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Summary Soy protein isolate tofu with or without glucose was subjected to a pre-heating treatment in

a microwave oven before being thermally processed at 121 °C for a range of time between 5

and 25 min. The occurrence of the Maillard reaction during the processing of tofu

containing glucose was shown by a decrease in pH and a change in colour of the tofu from

pale white to brownish yellow. Retorted tofu prepared with glucose had a reduced weight

loss and lower solubility in 1% sodium dodecyl sulphate solvent. This e�ect was most

pronounced in the tofu containing glucose which had been preheated. Similarly, a lower

percentage of glucose loss during retorting was seen in tofu containing glucose which had

been preheated, which indicated that some level of the Maillard reaction may have

occurred during the microwave pre-heating treatment. The decrease in solubility in sodium

dodecyl sulphate solvent was thought to be due to the formation of the `Maillard network'.

It was hypothesized that this had provided a protection to the hydrophobic regions of the

protein against attack from the solvent. The glycation e�ects and formation of the

`Maillard network' within tofu's internal structure were suggested as the major reasons for

the reduced weight loss of tofu containing glucose.
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Introduction

The texture of thermally processed high protein

foods can be in¯uenced by a loss of moisture from

the internal structure of the foods and formation

of intermolecular cross-links within the food

systems. The presence of small compounds such

as reducing sugar in the food system is not

regarded as an important element that can con-

tribute to texture. The sugars have most often

been associated with the occurrence of the Mail-

lard browning reactions that a�ect the sensory and

nutritional qualities of foods. The reaction

between carbonyl compounds of reducing sugars

and amino groups of protein could be character-

ized in a number of ways. These include a

formation of coloured compounds (Hill et al.,

1992), a decrease in pH (Mat Easa et al., 1996)

and increase in net charge on the protein mole-

cules as a result of glycation (Yaylayan et al.,

1992). During thermal processing the Maillard

reaction is also known to produce a number of

aromatic compounds, thus enabling unpleasant-

tasting foods to be transformed into desirable

¯avour-rich products.

However, another aspect of the Maillard reac-

tion that is often overlooked is its potential to

induce a formation of strong non-disulphide

cross-links (Hill & Mat Easa, 1998). These

cross-links, which could be termed the `Maillard

cross-links', have been shown to enhance the

gelation properties of an aqueous system con-

taining a protein and a reducing sugar (Cabo-

devila et al., 1994; Mat Easa, 1996) and a�ect the

extrusion behaviour of soy extrudates (Hill &

Mat Easa, 1998). Even though very little infor-

mation is available on the in¯uence of the*Correspondent: Fax: 604 6573678;

e-mail : Azhar@usm.my
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Maillard reaction on the texture of foods, Hill &

Mat Easa (1998) postulated that such a reaction

can contribute to the texture of foods during

thermal processing. Therefore, the e�ect of

incorporating a low molecular weight reducing

sugar such as glucose into a high protein food

such as tofu merits study. Tofu was chosen as the

model for the study due to its ease of preparation

and to the fact that retorted tofu has been

reported to undergo a loss in weight due,

possibly, to the breakdown in the protein micro-

structure (Nonaka et al., 1996). The weight loss

of retorted tofu is known to cause shrinkage in

size and change in texture (Kah Hui, 1998). It

was envisaged that if strong cross-links occurred

within the tofu structure upon retorting, a denser

network could result and these could a�ect the

®nal texture and the weight loss of tofu. An

increase in net charge on the protein molecules as

a result of glycation (Hill et al., 1992) could be

expected to in¯uence moisture retention.

It was our intention to investigate the e�ect of

microwave pre-heating treatment and retorting on

the occurrence of the Maillard reaction and its

e�ect on percentage weight loss of a tofu system

containing glucose.

Materials and methods

A commercial soy protein isolate powder

(PPTM500E, Protein Technologies International,

St Louis, USA) and an industrial grade glucono-d-
lactone were used for the preparation of the tofu.

