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Resumo 

Hoxe en día o aumento de persoas con enfermidade celíaca está aumentando 

drasticamente. En termos de incidencia global, aumentou de maneira significativa 

na segunda metade do século XX e no século XXI en todo o mundo industrializado 

occidental. De feito, a enfermidade celíaca é un dos trastornos crónicos máis comúns 

a nivel mundial, cun predominio que oscila maioritariamente entre o 0,7 e o 2,9% na 

poboación xeral. Curiosamente, a enfermidade celíaca diagnostícase 1,5 veces máis 

frecuentemente en mulleres que en homes e é aproximadamente dúas veces máis 

común en nenos que en adultos. Debido a isto, o mercado global de produtos sen 

glute está a crecer rapidamente debido á maior demanda de alimentos saudables sen 

glute. Para 2023, este mercado alcanzou un valor aproximado de 7.500 millóns de 

dólares e prevese que supere os 14.000 millóns de dólares para 2032. Este 

crecemento vén impulsado pola diversificación de produtos como pans e pastas, que 

agora están amplamente distribuídos a través de supermercados e ventas online. 

Ademais, rexións como Asia-Pacífico están a mostrar un rápido crecemento e os 

produtos sen glute adoitan ter un prezo superior, o que os converte nunha opción 

atractiva e rendible para os fabricantes. 

A enfermidade celíaca considérase unha enfermidade autoinmune, é un proceso 

crónico que dana o intestino e pode danar calquera órgano e tecido. Cando as persoas 

con enfermidade celíaca comen glute o seu sistema inmunitario responde danando o 

revestimento do intestino delgado. Isto pode levar a varios problemas dixestivos, 

deficiencias de nutrientes e outras complicacións. Ademais, a enfermidade celíaca 

está asociada a un maior risco de problemas psicosociais, como depresión, ansiedade 

e trastornos alimentarios. Actualmente, a única solución dispoñible para mellorar a 

calidade de vida dunha persoa que padece enfermidade celíaca é manter o 

cumprimento estrito dunha dieta sen glute. Polo xeral, o pan sen glute considérase 

apto para toda a poboación xa que o seu consumo está relacionado coa alimentación 

saudable. O aumento do consumo de produtos sen glute non só estivo ligado á 

crecente incidencia de trastornos relacionados co glute, senón á demanda dos 
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consumidores de alimentos sen glute para controlar o peso e a saúde dixestiva. Non 

obstante, os produtos sen glute adoitan ter unha menor cantidade de proteína e fibra 

en comparación co pan convencional, xa que adoita conter un maior contido de graxa 

e hidratos de carbono. Esta característica débese á necesidade de utilizar ingredientes 

alternativos para substituír o glute. Existen diferentes tipos de enfermidade celíaca 

segundo diferentes criterios, a enfermidade celíaca potencial, que se refire á presenza 

de marcadores da enfermidade, como anticorpos, pero sen evidencia de dano 

intestinal (as persoas con enfermidade celíaca potencial teñen un maior risco de 

desenvolver a enfermidade no futuro) e a enfermidade celíaca refractaria, que é unha 

complicación rara pero grave da enfermidade celíaca. Caracterízase pola persistencia 

dos síntomas e danos no revestimento do intestino delgado, a pesar de seguir unha 

dieta estrita sen glute durante un período prolongado, normalmente durante polo 

menos 12 meses.  

Como mencionamos anteriormente, a única solución que existe para mellorar a 

calidade de vida das persoas que padecen a enfermidade celíaca é o cumprimento 

estrito dunha dieta sen glute. Non obstante, desde unha perspectiva nutricional, os 

produtos sen glute tenden a ser ricos en graxas e hidratos de carbono, pero baixos en 

proteínas, o que pode provocar picos no índice glicémico durante a dixestión. Este 

problema podería levar ao desenvolvemento de diabetes en persoas que antes non 

padecían esta condición debido á maior inxestión de hidratos de carbono. Entre as 

varias enfermidades autoinmunes relacionadas coa enfermidade celíaca está a 

diabetes mellitus. Este é un trastorno crónico no que o corpo non pode regular 

adecuadamente os niveis de azucre no sangue. Pode deberse a unha produción 

inadecuada de insulina ou á resistencia a esta hormona. O principal resultado é o alto 

nivel de glicosa no sangue, que pode causar complicacións graves. O tratamento da 

diabetes xeralmente implica manter unha dieta saudable, controlar os niveis de 

azucre no sangue e realizar actividade física regular. En resumo, observouse que as 

persoas con enfermidade celíaca teñen un maior risco de desenvolver diabetes.  

Tendo isto en conta, o estudo desta Tese de Doutoramento céntrase na investigación 

de potenciais substitutos do glute, que poidan mellorar tanto as propiedades 
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nutricionais como estruturais destes produtos, centrándose na procura de aditivos 

naturais que reduzan tamén o seu índice glicémico. Un modo de reducir o índice 

glicémico é a adición de compostos con inhibición da actividade da amilasa e/ou 

amiloglucosidasa, como é o caso dos polifenois. Ademais, a obtención tanto do 

axente modificador da textura como das moléculas inhibidoras de encimas a partir 

da mesma materia prima resulta notablemente interesante. Por este motivo, o estudo 

comezou centrándose nun composto natural obtido a partir dunha alga parda 

(Ascophyllum nodosum) rica en polifenois. Os polifenois teñen unha alta capacidade 

antioxidante, son metabolitos secundarios lixeiramente hidrófobos e son un dos 

grupos máis abundantes no reino vexetal. 

Nunha primeira fase, a nosa investigación tivo como obxectivo coñecer como 

interactúan os polifenois co amidón de millo nativo e o amidón de millo xelatinizado. 

Para iso, ás disolucións de polifenois, de diferentes concentracións, engadíuselle 

unha cantidade constante de amidón (1,95 e 5,00% p/p) para analizar en equilibrio a 

fracción de polifenois adsorbida polo amidón. Calculouse a cantidade de polifenois 

adsorbidos por masa de amidón a partir dos valores de concentración de cada 

experimento no equilibrio. Observouse que a cantidade de polifenois necesaria para 

saturar a superficie do amidón aumenta coa cantidade de amidón. En ambos sistemas 

(1,95 e 5,00%) a forma da curva correspondeuse cunha isoterma de Langmuir (R2 > 

0,98) que indica que a adsorción de polifenois na superficie do amidón está 

fisicamente limitada. Por outra parte, o amidón xelatinizado analizouse dun modo 

similar ao dos experimentos anteriores co amidón nativo e mantendo a mesma 

relación polifenois/masa de amidón. Polo tanto, estes estudos realizáronse tanto para 

o 1,95% como para o 5,00% p/p de almidón en xel. A adsorción do amidón 

xelatinizado non só é maior senón que tamén é moito máis rápida. Neste caso 

observouse unha relación lineal (R2 > 0,99) entre a concentración de polifenois en 

equilibrio da solución e os polifenois adsorbidos. A adsorción de polifenois en xeles 

de amidón está lonxe da saturación; porén, aplicouse un modelo diferente, a isoterma 

de Henry. En resumo, a adsorción de polifenois aumentou de maneira significativa 

(case 7 veces) con xeles de amidón en comparación co amidón nativo, indicando que 
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o amidón xelificado aumentou notablemente a superficie dispoñible e melloraron as 

interaccións entre o amidón e os polifenois. 

Os ensaios realizados para caracterizar o amidón e a súa dixestión en presenza de 

polifenois baseáronse en probas previas de adsorción sobre amidón nativo. Esta 

decisión tomouse coa intención de simular a produción de pan tradicional e 

industrial. Porén, tamén se estudou o efecto da adsorción de polifenois sobre o xel 

de amidón sobre a estrutura e a dixestión dos xeles formados. Ademais, este 

procedemento xustifícase polo proceso de elaboración de pan sen glute que 

finalmente contou cunha fase de prexelatinización, xa que tras diversas probas era a 

vía para obter masas con características adecuadas. 

Despois de estudar a interacción entre polifenois e amidón, realizáronse estudos con 

xeles de amidón para investigar como a presenza de polifenois pode afectar tanto ás 

características viscoelásticas dos xeles de amidón de millo como á súa dixestión. 

Para acadar este obxectivo, estudáronse os sistemas de 1,95 e 5,00% p/p de amidón 

de millo (AM) con diferentes concentracións de polifenois (PP). Para as mostras do 

1,95% p/p, as relacións nominais PP/AM (gPP/gAM) foron 0,0, 0,5, 2,5 e 5,0; 

mentres que para os xeles ao 5,00% p/p as relacións foron 0,0, 0,2, 0,9 e 1,9, 

engadindo diferentes cantidades de solucións de PP de 0,0, 0,1, 0,5 e 1,0 g/L. A 

presenza de polifenois aumentou a temperatura máxima de xelatinización (Tp), que 

corresponde ao valor máis alto do módulo elástico (G´) durante a rampa de 

quecemento. Nos xeles sen polifenois, estes valores foron de 11,1 ± 0,3 Pa e 78,3 ± 

5,9 Pa para o 1,95 e 5,00% p/p de contido de amidón, respectivamente, mentres que 

coa presenza de polifenois os valores máximos obtidos foron de 15,1 ± 0,4 Pa e 125,4 

± 4,1 Pa, para 1,95 e 5,00% p/p, respectivamente. Este resultado pode estar 

relacionado coa diminución da auga dispoñible para a xelatinización do amidón pola 

natureza hidrófila dos polifenois. Durante o barrido de temperatura a 90ºC, 

observouse unha diminución relevante do valor de G´ para os sistemas con polifenois 

engadidos; esta observación pode estar relacionada coa reticulación formada entre 

os polifenois e o amidón durante a xelatinización, polo que se incrementa o carácter 

elástico a alta temperatura. No barrido de arrefriamento, os xeles con polifenois 
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presentaron valores de G´ máis altos que os sistemas sen polifenois desde o principio 

(90ºC), pero as mostras con polifenois mostraron valores de G´ inferiores aos 

sistemas sen polifenois ao final (25ºC). Este resultado parece indicar que a presenza 

de polifenois interfire na formación da estrutura tridimensional final do xel de 

amidón. Durante a etapa de maduración do xel a 25ºC durante 30 min, observouse 

que a presenza de polifenois aumentaba notablemente a estabilidade dos xeles, xa 

que o cambio dos valores de G´ durante este período foi moito maior para sistemas 

sen polifenois. Finalmente, realizouse un barrido de frecuencia en xeles madurados, 

e observouse que as mostras tiñan un comportamento típico dos xeles de amidón que 

mostraban valores do módulo elástico (G´) superiores aos do módulo viscoso (G´´). 

Para os xeles de amidón menos concentrados, 1,95% p/p, observouse un claro efecto 

dos polifenois sobre as características finais do xel, dando como resultado valores de 

G´ significativamente máis baixos. Ademais, non se observaron diferenzas 

significativas co aumento da concentración de polifenois engadidos, o que confirma 

que era necesaria unha concentración baixa para interferir coa estrutura do xel e 

debilitala. Para xeles cun contido de amidón do 5,00% p/p, observouse un 

comportamento similar entre xeles sen polifenois engadidos e con baixo contido en 

polifenois (por debaixo de 0,9 PP/CS (gPP/gCS)), pero os xeles cun alto ratio PP/CS 

mostrou unha diminución significativa dos valores G´. 

Unha vez analizadas as características reolóxicas, estudouse a dixestión destes xeles. 

Para estudar a dixestión realizouse a cinética química ademais dun método rápido 

para a hidrólise do amidón medido mediante a caída de viscosidade no reómetro. En 

primeiro lugar, analizouse a cinética química da dixestión do amidón. Os valores das 

constantes cinéticas da dixestión (k) foron similares en ambos valores de 

concentración, os valores obtidos foron 0,149 ± 0,002 e 0,136 ± 0,005 min-1, para 

1,95 e 5,00% p/p, respectivamente. Este resultado pódese explicar porque os xeles 

son tan débiles que a estrutura non influíu na acción encimática. Independentemente 

do contido de amidón en xel, a adición de polifenois diminuíu tanto a constante 

cinética da dixestión como a concentración final de amidón dixerido. Ademais, canto 

maior sexa a cantidade de polifenois engadidos, maior será a diminución do valor k. 
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Probablemente, a estrutura do amidón cambiou en presenza de polifenois, xa que 

poderían estar formando un complexo de "amilosa de tipo V inclusiva" ao longo das 

cadeas glicosídicas α (1→4) coa amilosa. Os valores de amidón de dixestión rápida 

corroboraron esta teoría, xa que se dixería rapidamente menos amidón cando se 

engadían polifenois aos xeles. Non obstante, observouse que os valores de amidón 

de dixestión lenta  aumentaron significativamente coa adición de polifenois. En 

calquera caso, a cantidade de amidón hidrolizado diminuíu considerablemente cos 

polifenois engadidos aos xeles. Por outra banda, o estudo da hidrólise do amidón por 

reometría desenvolvido nesta Tese baseouse na diminución da viscosidade aparente 

co tempo. O xel formouse no reómetro e o encima engadiuse ao xel diluído en 

tampón maleato. Inmediatamente, os datos de viscosidade aparente medíronse nun 

barrido de tempo ata que se conseguiu unha meseta de viscosidade, o que significa 

o final da dixestión do amidón. Os resultados obtidos pola reoloxía sobre o efecto 

dos polifenois na dixestión coincidiron cos informados pola dixestión bioquímica e 

confirmaron que a constante cinética por viscosimetría era menor en presenza de 

polifenois.  

Despois de estudar sistemas sinxelos de amidón en presenza de polifenois e de obter 

diferenzas significativas elaboráronse formulacións simples de pan sen glute. 

Observouse que a incorporación de polifenois influíu nas características e na 

formación final dos pans sen glute. O índice de luminosidade diminuíu mentres que 

as coordenadas de vermello/verde e amarelo/azul aumentaron. En canto á estrutura, 

o volume de pan e o tamaño medio de poro reduciuse coa adición de polifenois 

mentres que tanto o numero poros como a porosidade aumentaron. Os parámetros de 

textura dos pans foron medidos e observouse que a adición de polifenois aumentou 

a dureza e a mastigación do pan fresco. O endurecemento diminuíu 

considerablemente, o que indica que os polifenois retrasaron a retrogradación do 

amidón por interaccións (formando enlaces de hidróxeno) coas moléculas de 

amidón. 

Despois de obter e analizar o efecto da adición de polifenois a materiais amiláceos, 

decidiuse utilizar o residuo sólido de algas obtidos da extracción de polifenois para 
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obter e caracterizar alxinatos para ser utilizados como aditivo que poida modificar 

as propiedades reolóxicas e texturais das masas e pans sen glute. Deste xeito, 

poderíase conseguir unha mellor explotación das algas como materia prima. Os 

alxinatos secáronse ao aire nun secadoiro convectivo a dúas temperaturas diferentes: 

50°C (50D) e 90°C (90D). A terceira mostra foi secada estaticamente sobre unha 

superficie plana en condicións ambientais (ND: "non secado por convección 

forzada"). Así mesmo, utilizouse como referencia o alxinato comercial de Sigma 

Aldrich (S) para comparar os resultados cos alxinatos obtidos no laboratorio. 

Os alxinatos secados a diferentes temperaturas foron estudados nesta Tese porque 

previamente se confirmou no noso laboratorio que o tamaño do polímero dos 

alxinatos extraídos estaba afectado polas condicións do secado. Este achado levou a 

realizar un estudo exhaustivo mediante viscosimetría capilar, non só obtendo o peso 

molecular viscométrico medio (𝑀𝑀�𝑣𝑣), senón tamén analizando as curvas completas de 

viscosidade específica en función da concentración para varios réximes de 

concentración: diluído, semidiluído e concentrado. Observando os resultados, 

pódense distinguir dous réximes diferentes para os alxinatos elaborados no 

laboratorio e tres zonas para os alxinatos comerciais. Ao identificar os puntos de 

intersección das rectas de regresión lineal determináronse as concentracións críticas 

de solapamento (C*), que se corresponden coa transición do réxime diluído ao 

semidiluído. Despois de identificar os réximes para unha medición de viscosidade 

adecuada, determinouse a viscosidade intrínseca ([μ]) mediante as ecuacións de 

Huggins e Kraemer e Fedors. Posteriormente, calculouse o peso molecular 

viscosimétrico medio (𝑀𝑀�𝑣𝑣 ) mediante a ecuación de Mark-Houwink. En canto a 

ambos métodos, reportáronse valores similares de 𝑀𝑀�𝑣𝑣. Atopouse un amplo intervalo 

no valor do peso molecular viscométrico medio dos alxinatos extraídos no 

laboratorio dende 133,3 KDa (90D) a 427,8 KDa (ND). Estes resultados indicaron 

que o tamaño molecular dos alxinatos extraídos pode verse fortemente influenciado 

polos métodos e condicións empregados durante o secado. Curiosamente, non se 

atoparon diferenzas significativas entre os valores de peso molecular viscosimétrico 

obtidos para 90D e S, a pesar das diferenzas na orixe das algas e outros factores; esta 
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similitude poderíase atribuír posiblemente ás severas condicións industriais 

empregadas durante o proceso de extracción para obter alxinatos comerciais. É 

importante destacar que os pesos moleculares obtidos estaban dentro dos intervalos 

típicos dos alxinatos comerciais.  

Para unha análise máis detallada dos alxinatos realizáronse probas reolóxicas. 

Empregáronse tres valores de concentración para cada alxinato ensaiado, 

correspondentes a 2C*, 4C* e 6C*, onde C* representa a concentración de 

solapamento do réxime diluído ao semidiluído. As curvas de fluxo de velocidade de 

cizalla ascendente e descendente coincidiron en todos os casos, o que indica que 

dentro do intervalo de concentración de polímero probado, as solucións de alxinato 

non mostraron un comportamento dependente do tempo, como o comportamento 

tixotrópico ou reopéxico. As curvas de fluxo revelaron dúas tendencias relativas á 

velocidade de cizalla. A baixa velocidade de cizalla a viscosidade aparente 

mantívose constante mentres que ao superar unha velocidade de cizalla crítica a 

viscosidade aparente diminúe. O rango da meseta tendía a aumentar coa diminución 

do peso molecular viscométrico medio ou coa concentración de alxinato, afectando 

a determinación da velocidade de cizalla crítica. A viscosidade aparente das 

solucións aumentou notablemente coa concentración de alxinato, dando lugar á 

formación de solucións viscosas, que se considera unha das propiedades máis 

cruciais para que os alxinatos se usen en numerosas aplicacións industriais. Para 

modelar matematicamente as curvas de fluxo, empregouse o modelo de Cross-

Williamson. O modelo reproduciu satisfactoriamente a viscosidade aparente dentro 

do intervalo probado de concentración de alxinato e temperatura de secado, 

mostrando un erro relativo medio do 16% e R2 > 0,95. 

O valor de concentración sinalado como 6C* utilizouse para determinar as 

características viscoelásticas das solucións mediante probas de cizallamento 

oscilatorio de pequena amplitude (SAOS). Comprobouse que tanto os módulos 

elásticos (G´) como viscosos (G´´) aumentaron coa frecuencia en todos os ensaios e, 

de forma consistente, G´´ superou a G´, indicando así un comportamento similar ao 

líquido. Ambos módulos diminuíron coa temperatura ao aumentar de 25 a 45ºC para 
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as solucións de alxinato 50D e 90D. Non obstante, o alxinato ND mostrou un 

comportamento diferente a 45ºC, onde G´ se mantivo constante co aumento da 

temperatura, e G´´ aumentou notablemente a baixas frecuencias (por debaixo de 1 

Hz). Esta observación indica que unha temperatura máis alta pode levar 

potencialmente á consecución do punto de xel para esta solución de alxinato. Este 

comportamento é típico das solucións de polímeros semidiluídos que presentan un 

alto grao de enredo. Este resultado suxire que as solucións que conteñen alxinatos 

de alto peso molecular teñen temperaturas de xelación máis baixas. A relación entre 

o fluxo de corte constante e a reoloxía de corte dinámico examinouse mediante a 

regra de Cox-Merz, onde a viscosidade aparente obtida dos ensaios rotacionais 

coincidía coa viscosidade complexa (μ*) obtida dos ensaios oscilatorios. En xeral, a 

regra de Cox-Merz cumpriuse satisfactoriamente para as solucións 50D e 90D, 

demostrando unha superposición de ambas curvas de viscosidade 

independentemente do intervalo de velocidade de cizallamento. Non obstante, para 

a disolución de alxinato ND, a superposición observouse só a altas velocidades de 

cizalla (> 10 s-1), mentres que a baixas velocidades de cizalla (< 10 s-1), a viscosidade 

dinámica era notablemente maior que a viscosidade complexa. 

Como se pode deducir dos resultados mostrados ata o momento, os alxinatos poden 

presentar características diferentes dependendo da orixe das algas ou das condicións 

térmicas empregadas durante o procesado. Por estes achados, decidiuse realizar un 

estudo máis profundo da estrutura e composición química dos alxinatos e tamén 

sobre as relacións de composición co carácter hidrófilo dos alxinatos. Esta última 

propiedade é clave para comprender a interacción da auga nas matrices de amidón 

en presenza de alxinatos como aditivo. Para este fin, determináronse isotermas de 

absorción de auga de diferentes alxinatos con diferentes características estruturais a 

diferentes temperaturas (25, 37 e 50ºC). Para este estudo, seleccionáronse dous 

alxinatos comerciais, un de Panreac (P) e outro de Sigma (S) ademais dun dos 

obtidos no noso laboratorio, o 50D. Dado que o alxinato é un biopolímero formado 

por unidades de monosacáridos D-manurónico e L-gulurónico, e a distribución 

destas unidades é a responsable da solubilidade, a viscosidade en solución líquida e 



xiv 
 

as propiedades xelificantes, é importante analizar a relación manurónico-gulurónico 

(M/G), xa que nos proporciona información sobre a súa composición. Neste caso, os 

valores das relacións M/G foron 1,15, 0,91 e 1,21 para P, S e 50D, respectivamente. 

Para modelar os datos da isoterma de sorción de auga utilizouse o modelo de Halsey 

que se centra na relación entre a cantidade de adsorbato e presión parcial do 

adsorbato no equilibrio. En xeral, non se atoparon diferenzas significativas entre os 

dous alxinatos comerciais, a diferenza do alxinato obtido no noso laboratorio o 50D, 

que foi o alxinato máis higroscópico. 

Tras a extensa caracterización dos alxinatos, continuamos coa incorporación destes 

aos sistemas de amidón. Realizáronse varios ensaios con xeles de amidón de millo 

1:4 p:p coa adición de ata un 2% p/p de alxinato sódico, en base ao amidón. Para 

estes ensaios utilizáronse os cinco alxinatos analizados previamente (S, P, ND, 50D 

e 90D). Neste caso, analizouse a capacidade de retención de auga (WRC) para os 

sistemas de amidón con e sen alxinatos. O valor de WRC para o amidón de millo foi 

de 0,97 ± 0,04 (g de auga/g d.b.). Mentres que os valores de WRC dos alxinatos 

comerciais foron 12,09 ± 1,08 e 10,16 ± 2,37 (g auga/g d.b.) para P e S, 

respectivamente. Para os alxinatos obtidos no laboratorio, os valores de WRC foron 

7,31 ± 0,61, 5,26 ± 0,88 e 3,77 ± 0,18 (g auga/g d.b.) para ND, 50D e 90D, 

respectivamente. Para estes alxinatos, observouse unha relación lineal (R² > 0,99) 

entre o WRC e o 𝑀𝑀�𝑣𝑣, o que suxire que a capacidade de retención de auga aumenta 

coa lonxitude dos polímeros de alxinato. Non obstante, esta relación non se observou 

para os alxinatos comerciais, o que indica que factores como a fonte do alxinato, 

outras características do polímero e o método de extracción poden afectar 

significativamente ás propiedades fisicoquímicas do alxinatos. Realizáronse probas 

reolóxicas para o estudo da xelatinización do amidón, no que se xelatinizaba amidón 

de millo, só ou en presenza de alxinatos. Como resultado principal, comprobouse 

que a adición de alxinatos de sodio provocou cambios importantes no 

comportamento viscoelástico.  

En xeral, as características reolóxicas dos xeles formados con alxinatos dunha 

mesma alga e con diferente 𝑀𝑀�𝑣𝑣 (mostras ND, 50D e 90D) non mostraron diferenzas 
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significativas entre eles. Estes resultados indicaron que o 𝑀𝑀�𝑣𝑣  do alxinato non era 

crítico para as características reolóxicas dos xeles de amidón cando os alxinatos tiñan 

natureza e procedementos de extracción similares. Non obstante, atopáronse 

diferenzas significativas cando se utilizaron diferentes concentracións e alxinatos de 

diferentes fontes. Observouse que o módulo elástico (G´) diminuíu e o módulo 

viscoso (G´´) aumentou debido á adición de alxinatos. Este resultado é diferente dos 

resultados obtidos anteriormente con polifenois, xa que a presenza de polifenois 

diminuíu tanto os módulos G´ como G´´. Polo tanto, a característica viscoelástica 

dos xeles de amidón pódese cambiar engadindo alxinato ou polifenois. En ambos 

casos fórmanse xeles máis débiles, pero pódense utilizar alxinatos cando se precisa 

un xel con comportamento máis viscoso, mentres que o uso de polifenois permite 

obter un xel menos viscoso. 

