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Chapter 1. Summary

1.1 Summary

Chia (Salvia hispanica L.) is becoming increasingly popular as ingredient for baked goods.

The aim of the first part of this thesis was to investigate the influence of gel from ground

chia on the rheology of different wheat dough systems and the resulting baked goods. The

evaluated products were wheat bread and sweet pan bread. The effects of chia incorporated

as gel in wheat bread dough as hydrocolloid were characterized using empirical and funda-

mental rheological methods and differential scanning calorimetry. To avoid competition of

starch and ground chia with respect to the water uptake, chia was incorporated as gel. The

gel was prepared of ground chia with 5 g/g and 10 g/g water, respectively. The doughs

were prepared with 1-3 % chia related to the amount of wheat flour. The effects of gel

from ground chia were studied also as fat replacer in sweet pan breads. The main focus

of the work was to study the effects of the fat substitution on the dough rheology. The

dough rheology was characterized using a rotational rheometer and a Rheofermentometer.

The end products were evaluated with a texture analyser and two samples were additionally

evaluated with respect to their fatty acid profile. The substitution was secondly addressed

to reduce the total amount of fat in the product and to improve the nutritional value of the

products regarding the fatty acid composition. The fat was replaced in four steps, and the

ratio among the ingredients was held constant to ensure a better comparability.

Within this thesis it was shown that addition of gel from ground chia can affect wheat

doughs and the resulting baked products in a positive way. The approach of using ground

chia as gel seems to be fruitful to avoid competition between starch and chia with respect

to the water uptake while the crumb formation during the baking process takes place. The

evaluation of the pasting profiles of wheat flour suspensions with chia gel addition reinforced

this assumption. The gel from ground chia affected the pasting properties in a way that the

viscosities decreased with increasing amount of chia. The rheological properties of the doughs

were affected in negative ways with respect to further processing by the addition of too high

amounts of chia gel. The dough stability was reduced and the resulting baked products were

less and irregular porous and therefore compact. All doughs showed weakening regarding

the rheometer measurements, however the linear viscoelastic region was not affected. The
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Chapter 1. Summary

frequency sweep measurements showed for all doughs a decrease with increasing content of

gel from ground chia. The creep-recovery tests of the sweet pan bread doughs revealed that

the zero viscosity η0 decreased and the creep compliance J0 increased with increasing chia

gel content. The weakening of the doughs may not absolutely be caused by the incorporated

chia, but by the additional water. There seems to be a kind of interaction between ground

chia particles, wheat flour constituents and water, because nearly the same results were

achieved for 2 % and 1 % of ground chia with 5 g/g and 10 g/g water, respectively. These

experiments lead also to the best results for incorporating gel from gound chia to wheat

breads. The best results for sweet pan breads were obtained with 25 % fat replacement

through gel from ground chia. This gel was prepared of 2.3 g ground chia with 5 g/g water.

Summarizing the incorporation of defined amounts of gel from ground chia has a positive

effect on the rheology and the resulting baked products. The retrogradation of the baked

products was decreased over storage and the dietary fibre content was increased. Thus chia

acts like a hydrocolloid. The nutritional values of the evaluated baked products, wheat

bread and sweet pan bread, were increased. For the sweet pan breads an increase of ω-3

fatty acids was determined. The resulting best sweet pan bread exhibited an amount of 5 %

linolenic acid. Gel from ground chia can therefore be incorporated into bakery products as

hydrocolloid and for improving the nutritional values regarding the dietary fibre and ω-3

fatty acid contents.

Another part of the work was the optimization of the production parameters, proofing time

and baking temperature, for bread rolls. The optimization was performed with the Nelder-

Mead simplex method. The optimization was necessary for a new oven type, where the oven

walls were coated with a ceramic, that increased the infrared radiation during the baking

process. The quality criterion for the optimization were the specific volume, the baking loss,

the colour saturation, crumb firmness as well as the elasticity of the bread rolls.

Within 11 experiments the optimal baking result defined by the results of a conventional

oven was obtained. The optimal processing parameters for the bread rolls were a proofing

time at 117 minutes and a baking temperature of 215 ◦C for 16 minutes.
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Chapter 1. Summary

1.2 Zusammenfassung

Chia (Salvia hispanica L.) wird als Zutat für Backwaren immer beliebter. Ziel des ersten

Teiles dieser Arbeit war die Untersuchung des Effekts von Chiagelen auf unterschiedliche

Teigsysteme und den daraus resultierenden Backwaren. Die untersuchten Backwaren waren

Weizenbrot und Kastenstuten.

Zunächst wurden die Effekte von eingebrachtem Chiagel als Hydrokolloid in Weizenteig

untersucht. Hierzu kamen empirische und fundamentale rheologische Methoden und die

Dynamische Differenzkalorimetrie zum Einsatz. Um eine Konkurrenz von Stärke und Chia

um das freie Wasser zu verhindern, wurde Chia als Gel eingebracht. Die Gele wurden mit

geschroteten Chiasamen und 5 g bzw. 10 g Wasser pro g Chia erzeugt. Die Teige wur-

den mit 1 % bis 3 % Chia bezogen auf die Mehlmenge hergestellt. Anschließend wurden

die Effekte von Chiagel als Fettersatz in Kastenstuten untersucht. Die Substitution des ur-

sprünglichen Fettes sollte zum einen den Gesamtfettgehalt der Kastenstuten senken, aber

auch die ernährungsphysiologische Qualität der Kastenstuten im Hinblick auf das Fettsäure-

profil erhöhen. Das Fett wurde hier in vier Schritten ersetzt wobei die Gesamtteigmenge

konstant gehalten wurde, um eine bessere Vergleichbarkeit der Ergebnisse zu gewährleisten.

Im Rahmen dieser Arbeit wurde festgestellt, dass die Addition von Chiagelen Weizenteige

und die daraus resultierenden Backwaren in positiver Weise beeinflussen kann. Der Ansatz,

die geschroteten Chiasamen mit Wasser vor zu verquellen und somit den Wasseranteil in-

sgesamt zu erhöhen, erwies sich als sehr sinnvoll. Die Konkurrenz von Chia und Stärke

um das im Teig zur Verfügung stehende Wasser konnte somit verhindert werden. Die Un-

tersuchung der Verkleisterungseigenschaften hat diese Vermutung bestätigt. Die Chiagele

verringerten die Viskositäten mit steigendem Chiagehalt. Die untersuchten Teige wurden

hinsichtlich ihrer Weiterverarbeitbarkeit durch den Einsatz von zu viel Chiagel negativ

beeinflusst. Die Teigstabilität wurde verringert und die resultierenden Backwaren waren

sehr kompakt, da sie nur wenig und ungleichmäßig gelockert waren. Bei den Rheometer-

messungen zeigten alle Teige eine Erweichung, die Bereiche für die linear-viskoelastische Re-

gion wurden jedoch nicht beeinträchtigt. Die Frequenzsweep-Messungen zeigten verringerte

Moduli für alle Teige mit steigendem Chiagelanteil. Die Kriecherholungsversuche der Kas-
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Chapter 1. Summary

tenstutenteige zeigten, dass die Nullviskosität η0 abnahm. Die Kriechnachgiebigkeit nahm

hingegen mit steigendem Chiagelanteil zu. Die Teigerweichung ist vermutlich nicht nur durch

den Zusatz von geschroteten Chiasamen verursacht worden, sondern auch durch die höhere

Menge an Wasser, die so mit in den Teig eingebracht wurde. Die Ergebnisse legen nahe, dass

es eine Wechselwirkung zwischen geschroteten Chiasamen, Mehlbestandteilen und Wasser

geben muss. Für die Backversuche mit 2 % Chia und 5 g/g Wasser und diejenigen mit

1 % Chia und 10 g/g Wasser wurden die gleichen Ergebnisse erzielt. Diese Backversuche

zur Einbringung von Chiagelen in Weizenbrote führten zu den besten Ergebnissen. Für die

Kastenstuten erwies sich eine Substitution von 25 % des Fettes durch Chiagel als sehr gut.

Zusammenfassend lässt sich sagen, dass das eingebrachte Chiagel sich positiv auf die Rheolo-

gie der untersuchten Backwaren ausgewirkt hat. Die Retrogradation der Backwaren wurde

verzögert und der Ballaststoffanteil in den Gebäcken wurde erhöht. Chia wirkt also auch als

Hydrokolloid. Das Fettsäureprofil aller hergestellten Gebäcke wurde vermutlich im Bezug

auf die ω-3 Fettsäuren verschoben. Für die Kastenstuten wurde diese Vermutung, auch beim

Einsatz von nur 2.3 % Chia, bestätigt. Der Anteil an α−Linolensäure betrug hier 5 %. Die

ernährungsphysiologischen Eigenschaften beider Backwaren wurden durch den Einsatz von

Chia erhöht. Chiagel kann folglich zur Steigerung der ernährungsphysiologischen Qualität

bezüglich der Gehalte an Ballaststoffen und ω-3 Fettsäuren eingebracht werden.

Ein weiterer Teil der vorliegenden Arbeit war die Optimierung der Herstellungsparameter,

Dauer der Endgare und Backtemperatur, für Brötchen. Die Optimierung wurde mit der

Nelder-Mead Simplex Methode durchgeführt. Die Optimierung war für einen neuen Back-

ofen erforderlich, dessen Wände mit einer speziellen Keramik beschichtet sind. Diese erhöht

den Anteil an Infrarotstrahlung während des Backprozesses. Als Qualitätskriterien wurden

das spezifische Volumen, der Backverlust, die Rösche, die Farbsättigung und die Krumen-

festigkeit sowie -elastizität der Brötchen herangezogen.

Mit nur 11 Experimenten wurde das optimale Backergebnis erzielt, das anhand der Ergeb-

nisse eines herkömmlichen Backofens definiert wurde. Eine Fermentationsdauer von 117 Min-

uten und der Backvorgang bei 215 ◦C für 16 Minuten wurden als optimale Herstellungspa-

rameter bestimmt.
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Chapter 2. Introduction and outline

2.1 Chia (Salvia hispanica L.)

The correct botanical name of chia is Salvia hispanica L. belonging to the Salvia category

of the Labiatae family. It is a subtropical annual plant which requires less water compared

to other crops. Salvia hispanica L. was an important staple Mesoamerican food and medical

plant in pre-Columbian times (Cahill, 2003). Application of Salvia genus is common in

flavouring and folk medicines worldwide (Lu and Yeap Foo, 2002). Chia seeds have been

used as whole seeds, seed flour, seed mucilage, and seed oil. A refreshing drink made with

whole chia seeds has attained great popularity in Mexico and beverages remain the major

culinary use, however those made with flour have fallen out of favour, as has use of chia

flour in general (Cahill, 2003; v. Schlechtental, 1830). The popularity of chia seeds increased

rapidly in the last few years. They have been revalued due to their nutritious properties:

high fibre, polyphenols and lipids content (Jiménez et al., 2010). The number of publications

about chia and its ingredients spread rapidly from 4 (2007) to 36 (2015) and 28 until June

2016 (compare with Table 2 in the Annex). Earlier publications refer to the botanical

properties of chia, newer publications investigate mostly the application of chia in different

products. Here the obtained mucilage when chia seeds are placed in water was the most

interesting part.

Great potential for chia is seen as future crop plant. Chia requires less water than cereals or

other oil seeds to grow, so it is also investigated as future crop for more diversity in Argentinia

and the U.S. (Coates and Ayerza, 1996, 1998; Estilai et al., 1996; Gentry et al., 1990). As

new ω-3 fatty acid source the flowering of chia was successful applied in the growing season

2009 in Kentucky for example (Jamboonsri et al., 2011). Recent studies showed, that water

stress leads to an increase of lipid and therefore ω-3 fatty acid production (Silva et al.,

2016). The evaluation of the chia seed oil was done by several authors (Álvarez-Chávez

et al., 2008; Ayerza, 1995; Bushway et al., 1981; Estilai et al., 1996; Ixtaina et al., 2011;

Steger et al., 1942; Palma et al., 1947; Taga et al., 1984). Besides the oil the nutritional

composition of chia is discussed (Bushway et al., 1984; Llorent-Mart́ınez et al., 2013; Weber

et al., 1991). Furthermore the polysaccharide mucilage was studied for different applications

(Gentry et al., 1990; Gillet, 1981; Lin et al., 1994; Whistler, 1982; Capitani et al., 2013). Lin
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Chapter 2. Introduction and outline

et al. (1994) determined a linear tetrasaccharide that contains 25 % uronic acid. Like pectin

(D-galacturonic acid) uronic acids are commonly used as gelling agents in food technology.

2.1.1 Chia (Salvia hispanica L.) in food applications

Since 2009 chia is allowed in breads up to 5 % in context of the novel food regulation of

the EU (EC, 2009). The commission implementing decision in January 2013 (EC, 2013)

extended the use of chia as novel food ingredient. Baked products, breakfast cereals and

fruit, nut and seed mixes must not contain more than 10 % chia, the daily intake of chia

should not exceed 15 g. The chia seeds were known earlier in Germany for their mucilage

release when placed in water (v. Schlechtental, 1830).

Nutritional properties of chia

Chia seeds are nutritionally valuable (Ayerza and Coates, 2011; Ixtaina et al., 2008; Llorent-

Mart́ınez et al., 2013; Muñoz et al., 2013; Marineli et al., 2014). According to Mart́ınez-Cruz

chia could be incorporated in human diet as novel isoflavone source, because of its high

antioxidant capacity (Mart́ınez-Cruz and Paredes-López, 2014). The quality of chia seeds is

affected by the genotypes (Cahill, 2004; Cahill and Ehdaie, 2005) and ecosystem conditions

(Karim et al., 2015; Ayerza, 2016). The identification of the origin of chia seeds is therefore

also an important research area (Ayerza, 1995; Ayerza and Coates, 2011, 2009a,b). The

purity of chia seeds is also a topic of interest. Bueno et al. (2010) found out that lots of chia

seeds are adulterated, the physico-botanical purity of the seeds ranged thus between 0 %

and 98.6 %, but there were no differences in the fatty acid content.

Dietary fibre

Reyes-Caudillo et al. (2008) determined the total of dietary fibre (TDF) content of chia seeds

with 18–60 g/100 g. Total dietary fibre include polysaccharides, oligosaccharides, lignin and

other associated substances. In accordance with these findings Vázquez-Ovando et al. (2009)

determined the physiochemical properties of a fibrous fraction from chia. They confirmed

the high content of TDF (56.46 g/100 g) composed mainly of insoluble dietray fibre (IDF)
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(53.45 g/100 g) with a low content of soluble dietary fibre (SDF) (3.01 g/100 g) as described

in the same range by different studies before (Reyes-Caudillo et al., 2008; Salgado-Cruz

et al., 2013). Due to the composition of the chia seeds they form mucilage hydrated in water

that could be used as industrial additive due to its outstanding physiochemical properties

(Salgado-Cruz et al., 2013). The incorporation of dietary fibre is most commonly to prolong

freshness of baked products for their capacity to retain water. The water holding capacity of

15.41 g/g of chia fibre suggested a use as hydrocolloid (Vázquez-Ovando et al., 2009). The

water absorption process of chia seeds was evaluated by Moreira et al. (2010).