Other chemicals and reagents used were of ana-

lytical grade and were either obtained from Fluka

Chemical Corporation, Busch, Switzerland or

Sigma Chemical Company, St Louis, USA.

Preparation of tofu

Soy protein isolate tofu with or without 5%

glucose was prepared by dispersing 24.5 g of soy

protein isolate powder in 300 mL of distilled water.

The dispersion was stirred manually at a constant

speed for around 5 min. After heating in a water

bath at 50 � 2 °C, the slurry was poured into a

beaker ®lled with a freshly prepared 50 mL solu-

tion of 0.02 M glucono-d-lactone (62 � 3 °C),
without stirring. The mixture was left for

15 min at around 50 °C for curd formation before

transferring to a perforated round-shaped plastic

container lined with a cheese cloth to drain o� the

water. A pressure of 1.6 mPa was applied for 2 h

after which the tofu gel was ®rm enough for the

pre-heating treatment in the microwave oven.

The e�ect of microwave pre-heating was studied

by heating the tofu in a Sharp R-8320E microwave

oven (output power of 650 W) at medium heat for

3 min. A round-shaped tofu sample with a diam-

eter of 8 cm and a height of 2.3 cm was then cut

into two halves and put into a can (300 ´ 407)

containing distilled water which made up a 4 mm

headspace. Before retorting, tofu was exhausted at

85 � 3.0 °C for 15 min in a steam bath and

seamed. The can was then retorted in a laboratory

size autoclave (Hirayama HA ±240M) at 121 °C
for a range of time between 5 and 25 min. After

thermal processing, the can was cooled down

immediately under running water and stored at

ambient temperature for 2 h before opening for

analysis. At least three cans were taken out from

each retorting treatment to perform the analysis.

pH measurement

The pH of the tofu was measured using a 691

Digital pH Meter (Metrohm Herisau, Switzer-

land).

Solubility estimation

Tofu was homogenized by using a Waring blender

running at high speed for 30±40 s. Then 0.5 g of

the homogenized tofu particulates was extracted in

10 mL of 1% sodium dodecyl sulphate (SDS)

solvent for 14 h while shaking. The mixture was

centrifuged using a Kubota 5100 centrifuge (Ku-

bota Corporation, Tokyo, Japan) at 3500 r.p.m./

2330 g for 20 min to remove undissolved materi-

als. The supernatant was ®ltered through a

Whatman number 4 ®lter paper. A volume of

the supernatant was removed for protein deter-

mination using the Lowry method (Lowry et al.,

1951).

Weight loss

The weight loss of tofu during retorting was

estimated according to the methods of Nonaka

et al. (1996);
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%weight loss � �aÿ b�=a� 100% �1�
where: a � initial weight before retorting, b �
®nal weight after retorting.

Percentage loss of glucose

The glucose content of tofu and the can's liquor

was estimated according to the methods of Nelson

(1944) and Somogyi (1952) with some modi®ca-

tions. A 2-mL aliquot sample was mixed with 2 mL

of copper Somogyi reagent and boiled for 10 min.

After cooling under running water, 1.0 mL of

Nelson reagent was added followed by 10 mL

addition of distilled water. The absorbance at

660 nm was measured using a Shimadzu UV±160A

spectrophotometer (Fischer Scienti®c, Pittsburgh,

USA). Glucose concentration was determined after

plotting a standard curve for glucose in the

concentration range of 0±100 lg mL±1.

Percentage loss of glucose was estimated ac-

cording to the following equation:

%loss of glucose � a=b� 100% �2�
where: a � amount of glucose in the can's liquor

after exhausting and/or retorting, b � actual

amount of glucose in tofu before exhausting and/

or retorting.

The actual amount of glucose, b, in the tofu had

to be determined as some glucose was lost during

tofu preparation. The initial amount of glucose in

tofu before exhausting was between 4.2 and 4.6%.

Data analysis

A minitab software version 10 for Windows was

used to perform a one-way ANOVAANOVA. Least signi®-

cant di�erence (LSD) was used to determine a

statistical signi®cant di�erence at P £ 0.05.

