the results with those of experimental values in Table 2, Table 1
indicates that k, values for fish brined in 15% and 21% brine were slightly lower
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TABLE 2.
EXPERIMENTAL VALUES OF k, AND X.FOR SALTED FISH

Fish Brine Brine X;
size temp. conc. (g/100g
Species (9) (°c) (3w/w) kg NSSB) Reference
Yellowtail
(Trachurus
mccullochi
Nichols) 47-65 22-23 15 0.09 54.3 Berhimpon
et al.
(1990)
21 0.06 69.0
26.5 0.13 72.0
Sardine
(Sardinops
neopilchardus) 49-78 25 26.5 0.05 57.5 Poernomo
. (1986)
61 19-22 26.5 0.07 0.73° Wuttijum-
nong (1987)
48-64 25 26.5 0.04 74.4 Utomo
(1985)
30 26.5 0.07 79.9
35 26.5 0.09 71.0
Indian oil
sardine
(Sardinella "
longiceps) 51 19-22 26.5 0.04 0.83"° Wuttijum-
nong(1987)

* g/g salt free fat free dry basis (sfffdb).

than those reported previously, but were the same for fish brined in saturated
brine. Yellowtail absorbed salt at a faster rate than did high fat fish (2.5-3.1%
fat WWB) (Poernomo 1986).

Figure 2 shows that in whole and split fish, water loss occurred in fish brined
in 15% or higher brines, and increased with an increase in brine concentration.
In 5% and 10% brine, split fish absorbed water, although the salt content of the
fish increased during brining to reach the concentration of the brine. Conversely,
whole fish lost water in the first few hours followed by a gradual increase in
water content, and the salt content increased during brining to reach concentra-
tions of 4.2% and 8.2% (WWB), respectively. Equilibrium moisture contents
and specific rate constants for moisture loss/uptake can be seen in Table 3.

According to Zugarramurdi and Lupin (1980), skin acts as a membrane in
whole fish, and salt diffuses into the fish by a mechanism of dialysis. Water
diffuses to the outside due to the difference in osmotic pressure between brine
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FIG. 2. MOISTURE CONTENT OF YELLOWTAIL DURING BRINING
(A) Whole fish at 25°C. (B) Whole fish at 35°C. (C) Split fish at 25°C. (D) Split fish at 35°C:
5% Brine (A). 10% Brine (). 15% Brine (@). 21% Brine ((J). 26.5% Brine (O).

and fish muscle solution. Osmotic equilibrium is reached when solute pressures
on both sides of the skin become equal and water diffusion ceases, and simul-
taneously the salt transference to the fish ceases. In this case, the salt concen-
tration inside the fish is lower than that in the brine.

The swelling of the fish at the conclusion of salting in unsaturated brine also
occurred after 35 h in 15% brine (Berhimpon et al. 1990). According to Zaitzev
et al. (1969), the swelling is due to the difference in mobility of the molecules
and ions of water and to those of salt. Water diffusion continues until it is
compensated for by the elasticity of the fish tissue and the hydrophilic properties
of proteins. When that happens, the salt concentration is not yet equal to that
of the brine and salt diffusion continues. As a result, the osmotic equilibrium is
upset, and a small amount of water is returned to the fish. Crean (1961), working
with cod, found that a critical internal salt content exists in the region of 8%
(WWB), above which the protein is denaturated rapidly and salt gain is accom-
panied by water loss. Zaitzev et al. (1969) found that when Black Sea sprat was
soaked in brine solutions of various concentrations, levels of up to 12% caused
flesh swelling and weight increase, whereas at salt concentrations in excess of
12% the fish protein became denaturated and lost its water holding capacity.

Figure 3 shows clearly that at 25°C, fillets brined in 5% and 10% brine
increased in weight, while fillets brined in solutions from 15% up to saturated
brine decreased in weight. At 35°C, fillets brined in 10% brine also decreased
in weight, and the weight loss of the fillets in various brine concentrations
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TABLE 3.
EQUILIBRIUM MOISTURE CONTENT (X)) AND SPECIFIC RATE
CONSTANT (k,) FOR MOISTURE LOSS/UPTAKE OF YELLOWTAIL*

Parameter
Bc** Fs BT o Ky
5 W 25 -+ -
3s - -
s 25 375.2 0.15
35 344.3 0.30
10 W 25 - -
35 - -
s 25 340.7 0.11
35 328.8 0.19
15 W 25 246.9 0.79
35 245.5 1.48
s 25 252.4 0.82
3s 243.5 i.92
21 W 25 210.4 0.17
35 211.8 0.27
s 25 207.2 0.25
35 199.7 0.19
26.5 W 25 196.1 0.26
35 192.6 0.31
s 25 185.8 0.25
35 186.4 0.30

* calculated from average of experimental data of 2

replications.
**sSee Table 1 for explanation.

+Equation 2 was unable to fit the data.

increased with increased temperature. This indicates that increased brine tem-
perature affected the diffusion of water and the denaturation of protein, which
caused the flesh to release water.

Figure 4 shows that a, decreased faster for fish salted in higher brine con-
centrations. Split fish brined in saturated brine at both 25° and 35°C reached a
minimum a,, of 0.75. Split fish had an ultimate a, lower than that of whole fish
only in fish brined in 21% and saturated brines. Bacteria generally do not grow
in products with an a,, of less than about 0.88, but certain haloduric and halophilic
bacteria will grow in cured fish with an a, to 0.75 (FAO 1981).

Table 4 shows the development of off-odour and spoilage during salting of
fish. Fish brined in 5% and 10% brines are still liable to spoil during brining
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201

Change in weight (%)

Time (h)

FIG. 3. WATER TRANSFER IN YELLOWTAIL FILLET DURING BRINING
(A) 25°C. (B) 35°C: 5% Brine (A). 10% Brine (H).
15% Brine (@). 21% Brine ((J). 26.5% Brine (O).

for 50 h, while fish brined in 15% or higher salt solution did not spoil during
50 h brining. The growth of potentially pathogenic organisms and/or toxin pro-
duction during the brining of fish in low salt brines requires further study.

The lowest brine concentration that can be used to reduce moisture content,
and hence a,, to a satisfactory level is about 15%. Brine concentrations lower
than 15% are useful only for producing a mildly salty taste in the finished product
and to inactivate most of the putrefactive bacteria. These aims, however, also
can be satisfied by brining the fish in saturated brine for a short time. Brining
at 35°C gives an advantage only at high brine concentrations for short brining
times, since at lower brine concentrations putrefaction proceeds faster than does
the preservation effect of salt.

Desalting

Figure 5 shows that salt loss, water uptake and increase in a, occurred faster
in split fish than in whole fish in the early stages of desalting. Since salt and
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FIG. 4. WATER ACTIVITIES OF YELLOWTAIL DURING BRINING
(A) Whole fish at 25°C. (B) Whole fish at 35°C. (C) Split fish at 25°C. (D) Split fish at 35°C:
5% Brine (A). 10% Brine (@). 15% Brine (l). 21% Brine (). 26.5% Brine (O).

water diffusion result from differences in osmotic pressure of the fish and the
medium, the model (Eq. 1 and 2) suggested by Zugarramurdi and Lupin (1980)
was used to describe the desalting data. Table 5 presents the brining parameters
obtained using the model. In whole fish, the rate of salt loss approximated the
rate of salt uptake of the fish brined in saturated brine, while the rate of water
uptake was faster than the rate of water loss. In split fish, the rates of salt loss
and water uptake were faster than the rates of salt uptake and water loss of split
fish brined in saturated brine.

The results suggest the possible advantage of desalting heavily salted fish
before drying in order to increase the rate of fish drying. Since the salt-induced
denaturation of protein is an irreversible process, it can be predicted that water
absorbed by denaturated flesh during desalting would remain largely as free
water that should evaporate readily during drying.

Based on the results, processors of salted-dried fish have a number of options
available depending on the market they are supplying and the level of technology
at their disposal. A low salt product with a limited shelf-life could be produced
in a short period of time and would satisfy consumer preference, but mechanical
drying followed by sophisticated packaging and storage systems would be re-
quired. Alternatively, a high salt fish with a long shelf-life would require simple
processing and packaging technology but would have limited consumer accept-
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TABLE 4.
DEVELOPMENT OF OFF-ODOUR AND SPOILAGE OF YELLOWTAIL
DURING SALTING IN VARIOUS BRINE SOLUTIONS

Sample observation®
Whole fish
5% brine at 25°C Off-odour after 30h,

spoilage after 40h

5% brine at 35°C Off-odour after 15h,
spoilage after 25h

10% brine at 25° & 35°C Off-odour started to
develop after 50h

Split fish

5% brine at 25°C Off-odour after 20h,
spoilage after 40h

5% brine at 35°C Off-odour after 15h,
spoilage after 30h

10% brine at 25° & 35°C Ooff-odour started to
develop after 50h

>15% brine at 25° & 35°C No off-odour during 50h

* Ooff-odour refers to development of earthy, ammoniacal

odour; spoilage refers to development of bacterial slime
and tissue softening.

ability. The second option is the current practice in Indonesia mainly because
of its low capital intensity.