According to the European Food Safety Authority (EFSA) the fibre intake for adults of

25 g/day is adequate for normal laxation. Greater intakes reduce risks of coronary heart

disease and type 2 diabetes and improved weight maintenance (EFSA Panel on Dietetic

Products, Nutrition and Allergies, 2010). The American Dietetic Association advises for

developing countries 60–120 g/day and that the insoluble (IDF)/soluble (SDF) ratio of di-

etary fibre should be 3:1. Fibre as a functional food ingredient may be considered to possess

two kinds of properties: (a) technological functionality and (b) physiological functionality.

Properties vary widely depending on the type of fibre (Bordeŕıas et al., 2005). The protein

content of chia seeds, obtaining a good balance of essential amino acids, was evaluated by

Sandoval-Oliveros and Paredes-López (2013).

Positive effects on human health are reported by several authors (Toscano et al., 2014; Vuksan

et al., 2010; Salgado-Cruz et al., 2014; Altamirano et al., 2015). After a double blinded,

parallel and randomized study Jenkins et al. (2016) suggested chia as as supplement in

conventional therapy for overweight and obesity in diabetes, because of the glycemic control

and the promoted weight loss by consuming chia. However, according to Ulbricht et al. (2009)

the efficacy of Salvia hispanica for any indication is not proven yet. More examinations on

the use of chia as dietary supplement as well as the treatment or prevention on human

diseases are needed.
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Fatty acid composition

The promising fatty acid composition of chia seeds is another well studied topic. Ayerza

and Coates (Ayerza and Coates, 2005; Ayerza Jr. and Coates, 2007) carried out feeding

experiments with ground chia seed and chia oil on rats. The results show an increase of

HDL cholesterol and ω-3 fatty acid contents, with a significant improvement in n-6/n-3 fatty

acid ratio, in rat serum. Chia seed oils were characterized by Álvarez-Chávez et al. (2008) as

attractive source of α-linolenic acid and phytosterols in comparison with other vegetal sources

actual used. They evaluated chia seed oils of two different chia seeds cultivated in different

regions. The average oil content was (25.5 ± 4.55) % and (29.7 ± 4.05) %, respectively, with

α-linolenic acid accounting for about 62 % of the total fatty acid methyl esters in the oil.

All authors concluded that chia oil, rich in α-linolenic acid, might be an alternative ω-3 fat

source for vegetarians and people allergic to fish and fish products. The safety and efficacy of

chia is discussed by Mohd Ali et al. (2012). They concluded that chia seed oil can maintain

a balanced serum lipid profile, but that there is some more research needed to do a correct

safety evaluation. Citelli et al. (2016) showed that chia oil supplementation changes the lipid

serum profile in liver, but does not change the total weight of the participants. Albert et al.

(2005) support the hypothesis that ω-3 fatty acids through an increasing dietary intake of

α-linolenic acid might reduce the risk of sudden cardiac death. Low proportions of chia oil

addition (10 % and 20 % weight percentage) on sunflower oil lead to a essential fatty acid

balance (Guiotto et al., 2014).

2.1.2 Applications

Chia is used as whole chia seeds and chia flour or ground chia, soaked in water or dry. De-

pending on the application only the mucilage or the oil of chia are used for further processing.

To obtain ground chia or chia flour different methods are described. Because of the high oil

content the milling of the seeds leads to problems regarding the quality of the fatty acids.

Different authors used different methods to grind the chia seeds like double knife crusher

(Coelho and Salas-Mellado, 2015), stainless steel grinder (Verdú et al., 2015; Zettel et al.,

2015), or analytical mills (Luna Pizarro et al., 2013, 2015; Rendón-Villalobos et al., 2012;

10
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Inglett and Chen, 2014). Milled, ground chia seeds or flour are commercial available in many

countries in the meantime.

Baked goods

Baked goods are easy to modify and different authors use chia to improve them. Ground

chia is recently used as additive to bakery products like pound cake and bread. Chia is

used there as whole seed, soaked or dry, or as ground chia or chia flour. The main goal

is the nutritional improvement of baked goods. Costantini et al. (2014) were substituting

10 % wheat flour with chia flour in wheat bread. They obtained no change in the specific

volume or the total flavonoid content of the breads, but an increase in moisture, fat, dietary

fibre and total phenolic content, and a decrease in carbohydrate content. The amount of

linoleic acid and linolenic acid increased from (0.40 ± 0.02) g/kg of total fatty acids on dry

weight (DW) to (19.3 ± 1.2) g/kg of total fatty acids on DW and (0.03 ± 0.01) g/kg of total

fatty acids on DW to (61.8 ± 2.4) g/kg of total fatty acids on DW respectively. The total

antioxidant activity was many times higher than in the control wheat bread. Luna Pizarro

et al. (2013) investigated the effects of adding whole chia flour (WCF) and hydrogenated

vegetable fat (HVF) on the technological, nutritional and sensory qualities of cakes. The

best cake formulation contained 15 g WCF/100 g flour mixture and 20 g HVF/100 g flour

mixture and had higher lipid, ash and protein contents than the control cake. A considerable

increase in its ω-3 fatty acid content and good sensory acceptance were accompanied there

with a greater purchasing intention of consumers. The application of chia gel as fat or egg

replacer in cake formulations was evaluated by Borneo et al. (2010). The replacement of

25 % egg or oil resulted in a more nutritious product with acceptable sensory characteristics.

Fat was also reduced by application of chia mucilage gel in pound cakes (Felisberto et al.,

2015). Best results were achieved with 25 g chia mucilage gel per 100 g of fat. Coelho and

Salas-Mellado (2015) reduced the additional fat in the bread baking process and substituted

wheat flour with chia flour and seeds. The reduction of the fat content of the bread was

27 % obtained with 7.8 g/100 g chia flour and 24 % with 0.9 g/100 g fat and 11 g/100 g

chia seeds and 1 g/100 g fat respectively. The content of dietary fibre and ω-3 fatty acids
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was increased in the resulting products. Consumer acceptance tests revealed that there was

no significant (p > 0.05) difference between the control and the 25 % chia muffin and for

the cookie control and the 5 % ground 10 % whole chia cookie sample (Lewis, 2010). The

dietary fibre content of white breads was increased about 50 % compared to the control by

chia seed addition (Švec and Hrušková, 2015). The changes in dough viscoelastic properties

and the worsening of the quality and therefore consumer acceptance were however small.

Besides the improvement of the nutritional values the technological influence on wheat bread

was investigated by different authors. The effect of chia seed flour on each wheat bread-

making phase and product storage was investigated by Verdú et al. (2015). Wheat flour was

here substituted by chia seed flour at 5 %, 10 % and 15 %. The gas retention and the dough

growth was improved by chia addition. The bread freshness was prolonged, detected with

less crumb hardness and a delay in water loss.

The physical properties of chia seeds are affected by their moisture content (Guiotto et al.,

2011). The effect of pre-hydration of chia seeds and flour on the quality of wheat flour

breads was determined by Steffolani et al. (2015). With pre-hydration the volume remained

unchanged at 10 g/100 gflour chia addition, without pre-hydration a decrease was observed.

Iglesias-Puig and Haros (2013) investigated the performance of dough and bread with incor-

porated chia seeds, flour and modified flour. They concluded that the incorporation of chia

inhibited the kinetics of amylopectin retrogradation during storage. Negative effects on the

resulting end product were reported by Luna Pizarro et al. (2015), although a better ω-6/ω-

3 ratio was achieved with a high amount of ω-3 α-linolenic acid. The gluten network was

weakened by 10 % whole chia flour addition, but the effect could be attenuated by the addi-

tion of vital gluten. All studies conclude that the mucilage is influencing the water-holding

capacity and is in interaction with the protein network. It is also sometimes concluded that

the retrogradation of the breads is delayed by adding chia. Chia acted in these experiments

thus like a hydrocolloid. The application as hydrocolloid was also proposed by Capitani

et al. (2015). Farrera-Rebollo et al. (2012) developed an image analysis tool for sweet bread

crumb structures with the help of incorporated chia flour. He could show the chia particle

distribution by his image analysis system.
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Glutenfree diet

Chia is also used in glutenfree diet especial breads, to enhance the nutritional quality. The

combination of chia with other nutritional valuable raw materials results in promising appli-

cations (Constantini, 2015; Moreira et al., 2013). Constantini et al. (2014) were substituting

10 % buckwheat flour with chia flour in glutenfree bread. They obtained no significant

change in the specific volume, but an increase in moisture, fat, dietary fibre content, and a

decrease in carbohydrate content. The amount of linoleic acid and linolenic acid increased.

Corn tortillas with reduced glycemic index and significant higher levels of protein, lipids

and total dietary fibre were produced with 15 % and 20 % addition of milled chia flour

(Rendón-Villalobos et al., 2012). Chia flour was also used for rice and soy based glutenfree

breads. Here parts of the flours and the hydrocolloid (HPMC) were substituted with 2.5 %

chia flour with no significant differences to the standard (Huerta et al., 2016).

Other products – functional food, hydrocolloid, thickener

For functional food applications new substances with high gelling and emulsion stability are

needed. Improved nutritional values by combining chia with other important cereals were

evaluated by Inglett et al. (Inglett et al., 2013; Inglett and Chen, 2014; Inglett et al., 2014).

They proposed these obtained gels with high gelling abilities and emulsion stabilities for

functional foods. Spada et al. (2014) produced soy based desserts with chia mucilage as

thickener. The resulting desserts differed in rheology and therefore consistency, but not in

colour, flavour and creaminess. They concluded that the addition of mucilage chia can be

made without causing major changes to the product. Oil in water emulsion gel containing

chia could replace animal fats in the formulation of healthier meat products (Pintado et al.,

2015). Chia mucilage is discussed as functional ingredient and as stabilizer or thickener agent

in emulsions. In combination with sunflower lecithin stable emulsions could be produced

by Guiotto et al. (2016). Chia protein hydrolysates incorporated in white bread and carrot

cream lead to products with improved ACE inhibitory activity (Segura-Campos et al., 2013).

Goh et al. (2016) concluded that the ’weak’ viscoelastic, strong shear dependent gel might

provide potentially useful rheological properties in food systems.
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2.1.3 Conclusion

Chia is the topic of many research studies. The characterization of the mucilage and the

effects of chia in different applications are well studied. The effects of chia consumption

on the human health need more research to get a correct safety evaluation. The origin of

chia seeds and the determination of the quality of these seeds is also a big issue, because

the consumers should not be misled by wrong promises of chia in food applications. In

conclusion the application of chia in baked goods can subsequently reduce the intake of

saturated fats and increase the intake of ω-3 fatty acids, which are essential for the human

diet. Furthermore the amount of dietary fibre can be increased which leads to a reduced risk

for different diseases. The application as food thickener or hydrocolloid is also promising.
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2.2 Yeast leavened baked wheat products

Wheat is worldwide the number three of staple foods (Klingler, 2010). The harvest yield

for wheat was in 2015 123,500 kt in the European Union. The worldwide production was

725,471 kt, the worldwide consumption of wheat was 704,908 kt in 2014/2015 (Foreign

Agricultural Service/USDA, Office of Global Analysis, 2016). Wheat flour is for example used

for bread making and sweet snacks and viennoiserie. Wheat dough systems are influenced

by different ingredients. According to the guidelines for bread and bakery products and the

guidelines for fine bakery products (German Food Code Commission (DLMBK)) different

aspects need to be considered. The amount of fat and sugar is regulated for bread to less than

10 parts of 90 parts milled cereal products. For fine bakery products it has to be more than

10 parts. Fat and sugar influence the dough developing during the fermentation process of

yeast leavened dough systems. In this thesis only yeast leavened doughs are evaluated. The

yeast activity is additionally influenced by the amount of water used for dough preparation

(Mastromatteo et al., 2013).

2.2.1 Dough characterization

The wheat doughs can be characterized with different measurement methods commonly used

in cereal science. For the production of wheat breads the optimal amount of water is usually

determined with the help of Farinograph measurements. To obtain information about the

dough stability and the gas retention capacity of the dough systems Rheofermentometer

measurements are performed. The dough viscosity and elasticity is commonly evaluated

by oscillatory rheometer measurements. Here amplitude sweeps and frequency sweeps are

performed. Creep-recovery tests are performed to get information of the flow ability of the

dough at the end of applied load (zero viscosity η0) and the instantaneous deformation (creep

compliance) of applied load.

The dough elasticity is also commonly determined by using the Kieffer dough and gluten

extensibility rig. This measurement can be performed with a texture analyser. The pasting

properties of flour or starch mixtures are usually determined with a Rapid Visco Analyser

as described in ICC standard 162 (ICC, 1996).
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2.2.2 Evaluation of the baking experiments

The evaluation of baking experiments is usually performed after the cooling of the baked

products to room temperature and after previously defined storage times in plastic bags at

defined temperatures. The cooling period is defined depending on the size of the product.

The evaluation of the baked goods is done by typical characteristics for baking like volume

yield, specific volume and baking loss. The baking loss is calculated as mass difference

between initial dough mass and baked bread divided by the initial dough mass. The volumes

of the baked goods can be determined according to the AACC Method 10–05 (AACC, 2000)

rapeseed procedure, based on a volume displacement system or with a laser-based volume

scanner. With the obtained volume the specific volume is calculated by dividing the volume

by the mass of the baked good.

Texture profile analysis (TPA) is performed with a modified AACC method (74-09) (AACC,

2000) to evaluate the crumb firmess and springiness of the baked products. After storage

the measurements are conducted to determine the freshness of the baked goods. Differential

scanning calorimetry (DSC) is applied for determining the retrogradation of the wheat breads

over storage period.

The nutritional evaluations of baked goods include usually determining protein, ash, carbo-

hydrate and fat content, as well as sometimes the fatty acid profile.
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2.3 Nelder-Mead simplex optimization

Process optimization has been carried out as long as processes are performed. Normally

statistical design of experiments is used. The response surface methodology for example is

well established for food processes (Flander et al., 2007; Turabi et al., 2007; Therdthai et al.,

2002; Collar et al., 1999; Lahlali et al., 2008; Getachew and Chun, 2016; Liu et al., 2016).

As an alternative for optimization a sequential approach is the Nelder-Mead simplex method

(Nelder and Mead, 1965), which was originally applied for the minimization of a function.

The simplex method according to Nelder-Mead is a fast and straight forward method well

etablished in chemical industry (Cerdà et al., 2016). Using the simplex method parame-

ters can be optimized within few steps by minimizing or maximizing a quality or objective

function (Spendley et al., 1962). It can be performed within arbitrary dimensions. For two

dimensions three starting experiments are needed. The starting experiments must be inde-

pendent of each other. The starting experiments are rated and the worst experiment ~w will

be mirrored on the mass centre ~M of the best ~b and the good ~g assessed experiment. The

calculation for the new experimental point ~n is performed using Equation 2.1:

~n = ~M + γ · ( ~M − ~w) (2.1)

~M =
1

2
· (~g +~b) (2.2)

γ is the expanding/contracting factor depending on the last four experiments. This factor

can be -0.5, 0.5, 1 and 1.5 depending on the values of the quality function of the new (QFn)

performed experiment with respect to the former best (QFb), good (QFg), and worst (QFw)

outcome (see Table 1).

