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Abstract The rheological properties and microstructure
of imitation cheeses containing 3%, w/w, pre-gelatinised
maize, waxy-maize, wheat, potato or rice starches were
compared to a control (0%, w/w, starch). Dispersions of
pre-gelatinised rice or waxy-maize starches with casein
had the highest viscosities following heating at 80 °C com-
pared to casein heated alone or in mixtures with the other
starches. Imitation cheese products containing pre-gelatin-
ised starches had larger fat globule size distributions
(especially rice or waxy-maize starch) and less homoge-
neous background protein matrices than the control as evi-
denced by scanning electron microscopy, which indicated
poorer fat emulsiWcation. The resultant imitation cheeses
were softer, less cohesive and had reduced melting proper-
ties compared to the control. During processing, the pre-
gelatinised starch competed with the rennet casein for
water and impaired the caseins hydration as evidenced
visually by delayed emulsiWcation of free oil. DiVerences
in levels of amylose retrogradation may have been respon-
sible for variances in functionality between starches of
diVerent origins.

Keywords Imitation cheese · Pre-gelatinised starch · 
Amylose levels · Electron microscopy · Rheology

Introduction

Imitation (analogue) cheese products may be classiWed as
cheese substitutes or imitations, which partly or wholly sub-
stitute or imitate cheese and in which milk fat, milk protein
or both are partially or wholly replaced by non-milk-based
components, principally of vegetable origin [1]. Imitation
cheese is widely used in the food industry as an ingredient for
prepared foods such as pizza, lasagne, cordon bleu products
where its rheological properties, that dictate whether it melts
or maintains its structure, are critical [2]. Ingredients such as
rennet casein, vegetable oils or fats, salts, acids and Xavour-
ings are generally used in the manufacture of imitation
cheese [3]. Rennet casein is an insoluble calcium paracasein
that is converted to a soluble sodium-phosphate paracasei-
nate by calcium-sequestering salts such as disodium phos-
phate or trisodium citrate and heat [4]. Due to its high cost,
considerable eVort has been vested in the partial replacement
of casein with cheaper ingredients, of which, starch has been
the most eVective low-cost casein substitute [1].

Recent work has shown that the interaction between the
added starch and casein inXuences the rheological properties
of the imitation cheese [2, 3, 5]. The addition of diVerent
native starches in partial casein replacement results in
marked variations in the textural, melt and temperature
dependent dynamic rheological properties of imitation
cheese [2]. The individual eVects of native starches are inXu-
enced by their properties such as granule size, gelatinisation
temperature and amylose content. However, it is also evident
that the starch is present as discrete entities in the protein
matrix. This may be due to starch insolubility arising from
the poor availability of water and/or the processing tempera-
ture–time combination being insuYcient to fully gelatinise
and solubilise the starch. Imitation cheese hardness and stor-
age modulus (G�) are increased by partially replacing fat with
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resistant maize starch-derived products [5]. The greatest
increases are with retrograded resistant starch (Novelose240)
compared to maltodextrin (Novelose330) [5].

Starch granule swelling during gelatinisation has a
‘‘packing eVect’’ on surimi gels resulting in increased gel
rigidity [6, 7] whereas pre-gelatinised starch reduces the
rigidity of the Wsh gels. It is also suggested that granular
starch is more eYcient than pre-gelatinised (pre-cooked)
starch in imitation cheese manufacture in providing better
thickening properties [8, 9]. In contrast, it is suggested that
pre-gelatinisation is a pre-requisite for starches prior to fur-
ther modiWcations in order to give the desired texture in
imitation cheese [10]. Pre-gelatinised starch, which is dis-
persible in cold water, is more likely to interact with the
protein network and behave less like a Wller as seems to be
the case with native starch. The objective of this study is to
investigate the eVects of pre-gelatinised starches on the rhe-
ology, meltability and microstructure of imitation cheese.