Further studies are in progress on the effect of salt content (salting and de-
salting) and drying parameters on the physical, chemical and sensory properties
of dried-salted yellowtail.
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FIG. 5. SALT AND WATER CONTENTS, AND
WATER ACTIVITIES OF YELLOWTAIL DURING DESALTING
(A) Salt content. (B) Water content. (C) Water activity: whole fish. (O) Split fish ((J).
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ABSTRACT

Flour was prepared from microwave blanched ‘‘Jewel’’ sweet potatoes. For
comparison, flours were also prepared from steam blanched and unblanched
sweet potatoes. Microwave blanched flour had higher yield (18%) than steam
blanched (13%). There were differences (p < 0.05) in moisture, ash, starch,
sugar and thiamin content among the three flours. No differences in oil and
water holding capacity or viscosity were observed between the microwave and
steam blanched flours. There were no differences in L-values among flours,
but a-values were smaller for microwave blanched and b-values were greater
for unblanched flours (p < 0.05). Visual observation indicated that blanched
flours were deeper in yellow-orange color than unblanched flour. Three bakery
products, bread, cake and cookies, were prepared. The sensory scores of prod-
ucts containing microwave blanched flour were higher than that of products
containing unblanched or steam blanched flour. The products were highly
acceptable.

INTRODUCTION

Sweet potatoes (I[pomoea batatas) are an important crop grown extensively in
the Southern United States. Sweet potatoes are consumed not only in baked form
but can also be used as ingredient in ice cream, pie fillings, pancakes, breads
and icing (Winarno 1980). Flours were previously prepared from sweet potatoes
after drying without blanching. Such flour deteriorates quickly in flavor and
quality (Dawson 1951). Fruits and vegetables are steam or water blanched prior
to freezing and dehydration in order to improve color and texture (Noble and
Gordon 1964; Odland and Eheart 1975). Steam blanching of sweet potatoes was
reported by Spadaro and Patton (1961) and by Wadsworth et al. (1966).
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The use of microwave for food processing has been increasing rapidly in
recent years (Smith 1984). Recently, peanut flour was prepared by combination
of microwave-vacuum oven drying techniques (Pominski and Vinnett 1989).
Martin prepared flour from microwave baked sweet potatoes (1984). Purcell and
Walter (1988) investigated carbohydrate components in sweet potatoes baked by
microwave and convection heating. Little information is available on microwave
blanching nor the properties of flour prepared from microwave blanched sweet
potatoes. The objectives of this study were to determine the nutritive composition,
physical properties and sensory quality of microwave blanched sweet potato flour
and to compare with steam blanched and unblanched sweet potato flours.

MATERIALS AND METHODS

Sweet Potato Flour

““Jewel’” sweet potatoes were obtained from the George Washington Carver
Agricultural Experiment Station, Tuskegee University, Tuskegee, AL. After
harvest, storage roots were cured at 30°C and relative humidity (RH) of 80—
85% for 1 week, then stored for 1 month at 15°C and 80% RH.

Storage roots weighing 250-450 g were washed, peeled and sliced 2-3 mm
thick. They were divided into 3 batches. Each batch consisted of 4-5 kg. One
batch was steamed for 10 min. The condition of microwave heating was tested
prior to the experiment. To determine the time required to reach 90°C or higher,
sweet potato roots of known weight were heated at various times. A thermometer
was inserted immediately after heating to measure the inner temperature. After
establishing time-weight relationship, this factor (10 min for 800 g) was used
when larger amounts of sweet potato roots were heated for blanching. Another
batch was not blanched. The three batches of sweet potatoes blanched or un-
blanched were dried in a ‘‘Harvest Maid’’ dehydrator (Alternative Pioneering
System, Inc., Minneapolis, MN) at 50-60°C for 24 h or until crispy (7-8%
moisture). The dried slices were first ground with a Wiley’s mill, followed by
a ball mill (Norton Chemical Process Products Division, Akron, OH) to a fine
powder. Sixty-100-mesh-size portions were collected by using sieves. The flour
was packaged in 0.05 mm thick polyethylene bags, sealed and stored at 4.4°C
until use. The percentage yield was calculated as weight of dry flour/weight of
fresh potatoes X 100.

Chemical Analysis

Moisture, protein, fat and ash were determined according to AOAC (1980).
Riboflavin and thiamin were determined fluorometrically (AOAC 1980), and
beta-carotene by the spectrometric method (Reddy and Sistrunk 1980). Starch
was determined by an acid hydrolysis method (Lu er al. 1986). Sugars were
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analyzed by a HPLC system (LDC/Milton Roy, Rivera Beach, FL) equipped
with a refractomonitor. An Amino 5-s carbohydrate column (Bio Rad) was
employed. The solvent system consisted of 75% acetonitrile and 25% water at
a flow rate of 1.5 mL/min at 20°C (Lu et al. 1986). A Perkin Elmer atomic
absorption spectrophotometer 3080 (Perkin Elmer’s Corp., Norfork, CT) was
employed to determine Na, K and Fe (Anon. 1971).

Physical Properties

Flours were analyzed for water and oil binding capacity (Beuchat 1977). An
Oswald viscometer was employed to measure relative viscosity of 0.1% solution
at 20°C. A Minolta Chroma Meter II (Minolta Corp., Ramsey, NJ) was used to
measure the color difference values, “‘L’’, ‘‘a’” and ‘‘b.”’

Preparation of Baked Products

Three products, bread, cake and cookies were prepared. Table 1 shows the
formulation for all three products. To prepare bread, the ingredients were mixed
into dough. The dough was placed into a well-greased bowl, covered with a
moist cheesecloth and allowed to rise at 26-29°C for 1/, h. The dough was
punched, folded over and allowed to rise for an additional 50 min. Loaves were
baked at 204°C for 40 min. The cake was prepared by first mixing butter and
sugar until light and fluffy with an Oster 5 speed mixer (Oster, Milwaukee, WI)
at speed 4 for 5 min. Four eggs were added to creamed mixture. The dry
ingredients, sifted all purpose flour, sweet potato flour, baking powder and
nutmeg, were mixed thoroughly using a Waring hand mixer at speed 3 for 3
min (Crown Distributors, Edison, NJ). The batter was poured into greased floured
pans (18.75" X 4.5 x 2.75") and heated at 176°C for 40-50 min. The method
used in the cake was adapted for the cookies. The dough was dropped by
teaspoonfuls on cookie sheets and baked for 10 min at 176°C. The size of cookies
was approximately 5 cm diameter and 1 cm thick.

Sensory Evaluation

Evaluation of bread, cake and cookies was conducted at separate times. A
small piece of sample (about 30 g) was served with a cup of water. A 9-point
scale was employed to determine preference, with 9 points being the highest
score (liked extremely) and 1 point being the lowest (disliked extremely) (ASTM
1968). Thirty-three panelists, consisting of students, staff and faculty at Tuskegee
University (Tuskegee, AL), evaluated the products.

Statistics

Data were analyzed by analysis of variance. Means were separated by Dun-
can’s Multiple Range Test at the 5% level (Steel and Torrie 1980).
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TABLE 1.
SWEET POTATO PRODUCTS FORMULATION
Ingredient BREAD Amount
Wheat Flour 298.0g
Sweet Potato Flour 127.7g
Yeast 7.0g
Sugar 11.9g
Salt 8.3g
Water 500.0ml
Ingredient CAKE Amount
Butter 227.0qg
Sugar 336.0g
Wheat Flour 198.6g
Sweet Potato Flour 85.1g
Baking Powder 12.9g
Salt 8.3g
Nutmeg 2.3g
Eggs 224.0g
Ingredients COOKIES AMOUNT
Butter 227.0g
Sugar 252.0g
Wheat Flour 178.8g
Sweet Potato Flour 76.69
Baking Soda 5.2g
Salt 8.3g
Raisins 180.5g
Eggs 112.0g
Vanilla 5.0ml

RESULTS AND DISCUSSION

The yield of flour was 13.13% for steam blanched, 18.65% for microwave
blanched and 18.96% for unblanched sweet potatoes. Some soluble components,
i.e., sugars and minerals, might have dripped down during steaming process.
Therefore, yield was smaller for steam blanched than for unblanched and mi-
crowave blanched sweet potatoes. Unblanched dried slices were easiest to grind
to flour, followed by microwave blanched slices, then steam blanched slices.
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The steam blanched slices appeared slightly chewy and rubbery while unblanched
and microwave blanched slices were brittle and crumbly.

Starch is the major component of sweet potatoes. The starch content ranged
from 58.4 to 66.86%. Starch content was greater for unblanched than for blanched
flour (p < 0.05) (Table 2). A portion of starch is converted to sugar during the
blanching process because of activation of amylases; therefore, the starch content
of blanched fours was slightly decreased. Martin (1984) reported that flour
prepared from microwave baked sweet potatoes had 40-60% starch.

The major sugars in the blanched flours were sucrose and maltose, while
sucrose was the major sugar in the unblanched flour. Appreciable amounts of
glucose and fructose were also present. No maltose was detected in unblanched
flour (Table 3). Total sugars were highest for steam blanched flour, followed by
microwave blanched, then unblanched flour. Blanching decreased starch and
increased sugar content in sweet potatoes.

There were no differences in protein, fat, beta-carotene or sodium among the
three flours assayed (p < 0.05). Ash content was slightly greater in unblanched
than in blanched flours (p < 0.05). Potassium was greater in microwave blanched
and unblanched than in steam blanched flour. Smaller potassium value of steam
blanched flour might be caused by dripping loss due to steaming. Slightly greater
iron content in steam blanched flour than unblanched and microwave blanched
flour might come from the contamination from the steaming equipment. Less
thiamin and riboflavin were observed in steam blanched than in microwave
blanched and unblanched flours (p < 0.05). This could be a time-temperature
effect. Thiamin and riboflavin are destroyed when exposed to high temperature
for a long period of time (Chichester 1973). Except for starch and sugar content,
the composition of microwave blanched flour was similar to that of unblanched
flour, and slightly greater in thiamin and riboflavin and potassium than steam
blanched flour.