Results and discussion

Changes in the pH of soy protein isolate tofu as a

function of heating time are shown in Fig. 1. Tofu

prepared without glucose did not show much

change in pH as a result of retorting. The initial

pH of tofu was 5.75 � 0.05 and this was attrib-

uted mainly to the release of gluconic acid from

the hydrolisis of glucono-d-lactone. However, the

pH values of tofu containing glucose decreased to

lower values upon exhausting and continued to

decrease with increasing retorting time. This

decrease in pH with heating is known to occur

due to formation of organic acids and loss of basic

amino groups of protein as a result of the Maillard

reaction (Hill et al., 1992) between carbonyl group

of glucose and amino groups of soy protein. The

Maillard reaction also caused a change in colour

of the tofu from pale white to brownish yellow

(results not shown). For tofu prepared without

glucose, the microwave pre-heating treatment did

not seem to a�ect the pH values during retorting.

However, the pH values of preheated tofu con-

taining glucose was slightly lower than that

retorted without the microwave treatment.

Retorted tofu has been reported to undergo a

loss in weight due possibly to the breakdown in

the protein microstructure (Nonaka et al., 1996),

causing a shrinkage in size and change in texture

(Kah Hui, 1998). In these experiments, the micro-

wave pre-heating treatment caused a 16.5 � 3.4%

loss of moisture in tofu. Percentage weight loss

due to retorting tofu is shown is Fig. 2 as a

function of retorting time at 121 °C. For all tofu

samples, weight loss during exhausting was

between 3.5 and 10.0%. Preheated tofu containing

glucose had the lowest percentage of weight loss

upon exhausting. During the ®rst 5 min of retort-

ing, the percentage weight loss of unmicro-

waved tofu retorted without glucose increased

Figure 1 pH values of soy protein isolate tofu retorted

without pre-heating treatment (h), with pre-heating treat-

ment (j), prepared with glucose and retorted without pre-

heating treatment (s) or with pre-heating treatment (d), as

a function of retorting time . Error bars indicate standard

deviation of three determinations.
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signi®cantly (P < 0.05) to 29.2%. The weight loss

of preheated tofu prepared without glucose and

unmicrowaved tofu prepared with glucose

increased to about 25.1% after 5 min. However,

tofu prepared without glucose showed a slight but

continuous increase in weight loss during further

retorting, whereas the weight loss of unmicro-

waved tofu prepared with glucose remained at

around 25.1% during further retorting.

