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Abstract
In this paper, we investigate the functionality of potato-based ingredients present in indirectly expanded snacks via careful
analysis of their transformation during processing. This research is driven by the desire of industry to develop similar
snacks for upcoming markets, where the potato-based ingredients are replaced by other starch sources, which are locally
available and at a lower cost. For a range of reformulated snacks, the transformations of starchy ingredients are analysed
with a wide variety of experimental methods, like DSC, XRD, and XRT. Our analysis shows that ingredients undergo little
transformations during extrusion, which is indeed intended to be mild. During frying native tuber starches (potato and
tapioca starch) fully gelatinize, while cereal starches show little gelatinization and swelling. Despite the gelatinization of
tuber starches, the particulate character of ingredients is retained. Replacement of pregelatinized potato starch with other
starches shows little change in structure. The evolution of the structure of the reformulated snacks are analysed with the
CDS formalism. We conclude that gel formers and hard fillers present in the analysed formulations had little functionality
regarding texture or structure. For texture, it appears to be required that the matrix composes of a bicontinuous structure of
soft fillers, namely gelatinized tuber starches and potato dehydrates. Both these ingredients can be replaced by other tuber-
starch sources if the aggregation of the two soft fillers can be prevented. Commercial availability of tuber flours can still be
an issue.
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Introduction

Potato-based snacks are very popular in the Western
world. Most of the potato-based snacks are made via
indirect expansion. Using a single screw extruder at low
temperature, ingredients are mixed and shaped into a half-
product (a pellet), which is dried for long shelf-life stability
[1]. This cold extrusion is intended to be mild, without
starch gelatinization, similar to pasta processing [3, 33].
Pellets are expanded via frying them in hot oil. Often,
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these snacks have been developed in an artisanal way,
while lacking the explicit knowledge of the ingredient
functionality regarding structure and texture [26, 27].

This lack of knowledge poses problems for the industry
for producing similar indirectly expanded snacks available
for upcoming markets like India, where potato-based
ingredients are often not locally available. Hence, the
industry is engaged in a research program to replace potato-
based ingredients with locally available low-cost starch
resources [25, 32]. In particular, there will be a challenge
to replace the so-called potato dehydrates, which is the
industrial name for the group of ingredients based on cooked
potato cells, which can be either potato granulates (intact
cells) and potato flakes, which are drum-dried cells which
have lost the integrity of the cell [27]. These ingredients
are based on starch encapsulated in a cell wall matrix. A
similar group of ingredients, based on another botanical
source (other than potato) is not commercially available, as
far as we know.

A scan of food science literature shows that there is little
research performed on how certain starches sources can be
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substituted with other sources. We are aware of only a single
study on starch substitution in fish crackers (keropok) [17].
We conclude that to be able to replace the potato-based
starch ingredients, one has to have good knowledge of the
functionality of these ingredients.

Starchy ingredients can undergo transformations during
extrusion processing such as swelling, gelatinization/melting,
leaching of amylose, and retrogradation. All these transfor-
mations can have a large impact on the ingredient function-
ality regarding the structuring. Hence, it is important to have
good knowledge of the transitions of each ingredient dur-
ing processing. For a precise description of the ingredient
functionality and their transformations, we will make use
of the Complex Dispersed Systems (CDS) notation [23],
which we have applied earlier to describe the structuring of
potato-based snacks [27], and sweet biscuits [29].

For the ingredient functionality, we will build upon
earlier investigations: 1) the initial study towards ingredient
functionality in extruded food materials is by [8], 2) the
classification of swelling behaviour of different starch
sources [4], 3) our earlier review papers [25, 27], and 4) our
recent research paper on filler ingredient functionality [32].

Guy has distinguished three main classes of ingredients
[8]: a) gel formers, b) matrix formers, and c) fillers. Guy has
considered also several minor ingredients, but we regard that
these ingredients do not have much functionality regarding
the structuring of the snacks. Matrix formers are polymeric
materials, like (gelatinized) starch, that constitutes the
continuous phase, but can not form a gel by themselves.
Gelling functionality is provided by a minor polymeric
ingredient, such as amylose. Fillers are considered as a
dispersed phase, that retains a particulate character. We
have adopted this classification of ingredients in our earlier
review paper [27].

However, our previous work [32] has shown that we have
to subdivide the class of fillers into soft and hard fillers,
because of their different functionality. Hard fillers like rice
flour and cereal starches do not gelatinize during either
extrusion or frying, due to restricted swelling by proteins
and lipids present in the starch granule [4]. During frying
the hard fillers promote bubble coalescence and premature
bubble rupture, leading to thick bubble walls. Soft filler
functionality can be delivered by 1) tuber starch granules
(like potato and tapioca) and 2) potato dehydrates, i.e.
potato granulates (intact cooked potato cells) and potato
flakes (drum dried potato cells, with partially ruptured cell
walls) [32]. The tuber starches will gelatinize during frying
and then render soft filler functionality. As raw ingredient
potato dehydrates already contain pregelatinized starch,
encapsulated in cell wall material, and hence they will
also behave as soft fillers. Native starches are assumed to
promote bubble nucleation, which is thought to start in the
hilum of the granule [6]. Soft fillers will also promote cell

opening during expansion (allowing steam to escape) [32].
Products with attractive crispiness are characterized by a
mixture of both soft and hard fillers [32].

Gel formers provide cohesiveness to the dough, via
forming a network embedding the fillers and matrix
formers. Ingredients used as gel former are pregelatinized
starches, or amylose leached from potato flakes [15,
27]. Because of the large amounts of tuber starches and
potato dehydrates present in the formulations [32], these
ingredients are also thought to have both matrix former as
soft filler functionality [27].

In this study, we have performed an extensive exper-
imental program to elucidate further the functionality of
potato-derived ingredients in the expanded snacks, and how
this functionality can also be achieved with non-potato
starch sources. The paper is organized as follows. First, we
present the initial research questions regarding ingredient
functionality in potato-based snacks, and their replacement
by alternative starchy ingredients. Subsequently, the exper-
imental design is given via which we have investigated
the research questions, via observing the transformations
of these ingredients during processing. After presenting the
basic results, we conclude with the discussion of the results
and research questions.

Materials andMethods

Ingredients and formulations

Snack formulations consist of mixtures of ingredients from
the above-defined classes. Except for the hard filler, the
other functional ingredients can be derived from potato. In
this research, we will investigate whether the potato-based
ingredients can be obtained from other botanical sources
like cereals and other tubers, and that are commercially
available. Only, non-potato ingredients similar to potato
dehydrates are not commercially available. Consequently,
we intend to mimic them via a mixture of potato fibers and
pregelatinized starch, from potato or tapioca. Tapioca has
slightly smaller granules than potato, and it has significantly
less phosphate, which leads to somewhat reduced swelling
in excess water. But we expect that this difference in
swelling is not important at the reduced water content of the
snack pellets.