Color is an important attribute in food. The yellow-orange color of sweet
potatoes is due mainly to the presence of beta-carotene (Martin 1984). There
were no difference in ‘‘L’’ value, but ‘‘a’’ value was lowest and ‘‘b’’ value was
highest for unblanched flour (Table 4). This agreed with our visual observation
in that unblanched flour had light pale-yellow color while steam and microwave
blanched flours had deep yellow-orange color indicating that blanching inacti-
vated oxidizing enzymes; therefore, color was retained.

There was no difference in pH value and viscosity of flours, but water ab-
sorption ability was greater, while oil absorption was smaller for both blanched
than for unblanched flour. This could be due to differences in starch and sugar
content among these flours. Both steam and microwave blanched flour had greater
sugar content and smaller starch content than unblanched flour. The results of
the sensory evaluation are presented in Table 5. The scores of breads were 6.33
for steam blanched, 6.48 for microwave blanched, and 6.36 for unblanched.



-s1seq 3jybram Ki1g “-SUOTIPUTWIDISP d9aYyl) uo °“A°S F sueay

T
12A97

%G 2y3 je juaiazyTp ATjuedoTyTubIs jou @1e MO dwes ayj ur 3dradsaadns swes Iyl YijrTA SueIY

49E"0 + 8-€8y qt?"0 + 9°9¢p e82°0 +  ¥T66€ (bw) untssejod
5 oCS°0 + 6°LTT g0T°0 + 8°PTT 208°0 + 0°6TT (bw) wntpog
L '
> 00°0 ¥ 0T"0 10°0 ¥ T1°0 02070 T 6T°0 (bw) uoar
z q q
5 9T°0 + €670 %00 + §6°0 60°0 + GS°0 (bu) utraeyzoqry
> q q e
el _— — ==
g q00°0 + ¥I°0 q0070 +2T0°0 £00°0 + 800°0 (bu) utwmeryg
S —_— -—
m oC6°T + 08702 £60°Z + 96781 £2°C ¥ T8°LI auajoaep-d
w oI8°T + 98799 g1 + 00°09 q?0°0 + op-8s (%) udaeag
A oLT°0 + T6°€ o€0°0 + 99°€ o£0°0 + €0°€ (2) usv
- - = _
m g0E°0 + GE°T L1070 + 06°T olT0 + EE°T (¢) 3ed
& e8V°0 + OF°L oCET0 + 0E£°9 eIT°0 + 0Z°9 (¢) ura3oad
Z. — o

— - + . - - h
4L T70 F 0579 oLT°0 + 02°8 JLI°0 + 687§ (3) @anistou
payosuetqun payoueTq SARMOIDIW payouerq paweals

120

ANOTd OLVLIOd 133MS 40 NOLLISOdWOD INATLAN

TAIdvVL



121

MICROWAVE-BLANCHED SWEET POTATO FLOUR

%G 3e juaaazyTp Arjuedryrubrs

‘SUOT]PUTWIS}OP 29Iy} UO IS + SUEBIY

T

‘12A9T

jou aae uunyod awes 3yl ur 3dradosiadns swes ayl YiIm sueay

86°€T 9070 + ST°T q21 0 + 87T r—— Q0T T + GP°TT payouetqun
PET0Z  GTT°0 + OV°T q80°0 + 0E°T eS°C + 9978 oVS°T + ¥0°6 payoduerq
9ARMOID TN
61762 e81°0 + 96°1 olT70 + €172 o670 + 9€°0T 1870 + PL 0T paydsuerq
weals

saebng (%) (2) (%) (%)
Te30% asolonag asoonyo 9s03T®en asoaong ardweg

J4NOTd OLVL1Od 139MS 40 HZm:lZ.OU dvOons

‘€ d1dVL



NORMA L. DAWKINS and JOHN Y. LU

122

*I9A3T %G 2yl e A13juedTyTubTs j0u 8ae moa awes 3yl ur 3draosaadns swes ayl YITM sueay

abueao 3ybrT abueao abueao uotjdaoaad
1ensIA
eSS°0 + SS°6T qST'0 + 65°LZ q0s°0 + ov-Le a
q00"0 + 08°T eST°0 + 69°¢ eS0°0 + ST°€ e
eS6°0 + 69718 e0S°0 + 06°88 oSLT0 + S0°88 1 30710D
ol0°0 + 82°1 e80°0 + o0Z°T 1070 + OT°T (¢1°0) -duod
K3rsoos1p @AT3ERT9Y
q00°0 + 6L°S el0°0 + ZL°S V070 + 997G nd
q000 + 9v°Z e90°0 + 98°1 oIT°0 + 08°T uoridaosqe TTO
29070 + L9°T eST°0 + 06°€ olT°0 * £0°F uoridiosqe 1a3jeM
payouetqun payoueq S9ABMOIDTIW payoue[q weals satjaadoag
Teuotrloung

YdNOTd OLVIOd LFdMS . TIMAS,, 4O SFILYddOdd TVIISAHd
v A14dV.L



MICROWAVE-BLANCHED SWEET POTATO FLOUR 123

TABLE 5.
SENSORY EVALUATION SCORES

Product Steam blanched Microwave blanched Unblanched
Bread 6.33 + 0.33 6.48 + 0.28 6.36 + 0.33
Cake 8.15 + 0.12 8.21 + 0.17 7.03 + 0.24
Cookie 7.93 + 0.18 7.96 + 0.18 7.06 + 0.29

Mean + S.E.

These scores were close, and the effect of incorporating blanched flour was not
clearly demonstrated. The breads all left a characteristic lingering sweet potato
flavor in the mouth when tasted. For cake and cookies, the scores were higher
for both steam and microwave blanched than for unblanched. For cake, the
scores were 8.15 for steam blanched and 8.21 for microwave blanched while
that of unblanched was 7.03. The result indicates that the cakes incorporated
with blanched flours were ranked between ‘‘like moderately’” and ‘‘like very
much.’’” The result of cookies was similar to that of cakes. The scores were 7.93
for steam blanched, 7.96 for microwave blanched while that of unblanched was
7.06, indicating that panelists liked the blanched sweet potato flour products.

All the bakery products tested had 30% of wheat flour substituted with sweet
potato flour. Sweet potato flour can be used to replace up to 30% wheat flour
without changing acceptability of product. In many developing countries where
sweet potato is a major staple and where flour is imported, partial substitution
of wheat flour with blanched sweet potato flour would be economically desirable
and organoleptically acceptable.

Processing of sweet potatoes into flour increases not only the storage ability
but also further diversifies sweet potato usage. Considering factors such as yield,
ease of process and energy efficiency, microwave blanching is preferred to the
traditional steam blanching sweet potatoes. Further study is needed to determine
the effect of storage conditions on the quality of microwave blanched sweet
potato flour.
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ABSTRACT

Physical and tensile properties of Loligo and Illex squid mantles were eval-
uated during refrigerated storage and after various heat treatments. A major
decrease in ultimate tensile strength of the mantle occurred between 50° and
60°C in a direction parallel to the longitudinal axis of the mantle. After storage
for more than 4 days at 4°C, the ultimate tensile strength of the mantle decreased
significantly in the longitudinal but not the transverse direction. In addition,
heating of mantle (100°C for 2 min) stored for more than 4 days led to greater
strength loss than observed in heated, nonstored mantle, indicating that refrig-
erated storage produces changes in collagen that make it more susceptible to
the effects of high temperature. Strength loss in the transverse direction after
heating was observed in mantle of Loligo but not Illex.

INTRODUCTION

The texture of squid mantle is quite unique and has prompted several studies
of various species (Ward and Wainwright 1972; Gosline and Shadwick 1983;
Shadwick and Gosline 1984). The state of freshness prior to freezing has been
reported to have an influence on the texture of cooked squid after prolonged
frozen storage. Samples of Illex showing distinct discoloration of both skin and
muscle layers under the skin (an indication that the squid was not fresh) (Tak-
ahashi 1965) had sensory ‘‘hardness’’ scores and Warner-Bratzler force readings
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about 30% less than those of fresh squid (Kolodziejska et al. 1987). Holding
the squid prior to cooking for 18 h at room temperature or 2 h at 35°C did not
affect the texture of the cooked squid, although it did cause significant proteolysis
of myosin as judged by SDS-PAGE (Kolodziejska 1985). It has been shown
that the ultimate tensile strength of squid mantle is greater in the direction parallel
to the long axis of the squid body than in the perpendicular direction (transverse)
(Otwell and Hamann 1979b; Kuo et al. 1990). It was also reported that heating
the mantle at 60°C caused a significant decrease in the ultimate tensile strength
in the longitudinal direction of Illex and Loligo (Kuo et al. 1990), which could
have been due to melting of the collagen fibers predominantly oriented in that
direction (Otwell and Hamann 1979a). The objective of this work was to compare
the response of two North Atlantic squid, /llex illecebrosus and Loligo pealei,
to refrigerated storage, heating, and the combination of storage and heating with
respect to their tensile and other properties.

MATERIALS AND METHODS

Squid was obtained from day boats in Gloucester, MA, and transported on
ice to the laboratory in Amherst, MA. Mantles with lengths of 14.4 = 3.3 cm
for Loligo pealei and 14.2 * 3.8 cm for Illex illecebrosus were chosen for this
study. They were cleaned (skin, tentacles, and viscera removed) and cut open
along the dorsal surfaces which yielded a flat, approximately triangular shaped
““fillet’” of squid meat, whereupon it was packaged in sealed plastic bags, and
stored at —40°C.