Depending on these cases the next experiment is calculated. For instance, if the outcome

(QFn) of the new experiment ~en is better than the best outcome before ~eb (which means

QFn < QFb) the expanded simplex has to be applied. Therefore, the next experiment will

be calculated using γ = 1.5 in Equation 2.1. The triangles might be getting smaller with

every second iteration and approach to the optimum (Mathews and Fink, 1999).
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Table 1: Cases for the evaluation of the new performed experiment. Goal: Minimization of
the quality function.

case Name (index) γ
1 QFn < QFb expanded simplex (e) 1.5
2 QFb < QFn < QFg normal simplex (n) 1
3 QFg < QFn < QFw contracted simplex (c) 0.5
4 QFw < QFn negative contracted simplex (nc) -0.5

The quality function can be chosen depending on the needs of the final goal. It is possible

to weigh important characteristics statistically, but equally weighting is possible.

A detailed description of the Nelder-Mead simplex method is given by Bezerra et al. (2016)

and Cerdà et al. (2016).
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2.4 Aims of the thesis and outline

The aims of the thesis and subsequently the results section are divided in three parts. The

first two parts discuss the influence of chia gel on the rheology of different wheat dough

systems and the resulting baked goods. The third part presents an alternative optimization

method for food processes.

Chia (Salvia hispanica L.) is becoming increasingly popular as ingredient for baked goods.

Many authors conclude that the application of chia in baked goods can subsequently reduce

the intake of saturated fats and increase the intake of ω-3 fatty acids, which are essential for

the human diet. Furthermore, the amount of dietary fibre can be increased which leads to a

reduced risk for different diseases.

The first presented contribution evaluated the technological effect of gel from ground chia

for wheat dough processing and its influence on the shelf life of wheat breads. Chia has high

water absorption and holding capacity. To avoid competition of starch and ground chia, chia

was incorporated as gel. The amount of water (5 on 1) for gel preparation was chosen to

get a gel with a good stability based on the results of Inglett and Chen (2014). The second

ratio of water to chia (10/1) was performed to find out to what extent the gel composition

affects doughs.

In the second contribution the effect of fat replacement by gel from ground chia was in-

vestigated. The purpose of this study was to prepare sweet pan bread with chia as partial

fat replacer with respect to its effect on the rheological behaviour on the prepared doughs

and the resulting end products. Another minor aspect was to obtain a better fatty acid

profile resulting in a higher nutritional value for these sweet baked goods. The effects of the

incorporated ground chia were investigated regarding the baking results, shelf life and fatty

acid composition for the most promising sample. The fat was replaced in four steps, and

the ratio among the ingredients was held constant, so that every bread had the same dough

mass.

Using the Nelder-Mead simplex method for the optimization of production parameters of

bread rolls is discussed in the third part of the presented thesis. It is an alternative opti-

mization method for food processing.
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The response surface method is well established in this area. The Nelder-Mead simplex

method is well established in chemical processes. However the Nelder-Mead simlex method

was not applied for the optimization of food processes yet. The approach was to use a

standard production process in cereal technology, here the implementation of a bread roll

production for a new oven with different baking characteristics. These have been studied

before (Zettel et al., 2016). The main advantage of the Nelder-Mead simplex optimization is

that just few experiments are necessary to get optimal results. Another advantage was seen

in the iterative proceeding of the method with the evaluation of every experiment. Using the

response surface method all experiments have to be performed before the overall evaluation

of the experiments followed by the optimization could be performed.

The aim was then to find out if the Nelder-Mead simplex method could be implemented

in cereal technology. Bread rolls were processed according to the standard procedure. The

proofing time and the baking temperature were modified during the optimization process.

The quality was determined according to a standard defined by baking experiments in a

conventional oven. Quality characteristics for bread rolls were the specific volume, the baking

loss, the crust colour saturation, the crispiness and the crumb hardness and elasticity.
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3.1 Influence of gel from ground chia (Salvia hispan-

ica L.) for wheat bread production

The following contribution evaluates the influence of gel from ground chia on wheat dough

and the resulting bread. The effects of chia incorporated as gel in wheat bread dough as

hydrocolloid were characterized. To avoid competition of starch and ground chia with respect

to the water uptake, chia was incorporated as gel. Other studies revealed for example, that

the incorporation of dry ground chia results in a negative way for the moisture content of the

crumb of the baked good and the freshness was subsequently decreased. The gel was prepared

of ground chia with 5 g/g and 10 g/g water, respectively. The doughs were prepared with

1-3 % chia related to the amount of wheat flour. To characterize the dough, measurements

with a Farinograph, a Rheofermentometer and a Kieffer dough and extensibility rig were

performed. The pasting curves of all variations were recorded with a Rapid Visco Analyser.

The fundamental rheological characteristics were determined with tests using a rotational

rheometer. Baking experiments were performed to evaluate the effect of chia gel addition

on the bread quality. The staling and crumb firmness were analysed by differential scanning

calorimetry and texture analysis.

Dough analyses show that the doughs with added chia gel have a softer consistency. Dough

stability during fermentation and volume yield of the bread loafs increased with added chia

gel to a certain extent. These changes are visible with already 1 % chia. The bread quality

was improved with respect to storage as the crumb firmness was reduced compared to the

breads without added chia gel.

The research paper was published in European Food Research and Technology and is acces-

sible under DOI: 10.1007/s00217-014-2368-8.
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nutritionally valuable [1, 2]. Chia seeds contain a total of 
dietary fibre TDF (18–60 g/100 g) [3] that include poly-
saccharides, oligosaccharides, lignin and other associated 
substances. According to the European Food Safety Author-
ity (EFSA), the fibre intake for adults of 25 g/day is ade-
quate for normal laxation. Greater intakes reduce risks of 
coronary heart disease and type 2 diabetes and improved 
weight maintenance [4]. The American Dietetic Association 
advises for developing countries 60–120 g/day and that the 
insoluble (IDF)/soluble (SDF) ratio of dietary fibre should 
be 3:1 [5]. Fibre as a functional food ingredient may be con-
sidered to possess two kinds of properties: (1) technological 
functionality and (2) physiological functionality. Properties 
vary widely depending on the type of fibre [5]. Vázquez-
Ovando et al. [6] determined the physiochemical proper-
ties of a fibrous fraction from chia. They confirmed the high 
content of TDF (56.46 g/100 g) composed mainly of IDF 
(53.45 g/100 g) with a low content of SDF (3.01 g/100 g) 
as described in the same range by different studies before 
[3]. They concluded that the fibre-rich chia fraction could be 
a potential ingredient in health and diet food products such 
as powders, nutrition bars, breads and cookies. Due to the 
composition of the chia seeds, they form mucilage hydrated 
in water that could be used as industrial additive due to its 
outstanding physiochemical properties [7]. The incorpo-
ration of dietary fibre is most commonly to prolong fresh-
ness of baked products for their capacity to retain water. 
The main challenge of additional fibre in cereal products is 
the adverse effect on the end product quality [8]. Farahnaky 
et al. [9] isolated the mucilaginous hydrocolloids from Sal-
via macrosiphon and studied their functional properties, 
since many mucilaginous seeds have been found as acces-
sible, cost-effective and natural sources for producing food 
hydrocolloids. Lin, Daniel and Whistler [10] determined a 
linear tetrasaccharide that contains 25 % uronic acid. Like 

Abstract The effects of chia incorporated as gel in wheat 
bread dough as hydrocolloid were characterized. To avoid 
competition of starch and ground chia, chia was incorpo-
rated as gel. The gel was prepared of ground chia with 5 and 
10 g/g water, respectively. The doughs were prepared with 
1–3 % chia related to the amount of wheat flour. To charac-
terize the dough, measurements with a Farinograph, a Rheo-
fermentometer and a Kieffer dough rig were performed. The 
pasting curves of all variations were recorded. The funda-
mental rheological characteristics were determined with 
tests using a rotational rheometer. Baking experiments were 
performed to evaluate the effect of chia gel addition on the 
bread quality. The staling and crumb firmness were analysed 
by differential scanning calorimetry and texture analysis. 
Dough analyses show that the doughs with added chia gel 
have a softer consistency. Dough stability during fermen-
tation and volume yield of the bread loafs increased with 
added chia gel to a certain extent. These changes are visible 
with already 1 % chia. The bread quality was improved with 
respect to storage as the crumb firmness was reduced com-
pared to the breads without added chia gel.

Keywords Chia · Wheat dough · Rheology · Staling · 
DSC · Texture analysis

Introduction

Chia (Salvia hispanica L.) is a subtropical annual plant 
belonging to the Laminaceae family. Chia seeds are 
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pectin (d-galacturonic acid) uronic acids are commonly 
used as gelling agents in food technology. The water-hold-
ing capacity of 15.41 g/g and the water absorption capacity 
(11.73 g/g) of chia fibre suggested a use as hydrocolloid [6]. 
Ground chia seeds added to oat products affect also pasting 
properties [11], it is assumed that it will also affect pasting 
properties of wheat starch. Different studies confirmed that 
hydrocolloids affect the rheology of bread doughs [12, 13] 
and could also be used as bread improvers and antistaling 
agents [14]. Ground chia is recently used as additive to bak-
ery products like pound cake and gluten-free bread [15, 16]. 
Since 2013 the EU allows adding up to 10 % chia seed in 
baked products [17].

The aim of this study was to evaluate the technological 
effect of gel from ground chia for wheat dough processing 
and its influence on the shelf life of wheat breads. As dis-
cussed above, chia has high water absorption and holding 
capacity. To avoid competition of starch and ground chia, 
chia gel was incorporated as gel. The amount of water (5 
on 1) for gel preparation was chosen to get a gel with a 
good stability based on the results of Inglett et al. [11]. The 

variation with water to chia 10 on 1 was performed to find 
out to what extent the gel composition affects doughs.

Materials and methods

Materials

Chia seeds (Hanoju, Germany) were milled with a centrifu-
gal mill (ZM 100, Retsch Technology GmbH, Düsseldorf, 
Germany) to get ground chia. The ground chia was mixed 
with 5 g/g and 10 g/g water, respectively, and the mixture 
was stored for 10 min. The experiments (see Table 1 for 
various recipes) were carried out with commercial wheat 
flour (type 550: 0.51–0.63 % mineral supplements in dry 
matter, 13.17 or 12.8 % moisture content, Rettenmeier 
GmbH und Co. KG, Horb a.N., Germany), water, com-
mercial yeast (Omas Ur Hefe, Fala GmbH, Bühl, Ger-
many) and salt (Südsalz GmbH, Heilbronn, Germany). 
Sodium propionate 99 % (E281, Alfa Aesar GmbH & Co. 
KG, Karlsruhe, Germany) was used to avoid moulding of 

Table 1  Wheat dough 
formulations, all ingredients are 
related to the amount of wheat 
flour (100 %)

Ingredient Farinograph Kieffer dough rig Rheofermentometer Baking experiments

Wheat flour (g) 300 50 200 1100

Water (%) 60 ± 0.2 60 ± 0.2 60 ± 0.2 59

Yeast (%) – – 4 4

Salt (%) – 2 2 2

Chia (%) 1–3 1–3 1–3 1–3

Table 2  Chia gel formulation and nomenclature for the experiments 
(1). Results of the Farinograph measurements (2), of the max. force 
(N) and extensibility E (mm) measured by the Kieffer dough and glu-
ten extensibility rig (3), the gaseous release time (min) and the dough 

height (mm) of the Rheofermentometer (4), of storage G’ and loss G’’ 
modulus of the frequency sweep measurements at 1 Hz frequency (5), 
the theoretical dough yields of all performed experiments (6) and the 
volume yield (mL/100 g flour) of the baking experiments (7)

a water absorptions with the doughs containing chia gels are the proposal of the Farinograph. bDough yield is a criterion for the ratio of water 
and flour in the dough. The theoretical dough yield refers to the water added by the chia gel. cReal dough yield, just water and flour, typical ratio 
for bread rolls and wheat bread

wd wd1c5w wd2c5w wd3c5w wd1c10w

1 Chia (%) 0 1 2 3 1

Water (g/gChia) 0 5 5 5 10

2 Water absorption (%)a 60.3 ± 1 58.8 ± 1 56.9 ± 1 55.5 ± 1 56.2 ± 1

DDT (min) 2.4 ± 1 1.6 ± 1 2.4 ± 1 2.6 ± 1 2.1 ± 1

3 Rmax (N) 0.41 ± 0.2 0.28 ± 0.1 0.17 ± 0.1 0.08 ± 0.1 0.13 ± 0.1

E (mm) 44.84 ± 8 48.51 ± 1 52.51 ± 8 35.80 ± 2 45.76 ± 3

4 Dough height (mm) 37.2 ± 4 40.5 ± 4 44.7 ± 3 45.1 ± 2 44.7 ± 3

Gaseous release time (min) 51.0 ± 3 60.3 ± 4 56.0 ± 5 64.3 ± 10 60.3 ± 6

5 log G′ (Pa) 9.3 ± 0.1 8.9 ± 0.1 8.6 ± 0.1 8.4 ± 0.1 8.6 ± 0.1

log G″ (Pa) 8.5 ± 0.1 8.2 ± 0.1 7.9 ± 0.1 7.7 ± 0.1 7.9 ± 0.1

6 Dough yieldb theoretical 159c 165 170 175 170

7 Volume yield (mL/100 g flour) 473 ± 6.5 509 ± 3.3 588 ± 9.1 390 ± 18 580 ± 1
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the bread loafs during storage. Chia gel formulations and 
nomenclature are shown in Table 2.

As specified by the manufacturer, chia seeds used for the 
experiments contain 31.4 g lipids, thereof 30.36 g omega-
3-fatty acids, and 33.7 g/100 g total dietary fibre (TDF), 
which is in the range described by further research publica-
tions, the ratio of soluble/insoluble fibre is 1:7.

Methods

Dough characteristics

To determine the water absorption and the dough devel-
opment time for 500 BU, Farinograph measurements of 
wheat flour were performed using the AACC method 
54–21 [18]. The method was modified to a temperature of 
32 ± 0.02 °C. The recipes for the following Farinograph 
measurements are described in Table 1. Threefold determi-
nations were performed.

A Kieffer dough and gluten extensibility rig (Stable 
Microsystems, Surrey, UK) was used to obtain informa-
tion of the maximum resistance (Rmax) and the extensibil-
ity (Ext) following the described method of Kieffer et al. 
[19]. They found good correlations of rheological proper-
ties of dough and loaf volumes when doughs for exten-
sion and baking tests are produced under same conditions 
(temperature, composition, treatment; Kieffer et al. [19]).
For this purpose, dough was prepared with a mini-Farino-
graph kneader (self-constructed kneader using a Brabender 
50 g kneading cell without force absorption) with the same 
dough development time as determined for wheat flour. 
Doughs were prepared like the formula shown in Table 1. 
Threefold determinations were performed.

Dough proofing characteristics were determined using 
a Rheofermentometer F3 (Chopin, Villeneuve-la-Garenne 
Cedex, France). All measurements were taken in triplicate, 
and the average result is presented. The doughs (Table 1) 
were prepared in the Farinograph kneader. Gas production 
and dough height were measured with a charge of 1000 g 
over a 1.5 h period. Fundamental rheological characteristics 
were obtained on a rotational rheometer (Bohlin Rheom-
eter CS, Lund, Sweden) using a parallel plate geometry 
(40 mm diameter). The dough samples (around 8 g) were 
loaded between the plates and pressed down to a final gap 
of 4 mm. To avoid the dough from drying out, the edges 
were coated with paraffin oil. Before the frequency sweep 
(0.01–10 Hz frequency, 0.001 deformation) measurement, 
the dough rests 10 min between the plates.