Tamén se analizou a microestrutura de xeles de amidón con e sen alxinatos mediante 

microscopía electrónica de varrido (SEM). Como resultado principal da 

microestructura, comprobouse que a presenza de alxinatos creou estruturas de xel 

con cavidades alongadas e desiguais ademais da formación de muros de división 

lineais, formando así unha rede espacial anisotrópica, independentemente do 

alxinato utilizado. 

Finalmente, tras analizar os resultados da dixestión in vitro dos sistemas ensaiados 

determinouse que a presenza de alxinatos no sistema deu como resultado unha 

diminución da constante cinética de hidrólise experimental (k). Non obstante, a 

adición de alxinatos deu lugar a un aumento do grao máximo de hidrólise (C∞), 

atribuído principalmente ao aumento observado da fracción de amidón de dixestión 

lenta (SDS). Se se compara o efecto dos alxinatos co observado coa adición de 

polifenois nos sistemas de amidón de millo, observouse que ambos tipos de 

compostos diminuían a constante de velocidade de dixestión. Non obstante, os 

valores da fracción de amidón de dixestión rápida (RDS) víronse influenciados pola 

presenza de polifenois, mentres que este valor non mostrou diferenzas significativas 

co control (amidón sen alxinatos) cos sistemas de amidón en presenza de alxinatos. 

Non obstante, como vimos anteriormente, a presenza de polifenois provocou unha 
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diminución significativa do RDS. Por outra banda, o SDS aumentou coa presenza 

tanto de alxinatos como de polifenois. En canto aos resultados, pódese concluír que 

a adición de polifenois é máis adecuada para o noso obxectivo principal de reducir a 

constante de velocidade de dixestión e a cantidade de RDS, para evitar picos de 

glicosa no sangue. 

Finalmente, engadiuse ao amidón un aditivo común como a 

hidroxipropilmetilcelulosa (HPMC) que se usa nas manufacturas de alimentos 

derivados do amidón a escala industrial para comparar o seu efecto cos mostrados 

anteriormente para xeles de amidón con aditivos de orixe mariña. Tendo en conta 

que se revelou previamente a importancia do tamaño molecular dos alxinatos, 

decidiuse estudar tres HPMC con diferentes pesos moleculares (caracterizadas polo 

rango de valores de viscosidade desenvolvido en solución acuosa ao 2% a 20ºC: 40-

60 (L), 80-120 (M) e 2600-5600 (H) mPa s). Polo tanto, a primeira determinación 

realizada foi o peso molecular viscométrico medio (𝑀𝑀�𝑣𝑣 ), empregando o mesmo 

procedemento descrito anteriormente para os alxinatos. Como os valores de Huggins 

e Kraemer e Fedors obtidos para os alxinatos eran coincidentes, só se utilizou neste 

caso o método de Huggins e Kraemer. Os valores obtidos foron  27,2 ± 1,8, 32,7 ± 

1,0 e 82,7 ± 1,8 para L, M e H, respectivamente. Tamén se analizou a capacidade de 

retención de auga (WRC) do mesmo xeito que se realizou nos alxinatos. O valor 

obtido para o amidón de millo foi de 0,95 ± 0,01 (g de auga/g d.b.), mentres que os 

valores obtidos para as diferentes HPMCs aumentaron co peso molecular de 8,54 ± 

0,28 ata 12,97 ± 0,45 (g de auga/g d.b.). A mesma tendencia atopouse entre o WRC 

e o peso molecular viscosimétrico medio dos alxinatos probados desde 3,77 ± 0,18 

ata 12,09 ± 1,08 (g de auga/g d.b.). De feito, obtivéronse relacións lineais respectivas 

entre 𝑀𝑀�𝑣𝑣 e WRC (R2 > 0,99) tanto para alxinatos como para HPMC. En todos os 

casos, a adición de HPMC aumentou as temperaturas de xelatinización inicial e final. 

O atraso no proceso de xelatinización podería ser atribuído á absorción de auga polos 

hidrocoloides engadidos, que compite co amidón pola auga dispoñible. Esta relación 

está apoiada polos resultados do WRC obtidos anteriormente, que indicaban que as 

mesturas de amidón e HPMC retiñan máis auga que o amidón de millo. Nos barridos 



xvii 
 

de frecuencia de xeles madurados, observouse que G´ aumentaba coa frecuencia, o 

que indica que as mostras, con ou sen HPMC, son xeles débiles típicos. A adición 

de HPMC de viscosidade baixa e media (L e M) diminuíu os valores de G´; este 

mesmo comportamento observouse previamente coa adición de alxinatos e 

polifenois ao amidón. Non obstante, a adición de HPMC de alta viscosidade (H) por 

riba do 1,0% p/p aumentou os valores de G´.  

Para a comparación de xeles de amidón con polifenois, alxinatos e HPMC, os datos 

normalizáronse con respecto ao control de amidón e á cantidade de biopolímero 

engadido. En primeiro lugar, comparouse a reoloxía dos xeles centrándose na proba 

de barrido de frecuencia, xa que se realizou para todos os sistemas de amidón que 

conteñen os biopolímeros de estudo. Ademais, esta proba considerouse a máis 

interesante para relacionar os valores obtidos de cada sistema, xa que é o punto onde 

se obtén o xel final. Dado que o carácter elástico é predominante nos nosos sistemas, 

escolléronse os valores de G´ a 1 Hz para a comparación dos resultados. Na maioría 

dos casos, a adición de biopolímeros reduciu o módulo elástico (con algunhas 

excepcións), o que indica a formación dun xel máis débil. Isto explícase polo feito 

de que a presenza do biopolímero engadido interfire coa estrutura do xel na 

reticulación das moléculas de amidón e na formación dunha estrutura de rede 

completa dentro do xel. Ademais, en xeral, os valores de G´ obtidos para cada mostra 

mostraron unha tendencia segundo a cal canto máis biopolímero se engade, maior 

será o cambio. O valor G´ normalizado representa a porcentaxe de cambio do valor 

G´ por relación biopolímero/masa de amidón. Observouse que, nunha dobre gráfica 

logarítmica, os datos experimentais seguían unha función lineal (R2 > 0,90). Polo 

tanto, pódese concluír que a elasticidade dos xeles de amidón, dada polo parámetro 

G´, non dependía da natureza do biopolímero utilizado (dos avaliados nesta Tese), 

senón que dependía da concentración de biopolímero empregado. 

Con respecto a dixestión do amidón observousse que a adición de polifenois 

aumentou a proporción de amidón de dixestión lenta e diminuíu o amidón de 

dixestión rápida, así como a constante de velocidade, o que provocou unha redución 

do grao máximo de hidrólise. Pola contra, a presenza de alxinato non deu lugar a 
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diferenzas significativas no amidón de dixestión rápida entre o control e os sistemas 

que conteñen alxinato. Non obstante, observouse un aumento do amidón de dixestión 

lenta e do grao máximo de hidrólise, xunto cunha diminución da constante de 

velocidade de dixestión do amidón resistente (nalgúns sistemas). Dado que só hai 

resultados da dixestión de polifenois e alxinatos o estudo para a normalización dos 

datos, centrouse no rango común de concentracións destes biopolímeros que se 

engadiron. Polo tanto, o intervalo avaliado para ambos polímeros foi do 1 ao 2% p/p 

en base ao amidón. En ambos os casos, ao aumentar a concentración de biopolímero, 

a eficiencia enzimática diminuíu, xa que a constante de velocidade de dixestión é 

menor, aumentando a concentración de biopolímero. Analizando conxuntamente os 

resultados normalizados atopados da reoloxía e da dixestión do amidón, pódese 

concluír que a inhibición da dixestión con polifenois ou alxinatos é puramente 

química. Por outra banda, observáronse diferenzas significativas na constante de 

velocidade de dixestión co uso de polifenois ou alxinatos, xa que cun 1% de 

biopolímero o efecto inhibidor dos polifenois foi 6,3 veces maior no que respecta ao 

efecto dos alxinatos e para o 2% de concentración é un 6,0 maior. En conclusión, o 

uso de alxinatos ou polifenois modificou o comportamento elástico do amidón dun 

modo similar, pero a inhibición da hidrólise enzimática do amidón en presenza de 

polifenois é significativamente maior. 
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Abstract 

Gluten-free products are in high demand either due to related pathologies or 

consumers’ choices. However, a high relationship between type 1 diabetes and celiac 

disease exists because gluten-free diet is richer in carbohydrates and poorer in 

protein, fiber and trace-elements. Because of that, there is a growing interest in 

modulating starch digestion, particularly in gluten-free starch-based foods.  

Polyphenols are secondary metabolites with many benefits associated to their 

antioxidant power but also, they have been targeted as great inhibitors of the starch 

hydrolysis. In this PhD Thesis the interaction of polyphenols extracted from 

Ascophyllum nodosum brown seaweeds with native and gelled starch was studied. 

Particularly, rheological features of starch gels were measured and elastic character 

decreased with increasing polyphenols content. Starch digestion with alpha-amylase 

enzyme was monitored employing a biochemical method and by rheology 

(monitoring the apparent viscosity with digestion time) and good agreement between 

both methods was found by analysis of respective digestion rate constants and the 

final concentrations of digested starch. In these studies, it was found a strong 

polyphenols action as inhibitors of starch digestibility was determined. Some 

simplified breads with polyphenols were baked and they showed greater hardness 

and chewiness and lower cohesiveness and resilience in relation breads without 

polyphenols. Nonetheless, the crumb hardening during storage was less noticeable, 

suggesting the potential integration of polyphenols into gluten-free bread 

formulations to delay the bread aging. 

Alginates are other biopolymers present in brown seaweeds. A sequential extraction 

operation including drying stage to obtain polyphenols and alginates was analysed. 

It was found that the average molecular weights of alginates (measured by capillary 

viscosimetry) can be modulated by drying conditions, mainly drying temperature. 

The hygroscopic character (water sorption isotherms) of extracted and commercial 

alginates was experimentally determined and related with the structural 

characteristics of biopolymers at low water activities. Rheology of alginates 
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solutions was also experimentally determined by means of the corresponding flow 

curves and viscoelastic behaviour in a wide range of biopolymer concentrations and 

temperatures. Weak starch gels were obtained with the presence of alginates, and the 

microstructure of gels was hardly modified depending on alginates size. In alginate-

corn gels with similar structure the increase of the viscoelastic characteristics 

decreased the hydrolysis rate of starch. Consequently, the hydrolysis rate depended 

on rheology and structure of gel. Measured enzyme inhibitions of alginates were less 

than those measured with polyphenols at the same biopolymer concentration. 

Cellulosic derivates, particularly hydroxypropyl methylcellulose (HPMC), are 

common additives, together with other natural gums, employed in formulations to 

obtain gluten-free starchy products with better quality. In this PhD Thesis, HPMC 

with different average molecular weights were tested. Rheological and viscoelastic 

characteristics were experimentally determined of aqueous solutions with HPMC at 

different concentrations. The effect on the elastic character and stiffness of starch 

gels was also studied when different HPMC were added, and results were 

conveniently compared to those found with polyphenols and alginates addition.  

In brief, this research tries to contribute the current knowledge about the effect of 

some alternative additives to enhance the functional properties of gluten free starchy 

products, particularly, in the physical, rheological, textural and digestion features to 

can formulate new commercial products for coeliac and diabetic people. 
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1. Introduction  

Nowadays the increase of people with celiac disease is increasing drastically. 

In terms of global incidence, it has increased significantly in the second half of the 

20th century and in the 21st century throughout the Western industrialized world 

(King et al., 2020). Indeed, celiac disease is one of the most common chronic 

disorders worldwide, with a prevalence mostly ranging between 0.7% and 2.9% in 

the general population (Gatti et al., 2024). Interestingly, celiac disease is diagnosed 

1.5 times more frequently in women than in men and it is approximately twice more 

common in children than in adults (Singh et al., 2018). Because of this, the global 

market for gluten-free products is growing rapidly due to the increased demand for 

healthy gluten-free foods (Knežević et al., 2024). By 2023, this market reached a 

value of approximately $7.5 billion and is projected to exceed $14 billion by 2032. 

This growth is driven by the diversification of products such as breads, pastas, and 

snacks, which are now widely distributed through supermarkets and online channels. 

Additionally, regions such as Asia-Pacific are showing rapid growth, and gluten-free 

products are often priced at a premium, making them an attractive and profitable 

option for manufacturers (https://www.fortunebusinessinsights.com/industry-

reports/gluten-free-food-market-100188, by October 2024). 

 

1.1.  Celiac disease 

Celiac disease is considered as an autoimmune disorder; it is a chronic process 

that damages the intestine and can damage any organ and tissue. When people with 

celiac disease eats gluten, even in very low quantity, their immune system responds 

by damaging the lining of the small intestine. This can lead to various digestive 

problems, nutrient deficiencies, and other complications (Sharma et al., 2020). 

Additionally, celiac disease is associated with an increased risk of psychosocial 

problems, such as depression, anxiety, and eating disorders (Clappison et al., 2020). 

Currently, the only available solution to improve the quality of life of a person 

suffering from celiac disease is maintaining a strict compliance with a gluten-free 

https://www.fortunebusinessinsights.com/industry-reports/gluten-free-food-market-100188
https://www.fortunebusinessinsights.com/industry-reports/gluten-free-food-market-100188
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diet (Caio et al., 2019). Generally, gluten-free bread is considered suitable to the 

entire population since their consumption is related to healthy eating. Increased 

gluten-free products consumption has not only been linked to the increasing 

incidence of gluten-related disorders, but to a consumer demand for gluten-free 

foods for weight management and digestive health. However, gluten-free products 

usually have a lower amount of protein and fibre compared to conventional bread, 

since it usually contains higher fat and carbohydrate content. This characteristic is 

due to the need for using alternative ingredients to replace gluten (Miranda et al., 

2014). There are different types of celiac disease according to different criteria: 

Potential celiac disease: It refers to the presence of markers of the disease, 

such as antibodies, but without evidence of intestinal damage. People with potential 

celiac disease have a higher risk of developing the disease in the future. 

Refractory celiac disease (RCD): It is a rare but serious complication of celiac 

disease. It is characterized by the persistence of symptoms and damage to the lining 

of the small intestine, despite following a strict gluten-free diet for a prolonged 

period, usually for at least 12 months. There are two types of refractory celiac disease 

(Malamut et al., 2009): 

RCD type I: It is characterised by an abnormal proliferation of lymphoid 

cells in the lining of the small intestine. Although it is a chronic disorder, 

it generally responds to treatment. 

RCD type II: This form is more severe and is characterized by the 

presence of abnormal cells in the lining of the small intestine, which can 

increase the risk of complications, such as small intestinal T-cell 

lymphoma. Treatment of refractory type II celiac disease generally 

involves more intensive therapies, such as immunosuppressants and other 

specific therapies. 

 

 



 Introduction 

4 
 

1.2. Diabetes disease 

 As mentioned above, the unique solution that exists to improve the quality of 

people suffering from celiac disease is the strict compliance with a gluten-free diet. 

However, from a nutritional perspective, gluten-free products tend to be high in fat 

and carbohydrates, but low in protein, which can lead to spikes in the glycemic index 

during digestion. This problem could lead to the development of diabetes in people 

who previously did not suffer from this condition due to the higher intake of 

carbohydrates. Among the several autoimmune diseases related to celiac disease is 

the diabetes mellitus. This is a chronic disorder in which the body cannot properly 

regulate blood sugar levels. It may be due to inadequate insulin production or 

resistance to this hormone. The main result is the high level of glucose in blood, 

which can cause serious complications. The treatment for diabetes generally involves 

maintaining a healthy diet, controlling blood sugar levels, and getting regular 

physical activity (Awuchi et al., 2020). In summary, individuals with celiac disease 

have been observed to have a higher risk of developing both type 1 and type 2 

diabetes. 

1.2.1. Type 1 diabetes 

Type 1 diabetes is an autoimmune disease in which the body attacks and 

destroys insulin-producing cells in the pancreas. This leads to a complete lack of 

insulin, requiring insulin injections to control sugar levels in blood. It is often 

diagnosed in childhood or adolescence and is not related to lifestyle or obesity. 

Symptoms include increased thirst, frequent urination, fatigue, and weight loss. Type 

1 diabetes has a strong genetic and autoimmune association and is believed to share 

similar risk factors with celiac disease. Epidemiological studies have shown that the 

prevalence of celiac disease is significantly higher among patients with type 1 

diabetes compared to the general population (Ludvigsson et al., 2006). Additionally, 

some studies suggest that introducing gluten-containing foods into the diet of babies 

and children may increase the risk of developing type 1 diabetes in individuals with 

a genetic predisposition. Therefore, in families with a history of type 1 diabetes, 
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delaying the introduction of gluten into the baby's diet or following a gluten-free diet 

may be considered to reduce this risk (Hummel et al., 2011). 

1.2.2. Type 2 diabetes 

Type 2 diabetes is a chronic disease in which the body does not use insulin 

effectively or does not produce enough insulin. It is often related to obesity and 

lifestyle. Symptoms may include increased thirst, frequent urination, fatigue, and 

blurred vision. Treatment involves changes in diet, exercise, and sometimes 

medication to control blood sugar levels. Although type 2 diabetes is not classified 

as an autoimmune disease, an association between celiac disease and an increased 

risk of developing type 2 diabetes has also been observed. The exact mechanisms 

behind this association are not yet fully understood but may involve genetic, 

immunological, and environmental factors (Olokoba et al., 2012). 

Therefore, the objective of this Thesis is to study starchy products with antioxidant 

properties, suitable for people with celiac disease and beneficial for the entire 

population. The addition of biopolymers (phenolic compounds, alginates and food 

gums) in gluten-free starch can have a triple beneficial effect since it is expected to 

increase the antioxidant capacity of the product, act as a cross-linker through 

interactions with other compounds and, finally, act as a regulator of enzymatic 

activity in digestive processes to control the glycemic index. 

 

1.3.  Gluten-free products 

The general concern about health and well-being has led to an increase in 

demand for safer and healthier food products. Gluten-free products have gained 

significant relevance due to the increasing prevalence of gluten-related disorders 

(Cabanillas, 2020). Gluten is found in grains such as wheat, barley and rye. It is 

composed of two types of proteins: gliadin, which contributes to the elasticity of the 

doughs, and glutenin, which provides them resistance, cohesion and strength, 

important for bread making industry (Wieser, 2007). During the kneading process 

these proteins are hydrated and form bonds with each other, creating an elastic and 
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cohesive three-dimensional structure. This structure is responsible for gas retention 

in the dough, contributing to the fluffiness and structure of baked products. The 

absence of gluten can affect both the texture and flavour of the final products. 

Gluten-free products tend to have a denser and sandier texture, as well as a flatter 

and less satisfying flavour (Delcour et al., 2012). Additionally, the lack of gluten can 

lead to a shorter product shelf-life, since gluten provides stability and high moisture 

retention.  

Starch is commonly used as simplified system of common flours to observe the 

interactions between selected biopolymers and amylose and amylopectin of the 

starch. The removal (or absence) of gluten enhances the importance of starch in 

determining the structure and texture of gluten-free products. Common sources of 

starch in these products include corn, tapioca, rice, and potato (Aleman, et al. 2021). 

Starch serves as a fundamental storage polymer in numerous plants, comprising two 

different molecules: branched amylopectin and linear amylose. Both are constituted 

by α-D-glucopyranose residues, with α-1,4-glycosidic bonds forming the linear 

structure of amylose, and additional α-1,6-glycosidic branches in amylopectin 

molecules (Figure 1.1). These structural disparities lead to significant differences in 

their properties. Amylose tends to more readily undergo crystallization, known as 

retrogradation, resulting in tough gels and strong films, whereas amylopectin 

disperses in water and retrogrades at a slower rate, yielding soft gels and weak films 

(Li et al., 2020b). 
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Figure 1.1. Structure of amylose, amylopectin and starch. 

 

1.4. Food biopolymers 

 Food additives are substances added to food to enhance its flavour, 

appearance, texture, or preservation. Some of the food additives commonly used in 

the production of gluten-free products include xanthan gum, guar gum, and 

hydroxypropylmethylcellulose (HPMC), among others (Anton & Artfield, 2008). 

1.4.1. Xanthan gum 

Xanthan gum is a natural polysaccharide produced by Xanthomonas spp. 

fermentation with sugars as carbon source (Figure 1.2). This polymer has been 

widely studied and utilized in the food and cosmetic industry because of its texturing, 

thickening and gelling properties (Bhat et al., 2022). Xanthan gum is soluble in water 

and forms viscous gels at very low concentrations. Additionally, it is considered safe 

for human consumption in the concentrations nowadays authorised in foods in 

Europe (EFSA) and USA (FDA authorisation 21 CFR 172.695) and is considered a 

GRAS ingredient (“Generally Recognized as Safe”) by US-FDA (obtained from 

Xanthomonas campestris as ethanol precipitate, GRAS Notice GRN 000121). 
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Figure 1.2. Structure of xanthan gum. 

 

1.4.2. Guar gum 

Guar gum is a natural polysaccharide extracted from the seeds of the 

Cyamopsis tetragonoloba plant (Figure 1.3). It is obtained as a white powder, which 

is extensively used in the food industry as a thickener, stabilizer, and gelling agent 

(Yadav et al., 2018). Like xanthan gum, it is considered safe for human consumption 

in the quantities used in food.  

For example, guar gum and xanthan gum increased the viscosity and viscoelasticity 

of cationic tapioca starch. Ionic interactions between starch and gums are a key 

factor: anionic xanthan gum causes rapid aggregation of granules, while non-ionic 

guar gum wraps the granules more loosely. These interactions result in lower 

swelling power, solubility index and peak viscosity, but increase the gelatinization 

temperature and the rheological parameters (Chaisawang & Suphantharika, 2005). 
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Figure 1.3. Structure of guar gum. 

 

1.4.3. Hydroxypropylmethylcellulose (HPMC) 

HPMC is a polymer derived from cellulose and commonly found in plants that 

belongs to the group of cellulose ethers (Figure 1.4). A white powder, it serves as a 

thickening, stabilizing, gelling, and water-retention agent. It enhances the texture, 

viscosity, and stability of foods. It is considered safe for human consumption in the 

quantities used in foods and is authorised by US-FDA as food additive under the 

section 21CFR 172.874. In addition, numerous studies demonstrate how 

incorporating HPMC alters the viscoelasticity of gluten-free systems to replicate the 

viscoelastic properties of wheat (Ronda et al., 2013; Sun et al., 2016). 

 

 
Figure 1.4. Structure of HPMC. 
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On the other hand, there are many other less-studied additives that could be very 

interesting to use for the same purposes, among which alginates from the brown alga 

Ascophyllum nodosum stood out. This alga can additionally provide extracts 

containing compounds polyphenols with antioxidant activity. 

1.4.4. Alginates: characteristic carbohydrates in brown seaweeds 

Alginates are natural polysaccharides found in the cell walls of brown algae, 

including those belonging to the order Fucals, such is the case of Ascophyllum 

nodosum. This fact is a very important difference with those known as red algae, that 

belong to the order Gigartinales, such is the case of Chondrus crispus, which main 

polysaccharides are known as carrageenan, a type of galactose-derived biopolymers 

(Ciancia et al., 2020). 

Alginates are mainly composed of guluronic acids (G) and mannuronic acid (M), 

which are arranged in homopolymer (GG and MM) and heteropolymer (MG) blocks 

in the polymer chain (Figure 1.5). The proportion and sequence of these blocks 

determine the physical and chemical properties of the alginate. They are highly 

studied biopolymers since they are used in industry for various applications in the 

food, pharmaceutical, cosmetics and tissue engineering industries due to their 

gelling, thickening and stabilizing properties (Costa et al., 2018).  
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Figure 1.5. Structure of sodium alginate. 

 

Rheological studies are often carried out to analyse the interactions between 

biopolymers and rheology is widely considered one of the best techniques for the in 

the study of gelatinization and characterization of starch gels, together with 

differential scanning calorimetry (DSC). Even some rheological tests can report 

structural modifications with no relevant thermal effect and that are not detectable 

by DSC (Jin et al., 2006). 

1.4.5. Polyphenols 

Polyphenols are secondary metabolites that occur naturally in terrestrial and 

marine plants. There are several types of polyphenols, flavonoids, phenolic acids, 

lignans and stilbenes (Figure 1.6). Flavonoids, found in fruits, vegetables, tea, among 

others, are the most important due to their wide variety of health benefits. In general, 

polyphenols, thanks to their antioxidant power, have vasodilating, anti-inflammatory 
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and antithrombotic properties. Because of this, they can help reduce cardiovascular 

diseases, help reduce the risk of suffering from different metabolic diseases, as well 

as help people with obesity, diabetes and even cancer (Hazafa et al., 2022). In 

general, the addition of polyphenols on starch decreases the value of the elastic and 

viscous modulus, as well as the strength of the gel due to the interference of 

polyphenols with the crystallization of amylose (Chen et al., 2020). Polyphenols are 

also recognized as great inhibitors of starch hydrolysis. Some studies have observed 

that corn starch gels enriched with different polyphenols show a notable influence 

on their digestibility, which is linked to alterations in the pH and the amount of 

hydroxyl groups (Aleixandre et al., 2022).  

