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EXECUTIVE SUMMARY

Gels are unique foods for their textural properties vary from a liquid-like, VISCOUS

appereance to a solid-like behavior. In these sense most processed foods can be regarded as

gels. This research studied fundamental bases, characterization and applications of mixed

gels based on proteins and polysaccharides.

Mixed gels are important because they better simulate highly demanded foods, may be

tailored to give different textures and nutritional properties, and can be fabricated from a wide

variety of local ingredients. Gels under study were of a thermosetting nature (became solid

like after heating the solutions) and contained cassava starch (CS), K-carragenan (K-C), a fish

paste (FP) and a whey protein isolate (WPI). Products developed used local, raw materials

from Bolivia and Chile (except for WPI) and simulated popular and nutritious foods such as

yoghurt, soft cheeses and seafood analogues.

Fabricated mixed gels were characterized by their mechanical and rheological

properties (e. g., related to texture), thermal phase transitions and microstructural

characteristics (light and electron microscopy). End point determination studies considered

the effect of relevant variables such as total solids in the gel (TS), phase composition

(l>tJs>O), pH and temperature. Kinetic studies followed the development of viscoelastic

properties as a function of time at a fixed temperature or during heating at a fixed rate.

Unique results of this research at the scientific level can be summarized as follows:

a) Quantitative data on the rheological. mechanical and structural properties of WPI gels is

now available.

b) Unusual reinforcing properties of CS on WPI gels have been found and a structural

hypothesis advanced.This may lead to important product developments.

c) Kinetic aspects for the gelation of mixed CS/wPI systems have been studied in detail and a

kinetic model has been developed.

d) A simple method to follow the kinetics of gelling of WPI proteins based on the water

retention capacity has been implemented.Mechanical and rheological properties are strongly

dependent on phase composition.

e) Infrastructure and know-how derived from the project assisted in the study of caking

phenomena in foods.

f) The concept of a microstructural approach to study food processing has been developed,

advanced and accepted by the international scientific community.
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From the international cooperation viewpoint achievements of this project were:

a) Strong links were developed between food technology groups from the P. Universidad

Cat6lica de Chile (PUC) and u.A. Gabriel Rene Moreno of Santa Cruz, Bolivia (UAGRM)

through training, equipment purchases, courses, local visits, and personal contacts. Four

graduate students (two from UAGRM) and two undergraduates were supported by the

project. The two trained Bolivian food scientists teach now at UAGRM.

b) The PI was elected to lead the Ibero American Network on Physical Properties of Foods

(RIPFADI) which includes over 200 researchers from 11 countries and in 1993 was awarded

the International Award of the Institute of Food Technologists (US)

Advances in institutional buildup were significant:

a) The project was instrumental in consolidating at PUC what is probably the strongest

laboratory in Food Materials Science in Latin America, as assessed by scientific productivity,

modem equipment, and institutional links to U.S. and European universities and research

centers.

b) It helped to consolidate the work of a Center of Food Technology at UAGRM through

new trained personel, equipment, courses to industry and new research lines.

c) Other sources of funding have become now available from local grants, the PUC and

private companies to continue work.
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RESEARCH OBJECTIVES

Nowhere in the world is the need for foods based on new ingredients perceived more

dramatically than in less developed countries (LDCs). Previous efforts in this direction have

failed in that new foods have remained as nutritious powders, overlooking the capacity of

poor urban and rural populations to adopt new eating habits. As an example, the

consumption of yoghurt - a structured protein gel- has had an explosive growth in Chile and

neighboring countries and is now a popular low cost, nutritious food.

This research attempts to study the fundamental bases of mixed gel fabrication to

produce desirable textures using mainly a whey protein isolate (WPI) as a source of protein,

in combination with cassava starch (CS). Also studied was a mixture of fish paste and K

carrageenan. The specific objectives of this research were:

1. To assess the feasibility of food fabrication methods based on gel precursors (mainly

protein/starch) by heating.

2. To study biochemical phase transformations, rheological properties and microstructures of

fabricated composite gels and the bases for controlling their development.

3. To correlate results at the biochemical, rheological and microstructural levels to develop a

basic understanding of their relationship in structure formation.

4. To develop institutional linkages and train professionals from the Universidad Aut6noma

Gabriel Rene Moreno, Santa Cruz, Bolivia, as well as building scientific capabilities in the

area of food materials at the P. Universidad Catolica..
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METHODS AND RESULTS

I. Gelation of whey proteins

I 1 Introduction

Whey is the soluble fraction of milk that is separated from the casein curd during

cheese manufacturing. The main proteins in whey are: I)-lactoglobulin (I)-Lg), a-lactalbumin

(a-La), proteose-peptone, immunoglobulins and serum albumin (BSA). Protein products

derived from whey proteins such as concentrates and isolates (aprox. 70 and 90% protein,

respectively) have important commercial applications in foods, a major one being their

tendency to form irreversible heat-induced gels. I)-Lg and BSA are the major gelling proteins

in whey, but since the former is 10-20 times more abundant in whey products it is

considered the primary gelling protein.

Most examples to be illustrated in this report correspond to gelation of a commercial

whey protein isolate (WPI) containing 95% protein and prepared by ion exchange, obtained

from 1£ Sueur Isolates (1£ Sueur, MN) under the trade name BIPRO. BIPRO consists of

73% I)-Lg, either monomer (61 %) or dimer (13%), 16% a-La and 6% BSA, thus it may be

considered a concentrated form of I)-Lg. All three fractions occur naturally in whey as

globular proteins folded into compact three-dimensional structures in which the reactive

hydrophobic amino acids side chains are buried in the interior of the protein leaving most of

the polar side chains to the exterior. The structure is maintained by weak noncovalent bonds;

and in the case of I)-Lg, by a few disulfide bonds (Kinsella and Whitehead, 1980).

The subject of gelation of whey protein products and of constituent proteins has been

reviewed many times in the past, denoting that it is a topic of enormous relevance both

scientifically and commercially (Paulsson et al., 1986; Mulvihill and Kinsella, 1987; Katsuta,

1990; Ziegler and Fogeding, 1990). Heat-induced gelation of these compounds depend on

many factors such as composition, extent of denaturation, pH, temperature, concentration,

heating rate, ionic strength and presence of specific ions, among others.

I 2 Rheological Characterization of the Gelation Process' "Curing" Experiments

It was necessary first to fully characterize the gelation properties of the whey isolate

to be used. Heat-induced gelation of whey proteins starts with a translucent solution that
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increases in viscosity due to formation of protein aggregates and finally sets into a gel

spanning over the vessel. The gel can support its own weight under gravity (within a given

observation time) and can transmit mechanical signals from one side of the sample to the

other. Because of the gradual development of viscoelasticity, gels and the gelation process

are best characterized by small amplitude dynamic testing, normally involving the application

of a sinusoidal oscillatory stress or strain under constant frequency. The measured response

is usually resolved into an in-phase elastic component (G') and a 90° out-of-phase viscous

component (G"), the storage and loss moduli, respectively. Due to the fragile nature of the

network that sets in, deformation should be kept small and within the elastic range. The

subject of rheological characterization of dairy products has been reviewed recently by

Shoemaker et al. (1992).

In a "curing" experiment (a term borrowed from polymer science) a characteristic

curve of log G', log G" (or tan b = G"I G') versus time is obtained for a given set of

conditions as heating proceeds at constant temperature (Figure 1.1). Curing runs provide the

kinetics of gelation and may be used to derive fundamental information on the gelling

mechanism as well as the effect of process variables on the gel properties. As expected for a

liquid, initially G" is greater than G', indicating that the starting solution is relatively more

viscous than it is elastic. Rapidly, G' starts to increase faster than G" and the system

develops a greater elasticity or "solid-like" behavior. Eventually both moduli appear to reach

a pseudo-plateau value larger for G' than for G", although an equilibrium value is seldom

measured within practical times. Sometimes G" passes through a maximum before

decreasing as the network is consolidated; absence of a maximum in the G" curve may be

interpreted as if the gel is formed by a stiff network (Ross-Murphy, 1992). Cooling further

increases the magnitude of the limiting storage modulus. This rheological transition is

reversible since upon subsequent re-heating to the curing temperature the gel exhibits a

similar pseudoequilibrium modulus, corroborating that thermotropic gelation is irreversible

(Figure 1.1). Changes in G' during heating (AG'heat) relative to those during cooling

(AG' cool) are considered as the relative contributions of hydrophobic interactions and

hydrogen bonding tothe final value of G' (Beveridge et al, 1984). When curing experiments

are carried out at increasing concentrations but under the same heating and cooling

conditions, the pseudo-plateau values increase dramatically (Figure 1.2). Plots of log G' at

the pseudo-plateau after cooling versus log concentration shown in Figure 1.3 predict that at

high concentrations an almost constant power law region exists. with an exponent close to 3.

Paulsson et al. (1990) demonstrated that the power exponent for the dependence of the

storage modulus of f3-Lg gels with concentration in the pH range 4 to 5.5 was close to 2.5,
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suggesting that the gelation characteristics of WPI are dominated by the presence of this

protein fraction The power law diverges to higher values of the exponent at the minimum

concentration for gelation. According to Clark (1992) values of the power exponent vary for

common gelling food components such as several proteins and polysaccharides from 2 for

strong, concentrated gels to 5 for weaker systems.

The development of the elastic (E) or Young's modulus (determined by axial

compression at small deformations) during curing present a similar behavior as for G'. The

mechanical modulus of selfstanding gels after cooling to room temperature is commonly

assumed to be related to the textural properties (Langley and Green, 1989; Aguilera and

Kinsella, 1991). Interestingly, a good correlation (R2= 0.98) exists between the limiting

values of log E and log G' for WPI gels, emphasizing that the predominant properties of the

food gel are due to physicochemical interactions developed during heating.

I 3 Transitions during Gel Fonnation

Globular proteins taking a single conformation in their native state (N) are

transformed to the unfolded or denatured state under certain conditions (e.g., heating).

Achievement of the gel state (G) in globular proteins appears to involve transitions from the

native to the unfolded state and into an aggregated state. This sequence of events give rise to

the following reactions proposed by Schmidt (1981) for formation of thermally-induced

protein gels, based on Ferry's (1948) two-step mechanism:

6

Step I:
Step II:
Step III:
Step IV:

N - D (D)
o (D)-A

A-S
S-G

Each of these fundamental steps postulated to be involved in gelation are discussed in

further detail in the accompaning paper by Aguilera (1995).



7

504020 30

TIME [min]

WPI 6%, 85°C, pH 5.45 I

HeaUng 85"C

t*

~. • • I

10

Cooling 12°C
I

r------..~'I Reheating8S°C

6----------------...... I ...
~ I

o

···
·

10,:

:····
·

·
1000,:

:
:
··
·

t.:l
o 100,:..

tJ:I

•

10000 y- .......

:
··

-

100

400

600

500

-0)
CI
Q.-)- 300
I--
~
U
~->- 200

<t

Fig.I.l- The curing experiment. Changes in shear viscosity, storage (G') and loss (Gil)

moduli during gelation of a whey protein isolate (pH: 5.45; T curing: 85°C; total solids:

6%) under cycling temperature conditions.



100000

10000-G:I
c..-c.o

..
en
='
..J
=' 1000Q
0
:E:
L.&J
c.o
<
~

0
I-en

100

1 0

8

111,.11111111111111111111.11111.
"'II

•••

o 500 1000 1500

TIME (s)

2000 2500 3000

• 15% 012% • 10% 08% ... 6 % 1::.5%

Fig. 1.2- Development of the Storage Modulus G' of whey protein gels at different
concentrations during heating for 30 min at 80°C, followed by cooling at 12°C (pH 5.45).



9

6

5 2
Powerlaw G' 00 C

••
0

0 •
• liD

4
0 I'i!I•

0 liD

~-«:I 0
0- •-
(.!) 3

•
O'l m BODe
0-

• B5 De

2 0 90 De
9

m

1 Powerlaw G' 00 c 5

o

0.4 0.6 0.8 1 1 .2 1 .4

log C (O/owt)

Fig. 1.3- Log G' (of pseudo plateau after cooling at 12°C) vs log C data for whey protein
isolate gels cured at different temperatures.



1I. Rheological, thermal and microstructural properties of whey protein
cassava starch mixed gels

II 1 Introduction

Starch and proteins are responsible for most of the desirable characteristics of food

products derived from cereals and other grains. An excellent example are the many textures

of bakery products and their relation to the interactions of two biopolymers. wheat starch and

gluten, in the presence of water. When a rubber-like polymeric system contains a substantial

amount of water and is viscoelastic in nature. it is termed a gel and in many processed foods,

protein and polysaccharides are found as mixed gels (Morris. 1991~ Blanshard. 1988:

Brownsey and Morris. 1988).

Starches are known to lose their crystallinity when heated in water at temperatures

above 60-70°C and "gelatinize". During gelatinization. starch granules in suspension absorb

water. swell and amylose leaches out into solution. Cooling converts the mixture into an

opaque and viscoelastic "mixed" gel composed of swollen and "porous" starch granules

embedded in an amylose gel (Morris. 1991; Biliaderis, 1992). The gel network appears to

develop on cooling by the formation of ordered junction zones based on amylose double

helices (Clark and Ross-Murphy. 1987). Whey protein solutions (concentration> 5-7%

protein) form irreversible particle gels when heated to a temperature >75°C. The mechanism

of thermal gelation of whey proteins involves an initial denaturation/unfolding step followed

by aggregation into protein particles sticking together as a network (Mulvihill and Kinsella,

1987). Apparently. exposure of non-polar amino acid side chains on the surface of

aggregates stabilize the network through hydrophobic interactions (Mitchell et al., 1990).

With the advent of novel separation techniques. purified and more functional sources

of protein are now available to participate in complex gel systems. Cassava is and abundant

source of carbohydrate used as food in many countries of South America and Africa but its

study in mixed systems is largely unreported. In particular. knowledge of the rheological

properties of a mixed starch/whey protein gel is important in understanding and predicting its

flow properties during processing as well as the final texture of products (Biliaderis, 1992).

Mixed gels of protein and non-starchy polysaccharides have been studied by Clark et al.

(1983) and Braudo et al. (1986). among others. Starch is an ubiquitous source of calories in

foods and a common filler in some comminuted meat and fish products. For example.

addition of different starches to fish protein gels showed no apparent detrimental rheological
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effects (Wu et aI., 1985). However, specific interactions and synergistic effects are highly

desirable to create new textures and accomplish ingredient substitution.

The objective of the present work was to characterize cassava starch/whey protein

gels of thermotropic nature by mechanical and dynamic oscillatory rheometry and to interpret

the results by studying their thermal transitions and microstructure.

II 2 Materials and methods

Materials

Whey protein isolate, WPI (BIPRO, Le Sueur Isolates, MN), 92.7% protein;

commercial food-grade cassava starch, CS (FRABOL, Santa Cruz, Bolivia) with 0.1 %

protein and 0.3% lipids; distilled water. Corn starch (Corn Products, Santiago,Chile) was

used as a reference in some experiments. NaCI and sucrose were of technical grade.

Preparation of gels

Blends of 10% total solids (TS) were prepared from stock solutions of WPI, CS and

corn starch in distilled water, and adjusted to pH 5.75 with a 1M HCI solution. Sucrose and

salt were added when required. Mixed solutions were kept agitated to avoid sedimentation of

starch granules and transferred to glass tubes (100xI2.3 mm diameter), sealed with rubber

stoppers and held vertically in a thermoregulated water bath at 85±I°C (T gel) for 30 min.

Heating rate, measured at the axis of the tube with a fine thermocouple, was approximately

1O-15°C/min. The tubes were cooled in an ice/water bath for 15 min and stored overnight at

5°C. Gels were removed from the glass tubes, equilibrated at 20°C for 1 hr and cut into

cylindrical sections 11 mm long for mechanical testing using a template and parallel piano

wires. All gelation experiments were replicated once.

Mechanical and rheological tests

Cylindrical sections of gels (at least four) were axially compressed to 5% deformation

(within the elastic range) in a mechanical testing machine model TA.TX2 (Texture TechnoI.

Corp., Scarsdale, NJ) at a deformation speed of 0.2 mm/s. An axial compression stress was

calculated by dividing the force at 5% deformation by the initial cross section of the gels,

since area changes during testing were negligible. Small amplitude oscillatory testing of

solutions as a function of time at a constant temperature of 8SOC was performed in a Physica

rheometer model Rheolab MC 120 (Physica Messtechnik GmbH, Stuttgart, Germany) using

a coaxial cylinder system geometry and a thermostated water bath. The storage and loss
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modulus (0' and on, respectively) were determined at a frequency of 1 Hz and under a

maximum deformation of 0.5% (within the linear viscoelastic regime) to assure preservation

of the gel structure.

Calorimetry studies

To study the effect of heating on thennal transitions of pure and mixed solutions of

CS and WPI a Perkin Elmer DSC-7 Series 1020 (Perkin Elmer Corp., Norwalk, CT) was

used. Portions (15-20 mg) of well mixed solutions at 10% TS were transferred into

aluminum DSC pans and immediately sealed. Duplicate samples were scanned at a heating

rate of 10°C/min in the temperature range 40-95°C using an empty pan as reference. The

heating rate was similar to that during gelation of solutions in the glass tubes.

Microscopy

Several gel samples in the range O<its<l were examined under the microscope (only

four are reported). Duplicate samples for microscopy were cut with a razor blade from the

center of a gel and studied in a lEOL lSM 25 SII scanning electron microscope at 25 kV after

fixation in 2.5% glutaraldehyde in 0.2M cacodilate buffer (pH 73), dewatered in a graded

series of acetone solutions and dehydrated by critical point drying in a Sorvall unit.

Dehydrated specimens were fractured, placed in metal stubs and the exposed surface was

coated with gold.

II 3 Results and Discussion

Important variables in gelation of globular proteins are the concentration and pH of

the sol, temperature and time. It is known that mechanical properties of WPI gels improve as

the holding temperature increases above 75°C and that curing times of 15 min are sufficient

to promote adequate gelation (Aguilera and Kessler, 1989~ Aguilera and Kinsella, 1991).

Results from axial compression tests for pure gels are presented in Figure ILL The ratio of

the standard deviation to the mean value of E varied between 3.8 and 7.2% for all

determinations reported in this paper. Since a deformation of 5% falls within the elastic

range, these values correspond to the elastic modulus, E. In the pH range 4-8, solutions

(10% TS) of WPI formed strong gels below pH 5.8 and did not gel above pH 6.5. The CS

solution did not form self-standing gels at any pH while corn starch formed weaker gels than

WPI, almost independent of pH (Figure 11.1, inset). Similarly, while WPI gels at pH 5.75

became stronger at increasing concentration of total solids, CS solutions did not form self

standing gels even at 15% TS. Corn starch showed an almost linear relation between E and

concentration, for solutions> 5% TS (Figure 11.1). Cassava starch had a low lipid content

12



(0.3%) that suggested no interference of amylose-lipid complexes in the mechanical

properties. Conditions selected for the study of mixed gels were: 10% TS, pH 5.75, T gel =
85°C and 30 min curing time.
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Fig. 11.1- Effect of total solids (TS) at pH 5.75 and pH at 10% TS (inset) on

the elastic modulus (E) of pure gels of WP1, cassava and corn starch, formed by heating the

solutions to 85°C for 30 min and cooling.

Figure II.2 shows the effect of the starch fraction its [starch/(WP1 + starch), w/w] on

the elastic modulus (E) of mixed gels at 10% TS and pH 5.75. Care has to be taken in

comparing these values with others reported in the literature under larger deformation, as the

force increases with strain (i.e., Aguilera and Kinsella, 1991). Substitution of WPI by CS in

the range O<its<O.4 had the effect of increasing E over the value of the pure WP1 gel (its =
0). This synergistic effect had a maximum E at its = 0.2-0.3 which was 1.6 times higher than



that for the WPI gel. Further replacement of WPI by CS in the range 0.3<tts<0.7 resulted in

decreasing moduli and for tts > 0.7 no self-standing gels were formed.
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Fig. II.2- Effect of starch fraction its [starch/(WPI+starch] on the elastic modulus (E)

of mixed gels (10% TS, pH 5.75, T= 8SOC).

The effect of its on E for WPI/com starch gels was different (Figure 11.2). Increasing

the starch fraction decreased E almost linearly from the value for pure WPI (tts = 0) to one

similar to that of pure com starch at tts = 0.4. Elastic modulus of mixed gels in the range



O.4<tts<1 were similar to that of the pure corn starch gel, hence, WPI played the role of an

inert, contributing to the TS effect. A weight fraction of WPI > 0.6 (frs = 0.4) was required

to develop associations that followed a mixing rule (e.g., linear dependence with

concentration) but not to synergistic effects. ComiCS blends yield gels weaker than those of

pure corn starch and did not form gels for tts > 0.7 (in this case its refers specifically to the

fraction of CS). It can be concluded that. for tts > 0.7 the non-gelling effect of CS

predominates when mixed either with WPI or corn starch.
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elastic modulus (E) of mixed WPI/CS gels. (10% TS, pH 5.75, T= 85°C).



It was of interest to observe the effect of incorporation of salt and sugar to mixed

WPI/CS gels since food gels usually have these solutes added (Figure II.3). Addition of

sucrose (5%) and salt (2%) did not alter the dependence of E with 'frs observed in Figure IL2

and led to higher E values. This further reinforcing effect can be ascribed to a reduced

availability of water by the presence of these solutes and a concomitant increase in the

effective concentration of both biopolymers (Labuza, 1975). Further work needs to be done

on the effect of these two solutes in the mechanical and rheological properties of these mixed

gels.