Rapid Visco Analyser (RVA-4 Stand alone, Newport 
Scientific, Australia) measurements were taken to obtain 
the pasting curves. The experiments were carried out as 
described in ICC Standard 162 [20]. Chia gel was added 

as in prior described experiments, but also with 5 and 15 % 
chia as gel, so that the influence of more added chia could 
be observed. Threefold determinations were performed.

Baking experiments

The doughs were prepared according to the dough for-
mula described in Table 1 in a mixer (Diosna laboratory 
kneaders with group controller, Multimixing S.A. GmbH, 
Osnabrück, Germany) for 1 min at 25 Hz and for 5 min at 
50 Hz. To avoid moulding, 0.27 % sodium propionate was 
added. The dough rested for 15 min at 32 °C and relative 
moisture of 80 % in a proofing chamber (Wachtel Stamm 
Petit Computer Proofing Chamber, Wachtel GmbH & Co., 
Hilden, Germany). Subsequently to the resting phase, the 
dough was separated into three equally weighted doughs 
and hand rounded. The dough rested for another 10 min, 
covered with a bowl at room temperature. The dough balls 
were long moulded, placed in loaf moulds, proofed in the 
proofing chamber for 40 min and baked in a deck oven 
(Piccolo I, Wachtel GmbH & Co., Hilden, Germany) for 
35 min at 240 °C decreasing to 225 °C. Each experiment 
was carried out in duplicate.

Evaluation methods for the baking experiments

To evaluate the baking experiments, measurements were 
taken after 4 h of cooling to room temperature and after 24, 
48, 72, 96 and 168 h of storage in plastic bags at 28 °C. The 
baking loss and volume yield were evaluated only after 4 h 
cooling period determined according to AACC Method 10–
05 [18] rapeseed procedure, based on a volume displace-
ment system.

Differential scanning calorimetry (DS C) was performed 
using a Perkin Elmer DSC 6 calorimeter. 0.25–0.5 g bread 
crumb was weighted into 40-µL sample pans (wall thick-
ness 15 µm) and hermetically sealed with a cover. The refer-
ence pan was empty. The measurement is taken with a heat-
ing rate of 10 °C/min from 25 to 90 °C; each sample was 
measured five times. The raw data were analysed with the 
provided software (Perkin Elmer DSC 6 version 1.01, 1994, 
Perkin Elmer, Massachusetts, USA) to obtain the energy 
difference between the sample and reference pan, which is 
the gelatinization enthalpy ΔQ (J/g) in Joule per dry weight.

A texture analyser (TA-XT2, Stable Micro Systems, 
Surrey, England) was used with a modified AACC Method 
(74-09) for texture profile analysis (TPA). Three slices 
(25 mm thickness) were taken from the centre of the bread 
loafs. A standard 25 mm diameter probe and 5 kg load cell 
were used as measurement geometry. The bread slice was 
unlike the standard method penetrated up to 80 % deforma-
tion. The bread crumb firmness was the force measured at 
40 % deformation.
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Statistical analysis

The statistical analysis was carried out using MATLAB 
(version R2012b, 8.0.0.783). A one-way ANOVA was per-
formed to determine whether there are significant differ-
ences between the experiments. The results of the meas-
urements are compared within and between the groups. A 
95 % confidence interval (α = 0.05) is applied and provides 
the F test value, the number of measurements and different 
experiments specify the degree of freedom. If the obtained 
significance level (p value) is smaller than α = 0.05, it is 
suggested that there exist more differences between as 
inside the group. If the significance level is *p < 0.05, there 
are more differences between as inside the tested groups.

Results and discussion

Effect of chia gel addition on dough rheology

In Table 2, (2) the results of the Farinograph measurements 
are presented. The added chia gel affects the time to reach 
the maximum dough consistency. The consistency of 500 
BU is not reached within these experiments since the chia 
gel was added without correcting the water absorption, the 
same amount of water (determined by Farinograph measure-
ments at the beginning only for wheat flour = 60.3 ± 0.2 %) 
was applied. The Farinograph proposed water absorptions 
for dough containing chia gels as presented in Table 2 (1). 
There is a correlation (R2 = 0.96) of additional water and 
the correction proposal of the Farinograph visible. The 
dough development time (DDT) shows no significant differ-
ence, except wd1c5w, where it decreased.

It is also visible that after 9 min, there is an increas-
ing on dough consistency in doughs with added chia gel 
shown in Fig. 1 by a vertical line. Lin et al. [10] described 
the main swelling fraction as a linear tetrasaccharide that 
incorporates structural features. It emerges in the muci-
laginous gel when the seeds are soaked in water. That can 
act as a gum, which is described to absorb additional water 
as described by Upadhyay et al. [12]. Probably, the chia 
gel takes up further water or wheat proteins incorporated 
it due to a delayed swelling, which leads to an increasing 
consistency. An increasing of dough consistency was also 
observed by Bean et al. [21]. Weipert explained this due 
to a delayed swelling of wheat flour proteins [22]. Rosell 
et al. [13] studied the influence of hydrocolloids like Algi-
nate, κ-Carrageenan, Xanthan and HPMC (Hydroxypropyl 
methylcellulose) on bread dough. Added chia gel behaves 
regarding the DDT similar to HPMC, since it does not 
affect this parameter that much. The amount of added chia 
flour is more than twice as much as the added HPMC; the 
water absorption of the measured doughs is not comparable 

with literature values since the proposed water absorptions 
proposed by the Farinograph have not been verified during 
this study. Another study that incorporated chia in wheat 
dough just added 5 % whole chia flour (equal to ground 
chia) and corrected the water absorption to 500 BU, but 
there was no significant difference [23].

In Table 2 (3) the results of the Kieffer dough and glu-
ten extensibility rig measurements are presented. Mis and 
Dziki characterized the impact of dietary fibre on wheat 
dough [24] and observed an increased maximum resistance 
and decreased extensibilities. As it is observed reverse by 
our experiments, the water addition counteracts the effect 
of the addition of dietary fibre like ground chia.

The amount of added water leads to softer doughs, 
which show lower firmness and higher extensibility as 

Fig. 1  Mean Farinograph curves of wheat doughs with their standard 
deviations

Fig. 2  Mean dough heights of the Rheofermentometer measurements 
during 90 min of fermentation and their standard deviations
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described by Jekle and Becker [25]. Similar to these results 
are the ones of the Rheofermentometer. In Table 2 (4) the 
results of the maximum dough height and the gaseous 
release time of the Rheofermentometer measurements are 
presented. There is no significant difference in the gaseous 
release time with different amounts of chia, but the stand-
ard dough wd has a smaller gaseous release time value. 
The dough samples with chia gel have an increased dough 
height, which is also visible in Fig. 2. The evolution of 
the curves of the samples with added chia until 40 min is 
similar to dough without chia reaching its maximum after 
40 min, indicating an invariant CO2 production rate regard-
less the chia gel concentration.

A possible explanation for the increased dough height 
could be as proposed by Upadhyay et al. [12] that hydro-
colloids form an additional layer of molecules around the 
bubbles in dough. Cui [26] figured out that polysaccharide 
gums increase the viscosity of the liquid medium of foams, 
which slows gas diffusion and stabilizes the film surround-
ing the gas bubbles. Considering dough as foam, the muci-
laginous hydrocolloids stabilize the gas bubbles during 
fermentation.

The results of the storage G′ and loss G″ modules of 
the frequency sweep measurements at 1 Hz frequency 
are presented in Table 2 (5). The storage as well as the 
loss module decrease with the amount of chia gel added. 
Higher values for both modules with increasing frequency 
can be observed for all samples. This is also in accordance 
with studies performed by Inglett et al. [11] and Moreira 
et al. [16], presenting frequency sweep measurements 
with added chia to different grain products. The samples 
wd2c5w (square) and wd1c10w (rectangle) behave similar 
to each other; the other doughs are significantly different 
from each other. wd3c5w shows the smallest values for 
both modules. The increased water content with incorpo-
rated chia gel leads to decreased G′ and G″ as also noticed 
by Upadhyay et al. [12]. They described a reduction in 
dough firmness and elasticity, as also observed with the 
realized experiments for this study.

The dough samples wd2c5w and wd1c10w behave in 
different experiments similar to each other. This could be 
explained by the same amount of additional water (Table 2 
(6), theoretical dough yields). Dough samples wd3c5w have 
a smaller maximum resistance and the lowest consistency 
in the Farinograph measurements, but regarding the results 
of the Rheofermentometer, there is no difference between 
the samples with other chia contents.

Effect of chia gel addition on pasting properties of wheat 
flour

In Fig. 3, the mean pasting curves and standard deviations 
of the RVA measurements are presented. With increasing 

chia concentration, the viscosity of all four wheat flour-chia 
suspensions is increased compared to the wheat flour sus-
pension. The maximum of the viscosity peak changes with 
increasing chia gel content. The higher maximum viscosity 
and end viscosity indicate a higher water-holding capac-
ity and ability to form a viscous gel after cooling, which 
should correlate with the end product quality. As there was 
a significant difference (p = 0.0005) between the experi-
ments by adding 5 % chia, we additionally studied the 
influence of an increased chia content (15 %). The end vis-
cosity is nearly reduplicated by increasing the chia content 
fivefold. Bárcenas et al. [27] reported that different levels 
of added hydrocolloids influence the pasting properties of 
wheat starch, but not in the dimension observed by addition 
of gel from ground chia.

Effect of chia gel addition on bread quality and staling

Baking losses of the baking experiments were located in 
common range between 11 and 14 %. As the baking loss 
of all breads is in common range, the additional water 
contributed by the chia gel remains during baking in the 
breads. Theoretical dough yields and volume yields are 
presented in Table 2 (6 and 7). The dough yields as well as 
the volume yields suggested that the experiments wd2c5w 
and wd1c10w behave similar, because of the same amount 
of added water. The incorporated gel from ground chia 
increased the volume yields of all breads except wd3c5w. 
The volume of the breads increased up to 24 %, incorpora-
tion of 5 % ground chia leads to 14 % higher volumes [23].

DSC and TPA measurements are indicators for the stal-
ing of bread. Using DSC, structural properties can be ana-
lysed, whereas TPA gives macroscopic properties [28]. Due 
to the recrystallization of the starch granules, bread crumb 

Fig. 3  Mean curves of the RVA measurements of wheat flour suspen-
sions w with added chia gel 1 % (w1c5), 3 % (w3c5), 5 % (w5c5) and 
15 % (w15c5) and their standard deviations. Development of viscos-
ity over the time, right vertical axis shows the temperature profile
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firmness increases during storage period. The crumb firm-
ness directly after cooling depends strongly on the density 
of the baked bread. A minor volume yield will result in a 
harder crumb. Most of the effects on crumb firming kinet-
ics are due to the influence an additive has on the specific 
volume of breads [29]. In Fig. 4, the mean results and 
standard deviations of the bread crumb firmness during 
the storage period are presented. The results for the bread 
crumb firmness after 4 h are in accordance with volume 
yield presented in Table 2 (7). Regarding the standard wd 
and wd3c5w, no positive effect on staling can be recog-
nized. This matches with the results of the Farinograph and 
Kieffer dough rig measurements. The measurements of the 
moisture content of the bread crumbs showed no significant 
differences between the breads over the time.

The results of the DSC measurements are presented in 
Fig. 5. The measured gelatinization enthalpy is higher after 
storage due to staling processes. Significant (*p < 0.05) dif-
ferences can be seen after 96 h, due to the recrystallization 
of the starch granules, that happens in every bread sample. 
As expected the breads, wd2c5w and wd1c10w behave simi-
lar and significantly different to the other breads. The higher 
amount of absorbed energy is connected to a higher rate 
of staling due to the retrograded amylose and amylopectin 
and water migration from the crumb to the crust. One can 
see the increasing staling over the storage period. wd1c5w 
and wd3c5w show no significant effect on DSC measure-
ments compared to the standard wd. As described by Atwell 
[30], DSC is the most chosen method to determine staling 
of bread by measuring the gelatinization enthalpy of starch. 
Since the breads with chia gel were significant softer in the 
TPA measurements except wd3c5w it could be assumed 

that staling increased there less. This assumption is rejected 
by DSC results, whereas the grade of staling needs not to 
be accompanied with an increase in crumb firmness, as 
described here. The addition of chia gel and incorporated 
water with a theoretical dough yield of 170 leads to a smaller 
amount of gelatinization during baking. Therefore, more 
crystallized starch is present in the samples after 168 h of 
storage. Beck et al. [31] found out that the retrogradation of 
starch is not a base for the rate of firming since there is a sig-
nificant negative correlation between the two measurements 
(r ≥ −0.625). The firming rate of wheat bread decreases also 
with additional water as described by Jekle and Becker [25].

The additional water incorporated with the chia gel 
provides longer water for the recrystallization of starch 
as also described by Rogers et al. [32], so the amount of 
absorbed energy increases longer for the samples wd2c5w 
and wd1c10w. Gray and Bemiller [33] concluded that amy-
lopectin retrogradation plays a significant, but not the only, 
role in the staling process.

As discussed in chapter 3.1, the doughs wd2c5w and 
wd1c10w behave similar regarding the Rheofermentom-
eter, Kieffer dough and gluten extensibility rig and rheom-
eter measurements. It is assumed that this is caused by the 
same amount of additional water in the doughs. According 
to this study, chia is suitable for improving bread quality, as 
it behaves similar to HPMC, which was found suitable for 
improving bread quality [13]. Regarding the results of the 
baking experiments, it can be concluded that it is possible 
to produce adequate breads of doughs that have no consist-
ency of 500 BU. The incorporation of dietary fibre is most 
commonly to prolong freshness of baked products for their 
capacity to retain water. The changes in appearance were 
fractional up to 2 % incorporated gel from ground chia.

Fig. 4  Mean results of the bread crumb firmness of all breads over 
the storage period obtained by texture profile analysis. The error indi-
cator bars are describing the respective standard deviation within the 
corresponding group

Fig. 5  Mean results and standard deviations of the DSC measure-
ments (A) and exemplary DSC curves (B) for the standard wheat 
bread wd
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Conclusion

Bread quality can be increased by adding chia gel, but 
only to a small extent. It has to be the right ratio of water 
and ground chia. 3 % ground chia mixed with 5 g/g water 
affects the dough negatively regarding volume yield of the 
baking experiments. An optimal dosage for wheat bread 
as presented in this study is 2 % ground chia mixed with 
5 g/g water or 1 % ground chia mixed with 10 g/g water as 
it affects the volume yield and softness of the bread crumb 
in a positive way. Breads with added chia have a higher 
nutritional value and could be used as functional food. The 
processability of wheat dough with added chia gel depends 
on the amount of added chia gel, because the dough soft-
ness and stickiness increases with increasing gel and there-
fore water content. This is also reported for incorporation 
of dietary fibre in baked products [8]. Further experiments 
could examine the effect of adding dry or hydrated hydro-
colloid, as in this study, hydrated ground chia was applied 
to avoid competition of both hydrocolloids.
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Chapter 3. Results

3.2 Chia (Salvia hispanica L.) as fat replacer in sweet

pan breads

The effects of gel from ground chia (Salvia hispanica L.) were studied as a fat replacer in

sweet pan breads. This substitution was addressed to reduce the total amount of fat in

the product and to improve the nutritional value of the products regarding the fatty acid

composition. The effects on the baking results were determined by assessing common baking

evaluations and texture analysis after 2 h and 48 h.