Materials and methods

Manufacture of imitation cheeses

A control imitation cheese was manufactured with the fol-
lowing formulation: 48.8% water, 24.5% rennet casein
(82% protein)(Kerry Ingredients, Listowel, Ireland), 26%
vegetable fat (Trilby Trading Ltd, Liverpool, England),
2.18% emulsifying salts, [1.08% trisodium citrate, 0.62%
citric acid (Jungbunzlauer, Pernhofen, Austria), 0.48%
disodium phosphate (Ellis and Everard, Ireland)], 1.67%
sodium chloride (Salt Union, Cheshire, England) and 0.1%
sorbic acid (Hoechst Ireland Ltd, Dublin, Ireland). All
ingredients (except citric acid) were blended in a twin-
screw cooker (model CC-010, Blentech Corporation, CA)
at 35 °C and heated to 78 °C using direct steam. Citric acid
was added. After 5 min of mixing at 100 rpm the product
was packaged, cooled to 4 °C and vacuum packed (model C
10 H, Webomatic®, Bochum, Germany) 24 h later. During
cooking the solid screw agitators of the cooker turned
in opposite directions causing the product to be folded into
the centre and moved around the cooker in a counter clock-
wise direction resulting in a well-emulsiWed homogeneous
cheese mass. Using a similar manufacturing process, a
series of imitation cheeses were prepared by replacing 15%
of the rennet casein (3%, w/w, of the total product) in the
control formulation with pre-gelatinised; maize, waxy-
maize, wheat, potato or rice starch (added dry) and reduc-
ing the concentration of emulsifying salts (trisodium citrate,
citric acid and disodium phosphate) used to solubilise the
casein by 15%. The maize and waxy-maize starch were
supplied by National Starch and Chemical, CA, England;
wheat starch was supplied by Roquette, Lille Cedex,

France; potato starch was supplied by AVEBE, Veendam,
The Netherlands and rice starch was supplied by REMY
Industries, Leuven, Belgium. Three 4 kg batches of each
cheese were manufactured.

Compositional analysis of imitation cheeses

Samples of imitation cheese were analysed 1 day after man-
ufacture for moisture (IDF, 1958, 11), fat (National Stan-
dards Authority of Ireland 1955, 12), protein (IDF 1993,
13) content and pH (model 9,450 pH meter, Unicam Ltd,
CA, England). An amylose/amylopectin assay kit (Mega-
zyme International Ireland Ltd, Bray, Ireland) was used to
determine the amylose content of the starches.

Micro-structural analysis using cryo-scanning electron 
microscopy

Cryo-scanning electron microscopy (SEM; JEOL JSM-
5410LV Scanning Microscope, JEOL Instruments, Tokyo,
Japan) was used to examine the microstructure of the imita-
tion cheeses (3–4 days after manufacture) as previously
described [2]. Prisms approximately 1 £ 3 £ 8 mm were
cut from blocks of imitation cheese using a scalpel, mounted
on a specimen holder and cryoWxed in nitrogen slush
(¡210 °C). Specimens were transferred (under vacuum at
¡180 °C) to the cryo chamber and the interior of the sample
was exposed using a scalpel. The fracture face was etched at
¡88 °C by heating on the microscope stage in the micro-
scope chamber. When suYcient water was sublimed (after
approximately 5 min) the specimen was cooled to ¡180 °C.
The specimen was then sputtered with gold (3 mA, 2 min) in
the cryo chamber prior to analysis in the microscope cham-
ber using an accelerating voltage of 10 kV.

Melt test of imitation cheeses

A modiWcation of the Olson and Price [14] method was
used as described by Mounsey and O’Riordan [3] to assess
imitation cheeses meltability 2 days after manufacture. Cyl-
inders (25 mm diameter, 40 mm height) were cut from
blocks of imitation cheese and placed into one end of a
Pyrex glass tube (250 mm long, 30 mm diameter). The
tubes were placed horizontally in a conventional oven at
180 °C for 15 min. The tubes were removed from the oven
and the distance Xowed from a reference line was measured
in mm and used as an indication of meltability.

Textural hardness determination of imitation cheeses

Textural hardness (N) of the imitation cheeses was deter-
mined 2 days after manufacture using an Instron Universal
Testing Machine (Instron Model 4301, Instron Corp., Canton,
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MA) as described by Mounsey and O’Riordan [2]. Cylin-
ders of cheese 20 mm high and 18 mm in diameter were
compressed by 80% of their initial height at a crosshead
speed of 50 mm/min. The uniaxial compression test was
performed in two successive cycles, and the textural param-
eters; hardness and cohesiveness were calculated as described
by Szczesniak [15].