 

 

Figure 1.6. Structure of several types of polyphenols.  

 

1.4.6. Phlorotannins: characteristic polyphenols of brown seaweeds 

The polyphenols present in brown seaweeds are generally named 

phlorotannins, because they are polymers which main unit is considered 
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phloroglucinol (1,3,5 trihydroxybenzene) or tetrahydroxybenzene, similarly to plant 

tannins, which are derived from the flavanes catechin and its epimer epicatechin. 

Phlorotannins are named as function of the phenolic ring binding type and the degree 

of OH substitution on that ring, being the main four classes: fucols, phlorethols, 

eckols and fuhalols (Figure 1.7). Fucols and phlorethols represent the main 

phlorotannins found in Ascophyllum nodosum (Catarino et al., 2022). 

 

 

Figure 1.7. Examples of basic structures of polyphenols found in brown seaweeds. 

 

1.5. Ascophyllum nodosum seaweed  

Ascophyllum nodosum seaweed belongs to the group of brown algae (the only 

phlorotannin-containing ones) and it is also known as “egg wrack”, “knotted wrack” 

or, globally, “North Atlantic rockweed”. It belongs to the Fucaceae family and lives 

in rocky areas on the shores of the coasts washed by the North Atlantic Ocean, 

mainly on the northwest coast of Europe and the northeast coast of North America. 

It is a slow-growing algae that can grow up to 6 meters in length and can live for 
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around 14 years. It develops irregularly shaped fronds that contain small nodules like 

bladders with air inside, which help with its buoyancy. Its fronds, olive green and/or 

slightly brown (Figure 1.8), reach two meters in length. Unlike other species of 

brown algae, it withstands periods of marine immersion and periods of exposure to 

the elements, depending on the tidal cycle, providing a unique biochemical 

composition, which is why it is rich in polyphenols and alginates, several essential 

nutrients such as nitrogen, phosphorus and potassium, as well as trace elements such 

as magnesium, calcium, manganese, zinc and boron (Pereira et al., 2020). 

 

 

Figure 1.8. Picture of Ascophyllum nodosum seaweed. 

 

1.6. Rheology  

Rheology studies the flow and deformation of materials under stress, 

combining principles of fluid mechanics and deformable solids (Steffe, 1996). It is 

based on mathematical models that describe how the viscosity and elasticity of a 

material respond to deformation, distinguishing between Newtonian and non-

Newtonian (plastic, dilatant, pseudoplastic) behaviours. The data is obtained using 

viscometers and rheometers, allowing properties such as viscosity, elasticity and 

resistance to flow to be analysed. 
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1.6.1. Capillary viscometry 

Even rheometry is a more powerful technique, capillary viscosimetric 

analysis is one of the reference techniques for determining the molecular weight of 

biopolymers (known as average viscosimetric molecular weight), as is further 

explained in methodology section “3.3.5. Capillary viscosimetry of alginates 

and HPMC”. 

Viscosity, often denoted as η (Pa s), is a fundamental property of fluids that 

quantifies their internal resistance to flow when subjected to an external deformation 

(Steffe, 1996). Understanding viscosity is crucial for characterizing the rheological 

behaviour of fluids. Rheological testing involves applying different types of 

deformations and analysing the resulting stresses and flow behaviour. The most 

studied flow type in rheology is shear flow, where the fluid is considered to consist 

of multiple layers that slide over each other without mixing, resulting in a linear and 

unidirectional flow (Kulicke & Clasen, 2004). 

1.6.1.1. Dynamic and kinematic viscosities  

 In shear flow, a velocity profile (v) develops across the fluid, which can be 

described mathematically by the Eq. (1.1): 

𝑣𝑣 = �
𝑣𝑣1
𝑣𝑣2
𝑣𝑣3
� = �

𝜁𝜁(𝑡𝑡)𝑥𝑥2
0
0

� (1.1) 

where ζ(t) represents the rate of deformation (s-1), often referred to as the shear rate 

𝛾̇𝛾21 (t), which is a component of the shear velocity tensor.  

When a force is applied parallel to the direction of flow, it generates shear stress, σ 

(Pa), defined as the force, F (N), per unit area, A (m2) applied, Eq. (1.2): 

𝜎𝜎 =
𝐹𝐹
𝐴𝐴

 (1.2) 
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Shear rate 𝛾̇𝛾  (s−1) is the gradient of velocity across the fluid layers and can be 

mathematically described as, Eq. (1.3): 

𝛾𝛾 =
𝑉𝑉
𝐻𝐻

 (1.3) 

where V (m s−1) is the velocity difference between the layers, and H (m) is the 

distance between them. The dynamic viscosity, η, can then be obtained as the ratio 

of shear stress to shear rate, Eq. (1.4): 

𝜂𝜂 =  
𝜎𝜎
𝛾̇𝛾

 (1.4) 

1.6.1.2. Kinematic viscosity and capillary viscosimetry 

Kinematic viscosity 𝑣𝑣 (m2 s−1) relates dynamic viscosity to the fluid’s density 

ρ (kg m-3) at a specific temperature, Eq. (1.5): 

𝑣𝑣 = 𝜂𝜂
𝜌𝜌
 (1.5) 

Capillary viscometry can be employed to measure kinematic viscosity. According to 

Hagen-Poiseuille’s law, the flow rate through a capillary is proportional to both the 

fluid's viscosity and density. By measuring the time, t (s), it takes for a fluid to pass 

through a calibrated capillary and applying the Eq. (1.6), the kinematic viscosity can 

be determined: 

𝑣𝑣 =  𝐾𝐾𝑐𝑐𝑐𝑐(𝑡𝑡 − 𝜃𝜃) (1.6) 

where Kcp (m2 s-2) is the capillary constant (value obtained from manufacturer 

calibration) and θ (s) is the Hagenbach-Couette correction factor also given by 

manufacturer.  
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1.6.1.3. Relative, specific and intrinsic viscosities  

The relative viscosity (ηr) is defined as the ratio of the viscosity of a solution 

(η) to that of the solvent (ηs), Eq. (1.7), and the specific viscosity (ηsp) represents the 

relative increase in viscosity, Eq. (1.8): 

𝜂𝜂𝑟𝑟 =
𝜂𝜂
𝜂𝜂𝑠𝑠

 (1.7) 

𝜂𝜂𝑠𝑠𝑠𝑠 =
𝜂𝜂 − 𝜂𝜂𝑠𝑠
𝜂𝜂𝑠𝑠

= 𝜂𝜂𝑟𝑟 − 1 (1.8) 

Intrinsic viscosity [η] (dL g−1) is a critical parameter extensively applied in the 

analysis of polymer solutions within the dilute concentration regime. In this regime, 

the polymer chains are sufficiently spaced apart, minimizing intermolecular 

interactions. As a result, intrinsic viscosity is governed exclusively by the molecular 

dimensions and molecular weight of the polymer chains (Khouryieh et al., 2007). 

Thus, it provides a quantitative measure of the hydrodynamic volume occupied by 

individual polymer molecules in isolation (Rao, 2007). 

1.6.1.4. Models for viscosity estimation 

Intrinsic viscosity can be represented as the zero-concentration limit of 

reduced viscosity (ηsp/C), Eq. (1.9), and is obtained by extrapolation of the Huggins, 

Eq. (1.10), and Kraemer, Eq. (1.11), correlations (Khouryieh et al., 2007). 

[𝜂𝜂] =  lim
𝐶𝐶→0

𝜂𝜂𝑠𝑠𝑠𝑠
𝐶𝐶

 (1.9) 

𝜂𝜂𝑠𝑠𝑠𝑠
𝐶𝐶

=  [𝜂𝜂] + 𝜅𝜅′ [𝜂𝜂]2𝐶𝐶 (1.10) 

ln 𝜂𝜂𝑟𝑟
𝐶𝐶

=  [𝜂𝜂] + 𝜅𝜅′′ [𝜂𝜂]2𝐶𝐶 (1.11) 

where C is the polymer concentration (g dL-1) and k´ and k´´ are the Huggins and 

Kraemer constants, respectively. These constants provide insights into polymer-

polymer and polymer-solvent interactions, indicating the strength of these 

interactions based on their values. 
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Intrinsic viscosity is considered valid for extrapolation when relative viscosity has 

values between 1.2 and 2.0 and specific viscosity is in the range of 0.2 to 1.0. Using 

the Huggins and Kraemer constants, both the interactions between polymer 

molecules and the interactions of the polymer with the solvent in which it is found 

can be studied. If the Huggins constant (k´) has values lower than 0.5 and the 

Kraemer constant (k´´) is negative, it can be deduced that the polymer-polymer 

interactions are very weak while those between polymer and solvent are strong. On 

the contrary, if the value of k´ is higher than 0.50, it indicates that there are significant 

interactions between the polymer molecules (Khouryieh et al., 2007). Furthermore, 

to check the goodness of the solvent used once the correlations and the average 

viscosimetric molecular weight have been obtained, the accomplishment of the rule 

(k´ - k´´) ≈ 0.50 ± 0.05 can be checked (Morris et al., 1981). 

Another method to obtain the intrinsic viscosity involves using the Fedors equation, 

Eq. (1.12). This equation can be used when working with polymer solutions in the 

dilute or semi-dilute range, its use being limited to systems rendering relative 

viscosity values between 1 and 100 (Fedors, 1979): 

1
2 (𝜂𝜂𝑟𝑟1/2 − 1)

=
1

𝐶𝐶 [𝜂𝜂]
−

1
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚[𝜂𝜂]

 (1.12) 

where Cmax (g/dL) is the theoretical concentration at which the interactions that will 

occur between the polymer molecules will be very significant.  

Yet explained, when working in very dilute regimes, the interaction between 

polymer molecules can be considered null and the viscosity of the solution is 

equivalent to the viscosity of the solvent and the small contributions of the loose 

molecules. Thus, following the Mark-Houwink equation, Eq. (1.13), the average 

molecular weight, 𝑀𝑀�𝑣𝑣 (kg mol-1), of high molecular weight polymers can be related 

to intrinsic viscosity, since this is the measure of the hydrodynamic volume of a 

polymer molecule in each solvent: 

[𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑣𝑣
𝛼𝛼 (1.13) 
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where K and α are parameters characteristic of a solute-solvent system at a defined 

temperature, which can be measured by advanced techniques such as osmotic 

pressure measurements or light scattering and only are valid for a defined range of 

molecular weights (Steffe, 1996). 

1.6.2. Stress-controlled rheology 

 Several concepts are essential for the comprehension of rheology, between the 

most important ones are: 

- Strain (γ): It is the change in size or shape of a material because of the 

applied stress. It can be expressed as a fraction of the original length 

(dimensionless) or as a percentage of the relative change. For example, if a 

1-meter object is stretched by 1 cm, the strain would be 0.01 or 1% (Bourne, 

2002). 

- Shear stress (τ): It is the component of stress that acts tangentially to the 

plane on which the force is applied. In other words, it is the force attempting 

to slide one part of the material over another. Like conventional stress, shear 

stress is measured in Pascals (Pa) (Bourne, 2002). 

- Shear rate (𝛾̇𝛾): It refers to the rate of change of velocity between adjacent 

layers of a fluid, resulting from the application of shear stress. It is a measure 

of how quickly one layer of fluid slides past another. The shear rate is 

measured in reciprocal seconds (s⁻¹), indicating the amount of sliding per 

second (Bourne, 2002). 

1.6.2.1. Elastic behaviour  

When a solid material obeys Hooke's law, its stress vs strain curve is a straight 

line through the origin. This indicates a linear relationship, Eq. (1.14), between shear 

stress and shear strain as: 

𝜎𝜎 = 𝐺𝐺 𝛾𝛾 (1.14) 
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where G (Pa) is the shear modulus. Hookean materials are linearly elastic and return 

to their original shape once the strain is removed, typically for strains less than 0.01. 

Larger strains may lead to brittle fractures or nonlinear behaviour. 

The behaviour of a Hookean solid can be studied through the uniaxial compression 

of a cylindrical sample (Figure 1.9). By measuring changes in length and radius 

under compression, normal stress, Eq. (1.15), and strain, Eq. (1.16), can be 

calculated: 

𝜎𝜎 =
𝐹𝐹
𝐴𝐴

=  
𝐹𝐹
𝜋𝜋𝑅𝑅02

 (1.15) 

𝜀𝜀0 =  
𝛿𝛿ℎ
ℎ0

 (1.16) 

where R0 (m) and h0 (m) are the initial radius and height of the cylinder and 𝛿𝛿ℎ (m) 

the change in length. 

This data is used to determine Young's modulus, E (Pa), or the elasticity modulus, 

which is the slope of the shear stress vs strain curve, Eq. (1.17): 

𝐸𝐸 =  
𝜎𝜎
𝜀𝜀𝑜𝑜

 (1.17) 

 

 

Figure 1.9. Uniaxial compression of a cylindrical sample. 

 

 



Leticia Montes Martínez 

 21  
 

1.6.2.2. Viscous behaviour  

In general, the elastic behaviour food-related fluids are generally small or 

negligible, excepting for gels. Viscosity is related to shear stress and shear rate, being 

possible to determine their relationship through experimental analysis. This 

behaviour can be visualized by plotting shear stress against shear rate experimental 

values. The simplest systems to analyse are Newtonian fluids, for which shear stress 

is directly proportional to shear rate and is described by Newton's law of viscosity, 

Eq. (1.18): 

𝜎𝜎 =  𝜂𝜂 𝛾̇𝛾 (1.18) 

where 𝜂𝜂  (Pa s) is the proportionality constant, called the dynamic viscosity for 

Newtonian fluids. 

The dynamic viscosity (𝜂𝜂) accounts for the fluid's resistance to flow (Barnes et al., 

1993). Also, dynamic viscosity represents the internal friction of a fluid or its 

resistance to flow (Rao, 2007). All Newtonian fluids render a linear relationship 

between shear stress and shear rate. Fluids that do not exhibit this linear behaviour 

are known as non-Newtonian fluids (Steffe, 1996). The apparent viscosity (𝜇𝜇) is 

defined as the ratio of shear stress (𝜎𝜎) to shear rate (𝛾̇𝛾). For Newtonian fluids, the 

apparent viscosity is constant and independent of shear rate and therefore, η and 𝜇𝜇 

are the same. However, for non-Newtonian fluids that follow the Ostwald-de Waale 

law, Eq. (1.19), their apparent viscosity is defined by the following equation: 

𝜇𝜇 = 𝑘𝑘 𝛾̇𝛾𝑛𝑛−1 (1.19) 

where 𝜇𝜇 is the apparent viscosity (Pa s), k is the consistency index (Pa s) and n the 

flow index (-). 

Or also, the Cross-Williamson model (Eq. 1.20): 

𝜇𝜇 =  
𝜇𝜇0

1 + 𝐾𝐾 𝛾̇𝛾(1−𝑛𝑛) (1.20) 
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where μ (Pa s) is the apparent viscosity, μ0 (Pa s) is the viscosity in the Newtonian 

regime, K is the consistency index, 𝛾̇𝛾 (s-1) is the shear rate and n is the flow index.  

Non-Newtonian fluids are rheologically complex fluids that exhibit one or more of 

the following features (Shenoy, 1999): 

- Shear rate-dependent viscosities: The viscosity changes depending on the 

applied shear rate. 

- Elastic solid-like behaviour: These fluids may exhibit elastic properties, 

resisting deformation like a solid before flowing. 

- Yield stress: A minimum stress is required for the fluid to start flowing. 

- Time-dependent viscosities: The viscosity can change over time under a 

constant shear rate. 

These characteristics differentiate non-Newtonian fluids from Newtonian fluids, 

which have a constant viscosity regardless of shear rate or time. 

1.6.2.3. Viscoelastic behaviour  

 The term "viscoelastic" refers to a material that exhibits both some elastic 

properties of an ideal solid and some flow properties of an ideal liquid at the same 

time. Some authors use "viscoelastic" specifically for materials that are more solid-

like than liquid-like and prefer the term "elastic-viscous" for materials that are more 

liquid-like than solid-like (Bourne, 2002).  

The differences between an ideal elastic solid, an ideal liquid, and a viscoelastic 

material can be understood by considering how each respond to a constant stress 

applied over three time periods, followed by the removal of that stress: 

Ideal Elastic Solid (Hookean Solid):  

- Behaviour under stress: When a constant stress is applied, the material 

deforms immediately in proportion to the stress. This deformation is purely 

elastic, meaning the material stores the applied energy and returns to its 

original shape once the stress is removed. 
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- Response after stress removal: The material instantly returns to its original 

shape without any permanent deformation. 

Ideal Liquid (Newtonian Liquid): 

- Behaviour under stress: When a constant stress is applied, the material flows 

continuously at a rate proportional to the applied stress. Unlike the elastic 

solid, a Newtonian liquid does not store energy but dissipates it as flow 

occurs. 

- Response after stress removal: The liquid stops flowing as soon as the stress 

is removed, but it does not return to its original form; instead, it remains in 

the deformed state. 

Viscoelastic Material: 

- Behaviour under stress: This material exhibits a combination of both solid-

like and liquid-like behaviour. When stress is applied, it initially deforms 

like an elastic solid but continues to flow like a liquid if the stress is 

maintained over time. 

- Response after stress removal: Upon removing the stress, part of the 

deformation recovers like an elastic solid, but some permanent deformation 

may remain, like a liquid. 

In summary, an ideal elastic solid deforms and recovers instantly, an ideal liquid 

flows continuously under stress and doesn’t recover, whereas a viscoelastic material 

shows both immediate deformation and gradual flow, with partial recovery when the 

stress is removed. 

Viscoelastic behaviour can be categorized into two main types: 

- Linear viscoelastic in which the rheological properties depend solely on time 

and are not influenced by the magnitude or rate at which the stress is applied. 

Most foods exhibit linear viscoelasticity when subjected to small strains, 

typically within a few percentages. 
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- Non-linear viscoelastic where the mechanical properties depend on the 

duration of stress application, the magnitude of the stress, and often the rate 

at which the stress is applied.  

1.6.2.4. Small amplitude oscillatory shear rheological analysis 

In oscillatory tests, materials are subjected to a deformation (using instruments 

that control the rate) or stress (using instruments that control the stress) that changes 

in sinusoidal manner along time. The material is usually placed between a cone and 

plate or between two parallel plates. The cone or plate oscillates around a central 

point with a sinusoidal angular velocity at a low amplitude while the shear stress is 

recorded. This testing method is non-destructive because it involves only small 

amplitudes inside the linear viscoelastic regime (Steffe, 1996). 

Oscillatory tests can be performed for tension, compression, or shear. To accurately 

describe these tests, several assumptions must be made when developing the 

mathematical equations: the strain is uniform throughout the sample, the inertia of 

the sample is negligible and the material behaves as a linear viscoelastic substance 

(Baltsavias et al., 1997). 

The principle behind small amplitude tests in parallel-plate-geometry involves 

applying a sinusoidal deformation to the sample. According to this setup, the lower 

plate remains fixed while the upper plate moves back and forth horizontally (Figure 

1.10). Now, it can be assumed that the material being tested is placed between the 

plates (separated by a gap, h (m)) of a controlled rate device. In this scenario, the 

strain in the material can be defined as a function of time as follows, Eq. (1.21): 

𝛾𝛾 = 𝛾𝛾0 sin(𝜔𝜔 𝑡𝑡) (1.21) 

where 𝛾𝛾0 is the amplitude of the strain equal to L/h when the motion of the upper 

plate is L sin(𝜔𝜔 𝑡𝑡), 𝜔𝜔 is the frequency expressed in rad/s, which is equivalent to 

𝜔𝜔/(2𝜋𝜋) Hertz (Hz). 
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Figure 1.10. Oscillatory strain between rectangular plates. 

 

After a few cycles, the stress within the sample also oscillates sinusoidally at the 

same frequency as the strain, but it typically lags the strain wave by a phase angle 

(δ). This concept is fundamental to understand small amplitude tests in parallel-

plate-geometry, where a sinusoidal deformation is applied to the sample, and the 

resulting stress response is measured.  

Using the small strain values to remain the conditions of linear viscoelasticity range, 

the following stress is produced by the strain input, Eq. (1.22): 

𝜎𝜎 = 𝜎𝜎0sin (𝜔𝜔𝜔𝜔 + 𝛿𝛿) (1.22) 

where 𝜎𝜎0 is the amplitude of stress and 𝛿𝛿 is the phase lag or phase shift relative to 

the strain.  

The mathematical functions for small amplitude oscillatory tests are defined 

according to the response in shear stress. Using trigonometric functions, the Eqs. 

(1.23) and (1.24) can be obtained: 

𝜎𝜎 = 𝜎𝜎0 (sin𝜔𝜔𝜔𝜔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  sin𝛿𝛿 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) (1.23) 

𝜎𝜎 = (𝜎𝜎0 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) sin𝜔𝜔𝜔𝜔 +  (𝜎𝜎0 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1.24) 

Eq. (1.22) presents material functions from small amplitude tests. It shows that part 

of the stress wave is in phase with the applied deformation ((sin (𝜔𝜔𝜔𝜔)) , while 

another part is in phase with the applied strain rate ((cos (𝜔𝜔𝜔𝜔)). This agrees with 

Newton’s law, Eq. (1.18), for viscous modulus and Hooke’s law, Eq. (1.14), for 

elastic modulus. 
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For an ideal elastic solid, shear stress is in phase with strain. For a Newtonian fluid, 

shear stress is 90 degrees (or 𝜋𝜋/2 radians) out of phase with strain. For a viscoelastic 

fluid, shear stress lags strain by a phase angle between 0 and 90 degrees. This 

behaviour can be seen in Figure 1.11. 

 

 

Figure 1.11. Scheme of the fundamentals of oscillatory measurements: applied strain versus time and 

resultant stress versus time (a) that is measured in an elastic solid (b), Newtonian liquid (c) and 

viscoelastic liquid (d). 

 

In this context, the shear stress response is typically expanded into its trigonometric 

components to derive expressions for fundamental material functions, specifically 

the storage modulus (G´) and the loss modulus (G´´). These functions are essential 

for characterizing the material's elastic and viscous properties, Eqs. (1.25) and (1.26), 

respectively. 
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𝐺𝐺´ =
𝜎𝜎´
𝛾𝛾

 (1.25) 

𝐺𝐺´´ =
𝜎𝜎´´
𝛾𝛾

 (1.26) 

Eqs. (1.25) and (1.26) can be unified in the expression (Eq. 1.27):  

𝜎𝜎 = 𝐺𝐺´ 𝛾𝛾 +  
𝐺𝐺´´
𝜔𝜔

 𝛾̇𝛾 (1.27) 

These variable definitions are the basis for developing several useful functions (some 

of them employed in this PhD Thesis). Eqs. (1.28) to (1.35), depending on the 

frequency, such as the complex modulus (G*, Pa), complex viscosity (η*, Pa s), 

dynamic  viscosity (η´, Pa s), out of phase component of the complex viscosity (η´´, 

Pa s), tangent of the phase shift (tan 𝛿𝛿, -), complex compliance (J*, Pa-1), storage 

compliance (J´, Pa-1) and the loss compliance (J´´, Pa-1) (Villarreal & Iturriaga, 

2016): 

𝐺𝐺∗ =  
𝜎𝜎0
𝛾𝛾0

= �(𝐺𝐺´)2 + (𝐺𝐺´´)2 (1.28) 

𝜂𝜂∗ =  
𝐺𝐺∗

𝜔𝜔
= �(𝜂𝜂´)2 + (𝜂𝜂´´)2 (1.29) 

𝜂𝜂´ =  
𝐺𝐺´´
𝜔𝜔

 (1.30) 

𝜂𝜂´´ =  
𝐺𝐺´
𝜔𝜔

 (1.31) 

tan 𝛿𝛿 =  
𝐺𝐺´´
𝐺𝐺´

 (1.32) 

𝐽𝐽∗ =  
1
𝐺𝐺∗

 (1.33) 
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𝐽𝐽´ =  
𝐺𝐺´

(𝐺𝐺´)2 + (𝐺𝐺´´)2
 (1.34) 

𝐽𝐽´´ =  
𝐺𝐺´´

(𝐺𝐺´)2 + (𝐺𝐺´´)2
 (1.35) 

Using Eqs. (1.27) and (1.30), the material behaviour can be clearly represented by 

(Eq. 1.36): 

𝜎𝜎 = 𝐺𝐺´ 𝛾𝛾 + 𝜂𝜂´ 𝛾̇𝛾 (1.36) 

In qualitative terms, oscillatory curves provide a fingerprint of the microstructure's 

state by identifying and quantifying various mechanisms based on their position on 

the frequency axis and the signal amplitude. The most basic form of this spring-

damper model is the Maxwell model, which involves connecting a spring and a 

damper in series. The Kelvin-Voigt model can also be used to describe viscoelastic 

solids, which also uses springs and dampers, but connects them in parallel. The 

viscoelastic behaviour of real materials can be described using a combination of the 

Maxwell and Voigt models, such as the Burgers model. The Maxwell model 

describes the behaviour at low frequencies and the Voigt model at high frequencies. 