In the formulations we have used potato dehydrates as
soft fillers, cereal starches as hard fillers, native tuber starch
granules as matrix formers, and pre-gelatinized starches
as gel formers. As indicated by [4], cereal starches have
restricted swelling capacity due to proteins and lipids
present inside the starch granules. Consequently, it is found
that cereal starches present in snack pellets do not gelatinize
or swell after frying [17, 21, 25, 32].
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Table 1 List of used ingredients with functionality and detailed structure in CDS

Code Ingredient Supplier Trade Name Functionality Structure

Soft filler

PPG Cooked Potato Granulates Emsland Emgranule 3364 C (AP/AMx)@C

PFL Cooked Potato Flakes Emsland Emflake 3916 C/G (C + AP)/AMx

PFB Potato Fibers KMC Fiberbind 300 C C

Hard filler

NRF Native rice flour Fen Srl − F (AM/APx)@P

NCS Native corn starch Fen Srl − F (AM/APx)@P

HAC Hi-amylose corn starch Ingredion Hylon VII F AMx@P

Matrix former

NPS Native Potato Starch Emsland − Sx AM/APx

NTS Native Tapioca Starch Fen Srl − Sx AM/APx

WPS Waxy Potato Starch Avebe Eliane 100 Sx APx

Gel former

GPS Pre-gelatinized potato starch KMC Coldswell 1111 Sg/G APg/AM

GTS Pre-gelatinized tapioca starch KMC Coldswell 1112 Sg/G APg/AM

GRF Pre-gelatinized rice flour S&B Herba Parboiled rice flour Sg/G (APg/AM)@Pg

The actual ingredients used in our experiments are listed in
Table 1, where they are sorted according to the defined classes.
Furthermore, we have listed their suppliers and trade names.
The table also lists the composition and structure of these
ingredients, which are described in the CDS formalism. This
formalism is explained in detail below.

The investigated formulations are listed in Table 2, where
we have listed the weight percentage of each ingredient
present. We use two commercial formulations R1 and R2

as references, which contain predominantly potato-based
ingredients. In the reformulations, we will keep the ratios
between functional ingredients the same as in the reference
R1.

To obtain insight into the structuring functionality of
the used ingredients, we will partially replace the starchy
ingredients of the references with other ingredients, which
can also be taken from other botanical sources to learn
how to replace potato-based ingredients with other starches.
To focus this research, the reformulations are based on
particular research questions, that are based on hypotheses
and assumptions concerning ingredient functionality in the
reference formulations. These research questions are given
below.

In Table 2 all starchy ingredients add up to 100%. On
top of the starchy ingredients, all formulations will contain
additional salt (1%) for taste and monosodium glyceride

Table 2 Starchy ingredients in snack formulations given in weight percentage of total starch ingredients

Coding R1 R2 Cell1 Cell2 Cell3 Cell4 Filler1 Filler2 Filler3 Filler4

Research Question 0 0 1,2 1 1,4 1,3,4 5,7 5,6 5,6 5,7

PPG 46 22 45 45 45 45

PFL 30 45

PFB 8 4 8

NRF 8 8 8 8 8 8

NCS 8

HAC 8

NPS 45 52 47 45 46 36 46 46

NTS 9 46 46

WPS 10 6

GPS 36 20 2 2

GTS 37

GRF 6
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(0.1%), as a processing aid. The moisture content of the
dough will be around 25-35%, based on total weight.

SnackManufacturing

Commercial snacks are made with the following processing
steps: 1) mixing of dry ingredients with water, 2) cold
extrusion, 3) drying, 4) equilibration, and 5) frying in oil.
Following these processing steps, the snacks are produced
at the pilot plant of Fen Srl (Italy).

For the mixing, a large ribbon blender is used producing
batches of 30 kg. First, the raw dry ingredients are mixed
for 10 minutes, and subsequently, cold water is added, while
continuing to mix for at least 10 minutes. The aim is to
obtain a mix with a total moisture content of about 34%.
However, the raw ingredients have a moisture content of
about 14%. The amount of water to be added is based on
the measured moisture content of the raw ingredients, and
their ratios in the formulations. The measured final moisture
content of the hydrated mixes was in the range of 33-36%.
After mixing the wet dough is held for equilibration for at
least 30 minutes. Subsequently, the mixed ingredients are
fed into the extruder via a feeding screw.

The extruder has four sections, with consecutive tem-
peratures of 40, 70, 70, and 50oC. The feeding screw has
a RPM of 27, and the cooking screw has a RPM of 42,
rendering throughput of 38-48 kg/h. The die pressure was
in the range of 12-16 MPa, and the die temperature was
in the range 50-60oC. Square tubes are formed via a die
with square holes having a width 5.5 mm, and slit size 0.55
mm. One sample (labeled as Cell3b) has also been extruded
at higher temperatures due to the bad performance of the
extruder. The applied settings were 40, 85,85,65oC. Strands
of the extrudate are cut via a free-standing cutting system.
This way of cutting may introduce variation in the length of
the pellets, and also some deformation of the cross-section.

After extrusion, the samples are air dried with a bed dryer
for at least 50 minutes. Subsequently, they are equilibrated
to ambient air for 24-36 hours, resulting in final moisture
contents in the range of 12-12.5%. After drying the pellets
are fried at 180oC, for about 2 minutes. After the end of
the bubbling phase, the expanded snacks will float on the
surface of the oil, which the sign that they can be taken out
of the frying oil.

Experimental Methods

Moisture content and water activity

The moisture content of the samples is analysed using a
Mettler Toledo halogen moisture analyser HB 43, which is
set to 105oC. Their water activity is also determined with a
Novasina AW-Sprint TH500 water activity meter.

XRDMethod

Wide-angle X-ray scattering powder diffraction (XRD)
patterns were recorded on a Philips PC-APD diffractometer
(Model PW 3710) in the reflection geometry in the angular
range 7-40o (2θ ), with a step size of 0.02o (2θ ) and an
acquisition time of 4.0 s per step. The Cu Kα1 radiation
(λ = 0.1542 nm) from the anode, generated at 30 kV and
50 mA, was monochromatized using a 15 μm Ni foil. The
diffractometer was equipped with a 1o divergence slit, a 0.2
mm receiving slit, and a 1o scatter slit.