Dynamic rheology evaluation of imitation cheeses

Rheological characterisation of the imitation cheeses was
undertaken 3–4 days after manufacture as previously
described [3] using a controlled stress rheometer (model SR
2000, Rheometrics Inc., Piscataway, NJ) Wtted with a 25 mm
parallel plate with a 2.4 mm gap. Disc-shaped samples of
cheese (24 mm diameter, 2.4 mm thick) were prepared using
a slicer and borer. The samples were placed on the lower
plate and compressed 0.2 mm to prevent slippage. An oscil-
latory stress was applied to give a target strain of 0.3% at a
frequency of 1 Hz. The temperature of the samples was
increased from 22 to 100 °C, at 6 °C/min using a Peltier
heating element. Parameters included the storage modulus
(G�), loss modulus (G�) and loss angle [tan � (G�/G�)].

Determination of viscosity eVects of pre-gelatinised 
starches on casein

To model the conditions in imitation cheese, a 3.86%, w/w
protein, rennet casein dispersion was dispersed in an aqueous
solution of emulsifying salts (0.21%, w/w, trisodium citrate
and 0.09%, w/w, disodium phosphate). Rennet casein/starch
dispersions were prepared by replacing 15% of the rennet
casein with pre-gelatinised (maize, waxy-maize, wheat,
potato or rice) starches and reducing the emulsifying salt
content by 15%. Dispersions were stirred for 20 min before
heating to 80 °C on a magnetic stirrer hotplate (Model HB
502, Bixby Sterlin Ltd, Stone StaVordshire, England) and
holding at this temperature for 20 min before cooling back to
22 °C in an iced bath. The temperature of samples was moni-
tored using a digital thermometer (Hanna Model H193510,
Sigma-Aldrich Ireland Ltd, Dublin, Ireland).

Viscosity determinations on heat-treated dispersions
were undertaken using a controlled stress rheometer (SR
2000, Rheometrics Inc. Piscataway, NJ). A 25 mm parallel
plate geometry with a gap of 1 mm was used. A shear stress
sweep from 1 to 20 Pa was applied over 4 min and the
apparent viscosity (mPa s) of the sample was taken at a
shear stress of 2 Pa.

Statistical analysis

The imitation cheeses were manufactured in triplicate
batches and analysis was performed in quadruplicate for

each batch within 2–4 days of manufacture. PROC GLM
of SAS (SAS Institute, Cary, NC, USA) was used to determine
diVerences between treatment means. Treatment means
were considered signiWcantly diVerent at P · 0.05.

Results and discussion

Compositional analysis of imitation cheeses

The compositional analyses of the imitation cheeses manu-
factured with pre-gelatinised starch were compared. No sig-
niWcant (P · 0.05) diVerences were obtained between
imitation cheese products for fat (mean of 25.8 § 0.2%,
w/w), moisture (mean of 48.9 § 0.21%, w/w), and pH val-
ues (mean of 5.84 § 0.06). The starch-containing products
had lower protein values (17 § 0.2%, w/w) than the control
sample (20.3 § 0.29%, w/w) due to the replacement of
the casein with starches. The amylose contents of maize,
waxy-maize, wheat, potato or rice starch were 24.6, 3.2,
28.1, 25.5 or 14.2%, w/w, respectively, which is in line with
suppliers speciWcations and published values [16].

Microstructure of imitation cheeses

The imitation cheeses were examined using SEM to relate
the microstructure of the imitation cheeses to their process-
ing behaviour as well as meltability and rheology (Fig. 1).
The microstructure (SEM) of the control imitation cheese
(no starch) (Fig. 1a), showed a uniform distribution of well-
emulsiWed spherical fat globules (F) up to »20 �m in
diameter, dispersed in a smooth protein matrix as previ-
ously reported [2, 5, 17, 18]. Imitation cheese products con-
taining potato (Fig. 1b), wheat (Fig. 1c) or maize (Fig. 1d)
starch appeared to have fat globules evenly distributed
within the protein matrix but some globules were larger in
diameter than those of the control (up to 30 �m in diame-
ter). Waxy-maize (Fig. 1e) or rice (Fig. 1f) starch-contain-
ing products had even larger fat globules (ranging in size
from 2 up to 65 �m) that were unevenly distributed within
the protein matrix. In the imitation cheese manufacture, all
the dry ingredients (except citric acid) were mixed in the oil
and water at 35 °C prior to heating to 78 °C. During manu-
facture, the complete emulsiWcation of oil as assessed visu-
ally by the disappearance of free oil, took 2.5–3 min after
reaching 78 °C in pre-gelatinised starch containing prod-
ucts, compared to 1.5–2 min for the control. The cold water
dispersible pre-gelatinised starches probably hydrated more
rapidly than the casein which would have Wrst required the
action of the calcium chelating salts (disodium phosphate
and trisodium citrate) to disrupt the calcium-mediated pro-
tein–protein cross-bridges to facilitate its solubilisation.
Consequently the reduced availability of water in this system
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would have reduced the conversion of rennet casein to more
soluble sodium paracaseinate compared to the control.

