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Popular Scientific Summary 
The food industry is constantly trying to improve the quality of food products by 
attempting different approaches. Food today should not only be fresh-looking, with 
good stability and produced under high sanitary conditions, it also must be 
nutritious, have a longer shelf life until being consumed and must provide functional 
characteristics such as higher content of fiber and preservation of its nutritional 
properties after processing like high vitamins content to name some. 

Starch is one of the principal components in daily food like roots, cereals and bread, 
or is used as a functional ingredient in other food. Starch is a polysaccharide that 
constitutes the major source of energy in the human diet. To improve the properties 
and functionality of starch, it is important to understand the physicochemical and 
structural characteristics at molecular level as raw material, as well as after being 
modified to improve its characteristics and/or during changes due to the processing 
conditions.  

For instance, bread is preferably consumed while fresh, but unfortunately, bread 
freshness is maintained only for a few days. Bread loses its freshness during storage, 
which causes alteration in the physical, chemical and sensorial characteristics such 
as taste, smell and texture. This is a result of moisture migration from the crumb to 
the crust. In recent studies at molecular level, it is suggested that changes in 
amylopectin - an important component of starch - are responsible for the increase 
of bread firmness. 

In general, physicochemical and structural properties of polysaccharides (e.g. 
amylose content, gelatinization temperatures, molar mass (M), etc.) play an 
important role when applied in complex mixtures such as food. Especially M, size 
and their distributions are important because physical and mechanical properties can 
depend on them (such as viscosity). Furthermore, the separation and analysis of 
polysaccharides can be very challenging and few analytical techniques are suitable 
for this task. The difficulties encountered are typically related to the high molar 
mass and dispersity in polysaccharide population, as well as the presence of 
aggregated structures and degradation due to shear that occurs during the analysis 
of big polysaccharides like starch because of its branched structure. 

Therefore, academic research and the food industry are in need of reliable and 
straightforward analytical methods for the analysis of branched polysaccharides. 
One of these methods is asymmetric flow field-flow fractionation (AF4), which is a 
separation technique similar to the well-known size exclusion chromatography 
(SEC), but instead of using a separation column, species are separated in an open 
channel. AF4 system is able to separate mixtures of molecules with different sizes 
and masses based on their size. The separation is based on the amount of time 
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molecules need to leave the AF4 channel, in which smaller molecules migrate faster 
than larger ones.  

In recent years, AF4 was successfully used in the analysis of different branched 
polysaccharides such as starch, obtaining less degradation in structure during the 
analysis compared to other separation techniques. Additionally, AF4 connected to 
appropriate detectors is useful to determine the structure and conformation of the 
molecules. Therefore, in the present study mainly AF4 was used to fractionate and 
characterize starch samples such as Andean roots as raw material, waxy maize with 
some treatments/modifications to obtain nanocomponents, and starches extracted 
from breads as a final product.  

Principal results show that some particular characteristics can be highlighted in the 
starches from the Andean crops (three grains and two roots) studied. For instance, 
amaranth starch seems to be virtually free of amylose and had very high molar mass 
and size, which means that very few molecules formed the amaranth granule. In 
contrast, achira starch contained high amylose content. Additionally, quinoa and 
canihua starches seem to be stable after the heating and cooling process, which could 
provide good properties for the production of food products that need to have good 
stability at high temperatures.  

For the three different types of non-solvent precipitated starch that were analyzed 
(i.e. starch nanoparticles prepared from waxy maize starch granules), the results 
demonstrate that they display different conformational properties while being 
dispersed in aqueous solution. In addition, the molar masses were different 
indicating that the preparation procedure had a strong influence on the size and 
conformation.  

Furthermore, the analysis of starch extracted from breads showed that starch has a 
different molar mass and size depending on some processing conditions such as the 
amount of water used in the elaboration of the dough or the addition of enzyme to 
increase the life-time of the bread. Moreover, a greater branching structure could be 
reflected when the molar mass and size decreased due to the baking process, i.e. 
starch in the raw material is less branched than in the final product. Additionally, 
the changes in the molecular properties could be related to the content of amylose 
and the formation of resistant starch (a type of dietary fiber). 
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Resumen Científico Popular 
La industria alimentaria está constantemente tratando de mejorar la calidad de los 
productos alimenticios desde diferentes enfoques. Los alimentos de hoy no solo 
deben tener un aspecto fresco, una buena estabilidad y ser producidos en 
condiciones sanitarias elevadas, también deben ser nutritivos, tener una vida útil 
más larga y deben proporcionar características funcionales tales como un mayor 
contenido de fibra y la conservación de sus nutrientes después de ser procesados por 
ejemplo tener un alto contenido de vitaminas. 

El almidón es uno de los componentes principales de los alimentos diarios, se puede 
encontrar en raíces, cereales, pan y se utiliza también como un ingrediente en otros 
alimentos. El almidón es un polisacárido que constituye la principal fuente de 
energía en la dieta humana. Para mejorar las propiedades y la funcionalidad del 
almidón, es importante comprender las características fisicoquímicas y estructurales 
a nivel molecular como: materia prima, después de haber sido modificado (para 
mejorar sus características) y/o durante los cambios producidos debido a las 
condiciones de procesamiento. 

Por ejemplo, el pan se consume preferiblemente mientras está fresco, pero 
desafortunadamente, la frescura del pan se mantiene pocos días. El pan pierde su 
frescura durante el almacenamiento, lo que provoca alteraciones en las 
características físicas, químicas y sensoriales como ser sabor, olor y textura. Esto es 
el resultado del traslado de la humedad de la miga a la corteza. En estudios recientes 
a nivel molecular, se sugiere que los cambios en la amilopectina (un componente 
importante del almidón) son responsables del aumento de la firmeza del pan. 

En general, las propiedades fisicoquímicas y estructurales de los polisacáridos (por 
ejemplo, contenido de amilosa, temperatura de gelatinización, masa molar, etc.) 
desempeñan un papel importante cuando se aplican en mezclas complejas como los 
alimentos. Especialmente la masa molar y el tamaño de la molécula son importantes 
porque otras propiedades físicas y mecánicas pueden depender de ellas (como por 
ejemplo la viscosidad). Por otra parte, la separación y el análisis de los polisacáridos 
pueden ser muy complicada y pocas técnicas analíticas son adecuadas para esta 
tarea. Las dificultades encontradas en su análisis suelen estar relacionadas con la 
alta masa molar que tiene y la dispersión dentro de la población de polisacáridos, 
así como con la formación de estructuras agregadas y la degradación de su estructura 
debida a la ruptura de sus ramificaciones que se produce durante el análisis de 
grandes polisacáridos como el almidón. 

Por lo tanto, la investigación en la parte académica y la industria alimentaria 
necesitan métodos analíticos confiables y directos para el análisis de polisacáridos 
ramificados. Uno de estos métodos es el fraccionamiento en flujo de campo 
asimétrico AF4 por sus siglas en inglés, que es una técnica de separación similar a 
la conocida cromatografía de exclusión por tamaño SEC por sus siglas en inglés, 
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pero en lugar de usar una columna de separación, los componentes de la muestra se 
separan en un canal sin empaque. El sistema AF4 es capaz de separar mezclas de 
moléculas de diferentes tamaños y masas según su tamaño. La separación se basa 
en la cantidad de tiempo que las moléculas tardan en recorrer el canal AF4, donde 
las moléculas más pequeñas recorren más rápido que las más grandes. 

En los últimos años, la técnica AF4 se utilizó con éxito en el análisis de diferentes 
polisacáridos ramificados como el almidón, obteniendo una menor degradación de 
su estructura durante el análisis en comparación con otras técnicas de separación 
(como ser SEC). Además, AF4 conectado a apropiados detectores útil para 
determinar la estructura y la conformación de las moléculas. Por lo tanto, en el 
presente estudio se utilizó principalmente la técnica AF4 para fraccionar y 
caracterizar muestras de almidón como ser cultivos Andinos (tres granos y dos 
raíces) como materia prima, almidón de maíz waxy (que significa libre de amilosa) 
que fue sometido a diferentes tratamientos y/o modificaciones para obtener nano 
componentes de su almidón, y finalmente se analizó almidones extraídos de panes. 

Los principales resultados muestran que algunas características particulares pueden 
ser resaltar en los almidones estudiados de cultivos Andinos. Por ejemplo, el 
almidón de amaranto parece estar virtualmente libre de amilosa, tuvo una masa 
molar y un tamaño muy elevados, lo que significa que muy pocas moléculas 
formaron el gránulo de amaranto. En contraste, el almidón de achira contenía un 
alto valor de amilosa. Además, los almidones de quinua y cañahua parecen indicar 
que son estables después de ser calentados y enfriados, lo que podría proporcionar 
buenas propiedades para la producción de alimentos que necesitan tener una buena 
estabilidad a altas temperaturas. 

Por otro lado, se obtuvieron y analizaron tres diferentes tipos de nano-componentes 
del almidón de maíz mediante un proceso de nano-precipitación utilizando un no 
solvente (alcohol etílico). Es decir, se obtuvo nano partículas de almidón preparadas 
a partir de gránulos de almidón de maíz. Los resultados demuestran que las nano 
partículas (o nano-componentes) tienen diferente conformación molecular cuando 
se encuentran dispersas en solución acuosa. Además, las masas moleculares fueron 
diferentes en las tres muestras, lo que indica que el procedimiento de preparación 
tuvo una gran influencia en el tamaño y la conformación. 