Thawed mantles were either tested at room temperature (about 25°C) or cooked
prior to testing. Samples were heated in distilled water (squid to water ratio
1/60 weight ratio) at the specified temperatures for 2 min and then immediately
immersed in distilled water at room temperature for 10 min.

The procedures of specimen preparation and mechanical testing using an
Instron are described in detail elsewhere (Kuo et al. 1990).

Moisture content was determined by the AOAC method (AOAC 1984). Mantle
pH measurements were taken from a blend of macerated squid in distilled water
(1/10 weight ratio) homogenized for 3 min. Weight loss and changes in the
physical dimensions were monitored before and after cooking. Density was
determined as the weight of sample divided by the volume of water displaced
at room temperature. Extractable hydroxyproline (HOP) was obtained by treat-
ment of macerated tissue with 0.1 M phosphate buffer, pH 7.0 at 26° or 70°C
followed by centrifugation (Hatae et al. 1986). The HOP content was determined
by a colorimetric method (Woessner 1961) after hydrolyzing the tissue with 6
M HCI for 3 h at 130°C.

All analyses were performed in triplicate on each squid and at least three squid
mantles were used in each treatment. Data are expressed as mean =* standard
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deviation. The significance of the differences was evaluated using the Duncan
Multiple Range Test and Student’s t-test at a 95% level of confidence.

RESULTS

Effects of Heat Treatment

The ultimate tensile strength of Loligo pealei and Illex illecebrosus cooked
mantles as a function of treatment temperature in both the longitudinal and
transverse directions is shown in Fig. 1 and 2, respectively. In both species
decreases in ultimate tensile strength in the longitudinal direction occurred be-
tween 50° and 60°C. The slight trend towards strength recovery above 60°C is
not statistically significant. There was no significant effect of temperature on the
ultimate tensile strength in the transverse direction in the Illex mantles. In those
of Loligo the strength in this direction increased when heated to 80° and 100°C.

The effects of heating Loligo and Tllex mantle at 60°C and 100°C for 2 min
are shown in Table 1. When squid mantle is heated in water, it shrinks and
curls. The longitudinal shrinkage is believed to be due to contraction of collagen
fibers in the tunic and the transverse shrinkage to contraction of muscle fibers
(Takahashi 1965). The curling is always in the direction of the longitudinal axis
of the mantle. It is obviously caused by greater contraction of the outer tunic
relative to that of the inner tunic. Since the muscle cells near both surfaces are

40

© LONGITUDINAL
s TRANSVERSE

301

ULTIMATE TENSILE STRENGTH (N/cm?)

20 40 60 80 100
TEMPERATURE (°C)

FIG. 1. RELATIONSHIP BETWEEN ULTIMATE TENSILE STRENGTH AND
TEMPERATURE OF HEATING OF LOLIGO PEALEI
Samples were placed for 2 min in water at the indicated temperature.
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FIG. 2. RELATIONSHIP BETWEEN ULTIMATE TENSILE STRENGTH AND
TEMPERATURE OF HEATING OF ILLEX ILLECEBROSUS
Samples were placed for 2 min in water at the indicated temperature.

EFFECT OF COOKING TETI\"l/}’]?iI;{i’;‘.URE ON SQUID MANTLE!'
Loligo Illex
60°C 100°C 60°C 100°C
(%) (%) (%) (%)
Weight loss 5+1 30+3 9+1 36+2
Transverse shrinkage 8+2 2245 5+2 27+5
Longitudinal shrinkage
outer tunic side 23+6 58+4 4543 58+2
inner tunic side 9+3 1245 12+4 23+4
Thickness increase 15+4 22+12 9+2 9+7
Density increase 29+1 38+11 28+8 4243
Moisture content 84.9+1.9 76..5+2.5 79.1+0.5 68.7+4.5

1Cooked for 2 min at the specified temperature.

The density of raw mantle of both species was 1.110.1 g/cm -

The moisture content of raw Loligo was 82.8+0.5% and of the raw
Illex 80.2+1.77%.
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the same morphologically, this difference is probably due to structure, compo-
sition, and/or orientation of the collagen fibrils. This reinforces our previous
suggestion that the profound changes in tensile strength in the longitudinal di-
rection of heated squid mantle relates to changes in collagen (Kuo ef al. 1990).
Increase of mantle thickness with concomitant weight loss is another manifes-
tation of heat-induced contraction. The type of geometric changes in the mantle
were of the kind expected of a material undergoing asymmetric contraction. The
same pattern was observed in the two squid species.

Effects of Refrigerated Storage

The changes in ultimate tensile strength of mantle stored at 4°C are shown in
Table 2. In both species a significant loss of strength in the longitudinal direction
occurred at approximately the same time, i.e., between 4 and 7 days for Loligo
and between 4 and 5 days for Illex. No significant changes in the transverse
direction were observed in either species.

Stored mantles were heated in water at 100°C for 2 min. Their moisture
content, weight loss, and strength in the longitudinal and transverse directions
are given in Table 3. As expected (Otwell and Hamann 1979b; Kuo et al. 1990),
the ultimate tensile strength in the longitudinal direction decreased upon heating.
The effect was larger after 4 days of storage than that observed with mantle
stored for 4 days or less. In heated Loligo mantle there was also a loss of strength
in the transverse direction in unison with that of the longitudinal direction. In
Illex, in contrast, no significant loss of strength in the transverse direction was
observed in heated mantle during the 7 day storage period.

TABLE 2.
ULTIMATE TENSILE STRENGTH (N/cm®) OF RAW SQUID MANTLE STORED AT 4°C

Loligo Illex
Days longitudinal transverse longitudinal transverse
0 36+82 13+3¢ 61+102 20+4¢
2 33+54 14+3°¢ 57+112 17+3¢
4 31+62 13+4¢ 55+108 18+4°¢
5 - - 40+5P 1543¢
7 21+4P 14+4C 42+6P 1443C

Values with different superscripts within each species
are significantly different (p<0.05).
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TABLE 3.
EFFECT OF HEATING AT 100°C FOR 2 MIN ON RAW
SQUID MANTLE PREVIOUSLY STORED AT 4°C

Days at 4°C

0 2 4 5 7 12

Loligo
Moisture (%) 72.940.2 e 74.7+0.3 = 77.0+0.8 81.0+0.2
Weight

loss (%) 48+3 o 47+2 e 38+4 2443
Ultimate

tensile L  15+22 S 13+22 e 9+2b 5+1¢

strength

(N/em“) T 2346€ 21+4¢€ 16+22 15+32
pH of raw

squid 6.6 7.0 7.5 8.2
Illex

Moisture (%) 74+0.3 76+0.5 76.8+0.5 78.8+0.5 81.4+0.8 ===

Weight
loss (%) 46+3 44+3 42+2 41+4 3743 -—
Ultimate
tensile L 33462 34473 32452 24+3b 20+3P o
stren%th
(N/em®) T  1443€ 15+3¢ 14+4¢ 13+5¢ 13+4°€ -
pH of raw 6.8 7.1 7.3 7.3 7.5 -_—
squid

Moisture content for Loligo before heating was 87.9+1.5% and for Illex
83.8+0.3%

Weight loss of heated mantle is expressed as a percentage of raw mantle.

Values with different superscripts within each species are significant-
ly different (p<0.05).

L- value in longitudinal direction; T- value in transverse direction.

The moisture content of cooked stored mantle tissue increased with time of
storage. This was also reflected in a smaller weight loss (Table 3). During storage
the pH of the raw mantle progressively increased. Comparison of shrinkage data
of fresh and stored mantles indicated that storage of raw mantle at 4°C for up
to at least 7 days had no effect on cooked mantle dimensions.

Since tensile properties of raw squid mantle are regulated in part by collagen
fibers (Kuo et al. 1991), the amount of extractable hydroxyproline with storage
time was also determined (Fig. 3). The results were inconclusive, as no major
changes in HOP contents were observed after extraction at either 26° or 70°C.
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e 70°C
401 ILLEX 4 GO EXTRACTABLE HOP

30,//\/‘\/A
201

LOLIGO

EXTRACTABLE HOP (%)

0 4 8 12 16 20

FIG. 3. CHANGES IN 26°C- AND 70°C-EXTRACTABLE
HYDROXYPROLINE (HOP) OF SQUID MANTLE STORED AT 4°C

DISCUSSION

Although the role of collagen in regulating tenderness and other mechanical
properties of postmortem muscle tissue is well accepted, its specific effects in
textural changes that occur during postmortem storage are not fully understood.
It has been difficult to show that important changes in the collagen molecules
occur during storage or to relate any molecular changes to textural modifications.
Likewise, no major changes in the proportion of extractable hydroxyproline were
found in this work with squid. Nevertheless, the observed strength loss in the
longitudinal direction of the mantle of both squid species indicates that there
were changes during storage and that collagen molecules were probably involved.
Similar observations were reported by Otwell and Hamann (1979b). Other work
(Kuo ef al. 1991) has shown that treatments that modify collagen fibers reduce
the strength of raw squid mantle in the longitudinal direction. That the strength
loss was primarily due to modification of collagen fibers is further supported in
this work by the lack of effect of postmortem storage on squid mantle strength
in the transverse direction. Other work (Kuo er al. 1991) has indicated that when
the contractile proteins were modified, the strength of mantle oriented transverse
to the longitudinal axis decreased.