Figure 1.12 shows the expected viscoelastic spectrum over a range of frequencies 

(Macosko, 1994). 

 

Figure 1.12. Schematic representation of rheological regions. 
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1.7. Rheology of starchy systems  

 The rheological study of starch gels provides detailed information about their 

physical and mechanical behaviour, which is essential for the study of new product 

formulations, as well as for their application in the food industry. Rheology focuses 

on understanding how materials change their shape and behaviour in response to 

these forces, measuring properties such as viscosity, elasticity, plasticity and other 

aspects related to the fluidity and deformation of materials.  

1.7.1. Starch behaviour with temperature   

The thermal transitions of starch during heating and cooling are an effective 

tool for characterizing the gelatinization and retrogradation of starch. These 

properties are essential for understanding the baking process, as they significantly 

influence the texture, structure, and overall quality of the final product (Biliaderis, 

2009). 

Whereas starch is the primary component in most doughs, other ingredients are 

present, though they typically exhibit fewer or less pronounced thermal transitions 

under baking conditions. Thermal methods are particularly effective for analysing 

starch, revealing key transitions that are essential for controlling the baking process. 

In contrast, other flour components offer limited thermal data, as they often lack 

significant transitions during baking. This focus on starch transitions is critical, as 

they play a dominant role in determining the final product characteristics, such as 

moisture retention, crumb structure, and shelf life (Horstmann et al., 2017). 

1.7.1.1. Gelatinization and pasting  

Gelatinization and pasting of starch are key processes that occur during 

heating in the presence of water. Rheology is critical to studying these phenomena, 

as it measures changes in viscosity and other mechanical properties over time. 

Gelatinization is the process by which starch granules absorb water and swell when 

heated. As seen in Figure 1.13, the pasting temperature is the point where starch 

grains begin to swell due to water absorption and the starch crystalline structure is 
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disrupted, reflecting an increase in viscosity. Pasting occurs after gelatinization, 

when the swollen granules disintegrate, releasing amylose and amylopectin. At this 

point, the maximum peak viscosity is reached. Afterwards, a drop in viscosity is 

observed, until reaching a minimum viscosity (holding strength). The difference 

between the peak viscosity and the drop viscosity is what determines the stability of 

the gel (breakdown). The viscosity reached at the end of the test (final viscosity) less 

the minimum viscosity (holding strength) defines the retrogradation (total setback). 

In summary, rheology is essential to monitor changes during gelatinization and 

pasting in real time, identifying critical transition points and quantifying the 

mechanical properties of starch under different conditions. This helps to predict and 

control food quality and texture (Ali & Hasnain, 2015). 

 

 

Figure 1.13. Schematic representation of starch gel formation. 

 

1.7.1.2. Retrogradation 

 Starch retrogradation is a process that occurs after gelatinization, after cooked 

starches have been cooled and begin to reorganize into more ordered and crystalline 

structures. This phenomenon involves the formation of additional hydrogen bonds, 
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which causes a hardening of the gel structure and loss of water-holding capacity 

(Donmez et al., 2021). 

In the early stages of retrogradation, starch chains (particularly amylose) may begin 

to form simple bonding points, which develop into more ordered regions over time 

and may eventually form a crystalline structure under favourable conditions. This is 

especially relevant in baked goods such as bread, where retrogradation is associated 

with the staling process. Amylose is particularly responsible for the short-term 

development of the starch gel structure, while amylopectin, with shorter side chains, 

is more often associated with the long-term development of the gel structure, 

although to a lesser degree. However, although amylopectin does not associate as 

rapidly as amylose, its role in retrogradation cannot be considered negligible: short 

amylopectin chains can also rearrange into helical structures, contributing to gel 

hardening over time (Karim et al., 2000). 

The following Table 1.1 summarizes the current state of the art on how different 

biopolymers affect different starches. The research is based on the most relevant 

studies of the last 20 years, focusing on corn starch. 

 

1.8. Starch digestibility  

 The digestion of starches begins in the mouth with salivary amylase breaking 

them down into maltose and dextrins. In the stomach, acidity temporarily inactivates 

this enzyme, but digestion resumes in the small intestine with pancreatic amylase 

and intestinal enzymes breaking down maltose into glucose, which is absorbed into 

the bloodstream. Factors such as the proportion of amylose and amylopectin, food 

processing, and the presence of fiber influence digestibility. Resistant starch reaches 

the colon, where it is fermented by the microbiota, providing health benefits 

(Bojarczuk et al, 2022; Fuentes-Zaragoza et al., 2011).  
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Table 1.1. Effect of different additives on different starches. 

 

 

 

Type of starch Additive Comments Reference 

Potato and corn 
starch  

Xanthan gum 

HPMC 

With these additives a suspension with 
an increase of viscoelasticity, enthalpy 
and temperature of starch gel transition 
was formed. Also, similar thermo-
mechanical effects of gluten could be 
achieved. 

Megusar et al. 
(2022) 

High-amylose 
corn starch 

Guar gum 

Xanthan gum 

These gums decrease high-amylose 
starch granule swelling and increase 
pasting viscosity and the gel strength of 
high-amylose starch. 

Zhang et al. 
(2020) 

Corn starch Xanthan gum 
and sucrose  

Both additives increased the transition 
temperatures and the enthalpy change 
(ΔH) of the starch gelatinization and 
increased the consistency index of the 
starch pastes. 

Zolelmein et 
al. (2019) 

Maize starch 

Sweet potato 
starch 

Guar gum Rheology showed enhanced pasting 
characteristics with the addition of guar 
gum starch. 

Zhang et al. 
(2018) 

Waxy corn starch Xanthan gum 

Guar gum 

Carrageen gum 

These additives decrease onset 
temperature of gelatinization and give 
less viscous final gels. 

Kowalski et 
al. (2008) 

Wheat starch HPMC  

Pectin 

 

Hydrocolloids decreased the 
viscoelastic moduli during heating and 
cooling, yielding a weakening effect on 
gluten. 

Bárcenas et al. 
(2009) 

Wheat starch Xanthan gum The addition of xanthan in starch 
dispersions increases the swelling of 
granules during heating; furthermore, 
the gum is concentrates around the 
swollen granules increasing the shear 
forces applied to them. 

Mandala & 
Bayas (2004) 

Waxy rice starch HPMC Higher gelatinization onset, peak 
temperatures and pasting temperatures 
were found in samples with HPMC.  

Lee & Kim 
(2019) 

Pea starch Xanthan gum 

Sodium alginate 

Xanthan gum and sodium alginate and 
increased the viscosity. 

Wang et al. 
(2022) 
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Starch digestion primarily occurs along the oro-gastrointestinal tract through 

enzymatic action, leading to an increase in blood glucose levels following the 

ingestion of starchy foods (Santamaria et al., 2021). Two key enzymes are involved 

in this process: α-amylase and α-glucosidase: 

- α-amylase exists in two isoforms in humans: salivary and pancreatic. 

Salivary α-amylase initiates starch breakdown in the mouth, producing 

shorter oligomers, which are then further digested by pancreatic α-amylase 

in the intestine. 

- α-glucosidase, which includes the isoforms maltase-glucoamylase (MGAM) 

and sucrase-isomaltase (SI) located in the small intestine, hydrolyzes the 

oligomers into glucose. 

In vitro starch digestion refers to the analysis of starch breakdown under controlled 

conditions that simulate the human digestive environment. These simulations 

primarily focus on intestinal digestion, where most of the starch hydrolysis occurs. 

Enzymes such as amylase are used under specific pH and temperature conditions to 

evaluate the conversion of starch into simple sugars like glucose and maltose. In 

vitro studies are essential for investigating the efficiency of starch digestion and the 

impact of various factors on this process, with significant applications in nutrition, 

food formulation, and the management of metabolic diseases. 

Various in vitro methods have been developed to study the rate and extent of starch 

digestion, aiding in the estimation of glycemic index (GI) and the classification of 

starch based on digestibility: 

- Hydrolysis Index (HI): Proposed by Granfeldt et al. (1992), this method 

compares the starch digestion rate of a food to that of white bread. 

- Starch classification: Englyst et al. (1996) classified starch into three types 

based on its digestion rate: Rapidly Digestible Starch (RDS), Slowly 

Digestible Starch (SDS), and Resistant Starch (RS). 
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o RDS is starch that is quickly broken down into glucose within 20-

30 minutes in the small intestine, causing a rapid spike in blood 

sugar levels. 

o SDS is starch that is digested more slowly, over 20-120 minutes, 

leading to a gradual and sustained release of glucose, resulting in a 

more stable blood sugar level. 

o RS is starch that resists digestion in the small intestine and instead 

ferments in the large intestine, acting like dietary fiber and providing 

benefits such as improved gut health without raising blood sugar 

levels significantly. 

- Kinetic analysis: Goñi et al. (1997) developed a kinetic method to measure 

the starch digestion rate by fitting hydrolysis curves with a first-order 

equation, allowing for the calculation of parameters such as the equilibrium 

concentration (C∞), kinetic constant (k), and Hydrolysis Index (HI) to 

estimate the GI. 

Understanding starch digestibility and its relationship with starch properties is 

crucial for developing starchy foods with desirable glycemic index values. In vitro 

methods provide a powerful tool for exploring compound functionality, hydrolysis 

mechanisms, and the influence of factors such as food formulation. This knowledge 

is essential for applications in nutrition, food product development, and the 

management of metabolic conditions. 

The following Table 1.2 summarizes the current state of the art on how different 

biopolymers affect different starches. The research is based on the most relevant 

studies of the last 20 years, focusing on corn starch. 
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Table 1.2. Effect of different additives on digestion starch. 

Type of starch Additive  Comments Reference 

Corn starch Gum Arabic  

Xanthan gum 

Guar gum  

The blending hydrocolloids with 
starch can reduce digestibility, with 
the most prominent decrease 
exhibited by the starch-guar gum 
complex. 

Zhou et al. 
(2020) 

Corn starch Locust bean  

Tara 

Guar gum 

In general, addition of hydrocolloids 
decreased the rapidly digestible 
starch and increase de slowly 
digestible starch and resistant starch. 

Chen et al. 
(2018) 

Maize starch 

Sweet potato 
starch 

Guar gum Addition of guar gum increases the 
indigestible and antidigestible 
portion of starch. 

Zhang et al. 
(2018) 

Chestnut starch  Xanthan gum Decrease the rapidly digestible starch 
and increase de slowly digestible 
starch and resistant starch.  

Liu et al. 
(2022) 

Potato starch  

 

Calcium alginate  As the concentration of sodium 
alginate increased, the calcium 
alginate network became stronger, 
which could exhibit a strong 
blocking effect on amylase and thus 
decreased the digestibility of starch. 

Cui et al. 
(2022) 

Potato starch  

 

Calcium alginate  As the concentration of sodium 
alginate increased, the calcium 
alginate network became stronger, 
which could exhibit a strong 
blocking effect on amylase and thus 
decreased the digestibility of starch. 

Cui et al. 
(2022) 

Chestnut starch  Xanthan gum Decrease the rapidly digestible starch 
and increase de slowly digestible 
starch and resistant starch.  

Liu et al. 
(2022) 

High amylose 
rice starch 

Carboxymethyl 
cellulose (CMC) 

Guar gum  

Xanthan gum 

The addition of hydrocolloids 
attenuated rapid increases in blood 
glucose levels, but xanthan gum was 
more effective than guar gum or 
CMC. 

Oh et al. (2018) 

Pea starch Xanthan gum 

Sodium alginate 

The resistant starch content increased 
in the presence of xanthan gum and 
sodium alginate. 

Wang et al. 
(2022) 
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2. OBJECTIVES 

The primary aim of this Thesis is to investigate simple gluten-free systems 

with enhanced antioxidant capacity, designed specifically for the celiac population, 

utilizing biopolymers such as polyphenols and alginates derived from native 

Galician brown seaweed (Ascophyllum nodosum). The research examined the impact 

of incorporating seaweed extracts rich in polyphenols and alginates, as well as 

assessed the effects of a semi-synthetic polymer (hydroxypropyl methylcellulose) as 

a control. Experimental evaluations involved the characterization of the biopolymers 

and the analysis of their interactions with starch and the modification of the 

rheological behaviour. Additionally, the study focused on starch gels digestion in the 

presence of several concentrations of the selected biopolymers. Finally, simplified 

gluten-free bread systems incorporating polyphenols were developed and evaluated. 

To achieve the previous general objectives, the following specific 

objectives have been established: 

1. To study the interaction between polyphenols and native and gelled corn 

starch. 

2. To characterise corn starch gels with the presence of different concentrations 

of polyphenols by means of rheology.  

3. To analyse the digestion of corn starch gels with the presence of 

polyphenols.  

4. To evaluate the effect of polyphenols in simplified bread systems made with 

corn starch (moisture, colour and texture).  

5. To characterise the alginates to be used by means of capillary viscometry (to 

determine the average viscosimetric molecular weight), rheology (to study 

the viscoelastic behaviour of alginate solutions) and by means of chemical 

characterisation (nuclear magnetic resonance and determination of water 

sorption isotherms).  
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6. To prepare and analyse corn starch gels with the presence of alginates of 

different molecular weights and nature as well as different concentrations 

(water retention capacity, rheology, scanning electron microscopy and 

digestibility).  

7. To characterize hydroxypropyl methylcellulose by capillary viscometry, 

water retention capacity and rheology.  

8. To determine the rheology of corn starch gels with hydroxypropyl 

methylcellulose of different molecular weights with different polymer 

concentrations.  
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3. Methodology  

This chapter presents the main methodology used in each of the experiments 

carried out to achieve the objectives set out in the Thesis, which ranges from pages 

37 to 39.  

 

3.1. Materials  

All chemical reagents used in the treatments and characterizations were 

analytical grade purchased from Merck1 (Germany), Panreac2 (Spain), Megazyme3 

(Ireland), Sigma–Aldrich4 (USA), EPSA5 (Valencia, Spain). Reagents used during 

this Thesis were α–amylase4 (Type VI–B, EC 3.2.1.1) from porcine pancreatic (8 

U/mg), chlorohydric acid1, corn starch5, deuterated dimethyl sulfoxide (DMSO–d6), 

Folin–Ciocalteu reagent1, glacial acetic acid1, glucose4, D–glucose assay kit3, α–

glucosidase4 (Type I; EC 3.2.1.20) from Saccharomyces cerevisiae (11 U/mg), 

barium chloride4, D(+)–guluronic acid4, D(+)–maltose2, lithium chloride4, 

magnesium chloride4, Magnesium nitrate4, methanol1, phenol1, phloroglucinol4, 

potassium chloride4, potassium hydroxide2, resorcinol4, rice starch4, sodium acetate4, 

sodium alginate (CAS no: 9005–38–3), sodium azide4, sodium carbonate2, sodium 

chloride4, sodium dihydrogen phosphate2, sodium hydroxide4, sodium phosphate4, 

sodium tetraborate4, sulfamic acid2, sulfuric acid2, and wheat starch5.  

 

3.2. Extraction and determination of polyphenols  

3.2.1. Extraction of polyphenols  

The extraction of polyphenols (PP) was performed applying experimental 

conditions previously optimised in our research group (Gisbert et al., 2021). First, 

the Ascophyllum nodosum seaweed powder is brought into contact with water 

employing a liquid/solid ratio of 20 during 15 min at room temperature under stirring 
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(700 rpm). Then, the mixture was centrifuged (8000×g, 10 min), and the liquid phase 

was filtered (2–4 μm of pore), thus obtaining an extract rich in polyphenols.  

 3.2.2. Determination of the concentration of total polyphenols in the 

extract of Ascophyllum nodosum seaweed  

The quantity of polyphenols presents in the extract obtained from the 

previous extraction is determined using a common technique known as total 

polyphenol content (TPC). The TPC was quantified through calibration against 

phloroglucinol, following the protocol established by Singleton & Rossi (1965). This 

method is predicated on the reaction of the Folin-Ciocalteu reagent with hydroxyl 

groups, with absorbance measured spectrophotometrically at a wavelength of 765 

nm. In the procedure, 0.5 mL of aqueous seaweed extract was combined with 2.5 mL 

of a 10% (v/v) Folin-Ciocalteu reagent solution and 2 mL of a 7.5% (w/w) sodium 

carbonate solution. TPC values were calculated as grams of phloroglucinol 

equivalents per liter (gPE/L), using the calibration curve C = 135.06 Abs – 17.35, 

where C (mg PE/L) is de concentration and Abs the absorbance (Figure 3.1). For the 

blank control, seaweed extracts were substituted with double-distilled water. The 

mixtures were incubated at 40°C for 15 minutes under complete darkness (Figure 

3.2).  
 

 
Figure 3.1. TPC calibration curve. 
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Figure 3.2. Scheme of extraction and characterization of the polyphenols. 
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3.3. Characterization of alginates and hydroxypropyl methylcellulose (HPMC) 

 3.3.1. Obtaining alginates  

The alginates were obtained in the laboratory by the method followed by Chee 

et al. (2011), who applied a drying step to the pellet obtained at the end of several 

washing steps. The pellets were air-dried in a convective drier at constant relative 

humidity (30%) and air velocity (2 m/s) at two different temperatures: 50°C (50D) 

and 90°C (90D) for 9.5 and 3 hours, respectively. In all cases, the final moisture 

content was 10.8 ± 0.4% (dry basis). The dried pellets were stored at room 

temperature until use for sodium alginate extraction. An additional sample, statically 

dried over a flat surface and at ambient conditions and not subjected to convective 

drying into a dryer (ND: “not dried by forced convection”), was employed to extract 

alginates from ultrasound-assisted extraction (UAE) wet residue. This ND sample 

was immediately subjected to alginate extraction without additional storage time. 

Commercial alginate from Sigma Aldrich (S) was used as a reference to compare the 

results with alginates obtained in the laboratory (Montes et al., 2021).   

 3.3.2. Nuclear magnetic resonance of alginates  

Hydrogen nuclear magnetic resonance (1H–NMR) of alginate samples was 

performed by mixing dried alginates with D2O. 1H–NMR spectroscopy was used to 

determine the composition and distribution of mannuronic block (M) and guluronic 

block (G) in monads (FM and FG), dyads (FGG, FMM, FMG, FGM) and triads (FGGG, 

FMGM, FGGM), M/G ratio and mean block length (NG>1) of sodium alginate samples 

were also calculated. The monads, dyads, triads, M/G ratio and NG>1 values were 

evaluated following the equations of ASTM, 2012 (Eqs. (3.1) to (3.16)) where A, B1, 

B2, B3, B4 and C values are peak area values obtained from each spectrum following 

the schematic representation in Figure 3.3. 

𝐺𝐺 = 0.5 �𝐴𝐴 + 𝐶𝐶 + 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3)� (3.1) 

𝑀𝑀 = 𝐵𝐵4 + 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3) (3.2) 

𝐺𝐺𝐺𝐺 = 0.5 �𝐴𝐴 + 𝐶𝐶 − 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3)� (3.3) 
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𝑀𝑀𝑀𝑀 = 𝐺𝐺𝐺𝐺 = 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3) (3.4) 

𝑀𝑀𝑀𝑀 = 𝐵𝐵4 (3.5) 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑀𝑀𝑀𝑀𝑀𝑀 = (𝐵𝐵1) 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3)/(𝐵𝐵1 + 𝐵𝐵2) (3.6) 

𝑀𝑀𝑀𝑀𝑀𝑀 = (𝐵𝐵2) 0.5 (𝐵𝐵1 + 𝐵𝐵2 + 𝐵𝐵3)/(𝐵𝐵1 + 𝐵𝐵2) (3.7) 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐺𝐺𝐺𝐺 − 𝐺𝐺𝐺𝐺𝐺𝐺 (3.8) 

𝐹𝐹𝐺𝐺 =
𝐺𝐺

(𝑀𝑀 + 𝐺𝐺)
 (3.9) 

𝐹𝐹𝑀𝑀 =
𝑀𝑀

(𝑀𝑀 + 𝐺𝐺)
 (3.10) 

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐺𝐺𝐺𝐺𝐺𝐺

(𝑀𝑀 + 𝐺𝐺)
 (3.11) 

𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀 =
𝑀𝑀𝑀𝑀𝑀𝑀

(𝑀𝑀 + 𝐺𝐺)
 (3.12) 

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀 =
𝐺𝐺𝐺𝐺𝐺𝐺

(𝑀𝑀 + 𝐺𝐺)
 (3.13) 

𝑁𝑁𝐺𝐺 =
𝐹𝐹𝐺𝐺
𝐹𝐹𝐺𝐺𝐺𝐺

 (3.14) 

𝑁𝑁𝐺𝐺>1 =
(𝐹𝐹𝐺𝐺 − 𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀)

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺
 (3.15) 

𝑁𝑁𝑀𝑀 =
𝐹𝐹𝑀𝑀
𝐹𝐹𝑀𝑀𝑀𝑀

 (3.16) 

  

 

Figure 3.3. Average 1H–NMR spectrum shape of alginate used for quantitative analysis. 
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 3.3.3. Determination of water desorption isotherms of alginates 

A gravimetric technique was carried out to determine the equilibrium 

moisture content of alginate samples. First, samples were hydrated for 3 weeks until 

constant weight. Then, several jars were prepared with different saturated salt 

solutions to obtain atmospheres with constant water activity. The salt solutions used 

were LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and BaCl2 which were prepared according 

to Moreira et al. (2008). The samples (0.5 g), previously weighted, were placed in 

glass jars and introduced in the flasks at three temperatures: 20, 37 and 50ºC (± 

0.1ºC). The equilibrium moisture content (X) was measured for all samples and the 

water sorption isotherms curves were plotted as X versus aw (water activity). More 

information is available in Publication 2. 

The experimental results of sorption isotherms were fitted by Halsey model, Eq. 

(3.17): 

𝑋𝑋 = �
−𝐴𝐴

𝑇𝑇𝑙𝑙𝑙𝑙(𝑎𝑎𝑤𝑤)
�
1
𝑟𝑟
 (3.17) 

where X is the equilibrium moisture content (kg water/kg dry solid, d. b.), aw is the 

water activity, T (K) is the absolute temperature, and A and r are the fitting 

parameters of Halsey model. 

Also, the isosteric heat of sorption, Qst (kJ/mol), (or differential enthalpy) is an 

indicator of the state of water absorbed by the solid material and is defined by Eq. 

(3.18): 

𝑄𝑄𝑠𝑠𝑠𝑠 = 𝑞𝑞𝑠𝑠𝑠𝑠 + 𝐻𝐻𝐿𝐿 (3.18) 

where qst (kJ/mol) is the net isosteric heat of sorption and HL (kJ/mol) is the heat of 

vaporization of water at the sorption temperature. Using the Clausius-Clapeyron 

relationship, qst at constant X can be evaluated from the experimental data by Eq. 

(3.19): 
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𝑞𝑞𝑠𝑠𝑠𝑠 = −𝑅𝑅 �
𝑑𝑑 ln𝑎𝑎𝑤𝑤
𝑑𝑑�1

𝑇𝑇� �
�
𝑋𝑋

 (3.19) 

The differential entropy, Sd (kJ/mol K), of water adsorption can be calculated from 

Gibbs-Helmholtz equation and substituting the Gibbs energy by its definition, a 

linear equation, Eq. (3.20), involving Qst, Sd and aw is obtained: 

ln(𝑎𝑎𝑤𝑤)|𝑋𝑋 =
𝑄𝑄𝑠𝑠𝑠𝑠
𝑅𝑅𝑅𝑅

−
𝑆𝑆𝑑𝑑
𝑅𝑅

 (3.20) 

where the Sd value can be calculated from the intercept (Sd/R). 

The net integral enthalpy qeq, (kJ/mol) must be evaluated at constant spreading 

pressure, according to Eq. (3.21): 

𝑞𝑞𝑒𝑒𝑒𝑒 = −𝑅𝑅 �
𝑑𝑑 ln(𝑎𝑎𝑤𝑤)
𝑑𝑑(1 𝑇𝑇)⁄ �

∅
 (3.21) 

The spreading pressure represents the surface excess free energy and provides an 

indication of the increase in surface tension of bare sorption sites due to adsorbed 

molecules (Fasina et al., 1999). This property cannot be experimentally measured 

but can be estimated by Eq. (3.22). 

∅ =
𝐾𝐾𝐵𝐵𝑇𝑇
𝐴𝐴𝑚𝑚

𝑎𝑎1 𝑟𝑟� �
1

�1
𝑟𝑟
− 1� �−𝑙𝑙𝑙𝑙(𝑎𝑎𝑤𝑤)�

1
𝑟𝑟−1

�

0.05

𝑎𝑎𝑤𝑤

 (3.22) 

where KB is the Boltzmann’s constant (1.38×10−23 J/K), T is the absolute temperature 

(K), Am represents the area of a water molecule (1.06×10-19 m2), a is A/T.  

Finally, the net integral entropy (Seq, kJ/mol K) is calculated by Eq. (3.23): 

𝑆𝑆𝑒𝑒𝑒𝑒 =
−𝑞𝑞𝑒𝑒𝑒𝑒
𝑇𝑇

− 𝑅𝑅 ln(𝑎𝑎𝑤𝑤) (3.23) 

where aw is obtained at constant ∅ at different T.  