El análisis de los almidones extraídos de panes mostró que el almidón tiene una 
masa molecular y un tamaño diferente dependiendo de algunas condiciones durante 
el procesamiento, como ser la cantidad de agua utilizada en la elaboración de la 
masa o la adición de enzimas para aumentar la vida útil del pan. Además, una 
estructura más ramificada se reflejaría cuando la masa molar y el tamaño de la 
molécula disminuyen debido al proceso de horneado. Es decir, el almidón en la 
materia prima es menos ramificado que en el producto final. Además, los cambios 
en las propiedades moleculares podrían estar relacionados con el contenido de 
amilosa y la formación de almidón resistente (que es un tipo de fibra dietética). 
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Abstract  
To improve the properties and functionality of starch, it is important to understand 
the physicochemical and structural characteristics as raw material, after being 
modified to increase its characteristics and/or during changes due to the processing 
conditions. For this reason, the objective of the present thesis is to improve the 
understanding of characteristics and molecular properties like molar mass (M), root-
mean-square radius (rrms) and their relation to other physicochemical properties of 
starch extracted from different sources. Due to its complex structure, however, the 
analysis of starch can be challenging and few techniques are suitable. Nevertheless, 
some sub-techniques of the field-flow fractionation (FFF) family, especially 
asymmetric flow field-flow fractionation (AF4) have been shown to be appropriate 
for this task.  
 
Regarding the different FFF techniques, large-scale full-feed depletion mode of split 
flow thin cell fractionation (FFD-SF) was used as a preparative fractionation of corn 
and potato starch granules showing to be a useful technique for this task. In addition, 
the fractions obtained by large-scale FFD-SF were analyzed using optical 
microscopy (OM) and gravitational field-flow fractionation (GrFFF) which have 
been shown to be also suitable methods for determining the average size diameter 
(davg), with good agreement between these two techniques.  
 
Moreover, some slight improvements related to the analysis of starch as a polymer 
in solution using AF4 were made. First, with the use of a modified channel known 
as frit inlet (FI-AF4). It has been shown that almost double the amount of mass can 
be injected into the FI-AF4 channel in comparison with the conventional channel, 
without observing overloading effects. Second, the downturn phenomena that could 
be observed in the analysis of starch and/or other polymers, which is usually 
considered as an artifact that occurs during the analysis, was shown to be a result of 
co-elution of species with similar M but different conformation. 
 
Otherwise, physicochemical properties such as granule size, crystallinity, pasting 
properties among others as well as structural properties such as rrms, weight-average 
molar mass (Mw) and apparent density (ρapp) were analyzed in five different starches 
from Andean crops (three grains and two roots). To evaluate the relation between 
all these properties a statistical analysis was performed and a model was proposed 
that relates pasting properties i.e. peak viscosity and final viscosity with ρapp, 
gelatinization enthalpy, granule size and amylose content. Additionally, thermal 
properties were examined in relation to the granule size. For this, potato starch and 
its fractions (obtained using large-scale FFD-SF), as well as Andean roots, chosen 
for their similarity in botanical origin, were analyzed showing a correlation between 
the enthalpy of gelatinization and granule size. Another factor affecting the thermal 
properties seems to be the amylose content. 
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In the analysis of starch nanocomponents, it seems that the procedure used for 
obtaining non-solvent precipitated starch (non-SPS) resulted in new materials with 
amorphous structures that do not show particle characteristics when in solution, 
which suggests that designating these as nanoparticles might not be appropriate. 
Finally, in the analysis of starch extracted from different types of breads, the results 
show that M and size are affected by the baking process. In the case of breads, α-
amylase enzyme was added. M and size decreased while the degree of branching 
(DB) and the number of reducing ends H-1(β-r) and H-1(α-r) increased. 
Furthermore, in starches extracted from Bolivian breads, it seems that the content 
of water during the preparation of the dough could affect the production of resistant 
starch. 
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1 Introduction  

Starch is one of the main carbohydrates utilized in the food and other industries. It 
can be used as a raw material, modified to improve desired functional 
characteristics, or added as an ingredient to other foods as a thickener, gelling agent, 
stabilizer, emulsifier, fat replacer or encapsulating agent, among other applications 
(Ai & Jane, 2016; Bai, Shi, Herrera, & Prakash, 2011; Chung, Lee, Han, & Lim, 
2010). The diversity of applications for starch is mainly due to the changes occurring 
inside the semi-crystalline structure of the starch granules. These changes take place 
during the heating process (gelatinization, pasting and gel formation) and cooling 
process (retrogradation) of the starch granules in the presence of excess water.  

A specific model for the structure of the starch granule explaining the precise 
changes that occur during the heating and cooling process is still under discussion. 
Nevertheless, there is a general acceptance that amylopectin is responsible for the 
semi-crystalline structure. It is well known that the proportion of amylose and 
amylopectin can produce different physicochemical properties in food products and 
affect the formation of resistant starch - a type of dietary fiber - that the human body 
cannot digest, which means that it is not absorbed in the small intestine and its 
fermentation process feeds beneficial bacteria present in the gastrointestinal tract 
(Lan, Hoover, Jayakody, Liu, Donner, Baga, et al., 2008; Leeman, Karlsson, 
Eliasson, & Björck, 2006; Lu, Wang, Li, & Huang, 2018; Tao, Li, Yu, Gilbert, & 
Li, 2019; Yoshimoto, Tashiro, Takenouchi, & Takeda, 2000). However, several 
details in the structure are still uncertain.  

For these reasons, the analysis and characterization of the starch granule and its 
principal components, i.e. amylose and amylopectin, is still important. This analysis 
can not only serve as a quality control of the products; it can also help to understand 
the relationships between the structures and functional properties, allowing for the 
development of new types of starch and/or new processing conditions to obtain 
desirable functionality for specific applications in food and other industries. 

Among the properties of polymers, molar mass (M), and size are of fundamental 
importance because they can be closely related to other properties in the final 
product, such as viscosity, adsorption kinetics and film properties to name a few 
(Duthen, Rochat, Kleiber, Violleau, Daydé, Raynaud, et al., 2018; Garin, Tighzert, 
Vroman, Marinkovic, & Estrine, 2014). Moreover, it is essential to consider that the 
analysis of polymers, especially those with branching structures such as starch, can 
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be very challenging due to their complex structures. The structure is often very 
large, could be sensitive to shear degradation and have the tendency to form 
aggregates. For these reasons, it is necessary to apply a reliable and straightforward 
analytical method. 

In recent years, field-flow fractionation (FFF) techniques with emphasis on the sub-
technique Asymmetric flow field-flow fractionation (AF4) were successfully used 
for the analysis of different branched polysaccharides such as starch (You, 
Stevenson, Izydorczyk, & Preston, 2002). It has been shown, for branched 
polymers, that similar techniques such as Size Exclusion Chromatography (SEC) 
can generate degradation in the structure due to shear scission (Cave, Seabrook, 
Gidley, & Gilbert, 2009; Žigon, The, Cheng, & Grubišić-Gallot, 1997). In addition, 
it has been reported that the use of AF4 can produce less degradation in polymers 
with branching structures like starch during their analysis (Makan, Otte, & Pasch, 
2012; Otte, Pasch, Macko, Brüll, Stadler, Kaschta, et al., 2011). Moreover, AF4 
connected to suitable detectors such as multiangle light scattering (MALS) and 
differential refractive index (dRI) allows the determination of additional 
information like size, apparent density and conformation. 
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2 Objectives  

The overall aim of the present thesis is to improve the understanding of 
characteristics and molecular properties like molar mass and size and their relation 
to other physicochemical properties of starch extracted from different sources: first, 
as raw material; second, when modified to obtain starch nanocomponents; and third, 
during the changes due to processing conditions like breadmaking. The specific 
objectives of each paper, which is part of the present thesis, are listed in Table 1.  

The study of these starch samples at different stages i.e. raw material and/or after 
processing conditions could allow the improvement or modification of procedures 
in the production of food to obtain desirable characteristics in the final product. For 
example, as raw material, the characterization of starch - where M can be related 
with pasting or thermal properties - allows the establishment of mathematical 
models that can be used during the formulation of a product. In another example, as 
a final product, the determination of M after cooking could show the formation of 
resistant starch, or the changes produced due to the addition of an enzyme. To do 
so, FFF techniques, mainly the sub-technique AF4, were used to fractionate and 
characterize starch samples as granules and as polymers in solution. In addition, to 
look for possible improvements during its analysis a modified channel known as frit 
inlet (FI-AF4) was used. 