Dynamic experiments

Gelation kinetics were studied by small-amplitude oscillatory rheometry experiments

at constant temperature (85°C) and monitoring the increase in the storage modulus (G'), the

elastic (solid-like) component of the viscoelastic properties (Figure IIA). Data showed a

rapid initial increase in modulus representative of the transition from sol to gel. At longer

times the rate of increase of G' was slower, reaching an apparent steady value (pseudo

plateau) in the semi log plot. Values of G' were almost one order of magnitude higher than

those of G", the loss module (not shown), typical of true gels. G' values reached at the

pseudo-plateau region followed the same behavior with 'frs as E values of the axial

compression tests, e.g., the highest G' corresponded to 'frs=0.2, and values for 'frs>0.5 were

v~ry low. These data suggest that structural features of mixed WPI/CS gels responsible for

mechanical and rheological properties are already established at the moment of gelation and

are not related to cooling or aging (retrogradation) phenomena.

Muhrbeck and Elliason (1991) measured values of the storage moduli of cassava

starch/ bovine serum albumin (BSA) gels as a function of protein fraction (1 - 'frs) at 10%

TS, heated to 90°C and cooled to 25°C. As reported here, gels with 'frs > 0.6 showed low

G' « 0.1 kPa) and when the protein fraction increased ('frs decreased) the modulus increased

sharply. Unfortunately, no values were reported by these authors in the range 0<'frs<0.25.
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Fig. 11.4- Effect of starch fraction ('frs ) on the storage modulus (G') of mixed

WPIICS gels. (10% TS, pH 5.75, T= 85°C).

Thermal properties of gels

DSC scans were performed to find out the effect on gelation of the presence of one

biopolymer on the thermal transitions of the other. Preliminary thermograms (not reported) of



a WPI solution (10% TS) showed that the peak of the denaturation endotherm shifted from

82.2 to 74.3°C as pH increased fOIm 4 to 6. At pH 6.5 no denaturation peak was found,

coincidental with absence of gelation reported in Fig. II. I.

Thermograms of WPIICS solutions of 10% TS and pH 5.75 are presented in Figure

11.5. The pure CS solution (l'ts = 1.0) showed a single endothermic peak at 66.0°C,

coinciding with early DSC work of starch-water mixtures in excess water where only one

endotherm represented the starch "gelatinization" process (Lelievre, 1992). This value is the

same as the midpoint gelatinization temperature (Tg) reported by Zobel (1988) for tapioca

(cassava). A broad denaturation peak between 66 and 79°C was evident for the pure WPI

solution (l'ts = 0.0) corresponding to a "denaturation" temperature (Td) for WPI of 74.5°C,

close to the value of Td = 78.8°C (extrapolated at O°C/min heating rate) reported by Bernal

and Jelen (1985) for a whey protein concentrate at pH 5.5. As shown by these same authors,

Td decreases by increasing pH or reducing the heating rate and is dependent on the relative

proportions of ~-lactoglobU:lin (Td = 75.9 - 81.2°C), a-lactalbumin (Td = 61.0 - 61.5°C)

and serum albumin (Td == 71.9-74.0).

Only the denaturation peak near Td of pure WPI predominated for l'ts=O.1 and single

gelatinization peaks close to Tg of pure CS were notorious for solutions of tts ~ 0.8. Hence,

the behavior of the thermal property of these blends may be regarded as typical of pure WPI

or pure CS solutions, respectively. Instead, solutions of 0.1<l'ts<0.8 showed two peaks: a

low-temperature peak around 64.8-65.3°C and a high-temperature peak between 73.8

74.3°C, as if both, gelatinization of starch and denaturation of proteins, occurred unaffected

by the presence of the other component. A special feature of blends with l'ts ::::: 0.2 and 0.3

was a well developed Td peak and a smaller but noticeable Tg peak. In solutions with a higher

proportion of CS (e.g., 0.3<1'ts<0.7) the gelatinization peak outweighed the contribution of

the denaturation peak, which correlated well with the poorer gelling properties of these

mixtures.

18



Endothermal
heat flow

0.0125 (WIg)

50
~ I

60 70
Temperature [OC]

80

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
0.8
0.9
1.0

90

19

Fig. II.5- Tracings of DSC thermograms for WPI/CS blends (10% TS, pH= 5.75) as a
function of starch fraction (w/w).

Microstructural aspects

The microstructure of gels as studied by scanning electron microscopy is presented in

Figures 11.6 and 11.7. In the single component WPI gel proteins aggregated into almost

spherical units 0.2-0.3 ~m in diameter which in turn packed into clusters forming the

network (Figure 6A). This basic microstructure is typical of gels from whey protein
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(Aguilera and Kinsella, 1991) and j3-lactoglobulin (Stading et aI., 1993) formed under similar

conditions of pH, concentration and heating rate.

Fig. II.6- SEM micrographs of gels with starch fraction (w/w) indicated in the lower left

corner. (WP =whey protein isolate network~ S =starch network).



The WPIICS gel at tts = 0.2 showed that both components formed independent and

well-developed networks of an interpenetrating nature. This microstructural feature is in

opposition to the suggestion by Muhrbeck and Eliasson (1991) that the predominant network

in a mixed gel is that formed first during heating, in this case CS for T g < Td, and supports

the argument that kinetic aspects of gelation as well as phase separation may be determinant

in the development of microstructure. The CS mesh appeared as smooth and fine strands

independent of the WPI particle-type matrix, and the presence of remnants of starch granules

could not be found, as if they disintegrated completely during heating. Mixed gels of tts =
0.5 and 0.8 (Figure n.6C and n.6D) also exhibited independent WPI and cassava starch

networks and no remnants of starch granules. In these gels the extent of the WPI matrix was

reduced and frequently disrupted by the CS network, in agreement with the poorer

mechanical and rheological properties exhibited. At tts = 0.8 the microstructure was typical

of a phase-separated or composite gel network rather than of an interpenetrating one

(Aguilera, 1992) with portions of gelled WPI entrapped in the weaker CS network.

Figure n.7 presents the microstructure of WPllcassava starch and WPllcorn starch

gels at tts = 0.2 prepared under the same conditions. While interpenetrating WPI and CS

networks were clearly observed in the WPI/CS gel (Fig. n.7A), the mixed gel containing

corn starch was of the filled-type, with collapsed starch granules acting as embedded particles

in a predominantly WPI gel (Fig. n.7B). Also noticeable was the lack of adhesion between

the surface of shrunk corn starch granules and the WPI matrix and the absence of an

independent amylose network. These two features may account for the poorer mechanical

properties of this gel relative to the WPIICS gel (Fig. II.2). Further work is necessary to

extend these results to other gelling conditions.
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Fig. 11.7- SEM micrographs of mixed gels ('frs= 0.2). A) WPI/cassava starch gel, and

B) WPI/com starch gel. Arrows point at separation between starch granules and matrix.

(WP = whey protein isolate network, S= starch network, SG = starch granules).
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Relation of thermal and mechanical data with microstructure

Gelation of mixed biopolymer solutions leading to structure formation is still not fully

understood and remains mostly on a conjectural basis. The process appears to be heavily

dominated by phase-separation phenomena as it is known that most biopolymer systems are

thermodynamically non-compatible. Brownsey and Morris (1988) have classified two

component mixed gel networks as Type I. when a soluble polymer is entrapped inside the

network of the other, and Type II. where both biopolymers form a gel network. In this latter

case the spatial distribution of the two components will depend on the degree of

mixing/demixing during gelation.

It can only be speculated at this point that amylose gelation in CS at low 'frs is possible

by rapid solubilization from disintegrated cassava starch granules. demixing and phase

separation into a polymer rich phase. Partial support to this hypothesis may come from ample

evidence by Russian scientists that most protein/polysaccharide systems form phase

separated solutions (Braudo et at.. 1986). Specifically. there are suggestions that amylose

gelation in particular. occurs via aqueous two-phase separation into polymer-rich and

polymer-deficient regions leading to turbid gels (Miles et aI., 1985; Clark and Ross-Murphy,

1987). Formation of a continuous network of CS at low and not at higher 'frs may be

interpretcd by the excluded volume effect as proposed by Braudo et ai. (1986). As the

presence of whey proteins in solution increases. water may become a poorer solvent for

starch (which gelatinizes first), increasing its effective concentration in one of the

microphases and eventually reaching the concentration threshold for gelation and network

formation.

There are a number of physicochemical differences between corn and cassava starches

that may help explaining their different gelling behavior (Balagopalan et al., 1988). Cassava

starch has a slightly lower gelatinization range than corn (59-70°C versus 62-73°C). CS

granules swell on hydration to a diameter almost 3 times larger than corn starch granules and

continue to swell after pasting (Wurzburg. 1986; Vasanthan and Hoover, 1992). Paste

viscosity of a cassava starch slurry as followed in a Brabender amylograph peaks at around

75-80°C and upon cooling it readily breaks down (Eggleston et aI.. 1993). Corn starch

solutions instead. develop into a low viscosity paste on heating but show a high peak

viscosity on cooling (retrogradation). Also, amylose is released faster from cassava starch

granules than from corn starch granules (Vasanthan and Hoover, 1992).Sols of corn starch

having a relatively high level (ca. 22-28%) of moderately-sized amylose molecules form

opaque gels on cooling while cassava starch which has a lower amylose content (ca. 18%)
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but bulkier amylose molecules only thicken to a translucent paste on cooling but do not form

gels (Wurzburg, 1986).

II 4 Conclusions

As revealed by SEM and thermal analysis, a commercial whey protein isolate and

cassava starch mixed in solutions at 10% TS and pH 5.75 appear to form a mixed gel with

independent networks when heated at 85°C. Elastic moduli (E) and storage moduli (G') of

mixed gels were maximum at 1.'ts = 0.2, where both biopolymers formed continuous,

interpenetrating networks and gelatinization of CS and denaturation of WPI occurred to a

noticeable extent. Kinetics of development of the storage modulus suggests that physical and

structural characteristics of mixed gels develop already during heating and not on cooling.

Basic microstructures may be induced in mixed WPIIstarch gels by varying the relati.ve

proportions of the two components and the nature of the starch fraction. These

microstructures are responsible for several mechanical and rheological properties of mixed

gels.

III. Gelation kinetics of cassava starch/ whey protein blends as followed by

dynamic oscillatory rheometry

III 1 Introduction

Kinetics of gelation for heat-set gels of cassava starch (CS) and a whey protein isolate

(WPI) are reported based on small deformation oscillatory shear rheological measurements.

Loss moduli (G') of pure gels were followed with time as a function of concentration (4

14%) and temperature (70-90°C). Gelation of WPI was modeled as a single first order

reaction while gelation of CS followed a two step reaction with a reversible step.

Kinetics of formation of mixed gels (10% total solids, pH 5.45) having different

proportions of CS (O<{}s<l) were followed by dynamic and mechanical methods. Unusual

reinforcing effects were found for {}s < 0.3, particularly since CS does not gel at these low

concentrations. Properties of mixed gels depended also on the thermal history of the curing

experiment, with gelation of WPI being the critical step. Microstructures of synergetic mixed

gels showed interpenetrating individual networks of CS and WPI, suggesting that phase

separation occurs during gelation.
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IV. Interpretation of mechanical properties of mixed CS/WPI gels

IV.l IntroductiQn

Data previQusly reported Qn the dependence Qf the elastic mQdulus (E) Qn starch

fractiQn (its) shQwed synergistic effects at its< 0.3 (see sectiQn II). It is knQwn that starch

granules initially dispersed in water hydrate and swell as they are heated. Cassava starch has

a gelatinizatiQn range from 59 tQ 70°C where granules swell tQ a diameter 6 tQ 7 times their

Qriginal size and cQntinue tQ expand after pasting (Wurzburg, 1986~ Vasanthan and HQQver,

1992). Paste visCQsity Qf a cassava starch slurry as fQIIQwed in a Brabender amylQgraph

peaks at around 75-80°C and upon cooling it readily breaks dQwn (EgglestQn et aI., 1993).

AlsQ, amylQse is rapidly released from cassava starch and Qnly thicken tQ a translucent paste

Qn cooling but dQ nQt fQrm gels (Wurzburg, 1986). All this background suggests that as a

mixed WPI/CS sQlutiQn is heated abQve 60°C, starch granules swell and imbibe part Qf the

water that becQmes unavailable fQr the sQlutiQn, increasing the effective cQncentratiQn Qf WPI

in the remaining aqueQUS phase. It may be speculated alSQ that SQme amylQse may leach Qut

and interact with the WPI.

IV.2 Materials and Methods.

This hypothesis was tested by a hQt-stage microscQpy study carried Qut at Unilever

Research LaboratQries, ColwQrth HQuse (BedfQrd). A Leitz Orthlux II microscQpe equipped

with a hQt-stage, Linham TMS 91 temperature programming device and lVC videQ camera

(3-CCD) mQdel KY-F30B was used to Qbserve in a videQ mQnitQr, recQrd and

phQtQgraphed. A drop Qf sQlution (Qr blend) was placed Qn a 32mm diam. glass cover slip

and cQvered with a 22mm CQver slip, press, blQtted tQ remQve water and sealed on the edges

with nail varnish tQ aVQid dehydratiQn. All experiments started at 40°C at a heating rate Qf

30°C/min to a final temperature Qf 85°C. Filters were used to get birefringence Qr enhanced

CQntrast.

IV 3 Model

The mechanical mQdel cQnsiders a tWQ phase system: hydrated/swQllen starch

granules embedded in a WPI netwQrk Qf effective CQncentratiQn higher than the nQminal

CQncentratiQn in the starting sQlutiQn. The equatiQn proposed fQr the cQmpQsite is:
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E Camp = (I-frs) a EWPI + Ecs

where E Camp = Elastic modulus of t~e mixed gel (or composite)

'frs =weight fraction of CS in total solids of mixed gel

a =conection factor for changing from nominal to effective concentration of WPI.

EWPI =Elastic modulus of the WPI gel at nominal concentration

Ecs = Elastic modulus of the starch gel at nominal concentration

IV 4 Results and Discussion

Hot-stage microscopy clearly showed that starch granules imbibe water and swell

after heating above approx. 65°C (Figure IV.I). When the temperature reaches 75°C WPI

starts to gel around already swollen starch granules and if the relative proportion of WPI is

much larger than that of CS (e.g., {)'s< 0.3) a composite gel of a WPI network filled with

swollen CS granules is formed when the final temperature of 85°C is reached. Hence, the

unusually high E value of WPI/CS gels at {)'s< 0.3 is, at least partly explained, by an

increase in the E of the WPI network due to its higher effective concentration at the gelation

point (75 to 85°C) and by the reinforcing effect of embedded hydrated CS granules in the

WPI gel. Not reported here is extensive microscopy work performed by SEM, TEM and

cryo-SEM that supports the hypothesis that WPI and CS gel as separate phases. Gels high in

CS are weak because the strong WPI is dispersed as microgels in a continuous starch phase.

A correction factor a was adjusted from experimental data for total solids

concentrations of 10, 12, 15 and 18% and the range O<O's <0.5. Figure IV.2 shows the

relationship between the nominal WPI concentration in solution and the effective WPI

concentration as derived from mechanical property data and the dependence of E on WPI

concentration. Figure IV.3 depicts the prediction of the model and experimental data for a

mixed gel having 10 - 18% total solids.

In conclusion, a structural mechanical model has been developed based of

microscopic observation for mixed WPI/CS gels. This model can be used to tailor gels to

specific "textures" simulating specific local foods by addition of appropriate colors, flavors

and condiments.
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Fig. IV. 1. Hot-stage microscopy of a WPI-CS blend heated at 85°C.
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v. Gelation of surimi and K-carrageenan blends

V 1 Introduction

Surimi is the Japanese term for a high-protein paste made from fish muscle that

forms a gel called kamaboko when heated to 80°C (Susuki, 1987). This fabricated gel is of

economic and nutritional relevance to less-developed countries of the Pacific coast of South

America where over 90% of fish catches go to fish meal. Surimi gels produced from the main

species (fatty pelagic fish) are of poor textural quality and color

K-carrageenan (K-C) is a natural polysaccharide of high molecular weight extracted

from red algae and formed from repeated units of sulfated galactose and 3,6

anhydrogalactose. K-C forms rigid and strong thermoreversible gels of low syneresis and

sensitive to K and Ca ions. When heated K-C goes into solution and upon cooling it gels.

Chile is a producer and exporter of K-C which is being increasingly used as fat binder, water

holding agent and in meat products.

The objective of this study was to produce improved fish gels from local ingredients

based on the properties of K-C and the effect of KCl.

V 2 Materials and Methods

K-C was obtained from FMC (Philadelphia, PA) to have a standardized sample.

Surimi was prepared from fresh horse mackerel (Trachurus murphyi) by a procedure

described in Aguilera et al. (1992). Methods for determination of mechanical and rheological

properties, thermal transitions and microstructural aspects were similar to those described

previously.

V 3 Results and Discussion

Figure V.1 shows how the storage modulus G' changes as K-C is added to fresh fish

paste during a heating/cooling cycling. Two very interesting effects take place: first, as

heating occurs, gelation of myofibrillar protein is paralleled by solubilization of K-C, which

ensures good mixing at the microstructural level and formation of a strong matrix on cooling.

Second, after cooling a significant strengthening effect takes place even at low concentrations

of K-C (0.5%) and at 2% the modulus increases to almost 8 times that of the pure kamaboko
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gel. reaching a value close to 70 kPa. Part of the reinforcing effect comes also from the water

binding effect of the hydrocolloid which leaves less hydration water for protein gelation (Wu

et al.. 1985).
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Fig. V.l- Development of the Storage Modulus G' of fresh surimi with different K

C content during heating.

Figure V.2 summarizes the effect of addition of KCl. K-C and both additives

combined on the elastic modulus (E) based of fresh surimi (20% total solids). Addition of

KCl increases slightly the E when added up to 2%, while K-C increases drastically the



strength of the mixed gel after addition in the same proportion. Interestingly, only a

combination of K-C (2%) and KCI (0.5%) further increased the rigidity of the gel.
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Fig. V.2- Effect of addition of KCI, K-C and both additives combined on the elastic

modulus (E).

Figure V.3 is a schematic of all relevant findings of this study, including

interpretation of SEM microscopy. It can be concluded that much firmer fish gels can now be

manufactured from low-cost fatty fish by addition of K-C and KCI. These results should be

of enormous importance to the fish processor in that restructured fish products of good

textural properties can now be manufactured for food uses.
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IMPACT, RELEVANCE AND TECHNOLOGY TRANSFER

The project is likely to have an important impact in the development of new structured

foods in Latin America. Results are being disseminated at the academic level in national and

international congresses and scientific publications in top scientific journals. In the near

future a course will be offered to the Chilean and Bolivian food industries on structuring of

foods and the use of modern equipment for quality evaluation and control. Technology

transfer to other LA scientists has been done through RIPFADI (the Ibero American Network

on Physical Properties of Foods) by courses on gels in Brazil, Argentina and Uruguay. In

the near future a course will be offered to the Chilean and Bolivian food industries on

structuring of foods and the use of modern equipment for quality evaluation and control.

Food technology research in Latin America is now being regarded as a source of novel

applied concepts in structured foods. The PI has been invited by Nestle Research Center near

Lausanne to spend four months working on gels and structured foods with the famous

Russian scientist Prof. Tolstoguzov.

During the period of the project the PI received two important distinctions: The 1993

International Award of The Institute of Food Technologists of the US, the first Ibero

American to receive this award in 35 years, and the Berger Distinguished Lectureship in

International Food Science Development at Cornell University.

A total of 6 students were trained by the project (4 MSc and 2 Engineer degrees). The

technician partly funded by AID is now in charge of the Biomaterials Lab on a half-time

basis.

Institutional linkages have been developed with UAGRM and other universities in

Bolivia through annual visits. As result of this project courses have been offered by

profeSsors from the Chemical Engineering Department at universities of Tarija and Oruro

with an estimated total of 200 participants. Graduates of the program are now assistant

professors in the Department of Food Engineering, UAGRM, participate in industry

university projects and use equipment bought for research and teaching. Interviews to Drs.

Salek and Aguilera were telecast through regional TV. The Consulate of Bolivia in Santiago

has invited Prof. Aguilera to several cultural and scientific meetings.

The project has been very important to consolidate the Biornaterials Laboratory at the

Department of Chemical Engineering. This is probably the most updated food materials
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laboratory in Latin America under one single roof. The equipment gathered in the last five

years include a Perkin Elmer DSC-7 differential scanning calorimeter, a computerized

Physica rheometer with dynamic oscillatory capabilities, a lEOL 5300 scanning electron

microscope and sample coating apparatus. The project has been instrumental in a recent grant

awarded by the University to the PI (US$ 30,000) to upgrade the SEM facility. Modern

image gathering equipment, a color video monitor and VCR, image analysis and photography

software will be purchased. All these equipment will continued to be used by other

researchers from the University, graduate students from national and Latin American

institutions.
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FUTURE WORK

Future work will continue through the application of the "Microstructural Approach to

Food Research and Development", a concept coined by the PI that involves an active

integration of microstructural aspects to research. After all food technology is the controlled

preservation, modification, creation or destruction of structure in foods. More specifically in

the foreseable future work will continue in the areas of extremely low dehydration of foods,

frying of potato slices, extraction of natural resources and mixed gels. Funding in excess of

US$ 200,000 will become available in the next three years.