 



Leticia Montes Martínez 

 47  
 

3.3.4. Water retention capacity (WRC) of corn starch, alginates and HPMC 

 First, the moisture content of all the materials used was calculated. For this, 

a sample quantity between 0.5 and 1.0 g was weighed and dried at 70ºC and under 

vacuum in a vacuum oven (Thermo Fisher Scientific) until constant weight. Then, 

the wet weight and dry weight were used to calculate both the dry weight and wet 

weight moisture content. In addition, the amylose/amylopectin ratio for starch was 

determined. The amylose/amylopectin ratio was determined following the 

colorimetric procedure established in the literature (McGrance et al. 1998). 

Corn starch, alginate-corn starch mixtures and HPMC-corn starch mixtures were 

characterized by means of water retention capacity (WRC). In this case, the WRC of 

alginates and HPMC alone could not be carried out without starch, as a gel was 

formed. Therefore, the decision was made to use mixtures of starch with alginate and 

HPMC. The concentrations used for both the alginate and HPMC tests, as well as 

the specific details of each, are included in Puplications 3 and 4 of this Thesis, 

respectively. WRC was determined following the protocol established by Kassem et 

al. (2022). Briefly, the samples (1.5 g) were weighed and directly added to centrifuge 

tubes containing 15 mL of distilled water or alginate solutions (previously hydrated 

overnight). After mixtures equilibration (18 h), samples were centrifuged at 3000 x 

g (7000 rpm in a 11192 rotor, Model 2-15, Sigma, Germany) at room temperature 

(22 to 25ºC) for 20 min. The supernatant was decanted, and fresh residue was 

weighed. Then, samples were dried up to constant weight (dry residue) at 70ºC under 

vacuum (< 10 kPa). A schematic of this protocol is shown in Figure 3.4. The WRC 

(kg kg-1) was calculated by Eq. (3.24). The equations show how the WRC is 

calculated for alginate, but it is the same for the WRC of HPMC. 

𝑊𝑊𝑊𝑊𝑊𝑊 =  
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
 (3.24) 

WRC of alginate-corn starch mixtures was employed to evaluate the WRC of 

alginates, WRCSA, by means of the Eq. (3.25): 
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𝑊𝑊𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 =  
𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  −  𝑊𝑊𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶  �1 − 𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑 100

𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑
�

𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑 100
𝑤𝑤𝑑𝑑𝑑𝑑𝑑𝑑

 

 

(3.25) 

where WRCCS is the water retention capacity of corn starch, wdSA and wdCS are the dry 

weights of sodium alginate and starch in the mixture, respectively. 

 

 

Figure 3.4. Scheme of WRC test. 
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3.3.5. Capillary viscosimetry of alginates and HPMC  

Capillary viscometry was used to determine the average viscosimetric 

molecular weight of alginates and hydroxypropyl methylcellulose (HPMC). Average 

viscosimetric molecular weights were determined by viscosity measurements, using 

a Ubbelohde type viscometer (AVS 350, Schott-Geräte, GmbH, Germany) (Figure 

3.5). This method consists of a long, narrow tube (capillary) through which the 

sample is allowed to flow under the action of a controlled pressure. All 

measurements (at least 5 replicates) were performed at 25ºC (±0.1ºC). Using intrinsic 

viscosity [μ] and the Huggins and Kraemer, and Fedors models, the average 

viscosimetric molecular weight can be calculated. 

 

 

Figure 3.5. Ubbelohde type viscometer (AVS 350, Schott-Geräte, GmbH, Germany). 

 

First, with the absolute viscosities of solvent (𝜇𝜇0) and samples viscosity solutions 

(𝜇𝜇), the relative viscosity (𝜇𝜇𝑟𝑟 = 𝜇𝜇/𝜇𝜇0) and the specific viscosity (𝜇𝜇𝑠𝑠𝑠𝑠 = 𝜇𝜇𝑟𝑟 − 1) were 

calculated. Using the values of 𝜇𝜇𝑟𝑟 and 𝜇𝜇𝑠𝑠𝑠𝑠, the intrinsic viscosity [μ] was calculated 

by the Huggins Eq. (3.26) and Kraemer Eq. (3.27) equations: 
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𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 = [𝜇𝜇] + 𝐾𝐾𝐻𝐻  [𝜇𝜇]2 𝐶𝐶 (3.26) 

𝜇𝜇𝑖𝑖𝑖𝑖ℎ = [𝜇𝜇] + 𝐾𝐾𝐾𝐾  [𝜇𝜇]2 𝐶𝐶 (3.27) 

where 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜇𝜇𝑠𝑠𝑠𝑠/𝐶𝐶 , 𝜇𝜇𝑖𝑖𝑖𝑖ℎ =  ln (𝜇𝜇𝑟𝑟)/𝐶𝐶  and, KH and KK are the Huggins and 

Kraemer constants, respectively.  

On the other hands, the Fedors equation (Eq. 3.28) is valid for polymer solutions in 

the dilute and semi-dilute ranges and the application range is restricted by the μr 

values (between 1 and 100). The [𝜇𝜇] is calculated by: 

1

2 (𝜇𝜇𝑟𝑟
1
2 − 1)

=  
1

𝑐𝑐 [𝜇𝜇]
−  

1
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚[𝜇𝜇]

 (3.28) 

where Cmax (g/dL) is the theoretical concentration at which the interactions between 

polymer molecules are considered very significant. 

Finaly, the values of viscosity average molecular weight, 𝑀𝑀�𝑣𝑣, were determined by 

the Mark-Houwink equation (Eq. 3.29):  

[𝜇𝜇] = 𝐾𝐾 𝑀𝑀𝑣𝑣
𝛼𝛼  (3.29) 

where [μ] (dL/g) is the intrinsic viscosity and K and α values depended on the solute-

solvent system at constant temperature. 

For alginates, several solutions of extracted alginates from 0.025 up to 3% w/v were 

prepared. Neutral alginate solutions were obtained using an aqueous NaCl 0.1 M 

solution as solvent. This salt content is above threshold concentration (0.025 mol/L) 

to assume alginate in a random coil conformation (Dodero et al., 2020b). In this case, 

density (ρ) was determined by pycnometry at 25ºC (± 0.1ºC), enabling the 

calculation of absolute viscosity values (μ = ν ρ). A strong linear relationship (R2 > 

0.99) was established between density (g/cm3) and alginate concentration (C, g/dL), 

expressed as ρ = 1.0038 + 0.0061 C (Montes et al., 2021). While for HPMC solutions 

were prepared with a concentration of 0.1% (w/w, d. b.) in distilled water. For each 

HPMC, three dilutions were performed (0.025, 0.050 and 0.075%). At these low 
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hydrocolloid content, density was constant and equal to density of solvent (water). 

For more details about HPMC essays read Publication 4. 

3.3.6. Rheological characterization of alginates and HPMC 

Rheological tests for alginates were performed using an Anton Paar-Physica 

MCR 301 Rheometer (Graz, Austria) and a solvent trap kit to minimize water 

evaporation during the tests. Couette geometry (CC24-SN40990) with a 1 mm gap 

was employed. Flow curves were performed over a wide range of shear rates, from 

0.1 to 1000 s-1 (upwards) and from 1000 to 0.1 s-1 (downwards) to ascertain the 

presence of thixotropic behaviour at 25ºC. Three concentration values were used for 

each tested alginate corresponding to 2C*, 4C* and 6C*, where C* is the overlap 

concentration from dilute to semi-dilute regime (Montes et al., 2021). On the other 

hand, only the concentration of 6C* was used to determine the viscoelastic 

characteristics of solutions by small amplitude oscillatory shear (SAOS) tests. 

Amplitude sweep tests were performed in the strain range from 0.1 to 10% and at 

constant frequency (1 Hz) and temperature (25 and 45ºC) to obtain the linear 

viscoelasticity range (LVR). Frequency sweep tests were performed in the range from 

0.01 to 10 Hz at a constant strain (1%) and temperature (25 and 45ºC). This protocol 

was obtained from Montes et al., 2021. 

On the other hand, aqueous HPMC solutions (2.0% w/w) were prepared by mixing 

HPMC and distilled water. These mixtures were kept in agitation until completely 

dissolved. The rheological characterisation was performed in the rheometer using a 

plate-plate geometry (diameter, 50 mm). Samples (0.9 mL) were loaded between the 

parallel plates and compressed up to obtain a gap of 0.3 mm. The measurements were 

performed at different temperatures (from 25 up to 90ºC (± 0.1ºC)), controlled by a 

Peltier system. All samples were covered with light paraffin oil to prevent water 

evaporation. Tests were carried out at least in triplicate. For more details read 

Publication 4. A diagram of the tests performed is shown in Figure 3.6. 
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Figure 3.6. Diagram of the tests performed with the rheometer on alginate and HPMC solutions. 

 

3.4. Starch with polyphenols, alginates and HPMC 

 3.4.1. Preparation of starch gels in tube  

Corn starch was weighed and added to the alginate solutions which were dispersed 

in distilled water and hydrated overnight or polyphenols extract. These mixtures 

were manually shaken for 60 s to facilitate their homogenization. Then mixtures 

were heated at 100ºC for 20 min with gentle manual stirring every 5 min during 10 

s before gel formation. The starch gels were cooled (for 20 min) up to 37ºC for later 

analysis. For more information about concentrations see Publication 1 for 

polyphenol systems or Publication 3 for alginate systems.   

3.4.2. Scanning electron microscopy (SEM)  

The corn starch gels with alginate were prepared according to the previous section 

“3.4.1. Preparation of starch gels in tube”. Alginate-corn starch gels were freeze-

dried and observed using the scanning electron microscopy (S-4800, Hitachi, 

Ibaraki, Japan). Gels were covered with gold by vacuum evaporator (JEE 400; JEOL, 

Tokyo, Japan) for 5 min. The images were captured using 10 kV of acceleration 

voltage and 180× magnification. 
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 3.4.3. Polyphenols adsorption on corn native starch and gels 

To study the effect of polyphenols on starch gels, studies of polyphenol 

adsorption were carried out both on native corn starch and on corn starch gel. The 

corn starch gels were prepared according to the previous section “3.4.1. Preparation 

of starch gels in tube”. On the other hand, the polyphenol extract used was the one 

obtained in section "3.2.1. Extraction of polyphenols" of this chapter. To start the 

study, from the stock polyphenols solution (2.7 ± 0.1 g/L), several dilutions were 

prepared to obtain different polyphenol concentrations (0.1, 0.3, 0.5, 1.0, and 2.0 

g/L). A 3.0 g/L solution was needed to complete an assay, so the stock solution was 

slightly concentrated by evaporation of water (Concentrator plus, Eppendorf, 

Germany). To those solutions, native or gelled corn starch was added at two content 

(1.95 and 5.00% w/v) and kept stirred in an incubator (New Brunswick, Innova 40, 

USA) at 25ºC and 200 rpm. These concentrations were chosen to better observe 

starch-polyphenol interactions. Corn starch gels were prepared at 1.95 and 5.00% 

w/w. The dispersions were heated at 100ºC for 20 min with gentle stirring during the 

first 60 s and then every 5 min for 10 s. The starch gels were cooled (20 min) up to 

37ºC for later analyses. Polyphenols adsorption kinetics were monitored for 3 h 

following the total polyphenol content values (TPC). This technique is explained in 

section "3.2.2. Characterization of polyphenols" of this chapter. Equilibrium between 

solid and liquid phases was achieved when TPC was invariant between measures 

elapsed 30 min. Adsorbed polyphenols on corns starch were evaluated by mass 

balance. Tests were carried out at least in duplicate. Experimental equilibrium data 

were fitted by the Langmuir, Eq. (3.30), and the Henry, Eq. (3.31), models. 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
[𝑃𝑃𝑃𝑃]𝑒𝑒 𝑏𝑏

1 + 𝑏𝑏 [𝑃𝑃𝑃𝑃]𝑒𝑒
 

(3.30) 

𝑞𝑞 = 𝐾𝐾 [𝑃𝑃𝑃𝑃]𝑒𝑒 (3.31) 

where q is the amount adsorbed at equilibrium (g polyphenols/g corn starch, gPP/gCS), 

[PP]e (gPP/L) is the concentration at equilibrium, qmax is the maximum quantity of 

polyphenols adsorbed and b (L/gPP) and K (L/gCS) are parameters of the models.  
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3.4.4. Rheological characterization of polyphenols, alginates and HPMC 

with corn starch 

Gel rheology allows the evaluation of aspects such as the hardness or gelatinization 

of starches, characteristics and properties that help determine the texture of the final 

product. In this case, the tests were carried out on the same rheometer that was used 

previously, but for each test different geometries and protocols were used depending 

on what was to be studied. A diagram of the tests performed is shown in Figure 3.7. 

 

 

Figure 3.7. Diagram of the tests carried out with the rheometer on starch systems with polyphenols, 

alginate and HPMC. 

 

3.4.4.1. Rheological characterization of starch with polyphenols 

The rheological characterization was performed with plate-plate geometry 

(50 mm) and a gap of 0.25 mm. Corn starch (CS) gels with polyphenols (PP) were 

prepared at 1.95 and 5.00% w/w. For 1.95% w/w samples, the nominal PP/CS ratios 

were: 0.0, 0.5, 2.5 and 5.0; while for gels at 5.00% w/w these ratios were: 0.0, 0.2, 

0.9 and 1.9, adding different amounts of PP solutions of 0.0, 0.1, 0.5 and 1.0 g/L. 
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More specific information on concentrations can be seen in Publication 1. Samples 

were covered with paraffin oil to prevent water evaporation. A pre-shearing test was 

made during 75 min at 100 s-1 to ensure the complete adsorption of polyphenols on 

starch. Then, a heating ramp from 25 to 90ºC (at 4ºC/min) was carried out followed 

by a time sweep at 90ºC (30 min), a cooling ramp from 90 to 25ºC (at 3ºC/min) and 

a time sweep at 25ºC (30 min) at a constant strain of 10% and a frequency of 1 Hz 

(inside linear viscoelasticity range, LVR). Finally, a frequency sweep from 0.01 to 10 

Hz was made at 10% of strain and 25ºC. Tests were carried out at least in triplicate. 

3.4.4.2. Rheological characterization of starch with alginate 

The rheological characterisation was performed using a starch pasting cell 

(ST24-2D/2V/2V-30) (gap = 2.460 mm, bob radius = 12.000 mm) with a solvent trap 

kit to minimize water evaporation during tests. Corn starch (1:4 w/w or 20% w/w) 

and corn alginate-starch mixtures (0, 1 and 2% w/w, starch basis) were dispersed in 

distilled water and introduced into the rheometer cuvette at 95ºC. Firstly, a pre-shear 

of 100 s-1 was made for 1 min to homogenize the sample at 95ºC. Secondly, a time 

sweep was carried out at 95ºC for 19 min and then, a cooling ramp was performed 

from 95 to 37ºC at 3ºC/min at 30 Pa and 1 Hz in both stages. Then, strain sweep tests 

(0.1–10%) of gels at 1 Hz and 37ºC to obtain the linear viscoelasticity range (LVR) 

were performed. Finally, a second time sweep (30 Pa, 1 Hz) was carried out at 37ºC 

for 30 min to observe the maturation of the gel and a frequency sweep was made 

from 0.1 to 10 Hz at 1% strain and 37ºC. More specific information about protocol 

can be seen in Publication 3. Complex modulus, G* (Pa), values evaluated from 

storage modulus (G´) and loss modulus (G´´) data obtained through angular 

frequency (ω, Hz) sweep tests, were correlated to the following power law (Bruno 

et al., 2021), Eq. (3.32): 

𝐺𝐺∗ =  �(𝐺𝐺´)2 + (𝐺𝐺´´)2 = 𝐴𝐴 𝑤𝑤1/𝑧𝑧 
 

(3.32) 

where z (-) is the coordination number and measures number of rheological units 

with one another in the 3-D structure and A (G* at 1 Hz) is called the proportional 

coefficient and evaluates the strength of the interaction between units. 
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 3.4.4.3. Rheological characterization of starch with HPMC 

 The rheological characterisation was performed using a plate-plate 

geometry (diameter, 50 mm). Dispersions (1.2 mL) were loaded between the parallel 

plates and compressed up to obtain a gap of 0.5 mm. These dispersions with constant 

solids content (30% w/w) were prepared by mixing corn starch, and HPMC (by 

substitution) at different concentrations (0, 0.5, 1.0, 1.5 and 2.0% w/w), and distilled 

water. More specific information on sample preparation can be found in Publication 

4. On this occasion, oscillatory tests and creep-recovery tests were carried out.  

First, the oscillatory test consists of determining the linear viscoelastic region (LVR) 

with a strain sweep test from 0.1 to 10% at a constant frequency (1 Hz). Secondly, 

dispersions were subjected to the next procedure consisting in five steps: (i) 

temperature sweep (25 to 90ºC at 1ºC min-1, 1 Hz, 100 Pa), to accomplish starch 

gelatinization; (ii) time sweep (30 min, 1 Hz, 400 Pa, 90ºC); (iii) temperature sweep 

(90 to 25ºC at 1ºC min-1, 1 Hz, 400 Pa); (iv) time sweep (30 min, 1 Hz, 400 Pa, 

25ºC); and finally, (v) frequency sweep (0.01 to 100 Hz, 1% of strain, 25ºC) inside 

LVR of formed gels (preliminary tests were performed to determine the 

corresponding LVR). For more information see Publication 4. 

On the other hand, creep-recovery test at 25ºC was performed at a constant stress, σ 

(Pa), of 100 or 400 Pa within the LVR during creep phase. Before the measurements, 

the gels were rested for 15 min in the rheometer to allow the sample equilibrium. 

During creep period, the selected constant stress was applied for 120 s and the 

recovery (stress zero) period lasted 120 s. For more specific information see 

Publication 4. 

3.4.5. Starch digestion 

Starch digestion was measured using two different methods: the 

conventional biochemical method of in vitro digestion and the rheometer, 

determining the drop in viscosity over time. A diagram of the tests performed is 

shown in Figure 3.8. 
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Figure 3.8. Diagram of the tests performed in the in vitro digestion of different starch systems with 

biopolymers by the biochemical method and in the rheometer. 

 

3.4.5.1. Conventional biochemical method of in vitro digestion starch 

In vitro digestibility was analysed following the method described by 

Santamaria et al., (2021) with minor modifications. A quantity of 200 mg of gel was 

suspended in 4 mL of 0.1 M sodium maleate buffer (pH 6.9) containing porcine 

pancreatic α-amylase (0.9 U/mL) and incubated in a shaker incubator SKI 4 (ARGO 

Lab, Carpi, Italy) at 37°C with constant stirring (200 rpm) for 3 h. During incubation, 

aliquots of 100 μL were taken and mixed with 100 μL cold ethanol (96%) to stop the 

enzymatic hydrolysis. The samples were centrifuged for 5 min (10,000×g, 4°C) and 

then, the pellet was suspended in 100 μL of ethanol (50%) and centrifuged again as 

described before. The supernatants were combined and storage at 4°C. A 100 μL 

sample of the supernatant was diluted with 885 μL of 0.1 M sodium acetate buffer 

(pH 4.5) and incubated with 15 μL amyloglucosidase (143 U/mL) at 50°C for 30 min 

in a shaking incubator, before quantifying glucose content. 
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Glucose was determined using a glucose oxidase–peroxidase (GOPOD) kit 

(Megazyme, Dublin, Ireland). Starch fractions based on the hydrolysis rate were 

calculated as glucose (mg)×0.9 and expressed as glucose content (g/100 g gel) using 

the method of Englyst et al., (1992). The rapidly digestible starch (RDS) was 

determined in the fraction corresponding to the first 20 min of digestion, while the 

slowly digestible starch (SDS) corresponded to the fraction from 20 to 120 min. Tests 

were carried out at least in duplicate. The in vitro digestion kinetics were fitted by 

first order equation, Eq. (3.33), (Goñi et al., 1997): 

𝐶𝐶 = 𝐶𝐶∞(1 − 𝑒𝑒−𝑘𝑘𝑘𝑘) (3.33) 

where C is the concentration at t digestion time, C∞ the maximum hydrolysis, and k 

the kinetic constant. 

3.4.5.2. Rheometer determining the viscosity drop with time for studying the 

digestion starch  

The rheological experiments to determine the starch digestion in starch systems were 

carried out using a starch pasting cell (ST24-2D/2V/2V-30) (Figure 3.9) as described 

previously (Santamaria et al., 2023a). A solvent trap kit was used to minimize water 

evaporation. First, a pre-shear at 100 rad/s (960 rpm), 50°C for 10 s was applied to 

achieve sample homogenization, followed by a holding time for 1 min at 50°C and 

18 rad/s (160 rpm). This shear rate was kept for the rest of the assay. A temperature 

sweep was carried out from 50 to 95°C at 10°C/min to form the gel. High 

temperature of 95°C was maintained for 2.5 min. Then, a temperature sweep was 

made from 95 to 37°C at 5°C/min to achieve the required temperature to make the 

enzymatic hydrolysis, followed by holding at 37 °C for 36 s for adding the 𝛼𝛼-amylase 

solution (900 U/mL solution). Apparent viscosity, μ, at 37ºC was monitored at shear 

rate of 10 s-1 (~physiological shear rates in the small intestinal (Lentle et al., 2007)). 

Tests were carried out at least in triplicate.  

For the starch digestion tests with polyphenols, the protocol used was the previous 

one but with some minor modifications. A first step at 200 min-1 during 30 min at 

37ºC was made for the sample homogenization and to ensure the polyphenols 
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adsorption on starch. Afterwards, the rest of the protocol is as mentioned above with 

a minor modification. A stirring period of 10 s at 100 s-1 was performed to facilitate 

the enzyme-starch contact. For more information on this protocol see Publication 1. 

 

Figure 3.9. Starch pasting cell (ST24-2D/2V/2V-30). 

3.4.6. Bread characterization 

Bread characterizations were determined as previously reported Matos & 

Rosell (2013) with moisture content, crumb image analysis, crumb texture profile 

analysis (TPA) and color. 

 3.4.6.1. Moisture content  

The moisture content of gluten-free bread samples was determined 

according to the International Cereal Chemistry method (ICC 110/1, 1994). The 

moisture content was expressed as g water/100 g bread crumb. Four replicates were 

analyzed for each sample. 

 3.4.6.2. The crumb image analysis 

The crumb image analysis was carried out as reported (Espinosa-Ramírez et 

al., 2018). Bread slices were scanned using a flatbed scanner (Epson V600 Photo, 

Epson, Japan) in the RGB (Red-Green-Blue) standard format with 1,200 dpi 

resolution. Image analysis of bread slices was conducted using Fiji Image J software 

(Schindelin et al., 2012). For image segmentation and determination of crumb grain 

characteristics, image contrast was improved and then the algorithm “Otsu” was 
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applied. The crumb grain measurements included: cell density (cell/cm2), mean cell 

area (mm2), surface porosity (total cell area/ total slice area in percentage), and mean 

cell shape using the circularity factor (0-circle to 1-rectangle). Four slices of bread 

obtained in two different batches (four breads/batch) were analyzed for each sample. 

 3.4.6.3. The crumb texture profile analysis (TPA) 

The crumb texture profile analysis (TPA) was carried out using the TA.XT-

Plus Texture Analyses (Stable Micro Systems Ltd., Godalming, UK) equipped with 

a 5 kg load cell and a 25-mm cylindrical probe (Figure 3.10). Slices were double 

compressed to 50% of their original height at a crosshead speed of 1 mm/s and 30 s 

gap between compressions, providing insight into how samples behave when 

chewed (Rosell et al., 2009). The parameters recorded were hardness, cohesiveness, 

springiness, chewiness, and resilience. All textural parameters were measured at 0 

and 48 h, and then the hardening rate was calculated, as the hardness increased 

regarding the hardness of the fresh bread. The data acquired was the average value 

of eight replicates. 

 

 

Figure 3.10. Texture Analyses TA.XT-Plus (Stable Micro Systems Ltd., Godalming, UK). 
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3.4.6.4. Crumb color 

Crumb color was measured using the CIE-L*a*b* uniform color space using a 

Minolta colorimeter (Chromameter CR-400/410, Konica Minolta, Tokyo, Japan) 

(Figure 3.11) after standardization with a white calibration plate. Color parameters: 

L* (lightness), a* (hue on a green to red, b* (hue on a blue to yellow and ΔE which 

is used to evaluate perceived color differences between control and samples. 

Measurements were performed on three slices from each run. 