In an attempt to model the viscosity eVects of pre-gela-
tinised starches during imitation cheese manufacture, a
dispersion of emulsifying salts and rennet casein with/
without various pre-gelatinised starches was heated to
80 °C before cooling to 22 °C. All samples showed New-
tonian viscosity behaviour. The control (0%, w/w, starch)
had an apparent viscosity of 19.5 § 0.3 mPa s at a shear
stress of 2 Pa. The replacement of 15% of the protein
in the dispersions with pre-gelatinised starches resulted
in increases in apparent viscosity in the order rice starch
(26.3 § 1.2 mPa s) > waxy-maize (24.6 § 0.4 mPa s) >
wheat (22.2 § 0.5 mPa s) > potato (21.6 § 0.6 mPa s) >
maize (20.0 § 0.5 mPa s) starch. It is likely that during pro-
cessing, the pre-gelatinised starch competed with the rennet
casein for water, impairing the caseins hydration and con-
version to the more soluble sodium-phosphate paracasei-
nate. This may have impaired the ability of the protein to

emulsify the fat droplets, resulting in larger, less well-emulsi-
Wed fat droplets and a less hydrated protein matrix with
impaired thermo-reversibility. The results of the present work
indicates that pre-gelatinised starches have the opposite eVect
to native starches shown previously [2, 19], namely in increas-
ing viscosity of the system during processing but resulting in a
less well emulsiWed imitation cheese on cooling.

In addition, the pre-gelatinised starches would have
brought about an immediate viscosity increase in the early
stages of imitation cheese manufacture, which would have
further decreased the protein’s ability to diVuse to the fat
interface resulting in poorer fat emulsiWcation. Both these
eVects possibly contributed to the long processing times for
pre-gelatinised starch containing products. The lower amy-
lose products, rice and especially waxy-maize starches have
lesser tendencies to retrograde [16, 20], so would have been
expected to contribute a smaller viscosity increase than the
high amylose starches, and so had less of a barrier to fat
coalescence.

Fig. 1 Electron micrographs 
(£500) of imitation cheese 
containing (a) 0%, w/w, starch 
(control) or 3%, w/w, pre-gela-
tinised; (b) potato starch, 
(c) wheat starch, (d) maize 
starch, (e) waxy-maize starch, 
(f) rice starch. g Shows imitation 
cheese containing 3%, w/w,  
pre-gelatinised maize starch at 
higher magniWcation (£3,500), 
S starch particle
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These results contrasted with previous Wndings [2]
where during imitation cheese manufacture the fat in native
starch containing products was more rapidly emulsiWed
than that of the control. These insoluble native starches
possibly functioned as inert Wllers increasing the availabil-
ity of water to solubilise the reduced quantity of casein and
improve its fat emulsifying properties resulting in smaller
fat globule sizes. In the previous work [2], residual starch
granular structures were more clearly evident in micro-
graphs compared to in the present work where soluble pre-
gelatinised starch was used. In all imitation cheese samples
containing pre-gelatinised starch, irregular shaped particles
were observed (at higher magniWcation) disrupting the pro-
tein matrix. An example of such a starch particle (S) is
shown in Fig. 1g at higher magniWcation (£3,500) for imi-
tation cheese containing pre-gelatinised maize starch (note
the scale bar has a length of 5 �m). In Fig. 1g there is a
noticeable phase boundary separating the starch particle
and the protein matrix, as shown by Montesinos et al. [5]
for native resistant starch and maltodextrin.