The work included in this thesis was mostly conducted at the Department of Food 
Technology, Engineering and Nutrition, Lund University, Sweden. Some 
experimental work was also performed at the School of Chemistry, Faculty of Pure 
and Natural Science, Universidad Mayor de San Andres (UMSA), La Paz, Bolivia 
as part of the collaboration between Sweden and Bolivia. 
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3 Structure of Starch and Its 
Characteristics 

Starch is synthesized in a granular form in special organelles. The biosynthesis of 
the granule is initiated at the hilum and the starch granule grows by apposition 
(Pérez & Bertoft, 2010; Zobel, 1988). The starch granules vary greatly in size from 
about 1 µm, for e.g. quinoa or amaranth, to more than 100 µm e.g. potato (Jane, 
Kasemsuwan, Leas, Zobel, & Robyt, 1994; Lindeboom, Chang, & Tyler, 2004). 
Granules can adopt different shapes such as spheres, ellipsoids, polygons and 
irregular tubules, depending on their botanical origin. Starch granules are insoluble 
in water at room temperature and densely packed with semi-crystalline structures, 
with a density of about 1.5 g/cm3. 

The starch granule is composed of two polymers, amylose and amylopectin. 
Amylose consists mainly of linear chains of α-(1-4)-D-glucose units with some 
branches in large molecules, while amylopectin has a highly branched structure with 
α-(1-4) linked D-glucose backbones with α-(1-6) linked branches (Pérez & Bertoft, 
2010). The proportion of amylose/amylopectin varies considerably between the 
different types of plants, as well as within species of the same plant. Commonly, the 
amylose content is between 15 – 35 % and the amylopectin between 65 – 85 % of 
the total starch granule. However, it is possible to find some types of starches almost 
free of amylose, which are called waxy starches (Šárka & Dvořáček, 2017). 

Most starch granules are arranged as concentric rings of alternating amorphous and 
semi-crystalline shells that are between 100 and 400 nm in thickness depending on 
botanical origin (Ali Razavi & Amini, 2016). These structures are called “growth 
rings” (Pérez & Bertoft, 2010) and grow by apposition from the hilum of the granule 
during biosynthesis. The dense layer in a growth ring consists of alternating 
crystalline and amorphous lamellae (see Figure 1A and 1B).  

The “blocket” concept was supported and discussed by Gallant et al. (Gallant, 
Bouchet, & Baldwin, 1997), who suggest that semi-crystalline and amorphous 
growth rings are subdivided into respectively spherical blocklets. These blocklets 
are proposed to contain crystalline and amorphous lamellae. Today, it is the general 
opinion that crystalline region is therefore mainly attributed to double helices 
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formed by amylopectin branches, and that the amorphous region corresponds to 
branching points.  

It is important to mention that this approach (amylopectin forming double helices) 
easily integrates into the currently accepted cluster model (Figure 1C), where the 
short linear chains of the branches are intertwined into double helices. This double-
helix formation can occur between adjacent branches in the same amylopectin 
cluster or between adjacent clusters in three dimensions (Oates, 1997), while the α-
(1-6) branch points are located in the more amorphous regions between the clusters 
of double helices (Pérez & Bertoft, 2010).The model of the double helices packing 
configuration supported by results from XRD pattern, explain the difference 
between different types starches.  

Starch granules can therefore be classified as A-type for cereal starches, B-type for 
tuber- and amylose-rich starch and C-type for legume starches (Buléon, Colonna, 
Planchot, & Ball, 1998; Pérez & Bertoft, 2010). A-type starch granules consist of a 
monoclinic unit cell (Figure 1D) with 12 glucose residues located in two left-handed 
chains that contain eight water molecules between the helices (Buléon, Colonna, 
Planchot, & Ball, 1998).  

In the B-type pattern, chains are packed in a hexagonal array (Figure 1D) and the 
hexagonal unit is formed by two left-handed, parallel-stranded double helices. This 
cell contains 12 glucose residues and 36 water molecules located in the central 
cavity (Oates, 1997). The C-type is an intermediate form – a mixture of A- and B-
type patterns. Additionally, the crystalline V-form characteristics of amylose 
complexed with fatty acids is rarely detected in native starch; this crystalline form 
usually appears after gelatinization (Buléon, Colonna, Planchot, & Ball, 1998).  

 

Figure 1. Schematic diagram of the structure of a starch granule 
This figure illustrates the structure of a starch granule. A) a single potato granule formed by amorphous and crystalline 
regions, B) an extension of the breaking down of the amorphous and semi-crystalline rings showing a blocket formed 
by amorphous and crystalline lamellae, C) the cluster structure of amylopectin within the semi-crystalline layer of the 
growth ring surrounded by amylose and lipid and D) double-helix packing configuration according to crystalline type. 
Adapted from Gallant, Bouchet et al. 1997. 
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Other components in minor amounts that are also present in starch granules include, 
for instance, lipids and phosphate groups which in cereals originate from 
phospholipids (Morrison, Milligan, & Azudin, 1984). In tubers, especially potato 
starch, phosphate can be covalently linked to amylopectin (Hizukuri, Tabata, 
Kagoshima, & Nikuni, 1970). Additionally, small amounts of proteins are also 
found in starch granules and some minerals such as potassium, magnesium, calcium 
and iron are  present in trace amounts (Blennow, Sjöland, Andersson, & 
Kristiansson, 2005).  

Food properties can be affected by starch characteristics. For instance, bread loses 
its freshness during storage, which causes alteration in the physical, chemical and 
organoleptic properties. In particular, bread staling is of concern because it is a 
complex process that may be difficult to control and causes a number of interactions 
and changes inside the bread (Fadda, Sanguinetti, Del Caro, Collar, & Piga, 2014; 
Purhagen, Sjöö, & Eliasson, 2011).  

Starch retrogradation and moisture redistribution inside the bread are recognized as 
dominant factors for staling (Gray & Bemiller, 2003). The crumb loses its softness 
and shows an increase in firmness whereas the crust loses its crispiness and becomes 
soft and loosely attached to the crumb as a result of moisture migration from the 
crumb to the crust (S. Cauvain, 2015). These changes in amylopectin, in particular 
are thought to be responsible for the increase in the bread firmness (Gray & 
Bemiller, 2003; Schoch & French, 1947).   

The analysis and characterization of starch at the molecular level is important. 
Nevertheless, the analysis of starch can be challenging, as it is a complex polymer. 
Furthermore, it can be part of more complex matrix such as food. For these reasons, 
it is commonly necessary to extract the starch before its analysis when its molecular 
characteristics, such as M, are going to be analyzed. It is also necessary to have an 
appropriate dissolution method to ensure that the starch is present as individual and 
non-degraded polymer, and it has to be fractionated before its analysis because 
starch has high M and wide distribution of species. 

Moreover, it is often necessary to determine the proportions of amylose and 
amylopectin in food as their ratio can produce different physicochemical properties. 
For instance, starch can be used as a thickener during the manufacture of products 
like soups, sauces or puddings. Depending on the product, the starch must have 
desirable characteristics such as high or low viscosity and it is known that higher 
amylose content will produce higher viscosity (Ji, Yu, Liu, Bao, Wang, & Chen, 
2017; Tao, Li, Yu, Gilbert, & Li, 2019; Xie, Yu, Su, Liu, Wang, Liu, et al., 2009).  

In addition, other qualitative analyses for the characterization of starch are also 
important to determine its physical properties. For example, the thickening capacity 
of the starch could be due to the swelling of the granules or due to the dissolution 
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of amylopectin. When higher viscosity occurs due to the swelling of the granules, 
the determination of granule shape, pasting and gelatinization properties became 
important. However, if the viscosity is due to the dissolution of amylopectin, the 
molar mass and size becomes important parameters. 

Furthermore, some quantitative analyses can be conducted, such as determination 
of total starch content due to the formation of iodine complex. This is determined 
gravimetrically by collecting, drying and weighing the precipitates formed. In 
addition, other methods such as enzymatic or hydrolysis degradation with later 
determination of the glucose content are also used. There are also other techniques 
such as low angle light scattering, which is used to determine the size and M of 
starch. Some of the methods are briefly explained below. 
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4 Methods for Fractionation and 
Characterization of Starch 

As described above the analysis of starch can be challenging and few techniques 
can be suitable for this task. One of the techniques that can be used in the analysis 
of starch is field-flow fractionation (FFF), which contains a family of separation 
devices with a large number of sub-techniques used mainly for the separation and 
characterization of macromolecular, colloidal and particulate species in a wide size 
range from a few nanometer to more than 400 µm (Schimpf, Caldwell, & Giddings, 
2000). The separation occurs in a thin channel through which a channel flow is 
pumped resulting in a laminar flow (see Figure 2) with a parabolic velocity profile. 
The sample is injected onto the channel and eluted, an external field is applied across 
the channel (with perpendicular direction to the channel flow), which moves the 
sample close to the bottom of the channel (accumulation wall). Due to the 
interaction between the external field and the liquid flow, the separation of the 
analytes is achieved.  

In this study, FFF techniques such as full-feed depletion mode of split-flow thin cell 
fractionation (FFD-SF), gravitational field-flow fractionation (GrFFF), and in 
particular the sub-technique AF4 were applied for the fractionation and 
characterization of starch samples. In some cases, the samples were fractionated and 
analyzed as granule and in other cases as polymers in solution after being dissolved 
for instance, in DMSO applying high temperature. The techniques used in this study 
and some others that can be used for the analysis of starch are briefly described 
below.  
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Channel height

External Field

Accumulation wall 

Parabolic flow profile

Typically a few µm

 
Figure 2. Illustration of the separation mechanism in FFF techniques  
Separation of two analytes of different size where smaller species elutes earlier than larger ones. 

