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Abstract 

Hydrogels have a complex and heterogeneous structure and organisation, making them 

promising candidates for applications in the biomedical, pharmaceutical and cosmetics 

industry. Starch is a particularly attractive material for producing hydrogels due to its 

low cost and biocompatibility, but the structural dynamics of polymer chains within 

starch hydrogels are not well understood, which has limited their development and 

utilisation. We employed a range of NMR methodologies to probe the structural 

organisation of these systems on various length scales, investigating the internal 

dynamics and intercomponent interactions within these heterogeneous systems. We 

report on a new level of structural organisation within starch gels – namely, highly 

dynamic solvated starch chains. Our findings provide new insights into the 

rationalisation of structure-function relationships governing the micro- and macroscopic 

properties of hydrogel assemblies.  

Physiologically, starch hydrolysis by a-amylase occurs in several places in the human 

body and involves host’s salivary and pancreatic a-amylase enzymes, as well as 

amylolytic enzymes of bacterial origin. There has been some research on the impact of 
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starch on the gut microbiota, but not much is known about the structure-function 

relationships governing starch hydrogels’ interaction and impact on the full extent of 

the gastrointestinal tract (GIT).  

We demonstrate a quick and easy method for the preparation of pharmaceutical 

excipients from easily accessible materials, and their ability to provide targeted release 

of orally administrable physiologically relevant small molecules in the colon, with 

minimal to no release in the upper GIT. Our work provides important insights into the 

role and function of starch hydrogel structure on its drug delivery properties, probing 

guest-host interactions, and elucidating starch gels’ interaction with the human GIT. 

These insights provide important knowledge for the development of superior orally 

administrable targeted drug delivery systems with auxiliary physiologically relevant 

properties. 
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Chapter 1: Introduction  

1.1 Project Overview and Summary 

Starch is an easily accessible, renewable, and environmentally friendly material, and a 

pivotal part of the human diet. Coupled with its broad range of rheological, 

physicochemical, and biochemical properties, starch has been extensively utilised in the 

food and beverage, structural, cosmetic, pharmaceutical, and biomedical industries.1  

Starch is synthesised by photosynthetic plants as their main storage carbohydrate, and 

is stored in seeds, rhizomes, roots, and tubers in the form of granules, featuring semi-

crystalline structure and organisation. The size and morphology of starch granules is 

specific for each plant species, and their properties have been shown to be dependent 

on the plant’s growth and harvesting conditions. Starch granules’ internal structure and 
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organisation share a great degree of similarity between botanical sources, being 

comprised of growth rings, blocklets, and crystalline and amorphous lamellae, resulting 

in their semi-crystalline architecture.1  

Starch exhibits the ability to associate into a range of semi-crystalline forms, and form a 

variety of hydrogels and aggregated structures as a result of a range of processing 

conditions. Despite its high degree of utilisation in a number of industrial processes, 

there are still gaps in our understanding of the structure-function links underpinning 

starch aggregates’ physicochemical properties.  

This project aimed at furthering our knowledge of how starch structure influences its 

ability to form hydrogels and to probe the inter-component interactions within these 

heterogeneous soft matter systems, governing their bulk and molecular-level 

properties. Furthermore, this work aimed at unravelling how the structure of starch 

hydrogels impacts their physicochemical properties and behaviour in the human 

gastrointestinal tract (GIT). We aim to achieve this using a combination of established 

and novel techniques, with an emphasis on solid- and solution-state, as well as high-

resolution magic angle spinning (HR-MAS) nuclear magnetic resonance (NMR) 

spectroscopic methods. We  probe starch hydrogels’ structural arrangements on a range 

of scales – from macromolecular, to nuclear-level, and to follow the changes they 

experience under the influence of individual components of the GIT, such as 

endogenous amylolytic enzymes, as well as ones of commensal bacterial origin. This was 

followed by exploring starch hydrogels’ viability as orally administrable drug delivery 

platforms, for targeted release in the large intestine, under simulated conditions, 

exploring the pharmacokinetic profile of a range of small guest molecules, and linking 
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these data to the structural changes starch hydrogels undergo as they traverse the 

entire length of the human GIT.  

1.2 Botanical Origin of Starch Granules 

Starch is the major energy storage carbohydrate in plants. Most higher plants deposit 

starch in their leaves, in plastids (such as chloroplasts) in the form of transitory starch, 

during the day to support growth during the night; and in non-photosynthetic plastids 

(such as amyloplasts) in seeds and vegetative storage organs, in the form of storage 

starch. 2 

The process of starch synthesis is widely conserved among different plant species and 

for the most part, involves three sets of enzymes – starch synthase enzymes (SSs), starch 

branching enzymes (SBs), and starch debranching enzymes (SDBs). 2 Outside of starch 

synthesis within the endosperm, once sucrose enters cells in the plant storage tissue or 

organ, it is converted to glucose 6-phosphate inside the cell’s cytosol, with fructose, 

UDPglucose and glucose 1-phosphate as intermediates in this conversion process. 

Glucose 6-phosphate is transported inside the cell’s plastid via the action of glucose 6-

phosphate transporters, where it is converted to ADPglucose, via ADPglucose 

pyrophosphorylase and phosphoglucomutase. ADPglucose acts as the substrate for the 

polymerisation-type reaction which results in the elongation of glucan chains in the 

process of starch synthesis. Starch synthesis in the endorsperm of cereal crops, such as 

maize, occurs almost entirely in the cell’s cytosol, where the synthesis of ADPglucose is 

carried out by a cytosolic form of AGPase, and the product of this reaction – ADPglucose, 

is transported into the plastid via nucleotide transporter system (Figure 1.1). 3  
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Figure 1.1: Graphical representation of the starch synthesis pathways in plant storage 

tissues and organs, adapted from Smith (2008). 4 

The exact mechanisms involved in the above processes are not very well understood, 

but the current scientific consensus is that it involves at least five different classes of SSs 

(SS I-IV and granule-bound starch synthase enzyme GBSS), and two classes of both SBs 

and SDBs.5–8 SS IV has recently been linked to starch granule initiation.9 GBSS has been 

linked to synthesis of amylose directly inside the developing starch granule, where it is 

outside of the reach of SBs. Amylopectin synthesis, on the other hand, is largely 

dependent on the action of SSs, where SS I synthesises short (up to degree of 

polymerisation, DP, of ≈10) chains, which are then elongated by the action of SS II and 

III 10 The α(1-6) branching in amylopectin molecules involves the action of SBs, which 

have been shown to cleave existing α(1-4) linkages and translocate them to a donor site 

by forming α(1-6) glycosidic bonds. Proper amylopectin synthesis further involved the 
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action of α(1-6)-specific SDBs (a.k.a. isoamylases I-II), which allow for the cleavage of 

mislocated and/or misshaped amylopectin branches. 2,11–18 

Unlike the relatively well-understood pathways involved in the synthesis of individual 

amylose and amylopectin molecules, there are still gaps in our knowledge on the 

mechanisms responsible for the complex architecture of starch granules, from 

nucleation to propagation and growth. 2 

1.3. Starch Granule Composition, Organisation and Crystallinity 

1.3.1 Starch Granule Composition  

Native starches from most botanical sources contain 15–30% amylose and 70-85% 

amylopectin, with the ratio of amylose being slightly higher in pulse starches, compared 

to tuber ones. The amylose and amylopectin content has also been shown to vary 

greatly, depending on individual cultivars, with some mutant species containing 

essentially 100% amylopectin (e.g., waxy maize and waxy potato) and other ones 

containing up to 80% amylose (e.g., amylomaize, Hylon VII®, Hi-Maize® and Gelose 80). 

The two polysaccharides comprise up to 98–99% of the dry weight of native starch 

granules, with the remainder being predominantly surface and internal lipids 19,20, 

proteins (both loosely associated storage proteins, and granule-associated proteins) 21, 

esterified phosphates and trace minerals (of up to 0.1% of the overall weight of 

granules), all of which can have an impact on the functional properties of the given 

starch. 22–25  Out of all of these, quantitatively, lipids have the most significant impact on 

starch granule organisation and properties, such as the granule’s susceptibility to α-

amylase digestion being influenced by the formation of amylose-lipid complexes, 

resistant to amylolytic degradation. 26–33  
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Amylose is a predominantly unbranched structure made up of 600-6000 glucose units, 

linked primarily through α(1-4) bonds, resulting in an average molar mass of up to 105–

106 g mol−1 (or Da). 19,27 The size of the largely linear polymer is more often reported as 

its degree of polymerisation (DP) than as molecular weight, with the exact size varying 

between botanical sources and growing conditions. Generally, amylose has a number-

average degree of polymerisation (DPn) of 1,000 – 10,000 units and weight-average 

degree of polymerisation (DPw) of 1,000 to 7,000, forming a structure composed of 3–

12 chains, with an average chain length (ACL) of 200–700 glucosyl residues per molecule. 

19,27 Less than 0.5% of the glucose units in amylose molecules feature α(1-6) linkages, 

giving rise to amylose’s characteristic highly linear overall architecture (Figure 1.2). 27,28  

 

Figure 1.2: Structural representation of part of the linear amylose polysaccharide, with 

the anhydroglucose monomers given in the chair conformation.  

It has been demonstrated that amylose chains in native granules are organised 

predominantly in single helical and random coil conformation, with only a small fraction 

involved in the formation of double helices. 29,34,35 Solubilised amylose has been 

documented to be able to form parallel packed, left-handed double helices, which 

organise in a V-type amylose helical packing when complexed with predominantly 

hydrophobic moieties. The V-type organisation and dimensions have been shown to 
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differ slightly depending on the complexing guest molecules, which are located within 

the hydrophobic core of V-amylose helix. 36 It has also been shown than this amylose 

organisation can also form without the presence of a complexing agent under the 

correct crystallisation conditions. 37 The most well-documented V-type amylose complex 

is the one formed in the presence of iodine, which gives rise to a complex with a 

characteristic deep blue 38,39, resulting from the alignment of iodine in the amylose 

helical groove, facilitating a change in the relay of electrons within the polyiodide ions 

(usually in the form of I-
3). Other common complexing ligands are short- and medium-

chain fatty acids, flavour compounds and alcohols. The formation of these V-type 

complexes has been suggested to be driven by the lower stability of the amylose single 

helical structures, compared to the stability of the complexes. 40  

Cross-sectional studies of starch granules of various botanical origin have shown that 

the concentration of amylose increases towards the edge of the granule, with the 

peripheral molecules exhibiting lower CL values, compared to the ones observed in the 

granular centre, making the former easier to be leached out than the latter during 

hydrothermal treatment of starch (more on starch processing further down). 41,42 In light 

of these observations, it has been hypothesised that the shorter CL amylose molecules 

located predominantly near the surface of granules are in single helical conformation, 

whilst the greater CL ones near the centre of granules are in double helical one or in 

further association with amylopectin molecules. 34  

Amylopectin is the other major component comprising the starch granule, with a highly 

branched architecture. It features multiple α(1-6) bonds (up to 5% of its total number of 
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glycosidic linkages, Figure 1.3), with the location and length of branches exhibiting great 

variability, depending on botanical source. 27,29,43 

 

Figure 1.3: Structural representation of part of the branched amylopectin 

polysaccharide, with the anhydroglucose monomers given in the chair conformation. 

Compared to amylose, amylopectin is a much larger molecule, with a much greater DPw 

of up to and sometimes exceeding 1,000,000, DPn of 4,800–15,000, molar mass as high 

as 107–109 g mol-1, and ACL of only 18–29 glucose residues. 44–46 It has been shown that 

the ACL amylopectin molecules in high-amylose starches, such as amylomaize, Gelose 

50 and Gelose 80 can be unusually high. 47–51  

The currently accepted model of the amylopectin architecture is based on the early 

works of Hanashiro et al.52, which pointed towards amylopectin having a cluster-type 

(or tree-like) organisation with several longer chains and many more shorter chains 

branching out of  them.  



18 
 

The amylopectin chains can be broadly divided in two types – short, containing 6–36 

residues and long chains, made up of more than 36 residues. Amylopectin chains may 

also be classified according to their pattern of substitution, where A chains are 

unsubstituted, B chains are substituted by other chains, and there is a single C chain (per 

amylopectin molecule), structurally similar to B-type chains, carrying the reducing end 

(a.k.a. the ‘backbone’, Figure 1.4)27,53,54. The majority of A chains have been shown to 

form the external branches, whilst B ones – both external and internal chain regions 

(termed B1 and B2, respectively), with external ones having greater ACL, compared to 

internal chains. The external chains, A and B1 have been documented to be able to form 

double helical structures within starch granules, which impacts on the crystallinity type 

of starch granules (A- B- or C-type crystallinity,). 19,29  

 

Figure 1.4: Schematic representation of the amylopectin polysaccharide featuring its 

characteristic α(1-4)- and α(1-6) linkages, with its characteristic nomenclature, adapted 

from the works of Hizukuri and Bertoft et al. 53,55 

According to synchrotron radiation X-ray microdiffraction data on the granular 

morphology of starches, the amylopectin double helices in crystalline lamellae are not 

uniform in directionality, but instead are radially oriented, i.e., they are perpendicular 

to the granular surface.56 Interestingly, advanced molecular modelling simulation 

techniques have pointed towards the energetic stability and feasibility of certain 
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internal chain length (ICL) values of amylopectin to lead to the folding of the molecules 

onto themselves, resulting in a parallel-type double helical structure. Such observations 

have led to the notion that some ICL may have a significant impact on the degree of local 

crystallinity within starch granules, and that CL and amylopectin branching pattern have 

a determining effect on the physicochemical properties of the starch in question. 34  

1.3.2 Starch Granule Organisation and Crystallinity 

Native starches can be broadly classified in accordance with their predominant 

crystallinity pattern, as observed under powder X-ray diffraction (PXRD), i.e., A-, B-,  C-, 

or V-type (Figure 1.5), where A-type is largely observed in grains, B-type – in tubers and 

high-amylose grain mutants, and C-type – exhibiting characteristics of both A- and B-

type – in pulses. 57 These crystalline patterns have been shown to be arising largely from 

the association between the external branches (A and B1, Figure 1.4) of several 

amylopectin molecules. 43,58 

 

Figure 1.5. A-, B-, C- and V-type powder X-ray diffraction patterns from starch granules, 

adapted from the works of Zobel et al. 59 

A-, B- and C-type crystalline polymorphs vary in their space group types and unit cell 

dimensions, resulting in differences in the internal density of their helical arrangement.  

The A-type allomorph unit cell has a B2 monoclinic space group and dimensions of a = 

2.083 nm and b = 1.145 nm; and B-type has a P61 hexagonal space group and unit cell 
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dimensions of a = b = 1.851 nm (Figure 1.6). V-type crystallinity arises largely from 

amylose chains forming parallel packed, left-handed double helices, which organise in a 

unique helical packing, the dimensions of which differ from the above three crystalline 

polymorphs. 40 

 

Figure 1.6: Visual representation of the double helical packing organisation of A- and B-

type crystalline polymorphs, with the unit cell dimensions (a and b) underneath.  

These differences lead to the double helices in the A-type polymorph being more 

compactly organised, whilst the B-type ones are more open, featuring a hydrated helical 

core (Figures 1.6 and 1.7), where the former contains 8 and the latter – 36 water 

molecules per unit cell, respectively.19,29,60,61 Furthermore, the double helical 

organisation in A-type starches has been shown to adopt a two-fold packing symmetry, 

giving rise to three distinct residues per helical turn, whilst B-type starches have been 

shown to exhibit a three-fold packing symmetry, producing two residues per turn. The 
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C-type polymorph can be expected to have intermediate density of packing, given it 

features structural elements of both A- and B-types.58,62,63 

 

Figure 1.7: Visual representation of the double helical packing in the A- (left) and B-type 

(right) crystalline polymorphs in starches, adapted from the works of Tester et al.19 

It is established that short-range order structures, such as glucan double helices, 

associate into long-range order organisations (i.e., crystallites). 57 Native starches exhibit 

a great variability in their degree of long-range order (a.k.a. crystallinity), with typical 

values ranging from 15 to 45%, with lower levels being symptomatic of high-amylose 

starches, such as amylomaize, Hylon VII, Hi-Maize64, whilst higher levels being 

characteristic of high-amylopectin ones, such as waxy maize. This has served as the basis 

for the hypothesis that amylose plays a role in the disruption of crystallinity established 

through the association of amylopectin molecules. It is important to note, however, that 

this correlation between glucan composition and long-range order lacks linearity, where 

two starches with comparable amylose content may have different degree of 

crystallinity. 65–67 Aside from their crystallinity, starch granules have further been shown 
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to vary in their degree of short-range order (with some botanical species exhibiting 20-

25% crystallinity have been shown to possess 35-45% short-range order), as probed by 

1H-13C CP/MAS NMR, suggesting that not all helical arrangements in starch granules are 

organised into crystallites (Table 1.1). 64,65,68 

Table 1.1: Crystalline and molecular order of native starch granules, adapted from the 

works of Gidley and Cooke. 65 

 

Starch granules exhibit a hierarchical structure, defined by a collection of concentric 

layers (a.k.a. growth rings) of progressively increasing diameter, growing out from the 

granule centre (a.k.a. the hilum) and in the direction of the granular periphery (Figure 

1.8).  
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Figure 1.8: Graphical representation of the starch granule (left), featuring its centre of 

growth (a.k.a. the granular hilum) and its characteristic alternating semi-crystalline and 

amorphous growth rings (right), adapted from the works of Donald et al.69, Buleon et 

al.70 and Vamadevan and Bertoft. 29 

At present, there are two largely accepted models of the internal granule organisation 

– the cluster model and the building block model (Figure 1.9).1  
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Figure 1.9: Amylopectin organisation within the semi-crystalline growth rings in starch 

granules, according to the cluster model (left), and the building block model (right). 

Adapted from the works of E. Bertoft. 1 

Across both models, it is generally accepted that the hilum is predominantly of 

amorphous nature. The growth rings are typically 100–400 nm in thickness and are 

comprised of multiple successive areas of increased (i.e., semi-crystalline) and 

decreased (i.e., amorphous) density. The semi-crystalline growth rings are organised in 

a lamellar fashion (9-11 nm in thickness, as evidenced by small angle X-ray scattering, 

SAXS), where the crystalline layers are primarily comprised of chains of amylopectin 

packed into a crystalline lattice, and the amorphous layers – predominantly of 

amylopectin branching points, along with disordered amylose and amylopectin 

molecules (Figure 1.9). 34,71 It has been shown, however, that effectively amylose-free 

starches, such as waxy potato and waxy maize, also possess the aforementioned 

amorphous regions, indicating that in those cases – it is amylopectin that is the primary 

composite of these regions. 29,72 The two models are somewhat similar, where the 

primary difference lies in that in the cluster model, the longer amylopectin chains which 
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interconnect the shorter ones organised in clusters, traverse the border between the 

amorphous and crystalline lamellae, whereas according to the building block model, the 

longer amylopectin chains are exclusively localised within the amorphous lamellae. 1 

Data obtained from AFM, SEM and other non-microscopy analyses suggests that there 

is an intermediate semi-crystalline arrangement existing in-between the 

aforementioned growth rings and amylopectin lamellae. Asymmetric individual 

blocklets (Figure 1.10) with diameter ranging from 20 to 500 nm (depending on the 

botanical source of the starch) and axial ratio of approximately 2.5:1, have been 

documented to exist in both the semi-crystalline and amorphous granule rings, with 

smaller blocklets (20–50 nm in diameter) being located primarily in the amorphous 

growth rings and larger ones (50–500 nm in diameter) – in the semi-crystalline 

rings.34,60,73–75 These observations have given rise to another model – the blocklet model 

of Gallant et al., which is compatible with the previous two models described. According 

to the blocklet model, starch granules are made up of blocklets, where larger blocklets 

form the semi-crystalline (i.e., hard) layers, and smaller blocklets – the amorphous (i.e., 

soft) layers of the granule. Blocklets, in turn, are made up of interchanging amorphous 

and crystalline lamellae, similar to the previous two models (Figure 1.9).1,34,56,76–79 
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Figure 1.10: A graphical representation of the blocklet model of starch granule 

organisation, adapted from the works of Baldwin et al. 76 

Another model proposed by Waigh et al.80, is based on the smectic to nematic to gel 

transitions in liquid crystals. This model accounts for evidence obtained by SAXS, SANS, 

DSC and 1H-13C CP/MAS NMR spectroscopy, as well as AFM and SEM. According to the 

side-chain liquid crystalline (SCLC) model of starch, amylopectin molecules in the 

amorphous regions of granules act as spacers, which link helical crystallites into cluster 

units (a.k.a. mesogens). On hydration, these spacers gain flexibility, which allows for 

alignment of helices and increase in overall crystallinity, which is in agreement with the 

observations of Bogracheva et al.57,81 on starch crystallinity at various hydration levels. 

The SCLC model also accounts for the phase transitions between nematic, smectic and 
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gel states, on hydrothermal treatment of starch (Figure 1.11). This is a two-stage process 

in the presence of excess water, which commences with the slow dissociation of helices 

in a side-by-side fashion, followed by helical unwinding.  

 

Figure 1.11: Side-chain liquid-crystalline model of starch and the structural transitions it 

undergoes on hydrothermal treatment. Adapted from the work of Waigh et al. 80 

1.4. Industrial Significance and Utilisation of Starch 

1.4.1 Starch as Food 

Starch is one of the most important components in our diet, as well as being used in a 

wide range of biomaterials. It serves as a fundamental energy reserve in higher plants 

and is of great significance to human nutrition and health. Providing an easily 

metabolised source of glucose, starch is a pivotal food macronutrient contributing 50–

70% of the average caloric intake in Western populations, and up to 90% of the caloric 

intake in populations in developing countries.82 Historically, it has played a fundamental 

role in human evolution and societal development, as an easily farmable and available 

agricultural source of energy.83–86  

As a fundamental macronutrient in our diet, metabolism of starch is of great scientific 

interest, due to its numerous health consequences and possible medicinal applications. 

Over the past several decades, there has been an undeniable increase in food-related 
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diseases, such as type 2 diabetes mellitus, cardiovascular disease (CVD), coronary heart 

disease (CHD), obesity and others, largely due to the increased availability of rapidly 

digestible foods, contributing to irregular glycaemic response (the blood glucose and 

subsequent insulin spike, following ingestion of sugary foods) across populations from 

developed countries.87–92 This, along with factors, such as the world’s increasing 

population, rising competition for arable land, standards of food quality, climate change, 

and the need for new renewable functional materials have served as a driving force for 

the need to increase the efficiency and quality of food production.93 This, however, 

requires increasing and improving our knowledge and understanding of the structure–

function relationships of major food constituents of the modern day human diet. Around 

60% of the global annual production of starch is utilised in the food industry for the 

manufacturing of a variety of food items, such as baked goods, confectionery, sauces 

and soups, snacks, fat replacers, coffee creamers, baby food, meat and beverage 

products; and 40% – in the pharmaceutical, agricultural, paper, textile, oil and 

structuring material industries (biodegradable bioplastics, cement, adhesives, building 

materials).27,94–97 Despite being synthesised by all higher plants, starch for the purposes 

of food, is largely sourced from a small selection of crops, such as maize, wheat and 

tapioca, and to a lesser extent – rice, barley, sorghum, mung bean and potato.47,98  

Even though the primary purpose of starch in the food industry is for the production of 

starch-based good, such as breads, pasta and cereals, starch is also extensively utilised 

as an additive for its functional impact on food properties, such as gelling and pasting. It 

is a common ingredient in soups, sauces, low-fat foods (as a fat replacer), spreads and 

dressings, due to its texture- and flavour-enhancing capacity. For these purposes, starch 

is often subjected to chemical modification (most often in the form of esterification and 
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cross-linking) in order to improve some of its desirable physicochemical properties, such 

as decreasing its susceptibility to syneresis.47,98 

1.4.2 Starch in the Pharmaceutical and Biomedical Industry 

Starch has also found a wide range of applications in the pharmaceutical and biomedical 

industries, primarily due to its green sourcing, biocompatibility, biodegradability, 

hydrophilicity, swelling, gel- and film-forming capacities, digestibility by human GIT 

enzymes, and relatively straightforward derivatisation.99 Starch has been extensively 

used in numerous drug delivery vehicles, predominantly in its native and esterified 

states and in a combination with other carbohydrate polymers (e.g., 

carboxymethylcellulose and hydroxypropyl methylcellulose100, pectin101, gums102), 

which have been shown to offer good in vivo excipient performance. By modifying 

factors influencing starch’s swelling capacity and hydrophilicity, pharmaceutical 

companies have been using starch in a host of roles, such as a binder, disintegrant, 

matrix-former and encapsulating material, in the design of drug delivery matrices with 

superior pharmacokinetic properties.103 Physical (e.g., thermal, hydrothermal, pressure) 

and chemical (cross-linking, functional group introduction and interconversion) 

modifications for pharmaceutical and biomedical uses are aimed at attaining the optimal 

starch excipient structure possessing desirable functions, depending on the mode of 

drug administration, distribution, and metabolism, i.e., transdermal, respiratory, gastric, 

intestinal, or colonic. For example, amorphous spheres have been used in the 

administration of aviscumine – a type II ribosome-inactivating N-glycosidase used for its 

ribotoxic properties on the 28S ribosomal subunit in the treatment of melanoma-related 

neoplasias104;  and more crystalline, gastro-resistant forms of starch have been cross-
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gelled with pectin, guar gum, methacrylic and polylactic acid, and employed as sustained 

release solid dosage forms (SDF) with targeted drug distribution and metabolism in the 

small and large intestine.101,105–107 Furthermore, starch in its native, gelatinised and 

retrograded forms has been employed in the pharmaceutical formulation of topical 

creams, emulsions and suspensions for transdermal delivery of physiologically active 

molecules.108 

There are many other industrial applications of starch, such as its use as a bulking agent 

and in the formulation of adhesives in the paper and packaging industries109,110, with 

other uses in the textile and building materials industries detailed elsewhere.111 

1.5. Human Gastrointestinal Physiology and in vitro Models of Human Digestion 

In order to develop functional foods with health-promoting properties and next 

generation, highly tailored orally administrable drug delivery vehicles, it is important to 

have a detailed understanding of the human GI physiology. The human upper GIT can 

broadly be divided into three stages: the oral stage, characterised by mastication and 

salivary amylase; the gastric stage – featuring gastric peristalsis, gastric pepsin and 

lipase; and the small intestinal stage – featuring pancreatic enzymes (amylase, trypsin, 

chymotrypsin, lipase) and bile salts.112 

Animal models (most often porcine113) and in vitro methods of upper GIT digestion are 

arguably the most advanced current tools for understanding the physicochemical 

changes foods and drug delivery platforms undergo as they travel through the human 

GIT.114 There are several types of in vitro methods of upper GIT digestion, which can 

broadly be classified into two categories – dynamic and static, where these differ 

predominantly in the enzyme/substrate ratio and pH, where these are constant in the 
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static models, and change in the dynamic models. Both models have been shown to be 

of great utility in the food and pharmaceutical industries.114–116 Unlike the dynamic 

models of in vitro digestion, which often require complex and expensive equipment, 

static models are relatively straightforward and require minimal setup. At present, the 

most widely accepted method of adult human upper GIT digestion is the INFOGEST 

method112, which involves mimicking all three stages of the human upper GIT in 

succession (Figure 1.12), with enzyme activities, enzyme and electrolyte concentrations, 

pH and substrate transit times all defined on the basis of existing in vivo physiological 

data.114 The method involves mixing the substrate with buffered electrolyte solutions 

with set pH (simulated salivary fluid, SSF, pH 7; simulated gastric fluid, SGF, pH 3; and 

simulated intestinal fluid, SIF, pH 7, Figure 1.12) in succession, and GI enzymes, 

mimicking the transit of foods and pharmaceutics from the oral cavity to the small 

intestine.  

 

Figure 1.12: Overview of the INFOGEST method of upper GIT in vitro digestion. Adapted 

from Brodkorb et al. (2019).114 
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1.6. Starch in the Human Gastrointestinal Tract 

Across the upper human GIT, starch is exposed to the cumulative action of human 

salivary and pancreatic α-amylases, as well as α-amylolytic enzymes of commensal 

bacterial origin in the colon. α-Amylases (a.k.a. glycoside hydrolase clan H, family 13, 

GH-13) are the primary starch hydrolysing enzymes throughout the mammalian world. 