An effect of storage on ultimate tensile strength in the longitudinal direction
was observed in heated squid samples (Table 3). The loss in the heated samples
occurred after the same storage time that caused loss of strength in raw samples.
Thus, the change(s) which occurred in the collagen during storage affected the
tensile properties of both raw and heated squid. The data suggest that the strength
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loss in heated mantles was not caused by complete melting and disorganization
of the collagen. On the contrary, a significant amount of structure must have
remained after heating. Otherwise, heating should have reduced the tensile
strength to a single low value regardless of whether the sample was aged.

During storage the pH of the squid tissue increased. The moisture content of
the corresponding cooked samples also increased, and their weight losses de-
creased. It is likely that these changes are interrelated. Muscle proteins bind
more water as the pH increases, thus the greater retention of water in squid
cooked after aging.

An examination of the effect of temperature on the ultimate tensile strength
showed that the strength loss in the longitudinal direction in both squid species
was complete at about 60°C (Fig. 1 and 2), confirming the results of Otwell and
Hamann (1979b). This may be attributed to melting of the collagen fibers whose
orientation is generally in the longitudinal direction (23-27° off the major axis).
No such strength loss was observed in the transverse direction, confirming a
previous suggestion that muscle cells contribute more to the tensile properties
in this direction than do collagen fibers (Kuo et al. 1991) . Data scatter made
it difficult to draw other conclusions. Scatter was primarily due to sample-to-
sample variation, as is usually the case with animal materials, although exper-
imental factors such as difficulty in accurately controlling specimen dimensions
was also a factor.

Storage for 7 days at 4°C had no effect on the strength of heated Illex mantle
in the transverse direction, but it decreased that of Loligo. Whether this is an
indication that there are inherent structural differences between the mantles of
the two species is a question that cannot be answered without further study.
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ABSTRACT

A procedure was developed for an on-line control system to achieve the correct
heat sterilization for conduction heating of food. The procedure collects a series
of timeltemperature data via a sensing probe during the early stages of the
heating phase and analyzes the collected data for parameters of conduction
heating. From this data, it predicts the time/temperature relationship for the
remainder for the heating phase and during cooling, integrates the lethal rate,
and determines an appropriate time to start cooling to achieve a desired process
lethality. This procedure has been further validated via laboratory experiments.
This procedure estimated the true location of the sensing probe inserted in the
food. Locating the sensing probe on the container outside surface saved con-
siderable computer time for calculation and facilitated setting up the probe.

INTRODUCTION

Thermally sterilized food is one of the most economical and safest food
products currently available on the market. The sterilizing value at the thermal
center of food is used as a criterion to evaluate thermal processes (Hayakawa
1983a). The sterilizing value is very dependent on the time at which cooling is
started because it governs the duration of the high temperature period in the
phase of heating as well as cooling (Naveh er al. 1983). In the case of sterilizing
temperature sensitive foods, the quality of which is easily reduced by over-
cooking, some method to accurately predict the time/temperature relationship at
the thermal center is required in order to decide the appropriate time to start
cooling, which accurately gives the desired process lethality.

'To whom correspondence should be addressed.
*Currently with House Food Industry Co., 4 Sakae-cho, Sano, Tochigi, 327 Japan.
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Transient state temperature distribution in a canned or other packaged food
undergoing heat sterilization processes may be accurately represented by the
analytical or numerical solution of the Fourier’s equation for heat conduction,
provided that the thermophysical properties and boundary conditions such as
heat conductivity and heat capacity as well as the surface heat transfer coefficient
are known. Unfortunately, however, these physical constants are not widely
available (Hayakawa 1983b). To determine the precise values for thermal con-
ductivity of a particular food product, as well as the surface heat transfer coef-
ficient, often requires a separate, lengthy and detailed analysis.

In this paper, a procedure is developed which collects a series of time/tem-
perature data via a sensing probe from the early stages of the heating phase and
analyzes the collected data for the parameters responsible to predict the time/
temperature relationship for the remainder of heating and cooling phase. Using
this data it integrates the lethal rate, and determines an appropriate time to start
cooling to achieve a desired process lethality.

The approach of this paper may seem similar to those of inverse heat con-
duction analyses. In some inverse heat conduction analyses, thermophysical
properties have been estimated from a known temperature history (Angstroem
1864; Cezairliyan 1971; lida 1982). In these analyses, measurements were so
designed as not to be affected by boundary conditions such as surface heat
transfer.

Another group of inverse conduction analyses, estimates boundary conditions
from a known temperature history at a site inside the body, using known ther-
mophysical properties (Stolz 1960; Burggraf 1964; Beck 1970, 1985).

The approach of this paper does not take the form of either of the inverse
analyses described above. We estimate, from a known temperature history in
the early stage of heating, the location of the sensing probe and some parameters
which are combinations of thermophysical properties and/or coefficients related
to a boundary condition. We attempt, using these parameters, to predict the
remaining time/temperature history from which correct heat sterilization can be
performed.

THEORETICAL CONSIDERATIONS

Heat Transfer Equation

We assume that a canned or packaged conduction heating food is sterilized
in a retort with hot water. After an appropriate duration of heating, t,, the hot
water is discharged and replaced with cooling water. A step-functional temper-
ature change of the surrounding medium is assumed. The shape of food is
assumed to be a rectangular thin slab (2D in thickness) which satisfies one-
dimensional heat conduction.
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Transient state temperature distributions in these solid bodies may be repre-
sented by the solution of following Fourier’s equation for heat conduction as
follows.

oT 92T
PCp 5t = Mgz (1
The initial and boundary conditions are:
T =y t=0 ()]
aT
:)‘a—x_—--h(T_Th) t >0 X= = D 3)
In terms of dimensionless variables
- (T -Th) -t - X
T (Ti - Th) ' =0 §=p
where T = pC,D?/\, Fourier’s equation becomes
m _ ¥
0 o2 )
subject to the conditions
n= 1 6 =0 (5)
il B 6 >0 1 6
+ — = - i = =+
oE in E== (6)
where B, = h D/A.
The analytical solution of Eq. (4) is given by
e e}
n = Y [An exp(-Pn? ) cos (Pp )] (7)
n=1
where P, is an n-th root of following equation,
Pn tan( Pp ) = Bj (®)
and A, is given by
1
JCOS(Pn §) dg .
An = — _ 2 sin(Pn) 9)

, Pn + sin(Pp) cos(Pp )
Jcos (Pn &) dE
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From Eq. (7), (8) and (9), m is a function of two independent variables, 9,
&, and a parameter B;.

T - Th t i
NSy, = MO, & Bi) =M 5, Bi) (10)

When T, T; and D are known, Eq. (10) gives the time/temperature relationship
at a location x as a function of two system parameters T and B;. In other words,
what is required to specify the time/temperature relationship is not the values of
the individual physical properties which appear in Eq. (1), but the system pa-
rameters T and B;. In this procedure, we have dealt with T,, T, and D as the
known values due to their ease of measurement. Thus leaving the problem of
how to estimate the system parameters T and B, as well as the location of the
probe x, which is detailed below.

Estimating System Parameters and
the Location of the Probe

In this system, a temperature sensing probe is placed in a sample food. The
collection of a series of time/temperature data sets, at the location of the sensing
probe, begins when we start a thermal sterilizing process.

(t1,T1),(t2, T2),(t3,T3)s coeee. .. r (tx,Tk)

These time and temperature data sets may be reduced to dimensionless forms:

t5 (Ty - Th) X
85 = -;'1, ny = (Ty - ) 9=1,2,3, =" k.

We attempt to estimate two system parameters 7, B; and moreover the location
of sensing probe &, by analyzing these data sets. To do this initially we use some
estimated values for the parameters 1., B,, and &, and substitution of these values
into Eq. (10) gives an approximate value for the temperature at the true location
of the probe.

Mjo = MN(040s Eor Bio) = M(t3/To, Eos Bio) (11)

This approximation may be improved to give m’ by taking the first and second
terms of the Taylor series concerning each parameter increment 87, 8B, and 8¢
as follows:

' m m o
n' =Nl 850,50sBso) + 05 * 55, 8BY + gag (12)
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The difference between this improved approximation and a value observed with
the probe is defined as E; which is described as:

Ej =7n' -nj =Rj +dn (13)

where
Rj = mM( B8oj, o, Bio) - Mj (14)
ey 2 21 29 ol (15)

ot + — OB + — O
ot 9By agg

The increments, 37, 8B; and 8¢, may be determined so that the sum of Ej2 to
be minimized; this occurs when following conditions are satisfied:

k
P

. 3 (o)
zg Ry + dn} e = 0
k
"E {E52} " -
o 2 R G =0 (16)
62 (e & EI
= RN 2 (R5 + on} adnm)  _
o =1 3

Discarding second and higher derivatives and rearranging we have:

k k k k

m o] dn m dn i dn
E Ry —) + E ot + E — —) dBj + E dE=0
(Ry 6{) ) (8T aBi) i ((3 aE)E
= J= )= 3=
k k k k
an an dn an  dn an
Ry )+ — ) ot+ — T~ ) dBi + dg=0 (17
E:( 3 98y El,(aai P E:(aal apy 9Bi E;(a Bi as) e
b= b= = bm
k k k k

. m m é’liﬂ_ m m
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When R; and the derivatives of m with respect to each parameter in Eq. (17)
are available, the increments, 87, 8B; and 8§, used in improving the approxi-
mation can be obtained by solving Eq. (17) numerically. R; may be obtained
directly from Eq. (14) using a measured m; value. Derivatives of m with 7, B;
and £ may be obtained analytically (see Appendix I). An approximation for this
derivative is available by substituting 6,,, £, 7, and B, into the derivatives
obtained as follows:

To

d Pno? 0
;n - [ =22 An exXp(-Ppo? 8o) cOS (Ppo Eo) 1  (18)
Z

where P, is an n-th root of Eq. (8) with an approximate value B,,. The derivatives
with respect to other parameters dm/0B;, dn/0§, may be approximated in the
same manner. The improved approximation for parameters 7, B; and § are:

T' =10+ 01, Bi' =Bjo +0Bj, §'=§0+ OE

Repeating this procedure several times may help us access to true values T,
B; and &.