The PI is negotiating the new edition of his book "Microstructural Principes of Food

Processing and Engineering" with a British editorial house.Also, in collaboration with the

publisher Technomics (Lancaster, PA) is editing a book on "Topics of Food Technology" in

Spanish aimed at graduate students and practitioners from the food industryin Latin America.

Nestle Research Center in Lausanne (Switzerland) has invited Dr. Aguilera for a 4

month stay to work with their leading scientist in gels and structured foods (Prof.

Tolstoguzov) during January-April, 1996 and develop further the microstructural approach.

Trained personnel in Bolivia will continue teaching and research while assisting the

local dairy industry in improving their fabrication technologies for cheeses, desserts and

yoghurts.
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'Gelation of Whey Proteins
Whey proteins undergo gelation through a series of steps involving
denaturation, aggregation, strand formation, and network formation

Jose M. Aguilera

OCTOBER199~FOODTECHNOLOGY83

Table 1-MolecularWeight, isoelectric pH (pI), anddenaturation temperature
of whey proteins

Protein fraction
MW Tdb

(kD) pia (OC)

18.6 5.3 76-82

14.2 4.8 5~2

66.0 5.1 72-74

77-88

Rheology of Gelation
Heat-induced gelation of whey proteins starts with a trans

lucent solution that increases in viscosity due to formation of
protein aggregates and finally sets into a gel spanning the
vessel. The gel can support its own weight under gravity (with
in a given observation time) and can transmit mechanical sig
nals from one side of the sample to the other.

Because of the gradual development of viscoelasticity, gels
and the gelation process are best characterized by small am
plitude dynamic testing, normally involving the application of
a sinusoidal oscillatory stress or strain under constant fre
quency. The measured response is usually resolved into an in
phase elastic component G' and a 90· out-of-phase viscous
component GR

, the storage and Loss moduli, respectively. Due

Gelation of whey protein products and constituent proteins
has been reviewed many times in the past, denoting that it is
a topic of enormous relevance both scientifically and commer
cially (Paulsson et aI., 1986; Mulvihill and Kinsella, 1987;
Katsuta, 1990; Mangino, 1992). Heat-induced gelation of these
compounds depends on many factors, such as composition,
extent of denaturation, pH, temperature, concentration, heat
ing rate, ionic strength, and presence of specific ions, among
others.

of a commercial whey protein isolate (WPI) containing 95%
protein and prepared by ion exchange, obtained from Le Sueur
Isolates (Le Sueur, Minn.) under the trade name Bipro. It
consists of 68-73% B-Lg (as monomer or dimer, approximate
ly 5:1 ratio), 16-19% a-La, and 6% BSA; thus, it may be con
sidered a concentrated form of B-Lg. All three fractions occur
naturally in whey as globular proteins folded into compact
three-dimensional structures in which the reactive hydropho
bic amino acid side chains are buried in the interior of the
protein, leaving most of the polar side chains to the exterior.
The structure is maintained by weak non-covalent bonds, and,
in the case of B-Lg, by a few disulfide bonds (Kinsella and
Whitehead, 1989). Relevant properties of whey proteins relat
ed to thermal gelation (molecular weight, isoelectric pH, and
denaturation temperature) are presented in Table 1.

'From Kinsella and Whitehead (1989)
'From Bernal and Jelen (1985)

I3-Lactoglobulin

a-Lactalbumin
Bovine serum albumin

Whey protein isolate

The author, a Professional Member oflFT, is Associate DeanofEngineer
ing and Professor, Dept. of Chemical and Bioprocess Engineering,
Universidad Cat6lica de Chile, P.O. Box 306, Santiago, Chile.

DMACROSCOPICALLY, GELS ARE MULTICOMPONENT PHYSICO
chemical systems having a substantial liquid phase but exhib
iting solid-like behavior. An updated discussion ofthe phenom
enological definition of a gel can be found in Almdal et a1.
(1993).

Protein solutions are known to form reversible or irrevers
ible gels upon heating. In particular, solutions of most globu
lar proteins in foods, e.g., egg white, soybean, and whey pro
teins, form aggregates and heat-set gels as temperature is in
creased. The gelation of proteins has been reviewed many
times since the seminal paper by Ferry (1948), and gelation
specifically of food proteins has been reviewed by Clark and
Lee-Tuffnell (1986), Clark and Ross-Murphy (1987), Ziegler
and Foegeding (1990), and Grinberg et a1. 1992).

Gelation of polymers occurs by an enhancement of the in"
teractions between the dissolved polymer mac-
romolecules (or its aggregates) due to a partial
decrease in the solubility of the polymer (or
some of its functional groups) in the solvent,
brought about by one of several external factors
(e.g., pH, heat, ionic strength). If a balance is
achieved between the attractive and repulsive
forces associated with interactions between the
polymer and the solvent, a two-phase system
may set in: the gel network (of constant com
position) and the solution, or syneresis, of the
gel (Lipatov, 1988). Gelation involves transition
from a sol (polymer solution) to a gel where the
polymeric network may be considered to have
infinite molecular weight at the gelling point.
However, an important difference between
polymer gelation and gelation in foods is the
high proportion of solvent (water) present in
the latter.

Although only thermal gelation will be covered in this arti
cle, it is known that other mechanisms may be used to induce
gel formation of whey proteins. The term "whey proteins" will
be used to represent generic commercial products (concen
trates and isolates) as well as individual proteins in the whey
of milk.

Whey Proteins and Gelation
Whey is the soluble fraction of milk that is separated from

the casein curd during cheese manufacturing. The main pro
teins in whey are: B-lactoglobulin (B-Lg), a-lactalbumin (a-La),
proteose-peptone, immunoglobulins, and bovine serum albu
min (BSA). Protein products derived from whey proteins, such
as concentrates and isolates (approximately 70 and 90% pro
tein, respectively), have important commercial applications in
foods, a major one being their tendency to form irreversible
heat-induced gels. B-Lg and BSA are the major gelling proteins
in whey, but since the former is 10-20 times more abundant
in whey products, it is considered the primary gelling protein.

Most examples to be illustrated here correspond to gelation
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effect of process variables on the gel proper
ties. As expected for a liquid, G" initially is

. greater than G', indicating that the starting
solution is relatively more viscous than it is
elastic. Rapidly, G' starts to increase faster
than G", and the system develops a greater
elasticity or "solid-like" behavior. Eventually
both moduli appear to reach a pseudo-plateau
value larger for G' than for G", although an
equilibrium value is seldom measured within
practical times.

Sometimes G" passes through a maxi-
mum before decreasing as the network is con
solidated; absence of a maximum in the G"
curve may be interpreted as if the gel is
formed by a stiff network (Ross-Murphy,
1992). Cooling further increases the magni
tude of the limiting storage modulus. This step
is reversible, since upon subsequent reheating
to the curing temperature, the gel exhibits a
similar pseudoequilibrium modulus, corrobo
rating that thermotropic gelation is irrevers
ible. Changes in G' during heating (~G'he.')

relative to those during cooling (~G'cool) are
considered as the relative contributions of hy

drophobic interactions and hydrogen bonding to the final val
ue of G' (Beveridge et aI., 1984).

When curing experiments are carried out at increasing con
centrations but under the same heating and cooling conditions,
the pseudo-plateau values increase dramatically (Fig. 2). Plots
of log G' at the psuedo-plateau after cooling vs log concentra
tion (Fig. 3) predict that at high concentrations an almost con
stant power-law region exists with an exponent close to 3.
Paulsson et al. (1990) demonstrated that the power exponent
for the dependence of the storage modulus of B-Lg gels with
concentration in the pH range of 4-5.5 was close to 2.5, sug
gesting that the gelation characteristics of WPI are dominat
ed by the presence of this protein fraction. The power law di
verges to higher values of the exponent at the minimum con
centration for gelation. According to Clark (1992), values of the
power exponent vary for common gelling food components,
such as several proteins and polysaccharides, from 2 for
strong, concentrated gels to 5 for weaker systems.

The development of the elastic modulus E or Young's mod
ulus (determined by axial compression at small deformations)
during curing presents a similar behavior as for G' (Fig. 4).
The mechanical modulus of self-standing gels after cooling to
room temperature is commonly assumed to be related to the
textural properties (Langley and Green, 1989; Aguilera and
Kinsella, 1991). Interestingly, a good correlation (R2=0.98) ex
ists between the.limiting values of log E and log G' for WPI
gels, emphasizing that the predominant properties of the food
gel are due to physicochemical interactions developed during
heating (Fig. 5).

The Sol/Gel Transition
Gelation involves a change in the macroscopical state of

matter, namely a "transition" from the sol to the gel state. The
term transition refers to "a change of state induced by varia
tions in the temperature or pressure" (Sperling, 1992). First
order transitions of low-molecular-weight compounds from
their solid (S) or crystalline (C) state to their liquid (L) or
vapor (V) state are well known: melting (C or S~L) and boil
ing (L~V).

From the polymer physics viewpoint, gel formation proceeds
via a first-order transition from a disordered molecular state
in a solution to a more or less ordered state in a network. The
gel point or gel time t* represents the instant when the solu
tion (sol) becomes a viscoelastic solid (gel) or, in the polymer
ization model of gelation, is the time when an infinite network
is formed. As shown in Fig. 1, in the vicinity oft* the steady-
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Fig. 2-Development of the Storage Modulus G' of whey
protein gels at different concentrations during heating for 30 min
at BO°C, followed by cooling at 12°C (pH 5.45)

Fig. 1-The Curing Experiment. Changes in shear viscosity and storage (G') and loss
(G") moduli during gelation of a whey protein isolate (pH=5.45; T curing=B5°C; total
solids=6%) under cycling temperature conditions

to the fragile nature of the network that sets in, deformation
should be kept small and within the elastic range. The rheo
logical characterization of dairy products has been reviewed
by Shoemaker et al. (1992).

In a "curing" experiment (a term borrowed from polymer sci
ence), a characteristic curve of log G', log G" (or tan b = G"/
G') vs time is obtained for a given set of conditions as heating
proceeds at constant temperature (Fig. ll. Curing runs pro
vide the kinetics of gelation and may be used to derive funda
mental information on the gelling mechanism as well as the
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Fig. 5---<:orrelation Between the Elastic Modulus E and Storage
Modulus G' at the cooling pseudoplateaus of whey protein gels at
different concentrations (pH 5.45) and curing temperatures

"transitions" occur at the molecular level that are intrinsic to
the protein: denaturation (D)--tunfolding (U)--taggregation (A),
as shown in Fig 6. These transitionscan also be pressure-in
duced, and gels thus produced are different in texture, digest
ibility, and flavor than heat-induced gels (Hoover, 1993).

Globular proteins taking a single conformation in their na
tive state (N) are transformed to the unfolded or denatured
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shear viscosity diverges to infinity (Tang et al., 1993). Its es
timation from the curing curve is usually done at the cross
over point for G" and G' or by extrapolating the rapidly ris
ing G' to the time axis (Ziegler and Foegeding, 1990).

Similarly, in thermotropic gelation, there is a critical con
centration of active molecules C* and a well-defined temper
ature T* below which gelation does not occur. When critical
conditions for gelling are met, many properties show a discon
tinuity; in particular, elastic behavior is observed at lower and
lower frequencies, whereas for viscoelastic solutions this be
havior is observed only at high frequencies (Guenet, 1992). The
instant of the sol/gel transition is less important in food teche
nology than in polymer science because food gels exhibit higher
mechanical moduli which are achieved at times much longer
than t* (see Fig. 1).

A number of studies have been undertaken using both chem
ical shift and spin-spin nuclear magnetic resonance (NMR)
relaxation techniques. For a given polymer solution, it is con
sistently found that T2 (the spin-spin relaxation time) for sols
is higher than for gels, both showing a linear dependence with
concentration but different slopes. It has been suggested that
the gel point be defined as the interception of the two lines,
as both sol and gel should approach a common T2 value at this
condition (Gajardo, 1993).

Molecular Transitions
Since polymeric systems such as proteins do not attain a to

tally crystalline form in the solid state or vaporize (they de
compose before the boiling point), common first-order transi
tions found in low-molecular-weight compounds are irrelevant.
However, in heat-induced gelation of globular proteins, other
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Gelation of Whey Proteins (continued)

state under certain conditions (e.g., heating). Achievement of
the gel state (G) in globular proteins appears to involve tran
sitions from the native to the unfolded state and into an ag
gregated state. This sequence of events gives rise to the fol
lowing reactions proposed by Schmidt (1981) for formation Df
thermally induced protein gels, based on Ferry's (1948) two
step mechanism:

Step I: N~D(U)

Step II: D(U)~A

Step III: A~S

Step IV: S~G

Step I: Denaturation (Unfolding) of Native Proteins.
When temperature is increased, and as a result of opposing
temperature dependencies of the entropic and enthalpic inter
actions stabilizing a protein molecule, unfolding occurs usu
ally in the range of 60-80°C (Myers, 1990).
Denaturation of proteins is considered an in
tramolecular first-order transition in which
compact molecules begin to unfold into ran
dom coils at the so-called "denaturation"
temperature (Grinberg et aI., 1992). Ther
mally induced gels from globular proteins
are known to require a certain degree of un
folding of the protein as a first step (Clark
and Ross-Murphy, 1987) but not total unfold
ing, which rarely occurs below 100°C. An in
teresting observation for interpretation of
the gelation process is that as unfolding pro
ceeds, the amount of water bound to the pro
tein increases (Mangino, 1992).

The subject of denaturation of proteins in
general and of whey proteins in particular is
too complex to be discussed here; it is known
to depend on the state of native proteins, pH,
ionic strength, heating rate, etc. Ample in
formation on denaturation kinetics (e.g., ex
tent of denaturation as a function of time
and temperature) for B-Lg and a-La in skim
milk was presented by Dannenberg and
Kessler (1988). Recent studies using reverse
phase high-performance liquid chromatogra-
phy suggest that unfolding of whey proteins
by heat begins at 40°C and proceeds slowly
to achieve 10% denaturation at 62°C. After
renaturation to almost the initial state at 65°C, % denatur
ation follows a linear relationship with temperature and is
95% complete at 85°C (Parris and Baginski, 1991). The rena
turation step at 65°C may be interpreted as a collapse of the
unfolded domains into native-like structures (Jaenicke, 1991).
Since opening of the molecular structure exposes a larger
amount of reactive sites for intermolecular interactions, gela
tion of whey proteins is normally observed above 70°C.

It has been postulated recently (Hirose, 1993) that initial
steps in gelation may involve a conformational intermediate
state in which the secondary structure of the globular protein
is either intact or slightly expanded but where intramolecu
lar motions of side chains are released and surface hydropho
bicity is increased. Hypothetically, the transformation from
the native to this so-called "molten globule" state is analogous
to an intramolecular glass transition. The subject of the de
gree of unfolding and the physical state of the molecules nec
essary for gelation should be further addressed to gain a more
basic understanding of the gelling mechanism.

Step II: Aggregation of Unfolded Molecules. Aggregation
of denatured or partially denatured globular proteins in solu
tion has been recognized as an integral part of the heat-in
duced gelation process (other names for this step are oligomer
ization and association). Network development in legumin
(l1S fraction of broad beans) solutions close to the gelation
threshold involved formation of "aggregates" with mean Stokes
diameters of about 0.2 11m (Grinberg et aI., 1992). Only 80%
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of the total protein underwent this type of association, while
the rest remained in solution as lower-molecular-weight units.
Matsudomi et ai. (1992) showed that while a 0.2% solution of
B-Lg heated for 30 min at 80°C formed soluble aggregates, a
similar a-La solution did not. However, when a mixture of both
diluted solutions was heated, they interacted to form soluble
aggregates through a thiol-disulfide interchange reaction, an
interaction that was critical in formation of the gel network
and markedly enhanced the hardness of gels. Similarly, addi
tion of a-La to BSA induced formation of soluble aggregates
through the same mechanism, to form a finer and more uni
form network leading to transparent gels (Matsudomi et aI.,
1993).

Heating dilute B-Lg solutions at pH values substantially
above or below the isoelectric pH and at low ionic strength did

Fig. 6---5chematic of Gelation of Whey Proteins

not lead to visible aggregation (Harwalkar and Kalab, 1985b).
However, aggregates of B-Lg of approximately 0.5 11m in di
ameter were observed by Harwalkar and Kalab (l985a) using
transmission electron microscopy when a dilute solution (1%,
ionic strength 0.1 and 0.4) was heated at 90°C, pH 2.5 and 4.5.
Aggregation of a dilute solution (1.5% w/w, pH 4.8) of B-Lg as
a function of time when heated at 80, 85, and 90°C was fol
lowed using a particle size analyzer (Aguilera and Stanley,
1993). Protein units in the original solution exhibited a mean
diameter of 7 nm, which coincides with the size reported for
the B-Lg dimers, while soluble aggregates of approximately
1 11m in diameter were formed after 40-60 sec independent of
the heating temperature.

The molecular mechanisms responsible for the formation of
aggregates during and after protein unfolding are still obscure.
It may be surmised that aggregation proceeds through a se
quence of (unimolecular) unfolding reactions and bimolecular
association steps to yield higher-order polymeric structures, as
is the case of folding of native proteins. Those interested in
the subject may find some answers in the review paper by
Jaenicke (1991), but it is evident that this topic is of particu
lar relevance to the formation of macromolecular protein as
semblies such as gels. It is generally assumed that the driv
ing forces for aggregation are nonspecific interactions between
hydrophobic regions of unfolded polypeptide chains, but hydro
gen bonding and ionic interactions are likely to participate as
well (Clark and Ross-Murphy, 1987). Stabilization of soluble



Fig. 7--Microstructure of WPI Gels. Left, transmission electron micrograph of a gel formed at pH 5. 7
(opaque); right, gel formed at pH 6.3 (translucent)

Gelation of Whey Proteins (continued)

aggregateS may even proceed through disulfide crosslinking
between polypeptide chains, as suggested by Hillier et aL
(1980) for whey concentrates, and corroborated by experiments
in which active sites are blocked. Obviously, this subject is of
primary importance, as aggregates are the basic building
blocks in the network of aggregate protein gels.

The amount and state of water within and outside these
aggregates is another area of needed research, as some au
thors have postulated that gelation proceeds sometimes
through liquid-liquid phase sep
aration into a solvent-rich phase
and a polymer-rich phase vitri
fied at (or below) the glass tran
sition temperature (Callister et
aI., 1990). Gels of globular pro
teins may be metastable forms of
a glassy network immersed in a
solution, a theory in accord with
the proposed molten globule
state.

Step III: Strand Formation of
Aggregates. The most outstand
ing microstructural feature of
aggregate gels made from whey
proteins is the presence of a ho
mogeneous network of connected
protein particles or aggregates
forming a three-dimensional ma
trix with interstices filled by a
liquid (or aqueous solution). An
excellent overview and interpre
tation of the microstructure of
food biopolymer gels has been
presented by Hermansson (1988).

Tombs (1974) postulated two
models for the formation of glob
ular protein gels from aggre
gates: random clustering and a
"string-of-beads" structure. B-Lg,
BSA, and ~oteinproducts
are known to form either type of
gel, depending on the pH and
ionic strength. For example, B-Lg forms both aggregate and
"fine-stranded" thermally induced gels, depending on the pH
(Stading and Hermansson, 1991). The network of aggregated
or particulate gels is composed of more-or-Iess spherical par
ticles linked together, forming the strands of the network. B
Lg particulate gels formed at a fast heating rate (5-12°C/min)
showed strands of almost spherical particles of uniform size
(about 0.5 ~m in diameter) linked as a "string-of-beads" in a
chain of single particles. Those formed at slower heating rates
resulted in thicker strands of larger particles, with broad par
ticle size distribution (0.5-2 ~m in dia,meter) fused together
in many points (Stading et aI., 1993).

Several stabilizing forces affecting "gelation" have been sug
gested at the molecular level: electrostatic forces, covalent
bonds, and hydrophobic interactions (Mangino, 1992). Al
though it is not clear whether they stabilize the aggregates
themselves or the strand of aggregates, it appears that the
primary overall stabilizing forces are hydrophobic interactions
(Clark et aI., 1981) and possibly ionic interactions (Kohnhorst
and Mangino, 1985).

Step IV: Association of Strands and Network Formation.
An ultimate level of association occurs between the network
strands themselves. Protein gels are usually divided into phys
ical gels and entangled networks. The former are strong gels,
while the latter are formed by the topological entanglement
of chains and are gelled networks at frequencies higher than
some typical entanglement lifetime or are viscoelastic liquids
without an equilibrium modulus (Ross-Murphy, 1992). Whey

protein gels appear to be physical gels of infinite molecular
weight.

Other Possible Transitions in Gels
A reversible volume transition of chemical gels between a

swollen phase~collapsedphase in response to physical and
chemical stimuli such as temperature, solvent composition,
pH, etc., and their application in foods has been discussed by
Tanaka (1992). Since commonly studied heat-set whey protein

gels are irreversible, this volume transition has not been re
ported.