In most mammals, there are three isoforms of α-amylase produced – salivary, as well as 

two forms of pancreatic α-amylase, which are structurally very similar.117 Salivary α-

amylase provides initial partial cleavage of starch into shorter oligomers. Some starch 

hydrolysis may continue in the gastric phase (i.e., stomach) of the human GIT, prior to 

reaching the small intestine, where it is extensively hydrolysed by pancreatic α-amylase 

in the small intestinal lumen. The resulting mixture of oligosaccharides diffuses through 

the brush border membrane, where additional α-glucosidase enzymes degrade the 

products of starch digestion into glucose, which is transported to the blood stream by 

specific glucose transporters.118 

The α-amylase family has a (β/α)8 barrel (a.k.a. triose-phosphate isomerase, TIM) 

catalytic domain, defined by a symmetrical arrangement of eight inner parallel β-

strands, surrounded by eight α-helices. Whilst there is little homology strictly conserved 

across the entire amino acid sequence of mammalian α-amylases, most share a high 

degree of similarity of their super-secondary (folded) protein structure, made up of 

three domains – domain A and B, stabilised through a divalent Ca2+ ion, along with a 

more loosely associated domain C. Most mammalian α-amylases have a highly 

conserved  amino acid sequence comprising their substrate binding and catalytic sites, 

defined by 7 amino acid residues – Asp96, His101, Arg195, Asp197, Glu233, His299 and 
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Asp300, with Asp197, Glu233 and Asp300 comprising the catalytic triad (Figure 1.13).119–

121  

 

Figure 1.13: Human pancreatic α-amylase structure (1hny, PDB) with orientation 

towards the active site into the (β/α)8 barrel domain, with the amino acid residues 

involved in the catalytic hydrolysis and substrate binding shown in teal, the catalytic Cl- 

shown in pink, α-helices shown in orange, β-sheets in brown, and loops in yellow. Inlay 

showing a close-up version of the active pocket. Visualised using PyMOL software 

package.  

The catalytic activation in α-amylases is an example of acid-base catalysis. It is facilitated 

by a deprotonation of a hydroxyl residue in the catalytic pocket by Cl-, facilitating a 

nucleophilic attack by aspartate and glutamate, forming a covalent intermediate (Figure 

1.14).117,122,123  
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Figure 1.14: Schematic representation of the proposed mechanism of starch hydrolysis 

by pancreatic α-amylase, initiated by a nucleophilic attach by a deprotonated aspartate 

residue onto the primary carbon of an anhydroglucose monomer, followed by formation 

of an intermediate, and finalised by deglycosylation. As seen in the work of 

Brayer et al.118 

Human pancreatic α-amylase is an example of an endo-acting enzyme, hydrolysing 

internal bonds of the substrate – linear regions of amylose and amylopectin, resulting in 

the production of shorter oligosaccharides as intermediate products, and maltose and 
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maltotriose as end-products of starch hydrolysis. Crystallographic data of porcine 

pancreatic α-amylase has shown the existence of 5 substrate (i.e., glucose monomer) 

binding sites in the active site, allowing for the correct positioning of the substrate, prior 

to hydrolysis of the glycosidic bond linking glucose residues 3 and 4 (Figure 1.15).124 

Kinetic studies have shown that substrate binding is self-perpetuated, where glucose 

binding in one of the domains increases the strength of binding in the following (ΔG 

changing from -5 to -16 kJ/mol), with the exception of subsite 3, featuring the weakest 

(i.e., least energetically favourable) binding (ΔG = +17.6 kJ/mol), resulting from 

conformational distortion of the glucose ring, prior to cleavage (Figure 1.14).117,125 

 

Figure 1.15: Substrate binding sites (light grey) at the active centre of mammalian 

pancreatic α-amylase. Glycosidic bond hydrolysis occurring between glucose residues 3 

and 4 (glu3 and glu4, dark grey), facilitated by the catalytic triad of Asp197, Glu233 and 

Asp300. Adapted from Butterworth et al.117 

Mathematical models applied to the context of starch hydrolysis by α-amylase have 

been reviewed extensively elsewhere126–128, where what is relevant for this work is that 

starch fractions able to resist upper GIT amylolytic degradation, termed resistant starch 

(RS), can reach the large intestine where they are degraded by the cumulative action of 
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commensal bacterial amylolytic enzymes.82,129–131 RS has been shown to have important 

health-promoting effects, through its impact on the production of short-chain fatty 

acids, nitrogen metabolism and gut health homeostasis.86 The term RS was originated 

by Englyst et al. in 1982132, initially identifying three different types of RS86, whereas 

today this number has increased to five (RS I – V).130 These have been reviewed 

extensively elsewhere130,133,134, where for the purposes of this work, RS III – gelatinised 

and subsequently retrograded starch, and RS V – helical amylose complexed with lipids 

and other small molecules, would be the ones in focus.  

1.7. Hydrothermal Treatment of Starch 

The ability of starch granules to solubilise, absorb water, swell and retrograde are of 

great significance to many industrial processes. The most widely utilised method of 

starch processing is its hydrothermal treatment, where starch is heated in the presence 

of water, resulting in significant structural changes. When heated in excess water (>55% 

w/v), the insoluble native granules undergo an endothermic transition initiated by water 

entering the amorphous parts of granules, causing them to swell, expand and destabilise 

the crystalline regions. This proceeds with further granular swelling, melting of the 

crystalline regions, breaking of hydrogen bonds and disassociation of double helices, and 

ultimately resulting in the collapse of the granular organisation, granule breakdown, 

amylose and some amylopectin leaching into the surrounding liquid/solvent phase, 

collapse of the molecular and double helical order, as evidenced by X-ray diffraction, 

small angle X-ray scattering (SAXS), and 1H-13C cross polarisation magic angle spinning 

(CP/MAS) NMR.45,65,98 The formation of granule ghosts – remnants of the starch granule, 

has been documented to form the discontinuous phase, whereas the leached amylose, 
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and to a lesser extent amylopectin molecules, forming the continuous phase.135,136 This 

entire endothermic process is termed starch gelatinisation, in which water acts as a 

plasticiser, and its completion is also evidenced by the loss of birefringence of starch 

granules (i.e., loss of Maltese crosses), as evidenced by polarised light microscopy.137,138  

The degree of long-range ordering in starches has often been probed by means of DSC, 

which quantifies energy changes associated with exothermic (usually bond forming or 

associative) or endothermic (usually bond breaking or dissociative) transitions. Up to 

four distinct endothermic transitions may be detected by DSC, depending on the heating 

temperature and water conditions, designated as G, M1, M2 and Z endotherms. 

Endotherms G and M1, observed in the range of 50 to 80 °C (depending on the botanical 

source of starch) have been associated with the disruption of amylopectin structures – 

their gelatinisation (G endotherm) and melting (M1 endotherm), where the former is 

observed in intermediate to excess water contents, and the latter is observed in limited 

water conditions. The M1 endotherm has been suggested to result from crystallites’ 

incomplete gelatinisation in the presence of limited water, resulting in their 

melting.65,139 Endotherms M2 and Z, usually observed in the range of 90 to 135 °C, are 

ascribed to the dissociation of amylose–lipid complexes and the disruption of 

uncomplexed amylose crystallites, respectively. The presence of these endotherms 

depends largely on the hydrothermal conditions and the botanical source of the 

starch.140 Previous works have shown that endotherms associated with amylose 

transitions reappear in subsequent heating cycles, whereas ones associated with 

amylopectin structures do not. This is likely a result of the different rate of 

recrystallisation of amylose and amylopectin molecules, where the linear glucan has 

been shown to recrystallise within hours, whereas the branched glucan – on the order 
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of days, due to the greater degree of steric hindrance experienced by the highly 

branched amylopectin molecules.32,141–147 

Each endothermic transition can be defined by several parameters, such as onset 

temperature (TO), indicating the starting point of starch gelatinisation; melting, 

sometimes referred to as peak temperature (TM or TP), conclusion temperature (TC), 

indicating the end of the starch gelatinisation step; and overall enthalpy (ΔH), 

cumulatively referred to as gelatinisation parameters. High levels of crystallite 

perfection (i.e., stability) in starch structures is usually associated with high values of TM, 

whereas the range and magnitude of ΔH is linked to both degree of molecular order and 

amylopectin content.29,65,143,145,148,149 The characteristic gelatinisation temperature 

range is defined as the endothermic breadth or as the difference between TC and TO (i.e., 

TC – TO, or ΔT) and high values of this parameter are generally associated with more 

ordered structures, exhibiting higher stability.32,141–144,150  

There has been some work on the association between endothermic transitions 

observed via DSC, and starch molecular order and crystallinity, as quantified by 1H-13C 

CP/MAS NMR and PXRD, respectively. As originally suggested by Cooke and Gidley, and 

further explored by Perry and Donald, Waigh et al., and Bogracheva et al., endothermic 

transitions in hydrothermally treated starch result from the combined loss of double 

helical order and crystallinity, where the enthalpy (ΔH) of transitions can be used to 

quantify the degree of both double helical order, and crystallinity.57,65,80,81,139 

Hydrothermal treatment of starch leads to changes in its physical and micromechanical 

behaviour, which is most commonly probed by means of rapid viscoanalyser (RVA), due 

to its ability to emulate the heating and cooling conditions of regular hydrothermal 
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treatment by exposing a suspension of starch in water to heat and shear, with the 

simultaneous recording of the ensuing changes in the mixture’s viscosity profile as a 

function of time and temperature. The typical viscosity profile of starch suspensions in 

water is described by an initial increase in viscosity with the increase in temperature 

ranging from 50 to 95 °C, ascribed to the swelling of the starch granules and the initial 

release of polysaccharides into the aqueous medium – predominantly leached amylose, 

and some amylopectin. This is followed by a drop in viscosity caused by the combined 

continuous input of high temperature and shear, leading to the disintegration of the 

granules, which in turn, is followed by an increase in viscosity as the temperature is 

lowered, resulting from the re-association (recrystallisation) of the solubilised glucan 

chains making up the continuous phase.26,29,75,151–154   

This glucan reassociation or retrogradation – a process defined by the reassociation of 

glucans (both amylose and amylopectin) in the gelatinised suspension, through the 

formation of inter- and intramolecular hydrogen bonds and through van der Waals 

forces, ultimately gives rise to a different crystalline ordered structure to its native, 

unprocessed analogue (Figure 1.16).29,44,75,140,145,155  
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Figure 1.16: Graphical representation of starch gelatinisation and retrogradation, 

indicating each individual stage: granule swelling (A), granule disruption and amylose 

leaching (B), glucan reassociation on cooling (C) and further glucan association and 

cross-linking with storage (D), adapted from the works of Goesart et al.145 and Yu and 

Christie156. 

Gelatinisation and subsequent retrogradation have also been shown to lead to a change 

in crystalline polymorphs in A-type starch, where most retrograded starch exhibits B-

type crystallinity, similar to native tuber and high-amylose cereal starches.157 The 

process of retrogradation plays an important role in the nutritional and pharmaceutical 

industries, as it increases the material’s respective resistance to α-amylase digestion, 

which has an impact on its ability to escape upper GIT digestion and reach the large 

intestine structurally intact.82,86,88,158 
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1.8. Starch Gel Structure and Organisation 

Hydrogels resulting from the gelatinisation and subsequent retrogradation of starch-

water suspensions undergo structural changes in their short- and long-range order, 

ultimately resulting in a structural ensemble different from the one exhibited by the 

native starch prior to hydrothermal treatment. On retrogradation, starch pastes form 

gels, where in general, mechanically stronger gels are associated with higher amylose 

content starches, whereas weaker ones – with low amylose and amylose-free (waxy) 

starches.75 Furthermore, kinetic analyses on the formation of starch gels point towards 

the rapid recrystallisation of amylose being responsible for the initial stages of hydrogel 

structure formation, giving high-amylose starch gels their characteristic robustness and 

resistance to deformation, whereas the slower reassociating amylopectin imparts 

stickiness and adhesiveness.75,159 

Previous research on starch hydrogel formation and organisation employing thermal, 

microscopic, rheological, diffraction and spectroscopic techniques, has pointed towards 

starch gels exhibiting a lower degree of both short- and long-range order, compared to 

their native starch analogues, a largely amorphous diffraction pattern, and a change in 

the mobility and dynamics of 1H within starch gels.75 The early work by Leloup et al.160 

on the porosity of amylose and amylopectin gels, investigated by the diffusion of 

macromolecular probes (e.g., bovine serum albumin, BSA, ovalbumin and lysozyme), 

revealed the possibility of molecules of various sizes to diffuse into a starch hydrogel 

network, where there was a linear relationship between the change in probe diffusion 

coefficient and the starch concentration. This and following studies by the same group161 

on the glucan concentration dependence on the density of the hydrogel network, gave 
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rise to the initially proposed models of starch hydrogel organisation, whereby the gel 

network largely resembled a three-dimensional (3-D) fishnet-type assembly, with 

average pore size (ξ) described by the diameter of the cavity formed between 

entanglement points in the 3-D network. The works of Imberty and Perez162, Kalichevsky 

and Ring163, Jane and Robyt164 and Leloup et al.161 further developed this understanding 

to derive the discontinuous and continuous models of amylose gels (Figures 1.17 and 

1.18, respectively). The former model proposes amylose gel organisation to be 

separated into crystalline and amorphous regions, where these two regions differ 

largely in the chain length of the amylose chains they are comprised of.  

 

Figure 1.17: Schematic representation of the discontinuous model of amylose gels, as 

seen in the works of Jane and Robyt.164 

The latter model, on the other hand, further incorporates electron microscopy data to 

propose a continuous 3-D network, consisting of both parallel and antiparallel packed 

helices, interconnected by amorphous amylose segments “dangling” within the porous 

cavities within the overall hydrogel matrix.  
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Figure 1.18: Schematic representation of the contiguous model of amylose gels, as seen 

in the work of Leloup et al.161 

There have been few further proposed models of amylose, amylopectin, and starch 

hydrogel organisation, with the most recent one being proposed by Gong et al.165, 

according to which amylose chains in starch hydrogels organise in circular  arrangements 

(“cells”, Figure 1.19), where shorter amylose chains allow for greater degree of 

recrystallisation on cooling of hydrothermally treated starch, thus resulting in 3-D 

structures exhibiting decreased susceptibility to α-amylase degradation, as a function of 

decreased enzyme accessibility.  
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Figure 19: Schematic representation of the influence of amylose chain length on the 

network organisation of starch gels, as seen in the work of Gong et al.165 

1.9. Overall Project Objectives 

The currently existing models of starch gels provide a good foundation for the 

understanding of their porous internal organisation, and the influence of glucan 

composition on their physicochemical properties. However, there is little knowledge 

and understanding of the molecular-level organisation and structural heterogeneities 

within starch hydrogels, and how these link to hydrogels’ bulk structural properties and 

behaviour. Polysaccharide hydrogels are employed more and more in an array of 

industries, but there is little knowledge linking their structure and function, which limits 

their utilisation. In this work we set out to bridge this gap in knowledge and 

understanding of starch hydrogel structure and function, by probing their 
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heterogeneous structural and motional organisation, and to show how these impact 

bulk behaviour, and properties.  We do this by probing hydrogel organisation on a macro 

and molecular scale of a collection of maize starches of varying amylose content. 

We probe the viability of starch gels to act as targeted colonic drug delivery platforms, 

focusing on how structure impacts their pharmacokinetic properties, and demonstrate 

how they interact with the human GIT, probing the interplay between starch gels, GI 

enzymes, and commensal bacteria.  

We then extend this to V-amylose complexed with small molecules, probing the 

structural arrangement and internal organisation of these complexes, guest-host 

interactions, and functional properties in the context of next generation drug delivery 

vehicles.  

In this work we employ an array of characterisation techniques – on a range of length 

scales, with an emphasis on solid-, solution-state and high-resolution magic angle 

spinning (HR-MAS) NMR spectroscopy.  

Chapter 2: Materials and Methods  

2.1 Materials  

Waxy maize, normal maize and amylomaize were purchased from Merck (formerly 

Sigma-Aldrich, Dermstadt, Germany). Hylon VII® and Hi-Maize 260® were kindly 

provided as a gift by Ingredion Incorporated (Manchester, UK).  

Human salivary alpha-amylase (CAS: 9000-90-2, A1031: type XIII-A lyophilized powder, 

AA from human saliva, 1357 IU), pepsin from porcine mucosa (CAS: 9001-75-6, P7012: 

pepsin from porcine gastric mucosa, 2074 IU), porcine pancreatin (CAS: 8049-47-6, 



46 
 

P7545: pancreatin from porcine pancreas, 2422 IU amylase activity), bovine bile (CAS: 

8008-63-7), KH2PO4 (CAS: 7778-77-0), bis-tris (CAS: 6976-37-0), NaHCO3 (CAS: 144-55-

8), pAHBAH (CAS: 5351-23-5), KCl CAS: 7447-40-7), NaCl (CAS: 7647-14-5), MgCl2.6H2O 

(CAS: 7791-18-6), CaCl2.2H2O (CAS: 10035-04-8), haemin (CAS: 16009-13-5), resazurin 

(CAS: 62758-13-8), NaOH (CAS: 1310-73-2), acetic acid (CAS: 64-19-7), propionic acid 

(CAS: 79-09-04), butyric acid (CAS: 107-92-6), isobutyric acid (CAS: 79-31-2), 2-

methylbutyric acid (CAS: 116-53-0), valeric acid (CAS: 109-52-4), isovaleric acid (CAS: 

503-74-2), NiCl2.6H2O (CAS: 7791-20-0), SeO2 (CAS: 7446-08-4), MnCl2.4H2O (CAS: 

13446-34-9), FeSO4.7H2O (CAS: 7782-63-0), ZnCl2 (CAS: 7646-85-7), CuCl2.2H2O (CAS: 

10125-13-0), CoCl2.6H2O (CAS: 7791-13-1), NaMoO4.2H2O (CAS: 10102-40-6), NaVaO3 

(CAS: 13718-26-8), and H3BO3 (CAS: 10043-35-3), as well as all other reagents were 

purchased from Merck (Dorset, UK), unless specified otherwise. All enzymes were used 

as provided by the manufacturer, without any further purification.  

2.2 Methods 

2.2.1 Total Moisture Content 

Moisture content (%) of all starch powders was measured using the weight loss following 

air-oven drying at 135 °C for 120 min, until the weight remains constant, using the iAACC 

44-19.01 official method (Equation 2.1).166 

         % 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡−𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 
× 100     Equation 2.1 

2.2.2 Total and Apparent Amylose Content 

This was performed as per the methodology of Knutson.167 A 6.0 mM iodine solution 

was prepared by dissolving 0.229 g of iodine in 210 mL DMSO and 90 mL ddH2O. A 
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standard curve of known amylose (from potato, >88% pure, CAS 9005-82-7) 

concentration was prepared by adding 0 to 5.0 mg of amylose to 15-mL Corning® tubes 

(6 tubes in total), followed by adding 5.0 mg of each starch type to further 5 tubes in 

triplicate (15 tubes in total). To each of the 21 tubes, 10 mL of the 6.0 mM iodine solution 

was added, and the tubes were placed on an end-over-end mixer overnight. The 

following day, 200 μL of each tube were added to 800 μL of ddH2O, and left aside for 1 

hour for the amylose-iodine complex to form. The absorbance of all samples was 

recorded using a UV-Vis spectrophotometer (Biochrom Libra S50 UV/Vis 

Spectrophotometer, λmax = 600 nm). The obtained apparent amylose content value was 

corrected to give the % total amylose content (Equation 2.2).38  

                     % 𝐴𝑚𝑦𝑙𝑜𝑠𝑒 =  
% 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝐴𝑚𝑦𝑙𝑜𝑠𝑒−6.2

93.8
  Equation 2.2 

2.2.3 Swelling Power 

The swelling power of the five starch powder samples was analysed as per the 

methodology described by Leech et al.168 In brief, starch/water suspensions (0.1% w/v) 

were incubated in a shaking water bath (60 °C, 150 rpm, 30 min), followed by 

centrifugation (1600 rpm, 20 min), removal of the supernatant and calculating the 

difference in wet and dry mass (Equation 2.3). 

            𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑜𝑤𝑒𝑟 =  
𝑊𝑤𝑒𝑡

𝑊𝑑𝑟𝑦
    Equation 2.3 

where Wwet and Wdry are the weights of the starch sample following centrifugation and 

removal of the supernatant, and the dry starch powder prior to the addition of water, 

respectively.  
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2.2.4 Hydrogel Preparation  

Gelatinisation and subsequent storage of all starch gel samples was performed in 

triplicate by preparing 10% (w/v) starch/deionised water suspensions in 25.0-mL Pyrex® 

screw-top vials, vortex mixed and autoclaved (121 °C, 15 psig) for 20 min, followed by 

their storage for the total duration of 8 days at three different conditions: one set was 

stored at a constant temperature of 4 °C for the whole duration of 8 days (i.e., low 

temperature isothermal); another set of gels was stored at 30 °C for the full duration of 

8 days (i.e., high temperature isothermal); and the third set of starches was stored at 

30 °C for 4 days, followed by storage at 4 °C for further 4 days (i.e., thermocycled 

conditions), all of which resulted in the formation of opaque white gels.169 These 

conditions were chosen, due to the available literature on the impact of these storage 

conditions on the bulk properties of cooked starches169,170, allowing for comparison, and 

further elucidation of the molecular underpinnings of macromolecular observations.   

All hydrogels intended for micromechanical analysis, PXRD, solid-state NMR and HR-

MAS NMR, simulated digestion and fermentation were carefully excised using a 10 mm 

cork borer (Breckland Scientific Supplies Ltd., Stafford, UK) and cut into cylinders, 10 mm 

in height, using a surgical blade (Swann Morton Ltd., Sheffield, UK).  

Hydrogels intended for solution-state NMR experiments were prepared using D2O 

(99.9% 2H) instead of H2O, following the exact same procedures as above, where the 

total starch/D2O suspension volume was 700 μL.  

2.2.5 Differential scanning calorimetry (DSC)  

Principles 
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DSC is often employed for the characterisation of raw materials, amorphous, crystalline, 

and semi-crystalline polymers, pharmaceutical drugs, and excipients, and is 

instrumental in the structural analysis of starch, where heat flow changes associated 

with first and second order transitions in polysaccharide materials can be detected and 

quantified across a wide range of conditions (e.g., moisture content, temperature 

range). This technique involves the detection and quantification of heat changes and 

thermal events (both endo and exothermic) in samples, induced by the application of 

controlled conditions – heating, cooling or isothermal, under a defined, usually inert 

atmosphere (e.g., N2).27,171,172 In this work, DSC (DSC 2500) and multi-cell DSC (MC-DSC) 

are used, where both of these are heat-flux instruments, which use either 2 (DSC 2500) 

or 4 (MC-DSC) pans (Hastelloy crucibles) – one (or three) for the sample(s), and one for 

the reference – usually left either empty, or filled with degassed, deionised, and distilled 

water (ddH2O), depending on the research question and sample of interest. Heat-flux 

differential scanning calorimeters heat all pans simultaneously under the same 

conditions, and the difference in between the sample pan(s) and the reference pan is 

detected and converted into energy (J or J/g), where the heat flow from the furnace to 

each pan can be described by Equation 2.4.  

∆𝑄

∆𝑡
=

∆𝑇

𝑅
                 Equation 2.4 

Where ΔQ/Δt is the heat flow over time, and ΔT is the temperature difference between 

the sample(s) and the reference pan, and R is the thermal resistance between the 

furnace and the Hastelloy ampoules.173 
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In the context of polymers, such as starch, four thermal parameters are usually reported 

on for every thermal event – the onset, peak (sometimes referred to as melting) and 

concluding temperature (TO, Tm and TC), as well as the enthalpy of transition (ΔH).  

The gelatinisation parameters of starches can be influenced by the rate of heating and 

cooling employed, where slower rates are generally preferred, as they have been argued 

to be more representative of the actual thermal behaviour.148 Slower rates of thermal 

exposure have the advantage of maintaining pseudo steady state conditions, allowing 

for the minimisation of kinetic effects, the presence of which can lead to an 

overestimation of the peak temperature, due to lagging of the transition behind the 

temperature at the given time point.  

Experimental Procedures 

DSC experiments were performed on a TA Instrument (TA Instruments Ltd., New Castle, 

USA) multicell differential scanning calorimeter (MC-DSC), equipped with three sample 

Hastelloy ampoules and one reference Hastelloy ampoule, where the reference pan was 

filled with deionised water. The furnace was continuously flushed with dry Nitrogen at 

a rate of 50 mL.min-1. For native starch samples, 100 mg of starch powder were made 

up with 0.9 mL degassed, deionised H2O (i.e., 10% w/v suspensions), where the 

individual amount of water added to each sample was adjusted depending on their 

respective moisture content data. The vessels were hermetically sealed, and samples 

were analysed in the range of 10–150 °C, with a heating rate of 1 °C min-1, a cooling rate 

of 2 °C min-1, followed by a second heating cycle at 1 °C min-1.   

For all hydrogel samples, approximately 800 mg of stored sample were accurately 

weighed into each Hastelloy ampoule. The vessels were sealed, and all measurements 
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taken against an empty reference ampoule. All gel samples were subjected to a single 

heating cycle at a heating rate of 1 °C min-1. All thermal data was analysed using TA 

Universal Analysis software package, establishing the onset, peak and conclusion 

temperature (TO, TP and TC, respectively), and the overall enthalpy of each thermal 

transition (ΔH). All scans were run at least in triplicate and all obtained results are 

presented as means.  

2.2.6 Sub-ambient DSC 

Sub-ambient DSC experiments were performed on a TA Instruments Discovery Series 

DSC2500, using TA Instruments Tzero® pans and hermetic lids (reference numbers 

901683.901 and 901684.901, respectively), sealed using Tzero® sample press die. 

Approximately 3.5–5.0 mg of each hydrogel sample were loaded into each pan and 

hermetically sealed. All measurements were referenced against a sealed, empty pan. All 

gel samples were subjected to a single cooling cycle from 20 to -40 °C min-1, at 5 °C min-1. 

The furnace was flushed with dry nitrogen at a rate of 50 mL.min-1. All thermal data was 

analysed using TA TRIOS software package, establishing the onset, conclusion 

temperature (TO, and TC, respectively), and the overall enthalpy of each thermal 

transition (ΔH). All scans were run at least in triplicate and all obtained results are 

presented as means.  

2.2.7 Dynamic oscillatory rheology  

Principles 

Unlike plastic solids, which undergo continuous structural deformation even after their 

elastic limit, our materials are nonfluid colloidal polymer networks, featuring finite yield 

stress, and as such are classified as gels174 (Appendix, Figure S1). Since these hydrogels 
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resemble viscoelastic solids, exhibiting time-dependence, predominantly dynamic (i.e., 

sinusoidal) shear flow (i.e., oscillatory rheology) has been used throughout this work. In 

this type of micromechanical technique, a solid sample (a viscoelastic gel) is fixed 

between a moving part and a fixed one, and mechanical stress (σ) is applied to it, where 

the material responds through a generated strain (γ), depending on its viscoelastic 

properties. Stress is the ratio of force (F) to the area (A) over which that force is exerted, 

and is also direction-dependent. According to Newton’s law, σ is related to γ through a 

sample’s density or viscosity (η, Equation 2.5).  

𝜂 =
𝜎

𝛾
      Equation 2.5 

In the context of viscoelastic solids, directional shear stress (σ) applied on the sample, 

resulting in a sinusoidal varying deformation, generating strain (γ), are related through 

Equations 2.6 and 2.7.  

     𝛾 = 𝛾0 × sin (𝜔𝑡)         Equation 2.6 

𝜎 = 𝜎0 × sin (𝜔𝑡 + 𝛿)    Equation 2.7 

where σ0 and γ0 are the stress- and strain-amplitudes (i.e., the maximum stress and 

deformation applied to the sample, respectively), ω is the oscillation frequency, t is the 

given time period, and δ is the phase angle difference (i.e., shift) between the sinusoidal 

stress and strain waveforms (figure 2.1).174–177  
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Figure 2.1: Example diagram of the applied oscillatory sinusoidal stress wave and the 

resulting response strain wave of a plastic gel, with three different phase angles (δ) 

shown, adapted from the works of Marangoni and Peyronel.177 

Using trigonometric function decomposition (described elsewhere)174, the stress 

waveform can be decomposed into two components correlating with two material 

functions – elastic (storage) modulus (G’) and a viscous (loss) modulus (G’’), where the 

former is indicative of the energy storing properties and solid-like nature of the sample; 

and the latter provides information regarding the material’s viscous and liquid-like 

nature, and about the dissipation of energy by the sample. These dynamic moduli can 

be used for the classification of a dispersion systems into four distinct sub-groups – 

dilute solutions, entangled networks, weak, and strong gels, and can be expressed by 

Equations 2.8 and 2.9.  

      𝐺′ = 𝜎0 𝛾0⁄ × cos (𝛿)   Equation 2.8 



54 
 

      𝐺′′ = 𝜎0 𝛾0⁄ × sin (𝛿)   Equation 2.9 

The ratio of the dynamic moduli is directly related to the phase angle (δ) through 

Equation 2.10, and are frequently utilised for the characterisation of the viscoelastic 

behaviour of various polymers of interest, where classic strong gels can be described by 

tan(δ) values of 0.01-0.1.178–180 

                                                      tan(𝛿) =  𝐺′′ 𝐺′⁄               Equation 2.10 

In the context of viscoelastic solids and traditional gels, the micromechanical properties 

of these materials are independent of the strain amplitude up to a point, beyond which 

G’ and G’’ lose linearity with respect to the applied strain. A strain sweep, i.e., an 

experimental set-up involving constant frequency of oscillation and progressive strain 

applied to the samples, determines the extent of this linear region, often referred to as 

the linear viscoelastic (LVE) regime. Once the LVE regime of the material has been 

defined, the sample is subjected to a frequency sweep, defined by a constant strain, the 

value of which is within the established LVE, and a progressively increasing frequency. 