 

 

Figure 3.11. Chromameter CR-400/410 (Konica Minolta, Tokyo, Japan). 
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5. General discussion 
Celiac disease is a chronic digestive and autoimmune disorder that damages 

the small intestine and impairs the absorption of vitamins, minerals and other 

nutrients contained in foods and can cause long-lasting digestive problems. This 

disease is triggered by eating foods that contain gluten, a protein found in wheat, 

barley, and rye (Mollakhalili et al., 2015). However, the reality of bakeries is that 

they seek to improve gluten-free bread continuously, but the results obtained do not 

yet achieve a good final product so far. Gluten-free (GF) products show low levels 

of several nutrients or micronutrients, protein and dietary fibre, and the lack of gluten 

makes the products worse in quality and consumer acceptance. Furthermore, having 

a limited shelf-life due to rapid staling is a major issue for gluten-free products 

(Šmídová & Rysová, 2022). Because the absence of gluten affects the baked 

products volume, porosity and other quality characteristics, many GF products on 

the market show a lower quality than those equivalent wheat based. Gluten is a 

protein essential to achieve a high dough elasticity and contributes to the fluffiness 

and crumb structure of many baked products. The search for compounds to achieve 

viscoelastic properties like those provided by gluten is currently an important 

challenge. Several studies have been focused on the use of different hydrocolloids to 

improve the appearance and structure of the final GF products (Bender & 

Schönlechner, 2020; Espinoza-Herrera et al., 2021). There are studies reporting that 

a gluten-free diet could influence the risk of developing type-2 diabetes (Romão et 

al., 2021). This relationship is attributed to many gluten-free products having a 

higher glycemic index than products containing gluten, because they are often made 

from refined starches. Additionally, gluten-free products may have less fibre and 

fewer nutrients content, and a gluten-free diet can also alter the composition of the 

intestinal microbiota. Taking this into account, the study of this Doctoral Thesis is 

focused on the research of potential gluten substitutes, which can improve both the 

nutritional and structural properties of GF products, focusing on the search for 

natural additives that also reduce their glycemic index. One mode of reducing the 

glycemic index is the addition of compounds with reported amylase and/or 
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amyloglucosidase activity inhibition, such is the case of plant or algae polyphenols. 

Also, obtaining both the texture modifying agent (such as hydrocolloids from algae) 

and the enzyme-inhibiting molecules from the same raw material is remarkably 

interesting. For this reason, the study began focusing on a natural compound 

obtained from a brown alga (Ascophyllum nodosum), rich in polyphenols. 

Polyphenols have a high antioxidant capacity, are slightly hydrophobic secondary 

metabolites and are one of the most abundant groups in the plant kingdom 

(Besednova et al., 2021). 

 

5.1. Studies on the polyphenols-native starch interaction 

In a first stage of the present Thesis, our research was aimed to know how 

polyphenols interact with native corn starch and gelatinised corn starch. The 

generation of the polyphenol extract is described in methodology section “3.2.1. 

Extraction of polyphenols”. The total polyphenols (gPP/L) content, expressed as 

phloroglucinol equivalents, was 2.7 ± 0.1 gPP/L. From this stock solution, several 

dilutions were made to achieve a range of concentrations from 0.10 to 2.00 gPP/L. 

To the solutions obtained, a constant amount of starch was added to analyse in 

equilibrium the fraction of polyphenols adsorbed by the starch. Two corn starch 

concentration values were used, 1.95 and 5.00% (w/w), for both native and 

gelatinised starch. The methodology is described in the general methodology in 

section “3.4.3. Polyphenols adsorption on corn native starch and gels” and, in 

Publication 1. The adsorption kinetics to achieve the equilibrium of these systems 

can be seen in Figure 5.1, where the concentration values of remaining polyphenols 

in solution (gPP/L), are plotted against the contact time between the polyphenol 

solution and native starch. As can be observed, there is a sharp decrease of 

polyphenols content in liquid phase for all systems during the initial minutes. For 

instance, in Figure 5.1 (a), with an initial concentration of 0.10 gPP/L, it is evident 

that after 50 min, complete adsorption (equilibrium) has already taken place. 

However, given the uncertainty regarding the behaviour of the remaining systems, 
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all kinetics were extended to a total of 180 min to ensure equilibrium had been 

reached. 

 

  

  

 
Figure 5.1. Concentration of remaining polyphenols in solution in contact with native starch (1.95% 

w/w) vs time for different initial concentrations: 0.10 g/L (a), 0.30 g/L (b), 0.50 g/L (c), 1.00 g/L (d), 

and 2.00 g/L. 

 

When 5.00% w/w starch was employed, a higher polyphenol concentration in the 

stock solution to analyse the adsorption kinetics was employed. For this, the stock 
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polyphenol concentration was increased up to 3.00 gPP/L. Adsorption kinetics are 

shown in Figure 5.2. The results shown in Figure 5.2 (f) were considered for 

equilibrium analysis and mathematical modelling.  

 

  

  

  
Figure 5.2. Concentration of remaining polyphenols in solution in contact with native starch (5.00% 

w/w) vs time for different initial concentrations: 0.10 g/L (a), 0.30 g/L (b), 0.50 g/L (c), 1.00 g/L (d), 

2.00 g/L (e), and 3.00 g/L (f). 
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As it was determined from the first the kinetic assay, performed with 1.95% w/w 

starch content, that an incubation time during 180 min was long enough to achieve 

equilibrium, this parameter was maintained for further tests. 

Once the adsorption tests were completed, the mass of polyphenols adsorbed per 

mass of starch was calculated from the concentration values of each experiment at 

equilibrium. These results can be seen in Figure 5.3, where the equilibrium values 

obtained from the previous assays for the two analysed starch systems are shown: 

1.95% w/w (a) and 5.00% w/w (b). Considering the shape of the adsorption curves, 

the Langmuir isotherm model (Eq. 5.1) was applied to fit experimental data: 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
[PP]e 𝑏𝑏

(1 + 𝑏𝑏 [PP]e)
 (5.1) 

where q (g polyphenol/g corn starch, gPP/gCS) is the polyphenols mass adsorbed at 

equilibrium, [PP]e (gPP/L) is the polyphenol concentration at equilibrium, qmax, is the 

maximum amount of polyphenols adsorbed and b is a parameter of the model. 

For 1.95% w/w, the maximum q value was 0.012 ± 0.001 gPP/gCS and it was obtained 

at [PP]e above 0.60 gPP/L; in the case of 5.00% w/w, the maximum q value was 0.013 

± 0.002 gPP/gCS and it was obtained with [PP]e above 1.00 gPP/L. Consequently, the 

amount polyphenols required to saturate the starch surface increases with the amount 

of starch. Regardless of the starch concentration, similar maximum q values were 

obtained, concluding that the range of starch used was in a range adequate to obtain 

the saturation of starch surface allowing the determination of the corresponding 

model parameters because the entire surface was available for polyphenol sorption. 

In both systems, the shape of the curve corresponded to a Langmuir isotherm (R2 > 

0.98) indicating that polyphenols adsorption on the starch surface is physically 

limited. The parameters b obtained of Eq. (5.1) were 21.75 ± 2.07 and 6.01 ± 0.22 

L/gPP for 1.95% and 5.00% w/w starch content, respectively. A more extensive 

discussion of these results is included in Publication 1. 
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Figure 5.3. Adsorption of polyphenols at 25ºC on native corn starch at 1.95% w/w (a) and 5.00% w/w 

(b). 

 

5.2. Studies of interaction during starch gelation process 

Once the study of polyphenols adsorption on native starch was performed, it 

was important to study the polyphenols-starch interaction when starch gelation is 

performed in an environment containing polyphenols and further subjected to 

thermal processing. This study allows to know the effects on both the gelation 

conditions and the adsorption/retention of polyphenols onto gel. These conditions 

are closer to real processing conditions during bread or starchy foods industrial 

manufacturing. The gelatinised starch was analysed in a similar mode than previous 

experiments with raw starch and maintaining the same polyphenols/starch mass 

ratio. Therefore, these studies were carried out for both 1.95 and 5.00% w/w of gel 

starch. The methodology is described in section “3.4.3. Polyphenols adsorption on 

corn native starch and gels”. 

First, in Figure 5.4, the plots of polyphenols adsorption on gelatinised starch can be 

observed for each initial polyphenol solution ranging from 0.10 to 2.00 gPP/L for 

1.95% w/w of gelatinised starch. As can be seen, unlike the studies carried out for 

native starch, the adsorption of gelatinised starch is not only greater but also much 

faster. 
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Figure 5.4. Concentration of remaining polyphenols in solution in contact with gelatinised starch 

(1.95% w/w) vs time for different initial concentrations: 0.10 g/L (a), 0.30 g/L (b), 0.50 g/L (c), 1.00 

g/L (d), and 2.00 g/L (e). 

 

For 5.00% w/w starch system, the same solutions with the same concentrations of 

polyphenols were used as for 1.95% w/w and adsorption kinetics can be observed in 

Figure 5.5. Also, in this case, the equilibrium was readily achieved (in less than 20 

min).  
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Figure 5.5. Concentration of remaining polyphenols in solution in contact with gelatinised starch 

(5.00% w/w) vs time for different initial concentrations: 0.10 g/L (a), 0.30 g/L (b), 0.50 g/L (c), 1.00 

g/L (d), and 2.00 g/L (e). 

 

The equilibrium polyphenols concentration values obtained from these assays with 

gelatinised starch can be seen in Figure 5.6, for 1.95% w/w (a) and 5.00% w/w (b). 

Using 2.0 g/L polyphenol solution, the highest adsorption values, q, achieved for 

1.95 and 5.00% w/w starch content were 0.070 ± 0.001 and 0.018 ± 0.001 gPP/gCS, 

respectively. Unlike native starch, a linear relationship (R2 > 0.99) was observed 

between equilibrium polyphenol concentration of solution and adsorbed 
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polyphenols. Low concentration starch gels retained more polyphenols per gram of 

starch. Furthermore, the polyphenol sorption in starchy gels is far from saturation; 

thus, a different model, Henry's isotherm (Eq. 5.2), was applied to fit experimental 

data:  

𝑞𝑞 = K [PP]𝑒𝑒 (5.2) 

where K is the parameter of the model, and the corresponding values are collected in 

Table 5.1.  

The polyphenols adsorption increased significantly (almost 7 times) with starch gels 

compared to native starch. The minimum fraction of polyphenols adsorbed was 

higher than 65.9% with starch gels, whereas a much lower value of 13.8% was 

obtained with native starch. These results indicate that gelled starch increased 

noticeably the available surface area and enhanced interactions between starch and 

polyphenols (Gisbert et al., 2022). More details can be found in Publication 1.  

 

Table 5.1. Parameters of Langmuir, Eq. (5.1), and Henry isotherms, Eq. (5.2). 

 Langmuir isotherm (native corn starch) Henry isotherm (corn starch gel) 

Starch 

content 

(% w/w)  

qmax 

(gPP/gCS) 
b  

(L/gPP) 

R2 
k 

(L/gCS) 
R2 

1.95 0.012±0.001 21.75±2.07 0.97 0.149±0.003 0.99 

5.00 0.013±0.001 6.01±0.22 0.99 0.039±0.001 0.99 

 

 

 

 
Figure 5.6. Adsorption of polyphenols at 25ºC on native corn starch at 1.95% w/w (a) and 5.00% w/w 

(b). 



Leticia Montes Martínez 
 

112 
 

The tests carried out to characterise starch and its digestion in the presence of 

polyphenols were based on previous adsorption tests on native starch. This decision 

was made with the intention of simulating the production of traditional and industrial 

bread. However, the effect of the adsorption of polyphenols on starch gel on the 

structure and digestion of the gels formed was also studied. This procedure is 

justified by the process for producing gluten-free bread ultimately contained a pre-

gelatinisation stage, since after various tests it was the way to obtain doughs with 

appropriate features. 

 

5.3. Rheological measurement of starch hydrolysis (preliminary tests): 

application to α-amylase activity on starch  

In vitro digestion is usually studied by chemical hydrolysis, but the 

opportunity arose to do the same study in the decrease of viscosity in a rheometer. 

In this case, it was decided to perform a study with different starches (corn, wheat 

and rice) to evaluate the amount of enzyme used in these tests. 

To carry out a rapid study of the digestion of different starches, it was decided to 

perform a rapid gelatinization in the rheometer followed by the subsequent addition 

of the enzyme. The methodology is described in the section “3.4.5.2. Rheometer 

determining the viscosity drop with time for studying the digestion starch”. In Figure 

5.7 it can be observed the formation of the gels and then, its maturation (empty 

symbols) and digestion (filled symbols). During the first 20 min, the gelatinization 

of the starch can be observed where the viscosity values obtained at the end of this 

stage were 4975 ± 78, 4520 ± 14, and 2445 ± 134 mPa s for corn, wheat, and rice 

gels starch, respectively. After gelatinization is completed, the enzyme is added, and 

starch digestion begins in a simulated medium. The viscosity values recorded over 

time decrease as starch digestion occurs, reaching values of 1810 ± 42, 323 ± 26, and 

94 ± 17 mPa s for corn, wheat, and rice gels starch, respectively. On the other hand, 

during the maturation period, the increase in apparent viscosity of the starches 

studied was related to slower cooling due to their higher viscosity which reduces the 
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cooling rate within the gel structure. In fact, in the case of rice gel, a constant 

apparent viscosity was observed because its lower viscosity allowed for faster heat 

transfer within the gel structure (Santamaria et al., 2023a).  

 

 

Figure 5.7. The apparent viscosity versus time following the protocol previously described for corn 

(●), wheat (■), and rice (▲) starches. 

 

It can be seen in Figure 5.8 the decrease of the apparent viscosity for tested starch 

gels during starch digestion after enzyme addition. The modelling was carried out 

by adjusting experimental values to Eq. (5.3): 

𝜇𝜇 = 𝜇𝜇∞ + (𝜇𝜇0 − 𝜇𝜇∞)𝑒𝑒−𝑘𝑘𝑘𝑘 (5.3) 

where 𝜇𝜇 is the apparent viscosity (mPa s), 𝜇𝜇0 is the initial viscosity, 𝜇𝜇∞ is the final 

viscosity, k (min−1) is the kinetic constant, and t (min) is hydrolysis time. 
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Figure 5.8. The apparent viscosity versus time during gels digestion for corn (●), wheat (■), and rice 

(▲) starches. 

 

The corresponding parameters of the Eq. (5.3) are summarized in Table 5.2. The 

lowest kinetic constant, k, values were obtained for corn starch, so indicating the 

slowest starchy gel digestion, whereas the fastest digestion was obtained for the 

wheat starch gel. These results were also obtained by other authors using a similar 

protocol but using the RVA, where k was 0.311 ± 0.020, 1.363 ± 0.172, and 0.764 ± 

0.116, for corn, wheat, and rice starch gels, respectively (Santamaria et al, 2023b). 

 

Table 5.2. Gel starch viscosities obtained after adding amylase, the initial viscosity (𝜇𝜇0), the kinetic 

constant (k) and the maximum hydrolysis of starch gels (𝜇𝜇∞). 

Gel starch 𝜇𝜇0 (mPa·s) 𝜇𝜇∞ (mPa s) k (min−1) 

Corn 4975 ± 78a 1549 ± 68a 0.46 ± 0.01c 

Wheat 4520 ± 14b 336 ± 50b 2.38 ± 0.07a 

Rice 2445 ± 134c 83 ± 16c 1.04 ± 0.02b 
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Since it was shown that starch digestion can be monitored by rheology, it was 

proposed to study how the amount of added enzyme affects it. For this study, corn 

starch was used. The amount of enzyme used was 14 Units/mg starch, being the unit 

definition given by Minekus et al. (2014) as the amount of enzyme able to liberate 1 

mg of maltose in 3 min at pH 6.9 and 20ºC. Preliminary, it was decided to consider 

two points at very low enzyme addition (0.01 and 0.10 U/mg starch) and other two 

at low range (0.30 and 0.50 U/mg starch) to analyse the linearity at low enzyme 

concentration and the existence of a plateau due to enzyme saturation by substrate. 

In these assays, a linear relationship was obtained between the digestion rate kinetic 

constant and the U/mg starch added, so the reaction was limited by enzyme 

concentration and excess of substrate is present. After these results, it was decided 

to add more enzyme and the following values were used: 1.00, 1.50, 2.00, 5.00, 10.00 

and 20.00 U/mg starch. For the last two highest values, a maximum digestion rate 

value was already achieved with the presence of a plateau, so the experiment was 

not substrate-limited and whole range permits to fit experimental data to a Langmuir-

type equation to express the substrate saturation by the enzyme, Eq. (5.4). It is 

obtained an expression analogue to Michaelis-Menten equation, the simplest model 

in absence of enzymatic inhibition. 

𝑘𝑘 =
𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚  [𝐸𝐸/𝑆𝑆]
𝐾𝐾𝑠𝑠 + [𝐸𝐸/𝑆𝑆]

 𝑘𝑘 =
0.3525 [𝐸𝐸/𝑆𝑆]

0.8710 + [𝐸𝐸/𝑆𝑆]
 (5.4) 

where k is the kinetic viscosity constant, kmax and Ks are the maximum kinetic 

constant and saturation constant, respectively, and their values were obtained after 

non-linear fitting of experimental data, finally, [E/S] is the enzyme/substrate ratio 

(Enzyme units/mg starch). 

It can be seen in Figure 5.9 the initial digestion rate values against the enzyme-to-

starch ratio, together with the regression curve, Eq. (5.4). At E/S ratios lower than 5 

U/mg starch the reaction rate is determined by the lack of enzyme, being proportional 

to enzyme dosage below 3 U/mg of E/S ratios. In contrast, the enzyme concentration 

value reported by Minekus et al. (2014) for starch hydrolysis (14 U/mg) 

accomplished with the region where hydrolysis rate is constant, being this dosage 
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much higher than Ks parameter value of 0.871 U/mg, determined in this work. 

Additionally, it is suggested that a [E/S] of 10 U/mg starch might be high enough to 

achieve an initial constat rate for hydrolysis of starch with similar origin and 

characteristics to those employed in this work. Anyway, it was decided to continue 

using the same amount of enzyme that was used previously for the subsequent tests, 

since it was considered better to for comparison with literature, because most 

researchers follow exactly the Minekus’ recipe, applying 14 U/mg starch. 

 

 
Figure 5.9. Plot (dots) and correlation (continuous line, Eq. (5.4)) of initial hydrolysis rate as a 

function of increasing enzyme units per mg of starch. 

 

For this reason, after studying the corn starches digestion, it was proposed to study 

how algae polyphenols affected starch hydrolysis, since these compounds are known 

to show inhibitory activity upon amylases and alpha glucosidases reactions 

(Aleixandre et al., 2022) which is that basis for formulation an polyphenols-enriched 

meal that was able to reduce the gut absorption rate of glucose and maltose from 

starchy foods, additionally to the important antioxidant activity these polyphenols 

have demonstrated (Gisbert et al., 2022).  
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5.4. Effect of polyphenols on corn starch gels rheological properties and 

enzymatic digestion with α-amylase and amyloglucosidase 

In previous section, the interaction between polyphenols and starch was 

already studied, a further study was carried out with starch gels to investigate how 

the presence of polyphenols can affect both the viscoelastic characteristics of corn 

starch gels and their digestion. To achieve this goal, systems of 1.95% and 5.00% 

w/w of corn starch (CS) incubated with polyphenols (PP) at different concentration 

were studied. For 1.95% w/w samples, the nominal PP/CS (gPP/gCS) ratios were 0.0, 

0.5, 2.5 and 5.0; whereas for gels at 5.00% w/w the ratios were 0.0, 0.2, 0.9 and 1.9, 

adding different amounts of PP solutions of 0.0, 0.1, 0.5 and 1.0 g/L. As discussed 

in Publication 1, the systems were subjected to a heating stage from 25 to 90ºC, a 

time sweep at 90ºC, a cooling stage from 90 to 25ºC and a final time sweep at 25ºC. 

The methodology is described in section “3.4.4.1. Rheological characterization of 

starch with polyphenols”. The presence of polyphenols increased the maximum 

gelatinisation temperature (Tp), which corresponds to the highest value of the elastic 

modulus (G´) during the heating ramp. In the gels without polyphenols, these values 

were 11.1 ± 0.3 Pa and 78.3 ± 5.9 Pa for 1.95% and 5.00% w/w starch content, 

respectively, while with the presence of polyphenols the maximum values obtained 

were 15.1 ± 0.4 Pa and 125.4 ± 4.1 Pa, for 1.95% and 5.00% w/w, respectively. This 

result may be related to the decrease of water available for starch gelatinisation by 

the hydrophilic nature of polyphenols. During the time sweep at 90ºC, a relevant 

decrease of G´ value was observed for the systems with added polyphenols; this 

observation may be related to the cross-linking formed between the polyphenols and 

the starch during gelatinization, consequently, the elastic character at high 

temperature is increased. In the cooling sweep, the gels with polyphenols had higher 

G´ values than the systems without polyphenols from the beginning (90ºC), but the 

samples with polyphenols showed lower G´ values than the systems without 

polyphenols at the end (25ºC). This result seems to indicate that the presence of 

polyphenols interferes the formation of the final three-dimensional structure of 

starchy gel.  During the gel maturation stage, at 25ºC for 30 min, it was observed 
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that the presence of polyphenols notably increased the stability of the gels, since the 

change of G' values during this period was much higher for systems without 

polyphenols. Finally, a frequency sweep was performed in matured gels, and it was 

observed that the samples had a typical behaviour of starchy gels showing values of 

G' higher than G''. For the less concentrated starch gels, 1.95% w/w, a clear effect of 

polyphenols on the final gel characteristics was observed, giving as result 

significantly lower G' values. Furthermore, no significant differences were observed 

with the increasing of concentration of added polyphenols concentration confirming 

that a low concentration was required to interfere with the gel structure and weaken 

it. For gels with starch content of 5.00% w/w, similar behaviour between gels 

without added polyphenols and with low polyphenols (below 0.9 PP/CS ratio 

(gPP/gCS)) content, was observed, but the gels with a high PP/CS ratio showed a 

significant decrease of G´ values. 

Once the rheological characteristics were analysed, the digestion of these gels was 

studied. To study digestion, chemical kinetics were carried out and a rapid method 

was also assessed for the determination of starch depolymerisation degree as 

measured by apparent viscosity measurements in a shear stress-controlled rheometer 

Anton Paar-Physica MCR 301 Rheometer (Graz, Austria). Firstly, the starch 

digestion kinetics were analysed, the methodology is described in section “3.4.5.1. 

Conventional biochemical method of in vitro digestion starch”. The values of the 

digestion kinetic constants (k), employing a pseudo-first order model, Eq. (3.33), for 

corn starch gels without polyphenols, at both concentration values (1.95 and 5.00% 

w/w) were similar, the obtained values were 0.149 ± 0.002 and 0.136 ± 0.005 min-1, 

respectively.  

This result can be explained because the gels are so weak that the structure did not 

influence the enzymatic action, not affecting the accessibility of enzymes to starch 

molecules. Regardless of the gel starch content, the addition of polyphenols 

decreased both the digestion kinetic constant and the final concentration of digested 

starch, expressed as the parameter C∞. Furthermore, the greater the amount of 

polyphenols added, the greater the decrease of k-value. Probably, the structure of 
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starch changed in the presence of polyphenols, as they could be forming an 

“inclusive V- type amylose” complex along α (1→4) glycosidic chains with starch 

amylose, as reported by Li et al. (2020a). The rapidly digestible starch (RDS) values 

corroborated this theory, since less starch was rapidly digested when polyphenols 

were added to the gels. However, it was observed that the slowly digestible starch 

(SDS) values increased significantly with the addition of polyphenols. In any case, 

the amount of hydrolysed starch decreased considerably with the polyphenols added 

to the gels. This result agreed with those found with the addition of gallic acid to rice 

starch gels (Chi et al., 2019).  

On the other hand, the study of starch hydrolysis by rheometry developed in this 

Thesis was based on the decrease of apparent viscosity with time. The methodology 

is described in the general methodology in section “3.4.5.2. Rheometer determining 

the viscosity drop with time for studying the digestion starch”. The gel was formed 

in the rheometer and the enzyme was added to the gel diluted in maleate buffer. 

Immediately, apparent viscosity data were measured in a time sweep until a viscosity 

plateau was achieved, which means the end of starch digestion. The results obtained 

by rheology on the effect of polyphenols on digestion agreed with those reported by 

biochemical digestion and confirmed that kinetic constant by viscometry (kv) was 

lower in the presence of polyphenols. Although the kinetic constants values obtained 

by biochemical and rheological methods, k and kv, were numerically different 

(because the geometry, scale, agitation, homogenization, etc., were different for both 

experimental configurations), when the relative kinetic digestion constants, 

calculated by the ratio between the experimental kinetic constants of gels with 

polyphenols and the kinetic constant of gels without added polyphenols as reference 

samples, for both biochemical and rheological methods was determined a similar 

exponential relationship was found with polyphenols/starch ratio. This result means 

that the monitoring of starch digestion employing rheological procedure is adequate 

and can be useful to predict starch digestion kinetics saving labour costs.   
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5.5. Effects of starch gels on bread formulations characteristics 

After studying simple starch systems in the presence of polyphenols and 

obtaining significant differences in the adsorption of polyphenols on native starch 

and starch gels, as well as in the rheological tests of these systems, the study 

continued by evaluating simplified baked samples since other common compounds 

(yeast, salt and sugar) were added to starchy matrices. 