The SEM images of imitation cheeses containing added
pre-gelatinised starch in the present work or starches added
in the native granular form in previous work [2] indicate
that interactions between the protein matrix and the starch
components, amylose and amylopectin were probably unfa-
vourable. It could be hypothesised that there was mutual
exclusion of each component from the polymer domains of
the other. Other workers [21, 22] have suggested that this
exclusion eVect increases the eVective concentrations of
each component and can lead to separation of the system
producing a multi-textured gel.

Textural hardness and cohesiveness properties of imitation 
cheeses

The eVects of the diVerent pre-gelatinised starches on tex-
tural hardness and cohesiveness of imitation cheeses are
presented in Table 1. The pre-gelatinised starches signiW-
cantly (P · 0.05) decreased the imitation cheese hardness
relative to the control in the order, waxy-maize = rice >
wheat > maize > potato starch. In agreement with previous
Wndings [2], the lower amylose starches (waxy-maize or
rice) gave the softest products, suggesting that hydrogen-
bonding association of leached amylose during cooling of
the imitation cheeses probably contributed more to the
product structure than association of amylopectin. In the
case of surimi gels, it has been reported that their penetra-
tion force increased with an increase in the amylose content
of the starch used in their preparation [23]. It has been
shown that amylose gels were stiVened by the association
of the linear amylose molecule in more than one crystallite,
while amylopectin gels were softer and more brittle due to
fewer intermolecular interactions owing to the clustering of

the outer molecular chains of amylopectin [24]. Potato
starch containing products were signiWcantly (P · 0.05)
harder than maize or wheat starch containing products
although all three starches had relatively high amylose con-
tents (24–28%). This is consistent with the Wndings of
Conde-Petit and Escher [25] who found that potato starch
gels formed harder gels than wheat or maize starch gels
because of the absence of amylose–lipid complexes in
potato starch although it should be noted that the Wndings of
these authors were for native granular starches and not pre-
gelatinised starches. Compared to their equivalent imitation
cheeses containing native starches [2], the hardness values
of imitation cheese products containing pre-gelatinised
starches were lower by amounts ranging from 11.8%, w/w
for potato starch to 36.8%, w/w for wheat starch. Wu et al.
[6] found that the addition of pre-gelatinised starch reduced
the rigidity of the Wsh gels formed with heat. In contrast, the
addition of native starch granules resulted in granule swell-
ing during gelatinisation, which had a ‘‘packing eVect’’ on
surimi gels resulting in increased gel rigidity.

All products containing starch had signiWcantly
(P · 0.05) lower cohesiveness than the control except the
product containing rice (not signiWcantly lower). Maize
starch resulted in a product with least cohesion. Because
the imitation cheese containing rice starch had low hard-
ness, less stress was developed and the product resisted
fracture possibly resulting in its relatively high cohesive-
ness. Similar results were obtained by Mounsey et al. [2]
where native maize and rice starches caused the greatest
and least eVects, respectively, on imitation cheese cohe-
siveness. Increasing either or both the salt and citric acid
levels reduced the cohesiveness of cheese analogues [26].
In the present study with the partial replacement of casein
with starch, the NaCl: casein ratio was higher than the con-
trol, which may also have had some inXuence on cohesive-
ness. It has been suggested that the number of re-formable
protein bonds in imitation cheese products containing

Table 1 Melt, hardness and cohesiveness values of imitation cheeses
with or without various pre-gelatinized starches (3%, w/w) measured
2 days after manufacture

Values represent the mean § the standard deviation of 3 replicate tri-
als; parameters were measured in quadruplicate. For each column,
means with the same letter do not diVer signiWcantly at P · 0.05

Starch type Melt (mm) Hardness (N) Cohesiveness

No starch (control) 185.6 § 9.8a 110.2 § 3.4a 0.252 § 0.012a

Maize 89.1 § 1.2d 88.7 § 4.2c 0.167 § 0.006c

Waxy-maize 108.1 § 4.5c 60.3 § 1.8e 0.219 § 0.008b

Wheat 117.1 § 4.1b 76.4 § 2.7d 0.215 § 0.014b

Potato 112.9 § 3.3b,c 103.4 § 2.1b 0.213 § 0.01b

Rice 113.4 § 5.6b,c 60.3 § 4.7e 0.240 § 0.009a
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added native starch was reduced because of the lower pro-
tein contents and this as well as a poorly hydrated protein
matrix possibly contributed to low cohesion [2]. While the
inter- and intra-molecular bonds in the protein network in
imitation cheese break and reform during repeated strain-
ing, starch particles would not be expected to contribute to
the cohesion of the imitation cheese [2], particularly given
the separation between the starch particle and the protein
matrix as evidenced in Fig. 1g.