4.1 Fractionation and Characterization of Starch 
Granules 

Large-scale FFD-SF is a technique based on FFF principles used as a preparative 
separation method. This technique uses a relatively large amount of samples (i.e. 
mg or g), which can be fractionated in a relatively short period of time. In large-
scale FFD-SF, the sample can be introduced continuously into the channel through 
inlet a’ (i.e. in this technique the carrier and the sample are introduced via an inlet 
that is on the top part of the channel). This means that the sample does not have to 
be diluted and there is no need for the application of stream splitters. Additionally, 
the size of the channel can be larger than in other FFF techniques (C. Contado, 
Dondi, Beckett, & Giddings, 1997; Lee, Lee, Cho, Kim, Kang, Kwen, et al., 2010).  

The large-scale FFD-SF technique was chosen to fractionate the samples in Paper I 
(i.e. corn and potato starch) into different fractions of various granule sizes. The 
fractionation is based on the size and the density of the sample, which are combined 
in the definition of the cut-off diameter (dc) (C. Contado, Dondi, Beckett, & 
Giddings, 1997; Lee, et al., 2010) given by the following equation: 

 𝑑௖ = ට ଵ଼ఎ௕௅௚∆ఘ ൫𝑉(𝑎ᇱ) − 𝑉(𝑏)൯ (1) 
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where η is the viscosity of the carrier liquid, b is the breadth and L is the length of 
channel, 𝑔 is the value of Earth's gravity, Δρ is the difference between the density 
of the sample and the carrier liquid, 𝑉(𝑎ᇱ) and 𝑉(𝑏) are the volumetric flow rates 
entering the inlet-a’ and exiting the outlet-b, respectively. Usually the dc and the 
sample-feeding flow rate 𝑉(𝑎ᇱ) are chosen first, and then 𝑉(𝑏) is determined using 
Eq. 1. Once 𝑉(𝑏) is determined, flowrate exiting the outlet-a, 𝑉(𝑎) becomes 𝑉(𝑎ᇱ) 
- 𝑉(𝑏). Higher 𝑉(𝑎ᇱ) allows higher sample throughput (TP), which is defined as the 
mass of the sample that can be processed in a unit time period (g/min or g/hours) 
(Sanz, Galceran, & Puignou, 2004). This technique allows the separation of 
considerable amount of samples in short period of time.  

The results of Paper I show that large-scale FFD-SF was a useful technique for the 
fractionation of starch granules with dc lower than 50 μm, showing high separation 
efficiencies in the fractions in short period of time. It is important to mention that 
granules larger than 50 µm that correspond to fraction-c in potato starch, were 
removed using static sedimentation as was not possible to performed the separate. 
In addition, the fractionation efficiency (FE) of fraction-c was 92%. Moreover, the 
dc set in large-scale FFD-SF for the separation of corn and potato starch granules 
were 15 and 30 μm, respectively. For corn starch, fraction-a had granules < 15 µm 
and fraction-bbb had granules with diameter > 30 µm. In the case of potato starch, 
fraction-a had granules with diameter < 30 µm, fraction-bbb granules with diameter 
> 30 µm and < 50 µm. The FEs of total fraction-a were over 95% for both samples.  
For total fraction-b, the FEs for corn starch was 93% and for potato starch was 84%.  

Another sub-technique is GrFFF, which can be used for the fractionation of samples 
in the range of micrometers. In this technique, Earth’s gravitational force is used as 
an external field. A carrier liquid is continuously pumped through a channel and 
then a suspension of the sample is injected. Larger particles elute earlier than the 
smaller ones and the elution mechanism involved is often called the “steric elution 
mode”. At relatively low flow rates, particles remain near to the bottom of the 
channel while the carrier liquid is driving them along the channel. As the flow rate 
increases, the analytes are subject to hydrodynamic lift forces, which raise them 
some distance above the wall to form a thin equilibrium layer where gravitational 
and lift forces are balanced (Giddings, Myers, Caldwell, & Pav, 1979; Pazourek, 
Wahlund, & Chmelík, 1996).  

GrFFF was prevously shown to be a useful tool for the separation of various types 
of samples such as starch granules, blood cells, yeast, bacteria and environmental 
particles (Cardot, Gerota, & Martin, 1991; Chmelík, Krumlová, Budinská, Kruml, 
Psota, Bohac̆enko, et al., 2001; C. Contado & Dondi, 2001; C. Contado, Dondi, 
Beckett, & Giddings, 1997; Catia Contado, Reschiglian, Faccini, Zattoni, & Dondi, 
2000; Janoušková, Budinská, Plocková, & Chmelik, 2001; Merino-Dugay, Cardot, 
Czok, Guernet, & Andreux, 1992; Sanz, Galceran, & Puignou, 2004; Sanz, Puignou, 
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Reschiglian, & Galceran, 2001; Shin, Choi, Kim, Lee, Kim, Lee, et al., 2018). In 
Paper I, GrFFF was used in the analysis of corn and potato starches. From the 
results, the average size diameter (davg) was shown to be in good agreement with the 
davg determined by optical microscopy (OM), especially for corn starch. In addition, 
OM and GrFFF are shown to be suitable methods for the determination of davg of 
the granules. Moreover, the results from OM and GrFFF for the corn starch granules 
were comparable, while those for the potato starch granules were slightly different. 
An explanation for that could probably be the non-spherical (ellipsoidal) shape of 
the potato starch granules. 

4.2 Fractionation and Characterization of Starch 
Polymers 

Physicochemical and mechanical properties of polymers depend on their molecular 
architecture, molar mass, size and their distributions (Auriemma, De Rosa, Di 
Girolamo, Malafronte, Scoti, Mitchell, et al., 2016). The two fundamental 
properties, molar mass (M) and size, can be experimentally determined in different 
ways using different types of techniques, all having advantages and disadvantages. 
For instance, batch-mode determinations can be performed with techniques such as 
viscometry, light scattering and osmometry. Some of these techniques are briefly 
described below. Among them, more attention will be paid in AF4, since it is the 
most used technique for determining the M and rrms in the experiments described in 
the following sections.  

Viscometry was one of the first methods used to determine M in polymers. Hermann 
Staudinger was the first person to establish an empirical relationship between the 
increase in viscosity and the M (Staudinger, 1930). This relationship is based on the 
dissolution of the polymer in solvents, a process that increases the viscosity. 
Usually, the viscosity can be measured using an Ubbelohde capillary viscometer. 
The molar mass average determined by viscosity (Mυ) sometimes can be very close 
to weight average molar mass (Mw). However, Mυ value can often be far from Mw 
each makes the determination quite uncertain. 

Static light scattering is a technique that can determine the intensity of the scattered 
light at a certain scattering angle. The method is based on, as its name suggests, the 
physical phenomenon of light scattering caused by the interaction between light and 
the analyte. When the light, strikes a particle in solution, it causes the electrons 
around the particle to oscillate in synchronism with the energy of the incident light. 
The incident light generates an oscillating dipole in the particle. The strength of this 
dipole moment is proportional to the energy of the incident light. The oscillating 
dipolo is a source of energy-scattering light in all directions at the same wavelength 
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as the incident light. It is possible with a light scattering measurement to determine 
the Mw and the rrms of the analyte in solution (Wyatt, 1993). 

Osmometry is based on the determination of osmotic pressure at several different 
sample concentrations, which are measured directly using a semi-permeable 
membrane and then the M is determined (Ward, 2009). Some drawbacks of this 
technique are related to the fact that the osmotic pressure is inversely proportional 
to M and molecules with very high M can contribute very little. Thus, the sample 
must be almost free of low molecular species to get accurate results. In addition, the 
membrane used in the analysis can be damaged by the use of organic solvents that 
generally are applied in the analysis of polymers (Josua Timotheus, Thomas, & 
Antje, 2015). In the case of starch, DMSO is used frequently for its dissolution. 

These techniques provide differently size or M averages, but little or no information 
is obtained about size and M distribution. In order to generate an accurate 
characterization, separation methods connected to various detectors are typically 
used. The most commonly used separation method for polymers is size exclusion 
chromatography (SEC). In this technique, the size and M can be estimated either 
with a standard calibration curve or by absolute determination of both the M and 
average size by utilizing online MALS in combination with concentration detector, 
for instance, dRI.  

Nevertheless, SEC has some limitations, which include the adsorption of sample 
components to the column, the degradation of large species due to shear forces in 
the column and the co-elution effects that can arise, for instance, from the presence 
of branches in the polymers (Barth, 1982; Otte, et al., 2011; Žigon, The, Cheng, & 
Grubišić-Gallot, 1997). This can produce abnormal elution effects, making the 
determination of the M distribution difficult or impossible (Cave, Seabrook, Gidley, 
& Gilbert, 2009; Otte, et al., 2011). 