The doughs were characterised with rheometer and Rheofermentometer measurements. Rheome-

ter measurements revealed that the replacement resulted in softer doughs with decreasing

values for storage and loss moduli with increasing chia content. The yeast activity was in-

creased with incorporated chia gel compared to the control. The best results for the baking

experiments were obtained with 25 % fat replacement through ground chia gel. Here, the

highest volume yield with the softest crumb even after 48 h was achieved.

The research paper was published in the International Journal of Food Science and Tech-

nology (2016) and is accessible under DOI: 10.1111/ijfs.13110.
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Summary The effects of gel from ground chia (Salvia hispanica L.) were studied as a fat replacer in sweet pan breads.

This substitution was addressed to reduce the total amount of fat in the product and to improve the nutri-

tional value of the products regarding the fatty acid composition. The effects on the baking results were

determined by assessing common baking evaluations and texture analysis after 2 and 48 h. The doughs were

characterised with rheometer and rheofermentometer measurements. Rheometer measurements revealed that

the replacement resulted in softer doughs with decreasing values for storage and loss moduli with increasing

chia content. The yeast activity was increased with incorporated chia gel compared to the control. The best

results for the baking experiments were obtained with 25% fat replacement through ground chia gel. Here,

the highest volume yield with the softest crumb even after 48 h was achieved.

Keywords Baking, dietary fibre, dough, fatty acids, functional foods, omega 3, rheology, texture profile analysis.

Introduction

Consumers’ demand for good-tasting sweet bakery
products with high nutritional values. Sweet pan
breads contain more than 10% fat and sugar with
respect to the flour mass. Fat is important for sensory
attributes such as texture, elasticity, flavour and dough
handling of baked goods (Lucca & Tepper, 1994).
Affecting the structure, air is trapped by fat during the
creaming process and baking (Giese, 1996), as fat crys-
tals melt and thereby make it possible for the crystal–
liquid interface to be incorporated into the surface of
the bubble as it expands (Brooker, 1996).

Bakery products containing high amounts of fat can
be modified in two ways: fat reduction and improving
the quality of the used fat. There are diverse fat
replacers used in food production. They can be sepa-
rated in protein-, carbohydrate- and fat-based. Carbo-
hydrate fat mimetics for example stabilise substantial
quantities of water and form gels (Lucca & Tepper,
1994) like cellulose or plant gums. Cellulose ethers
were recently evaluated as fat replacers in bakery
products (Mart�ınez-Cervera et al., 2015; Sanz et al.,
2015). The effect of fat reduction on sweet bread was
evaluated by Calligaris et al. (Calligaris et al., 2013).
They used monoglyceride organogel containing
sunflower oil (a fat-based mimetic) and obtained bak-

ing results comparable to their control sample pre-
pared with palm oil.
Chia (Salvia hispanica L.) is a subtropical annual

plant belonging to the Lamiaceae family. Chia seeds
are nutritionally valuable (Ixtaina et al., 2008; Ayerza
& Coates, 2011). Depending on cultivar and growth
conditions, they contain about 30 g/100 g fat, with
high amounts of linolenic (about 60%) and linoleic
(about 20%) acids (Taga et al., 1984; Ayerza, 1995;
V�azquez-Ovando et al., 2009) depending on cultivar
and growing conditions.
Besides the valuable fatty acid composition of chia

seeds, their content of dietary fibre TDF is between 18
and 60 g/100 g (Reyes-Caudillo et al., 2008), which
include polysaccharides, oligosaccharides, lignin and
other associated substances. The incorporation of diet-
ary fibre is most commonly used to prolong freshness of
baked products for their capacity to retain water. The
main challenge of additional fibre in cereal products is
the adverse effect on the end product quality (Foschia
et al., 2013). Lin et al. (Lin et al., 1994) determined
within the chia gel mucilage, a linear tetrasaccharide that
contains 25% uronic acid. Like pectin (D-galacturonic
acid), uronic acids are commonly used as gelling agents
in food technology. The water holding capacity of
15.41 g g�1 and the water absorption capacity
(11.73 g g�1) of chia fibre suggested a use as hydrocol-
loid (V�azquez-Ovando et al., 2009). Capitani et al.
(2015) presented the application of chia as food additive
to obtain certain rheological behaviours.
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To improve the quality of fat in bakery products,
different authors used chia. Borneo et al. (2010) used
chia gel as egg or oil replacer in cake formulations and
achieved good baking results by a substitution of
25%. Here, the cakes were not significantly different
from the control for colour, taste, texture and overall
acceptability. The improvement of pound cakes with
whole chia flour and hydrogenated vegetable fat was
investigated by Luna Pizarro et al. (2013), and accord-
ing to them, the optimal chia cake presented a signifi-
cant increase in the protein (7 g/100 g), lipids (31 g/
100 g) and ash (19 g/100 g) contents as compared to
the control cake.

In pound cakes, 25% of fat can be replaced by chia
mucilage gel without significant alterations on their
quality characteristics (Felisberto et al., 2015). Most
studies reported a negative effect on the colour of the
crumbs. Concerning this matter, Baixauli et al. (2008)
investigated the increasing consumer acceptability of
muffins, when information about the new ingredient, for
example fibre, is provided. In summary, Chia is recom-
mended as ingredient for bakery products by several
authors. Sweet pan bread is leavened yeast dough and
therefore basis for many sweet snacks and viennoiserie.
The evaluation of this dough may help to invent sweet
snacks (based on sweet yeast dough) with improved
nutritional values. According to the guidelines for fine
bakery products (German Food Code Commission
(DLMBK)) and subsequently for the preparation of
sweet yeast dough, no special fat is required. The guide-
lines prescribe that the amount of sugar and or fat has
to be more than 10–90 parts of cereal flour products.

The purpose of this study was to prepare sweet pan
bread with chia as partial fat replacer, to obtain a better
fatty acid profile resulting in a higher nutritional value
for these sweet baked goods. The effects of the incorpo-
rated ground chia were investigated regarding the bak-
ing results, shelf life and fatty acid composition for the
most promising sample. The fat was replaced in four
steps, and the ratio among the ingredients was held con-
stant, so that every bread had the same dough mass.

Materials and methods

Ground chia seeds were kindly donated by Chiabia
Germany (Schenefeld). As specified by the manufac-
turer, chia seeds used for the experiments contain 31 g
lipids, thereof 24 g omega-3 fatty acids and 33 g total
dietary fibre (TDF) in 100 g. The experiments (see
Table 1) were carried out with commercial wheat flour
(type 550: 0.51–0.63% mineral supplements in dry mat-
ter, Rettenmeier GmbH und Co. KG, Horb am
Neckar, Germany). Further ingredients were as follows:
palm fat (Daabon Organic Japan Co. Ltd, Tokyo,
Japan), water, dry yeast (saf-instant, S.I. Lesaffre,
Marcq, France), salt (S€udsalz GmbH, Heilbronn,

Germany), sugar (S€udzucker Group, Mannheim,
Germany), whole liquid pasteurised eggs (Eipro-Ver-
marktung GmbH & Co. KG, Lohne, Germany) and
whole milk powder (J.M. Gabler Saliter, Oberg€unz-
burg, Germany). Palm fat was used here to show
how effective the fat replacement with gel from ground
chia can be. Palm fat is commonly used in food applica-
tions (85% of palm oil are used for food), because of its
heat stability and cost efficiency (May & Nesaretnam,
2014).
All doughs were prepared in a planetary mixer (N50,

Hobart GmbH, Offenburg, Germany) according to
Table 1. For every experiment, 500 g of dough was pre-
pared. Fat was replaced in 25% steps up to 100% fat
replacement by chia gel as presented in Table 1. C1 was
then 25% of the fat that was replaced by chia gel for
example. Measurements were made in triplicate for the
standard, C1 and C2, where each dough was separately
mixed and the average result is presented. Doughs for
recipes C3 and C4 were produced and baked only one
time and rejected because of their appearance. Ingredi-
ents for the predough and main dough are summed up.
The amounts of chia and fat are calculated regarding
the dough. The amount of fat in additional ingredients
is unattended as there were no changes.
The doughs for the sweet pan breads were prepared

with a sponge dough. The water content for the dough
was defined of the used recipe. For the predough, a
dough yield of 160 was chosen, for the main dough, a
dough yield of 144 was set (defined of the chosen
recipe). Less water is required in doughs with high
sugar and/or fat contents. The sponge dough was
mixed for 30 s at level 1 and kneaded for 1 min at
level 2. The mixing time was chosen according to pre-
experiments to obtain a good kneaded homogenous

Table 1 Recipes for the sweet pan doughs and the variation of

recipes regarding the amount of added fat

STD C1 C2 C3 C4

Flour [g/100 g flour] 100 100 100 100 100

Fat [g/100 g flour] 20 15 10 5 0

Chia [g/100 g flour] 0 5 10 15 20

Water [g/100 g flour] 44 69 94 119 144

Sugar [g/100 g flour] 15 15 15 15 15

Whole egg [g/100 g flour] 7 7 7 7 7

Whole milk powder

[g/100 g flour]

6 6 6 6 6

Salt [g/100 g flour] 1.5 1.5 1.5 1.5 1.5

Yeast [g/100 g flour] 1.25 1.25 1.25 1.25 1.25

Amount of fat

replacement [%]

0 25 50 75 100

Added amount of

chia [%] calculated

0.00 2.33 4.20 5.77 7.03

Added amount of

fat [%] calculated

10.41 7.06 4.33 2.10 0.21
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dough. The dough rested for 30 min at 30 °C and
80% relative moisture in a proofing chamber (Wachtel
Stamm Petit Computer Proofing Chamber, Wachtel
GmbH & Co., Hilden, Germany). Meanwhile, ground
chia was mixed with 5 g water per g chia, and the mix-
ture was stored for 10 min. After the dough rest, the
additional ingredients were added to the sponge
dough, mixed for 30 s at level 1 (139 r.p.m.) and
kneaded for 1 min at level 2 (285 r.p.m.).

Dough characteristics

Dough proofing characteristics of the sweet pan breads
were determined using a rheofermentometer F3 (Cho-
pin, Villeneuve-la-Garenne Cedex, France). For this,
200 g of dough was separated and put into the fer-
mentation chamber after the kneading. Gas produc-
tion and dough height were measured with a load of
1 kg over a 1.5-h period.

Effects of incorporating chia to the doughs were eval-
uated through rheological measurements. Fundamental
rheological characteristics of the doughs were obtained
using a rotational rheometer (MCR 302; Anton Paar,
Graz, Austria) with a parallel plate geometry (25 mm
diameter). The samples were loaded between the plates
and pressed down to a final gap of 2 mm. To avoid the
dough from drying out, the edges were coated with
paraffin oil and covered. To determine the linear-viscoe-
lastic region, amplitude sweep tests were performed
(0.001 to 100% deformation at 10 rad s�1). The
obtained data of the performed frequency sweep (100 to
0.1 1 per s within the LVE region, c = 0.05%) test for
the storage G0 and loss G″ moduli were fitted to the fol-
lowing equations, according to Moreira et al. (2013).
The used fitting parameters are p1 to p4.

logG0 ¼ logðp1Þ þ p2 � logðxÞ ð1Þ
logG00 ¼ logðp3Þ þ p4 � logðxÞ ð2Þ

Immediately after the frequency sweep tests, creep
recovery tests were performed. The creep phase
(s = 50 Pa for 5 min, 91 measuring points, duration
0.01- to 25-s log) and the recovery phase (10 min, 185
measuring points, duration 0.01- to 25-s log) were indi-
vidual fitted to the extended Burger model (eqn 3)
which consisted of one Maxwell and three Kelvin–
Voigt modules all in series.

JðtÞcreep ¼ J0 þ ðt� t0Þ
g0

þ J1 � 1� e
�ðt�t0Þ

k1

� �
þ J2

� 1� e
�ðt�t0Þ

k2

� �
þ J3 � 1� e

�ðt�t0Þ
k3

� �
ð3Þ

Here, J1 to J3 are the viscoelastic compliances, k1 to
k3 are the corresponding retardation times, t is the
measuring time. The evaluation of the zero viscosity

g0 (flowability of the material at the end of applied
load) and creep compliance J0 (instantaneous deforma-
tion) was done with the creep regression analysis
included in RHEOPLUS/32 V3.62 (Anton Paar).

Baking experiments

After kneading, the dough rested for 15 min at 30 °C
and relative moisture of 80% in a proofing chamber
(Wachtel Stamm Petit Computer Proofing Chamber,
Wachtel GmbH & Co.). Subsequently to the resting
phase, the dough was separated into two equally
weighted doughs and hand rounded. The dough rested
for another 10 min and covered with a bowl at room
temperature. The dough balls were long moulded,
placed in loaf moulds, proofed in the proofing cham-
ber for 60 min and baked in a deck oven (Piccolo I,
Wachtel GmbH & Co.) for 20 min at 200 °C with 12-s
vapour at the beginning. Some doughs (C3 and C4)
were very soft and slippery, so they were placed in the
baking moulds after the dough rests directly.

Evaluation of the baking experiments

To evaluate the baking experiments, measurements
were carried out after 2 h of cooling at room tempera-
ture and after 48 h of storage in plastic bags at 28 °C.
The baking loss, the volume and the crumb colour
were evaluated only after 2-h cooling period. The vol-
ume was determined with a volume scanner (Volscan
profiler 600; Stable Micro Systems, Surrey, England).
The baking loss is the mass difference of dough and
bread divided by the mass of the bread.
A texture analyser (TA-XT2; Stable Micro Systems)

was used with a modified AACC method (74-09) for
texture profile analysis (TPA). Three slices (25 mm
thickness) were taken from the centre of the sweet pan
bread loafs. A standard 25-mm-diameter probe and
5-kg load cell were used as measurement geometry.
The three bread slices were two times compressed up
to 40% deformation with 15-s rest, and the test speed
was 1.7 mm s�1. The bread crumb firmness and the
elasticity were evaluated.
For three samples, the standard, C1 and ground chia

seeds, the raw fat and the fatty acid distribution was
evaluated by the State Institute for Agricultural Chem-
istry (accredited testing institute DIN EN ISO/IEC
17025:2005, Stuttgart, Germany). The fatty acid profile
was determined according to their method (SOP P23-
5-008), where the fatty acid methyl esters of fat for the
quantitative GC-determination of the total fat spectrum
are expressed as the weight of the residue as a percent-
age of the sample. The standard used was Supelco 37-
Component FAME Mix (Supelco, Bellefonte, PA,
USA), and the used column was a Agilent J&W GC
Column Catalog 122-2332 DB – 23 (length
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30 m 9 0.25 mm 9 0.25 lm). The fatty acid profile
was evaluated for the standard recipe (STD), the highest
amount of incorporated chia with the best baking result
and the ground chia alone in duplicate. The raw fat was
determined according to procedure B of the determina-
tion of crude oils and fats of the Commission Regula-
tion (EC) No 152/2009 III H (European Commission,
2009).