Melting properties of imitation cheeses

All pre-gelatinised starches signiWcantly (P · 0.05)
decreased meltability of the imitation cheese products rela-
tive to the control with maize starch causing the greatest
reduction (Table 1). The meltability of waxy-maize, wheat,
potato or rice starch containing products did not diVer
signiWcantly from each other, with the exception of the
product containing wheat starch, which had signiWcantly
(P · 0.05) higher meltability than the product containing
waxy-maize starch. Pre-gelatinised starches generally
caused a greater reduction in imitation cheese meltability
compared to the equivalent native starches in previous
work [2] but the source of starch had less inXuence on melt-
ability in the case of pre-gelatinised starches relative to the
native starches. Previous authors have shown the impor-
tance of the hydration status of the protein matrix in the
melting of model imitation gels [1, 18]. During imitation
cheese preparation, rapid immobilization of water by pre-
gelatinised starches probably impaired protein hydration
leading to an aggregated protein matrix. Thus the increase
in thermal energy required to disrupt the aggregates and
dissociate the proteins possibly reduced the products poten-
tial to melt and Xow at high temperatures. In the case of the
native starches used in previous work [2], the hydrophobic
outer granular layer and hydrogen bonding between adja-
cent starch molecules probably prevented starch granule
swelling and hydration at temperatures below »55 °C and
consequently minimised protein dehydration. The lack of
thermoplasticity of retrograded amylose molecules may
have additionally aVected meltability in products contain-
ing high amylose starches [2]. Guinee et al. [27] found poor
Xow properties in heated imitation cheeses containing
pre-gelatinised starch compared to natural cheese and
suggested post-manufacture retrogradation and gelation of
starch during storage impeded the Xow of the imitation
cheese on heating. However, the increase in viscosity
brought about by the partial replacement of casein with pre-
gelatinised starch in the model system of the present study
indicates starch-induced viscosity increases during imita-
tion cheese processing were responsible for the reduced
melt in imitation cheese containing added pre-gelatinised
starch.

Dynamic rheological properties of imitation cheeses 
as a function of temperature

EVects of starches on the rheological parameters G� and
tan � (G�/G�) of imitation cheese measured as a function
of temperature are shown in Figs. 2 and 3, respectively.
The storage modulus (G�) at 22 °C of products containing
maize or potato starch (62 § 3.4 and 56.1 § 4.1 kPa,
respectively) was signiWcantly (P · 0.05) higher than the
rice starch-containing product (40.3 § 1.8 kPa) and the
control (49.4 § 2.3 kPa). It is possible that hydrogen-bond-
ing association of amylose in imitation cheeses containing
potato or maize starch was responsible for the higher G�

values, under small/non-destructive deformation, compared
to the control. This contrasted with the reduced hardness
values, under large/destructive deformation, of these
starch-containing products compared to the control. It has
been suggested that stress localisation at the starch-protein
matrix interface causes structural failure in imitation cheese
under large deformation [5], which might account for the
reduced hardness values in the starch-containing products.

The G’ of all products decreased signiWcantly (P · 0.05)
with increasing measuring temperature from 22 to 85 °C,
due to melting of the vegetable fat and softening of the pro-
tein matrix [2, 3, 28]. The decreases in G� with increasing
temperature of the products containing maize or wheat
starch were comparable to those of the control up to

Fig. 2 EVect of heating temperature on the storage modulus (G�) of
imitation cheese containing 0%, w/w, starch (control) (Wlled diamond),
or 3%, w/w, pre-gelatinised waxy-maize (open square), rice (open
triangle), wheat (multi symbol), maize (plus symbol) or potato (open
circle) starch. Each curve represents the mean of triplicate trials
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»70 °C. Imitation cheese containing potato starch had the
highest G� values in the temperature ranges 55–85 °C,
which was possibly due to extensive starch retrogradation
impeding the Xow of casein. Because of the absence of
amylose retrogradation in imitation cheese containing
waxy-maize starch, the greater decrease in G� values of this
product with increasing temperature compared to the higher
amylose starches (maize, potato and wheat starch) is
expected. It is, however, surprising that the imitation cheese
containing rice starch with its intermediate amylose content
had the largest decrease in G� on heating. However, imita-
tion cheese containing waxy-maize or rice starch added
in the native (granular) form also had signiWcant decreases
in G� relative to the control on heating [2].