Some of the drawbacks of SEC can be avoided by instead utilizing AF4 (Litzén & 
Wahlund, 1991; K.-G. Wahlund & Nilsson, 2012; K. G. Wahlund & Giddings, 
1987). AF4 has been shown to be suitable for the analytical separation of 
macromolecules and aggregated structures and interest in the method has increased 
in recent years (Malik & Pasch, 2016; Nilsson, 2013). The separation mechanism is 
illustrated in Figure 3. It is based on the longitudinal laminar flow of a carrier liquid 
through a separation channel in combination with a crossflow (Qc) in a 
perpendicular direction over the channel. 

The Qc forces the sample components toward the ultrafiltration membrane, which 
acts as an accumulation wall. At the accumulation wall, the components are 
confined to a thin concentrated layer. In Brownian separation mode, the Qc induced 
transport is counteracted by the diffusion of the sample components and at a steady 
state, a concentration profile is established in the sample zone. The result is that 
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sample components with a higher diffusion coefficient (D) (i.e. components with 
small size), on average, will be distributed farther away from the accumulation wall 
than components with a lower D. As the flow profile along the separation channel 
is parabolic, the components distributed farther away from the accumulation wall 
will travel faster downstream and, thus, size separation is achieved.  

 

Crossflow Qc

Focusing stepChannel flow in

Channel flow out

Diffusional transport

Parabolic flow

Sample inlet

Ultrafiltration membrane

 

Figure 3. Illustration of the separation mechanism in AF4  
Separation of two analytes of different size. First, the homogeneous mixture is injected into the channel. This is 
followed by a focusing/relaxation step. After that, the elution starts. Modified after Litzén and Wahlund 1991. 

Additionally, one important parameter of the ultrafiltration membrane, which makes 
up the accumulation wall, is the cut-off, which must be sufficiently low to keep the 
sample in the channel because sample components smaller than the cut-off may 
permeate through the membrane. It is also important to consider the material of the 
membrane as some samples can be adsorbed during the analysis due to interactions 
between the sample and the membrane. Finally, for the determination of size and M 
distributions, an AF4 system is most suitably connected to a MALS detector and a 
concentration detector (such as dRI) in a similar way as for a SEC system. 

The analysis in MALS is based on the angular dependence of the intensity of light 
scattered by an analyte. The light scattering data obtained from the detectors are 
fitted to different models such as Debye (Debye, 1944), Zimm (Zimm, 1948a, 
1948b), Berry (Berry, 1966). This allows the determination of rrms, by performing a 
fit to the angular dependence of the scattered light intensity. The most robust method 
utilized for an unknown sample analyzed by AF4 connected to MALS detector is 
Berry model (Andersson, Wittgren, & Wahlund, 2003). Furthermore, the specific 
refractive index increment (dn/dc) for the sample has to be known (or determined) 
and the concentration has to be measured using a dRI detector or any other detector 
that determines concentration (e.g. UV detector). In addition, the average of M, or 
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more specifically, the average Mw of each fraction, can then be determined from the 
intersection of the fitted curve (from the model that was chosen).  

Moreover, the use of dRI as detector during the analysis of starch is suitable because, 
as starch does not have UV-absorbing analytes, the UV detector cannot be used. 
Nevertheless, it should be noted that some challenges could also be present. For 
instance, in the analysis of starch, a low injected amount is usually used to avoid 
overloading, which can result in a very weak dRI signal (Perez-Rea, Bergenståhl, & 
Nilsson, 2015; Van Bruijnsvoort, Wahlund, Nilsson, & Kok, 2001). This could 
complicate the determination of M for very large species because there will be a 
strong signal in the MALS detector but only a low signal in the dRI detector.  
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5 Methodological Aspects in the 
Fractionation and Characterization 
of Starch Polymers 

5.1 Possible Improvements in the Fractionation and 
Characterization of Starch Polymers  

The by far most utilized and versatile of all sub-techniques in the family FFF is AF4. 
It has been used widely in the analysis of starch molecules (Dou, Zhou, Jang, & Lee, 
2014; Perez-Rea, Bergenståhl, & Nilsson, 2015, 2016; Rojas, Wahlund, 
Bergenståhl, & Nilsson, 2008; K.-G. Wahlund, Leeman, & Santacruz, 2011). This 
technique uses a secondary mobile phase, known as Qc, as an external field to drive 
sample components towards the accumulation wall to perform the separation.  

A brief summary of the separation mechanism was described in the previous section, 
but more detailed technical aspects focusing on the separation device are described 
below. In AF4, the separation takes place in a channel that has a solid wall on the 
top and a permeable wall on the bottom. After injecting the sample into the channel, 
there is an important step for the separation efficiency – the focusing/relaxation step 
(see Figure 3).  

The sample is focused by two counter-directed flows (one from the channel inlet 
and the other from the channel outlet). This step allows the sample components to 
establish a diffusion-dependent equilibrium concentration profile. Nevertheless, this 
step might, in some cases, cause a loss of sample as a higher concentration of the 
sample is close to the accumulation wall (i.e. to the membrane) (K. G. Wahlund & 
Giddings, 1987) and adsorption could take place. Another reason could be the 
formation of aggregates, resulting in low recoveries (Moon, Kwon, & Park, 1997b). 

A way to avoid the focusing step is the utilization of a modified channel frit inlet 
(FI) illustrated in Figure 4. The separation is based on a hydrodynamic relaxation of 
the sample (Liu, Williams, Myers, & Giddings, 1991; Moon, Kwon, & Park, 1997a). 
One advantage of this channel is that the injected amount of sample could probably 
be higher than for the conventional channel. That could be beneficial in the analysis 
of branched polymers such as starch, where overloading (in MALS-signal) occurs 
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easily in the AF4 channel (Perez-Rea, Bergenståhl, & Nilsson, 2015; Rojas, 
Wahlund, Bergenståhl, & Nilsson, 2008).  

 

Crossflow Qc

Sample 
injection

Channel flow out

Inlet frit

Hydrodinamic relaxation

Frit
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Ultrafiltration membrane

 
Figure 4. Illustration of the separation mechanism in FI-AF4  
Separation of two analytes of different sizes. First, the homogeneous mixture is injected into the FI-AF4 channel and 
then the hydrodynamic relaxation takes place. After that, the elution starts. Modified after Litzén and Wahlund 1991 
and Moon, Kwon et al. 1997. 

In Paper II, one of the objectives was the comparison of conventional and FI-AF4 
channels to examine the overloading effect during the analysis of WM starch. The 
same volume of sample (10 µL) was injected in a series of different concentrations 
from 0.125 mg/mL to 1.000 mg/mL. The results from MALS signal at 90° scattering 
angle are shown in Figure 5. It is possible to observe that in the conventional AF4 
channel (see Figure 5A), the WM sample has some overload effect at a sample 
concentration of 0.330 mg/mL and above this concentration, the effect of the 
overload is significant. Similar results for WM were reported previously (Perez-
Rea, Bergenståhl, & Nilsson, 2015; Van Bruijnsvoort, Wahlund, Nilsson, & Kok, 
2001) where overloading occurs at similar injected amount of sample (≥ 2 µg). 

The overload effect is more obvious at a sample concentration of 0.500 mg/mL 
where it can be noticed that there is a change in the trend of rrms vs. tr which indicates 
that the fractionation has been affected. In the case of FI-AF4 channel (Figure 5B), 
the tr of the peak maxima remains constant until a concentration of 0.500 mg/mL 
(i.e. 5 µg) which means that overloading does not occur at lower concentrations and 
it is possible to notice that rrms vs. tr remains also without change suggesting no 
overloading. In short, the sample injection mass was twice higher using FI-AF4 
channel than the mass injected in the AF4 channel without observed overloading. 
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Figure 5. Effect of sample concentration on waxy maize starch (WM)  
Fractograms from AF4 channel (A) and FI-AF4 channel (B) showing Rayleigh ratio (MALS signal at 90° scattering 
angle) vs retention time tr (min) from Paper II. 

5.2 Co-elution Phenomena – Understanding Downturn 
A downturn in the M distribution vs. tr can sometimes be observed in the analysis 
of broadly distributed polymer samples containing heterogeneous structures such as 
starch. The downturn that is shown in Figure 6 was observed during the analysis of 
starch extracted from bread (Paper VI). In Paper IV, a similar behavior was noticed 
in the analysis of some starch from Andean crops. Several equivalent observations 
have been previously made by other authors (Otte, et al., 2011; Pitkänen & Striegel, 
2014). 
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Figure 6. Downturn phenomenon in AF4 
Fractograms from AF4 channel of starch from bread without added enzyme (SBR) from Paper VI. Showing Rayleigh 
ratio (MALS signal at 90° scattering angle red line), dRI signal (blue line), Molar mass M (open black dots) and root-
mean-square radius rrms (green open dots) vs retention time tr (min). 

This downturn is often explained as an artifact of the fractionation and could be 
attributed to various errors during detection or data processing. Nevertheless, this 
phenomenon could be due to co-elution of species with different conformations. For 
this reason, the downturn phenomenon was studied in more detail in Paper III using 
a mixture of pullulan, glycogen and PEO, which have different conformations and 
hydrodynamic sizes, but with overlapping M distribution. Pullulan and PEO are 
linear macromolecules and glycogen is a branched polymer. It is important to 
mention that branched and linear polymers with the same M will have different 
hydrodynamic sizes, i.e. linear polymers will display a random coil conformation 
and branched polymers will display a branched conformation. 