Below the critical strain, the elastic modulus G’ is often nearly independent of frequency, 

as would be expected from a structured or solid-like material. The more frequency 

dependent the elastic modulus is, the more fluid-like is the material.181–183 

Hydrogel-type materials usually exhibit a frequency-independent G’ (where G’>>G’’) at 

predominantly low frequency values. This behaviour changes at higher frequencies, 

resulting from bond rupture and/or internal structural entanglements, which can be 

experimentally observed by the sudden decrease of G’ and a temporary increase in G’’ 

and δ (a.k.a. yield point), followed by the former’s sharp decrease, ultimately resulting 
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in the intersection of the dynamic moduli curves (a.k.a. G crossover point). The breaking 

point, indicative of a permanent physical deformation and/or fracture of the sample, 

usually occurs shortly prior to the crossover of the dynamic moduli and the phase angle 

curves (Figure 2.2).177 

 

Figure 2.2: Example diagram of behaviour of the dynamic moduli (G’ and G’’) and the 

phase angle (δ) in the linear viscoelastic region of a plastic gel, as a logarithmic function 

of the shear oscillation stress, adapted from the works of Marangoni and Peyronel.177 

In this work, oscillatory rheology is largely used to assess hydrogels’ overall bulk 

properties, differences in structural integrity between different types of starch 

hydrogels, as well as to probe changes in structural integrity as a result of exposure to a 

variety of in vitro physiological conditions.  

Experimental Procedures 

Micromechanical analyses were performed on a TA Instrument (TA Instruments Ltd., 

New Castle, USA) Rheometer AR2000, with 13 mm parallel plate geometry (non-sand 

blasted, so as to avoid microtears into the hydrogel surface where the substrates make 
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contact with the top plate), equipped with a Peltier device for temperature control, 

where hydrogel samples were carefully excised using a 13-mm cork borer (Breckland 

Scientific Supplies Ltd., Stafford, UK) and cut into discs, 10 mm in height, using a surgical 

blade (Swann-Morton Ltd., Sheffield, UK). All samples were analysed at a constant 

temperature of 5.0 °C and the inter-plate gap was set to 10 mm. All starch hydrogels 

were loaded onto the sensor plate and allowed to equilibrate for 2 min to allow for 

temperature to equilibrate throughout the sample. Parallel plate configuration was 

chosen due to the solid-like nature of these materials, and their proneness to slipping 

due to their highly hydrated state. Strain sweeps were performed in the range of 0.01–

100% at a constant frequency of 1.0 Hz to ascertain the materials’ linear viscoelastic 

(LVE) range. This was followed by frequency sweep analyses in the range of 0.1–10.0 Hz 

(i.e., 0.6283–62.83 rad/sec) at a constant strain of 0.3% to determine the samples’ 

storage and loss moduli (G’ and G’’). All measurements were taken at regular time 

intervals, analysed using TA Data Analysis software package, and presented as averages 

of a minimum of three runs, where deviation in the obtained parameters between runs 

of the same samples were less than 10%. 

2.2.8 Powder X-ray diffraction and estimation of long range order 

Principles 

Crystalline samples are made up of regular, periodic spacing of atoms. In 3-D space, a 

crystal can be viewed as an arrangement of coordinates in a crystal lattice, the smallest 

reproducible unit of which is referred to as a unit cell. A unit cell is defined by three 

vectors in space – a, b and c, along with the interaxial angles between them – α, β, and 

γ. A plane intersecting a lattice and thus passing through three non-aligned lattice points 
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is referred to as a lattice plane. In crystals, two parallel lattice planes are linked through 

the Miller indices – h, k and l, as well as the x, y and z coordinates of the points where 

two lattice planes satisfy Equation 2.11 

 ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧 = 𝑛                                  Equation 2.11 

where n is an integer number.184 

The filtered X-ray wavelength is in the range of λ = 0.01 to 10 nm, allowing it to induce 

changes in the electron cloud (density) of molecules, due to their nm length scale.  

On irradiation, a beam of X-rays strikes a sample and diffracts into many specific 

directions, the angles and intensities of which depends on the specific electron density 

distribution within the sample. X-ray interference is the result of the interaction of 

correlated waves, where this can be constrictive or destructive in nature, depending on 

whether the X-ray waves are in-phase or out of phase, respectively.  On irradiation with 

X-rays with wavelength λ, falling at an incidence angle θ, part of the energy beam is 

scattered in accordance with Bragg’s diffraction (Figure 2.3). The two energy beams 

reflected by the two planes, separated by a given distance d (a.k.a. d-spacing), have a 

path length difference of 2dsinθ. The two energy beams enhance each other’s intensity 

(a.k.a. constructive interference) under the conditions satisfying Bragg’s law – when 

2dsinθ is an integer number (n) multiple of the X-ray wavelength (λ, Equation 2.12), or 

the order of the beam (1, 2, 3, etc.) A diffraction of a crystalline or semi-crystalline 

sample (such as starch) yields a pattern featuring distinct peaks, where each peak 

corresponds to different d-spacing and a different set of Miller indices in 3-D space.184,185 
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Figure 2.3: Schematic representation of incident X-rays scattered by two crystal planes 

in a sample, separated by d-spacing.184 

                         2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                           Equation 2.12 

Our powder X-ray diffraction set-up is comprised of an X-ray source, a detector and the 

sample loading disc. The set-up involves placing the irradiation source at an angle θ to 

the sample, and the angle between the beam projection and the detector being 2θ. In 

this work, PXRD is largely used quantitatively to determine the total amorphous 

contribution in starch samples – both native powders and their lyophilised hydrogel 

counterparts.  

Experimental Procedures 

Powder X-ray diffraction (PXRD) patterns of all starch powders were measured on an 

ARL™ X'Tra Powder Diffractometer (Thermo Scientific™). All samples were scanned with 

Cu Kα radiation (λ = 0.154 nm), and reflections were detected via a scintillation detector 

over the angular range of 2θ = 5.0–54.99°, with a step interval of 0.01°, and step duration 



59 
 

of 0.6 s. The X-ray generator was set at 45 kV and 40 mA. Approximately 600 mg of each 

sample were packed into the loading dish to a depth of 4 mm and levelled with a razor 

blade. Diffraction patterns of all starch hydrogels were obtained following freeze-drying 

of the gel samples and grinding using a mortar and pestle. 

2.2.9 Estimation of Total Amorphous Contribution 

The total amorphous contribution of both powders and gels was estimated following 

the approach described by Lopez-Rubio et al.186 In brief, peaks in the diffraction patterns 

of all starch samples were manually fitted using a combination of Lorentzian and 

Gaussian functions, utilising the PeakFit (SigmaPlot, Systat Software Inc.©) software 

package, where 10 peaks were selected for starches of A-type crystallinity (i.e., waxy 

maize and normal maize) and 11 peaks for starches of B-type crystallinity (i.e., 

amylomaize, Hylon VII® and Hi-Maize 260®), with the addition of an amorphous 

“background” peak in the range of 2ϴ 15-17° for each diffraction pattern (Figure 2.4). 

The total percentile amorphous contribution in our samples was calculated based on the 

ratio between the sum of the total area under the whole diffractogram (Atotal), and the 

area under each crystalline peak (either A- or B-type, AA/B-type, Equation 2.13).187 
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Figure 2.4: Powder X-ray Diffraction pattern of A- and B-type powder starches (normal 

and Hylon VII™ maize powders shown here, respectively), with black arrows indicating 

the peaks associated with A- and B-type type crystallinity chosen for peak fitting (10 for 

A-type and 11 for B-type), and red arrows indicating the peaks associated with V-type 

amylose arrangements. 

   𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (%) =  
𝛴𝐴𝑡𝑜𝑡𝑎𝑙−𝛴(𝐴𝐴/𝐵−𝑡𝑦𝑝𝑒)

𝛴𝐴𝑡𝑜𝑡𝑎𝑙
     Equation 2.13 

2.2.10 NMR Spectroscopy 

Since most samples analysed by NMR spectroscopy in this work are considered solid-

like, an emphasis would be placed on solid-state NMR techniques in this section.  

Principles 

Atomic nuclei contain both protons and neutrons, and as such have the properties of 

mass and charge. Nuclei also possess an intrinsic property of angular momentum, a.k.a. 

nuclear spin (I). As a charged particle with a spin property, nuclei generate a magnetic 
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field, resulting in a magnetic moment (μ), proportional to their I (Equation 2.14) and 

their nuclear gyromagnetic ratio (γ), which is constant for a given nucleus, and both μ 

and I being vector properties with magnitude and direction.188–190 

𝜇 = 𝛾𝐼                Equation 2.14 

In order for nuclei to be magnetically active, and thus detectable by NMR spectroscopy, 

nuclei must possess a non-zero spin quantum number (I = 1/2, 1, 3/2, etc.), where all 

nuclei with spin quantum number of zero (I = 0) are referred to as NMR-silent.188–190 

The net magnetisation in a sample, equivalent to the bulk magnetic moment (M), can 

be expressed as the sum of the magnetic moment of all nuclei in the sample (Equation 

2.15). 

 𝑀 = 𝛴𝜇                Equation 2.15 

When a sample is placed in a uniform magnetic field (B), a torque is exerted on M, and 

M precesses about B at a fixed rate (i.e., frequency, ω, Equation 2.16). 

𝜔 = 𝛾𝐵               Equation 2.16 

In the context of NMR spectroscopy, the external fixed B is usually designated as B0 and 

in the laboratory frame of reference191 it is arbitrarily chosen to be oriented along the z-

axis, and the frequency with which M precesses about B0 is defined as the Larmor 

frequency (ω0, Equation 2.17), where the motion and direction of this precession is 

dependent on the nuclear γ, and as such is unique to each nucleus.  

𝜔0 = −𝛾𝐵0              Equation 2.17 
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When not under the influence of B0, nuclear μ are randomly oriented in space. When 

placed in B0, nuclear spins orient in 2I+1 non-degenerate energy populations (i.e., for 

spin I ½ nuclei, there are 2 x ½ + 1 = 2), separated by an energy gap (ΔE, a.k.a. Zeeman 

splitting, Figure 2.5), proportional to the B0 field strength, and the nuclear γ. In this state, 

nuclear spins achieve thermal equilibrium (different at different temperatures) of 

distribution, referred to as the Boltzmann distribution (Equation 2.18), where n is the 

total number of nuclear spins in either population, k is Boltzmann’s constant, and T is 

the temperature for the particular thermal equilibrium in Kelvin.188–190 

  
𝑛𝐼+1/2

𝑛𝐼−1/2
= 𝑒

∆𝐸

𝑘𝑇               Equation 2.18 

 

Figure 2.5. Zeeman splitting of a spin ½ nucleus in an external magnetic field B0, 

resulting in two spin populations – low energy (+½ α), and a high-energy (-½ β), with the 

size of the Zeeman splitting (ΔE1 and ΔE2) proportional to the strength of B0. 188–190 

In NMR spectroscopy, radiofrequency (r.f.) pulses oscillating at the Larmor frequency 

are applied to the sample at angle θ (a.k.a. flip angle), which make up the basis of most 

NMR experiments. These r.f. pulses result in an oscillating magnetic field (B1) along the 

direction of the applied pulse, which in turn, exerts a torque on M perpendicular to B1, 
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displacing M0 away from its equilibrium position along the z-axis, and towards the 

transverse xy-plane (M1, Figure 2.6), where the precession frequency follows Equation 

2.17 (where ω0 is ω1, and B0 is B1). 188–190 

 

Figure 2.6: Schematic representation of the change in placement of the bulk 

magnetisation (M) from its equilibrium (z-axis) position towards the xy-plane (-y-axis) 

under the influence of a (90°) r.f. pulse along the x-axis.  

Relaxation 

Following the application of an r.f. pulse, the Boltzmann distribution of nuclear spins at 

the given magnetic field is perturbed. Spins return to their original (i.e., equilibrium) 

energy levels through nuclear relaxation mechanisms, mediated by dipolar interactions, 

spin rotation and chemical shift anisotropy. Nuclear relaxation can broadly be 

categorised as resulting from spin-lattice interactions (a.k.a. longitudinal, T1), and spin-

spin relaxation (a.k.a. transverse, T2). In most systems, nuclear relaxation is on the order 

of magnitude of a few seconds to minutes.188–190 
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Longitudinal relaxation is the exponential recovery of M along the z-axis (Figure 2.7), 

mediated by the loss of magnetisation of spins through thermal contact with the lattice 

(hence spin-lattice relaxation) until reaching thermal equilibrium. The recovery of z-

magnetisation follows first-order kinetics, as demonstrated by Bloch’s theory, were T1 is 

the time period necessary to recovery approximately 63% of the bulk z-magnetisation 

(Figure 2.8). 188–190 

 

 

Figure 2.7: Graphical representation of the longitudinal (T1) relaxation through the time-

dependent recovery of z-magnetisation (up), and of the transverse (T2) relaxation 

through the time-dependent loss of spin coherence within the xy-plane (down).  
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Figure 2.8: First-order exponential growth curve of longitudinal relaxation, where T1 

represents the time period needed for recovery of 63% of the bulk z-magnetisation (Mz, 

left), and first-order exponential decay curve of transverse relaxation, where T2 

represents the time period needed for the drop of the Mxy magnetisation to 

approximately 37% (1/е) of its original magnitude (right).   

Transverse relaxation represents the time-dependent loss of spin coherence (i.e., spin 

dephasing) in the transverse (xy) plane, hence spin-spin relaxation (although spin-spin 

interactions are only one mechanism involved in transverse relaxation, Figure 2.7). This 

loss of coherence follows a first-order exponential decay, where T2 is the time period 

required for the transverse magnetisation to fall to approximately 37% (Figure 2.8), and 

for most samples T2 occurs hand-in-hand with T1 relaxation, although there have been 

cases documented where T2 relaxation occurs without T1.188–190 

Both longitudinal and transverse relaxation depend on the molecular tumbling (i.e., 

correlation time, τc). In molecules exhibiting fast molecular motions and correlation 

time, the contribution of T1 and T2 is very similar. In the slow motional regime, T1 

dominates molecular relaxation, where the contribution of T2 is negligible (i.e., very fast 

T2, Figure 2.9).188–190 
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Figure 2.9: T1 and T2 dependence on molecular correlation time (τc), as seen in work of 

Keshari and Wilson.192 

Dipolar Coupling and Spin Diffusion 

Nuclei in close proximity (<10 Å) can interact through their magnetic moments – a 

through space effect referred to as dipolar coupling. This can occur between the same 

nuclei (homonuclear dipolar coupling, I, I) and different nuclei (heteronuclear dipolar 

coupling, I, S). Both homonuclear and heteronuclear dipolar interactions are dependent 

on the internuclear distance and the nuclear γ, where in the context of like nuclei (I, I), 

proximal abundant nuclei with high γ-values exhibit very strong dipolar interactions and 

spin diffusion properties (e.g., 1H-1H), unlike proximal dilute nuclei with low γ-values 

(e.g., 13C-13C). Unlike homonuclear dipolar coupling, in heteronuclear dipolar coupling 

spin diffusion is not observed, due to the difference in resonating frequencies between 
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heteronuclei (e.g., 1H and 13C).188–190 The homonuclear dipolar coupling Hamiltonian for 

a two spin system (ĤI,I) can be expressed by Equation 2.19. 

            Ĥ𝐼,𝐼 = − (
𝜇0

4𝜋
)

ħ𝛾𝐼1𝛾𝐼2

𝑟3
𝐼1𝐼2

(3𝑐𝑜𝑠2𝜃𝐼1𝐼2
− 1)[3𝐼1𝑧𝐼2𝑧 − (𝐼1𝐼2)]   Equation 2.19 

Where the dipolar constant (d) is equal to (
𝜇0

4𝜋
)

ħ𝛾𝐼1𝛾𝐼2

𝑟3
𝐼1𝐼2

, 𝑟3
𝐼1𝐼2

is the internuclear 

distance between the two like spins, and μ0 is the permeability of free space (𝜇0 =

4𝜋 × 107𝑁𝐴−2. 

Spin diffusion is an energy conserving “flip-flop” mechanism in which energy is 

transferred from a spin in a higher energy state (Iβ), to one in a lower energy state (Iα), 

leading to the relaxation of the former to a lower energy state (Iα), and promotion of the 

latter to a higher energy state (Iβ): IβIα → IαIβ. It should be noted, that “diffusion” is a 

misleading term, as the phenomenon of spin diffusion is a coherent and a reversible 

process.188–190 

Electron Shielding Effects, Chemical Shift, and Chemical Shift Anisotropy 

Electrons making up the electron shell around nuclei influence the magnetic field nuclei 

experience when placed in B0, resulting in a modulated magnetic field. This is referred 

to as a shielding effect and is depending on nuclei’s shielding constant (σ), proximal 

nuclei of higher electronegativity (χ), through space interactions with other nuclei and 

hydrogen bonding, all of which can exert a shielding or a deshielding effect on the nuclei 

of interest.  

The formal relationship between the chemical shift and the shielding tensors is given 

below (Equation 2.20): 



68 
 

     𝛿 = 1𝜎𝑖𝑠𝑜 − 𝜎               Equation 2.20 

Where δ is the chemical shift tensor, σ is the shielding tensor, 1 is the unit matrix, and 

σiso is the isotropic value of the shielding tensor of the standard reference used in the 

NMR experiments. 193  

The formal definition of the components of the shielding tensor can be seen below 

(Equation 2.21):  

𝜎𝛼𝛽 =
𝜕2𝐸

𝜕𝜇𝑎𝜕𝐵𝛽
              Equation 2.21 

Where E is the total electronic energy of the molecule.  

Since different nuclei have different degree of electronic shielding, they also have a 

unique chemical shift (δ), which is expressed in parts per million (ppm) of B0.  

The chemical shift of a nucleus is defined by the difference between the nuclear 

frequency (ν) and the frequency of a reference compound (νref) – usually 

tetramethylsilane (TMS) for referencing 1H and 13C nuclei. (Equation 2.22).188–190 

𝛿𝑝𝑝𝑚 = 106(
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
)            Equation 2.22 

Since the distribution of electron density around nuclei is not spherical, and oriented 

along bonds or p-orbitals in sp and sp2 hybridised nuclei, its effect on the magnetic field 

experienced by the nucleus is orientation-dependent (i.e., anisotropic). This leads to 

differences in the electron shielding, depending on the orientation of the electron 

density along the x-, y- and z-axes, leading to slight changes in the nuclear chemical shift, 
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depending on its orientation with respect to B0. This effect is referred to as chemical 

shift anisotropy (CSA), and leads to a broader distribution of the chemical shift.188–190  

In solutions (and solution-state NMR spectroscopy), the orientation of nuclei in space is 

averaged out due to rapid isotropic tumbling, which minimises the effect of CSA and 

dipolar coupling, leading to narrow peaks. In solids, however, the low degree molecular 

mobility and molecular tumbling leads to significant line broadening, due to the 

presence of strong dipolar interactions and significant CSA contribution. For a shielding 

tensor with axial symmetry, the CSA Hamiltonian (ĤCS) can be expressed by Equation 

2.23 

             Ĥ𝐶𝑆 = 𝛾𝐵0𝐼𝑧[𝛿𝑖𝑠𝑜 +  
1

2
𝛿𝐶𝑆𝐴(3𝑐𝑜𝑠2𝜃 − 1)]              Equation 2.23 

where δiso and δCSA are the isotropic and anisotropic chemical shift factors.188–190  

Solid-state Spectroscopic Techniques 

The geometric component of the chemical shift and dipolar interaction Hamiltonians 

(ĤCS and ĤI,I, respectively) has an angular dependence expressed by the term 

3 cos2(𝜃) − 1 (Equations 2.19 and 2.23). This term is cancelled to zero when the sample 

is spun at an angle of θ = 54.74° with respect to B0, which minimises dipolar couplings 

and the anisotropic contribution to the chemical shift Hamiltonian (ĤCS). This technique 

is referred to as magic-angle spinning (MAS, Figure 2.12) and is based on the isotropic 

tumbling of molecules in solutions, and is fundamental for obtaining high-resolution 

spectra in solid-state NMR spectroscopy, where the two overlapping powder patterns 

may result in very difficult (or impossible) to interpret spectra (Figure 2.13).188 In order 

to minimise effects, such as CSA and heteronuclear dipolar coupling, the spinning speed 
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needs to be 3-4-fold higher than the strength of the interaction (e.g., to eliminate the 

effect of 1H-13C heteronuclear dipolar coupling, spinning speeds of 5-15 kHz are 

sufficient). In the case of strong homonuclear or heteronuclear dipolar interactions of 

abundant nuclei of high γ (e.g., 1H-1H or 1H-19F), one usually requires spinning speeds of 

more than 65 kHz.   

 

Figure 2.12: Magic-angle spinning (MAS) and its effect on the orientation dependence 

of nuclear spins with respect to the externally applied magnetic field (B0), adapted from 

the work of Melinda J. Duer.188 
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Figure 2.13: Schematic representation of a powder sample under static (up) and MAS 

conditions (down), and the associated anisotropic and isotropic chemical shift 

distributions resulting from the two conditions, respectively. Adapted from Forse 

(2013).194  

When MAS rates are lower than the strength of the CSA contribution, there is 

incomplete averaging of the direction dependent electron density ellipsoid, resulting in 

the appearance of spinning sidebands (ssb), which are sharp lines, at a distance equal to 

an integer of the spinning rate from the peak (line) of isotropic chemical shift. This can 

usually be overcome by spinning at faster rates, where the ssb are much greater at 

spinning frequencies of 1 kHz, compared to 3, 5 and 10 kHz. Other methods of removing 

ssb involve the use of sequential 90 and 180° r.f. pulses in a technique known as total 

suppression of spinning sidebands (TOSS).188  

An important consideration of applying MAS conditions to gel-type samples, is the 

production of heat and shear effects (as a result of centrifugal forces), proportional to 
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the MAS rate, which can introduce changes into the gel structure and organisation, 

depending on the thermal responsivity and structural integrity of the hydrogel 

system.195,196 The impact of heat can be partially mitigated through controlling the 

experimental temperature conditions through the variable temperature unit (VTU), 

coupled to the NMR probe, which provides carefully controlled flow of gas at a constant 

temperature over the duration of the experiment.  The influence of centrifugal forces 

can be partially modulated through the use of different size and shape spinning rotors, 

where smaller and more spherical rotors decrease the strength of the centrifugal forces 

exerted on the sample under MAS conditions.195,196 

Since most of this work deals with structural characterisation of samples, making use of 

nuclei of low natural abundance and γ, such as 13C, most NMR experiments rely on the 

simultaneous application of MAS, alongside cross-polarisation (CP) and high-power 

heteronuclear (1H-13C) decoupling.  

CP is usually utilised in order to observe dilute nuclei, using the high polarisability of 

abundant nuclei of high γ values. CP is mediated by the dipolar interactions between 

two heteronuclei (I and S), but since dipolar interactions between heteronuclei are 

unfavourable, these need to be made likely through the use of carefully calculated r.f. 

pulses. This is discussed in quantum mechanical details elsewhere188, but for the 

purposes of this work, using precise r.f. pulses the transfer of magnetisation from the 

abundant nuclei (e.g., 1H) to the dilute nuclei (e.g., 13C) is made favourable by 

modulating the contact pulse amplitude in accordance with the Hartmann-Hahn 

condition, i.e., 𝛾𝐼𝐵𝐼 = 𝛾𝑆𝐵𝑆.  
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The efficiency of polarisation transfer (a.k.a. CP efficiency) is dependent on the strength 

of the heteronuclear dipolar interaction under these conditions, where the stronger the 

interaction, the more efficient the polarisation transfer is. CP efficiency is further 

enhanced by the lack or decrease in intermediate motions, due to the detrimental effect 

of motional modulation on dipolar interactions and the efficiency of magnetisation 

transfer. For example, viscoelastic gels with strong viscous liquid contribution are likely 

to experience decreased CP efficiency, compared to analogous elastic solid gels.188 

Since most nuclei observed within this work are 13C nuclei, heteronuclear dipolar 

decoupling is extensively used in the NMR experiments described. Two-pulse phase 

modulation (TPPM) and its “offspring” SPINAL-64 – the most common types of 

heteronuclear decoupling techniques used in this work, involve the use of two high-

power r.f. pulses with a defined phased shift of 10-70° in the case of the former, and a 

supercycle 64 cycles of this two-pulse set-up.197 

Due to the reduced quantitative aspect of traditional 1H-13C CP/MAS spectroscopy, 

particularly in the context of polymers where moieties of different dynamics co-exist 

(e.g., rigid and mobile domains), an adaptation to the traditional CP/MAS pulse train is 

utilised for the purpose of quantitative probing of such heterogeneous systems, known 

as CP single-pulse (CPSP) MAS NMR spectroscopy, pioneered by Shu et al.198 and 

discussed in more detail in the works of Courtier-Murias et al.199 Where the CPSP/MAS 

pulse train differs from the traditional CP-ramp is that both 1H and 13C nuclei are brought 

into the transverse (xy) plane, followed by both 1H and 13C magnetisation being spin-

locked under the Hartmann-Hahn conditions, during the subsequent contact pulse. The 

role of the 13C spin lock is two-fold: to transfer magnetisation from the high-γ 1H nuclei 
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to 13C ones, much like in the traditional CP/MAS pulse train, and also to prevent the 13C 

magnetisation of the mobile moieties from dephasing during the contact pulse. One of 

the advantage of the CPSP pulse train is that ensures baseline 13C magnetisation by the 

direct pulse in the 13C channel, and doesn’t rely on the 13C magnetisation coming 

exclusively from 1H nuclei via the CP element under Hartmann-Hahn conditions.199 

High-resolution Magic-Angle Spinning (HR-MAS) techniques 

HR-MAS spectroscopy is the combined application of traditional high-resolution, 

solution-state spectroscopic methods, along with anisotropic and dipolar interaction-

averaging MAS, as seen in traditional solid-state settings. The advancement of NMR 

hardware, the availability of gradient coils in combination with pneumatic MAS units has 

allowed for many modern high-resolution techniques to be applied to semi-solid, gel-

like, soft matter samples, such as self-healing polymers, organogels, food samples, as 

well as biological samples, such as tissues. 200,201 HR-MAS allows for the acquisition of 

NMR spectral data featuring narrower peaks compared to traditional solid-state NMR 

spectroscopy. HR-MAS allows for the merging of solution- and solid-state techniques, 

due to the pronounced increase in resolution, as well as the residual anisotropic 

interactions at moderate MAS speeds (typically 4-6 kHz). Some of the key traditional 

solution-state experiments applied to the context of starch hydrogels through the use 

of HR-MAS NMR spectroscopy are 1H-1H correlation spectroscopy (COSY), 1H-13C 

heteronuclear multiple bond correlation spectroscopy (HMBC) and saturation transfer 

difference (STD) spectroscopy.202–206 

Solution-state NMR techniques 
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1H Solution-state techniques are particularly useful for investigation of the kinetic 

aspects of gelation and supramolecular organisation from low-molecular weight gelator 

species, due to its quantitative aspect, coupled with the changes in NMR peak intensity 

and shape (full-width and half-height) as rapidly tumbling molecules in solution (well 

resolved, narrow intense peaks) transition to being organised in a motionally 

constrained, macromolecular network (less intense, broader peaks).  

In the context of this work, solution-state NMR is largely used for the qualitative 

identification of products of starch hydrogel digestion by amylolytic enzymes (e.g., 

glucose, maltose, maltotriose, limit dextrins), as a function of starch hydrogel transit 

through the human GIT; as well as for quantifying primary and secondary commensal 

bacterial metabolites, produced as a result of starch hydrogel fermentation in the 

simulated large intestine (i.e., colon).  

Unlike solid-state and HR-MAS techniques, solution-state NMR involves the use of 

solvent species in the sample preparation (e.g., DMSO, H2O/D2O). In 1H NMR 

experiments, depending on the chemical shifts of the molecules and samples of interest, 

it may be necessary to use deuterated solvents (99-99.9% deuteration, depending on 

chemical vendor, solvent age, and good laboratory practice of users), such as DMSO-d6 

and D2O. This largely reduces the residual solvent peak in 1H NMR spectra. Depending 

on the chemical shift of the 1H peaks of the sample of interest, the residual solvent peak 

may partially or fully obscure 1H peaks of interest (e.g., H2O 1H signal at 4.7 ppm partially 

overlaps with H-1 1H in the glucose monomer in starch at 5.1 ppm). This can be 

overcome with gradient-based NMR techniques of solvent-suppression.  
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In the context of this work, this is largely used in the quantification of commensal 

bacterial metabolites, as well as the quantification of drug release from the starch 

hydrogel excipients. This is achieved through a series of low-power pre-saturation pulses 

on the residual H2O peaks during relaxation and mixing time of the ‘noesygppr1d’ Bruker 

pulse sequence, minimising the solvent 1H contribution during FID acquisition.  