The Time to Start Cooling and Lethality Evaluation

After a duration of time of heating, t,, the hot water is discharged and cooling
with cold water starts. A step functional temperature change of the surrounding
water from T, to T, is assumed. We also assume that the surface heat transfer
coefficient is constant and equal during the heating and cooling phase. The time/
temperature relationship within the food during cooling may be calculated by
Fourier’s equation using the parameters 7, B, and &, estimated in the previous
section. Substituting t = t, in Eq. (7), the initial temperature profile in the
cooling phase is given as:

oC

Th+( Ty =Tn ) 2 [An exp(-Pp? tq/t) cos(Pp x/D)].
n=1

Tq(x)

The solution is as follows (see Appendix II):

oo

Tc + (Tc - Th) ) [Cn exp{-Pn? (t - tq) / T}] (19)
n=1

H
1]

where,

Cn = Bn [{(Ti-Th)/(Tc-Th)} exp(-Pn2 tq / T) - 1] (20)
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We employ a sterilizing value, F,, to evaluate a heat sterilizing process. The
sterilizing value is estimated by integrating the lethal rates, L, with respect to
the processing time over the period of heating as well as cooling.

ty iy

Fp = J"Ldt + thdt 21
q

The lethal rate used is a function of temperature, T, z value, and a reference
temperature, T,, as follows:

L=10 (=1)/2 = exp(*——F 1nl0) (22)
Substituting Eq. (7), (19) and (22) to Eq. (21):
tq
(e o]
E‘E,=‘Jexp[{Th+(T;L -Th) 2(1\n exp(-Pp2 t/t)) -T¢}(1lnl0)/z ]dt
n=1
(23)
te

(o]

+ Jexp[{Tc+(Tc -Ty) 2((:n exp(-Pp? (t-tq)/t)) -Tr}(1lnl0)/z]dt
n=1

tq

The time to start cooling, t,, may be determined through a trial and error
procedure, so that the obtained sterilizing value favorably agrees with the ster-
ilizing value aimed at.

EXPERIMENTALS

A slab of acrylic resin and mannan jelly food were used as sample materials.
A slab of acrylic resin was used as a food substitute because (1) it was easy to
place a sensing probe accurately at the location aimed at, (2) no convection
occurred, (3) repeated use was allowed, (4) thermal properties of the resin are
similar to those of food. A slab (ca. 10.0 mm thick) was cut into a square (114
mm X 114 mm) with an aspect ratio of 11.4 which assured one-dimensional
heat transfer. Two copper-constantan thermocouples made from thin sheet (0.055
mm thick) were inserted into each slab; one was placed on the midplane in the
slab which measured the temperature at the geometric center. Another thermo-
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couple was placed on a selected level which worked as a sensing probe to
estimating the system parameters (Fig. 1).

A slab of mannan jelly, konnyaku, was used as an immobilized water model
food. Mannan jelly was sandwiched with a couple of tinplates and fixed with
bolts and nuts. A copper-constantan thermocouple wire (0.08 mm diameter)
was inserted into the mannan jelly with its junction located at its geometrical
center. Another thermocouple was soldered onto the outside surface of a tinplate
(Fig. 2).

A cylindrical vessel (300 mm diameter, 300 mm height) filled with boiling
water was heated to keep the temperature of hot water at a saturate temperature.
Another cylindrical vessel (300 mm diameter, 300 mm height) filled with a
continuous flow of tap water, which was allowed to overflow, was used to cool
the food sample.

A food sample with the attached thermocouples was suspended in the hot
water vessel at the start of the experiment. After a duration of heating t,, the
food sample was pulled out and put into the cooling vessel. The body was fixed
in the water so that its surface was kept vertical.

The output voltage from the thermocouple was amplified and converted to
digital signals through a data logger of a model THERMODAC 32 (Eto Co.).
The digital signals were fed into a personal computer of a model NEC PC98X1.2
(32 bits 16 MHz, CPU 80386 with MPU 80387) through a port RS-232C (Fig.
3). A data processing program written in BASIC language was used.

il

-

47 720 < a7 = ; X
thermo- g E Ts EE Tm
couple

e
Tm Ts -
I |
lead wire

FIG. 1. A PLAN AND ELEVATION VIEW OF AN
ACRYLIC RESIN SLAB WITH THERMOCOUPLES
Ts: sensing probe for estimating system parameters,
T,: measuring temperature at geometric center.
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FIG. 2. A SLAB OF MANNAN JELLY SANDWICHED WITH A COUPLE OF TINPLATES
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FIG. 3. A SCHEMATIC DIAGRAM OF EXPERIMENTAL APPARATUS
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In commercial thermal processes with hot water, 121.1°C is a popular reference
temperature for calculating sterilizing value and 125°C is a popular hot water
temperature, which is 3.9°C higher than the reference temperature. In this ex-
periment, however, hot water sterilization was conducted by use of boiling water
in open air (ca. 99.6°C). In order to fulfil the simulation for sterilizing with hot
water at 125°C, we used 95.7°C as the reference temperature, being 3.9°C lower
than the hot water temperature. In addition to this, we used a modified Thermal
Death Time curve for C. botulinus spores as shown in Fig. 4 for the sterilizing
value calculation in this experiment.

RESULTS AND DISCUSSION

Predicting Time Temperature Relationship and Sterilizing Value

A typical result of experiments using an acrylic resin slab as food substitute
is shown in Fig. 5SA. The x marks denote the temperatures collected with the
sensing probe: 21 points with 10 second interval in this case. When all the preset
number of temperature data were collected, the computer started iterating cal-
culations to estimate the parameters 7, B, and &. The iteration process continued
until it gave increments, 87, 8B; and d¢ of less than 0.001%. The progress of
improvement in approximating parameters 7 and B; was monitored through the

160080 <
Ly} X
2 ~ £%

x X
a \
(e \
\\ \
- \
o 1008 A e
E = S
art \ A
E_‘ \
‘\
<} % \
+ %
o 108 =
(0] AY A\
A \\ \\
A

— N
o T
& b
I 10 e e
[0} 80 98 168 118 128 138
- Temperature (°C)
B

FIG. 4. A MODIFIED THERMAL DEATH TIME CURVE
(BROKEN LINES) USED IN THIS EXPERIMENTAL WORK
Solid line indicates the Thermal Death Time for C. botulinum spores.
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FIG. 5A. A COMPUTER DISPLAY, WHICH SHOWS THE PROGRESS
OF COMPUTER CALCULATION, IN AN EXPERIMENT USING AN

ACRYLIC SLAB WITH A SENSING PROBE LOCATED AT £ = 0.523
The temperatures collected by the computer are denoted with x marks. The extent of the progress
in improving parameter approximation is shown on the top. The variance in nonlinear multiple
regression, denoted with E, is shown at the upper left. The increments for the parameters used in
the iteration process are plotted on the right. After it completed estimating parameters, 7, B;, and
&, the computer predicted the temperature history at the geometric center of the sample, T,, and
corresponding lethal rate integral, F,, in a trial and error search for the appropriate t, value. The
appropriate t, finally obtained is indicated with an arrow at the bottom. The striped bar at the bottom
denotes the time period used by the computer for calculation.

display as is shown on the right in Fig. SA. Using these estimated parameters,
the computer predicted the progress of the temperature rise and integrated the
lethal rate L with respect to time from zero to an upper limit time. We defined
ty and t, as the upper limit time with which the integral came up to 95% and
70% of the sterilizing value aimed at, respectively. We used (t; + t.)/2 as an
initial value for t,, the time to start cooling, whilst searching for an appropriate
t, using the Regula Falsi method.

The trial-and-error process to search for an appropriate t, value was monitored
through the computer display (Fig. 5A) on which the predicted temperature of
heating and cooling phases, as well as the corresponding lethal rate integral,
were plotted against the processing time.

When it successfully found an appropriate time t,, the computer display, after
it was reset, showed the final result of the prediction (Fig. 5B): the solid lines
show the temperature history measured at the geometric center of the sample
and the sterilizing values calculated from it. Both of the solid lines favorably
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FIG. 5B. TIME/TEMPERATURE RELATIONSHIP AND LETHAL RATE INTEGRAL
BOTH MEASURED AND PREDICTED USING AN ACRYLIC SLAB (HALF THICKNESS:
4.93 mm) WITH A SENSING PROBE LOCATED AT ¢ = 0.523
Key x denotes the measured temperature with the probe which was collected by the computer and
was used for estimation. The dotted lines denote predicted values, while the solid lines are measured
values (T,: temperature at the location of sensing probe, T,: temperature at geometric center, F,:

lethal rate integral with respect to time from O to t).

agree with the dotted lines which denote the temperature and the sterilizing
values predicted by this system. The period for cooling determined by the com-
puter is shown at the bottom of Fig. 5B.

The time period used by the computer for calculation is denoted by a striped
bar at the bottom in Fig. SA. This computer time, used in predicting the param-
eters T, B, and § and searching for the appropriate time t,, was around 50-100
seconds in total even though we used BASIC language, a computer language
which is the slowest in processing. This computer time was short enough to
perform an on-line control of the sterilization for thin foods of as little as 10
mm thickness.