Gluten-free bread formulations based on corn starch (100 g) which contained 100 g 

water, 2 g dried yeast, 1 g salt, and 1 g sugar were made. Considering the results 

obtained previously, the tested percentages of polyphenol-containing extracts were 

0 (control), 0.2, 0.5, and 1.0% w/w (relative content to mass of corn starch). The 

incorporation of polyphenols influenced the characteristics and the appearance of 

gluten-free breads. The methodology employed for the characterization is described 

in methodology section “3.4.6. Bread characterization”. Final moisture content (% 

w.b.) decreased with the addition of polyphenols, although significant differences 

were only observed at 1.0% w/w starch basis from 50.46 ± 0.40 for control to 48.57 

± 0.34 for 1.0% w/w starch basis of polyphenols. This result might be explained 

because hydroxyl groups of starch molecules available to hold water molecules 

slightly decreased by the created interactions between starch and polyphenol 

molecules resulting in that net hydrophilic character of starch decreased. The bread 

colour also noticeably changed due to the addition of polyphenols. Luminosity index 

(L*) decreased linearly (R2 > 0.97) with the polyphenols content from 68.10 ± 2.40 

to 56.37 ± 1.74. Redness index (a*) increased with the addition of polyphenols from 

-2.80 ± 0.22 to -1.11 ± 0.33, except for samples with 0.2% w/w starch basis, where 

it decreased (-3.24 ± 0.12), and the greenness index (b*) values significantly 

increased with the addition of polyphenols from 7.49 ± 0.70 to 29.08 ± 0.75. The 

microstructure of the bread changed significantly with the addition of polyphenols. 

Bread volume, measured as 2D slice area (cm²), because depth of samples was 1 cm, 

was reduced with the addition of polyphenols from 2.45 ± 0.07 cm2 for control to 

2.20 ± 0.13, 2.25 ± 0.17 and 2.27 ± 0.09 cm2 for 0.2, 0.5, and 1.0% w/w polyphenol 
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content. A similar trend was observed in the average cell size (mm²) obtaining values 

of 2.48 ± 1.48 mm2 for control and 1.46 ± 0.58, 1.57 ± 0.37 and 1.48 ± 0.21 mm2 for 

0.2, 0.5, and 1.0% w/w polyphenol content. The number of gas cells per cm² 

increased with the addition of polyphenols from 29 ± 14 to 76 ± 13. However, the 

porosity (%) ranged from 10.70 ± 3.07 to 23.53 ± 11.36 % at 0.50% polyphenol 

content where a maximum was achieved. It has been reported that the addition of 

seaweeds or microalgae into bread formulations, led to a reduction in pore size with 

a simultaneous increase in the number of cells and porosity, and an overall increase 

in bread volume (Amoriello et al., 2021 and Garzon et al., 2021). However, other 

authors using polyphenols and observed a decrease in yeast activity, which could 

explain the reduced 2D slice area found here when incorporating seaweed-extracted 

polyphenols into the formulation (Mildner-Szkudlarz et al., 2019). For samples 

containing polyphenols, the 2D slice area had a statistically significant inverse 

correlation with the digestion kinetic constant (r = - 0.9998) and with the relative 

kinetic constant (r = -0.9996) of the starch gels during digestion.  

Textural parameters of breads were measured at 0 and 48 h. The methodology is 

described in methodology section “3.4.6.3. The crumb texture profile analysis 

(TPA)”. The addition of polyphenols increased the hardness of fresh bread from 6.7 

± 1.0 to 13.6 ± 4.0 N, possibly due to the more compact crumb determined, which 

likely may be explained by the inhibition of yeast activity. At 48 h, the hardness 

remained around 30 N, except in the bread with 1% polyphenols, whose hardness 

decreased to 17.0 ± 2.2 N. The springiness of the fresh bread varied between 0.94 ± 

0.02 and 0.89 ± 0.01, and between 0.91 ± 0.06 and 0.83 ± 0.03 at 48 h. The chewiness 

of fresh bread increased during studied period from 5.5 ± 0.9 to 9.5 ± 2.4 N with the 

addition of polyphenols but decreased from 10.6 ± 4.0 to 3.6 ± 0.1 N. Resilience of 

both fresh and 48-h-old breads significantly decreased with the addition of 

polyphenols from 0.65 ± 0.02 to 0.54 ± 0.02 and from 0.24 ± 0.05 to 0.15 ± 0.02, 

respectively for fresh and 48-h-old breads. The hardening rate (%) decreased 

considerably from 464 ± 32 to 162 ± 10, indicating that polyphenols delayed starch 

retrogradation by interactions (forming hydrogen bonds) with starch molecules. 
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5.6. Characterization of alginates employed as texture-modifying applied to 

starchy foods 

After obtaining and analysing the effect of the addition polyphenols to 

starchy materials, it was decided to use the solid residue of seaweeds obtained from 

the extraction of polyphenols to obtain and characterise alginates to be used as 

additive that could modify doughs rheological properties and textural properties of 

gluten-free breads. In this way, a better exploitation of seaweeds as raw material 

could be achieved. Following the methodology described in section “3.3.1. 

Obtaining alginates”, the different alginates were obtained. The pellets were air-

dried in a convective drier at two different temperatures: 50°C (50D) and 90°C 

(90D), respectively. An additional sample, statically dried over a flat surface and at 

ambient conditions and not subjected to convective drying into a dryer (ND: “not 

dried by forced convection”). Also, commercial alginate from Sigma Aldrich (S) was 

used as a reference to compare the results with alginates obtained in the laboratory.  

The pellets containing alginates dried at different temperatures 50 and 90ºC (50D 

and 90D) and dried at ambient conditions (ND) were studied in this PhD Thesis, 

because it was previously confirmed in our laboratory that the polymer size of 

extracted alginates was affected by drying conditions, mainly air temperature. This 

finding led to carry out an exhaustive study using capillary viscometry, not only 

obtaining the average viscosimetric molecular weight, but also analysing the specific 

viscosity complete curves as a function of concentration for several concentration 

regimes: diluted, semi-diluted, and concentrated. Alginates solutions prepared for 

alginate concentration ranging from 0.025 up to 3% w/v were tested by capillary 

viscometry. The methodology is described in the general methodology in section 

“3.3.5. Capillary viscometry of alginates and HPMC”. Kinematic viscosity (ν) was 

determined with solvent 0.1 M aqueous NaCl solution, surpassing the threshold 

concentration (0.025 mol/L) required for assuming that alginate is in a random coil 

conformation (Dodero et al., 2020a). The absolute viscosity of the solvent (μ0) and 

alginate solutions (μ) facilitated the computation of relative viscosity (μr) and 

specific viscosity (μsp). By representing the specific viscosity against the alginate 
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concentration, the regime zones in the studied concentration range (diluted, semi-

diluted or concentrated) could be determined. Figure 5.10 shows the results obtained 

for the alginates produced in the laboratory and for the commercial alginate, being 

possible to distinguish two different regimes for alginates made in the laboratory and 

three zones for commercial alginates. 

 

  

  

Figure 5.10. Specific viscosity (μsp) vs concentration (C, g/dL), both in logarithmic scale, for different 

alginates: a) not dried (ND), b) dried at 50ºC (50D), c) dried at 90ºC (90D) and, d) alginate from 

Sigma Aldrich (S).  

 

By identifying the intersection points of the linear regression lines, the critical 

overlap concentrations (C*), which correspond with the transition from dilute to 

semi-dilute regime, were determined. The calculated C* values were 0.25 ± 0.01, 
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0.46 ± 0.02, 0.52 ± 0.03, and 0.52 ± 0.03 g/dL for ND, 50D, 90D, and S, respectively. 

It is noteworthy that significant differences in C* values were only observed for ND 

(not dried solid). In a study by Dodero et al. (2020a), C* values of 0.6 ± 0.1 g/dL 

were reported for low molecular weight alginates (~100 KDa), falling within the 

concentration range exhibited by extracted alginates with a convective drying step, 

studied in the present Thesis. For the commercial alginates S, an additional 

transition, in this case, from semi-dilute to concentrated regime (C**) was found at 

1.08 ± 0.11 g/dL.  

After identifying the regimes to a proper viscosity measurement, the determination 

of [μ] using the Huggins and Kraemer method involved calculating the values of 

reduced viscosity (𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜇𝜇𝑠𝑠𝑠𝑠/C)  and inherent viscosity (𝜇𝜇𝑖𝑖𝑖𝑖ℎ =  ln (𝜇𝜇𝑟𝑟)/C) . 

These values were plotted against the alginate concentration (g/dL). Through linear 

regression analysis of the experimental data and the application of the Huggins (Eq. 

3.26) and Kraemer (Eq. 3.27) equations, the [μ] values and the Huggins (KH) and 

Kraemer (KK) constants were calculated (Table 5.3). On the other hand, the Fedors 

equation (Eq. 3.28) is applicable to polymer solutions within the dilute and semi-

dilute ranges, with the application range being constrained by the relative viscosity 

(μr) values been between 1 and 100.  

After obtaining the intrinsic viscosity values [μ] by either the Huggins and Kraemer 

or the Fedors methods (Dodero et al., 2020b), the average viscosimetric molecular 

weight (𝑀𝑀�𝑣𝑣 , kg/mol) can be calculated applying the Mark-Houwink-Sakurada 

equation, which relates [μ] with the 𝑀𝑀�𝑣𝑣, by Eq. (3.29).  

The more adequate K and 𝛼𝛼 values for the extracted alginates were considered  

4.84 10-5 dL/g and 0.97 dL/g, respectively, as previously assessed for Ascophyllum 

nodosum alginate by Stokke et al. (2000). For standard commercial S alginate, the 

employed K and 𝛼𝛼 values were 7.30 10-5 dL/g and 0.92, respectively, based on the 

study by Martinsen et al. (1991). The summarized results can be found in Table 5.3. 
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Table 5.3. Parameters obtained from the Huggins and Kraemer and Fedors (Eqs. 3.3, 3.4 and 3.5) 

equations of commercial alginate (S) and extracted alginate undried (ND), dried at 50 (50D) and 90ºC 

(90D). 

 Huggins and Kraemer Fedors 

Sample KH KK [η] 
(dL/g) 

𝑀𝑀�𝑣𝑣 
(KDa or 
kg/mol) 

Cmax 
(g/dL) 

[η] 
(dL/g) 

𝑀𝑀�𝑣𝑣  
(KDa or 
kg/mol) 

ND 0.30±0.02b -0.12±0.01b 14.06±0.16c 427.8±7.2d 1.46±0.17a 14.05±0.18c 427.7±8.3d 

50D 0.25±0.12a -0.14±0.01a 8.58±0.03b 257.3±1.2c 6.21±0.58b 8.73±0.02b 262.0±1.1c 

90D 0.36±0.16a -0.15±0.01a 5.03±0.52a 133.3±1.2b 5.44±0.81b 4.65±0.02a 136.8±1.0b 

CA 0.42±0.12a -0.12±0.01b 4.38±0.02a 156.1±1.5a 5.77±0.05b 4.54±0.36a 162.9±0.2a 

Data are presented as mean ± standard deviation. Data value of each parameter with different 

superscript letters are significantly different (p ≤ 0.05). 

 

The obtained Huggins and Kraemer equations (Eqs. 3.3 and 3.4) parameters, KH and 

KK, varied in a narrow range (from 0.30 to 0.42 and from -0.15 to -0.12, respectively), 

Table 5.3. Notably, no significant differences (p > 0.05) were observed in the KH 

values, while statistical differences were identified only in the KK values among ND, 

S, and 50D, 90D alginates. Regarding the statistical analysis of Cmax in the Fedors 

equation (Eq. 3.5), no significant differences were found between 50D, 90D, and S 

alginates, with lower values observed for ND alginates. In terms of both methods, 

similar [μ] values (similar 𝑀𝑀�𝑣𝑣) were reported, showing a significant decrease with 

the presence of a drying step and an increase of drying temperature. Interestingly, no 

significant differences were found between 90D and S. A wide range of the average 

viscosimetric molecular weight (𝑀𝑀�𝑣𝑣) of the alginates extracted from Ascophyllum 

nodosum was found, in the range 133.3 KDa (90D) to 427.8 KDa (ND). These results 

indicated that the molecular size of extracted alginates can be strongly influenced by 

the methods and conditions employed during drying. The 𝑀𝑀�𝑣𝑣  determined for 

standard commercial S (156.1 KDa) and 90D (162.9 KDa) alginates were similar, 

despite differences in seaweed origin and other factors; this similarity could possibly 

be attributed to the severe industrial conditions employed during the extraction 
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process to obtain commercial alginates. Importantly, the molecular weights obtained 

were within the typical ranges reported for commercial alginates (Dodero et al., 

2020b). Correspondingly, Chen et al. (2021) determined molecular weights for 

several brown seaweeds (Sacharina japonica, Undaria pinnatifida, Sargassum 

fusiforme, and Sargassum hemiphyllum), ranging from 171.8 to 663.0 KDa.  

The Huggins and Kraemer constants provide insights on the interactions between 

polymer-polymer and polymer-solvent molecules. The observed kH values, falling 

below 0.5 and within the range of 0.25-0.42, were indicative of the alginates 

behaving as flexible macromolecules. Additionally, the negative KK values, ranging 

between -0.15 and -0.12, suggested robust polymer-solvent and weak polymer-

polymer interactions, supporting a random coil conformation (Da Costa et al., 2017). 

These obtained values agreed with those reported by other researchers for 

carbohydrate polymers (Chenlo et al., 2009). 

Obtaining normalised master curve involved plotting (log-log) the μsp data for each 

alginate against the dimensionless concentration or Berry number (C [𝜂𝜂]). This 

dimensionless concentration serves as a measure of the polymer's occupancy in the 

solution (Castelain et al., 1987). At low Berry number μsp exhibited a linear increase 

with [𝜂𝜂] until reaching a critical concentration (Ccr), where a sharp increase of slope 

can be observed. Ccr marks the transition from a dilute to a semi-dilute regime, 

meaning this value the point at which the interactions between polymeric molecules 

becomes significant. It can be seen in Figure 5.11 the normalized master curve for 

the tested alginates, with a consistent Ccr value of 4.05, aligning with values reported 

in the literature (Lopez et al., 2020). The slopes obtained were 1.4 and 2.9 in the 

diluted and semi-diluted concentration range, respectively. These values agreed with 

those reported by other authors for solutions of several polysaccharides (Hellebois 

et al., 2020). 
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Figure 5.11. Master curve, μsp vs C [μ], for alginates not dried (ND) (●), dried at 50ºC (50D) (□), and 
dried at 90ºC (90D) (○). 

 

5.7. Rheological behavior of alginates solutions 

For a more detailed analysis of the alginates, rheological tests were 

performed. The methodology is described in the general methodology in section 

“3.3.6. Rheological characterization of alginates and HPMC”. Three concentration 

values were employed for each alginate tested, corresponding to 2C*, 4C*, and 6C*, 

where C* represents the overlap concentration from the dilute to the semi-dilute 

regime. The upward and downward steady-shear flow curves coincided for all cases, 

indicating that within the tested polymer concentration range, alginate solutions 

exhibited no time-dependent behaviour, such as thixotropic or rheopectic behaviour. 

Flow curves revealed two trends concerning shear rate, as can be seen in Figure 5.12. 

At low shear rates, the apparent viscosity remained constant regardless of the shear 

rate value, forming a Newtonian plateau. Beyond a specified shear rate, known as 

critical shear rate (𝛾̇𝛾𝑐𝑐), the apparent viscosity decreased, indicating shear-thinning 

behaviour. This behaviour has also been previously reported for alginate solutions 

(Ma et al., 2014). The range of the plateau tended to increase with the decreasing of 

average viscosimetric molecular weight (𝑀𝑀�𝑣𝑣 ) or concentration (C) of alginate, 

impacting the determination of 𝛾̇𝛾𝑐𝑐. Specifically, the alginate with lower 𝑀𝑀�𝑣𝑣 (90D) at 



Leticia Montes Martínez 
 

128 
 

the lowest tested concentration (2C*) showed Newtonian behaviour. The existence 

of different ranges for the Newtonian plateau has been attributed to variations in the 

formation-breakage equilibrium of entanglements between alginate molecules 

(Doyle et al., 2009). The apparent viscosity of solutions noticeably increased with 

alginate concentration, resulting in the formation of viscous solutions, which is 

considered one of the most crucial properties for alginates being used for numerous 

industrial applications (Draget et al., 2006). To mathematically model the flow 

curves, the Cross-Williamson model was employed (Eq. 1.20).  

The absolute viscosity (μ0) showed a linear decrease, 𝜇𝜇0  = A + B TD, with the 

increase of temperature, TD (K), employed during drying operation, considering the 

ambient temperature of ND samples 293.1 K. A and B parameters displayed an 

exponential trend with the C/C* ratio. Additionally, the parameter K (Eq. 1.20) was 

expressed as a function of drying temperature by an exponential relationship, 𝐾𝐾 =

𝐷𝐷 𝑒𝑒−𝐸𝐸 𝑇𝑇𝐷𝐷 , where D parameter showed a linear correlation with C/C* ratio. 

Furthermore, the flow index remained within a narrow range, varying from 0.28 to 

0.30, and it was considered constant at 0.29. The Eq. (5.5) reproduced satisfactorily 

the apparent viscosity within the tested range of alginate concentration and drying 

temperature, showing a mean relative error of 16% and R2 > 0.95. Goodness of fit 

can be seen in Figure 5.12 for 50D and 90D samples at different alginate 

concentrations, as example. 

𝜇𝜇 =  
(0.05 − 1.29 10−4 𝑇𝑇𝐷𝐷)  𝑒𝑒�

𝐶𝐶
𝑐𝑐∗�

1 + �4365 � 𝐶𝐶
𝐶𝐶∗
� − 7494�  𝑒𝑒−0.04 𝑇𝑇𝐷𝐷𝛾̇𝛾0.71

 (5.5) 
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Figure 5.12. Steady-shear flow curves for 50D (filled markers) and 90D (hollow markers) alginate 

solutions, experimental data for 2C* (●, ○), 4C* (■, □) and 6C* (▲, △) and model data. Eq. (5.5) (-). 

 

Conversely, the concentration value noted as 6C* was used to determine the 

viscoelastic characteristics of solutions through small amplitude oscillatory shear 

tests (SAOS). A frequency sweep was conducted at a constant strain of 1%, within 

the linear viscoelasticity range (LVR) previously determined through corresponding 

strain sweeps at high frequency. The frequency varied from 0.1 to 10 Hz and the 

temperature set at 25 and 45ºC. As illustrated in Figure 5.13, it was found that both 

elastic (G´) and viscous (G´´) moduli increased with frequency in all the assays, and 

consistently, G´´ exceeded G´, thus indicating liquid-like behaviour. Different trends 

of G´´ and G´ slopes with frequency were observed for samples at 25ºC. The ND 

alginate solution exhibited a G´´ slope higher than the G´ slope, reaching a tan δ of 

1.72 at 10 Hz, approaching to the gel point (G´ = G´´). In the case of the 50D sample, 

G´´ and G´ slopes were similar, while for 90D sample, G´ slope exceeded G´´ slope. 

This behaviour agrees with the results reported by Ma et al. (2014) for commercial 

sodium alginate solutions within a similar concentration and molecular weight 

ranges. Both viscoelastic moduli decreased with temperature as increased from 25 

to 45ºC for the 50D and 90D alginate solutions. However, the ND alginate displayed 

a different behaviour at 45ºC, where G´ remained constant with the temperature 
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increase, and G´´ notably increased at low shear rates (below 1 Hz). Notably, at 0.03 

Hz, G´ value (0.48 Pa) approached to G´´ value (0.67 Pa), resulting in a tan δ of 1.39. 

This observation indicates that higher temperature may potentially lead to the 

achievement of the gel point for this alginate solution (Steffe, 1996). Such behaviour 

is typical of semi-dilute polymer solutions exhibiting a high degree of entanglement 

(Mohammadifar et al., 2006). This outcome suggests that solutions containing high 

molecular weight alginates have lower gelation temperatures.  

The relationship between steady-shear flow and dynamic-shear rheology was 

examined using the Cox-Merz rule, where the apparent viscosity obtained from 

rotational tests concurred with the complex viscosity (μ*) obtained from oscillatory 

tests. Figure 5.14 illustrates the application of this rule to the tested alginate 

solutions. In general, the Cox-Merz rule was satisfactorily fulfilled for the 50D and 

90D solutions, demonstrating a superposition of both viscosity curves regardless of 

the shear rate range. However, for the ND solution, superposition was observed only 

at high shear rates (> 10 s-1), while at low shear rates (< 10 s-1), the dynamic viscosity 

was notably higher than the complex viscosity.  Despite all tests being conducted at 

a high polymer concentration (6C*), the concentration of ND samples was 

approximately 1.5 g/dL, which was close to Cmax as determined by the Fedors 

equation. At this concentration, polymer interactions became remarkable, indicating 

a transition to the concentrated regime. In contrast, for the other cases, the employed 

concentration (3.0 g/dL) was considerably lower than Cmax, and solutions can be 

considered within the semi-dilute range. The observed divergence in ND solutions, 

characterized by strong polymer interactions and entanglements due to its high 

average viscosimetric molecular weights, could explain this behaviour. Similar 

observations were reported by Ahmad et al. (2014) for guar galactomannan solutions 

and gellan/dextran blends with weak-gel characteristics. 
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Figure 5.13. Frequency sweeps of alginate solutions at 6C* concentration: experimental data of G'' 

(□, ■) and G' (○, ●) at 25°C (hollow markers) and 45°C (filled markers)) for different alginates: a) 

ND, b) 50D and c) 90D. 
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Figure 5.14. Cox-Merz plot: Dynamic viscosity, μ, (■) and complex viscosity, μ*, (□) at 25ºC of 

alginate solutions at 6C* concentration for different alginates: a) ND, b) 50D and c) 90D. 
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5.8. Chemical characterization of alginates 

As can be deduced from the results shown until now, alginates may show 

different features depending on the seaweeds source or the thermal conditions 

employed during processing. Because of these findings, it was decided to perform a 

deeper study of the structure and chemical composition (D-mannuronic and L-

guluronic acids are the monosaccharides monomers that participate, at different 

ratios, in this biopolymer) of alginates (Montes et al., 2021) and also about the 

relationships of composition with the hydrophilic character of alginates due to this 

last property is key to understand the water interaction in starchy matrices in the 

presence of alginates as additive. For this purpose, water sorption isotherms of 

different alginates with different structural characteristics were determined at 

different temperatures (25, 37 and 50ºC). For this study, two commercial alginates 

from Panreac (hereafter noted as P) and Sigma (S) were selected in addition to one 

of those obtained in our laboratory after drying at 50ºC (50D) previously described. 

The average viscosimetric molecular weights of these alginates were 459 ± 8, 

156 ± 2, and 257 ± 1 KDa for P, S, and 50D, respectively, obtained by means of 

Huggins and Kraemer equations (using the same methodology). Because alginate is 

a biopolymer made up of D-mannuronic and L-guluronic monosaccharide units, and 

the distribution of these units is responsible for solubility, viscosity in liquid solution 

and gelling properties, it is important to analyse the mannuronic to guluronic ratio 

(M/G), since it provides us with information about its composition. In this case the 

values of the M/G ratios were 1.15, 0.91 and 1.21 for P, S and 50D, respectively 

(Montes et al., 2021). These values were obtained by proton nuclear magnetic 

resonance (1H NMR) spectroscopy following the ASTM F2259-10 standard (ASTM, 

2012). The methodology is described in section “3.3.2. Nuclear magnetic resonance 

of alginates”. 

To model the water sorption isotherm data different equations were used: the 

Brunauer, Emmet and Teller model (BET), which is used to mathematically describe 

the adsorption on homogeneous surfaces; the Guggenheim, Anderson and de Boer 

(GAB) model, an extension of the BET model that takes into account the modified 
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properties of the adsorbed water in the multilayer region and, finally, the Halsey 

model that focuses on the relationship between the amount of adsorbate and partial 

pressure of adsorbate at equilibrium. The methodology is described in section “3.3.3. 

Determination of water desorption isotherms of alginates”. From these experiments, 

the Halsey model is recommended to represent the water adsorption behaviour 

because it was found to be the model that better fit experimental results in the 

temperature range from 25 to 50ºC, as is shown in Table 5.4. There were no 

statistically significant differences (p ≤ 0.05) between Halsey parameters (A and r) 

for S and P alginates at constant temperature. For these alginates, A values exhibited 

a decrease (from 12.08 to 8.73 and from 12.46 to 8.42, respectively) with increasing 

temperature. However, for 50D, A values showed an increase (from 23.21 to 25.28) 

with temperature. Notably, a = A/T value remained constant with temperature in the 

case of 50D alginate. In all instances, the r-values remained constant with 

temperature for each alginate, and 50D displayed the lowest value (1.19), indicating 

the steepest slope of the isotherm curve compared to S and P alginates (around 1.82). 