Raw ingredients were measured in their powdery form
as obtained from the manufacturer. The pellets were
cryogenically milled in a Retsch mill (pore size of sieve:
0.5 mm) at 1500 rpm for less than 1 minute. Due to their
adherence to the sieve, it was decided to grind the expanded
snacks with a mortar and a pestle.

DSCmethod

Differential Scanning Calorimetry (DSC) is applied with a
TA Instruments Q20 machine. Samples are put in aluminum
cups of 60 μl. Samples are heated from 10 to 100oC at a
rate of 10 K/min. The cups have received samples of 30-
40 mg. To the pellets and expanded snacks, we have not
applied milling e.g. The snack products are broken manually
and a fractured piece is taken of sufficient weight, and that
also fits in the DSC cup. Also, extra measurements are
performed on hydrated samples, where extra water is added
such that dry matter/water ratio is 1:1.

PSD after hydrolysis

To determine the amount of fillers present in the sample
we use the same PSD (Particle Size Distribution) method
as in our previous paper [32]. First, we hydrolyse the
amorphous starch in the samples via enzymes. The particle
size distribution of the hydrolysed suspension is determined.
To determine the relative amount of fillers in the dry
material, the fillers are separated from the suspension via
centrifugation. The relative amount is determined via weight
measurement of the initial material and the centrifuged
pellet.

The enzymatic hydrolysis is performed with barley β-
amylase (A7130 from Sigma Aldrich), using an acetate
buffer of 100 mM sodium acetate and a pH of 5.2. First,
we have dispersed about 2 grams of samples in 50 ml of
acetate buffer, including 2% ethanol. The liquid is held at 35
degrees Celsius. Dispersion is performed mechanically via
a magnetic stirrer for 30 minutes.

The enzyme is added to hydrolyse amorphous starch. We
will use β-amylase, which is an exo-enzyme. It will make
incisions at the end of the amylose and amylopectin chains.
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We expect that this enzyme has trouble entering/absorbing
to the (partially) intact starch granules or potato cells [7, 19],
also given the limited amount of time given for hydrolysis.
We assume only soluble starch is hydrolyzed.

We take 5 ml of the dispersion, and dissolve 12.5 mg of
enzyme in it, which is diluted with 25 ml of buffer solution.
Enzymatic hydrolysis is allowed at 35 degrees for 2 hours,
while keep stirring. 6 ml of the hydrolysed suspension is
used for determination of the particle size distribution and
microscopy.

The remaining suspension is centrifuged for 10 minutes
at 18oC and 9000 g. The supernatant is decanted, and the
pellet is freeze-dried, and subsequently, the weight of the
dry matter is determined. Knowing the initial weight of
the samples, and their moisture content, we can determine
the relative amount of fillers in the total dry weight of the
material.

Particle size distribution is determined via a Malvern
2000. Furthermore, images are made of the hydrolysed
suspension via dark-field microscopy, which enhances the
contrast in unstained samples. Light originates only from
scattering, and not from the directly transmitted light. This
enhances the imaging of fibers and cell walls.

XRTmethod

For the X-ray tomography (XRT) we have used a GE
Phoenix imager (General Electric, Wunstorf, Germany).
The system contains two X-ray sources. The 180 kV nano
focus tube with a tungsten target is employed. X-rays were
produced with a voltage of 80kV and a current of 300
μA. The images are recorded by a GE DXR detector
array with 2024 x 2024 pixels (pixel size 200μm). The
detector is located 815 mm from the X-ray source. The
object is placed 10.08 mm for expanded snacks and 30.41
mm for snack pellets from the X-ray source. This results
in a spatial resolution of 2.5 μm and 7.5μm respectively.
A full scan consists of 1800 projections over 360o. The
saved projection is obtained over 500 ms exposure time.
GE reconstruction software (Wunstorf, Germany) is used to
calculate the 3D structure via back projection. Further data
analysis is performed with Avizo software version 9.2.0.

XRT imaging is performed on a small piece of the
expanded snack, as shown in Fig. 1. Note, there are pores
at the top and bottom, which have a direct connection to
outside. These pores are excluded from data analysis for
the pore size and wall thickness distribution. Some cells
are filled with fat, which can be distinguished from the dry
starch matter, via the greyscale intensity. Via counting pixels
with fat, the fat volume fraction is computed. Subsequently,
these cells are further treated as pores and contribute to the
pore size. Before the image analysis, the raw XRT data is
filtered to remove noise. The image is binarized via a certain

Fig. 1 Location where XRT quantitative analysis is applied

threshold. Via granulometry using Avizo, the pore size and
wall thickness distributions are computed. The details of
the image analysis algorithms can be found in our previous
publication [32].

Sensorial evaluation

The expanded snacks are sensorial evaluated using an
untrained, but experienced panel of PepsiCo employees.
The panel consisted of 6 people, which are asked to score
the expanded snacks on several attributes, using a 15-point
scale, using the R1 formulation as a reference (which has
score 0 for all attributes). The scored attributes are: the
amount of expansion, the appearance of blisters, the colour,
flavour, hardness, crunchiness, crispiness, gumminess, and
the ease of breakdown during eating.

CDS Formalism

Ingredients structure

We will describe the ingredients and their transformations
using the Complex Dispersed System (CDS) formalism
[23], which has already shown its value in describing
the functionality of ingredients in potato-based expanded
snacks [27], but also in biscuits [29] and cakes [30]. With
CDS the structure of the system will be indicated by
several symbols, extending the notation commonly used
for emulsions, where O/W means oil dispersed into water.
As in soft matter science we use a broad definition of
the concept of dispersions, involving not only emulsions
or liquid foams, but also solid foams like snacks, and
solid-solid dispersions like chocolate [31].

Hence, ’/’ can be generalized to denote a dispersion
such as D/C, with D the dispersed phase, and C the
continuous phase. C or D can be any food material, like
water (W ), oil (O), carbohydrate (C), starch (S), amylose
(AM), amylopectin (AP ), cell wall material (C) proteins
(P ), (water) vapour (V ), and air (A).
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Materials that are at the interface between different
phases are indicated with the ’@’ symbol, meaning
’stabilized by’ or ’enclosed by’. (O@Z)/W , means oil
droplets stabilized by emulsifier (Z) dispersed into water.
Several materials are soluble in a liquid phase, for which
we will use ’+’, meaning ’mixed with’. Hence, W +
C represents a sugar solution. Via subscripts, we will
occasionally indicate the physical state of ingredients.
Native starch is semi-crystalline and is indicated by Sx .
Amorphous starch in the glassy state is indicated with Sg .
If the ingredients are in the rubbery state, the subscript is
dropped.