Experimental Procedures 

Cross Polarisation and Single Pulse Magic Angle Spinning (CP and CPSP/MAS) NMR 

Spectroscopy 

 

Figure 2.14: Pulse sequence of the 1H-13C CP/MAS train, consisting of a π/2 r.f. pulse on 

1H, followed by a contact time (CP), and FID acquisition with simultaneous heteronuclear 

decoupling.  

Solid-state 1H-13C CP/MAS experiments were carried out for powder samples using a 

Bruker Avance III 300 MHz spectrometer, equipped with an HX 4-mm probe, at a 13C 

frequency of 75.47 MHz and MAS rate of 12 kHz. Approximately 100–120 mg of solid 

samples were packed into a 4-mm zirconium oxide rotor with a Kel-F end cap.  The 1H-13C 

CP/MAS NMR experimental acquisition and processing parameters were π/2 1H rf pulse 
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length of 3.50 µs and π/2 13C rf pulse length of 4.50 µs, a contact time of 1000 µs, a 

recycle delay of 10 s, and a minimum of 5120 number of scans. All 1H and 13C spectra 

were referenced with respect to tetramethylsilane (TMS). The measurements were 

carried out at ca. 25 °C.  

 

Figure 2.15: Pulse sequence of the 1H-13C CPSP/MAS train, consisting of  π/2 r.f. pulses 

on both 1H and 13C, followed by a contact time (CP), and FID acquisition with 

simultaneous heteronuclear decoupling.  

Solid-state 1H-13C CP and CPSP/MAS NMR experiments were carried out for the starch 

gels using a Bruker Avance III 400 MHz spectrometer, equipped with an HXY 4-mm 

probe, at a 13C frequency of 100.64 MHz, and MAS rate of 6 kHz. Gel samples were 

packed into an insert, enclosed with a stopper and a screw cap, and placed inside a 4-mm 

cylindrical rotor with a Kel-F end cap.  The 1H-13C CP/MAS NMR experimental acquisition 

and processing parameters were π/2 1H rf pulse of 3.20 µs and π/2 13C rf pulse of 3.86 

µs, a contact time of 1000 µs, a recycle delay of 5 s, with a minimum of 6000 scans. 1H 

and 13C chemical shifts were referenced to tetramethylsilane (TMS). The spectra were 
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measured at approximately 5 °C. These experiments were also performed at variable 

temperature (VT) in the range of +5.0 to -25.0 °C in steps of 5 °C, where these were 

performed with a total of 2000 number of scans per temperature step and all other 

parameters were kept the same. 

Estimation of Short-range Molecular Order 

Short-range starch molecular ordering was estimated using the method described by 

Flanagan et al. 207 In brief, following the acquisition of the free induction decay, the data 

were Fourier transformed, phase corrected and zero-filled to 4096 data points. The 

spectra were then subjected to partial least squares (PLS) fit using a large library of 

experimental 1H-13C CP/MAS NMR spectra of both raw granular and processed starches 

of various botanical origins, featuring all crystalline polymorphs (A-, B- and V-type). The 

short range order of the samples was obtained by multiple linear regression fitting to 

parameters obtained from the PLS model.  

Spectral deconvolution  

Spectral deconvolution was performed using the MestReNova software v14 (MestreLab 

Research©) at high resolution with a minimum of 20 fitting cycles, using a mixture of 

Lorentzian and Gaussian functions, with minimal manual adjustment of peak position. 

This was performed iteratively until the acquisition of minimal outlier residuals.  

Estimation of mobility  

Estimation of mobility levels across all peaks of interest was calculated as shown below 

(Equation 2.22). 
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% 𝑀𝑜𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐼𝐶𝑃𝑆𝑃−𝐼𝐶𝑃

𝐼𝐶𝑃𝑆𝑃
× 100                Equation 2.22 

where ICPSP and ICP are the 13C peaks’ normalised intensity values in their CPSP and 

CP/MAS NMR spectra, respectively. 

2.2.10.8.5 13C Direct Polarisation (DP) with High Power 1H Decoupling (HPDEC) NMR 

Spectroscopy 

 

Figure 2.16: Pulse sequence of the direct polarisation with high-power decoupling 

(HPDEC) train, consisting of a π/3 r.f. pulse on 13C, followed by FID acquisition with 

simultaneous heteronuclear decoupling. 

DP experiments were performed on a Bruker AVANCE III 850 MHz solid-state NMR 

spectrometer (UK National 850 Solid-State NMR facility at the University of Warwick) 

equipped with a 4 mm HX H13892B probe, using π/2 angle on 13C of 3.5 µs, relaxation 

delay of 2 s, at MAS rate 10 kHz, at 5 °C and with a minimum of 256 scans.  

Further DP experiments with long relaxation delays were performed on a Bruker Avance 

III 400 MHz spectrometer, equipped with an HXY 4-mm probe. The acquisition 
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parameters were π/2 angle on 13C of 3.3 µs, recycle delay of 10, 20 and 150 s, at MAS 

rate of 6 kHz, at 5 °C, and with a minimum of 1024 scans.  

2.2.10.8.6 Water Polarisation Transfer Cross Polarisation (WPT-CP) NMR Spectroscopy 

 

Figure 2.17: Pulse sequence of the water polarisation transfer-cross-polarisation (WPT-

CP) train, consisting of a T2 filter, followed by mixing time, and a traditional CP/MAS 

ramp. 

WPT-CP NMR experiments have been shown to be particularly useful for probing 

water-polysaccharide interactions in semisolid materials, for instance plant cell walls.208 

The experiment starts by filtering out 1H magnetisation from immobile components 

(e.g., starch particle network; short T2) while keeping 1H magnetisation from mobile 

components (e.g., water; long T2). Subsequently, the latter is transferred to the particle 

network during a variable mixing period (tmix) via three different mechanisms, (i) 1H spin 

diffusion, (ii) 1H intermolecular nuclear Overhauser effect (nOe) and (iii) 1H chemical 

exchange. It should be noted that, in comparison with mechanisms (i) and (iii), nOe 

contributes to a lesser extent to magnetisation transfer at low-to-moderate MAS 
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rates.208 Finally, 1H magnetisation is transferred to 13C via CP and the 13C spectrum is 

acquired under conditions of high power 1H decoupling.  

The acquisition parameters were 90° 1H and 13C rf pulses of 3.20 and 3.86 µs, 

respectively. A total T2 filter period (2 + 180° pulse length) of 4 ms and mixing times of 

25 ms was used. To minimise the contribution of intramolecular spin diffusion during 

the CP period a contact time of 500 µs was employed. The short mixing time and low CP 

efficiency of starch hydrogels precluded running complete WPT-CP build-up curves at 

variable mixing times. All WPT-CP experiments were carried out at 5 °C, MAS rate of 6 

kHz with a minimum of 6k scans. Peak intensities were normalised against a reference 

spectrum obtained with very short T2 filter duration and mixing times (both set as 1.0 

µs). The percentage of water polarisation transfer (% WPT-CP) was calculated for C-1, C-

2,3,5 and C-6 carbon peaks as the ratio of the peak intensities at 25 ms mixing time (i.e., 

build-up) and the reference spectrum (Equation 2.23) 

      % 𝑊𝑃𝑇 − 𝐶𝑃 =
𝐴25𝑚𝑠

𝐴𝑅𝐸𝐹
× 100              Equation 2.23 

where A25ms and AREF are the carbon peak intensities of WPT-CP spectra acquired at 25 

and 0 ms, respectively. The C-4 peak was disregarded, due to its low intensity. The peak 

intensity in WPT-CP curves depends on the number, distance, and mobility of water 

molecules at a given 13C environment. Hence, peaks corresponding to less sterically 

constrained vicinities showing faster WPT-CP growth at shorter mixing times (i.e., 25 

ms), compared to sterically hindered ones.    

HR-MAS NMR Spectroscopy  
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Direct 13C detection and 1H-13C HSQC experiments on starch gels were carried out on a 

Bruker Avance III 800 MHz spectrometer, equipped with a high-resolution magic angle 

spinning (HR-MAS) 4 mm double resonance probe. All experiments were carried out at 

5 °C and at MAS rate of 6 kHz.  

The 13C direct detection experiments were carried out with a 90° 13C pulse of 6.7 µs, a 

relaxation delay of 1.0 s and a minimum of 4k scans, and the 2D 1H-13C HSQC 

experiments were performed with a π/2 flip angle of 7.72 µs, relaxation delay of 5.0 s 

and 128 increments in the indirect (F1) dimension. 

2.2.10.8.8 Longitudinal Relaxation Measurements 

 

Figure 2.18: Pulse sequence of inversion-recovery train for measuring 1H T1, consisting 

of a π r.f. pulse on 1H, followed by variable delay, a π/2 r.f. pulse and acquisition of the 

FID. 

1H longitudinal relaxation times (T1) were measured using the inversion recovery pulse 

sequence, using recycle delay of 10 s. A total of 16 points were recorded with time delays 

ranging from 0.05 to 20 s for all hydrogel samples. This was also performed at variable 

temperature in the range of +5.0 to -15.0 °C in steps of 5 °C for normal maize starch 

hydrogels. The evolution of spectral intensities of all 1H peaks of the starch hydrogels 
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and the one for HDO were mathematically fitted to the monoexponential function below 

(Equation 2.24), using Bruker TopSpin v3.6.3: 

𝑀𝑧(𝜏) = 𝑀0 × [1 − 2𝑒
(

−𝜏

𝑇1
)
]                Equation 2.24 

where Mz is the z-component of magnetisation, M0 is the equilibrium magnetisation and 

τ is the time delay.
209,210 

Saturation Transfer Difference (STD) NMR Spectroscopy 

 

Figure 2.19: Pulse sequence of the STD NMR train, consisting of a selective saturation 

π/2 r.f. pulse, followed by spin-lock, solvent suppression, and FID acquisition.  

STD NMR spectroscopy is a nuclear Overhauser effect (nOe)-based pulse sequence, 

where a molecule is selectively saturated at two separate frequencies – an on-resonance 

(typically in the range of 3 to -1.5 ppm) which allows for the fast effective saturation of 

the molecule through 1H-1H spin diffusion and intramolecular nOe; and an off-resonance 

(typically around 40-50 ppm) frequency, which provides a reference spectrum. The 

magnetisation in the saturated (on-resonance) spectrum is then transferred 

intermolecularly to proximal 1H within reasonable distances (<5 Å).211 The mathematical 
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subtraction of the two spectra allows for the identification of 1H peaks resulting from 

the most spatially proximal moieties of the two molecules of interest. In this work, STD 

NMR is predominantly used for probing the through-space interactions between guest 

(pharmaceutical drugs) and host molecules (starch hydrogels), as well as investigation 

of the proximity between H2O molecules and the starch backbone in the hydrogel 

systems to complement WPT-CP NMR data.  

STD NMR experiments of drug-loaded starch hydrogels were acquired using a Bruker 

Avance II 800 MHz spectrometer equipped with a triple resonance HR-MAS probe. 

Samples were spun at 6 kHz and experiments were carried out at 308 K, using π/2 rf of 

8.62 μs, 64 scans and 16 dummy scans. All STD experiments were performed using a 

pulse a train of 50 ms shaped pulses for selective saturation of the starch matrix, using 

on- and off-resonance frequencies of 3.5 ppm and 50 ppm, respectively. Saturation 

times ranged from 0.1 to 10 s. A constant experiment length (saturation time + recycle 

delay) of 12 s was used.  

To calculate the STD response (%), the peak intensities in the difference spectrum 

(STDOFF - STDON, STDΔ) were integrated relative to the peak intensities in the off-

resonance (STD0)212, according to the Equation 2.25.  

        𝑆𝑇𝐷 (%) =
𝑆𝑇𝐷Δ

𝑆𝑇𝐷0
× 100                          Equation 2.25 

Solution-state NMR Spectroscopy  

Direct polarisation 13C {1H} Solution-state NMR spectra were acquired on a Bruker 

Avance I spectrometer, operating at 13C frequency of 125.79 MHz, equipped with a 5 

mm probe. Hydrogels were prepared directly in Pyrex® NMR tubes (Norell Inc.®), 
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starting with 10% (w/v) starch/D2O suspensions with total volume of 700 μL and 

following all other gelatinisation and storage procedures (see Hydrogel preparation 

section). All 1H and direct 13C {1H} detection experiments were acquired with a 10 µs 13C 

rf pulse, 2.0 s relaxation delay, a minimum of 2000 scans and carried out at 25 °C. The 

short recycle delay was chosen to probe the structure of the liquid-like components in 

the hydrogels.   

2.2.11 Simulated Digestion and Fermentation 

Enzyme Activity Measurement 

Salivary α-amylase 

A 100-mg sample of soluble potato starch (Merck, CAS: 9005-25-8) was placed in a 20-

mL volumetric flask, followed by the addition of PBS (0.01 M) to a total volume of 20 mL, 

the sample was inverted by hand and its contents transferred to a 25-mL conical flask, 

containing a stirrer bar. The vessel was clamped on a stand in a water bath set at 90 °C, 

and set to stir at 600 rpm for 20 min, allowing for the complete gelatinisation of the 

soluble potato starch. Once done, the sample was removed from the water bath and 

placed in incubator pre-set at 37 °C for 1 hour to allow for the temperature to 

equilibrate. 5-mL gelatinised starch samples were transferred to three 15-mL Corning® 

tubes, and placed on an end-over-end mixer in the incubator for further 5 min. Sample 

blanks (100 μL) were taken out to account for any reducing sugars already present in the 

starch sample, and added to centrifuge tubes containing NaHCO3 (0.3 M, stop solution). 

This was followed by the addition of 100 μL of the salivary amylase of unknown activity 

to each of the three 15-mL sample tubes, and they were returned to the mixer inside 

the incubator. At pre-determined time points (3, 6, 9 and 12 min), 100-μL aliquots were 
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taken out of each digestion mixture and placed in further centrifuge tubes containing 

stop solution.   

The concentration of reducing sugars in at each time point was quantified against a 

standard curve of known maltose concentrations  (0, 50, 100, 250, 500, 750 and 1000 

μM). This was done by doing a 20-fold dilution the reducing sugar samples of unknown 

concentration, and transferring 100 μL of the diluted samples, and of the samples 

containing maltose of known concentrations to new centrifuge tubes, followed by the 

addition of para-hydroxybenzoic acid hydrazine (pAHBAH, 250 mg, made up HCl (0.5 M, 

4.75 mL), and NaOH (0.5 M, 45 mL)). The samples were placed in a water bath (99 °C) 

for 5 mi, then they were left to cool down for 15 min before measuring their absorbance 

on a UV/Vis spectrophotometer (Biochrom Libra S50 UV/Vis Spectrophotometer, λmax = 

405 nm).213 The enzyme activity was expressed in units, where the definition of a unit is 

1 mg enzyme liberating 1 mg of substrate every 3 min.  

Pepsin 

Pepsin (5 mg) was dissolved in NaCl (0.15 M, 5 mL), and the pH was adjusted to 6.5, using 

NaOH (0.1 M). This stock solution was serially diluted to make up samples of known 

concentrations of 5, 10, 15, 20 and 25 μg/mL in HCl (10 mM).  

Bovine blood haemoglobin, Merck, CAS: 9008-02-0) was dissolved in HCl (60 mM), giving 

a final concentration of 2% w/v.  

500 μL aliquots of the haemoglobin stock solution (2% w/v) were placed in five 2-mL 

centrifuge tubes at 37 °C for 30 min to allow for temperature equilibration, followed by 

the addition of the prepared pepsin (100 μL) solutions of known concentration. The 

samples were vortex mixed and incubated with end-over-end mixing at 37 °C for 10 min. 
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The assay was stopped by pipetting 1-mL aliquots of trichloroacetic acid (TCA, 5% w/v). 

The samples were then spun down (6000 g, 20 min), the supernatant was placed in 

plastic cuvettes and the absorbance was read at λmax = 280 nm.214,215 

The activity was calculated according to Equation 2.26.  

𝑃𝑒𝑝𝑠𝑖𝑛 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑈 𝑚𝑔⁄ =
𝐴𝜆280

[𝑃𝑒𝑝𝑠𝑖𝑛]
× 100    Equation 2.26 

Where [Pepsin] is the enzyme concentration in the sample. All pepsin activity values are 

within 20 units of each other (linear region).  

Pancreatin Amylase Activity 

The amylolytic activity of pancreatin was measured using the same protocol as for 

salivary α-amylase, with the only modification being that the samples were spun down 

(6000 g, 15 min) to remove the pancreatin agglomerates. The concentration of reducing 

sugars in the supernatants were then quantified using p-AHBAH (see salivary α-amylase 

section). 

According to the INFOGEST protocol, pancreatin’s activity is quantified against its trypsin 

activity112, but for the purposes of this work, we have standardised it against its 

amylolytic activity, due to the nature of our pure starch substrates.  

In vitro Digestion 

Digestion was carried out in triplicate using a standardised static simulated digestion 

model developed by Minekus et al.,112 modified to substitute NaHCO3 and [NH4]HCO3 

with bis-tris216, due to the latter’s higher buffering capacity in the range of pH 6.0 – 7.2.  
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Oral phase 

Simulated salivary fluid (SSF, KCl (15.1 mM), KH2PO4 (3.7 mM), bis-tris (13.66 mM), 

MgCl2.6H2O (0.15 mM), CaCl2.2H2O (1.5 mM)) was added in a 1:1 ratio (v/w) to the 

hydrogel samples in 50.0-mL Corning® tubes, where the weight of each hydrogel sample 

was 2.0 g (± 0.1 g), where the total starch content in each hydrogel was 200 mg (± 20 

mg). The temperature in the vessels was equilibrated at 37 °C, followed by the addition 

salivary a-amylase to give a final concentration of 75.0 IU mL-1. All tubes were set up on 

an end-over-end rotator at a rate of 30 rpm and were incubated at 37.0 °C for 2 min.  

Gastric phase  

At the end of the oral phase, the pH of all samples was adjusted to 2.9 (± 0.05) using HCl 

(1.0 M), simulated gastric fluid (SGF, KCl (6.9 mM), KH2PO4 (0.9 mM), bis-tris (25.5 mM), 

NaCl (47.2 mM), MgCl2.6H2O (0.1 mM), CaCl2.2H2O (0.15 mM)) was added in a 1:1 ratio 

(v/v) to the oral phase mixture. Finally, pepsin was added to the digestion mixture to 

give a final concentration of 2000 IU mL-1, and the gastric phase was incubated in an 

end-over-end rotator at a rate of 30 rpm, at 37 °C for 2 h.  

Intestinal phase 

Immediately after completion of the gastric phase the pH was raised to 7.0 (± 0.05) using 

NaOH (1.0 M), simulated intestinal fluid (SIF, KCl (6.8 mM), KH2PO4 (0.8 mM), bis-tris 

(85.0 mM), NaCl (38.4 mM), MgCl2.6H2O (0.33 mM), CaCl2.2H2O (0.6 mM), and bile (10.0 

mM))  was added in a 1:1 (v/v) ratio with the gastric phase and finally pancreatin was 

added to give a final concentration of 100 IU mL-1. The intestinal phase was incubated in 

an end-over-end rotator at a rate of 30 rpm, at 37 °C for 2 h. 
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Halting Digestion and Sample Collection 

At the end of each simulated phase and at the mid-point of both the simulated gastric 

and small intestinal digestion steps (oral, O; gastric, G1 and G2; duodenal, D1 and D2), 

vessels were removed from the incubator, and the pH was raised to pH 9.0 (± 0.5) using 

NaHCO3 (1.0 M) to halt enzymatic activity. The partially digested hydrogel substrates 

were rinsed in NaHCO3 (1.0 M) twice more, and placed in phosphate buffered saline 

(PBS, 0.01 M) containing NaN3 (0.02% w/v) and stored at 4 °C until further analysis. The 

digesta were stored at -20 °C for further analysis.  

Quantification of Digested Starch Hydrogel 

The starch hydrogel digesta were thawed out, vortex mixed for 10 s and spun down 

(Eppendorf Centrifuge 5810R) at 13,000 x g for 5 min, and the supernatant removed to 

a clean tube for analysis. The concentration of reducing sugars in the supernatant was 

analysed using the pAHBAH method against maltose standards.213 The absorbance was 

measured using a UV-Vis spectrophotometer (Biochrom Libra S50 UV/Vis 

Spectrophotometer, λmax = 405 nm).  

Identification of Oligosaccharides and Reducing Sugars in Starch Digesta 

The supernatants collected after spinning down the starch digesta were analysed on a 

Bruker Avance I spectrometer, operating at 13C frequency of 125.79 MHz, equipped with 

a 5 mm probe. Aliquots of 600 μL were loaded into NMR tubes (Norell Inc.®). Direct 13C 

detection with 1H decoupling experiments were acquired with a 10 μs 13C rf pulse, 4.0 s 

relaxation delay, a minimum of 256 scans, and carried out at 25 °C.   
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In vitro Fermentation 

Participant Information and Ethics 

Faecal sample was obtained from four adults (≥ 18 years old), free-living, healthy donors 

who had not taken antibiotics in the 3 months prior to donation, and were free from 

gastrointestinal disease. Ethical approval was granted by Human Research Governance 

Committee at the Quadram Institute (IFR01/2015) and London - Westminster Research 

Ethics Committee (15/LO/2169) and the trial was registered on clinicaltrials.gov 

(NCT02653001). A signed informed consent was obtained from the participant prior to 

donation. The stool sample was collected by the participant, stored in a closed container 

under ambient conditions, transferred to the laboratory and prepared for inoculation 

within 2 hours of excretion. 

Batch model colon fermentation media ingredient recipe 

Haemin solution was prepared by dissolving haemin (CAS: 16009-13-5, 0.05 g) in NaOH 

(0.05 M, 25.0 mL) and made up to 500 mL with boiled ddH2O . 

Resazurin solution was prepared by dissolving resazurin sodium salt (CAS: 62758-13-8, 

0.05 g) in ddH2O (50 mL).  

Fatty acids solution was prepared by dissolving the following fatty acids in NaOH (0.2 M, 

200 mL): acetic acid (1.37 mL), propionic acid (0.6 mL), butyric acid (0.368 mL), isobutyric 

acid (0.094 mL), 2-methylbutyric acid (0.11 mL), valeric acid (0.11 mL), and isovaleric 

acid (0.11 mL).  

Trace minerals solution was prepared by dissolving the following salts in ddH2O (1.0 L): 

manganese chloride tetrahydrate (MnCl2.4H2O), 25.0 mg), ferrous sulphate 
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heptahydrate (FeSO4.7H2O, 20.0 mg), zinc chloride (ZnCl2, 25.0 mg), copper chloride 

dihydrate (CuCl2.2H2O, 25.0 mg), cobalt chloride hexahydrate (CoCl2.6H2O, 50.0 mg), 

selenium dioxide (SeO2, 50.0 mg), nickel chloride hexahydrate (NiCl2.6H2O, 250 mg), 

sodium molybdate dihydrate (NaMoO4.2H2O, 250 mg), sodium metavanadate (NaVaO3, 

31.4 mg), boric acid (H3BO3, 250 mg).  

Basal solution was prepared by the following in ddH2O (4.0 L): potassium chloride (KCl, 

3.57 g), sodium chloride (NaCl, 3.57 g), calcium chloride dihydrate (CaCl2.2H2O, 1.19 g), 

magnesium sulfate heptahydrate (MgSO4.7H2O, 2.97 g), 1,4-piperazinediethanesulfonic 

acid (Pipes, 7.84 g), ammonium chloride (NH4Cl, 3.21 g), trypticase (5.95 g), resazurin 

solution (5.87 mL), trace minerals solution (59.46 mL), haemin solution (59.46 mL), fatty 

acids solution (59.46 mL). The pH was adjusted to 6.8 with concentrated potassium 

hydroxide (KOH) and the solution was made up to 5.0 L with ddH2O. The basal solution 

was bubbled with CO2 overnight, dispensed into sterilised serum bottles in aliquots of 

76.0 mL, the vessels were sealed and autoclaved at 121 °C for 15 min.  

Vitamins and phosphate solution was prepared by dissolving monobasic potassium 

phosphate (KH2PO4, 27.35 g) in ddH2O (500 mL), followed by the addition of the 

following sequentially: biotin (10.2 mg), folic acid (10.3 mg), calcium (D)-pantothenate 

(82.0 mg), nicotinamide (82.0 mg), riboflavin (82.0 mg), thiamine hydrochloride (82.0 

mg), pyridoxine hydrochloride (82.0 mg), p-aminobenzoic acid (10.2 mg), 

cyanocobalamin (10.3 mg). The solution was filter sterilised (0.22 μm, polyethersulfone 

membrane filter).  

Carbonate buffer solution was prepared by dissolving sodium carbonate (Na2CO3, 41.0 

g) in boiled ddH2O (500 mL), dispensed into sterilised serum bottles in aliquots of 60.0 
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mL, sealed and autoclaved at 121 °C for 15 min. The vessels were bubbled through with 

CO2 for 2 h shortly prior to use.  

Reducing agent solution was prepared by dissolving (L)-cysteine hydrochloride (1.0 g) 

and sodium sulfide nonahydrate (Na2S·9H2O, 1.0 g) in boiled ddH2O, followed by 

adjusting the pH to 10.0 with concentrated NaOH.  

Vitamin-phosphate/carbonate solution was prepared by the addition of vitamin and 

phosphate solution (see above, 15.0 mL) to each of the vessels containing carbonate 

buffer solution (see above) by injecting through the septa. 

Faecal Sample Collection and Preparation for Inoculation 

Faecal samples were obtained from 4 different subjects (see participant information and 

ethics section). Each volunteer was given a sample collection kit with instructions. The 

samples were produced inside sterilised plastic bags, sealed with a plastic clip, and 

placed in sealed plastic containers within 2 hours of inoculation. The containers were 

transferred to a sterilised class II safety cabinet (Walker Ltd, UK). An average of 30.0 g 

of donor stool sample was homogenised with sterile PBS (0.01 M) reduced in an 

anaerobic chamber overnight, in a ratio of 1:10, in a strainer bag (BA6141/STR, Seward 

Limited, UK) using a Stomacher® 400 Circulator (Seward Limited, UK) set to 200 r.p.m. 

for a duration of 30 s, resulting in diluted faecal slurry intended for inoculation.  

Final Fermentation Vessel Preparation and Sampling 

Simulated fermentation experiments were performed following the methodology of 

Williams et al. with some adaptations.217 In brief, 100-mL sterile, septa-sealed 

fermentation vessels (76.0 mL basal solution, 5.0 mL vitamin-phosphate/carbonate 
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solution, 1.0 mL sulfide reducing solution) containing pre-digested (INFOGEST-treated) 

starch hydrogels (ca. 1.9 ± 0.1 g of pre-digested gel sample), were placed under CO2 for 

3 min each, and were left to equilibrate in an incubator at 37.0 °C the evening before 

inoculation. On the following day, inoculation was performed by injecting diluted faecal 

slurry (3.0 mL) directly through the septa of each fermentation bottle, using sterile 19G 

hypodermic needles and 10.0 mL syringes. Inoculation was carried out in a class II safety 

cabinet. All vessels were returned to the incubator immediately following inoculation.  

Measurement of Total Gas Produced during Fermentation 

At pre-determined time points (12, 24, 48 and 72 h after inoculation) bottles were taken 

out of the incubator and the gas produced was measured directly through the septa, 

using sterile 19G needles and 20 mL syringes, where the volume of gas measured at each 

time point was equal to the volume in the syringe (i.e., distance of the plunger) being 

displaced.   

Samples for Bacterial Metabolite Analysis 

At pre-determined time points (0, 6, 12, 24, 48 and 72 h after inoculation) bottles were 

taken out of the incubator and the fermentation media was sampled (2.0 mL) in 

triplicate through the septa, using sterile 23G needles and 5.0 mL syringes. The samples 

were placed in labelled 2.0-mL screw-cap centrifuge tubes, spun down at 3,000 x g for 5 

min at 4 °C (Thermo Heraeus Fresco 17 centrifuge). The supernatant was collected 

without disturbing the pellet, where both were retained and stored at -20.0 °C for 

further analyses.  

Samples for NMR structural analyses, FISH and LSCM 
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At pre-determined time points (12, 24, 48 and 72 h following inoculation), vessels were 

removed from the incubator and placed in an ice bath for 10 min. The starch hydrogels 

intended for solid-state NMR analyses were tipped out into 5.0 mL sterile vessels 

containing NaHCO3 (1.0 M), swirled gently for 1.0 min and placed under PBS (0.01 M), 

containing NaN3 (0.02% w/v); and the hydrogels intended for hybridisation and 

microscopy – in sterile vessels containing cold (4.0 °C) formaldehyde (4.0% in 0.01 M 

PBS) and left in the fixative at 4.0 °C overnight. Hydrogel sampling was performed in 

duplicate for each time point of the in vitro fermentation. 