Selected parameters used for prediction as well as those predicted are listed
in Table 1. The thermal processing was successfully performed giving a steri-
lizing value which very closely agreed to predicted value. The predicted value
for T agreed to within 1% of the value calculated using the thermophysical
properties for an acrylic resin. The probe location was also favorably predicted
by this method.
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TABLE 1.

PARAMETERS USED FOR PREDICTION AND THOSE PREDICTED
Sample
Material acrylicresin  acrylicresin  mannan jelly
Probe Location e [-] 0518 -0.529 0.156 -0.169 1.00
System Parameter Calc. v [s] 2301 2161 126 2
Parameters measured and used for prediction
Half Thickness D [mm] 4.93 4.78 4.15
Hot Water Temperature Th [°C] 99.5 99.1 99.2
Cooling Water Temperature T [°C] 22.1 22.5 22.8
Parameters used for prediction
Sterilizing Value Aimedat ~ Fp[s ] 240 240 240
Reference Temperature T; [°C] 95.7 95.7 95.7
z Value [°C] 10 10 10
Number of Data Collected k [- ] 21 21 21
Interval of Data Collection  At[s] 10 10 10
Number of Terms for Appro. n [ -] 9 9 9
Parameters predicted
Time to Start Cooling tq [s] 423 426 296
System Parameter T [s 229 223 116
Probe Location § I[' ]] 0.514 0.276 -
System Parameter B [-] 25.4 23.5 10.5
Sterilizing Value Performed Fp [s] 241 236 241

L: Calculated using physical properties for acrylic resin: Cp=1740 J/(kg K),
p= 1270 kg/m3, A =0.233 W/(m K).

2; Calculated using physical properties for water: Cp=4184 J/(kg K),
p=999 kg/m3, A =0.57 W/(m K).

A typical result of experiments using an acrylic slab which had a sensing
probe closely located to the middle of slab (§ = 0.16) is shown in Fig. 6.
Selected parameters used for prediction as well as those predicted are listed in
Table 1. A good agreement in F, and 7 is shown. However, the predicting of
the location of the probe failed. The error in § was 11% of the half thickness.

This result suggests that it is hard to predict the location of the sensing probe
precisely when the probe is located closely to the geometric center. This is
because the temperature gradient shows little increase, and hence errors in lo-
cation have little effect on predicting the temperature at the geometric center as
well as the sterilizing value. This result also suggests that the location of the
sensing probe does not need to be precisely predicted for the use of sterilizing
value estimation when the probe is located near to the center of a sample.

Locating the Probe on the Container Outside Surface

A result of the experiment using mannan jelly is shown in Fig. 7. In this
experiment the sensing probe was placed on the outside surface of a tinplate
with which the mannan jelly was sandwiched.
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FIG. 6. TIME/TEMPERATURE RELATIONSHIP AND LETHAL RATE INTEGRAL
BOTH MEASURED AND PREDICTED USING AN ACRYLIC SLAB (HALF THICKNESS:
4.78 mm) WITH A SENSING PROBE LOCATED AT ¢ = 0.162
Key x denotes the measured temperature with the probe which was collected by the computer and
was used for estimation. The dotted lines denote predicted values, while the solid lines are measured
values (T,: temperature at the location of sensing probe, T,: temperature at geometric center, F,:

lethal rate integral with respect to time from O to t).

When the probe is located on the top surface of the sample slab, i.e., £ = 1,
Eq. (7) and (9) are simplified as follows:

0
N = Y [Dn exp(-Py? 0)] 7'
n=1
where
Dh = Ap cos(Pp) = 2 By (9)’

B;j2 + Bj + Pj2

These equations were used in the experiment described in Fig. 7. Selected
parameters used for and determined by the predictions are listed in Table 1. A
good agreement in the sterilizing value as well as the parameter T was found.

This successful result is particularly noteworthy because setting the probe at
the surface of container (§ = 1) has the following advantages:
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FIG. 7. TIME/TEMPERATURE RELATIONSHP AND LETHAL RATE INTEGRAL BOTH
MEASURED AND PREDICTED USING A MANNAN JELLY SLAB (HALF THICKNESS:
4.15 mm) WITH A SENSING PROBE LOCATED AT OUTSIDE SURFACE
Key x denotes the measured temperature with the probe which was collected by the computer and
was used for estimation. The dotted lines denote predicted values, while the solid lines are measured
values (T,: temperature at the location of sensing probe, T,: temperature at geometric center, F,:

lethal rate integral with respect to time from 0 to t).

(1) Eq. (7)" considerably saves computer time during iteration.

(2) Facilitate the setting up the sensing probe, i.e., no need to insert it into a
container. All that is required is to solder or glue it on the outside surface.

It should be emphasized, however, that locating the probe on the container
outside surface is not applicable to those cases in which B, is very large or the
materials from which the container was made have a fairly smaller thermal
diffusivity than that of food.

Estimating B, Values

The success of predicting B; values, Biot number, in this experiment may be
evaluated as follows. Substituting the conditions in this experiment into an
empirical equation for the vertical plate natural convection heat transfer, we
calculated a Nusselt number of 220 from values of the Grashof number and
Rayleigh number 1.03 X 10'°and 1.8 X 10" respectively (Holman 1981). With
this Nusselt number, we can estimate the surface heat transfer coefficient as
h = 1.23 x 10° W/ (m’K), which gives B, = 26.4 for acrylic resin sample
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(A = 0.233 W/ (mK)) and B, = 8.1 for mannan jelly sample (A = 0.637 W/
(mK)). These estimated B, values favorably agree with predicted B; shown in
Table 1.

There have been few reports on the surface heat transfer coefficient for pack-
aged foods in commercial retorts. Naveh et al. (1983) used h = 1.0 X 10° W/
(m’K) when they calculated the sterilization value in a cooling phase using water.
This value closely approximates to the h value estimated above.

Effect of Errors in Sensing Temperature

As this method analyzes a series of temperature data collected in the early
stages of temperature rise that plays a critical role in this system, we examined
the effect of random errors, which might occur in measuring temperature, on
the system performance. In the case of thermal processing which deals with
temperature sensitive foods, temperatures are usually measured very precisely
to monitor the duration of the high temperature period, because the sterilizing
value is very sensitive to this period. Therefore we postulated 1% as the maximum
error which a sensing probe may make.

A numerical experiment was conducted assuming that an acrylic resin slab
(half thickness: 5.00 mm) with a sensing probe located at £ = 0.40 was heated
with hot water (99.6°C) and cooled with cooling water (20.0°C). The computer
generated rises in temperature by an analytical solution to heat conduction equa-
tion where system parameters T = 188.3 s and B, = 8.8 were assumed. At the
same time the computer imposed a random error (0.1-1.0%) onto the temper-
ature. The computer collected 21 data sets using an interval of 10 s, and analyzed
them using the 9 terms in series expansion of Eq. (7).

The results of the experiment, shown in Table 2, indicate that the present
procedure was able to predict the true temperature history at the geometric center
and hence the sterilization was performed with a sterilizing value very close to
the value aimed at, even if the measured temperatures (dimensionless) had up
to 1% error. Table 2 indicates also that as the error increases, a decrease in the
predicted parameters T and B, are observed, while predicting the location of

TABLE 2.
EFFECT OF RANDOM ERRORS IN MEASURED TEMPERATURES ON
SYSTEM PERFORMANCE : PARAMETERS ESTIMATED

Errors Imposed 100 anm [%] 0.0 0.1 0.2 0.3 0.5 1.0
Time to Start Cooling [s] 398 398 398 397 397 396
System Parameter [s] 179 178 175 173 167 151
Probe Location (-] 0.403 0.402 0.402 0.402 0.403 0.402
-] 78 4.56 7.08 6.74 593 438
s] 242 241 240 240 238 236
s] 240 240 240 240 240 240

&

T

3
System Parameter B [
Sterilizing Value Performed Fp |
Sterilizing Value Aimed at FF[), [




CONTROLLING CORRECT HEAT STERILIZATION 151

sensing probe & is not affected by the error. When the error was increased to
over 1%, the computer iteration sometimes failed to converge. The chance of
failure seemed to depend on the values of the initial estimation for the parameters:
7., B;, and &,. This problem is left, as yet, unresolved.

Effect of Container Thickness

The effect of container thickness on the progress of sterilizing value at cooling
phase was examined using numerical experiments and the result is shown in Fig.
8. In this examination, the half thickness of a container D varied from 2.0-6.0
mm, and the physical properties of water were used as those of the food material.
Parameters as well as physical properties used are in the caption for Fig. 8.

Figure 8 shows that with thicker containers, larger rises of sterilizing value
were observed during the cooling phase. This leads to a conclusion that when
the container is thick, we have to predict the time to start the cooling process
precisely; fortunately, however, when using thick containers we have enough
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FIG. 8. TIME/TEMPERATURE RELATIONSHIP AND PROGRESS OF

LETHAL RATE INTEGRAL AT THE GEOMETRICAL CENTER OF THE SLAB
WITH VARIED THICKNESS PREDICTED IN NUMERICAL EXPERIMENTS
Solid lines describe temperature as well as the progress of lethal rate integral in cooling phase,
whereas dotted lines show heating phase. The physical properties used were: density = 1000 kg/
m’, surface heat transfer coefficient = 500 W/(m’K), heat capacity = 4184 J/(kg K), heat con-
ductivity = 0.57 W/(m K). In this experiment 95.7°C was used as the reference temperature. The
sterilizing value aimed at was 240.0 s. Hot water temperature = 99.6°C, cooling water temper-
ature = 20.0°C.