In Figure 7A, we can see that glycogen elutes at shorter tr (about 14 min) than 
pullulan (about 17 min) and there is a range in the M distribution where both M 
signals, showing different M, are eluting at the same tr. In addition, a downturn in 
M distribution of the mixture can be seen at about 14 min (see Figure 7A) followed 
by a subsequent upturn at about 17 min. Furthermore, for the mixture of the two 
linear polymers, i.e. pullulan and PEO (see Figure 7B) (PEO elutes at shorter tr than 
pullulan), no downturn was observed in the M distribution in the region where both 
have an overlapping signal in MALS at 90° scattering angle. It is important to 
mention that there is an overlapping by small species from pullulan in the whole 
region where PEO elutes (tr between 10 to 15 min). In addition, a small upturn in M 
distribution of the mixture curve can be observed when the contribution from PEO 
starts to decrease (tr about 14 min). 

It should be mentioned that the rrms distribution (data can be found in Paper III) for 
the separation of both mixtures (linear-branched and linear-linear polymers) is 
showing a steady monotonic increase in size over the complete fractograms without 
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observing a downturn, indicating that the size separation was performed 
successfully. From these results, it can be concluded that there is the possibility of 
a significant loss of M selectivity in mixtures of complex polymers with different 
size distributions, especially when the individual polymers have different 
conformations, i.e. different hydrodynamic radii (rh) and M. A downturn or upturn 
can take place in the region where co-elution of components with different 
conformation occurs during the separation of the mixture. This could mean that the 
separation of a single sample consisting of a single type of polymer could include 
species with different conformations, which causes the up- or downturn. Thus, the 
sample itself could comprise a mixture of species with some species having a 
different conformation but the same M over the size range. 

   

 
Figure 7. Downturn phenomenon studied in AF4 using a mixture of polymers 
Fractograms of A) pullulan (blue), glycogen (red) and a mixture of both (black) and B) pullulan (blue), PEO (green) 
and the mixture of both (black) of Rayleigh ratio from MALS (solid lines, left y-axis, a.u.) and M distribution (right y-
axis, g/mol) adapted from Paper III (Zielke, Fuentes, Piculell, & Nilsson, 2018).  
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6 Characterization of Starch Granules 
and Starch Polymers from Andean 
Crops  

The Andean region extends through seven countries, and unique plant species are 
endemic to this are. In Bolivia, some endemic plants have been used for centuries 
for popular consumption in traditional cooking such as quinoa, amaranth and maca. 
Nevertheless, there is a lack of information about them. For this reason, five of the 
most common crops (three grains and two roots) were chosen to investigate their 
starch properties due to the importance of knowing the relationship between the 
granule sizes, thermal properties as well as fundamental properties. In paper IV, 
these crops were investigated, the physicochemical properties determined were 
granule size and morphology, crystallinity, amylose, protein and phosphorus 
content, degree of branching and gelatinization and pasting properties. In addition, 
structural properties such as M, rrms and ρapp for the starch polymers of these crops 
were determined using AF4 connected to MALS and dRI detectors.  

It is well known that the diameters of starch granules vary depending on their 
botanical source and have a wide range from less than one to more than 100 µm 
(Jane, Kasemsuwan, Leas, Zobel, & Robyt, 1994; Nienke, Peter, & Robert, 2004). 
The starch granules do not have a size classification. However, some literature 
mentions a certain order that goes from very small to large granules. For instance, 
very small starch granules (i.e. 0.3-2 µm) are present in quinoa, amaranth and cow 
cockle. Small starch granules (2-10 µm) are found in oats, rice, and buckwheat 
(Nienke, Peter, & Robert, 2004). Medium-sized starch granules (5-30 µm) exist in 
tapioca, barley, maize and sorghum (Hall & Sayre, 1970; Jane, Kasemsuwan, Leas, 
Zobel, & Robyt, 1994) and large starch granules are found in tubers such as potato 
or canna, which have the largest granules known with sizes about 100 µm (Cisneros, 
Zevillanos, & Cisneros-Zevallos, 2009). Furthermore, some types of starch, such as 
potato, can have a broad range of granule sizes (1 to 110 µm) (Hoover, 2001).  

It has been reported that some physicochemical and functional properties of 
starches, such as viscosity, pasting and thermal properties, can change according to 
the granule size (Dhital, Shrestha, Hasjim, & Gidley, 2011; Nienke, Peter, & Robert, 
2004). In addition, larger granules usually show high amylose contents and lower 
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lipid, protein and mineral contents. Large granules also have a higher degree of 
crystallinity, which might be related to the differences in pasting and in thermal 
properties (Dhital, Shrestha, Hasjim, & Gidley, 2011). Additionally, the peak 
temperature (Tp) and conclusion temperature (Tc) of gelatinization increase slightly 
with decreasing granule size (Dhital, Shrestha, Hasjim, & Gidley, 2011; A.-C. 
Eliasson & Karlsson, 1983; Singh & Kaur, 2004). Furthermore, the endothermic 
enthalpy of gelatinization (∆H) decreases when the granule size decreases in the 
starches (Dhital, Shrestha, Hasjim, & Gidley, 2011; Singh & Kaur, 2004). 

Otherwise, in Paper I that was described above, two types of starches (corn and 
potato) were fractionated and the thermal properties according to the starch 
granule’s size were determined. The results for the whole corn starch and its 
fractions showed no differences in thermal properties and granule size. 
Nevertheless, it was possible to find differences in the thermal properties of whole 
potato starch granule and its fractions. Taking this data and the results of the two 
Andean roots from Paper IV into consideration (due to the similarity of their 
botanical origin), was made table 2. It shows the summary of the results of thermal 
properties according to the granule size and the amylose content from the two 
Andean roots.  

It is possible to see from Table 2, that ΔH increases with increasing granule size. 
These results are in agreement with previous results (Dhital, Shrestha et al. 2011). 
Additionally, no trend was found for To, Tp and Tc when maca and achira starch are 
considered in the analysis. Nevertheless, it seems that the amylose content can affect 
the thermal properties of the starch greatly according to the granule size. There is 
an increase of amylose content with increasing granule size for maca and achira (see 
Table 2), which is in agreement with previous reports showing that higher amylose 
content is present in larger starch granules (Diego, Walter, Henry Alexander, & 
José, 2017; Kaur, Singh, McCarthy, & Singh, 2007; Singh & Kaur, 2004; Utrilla-
Coello, Agama-Acevedo, Barba de la Rosa, Rodríguez-Ambriz, & Bello-Pérez, 
2010). In addition, high amylose starches have somewhat higher gelatinization 
temperatures (Hoover & Manuel, 1996; Yoshimoto, Tashiro, Takenouchi, & 
Takeda, 2000), which is in agreement with the results obtained from maca and 
achira starch. 
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Table 2.  
Thermal properties of Andean root starches and fractions from potato starch prepared in a 1:3 m/v (starch/water) ratio 
according to the granule size 

Andean 
roots 

Granule 
size (µm) 

To (°C) Tp (°C) Tc (°C) ΔT ΔH 
(mJ/mg) 

Amylose 
(%) 

Maca  10 ± 3a 46.0 ± 0.1 48.7 ± 0.2 53.5 ± 0.4 7.5 13.6 ± 0.1 29 
Achira  50 ± 14a 61.5 ± 0.2 65.6 ± 0.2 70.0 ± 0.6 8.5 15.4 ± 0.2 48 
Whole 
potato 37.7 ± 4b 60.7 ± 0.2 65.1 ± 0.2 70.2 ± 0.6 9.6 14.9 ± 0.7  

Fraction –
a (potato) 15.3 ± 6b 61.5 ± 0.6 66.7 ± 0.2 72.5 ± 0.2 10.9 13.0 ± 0.4  

Fraction-
bbb 
(potato) 

49.0 ± 6b 61.9 ± 0.2 65.9 ± 0.2 70.8 ± 0.4 8.9 16.8 ± 0.2  

Fraction-c 
(potato) 68.1 ± 16b 61.6 ± 0.1 65.6 ± 0.1 70.4 ± 0.1 8.8 17.1 ± 0.2  
a Mean granule size diameter by measuring the diameter of 400 granules  
b Mean granule size diameter by measuring the diameter of 500 granules 
To: Onset temperature, Tp : Peak temperature, Tc: Conclusion temperature, ΔT = Tc - To: Gelatinization range, ΔH: 
Enthalpy of gelatinization, Mean values ± standard deviation (n = 3). 

Furthermore, with all parameters determined in the analysis of the five Andean 
crops in Paper IV, a multiple linear regression analysis was performed to find a 
correlation between their physicochemical properties such as granule size, 
crystallinity, pasting properties and structural properties such as rrms, M and ρapp. It 
was possible to find some correlations and some equations were proposed that 
describe the relationship between the parameters, which are shown as follows: 𝑃𝑉 = −5.26 + 1.04൫𝑇௣൯ − 0.23൫𝜌௔௣௣൯  (2) 

The first equation relates the peak viscosity (PV) with Tp and apparent density (ρapp), 
showing a correlation between these variables of R2 = 0.97. 𝐹𝑉 = 479.1 + 55.6(𝐴𝑚𝑦𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 %) + 25.8(∆𝐻) (3) 

The second equation relates the final viscosity (FV) to the amylose content and ΔH, 
showing a correlation between these variables of R2 = 0.98.  