Statistical analysis and curve fitting

The statistical analysis and curve fitting were carried
out using MATLAB (version R2014b, 8.4.0.150421). A
one-way ANOVA was performed to determine whether
there are significant differences between the experi-
ments. The results of the measurements are compared
within and between the groups. A 95% confidence
interval (a = 0.05) is applied and provides the F-test
value, and the number of measurements and different
experiments specify the degree of freedom. If the sig-
nificance level is *P < 0.05, there are more differences
between as inside the tested groups. In this case, the
multiple comparison test (default: Tukey–Kramer test)
implemented in MATLAB statistical toolbox was used
to determine statistical differences between means. Sig-
nificant differences are indicated with different letters
within one row.

Results and discussion

Effect of chia addition on dough characteristics

The doughs obtained with recipes C3 and C4 were
highly fluid, and the baking results were not satisfying;
therefore, no dough evaluation was performed.

The results of the rheofermentometer measurements
are presented in Fig. 1 for the dough development
curve and in Table 2 for the gaseous release curve.
The dough samples with chia gel have an increased
dough height (Fig. 1) and a higher maximum slope 0.6
vs. 0.4 mm min�1 indicating a higher CO2 production
rate compared to the standard. Subsequently, the time
T1, when the maximum dough height is reached,
decreases with increasing amount of added chia. As
water is added to the dough, the higher amount of
available water for the yeast may lead to this effect. A
possible explanation for the increased maximum dough
height Hm could be as proposed by Cui (2000). He fig-
ured out that polysaccharide gums increase the viscos-
ity of the liquid medium of foams, which slows gas
diffusion and stabilises the film surrounding the gas
bubbles. Considering dough as foam, the mucilaginous
hydrocolloids stabilise the gas bubbles during fermen-
tation and therefore increase the stability of the
doughs.
There is a significant difference in the gaseous

release time Tx with chia (C1, C2) compared to the
standard STD that has a higher gaseous release time
value. The total volume of produced CO2 indicates
that the yeast cells in the doughs with incorporated
chia produced a higher amount of CO2. The maximum
slope of the gaseous release is significantly higher for
the doughs with chia as shown in Table 2. The formed
protein network is obviously not able to retain the
produced CO2 for the whole measurement time. A
possible explanation could be the higher tension on
the dough surface because of the higher dough vol-
ume. According to that, the amount of retained car-
bon dioxide decreases with higher amounts of chia
(compare the retention coefficients).

Figure 1 Mean values and standard deviations (SD) of the dough

development curves measured with the rheofermentometer.

Table 2 Results of the rheofermentometer measurements

STD C1 C2

Dough development

Hm [mm] 34 � 2a 54 � 3b 52 � 1b

T1 [min] 165 � 20a 149 � 7a,b 123 � 3b

Max. slope of the dough

development

curves [mm/min]

0.4 0.6 0.6

Gazeous release

H0m [mm] 34 � 2a 50 � 0.3b 57 � 1c

T01 [min] 117 � 10a 114.0 � 9a 102 � 2a

Tx [min] 124 � 5a 100 � 3b 77 � 7c

Total volume [mL] 831 � 44a 1199 � 4b 1347 � 18c

Retention coefficient [%] 98 � 5a 94 � 1b 90 � 1c

Max. slope of the gaseous

release curve [mm/min]

2.1 � 0.1a 3.2 � 0.2b 3.7 � 0.3b

Means followed by the same superscript lowercase letters in the same

row did not differ (P < 0.05) by the Tukey test.
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Summarising the higher maximum slope of the
dough as well as the gaseous release curves indicates
that less fat and more water promote the yeast
activity.

The end of the linear-viscoelastic region (LVE) was
found in all samples to be lower than 0.05% deforma-
tion (Fig. 2).

Frequency sweep measurements showed the predom-
inance of the elastic properties of the viscoelastic
dough. The storage and the loss moduli decrease with
the amount of fat replaced by chia gel. Higher values
for both modules with increasing frequency can be
observed for all samples as presented in Fig. 3. At low
frequencies, the time behaviour of the samples is
observed, and the moduli approach each other with
decreasing frequency. Subsequently, the loss factor tan
d indicates a shift from more elastic to viscous beha-

viour. This is also in accordance with studies per-
formed by Inglett et al. (2014) and Moreira et al.
(2013), presenting frequency sweep measurements with
added chia to different grain products. C2 shows the
smallest values for both moduli. The increased water
content with incorporated chia gel leads to decreased
G0 and G″ as also noticed by Upadhyay et al. (2012).
They described a reduction in dough firmness and elas-
ticity, as also observed in this study. The doughs with
replaced fat are more flexible towards stress, which
leads also to a higher dough in the rheofermentometer
and subsequently to higher volume yields in the baking
experiments.
The values for tan d, the ratio between loss and

storage modulus are affected with chia gel addition,
but the tendencies remain the same. With increasing
frequency, tan d decreases, indicating the degree of vis-
cous behaviour decreasing. Inglett et al. reported the
same behaviour for oat bran concentrate (OBC) dry
blended with ground chia seeds. They concluded that
the enhanced elastic behaviour may be attributed to
some components and structure of OBC and provides
better shape retention during handling (Inglett et al.,
2014). The special composition (high amount of sugar
and fat) of sweet pan dough, which is generally firmer,
may explain this effect in this study.
The calculated values for p1 to p4 are presented in

Table 3 (1). The coefficients of correlation indicate
good correlations of the obtained data with the mod-
els.
The obtained values for p1 and p3 decrease signifi-

cantly with the amount of added chia gel. Moreira
et al. (2013) also reported this effect of adding chia
and chia combined with different hydrocolloids on
chestnut flour.
By the presence of added hydrocolloid, p2 and p4

are not affected. There is no trend visible regarding p2

Figure 2 Results of the amplitude sweep measurements (mean val-

ues and SD) with the determined border of the LVE-limit.

Figure 3 Mean values for storage (G0, left) and loss (G″, right) moduli with their corresponding model values obtained with eqns 1 and 2.
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and p4. Using an exponential equation, p1 (R2 =
0.9994) and p3 (R2 = 0.9948) can be correlated with
the amount of chia. However, the number of measure-
ment points is very low.

Creep recovery tests confirm earlier observations
regarding the dough softness with chia gel as fat repla-
cer. The results are presented in Table 3 (2). The val-
ues obtained by the rheometer evaluation method for
the zero viscosity g0 decrease exponential (R2 > 0.99),
and the ones for the creep compliance J0 increase lin-
ear (R2 > 0.99) with increasing chia gel content. These
values were obtained by merely modelling the creep
phase.

This is in accordance with different other studies on
the influence of chia on dough systems (Moreira et al.,
2013) or the effect of increasing amounts of water on
wheat dough (Mastromatteo et al., 2013).

Summarised all dough characterisations confirm that
the doughs chia gel, and therefore also water, as
partial fat replacer leads to softer doughs. They seem
to be more flexible towards stress, resulting in
smaller values for storage and loss moduli as well as
viscosities.

Effect of chia addition on the baking experiments

The results of the baking experiments are displayed in
Table 4. The best baking results were obtained with

5 g chia (2.3% related to the dough mass) and 25 g
additional water per 100 g flour (sample C1). Here, a
good looking sweet pan bread resulted with high
crumb elasticity and low crumb firmness. The baking
loss increased with increasing gel and subsequently
water content of the doughs. The volume yield
[mL gflour

�1] increased significantly (*P < 0.05) with
incorporated chia gel. Similar results were achieved by
Felisberto et al. (2015) and Borneo et al. (2010) when
they replaced 25% fat in pound cakes with chia muci-
lage gel. On the contrary, Coelho and Mercedes (2015)
observed decreasing specific volumes when they added
chia to their bread, but they substituted partly the
wheat flour.
As can be seen in Table 4, the crumb firmness

decreased with incorporated chia gel as partial fat
replacer 2 h after baking as well as 48 h. The crumb
elasticity of the sweet pan breads with chia gel was
slightly higher compared to the standard 2 h after bak-
ing. Forty-eight h after baking, the crumb elasticity of
the standard bread was significantly lower compared
to the breads with chia gel. The incorporated chia gel
leads therefore to a longer freshness of the sweet pan
breads regarding the texture.
The effect of chia addition on the crumb structure

and volume of sweet pan breads is presented in Fig. 4.
Increasing chia addition leads to darker crumbs and
coarser pores. This may be caused by the fact that the

Table 3 Parameters of oscillatory shear modelling of storage G0 and loss modulus G″ (1). Results of the creep recovery measurements (2)

Parameter STD C1 C2

1 G0 p1 [Pa 9 s�p2] 3131 � 82a 1261 � 288b 546 � 53c

p2 [�] 0.21 � 0.01a 0.17 � 0.04a 0.19 � 0.01a

FQS 0.08 � 0.03 0.2 � 0.2 0.04 � 0.01

R2 0.987 � 0.005 0.954 � 0.05 0.992 � 0.002

G″ p3 [Pa 9 s�p4] 4758 � 36a 1683 � 331b 754 � 106c

p4 [�] 0.29 � 0.01a 0.27 � 0.03a 0.28 � 0.02a

FQS 0.02 � 0.01 0.1 � 0.13 0.09 � 0.08

R2 0.993 � 0.003 0.922 � 0.105 0.964 � 0.04

2 g0 [103 Pa 9 s] 206 � 9a 83 � 16b 32 � 6c

J0 [10�3 1 Pa�1] 0.5 � 0.1a 1.5 � 0.2b 2.6 � 0.3c

Means followed by the same superscript lowercase letters in the same row did not differ (P < 0.05) by the Tukey test.

Table 4 Results of the baking experiments and the texture analysis: crumb firmness and crumb elasticity 2 and 48 h after baking. No standard

deviations for C3 and C4 as they were baked only one time and rejected because of their appearance

STD C1 C2 C3 C4

Baking loss [%] 8.8 � 0.4a 12.1 � 0.5b 13.4 � 0.4c 14.5 16.1

Volume yield [mL/g flour] 4.7 � 0.3a 5.5 � 0.2b 5.7 � 0.2b 5.6 6.3

Specific volume [mL/g] 2.7 � 0.2a 2.9 � 0.1a 2.8 � 0.1a 2.5 2.6

Firmness [N] 2 h 5.4 � 0.7a 3.2 � 0.5b 3.4 � 0.4b 4.7 2.9

48 h 15.4 � 1.5a 8.6 � 0.4b 8.8 � 0.8b 9.1 3.9

Elasticity [�] 2 h 0.9407 � 0.0052a 0.9690 � 0.0025b 0.9717 � 0.0005a 0.9690 0.9660

48 h 0.8743 � 0.0113a 0.9303 � 00021b 0.9577 � 0.0068a 0.9590 0.9720

Means followed by the same superscript lowercase letters in the same row did not differ (P < 0.05) by the Tukey test.
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doughs with 75% and 100% fat replacement could not
be processed like the standard and were filled into the
pans directly after the dough rest. Because of their
appearance, these samples were only tested once.

Effect of chia addition on the fatty acid profile

As part of the used palm fat was replaced by ground
chia, the fatty acid profile was changed in the expected
way. The amount of myristic (around 1.6%) and stea-
ric acid (around 5%) in the fatty acid spectre was not
influenced by the fat replacement for both samples. As
expected, the amount of palmitic and oleic acid was
decreased (STD: 40.4%, C1: 35.4% and STD: 38.3%,
C1: 35.8%, respectively), whereas the amount of lino-
leic and linolenic acid increased (13% and 5%) com-
pared to the amounts of the spectre of the standard
(12% and 0.5%). These fatty acid contents are related
to the complete amount of fat, which was 2.75% lower
in the recipe C1 with 2.3% chia. Ground chia seeds
had a fat content of 32.2%. The amounts of linoleic
and linolenic acid were 19.6% and 61.7%, respectively.
Luna Pizarro et al. (2013) evaluated also the fatty acid
profiles of pound cakes with 15 g chia and 20%
hydrogenated vegetable fat per 100 g flour and
observed also an increase in the amount of linoleic
acid. In accordance with the presented results in this
study, Coelho and Mercedes (2015) reported an
increase in linoleic and linolenic acid by adding chia to
wheat doughs. Mohd Ali et al. (2012) discussed the
safety and efficiency of chia and concluded that
although further studies are required, chia seed oil can
maintain a balanced serum lipid profile. The nutri-
tional quality of chia has been evaluated by Ayerza
and Coates (2005, 2007). They feeded rats with chia
seed and chia oil. The results show an increase in
HDL cholesterol and x-3 fatty acid contents, with a
significant improvement in n-6/n-3 fatty acid ratio, in
rat serum. They concluded that chia, rich in the essen-
tial a-linolenic acid, might be an alternative x-3 source
for vegetarians and people allergic to fish and fish
products. The characterisation and comparison of the
chemical composition of exotic superfoods concluded
that already 10 g chia seeds would provide significant
contribution to the diet in terms of inorganic nutrients
(Llorent-Mart�ınez et al., 2013).

Conclusion

It is possible to replace fat with chia gel as presented
in this study. The replacement leads to an improved
product quality up to 50% fat replacement. Improved
product quality here is referred to a prolonged fresh-
ness and higher volume yields. Higher fat replacements
lead to doughs difficult to process and is not recom-
mended. Doughs with incorporated chia gel are softer
as confirmed also by different authors. This fact can
be explained with the increased amount of water,
resulting in higher elasticity of doughs and therefore
more flexibility towards stress, higher growing rates of
the dough and subsequently higher volume yields in
the baking experiments. As the dough proofing time
for the baking experiments was lower than the time of
the gaseous release, this negative effect did not appear
here. On the contrary, as the dough grows faster, the
volume yields of the sweet pan breads with incorpo-
rated chia gel increased compared to the standard.
A small replacement of fat with chia gel leads there-

fore to a more nutritional valuable product with posi-
tive effects on the volume (Borneo et al., 2010;
Felisberto et al., 2015). Using chia as fat replacer is
also an important advantage for clean label products,
because no other additives or ingredients are needed to
reduce the amount of fat in sweet pan breads.
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Chapter 3. Results

3.3 Optimization of the production parameters for bread

rolls with the Nelder-Mead simplex method

An efficient method for the optimization of processing parameters for bread rolls is presented

with this contribution. The processing parameters for a new oven were needed. The walls

of the oven were coated with a special ceramic, that increases the infrared radiation during

the baking process. As a result the standard baking program lead to horrible baking results.

Pre-experiments lead with same baking temperature and a time reduction of around 25 %

to good baking results, compared to the ones baked in a conventional oven (Zettel et al.,

2016). The next step was to modify the proofing time, because the oven manufacturer

proposed a prolonged proofing. The baking temperature and the proofing time were then

the two optimization parameters, the baking time was fixed to 16 minutes. The Nelder-

Mead simplex method was chosen, because it is well established in chemical processes, but

not common in cereal technology. It is also known as straight forward method and the hope

was to need only few experiments to obtain a good result.