2.2.12 Starch Branching Analyses  

Starch Branching analysis was performed as described in Tizzotti et al.218 Starch 

hydrogels sampled at the end of the simulated digestion treatment and after 24, 48 and 

72 hours of in vitro fermentation were flash frozen in liquid N2, freeze-dried (Thermo 

ModuLyod freeze drier) for 3 days, manually ground using mortar and pestle, and 

dissolved in DMSO-d6 (containing LiBr 0.5% w/v) at a concentration of 2.85 mg mL-1. 

Samples were vortex-mixed for 10 s, followed by the addition of 600-μL aliquots of the 

solutions directly into NMR tubes (Norell® Select Series™, 5 mm). A single drop of TFA-

d1 was added to each NMR tube immediately prior to spectral acquisition using a Pasteur 

pipette. The NMR experiments were performed on a Bruker Avance II NMR 

spectrometer, operating at a 1H frequency of 500.11 MHz, equipped with an inverse 

triple resonance z-gradient probe. The acquisition parameters were π/2 rf pulse on 1H 

of 10 s, recycle delay of 12 s, acquisition time of 3.2 s, and 128 scans. All experiments 

were performed in triplicate. The degree of branching (DB) was determined as the 

percentage of the integration of the peak at 4.78 ppm, out of the combined proportion 
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of the peaks at 5.10 and 4.78 ppm, associated with α(1-4) and α(1-6) glycosidic linkages, 

respectively.  

2.2.13 Bacterial Metabolite and Small Molecule (Drug) Release Quantification 

The samples containing the supernatant from the fermentation media were thawed out, 

spun down (3,000 x g for 3 min) and 400 μL aliquots were pipetted directly into NMR 

tubes (Norell® Standard Series™, 5 mm), followed by the addition of 200 μL of phosphate 

buffer (NaH2PO4 (21.7 mM), K2HPO4 (82.7 mM), NaN3 (8.6 mM), 3-(trimethylsilyl)-

propionate-d4 (TMSP, 1.0 mM)).219 The spectra were recorded on a Bruker Avance III 800 

MHz spectrometer, equipped with an inverse triple resonance z-gradient probe. All 1H 

NMR spectra acquired on the 800 MHz spectrometer were obtained using 256 scans, a 

spectral width of 9615 Hz, acquisition time of 0.83 s, using Bruker’s ‘noesygppr1d’ pulse 

sequence, featuring selective low-power pre-saturation (p16 = 1.0 ms) on the residual 

H2O peak frequency during relaxation delay and mixing time for effective solvent 

suppression. Spectra were apodised using 0.1 Hz line broadening and referenced using 

the TMSP peak (0.0 ppm). Recycle delay was set to 10 s, the mixing time used was 0.1 s, 

and the π/2 rf pulse was 9.08 μs. Acetate, propionate, butyrate, succinate, lactate, 

glucose and maltose were quantified using the NMR Suite v7.6 Profiler (Chenomx®, 

Edmonton, Canada). 

The small molecular release in the fermentation media was quantified against the TMSP 

reference, using the acquisition parameters above, on the basis of standard curves of 

known concentrations of small molecules in phosphate buffer.  

Standard curves of known concentrations of the three model drugs chosen were made 

up in NMR buffer, where each sample was made up of 600 μL NMR buffer, containing 
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0.1, 0.2, 0.5, 0.75, 1.0, 1.5 and 2.0 mM of the small molecule of choice. Standard curves 

were built based on the ratio between the known concentration of small molecule and 

the ratio of the area under the peak of TMSP (-CH3, 0 ppm) and the 1H peak of choice of 

each of the small molecules (CHO, 9.6 ppm, VNL; NH, 7.7 ppm, 5FU; Ar 1H, 7.9 ppm, 

DOX).  

2.2.14 Fluorescence in-situ Hybridisation (FISH) 

The fixed hydrogel samples were removed from the formaldehyde solution, placed in 

2.5 mL embedding plastic boats, and covered in mounting medium (PolyFreeze O.C.T. 

medium, Merck SHH0026). The embedding boats were gently placed in an EtOH/dry ice 

bath until fully solidified. Embedded samples were mounted on cryostubs and sectioned 

on a CryoStat (Thermo CryoStar NX70) equilibrated at -10.0 °C, at 20.0 μm width, placed 

directly on sterile polysine adhesion microscopy slides (Thermo Scientific™ 10219280) 

and left to air dry in a fume cabinet overnight. Hybridisation was performed following 

the methodology described in the work of Gorham et al.,113 with some adjustments, 

where 10.0 μL of hybridisation buffer (NaCl 5.0 M, Tris.HCl 1.0 M, formamide 25%, 

sodium dodecyl sulfate (SDS) 10%) was placed on top of each section, followed by the 

addition of 20.0 μL of each probe (Table 2.1), where the concentration of each probe 

was 50.0 ng μL-1. Slides were placed in aluminium foil-wrapped 50.0-mL Corning® tubes 

and placed horizontally in an incubator set at 58.0 °C, and left overnight to hybridise. 

After hybridisation, the slides were recovered and washing buffer (NaCl 5.0 M, Tris.HCl 

1.0 M, ethylenediaminetetraacetic acid (EDTA) 0.5 M, SDS 10%) was gently pipetted on 

top of each hydrogel section twice, followed by cold ddH2O and leaving the slides to air 

dry in the dark. Prior to visualization, approximately 10.0 μL of Vectashield® anti-fade 
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medium (VectorLabs, Maravai LifeSciences, Peterborough, UK) was gently pipetted on 

top of each resin, followed by placing a glass coversheet on top.  

The deviations from the original protocol by Gorham et al.,113 such as the increased 

volume of hybridisation buffer per sample (10.0 vs. 8.0 μL in the original protocol), and 

volume of bacterial probes (20.0 vs. 0.5 μL), as well as the duration (overnight vs. 1 h in 

the original protocol), and temperature of hybridisation (58.0 vs. 46.0 °C in the original 

protocol) were adopted, due to the high surface area of our sectioned samples, relative 

to those in Gorham et al., as well as due to the increased resistance to digestion and 

fermentation of our retrograded hydrogel substrates, compared to the feeds used in the 

study by Gorham et al.113 

Table 2.1. List of fluorescent probe-tagged oligonucleotides for sequence-specific 

hybridisation with commensal bacteria in fermented starch matrices.  

Probe name Sequence (5' - 3') 
Concentration 

(ng μL
-1

) 
Storage Solution Modification Purchased From 

Rbro730 TAAAGCCCAGYAGGCCG 50.0 Tris.HCl 10 mM, EDTA 1 mM, pH 8.1 5'-AF350 Eurofins 

Bif164 CATCCGGCATTACCACCC 50.0 Tris.HCl 10 mM, EDTA 1 mM, pH 8.1 5'-ATTO740 Eurofins 

Bac303 CCAATGTGGGGGACCTT 50.0 Tris.HCl 10 mM, EDTA 1 mM, pH 8.1 5'-RED Eurofins 

Eub338I GCTGCCTCCCGTAGGAG 50.0 Tris.HCl 1 mM, EDTA 0.1 mM, pH 6.9 5'-CY5 Eurofins 

Eub338II GCAGCCACCCGTAGGTG 50.0 Tris.HCl 1 mM, EDTA 0.1 mM, pH 6.9 5'-CY5 Eurofins 

Eub338III GCTGCCACCCGTAGGTG 50.0 Tris.HCl 1 mM, EDTA 0.1 mM, pH 6.9 5'-CY5 Eurofins 

 

2.2.15 Laser Scanning Confocal Microscopy Visualisation 

Slides were visualised on a Zeiss LSM 880 Confocal Microscope, equipped with a 

fluorescent mercury lamp, a diode (405 nm), Ar (458, 488, 514 nm), DPSS (561 nm) and 

He-Ne (594,633 nm) lasers for visualisation of AF350 (λex = 350 nm), TxRed (λex = 595 

nm), CY5 (λex = 645 nm) and ATTO740 (λex = 743 nm) fluorescent tags. All images were 
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taken under x10 (0.45, air) and x20 (0.8, air) magnification objectives, obtained and 

processed using the ZEN® Pro software package (Carl Zeiss Microscopy GmbH, Jena, 

Germany).  

2.2.16 Size-Exclusion Chromatography (SEC) 

Principles 

The determination of the molecular structural parameters of amylose and amylopectin 

molecules in starch is pivotal for drawing structure-function links regarding starch’ 

physicochemical properties and behaviour in the human GIT. Size-exclusion 

chromatography (SEC, a.k.a. gel permeation chromatography, GPC) is one of most 

common means of separating polymers based on their molecular size (not molecular 

weight), and more specifically – based on their hydrodynamic volume (Vh), where the 

IUPAC definition of Vh is based on the volume of a hydrodynamically equivalent 

impenetrable sphere, exhibiting the same frictional effect in a hydrodynamic field, as 

the polymer molecule. Vh is related to the hydrodynamic radius (Rh) of a polymer 

through Equation 2.27, and the size of a polymer quantified through SEC is usually 

reported either as its Vh or Rh, and not based on the elution time of the polymer fraction, 

as this latter property is heavily dependent on the instrument set-up, and day-to-day 

variability in separation processes.220 

𝑉ℎ =
4

3
𝜋𝑅ℎ

3
         Equation 2.27 

The instrument is usually calibrated through a combination of polymers of narrow 

dispersity (pullulans – glucose polymers in this case, see below), through their molecular 
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weight (Mw), intrinsic viscosity for a given molecular weight ([η]Mw, established 

viscometrically), and Avogadro’s constant (NA) through Equation 2.28.  

𝑉ℎ =
2

5

𝑀𝑤[𝜂]𝑀𝑤

𝑁𝐴
                          Equation 2.28 

The relationship between Vh and Mw is then fitted to the Mark-Houwink relation 

(Equation 2.29).  

𝑉ℎ =
2

5

𝐾𝑀𝑤1+𝑎

𝑁𝐴
              Equation 2.29 

Where K and α are Mark-Houwink parameters which depend on the polymer-solvent 

system. The pullulan standards are then used to relate elution time (tel), elution volume 

(Vel) and Vh. All SEC data (both branched and debranched) in this work is obtained 

through a differential refractive index (DRI) detector, which relates the Vel detector 

signal SDRI(Vel) to the weight distribution of the polymer - w(logVh), through 

Equation 2.30.  

     𝑤(𝑙𝑜𝑔𝑉ℎ) = 𝑆𝐷𝑅𝐼(𝑉𝑒𝑙)
∆𝑉𝑒𝑙

∆𝑙𝑜𝑔𝑉ℎ
             Equation 2.30 

It should be noted that the normalisation (if any) of w(logVh) is arbitrary. Most research 

using SEC of starch make use of normalisation against the amylopectin peak distribution 

of greatest intensity, but this can artificially conceal small differences and changes in the 

overall weight distribution.221–223 In light of this, for the purposes of this work, we have 

chosen to carry out standard normal variate and 0-order detrend (Appendix) in order to 

avoid artificially concealing potentially relevant changes in the weight distribution of the 

samples.  
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Sample preparation and column running conditions are very important in SEC in both 

branched and debranched polymers, in order to avoid artefacts generated from shear 

scission of highly branched molecules, such as amylopectin, which can result in artificial 

band broadening and misleading results, thus disabling one from gaining quantitative 

information about the amylopectin distribution in branched samples. This is one of the 

reasons why it is usually recommended to run both branched and debranched samples 

when probing the size distributions in starch through means of SEC. 224 Furthermore, a 

solvent (mobile phase) needs to be optimised for the sample, in order to achieve 

maximal (ideally complete) solubility of the sample. In the case of starch, this has been 

extensively investigated, where the optimal solvent found for most starch samples is 

filtered DMSO, containing LiBr (0.5% w/v) acting as a hydrogen bond disruptor. 224 

Experimental Procedures 

Undigested, digested, and fermented hydrogel samples intended for SEC and 

fluorophore-assisted carbohydrate electrophoresis (FACE) were flash frozen under 

liquid N2 and freeze-dried for 5 days, followed by manual grinding using a mortar and 

pestle. Samples for debranched SEC and FACE were debranched following Wu et al.225 

Starch samples intended for debranching (5.0 mg) were dissolved in DMSO/LiBr (1.5 mL, 

0.5% w/v), followed by being placed in a thermomixer at 80 °C, at 600 rpm over 24 hours. 

The following day, the samples were spun down (4000 g, 10 min), and the supernatant 

was removed, followed by the addition of ddH2O (0.9 mL), and placing the samples in a 

water bath (95 °C, 1 hour).  

The samples were then cooled to room temperature, NaOAc was added (0.1 M, 0.1 mL, 

pH 3.5), followed by the addition of isoamylase (2.5 μL, Megazyme, CAS: 9067-73-6), and 
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the mixture was placed on a thermomixer at 37 °C for 3 hours. The solution was 

neutralised (NaOH, 0.1 M), followed by being heated at 80 °C for 1 hour. The samples 

were then flash frozen in liquid N2 and freeze-dried over 3 days.  

Branched at debranched samples were then dissolved in DMSO/LiBr (0.5% w/v) at 2 

mg.mL-1 and 4 mg.mL-1, respectively, and placed on a thermomixer at 80 °C, at 600 rpm 

overnight. The samples were recovered, spun down (4000 g, 5 min), and the supernatant 

was transferred to HPLC vials (Fischer Scientific,  10080952).225 All samples were run at 

80.0 °C, with DMSO/LiBr (0.5%) as the mobile phase, at a flow rate of 0.3 and 0.6 mL 

min-1 for branched and debranched samples, respectively. The mobile phase was 

prepared by dissolving LiBr (0.5% w/v) in DMSO under sonication for 1 h, followed by 

filtration under pressure (0.45 μm, PTFE membrane). 

The molecular structural parameters of whole starch molecules in the hydrogels were 

characterised using an Agilent 1100 series SEC system (Agilent Technologies, Santa 

Clara, CA) equipped with a Shimadzu RID-10A differential refractive index detector 

(Shimadzu Corporation, Kyoto, Japan). Fully branched samples were run using GRAM 30 

and GRAM 3000 columns (Polymer Standards Service (PSS), GmbH, Mainz, Germany) 

connected sequentially, providing separation in the range of 5X103 – 5X106 Da (Rh of 0.5 

– 50.0 nm), whereas debranched samples were analysed using GRAM 30 and GRAM 

1000 columns, appropriate for separation in the range of 100 – 106 Da. The samples 

were run alongside a series of pullulan standards (PSS, GmbH, Mainz, Germany) in the 

range of 180 Da – 1.2X106 Da for calibration purposes (see above), using the methods 

described in Li et al.226 Elution time was converted to Rh, and (for debranched samples) 
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from Rh – to the degree of polymerization (DP) X, using the Mark-Houwink relation227, 

giving X (Rh). 

2.2.17 Fluorophore-assisted carbohydrate electrophoresis (FACE)  

Principles 

FACE relies on the separation of polymeric carbohydrates based on labelling the single 

reducing end of polysaccharides of various lengths using either aromatic primary amines 

or polysulfonic acid derivatives of naphthalene, containing both a fluorophore and a 

charged end. In this work, 8-aminopyrene-1,3,6-trisulfonate (APTS) was used as the 

label, where the NH2 group performs a nucleophilic attack on the reducing end (in the 

hemiacetal form) of linear (i.e., debranched) starch, forming a Schiff’s base-type amine, 

which is further reduced with NaCNBH3  resulting in the formation of a secondary amine 

and a covalently linked label (Figure 2.20). The presence of both a fluorophore and a 

charge on the label allows for the electrophoretic size separation of linear glucans, and 

their detection via spectrophotometric (fluorescence detection) methods. The 

introduction of a single label per starch chain (single reducing end to act as an 

electrophile) allows for quantification of both length and mass, provided the molar mass 

of the monomer is known, and the polymer in question is homopolymeric.225,228,229 
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Figure 2.20: Mechanism for labelling the reducing end of starch with APTS through a 

nucleophilic substitution, followed by reductive amination using NaCNBH3.  

Experimental Procedures 

The debranched samples intended for FACE analysis were labelled using APTS 

(Carbohydrate Labelling and Analysis Kit, Beckman Coulter, Brea, CA, USA) according to 

Wu et al.225 (see above). The samples were analysed on a PA-800 Plus FACE System 

(Beckman-Coulter, Brea, CA, USA), coupled with a solid-state laser-induced fluorescence 

(LIF) detector and an argon-ion laser as the excitation source. The separation was carried 

out in an N-CHO-coated capillary (50.0-μm in diameter, Carbohydrate Labelling and 

Analysis Kit). The sample was introduced into the capillary in a carbohydrate separation 
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buffer (Beckman-Coulter, 477623) by pressure injection for 3.0 s at 0.5 psi. Separation 

of the labelled linear glucans was achieved using an applied voltage of 28–30.0 kV (≈14.0 

mA) at 25.0 °C, where the first ≈120 peaks were separated over a total time of 60 min. 

Under these conditions, the chain length distribution (CLD) of all debranched samples 

was analysed and presented as percentile contribution of each DP to the total CLD, 

where DP is the number-average degree of polymerisation. min. Elution time was 

converted to Rh, and (for debranched samples) from Rh – to the degree of polymerization 

(DP) X, using the Mark-Houwink relation227, giving X (Rh). 

2.2.18 Statistical analyses 

A two-tailed, paired t test was performed on all quantitative NMR measurements with 

a confidence interval of 95%. The statistical significance of the changes in degree of 

branching following in vitro digestion and fermentation, as well as the changes in the 

concentration of bacterial metabolites in the presence of the three guest molecules – 

vanillin, 5-fluorouracil and doxorubicin compared to the controls, were assessed using a 

2-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test with a 95% 

confidence interval, using GraphPad Prism 9.0.0 (GraphPad Software, Inc.) statistical 

software.  

Chapter 3: Structural Organisation of Starch Hydrogels 

Results from this chapter are largely published in: 

Todor T. Koev, Juan C. Muñoz-García, Dinu Iuga, Yaroslav Z. Khimyak, Frederick J. 

Warren. Carbohydrate Polymers (2020). 249 (1): 116834 
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3.1 Introduction 

In order to fully understand the behaviour of starch hydrogels in different environments, 

we must first obtain a highly detailed characterisation of the structural assemblies 

making up their supramolecular organisation, the dynamic and motional effects of their 

structural moieties, intercomponent interactions, and how all of these contribute to the 

molecular- and bulk-level structural properties we observe.  

We aim to establish the presence of components of disparate dynamics, and to quantify 

their molecular motions, and to correlate these with bulk system properties, such as gel 

micromechanics. We aim to explore the role of water molecules in the internal assembly 

of starch gel networks, and discriminate between tightly-associated and loosely bound 

water molecules in the hydrogel systems. We aim to build on the currently existing 

structural understanding and models of amylose gels, initially developed by Jane and 

Robyt164 and Leloup et al.161, and establish a model for the internal organisation of starch 

hydrogels. The purpose of this investigation is to establish structure-function links within 

starch hydrogels, which would be exploited for their application-driven tuning of 

properties. Our work also aims to develop a toolkit of advanced NMR spectroscopic 

techniques for establishing links between molecular level structural organisation, 

dynamics, and bulk system properties within highly heterogeneous soft matter starch 

hydrogel systems.  

The impact of amylose content on the physicochemical properties of starch has been 

well documented in the literature.142,148,230 In this chapter we aim to investigate the 

molecular-level structural parameters of maize starch gels of different amylose content, 

ranging from less than 1% to ca. 70%, and how these contribute to the bulk structural 
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behaviour of the starch hydrogel systems. We probe the effect of glucan (amylose and 

amylopectin) composition, short- and long-range molecular order, molecular mobility, 

molecular structural parameters (hydrodynamic radius, Rh, degree of polymerisation, 

DP, and chain length distribution, CLD), and the role of water in macromolecular 

hydrogel assembly and structural integrity. We also investigate the effect of storage 

conditions following gelatinisation on the starch gel strength, degree of crystallinity, and 

molecular mobility.  

We discuss our findings in the context of existing models of starch hydrogel organisation, 

with the aim of contributing to the currently existing models of amylose gel organisation, 

originated by Jane and Robyt164 and Leloup et al.161 In particular, we expand on the 

continuous model of amylose gels made up of closely packed helices, interconnected by 

amorphous “dangling” chains within the porous cavities of the gel matrices, by providing 

quantitative data on the mobile nature of these moieties, and how this relates to the 

gels’ bulk system properties.  

3.2 Results and Discussion 

3.2.1 Bulk Properties of Starch Hydrogels  

We characterised the composition and properties of the granular starches used for the 

production of hydrogels, namely waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7) and Hi-maize 260® (HM) starch. The results of moisture and 

amylose contents, swelling power and short-range order, and total amorphous 

contribution of all five starch powders are presented in Table 3.1, and images of the 

outer physical appearance of all five starch gels can be seen in Figure 3.1. All results are 

in good overall agreement with previously reported data. 1,141,186,231–233 All of these bulk 



107 
 

properties have been shown to have an impact on the physicochemical behaviour of 

starch. 1,141,186,232 In this chapter, we aim to probe the origin of and contributions to 

starch hydrogels’ micromechanical, thermal and hydration properties on a molecular 

level, focusing on starch chain length, solvation, mobility, and dynamics.  

Table 3.1: Material characterisation data of waxy maize (WM), normal maize (NM), 

amylomaize (AM), Hylon VII® and Hi-maize 260® (HM) starch powder samples. 

Starch Type 
Moisture 

Content (%) 

Amylose 

Content (%) 

Swelling Power 

(wet/dry 

weight) 

Short-Range Order via 

CP/MAS NMR (%)207 

Amorphous 

Content via PXRD 

(%)186 

WM 12.2 (±0.2) 1.1 (±0.6) 10.7 (±0.1) 38.4 (±1.5) 66.3 (R2 = 0.9800) 

NM 12.2 (±0.2) 23.1 (±0.4) 13.3 (±0.9) 36.6 (±1.5) 69.7 (R2 = 0.9900) 

AM 11.3 (±0.1) 51.8 (±0.5) 4.6 (±0.3) 25.3 (±1.0) 77.0 (R2 = 0.9810) 

H7 11.5 (±0.6) 69.5 (±0.4) 4.8 (±0.5) 21.8 (±0.9) 80.8 (R2 = 0.9800) 

HM 11.2 (±0.2) 69.7 (±0.7) 2.8 (±0.2) 30.8 (±1.2) 70.8 (R2 = 0.9910) 

 

 

Figure 3.1: Photo of the five starch hydrogels in 25-mL Pyrex® vials, in order of increasing 

amylose content, produced from waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7) and Hi-maize 270® starch, following gelatinisation and subsequent 

8-day storage at 4 °C (retrogradation).  
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Thermal properties 

DSC thermograms of all five maize starch powders and all starch can be seen in Figure 

3.2, along with the thermal parameters defining each endothermic transition detected 

in their respective thermograms in Tables 3.2-3.5. The data collected for the starch 

powder samples were in good overall agreement with previously published data.140,143 

 



109 
 

Figure 3.2: Composite DSC thermograms of waxy maize (WM), normal maize (NM), 

amylomaize (AM), Hylon VII™ (H7) and Hi-Maize 260™ (HM) starch powders, and their 

corresponding hydrogels prepared under different storage conditions (see materials and 

methods). Curves have been offset for visual clarity purposes. 
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Table 3.2: Gelatinisation parameters (onset temperature, TO; peak temperature, TP; 

concluding temperature, TC; and enthalpy of transition, ΔH) defining each endothermic 

transition in the thermograms of waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7), Hi-maize 260® (HM) starch powders.  

Gelatinis

ation 

parameter

s 

Starch Powders 

WM NM AM H7 HM 

T
O
 (°C) 61.2±

1.2 

87.6± 

0.8 

108.4±

0.8 

64.2±

1.1 

85.4± 

1.5 

107.3±

1.0 

62.8± 

1.4 

108.7±

1.1 

60.7± 

0.9 

110.5±

1.4 

129.2±

1.3 

89.1± 

0.8 

110.9±

1.2 

138.3±

1.6 

T
P
 (°C) 70.2±

1.6 

96.6± 

1.0 

113.6±

1.1 

71.2±

1.4 

94.7± 

1.7 

116.7±

2.1 

96.1± 

1.2 

113.1±

1.5 

99.4± 

1.1 

117.9±

1.1 

139.1±

1.1 

102.9±

1.1 

118.2±

1.4 

146.1±

1.2 

T
C 

(°C) 81.2±

0.8 

105.5±

1.4 

120.4±

1.6 

81.0±

1.2 

107.3±

0.8 

127.0±

1.8 

107.4±

1.0 

124.2±

1.6 

108.2±

0.9 

124.5±

1.2 

147.0±

0.9 

108.7±

1.2 

122.6±

1.1 

148.1±

1.8 

T
C 

- T
O
 

(°C) 

20.0±

2.0 

17.8± 

1.1 

12.0± 

0.8 

16.9±

0.8 

21.9± 

1.8 

19.7± 

1.7 

44.5± 

1.8 

15.5± 

0.6 

47.5± 

2.1 

14.0± 

0.3 

17.8± 

0.5 

19.6± 

0.9 

11.8± 

0.3 

9.8± 

0.2 

ΔH (J/g) 
10.6±

0.9 

1.0± 

0.2 

0.5± 

0.1 

9.8± 

0.8 

1.8± 

0.4 

0.4± 

0.1 

9.2± 

1.2 

0.01± 

0.0 

7.5± 

0.6 

0.0± 

0.0 

0.4± 

0.1 

1.2± 

0.2 

0.3± 

0.0 

0.0± 

0.0 
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Table 3.3: Gelatinisation parameters (onset temperature, TO; peak temperature, TP; 

concluding temperature, TC; and enthalpy of transition, ΔH) defining each endothermic 

transition in the thermograms of waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7), Hi-maize 260® (HM) low isothermally stored hydrogels (see 

materials and methods).  

Gelatini

sation 

paramet

ers 

Low Isothermal 

WM NM AM  H7 HM 

T
O
 (°C) 25.0

±1.1 

110.6

±1.0 

29.0

±0.4 

82.8±

1.2 

108.5

±1.4 

24.3

±1.2 

68.4±

1.1 

88.3±

1.0 

109.4

±1.1 

26.8

±1.2 

87.7±

1.2 

110.2

±0.8 

134.9

±1.4 

26.0

±1.4 

100.6

±1.1 

142.8

±0.9 

T
P
 (°C) 46.5

±1.0 

119.5

±0.8 

45.4

±0.9 

95.5±

1.4 

114.7

±1.6 

43.0

±1.2 

98.7±

1.7 

98.7±

1.2 

115.1

±1.9 

34.5

±1.7 

98.9±

0.9 

116.7

±0.4 

138.5

±1.8 

44.0

±1.9 

111.6

±0.9 

147.2

±1.1 

C 
(°C) 62.0

±1.4 

127.8

±0.9 

63.3

±1.1 

104.7

±1.2 

122.5

±1.1 

66.1

±1.5 

108.2

±1.9 

107.9

±1.2 

122.9

±1.6 

68.3

±1.8 

108.9

±1.4 

123.7

±1.2 

140.7

±1.3 

76.6

±0.9 

126.6

±1.2 

149.4

±1.3 

T
C 

- T
O
 

(°C) 

37.0

±0.5 

17.3±

0.2 

34.3

±1.2 

21.9±

1.0 

14.0±

0.8 

41.8

±1.7 

39.8±

1.9 

19.7±

0.6 

13.5±

0.2 

41.5

±2.1 

21.2±

07 

13.6±

0.3 

5.8± 

0.1 

50.5

±1.4 

26.0±

1.0 

6.6± 

0.2 

ΔH 

(J/g) 

2.3±

0.2 

0.4± 

0.1 

2.0±

0.2 

0.2± 

0.0 

0.2± 

0.0 

2.5±

0.1 

0.2± 

0.0 

0.3± 

0.0 

0.1± 

0.0 

0.6±

0.1 

0.25±

0.0 

0.1± 

0.0 

0.1± 

0.0 

1.0±

0.0 

1.5± 

0.1 

0.2± 

0.0 
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Table 3.4: Gelatinisation parameters (onset temperature, TO; peak temperature, TP; 

concluding temperature, TC; and enthalpy of transition, ΔH) defining each endothermic 

transition in the thermograms of waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7), Hi-maize 260® (HM) thermocycled starch hydrogels (see materials 

and methods).  