All ingredients used in this research are listed in Table 1,
where we have also described their presumed functionality
and detailed structure using CDS. For the functionality
we have used the new symbols to represent (functional)
classes of materials, such as cell wall material (fibers)
(C), hard fillers (F), gel formers (G), and soft fillers S.
Note, in this particular study the gel former functionality is
only provided by amylose AM, provided by pregelatinized
starches or cooked potato flakes. In the detailed structure
of the dry ingredients, we have distinguished individual
materials making up the composite ingredients.

Transformations during processing

To design our experiments, we have expanded our earlier
hypotheses on how potato-based ingredients transform
during processing and their role in building the structure.
Our first hypotheses have been stated in our review paper
[27], which have been formulated in the CDS formalism. In
the review paper, we have not made a distinction between
soft and hard fillers. Hence, we have expanded our first
hypotheses, while distinguishing soft and hard fillers, which
are shown in Table 3. We have denoted the ingredients as G

for gel formers, C for potato dehydrates, F for hard fillers,
and S for starches. For the starch, we will use indices to
indicate its physical state (x for the crystalline state, and g

for the glassy state).
There are structural changes during the following

(processing) steps: 1) mixing via cold extrusion, 2)

Table 3 Evolution of structure during processing of potato snacks
described with CDS formalism

Step Structure in CDS

Dry mix W + G + F + C + Sx

Mixing/Extrusion → (F + W/C + Sx)/G
Gelatinization → (F + W/C + W/S)/G

Nucleation → (F + W/C + V/S)/G

Expansion → V/(F + C + S)/G

Setting → A/(F + C + Sg)/G

gelatinization, 3) nucleation, 4) expansion, and 5) setting.
Steps 2) to 4) are all happening during frying. After
extrusion, the pellet is dried, but there is no change in the
structure during this processing step.

During extrusion mixing the dry ingredients are mixed
with water. The ingredients before mixing are denoted as
W + G + F + C + Sx . During mixing the water is largely
taken up by the pre-gelatinized starch present in the potato
dehydrates. The swollen potato dehydrate is denoted as
W/C. During extrusion the fillers F and native tuber
starches Sx do not gelatinize [32]. The pre-gelatinized
starch added as gel former is assumed to build a network
in which the other particulate ingredients are dispersed.
Hence, the structure of the pellets exiting the extruder is
(F + W/C + Sx)/G.

During frying there is first a temperature rise, putting
ingredients into the rubbery state, and allowing the starch
to gelatinize: (F + W/C + W/S)/G. We assume that
some of the water from the potato dehydrate is taken up
by the gelatinized tuber starch. Once, the temperature is at
the boiling temperature steam bubble will form. [28]. We
assume that these steam bubbles nucleate in the hylum of
the gelatinized tuber starches [6]: (F + W/C + V/S)/G.

Subsequently, the nucleated bubble will expand due
to the migration of water from the matrix, and its
conversion to vapour (V) [28]. The bubble is assumed to
be dispersed in the matrix consisting of the gelatinized
starches and the filler particles, entrapped in the gel network
: V/(F + C + S)/G

The hard fillers present in the bubble wall will provide
the partial rupture of the expanding bubble walls [32].
Consequently, the steam can escape the expanded snack,
which is replaced by air: A/(F + C + S)/G.

After bubble rupture, the expanded snacks are taken out
of the fryer, and they are cooled down. All amorphous
ingredients enter the glassy state. The hard filler is assumed
to remain inert: A/(F + C + Sg)/G.

Experimental design

With the experimental program, we investigate the transfor-
mations of starchy ingredients during the various steps of
their processing. We will study these transformations with
a wide array of experimental methods, which are summa-
rized in Table 4. In the table, we have also indicated to
which samples the methods are applied, and what is actually
determined. Next to this analysis of the ingredient trans-
formations, we have also performed a basic analysis of the
dimensions of expanded snack for quantifying expansion
and sensorial evaluation with an untrained panel of PepsiCo
employees for texture.

Via the experiments we will test the following research
questions:
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Table 4 Experimental setup

Samples method Research question

Raw ingredients XRD The type of crystallinity in pure ingredients

Pellets The degree of crystallinity after during extrusion

Expanded snacks Amorphous state of the samples

Raw ingredients DSC Degree of gelatinization at low moisture in pure ingredients

Dry Pellets Occurrence of gelatinization during extrusion

Dry Expanded snacks Occurrence of gelatinization during frying

Wet Mix Degree of gelatinization (DG) at high moisture

Wet Pellets Impact of extrusion on DG (compared to dry ingredients)

Wet Expanded snacks Impact of frying on DG (compared to pellets)

Expanded snacks XRT Quantification of structure related to texture

Wet Dough PSD Amount of filler particles present in dry mix

Pellets Degradation of particles/fillers via extrusion

Expanded snacks Degradation of particles/fillers by frying

Raw ingredients MC/aw Amount of water in amorphous fraction (dry)

Wet Dough Amount of water in amorphous fraction (wet)

Pellets Moisture absorbed by amorphous starch; what is aw

Expanded snacks Water activity + moisture + fat content

1. Is it essential for the soft filler functionality of the
cooked potato granulates (PPG) to have an intact cell
wall encapsulating the gelatinized starch?

2. Can the functionality of potato flakes (PFL) be
mimicked by potato fiber suspension (PFB) and pre-
gelatinized potato starch (GPS) ?

3. Can pregelatinized potato starch (GPS) be replaced by
pregelatinized tapioca starch (GTS) ?

4. Can native potato starch (NPS) be replaced by native
tapioca starch (NTS) ?

5. Is it important for the texture to have hard fillers like
native rice flour (NRF) present in the formulation ?

6. Is the size of the hard filler important for texture ?
7. Does native rice flour (NRF) also have functionality

towards gel former ?

With the new formulations Cell1-Cell4, we test Research
Questions 1-4. In Cell1 we mimic the cooked potato
granulates (PPG), with the mixture of PFB+GPS. In Cell2
we do a similar replacement, but only for 50%. In Cell3 we
replace potato granulates (PPG) with potato flakes (PFL), to
check the soft filler functionality is only obtained if starch
encapsulated by a cell wall. Cell4 is similar to Cell1, but
native potato starch (NPS) and gelled potato starch (GPS)
replaced by tapioca starches (NTS and GTS). Tapioca is a
tuber starch similar to potato, which will also swell rapidly.