However, it is well known that an opaque~transparent

(translucent) transition exists for globular protein gels (Doi,
1993). Transparent gels have a molecularly homogeneous net
work, whereas nontransparent gels consist of colloidal parti
cles or aggregates (larger than a quarter of the wavelength of
light, i.e., 150 nm). Transparent, fine-stranded B-Lg gels were
formed in the pH range of 7-9, while opaque, aggregated struc
tunis resulted close to the isoelectric pH (e.g., 4-6). Transi
tion from one gel type to the other can be triggered by a small
shift in pH (-0.1 unit) before heating (Hermansson, 1988; Doi,
1993). Whey protein isolates and concentrates form opaque
aggregated gels at intermediate pH and at high ionic strength,
and the pH range of the transition appears to be broader than
for pure B-Lg gels (Stading et aI., 1993). Fig. 7 shows the wide
microstructural differences of translucent and opaque WPI
gels whose only difference is the pH of the starting sol (6.3
and 5,7, respectively).

Another conceivable transition for globular protein gels is
that of single-phase biphasic structures referred to in Aguil
era (1992) and demonstrated by microscopy for many gelling
systems (Gotlieb et aI., 1988; Clark and Ross-Murphy, 1987).
Mixing of two polymer solutions most frequently results in a
two-phase system. This has been extensively reported for pro
tein-polysaccharides systems as well (Braudo et aI., 1986).
Even if two polymer solutions do mix, they are generally found
to phase-separate at some higher temperature rather than a

,
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i lower temperature (the lower critical solution temperature).
Hence, depen~i!?"gon whether gelling occurs before, during, or
after the demlxmg process, one-phase or complex multiphase
gel structures may form. This is a subject of eriormous impor~

tance in gelling of food materials but one extremely difficult
to address from a basic viewpoint, for it involves coupling of
kinetic and thermodynamic data.
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Caking phenolnena in

amorphous food powders
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between particles, without a measurable decrease in sys
tem porosity. At the onset of Cllking, small interparticle
bridges may even disilllegrule under mild shaking.
Agglomeration, a later stage, involves an irreversible
consolidation of bridges but the high purosily of the
particulate system is maintained, resulting in particle
clumps with structural integrity. The mechanisms of
interparticle bonding have been reviewer.! by Rutlanr.!'
and Schubens. Compaction, an even more advanced
stage in caking, is associated with a pronounced loss of
system imegrity as a result of thickening of interparlicle
bridges owing to now, reduction of interparlicle space.~,

and deformalion of particle clumps under pressure. In
the final stage of caking, interparticle bridges disappear
as a result of sample liquefaction and extensive flow
owing to the high moisture content. This stage usually
involves the solubilization of low molecular weight
fractions and the presence of hygroscopic behavior".

Although most publications stale oilly whether caking
is observed and under what conditiuns, quantilative

Caking is a deleterious phenomenon by which a low
moisture, free-Oowing powder is lirst transformed into
lumps, then into an agglomerated solid and ultimately
into a sticky malerial, resulting in loss of functionality
and lowered quality. The problem is ubiquitous in the
food, feed, fertilizer, pharmaceutical and related indus
tries H . This review deals, in the main, with an import
ant form of caking in foods, namely that of amorphous
powders by viscous now. Caking may also occur as a
result of recrystallization, either after fat melting or after
solubilization at crystal surfaces; surface wetting fol
lowed by moisture equilibration or cooling; or electro
static attraction between particles·.

A strict definition of caking is difficult to formulate,
because changes in a particulate system depend on
temperature, moisture and position within the powder,
and involve many different stages, including bridging,
agglomeration, compaction and liquefaction (Fig. I). At
any given stage, lumps may be few or numerous, of dif
ferent sizes and of varying degrees of hardness.

In practice, a quantitative measure of caking is highly
desirable for following changes in the condition of a
powder over time. The 'caking index' (a termed coined
by the authors) is delined as the state of the system at
any time relative to an initial state. Two morphological
indicators of the state of the system are: the ratio of in
stant system porosity to initial system porosity, p(/)lpo;
and the ratio of interparticle bridge diameter to particle
diameter, Dbridg.lDpOJ1kle (see Fig. I).

Because of the diversity and inconsistency of the
terms used to describe caking, some delinitions are pro
posed based on their most common use in the literature.
Bridging, ,the initial stage in caking, occurs as a result of
surface deformation and sticking at contact points

Caking of free-flowing powders during storage is a deleterious
phenomenoJ~ t~at is ubiquitous in the feed, fertilizer and
pharmaCQUtil$al industries, and of economical imporlance lor
10w-/lJPistvre foods. Among other subjects related to caking
of amorphous powders, the following aspects are reviewed
in this article: (1) physical and morphological changes, and
quantitative procedures to assess caking; (2) proposed mech
anisms 01 caking phenomena; (3) examples of caking in (ood
materials; (4) the relationships between storage-induced cak
ing and other phenomena and the glass transition of amorph-

. ous powders; (5) methods for estimating the evolution of
caking with time from the physical properties of powder
samples and environmental conditions; and (6) measures to
minimize the occurrence of caking phenomena.

Jose M. Aguilera (corresponding author) and Jose M. del Valle are al the
Dep,1<lmenl o( Chemical and Bioprocess Engineering, PonlWcia Universidad
Cal6Jica de Chil';~ PO Box 306, Sanliago 22, Chile ((ax: +562-552·4054;
e·mail: jmaguile@ing.puc.cl). Marcus Karel is at the Department o( Food
Science, RUlgers University, New Brunswick, Nj 08903, USA.

Fig. 1
Stages during a typical caking process, indicaling the changes in

system porosity lp(tJlPoJ and the ratio of interpJrlicle brid[;e diamctcr 10

particle diameter [D..",../D."."I,I at each stage.
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Moisture content (g/lOOg dry maller)

temperature range over which the glass transition occurs.
The T. and Tc values measured for several dairy-based
infant formula powders by using the techniques of
Lazar et al.27 and Tsouroflis et a[,2\ respectively, were
dependent on the scanning rate (Le. the heating rate),
and T., was found to be higher than Tc which, in turn,
was 30-50°C higher than Tg at a constant scanning
rate22• These differences were attributed to variations in
sample size and viscous 110w time constants between the
methods.

Fig. 3
Effect of sample moisture content (w) on glass lransilionlemperature (T.), sticky
point temperature (T,) and collapse temperature (T,) of dehydrated fruit juices
and an amorphous fruit juice model system. (0), midpoint T. determined using
differential scanning calorimetry19; (+), T. determined using thermal mechanical
analysis (V.T. Huang, unpublished); (0), T, of an amorphous sucrose and fructose
(7:1) model system'S; (-), T, of spray-dried orange juice with added glucose''';
and T, of slow- (6) and fast-frozen (a) lyophilized orange juice'l. The curve
represents the predicted T. of amorphous sucrose using the Gordon-Taylor
equation'· and equation parameters estimated by Roos and Karel".
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Caking kinetics
An obvious goal for food technologists is to be able to

predict the degree of caking of a food powder during
storage. When a dry powder is packed, it picks up water
from the moist air in the headspace (or through the
package material or seal) to a degree that depends 011

the sorption characteristics of the food (if a pseudo
equilibrium can be assumed). The caking rate of the
powder will depend on its instantaneous moisture con
tent (through its effect on Tg) and the ambient tempera
ture.

Modeling the kinetics of caking is a difficult task be
cause many factors are known to affect it, both internal
[such as particle size (Dp), charge, hygroscopic behav
ior, and the physical slate of particles] and external
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(T~l= 5°C)", glucose (T~ = 3I OC)'1 and sucrose
(T~ = 62°C)", and the Tc of fructose/glucose/sucrose
blends eqlJt11bjlated to 30% RH (w = 0.05 g water/g
material), similar in compositioll to dchydratcd fruit
juices, can be estimated to be below typical room tcm
perature values l9• This also explains why it is rec
ommended that the walls of spray dryers used to de
hydrate these types of products are cooled to reduce
stickiness problems2o•21 •

The T ~ of amorphous lactose is 101°C (Ref. II) and
has a Tg that is below room temperature at -0.05 g
water/g material (Ref. 19), which is usually the maxi
mum moisture content of dried milk products showing
adequate chemical stability. As expected, the stability
against caking of, several dairy-based infant formula
powders increased with increasing amounts of high
molecular weight carbohydrates (maltodextrins), which
raised the Tg of the samples22•23•

In addition to amorphous sugars, low molecular
weight inorganic salts6 and protein hydrolyzates 17•24 are
known to exhibit hygroscopicity and to cause caking
problems during storage. A fraction mainly containing
nitrogenous compounds (prcsumably amino acids) was
held responsible for the hygroscopicity and caking of
spray-dried fermented soy sauce powders24 •

An important relatcd phenomenon is aggregation of
proteins in the dricd state. There are examples in the
literature of aggregation reactions (e.g. thiol-disullide
interchanges, other covalent bonds mediated by lysine
residues, and conformational changes) resulting fr0111
water sorption during processing, storage and delivery.
The aggregation of biomolecules in the 'dry' state has
important implications in the modern biotechnology
industry, as it may be responsible for a pronounced
decrease in biological activity2s.26.

Caking and related phenomena
Collapse, stickiness and caking appear to be related

phenomena. When a solid matrix (usually freeze dried)
reaches its 'collapse' temperature (Tc)' an initial occur
rence of interparticle bridging (or surface caking 22

) is
manifested as a loss of structure and decrease in sample
volume23• At the 'sticky point' temperature (T,), a sharp
increase in the force required to stir a powder is
observed27, which is indicative of a more advanced stage
of caking22• Figure 3 presents the effect of sample moist
ure content on Tg, Tc and T., of dehydrated orange juice
and an amorphous fruit juice model system, as assessed
by several authors using different instruments, together
with the predicted Tg of mixtures of water and sucrose,
the main component in anhydrous fruit juices. Although
some data scattering is evident, Tg values for mixtures
of water and the main non-aqueous component of a
sample appear to predict the phenomena of collapse and
stickness as a function of temperature reasonably well.

Some caution should be exercised in the measurement
and interpretation of glass transition temperatures,
which vary not·only because of instrumcntal differences
and variations in the physical events that constitute the
definition of Tg, Tc and T" but also because of the broad
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In the fish hydrolyzate example. caking started to be
apparent as samples reached average moisture contents
of 0.04-0.08 g water/g dry malter, corresponding to a
delay factor of -6 h. This reveals nothing about the
actual moisture content on the surface of the particles.
Hence, factors that should be controlled when establish
ing actual caking kinctics include water vapor transmis
sion rate and uniform exposure of particles to the vapor
phase.

Microstructural aspects of caking
Morphological changes in a powder undergoing cak

ing can be best visualized using microscopical tech
niques34 • Thus, it is surprising that microscopical analy
sis has not been used to any great extent to characterize
caking, but it' is likely that quantitative information
related to caking phenomena and the determination of
a caking index (see Fig. l) will be easily derived by
microscopy and the aid of computational image analysis
in the future. .

Amorphous components in spray-dried powders are in
the metastable amorphous state and exposure to high
relative humidity results in an ilTeversible transition to
the crystalline state. Amorphous lactose crystallizes and
release's water during equilibration at 42-52% RH (at
25°C). Scanning electron microscopy (SEM) was used
to follow caking of skim milk powder stored at 20°C
during equilibration at 43-94% RH (Ref. 35). After two
weeks: changes had occun'ed only for powder equilib
rated at >54% RH, whereas at ~74'70 RH lactose crys
tallization as well as bridging between particles were

observed extensively. Similar microstructural obser
vations were made for spray-dried powders of whole
milk supplemented with lactose36•

Microstructural changes in lyophilized samples of Ilsh
myollbrillar protein hydrolyzate were also observed
using SEM19. Samples equilibrated for three weeks to
$44% RB retained their original highly porous structure
with line walls. At 56% RH, pore walls wcre observed
to thicken, whereas at 67% RH they had fused into thick
and continuous masses, reducing considerably the po
rosity of the system. The sample equilibrated to 75%
RH presented evidence of crystalline-like structures.

Image processing by digitization can be used to cor
rect defects in the original microstructural image (e.g.
non-informational noise), enhance or suppress data,
select important features, extract numerical data (e.g.
particle area or characteristic size) and perform statisti
cal analysis. Figure 6 depicts three images from the
SEM micrograph of milk powder in an agglomeratcd
state that can be used' to characterize stages in caking
and caking kinetics by the analysis of geometrical
features.

Prevention of caking'
As should be evident at this point, the strict control of

moisture content and storage at low temperatures, when
possible, are key factors in minimizing the effects of
caking of powders. However, in many instances, anti
caking agents are added to hygroscopic food powders to
improve their fiowability and/or to inhibit caking; they
achieve this by one of several mechanisms.
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2.4. Microscopy
Samples for microscopy weres~le':ted

and cut from the center of the gel and studied Ina
JEOL JSM-25 Sll scanning electron microscoJ?e
at 25 kV after fixation in 2.5% glutaraldehyde an
O.2M cacodilate buffer (pH 7.3), dew~tered in a
graded series of acetone solutIOns and
dehydrated by critical point drying in a Sorvall
unit.

2.3 Mechanical and rheological tests
Gel samples (at least 4) were compressed

to 5% deformation (within the elastic range) in a
mechanical testing machine model TA.TX2
(Texture TechnoI. Corp., Scarsdale, NJ) a,t a
deformation speed of 0.2 mm/s. A compression
stress was calculated dividing the maximum
force at 5% deformation by the initial cross

. section of the gels. Changes in the cross
.sectional area during testing were negligible.
Dynamic testing of solutions was performed at
85°C in a Physica rheometer Illodel Rhcolab Me
120 (Physica Messtechnik GmbH, Stuttgart,
Germany) using a coaxial cylinder system. The·
storage· and loss modulus (G' and Gil,
respectively) were determined at a frequency of
1Hz and under a maximum deformation of 0.005
Lo assure preservation of the gel structure.

1. INTRODUCfION

Starch and proteins, major biopolymers
of cereals and legumes, are responsible for
characteristic textural properties of grains, pulses
and products from their flours. A typical example
are bakery products, where the different textures
of breads and pastries around the world are
basically derived from the interactions of wheat
starch and gluten. With the advcnt of novel
separation techniques, purified sources of protein
and starches are becoming available to be used as
food in mixtures but their rheological properties
are yet to be determined.

Knowledge of the thermomechanical
properties of mixed starch/protein gels is
important in understanding and predicting the
now properties during processing as well as the
final texture of products (Biliaderis, 1992). rew
aqueous mixed gels based on polysaccharides
and proteins but of the thermoreversible nature
have been studied, in particular, those containing
agar and gelatin (Clark et aI., 1983). The
rheological properties of fish protein gels
containing various types of starch was explained
by the properties of each component (starch and
protein) without any specific interaction (Wu et
al., 1985).

Whey proteins form irreversible gels by
heating above 70°C while starch gels formed
above the gelatinization temperature (ca. 65°C)
are generally regarded as filled gels in which
swollen starch granules are embedded in an
amylose ge1matrix (Biliaderis, 1992).

The objective of the present work was to
characterize starch/protein gels of thermotTOpic
nature from a mechanical and dynam ic
viewpoints and to interpret Lhe results by
studying their microstructure.

RHEOLOGICAL, MECHANICAL AND MICROSTRUCTURAL PROPERTIES OF PROTEIN
STARCH GELS

.J. M. AGUILERA, E. ROJAS and S. LOZANO

Department of Chemical Engineering, Universidad Cat6lica de Chile, P. O. Box 306, Santiago, CHILE

with aIM HCl solution. Mixed solutions were
kept agitated to avoid sedimentation of starch
granules and transferred to glass tubes ( lOOx 12.3
mm diameter), sealed with rubber stoppers and
held vertically in a water bath at ~5±1°C for 30
min. The tubes were cooled in an lce/water bath
for 15 min andstorcd overnight at 5°C. Gels
were .removed from the glass tubes, equilibrated
at 20°C for 1 hr and cot into cylindrical sections
11 mm iong using a template and parallel piano
wires.

2. MATERIALS AND METHODS
2.1 Materials

Whey protein isolate, WPI, (BIPRO, Le
Sueur Isolates, MN), 92.7% protein; commercial
food-grade cassava starch, CS, (FRABOL, Santa
Cruz, Bolivia), with 0.1 and 0.3% protein and
lipids, respectively; distilled water. Sucrose and
sodium chloride (NaCl) were technical grade.

2.2 Preparation of gels
Mixed solutions of 10% (w/w) total

solids (TS) were prepared from stock solutions
of WPI and CS in distilled water or in solutions
of NaCI and sucrose, and adjusted to pH 5.75

3. RDSlJl :rs AND DISCUSSION
Important variables in the gelation of

globular proteins are the concentration and pH of
the .sol, temperature and heating rate. Thus,
conditions for the present work (10% TS, pH
5.45, 85°C, and lOoC/min) were chosen based
on previous work and are known to produce firm
and opaque protein gels (Aguilera and Kessler,
1988; Aguilera and Kinsella, 1~91). Ca~sa~a
starch failed to form a gel by heatmg to 85 C an
the pH range 4 to 8, and total so Iid.s:
concentration 4 to 15 % (w/w) even though [t
had a low lipid content that assured no formation



,

(> ~ .._---
--<>-- 0

---0-- 0.1

-0.2

-0.3

---0.4

-0.5

500 1000 1500 2000

Time, 5

1000

The microstructure of mixed gels as
studied by scanning electron microscopy
revealed independent networks for WPI and
cassava starch fractions (r<igure 3). Whey
proteins aggregated into almost spherical units
0.2-0.3 J.lm in diameter densely packed while YS
gelled as a: fine sponge. WPI/CS gels at <»s= 0.2
showed well-developed intermeshing networks
of WPI and AS; It is interesting to note that each

Figure 2. Effect of starch fmction «I)s) on the
storage modulus (G') of mixcd WPlICS gcls.
(10% TS, pH 5.75, T=85°C).
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From the applications viewpoint, these
results show that up to 40% of WPI could be
replaced by CS without affecting the elastic
modulus of gels.. Addition of ~alt or sugar,
common additives in food processing, far from
affecting negatively the texture; allow further
levels of substitution of WPI. '

Kinctics of dcvclopm.cgt of thc storagc
modulus (G') at 85°C of mlxllJres of WPI and
CS are shown in Figure 2. The 0' profiles
show a rapid initial increase in modulus followcd
by a slower increase (pseudo plateau) at longer
times: 0' values were almost one order of
magnitude higher than Gil (not shown), typical
of true gels. 0' values in the pseudo plateau
region for different levels of substitution
followed the same pattern as E values of the
compression tests, e.g., the highest storage
modulus corresponded to <l>s=0.2, and values
for <t>s>0.7 were very low.

100

--_._-'------'_._~--'

• no additive

• 0.3% NaCI

, 5% sucroso

-----_.

500 ..

1,000

1,500

2,000

2,500

o .---+-----t-

0.00 0.20 0.40 0.60 0.80 1.00

Stal'ell fl'action, ep s

Figure 1. Effect of starch fraction (cPs) and
addition of salt and sucrose on the elastic
modules (E) of mixed WPIICS gels. (10% TS,
pH 5.75, T==85°C).

, of amylose-lipid complexes that are known to
affect the rheological properties. .

Figure 1 shows the effect of the starch
fraction <l>s on the elastic modulus (E) of gels.
Care has to be taken in comparing these resulls
with those reported previously for mechanical
tests under largcr deformations (Le., Aguilera

'and Kinsella, 1991). Addition of CS to whey
protein in the range 0<<»s<0.4 had the surprising
effect of reinforcing the structure, as shown by
the higher E values. An E maximum, 1.6 times
higher than for a pure WPI gel, occurred for
<I>s=O.2.1ncrease in the content of CS led to an
almost linear decrease in modulus up to 4>s>0.7;
with further addition of CS, no mixed gel was
formed.

Addition of sacarose (1-5%) or NaCI
(0.1- 0.3 %) induced a further increase in E
values to the extent that a mixed WPl/CS gel,
<I>s=0.2 and having 0.3% salt or 5% sucrose
presented a compressive stress almost twice of
that ora pure WPI gel (Figure 1). It may be
postulated that addition of these solutes bound
free water, reducing the effective concentration
of solvent. and increasing the effective
concentration of tile polymers.
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t I polymer developed its own network and no
copolymer structure could be perceived. Non-
gelling WPl/CS solutions (<J>s > 0.7) failed to
form a continuous WPI network.

Figure 3. Scanning electron micrographs of pure
and mixed gels. Top: Pure WPI gel; Bottom:
mixed WPIICS gel for <t>s= 0.2.

Formation and reinforcement of the gel
structure may be explained in part by phase
separation. As the effective concen,tration of a
biopolymerincreases in one of the microphases
the conqentration threshold for gelation may b~
reached I and the polymer network may be
formed;
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ABSTRACT

Mixed gels of cassava starch (CS) and a whey protein isolate (WPI), obtained

by heating solutions of 10% total solids, pH 5.75 to 85°C, were characterized as a

function of the starch fraction, 'i1s' by axial compression, small-amplitude oscillatory

rheometry, differential scanning calorimetry (OSC) and scanning electron microscopy

(SEM). Gelation did not occur for 'i1s > 0.7. In the range O<'i1s<OA mixed gels showed

higher mechanical (E, elastic modulus) and rheological (G', storage modulus)

properties than pure gels, with maximum values for Ps = 0.2-0.3. Viscoelastic

measurements as a function of time showed that gels containing higher levels of WPI

developed a larger G'. Blends of both biopolymers showed independent thermal

transitions in OSC runs, related to gelatinization and denaturation phenomena.