Gelatini

sation 

paramet

ers 

Thermocycled 

WM NM AM  H7 HM 

T
O
 (°C) 23.2

±0.9 

111.3

±1.2 

25.0

±0.9 

90.9±

1.2 

107.0

±1.4 

23.9

±1.0 

52.0

±1.4 

85.1±

1.6 

108.6

±1.7 

33.4

±0.7 

88.2±

1.1 

110.3

±1.7 

133.5

±0.8 

25.6

±.09 

101.0

±2.1 

140.6

±1.2 

T
P
 (°C) 45.4

±1.1 

118.9

±1.6 

45.1

±1.1 

98.2±

1.6 

114.1

±1.0 

31.0

±0.8 

64.1

±0.8 

98.2±

1.2 

115.8

±1.1 

67.3

±0.9 

99.2±

1.0 

116.3

±1.2 

135.9

±1.2 

33.8

±1.1 

111.7

±1.7 

142.0

±1.5 

T
C
 (°C) 61.6

±1.4 

126.4

±1.9 

63.2

±1.3 

103.1

±1.2 

121.3

±1.1 

49.6

±1.5 

78.5

±1.1 

106.9

±1.2 

123.5

±1.0 

77.5

±1.5 

108.6

±0.8 

124.6

±1.9 

139.2

±1.4 

69.5

±1.2 

129.3

±2.2 

144.1

±1.6 

T
C
 - T

O
 

(°C) 

38.4

±0.9 

15.1±

0.6 

38.2

±1.8 

12.2±

0.7 

13.8±

0.4 

25.7

±1.6 

26.5

±1.2 

21.8±

1.1 

14.9±

0.6 

44.2

±1.9 

20.4±

0.4 

14.3±

0.2 

5.7± 

0.1 

43.9

±2.3 

28.3±

1.2 

3.5± 

0.4 

ΔH 

(J/g) 

2.3±

0.3 

0.3± 

0.0 

2.5±

0.1 

0.1± 

0.0 

0.2± 

0.0 

0.4±

0.0 

0.2±

0.0 

0.3± 

0.0 

0.1± 

0.0 

0.2±

0.0 

0.2± 

0.0 

0.1± 

0.0 

0.1± 

0.0 

1.7±

0.2 

1.8± 

0.2 

0.02±

0.0 
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Table 3.5: Gelatinisation parameters (onset temperature, TO; peak temperature, TP; 

concluding temperature, TC; and enthalpy of transition, ΔH) defining each endothermic 

transition in the thermograms of waxy maize (WM), normal maize (NM), amylomaize 

(AM), Hylon VII® (H7), Hi-maize 260® (HM) high isothermally stored starch hydrogels 

(see materials and methods).  

Gelatini

sation 

paramet

ers 

High Isothermal 

WM NM AM H7 HM 

T
O
 (°C) 26.0

±0.8 

112.2

±1.7 

26.8

±1.1 

93.03

±2.1 

106.5

±1.4 

50.7

±1.1 

69.4

±1.4 

87.7±

1.8 

109.0

±0.0 

32.9

±0.1 

67.7

±0.1 

89.6

±0.2 

110.9

±0.1 

136.0

±0.1 

25.9

±0.1 

100.7

±0.2 

133.6

±0.1 

T
P
 (°C) 33.0

±1.1 

118.7

±2.1 

34.8

±1.3 

98.1±

1.4 

113.2

±1.1 

59.2

±1.2 

74.7

±2.1 

98.1±

1.5 

114.1

±0.1 

52.9

±0.2 

73.9

±0.1 

99.6

±0.1 

116.9

±0.2 

138.2

±0.2 

32.6

±0.1 

111.1

±0.1 

140.1

±0.2 

T
C
 (°C) 60.6

±1.4 

127.9

±1.4 

62.6

±1.2 

104.8

±1.8 

120.0

±0.9 

66.7

±1.1 

86.4

±1.7 

108.2

±1.2 

119.6

±0.1 

63.6

±0.1 

82.3

±0.1 

108.

±0.2 

125.1

±0.2 

141.1

±0.1 

71.1

±0.3 

126.0

±0.2 

142.7

±0.1 

T
C
 - T

O
 

(°C) 

34.7

±2.1 

15.7±

0.9 

35.8

±1.9 

11.9±

0.5 

13.5±

0.7 

16.0

±0.5 

17.0

±0.4 

20.5±

1.0 

10.6±

0.5 

30.7

±1.2 

14.6

±0.4 

19.1

±0.7 

14.2±

0.3 

4.9± 

0.2 

45.2

±2.1 

25.3±

0.7 

9.2± 

0.4 

ΔH 

(J/g) 

1.1±

0.3 

0.3± 

0.0 

1.1±

0.2 

0.05±

0.0 

0.2± 

0.0 

0.2±

0.0 

0.2±

0.0 

0.2± 

0.0 

0.1± 

0.0 

0.2±

0.0 

0.1±

0.0 

0.2±

0.0 

0.1± 

0.0 

0.2± 

0.0 

1.0±

0.1 

1.3± 

0.2 

0.0± 

0.0 

 

Up to four endothermic transitions were identified from the DSC data, where all thermal 

parameters are in agreement with previous works.143,186,234–238 Waxy and normal maize 

starch powders displayed a single endothermic event in the range of 61 – 86 °C, 

associated with the melting of amylopectin crystallites, and low-enthalpy transitions in 

the range of 98 – 125 °C, associated with the disassociation of amylose 

crystallites.164,239,240 In the case of amylomaize, Hylon VII® and Hi-Maize 260®, all 

endothermic transitions occurred as one broad multitherm lacking clearly differentiated 

maxima (i.e., TP), which could be linked to a broader distribution of crystalline structural 

arrangements, compared to the ones in waxy and normal maize. These observations 
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were in line with previously reported works on high-amylose starch exhibiting broad 

endotherms, irrespective of heating rate (2-10 °C/min). 236,241–243 The onset of 

gelatinisation of Hi-Maize 260® was delayed significantly compared to amylomaize and 

Hylon VII®, indicative of the greater crystallite stability and greater level of long-range 

ordering in the sample, further supported by its higher degree of crystallinity and short-

range ordering, as per our PXRD and 1H-13C CP/MAS NMR data, respectively (Table 3.1). 

The majority of thermal transitions detected in the starch powders were of significantly 

lower enthalpy in their hydrogel analogues (J/g of the carbohydrate component), where 

the transitions associated with amylopectin crystallites were almost entirely absent 

(Tables 3.2-3.5). Furthermore, low isothermal and thermocycled storage conditions 

resulted in marginally greater helical reassociation, as evidenced by the slightly higher 

enthalpy of transitions compared to their high isothermal hydrogel counterparts. These 

observations are in agreement with previous works244, and confirm the lower degree of 

short-range ordering in the hydrogel systems.  

Mechanical Properties 

Micromechanical results are shown in figures 3.3-3.6. All hydrogels’ properties were in 

agreement with the established classic gel network parameters, documented in the 

works Burchard and Ross-Murphy245 and Almdal et al.246, where the parameterisation 

of strong gels rests on the samples exhibiting higher storage than loss moduli (G’>>G’’) 

through the samples’ LVE region, and tanδ values in the range of 0.01-1.00.  
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Figure 3.3: Storage and loss moduli (G’ and G’’, respectively) of all five maize starch 

hydrogels stored at low temperature isothermal conditions, as a function of applied 

strain, with constant frequency of 0.1 Hz, for ascertaining the hydrogels’ linear 

viscoelastic (LVE) region. Results presented are averages of a minimum of three repeats, 

where all repeats are within 10% of each other. Error bars have been omitted for visual 

clarity. 
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Figure 3.4: Storage and loss moduli (G’ and G’’, respectively) of all five maize starch 

hydrogels stored at low temperature isothermal conditions, as a function of applied 

frequency. Results presented are averages of a minimum of three repeats, where all 

repeats are within 10% of each other. Error bars have been omitted for visual clarity. 
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Figure 3.5: Storage and loss moduli (G’ and G’’, respectively) of all normal maize starch 

hydrogels stored at all three different conditions. Results presented are averages of a 

minimum of three repeats, where all repeats are within 10% of each other. Error bars 

have been omitted for visual clarity. 
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Figure 3.6: tanδ values of all five maize starch hydrogels stored at low temperature 

isothermal conditions, as a function of applied frequency. The narrower frequency range 

was selected, so as to probe tanδ within the stable region of G’ and G’’ only.   

The extent of the LVE range of the hydrogels (under constant frequency of 0.1 Hz) 

spanned from 0.03 to 0.5% strain (Figure 3.3). At low strain (<0.3%) the dynamic storage 

moduli (G’) remained independent of changes in the applied frequency until 1.0 Hz 

across all hydrogel samples, while their loss moduli (G’’) exhibited marginal fluctuations 

(Figure 3.4), typical of hydrogel-type materials247, potentially indicating low levels of 

compensatory structural rearrangements of glucan chains and/or redistribution of 

water fractions within the hydrogel network in its dissipation of stress throughout the 

system.248 Alternative techniques that could have been used to probe these include 

dynamic mechanical analysis (DMA), and texture profile analysis (TPA). 249 

The viscoelastic solid nature of our starch hydrogels was confirmed by their low tan(δ) 

values, ranging from G’’/G’ = 0.024 – 0.073 within the stable part of the storage and loss 
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moduli (0.1 – 1.0 Hz, Figure 3.6), characteristic of strong soft matter materials, with a 

strong solid-like contribution.250 Upon analyses of the micromechanical profiles of all 

maize starch hydrogels, there was a correlation (R2 = 0.9305, Figure 3.7) between 

amylose content and storage modulus values (G’, averaged across all gels at 0.25 Hz 

applied frequency). This was in agreement with previous works.183,251 

 

Figure 3.7: Linear correlation plot between maize starch hydrogels’ strength (G’, Pa) and 

respective amylose content (%), with displayed trendline and R2 value. 

Since G’ values are related to the rigidity (density of junctions and cross-linking) of a 

viscoelastic material181, the dependence of the storage moduli of starch hydrogels on 

their individual concentration and total amylose and amylopectin content has been 

interpreted to be a consequence of the phase transformations occurring during the 

biphasic model of retrogradation, resulting in the formation of hydrogels – namely the 

inter-glucan chain reassociations and formation of junction zones.252 Following granular 

decomposition and amylose leaching into the surrounding medium, the greater kinetic 
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energy in the system facilitates the inter-glucan association, the susceptibility to which 

is dependent on the amylose and amylopectin macromolecular structural parameters. 

The predominantly linear amylose chains can partially align and interact with each other 

with far greater ease on the timescale of our experiments (8 days total storage duration), 

compared to the globular/ellipsoid highly branched amylopectin clusters, due to the 

lower steric effects experienced by the former when compared to the latter of the two 

glucans.253 It is also worth noting that unlike the consistent and progressive increase in 

storage moduli with increasing amylose content observed for the majority of the 

samples, upon inspection of all starch hydrogels’ individual G’’ values, it was evident that 

it was normal maize starch hydrogels that exhibited the lowest loss moduli, and not 

waxy maize starch (ca. 2.99 kPa vs 3.63 kPa, at 0.25 Hz, respectively, Figure 3.4), pointing 

towards the presence of multiple contributions to the hydrogels’ micromechanical 

properties, outside of their individual amylose and amylopectin content. Overall, our 

results demonstrate that maize starch hydrogels exhibit significant micromechanical 

strength, with G’ values comparable to, and in some cases higher than, synthetic and 

natural-synthetic hybrid gels, commonly employed in the pharmaceutical industry.102,254  

3.2.2 Molecular structural parameters, internal organisation, molecular mobility, and 

inter-component interactions 

Molecular Structural Parameters 

The molecular size distributions of both branched and debranched gels (Figures 3.8 and 

3.9) revealed differences in the molecular structural parameters (hydrodynamic radius, 

Rh; and degree of polymerisation, DP) among all five starch hydrogels. 
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Figure 3.8: Size exclusion chromatography whole molecule weight distributions waxy 

maize (WM), normal maize (NM), amylomaize (AM), Hylon VII® (H7) and Hi-maize 260® 

(HM) starch hydrogels, wbrlog(Vh) (A.U.) vs. Rh (nm). All distributions have been 0-order 

detrend- and standard normal variate-normalised. 
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Figure 3.9: Size exclusion chromatography weight distributions of debranched waxy 

maize (WM), normal maize (NM), amylomaize (AM), Hylon VII® (H7) and Hi-maize 260® 

(HM) starch hydrogels, wdblog(X) (A.U.) vs. X(DP). All distributions have been 0-order 

detrend- and standard normal variate-normalised. 

All three high-amylose starch gels (AM, H7 and HM) displayed very similar branched 

molecular weight distributions (Figure 3.8), where the primary differences were a 

slightly greater amylopectin contribution in AM (ca. Rh = 200 – 400 nm)255–257, compared 

to H7 and HM, which is in agreement with their glucan composition (Table 3.1).  

Both WM and NM exhibited a significant amylopectin contribution in their whole 

molecular weight distributions, due to their amylopectin content (ca. 99% and 77%, 

respectively). Unlike NM, which displayed a narrower distribution of its amylopectin 

fraction (ca. Rh = 100 – 300 nm)255–257, the amylopectin-associated peak displayed a 

wider distribution, with a peak at ca. Rh = 60 nm, and a broad shoulder at ca. Rh = 100 – 

200 nm (Figure 3.8).255–257 These data, along with the WM peak at ca. Rh = 10 nm, usually 
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associated with an amylose contribution, and the very low amylose content of this 

starch sample (ca. 1%, Table 3.1), are likely an indication of shear scission having 

affected WM in its transit through the separation column, resulting in fractionation of 

the highly branched polymer.224,258 This is further supported by WM’s debranched size 

distribution, which did not exhibit a significant weight contribution in the amylose-

associated region (ca. DP = 700 – 1000, Figure 3.9).  

Long-range ordering and Total Amorphous Contribution 

XRD patterns of all starch powders and corresponding low temperature isothermally 

stored hydrogels (Figure 3.10) were in good overall agreement with previous data where 

available.186 The diffraction peaks used for quantification of the total amorphous 

contribution (Table 3.1)187, associated with A-, B- or V-type crystallinity can be seen in 

Figure 3.11.187 
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Figure 3.10: Powder X-ray Diffraction patterns of waxy maize (WM), normal maize (NM), 

amylomaize (AM), Hylon VII™ (H7) and Hi-Maize 260™ (HM) powder samples and their 

respective hydrogels prepared at low temperature isothermal conditions. 

Diffractograms have been displaced for visual clarity purposes. 

 

 

 



125 
 

 

Figure 3.11: Powder X-ray Diffraction patterns of A- and B-type powder starches (normal 

and Hylon VII™ maize powders, respectively), with black arrows indicating the peaks (10 

for A-type and 11 for B-type) associated with A- and B-type type crystallinity chosen for 

peak fitting, and red arrows indicating the peaks associated with V-type amylose 

arrangements. Peak assignment is according to Lopez-Rubio et al.187  

The low-amylose starches (WM and NM) displayed A-type diffraction patterns, whereas 

their high-amylose counterparts (AM, H7 and HM) exhibited B-type ones (Figures 3.10 

and 3.11).187  

On hydrothermal treatment and storage, the low-amylose containing starches produced 

gels with practically no detectable long-rage ordering. The only discernible features 

were observed as broad peaks in normal maize gels (ca. 2θ° = 20), indicative of the 

presence of V-type amylose187,259, and a change in helical packing from A- to the more 

stable B-type allomorph (Figures 3.10 and 3.11).157,236 
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In contrast, the high-amylose samples yielded hydrogels of significantly more 

pronounced B-type organisation, and higher degree of ordering, further confirming their 

decreased susceptibility to hydrothermal treatment, evidenced by their delayed thermal 

transitions (Figure 3.2). These observations were most likely also influenced by the 

differences in the retrogradation rates between amylose and amylopectin (hours vs. 

days, respectively).134,260,261  

Short-range order and dynamics  

Assignment of 13C chemical shifts in all starch powder and hydrogel NMR spectra (Table 

3.6, Figures 3.12 and 3.13) was performed based on previous works.158,262–264 

Table 3.6: Assignment of carbon site resonances in all maize starch solid powders 

analysed, in accordance with published literature available. 

Starch 

Type 

Chemical Shift (ppm) 

C-1 C-4 C-2,3,5 C-6 

Published 

Literature 
Signal 

Range 

Signal 

Peaks 

Signal 

Range 

Signal 

Peaks 

Signal 

Range 

Signal 

Peaks 

Signal 

Range 

Signal 

Peaks 

WM 95 - 105 
99.4; 101.5; 

102.7 
79 - 85 81.9 68 - 78 72.4 58 - 65 62.3 

262,263 

NM 97 - 105 
99.7; 101.6; 

103.0 
78 - 85 81.8 67 - 78 72.5 58 - 64 62.2 

262,263 

AM 97 - 105 
100.8; 

103.0 
79 - 85 82.3 68 - 77 72.5 59 - 64 61.9 

262,263 

H7 93 - 104 
100.1; 

102.9 
78 - 85 81.9 68 - 78 72.5 58 - 64 62.1 

158 

HM 94 - 105 99.8; 102.1 79 - 84 81.4 68 - 78 72.5 58 - 64 61.9 N/A 
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The 1H-13C CP/MAS NMR spectra of maize starch powders and their corresponding low 

temperature isothermally stored hydrogels (Figure 3.12) show considerably increased 

resolution in the spectra of hydrogels.  

 

Figure 3.12: 1H-13C CP/MAS NMR spectra of normal maize powder (red) and low 

temperature isothermally stored hydrogel (blue). Inlay showing the glucose monomer 

with 13C atomic numbering, and arrows pointing towards each of the 4 peak regions 

attributed to 13C nuclei in the starch monomer.  
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Figure 3.13: 1H-13C HSQC NMR spectrum of low temperature isothermally stored 

amylomaize starch hydrogel with 1H and 13C peak and 1H-13C cross-peak assignment. The 

13C spectrum in the indirect (F1) dimension is an external 1H-13C CPSP/MAS NMR 

spectrum. 

Hydration and hydrothermal treatments have been shown to increase mobility in the 

more structurally disordered fractions of starch.265,266 This has been linked to the state 

of the amorphous component in starches, which is highly susceptible to hydration 

effects.57,81 It has further been associated with the impact of hydration on the crystalline 

regions in starch, where hydration allows for misaligned helices to align, increasing the 

degree of their association, resulting in better resolved and more intense peaks in the 

gel state, compared to the powders (Figure 3.12).57,81  
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The 1H-13C CP/MAS NMR spectra of all five maize starch hydrogels revealed differences 

primarily in the shoulder region of 100–104 ppm (green dashed line, Figure 3.14), 

ascribed to a combination of amorphous and V-type amylose crystalline arrangements.62 

These differences were most pronounced when comparing low to high amylose starch 

hydrogels (e.g., WM to HM gels, Figure 3.14). Waxy maize gels displayed a broader 

chemical shift distribution compared to Hi-maize 260® gels, which was expected, as a 

consequence of the latter’s higher V-type amylose content, as evidenced by its PXRD 

diffraction patterns (Figures 3.10 and 3.11).135,263,266 
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Figure 3.14: 1H-13C CP/MAS NMR spectra of waxy maize (WM, red) and Hi-Maize 260™ 

(HM, blue) low temperature isothermally stored hydrogels, where area in green shows 

the 100-104 ppm regions ascribed to V-type amylose and amorphous starch content. 

Inlay showing the glucose monomer with 13C atomic numbering, and arrows pointing 

towards each of the 4 peak regions attributed to 13C nuclei in the starch monomer. 

The solid-state 1H-13C CP and CPSP/MAS NMR spectra of all starch hydrogels revealed 

the presence of structural domains of significant local mobility existing in C-1, C-2,3,5, 

and C-6 environments, in all maize variety hydrogels (Figures 3.15 and 3.16).64  

Some of these peaks are only observable under CPSP conditions (Figure 3.15-A, in 

green), emphasising their considerable structural mobility, rendering them 

undetectable under CP conditions. The 1H-13C CPSP/MAS spectra of all starch hydrogels 

revealed the presence of three separate peaks within the anomeric carbon (C-1) 

environment (99.0–101.8 ppm), where the sites corresponding to peaks 99.8 and 100.8 
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ppm exhibited significantly lower levels local mobility, compared to the central peak 

(100.3 ppm) within the C-1 environment (Figures 3.15-A and 3.15-B). All three peaks 

were present in the CPSP spectra of all hydrogels (Appendix Figure S2). These data 

further confirm the changes in helical packing (the transition of A-type granular starches 

into B-type diffraction pattern in the corresponding hydrogels) initially observed in our 

PXRD data (Figure 3.9), and also supported by PXRD analyses in previous works.147,262,267 

Full spectral deconvolution (Figure 3.16, and Appendix Figures S3-S7)64 allowed for the 

quantification of local mobility at each 13C site (Figure 3.15B). 
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Figure 3.15: (A) An overlay of 1H-13C CP and CPSP/MAS NMR spectra of low temperature 

isothermally stored normal maize hydrogels with peak assignment. Peaks corresponding 

to sites with significantly increased local mobility are shown in green. (B) Bar chart of 

estimated levels of local mobility per peak across all carbon nuclear environments with 

arrows indicating peaks of increased local mobility. Inlays showing spectral excerpts 

featuring composite peak deconvolution and assignments; and glucose monomer with 

13C atomic numbering. Error bars based on the S/N ratio of all spectral data. 
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Figure 3.16: Deconvoluted 1H-13C CPSP/MAS NMR spectrum of all waxy maize (WM) 

starch hydrogels prepared under low isothermal conditions. Deconvolution performed 

using MNova global spectral deconvolution algorithm.  

Combined application of solid-, solution-state and HR-MAS 13C NMR experiments 

revealed that the peaks observed in solution-state and HR-MAS spectra correspond to 

those detected under 1H-13C CPSP/MAS NMR conditions (Figure 3.17), further affirming 

their highly dynamic nature. The rigid components in the starch hydrogels became 

observable under longer recycle delay (150 s) conditions (Figure 3.18). The observed line 

broadenings across all peaks in our solution state spectra was expected due to the solid-

like state of the overall starch hydrogel matrix and CSA. The orientation dependence of 

the chemical shift was partially mitigated under HR-MAS conditions, resulting in 

improved signal resolution, evident by the lower line broadening compared to solution-

state experimental settings (Figure 3.16, Solution state vs. HR-MAS).  
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Figure 3.17: Overlay of 13C{1H} HR-MAS (turquoise), 13C{1H} solution state (green), 

13C{1H} MAS  (recycle delay of 2 s, purple) and 1H-13C CP and CPSP/MAS solid-state NMR 

spectra (red and blue, respectively) of low temperature isothermally stored waxy maize 

starch hydrogel in D2O. Dashed lines shows overlapping peaks. A zoomed-in image of 

the C-2,3,5 and C-6 chemical shift region is shown in inlay.  



135 
 

 

Figure 3.18: 13C Direct polarisation with high power 1H decoupling (HPDEC) NMR spectra 

of low temperature isothermally stored normal maize starch hydrogels with short (blue, 

recycle delay of 2 s) and long (red, recycle delay of 150 s) recycle delays. Both spectra 

are on the same scale. The decreased S/N ratio of the top spectrum is due to the lower 

number of scans obtained, compared to the bottom spectrum.  

The mobile behaviour of these solvated moieties exhibited temperature dependence, 

where the degree of molecular mobility decreased progressively with lowering of the 

temperature in the range of -25 – 5 °C (Figure 3.19). The peaks associated with mobile 

domains are not detectable at temperatures below -10 °C (Figures 3.19 and 3.20).  
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Figure 3.19: Overlay 1H-13C CP and CPSP/MAS NMR spectra of low isothermally stored 

normal maize starch hydrogels, obtained at variable temperatures, with inlay showing a 

zoomed in version of the C-2,3,5 spectral region. All experiments were acquired with a 

minimum of 2000 scans. 

 

 



137 
 

 

Figure 3.20: Estimated average mobility levels (%) in low temperature isothermally 

stored normal maize hydrogels across C-1, C-2,3,5, and C-6 atomic regions, as a function 

of temperature. All experiments were acquired with a minimum of 2000 scans. Error 

bars based on the S/N ratio of all spectral data.  

The change in dynamics regime was also reflected in the hydrogels’ longitudinal 

relaxation (T1) across all 1H nuclei, which exhibited a decrease at temperatures below -10 

°C (Figure 3.21). These data are in agreement with the expected increase in correlation 

time characteristic of the transition from a hydrogel to a more rigid and solid network, 

and a more dynamically constrained or bound state of mobile moieties.192 
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Figure 3.21: 1H HR-MAS NMR longitudinal relaxation (T1) times (s) of low temperature 

isothermally stored normal maize starch hydrogels in the range of -15.0 to 5.0 °C. Inlay 

showing T1 and T2 dependence on molecular correlation time (τc), adapted from the 

work of Keshari and Wilson.192 

The majority of water population within our starch hydrogels behaved as freezeable 

bound water, as evidenced by our DSC data. The exothermic freezing event of this H2O 

population occurred in the range of -13 to -25 °C for all starch gels (Table 3.7, Appendix 

Figure S8). 
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Table 3.7: Sub-ambient exothermic transition parameters (onset temperature, TO, 

concluding temperature, TC and enthalpy of transition, ΔH) of all low temperature 

isothermally stored starch hydrogels, with units given in parentheses. 

Starch Type 

Cooling Cycle, 5 °C.min-1 

Onset Point 
(°C) 

Concluding 
Point (°C) 

ΔH (J/g) 

WM -15.66 -25.31 189.63 

NM -13.73 -23.95 212.86 

AM -17.98 -25.63 182.35 

H7 -15.58 -24.73 195.94 

HM -15.77 -22.80 137.82 

 

The confined nature of the water population within our gels was further confirmed by 

its longitudinal relaxation times (Table 3.8), which were several times lower than the 

ones characteristic of free water (ca. 4 s)268, indicative of restricted molecular motions. 

Furthermore, the total enthalpy (ΔH) of the exothermic freezing event of water 

populations in the starch gels (Table 3.7) followed the same order as the T1 relaxation 

times of the water populations in the starch hydrogels, further validating the confined 

nature of the water molecules making up the freezable bound water population in these 

gel networks.  

It should be noted, however, that the relaxation characteristics of the HDO peak 

represent an average across the water populations within our gels (due to the presence 

of spin diffusion), where this may be a contribution of several microenvironments with 

variable degree of molecular motions.  
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Table 3.8: 1H HR-MAS NMR T1 times (s) of the HDO peak (at ca. 4.7 ppm) in low 

temperature isothermally stored maize starch hydrogels measured at 5 °C. Results 

presented are averaged across a minimum of three measurements.  

Starch Hydrogel HDO T1 (s) 

Waxy Maize 1.352 (±0.02) 

Normal Maize 1.570 (±0.04) 

Amylomaize 1.283 (±0.02) 

Hylon VII™ 1.350 (±0.03) 

Hi-Maize 260™ 1.199 (±0.02) 

 

Cumulatively, these data led to the hypothesis on the origin of these mobile fractions 

being highly solvent-exposed and/or partially solvated starch matrix structural elements 

(i.e., chains) confined within the overall rigid hydrogel bulk matrix. The physicochemical 

properties of the mobile chains are being dominated by the surrounding water 

environment. Together these structurally and motionally distinct moieties comprise the 

overall structural heterogeneity of starch hydrogel systems. These data build on earlier 

works on low-temperature NMR spectroscopic experiments on starches.269,270 

Colquhoun et al.270 built on the continuous model of amylose gels, proposed by Leloup 

et al.271, by demonstrating the presence of both a rigid, and a mobile fraction within 

amylose gels, characterised by distinct T2 relaxation times. In our work we quantify the 

degree of molecular mobility of these moieties, and demonstrate how their dynamic 

behaviour correlates to the properties of the system as a whole (e.g., micromechanics).   
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Role of water in hydrogel structure, organisation, and integrity 

WPT-CP experiments can reveal information on the structuration of water molecules 

around the starch backbone within starch hydrogels. WPT-CP build-up curves can be 

used to probe more confined structuration of H2O molecules around the starch 

backbone, due to the nature of the WPT-CP pulse train, which removes magnetisation 

present in free water molecules by way of a T2 filter, and transfers the magnetisation 

remaining in confined water molecules to the starch backbone by means of cross-

polarisation (CP, Figure 2.15).272  

Comparative build-up curves of the normalised levels of magnetisation transferred from 

“structured” water molecules to the starch backbone at the mid-point of build-up (tmix 

= 25 ms) revealed that this transfer is most efficient from H2O molecules proximal to C-

2,3,5, and C-6 nuclei, compared to C-1 nuclei (Figures 3.22 and 3.23).  This was explained 

by anomeric carbon’s involvement in α(1-4) bonds within starch, contributing to a more 

confined vicinity around these nuclei, compared to C-6, due to its lesser involvement in 

α(1-6) glycosidic linkages. These observations were consistent across all our hydrogel 

samples. The C-4 peak was disregarded in this analysis, due to its low intensity and 

difficulty to integrate reliably. It should be noted that tmix = 25 ms was used for 

comparison between spectral data sets, as it represents a mid-point during the signal 

build-up phase (i.e.,  polarisation transfer), whereas almost all of the magnetisation was 

transferred at tmix = 100 ms across all samples.  
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Figure 3.22: WPT-CP build-up across all five low temperature isothermally stored maize 

hydrogels (tmix = 25 ms). Inlays showing a glucose monomer and part of a starch chain 

featuring α(1-4) and α(1-6) linkages, where dashed lines indicate the relative steric 

constraints around nuclei, with green indicating low, orange – moderate and red – high 

levels of steric confinement. Error bars based on the S/N ratio of our spectral data. 
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Figure 3.23: Starch chain fragment (maltotetraose) with carbon atoms in grey, oxygen 

atoms in red and hydrogen atoms in white; and structured water molecules surrounding 

the starch chain fragment, associating through hydrogen bonding (dashed lines), where 

the hydrogen bonds within a more confined space (O---H-C-1) are shown in red, whereas 

the ones in less confined space (O---H-C-2,3,5, and O---H-C-6) – in green. Image 

generated using UCSF Chimera software package, via the pseudobond wizard.  