In formulations Filler1-Filler4 we will test Research
Questions 5-7. In Filler1 there is no hard filler present, we
have replaced NRF with GRF, which is pregelatinized. In
Filler2 we have replaced NRF with HAC, which has both

larger granule size and lower swelling capacity. Because of
the high amylose content of HAC, we will replace some
of the native potato starch (NPS) with waxy potato starch
(WPS) to compensate for the high amylose content. In
Filler3 we use NCS as hard filler, which is expected to
have similar swelling properties as native rice flour (NRF).
But, it has a larger size - that might impact texture (cell
opening). In Filler4 we replaced the hard filler (NRF)
with a soft filler, lacking amylose (WPS). Hence, we
test whether rice granules only have the functionality of
hard filler, or that they also contribute significantly to gel
formation.

Results

Dimensions, Appearance, andMoisture Content

Images of all dry pellets are shown in Figure S.1 of
the Supplementary Materials (S.M.). At standard extrusion
conditions pellet Cell3 has shown bad mixing, and
consequently, it is extruded again at higher temperatures
(see Materials and Methods). These different samples are
designated as Cell3a and Cell3b, with standard and high
extrusion temperatures respectively. Both types of pellets
have been fried up. The dimensions of the pellets are slightly
different as shown in Table S.1 in the S.M. The table
also shows a considerable deviation of the cross-section
of the pellets from the square die (being 55 x 55 mm).
The change of cross-section can be attributed due to die
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Fig. 2 All expanded pellets

swell, deformation during cutting and drying. However,
it is proven difficult to connect the pellet dimensions to
properties of the expanded snacks. Hence, it will not be
discussed any further.

In Fig. 2 we show images of all expanded snacks. From
the images, one can immediately notice the differences
in surface texture between the Cell formulations and the
Filler formulations. Several Cell formulations have a bubbly
surface. Also, there is considerable variation in dimensions
amongst the expanded snacks, as shown in Table S.2 in the
S.M. There, we also show the remaining moisture content
and water activity aw of the expanded snacks.

The Table S.2 shows that Filler, R1, and R2 formulations
are reasonably comparable, with widths in the range of
8-9 mm, and aw ≈ 0.05 − 0.07. The Cell formulations

can be divided into two groups. The Cell3a/b formulations
show very little expansion, while the other Cell formulations
(Cell1, Cell2, and Cell4) show large expansion, while the
water activity has remained higher than that of the Fillers,
with 0.11 < aw < 0.15.

Sensorial Evaluation andMicroscopy

The evaluation of sensorial traits as scored by the PepsiCo
expert panel is shown in Table 5.

The results show that we have obtained a wide variety of
texture of the expanded snacks, albeit that the differences
amongst the Filler formulations are smaller than amongst
the Cell formulations. Moreover, the texture and crispiness
of the Filler formulations are similar to the reference R1.

Table 5 Sensorial evaluation of various texture parameters

Attribute R1 R2 Cell1 Cell2 Cell3a Cell3b Cell4 Filler1 Filler2 Filler3 Filler4

Expansion 0 1 3 3 −3 −2 1 0.5 0 0.5 0

Blister 0 0 2 1.5 −2 −1 1 0 −0.5 0.5 0.5

Colour 0 −0.5 −3 −2 2 1 −3 0 0 −0.5 −0.5

Flavour 0 −1 −3 −2 −1 0 −2 0 0 −1 −0.5

Hardness 0 −0.5 −3 −2 3 2 2 −0.5 −1 −1 0

Crunchy 0 −0.5 -3 −2 3 2 −2 0 0 −1 0

Crispy 0 −0.5 −3 −2 −2 −1 −2 0 0 −1 0

Gummy 0 −0.5 2 1 1 0.5 1.5 0 0 0 0

Breakdown 0 −1 −2 −2 −2 −2 −2 0 0 0 0
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For the Cell formulations with NTS (Cell3a/b and
Cell4) the texture is quite hard, and not crispy. The Cell
formulations with a significant amount of gelled starch
and potato granulate (Cell1 and Cell2) are soft, gummy
less crispy than the reference R1, while showing a large
expansion (as follows from their dimensions in Table S.2).

With microscopy, we have investigated dry ingredients,
pellets, and mixes, pellets, and expanded snacks after wet-
ting. The images are shown in the Supplementary Material.
The following remarkable observations, regarding disper-
sion and aggregation of several particulate ingredients, are
made from the microscopy photos:

• Native tapioca starch (NTS) appears to aggregate, and
particularly to potato cell walls (whether as cells (PPG),
flakes (PFL), or fibers (PFB).

• Rice flour (NRF) disperses poorly, and shows large
aggregates, even in the expanded snacks.

• Potato fibers (PFB) and possibly also flakes (PFL) tend
to aggregate and trap particulates within them.

• Waxy potato starch is perhaps aggregating, these
structures are observed only in Filler2 and Filler4. After
the extrusion, the aggregation is absent.

XRD

First, we have analysed the raw materials such that we may
identify them in the pellets and expanded snacks. These
results are shown in Fig. 3. We have made the following
grouping of results: a) gelatinized starches (top left), b)
potato dehydrates (top right), c) native starches with B-
crystal (bottom left), and d) native starches with A-type
(bottom right).

In the graphs, we have indicated the expected peaks for
B (left) and A (right) crystal types, as dashed lines. Tuber
starches like native potato starch (NPS and WPS) have
a B-type signature, while cereal starches like native corn
(NCS) and native rice flour (NRF) have an A-type signature.
Tapioca starch (NTS) has a signature that is similar to A-
type crystals, with only a single peak around angle=22o.

Fig. 3 XRD results on the raw
ingredients, in various
groupings, as explained in the
main text. In the top figures, the
dashed lines indicate the
spectrum from retrograded
amylose, while in the bottom the
dashed lines indicate either the
B-type crystals (left) or the
A-type crystals (right)
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High-amylose corn (HAC) has a B-type crystal, as known
from literature [12].

The pre-gelatinized potato and tapioca starch (GPS and
GTS) and potato flakes (PFL) have a clear amorphous
signal, while small peaks are observed for potato granules
(PPG) and gelatinized rice flour (GRF). We have compared
those peaks with the V-type crystal signature of retrograded
amylose (dashed lines in the top figures), but we observe
little correspondence with that. However, there is also little
correspondence with A and B crystal type. The signal of
GRF resembles that of HAC. Rice starch is relatively rich in
amylose, which can explain the similarity of the signature.
We assume the signature is due to some residual crystallinity
in amylopectin, either due to retrogradation or incomplete
(pre)gelatinization. The peak in the signature of potato
fibers (PFB) is due to crystalline cellulose.