Microstructure of mixed gels showed continuous strands of WPI particle aggregates
and a smooth network for CS with an interpenetrating network formed at '15-s =0.2.

Several gel microstructures (interpenetrating, composite and filled) were obtained by

varing i}s and the source of starch.

KEY WORDS: whey proteins, cassava starch, rheology, microstructure, gels
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INTRODUCTION

Starch and proteins are responsible for most of the desirable characteristics of

food products derived from cereals and other grains. An excellent example are the many

textures of bakery products and their relation to the interactions of two biopolymers,

wheat starch and gluten, in the presence of water. When a rubber-like polymeric system

contains a substantial amount of water and is viscoelastic in nature, it is termed a gel

and in many processed foods, protein and polysaccharides are found as mixed gels

(Morris, 1991; Blanshard, 1988: Brownsey and Morris, 1988).

Starches are known to lose their crystallinity when heated in water at

temperatures above 60-70°C and "gelatinize". During gelatinization, starch granules in

suspension absorb water, swell and amylose leaches out into solution. Cooling

converts the mixture into an opaque and viscoelastic "mixed" gel composed of swollen

and "porous" starch granules embedded in an amylose gel (Morris, 1991; Biliaderis,

1992). The gel network appears to develop on cooling by the formation of ordered

junction zones based on amylose double helices (Clark and Ross-Murphy, 1987).

Whey protein solutions (concentration> 5-7% protein) form irreversible particle gels

when heated to a temperature >75°C. The mechanism of thermal gelation of whey

proteins involves an initial denaturation/unfolding step followed by aggregation into

protein particles sticking together as a network (Mulvihill and Kinsella, 1987).

Apparently, exposure of non-polar amino acid side chains on the surface of aggregates

stabilize the network through hydrophobic interactions (Mitchell et al., 1990).

With the advent of novel separation techniques, purified and more functional

sources of protein are now available to participate in complex gel systems. Cassava is

and abundant source of carbohydrate used as food in many countries of South America

and Africa but its study in mixed systems is largely unreported. In particular,

knowledge of the rheological properties of a mixed starch/whey protein gel is important

in understanding and predicting its flow properties during processing as well as the

final texture of products (Biliaderis, 1992). Mixed gels of protein and non-starchy

polysaccharides have been studied by Clark et al. (1983) and Braudo et al.(1986),

among others. Starch is an ubiquitous source of calories in foods and a common filler

in some comminuted meat and fish products. For example, addition of different

starches to fish protein gels showed no apparent detrimental rheological effects (Wu et

al., 1985). However, specific interactions and synergistic effects are higWy desirable to

create new textures and accomplish ingredient substitution.
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The objective of the present work was to characterize cassava starch/whey

protein gels of thermotropic nature by mechanical and dynamic oscillatory rheometry

and to interpret the results by studying their thermal transitions and microstructure.

MATERIALS AND METHODS

Materials

Whey protein isolate, WPI (BIPRO, Le Sueur Isolates, MN), 92.7% protein;

commercial food-grade cassava starch, CS (FRABOL, Santa Cruz, Bolivia) with 0.1 %

protein and 0.3% lipids; distilled water. Com starch (Com Products, Santiago,Chile)

was used as a reference in some experiments. NaCl and sucrose were of technical

grade.

Preparation of gels

Blends of 10% total solids (TS) were prepared from stock solutions of WPI,

CS and com starch in distilled water, and adjusted to pH 5.75 with a 1M HCl solution.

Sucrose and salt were added when required. Mixed solutions were kept agitated to

avoid sedimentation of starch granules and transferred to glass tubes (1OOx 12.3 mm

diameter), sealed with rubber stoppers and held vertically in a thermoregulated water

bath at 85±I°C (T gel) for 30 min. Heating rate, measured at the axis of the tube with a

fine thermocouple, was approximately 1O-15°C/min. The tubes were cooled in an

ice/water bath for 15 min and stored overnight at 5°C. Gels were removed from the

glass tubes, equilibrated at 20°C for 1 hr and cut into cylindrical sections 11 mm long

for mechanical testing using a template and parallel piano wires. All gelation

experiments were replicated once.

Mechanical and rheological tests

Cylindrical sections of gels (at least four) were axially compressed to 5%

deformation (within the elastic range) in a mechanical testing machine model TA.TX2

(Texture Techno!. Corp., Scarsdale, NJ) at a deformation speed of 0.2 mm/s. An axial

compression stress was calculated by dividing the force at 5% deformation by the initial

cross section of the gels, since area changes during testing were negligible. Small

amplitude oscillatory testing of solutions as a function of time at a constant temperature

of 85°C was performed in a Physica rheometer model Rheolab MC 120 (Physica

Messtechnik GmbH, Stuttgart, Germany) using a coaxial cylinder system geometry

and a thermostated water bath. The storage and loss modulus (G' and G n
, respectively)
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were determined at a frequency of 1 Hz and under a maximum deformation of 0.5%

(within the linear viscoelastic regime) to assure preservation of the gel structure.

Calorimetry studies

To study the effect Of heating on thermal transitions of pure and mixed

solutions of CS and WPI apt§rkin Elmer DSC-7 Series 1020 (Perkin Elmer Corp.,

Norwalk, CT) was used. Portions (15-20 mg) of well mixed solutions at 10% TS were

transferred into aluminum DSC pans and immediately sealed. Duplicate samples were

scanned at a heating rate of lOoC/min in the temperature range 40-95°C using an empty

pan as reference. The heating rate was similar to that during gelation of solutions in the

glass tubes.

Microscopy
Several gel samples in the range O<t}s<1 were examined under the microscope

(only four are reported). Duplicate samples for microscopy were cut with a razor blade

from the center of a gel and studied in a JEOL JSM 25 SII scanning electron

microscope at 25 kV after fixation in 2.5% glutaraldehyde in 0.2M cacodilate buffer

(pH 7.3), dewatered in a graded series of acetone solutions and dehydrated by critical

point drying in a Sorvall unit. Dehydrated specimens were fractured, placed in metal

stubs and the exposed surface was coated with gold.

RESULTS AND DISCUSSION

Axial compression stress of gels

Important variables in gelation of globular proteins are the concentration and pH

of the sol, temperature and time. It is known that mechanical properties of WPI gels

improve as the holding temperature increases above 75°C and that curing times of 15

min are sufficient to promote adequate gelation (Aguilera and Kessler, 1989; Aguilera

and Kinsella, 1991). Results from axial compression tests for pure gels are presented

in Figure 1. The ratio of the standard deviation to the mean value of E varied between

3.8 and 7.2% for all determinations reported in this paper. Since a deformation of 5%

falls within the elastic range, these values correspond to the elastic modulus, E. In the

pH range 4-8, solutions (10% TS) of WPI formed strong gels below pH 5.8 and did

not gel above pH 6.5. The CS solution did not form self-standing gels at any pH while

com starch formed weaker gels than WPI, almost independent of pH (Figure 1, inset).

Similarly, while WPI gels at pH 5.75 became stronger at increasing concentration of

total solids, CS solutions did not form self-standing gels even at 15% TS. Com starch

showed an almost linear relation between E and concentration, for solutions> 5% TS
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(Figure 1). Cassava starch had a low lipid content (0.3%) that suggested no

interference of amylose-lipid complexes in the mechanical properties. Conditions

selected for the study of mixed gels were: 10% TS, pH 5.75, T gel = 85°C and 30 min

curing time.

Figure 2 shows the effect of the starch fraction '6s [starch/(WPI + starch), w/w]

on the elastic modulus (E) of mixed gels at 10% TS and pH 5.75. Care has to be taken

in comparing these values with others reported in the literature under larger

deformation, as the force increases with strain (I.e., Aguilera and Kinsella, 1991).

Substituion of WPI by CS in the range O<'6s<O.4 had the effect of increasing E over

the value of the pure WPI gel ('6s =0). This synergistic effect had a maximum Eat '6s

= 0.2-0.3 which was 1.6 times higher than that for the WPI gel. Further replacement of

WPI by CS in the range 0.3<'6s<0.7 resulted in decreasing moduli and for '6s > 0.7 no

self-standing gels were formed.

The effect of '6s on E for WPIIcorn starch gels was different (Figure 2).

Increasing the starch fraction decreased E almost linearly from the value for pure WPI

('6s = 0) to one similar to that of pure corn starch at '6s = 0.4. Elastic modulus of mixed

gels in the range 0.4<'6s<1 were similar to that of the pure corn starch gel, hence, WPI

played the role of an inert, contributing to the TS effect. A weight fraction of WPI >
0.6 ('6s = 0.4) was required to develop associations that followed a mixing rule (e.g.,

linear dependence with concentration) but not to synergistic effects. ComiCS blends

yield gels weaker than those of pure corn starch and did not form gels for '6s > 0.7 (in

this case '6s refers specifically to the fraction of CS). It can be concluded that for t}s >

0.7 the non-gelling effect of CS predominates when mixed either with WPI or corn

starch.

It was of interest to observe the effect of incorporation of salt and sugar to

mixed WPIICS gels since food gels usually have these solutes added (Figure 3).
Addition of sucrose (5%) and salt (2%) did not alter the dependence of E with '6s
observed in Figure 2 and led to higher E values. This further reinforcing effect can be

ascribed to a reduced availability of water by the presence of these solutes and a

concomitant increase in the effective concentration of both biopolymers (Labuza,

1975). Further work needs to be done on the effect of these two solutes in the

mechanical and rheological properties of these mixed gels.

Dynamic experiments
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Gelation kinetics were studied by small-amplitude oscillatory rheometry

experiments at constant temperature (85°C) and monitoring the increase in the storage

modulus (0'), the elastic (solid-like) component of the viscoelastic properties (Figure

4). Data showed a rapid initial increase in modulus representative of the transition from

sol to gel. At longer times the rate of increase of 0' was slower, reaching an apparent

steady value (pseUdo-plateau) in the semi log plot. Values of 0' were almost one order

of magnitude higher than those of Gil, the loss module (not shown), typical of true

gels. G' values reached at the pseudo-plateau region followed the same behavior with

i}s as E values of the axial compression tests, e.g., the highest G' corresponded to

i}s=0.2, and values for '6s>0.5 were very low. These data suggest that structural

features of mixed WPI/CS gels responsible for mechanical and rheological properties

are already established at the moment of gelation and are not related to cooling or aging

(retrogradation) phenomena.

Muhrbeck and Elliason (1991) measured values of the storage moduli of

cassava starch! bovine serum albumin (BSA) gels as a function of protein fraction (1 

'6s) at 10% TS, heated to 90°C and cooled to 25°C. As reported here, gels with '6s >

0.6 showed low G' « 0.1 kPa) and when the protein fraction increased ('6s decreased)

the modulus increased sharply. Unfortunately, no values were reported by these

authors in the range 0<'6s<0.25.

Thermal properties of gels

DSC scans were performed to find out the effect on gelation of the presence of

one biopolymer on the thermal transitions of the other. Preliminary thermograms (not

reported) of a WPI solution (10% TS) showed that the peak of the denaturation

endotherm shifted from 82.2 to 74.3°C as pH increased form 4 to 6. At pH 6.5 no

denaturation peak was found, coincidental with absence of gelation reported in Fig. 1.

Thermograms of WPI/CS solutions of 10% TS and pH 5.75 are presented in

Figure 5. The pure CS solution ('6s = 1.0) showed a single endothermic peak at

66.0°C, coinciding with early DSC work of starch-water mixtures in excess water

where only one endotherm represented the starch "gelatinization" process (Lelievre,

1992). This value is the same as the midpoint gelatinization temperature (Tg) reported

by Zobel (1988) for tapioca (cassava). A broad denaturation peak between 66 and79°C

was evident for the pure WPI solution ('6s = 0.0) corresponding to a "denaturation"

temperature (Td) for WPI of 74.5°C, close to the value ofTd = 78.8°C (extrapolated at

QOC/min heating rate) reported by Bernal and Jelen (1985) for a whey protein

concentrate at pH 5.5. As shown by these same authors, Td decreases by increasing pH



or reducing the heating rate and is dependent on the relative proportions of 13
lactoglobulin (Td = 75.9 - 81.2°C), a-lactalbumin (Td = 61.0 - 61.5°C) and serum

albumin (Td = 71.9-74.0).

Only the denaturation peak near Td of pure WPI predominated for i}s=0.1 and

single gelatinization peaks close to Tg of pure CS were notorious for solutions of i}s ~

0.8. Hence, the behavior of the thermal property of these blends may be regarded as

typical of pure WPI or pure CS solutions, respectively. Instead, solutions of

0.1<i}s<0.8 showed two peaks: a low-temperature peak around 64.8-65.3°C and a

high4emperature peak between 73.8-74.3°C, as if both, gelatinization of starch and

denaturation of proteins, occurred unaffected by the presence of the other component.

A special feature of blends with i}s = 0.2 and 0.3 was a well developed Td peak and a

smaller but noticeable Tg peak. In solutions with a higher proportion of CS (e.g.,

0.3<i}s<0.7) the gelatinization peak outweighed the contribution of the denaturation

peak, which correlated well with the poorer gelling properties of these mixtures.

Microstructural aspects

The microstructure of gels as studied by scanning electron microscopy is

presented in Figures 6 and 7. In the single component WPI gel proteins aggregated into

almost spherical units 0.2-0.3 ~m in diameter which in turn packed into clusters

forming the network (Figure 6A). This basic microstructure is typical of gels from

whey protein (Aguilera and Kinsella, 1991) and 13-lactoglobulin (Stading et al., 1993)

formed under similar conditions of pH, concentration and heating rate.

The WPIICS gel at i}s = 0.2 showed that both components formed independent

and well-developed networks of an interpenetrating nature. This microstructural feature

is in opposition to the suggestion by Muhrbeck and Eliasson (1991) that the

predominant network in a mixed gel is that formed fIrst during heating, in this case CS

for Tg < Td, and supports the argument that kinetic aspects of gelation as well as phase

separation may be determinant in the development of microstructure. The CS mesh

appeared as smooth and fIne strands independent of the WPI particle-type matrix, and

the presence of remnants of starch granules could not be found, as if they disintegrated

completely during heating. The appearance of the CS starch network was quite different

from the fIne fIbrillar structure of pure amylose gels revealed in micrographs prepared

by a Pt-C replica technique (Ouenet, 1992). Mixed gels of i}s = 0.5 and 0.8 (Figure 6C

and 6D) also exhibited independent WPI and cassava starch networks and no remnants

of starch granules. In these gels the extent of the WPI matrix was reduced and

frequently disrupted by the CS network, in agreement with the poorer mechanical and



rheological properties exhibited. At '6s = 0.8 the microstructure was typical of a phase

separated or composite gel network rather than of an interpenetrating one (Aguilera,

1992) with portions of gelled WPI entrapped in the weakerCS network.

Figure 7 presents the microstructure of WPIfcassava starch and WPIfcom starch

gels at '6s = 0.2 prepared under the same conditions. While interpenetrating WPI and

CS networks were clearly observed in the WPIfCS gel (Fig. 7A), the mixed gel

containing com starch was of the filled-type, with collapsed starch granules acting.as

embedded particles in a predominantly WPI gel (Fig. 7B). Also noticeable was thelack

of adhesion between the surface of shrunk com starch granules and the WPI matrix and

the absence of an independent amylose network. These two features may account for

the poorer mechanical properties ofthis gel relative to the WPIfCS gel (Fig. 1). Further

work is necessary to extend these results to other gelling conditions.

Relation of thermal and mechanical data with microstructure

Gelation of mixed biopolymer solutions leading to structure formation is still

not fully understood and remains mostly on a conjectural basis. The process appears to

be heavily dominated by phase-separation phenomena as it is known that most

biopolymer systems are thermodynamically non-compatible. Brownsey and Morris

(1988) have classified two-component mixed gel networks as Type I, when a soluble

polymer is entrapped inside the network of the other, and Type II, where both

biopolymers form a gel network. In this latter case the spatial distribution of the two

components will depend on the degree of mixingldemixing during gelation.

It can only be speculated at this point that amylose gelation in CS at low '6s is

possible by rapid solubilization· from disintegrated cassava starch granules, demixing

and phase separation into a polymer rich phase. Partial support to this hypothesis may

come from ample evidence by Russian scientists that most protein/polysaccharide

systems form phase-separated solutions (Braudo et al., 1986). Phase separation is

likely to occur during most gelation processes (Guenet, 1992). Specifically, there are

suggestions that amylose gelation in particular, occurs via aqueous two-phase

separation into polymer-rich and polymer-deficient regions leading to turbid gels (Miles

et aI., 1985; Clark and Ross-Murphy, 1987). Formation of a continuous network of
CS at low and not at higher '6s may be interpreted by the excluded volume effect as

proposed by Braudo et al. (1986). As the presence of whey proteins in solution

increases, water may become a poorer solvent for starch (which gelatinizes first),
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increasing its effective concentration in one of the microphases and eventually reaching

the concentration threshold for gelation and network formation.

There are a number of physicochemical differences between corn and cassava

starches that may help explaining their different gelling behavior (Balagopalan et al.,

1988). Cassava starch has a slightly lower gelatinization range than corn (59-70°C

versus 62-73°C). CS granules swell on hydration to a diameter almost 3 times larger

than corn starch granules and continue to swell after pasting (Wurzburg, 1986~

Vasanthan and Hoover, 1992). Paste viscosity of a cassava starch slurry as followed in

a Brabender amylograph peaks at around 75-80oC and upon cooling it readily breaks

down (Eggleston et al., 1993). Corn starch solutions instead, develop into a low

viscosity paste on heating but show a high peak viscosity on cooling (retrogradation).

Also, amylose is released faster from cassava starch granules than from corn starch

granules (Vasanthan and Hoover, 1992).Sols of corn starch having a relatively high

level (ca. 22-28%) of moderately-sized amylose molecules form opaque gels on cooling

while cassava starch which has a lower amylose content (ca. 18%) but bulkier amylose

molecules only thicken to a translucent paste on cooling but do not form gels

(Wurzburg, 1986).

CONCLUSIONS

As revealed by SEM and thermal analysis, a commercial whey protein isolate

and cassava starch mixed in solutions at 10% TS and pH 5.75 appear to form a mixed

gel with independent networks when heated at 85°C. Elastic moduli (E) and storage
moduli (G') of mixed gels were maximum at '6s = 0.2, where both biopolymers formed

continuous, interpenetrating networks and gelatinization of CS and denaturation of WPI

occurred to a noticeable extent. Kinetics of development of the storage modulus

suggests that physical and structural characteristics of mixed gels develop already

during heating and not on cooling. Basic microstructures may be induced in mixed

WPIIstarch gels by varying the relative proportions of the two components and the

nature of the starch fraction. These microstructures are responsible for several

mechanical and rheological properties of mixed gels.
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LIST OF FIGURES

FIGURE 1. Effect of pH at 10% total solids (TS, inset) and TS at pH 5.75, on the
elastic moduli (E) of pure gels of WPI, cassava and corn starch, formed by
heating the solutions to 85°C for 30 min and cooling.

FIGURE 2. Effect of starch fraction (w/w) on the elastic moduli (E) of mixed gels
(10% TS, pH = 5.75, T gel = 85°C): (.1.) WPlicassava starch; () WPlicorn
starch gels; (0) Cassava starch/corn starch.

FIGURE 3. Effect of addition of sucrose (5%) or salt (2%) on the dependence of
composition on the elastic moduli (E) of mixed gels (10% TS, pH = 5.75, T gel =
85°C): (.6.) WPIIcassava starch; (q NaCI added; (0) sucrose added.

FIGURE 4. Effect of starch fraction (w/w) on the storage moduli (G') of WPIIcassava
starch gels (10% TS, pH = 5.75, T gel = 85°C).

FIGURE 5. Tracings of differential scanning calorimetry thermograms for
WPlicassava starch blends (10% TS, pH =5.75) as a function of starch fraction
(w/w).

FIGURE 6. SEM micrographs of gels with starch fraction (w/w) indicated in the lower
left corner. A) Pure WPI; B) 1'}s =0.2; C) 1'}s =0.5; D) 1'}s = 0.8. WP = whey
protein isolate network; S = starch network.

FIGURE 7. SEM micrographs of mixed gels (1'}s = 0.2). A) WPlicassava starch gel,
and; B) WPIIcorn starch gel. Arrows point at separation between starch granules
and matrix. WP =whey protein isolate network; S =starch network; SG =starch
granules.
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Microstructural and Imaging Analyses as Related

to Food Engineering

Introduction

In a classical experiment of lluid mechanics Reynolds observed that when a dye
was injected to water !lowing through a glass tube a critical discharge velocity was
reached at which the dye stream suddenly broke up and was diffused throughout the
tube (Reynolds, 1883). This study, leading to the fundamental ohservation of the
laminar-turbulent flow transition, has had enormous practical importance in
engineering and immortalized Reynolds and his famous number.

In our era of expanding technology many times we must observe, analyze, model
and explain phenomena occurring at the micron (l flm = 0.001 mm) or submicron
level. In food processing and engineering several answers are rooted at this level, in the
interior of otherwise non-transparent, heterogeneous objects (Aguilera and Stanley,
1990). Sometimes it is the arrangement of microelements which is determinant for a
good physical model, appropriate transport equations and boundary conditions, as in
extraction of solutes from cellular materials. Often it is the chemical composition of

. particular organelles or architectural arrangement which is relevant for engineering
purposes, as in milling of wheat kernels. More recently, so called physical property
microstructure relationships are needed to interpret the mechanical, thermal or
rheological behavior of complex biomaterials. This special role played by
microstructure in physical and transport phenomena of biological materials is a
distinguishing element of food engineering vis-a-vis chemical engineering.