The five maize starch hydrogel types behaved in a very similar manner with respect to 

their through-space (nOe-mediated) interaction with water molecules, as evidenced by 

STD NMR experiments (Figure 3.24) probing the rate of transfer of magnetisation 

through space from the bulk hydrogel backbone to the water molecules within the 

hydrogel network. This offers further support for the origin of the observed mobile 

starch moieties, as it eliminates the possibility of differences in the organisation of water 
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molecules within the hydrogel network being the governing factor for the observed 

differences in molecular mobility. 

 

Figure 3.24: Saturation-transfer difference (STD) build-up curve (normalised) of the 

magnetisation transferred from the starch backbone to the water molecules in all five 

starch hydrogels, prepared at low-temperature isothermal conditions. 

Effect of Storage Conditions on Local Mobility  

Previous works have shown that the subsequent storage conditions following starch 

gelatinisation can have a pronounced impact on starch pastes and gels’ degree of 

retrogradation.244,273 So far in our work, we had observed marked differences in the bulk 

structural integrity of our starch gels, dependent on their storage conditions, where the 

micromechanical gel strength, as probed by the gels’ storage moduli (G’) followed the 

order of low temperature isothermal > thermocycled > high temperature isothermally 

stored (Figure 3.5). 
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The 1H-13C CPSP/MAS NMR spectra of our differentially stored starch hydrogels revealed 

that the levels of local mobility followed the order of high isothermal > thermocycled > 

low isothermal hydrogels (Figure 3.25). Furthermore, hydrogel local structural mobility 

correlated with their levels of mechanical resilience (R2 = 0.8511, Figure 3.26), where 

low-amylose and structurally weaker gels exhibited higher local mobility levels and vice 

versa (Figure 3.24).  
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Figure 3.25: Overall increase in local structural mobility in waxy maize (WM), normal 

maize (NM), amylomaize (AM), Hylon VII® (H7) and Hi-Maize 260® (HM) starch hydrogels 

prepared with different storage conditions (low temperature isothermal, thermocycles 

and high temperature isothermal), organised by 13C nuclear environment (C-1, C-2,3,5, 

and C-6). 
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Figure 3.26: Linear correlation plot between low temperature isothermal maize starch 

hydrogels’ strength (G’, Pa) and estimated local structural mobility levels (%), with 

displayed trendline and R2 value. Error bars based on the standard deviation between a 

minimum of three replicates.  

The observed differences were interpreted as being a consequence of the differences in 

the rate of reassociation and retrogradation between amylose and amylopectin, or the 

presence of one glucan precluding optimum reassociation of another (e.g., the presence 

of larger amylopectin molecules perturbing the effective association of linear amylose 

chains). The greater rate and propensity for reassociation of amylose chains, compared 

to amylopectin243, likely contributes to a more tightly organised network in high-

amylose starches (such as AM vs. WM, Figure 3.27), which in turn, may lead to restricting 

the motional freedom of the solvated starch chains, resulting in a lower degree of 

molecular mobility. An alternative explanation may be that the structurally mobile 

components arise largely from the amylopectin fraction of starch hydrogels, which 



148 
 

would result in lower degree of observable molecular mobility in high-amylose starches. 

This, however, is less likely, considering the original models274 proposing the existence 

of mobile glucan chains existing in the pores and cavities of such hydrogel systems, were 

based on pure amylose gels.  

 

Figure 3.27: Environmental scanning electron microscopy images of waxy maize (WM, 

left) and amylomaize (AM, right) starch hydrogels at 500x magnification, acquired at a 

working distance of ca. 10 mm, and electron beam voltage of 3.0 kV.   

3.3 Conclusions 

In this work we provide insight into the molecular level organisation of starch hydrogels, 

probing intercomponent interactions and molecular dynamics, and show how these link 

to bulk system properties. We provide further evidence for and build on previously 

proposed models of amylose gel organisation164,271 by quantifying the degree of mobility 

of solvated starch chains existing exclusively within the solvent phase of the hydrogel 

matrix. We demonstrate how one can modify their choice of starch type to fine-tune its 

hydrogel’s molecular-level and bulk properties, which allows for manufacturing 

application-driven hydrogels for industrial applications.   
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Chapter 4: Starch Hydrogels in the Human Gastrointestinal Tract 

Results from this chapter are largely published in: 

Todor T. Koev, Hannah C. Harris, Sara Kiamehr, Yaroslav Z. Khimyak, Frederick J. Warren. 

Carbohydrate Polymers (2022). 289 (1): 119413 

4.1 Introduction 

In our previous chapter we demonstrated how one can alter their choice of starch type, 

in order to modulate its corresponding hydrogel’s bulk structural and molecular-level 

physicochemical properties. In this chapter we continue this investigation by trying to 

answer the question of whether starch hydrogels can serve as viable orally administrable 

targeted colonic drug delivery platforms, and what structure-function links underpin 

their properties as pharmaceutical excipients. We also aim to explore the interaction 

between starch hydrogels and components of the human gastrointestinal tract (GIT), 

and how starch gel structure and organisation dictate its behaviour in a simulated GI 

environment.  

Orally administrable targeted colonic drug delivery systems have been of great scientific 

interest over the past decade101,275, due to their potential to improve the administration 

of currently existing treatments for common colorectal pathologies (e.g., ulcerative 

colitis, Crohn’s disease, colorectal cancer). This is largely achieved by providing localised 

release and distribution of drug molecules at higher concentrations in the colon, whilst 

limiting upper gastrointestinal tract (GIT) drug release, systemic absorption, and 

metabolism. Drug carriers’ structural integrity has a significant impact on their role as 

excipients, as well as on the pharmacokinetic profile of the loaded drug molecules. 
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Depending on the primary mode of drug delivery – drug diffusion-dominated, matrix 

disintegration-dominated, or matrix deformation/swelling-dominated (Figure 4.1), 

structural integrity and matrix organisation play a major role in achieving optimal 

release kinetics.276 Probing structural changes in the drug delivery scaffold, as well as 

quantifying the amount of drug release as a function of GIT transit time can help identify 

the primary mechanism of drug release.277 

 

Figure 4.1: Hydrogels drug release mechanisms and their respective pharmacokinetic 

profiles: drug diffusion-dominated mechanism (a); matrix degradation-dominated 

mechanism (b); matrix deformation/swelling-dominated mechanism (c). Adapted from 

Rocha-García et al. (2016).277 

At present, the most promising candidates for orally administrable targeted colonic 

pharmaceutical excipients are biocompatible natural polysaccharides such as starch, 

cellulose and pectins, and non-biodegradable and non-absorbable polymers like 
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Eudragit S.278,279 Most starch-based systems for colonic drug delivery involve combining 

multiple polysaccharides107, proteins280, and organic acids105 in the formulation, which 

results in longer and more complex excipient formulation.  

Hydrothermally treated and subsequently retrograded starch forms hydrogel structures 

able to resist small intestinal digestion (RS III)281–283, but instead reach the colon 

structurally intact, where they are fermented by commensal bacteria.86,134,284,285 There 

has been some research on the impact of starch on the gut microbiota131,284,286, but not 

much is known about the structure-function relationships governing starch hydrogels’ 

interaction and impact on the full extent of the GIT.64  

The human GIT (oral287, small288 and large intestinal289–293) microbiome has been shown 

to be populated by tens of trillions of microorganisms, providing its host with 

physiologically relevant enzymes, not natively secreted by the host. Many gut bacteria 

have been shown to be capable of starch fermentation and/or degradation.289 RS 

fermented in the large intestine has been shown to lead to the production of gases, 

short-chain fatty acids (SCFAs) and low levels of alcohols.129 Gut bacteria-mediated 

amylolysis is a result of the combined action of α-1,4- and α-1,6-specific enzymes (i.e., 

type I pullulanases and amylopullulanases), originating from three major phyla – 

Actinobacteria, Bacteroidetes and Firmicutes, together accounting for 95% of the total 

mammalian gut microflora.82 Several important gram-positive and negative microbial 

species, such as Ruminococcus bromii, Bacteroides thetaiotaomicron and Bifidobacteria 

species, have been shown to be capable of both resistant starch degradation, and of 

utilising partial products of starch digestion, such as di-, trisaccharides and 

maltodextrins.294,295 
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Most British and United States Pharmacopoeia (BP and USP, respectively) utilised 

methods of simulating solid dosage forms’ dissolution and disintegration under in vitro 

conditions focus primarily on the gastric or small intestinal environments.280,296 This 

approach fails to account for physiological concentrations of hydrolytic enzymes and 

salts across the human upper GIT, leading to an overestimation of the ability of 

pharmaceutical excipients to reach the large intestine structurally intact.  

In our previous work, we showed how amylose content and preparation methods 

dictate starch hydrogels’ bulk and molecular level properties. Low-amylose containing 

starches, such as normal maize (NM) produced structurally weaker gels, with higher 

degree of molecular mobility, compared to high-amylose starch hydrogels, such as Hylon 

VII® (H7).64 In this study, we probe the viability of NM and H7 starch hydrogels as orally 

administrable colonic drug delivery vehicles, linking gel structure with its functional 

properties in the human GIT. We integrate two widely accepted models of in vitro 

digestion – the INFOGEST protocol112, and colonic fermentation – the batch 

fermentation model217,297, accounting for in vivo concentrations of hydrolytic enzymes, 

providing a complete representation of the in vivo behaviour of starch gels as 

pharmaceutical excipients, compared to previous studies.101,105,298 We demonstrate how 

to use this insight for the design of hydrogel pharmaceutical excipients from easily 

accessible and affordable materials, which resist upper GIT degradation, and achieve 

sustained drug release confined exclusively to the colon.  

Furthermore, we show how structure governs interactions of starch gel systems with 

host’s commensal bacteria, and their ability to utilise the hydrogel excipient as a 

substrate for the production of important physiologically relevant microbial 
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metabolites, such as SCFAs.130,299 To the best of our knowledge, this is the first work to 

apply the INFOGEST protocol of in vitro digestion, the batch colon model, as well as high-

resolution NMR spectroscopy to the context of targeted colonic pharmaceutical 

excipients. Our work provides insight for the development of superior orally 

administrable targeted drug delivery platforms with auxiliary physiologically relevant 

properties. 

4.2 Materials and Methods 

4.2.1 Preparation of Drug-loaded Starch Hydrogels 

Starch hydrogels (10% w/v) intended to be used as controls (without the presence of 

small drug molecules) were prepared by making up 10% (w/v) starch/deionised water 

suspensions in 25.0 mL Pyrex® screw top vials, vortex mixed and autoclaved (121 °C, 15 

psig) for 20 min, followed by storage for 8 days at 4 °C, forming opaque white gels.  

Drug-loaded starch hydrogels were prepared by mixing vanillin (VNL), 5-fluorouracil 

(5FU) or doxorubicin (DOX) into the starch/water suspensions, at 1% (w/v) prior to 

gelatinisation. NM and H7 starch hydrogels containing the small molecules are referred 

to as NM-VNL, NM-5FU and NM-DOX, H7-VNL, H7-5FU and H7-DOX respectively. 

VNL, 5FU and DOX were chosen for drug loading because of two reasons – they have 

been shown to be able to act as a colonic health promoter (VNL)300, and are regularly 

employed in the localised treatment of colorectal cancer (5FU and DOX)275,301,302; as well 

as they have 1H peaks, the chemical shift of which is in a spectral region where no 

bacterial metabolites or fermentation media ingredients have peaks, making them easily 

distinguishable in quantitative 1H NMR spectra.  
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All hydrogels intended for simulated digestion, fermentation and micromechanical 

analyses were carefully excised using a 10 mm cork borer (Breckland Scientific Supplies 

Ltd., Stafford, UK) and cut into cylinders, 10 mm in height, using a surgical blade (Swann 

Morton Ltd., Sheffield, UK).  

4.3 Results and Discussion 

4.3.1 Starch Hydrogel Bulk Properties and Molecular Organisation through the GIT 

The impact of amylose content on starch’ physicochemical properties and susceptibility 

to amylolytic degradation has been well documented in the literature.64,255,303,304 In 

order to probe the viability of low- and high-amylose starch gels as drug delivery vehicles 

for targeted release in the distal parts of the GIT, it is important to investigate the 

structural changes occurring in the hydrogel organisation, such as chain length 

distribution, degree of branching, overall structural integrity – properties important for 

polymer-based orally administrable excipients’ disintegration and drug dissolution 

profiles.305,306 Knowledge and control of these parameters would allow for fine tuning 

of the pharmacokinetic properties of these excipients.307 

Micromechanical Properties 

The extent of the LVE regime of undigested NM and H7 starch hydrogels (i.e., before any 

enzymatic treatment) was from 0.03 to 0.5% strain (Figure 4.2). It should be noted that 

the LVE regime is likely to decrease in range and absolute values for the digested and 

fermented hydrogels, due to decreases in the structural integrity of the gels under the 

influence of amylolytic enzymes. In order to keep the experimental conditions 

consistent between samples, we opted for a lower strain value (0.1%) within the gels’ 
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LVE regime, in order to avoid premature fracturing of the digested and fermented 

hydrogels during the frequency sweeps.  

 

Figure 4.2: Storage and loss moduli (G’ and G’’, respectively) of NM and H7 starch gels 

at 37 °C as a function of applied strain, with constant frequency of 0.1 Hz, for 

ascertaining the hydrogels’ linear viscoelastic (LVE) region. Results presented are 

averages of a minimum of three repeats, where all repeats are within 10% of each other. 

Error bars have been omitted for visual clarity. 

Both NM and H7 starch hydrogels exhibited progressive decrease in their storage moduli 

(G’), with a significant drop occurring between the 12- and 24-hour fermentation points 

for NM gels and between 24- and 48-hour points for H7 starch gels (Figures 4.3-4.4).  
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Figure 4.3: Storage and loss moduli (G’ and G’’, respectively) of NM starch hydrogels at 

successive in vitro digestion and fermentation steps, as a function of applied frequency. 

Results presented are averages of a minimum of three repeats. 

 

Figure 4.4: Storage and loss moduli (G’ and G’’, respectively) of H7 maize starch 

hydrogels at successive in vitro digestion and fermentation steps, as a function of 

applied frequency. Results presented are averages of a minimum of three repeats. 
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This delayed drop in structural integrity of H7 relative to NM is likely a result of NM’s 

higher susceptibility to enzymatic degradation during the in vitro amylolytic digestion, 

compared to H7 (Figure 4.5). This progressive decrease in the matrices’ ability to resist 

external stressors is likely to have an impact on their role as drug molecule excipients by 

way of influencing their rate of disintegration and drug release throughout the GIT.  

It should be noted that the 72-hour fermentation time point is missing from the 

micromechanical profile of NM hydrogels (Figure 4.3), as by that point, the hydrogel was 

no longer exhibiting the properties of a stiff gel, but was closer to a viscous paste, which 

precluded its positioning between the parallel plates of the rheometer, and subsequent 

obtaining of the substrate’s micromechanical response at variable frequency.  

 

 

Figure 4.5: Digestibility of NM and H7 starch hydrogels at the end stage of in vitro 

INFOGEST digestion. Results shown are the average of a minimum of three repeats, 

where error bars are based on the standard deviation across all replicates. 
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4.3.1.2 Molecular Structural Parameters  

The molecular size distributions of both branched and debranched gels at successive 

stages in the simulated GIT (Figures 4.6-4.9) revealed differences in the molecular 

structural parameters (hydrodynamic radius, Rh for whole molecule size separation; and 

degree of polymerisation, DP for debranched molecule size separation) between NM 

and H7 starch hydrogels.  

 

Figure 4.6: Size exclusion chromatography weight distributions of whole NM starch 

hydrogels, wbrlog(Vh) A.U. vs. Rh, nm, before (UD), after oral (O), 1 h of gastric (G1), 2 h 

of gastric (G2), 1 h of duodenal (D1) and after 2 h of duodenal (D2) INFOGEST digestion, 

and after 12, 24, 48 and 72 hours of in vitro fermentation (F12, F24, F48 and F72, 

respectively), 0-order detrend- and standard normal variate-normalised. 



159 
 

 

Figure 4.7: Size exclusion chromatography weight distributions of debranched NM 

starch hydrogels, wbrlog(Rh) A.U., before (UD), after oral (O), 1 h of gastric (G1), 2 h of 

gastric (G2), 1 h of duodenal (D1) and after 2 h of duodenal (D2) INFOGEST digestion, 

and after 12, 24, 48 and 72 hours of in vitro fermentation (F12, F24, F48 and F72, 

respectively), 0-order detrend- and standard normal variate-normalised. 
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Figure 4.8: Size exclusion chromatography weight distributions of whole H7 starch 

hydrogels, wbrlog(Rh) A.U., before (UD), after oral (O), 1 h of gastric (G1), 2 h of gastric 

(G2), 1 h of duodenal (D1) and after 2 h of duodenal (D2) INFOGEST digestion, , and after 

12, 24, 48 and 72 hours of in vitro fermentation (F12, F24, F48 and F72, respectively), 0-

order detrend- and standard normal variate-normalised.  
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Figure 4.9: Size exclusion chromatography weight distributions of debranched H7 starch 

hydrogels, wbrlog(Rh) A.U., before (UD), after oral (O), 1 h of gastric (G1), 2 h of gastric 

(G2), 1 h of duodenal (D1) and after 2 h of duodenal (D2) INFOGEST digestion, and after 

12, 24, 48 and 72 hours of in vitro fermentation (F12, F24, F48 and F72, respectively), 0-

order detrend- and standard normal variate-normalised. 

The amylopectin fraction (Rh ≈ 200 nm, Figure 4.6)303 in whole NM gels exhibited a 

greater susceptibility to upper GIT amylolytic digestion, compared to H7’s (Figures 4.6 

and 4.8, UD vs. D2), as seen in the works of Witt et al.308 Unlike previous works probing 

the amylolytic susceptibility of ground lyophilised gelatinised starch221,308, our data 

showed minimal changes occurring in the upper GIT in the molecular structural 

parameters of H7 hydrogels (Figure 4.8, UD vs. D2), highlighting the impact of the 

macromolecular hydrogel organisation and structure on its susceptibility to α-amylase 

digestion and the accessibility of the enzyme to the substrate.127  
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The whole molecular size separation data for both NM and H7 gel samples showed it is 

the amylopectin region (Figures 4.6 and 4.8, Rh ≈ 200 nm) that experiences greater 

changes during upper GIT digestion stages, compared to the amylose region (Figures 4.6 

and 4.8, Rh ≈ 10-20 nm). This provides further context for the digestibility and 

micromechanical data, indicating it is the amylopectin fraction’s greater susceptibility to 

α-amylase degradation that has a greater impact on the hydrogels’ gradual loss of 

structural integrity in the upper GIT, compared to amylose.  

The size distributions of the debranched NM and H7 gels revealed some decrease in the 

contribution of longer amylose chains (DP ≈ 1000 – 7000, UD vs. D2, Figures 4.7 and 4.9), 

accompanied by a slight increase in the contribution of shorter chains (DP ≈ 10 – 50, UD 

vs. D2, Figures 4.7 and 4.9) during the upper GIT stages of digestion. This points towards 

longer chains comprising structural elements more easily accessed by α-amylase, likely 

a result of their slower and more hindered reassociation into less-digestible structural 

conformations (i.e., double helices). There was a small population of amylose chains (DP 

≈ 1000-1100, Figures 4.7 and 4.9), which was still present after in vitro digestion and 

fermentation, likely to be linked to an increased structural stability, ease of 

recrystallisation, and lower susceptibility to enzymatic degradation of this linear 

polymer fraction.309 The fractions at DP ≈ 2 – 7 are likely to be either the products of 

enzymatic hydrolysis, having remained trapped within the solvent-filled pores of the 

hydrogels, amino acids, or small proteins produced by commensal bacterial during the 

in vitro digestion and fermentation.    

In both the branched and debranched size distributions of both gels, the most 

pronounced changes in the hydrogels’ molecular structural parameters occurred during 
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the fermentation stages in the simulated colon (Figures 4.6-4.9, UD vs. F72). These are 

likely to be the result of the cumulative action of multiple hydrolytic enzymes featuring 

both α(1-4) and α(1-6) specificity, unlike across the upper GIT where starch gels are 

exposed largely to α(1-4) hydrolytic enzymes (salivary and pancreatic α-

amylase).129,289,310 This is further supported by the preferential cleavage of α(1-4) 

linkages during the upper GIT digestion stages, followed by preferential cleavage of α(1-

6) glycosidic bonds in the large intestinal phase, shown by 1H NMR (Figure 4.10).  

 

Figure 4.10: Degree of branching, expressed as a percentage of the total number of 

glucosidic linkages in NM and H7 starch hydrogels before digestion (UD), at 1 and 2 h of 

small intestinal INFOGEST digestion (D1 and D2, respectively), and at 24, 48 and 72 h of 

in vitro fermentation (F24, F48 and F72, respectively). Error bars are based on the 

standard deviation across a minimum of three measurements, where ** p<0.005, **** 

p<0.0001. 
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Starch Hydrogel Internal Mobility 

We probed the change in the degree of local mobility across all 13C environments in NM 

and H7 starch hydrogels as they traverse the entire length of the simulated GIT. There 

was a progressive increase in degree of mobility of solvated chains across all 13C sites 

with each successive digestion and fermentation stage, accompanied by a simultaneous 

progressive decrease in their G’ (kPa) and strain (%) values at their cross-over point (i.e., 

point of loss of structural integrity, Figure 4.11). 

 

Figure 4.11: Estimated levels of local mobility averaged across all 13C environments in 

NM and H7 starch hydrogels before digestion (UD), at various INFOGEST digestion (O, 

G1, G2, D1, D2) and in vitro fermentation stages (F24, F48 and F72). Inlay showing cross-

over point analysis of NM and H7 gels before and during INFOGEST digestion, and during 

in vitro fermentation, featuring the samples’ G’ (kPa) and strain (%) values at their 

respective G cross-over points. Error bars are based on the standard deviation across a 

minimum of three replicates. 
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Solid-state NMR spectra (1H-13C CP and CPSP/MAS) of the starch hydrogels at the end of 

simulated digestion (Figure 4.12, NM, D2) revealed the presence of new sharp peaks in 

the CPSP spectrum at ca. 93 and 96 ppm, the chemical shift of which overlapped with 

peaks in the solution state NMR spectrum of the digesta at the end of simulated 

INFOGEST protocol (Figure 4.12, Digesta). Comparison of the 1H-13C CPSP/MAS spectra 

of the starch gels at the end of in vitro digestion, as well as the solution state 13C NMR 

spectrum of the digesta with the solution-state spectrum of an equimolar (1.0 mM) 

mixture of reducing sugars (Figure 4.12, glucose, maltose, maltotriose), revealed the 

identity of the newly observed sharp peaks to be solvated products of digestion (DP ≈ 1 

– 3) remaining trapped inside the water-filled pores of the starch hydrogels, as well as 

remaining in the digesta following simulated upper GIT enzymatic hydrolysis.  

The newly observed peaks assigned to a combination of reducing sugars. i.e., glucose, 

maltose and maltotriose, were no longer present after 24 h of in vitro fermentation 

(Figure 4.12, F24). This is likely to be a consequence of their easier utilisation as a carbon 

source by commensal bacteria291,311, compared to the pre-digested macromolecular 

starch matrix.  
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Figure 4.12: 1H-13C CP and CPSP MAS NMR spectra (orange and green, and cyan and 

magenta, respectively) of H7 starch hydrogels at the end of INFOGEST digestion (D2), 

and after 24 h of in vitro fermentation (F24), 13C{1H} solution state NMR of glucose, 

maltose and maltotriose (1.0 mM in D2O each, red), and of the digesta at the end of 

INFOGEST digestion (blue). Inlay showing changes in concentration of glucose and 

maltose (yellow and brown, respectively) across 72 h of in vitro fermentation of both 

NM and H7 substrates (circle and triangle, respectively).  
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Starch Hydrogels’ Viability as Targeted Colonic Drug Delivery Platforms 

Across all samples, the drug release was confined to the large intestine with minimal to 

no release in the upper GIT (Figure 4.13). The drug molecules’ release rates were several 

times lower than other starch-based nanoparticle and polysaccharide hydrogel-type 

colonic drug delivery platforms of polysaccharide origin280,312 (e.g., 70-100% drug 

released from other nanoparticles and gels after 24 hours vs. 15-56% from NM and H7 

hydrogels, Figure 4.13).280,312–316 These data highlight starch hydrogels’ advantage as 

targeted colonic drug delivery vehicles with prolonged release, allowing for longer 

therapeutic windows and lower frequency of drug administration – two important 

parameters in patients’ quality of life. Unlike traditional colonic pharmaceutical 

excipients, exhibiting sigmoidal release kinetics with rapid release of the guest 

molecule317,318, these starch hydrogels show a more gradual pharmacokinetic release 

profile (1.25-3% vs. 0.63-2.1% drug release per hour, respectively).280,316  
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Figure 4.13: Comparative colonic drug release kinetics between VNL-loaded NM and H7 

hydrogels, and four competitor drug delivery platforms: starch/zein films280, amphiphilic 

starch nanoparticles (StNPs)316, carboxymethylchitosan-g-polylactic acid (CMC-g-

PAA)318, and hydroxypropyl methylcellulose compression tablets (HPMC CT)319.  

Drug carriers’ structural integrity has a significant impact on their role as excipients, as 

well as on the pharmacokinetic profile of the loaded drug molecules. 276 The NM and H7 

hydrogels’ drug release kinetics mimic the trends observed in the loss of the excipients’ 

structural integrity (Figure 4.14, inlay). H7’s delayed degradation across the entire length 

of the GIT compared to NM was mirrored by the two hydrogels’ pharmacokinetic 

profiles when loaded with the three guest molecules (Figure 4.14), where all three drugs 

were consistently released faster from the NM gels compares to the H7 gels. These data 

show it is matrix disintegration (a.k.a. enzymatic erosion320) that appears to be the 

dominating factor in the pharmacokinetic profile of the loaded drug molecules across 

the GIT.  
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Each of the three guest molecules showed different release kinetics, with VNL showing 

the most rapid release kinetics in the in vitro colonic phase, followed by DOX and 5FU 

(Figure 4.14). Differences in release kinetics may be influenced by the small molecules’ 

different degree of physical proximity and interaction with the starch backbone, where 

the contact between the drugs and the host followed the order of VNL < DOX << 5FU, 

with interaction strengths estimated by STD NMR (Figures 4.15-4.17). The molecules 

exhibiting less contact with the starch backbone, such as VNL, showed the most rapid 

release kinetics, with the drugs showing more contact with the starch backbone, such 

as 5FU and DOX, being released more slowly and less completely. Guest-host 

interactions are important when formulating pharmaceutical excipients, as they can 

have a profound effect on the release kinetics of the API. Chemical modification of both 

the guest and host are common physicochemical approaches to controlling the degree 

of interaction between these two species in the formulation of pharmaceutical 

excipients.321  It is important to note, however, that in dynamic complexes (and states), 

STD NMR reports on the contact time of one molecule with another, averaged out across 

all populations and states the complex undergoes within the experimental time. This 

means, that in dynamic complexes and states, this methodology reports on an averaged 

“snapshot” of the dynamic events.  
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Figure 4.14: Release profiles of 5FU, VNL and DOX from NM and H7 hydrogels during the 

end of the in vitro digestion (D2) and fermentation experiments (F0-72). Inlay showing 

progressive changes in G’ (Pa) of NM and H7 hydrogels before (UD), during in vitro 

digestion (D1 and D2), and fermentation (F12-72). Error bars are based on the standard 

deviation across a minimum of three replicates. Statistical significance symbols (*) refer 

to significant differences in the release kinetics between NM and H7 at a given time 

point (VNL – yellow, 5FU – green, DOX – red), where * (p<0.05), ** (p<0.01) and *** 

(p<0.001). 
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Figure 4.15: Example of the use of 1H STD NMR in investigation of the proximity between 

guest and host molecules in pharmaceutical excipients. We apply selective saturation to 

the starch backbone (ca. 3.5 ppm) and measure the amount of saturation transferred to 

the guest molecule (VNL, 1H CHO, ca. 9.6 ppm) over a defined time period (mixing time). 

The rate of STD (%) transfer from the guest to the host by means of intermolecular 

nuclear Overhauser effect (nOe) is distance dependent (<5Å), hence the rate of STD (%) 

build-up being proportional to the distance between the guest and the host molecules.  
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Figure 4.16: STD build-up curves for the three guest molecules VNL, 5FU and DOX 

binding to the NM starch hydrogel backbone. 