152 TOMOO MIHORI, HISAHIKO WATANABE and SHIGEYASU KANEKO

time for the calculation. When the container is thin, on the other hand, we have
little time for calculation; fortunately, a precise prediction for the time to start
cooling is not necessary, as the rise of sterilizing value gained in the cooling
phase is small; therefore we do not need to predict the temperature history in
advance. All we need in this case is to measure the temperature at the center of
container and watch the lethality integral which the computer calculates using
the measured temperature. We can start cooling when the lethality integral comes
up to a preset sterilizing value.

In this paper a potential application of a new procedure for achieving proper
heat sterilization was examined in a one-dimensional approach, assuming a
homogeneous initial temperature profile and a step-functional temperature change
of the surrounding medium. The principal proposed in this paper may be extended
to two- or three-dimensional problems, i.e., finite cylinders or polygon prisms,
provided that they have an exact solution for heat conduction equation.

APPENDIX 1

Partial derivatives of m with respect to 7, B; and & are given as follows:

=
1]
\EK]

[An exp(-Pp? 6) cos (Pp E)]

=]
]
—

[An exp(-Py? t/t) cos (Pn §)]

1}
A 8

i

am o
— = Y [(Pn? O/t) Ap exp(-Pp2 B) cos (Pp E)]
T n=1
m ©
— = > [- Pn B exp(-P? 6) sin (Pp )]
BE n=1
o

E

m 1 dag ggg sin(Pp E) dPp
0Bi E {1 An dB; 2PnedBi -8 cos (Pp &) dp; |
b=

X Ap exp(-Pp20) cos(P, &)}

where
dPp _ Pn
dB; Bi2 + Bj + Pp2
and
1 dag {2 Pp +(Bi%+ Pp? )(Pn / Bi)} Pp -1
- "t = 2B: + B'2+P2
An dBi [ 51 Bj_2 4 Bi + Pn2 ] [ 1 n ]

(Bi2+B; +3 Pn2 ) Pp
Bi2 + By + Pp?

-[2P, Bi+Pp+ 1 [Bi2+Bj +3 Pp2]-lp,~1.
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APPENDIX II

The heat conduction equation and initial and boundary conditions during cool-
ing may be given as follows using a modified time, t* = t — t

4T a2T
P Cp a?k' = 6x2 (la)
T(t*,X) (gx=0) = Tq(X) t*=0 (2a)
aT
th oy =h(Te -7T) t* >0 Xx= =D (3a)

where T, is a temperature profile at the end of heating which is obtained through
substituting t = t, into Eq. (7).

[e <]

Tq(X)=Th + (Ti = Th) 2 [An exp(—Pn2 tq/t) cos (Pp x/D)]
n=1

o

When we define a dimensionless temperature in cooling phase as m° =
(T — TJ)NT, — T,), the dimensionless boundary condition during cooling is

a o
::‘é = = B 8> 0, &=zl (6a)
The solution is given by
[e2)
n°(t*,x) = Y [Cn exp(-Pp? t*/1) cos (Pn §)] (7a)

n=1

The coefficient C, may be determined as follows so that the temperature profile
at the end of heating phase is equal to the initial temperature profile in cooling

phase.
The temperature profile at the end of heating phase may be expressed in the
dimensionless form for cooling phase as follows:

N(tqg,x)
o ]
={Th+(Ti-Th) E[An exp (-Pp? tq/t)cos(Pn X/D)]-Tc}/ (Tc=Th)
n=1
={(Ti-Th)/(Tc-Th)} Y, [An exp(-Pn? tq/t)cOS(Pn §)]-1
n=1

[o 2]
= > [Qn Bn cos(Pq §)]1-1,
n=1
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where Q, is a constant given by
On = {(Ti-Th)/(Tc=-Th)} exp(-Pn? tq/T).

Since m(t,,x) is equal to n°(t*,x),. -, we have an equation:

fe o] o o]
> [0n An cos(Pn §)1-1 = Y [Cn cOS(Pn &)].
n=1 n=1

Multiplying both sides of above equations by cos(P, &) followed by an integration
with respect to & gives:

1 1
On An Jcosz(Pn E)dE - Jcos(Pn E)dg
Cp = 1
Jcosz(Pn g)dg
_ 2 sin(Pp) _
= Qn An - Pp+sin(Pp)cos(Pn) An{Qn - 1}
= An [{(Ti-Th)/(Tc-Tn)} exp(-Pn? tq / T) - 1].
NOMENCLATURE
A, [ -1 n-th Fourier coefficient (in heating phase) defined by Eq. (9)
B, [ —] Biot number = hD/A
C. [ -] n-th Fourier coefficient (in cooling phase) defined by Eq.
(20)
C, (kg K)] Specific heat capacity of food at constant pressure
D [m] half thickness of food
D, [ —] n-th Fourier coefficient (in heating phase) defined by Eq.
9
E [—] temperature difference between approximated and measured
defined by Eq. (13)
F, [s] sterilizing value
h [W/(m?K)] heat transfer coefficient at the surface between container and
water
P, [—] n-th eigenvalue in the solution of Fourier’s heat conduction
equation given by Eq. (8)
R, [—] temperature difference between approximated and measure

defined by Eq. (14)
t [s] time
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t. [s] time at the end of cooling
t, [s] time to start cooling
T. [°C] cooling water temperature
T, [°C] heating water temperature
T, [°C] initial temperature of food
T, [°C.] temperature at geometric center of food
T, [°C.] reference temperature of a thermal death time curve
T, [C.] temperature at the location of sensing probe
X [m] space variable
z [°C.] z value of a thermal death time curve
M =] dimensionless temperature = (T — T,)/(Ti — T,)
0 [—] dimensionless time = t/T
A [W/(m K)] thermal conductivity of food
3 [—1 dimensionless space variable = x/D
p  [kg/m’] density of food
T [s] system parameter = pC,D?*/\
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BOOK REVIEW

Foodborne Diseases. By Dean O. Cliver, Ed. 1991. Academic Press, 1250
Sixth Ave., San Diego, CA 92101. 395 pages.

One might expect that a book entitled Foodborne Diseases would discuss food micro-
biology, and indeed editor Dean O. Cliver’s book of that same title does cover this topic.
The unusual elements in this book are two additional chapters on diet and disease. At
first I was puzzled at their inclusion, but after reading Cliver’s introduction I understood
his reasoning. He explains it best:

The average person’s life includes more than 75,000 meals—small wonder that most
illnesses occur ‘‘after eating’’! . . . The question of diseases linked to foods is
seldom addressed together with foodborne intoxications and infections, yet chronic
illnesses such as heart disease and cancer are being associated, perhaps incorrectly,
with diet in a way that makes them seem to be the leading foodborne diseases in
developed countries.

Cliver also mentions that this text was developed from and for the course taught to
advanced undergraduates and graduate students in Bacteriology and Food Science by the
faculty of the Food Research Institute. As such, it may be suitable for similar courses
taught elsewhere.

The book is logically organized into five parts: Principles, Intoxications, Infections,
Illnesses (Diet and Disease) and Prevention. Chapters address all the microbiological
usual suspects, as well as a few others including natural toxicants, infrequent pathogens,
viruses and parasites. IFT scientific status summaries address some of these other topics,
but these chapters compliment rather than replace those summaries. The inclusion of
these other topics make this book valuable for its well-rounded coverage of the subject
of foodborne disease.

The first three chapters in the principles section set the stage well and place the chapters
that follow in the proper context. Transmission of diseases (Chapter 1) and disease
processes (Chapter 2) tell the how and the why of foodborne disease. Preservation,
sanitation and microbiological specifications are covered in chapter 3.

Most sections on microbial pathogens are well written and several begin with an
informative historical perspective that may not be found in other texts. The strong basic
research focus of the Institute is evidenced by sections on classification and biochemical
characteristics found in many of the chapters. Information on detection and isolation of
pathogens may be a useful starting point for students beginning research in this area.
Practical advice on prevention and control is contained in each chapter as well.

The sections on illnesses linked to foods (diet and disease) might have stood out from
the rest of the book as incongruent, but instead they blend with the other chapters and
make a complete picture. These topics may be with us for some time, and the chapters
form a useful foundation for future research and debate.
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The final part of the book on prevention makes a strong ending to the story. Cliver’s
chapter on the roles of industry, government and the consumers are superb except for
his slight of the USDA Cooperative Extension Service. In many cases the county extension
office is the first place a consumer will turn with a question on food safety, and the
importance of this support structure should not be ignored. E. M. Foster’s final chapter
weaves each thread from the text into a final summary.

The shortcomings of the text are few, but may be important to some.

Risk communication skills have been recognized as being an important part of the
dialog on food safety. The perception of a risk might be different from the actual hazard
it poses, and thus influence a particular decision or behavior. Some mention of risk
communication, especially in the concluding segments might have been useful.

This book is not a lengthy, exhaustive reference text like Doyle’s Foodborne Bacterial
Pathogens. The chapters are usually short, and hit the important points. The reference
lists that follow each chapter are also quite short, and only list key references on that
topic.

Statements are often made in the body of a chapter without citing a specific reference.
While references are listed at the end of each chapter, this lack of connection with the
text may be an irritation to some. This style makes it difficult to follow up on a particularly
interesting idea or statement for further discussion or study.

These points may detract slightly from the overall quality of the text, but this text still
stands as a lucid, comprehensive and useful text for teaching an advanced undergraduate
or graduate level class on foodborne disease.

DON SCHAFFNER, Ph.D.
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