Although significant efforts have been made to develop a "food materials science"
(the best example being the application of polymer physics to amorphous food
components and macromolecular gels) microscopy has not been fully exploited by
engineers as compared to spectroscopy analysis or computerized mathematical
algorithms. This is probably so because food microstructure and imaging use
techniques developed for biology, medicine and material science, most of which rely
on expensive and sophisticated equipment. Only few food science and engineering
groups in academia have access to microscopy facilities on a routine basis. Last but
not least, microstructural information needed for engineering analysis is usually less
elaborated than for pure science, thus it is not a challenge to microscopists.

With the advent of powerful microscopy and non-destructive imaging techniques,
image-capturing technologies and computer-aided analysis the possibility now exists



to observe and probe into submlcron areas, gather quantitative data and analyze it wi th
fast and powerful computers. A century alter Reynolds, engineers can now emulate
him and plan expenments tor direct observation of the physical phenomena but orders
of magnitude smaller. The aim ot this presentation is to present some modem
microscopy and imaging techniques and their application in food processing.

Examples of Applications of Microscopy to Food Engineering

Microscopy has become established as one of the most useful tools available to
the food scientist. Its growing importance is confirmed by the publication of six
articles during 1995 directly related to this technique in Trends in Food Science CDrl
Technology.

Foods are highly heterogeneous materials at the microstructural and
ultrastructural levels. Typical sizes of important microstructures and molecules in foad
phyto-, myo- and lactosystems as well as the resolution level of different microscopy
techniques are presented in Figure 1.

Light microscopy (Ud) is a widely used technique for studying the
microstructure of foods and multiple applications in food processing and engineering
can be found in Aguilera and Stanley (1990). Its most used versions (bright lield,
polarizing and tluorescence microscopy) perform better with thin specimens and many
times involve chemical processing (fixation, staining, etc.) (Kalab et aI., 1995;
Vaughan, 1979).
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Figure 1, Examples of microstructural elements and molecules in food systems



Our laboratory has used simple L}..1 techniques to visualize microstructural
differences in comminuted pieces of fatty fish leading to cell separation according to
their terminal velocities (Rutman et aI., 1988) and to correlate extraction rates and
microstructural modifications in red peppers (Aguilera et aI., 1987). Our colleague Dr.
Dave Stanley used fluorescence microscopy to demonstrate that cell wall thickening
and intercellular fusion is a major microstructural change in hard-to-cook beans
(Hincks and Stanley, 1987).

In electron microscopy (8..\1) the area to be analyzed is irradiated with a finely
focused electron beam that replaces photons. The types of signals produced when the
beam impinges a sample include transmitted and backscattered electrons, secondary
electrons, Auger electrons, x-rays and photons of various energies. Figure 2 shows
some typical interactions between the electron beam and the sample in an electron
microscope. E,'vl is typically operated at a pressure below 10-4 Pa (10-6 torr) to
minimize collisions of the focused primary beam and molecules of the residual gas and
to keep a low pressure at the thermal tungsten filament.
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sample in electron microscopy



In biological samples the original water has to be removed by drying (generally
freeze-drying or critical point drying) or solidified (freezing). No matter how gentle this
process may be structural modifications ("artifacts") are likely to occur. Another
requirement of ENI is that nonconducting samples be metallized so to eliminate or
reduce the electrical charge that builds up in the specimen when impinged by the beam
of high energy electrons. The net result is that the original food sample is rdfely
observed in a,!.

Traditional scannning electron microscopy (SEM) uses either low energy
secondary electrons ejected from the specimen sUlface or higher energy backscatter
electron rel1ected from the specimen to reproduce specimen topography. Both signals
are typically collected by a scintillator detector requiring high vacuum environment.
The resolution of commercial SEM equipment is quoted on the order of 2 to 5 nm. An
excellent reference on Sa1 in the book by Goldstein et al. (1992).

We have also used simple SEM techniques to study fractionation of legumes into
starch- and protein-rich fractions based on fine milling and air separation (Aguilera et
aI., 1984). The architecture of bean cotyledons (large starch granules embedded in a
protein/structural polysaccharide matrix) leads itself after milling to large intact starch
granules and smaller protein-rich particles (Figure 3). Note the absence of interfacial
bonding between starch granules and the matrix which together with the brittleness of
the latter results in a marked binodal distribution of particles alter fine milling.

Figure 3. Architecture of a bean (Phaseolus vulgaris) cotyledon showing large starch
granules embedded in a protein/polysaccharide matrix. (mag= 1,OOOx)



Starch granules are then separated from the protein fraction in an air-classifier
based on their larger terminal velocities. Fracture characteristics, particle sizes and
distributIOns, as well as cross contamination of the two streams may be easily
followed and quantified by SB1 and image analysis.

1vlechanisms of movement of solutions and their accompanying solutes in intact
plant tissue is a phenomenon of major importance in early stages of drying, during
solid-liquid extraction and osmotic dehydration and in impregnation with low
molecular weight solutes (salts and sugars). We have revised these mechanisms to
analyze and model the aqueous extraction process of lupin proteins from the intact seed
(Aguilera, 1989). The complexity of water (liquid) movement in plant cells as revealed
in this latter study is shown in a diagram in Figure 4. Given the architecture of cell
walls and membranes, micropores (plasmodesmata) piercing through them and the
intrinsic tortuosity and porosity of intercellular spaces it is highly unlikely that
processes like aqueous extraction or osmotic drying can be modeled by applying a
simple second Fick's law of diffusion to a homogeneous material. Computer-solved
equations of "black boxes" always result in dilTusion coelTicients varying with
concentration or with time, in order to fit the datal. Prof. l..e.Maguer has studied in
detail mass transfer phenomena in structured systems (see paper in this book)
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Figure 4. Plasmodesmata and fluid transport in intact plant cells



Highly hydrated ICX)d samples, e.g., water-oil emulsions, icecream or those that
have delicate structures like gels can be observed directly in the SEM in their frozen
state after extremely last Ireezing (Cryo-SHvl). Etching or sublimation 01 ice (at
around -9OC for a few minutes) is elfected to reveal underlying structural features. If
combined with modem field emission SEM that provides high resolution and operate
efliciently at low beam energies, less damage is introduced to the sample.
Alternatively, a very stable metal replica of the sUiface can be prepared after fracture
and etching and examined in a regular TEM or SEM (Figure 5). These techniques can
be used, for example, to study the elfect of homogenization in emulsion formation,
demixing phenomena of complex solutions, crystal growth in icecream during storage
or formation of mixed gels.

FUTURE PROSPECTS

The study of foods as materials and particularly the role of microstructure in food
processing and engineering will expand rapidly in the future, fostered by advances in
other areas such as experimental biology, medicine and computer science (image
recognition).
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Figure 5. Steps in replica preparation of an emulsion after fast freezing, fracture and
etching.



to The need of beller phenomenological mo<.lels to predict the effect of variables and
process optimization coupled to new computational methods and fast computers will
also increase the use of microscopy and imaging techniques. Due to space limitations
only a few developments in the microscopy/ microstructure horizon are discussed
below. The ck..'dicated reader may benefit from glancing through some of the joumals
and bCXlks cited in the references.

Some Advanced Microscopy/Imaging Techniques

Confocal laser scanning microscopy (CLSlvI) overcomes some of the limitations
of LM relative to specimen thickness and sample preparation using a focused scanning
laser to illuminate a "slice" in the interior of a specimen. Only the information from
that focal plane is able to pass a confocal aperture and produce an image. Successive
scans at different depths can be collected, processed by computer software and
reconstructed into a three-dimensional model. Alternatively, a series of time resolved
images can be dynamically integrated to produce a moving image showing changes in
microstructure. In the fluorescence mode the laser beam is also used to excite a specific
dye so that localization of chemical components can be achieved. Details of this
technique and applications to foods can be found in Brooker (1995). Into the future is
the adaptation of confocal imaging techniques to the study of cells of intact organs in
silU (Petroll et aI" 1994).

Soft x-rays microscopy can also be used to image living cells and tissue in their
natural hydmted state. Since the degree of absorption for different components varies
markedly with wavelength, images can exhibit considerable contrast.

Scanning probe microscopy (SPM) and scanning tunneling microscopy SHvl)
are generic names for a high resolution technique in which a probe is scanned close to
the specimen surface and some interaction between the probe and specimen has a
strong dependence on the separation. Related names are scanning tunneling optical
microscopy (5TOM), scanning force microscopy (58\'1) and atomic force microscopy
(AFM). Among the advantages are the simplicity of sample preparation that is close
to LM and the potential to resolve down to atomic size. This new form of microscopy
is particularly suited to study foods at the molecular level, for example, the fine
structure of hydmted gels, biopolymers in solution, cell walls and interfacial
phenomena (Kirby et aI., 1995; Miles and McMaster, 1995).

Coupling Microscopy and Element Analysis/Molecule Localization

There is increasing need of techniques for in situ identification and even
quantification of ions or molecular species inside cells or food tissues. The interaction
of the electron beam with a small localized area of the specimen causes the generation
of many signals that may be used simultaneously to create an image and to derive data
of the chemical composition. Chemical analysis in SEM is performed by measuring
the energy and intensity distribution of the x-ray signal generated by a focused electron
beam on the uncoated sample. The energy-dispersive (EDS) detection system has the
ability to display the entire elemental spectrum. Using this technique we have
confirmed that the core or protoplast of dormant spores of B. subtilis is high in
calcium ions which are supposed to complex with dipicolinic acid (Figure 6). It is
postulated that Ca dipicolinate (up to 15% dw of spore) provides a stabilizing medium



similar to that of the "glassy state" in other organisms but at higher moisture contents
(ca. 25%).

Fourier Tmnsform Infrared (FT -IR) spectroscopy is a method of determining the
chemical composition of organic materials by measuring their absorption of infrared
light of different wavelengths. A scanning microspectrophotometer has been reported
to do measurements of composition of selected regions of a specimen as small as a
few microns, specifically, layers of wheat bran (Whitworth and Edwards, 1995). The
lluorescence microscope has also been used on a routine basis for carbohydrate analysis
(Fulcher et al., 1994).

The distribution of water rellects important physiological processes in the cell,
including those of organisms that have been severely dehydrated to a desiccated state «
0.1 g water/g dry matter). Under these conditions, organisms (e.g., nematodes, seeds of
plants, fungal spores and cysts of certain crustaceans, among others) have unusual
resistance to high or low temperatures and to exposure to UV light and X-rays while
key biological structures such as membranes, nucleic acids and proteins seem to be
structurally and functionally preserved (Aguilera and Karel, 1996). A "glassy" state
provided by accumulation of sugars (most notably trehalose and sucrose) has been
postulated to playa key role in the preservation of life under these conditions. Since
water is known to depress the glass transition temperature (Tg) of biopolymers,
existence of a true glassy state in specific organelles depends on the localized
abundance of water, rather than on average moisture contents.

Figure 6. Primary color overl~y of the compositional map obtained by x-rays spectral
analysis of a spore of B. subtilis: red, calcium; green, chlorine. Note high
concentration of calcium in the core.



A technique based on electron energy-loss spectroscopy (EELS) in the scanning
transmission microscope (STEM) has been developed to map subcellular distributions
of water in frozen hydrated biological cryosections. The accuracy of method for
subcellular compartments is estimated at 3.5% and the limiting spatial resolution to
around 80 nm Jor 5% precision (Sun et aI., 1995).

In a recent paper Kalab et aI. (1995) have summarized the use of antibodies that
bind to specific sites in individual proteins, glycoproteins and fXllysaccharides
(immunolabelling). Colloidal-gold probes manufactured in very precise sizes and
coated with a secondary antibody then bind to primary antibodies with the result that
TEM images now have tagged the target macromolecules with distinctive black dots.
Applications of this technique range from (semi)quantitative, site- and molecule
specific chemical analysis to a tool to follow kinetics of interfacial
adsorption/desorption of biopolymers in emulsions or the kinetics of extraction or
infusion of macromolecules. As in the case of water, engineers will have for the first
time access to actual data of concentrations as a function of space inside biological
tissue, and an opportunity to apply diffusion equations at the microlevel.

"Miniaturization" of Experiments

The idea is to transfer experiments from the bench into a stage mounted in a
microscope so that the effect of variables on the process can be visualized and
phenomenological aspects followed in real time. The main problems are reproducing
the original experimental conditions inside the microscope (e.g., temperature, pressure,
RH, etc.) and those relative to having a non representative sample. An interesting
example comes again from biology where several cryostages have been developed to
study the effects of low temperature on cells and tissue (Echlin, 1992; ~1cCaa and
Diller, 1987; Diller and Cravalho, 1971). There are now commercial equipment that
allow heating and cooling (freezing) of thin samples or solutions, at controlled rates
and attached to TV monitors, VCR devises, etc. We have been following the
formation of a mixed thermotropic gel starch/whey protein isolate in a "hot stage"
microscope. Figure 7 shows two states of a starch granule being heated at 10C/min in
a hot stage microscope

Environmental scanning electron microscopy (ESEM) allows examination of
surfaces of uncoated "wet" specimens by allowing maintenance of a saturated pressure
atmosphere in the chamber and thus the presence of liquid water. ESEM uses a
vacuum gradient (differential pressures) along the beam path to maintain high vacuum
conditions at the filament while permitting chamber pressures to be varied up to
approximately 20 torr. Such a vacuum system can maintain a six-<lecadc pressure
differential between the electron gun and the specimen chan1ber. The gas in the
chamber (oxygen, nitrogen, water vapor) suppresses charge buildup and it is ionized by
secondary electron derived from the specimen. Electrons from ionizing gas molecules
precipitate cascade multiplication of the imaging current that is monitored by a
detector (Danilatos, 1993). The partial pressure of the gas combined with a temperature
controlled stage means that even liquid water can be maintained under operating
conditions. Sample preparation is eliminated thus reducing or eliminating important
types of artifacts. Experiments such as phase transformations can be



Figure 7. Photographs taken during a simulated run of gelation of cassava starch in a
hot-stage microscope. A:Raw starch dispersion at 40°C; B: Gelatinized starch at 70°C.
Marker::: 20 ""m

followed dynamically and recorded on a videotape or the microstructure of food powders
as taken from a commercial sample can be directly viewed (Figure 8).

Figure 8. ESEM photomicrograph of a dairy creamer produced by spray drying as
viewed in a JEOL 5300LV microscope.



Coupling Physical Property Analysis and Microscopy

Development of a food materials science requires understanding the physical
properties/function or biopolymeric microstructures. Several physical techniques
borrowed from polymer science have been successfully implemented to characterize
their rheological behavior, thermal transitions and mechanical properties.

For example, quality characteristics of many fruits and vegetables can be directly
related to mechanical properties of cell walls. Thus, the capability of mechanically
testing cell walls in compression and tension while visualizing strained areaS and
fracture patterns may lead to better mechanical models and the application of
mathematical techniques (e.g., finite elements) to predict textural properties.
Similarly, running oscillatory dynamic during heating of a thermosetting protein
while observing transitions at the macromolecular and microstructural level may find
important applications in product development.

Use of Non-invasive Image Techniques in Processing and Quality Control

Magnetic resonance imaging CdRI) initially developed for medical applications
(tomography) is a non-invasive technique for viewing sections through living tissue
by means of large oscillating magnetic fields. Nuclei, such as 1H (proton) behave as
charged bodies with angular momentum and a magnetic moment. Application of an
external magnetic field causes the magnetic moments to precess in the direction of the
applied external field at a typical frequency (0), the Larrnor frequency). The return of
the system to equilibrium (relaxation) provides information on the physical state of
the nuclei. The signal generally decays exponentially with two time constants: T I, the
spin lattice relaxation time and T2, thespin~spin rela1i:ation time. Images are produced
when pulsed linear magnetic field gradients produce a frequency variation across the
sample that can be converted into spatial coordinates. Magnetic resonance microscopy
extends MRI into applications with a spatial resolution of about 100 !-tm or less.
Examples of applications of NMR imaging to food engineering are: study of velocity
profiles during extrusion processing; determination of temperature gradients during
heating/freezing, following moisture diffusion during drying; studying crystallization
phenomena in fats: determination of bruising and other internal injuries in fruits, etc.
(McCarthy, 1994). The possibility exists that vision detectable information be used
for large scale, in-line quality control as in fruit packaging.

Another example of and advanced non-destructive microtechnique is the use of
acoustic microscopy (AM). AM provides unique possibilities for probing mechanical
properties of cells and tissues (Bereiter-Hahn, 1995).

Computer-Mediated Image Processing/Quantification and Analysis

It is important to quantify many of the features revealed by microscopic
examination of foods: sizes and shapes of cellular components, thickness of cell walls
or particle networks in gels, pore size and size distributions in gels, relative
proportions of various phases, etc. -Quantitative image analysis is the extraction of
information from data that are in the form of images or pictures. An excellent
introductory book to image analysis in biology is Glasbey and Horgan (1995).

q\



A modem microscopy facility, be it light or electron microscopy, consists of the
following peripheral hardware as part of a computerized image analysis system:

(> An image capture device to create images form samples in the microscope (e.g., a
video camera).
(> A display monitor to look at images as they are being captured by the device.
(> A recording device (e.g., a VCR) where images can be stored and played back.
(> A central processing unit which transform the original image into a digitized form
(> Peripheral storage media to store digitized images at low cost (e.g., optical disks).
(> A printer or other device to produce permanent copies of images

A large number of image analysis software are now available that allow for
image editing, feature measurement, greyscale morphological operations, zooming and
scrolling, and processing with text and pointers into an integrated figure for
presentation (Figure 9).

The determination of the kinetics of caking of amorphous powders is one
example of the application of image analysis to food engineering. Caking is a
deleterious phenomenon by which a low-moisture, free-l1owing powder is first
transformed into lumps. then into agglomerates and ultimately into a sticky material,
reSUlting in loss of functionality and lowered quality (Aguilera et aI., 1995). Samples
of powders kept at constant RH and temperature may be observed at different times by
SEM, their images digitized and enhanced in their important features (e.g., areas) so
that numerical data are extracted and analyzed statistically. Thus, morphological
aspects like bridge formation and structural modifications due to now can be assessed
as a function of time and kinetics constants determined as a function of relevant
parameters.

Figure 9. A) Original SEM photomicrograph of a mixed gel. B) After processing by
image analysis
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Y.H.ROOS

Dept. of Food Technology. P.O. Box 27 (viikki B),FINoOOOI4 Univ. of
Helsinki, HcIsinId. FU1Iand

Glass transition c:barIlcleriJles !he chanee of AD amorphous solid 10 a high!y
viscous, supen;oolccl Ouid. Foods in !he dehydrated slate are often glasses
Uld tbc: amorphous Slate is also typical of tbc: W1fro2JCD phase of frozen
foods. Glass transilion occurs al a material s~ific glass transition
temperalure (Tg) range conc:omilant with a drasuc increase of molecular
mobility and free volume. Dehrclcated andlow-moislure foods. including
swCCts. 'exhibil sticldness, ~g, and struclural collapse. which resull
from a decrease of viscosily abqve Tg. 11lcsc changes are time-dependent
with relaxation times determined by the temperalure difference (T-Tgl
above the glass transition.

'Tg values of food materials decrease with increasing water contenL
Water adsorbed durin!l ,s,tllrage may deprcs~ the Tg below ambient
temperature. Such plaslic:iz&llon promotes phystcal and chemical changes
including loss of crisp~.which is detrimental to the quality of many
cereal foods and snacks. Temperalures above Tg may also allow time
dependent crystallization of amorphous components, which e.g. laclose
crystallization in dehydrated milk products, contributes to deteriorative
changes such as lipid oxidation and nonenzymatic browning.

Stabilily of frozen foods is related to the glass transition temperatW'C
of the maximally frce;r.e-e:oncenlraled, solule (T'gl and the onset
temperalW'C of ice melting (T'm) in the maximally freeze-e:oncentrated
state. Temperatures above T g allow ice recrystallization and may affect
rates of deteriorative reactions. Icc melting above Tm increases unfrozen
water contenl. dilutes solutes. and depresses the rate controlling Tg,
which may facilitate deterioration of frozen foods.

State diagrams, which show material physical state as a function of
temperature and water content. can be used to predict the prObability of
deteriorative changes in processing and storage. They also provide a
valuable 1001 for the control of food processing 10 improve product qualilY
in processes including agglomeralion. extrusion, dehydralion, and
freczing.

KEY WORDS--g1ass transition. food slability. water Contenl

51-2
THE EFFECT OF ORDER-DISORDER TRANSITIONS AND
CHEMICAL REACIlONS ON CEREAL PROlEIN RHEOLOOY

J. L. KOKINI. A. M. Coc:ero. H. Maden and E. de GraaC

Department of Food Science, Rutgers Universily, P.O. Box 231, New
Brunswick. NJ 08903-0231

Wc have studied the glass transition using mechanical spectrometry and
differential scanning calorimetry of zein, gliadin and glutenin as a function
of moisture content; all 3 ccrcaI proteins were plaSlicizable by water with
the firsl few percentages of water dramatically decreasing glass transition
temperatures of all three proteins. This suggested thai their hydrophilic
domains play an importanl part in rheological properties in limited water
content The plasticization effcci can be predicted by the Gordon and
Taylor equation.