The XRD spectra of the pellets and the expanded snacks
are shown in Fig. 4. We observe that all formulations
still have crystalline starch. The spectra of all four
Filler formulations are nearly indistinguishable. There are
some differences between Filler formulations, and R1 and
R2. There is more variation in the spectra of the Cell

formulations. Cell3a/b and Cell4 show two peaks near 17o,
and a single peak near 23.5o, which is the signature of
the native tapioca starch, which has A-type crystal - while
native potato starch has B-type crystals. The spectra of Cell1
and Cell2 are very similar, as can be expected from a similar
amount of NPS.

From the spectra of the expanded snacks, we observe
in general very little peaks, indicating that much of the
crystalline starch has molten during frying. All Filler
formulations give nearly indistinguishable spectra. We find
more differences amongst the Cell formulations, but the
differences are too small to draw any conclusions.

Particle size distribution

The results of the PSD analysis are shown in Fig. 5. The
results of the hydrated mixes (sampled before extrusion)
are shown at the top pane of Fig. 5. One can observe very
distinct size distributions of the different ingredients. Via the
differences in formulations, we can be traced back to these
distributions to the individual ingredients. Hence, NTS has
a diameter of about 20-30 μm, NPS has a diameter of about

Fig. 4 XRD results on the
extruded pellets (top) and the
expanded snacks (bottom),
grouped in Cell and Filler
formulations. The dashed lines
indicate the B-type crystals type,
present in potato, and the dotted
lines indicate the A-type
crystals, present in cereals
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Fig. 5 PSD of a) hydrated mixes
(top), extruded pellets (mid),
and expanded snacks (bottom),
grouped in Cell and Filler
formulations

80 μm, while PPG and PFL have a diameter of about 150
μm, while PFB shows large aggregates of 500 μm. Other
ingredients can not be distinguished because of their small
amounts present in the formulations.

These different populations are still clearly present in the
PSD of the pellets, as shown in the middle pane Fig. 5. But
also, in the expanded snacks there are still distinguishable
particles remaining, as shown in their PSD in the bottom
pane of Fig. 5. While the XRD measurements have shown
that the native starches have lost their crystallinity, the PSD
show they have not lost their particulate integrity. Moreover,
they are even only slightly swollen due to a limited amount
of water.

The changes in the PSD during processing for each
formulation are shown in Figures S.2–S.3 shown in

the Supplementary Materials. We observe little variation
amongst Filler formulations, which also compare well with
the reference R1. But, there are significant differences in
the changes of the PSD during processing amongst the Cell
formulations. The PSD of the Cell1, Cell2, and Cell4 show
hardly any changes, while Cell3a and Cell3b show strong
changes of the PSD due to dispersion of the aggregates of
PFL and NTS, as one can notice from the increase of NTS
particles after extrusion.

Concerning individual ingredients, we can state that only
potato granulates (PPG) and native potato starch (NPS)
change in size. There is a reduction in size for PPG, due
to extrusion and dehydration during expansion and drying,
while there is an increase in size for NPS due to swelling
associated with the gelatinization during frying.
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XRT

The XRT results are illustrated with representative cross-
sections of the expanded snacks, as shown in Figs. 6 and
7. The XRT images have been analysed in quantitatively
in terms of the distributions of pore size and bubble wall
thickness, as shown in Figs. 8 and 9.

We observe distinct differences amongst the Cell
formulations, while many of the Filler formulations are
similar to reference R1. Cell1 and Cell2 have a similar
structure as R1, namely many small pores and only a few
large pores. The wall-size distribution shows similar traits:
there are many thin walls, but only a few thick walls. The
large pores in Cell1 and Cell2 are particularly just beneath
the surface, leading to blistering, as shown in Fig. 2 and the
sensorial evaluation (see Table 5).

Cell3a and Cell3b show many large pores, a few
smaller ones, combined with thick walls. Cell4 has slightly

more large pores than Cell1 and Cell2, but the wall size
distribution is quite similar.

The pore size distribution of Filler 4 is quite different
from the other Fillers, it is showing more large pores and
less small pores. Also in the wall size distribution we
observe a higher contribution of thick walls. The pore and
wall size distribution of Filler 4 is quite comparable to that
of reference R2.

DSC results

The results of analysed samples are shown in Tables S.4–
S.6 in the Supplementary Materials. The observed peak
temperatures of the pellets are comparable to those observed
for the hydrated mixes. The peak temperatures are equal
to the gelatinization temperatures of potato and tapioca
starches at excess water (70-80 degrees). The values of the
enthalpies are not that consistent. For the wetted mixes,

Fig. 6 Cross section of XRT
analysed sections of the Cell
formulations
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Fig. 7 Cross section of XRT
analysed sections of the Filler
formulations

Fig. 8 Pore Size distributions of
Cell (left) and Filler (right)
formulations
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Fig. 9 Wall thickness
distributions of Cell (left) and
Filler (right) formulations
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we have found �Hdough ≈ 3 J/g, while for the wetted
pellets we have found higher values: �H ≈ 6..9 J/g
for the Cell formulations, while the Filler formulations
�H ≈ 3 J/g. This increase of enthalpy can be explained
by enhanced swelling of starches after extrusion. In the
dough, the swelling might be constrained by the cell walls,
while in the extruded pellets the strength of the cell walls is
lowered. This enhanced swelling of potato dehydrates (PPG
and PFL) is also observed in the PSD measurements, see
Fig. 5. Anyway, because of the large enthalpies, we can still
conclude that the starches have not (fully) gelatinized after
extrusion.

After frying, we observe that most of the formulations
are fully gelatinized, as shown by the absence of a DSC
peak. Only formulations containing aggregates with NTS
and/or PFB (R2, Cell2-Cell4) still show a large enthalpy -
indicating a poor gelatinization due to encapsulation of the
starch granules in the aggregate. We must note that XRD has
registered the loss of crystallinity for all samples. However,
still, energy is absorbed by starch granules during DSC,
indicating incomplete gelatinization.

Discussion

Here, we first discuss the transformations of ingredients
per processing step, as follows from the above presented
results. We start with the hydration and mixing of dry
ingredients into a dough, and subsequently, we discuss
extrusion and frying. Subsequently, our research questions
will be addressed, together with other learnings about
ingredient functionality from the comparison of our results
with the literature. Based on these discussions, we will
refine our hypotheses as formulated in CDS, as shown in
Table 3.

During mixing not all ingredient mix and hydrate well,
as shown by the microscopy images of dry and hydrated

pellets. These images show that potato cell wall material
(PFB and PFL) tends to aggregate and to capture granules
of native starch in the network of fibers. We have observed
the strongest aggregation between PFB and NTS, which is
visible in the images of the dry pellets of Cell3a/b. Cell3b
formulation is extruded at a higher temperature, showing
better dispersion of the aggregates, but the dispersion is
still not homogeneous. Similar aggregates between PFB
and NTS are also observed in the micrographs of Cell4,
albeit in a smaller amount. A quick literature search shows
that hydration and mixing are poorly investigated for food
products [10]. However, our investigations do indicate that
this is a critical step, worthy of further detailed study.
Poor non-uniform hydration is expected to lead to an
inhomogeneous bubble distribution [10]. Below, we discuss
the aspect of aggregation further in the context of the
research questions.