All products containing starch had signiWcantly
(P · 0.05) lower tan � values at 22 °C (ranging from
0.36 § 0.02 for waxy-maize to 0.42 § 0.013 for rice
starch-containing imitation cheese) compared to the control
imitation cheese (0.44 § 0.012) and native starches of the
same origin in the work of Mounsey et al. [2], indicating
more elastic (less viscoelastic) structural behaviour com-
pared to the control. The decreases in imitation cheese tan �
values by the pre-gelatinised starches in the current study
could be due to factors such as dehydration of the protein
matrix and starch retrogradation. As the temperature
increased from 22 to 85 °C the tan � values for the control
imitation cheese product increased (Fig. 3), reaching a peak
of 1.73 § 0.15 at 85 °C. Heating to 40 °C results in melting

of the vegetable fats and the imitation cheese begins to lose
its predominantly solid elastic nature. Concomitantly, the
protein matrix absorbs energy which aVects the balance
between entropic and enthalpic interactions, with the
former becoming stronger while the latter weaken with
heating to 80°C. This disruption of enthalpically controlled
protein interactions aided by the lubricating eVect of the
Xuid oil phase allows the product to deform and Xow [29].
This temperature-dependent behaviour is critical when imi-
tation cheese is designed for pizza-like applications. For
products containing starch the tan � values increased in a
broadly similar fashion to the control with heating to
»55 °C but with further heating, levelling-oV occurred.
Similar Wndings were obtained by Montesinos-Herrero
et al. [5], where fat was partially replaced with maltodex-
trin. They found that maltodextrin caused a levelling-oV in
the tan � values of imitation cheese above »60 °C.

Tan � values of the product containing waxy-maize
starch most closely resembled the control up to 75 °C with
a peak of 1.35 § 0.08 but then levelled oV. Peak tan �
values of products containing pre-gelatinised starches
decreased signiWcantly (P · 0.05) compared to the control
in the order, potato = wheat > maize > rice > waxy-maize.
Similar trends were obtained in the previous work [2],
where amylose contents of the native starches used were
inversely related to the peak tan � values. However, imita-
tion cheeses containing native starches of similar origins
had comparatively higher peak tan � values than products
containing pre-gelatinised starches. With pre-gelatinised
starches, while the fat was not well emulsiWed, moisture
bound by starch was probably unavailable to contribute to
the mobility of the protein molecules at temperatures above
60 °C. Additionally the associated amylose molecules
which require temperatures as high as 140–160 °C [30] for
melting probably hindered the softening of the protein
matrix, and ultimately the melt and Xow properties of the
imitation cheese. The tan � proWle of the imitation cheese
containing waxy-maize starch most closely matched that of
the control, possibly due to minimal amylose retrograda-
tion. Because of its thermo-reversibility, any retrograded
amylopectin present should have dissociated at lower tem-
peratures (40–60 °C) [31, 32].

Conclusions

Pre-gelatinised starches with reduced amylose levels (rice
and waxy-maize starch) resulted in the greatest increases
in the viscosity of model dispersions of starch and casein
following heating at 80 °C compared to casein. During
imitation cheese manufacture, the pre-gelatinised starches
competed with the casein for water, thus limiting casein’s
hydration and ability to emulsify fat and resulting in longer

Fig. 3 EVect of heating temperature on the tan �(of imitation cheese
containing 0%, w/w, starch (control) (Wlled diamond), or 3%, w/w, pre-
gelatinised waxy-maize (open square), rice (open triangle), wheat
(multi symbol), maize (plus symbol) or potato (open circle) starch.
Each curve represents the mean of triplicate trials
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processing time. The resultant imitation cheeses were
softer, less cohesive and had reduced melting properties
compared to the control. DiVerences in the levels of amy-
lose retrogradation may have been responsible for diVer-
ences in functionality between starches of diVerent origins.
The use of pre-gelatinised starches with reduced amylose
levels (rice and waxy-maize starch) resulted in the softest
imitation cheeses.
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