Measuremcnt of G', Goo as a function of temperalure using small
amplilude oscillatory measurements suggested thai all 3 proteins undergo
crosslinking reactions in the temperature range 70"C to 160"C resulting in
the formation of a nctworlt structure usually attributed to disulftdc linkages
similae to the vulcanization of rubber. The number of crossIinkagcs per
mole calculated in the temperature range studied supponcd thai a nctworlt
structure was being formed. Above 160°C all 3 proteins show
characteristic'temperature softening.. The key differences between zein
Uld gliadin/glutenin were in the temperature of initiation of 3 phases
fonned: entangled polymer Oow phase. network reaction, and softening
which were approximately conSlanI with moisture content in the case of
gliadin while they signiflCU1l1y varied with moisture contenl in the case of
zein. Also the beginning of the nctworltreaction and softening of the
network in zcin occurs al a much· higher temperalure than in
gliadin/glutenin. Phase diagrams characterizing behavior as a function of
moisture content and tempcrallllC were developed for each protein.

We also found thai the Bird Carreau model was succcssful in
predicting rheological ~roperties of glutenin in steady flow·in the shear
rale range of 10-5 to loJ soc-I and oscillatory flow in the frequency range
of 10-3 10 101 rad/sec.

KEY WOIWS--prolein, rheology, glass transition
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WLPVS·A1UumNIUS KINETICS FOR PREDICTING mE
EFFECT OF TEMPERATURE ON CHEMICAL REACTION
RATES AFFECTING FOOD STABILITY

T.P.LABUZA

Departmenl of Food Sciencc and Nutrition, University of
Minnesota, SI Paul MN 55108

Through the application of some principles of food polymer
science. the understanding of the chemical stability of foods with
rcspcclto both moisture and temperature may bcbeucr understood
if one can account for systems which are not at \IUC equilibrium.
This application requires the knowledge of the glass transition
temperature vs mOisture relationship which is known as the state
diagram. The supporters of this new paradigm note that at any
given moisture content. a system ·below the glass transition
temperature (TI) is supposedly very stable to reaction whereas
above TI' the viscosily of the sy.stem at the molecular level
decreases in an exponential fashi,On ·and thus chemical reaction
rates are enhanced. This new P8C!ldigm is quoted as being belter
than the concept of a monolayer moislure content as calculated
from the BET or GAB isotherm. The crilicismlays in part thai an
isothenn requires \IUC thermodynamic equilibrium Uld foods are
never at equilibrium. If indeed the polymer science approach is
correct, the proponents then state !hat reaction raleS no longer"
follow the classical Arrhenius relationship but rather foUow WLF
Idnclics.

l1lis paper will review lbcse principles and then present both
our own and literalure data for chemical reactions. These results
show that in fact, reactions can occur above and below the Tiline
Uld most cease al the monolayer moislW'C .which is in some cases
fae below TI. Because of the limited temperalure range. data fit
both WLF and Arrhenius plots although a kink in the laucr
suggests a T. is presenl. The concepl is besl underslood as 'a
system in which the ratio of the chemical reaction rate constant to
the diffusion rate to the reaction site is controlling. Ifdiffusion is
slow then WLF controls, if diffusion is faslthen Arrhcnius holds.
Examples of lbcse extremes wUl be given.

KEY WORDS--WLF equation, Arrhenius equation, food stability

51-4
GFLATION OF WHEY PROTEINS

1. M. AGUILERA

Departmenl of Chemical Engineering, Catholic Univcrsily of Chilc. P.O.
Box 306. Santiago, Chile

Gel formalion is an important evenl in food technology since many
polysaccharides and proteins have the ability to form expanded nelWor!ts
retaining Ul aqueous phase. Whey proteins can form ('me-stranded or
particle gels and the transition from one type to anotbc:r can be controlled
by pH. Particle gel formalion from whey protein solutions at pH<6
proceeds through a pregel state of almost uniform aggregates in the micron
rangc. Gelation or formation of an infinite nclworlt of protein aggregates
is achieved at temperalures above 75"C and concentrations higher than
4%. The kinetics of gel formation beyond the gel point has been studied
as a function of temperature and concentration by measuremcnts of small
dcfonnation compression and fraclure stresses and by.small ampliludc
dynamic testing at conslant frequency.

Structural characterization of the pregel and gel staleS by electron
microscopy (SEM. TEM and ayo-teebniqucs) allow for dimet observation
of the IICtwork but may involve fonnatiOll of artiCacts. Application of non
invasive NMR tet:hniqucs to inUlCt gels allow for cstimationof mean pore
sizes from experimental data Of !he transverse relaxation time (T2)through
the applic:atioo ofmathC"!I(icai algoril1uns.

Gelation of whey proteins in the presence of olhcr componenlS (fal, ,
starch. other proteins) affcct the gclalion process in still unpredictable
ways. leading to complex structures. Rheological data and
microstruclures of mixed systems will be presented and discussed.

KEY WORDS-gelation. whey protein. microslrUCture

(Key: Session number-Poper IJIlnrber)



STRucruRFrPROPERTY~n6NSHIPS IN WHEY
PROTEIN/STARCH MIXED GELS

J. M. Aguilera and E..ROPS.
Departmenl ofOIemiclll ~neering
Universidad Ca16lica de OlUe

Prolein and slarches occur nalurally in cereals and legumes or are
combined to produce desirable food lexlures (e.g. egg/wheat, milk/com
starch). Recent availability of rermed sources of both biopolymers juslify a
st~d~ of mixed proteinlSlarch syslems to develop new foods or improve
eX1Stlng ones. .

Whey protein isolate (WPI), com starch (CS) and cassava or yuca
slarch ():'S), wheresludied as mixed gels at 10% tolal solids (TS) and pH
5.75. Gels were prepared by healing WPUstarch solutions with varying
weight fractions of slarch, cI>s (e.g. o<¢s <1) at 85°C for 30 min followed
by cooling. .

, CompreSsion stress (a) a15% deformation (within the elastic range)
was determined for pure gels and for mixed WPUslarch gels.as a function of
pH and cI>s. For similar TS, pure WPI gels were stronger than CS gels in
the concentration range 5-15% (w/w); YS did not form gels under any
condition. Mixed WPUslarch gels had optimum a around pH 5.5-5.8.

Addition of YS in the range 0<¢s<05 reinforced mixed WPUYS
gels. A maximum a, 1.6 times higher than that of a pure WPI gel, occurred
at <I>s=O.2. WPI/CS gels followed typical mixing rules in the range
O«l>s<0~5.WPUslarch solutions did nol fonn gels for cI>s > 0.7.

DSC scans showed that mixed gels presented independent peaks for
gelatinization of slarch and denaturalion of whey proteins, suggesting phase
separaled gels.

The microslruclure of mixed gels as studied by scanning electron
microscopy revealed independenl networks for WPI and slarch fractions.
Whey proteins aggregated into almost spherical units 0.2-0.3 j.lm in diameter
packed in a string-of-beads arrangemenl while YS gelled as a fine sponge.
WPIIYS gels al cI>s= 0.2 showed wen-developed inlermeshing nelworks of
WPI and YS. Swollen and collapsed starch granules embedded in an
amylose gel was lypical for CS containing gels. Non-gelling WPUslarch
solutions (cI>s > 0.7) failed 10 form a continuous WPI network.

, Healing mixtures of WPI and lwo types of slarches at 10% TS
resulted in a wide array of textures varying from strong gels to pastes.

57-1
CATIlEPTIC DEGRADATION OF PACIFIC WHITING SURIMI

• MYOFIBRILS

V. WEERASHINGHE, M.T. Morrissey, T.A. Seymour, and H. AN

Oregon Slate University Seafood Laboratory, 250-36th Street, Astoria
OR 97103-2499

Pacific whiting (Merluccius productus) has been used
successfully for surimi production due 10 its bland taste, color and low
price compared with thai of commonly used Alaskan pollock. Pacific
whiting surimi, however, presents a significanl technical challenge in
proper gelation because of its proteolytic degradation of the
myofibrillar components. The degradation was observed to be the
highest at temperatures around 55·C, resulting in a serious loss of
5urimi gel strength. Crude preparation of this enzyme was shown to
have the maximal activity at 55·C and pH 5.5.

,When activities of the mosl active. cysteine proteinases
(cathepsins L, B, and H) were compared,· cathepsin B showed the
highest activity in fish fillets, and calhepsin L in surimi. Washing
during surimi processing selectively removedcathepsins B and H but
not cathepsin L. Cathepsin L showed the maximum activity at 55°C
in both fish fillets and surimi, indicating its activity is mainly
responsible for degradation of muscle tissue and surimi gel.

Autolytic analysis of surimi proteins showed that myosin was
the primary target, while actin showed only limited hydrolyais during
2 hr incubation. A purified Pacific whiting protel__ iIIoubaled
with various components of fish muscle protein. The proteinase 'was
capable of hydrolyzing purified myofibrils, myosin, actin, and
insoluble and heat-denalured stroma from Pacific whiting. This result
contributed to the growing body of evidence that the purified
proleinase from Pacific whiting muscle is cathepsin L.

Keywords -- cathepsins, Pacific whiting, surimi

(For session titles, see Table a/Contents)
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EFFIlCTS OF COMPOSITIONAL AND PHYSICAL CONDITIONS ON THE
COLORS OF ALASKA POLLOCK AND PACIFIC WHITING SURIMI GELS

J. W. PARK

Seafood Laboratory
Oregon State University, AstoriA, OR 97103

Color, like texture and flavor, 1s an important quality
aspect of Burimi and eurimi aeafoode. A variety of
commercially available 8urim1. seafood has its own unique
color and appearance. The objective of this stUdy was to
investigate the effects of the compositional and physical
condltlonson the gel colors of Alaska pollock (TheragrlJ
~~:f~~~r4mma) and Pacific whiting (Herluccius productus)

Prepared gels were applied to color analysis using a Minolta
CR300 Colorimeter. CIE L*(black{O) to li9ht{100}},
a*(red{60) to 9reen{-60», and b*(yellow{60) to b1ue{-60})
values were measured to evaluate the effects of moisture
contents (73.5, 76, 78.5, Bl'),cookinq temperatures (90°C,
25/90OC), sample sizes (18, JOmm diameter), light conditions
(light, dark room), freeze/thaw (3,6,9 cycles), test
temperatures (5, 2S·C), and fish species (pollock, Whiting)
on colors dur ing measurement. Ten samples were used each
treatment •. All data were statistically analyzed.

Water addition affected L*and b* values very significantly.
The higher the moisture, the higher the L* value and the
lower the b* value. Gels with higher moisture content looked
whiter. Cooking temperature did not affect gel colors
significantly when additional water was added. Small samples
looked lighter (high L~ value) and more greenish hue (lower
a*). Light condition at room during measurement did not
~ffect colors at all. As gels were abused by freeze and thaw
during frozen storage, L* value decreased significantly:
greater reduction with higher moisture content, while a* and
bft values were remained relatively constant. Test
temperature affected Lft values, not a* and b*. Samples set
at room temperature for 2 hra were lighter than samples kept
in refrigerator. However, a* and b* remained almost
unchanged. Pollock eurimi gel 'Is significantly whiter than
whiting gel: pollock gel had higher L* and lower b~ values.

KEY WORDS- color, aurimi gel, physical/compositional factors

57-3
EFFECTS OF -WASHING AND LOW TEMPERATURE FROZEN STORAGE ON
PROPERTIES OF ALASKA POLLOCK SURIMI

C.R. Sannito, B.H. Himelbloom & J.S.FRENCH, Fishery Industrial
Technology Center, University of Alaska Fairbanks, 900 Trident
Way, Kodiak, AK 99615

5urimi has become a major protein commodity in recent years.
Predominately made from Alaska pollock, this myofibrillar
protein paste is plagued by low recoveries and the need for
cryoprotectant8 and other additive. to maintain its unique
gelling properties. The recovery of surLmi from round fish is
about 18'\ where as that of' mince is about 50'\. This study
investigates the effects of washing, refining and froz.en
storage temperature as ways to enhance full utilization of the
muscle protein from Alaska pollock.

Four different treatments were compared during storage
at -20·C and -40·C. Freshly caught fish were processed at a
local plant using a traditional 8urimi line. Fillets were high
qraded and surimi made from small or damaqed fi~lets and trim.
Kince sampl.s were taken prior to the first wash tank, one set
had 4' aueroB.,4' sorbitol, and 0.3' sodium tripolyphoahate
added .a cryoprotectanta. surimi ·samples were taken just
before and after addition of the same cryoprotectants at the
end of the line. All samples were then formed into 10 kg
blocxs and frozen to -JO·C in a plate freezer before being
tranaferred to the final storaqe temperatures. Control samples
of all four treatments were stored at,~?O·c.

Samples were tested after three,,'seven, fourteen, thirty
and 180 days frozen storage. Tests' included: punch. and
torsion testa of functional properties,··color, salt extractLble
protein profiles by 50S-PAGE, and scan~ing electron microsc~py

of ultrastructure. Functional test samples were prepared w~th
addition of 2.5' salt, sucrose and sorbitol to 4%, and sodium
tripolyphosphate to 0.3%_

Hine. sample. were- slightly darker with an L value of
71.G a. compared to 16~O for the aurimi ••mples. s~nce the
mince samples did not give consistent punch teat values, the
torsion test proved the most ueeful functional teet. Stress
values for surimi st4rted at 71.6 kp with cryoprotectants and
50.1 kp without cryoprotectants.Mince values w-;re all less
than 20 kp. In all cases samples stored at -40 C were more
stable than the correspondinq samples at -20·C~ After :-ne
month frozen storage the strain values indicated the follOWL~q
descending order of functional quality: Surimi(-40), surim~
(-20), surimi(-40, no cryo), mince(-40, cryo), surimi(-20, no
cryo), mince(-20, cryo) and mince(no cryo, either temperature).

KEY WORDS--surimi, functional properties, fro~en storage
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• Conferencia del Dr. Santiago Funes Representante Regional Adjunto
de la FAD para America Latina y el Caribe y Representante de la FAD
ante el Gobiemo de Chile.
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08:45 hrs. Mesa Redonda: "Innovaciones Tecnologicas para la
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Dr. Paul Singh., Universidad de California (Davis), U.S.A.
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· (' EFECTO DE LA ADICION DE k-CARRAGENATO EN EL PROCESO DE
GELIFICACION DE SURIMI DE JUREL (Trachurus murphyi) CON DISTINTO
CONTENIDO DE KCI.

AGUILERA, J YORTIZ, J.

DEPARTAMENTO DE INGENIERlA QUIMICA Y BIOPROCESOS FACULTAD DE
INGENIERIA PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE. AV. V.
MACKENNA 4860-SANTIAGO.CHILE.

Para mejorar la funcionalidad de proteinas en alimentos marinos como sunnu, se estan
utilizando polisaciuidos naturales gelificantes que provocan un impacto en las propiedades
reol6gicas y en la textura de alimentos ge1ificantes, siendo aim poco conocidos los mecanismos
e interacciones involucradas.
Los objetivos de este trabajo fueron exarninar eI efecto del polimero k-carragenato en el
proceso de gelificaci6n de surimi de jurel (Trachurus mllrphyi) con distinto contenido de KCI.
Ademas, determinar la temperatura de desnaturalizaci6n de las proteinas de surirni, junto con
la textura y la microestructura adquirida por los geles rnixtos surirni-carragenato.
EI efecto sinergico de k-carragenato en la gelificaci6n de surimi con distinto contenido de
carragenato (0; 0,5; 1 Y2%) se detennin6 midiendo el m6dulo de almacenarniento (G') durante
el calentarniento (10"-80"C) y posterior enfriarniento (80°-10°C) de la mezcla mediante reologia
diOlirnica de barrido (DSR) y la fuerza del gel mixto por el ensayo de defocmaci6n (10%) en
textur6metro Instron. La temperatura de desnaturalizaci6n de la proteina de surimi se determin6
mediante calorimetria diferencial de barrido (DSC), y la rnicroestructura de los geles mixtos
por microscopia electronica de banido (SEM) El aruilisis reologico indic6 claramente las etapas
de suwari, modori y kamaboko. Ademas el poHmero ejerce efecto sinergico en la rigidez del
sistema a medida que se incrementa su concentraci6n. Este efecto se produce durante la etapa
de enfiiarniento, luego que ha gelificado la proteina de surimi, y se traduce en geles de alta
rigidez y poca sineresis. Por otra parte, la gelificaci6n de surirni con contenido fijo de
carragenato (2%) solo fue potenciada a una concentracion maxima de KCI=O,5%. Las
temperaturas de desnaturalizacion en la mezda (42°C y 65°C) posiblemente corresponden a
aetomiosina, y un tercer pico (58°C) a la fusion de carragenato. La microscopia revelo que no
hay asociacion uniforme entre el polisacarido y la proteina.
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TITULO:
Study of mixtures of calCium carbonate and com syrup as a shear-thinning standard

Autor(esl:
Miranda-Maldonado. M.L•. ; Steffe. J.F ..

Instltui~o:/Ender~o:

'UnlversKlad de Chile, I, Vicuna Mackena #20. Santiago, Chile
"'"Michigan State UnIVersity, Department of Agncullural Englneenng 1East
LanSing, MI 488224

RESUMO

A rheological study to determine the behavior of calCIum carbonate com-syrup
mixtures was done USIng miXing viscometry techniques. GraphiC representations
demonstrated that the temperature effect at each concentration for calCIum
carbonate com-syrup mixtures is fairly well represented WIth a power law model.
showing a general trend that the lower the temperature the higher the apparent
ViSCOSity. Along the same line, typIcal graphs for different conditions showed that
the higher the concentrations yield higher the apparent viscosities. Changes in the
flow behavIor Index (nl and consistency coefficient (K) were evaluated as functions
of temperature and concentratIon. Temperature had little effect on the flow
behaVIor index. AA Arrhenius model was used to explain the deaease in the
consistency coefficient with temperature Inaeases. at a content concentration.
Several exponential models were used to demonstrate the influence of temperature
and concentration, both separately and combined. on shear stress-shear rate
relationshIps. From the combined effect of temperature and concentration on
consistency coefficient. it is poSSible to say that the consistency coefficient
deaeases as the temperature inaeases at a constant concentratIon. On the other
hand. at a constant temperature. the consistency coefficient deaeases as the
concantratlon goes down. Flow behaVIor Index showed a not very clear trend when
It was desalbed as a function of temperature. The calCium carbonate com-syrup
mixtures dId not show thixotropIc behaVior, but did eXhibIt a problematic settling
phenomenon These mixtures did not exhibit shear-thinning behaVIor WIth changes
in the calCium carbonate concentration under studied conditions. These mixtures
can be desalbed as a non suitable shear-thinnlng standard fluid for the food
Industry, however. can be used as a reference fluid when high viscosities for
reference fluids are needed for similar comPOSition systems.
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Desarrollo y caracterrzaclon de geles mlxtos protelna-polisacaridos

Autor(esl:
Aguliera.JM.: OrtIZ.J.: ROlas,Goo Jorquers, H.. Baffico. P

Institui~ao:

Departamento de Ingenleria Quimlca y Bioprocesosl Pontlficia UnlverSldad
Catcilica de Chile

Endere~o:

Vicuna Mackenna 4860, Santiago, Chile

RESUMO

La mayoria de los alimentos seml-salidos son geles mixtos de biopolimeros
alimentarros. Este trabSlo presents resultados de un proyecto de tres arios
relaClonado con geles mlxtos de hidrocoloides (alginatos, carragenatos y
almldones) y proteinas de ongen lacteo 0 de pescado, EI trabajo muestra como
evaluar las propledades meeanicas de geles por compresion axial en el rango
elastlco y el efecto de la proporci6n de cada componente en el m6dulo elastico. Se
presentan cineticas de formacI6n de geles estudiadas por reometria oscilatoria
dinamlca slguiendo el desarrollo del mOdulo de almacenaje (G' ) atraves del
tiempo. Translclones termlcas Importantes como gelatinlzacion de almidones.
denaturaci6n de protelnas y fenomenos de "modon" y "suwari· en geles de pulpas
de pescado/carragenato se determinan a traves de calorimetria diferencral de
barTIdo. Por· ultimo. se presenta la verrficacion de miaoestrueturas formadas en
disllntos geles mlxtos por mlaoscopia electr6nlca. Se discutira la potencial
aplicacl6n de estos resultados en la form8Clon de nuevos alimentos compuestos.
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KINETIC AND MICROSTRUCTURAL ASPECTS OF GELATION OF
A WHEY PROTEIN ISOLATE

J. M. AGUILERA, J. E. Kinsella and M. McCarthy

Dept. of Chemical Engineering, Catholic University,
Santiago 22, Chile and Department of Food Science,
University of California, Davis.

Gelation of whey proteins involves an initial
denaturation step followed by aggregation of
individual protein particles into a network and
depends, among other variables, on concentration,
temperature and curing time. The kinetics of
gelation of whey protein isolate (WPI) solutions (3
to 15%, w/w) were followed by oscillatory rheometry
(parallel plate geometry, 1 rom gap, 0.1 Hz and
strain - 0.02), compression strength (at 20%
deformation) and fracture force measurements at
temperatures of 80, 85 and 90°C. The value of the
complex shear modulus ~G*) rose rapidly with time
and a quasi-stationary value after 30 min curing
time increased with concentration. Tan delta
(Gil /G') decreased rapidly with curing time to an
asymptotic value that was independent of
concentration and decreased with temperature. The
inverse of the gelling time varied logarithmically
with concentration. Compression and fracture
strength of self-standing gels followed a kinetic
pattern similar to G* but were only detected for
gels having a concentration > 4% and curing times
over 6 min. Gels studied by cryo-stage 8EM revealed
a decrease in pore size as concentration of WPI
increased, but minor changes in the size of the
aggregates forming the network.