Additionally, considering the possible correlations between all properties that were 
studied in Paper IV, it is possible to propose models to estimate pasting properties 
(i.e. PV and FV) from fundamental properties such as ρapp, amylose content, ΔH and 
granule size. These equations are shown below: 𝑃𝑉 = −1371.8 − 73.3൫𝜌௔௣௣൯ + 225.5(∆𝐻) − 0.52(𝐺𝑟𝑎𝑛𝑢𝑙𝑒 𝑠𝑖𝑧𝑒) +109.4(𝐴𝑚𝑦𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 %)   (4) 
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𝐹𝑉 = −360.3 + 71.1൫𝜌௔௣௣൯ + 36.7(∆𝐻) + 13.6(𝐺𝑟𝑎𝑛𝑢𝑙𝑒 𝑠𝑖𝑧𝑒) +43.8(𝐴𝑚𝑦𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 %)   (5) 

Finally, particular characteristics can be highlighted in some of the Andean starches. 
The amaranth starch appeared virtually free of amylose and had the highest Mw and 
rrms, which means that very few molecules formed the amaranth granule. Quinoa and 
canihua starches displayed very low breakdown, indicating that these starches were 
stable after the heating and cooling processes. This might be related to the fact that 
those starches had small granule sizes, with canihua starch granules being the 
smallest. 
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7 Characterization of Starch 
Nanocomponents  

In recent years, there has been great interest in producing nanostructures from starch 
granules, as described in some recent reviews (Ali Razavi & Amini, 2016; Le Corre, 
Bras, & Dufresne, 2010; Wang, Truong, & Wang, 2003). In particular, small-sized 
granules and modified granules have been shown to be used for stabilization of 
Pickering emulsions (Ge, Xiong, Li, Liu, Yang, Chang, et al., 2017; Liang, Jiang, 
Yokoyama, Yang, Cao, & Zhong, 2016; Rayner, Timgren, Sjöö, & Dejmek, 2012; 
Saari, Fuentes, Sjöö, Rayner, & Wahlgren, 2017; Yusoff & Murray, 2011). 
Nevertheless, to the best of our knowledge, there are no studies describing if the 
nanostructures obtained after being reconstituted behave like particles in dispersion 
or if they are like small structures that maintain their polymer characteristics. To 
study this, three different types of starch nanoparticles were obtained by non-solvent 
precipitation (non-SP) and were analyzed in Paper V.  

The study focused on the analysis of reconstructed samples, i.e. after the non-SPS 
were obtained to investigate if they remain as particles when they are reconstituted. 
One of the samples was prepared with an acid hydrolysis pre-treatment (AHSP) 
another one was modified using n-octenyl succinic anhydride (OSA) obtaining 
OSASP. The third sample did not have any additional treatment (SP). Additionally, 
three different ways to re-disperse/dissolve the samples were tested a) dissolution at 
100 °C in DMSO, b) dissolution at 100 °C in an aqueous solution (e.g., AF4 carrier 
liquid), and c) dispersion at room temperature in an aqueous solution (e.g., AF4 
carrier liquid). The analysis was performed using AF4 connected to MALS and dRI 
detectors. The use of DMSO was to compare the behavior of the samples when they 
are dissolved or dispersed, as it is well known that starch is dissolved in DMSO. In 
addition, the ratio of rrms/rh gives us information about the conformation, where rh 
was calculated from the AF4 theory in the samples prepared in aqueous solution at 
room temperature. 

The results showed, that all the non-SPS had an amorphous structure, as the analysis 
using DSC did not show any transition in the endothermic curve (no peak was 
detected), which indicates that the granules were completely disrupted and the non-
solvent precipitation did not induce any major formation of starch crystals 
previously reported (Das, Sanson, Fava, & Kumacheva, 2007; Kim, Lee, Kim, Lim, 
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& Lim, 2012). In addition, no significant differences were observed in the AF4 
fractograms, in M and rrms between the same sample dissolved in DMSO (blue) and 
boiling aqueous solution (green), respectively (see Figures 7A-C blue and green 
solid lines). This indicates that the three non-SPS samples were dissolved in both 
DMSO and boiling aqueous solution. In contrast, considering the samples prepared 
in aqueous solutions at room temperature (see red solid lines in Figures 7A-C), each 
non-SPS sample showed a different behavior.  

AF4 fractograms of the AHSP sample prepared in an aqueous solution at room 
temperature (red solid line, Figure 8A) indicated the existence of two populations, 
which is not the case for the same sample prepared in DMSO (blue solid line) or 
boiling aqueous solution (green solid line). The first population is exhibiting an 
elution profile similar to those of the same sample prepared differently, with slight 
increases in M and rrms distributions. Additionally, the second population at tr 
between 37 and 45 min, showed higher M (about 109 g/mol) and rrms (about 200 
nm). The existence of the second population suggests the presence of some 
undissolved material in an aqueous solution at room temperature. 

The conformation value for the AHSP sample (first eluting population) was 0.86, 
suggesting that the conformation lies in between a highly branched object (rrms/rh ≥ 
1.0) and/or a spherical object with a homogeneous mass distribution (rrms/rh = 0.778) 
(Burchard, 1999). To obtain more information about the conformation of this 
sample, a complementary analysis using SEM and cryo-TEM was performed (data 
shown in Paper V). The results from SEM show the presence of small particles (as 
the analysis was made with the dried sample) with a diameter of about 250 nm. 
However, upon dispersion in an aqueous environment, the cryo-TEM micrographs 
do not show such well-defined particles. Rather, the sample appears to consist of 
smaller and less well-defined objects like loose polymer aggregates.  

Therefore, it can be concluded that upon dispersion, the AHSP sample loses its well-
defined particle-like nature and more closely resembles an aggregate of polymers. 
Most likely, this is due to partial dissolution of the particles. It should also be noted 
that the second population in the AHSP sample is much larger than the particles 
observed in SEM and were not visible in the cryo-TEM results. This suggests that 
the second population might consist of either larger particles or aggregates of 
smaller particles, but conformational data could not be obtained for this population. 
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Figure 8. Fractograms of non-SPS samples (AHSP (A), SP (B) and OSASP (C))  
Non-SPS dissolved in DMSO (blue), boiling aqueous solution (green), and aqueous solution at room temperature 
(red). Symbols denote the molar mass (g/mol) (○), root-mean-square radius rrms (nm) (▲), MALS-signal at 90° 
scattering angle (▬), and dRI signal (∙∙∙∙) from Paper V. 
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The results of the SP sample prepared in aqueous solution at room temperature (see 
red solid line, Figure 8B) showed a much different elution profile than the one 
prepared in DMSO (blue solid line), thus indicating that dissolution was not 
complete. The elution profile was narrower than the one in DMSO, mainly because 
much of the later-eluting material is missing. For the same reason, the SP sample in 
an aqueous solution at room temperature exhibited lower M and rrms distributions 
than the same sample prepared differently. The conformation value for this sample 
was 1.22, which corresponds to a highly branched macromolecule (Burchard, 1999) 
and is in good agreement for what has been reported for amylopectin (rrms/rh = 1.02 
to 1.29) (Roger, Bello-Perez, & Colonna, 1999). 

In the case of the OSASP sample, no significant differences were observed among 
the three AF4 fractograms in MALS signal at 90°of scattering angle (see red solid 
line, Figure 8C). Moreover, the M and rrms distributions were similar, indicating that 
OSASP was dissolved well in all three preparation procedures and is found as a 
molecule in solution. The conformation value was 1.04, which also corresponds to 
a branched structure. In short, from the results, it is possible to conclude that none 
of the non-SPS samples shows a particle conformation (spherical) after being 
reconstituted, which suggests that they are not nanoparticles as the name implies, 
and that this might therefore not be the most appropriate designation for them. 
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8 Characterization of Starch after 
Breadmaking  

One of the most popular foods with a high starch content that can be found in almost 
every home throughout the world is bread (S. P. Cauvain, 2005). Bread is an 
important part of human nutrition and breadmaking has been widespread. Although 
there is a great deal of information about starch extracted from bread during 
breadmaking, storage, etc. (Dewettinck, Van Bockstaele, Kühne, Van de Walle, 
Courtens, & Gellynck, 2008; A. C. Eliasson, Bergenstahl, Nilsson, & Sjoo, 2013; 
MacRitchie, 2016; Pareyt, Finnie, Putseys, & Delcour, 2011; Stamataki, Yanni, & 
Karathanos, 2017), it is still important to increase the knowledge about starch as raw 
material in bread at the molecular level, when modified and/or during the changes 
due to the processing conditions to improve the properties and functionality. This 
section thus examines molecular properties of starch extracted from different types 
of bread using AF4. This work is part of Paper VI and VII.  