The results of our various analysis methods show
that during the extrusion step the starchy ingredients
undergo little transformations, as intended with the mild
extrusion conditions. XRD and DSC show that much of
the crystallinity of the native starch granules are preserved.
Furthermore, the PSD results show that all particulate
ingredients retain this characteristic, albeit that potato
dehydrates have slightly shrunk (due to moisture removal
during drying), while the native starch granules have
swollen minutely.

The frying of the dry pellets makes the final expanded
product, with a major transformation of the native starch
granules. This is indicated by the XRD results showing the
loss of crystallinity for all native starches. However, from
the PSD and the micrographs of the hydrated expanded
snacks we observe that many of the granules have retained
their particulate shape. Again, the potato dehydrates have
shrunk further, and the native starches are more swollen.
The gelatinized starches might not have swollen to their full
extent, due to the limited amount of water. This is shown
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by the results of the centrifugation measurements after
enzymatic hydrolysis, showing that only 40% of the native
potato starch granules have been hydrolysed (see Table S.3
in the Supplementary Materials). The DSC analysis of
hydrated pellets and snacks shows that after frying the
native starches in most formulations are fully gelatinized,
except those containing aggregates containing NTS. The
loss of crystallinity by the native starches is likely quite
important during the expansion: the molten starch granules
will instantly absorb moisture, which lowers the water
activity and change the glass transition due to redistribution
of water, from pre-gelatinized starch (also present in PPG
and PFL) to the molten starch granules.

Sensory evaluation, microscopy (see Supplementary
Materials), and XRT show that we have obtained a wide
variety of texture/structure for the different formulations
after the expansion of the pellets during frying. The
differences amongst the Filler formulations are smaller than
amongst the Cell formulations. Moreover, the texture and
crispiness of the Filler formulations are quite similar to the
reference R1. It holds in general that the results of the Filler
formulations are similar to R1, as shown by the results of
XRD, PSD, DSC, and water activity. Only, the XRT analysis
shows there are differences between wall thickness and pore
size distributions: Filler2 and Filler4 have a larger bubble
wall thickness, while Filler4 also has larger bubble sizes.
Nevertheless, these variations in microstructure give only
slight variations in texture perception.

Given the small differences in results between Filler
formulations, we can answer research questions 5-7. Due
to the absence of hard fillers in formulations of Filler1 and
Filler4, one can conclude that hard fillers at an amount
of 8% do not contribute significantly to textural properties
like crispiness or crunchiness. The size of the filler is then
also not relevant for texture. In our previous study, we have
observed the influence of hard fillers on texture, leading to
coarse texture with large bubble sizes, albeit at larger levels
of hard fillers of 20-30%.

Gel former functionality is thought to be required during
and directly after extrusion to let the pellet hold shape
[27], as is also indicated in our hypotheses formulated in
CDS (Table 3). If native starches do not gelatinize during
extrusion, their amylose will not leach out. Hence, the
native tuber and cereal starches will not deliver gel former
functionality during extrusion. It can only be provided by
explicitly added pre-gelatinized starches. There are several
formulations without pre-gelatinized starches, namely R1,
Filler2, and Filler3. Their texture is not very different
from Filler formulations with the explicit addition of pre-
gelatinized starch, Filler1, and Filler4. R1 only has potato
granulates (PPG) as a possible source of gel former, but it
is shown that potato granulates are still intact cells, without
leached amylose [2]. Hence, we conclude that it is likely

that in potato snacks there is no need for an explicit added
gel former. Probably, the potato dough, as used in R1,
has already sufficient cohesion for its keeping shape after
extrusion. This is shown by our photography of pellets and
expanded snacks show there was no problem with shaping
the samples.

Gel formers are said to be required for snacks, made
from potato flakes, that are produced via sheeting and
frying [15]. Potato dough requires sufficient strength to be
sheeted, which is provided by the amylose leached from
the flakes. However, too strong amylose network resists
expansion, resulting in a hard texture. Yet, expanded snacks
can be produced from purely waxy starch via extrusion
and microwave heating [1]. It is assumed that extrusion
has molten the waxy starch. After extrusion, the pellets are
dried and subsequently expanded via microwave heating.
Similar results are obtained with foams made from waxy
potato starch (made without extrusion) [20]. We assume
that the molten waxy starch matrix provides the dried pellet
sufficient cohesion for expansion. The high viscosity of the
starch matrix provided by the hydrogen bonding is probably
sufficient to hold the expanding steam bubbles in the matrix
[28]. Hence, we conclude that for the expansion stage there
is no specific need for gel formers like amylose, albeit it can
be used for modulation of texture.

The differences in texture perception between the Cell
formulations and the references can largely be explained
by the absence of potato dehydrates. In Cell1, Cell2,
and Cell4 there was no PPG or PFL present, but it was
mimicked with potato fibers (PFB) and pregelatinized starch
(GPS or GTS). These formulations scored particularly low
in crispiness, crunchiness, and hardness, but they were
scored as rather gummy. Hence, it is clear that potato
dehydrates can not be mimicked with just a mixture of
potato fibers and gelatinized starch. The gelatinized starch
has to be encapsulated by the cell wall material to render
the crispiness and crunchiness as delivered by the references
R1 and R2. R1 contains only PPG, whose cells still have
their integrity after extrusion. R2 contains potato flakes
(PFL), whose cells may have lost their integrity during drum
drying. However, recent research has shown that the cellular
matrix of potato flakes still limits the swelling of flakes and
the release of starch [14]. Hence, we conclude that potato
flakes in R2 still have sufficient encapsulating functionality
for rendering the desired crispiness and crunchiness. In
Cell2 there is some amount of potato flakes (20%), but
the combination with a high amount of pregelatinized
starch still rendered a soft and gummy texture. Given the
formulations and sensory score, we assume that the soft
and gummy texture is obtained if there is a large amount
(> 20%) of free pre-gelatinized starch in the matrix. Direct
expanded snacks made purely from potato dehydrates have
been investigated earlier [2]. Snacks made from pastes of
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Table 6 Novel hypotheses on the evolution of structure during
processing of potato snacks described with CDS formalism

Step Structure in CDS

Dry mix W + F + C + Sx

Mixing/Extrusion → (F + Sx)/(W/C)

Gelatinization → (F + W/S)/(W/C)

Nucleation → (F + V/S)/(V/C)

Expansion → V/(F/(C||S)

Setting → A/(F/(C||Sg)

pure potato granulates (PPG) were very fragile, as the
granules were hardly effected by extrusion. Snacks made
from potato flakes (PFL) did show good cohesion, as well
as snacks made from a blend of PPG, PFL, and NPS. These
findings combined with our results with R1 and R2, make
us conclude that for formulations with PPG addition of
native starch like NPS is required for good cohesion of the
expanding dough. For formulations with PFL, it is not a
requirement, but its addition will provide a similar texture
as R1.