The optimization lead within 11 experiments to an optimal proofing time of 117 minutes

and a baking temperature of 215 ◦C. The publication has been submitted to a journal and

is currently under review.
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Abstract

In this contribution an efficient method for the optimization of processing parameters for bread rolls is presented.
The optimization was carried out for a new oven type starting with the normal recipe for bread rolls. The new oven
type was coated with a ceramic that increased the infrared radiation during the baking process. The baking process is
therefore accelerated and the processing parameters had to be adjusted newly. The process parameters proofing time
and the baking temperature were optimized. The quality criterion was defined by the characteristics of bread rolls
obtained from the conventional oven using the specific volume, the baking loss, the colour saturation, crumb firmness
as well as the elasticity. The Nelder-Mead simplex method led within 11 experiments to an optimal baking result. The
optimization was terminated when the values for the confidence interval of the objective function include zero. The
optimal processing parameters for the bread rolls were a proofing time for 117 minutes and the baking temperature of
215 ◦C for 16 minutes.

Keywords: proofing, baking, optimization, Nelder-Mead simplex method, infrared radiation

1. Introduction1

During baking processes heat energy is transferred2

into baking products. This happens by conduction from3

the bottom of the oven, by convection through the air,4

condensation of steam and thermal radiation. Depend-5

ing on the temperature of the emitter, principally heat6

radiation contains high amounts of infrared, but can also7

contain visible and even mostly tiny amounts of ultravi-8

olet radiation intensity (Lerner, 1991; Lienhard, 2011;9

Smith, 2011). At typical baking temperatures around10

200 ◦C (Gould, 2007), the thermal radiation consists11

mainly of infrared radiation. A piece of dough is ab-12

sorbing, emitting and reflecting electromagnetic radia-13

tion (Lienhard, 2011; Krishnamurthy et al., 2008). The14

infrared radiation is said to penetrate the dough piece15

in a better way and heat it from the inside faster than16

in conventional radiation ovens. The penetration depth17

of near infrared radiation with a wavelength of 1 µm18

is about 4-6 mm (Pan and Atungulu, 2011). Purlis opti-19

mized infrared heating in combination with natural ther-20

mal radiation and convection. The baking time could be21

∗Corresponding author
Email address: Viktoria.Zettel@uni-hohenheim.de (V.

Zettel)

reduced by the higher amount of applied infrared radia-22

tion (Purlis, 2014).23

Due to an increase of the radiation intensity in the in-24

frared wavelength range between 3 and 6 µm the gelan-25

tinization and pasting of starch and therefore the forma-26

tion of a fine elastic crumb needs less time, the oven27

loss will be smaller and more water is preserved in the28

baking good. The moisture content is higher and there-29

fore the freshness of the baking good is extended. The30

second part of the baking process (browning, stabiliza-31

tion of the crust) is the same as in a conventional oven.32

Caused by the faster heating and crumb formation, the33

baking process is completed in less time. This entails34

a completely different baking process compared to con-35

ventional ovens. Therefore, the optimization of the cor-36

responding production parameters must be optimized.37

For the optimization of processes, different approaches38

can be applied.39

Using the response surface method, in a first step a40

design of all experiments is performed, then all exper-41

iments are carried out. Afterwards a none linear func-42

tion is fitted to the results, whose extreme value is the43

optimum. A detailed description of the response sur-44

face method is given by Bezerra et al. (Bezerra et al.,45

2008). Response surface methodology has already been46
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used for several applications in food processing (such47

as Flander et al. (2007); Turabi et al. (2007); Therdthai48

et al. (2002); Collar et al. (1999); Lahlali et al. (2008);49

Getachew and Chun (2016); Liu et al. (2016)).50

As an alternative for optimization a sequential ap-51

proach is the Nelder-Mead simplex method (Nelder and52

Mead, 1965), which were originally applied for the min-53

imization of a function. Here, just a few experiments are54

performed initially and then depending on the results55

the parameters of the new experiment (new process pa-56

rameters) are calculated. Depending on that outcome57

the next new experiment is calculated and so forth. The58

simplex method uses a hill climbing procedure to im-59

prove a process. A detailed description of the simplex60

method is given by Walters et al. (Walters et al., 1991).61

The Nelder-Mead simplex method is here applied as62

alternative to the surface response method for optimiza-63

tion. The aim of this study is the optimization of the64

processing parameters of bread rolls in an oven with a65

special ceramic coating that increases the amount of in-66

frared radiation during the baking process. The proofing67

time as well as the baking temperature are the influenc-68

ing variables to improve the quality of the baked goods.69

2. Optimization with the Nelder-Mead simplex70

method71

The simplex method according to Nelder-Mead is a72

straight forward (Spendley et al., 1962) and fast method73

to optimize parameters within a few steps by minimiz-74

ing or maximizing a quality or objective function. The75

simplex method is an alternative to the response surface76

method, however the optimization is carried out in an77

iterative approach. The Nelder-Mead simplex method78

can be performed within arbitrary dimensions, but the79

present study deals with just two: the proofing time and80

the baking temperature. Depending of these parameters81

the quality of the bread rolls are optimized. The op-82

timal bread roll is defined by the results obtained with83

the conventional oven, which is specified by six parame-84

ters: The specific volume, baking loss, colour saturation85

of the surface, crispiness, crumb firmness and elastic-86

ity. The overall quality function is the sum of weighted87

squares (Equation 1 and 2) of the difference of actual88

parameter value and its target (optimal) value.89

OQF =

6∑

i=1

QFi (1)

QFi =
(ci − ti)2

ti · σi
(2)

OQF is the overall quality function, QFi the quality90

function for each individual characteristic of the bread91

rolls, ci the ith characteristic value of the bread roll, ti92

is the ith target value of the characteristic variable, σi93

is its standard deviation. As one can see, if the quality94

function has a minimum (small value), then the same95

quality is obtained as in the conventional oven. If the96

confidence interval of OQF include zero, the optimal97

baking parameters for the ceramic coated oven were ob-98

tained and the optimization is termined. The error of the99

overall quality function was calculated according to the100

Gauss error propagation presented in Equation 3.101

∆OQF =

√√√ 6∑

i=1

(
2 · (ci − ti)

ti · σi
· ∆ci)2 (3)

Here ∆OQF is the error of the quality function, and102

∆ci is the standard deviation of ci. The confidence inter-103

val was calculated as OQF ± 3 · ∆OQF. Applying the104

simplex algorithm with n parameters, one has to per-105

forme n + 1 initial experiments. Therefore, three ini-106

tial experiments with different values of the parameters107

out of the search space will be carried out here. In the108

search space due to the three parameter values a trian-109

gle is obtained, describing the geometry of a simplex110

in two dimensions. Here, the three experiments can be111

represented by the following three vectors:112

~ei =

(
ti
Ti

)
with i = 1...3 (4)

Where ti represents the proofing time and Ti the bak-113

ing temperature of the ith experiment. After the evalua-114

tion of the experiments using the OQF they are assessed115

to be the best (~b = ~ex), good (~g = ~ey) and worst (~w = ~ez)116

one. Therefore, each of the~ei has a corresponding OQFi117

value with OQFx < OQFy < OQFz. The next exper-118

iment is calculated out of the former experiment with119

Equation 5:120

~n = ~b + ~g − ~w (5)

Using the calculated values of t and T of the vector121

~n the new experiment is carried out. Then the assess-122

ment is carried out in the same way as before and so123

forth; this is called the fixed-size simplex or basic sim-124

plex algorithm. The disadvantages of this algorithm is,125

that its evolution depend of the first chosen triangles, if126

it is to small then many steps have to be carried out; if it127

is to large, one will jump over the optimal value. There-128

fore, Nelder and Mead proposed a modified simplex al-129

gorithm using Equation 6 for the fifth and the following130

2
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experiments:131

~n = ~M + γ · ( ~M − ~w) (6)

~M =
1
2
· (~g + ~b) (7)

The new experimental point is ~n, ~M is the mass cen-132

tre of the best ~b and the good ~g assessed experiment, γ133

is the expanding/contracting-factor. This factor can get134

values between -0.5 and 1.5 depending on the values of135

the overall quality function of the new (OQFn), the best136

(OQFb), the good (OQFg), and the worst (OQFw) out-137

come (see Table 1). Depending on these cases the next138

experiment is calculated. For instance, if the outcome139

(OQFn) of the new experiment ~en is better than the best140

outcome before ~eb (which means OQFn < OQFb) the141

expanded simplex has to be applied. Therefore, the next142

experiment will be calculated using γ = 1.5 in Equation143

6.144

If the performed experiment ~ee (e for expanded sim-145

plex) is then the new best, the new simplex will be ob-146

tained by the new, the before best and the before good147

one. The next simplex calculation will be performed148

with ~eb (former ~ee), ~eg (former ~eb) and ~ew (former ~eg).149

The triangles might be getting smaller with every sec-150

ond iteration and approach to the optimum (Mathews151

and Fink, 1999). A condition for the termination must152

be checked after each new result. Here it was checked,153

if the confidence interval of OQF include zero. Using154

the simplex algorithm a problem can occur if there are155

local optima. Here it is expected to have only a global156

optimum, which should not far to seek. The scheme of157

all possible new experiments is presented in Figure 1. A158

detailed description of the method is given by Bezerra159

et al. (Bezerra et al., 2016) and Cerd et al. (Cerdà et al.,160

2016).161

3. Materials and methods162

3.1. Materials163

The experiments were carried out with commercial164

wheat flour (type 550: defined as 0.51 - 0.63 % mineral165

content in dry matter, Rettenmeier GmbH und Co. KG,166

Horb a.N., Germany), water, commercial dry yeast (Saf-167

instant, LeSaffre, Bühl, Germany), baking malt (Meis-168

terMarken Ulmer Spatz, Bingen am Rhein, Germany),169

hydrogenated peanut fat (BäKO, Ladenburg, Germany)170

and salt (Südsalz GmbH, Heilbronn, Germany).171

3.2. Preparation of the bread rolls172

The dough was prepared out of 1 kg wheat flour (cor-173

rected to 14 % moisture content), water (according to174

the farinograph water absorption), 1 g dry yeast, 1 g175

peanut fat, 3.5 g baking malt and 2 g salt per 100 g176

wheat flour. All ingredients were mixed for 1 minute177

(25 Hz) and kneaded for 5 minutes (50 Hz) in a spi-178

ral mixer (Diosna laboratory kneaders). The dough was179

processed in the common way for bread rolls. Proofing180

took place in a proofing chamber (WachtelStamm Petit181

Computer, Wachtel GmbH & Co., Hilden,Germany) at182

30 ◦C and relative moisture of 80 % for 40 min for the183

standard. The bread rolls for the standard were baked at184

220 ◦C upper and lower heat with 12 s of steam injection185

(initial upper heat: 235 ◦C, lower heat: 240 ◦C). The186

outlet was opened after 90 % of baking time to drag out187

the moisture. The baking experiments were performed188

in one oven which was equipped with both oven types189

(Piccolo I, Wachtel GmbH & Co., Hilden, Germany).190

The baking time was 20 min for the conventional oven191

and 16 min for the ceramic coated oven. The initial heat192

was adjusted in the ceramic coated oven according to193

the settings for the conventional ovens. The proofing194

time and the baking temperature were varied according195

to the calculated values of the simplex algorithm. The196

initial baking temperature was adjusted to the settings in197

the conventional oven (upper heat: 15 ◦C higher, lower198

heat: 20 ◦C higher).199

3.3. Evaluation of the bread rolls200

After cooling the bread rolls for 1 h, the mass (gravi-201

metrically, all bread rolls) and the volume (VolScan Pro-202

filer, Stable Micro Systems, Surrey, England) were de-203

termined. The volume was measured using 10 bread204

rolls and extrapolated to all 30. The specific volume and205

the baking loss were calculated based on these values.206

The crust colour was determined by taking a picture of207

5 bread rolls and evaluating a representing area of the208

crust according to the RGB colour space. The colour209

saturation was then calculated as value out of the HSV210

colour space (Equation 8).211

S aturation =


0 R = G = B = 0,
(max−min)

max else R,G, B ∈ [0, 255].
(8)

A texture analyser (TA-XT2, Stable Micro Systems,212

England) was used with a modified AACC method (74-213

09) for texture profile analysis (TPA). Slices (25 mm214

thickness) were taken from the centre of 5 bread rolls. A215

10 mm diameter probe (because of the small area of the216

3
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bread roll crumb) and 5 kg load cell were used as mea-217

surement geometry. The three bread roll slices were two218

times compressed up to 40 % deformation with 15 s rest,219

the test speed was 1.7 mm/s; the crumb firmness and the220

elasticity were evaluated. The crispiness of 5 bread rolls221

were representative evaluated with the texture analyser.222

A plate with 104 mm diameter was used to compress the223

complete bread roll to a deformation of 40 %. The test-224

ing speed here was 1.67 mm/s. The maximum force was225

used as value for the crispiness. To provide a repeatable226

evaluation the bread rolls on the baking plate were di-227

vided in different groups. The grouping depicted in Fig-228

ure 2 was defined for the evaluation methods. The aim229

was to have a balanced evaluation distribution across the230

baking plate.231

3.4. Optimization with the Simplex algorithm232

The starting experiments were defined according to233

pre-experiments performed in the ceramic coated oven.234

Here one result was that the baking of bread rolls will235

lead to good results when the bread rolls are proofed236

like the standard bread rolls and baked with 228 ◦C for237

16 minutes. During further pre-experiments (data not238

shown) it was found out that proofing like the standard239

processing of bread rolls and baking at 218 ◦C und 15240

min 49 s will lead to best baking results. The baking241

time of 16 minutes then was chosen. The starting ex-242

periments are presented in Table 2. The baking times243

for the first experiments were chosen according to nor-244

mal baking conditions. The evaluation according to the245

quality parameters of bread rolls was rated with val-246

ues out of the literature for the baking loss of 18-22 %247

(Stear, 1995; Wiggins and Cauvain, 2007). The specific248

volume of the bread rolls was chosen as 8 mL/g (deter-249

mined in earlier studies, data not shown). The percent-250

age standard deviation for the literature values was set to251

5 %. The other target values were set when the standard252

baking experiments were performed in the conventional253

oven.254

4. Results and Discussion255

The parameter values of all performed experiments256

as well as the progress of the simplex optimization can257

be seen in Figure 3. The triangles were named af-258

ter the resulting experiment, so triangle 4 corresponds259

to the calculated experiment 4 (~e4n). In Table 3 the260

target values of all characteristics as well as the indi-261

vidual results for each experiment are presented. The262

start simplex (triangle: start simplex in Figure 3) were263

evaluated and the quality function of ~e2 was the worst.264

The next experiment was calculated as ~e4n with mir-265

roring ~e2 on the mass center of experiments ~e1 and ~e3266

(triangle 4 is obtained). The evaluation of these per-267

formed experiments resulted in case number 1, which268

was OQFn > OQFb > OQFg (compare Table 1) and an269

expansion was performed ~e5e. After the evaluation the270

worst experiment of the new simplex was experiment ~e1271

and again case number 2 was obtained, which lead to272

experiment ~e6n (triangle 6). One contraction (γ = 0.5)273

was performed in triangle no. 7, because the new calcu-274

lated and performed experiment ~e6n was with its quality275

function value between the former good (~e3) and worst276

(~e1). The next experiment ~e8n depicted in triangle no.277

8 was calculated with a normal simplex (γ = 1) again.278

For the 9th and 11th triangle a negative contraction (γ279

= -0.5) was necessary, because the new calculated and280

performed experiments were worse than the worst be-281

fore. After the calculation of the quality function for282

~e11nc and its error the simplex optimization was termi-283

nated. The errors of the quality function for ~e7c, ~e9nc284

and ~e11nc overlapped. In addition the value for the con-285

fidence interval of the objective function include zero286

for experiment ~e11nc.287

To summarize the Nelder-Mead modified simplex288

method led within 11 experiments to an optimal bak-289

ing result. The optimization was determined when the290

confidence interval of the values of the quality function291

include the value of zero. The obtained values for the292

quality function of the optimal baking parameters were293

smaller than the ones for the standard. This can be ex-294

plained by the chosen values for the baking loss and the295

specific volume. They are not according to the standard,296

but out of literature or previous studies.297

The quality function weighted every parameter nearly298

the same. The quality function did not always reflect299

the subjective impression of the baking results. This300

happened with the colour as presented in Figure 4. Here301

experiment ~e9nc would be the best experiment regarding302

the optical evaluation.303

5. Conclusion304

In this contribution, the Nelder-Mead modified sim-305

plex algorithm has been applied for the optimization of306

two production parameters of bread rolls. The reason307

was to transfer a recipe of an ordinary oven to an oven308

with a ceramic coating. The fermentation time as well309

as the baking temperature were varied to obtain prede-310

fined characteristics of the bread rolls, which were de-311

fined as optimal and are obtained with a conventional312

oven. The definition of the quality function has to be313

considered thoughtful. Here a kind of least squares with314

4
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respect to optimal values have been applied. Due to the315