A di�erent response of weight loss during

retorting was seen in the tofu containing glucose

that was microwave preheated. Upon exhausting,

the percentage weight loss of this tofu was 3.5%

and this increased to around 15.0% during the

®rst 5 min of retorting. The weight loss, however,

remained at around 15±17% during further

retorting. Since the tofu retorted without glucose

was preheated in the microwave oven under

similar conditions, the di�erence in percentage

weight loss of the preheated tofu could well be due

to the presence of glucose. It is possible that some

stage of the Maillard reaction had occurred

between glucose and tofu protein during the

microwave treatment. This could be indicated by

the di�erence in pH values of preheated tofu

prepared with glucose and that retorted without

pre-heating treatment (Fig. 1). Thus, the

decreased weight loss of tofu containing glucose

could be attributed partly to the increased net

charge on the protein molecules as a result of

glycation due to the Maillard reaction (Yaylayan

et al., 1992; Hill et al., 1992). A similar assump-

tion was made for soy protein gels containing

reducing sugars, which had a reduced level of

synerisis upon thermal processing (Cabodevila

et al., 1994). Increasing the net charge on the

protein molecules enabled entrapment of more

water molecules, even though the pH was decreas-

ing to lower values. However, it was also likely

that the formation of covalent cross-links during

heating altered the protein network (Hill & Mat

Easa, 1998) and this helped in reducing weight loss

of the tofu. These changes in the network of a

protein gel system can be assessed by solubilizing

the protein gel particles in a disrupting solvent

such as a 1% sodium dodecyl sulphate solvent,

which is known to be capable of disrupting

hydrophobic interactions of protein and rendering

the gel particles soluble. Figure 3 shows the

relationship between protein solubility in the

solvent as a function of retorting time. Before

retorting, the solubility values of exhausted tofu

samples prepared without glucose were between

99.1 and 105.3%. This could indicate that the

protein network of this tofu was formed almost

entirely by hydrophobic interactions (Kohyama

et al., 1995). The percentage solubility of the tofu

decreased with retorting time to about 60% after

25 min of retorting. This occurred because of the

increasing importance of disulphide bonds as

Figure 2 Weight loss of soy protein isolate tofu retorted

without pre-heating treatment (h), with pre-heating treat-

ment (j), prepared with glucose and retorted without pre-

heating treatment (s) or with pre-heating treatment (d), as

a function of retorting time. Error bars indicate standard

deviation of three determinations.

Figure 3 Solubility values in 1% SDS of soy protein isolate

tofu retorted without pre-heating treatment (h), with pre-

heating treatment (j), prepared with glucose and retorted

without pre-heating treatment (s) or with pre-heating

treatment (d), as a function of retorting time. Error bars

indicate standard deviation of three determinations.
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heating proceeded (Kah Hui, 1998). During

retorting, the disulphide bonds were thought to

stabilize the protein aggregates that were formed

initially via hydrophobic interactions during the

aggregation processes. For tofu containing glu-

cose, the solubility values after exhausting were

lower than tofu processed without sugar. A similar

trend of decreasing solubility of tofu gel particles

with retorting time was seen during further

retorting. However, the solubility of tofu contain-

ing glucose was always lower than tofu processed

without sugar. After 25 min of retorting, the

solubility of tofu containing glucose was around

40%. This suggested that a di�erent network

existed in the tofu containing glucose, and since

this was formed as a result of the Maillard

reaction, it could well be termed the `Maillard

network' (Hill & Mat Easa, 1998). The nature of

this network requires a separate study, but it is

most probably comprised of additional covalent

non-disulphide bonds (Hill & Mat Easa, 1998).

The new network gave a form of protection to the

hydrophobic regions of the protein against attack

by the disrupting solvent. Thus the occurrence of

the Maillard reaction followed by the formation of

a `Maillard network' within the tofu structure

enabled more moisture to be entrapped. It can be

imagined that such a dense network and a higher

net charge on protein molecules would reduce the

moisture loss of tofu during retorting. Even

though a certain proportion of the Maillard

reaction could occur in the unmicrowaved tofu

containing glucose (Fig. 1), the reaction did not

greatly in¯uence the weight loss of tofu during

retorting. If a pre-heating treatment was not

performed, some glucose, together with moisture,

could leach out to the can's liquor during retorting

before an initial stage of the Maillard reaction

could occur within the tofu internal structure.

Thus, it can be expected that a reduced level of

glycation occurred in the tofu containing glucose

that was not preheated. More work will be done to

test this hypothesis.

The percentage loss of glucose from retorted

tofu as a function of retorting time is shown in

Fig. 4. Before retorting, the percentage loss of

glucose due to exhausting was relatively low,

ranging between 3.8% and 4.1%. This result

would suggest that, during exhausting, most

glucose had been entrapped within the tofu, but

a small proportion of glucose leached out from the

tofu as a result of the mild heat treatment. During

the ®rst 5 min of retorting, however, the percent-

age loss of glucose increased signi®cantly

(P < 0.05) to higher values. This is almost similar

to the trend observed for the weight loss of tofu

seen in Fig. 2 and since glucose is soluble in water,

this was expected to occur. Beyond the ®rst 5 min

of retorting, however, the level of glucose in the

can's liquor decreased signi®cantly (P < 0.05)

with retorting time, even though the weight loss

of most tofu had already reached a plateau

(Fig. 2). This result would suggest that glucose in

the can's liquor was involved in the Maillard

reaction during retorting and it is probable that

this occurred on the surface of tofu. It was also

noted that the glucose content in the can's liquor

of the preheated tofu was lower than that retorted

without the pre-heating treatment. This may

support the suggestion that the Maillard reaction

had occurred during the microwave treatment. If

some glucose took part in the Maillard reaction

during microwave pre-heating and retorting, its

level would be expected to decrease.