Various additives are currently applied in the baking industry to suppress staling 
and to some extent enhance the shelf life of bread. Enzymes and emulsifiers are the 
two most common types of additives used to reduce the crumb firmness of breads 
(León, Durán, & Benedito de Barber, 2002). The impact of enzymes on retarding 
the staling rate to preserve the freshness of bread for a longer period of time has 
been reported in several studies (Fiszman, Salvador, & Varela, 2005; Maningat, 
Seib, Bassi, Woo, & Lasater, 2009). Among the enzymes, α-amylase is used in 
breadmaking to reduce staling and was the enzyme used in Paper VI. Novamyl 
10000 BG (α-amylase enzyme) is thermo-stable and well known for its anti-staling 
properties. Its commercial preparation is maltogenic α-amylase from Bacillus sp. 
TS-25, formerly B. stearothermophilus (Diderichsen & Christiansen, 1988).  

The effect of the addition of 10000 BG (α - amylase enzyme) was studied. Breads 
were baked without (SBR) the addition of the enzyme and with the addition of he 
enzyme at two different concentrations low (SBL) and high (SBH). The starch was 
extracted from the crumb of the breads (Paper VI). Additionally, three different 
types of breads from Bolivia were analyzed (Paper VII). One type of bread was 
produced in an industrial way (PMOM) and the two others were made in an artisanal 
manner (PSAM and PMAM).  
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The formulation of the first bread was very similar to the reference bread (SBR) 
used in Paper VI. The two other breads have some differences in formulation. The 
water content in the dough for PSAM and PMAM was 600 and 700 g/Kg, 
respectively, while for PMOM the water content was about 500 g/Kg. Additionally, 
vegetable fat (90 g/Kg and 40 g/Kg of dough) was added to PSAM and PMOM, 
respectively. The starch from wheat flour was also analyzed for comparative 
proposes. 

Table 3 shows a summary of the average results of molecular properties obtained 
from AF4 connected to MALS and dRI detectors and the content of resistant starch 
in starch extracted from Bolivian breads. The results show that all samples were 
high M species with a wide range of weight average Mw = 6.6·107 - 1.6·108 g/mol. 
The Mw of starches extracted from the different types of wheat starches used during 
the elaboration of breads were similar. SBR and PMOM had similar average Mw. It 
should be noted that the preparation conditions in both types of breads were similar. 
In the case of breads baked in an artisanal manner, an increase in average Mw is 
observed, which suggests that the baking conditions (i.e. shorter baking time and 
apparent higher temperature) and recipes could have an influence on the change of 
Mw. It should be noted that because the real temperature in the air used in the baking 
process of artisanal breads was not possible to obtain, the apparent temperature is 
taken instead. 

In the starches extracted from breads with added enzyme, a decrease in rrms and Mw 
and increase in ρapp as an effect of baking were observed. The effect is larger when 
the enzyme is added. Additionally, some complementary data collected using 1H 
NMR show that there is an increase in average degree of branching (DB). 
Furthermore, it seems that the DB increases as the concentration of the α-amylase 
increases. It should be noted that the number of reducing ends H-1(β-r) and H-1(α-
r) increases because of the baking process. In the case of starch breads from Bolivia 
Mw and rrms increased in the order PMAM > PSAM > PMOM. The ρapp had the same 
trend as Mw and rrms for starch breads.  

In Table 3, it can be noted that M, rrms and ρapp were higher in breads baked in an 
artisanal manner. Furthermore, in the PMAM sample, the rrms value decreased rather 
than increased, which is because of the presence of the second population at tr = 35 
min (data presented in Paper VII). In addition, the changes in the molecular 
properties could be related to the moisture content of the breads due to the use of 
different water content in the preparation of the dough. PMAM had a higher 
moisture content (40.3%) than the other two breads (PMOM = 21.5% and PSAM = 
36.2%), which could have contributed to the formation of resistant starch (see Table 
3). It has been previously reported that a higher moisture content in the bread is 
consistent with a higher resistant starch content (Amaral, Guerreiro, Gomes, & 
Cravo, 2016; Siljeström & Asp, 1985).   
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Table 3.  
Summary of average values of M, rrms, ρapp, mass recovery and resistant starch content. 

Sample 
ID 

Type of sample Mw∙107 
(g/mol) 

rrms 
(nm) 

ρapp 
(Kg/m3) 

Recovery 
(%)a 

Resistant 
starch (%) 

S0 Starch from wheat flour 7.2 112 7.4 51  
SBR Starch of bread whithout 

added enzyme 6.6 91 12.0 99  

SBL Starch from bread (low 
concentration of enzyme, 65 
mg/Kg) 

3.3 63 16.6 101  

SBH Starch from bread (high 
concentration of enzyme, 
100 mg/Kg) 

3.0 64 14.8 126  

M1 Starch from wheat flour 
used in PMOM bread 7.2 166 10.2 63 0.4 

M2 Starch from wheat flour 
used in PSAM and PMAM 
bread 

7.6 166 10.7 59 0.4 

PMOM Starch from pan molde 6.7 105 12.1 98 1.7 
PSAM Starch from pan sarnita 12.6 155 13.7 82 2.1 
PMAM Starch from pan marraqueta 15.7 179 17.4 88 7.4 
a The mass recovery was determined from the ratio of the mass eluted from the separation channel (integration of 
the dRI signal) to the injected mass (based on the analyzed starch content of the sample) 
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9 Conclusions 

The present study was performed to improve the understanding of the relation 
between physicochemical properties such as granule size, crystallinity, pasting 
properties among other and molecular properties like molar mass, ρapp and rrms. First, 
a model was proposed, where pasting properties i.e. peak viscosity and final 
viscosity with ρapp, gelatinization enthalpy, granule size and amylose content are 
related to each other using five Andean crops that can be used as a raw material in 
food and other industries. Second, thermal properties were examined in relation to 
the granule size. For this, potato starch and its fractions (obtained using large-scale 
FFD-SF) as well as Andean roots were analyzed showing that the gelatinization 
enthalpy (ΔH) increases with increasing granule size and amylose appeared to 
greatly affect the thermal properties. 

Moreover, waxy maize starch was modified to produce nano starch components. 
The non-solvent precipitated starch (non-SPS) obtained has amorphous structures. 
In addition, when the non-SPS were reconstituted in under different conditions, they 
did not show particle characteristics i.e. they displayed a branched conformation, 
which suggests that designating these as nanoparticles might not be appropriate. 
Otherwise, starch was analyzed as a final product after baking process where it was 
possible to observe that the addition of enzymes and different types of preparation 
methods and contents in the recipe produced changes in the molecular properties 
i.e. M, rrms and ρapp, which could have been modified due to the baking process and 
the applied conditions. Additionally, it seems that the resistant starch varies 
depending on the type of bread that was analyzed. 

On the other hand, for the analysis of starch as a polymer, it was shown that using a 
modified AF4 channel i.e. frit inlet (FI) channel, almost double the amount of mass 
could be injected compared to the conventional AF4 channel, without observing 
overloading effects. Additionally, the downturn phenomenon usually considered as 
an artifact was shown to be a result of eluting species with similar M but different 
conformation.  

Finally, starch from different sources was studied using FFF techniques, mainly 
AF4, first as a raw material, second when it was modified to obtain nano-starch 
components and third after breadmaking. Under different conditions, the results 
confirmed that the use of these techniques is suitable for the analysis of branched 
structures polysaccharides such as starch.      
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10 Future Outlook 

There is extensive knowledge about the starch granule, its molecules and other 
characteristics. However, due to its complex structure, it is still necessary to 
investigate new aspects that complement the current knowledge. Further research is 
therefore suggested on the following topics: 

1. In the present study, only five starches from Andean crops were analyzed. In order 
to obtain a greater number of correlations and better correlation values between 
fundamental and structural properties, it is necessary to add a larger number of 
samples, especially from roots and grains, to enable proper calculations. This could 
lead to the development of mathematical models to predict changes in fundamental 
and molecular properties. It could also help in the utilization of starches in technical 
and food applications. For instance, during the development of a new product using 
canihua starch, its behavior during cooking could be predicted.  

2. Complementary analyzes should be performed with AF4 concerning nano 
components obtained from starch with a crystalline structure, as in the present work 
only non-SPS with amorphous structures were analyzed. Some studies mention that 
the crystalline part of starch can lead to the formation of starch nanoparticles, which 
could confirm e.g. that nanocomponents obtained from starch with crystalline 
structures remain as particles after being reconstituted. 

3. The studies about starch extracted from bread were focused on the crumb of the 
bread and some work on the crust was done applying AF4. It could be necessary to 
complement the knowledge about the changes that occur during the baking process. 
This could be especially useful in the industry to predict the changes of some 
characteristics, for example, the formation of resistant starch according to the recipe 
or other parameters such as cooking temperature, in order to obtain functional 
products.   

4. There is little knowledge about the molecular characteristics of resistant starch in 
food after cooking and its changes in the gastrointestinal tract. More studies in this 
area are thus need. These experiments can be performed using AF4 to analyze starch 
extracted from different foods after cooking. Additionally, it could be possible to 
carry out in vitro experiments where resistant starch is analyzed in different 
conditions simulating the gastrointestinal tract in order to determine the changes in 
M and conformation to ensure stability, i.e. if it remains resistant starch or if some 
changes occur. 
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