Fig. 10 Schematic
representation of (transformed)
ingredients used in formulations

The studies of [1, 2] and [20] also learns us something
about nucleation. Formerly, it is assumed that nucleation
occurs at the hilum of the starch granule. But, solid
foams are also produced in snacks containing only potato
dehydrates [2], as well as in snacks containing only native
starch [1, 20]. Hence, we conclude that nucleation can
occur in both (gelatinized) starch granules as well as potato
dehydrates.

The similar results between Cell2 and Cell4 in the
sensorial evaluation and the XRT analysis, indicate that that
native or pregelatinized potato-starch can be replaced by
tapioca starch. But, as said above, the tapioca granules have
a strong tendency to form aggregates with potato flakes.
Aggregation of potato cell walls and starch granules has
been observed earlier [24]. Also, this is found in case of
tapioca starch [18, 22]. It is found that the liberation of
native starch granules from pulp is much more difficult for
tapioca than for potato, indicating there is likely a large
difference in their binding between starch granule and cell
wall material.

Also for apple pomace and corn starch granules, there
is thought to be some physical interaction, reducing its
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conversion during extrusion [10]. Hence, we conclude that
in general there is some physical interaction between cell
wall materials and starch granules, but the interaction can
depend on the botanical source of the materials. Also, the
interaction found between (gelatinized) starch and bacterial
cellulose hints at the possible physical interaction between
potato cell wall material and starch (granules) [5].

Following the above discussion, we have revisited our
earlier hypotheses on structure evolution, as described with

CDS in Table 3. The novel hypotheses, again formulated in
CDS, are shown in Table 6. Because of the novelty of the
CDS formalism, we have also depicted our hypotheses on
structure visually in Figs. 10, 11 and 12.

Above, we have concluded that there is no ingredient in
the tested formulations having a gel former functionality.
Hence, this functionality is to be deleted from the earlier
CDS hypotheses. We have made new CDS hypotheses,
which are presented in Table 6. As hard fillers and native

Fig. 11 Visual representation of
CDS of the expansion of
formulation R1, upto the
nucleation step
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Fig. 12 Visual representation of CDS of the transformations during
expansion and rupturing for formulation R1

starches remain particulate after extrusion, the matrix of the
extruded pellets must be formed by the potato dehydrates
(C). Also, they are the only ingredient that can have
absorbed the water. Hence the structure of the snack pellet
after extrusion is (F + Sx)/(W/C), meaning ’hard fillers
and native starch dispersed in hydrated potato dehydrates’.

During frying of the pellet, first, the native starch gela-
tinizes at a temperature below the boiling point. The native
starch loses its crystalline structure and absorbs some of the
water from the matrix: (F + W/S)/(W/C). Subsequently,
steam bubbles nucleate either in the gelatinized starch, or
the potato dehydrate: (F +V/S)/(V/C). During expansion,
the steam bubble grows, and is surrounded by the matrix
composing of a bicontinuous structure of potato dehydrates
and gelatinized starch, with some hard fillers dispersed in it:
V/(F/(C||S). After the snacks are taken out of the frying
oil, air replaces the vapour resulting in the final structure:
A/(F/(C||Sg), with the starch gone into the glassy state.

In the Supplementary Material, we have expanded the
CDS hypotheses for all investigated formulations, where
we have also introduced the more detailed structure of
the functional ingredients, as listed in Table 1. For most
of the formulations, the detailed CDS hypotheses follow

the general scheme presented in Table 6. Only the Cell3
formulation does not conform to the general scheme, due
to the strong aggregation between potato dehydrate and the
native tapioca starch. In that case, we view the matrix not as
a bicontinuous structure, but as a single matrix with starch
(ghost) granules dispersed in a matrix of potato flakes.

As we pointed out in the above discussion, the amount of
hard fillers used in the analysed formulations did not give
rise to much functionality regarding texture. Hence, they
might as well be left out of the formulation. This is also
shown in the CDS structure of Filler1 and Filler4, where
the hard filler particles are replaced by gelatinized starches.
These filler particles can hardly be distinguished from the
gelatinized starch phase (originating from the tuber starch
granules) of the bicontinuous matrix.

We view that to arrive at the desired crispiness of potato-
based snacks it is essential to have a bicontinuous matrix
of potato dehydrates and (gelatinized) potato starches.
Regarding the replacement of these ingredients by non-
potato sources the native potato starch can be replaced
by other tuber starches, if measures are taken for possible
aggregation between potato dehydrates and tuber starches.
At the moment there are no commercially available
ingredients that have similar functionality as potato
dehydrates. In scientific literature possible candidates
have been studied, like flours from sweet potato, tapioca
(cassava), or yams - still having some intact cells [9, 11, 16].
For cassava, detoxification might still be an issue [13].

Conclusions

Our analysis of the fate of starchy ingredients during
processing for various reformulated snacks shows that
ingredients undergo little transformations during cold
extrusion. However, during frying potato and tapioca
starch fully gelatinize, while cereal starches show little
gelatinization and swelling. This agrees with our previous
paper on this topic, where we have shown that native potato
starches are soft fillers, while cereal starches are hard fillers.
Despite the gelatinization of tuber starches, the particulate
character of these soft fillers is retained after frying, which
also holds for potato dehydrates, the other soft filler present
in the formulation.

Via varying the formulation of the potato-based snack we
have shown that the hard filler does not have a functionality
concerning texture. Via analysis of the different structures
of the snack formulations with the CDS formalism, we
conclude that for the desired crunchiness and crispiness it
is required that the matrix is composed of a bicontinuous
structure of two soft fillers: gelatinized starches and potato
dehydrates, with the latter having a significant portion of
intact cells.
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Regarding ingredient replacement we conclude that the
gelatinized potato starch can be replaced by other tuber
starches if aggregation with cell wall materials can be
prevented (via either intactness of potato cells or extrusion
conditions). Potato dehydrates might be replaced by flours
of other tuber starches, having intact cells. But currently,
flakes of alternative tuber roots are not commercially
available.
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