Conclusion

We suggest that the occurrence of the Maillard

reaction within the tofu structure had caused a

change in weight loss during retorting. However,

induction of the reaction prior to retorting may

result in a more pronounced e�ect. As sucrose

Figure 4 Percentage loss of glucose from soy protein isolate

tofu prepared with glucose after retorting without pre-

heating treatment (j) or with pre-heating treatment (̈ ), as

a function of retorting time. Error bars indicate standard

deviation of three determinations.
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could not induce a similar phenomenon and as

browning occurred during processing, the Mail-

lard reaction, probably through glycation e�ects

and formation of new network, was thought to be

the most probable mechanism. However, the

speci®c roles of glucose, carbonyl compounds

released during the reactions or other reducing

sugars, during the thermal processing of high

protein foods must await further studies.

Acknowledgments

An IRPA short-term grant from USM, Penang is

gratefully acknowledged.

References

Cabodevila, O., Hill, S. E., Armstrong, H. J., De Sousa, I. &

Mitchell, J. R. (1994). Gelation enhancement of soy

protein isolate using Maillard reaction and high temper-

atures. Journal of Food Science, 59, 872±875.

Hill, S. E., Mitchell, J. R. & Armstrong, H. J. (1992). The

production of heat stable gels at low protein concentra-

tion by the use of the Maillard reaction. In: Gums and

Stabilisers for the Food Industry (edited by G. O. Phillip,

D. J. Wedlock & P. A. Williams. ). Pp. 479±482. Oxford,

UK: Oxford University Press.

Hill, S. E. & Mat Easa, A. (1998). Linking proteins using

Maillard reaction and the implications for food processors.

In: The Maillard Reaction in Food and Medicine (edited by

J. O'Brien, H.E. Nursten, M. J. C. Crabbe & J. M. Anes).

Pp. 133±138. London: Royal Society of Chemistry.

Kah Hui, L. (1998). E�ects of thermal processing on texture

of soy protein isolate tofu. Undergraduate Dissertation.

University of Science, Penang, Malaysia.

Kohyama, K., Sano, Y. & Doi, E. (1995). Rheological

characteristics and gelation mechanism of tofu (soybean

curd). Journal of Agriculture and Food Chemistry, 43,

1808±1812.

Lowry, O. H., Rosebrough, N. J., Farr, A. & Randell, R. J.

(1951). Protein measurement with the Folin phenol

reagent. Journal of Biological Chemistry, 193, 265±275.

Mat Easa, A. (1996). Factors a�ecting Maillard induced

gelation of protein-sugar systems, PhD Thesis. University

of Nottingham, UK.

Mat Easa, A., Hill, S. E., Mitchell, J. R. & Taylor, A. J.

(1996). Bovine serum albumin gelation as a result of the

Maillard reaction. Food Hydrocolloids, 10, 199±202.

Nelson, N. (1944). A photometric adaptation of the

Somogyi method for the determination of glucose.

Journal of Biological Chemistry, 153, 375±378.

Nonaka, M., Sakamoto, H., Toiguchi, S., Yamagiwa, K.,

Soeda, T. & Motoki, M. (1996). Retort resistant tofu

prepared by incubation with microbial transglutaminase.

Food Hydrocolloids, 10, 41±44.

Somogyi, M. (1952). Notes on sugar determination. Journal

of Biological Chemistry., 195, 19±22.

Yaylayan, V. A., Huyghues-Despoites, A. & Polidorides, A.

(1992). A ¯uorescamine-based assay for the degree of

glycation in bovine serum albumin. Food Research

International, 25, 267±275.

Reducing weight loss of retorted tofu Y. K. Kaye et al.392

International Journal of Food Science and Technology 2001, 36, 387±392 Ó 2001 Blackwell Science Ltd