In general, no significant differences were found between the two commercial 

alginates, differently from the alginate obtained in our laboratory (50D), which was 

the most hygroscopic alginate. To comprehend the water sorption characteristics of 

alginates and determine its optimal storage conditions, certain thermodynamic 

properties can be assessed, including the differential heat of sorption and entropy, as 

well as the integral enthalpy and entropy (Zhang et al., 2016). The differential 

enthalpy of sorption indicates the strength of the bond between water and the solid, 

while the differential entropy of a sample is proportional to the number of available 

sorption sites at a given energy level. The optimal storage conditions for alginates 

were found to be conditions of humidity between 0.15 to 0.20 kg of water/kg of dry 

solid and a under relative humidity in the range 35 to 50%; these values were 

determined from the integral values of maximum and minimum enthalpy and 

entropy, respectively. Furthermore, a model based on the structural characteristics 

of the alginate was obtained to predict the equilibrium moisture content of the 

alginates at low water activity values. It was concluded that higher amounts of D-
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mannuronic monosaccharides lead to an increase of the hygroscopicity of the 

polysaccharide. A wider explanation regarding this topic and comparison with 

bibliographic data of other authors can be found in Publication 2, where it is 

explained and discussed in a broader and more detailed way.  
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Table 5.4. Values of the parameters of Halsey model and goodness of fitness for water sorption isotherms of commercial S (Sigma) and P (PanReac) and processed 

(50D) alginates. 

Data are presented as mean ± standard deviation. Data value of each parameter with different superscript lowercase letters are significantly different by temperature 

and capital letters by alginate at constant temperature (p ≤ 0.05). *Low φ values indicate a poor adequacy of the model. **With value χ2 ≥ 5.99, the model should 

be rejected (p > 0.95).  

 

Sample S P 50D 

T (K) 293.1 310.l 323.1 293.1 310.1 323.1 293.1 310.1 323.1 

A 12.08±0.84a,B 10.18±0.77ab,B 8.73±0.71b,B 12.46±1.03a,B 10.17±0.96ab,B 8.42±0.91b,B 23.21±1.02a,A 24.38±1.48ab,A 25.28±0.84b,A 

a = A/T 0.041±0.003a,B 0.033±0.003b,B 0.027±0.002b,B 0.043±0.004a,B 0.033±0.003ab,B 0.026±0.003b,B 0.079±0.002a,A 0.079±0.004a,A 0.078±0.005a,A 

r 1.815±0.076A 1.847±0.027A 1.187±0.012B 

φ* 347.5 308.1 1287.5 293.8 183.6 261.3 65.7 319.8 152.8 

χ2** 4.2 3.3 5.4 3.9 5.6 1.1 1.0 0.6 0.1 
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5.9. Preparation and analysis of starchy systems containing alginates 

After the extensive characterization of the alginates, they were incorporated 

into the starchy systems that were studied in this Thesis. Several assays were carried 

out with 1:4 w:w corn starch gels with the addition of up to 2% w/w sodium alginate, 

in starch basis. The five previously analysed alginates were used for these assays (S, 

P, ND, 50D and 90D). In this case, the water retention capacity (WRC) was analysed 

for the starchy systems with and without alginates (procedure described in 

methodology section “3.3.4. Water retention capacity (WRC) of corn starch, 

alginates and HPMC”). The WRC value for corn starch was 0.97 ± 0.04 (g water/g 

d.b.). To calculate the WRC of alginates, the WRC of starch-alginate mixtures was 

measured. These values were found to be higher than those of starchy system alone, 

since alginates retain significant amounts of available water in the formulations 

(Hasatsri et al., 2018).  

The WRC values of the commercial alginates were 12.09 ± 1.08 and 10.16 ± 2.37 (g 

water/g d.b.) for P and S, respectively. For alginates obtained in the laboratory, the 

WRC values were 7.31 ± 0.61, 5.26 ± 0.88 and 3.77 ± 0.18 (g water/ g d.b.) for ND, 

50D and 90D, respectively. For these alginates, a linear relationship (R² > 0.99) was 

observed between WRC and 𝑀𝑀�𝑣𝑣 , suggesting that the water retention capacity 

increases with the length of the alginate polymers. However, this relationship did not 

was observed for commercial alginates, indicating that factors such as the source of 

the alginate, other polymer characteristics (such as average block length or 

mannuronic/guluronic acid ratio), and extraction method may significantly affect the 

physicochemical properties of alginates.  

Rheological tests were carried out into the specific rheometer accessory for starch 

gelatinisation (Couette accessory), into which corn starch gel, either alone or in the 

presence of alginates, was gelatinised. Once the gel was formed, time sweep tests 

were performed to study the gel maturation. Linear viscoelastic regions (LVRs) 

determinations and frequency sweeps to achieve a complete rheological gel 

characterization were performed following the protocol described in methodology 
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section “3.4.4.2. Rheological characterization of starch with alginate”. As main 

result, it was found that the addition of sodium alginates caused important changes 

in the viscoelastic behaviour. After 10 minutes at 95ºC, the elastic modulus (G´) was 

higher than the viscous modulus (G´´), which shows a solid-like behaviour. 

Furthermore, all gels reached constant values of G´ and G´´, indicating the presence 

of fully formed gels in this elapsed time. During cooling, a strong increase of G´ and 

a smaller increase of G´´ was obtained, which indicated a great strengthening of the 

gel. Analysis of the maturation stage at 37ºC gave as result that both moduli 

increased slightly during the first 20 min. In fact, the increases of both modules were 

proportional and, consequently, tan δ varied in a narrow range during maturation. 

On the other hand, it was observed that the effect of the addition of alginates 

significantly decreased the G´ values with respect to that of starch alone at the 

beginning of maturation, although no differences were observed between samples 

with added alginate above 1% w/w. In fact, the increase of elasticity with increasing 

alginate concentration could be expected due to lower available water for gel 

formation by the increase of total dry matter and high WRC of alginates. However, 

at high alginate content the interactions with amylose were less relevant regarding 

water held by alginates and gel rigidity depended straightly on WRCSA. 

However, in the presence of alginate P, G´ had no significant differences with 

samples containing only starch. In general, the rheological characteristics of the gels 

formed with alginates from the same seaweed and with different 𝑀𝑀�𝑣𝑣 (samples ND, 

50D and 90D) did not show significant differences between them. These results 

indicated that the 𝑀𝑀�𝑣𝑣  of the alginate was not critical for the rheological 

characteristics of the starch gels when the alginates had similar nature and extraction 

procedures. However, significant differences were found when different 

concentrations and alginates from different sources were used. In the frequency 

sweeps, carried out within the LVR with a constant strain of 1% and at 37ºC from 0.1 

to 10 Hz, it was observed a solid-like behaviour of gels (G´ > G´´). In general, it was 

observed that G´ decreased and G´´ increased because of the addition of alginates. 

This result is different from the results previously obtained with polyphenols, since 
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the presence of polyphenols decreased both G´ and G´´ moduli. Therefore, the 

viscoelastic characteristic of starch gels can be changed by adding alginate or 

polyphenols. In both cases, weaker gels are formed, but alginates can be used when 

a gel with more viscous behaviour is required, whereas the use of polyphenols 

permits to obtain a less viscous gel.   

Additionally, the microstructure of starch gels with and without alginates was also 

analysed by scanning electron microscopy (SEM), either as a raw material and after 

in vitro chemical digestion with a specific enzyme-containing buffer medium.  

As main result, it was found that the addition of sodium alginates caused important 

changes in the viscoelastic behaviour simultaneously to structural features of corn 

starch gels (the methodology is described in the section “3.4.2. Scanning electron 

microscopy (SEM)”). The presence of alginates created gel structures with elongated 

and unequal cavities in addition to the formation of linear partition walls, thus 

forming an anisotropic spatial network, regardless of the alginate used. Furthermore, 

alginates of different origin and different average viscosimetric molecular weight 

significantly modified the rheological properties with lower elastic modulus values, 

meaning weaker gels. Finally, after analysing the results of in vitro digestion of the 

tested systems (protocol is described in methodology section “3.4.5.1. Conventional 

biochemical method of in vitro digestion starch”), it was determined that the 

presence of alginates in the system gave as result a decrease of the experimental 

hydrolysis kinetic constant (k). However, the addition of alginates resulted in an 

increase of maximum degree of hydrolysis (C∞) from 12.37 ± 0.98 (CS) to 17.22 ± 

0.45 (90D 2%), primarily attributed to the observed rise in slowly digestible starch 

(SDS) fraction. No distinct trends in C∞ were identified concerning the presence of 

alginates or the added amount of sodium alginate. However, the heightened 

digestibility could be linked to specific interactions between the specific alginate and 

amylose and amylopectin molecules. These interactions decreased starch 

retrogradation, facilitating the access of enzymes during digestion. They may also 

account for the obtained results for total digestive starch (DS), SDS, and C∞ with 

alginate addition. Finally, resistant starch (RS) also varied in an interval from 1.36 ± 



Leticia Montes Martínez 
 

140 
 

0.21 (50D 2%) up to 2.58 ± 0.05 (90D 2%) (g/100 g) with significant differences 

between alginates employed. The different interactions of alginate with starch might 

also contribute to the observed results for resistant starch (RS), assessed as the 

remnant starch after 24 h of incubation. Nevertheless, establishing a correlation 

between RS content and molecular weight or alginate content is still a challenging. 

In summary, the slower hydrolysis kinetics may result from the interference of 

alginate molecules in the starch-enzyme interaction. The higher amount of 

hydrolysed starch may be explained by structural changes and reduced retrograded 

starch levels, thus increasing the enzyme accessibility. This phenomenon may also 

be associated with a phase separation phenomenon with increasing alginate content 

favouring more entanglements among hydrocolloid chains (Rosell et al., 2011).  

If the effect of alginates is compared with that observed with the polyphenols 

addition in corn starch systems, it was observed that both type of compounds delayed 

the digestion rate. However, the values of RDS were influenced by the presence of 

polyphenols, whereas this value did not show significant differences with the control 

(starch without alginates) in the presence of alginates. The presence of polyphenols 

caused a significant decrease of the RDS. On the other hand, slowly digestible starch 

increased with the presence of both alginates and polyphenols. Regarding the results, 

it can be concluded that the addition of polyphenols is more appropriate for our main 

objective of reducing the digestion rate and the amount of RDS, to avoid peaks of 

glucose in blood. A more extensive discussion of these results is included in 

Publication 3. 

 

5.10. Preparation and analysis of starchy systems containing cellulose derivate 

A common additive such as hydroxypropyl methylcellulose (HPMC) used 

in starch-derived foods manufactures at industrial scale, was added to starch to 

compare its effect with those previously shown for starch gels with additives of 

marine origin. Considering that the importance of molecular size for alginates was 

previously revealed, it was decided to study three HPMC with different molecular 
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weights (characterised by the range of viscosity values developed in aqueous 

solution at 2% at 20ºC: 40-60, 80-120 and 2600-5600 mPa s). Therefore, the first 

determination performed was the average viscosimetric molecular weight, 

employing the same procedure previously described for alginates. As the Huggins 

and Kraemer and Fedors values obtained for the alginates were coincident, only the 

Huggins and Kraemer method was used in this case. The obtained values for KH 

values were 0.21 ± 0.11, 0.47 ± 0.09 and 0.63 ± 0.03 and the KK values were -0.26 ± 

0.08, -0.08 ± 0.06 and -0.04 ± 0.01, respectively, for the HPMC of 40-60, 80-120 

and 2600-5600 mPa s. The KH and KK values for the studied alginates were in the 

same range and varied in a narrow range from 0.25 to 0.42 and -0.15 to -0.12, 

respectively. The values of both constants could be employed to study the 

interactions between the polymers and solvent. In fact, KH < 0.5 and KK < 0 indicate 

good solvents (strong interactions polymer-solvent), as reported by Funami et al. 

2007. In addition, KH - KK values close to 0.5 corroborates the solvent adequacy for 

a polymer. Our results showed that only high viscosity HPMC slightly diverged (KH 

= 0.63 > 0.5 and KH – KK close to 0.7) from theoretical considerations of good 

solvent-polymer interactions; this fact could be tested out in its low water solubility 

and slow solubilization. Intrinsic viscosity [μ] values were 2.72 ± 0.15, 3.18 ± 0.08 

and 7.21 ± 0.14 dL/g and the corresponding resulting average viscosimetric 

molecular weights, 𝑀𝑀�𝑣𝑣, values were 27.2 ± 1.8, 32.7 ± 1.0, and 82.7 ± 1.8 KDa, 

respectively. For alginates the 𝑀𝑀�𝑣𝑣 obtained were 459 ± 8, 156 ± 2, 428 ± 7, 257 ± 1 

and 133 ± 1 KDa, for P, S, ND, 50D and 90D, respectively.  

The water retention capacity (WRC) was also analysed the same mode it was 

performed on alginates. The value obtained for corn starch was 0.95 ± 0.01 (g 

water/g d.b.), while the values obtained for the different HPMC increased with 

molecular weight from 8.54 ± 0.28 up to 12.97 ± 0.45 (g water/g d.b.). The same 

trend was found between the WRC and average molecular weight of tested alginates 

from 3.77 ± 0.18 up to 12.09 ± 1.08 (g water/g d.b.). In fact, respective linear 

relationships between 𝑀𝑀�𝑣𝑣 and WRC (R2 > 0.99) were obtained for both alginates and 

HPMC. For the characterization of the gel structure of starch in the presence of 
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HPMC, gels stronger, due to higher starch content (30% w/w) was employed than 

those used to study the alginate addition, were analysed to determine the effect of 

HPMC with different 𝑀𝑀�𝑣𝑣  values (labelled as low (L), medium (M) and high (H) 

viscosity) at several concentrations (0.0, 0.5, 1.0, 1.5 and 2.0% w/w). In all cases, 

the addition of HPMC increased the initial and final gelatinisation temperatures. The 

delay in the gelatinisation process could be attributed to the water absorption by the 

added hydrocolloids, which competes with starch for the available water. This 

relationship is supported by WRC results previously obtained, which indicated that 

the starch and HPMC mixtures retained more water than corn starch. During the 

cooling from 90 to 25ºC, the viscoelastic moduli gradually increased with decreasing 

temperature, indicating starch retrogradation. A maturation period at 25ºC showed 

that the gel reached stability in less than 2.5 min. The addition of HPMC accelerated 

this stabilization, especially with HPMC L at 2.0% w/w. Interestingly, HPMC 

slowed down the recrystallization of amylose (responsible of short time 

retrogradation), decreasing initial G´ values at 25ºC when HPMC H at 0.5% w/w 

was added, but an increasing with higher HPMC addition was observed. Maximum 

firmness was observed with HPMC H at 2.0% w/w. Although HPMC generally 

reduced ΔG´ (G´final – G´initial) at 25ºC in the maturation period, variations occurred 

depending on the type and amount of HPMC used.  

In the frequency sweeps of matured gels, it was observed that G´ increased with 

frequency, indicating that the samples, with or without HPMC, are typical weak gels. 

The addition of low and medium viscosity HPMC (L and M) decreased G´ values; 

this same behaviour was previously observed with the addition of alginates and 

polyphenols to starch-water mixtures. However, the addition of high viscosity 

HPMC (H) above 1.0% w/w increased G' values. Also, tan δ < 1 revealed a 

predominance of elastic properties. High HPMC L and M concentrations increased 

tan δ, especially at low frequencies, but both viscoelastic moduli varied 

proportionally with the frequency when HPMC H was added, thus remaining 

constant the damping factor. A more extensive discussion of these results is included 

in Publication 4. 
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5.11. Comparison of the effects produced by polyphenols, alginates and HPMC 

on the elastic behaviour of starch gels 

 For the comparison of starch gels with polyphenols, alginates and HPMC, 

data were normalized with respect to the starch control and the amount of added 

biopolymer. First, the rheology of the gels was compared by focusing on the 

frequency sweep test, since it was carried out for all the starch systems containing 

the biopolymers under study. In addition, this test was considered the most 

interesting to relate the values obtained from each system, since it is the point where 

the final gel is obtained. Since the elastic character is predominant in our systems, 

the values of the G´ at 1 Hz were chosen for the comparison of the results. In most 

cases, the addition of biopolymers reduced the elastic modulus (with some 

exceptions), indicating the formation of a weaker gel. This is explained by the fact 

that the presence of the added biopolymer interferes with the gel structure in the 

cross-linking of starch molecules and the formation of a complete network structure 

within the gel (Wu et al., 2024). In addition, in general, G´ values obtained for each 

sample showed a trend according to which the more biopolymer is added, the greater 

the change. The use of a normalized parameter to evaluate the specific (per mass 

unit) effect of each biopolymer added to starch, labelled as normalized G´ value, and 

evaluated by means of the Eq. (5.6) as a function of the amount of added biopolymer: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐺𝐺´ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =

𝐺𝐺´𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

𝐺𝐺´𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ
𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

 (5.6) 

where G´biopolymer+starch (Pa) is the elastic modulus at 1 Hz from the frequency sweep 

test of biopolymer systems, G´starch (Pa) is the elastic modulus at 1 Hz from the 

frequency sweep test from starch system, mbiopolymer (kg) is the mass of biopolymer 

added and mstarch (kg) is the mass of starch added.  

Figure 5.15 shows all the values of the tests carried out during this Thesis of the 

normalized elastic moduli as a function of the added concentration of the three 

biopolymers used. The normalized G´ value represents the percentage of change of 

G´ value per biopolymer/starch mass ratio. It was observed that, on a double 
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logarithmic plot, experimental data followed an acceptable linear function (R2 > 

0.90). Therefore, it can be concluded that the elasticity of starch gels, given by the 

evaluation normalized G´ parameter, was not depended on the nature of biopolymer 

used (of those evaluated in this Thesis), but depended on the biopolymer 

concentration employed. 

 

 

Figure 5.15. Normalized elastic moduli at 1 Hz as a function of the added concentration of the three 

biopolymers used: polyphenols (red), alginates (blue) and HPMC (orange).  

 

Besides, regarding starch digestion with polyphenols and alginates, both similarities 

and differences were observed. The addition of polyphenols increased the proportion 

of slowly digestible starch and decreased the rapidly digestible starch, as well as the 

rate constant, which resulted in a reduction of the maximum degree of hydrolysis. In 

contrast, the presence of alginate did not result in significant differences in the 

rapidly digestible starch between the control and the alginate-containing systems. 

However, an increase in the slowly digestible starch and the maximum hydrolysis 

degree was observed, along with a decrease of the rate constant and resistant starch 

(in some systems). Since both biopolymers decreased the digestion rate constant, 

data were normalized by Eq. (5.7).  
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ− 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ
𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

 (5.7) 

where RDKR is the relative specific (per mass unit) kinetic rate, kbiopolymer+starch (min-

1) is the kinetic constant of biopolymer systems, kstarch (min-1) is the kinetic constant 

from starch system, mbiopolymer (kg) is the mass of biopolymer added and mstarch (kg) 

is the mass of starch added.  

Since there are only results of digestion of polyphenols and alginates, the study 

focused on the common range of concentrations of these biopolymers that were 

added. Therefore, the evaluated range for both polymers was from 1 to 2% on starch 

basis. As alginates of different molecular weights were tested, an average value of 

the effect on digestion rate constant was determined at each concentration. Thus, for 

the starch gels with 1% alginate the RDKR value was 62 ± 19 and for 2% it was 26 

± 7. In the case of starch gels with the polyphenols, at the same concentrations, the 

RDKR values were 10 ± 1 and 4 ± 1, respectively. In both cases, as the biopolymer 

concentration increased, the enzyme efficiency decreased, since the digestion rate is 

lower increasing biopolymer content. Analysing jointly the found normalized results 

of rheology and starch digestion, it can be concluded that the inhibition of digestion 

with polyphenols or alginates is purely chemical. On the other hand, significant 

differences on the digestion rate with the use of polyphenols or alginates was 

observed, since with 1% biopolymer the inhibition effect of polyphenols was 6.3 

times greater regarding to the alginates effect and for 2% concentration it is 6.0 

higher. In conclusion, the use of alginates or polyphenols modified the elastic 

behaviour of starch in a similar mode, but the inhibition of enzymatic hydrolysis of 

starch in the presence of polyphenols is significantly higher.  
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6. Conclusions 

As a result of the proposed objectives and the experimental work carried out 

throughout this Thesis, as well as the analysis of the results obtained, the most 

relevant conclusions were: 

 The adsorption of polyphenols on starch was enhanced in starch gels in 

comparison to native starch because in the gels the available surface area 

allowing the interactions between starch and polyphenols was considerably 

increased. 

 The addition of polyphenols in the formation of the starch gels decreased its 

elastic character. 

 The polyphenols addition significantly modified the starch digestion giving 

as result a decrease of the digestion rate constant (k) and reduced the final 

concentration of digested starch (C∞). 

 The breads with polyphenols showed greater hardness and chewiness and 

lower cohesiveness and resilience in relation breads without polyphenols. 

Nonetheless, the crumb hardening during storage was less noticeable, 

suggesting the potential integration of polyphenols into gluten-free bread 

formulations to delay the bread aging. 

 The average viscosimetric molecular weight, 𝑀𝑀�𝑣𝑣  (kg/mol), of alginates 

extracted from Ascophyllum nodosum seaweed varied in a wide range from 

133.3 to 427.8 as function of the conditions employed during extraction 

process (mainly drying temperature). Consequently, the molecular size of 

the extracted alginates could be modulated by the conditions employed 

during the drying operation. 

 The rheological properties of sodium alginate solutions extracted and 

isolated under different conditions were significantly different. Solutions in 

the semi-dilute regime showed a shear-thinning behaviour and Cross-

Williamson model was successfully employed to estimate the apparent 

viscosity as function of polymer concentration and temperature employed 

for pellet drying. Liquid-like behaviour was determined by viscoelasticity 
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tests, but alginate solutions with higher 𝑀𝑀�𝑣𝑣 showed a trend to achieve a gel 

point with dissolution temperature. Cox-Merz rule was accomplished for 

alginate solutions at semi-dilute regime, but at concentrated regime steady 

shear viscosities were significantly higher than complex viscosities because 

of its enhanced elastic trend. 

 In relation to hygroscopic character, no significant differences were found 

between tested commercial alginates, but the alginates processed in the 

laboratory showed more hygroscopic character. Halsey model was selected 

to fit successfully the experimental desorption data of alginates from 25 to 

50 °C. A model based on the structural features of alginates was proposed 

and satisfactorily tested to predict the equilibrium moisture content of 

alginates at low water activity values (< 0.4). 

 The addition of sodium alginates caused relevant changes in the viscoelastic 

characteristics and structural features of the corn starch gels with the 

existence of elongated and unequal cavities and the formation of linear 

partition walls that configured spatial anisotropic network. These structures 

were formed independently of the tested alginate content. 

 Weaker gels (lower elastic modulus) were obtained with the addition of 

alginates and their viscous character increased. Stronger gels were obtained 

increasing alginate content when hydrophilic character of alginates added 

was high. 

 The hydrolysis rate of starch decreased with the addition of any alginate and, 

in general, with the amount of alginate with high hygroscopicity. At low 

alginate content, it was hypothesized that complexes were formed between 

alginate and leached amylose (and low 𝑀𝑀�𝑣𝑣 amylopectin). These complexes 

diminished the enzyme action and hindered the enzyme access to the 

remaining starch for its hydrolysis, despite the generation of more open 

structures.  
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 In alginate-corn gels with similar structure, the increase of the viscoelastic 

characteristics decreased the hydrolysis rate of starch. Consequently, the 

hydrolysis rate depended on rheology and structure of gel. 

 Water retention capacity of tested HPMC varied linearly with 𝑀𝑀�𝑣𝑣 of HPMC. 

The temperature of gel point of HPMC solutions was invariant with 𝑀𝑀�𝑣𝑣 (at 

constant substitution degree), but when heavy HPMC was employed an 

aggregation step at temperatures near (below) gel point was observed. 

 The addition of HPMC of low and medium viscosity decreased the G´ 

values, whereas the addition of high viscosity HPMC above 1.0% w/w starch 

basis increased the G´ values. High concentrations of low and medium 

viscosity HPMC increased the damping factor (tan δ), especially at low 

frequencies, but both viscoelastic moduli varied proportionally with 

frequency when high viscosity HPMC was added, so tan δ remained 

constant. 

 Rheology and digestibility tests of starch gels with polyphenols, alginates 

and HPMC performed during this Thesis were analysed together. Starch gels 

elasticity, given by the evaluation of the normalized elastic modulus, did not 

depend on the nature of the biopolymer, but rather depended on the 

concentration of biopolymer used. However, in the case of the addition of 

polyphenols and alginates, as both biopolymers concentration increased, 

slowed down the corn starch digestion rate. Enzymatic inhibition effects of 

polyphenols were significantly greater (around 6 times) than those observed 

with alginates when both polymers were added at the same content (1 or 

2%).
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The high demand for gluten-free products has encouraged the 
interest in improving their nutritional composition, especially due 
to the relationship between type-1 diabetes and celiac disease, as 
gluten-free diets are usually rich in carbohydrates and low in 
protein, ibre and trace elements. This Thesis investigates how 
polyphenols extracted from brown seaweed (Ascophyllum 
nodosum) can inhibit starch digestion in gluten-free products. It 
was observed that the elastic characteristics of starch gels and the 
starch digestibility decreased with polyphenols addition. Also, the 
addition of alginates and HPMC was evaluated, inding that 
alginates increased the viscoelastic characteristics and decreased 
the hydrolysis rate of starch, whereas rheological changes 
depended on the average molecular weight of HPMC. 
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