fact that different characteristics were included in the316

quality function a weighting was performed, so that the317

values of each characteristic gave comparable contribu-318

tion to the overall quality function. Using this approach319

within 11 experiments an optimal result were obtained.320

This example demonstrate, that the modified simplex is321

worth for optimization application in food processing,322

and can be used as alternative to the response surface323

optimization. Because the simplex algorithm is a kind324

of hill climbing procedure, no local optimum should be325

in the search space, which should be fulfilled not only in326

the present application. In the future more examples of327

simplex optimization for food processing will show up328

due to the straight forward calculation of the algorithm.329
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Table 2: Starting experiments for the optimization of the processing
parameters of bread rolls in the ceramic coated oven.

experiment proofing time [min] baking temperature [◦ C]
~e1 70 260
~e2 40 200
~e3 90 180

Tables407
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Table 1: Cases for the evaluation of the new performed experiment.

case Name (index) γ

1 OQFn < OQFb expanded simplex (e) 1.5
2 OQFb < OQFn < OQFg normal simplex (n) 1
3 OQFg < OQFn < OQFw contracted simplex (c) -0.5
4 OQFw < OQFn negative contracted simplex (nc) -1.5
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Table 3: Experiments for the Nelder-Mead simplex method and their results (mean and standard deviations) with the final quality function and its error. Experiment ~e5e was performed in single.

proofing
time
[min]

baking tem-
perature
[◦C]

spec. vol-
ume [mL/g]

baking loss
[%]

colour satu-
ration [-]

crispiness [-] crumb firm-
ness [N]

crumb elas-
ticity [-]

quality
function and
its error

STD 40 235 4.2 ± 0.1 18.5 ± 0.2 0.61 ± 0.08 26.1 ± 4.2 0.7 ± 0.1 1.04 ± 0.07 4.67 ± 0.33

target
values

8.0 ± 0.4 17.0 ± 0.9 0.61 ± 0.08 26.1 ± 4.2 0.7 ± 0.1 1.04 ± 0.07 0

~e1 70 260 5.7 ± 0.3 24.6 ± 0.1 0.77 ± 0.04 39.3 ± 3.7 1.0 ± 0.2 0.98 ± 0.02 8.87 ± 2.01

~e2 40 200 3.7 ± 0.3 15.5 ± 0.5 0.64 ± 0.02 23.2 ± 4.1 1.4 ± 0.2 0.97 ± 0.01 11.96 ± 3.13

~e3 90 180 4.8 ± 0.1 15.1 ± 0.1 0.54 ± 0.01 13.3 ± 3.5 0.7 ± 0.1 1.01 ± 0.05 5.04 ± 0.87

~e4n 120 240 5.5 ± 0.1 21.3 ± 0.1 0.81 ± 0.01 24.1 ± 3.9 0.7 ± 0.1 1.10 ± 0.31 4.21 ± 0.59

~e5e 140 250 6.8 26.0 0.82 ± 0.01 29.9± 3.7 0.6 ± 0.1 1.21 ± 0.44 7.31 ± 2.10

~e6n 140 160 5.6 ± 0.1 15 ± 0.1 0.52 ± 0.02 8.7 ± 0.8 0.4 ± 0.01 1.02 ± 0.17 6.01 ± 0.32

~e7c 122.5 185 5.8 ± 0.1 16.1 ± 0.1 0.64 ± 0.04 14.5 ± 2.2 0.7 ± 0.1 0.97 ± 0.02 2.90 ± 0.51

~e8n 152.5 245 7.5 ± 0.6 24.2 ± 0.6 0.85 ± 0.02 28.0 ± 3.9 0.6 ± 0.1 1.11 ± 0.32 5.03 ± 0.90

~e9nc 105.63 196.25 5.9 ± 0.3 16.9 ± 0.3 0.73 ± 0.08 16.7 ± 2.3 0.7 ± 0.1 1.03 ± 0.15 2.48 ± 0.74

~e10n 108.13 141.25 4.1 ± 0.2 11.9 ± 0.2 0.52 ± 0.01 12.8 ± 4.1 0.7 ± 0.1 0.85 ± 0.05 8.77 ± 1.18

~e11nc 117.03 215.31 6.7 ± 0.5 19.9 ± 0.5 0.78 ± 0.03 23.5 ± 1.9 0.8 ± 0.1 1.01 ± 0.13 1.77 ± 0.59
8
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Figures408

Figure 1: Schematic of the Nelder-Mead modified simplex method.
~e1, ~e2 and ~e3 are the starting experiments. ~e4n is the new calculated
experiment. Assessing this experiment, with respect to the cases of
Table 1 the new parameter values are calculated, which are either
~e5nc or ~e5c or ~e5e depending on the actual case.
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Figure 2: Grouping for the evaluation of the bread rolls (left); black: crispiness and colour saturation; dark grey:
texture profile analysis; light grey: volume; white: not evaluated. Baking plate with tagged bread rolls for evalua-
tion.

10

Chapter 3. Results

50



Figure 3: Progress of the Nelder-Mead simplex method for the optimization of the processing parameters for bread rolls.
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Figure 4: Crust colour pictures of the bread rolls. The standard (STD) and the starting experiments (line 1), the experiments ~e4n, ~e5n, ~e6c and ~e7n (line 2) and the last experiments ~e8nc, ~e9n and the
best experiment ~e10nc (line 3).
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Chapter 4. Discussion

Within this thesis the influence of gel from ground chia on the rheological behaviour of dough

and the final product was investigated. The approach of using ground chia as gel seems to be

fruitful to avoid competition between starch and chia with respect to the water uptake when

the crumb formation during the baking process takes place. The evaluation of the pasting

profiles of wheat flour suspensions with chia gel addition proved this assumption. The gel

from ground chia affected the pasting properties. Different levels of added hydrocolloids do

not influence the pasting properties significantly (Bárcenas et al., 2009). Addition of ground

chia leads to higher viscosities determined with amylograph measurements as determined by

Švec et al. (2016). The evaluated doughs were affected in negative ways by the addition of

high amounts of ground chia and subsequently water. The dough stability was then reduced

and the resulting baked product was less porous and therefore compact. All doughs showed

weakening regarding the rheometer measurements with incorporated gel from ground chia.

The frequency sweep measurements show for all doughs a decrease with increasing content of

gel from ground chia. The creep-recovery tests of the sweet pan bread doughs revealed that

the zero viscosity η0 decreased and the creep compliance increased with increasing chia gel

contents. The weakening of the doughs may not absolutely be caused by the incorporated

chia, but also by the additional water. There seems to be a kind of interaction between

water, ground chia particles and wheat flour constituents. Nearly the same results were

achieved for 2 % and 1 % of ground chia with 5 g/g and 10 g/g water, respectively. The

increase in dough softness and stickiness is also reported for incorporating other sources of

dietary fibre in baked products (Foschia et al., 2013). The best results for incorporating gel

from ground chia to wheat breads were obtained with 2 % and 1 % of ground chia with 5

g/g and 10 g/g water, respectively. The best results for sweet pan breads were obtained

with 25 % fat replacement through gel from ground chia. This gel was prepared of 2.3 g

ground chia with 5 g/g water. With these incorporations of gel from ground chia to the

recipes the doughs could be processed easily and satisfying baking results were achieved.

The specific volume was increased with incorporated chia gel and the retrogradation of the

baked goods was decreased after storage. The dietary fibre content was increased and the

fatty acid profile was presumably shifted to more ω-3 fatty acids in the wheat breads too.
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For the sweet pan breads an increase was determined.

Summarizing the incorporation of a defined amount of gel from ground chia is possible

without big disadvantages for the further processing of the doughs and the resulting baked

products. The specific volumes were increased and the retrogradation over storage was

decreased. The nutritional values of the evaluated baked products, wheat bread and sweet

pan bread, were increased as well. Gel from ground chia can therefore be incorporated into

bakery products for improving the nutritional values regarding the dietary fibre and ω-3

fatty acid contents. However it acts like a hydrocolloid.

In future it could be investigated how gel from ground chia is affected by the pre-hydration

temperature. Some experiments on acidification of chia during the pre-hydration period

could be interesting too. The amounts of chia and water were chosen based on literature

values. The amount of water and chia could also be optimized. The application of chia for

vegan or glutenfree products has been shown in the introduction, but there might be some

open questions to be elucidated. The nutritional evaluation was done only exemplary, so

this would be worth to analyse in future research projects too. The effects of our evaluated

wheat breads and sweet pan breads on human health with respect to the absorption of the

nutrients of chia should be evaluated in future research projects. There are not enough data

yet to prove the nutritionally benefits properly.

In addition the optimization of the production parameters of bread rolls was performed using

the Nelder-Mead simplex method. The main advantage of this optimization method is the

stepwise proceeding. When the stop criterion is reached, here the optimal baking result, the

optimization is terminated. Using an experimental design for this process the boundaries of

the searching space need to be defined. All experiments have to be performed before the

overall evaluation takes place. The optimization using design of experiments needs more

time and more statistical evaluation. For the Nelder-Mead simplex method it is necessary to

choose the quality function thoughtful. This is essential for the response surface method as

well. It needs to mirror the desired characteristics and some weighting should be considered.

The proofing time and the baking temperature were optimized for a new oven type with a

ceramic coating. Within 11 experiments the optimum with a proofing time of 117 minutes
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and a baking temperature of 215 ◦C for 16 minutes was determined. This example demon-

strates, that the Nelder-Mead simplex method is worth for optimization application in food

processing, and can be used as alternative to the response surface optimization. Due to

the fact that the Nelder-Mead simplex method is a uphill or downhill search algorithm, the

Nelder-Mead simplex optimization is especially beneficial if there is only one extreme value

within the search space. It has been applied successfully here and it might appear in different

other applications in future. Coming back to the first part of the work the optimal dosage

of chia and water for vegan pound cakes might be a future application for the Nelder-Mead

simplex method for example. All kinds of process or recipe optimization are conceivable

in food applications. However, a new quality function depending on the characteristics of

the desired product must be defined. The sensory evaluation and quality in contrast to the

nutritional benefits might be a challenging task.
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Muñoz, L. A., Cobos, A., Diaz, O., Aguilera, J. M., 2013. Chia seed ( salvia hispanica ): An

ancient grain and a new functional food. Food Reviews International 29 (4), 394–408.

Nelder, J. A., Mead, R., 1965. A simplex method for function minimization. The Computer

Journal 7 (4), 308–313.

Palma, F., Donde, M., Lloyd, W. R., 1947. Fixed oils of mexico. Journal of the American

Oil Chemists’ Society 24 (1), 27–28.
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für gesunde Ernährung und bessere Brotqualität. Vortrag bem 52. Wissenschaftlichen

Kongress der DGE in Halle-Wittenberg, 11-13 März, Halle, Germany.

• Zettel, V., Paquet-Durand, O., Hecker, F., Hitzmann, B. (2015). Chia als mögliches

Additiv in der Brotherstellung. Vortrag bei der 4. Frühjahrstagung des Weihen-

stephaner Instituts für Getreideforschung (WIG), 21.-22. April, Freising, Deutschland.

• Moll, S., Zettel, V., Hitzmann, B. (2016). Sonnenblumenprotein als mögliches Addi-
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Castro Moreira, Maria Eliza; Toledo, Renata Celi

Lopes; da Matta, Sérgio Luis Pinto; Della Lucia,

Ceres Mattos; Martino, Hércia Stampini Duarte;
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2014 Oxidative stability of meat systems made with

W1/O/W2 emulsions prepared with hydroxytyrosol

and chia oil as lipid phase

A LWT - Food Science and Technology 10.1016/j.lwt.2014.06.051 [b]

Coorey, Ranil; Tjoe, Audrey; Jayasena, Vijay 2014 Gelling Properties of Chia Seed and Flour A Journal of Food Science 10.1111/1750-3841.12444

Porras-Loaiza, Patricia; Jiménez-Mungúıa, Maŕıa T.;
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Alonso

2012 Spray-dried encapsulation of chia essential oil

(Salvia hispanica L.) in whey protein concentrate-

polysaccharide matrices

A Journal of Food Engineering 10.1016/j.jfoodeng.2012.01.020
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Antonella Dalle Zotte; Zsolt Szendrő 2011 The role of rabbit meat as functional food A Meat Science 10.1016/j.meatsci.2011.02.017

Giorgia Meineri, Paolo Cornale, Sonia Tassone & Pier

Giorgio Peiretti

2010 Effects of Chia (Salvia hispanica L.) seed supplemen-

tation on rabbit meat quality, oxidative stability and

sensory traits

A Italian Journal of Animal Science 10.4081/10.4081/ijas.2010.e10

Lewis, Devin 2010 The incorporation of Chia (Salvia hispanica Lami-

aceae) into baked food products

Master thesis

Terigar, Beatrice G. 2010 Effect of Storage Conditions on the Oil Quality of

Chinese Tallow Tree Seeds

A Journal of the American Oil Chemists’ Soci-

ety

10.1007/s11746-009-1529-6

Ayerza, Ricardo 2010 Effects of Seed Color and Growing Locations on Fatty

Acid Content and Composition of Two Chia (Salvia

hispanica L.) Genotypes

A Journal of the American Oil Chemists’ Soci-

ety

10.1007/s11746-010-1597-7

Borneo, Rafael; Aguirre, Alicia; León, Alberto E. 2010 Chia (Salvia hispanica L) Gel Can Be Used as Egg or

Oil Replacer in Cake Formulations

A Journal of the American Dietetic Association 10.1016/j.jada.2010.03.011
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