KEY WORDS -- Gelation, whey protein, kinetics



The Summer National American Chemical Society Meeting in
Washington D.C.

Measurement of the Porous Microstructure of Hydrogels by
Nuclear Magnetic Resonance

M. M. Chui1, M. J. McCarthy3, J. Aguilera2, R. J. Phillips l

1Department of Chemical Engr. and Mat. Science,
University of California, Davis, CA 95616

2Department of Chemical Engineering,
Catholic University of Chile, Santiago, Chile

3Department of Food Science and Technology
University of California, Davis, CA 95616-8598

ABSTRACT

Characterization of the microstructure of hydrogels can lead to better
understanding of properties such as texture and permeability. Nuclear
magnetic resonance is a non-invasive tool to investigate the
microstructure of porous media, and it has been used extensively to
measure pore size and its distribution in! sandstones and clays. The
microstructure of sandstones is traditionally characterized by bounded
compartments which are generally modeled as spheres or cylinders.
In this investigation, we use NMR relaxation techniques and a cell
fiber model to characterize the microstructure of polymeric hydrogels.

Regards, Mike

Department of Food Science and Technology, UC Davis
mjmccarthy@ucdavis.edu (internet)
916-752-8921
fax 916-752-4759
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Dr. J.W. Goodwin
T.N. 0117-9287665

UNIVERSITY OF BRISTOL
School of Chemistry
Cantock's Close
Bristol
England BS8 lTS

9th November 1994

,

Dr. J. M. Aguilera,
Pontificia Universidad Catolica de Chile,
College of Engineering,
PO Box 306,
Santiago 22,
Chile.

Dear Dr. Aguilera,

Thank you for submitting an abstract to Faraday Discussion 101
on Gels to be held in Paris in September next year. The Scientific
Committee has now met and we. received between four and five times
as many abstracts as we have spaces in the programme. It is with
very great regret that I have to tell you that we were, therefore,
unable to include your work for an oral presentation but we recognise
the importance of it and would like to invite you to present it as a
poster and then to take part in the discussion.

Yours sincerely,

J. W. Goodwin
Chairman of the Scientific Committee

Abstract Title:

Rheological properties of mixed and filled protein gels
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PROPJ:EDADES MECANJ:CAS DE GELES SURXMX-cARRAGEHATO

RAFFO, M.A. Y AGUILERA J.M.

PONTIFICIA UNIVERS I DAD CATOLICA DE CHILE,
INGENIERIA QUIMICA.

DEPART,AMENTO DE

Se analiz6 el efecto de las condiciones de calentamiento y adici6n
de K-carragenato, cloruro de sodio (Nacl) y cloruro de potasio
(RC1), en las propiedades mec~nicaa de geles mixtos confeccionados
a partir de surimi de jurel.
Los geles fueron sometidos a un ensayo de compresi6n en el rango
elAstico (deformaci6n del. 10% de la altura de los··geles), y
comprensi6n hasta fractura. Al aumentar la temperatura de
calentamiento se produjo un incremento de la dureza en compresi6n
el~stica, efecto que se estabiliz6 a los 60 gC, temperatura en que
se present6 la mayor dureza (1.12 N). En compresi6n hasta fractura
se observ6 una disminuci6n de la dureza al aumentar la temperatura
de 40 a 60Qc, la cual se cree es causada por el fen6meno modori.
Para analizar el efecto de adicionar a la pulpa combinaciones de
K-carragenato y Nacl 6 Kel, en concentraciones de 0 a 3% (pip), se
calent6 las muestras a SOgc par 40 min. La edici6n de K
carragenato y Nacl produjo un incremento en la dureza en
compresi6n el~stica y hasta fractura, siendo el ca'rragenato el que
promovi6 el mayor efecto. La mayor dureza observada en compresi6n
elAstica fue de 3.93 N en una muestra sin Nacl y 3% de
carragenato; en compresi6n hasta fractura el mAximo, para una
muestra de 3% de carragenato y 2% de Nacl, alcanza los 70.55 N. Se
conc1uye entonces que es posible reemplazar e1 cloruro de sodio
por K-carragenato y obtener geles de pulpa de pescado con buenas
propiedades mecAnicas.
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RESUMEN

El objetivo principal de esta memoria fue detenninar como se comportaban los

geles mixtos Iota-earragenato-gelatina y gelatina-concentrado de fruta frente a lUI

estfmulo de defonnaci6n.

En Ia primera parte de la memoria se estudi6 el gel I-carragenato-gelatina a

distintas cOllcentrnciones. Se bizo gelificar utilu...ando tres concentraciones de iones de

calcio: 0.8, 5 y 10%. Las mueslras de geles se sometieron a un 20% de defonnaci6n y se

obtuvo el esfuerzo desarrollado por el gel. Se realizaron pruebas de pH para detenmnar si

este em una vn.nable que afectaba el esfuerzo de eompresi6n del gel mixto.

Posteriormente, se estudi6 el gel gelatina-concentrado de damaseo y pifia. Lns

muestras se defommron 20 y 80% Yse obtuvo el esfuerzo desarrollado poT ambos geles.

S6lo se encontr6 un comportamiento smergistieo en geles mixtos

(I-carragenato)-gelatina con 0.8% de iones de calcio. Los geies mixtos con 10 y 5% de

iones de calcio presentaron datos con una alta dispersion. La incornpatibilidad

tennodinn.mica de la gelatina con el carragenato Jluede ser una de las causas del

comportarniento del gel mixto (I-carra.genato) - gelatina, en las experiencias realizadas.

Los geles mixtos gelatina-concentrado de damasco 0 piOa, deforrnados un 20%,

presentnron un comportamiento sinergistico, es decir, Ia gelatina the refoI7.ada por los

concentmdos.

IX
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RESlJM.EN

Los objetivos del estudio son analizar el efecto en las propiedades

meeanicas de geles confeccionados a partir de jurel, de las condiciones de

calentamiento y adici6n de K.-c.arragenato, cloruro de sodio y cloruro de potasio.

El jure!, Trachurus murphyi, fue capturado en Valparaiso y procesado en

el Laboratorio de Tecnologia de Alimentos de la Universidad Cat<..)lica de

Valparaiso, obtelliendose una pulpa de pescado denominada surmli. Este tiene 1a

habilidad de fonm"f gcles aI calent:arse. Los geles fueron sometidos a 1m ensayo

de amI isis de perfil de textura, detenninando la dure:l.a y cohesividad. en dos tipos

de com~resi()n' com!1resi()n e1(I.~fic~ (dl~f=Ormaci6n del I O~'O dc la altura de los

ge1es): y compresj()n ha~ta fractura,

EI cstudio del efecto de la temperatura (20 a 80 DC') Y tiempo de

calcntamiento (lOa 40 min.) del surimi, se rcaliz6 a muestras de pu.lpa con 2% de

NnCI (pip), observandosc que cl tiempo de culcntamiento. en cl rango de estudio.

no tiene cfedo sohrc In durcza y cohcsiviilitd de las mllcstras

.-\1 aumcnlm ]a temperatu.w de calent~mlicntosc tproduce lin inL:reml..'1110 de

la du.fcz.a en L:omprcsiiHl elastica, cfedo que se estahili:z.a a los AD uC, temperatura

que presenta la mayor durez,a (I.] 3N); eI efecto sohrc la coheslvid.ad es

moderada. distinguiendose un incremento al variar la temperatura de 20 a -iO uC,

eI clU\1 es caLlsado pm el pasll de un gel suwari <1 kamahoko, En compresitll1

hasta lradllr<l Sl.: ohscrva UTHI dlsminuci(')fl de la durC7~1 al aunwnLar la

tcmperatm<l de 40 a 60 u C. In eual es causada pm eI fCm'1l11CnO modmi. la durez<1



l'

maxima a)canza los 25, IN ~ el efecto sobre Ia cohesividad es similar al presenta«o

en compresion elastica.

Para analizar el efecto de adicionar a Ia pulpa, combinaciones de K

carragenato y cloruro de sodio (NaCI) 0 cloruro de potasio (KCI), en

concentraciones de 0 a 3% (PIp), se calento las muestras a 80°C por 40 min. La

adicion de carragenato, NaCl y/o KCl producen una rnejora en Ia homogeneidad

de las muestras y una disminucion del desgarro durante el cortado.

La adicion de carragenato y NaCI produce un ,incremento en Ia dureza c'11

compresion elastica y hasta frachrra, siendo el carragenato el que promueve el

mayor efecto, En ambos tipos de compresion se observa que el efe.cto positivo

que genera Ia adician de cloruro de sodio, tiene un limite de efectividad., que tiene

su.origen en la precipitacion de las proteinas al aunientar la concentraCit1n de sal.

Esta precipitacion afccta, tambicn, al incremento de In dure7..a at aumentar

la adicion de carragenato, el cual disminuye a medida que muncnta In cantidad de

clomro presente en Ia mucstm. La mayor dureza obscrvad41 en comprCSit1n

elastica tl.le de J,9] N en unn muestra enn O~·~ Nne] y J%. de caragcnato: en

compresic'ln hasta fractura el maximo, muestra con J(~'(l de carragcnato y 2(>~1 de

NaeI, alcanz..a los 70,S5 N, EI decto sohre In cohesl\'iclnd es modcrado.

La adicion de KCI produce un efecto negativo sobre Ja durcza y

cohesividad de las muestras, el eual es suficiente para eompensar, y en la mavoria

de la... muestras sobrepasar, el efecLo refc)f?:ador del carragcnuLo. Por ejemplo, en

comprcsi()tl c\'lstiC<1 lIml <ldici('ll1 de 2~··;, de KCI a IITW mllcslra LOll ~~.(' dl'

carragenato, produce una vanacii)J1 1a dureza de ~.~ a 2.51\
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RESUMEN

Se estudi6 la sineresis ex6gena en geles de WPI (aislado proteico de suero

de leche), mediante el metodo de centrifugaci6n. En este metodo, las soluciones de

protefna de suero:de leche se introducen en un tubo eppendorf (1,5 ml) para ser

calentadas a las condiciones definidas por cada experiencia. Luego, los tubos son

enfriados y centrifugados, pesandose el sedimento y el sobrenadante.

Se estudiaron los efectos de la concentraci6n, condiciones de centrifugacf6n

y calentamiento. Para estudiar la primera variable, los geles fueron preparados por

calentamiento a partir de soluciones de WPI al 4, 8 Y 12% pIp ajustadas a un pH de

5,45. Dicha variable mostr6 un rol importante en la sineresis: a una mayor

concentraci6n el porcentaje de sineresis es menor.

AI aumentar la aceleraci6n centrifuga se observa un rapido aumento de la

sineresis ex6gena, alcanzandose una menor variabilidad entre los 1500 y 2800xg.

Para aceleraciones mayores (9000xg), la sineresis aumenta en una mayor

proporci6n disminuyendo las diferencias entre las diferentes concentraciones. Por

ello, para las experiencias de los demas factores la aceleraci6n de centrifugaci6n

utilizada fue de 2800xg.

Las soluciones sobrenadantes presentaron un bajo contenido de s61idos

totales (menor de 0,6%) para las condiciones de centrifugaci6n, por 10 que la

sineresis sa reporta como porcentaje de agua separada respecto del total presente

en el gel.

Por otra parte, al incrementar el volumen de la muestra aumenta el

porcentaje de sineresis para al 4 y 8% pIp, porel aumento de'masa en compresi6n;

sin embargo, para el 12% el aumento de la masa pareciera reforzar la estructura, no

observandose sineresis.

xi
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EI reposo de los geles preparados durante 24 y 48 horas, mostro una

disminucion en el porcentaje de sineresis para c.ada concentracion, ya que de esta

manera las cadenas del gel tendrlan tiempo de reordenarse (topologicamente) y

reforzar asf la matriz. Cabe destacar, que para los tiempos definidos no se observo
sineresis endogena.

Los efectos de las condiciones de calentamiento (temperatura-tiempo) son

complejos. De acuerdo a 10 observado, se caracterizaron los distintos estados de la

solucion al variar las condiciones de calentamiento. Estos estados corresponden a:

solucion agregada, flufdo altamente viscoso, gel blando y gel duro. Cada uno de

estos estados tiene asociado un rango bien definido en el porcentaje de sineresis,

comenzando con un alto porcentaje para el primero, hasta alcanzar bajos

porcentajes para el gel duro.

.Se realizaron experiencias para distintas temperaturas. Para ello se

determino la temperatura de denaturaci6n de las soluciones mediante calorimetrfa

diferencial de rastreo (DSC). De esta manera, se definieron las temperaturas de

65°C, 70°C, 77°C (temperatura de denaturacion promedio de la soluciones), 85°C y

90°C.

La incidencia de la temperatura se puede dividir en dos rangos. EI primer

rango corresponde a aquellas temperaturas por debajo de la de denaturacion (65 y

70°C), en que el fenomeno de agregaci6n es mas importante que el de denaturacion

por 10 que se obtienen geles de mayor porcentaje de sineresis. Dichos porcentajes

disminuyen lentamente con el tiempo por 10 que no se alcanzan los estados de gel

en tiempos convencionales para la gelificacion de WPI (20-30 min).

Por·otra parte, el segundo rango corresponde a temperaturas desde la de

denaturacion hasta los 90°C. En este rango, el mayor grado dedenaturacion de las

protefnas permite alcanzar los estados de gel en los tiempos convencionales y solo

se producen variaciones en la cinetica de gelificacion. EI porcentaje de sineresis, en

este rango, tiene un comportamiento caracterfstico para cada concentracion, en el

xii
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que se alcanza un mismo valor asintotico en forma casi independiente a la

temperatura.

Ajustando el modelo de crecimiento microbiologico de Gompertz al

porcentaje de retencion de agua (inverso de la sineresis), se pudieron estaolecer los

parametros de /a curva para cada temperatura y concentracion. Esta curva muestra

una primera asfntota (alrededor del 0%) para tiempos bajos, para luego aumentar

rapidamente la pendiente hasta alcanzar un punta de inflexiOn. Una vez afcanzado

este punto, la pendiente disminuye hasta estabilizarse en una nueva asfntota.

De esta manera, se pastula que el punta de inflexion corresponderfa al punta

de gel,ificacion, es decir al punta en el que las muestras presentaron el primer estado

de gel (gel blando). EI aumento, tanto de la temperatura como de la concentracion,

desplaza el punta de gelificaci6n hacia ti~mpos menores y aumentan la pendiente de

la curva en ese punta. Esto denota un mayor grado de denaturacion en un menor

tiempo que a pesar de no implicar diferencias en el comportamiento de sineresis

final, si 10 hace en las caracterfsticas reol6gicas.
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ABSTRACT

Addition of YS in the range O<<I>S<O.5 reinforced mixed

WPI/YS gels. A maximum 0, 1.6 times higher than that of a pure

WPI gel, occurred at <l>S=0.2. WPIICS gels followed typical mlxmg

rules in the range O<<I>S<O.5. WPIIstarch solutions did not form gels

for <l>s > 0.7.

DSC scans showed that mixed gels presented

independent peaks for gelatinization of starch and denaturation of

whey proteins, suggesting phase-separated gels.

The microstructure of mixed gels as studied by scanning

electron microscopy revealed independent networks for WPI and

starch fractions. Whey proteins aggregated into almost spherical

units 0.2-0.3 J.lm 10 diameter packed in a string-of-beads

arrangement while YS gelled as a fine sponge. WPIIYS gels at <l>S=

0.2 showed well-developed intermeshing networks of WPI and YS.

SwolJen and colJapsed starch granules embedded in an amylose gel

were typical for CS containing gels. Non-gelling WPI/starch solutions

(<J>S > 0.7) failed to form a continuous WPI network.
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ABSTRACT

Protein gels are very important materials for food,

biotechnology and biomedical applications nowadays. It is

reasonable to expect that, in the near future, the

applicability of such materials will be greatly enhanced,

particularly if it is possible to specify some of their

design characteristics.

This work constitutes a first approach to the design

of this kind of material. Specifically, an attempt was made

to isolate and identify the fundamental aspects involved in

their formation, so that future work may be restricted to the

design, scaling-up and control aspects, which are fundamental

for their industrial development.

In this work, several phenomenological models for the

formation of protein gels available in the current literature

had been tested and validated with ad hoc experimental

measurements; these link kinetic aspects with macroscopic

parameters (such as the storage modulus, G'). Although some

of these models have shown an excellent fit to the

experimental data, their applicability at the conceptual

level remains unclear.

By means of nuclear magnetic resonance (NMR), the

effective pore size of protein gels has been calculated,

yielding results that compare well with previous work in

scanning electron microscopy (SEM). At a highly speculative

level, it has also been possible to build phase diagrams for

such materials.

Summarizing, although much work remains to be done in

this area, a beach head has been established. Moreover, it

was possible to demonstrate that an engineering approach is
suitable for the study of highly complex materials and

phenomena, such as the gelation of globular proteins.
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ABSTRACT

In this study the relationship between comcentration, temperature, and

gelification time of Whey Protein Isolate (WPI), Cassava Starch (CS), and mixture of

both (WPY/CS) was established trough oscillating rheometry. The gelification process

took place in circles consisting of 30 minutes of heating followed by 20 minutes of

cooling. For the WPI the increase of the concentration and/or temperature of heating led to

the yield of stiffer gels with an increased storage modulus (G'). The highest increase in

the G' values was observed during the cooling step. The initial heating step is irreversible,

while the cooling/heating steps to follow are reversible. The smallest concentration in

which gelification in the rheometer was detected was 4% at 90°C. The experimental values

which correspond to the heating step were fitted to a first order exponential kinetic model.

The gelification of cassava starch (CS) through heating has a different behavior

than WPI. The initially rapid increase of the G' value is subsequently slowing down. The

increase in the concentration leads to an increase of the G' values, while a temperature

increase results in diminishing G' values. The minimum average gelification concentration

in the rheometer was 8% at 70°C. The gelification process also took place in two steps:

heating (irreversible) and cooling (reversible) with an increase of the G' value observed

during cooling. The experimental values corresponding to the heating step were adjusted

to a kinetic model described by two equations of first order in series, the first

corresponding to the reversible step and the second to the irreversible step.

For WPIICS mixtures it was established that small quantities of CS lead to an

increase of the stiffness. This was demonstrated in both the oscillating rheology trials as

well as in the compression trials. On the other hand when the mixtures were treated at

70°C, only the starch gelifies. With increasing temperature the protein gelifies. This kind

of gels are weaker than those which were first treated at 90°C.
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ABSTRACT

In this study the effect of the addition of different content of K-carragenan and

KCI on the viscoelastic, thermic and structural properties during the gelation of jurel

surimi (T. murphyi) was established trough dynamic oscillatory rheology, differential

scanning calorimetry, assays of compression with 10% deformation in the elastic range

and scanning electron microscopy.

Use of the dynamic oscillatory rheology technique for the viscoelastic

behaviour present during the gelation of surimi allowed us to differentiate between the

three typical stages of the sol-gel process in muscle proteins at surimi known as suwari

(40°C), modori (50°C) and kamaboko (>60°C).Moreover, the measurement of the

"storage" (elasticity~ G') and the "loss" (viscosity; G") modulus detected the changes in

the melting temperature (53°C) of lC-carrageenan caused by the addition of KCf.

There was no rheological evidence for the solubilization of carrageenan during

heating of the mixture; although the polymer was capable of masking the viscoelastic

transitions (suwari. modori. kamaboko) involved in the gelation of surimi protein. The

gelation of carrageenan during cooling caused a large reinforcing effect in the rigidity and

water holding capacity of mixed surimi-polysaccharide gels, which was confirmed by

assays of compression with 10% deformation in the elastic range.

Thermal analysis of the mixture indicated the presence of endothermic peaks

for the denaturation of the actinomysin protein (41 and 64°C) and melting of carrageenan

(55°C) coincidental with the rheological data.

The addition of KCl produced a destabilizing effect in the surimi-carrageenan

mixture, in particular in the polysaccharide structure and in the proteins solubility.

In addition, the rate of heating influenced the gel strength of the pure surimi

gel and the mixture~ gels heated slowly were more rigid than those heated rapidly.

Micrographs from scanning electron microscopy indicated that the

microstructure adquired by the mixture is of an irregular order. When the concentration of

polymer is low (0.5%) the protein is the continuous component and the gel is of the type

"complexe". When the concentration ()fcarrageenan is high (2%) this is the continuous

component and the protein acts as "filled" in the system.This indicates that the water

concentration in surimi is a main factor since theprotein as well as the polymer competes

for the water of the system.
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In conclusion,the textural property of surimi appears to be favoured by

chemical interactions of crosslinking with the polymer carrageenan during the gelation.

Therefqre, this polymer is an excellent thickening, and gelling agent. capable of

improving the textural properties of surimi derivatives. Carrageenan has

thermoreversibility properties and a melting point that can be altered by manipulation qf,.

the salt content. Therefore it is advisable to use a low salt content in the preparation of

surimi gels containing carrageenan, or if this is not possible, temperatures above 80°C.