 

Figure 4.17: STD build-up curves for the three guest molecules VNL, 5FU and DOX 

binding to the H7 starch hydrogel backbone. 
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The combined use of the INFOGEST protocol of in vitro digestion, and the batch model 

of in vitro fermentation allows for the mimicking of the complete length of the human 

GIT. This is particularly important in the context of orally administrable pharmaceutical 

excipients with targeted colonic release. This approach has the advantage of being a 

more adequate representation of the human gastrointestinal conditions pharmaceutical 

excipients are exposed to, compared to USP and BSP utilised methods, which can omit 

the use of hydrolytic enzymes322, or exclusively focus on one part of the GIT.322,323 

Our work systematically probes the structure-function links underpinning starch gels’ 

role as pharmaceutical excipients at each individual stage of the human GIT. We link 

structural parameters defining starch hydrogels’ macromolecular organisation, with 

molecular mobility of internally solvated starch chains, and show how these relate to 

bulk structural robustness. We have shown how high-amylose starch hydrogels (such as 

H7) experience a delayed loss of structural integrity under the action of GI hydrolytic 

enzymes, compared to their low-amylose counterparts (e.g., NM), which directly 

translates to their delayed drug release kinetics. The delayed loss of structural integrity 

of H7 results in the small molecular release (VNL, 5FU and DOX) to occur more gradually 

than its NM counterpart, and exclusively in the large intestine, resisting release in the 

upper GIT.   

Commensal Bacteria’s Interaction with Starch Hydrogels 

One of the advantages of applying starch hydrogels (i.e., RS III) as pharmaceutical 

excipients is their health-promoting auxiliary properties, such as their fermentability by 

commensal bacteria, resulting in the production of physiologically relevant bacterial 

metabolites (e.g., SCFAs), which have been linked with a range of health benefits.82,293,324 
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Across all participants, NM starch hydrogels led to the production of more SCFAs, 

compared to H7, where the ratio between acetate, propionate and butyrate was 

50:25:25 for NM, and closer to 60:20:20 for the H7 starch gels (Figure 4.18), similar to 

previous works.325 Despite the overall comparable concentration of SCFAs produced 

from the two starch hydrogel types, the more digestible NM substrate led to the 

production of more than threefold more gas compared to H7 (Figure 4.19). Cumulatively 

these data show that the more digestible low-amylose NM hydrogel substrate is also 

more fermentable in the colon. The comparable concentration of SCFAs produced by 

the two substrates, coupled with the lower production of gas during H7 fermentation 

has important implications for patients with colorectal pathologies, such as IBD and IBS, 

who experience increased gas production and retention, leading to debilitating pain and 

discomfort, compared to healthy individuals.  326,327 
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Figure 4.18: Cumulative concentration of SCFAs over 72 h of in vitro fermentation of NM 

and H7 starch hydrogels by bacteria from human faecal donors. All measurements 

presented are averaged out across 4 different individuals with a minimum of 3 replicates 

per individual. Error bars are based on the standard deviation between measurements 

across all samples.  
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Figure 4.19: Cumulative gas production from NM and H7 maize hydrogels fermented 

across 72 h, averaged across all four different faecal sample donors, error bars based on 

a minimum of three replicates per donor. Error bars are based on 95% confidence 

intervals for each substrate. 

There were no significant differences in the concentrations of acetate, butyrate, lactate, 

and succinate in the presence of VNL, 5FU and DOX, compared to the controls, across 

all NM and H7 starch hydrogels. The only significant differences observed were the 

increased production of propionate in the presence of 5FU in both hydrogel excipients 

(Figures 4.20 and 4.21). These data indicate starch hydrogels are able to provide 

targeted release of orally administrable drug molecules to the colon, without 

significantly perturbing commensal bacterial SCFA metabolic pathways.  
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Figure 4.20: Cumulative concentration of SCFAs over 72 h of in vitro fermentation of NM, 

vanillin-, 5-fluorouracil- and doxorubicin-loaded NM (NM-VNL, NM-5FU and NM-DOX, 

respectively) by bacteria from human faecal donors. All measurements presented are 

averaged out across 4 different individuals with a minimum of 3 replicates per individual. 

Error bars are based on the standard deviation between measurements across all 

samples, where *** p<0.0005. 
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Figure 4.21: Cumulative concentration of SCFAs over 72 h of in vitro fermentation of H7, 

vanillin-, 5-fluorouracil- and doxorubicin-loaded H7 (H7-VNL, H7-5FU and H7-DOX, 

respectively) by bacteria from human faecal donors. All measurements presented are 

averaged out across 4 different individuals with a minimum of 3 replicates per individual. 

Error bars are based on the standard deviation between measurements across all 

samples, where ** p<0.005. 

An aspect often neglected in the context of colonic pharmaceutical excipients, is the 

impact of the commensal microflora on the drug delivery vehicle’s stability and the 

pharmacokinetic profile of the drug molecules.280 

FISH staining viewed with LSCM revealed differences in how bacteria interact with NM 

and H7 starch hydrogels – both in the localisation of bacterial colonies, and in the rate 
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of colonisation of the starch matrix. Unlike R.bromii and Bacteroides, which do not 

appear to cluster in larger groups, but rather invade the starch gel matrices in smaller, 

dispersed colonies, Bifidobacteria appear to concentrate along the periphery and 

surface of the gel matrix (Figures 4.22 and 4.23). This could be a result of the cooperative 

nature of Bifidobacterium communities.328,329 

The colonisation appears to be time-dependent, irrespective of bacterial species and 

starch type, where there are fewer commensal bacterial colonies at earlier fermentation 

times (24 hours), compared to later ones (72 hours, Figures 4.22 and 4.23). In all cases, 

the colonisation appears to be from the periphery inwards, with R.bromii and 

Bacteroides exhibiting a greater rate of colonisation of the matrices, compared to 

Bifidobacteria, and the rate of commensal bacterial invasion into the matrix being 

greater in NM than in H7 (Figure 4.23). This could be a direct result of the distinctly 

different morphology of the two gels before and during the different stages of in vitro 

fermentation, where H7 appears as a uniform, cohesive matrix with little-to-no pores or 

channels throughout its surface, whereas NM hydrogels appear to have numerous 

channels and “cracks” along their surface. These surface channels are likely to be 

responsible for the easier accessibility and greater rate of bacterial colonisation of NM 

starch hydrogels during in vitro fermentation. Both hydrogel samples undergo visible 

changes in their morphology as a function of time during the process of in vitro 

fermentation, which is exhibited as the gradual formation of pores and channels in the 

hydrogel surface, with the diameter of those increasing towards the later stages of 

fermentation, where in the case of NM gels, these reach sizes greater than 100 μm 

(Figure 4.22). These differences in the formation of internal cavities are also likely to play 
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a role in the loss of bulk structural integrity of the two starch hydrogels (Figures 4.3 and 

4.4, and Appendix Figures S9-S12).   

 

Figure 4.22: Peripheral image of NM and H7 starch hydrogel after 24 hours (NM 24h and 

H7 24h) and after 72 h (NM 72h and H7 72h) of in vitro fermentation, visualised by LSCM 

at 10x magnification, with the hydrogel morphology and all three bacterial probes: 

R.bromii (blue), Bacteroides (red) and Bifidobacterium (green).   



181 
 

 

Figure 4.23: Peripheral image of NM and H7 starch hydrogel after 24 hours (NM 24h and 

H7 24h) and after 72 h (NM 72h and H7 72h) of in vitro fermentation, visualised by LSCM 

at 10x magnification, with all three specific bacterial probes: R.bromii (blue), Bacteroides 

(red) and Bifidobacterium (green).   

On addition of non-specific bacterial probes (Eub338I, Eub338II and Eub338III, Chapter 

2, Table 2.1) probes to the combination of R.bromii-, Bacteroides- and Bifidobacteria-

specific probes, it was revealed that the combination of the three specific probes 

accounts for a high proportion (62 – 76%) of the bacteria colonising the starch hydrogel 

matrices during fermentation (Figure 4.24, and Appendix Figures S13-S16). Once again, 
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an accumulation of bacterial species was observed around the periphery of the gels, 

where this proportion was greater in the non-specific bacterial species, compared to the 

Bifidobacteria, likely linked to the colony-forming behaviour of other commensal 

bacterial species.  

 

Figure 4.24: Confocal microscopy image of NM and H7 hydrogels after 72 hours of in 

vitro fermentation, visualised at 10x magnification, with the hydrogel morphology and 

all non-specific bacterial probes (yellow), R.bromii (blue), Bacteroides (red) and 

Bifidobacterium (green).  
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4.4 Conclusions 

In this study we have probed the bulk- and molecular-level structural changes starch 

hydrogels undergo as they traverse the entire length of the human GIT, using widely 

accepted models of in vitro digestion and colonic fermentation. We have expanded on 

the current understanding of RS III hydrolysis across the GIT, by showing how 

macromolecular structures, such as the ones present in starch hydrogels, can further 

decrease the susceptibility of RS III to amylolysis.127,221,308 We have probed the impact 

of key molecular structural parameters (degree of branching, hydrodynamic radius, 

degree of polymerisation, and molecular mobility) on the pharmaceutical properties of 

starch hydrogels as targeted colonic excipients. We have shown how one can modulate 

their choice of starch to achieve a highly tuned pharmacokinetic profile in the colon. We 

have probed the interplay between our gel-type systems and commensal bacteria in the 

gut, and have demonstrated the ability of the colonic microflora to degrade starch 

hydrogels, leading to the production of health-promoting metabolites, such as SCFAs. 

We have shown how our soft matter systems compare to currently existing colonic drug 

delivery platforms.101,280,330 Our findings provide important information for the 

application driven design of novel drug delivery platforms for targeted drug release.  

It should be noted that end-over-end mixing, as the one employed during the simulated 

digestion stages, is not a perfect representation of the human peristalsis under in vivo 

settings. That said, our in vitro set-up is aimed at providing partial representation of the 

mechanical stretching and squeezing food stuffs, and orally administered drug delivery 

platforms are subjected to in vivo.  This is fundamental matter, which is likely going to 
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be best addressed by performing in vivo experiments involving human volunteers or 

animal models.  

Chapter 5: Solid-state NMR Methodology for Probing Guest-Host 

Interactions in Small Molecule-Complexed V-Amylose 

This chapter focuses on the application of high-resolution solid-state and HR/MAS NMR 

spectroscopy for the structural characterisation of V-amylose helical complexes, loaded 

with two small molecules – 1-naphthol and ibuprofen. These data are aimed at providing 

critical structural understanding of the location of the guest molecules within the V-

amylose helices, for the purpose of validation and refining of existing simulation models, 

based on obtained diffraction (XRD and electron diffraction), and crystallographic data 

by the group of Professor Jean-Luc Putaux at the Centre de Recherches sur les 

Macromolécules Végétales (CERMAV) at the Université Grenoble Alpes, France.  

5.1 Introduction 

Amylose can adopt a left-handed single-helical conformation in the presence of small 

molecular complexing agents, often referred to as V-amylose.240 The single-helical 

arrangement was initially proposed Katz et al.331 working on native starch granules 

complexed with lipids,  and bread dough preparations, and further confirmed using 

iodine-complexed amylose by means of PXRD and NMR spectroscopy.67,332 The helical 

organisation has been argued to be a product of the linear glucan structure, along with 

the geometry of the α(1-4) glycosidic bonds, with the amylose DP playing an important 

role in the helicity of the final complex.333 This leads to the formation of a hydrophobic 

central cavity capable of accommodating a range of both organic and inorganic small 



185 
 

molecules of hydrophobic and amphiphilic nature, the most commonly reported ones 

being iodine, short and medium length fatty acids, amino acids, alcohols, carbonyls and 

esters.40,334–336 

V-amylose complexes containing small molecular ligands can adopt different 

conformations, forming crystalline fibres or lamellar crystals, where these can be 

grouped into 10 allomorphic families according to the helicity of the glucan chain, and 

XRD and electron diffraction (ED) patterns (Table 5.1).    

Table 5.1: V-amylose allomorphs with small organic molecules documented in published 

works.  

Allomorph Example Complexing Agents Reference 

V6I Fatty acids 40,337 

V6II n-butanol 334,337 

V6III Glycerol 337–339 

V6IV Hydroxybenzoic acid 337,339 

V7I Borneol 337,339 

V7II Butyric acid, Ibuprofen 40,337,340 

V7III 1-Naphthol 337,341 

V7IV Quinoline 337,339 

V8I Salicylic acid 337,338 

V8IV Salicylic acid 337 

 

The difference in polymorphism has been attributed largely to the physicochemical 

properties of the complexing agent and the sample preparation conditions.337  That said, 
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the V-amylose allomorph cannot be predicted directly from the physicochemical 

properties of the guest molecule, as different allomorphs can be obtained with the same 

complexing agent, and the same polymorph can be obtained using physicochemically 

distinct guest molecules (e.g., V7II can be obtained using isopropanol, acetone, and 

thymol). In those cases, it is the recrystallisation conditions that have largely a 

polymorph-directing effect.337 Some studies have suggested that the physical 

dimensions of the guest molecule can be correlated with the helicity of the V-amylose 

chain.342 However, no clear relationship can be identified for the successful prediction 

of whether a molecule would be able to act as a complexing agent for the formation of 

V-amylose-small molecule complexes.  

V-amylose complexation has been used for the encapsulation of a range of small 

molecules with the purpose of achieving sustained or slow release kinetics following 

administration of the complex. This has been applied in the area of flavour compounds, 

nutraceuticals, APIs (e.g., salicylic acid, ibuprofen, praziquantel, rifampicin) and 

bioactive compounds (e.g., esters of vitamins, genistein).240,343–351 Amylose has 

advantages over other drug delivery platforms, as it is affordable, easily renewable, and 

biocompatible, and also the formation of V-amylose helices has been shown to increase 

the thermal and oxidative stability of the complexing ligand.352,353 The latter is a highly 

advantageous drug delivery platform property, as it opens up pathways for the targeted 

delivery of oxygen-sensitive, thermally unstable, and highly reactive and volatile 

molecules. Furthermore, due to the relatively highly crystalline arrangement of V-

amylose helices, they have been shown to be resistant to in vitro gastric conditions 

(proteolytic enzymes and low pH), as well as amylolytic conditions (pancreatic α-

amylase, β-amylase and amyloglucosidase), allowing for their use as targeted delivery 
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vehicles capable for release in the distal parts of the human GIT (small and large 

intestine).346,350,351,353 

In order to fully utilise V-amylose as a superior drug delivery vehicle, it is important to 

understand the structural interplay between the guest and the host in these inclusion 

complexes, as guest-host interactions can impact the drug delivery properties of 

pharmaceutical excipients.321 There have been some studies probing the difference in 

molecular mobility and dynamics of the guest and host molecules in V-amylose 

complexes337,340, but not much is known about the interactions between the two, and 

how these affect the properties of the overall system. In this work, we probe the 

through-space guest-host interactions in a V-amylose-1-naphthol (V7III) and V-amylose-

ibuprofen (V7II) complexes – two V-amylose complexes with small molecules located 

exclusively in the hydrophobic cavity of the glucan helix. 337 We probe the structure and 

interactions in these complexes using high-field solid-state NMR, making use of both 

homo- and heteronuclear through-space interaction experiments, with the aim of 

mapping out the spatial proximity between the helical host and its organic ligands.  

5.2 Materials and Methods 

5.2.1 Materials 

V-amylose complexed with 1-naphthol (Figures 5.1) and ibuprofen (Figure 5.2) in a V7III 

and V7II conformation, respectively, were prepared by solubilising amylose (0.5% w/v) 

in DMSO at 90 °C for 1 hour, following by the addition of 1-naphthol or ibuprofen at 

saturation, and diluting the mixture with ddH2O to a final DMSO concentration of 30% 

v/v. The mixture was then incubated at 60 °C for up to 2 weeks, the precipitates were 

recovered, centrifuged, and washed with ddH2O, heated back up to 90 °C, and then 
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cooled down to recrystallisation temperature to allow for the crystals to form. 337 These 

procedures were carried out by the group of Professor Jean-Luc Putaux at the Centre de 

Recherches sur les Macromolécules Végétales (CERMAV) at the Université Grenoble 

Alpes, France.  

 

Figure 5.1: Structural formula of 1-naphthol.  

 

Figure 5.2: Structural formula of ibuprofen.  

5.2.2 Methods 

H2O/D2O Exchange 

Approximately 300 mg of each of the V-amylose complexes were placed at the bottom 

of a 1.5 mL centrifuge tube, followed by the addition of D2O (1.0 mL). The samples were 

placed on an end-over-end rotator overnight. The following day the free D2O was 

pipetted out and discarded without disturbing the pellet. The remaining free solvent 
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was removed by capillary action using a non-fibrous Kimtech™ tissue (Kimberly-Clark 

Worldwide, Inc.) 

The degree of success of solvent exchange was determined using 1H NMR, comparing 

the H2O peak (ca. 4.7 ppm) at full width at half height (FWHH) before and after the 

exchange. The quality of the sample following H2O/D2O exchange were verified using 

1H-13C CP/MAS NMR spectroscopy, comparing each peak’s position, intensity and FWHH 

before and after solvent exchange.  

Proton-Driven Spin Diffusion (PDSD) NMR 

Principle  

PDSD is a homonuclear correlation experiment, which allows for the cross-polarisation-

driven transfer of magnetisation from high-γ nuclei, such as 1H, to low-γ ones, such as 

13C, which is then transferred to nearby 13C nuclei predominantly through residual 

dipolar coupling and chemical exchange.354 The magnetisation transfer by 1H-1H spin 

diffusion would be slower at higher spinning speeds. The transfer of magnetisation 

occurs during a mixing period (tmix), and is distance dependent, so by varying tmix, one 

can probe the distances between 13C nuclei in a system (Figure 5.3). At very short tmix, 

cross peaks would result from nearby nuclei, whereas at longer tmix, the distance could 

extend to 13C centres in different residues (e.g., in proteins) or molecules (e.g., host-to-

guest transfer).  
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Figure 5.3: Graphical representation of the PDSD pulse train.355 Pulse phases have been 

omitted for visual clarity. 

Experimental Procedures 

PDSD experiments were performed on a Bruker Avance III 400 MHz spectrometer, 

equipped with a HXY 4-mm probe. The acquisition parameters were π/2 rf 1H of 3.2 μs, 

and 13C of 3.5 μs, contact time of 1.0 ms, tmix 0.05-2 s, recycle delay of 4.5 s, MAS rate of 

6 kHz, at 20 °C, using a minimum of 128 scans. 

1H-13C Heteronuclear Correlation (HETCOR) NMR  

Principle 

HETCOR is a heteronuclear correlation experiment in which cross peaks arise from 

spatially proximal (i.e., through-space experiment) 1H and 13C nuclei, where the transfer 

of magnetisation occurs through spin diffusion. This is a 13C-detected experiment with 

simultaneous homonuclear (1H-1H) decoupling during acquisition.  
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Experimental Procedures 

HETCOR experiments were performed on a Bruker AVANCE III 850 MHz solid-state NMR 

spectrometer (UK National 850 Solid-State NMR facility at the University of Warwick) 

equipped with a 4 mm HX H13892B probe, using 1H π/2 pulse of 3 µs, contact time of 4 

ms, relaxation delay of 3 s, at MAS rate 4.2 kHz, without external temperature control, 

and with a minimum of 256 scans. 

1H-1H NOESY NMR  

Principle 

NOESY in solids is a homonuclear (1H-1H) exchange experiment, where magnetisation is 

transferred between like nuclei (1H) through space via residual dipolar coupling and 

chemical exchange. The transfer of magnetisation is distance-dependent, so by varying 

tmix one can obtain information on the comparative distance between nuclei.  

Experimental Procedures 

NOESY NMR experiments were performed on a Bruker AVANCE III 850 MHz solid-state 

NMR spectrometer (UK National 850 Solid-State NMR facility at the University of 

Warwick) equipped with a 1.3 mm HXY H13863 probe, using a π/2 rf 1H pulse of 2.5 μs, 

tmix of 0.005-0.05 s, relaxation delay of 3 s, at MAS rate of 57 kHz, without external 

temperature control, with a minimum of 64 scans.  
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Single Quantum-Double Quantum Back-to-Back (SQ-DQ BABA) NMR 

Principle 

SQ-DQ BABA experiments are predominantly used to probe internuclear distances 

through spin-pair connectivities under MAS conditions in semi-crystalline and 

amorphous samples.188,356 A detailed explanation of the BABA pulse sequence can be 

found elsewhere188,356, with details of the zero-order Hamiltonian, and evolution of the 

DQ Hamiltonian, as well as the toggling frame Hamiltonian. For the purposes of this 

work, however, the pulse sequence relies on symmetrically placed π/2 1H pulses in each 

rotor period (rotor-synchronised pulse train), with the addition of a π 1H pulse in every 

second rotor period, resulting in refocusing of the CSA and isotropic chemical shift 

offsets. A π/2 1H rf pulse is applied, followed by an incrementable evolution period under 

isotropic (1H) chemical shifts. The magnetisation is exchanged between like nuclei (1H-

1H) via dipolar coupling through radio frequency driven recoupling (RFDR). This is 

followed by converting SQ to DQ coherence using a BABA pulse sequence, followed by 

an evolution period of the 1H DQ coherence. The DQ coherences are converted back to 

SQ coherence by an analogous BABA pulse sequence, followed by a π/2 rf 1H pulse and 

acquisition of the xy (i.e., transverse) magnetisation (Figure 5.4).357 BABA is usually 

performed at higher spinning speeds in the context of soft matter systems (>5 kHz, e.g., 

57 kHz MAS rate used in this chapter), allowing for improved averaging of the strong 1H-

1H dipolar coupling, conferring better chemical shift resolution in rigid, solid samples, 

which would otherwise suffer from broad, non-informative 1H chemical shift 

distributions.358  
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Figure 5.4: Graphical representation of the SQ-DQ BABA pulse train.357 Pulse phases 

have been omitted for visual clarity.  

Experimental Procedures 

SQ-DQ BABA experiments were carried out on a Bruker AVANCE III 850 MHz solid-state 

NMR spectrometer (UK National 850 Solid-State NMR facility at the University of 

Warwick) equipped with a 1.3 mm HXY H13863 probe, using a π/2 rf 1H pulse of 2.5 μs, 

total excitation and reconversion periods of 17.54 μs, DQ evolution period of  1 μs, z-

filter of 1 μs, relaxation delay of 3 s, at MAS rate of 57 kHz, without external temperature 

control, with a minimum of 64 scans.  

5.3 Results and Discussion 

5.3.1 V-amylose-1-naphthol (V7III) 

In order to decrease the 1H peak contribution of H2O in the complexes and allow for less 

ambiguous assignment 2D 1H-1H correlation spectra, part of the solvent was exchanged 

with D2O (Figure 5.5). This allowed for better peak separation between the residual H2O 

peak and the amylose 1H environment (H-2-6). There were only minor changes in the 13C 

peaks’ intensities and FWHH after solvent exchange, confirming minimal structural 

changes as a result of the solvent exchange process. This could otherwise be confirmed 
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by examining the PXRD patterns of the V-amylose complexes before and after H2O/D2O 

exchange. 337 

 

Figure 5.5: 1H-13C CP/MAS NMR spectra of V-amylose-1-naphthol (V7III) complex before 

and after H2O/D2O exchange (red and blue, respectively). Inlay showing 1H NMR 

spectrum of the complex before and after solvent exchange.  

The 1H-13C CP/MAS NMR spectrum of the V-amylose-1-naphthol (V7III) complex (Figure 

5.6) allowed for full peak assignment of the amylose helix (i.e., the host molecule) and 

1-naphthol.337,359  
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Figure 5.6: 1H-13C CP/MAS NMR solid-state NMR spectrum of V-amylose-1-naphthol 

(V7III) complex, featuring 13C peak assignment. Spinning sideband (ssb, ca. 134 ppm) 

denoted.  

Comparison of the 13C NMR spectra of pure amylose (from the same batch used for the 

preparation of the complexes) and one complexed with 1-naphthol in a V7III 

conformation, revealed differences in the molecular environment around all amylose 

monomer (D-glucose) nuclei (Figure 5.7). The uncomplexed amylose spectrum exhibited 

a much more pronounced amorphous contribution, compared to the 1-naphthol-

containing complex, as evidenced by the greater peak width in the former.  

All 13C nuclear environments (C-1, C-4, C-2,3,5 and C-6) showed multiple peak splittings, 

likely indicating the presence of multiple different nuclear environments across all 13C 

centres. This is likely to be the result of different degree of interaction between the guest 

and the host molecule, arising from differences in the supramolecular organisation of 

the V-amylose complex. These result in changes in the immediate chemical environment 
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around each 13C nucleus, changing its degree of shielding and subsequently its effective 

chemical shift.  

 

Figure 5.7: 1H-13C CP/MAS NMR spectra of pure amylose (red) and amylose-1-naphthol 

(V7III) complex (blue), with amylose monomer 13C peak assignment.  

The 13C-13C PDSD spectra showed close proximity between the aromatic 13C centres in 

1-naphthol (C(Ar)) and C-2,3,5 and C-6 of the amylose helix (Figure 5.8).  
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Figure 5.8: 13C-13C PDSD NMR spectrum of V-amylose-1-naphthol (V7III) complex at tmix 

= 0.2 s, featuring peak assignment of both the guest (yellow) and the host molecule 

(green), with cross peaks between the two shown in red.  

The proximity between these environments was further confirmed by the 1H-1H NOESY 

spectra at variable mixing times (Figure 5.9), which showed the contact time between 

naphthol and amylose 1H nuclei followed the order of: H(Ar) naphthol – H-2-6 amylose 

> H-1 naphthol – H-2-6 amylose ≈ H(Ar) naphthol – H-1 amylose (Figure 5.9). It is 

important to note that in dynamic complexes (and states), NOESY reports on the 

resident time of one molecule with respect to another in a complex, averaged out across 

all populations and states the complex undergoes on the experimental timescale. 
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Figure 5.9: 1H-1H NOESY spectra of V-amylose-1-naphthol (V7III) complex at short (5 

ms, top), intermediate (35 ms, middle), and long (50 ms, bottom) mixing times, 

featuring 1H assignment of both 1-naphthol (yellow) and amylose (green). Cross peaks 

are shown in red, yellow, and cyan. Mirrored cross peaks shown in the same colour.  

The above internuclear proximity was further supported by cross peaks in the 1H-1H SQ-

DQ BABA NMR spectral data (Figure 5.10), but due to the experiment being carried out 

at only one mixing time, it precluded obtaining quantitative information of the SQ-DQ 

spectrum.  
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Figure 5.10: 1H-1H homonuclear SQ-DQ BABA NMR spectrum of V-amylose-1-naphthol 

(V7III) complex, at tmix = 20 ms, featuring assignment of the 1H environments across both 

amylose and 1-naphthol. Cross peaks shown in red and yellow.  

5.3.2 V-amylose-ibuprofen (V7II) 

There were practically no changes in the 13C peaks’ intensities and FWHH after solvent 

exchange, confirming minimal structural changes as a result of the solvent exchange 

process in the V-amylose-ibuprofen (V7II) complex (Figure 5.11). Changes in the 

structuring of the complexed system could have alternatively been probed by means of 

PXRD. 337 
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Figure 5.11: 1H-13C CP/MAS NMR spectra of V-amylose-ibuprofen (V7II) complex before 

and after H2O/D2O exchange (blue and red, respectively). Inlay showing 1H NMR 

spectrum of the complex before and after solvent exchange.  

The 1H-13C CP/MAS NMR spectrum of the V-amylose-naphthol (V7II) complex (Figure 

5.12) allowed for full peak assignment of the amylose helix (i.e., the host molecule) and 

ibuprofen.337,340  
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Figure 5.12: 1H-13C CP/MAS solid-state NMR spectrum of V-amylose-ibuprofen (V7II) 

complex, featuring 13C peak assignment.  

Similar to the case of the 1-naphthol-complexed amylose, the V-amylose-ibuprofen 

complex exhibited higher degree of order, compared to amylose alone, as evidenced by 

the narrower peaks (Figure 5.13). All 13C nuclear environments (C-1, C-4, C-2,3,5 and C-

6) showed multiple peak splittings, likely indicating the presence of multiple different 

nuclear environments across all 13C centres, similar to the V-amylose-1-naphthol 

complex.  
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Figure 5.13: 1H-13C CP/MAS NMR spectra of pure amylose (red) and amylose-ibuprofen 

(V7II) complex (blue), with amylose monomer 13C peak assignment.  

1H-1H NOESY NMR spectra at variable mixing times (Figure 5.14) revealed spatial 

proximity between several 1H environments in the guest and host molecules. The guest-

host 1H contact followed the order of: H-10-13 ibuprofen – H-1 amylose ≈ H(Ar) 

ibuprofen – H-1 amylose < H(Ar) ibuprofen – H-2-6 amylose ≈H-10-13 ibuprofen – H-2-6 

amylose. As in the case with the 1-naphthol complex, it is important to keep in mind that 

in dynamic complexes, NOESY reports on the resident time of one molecule with respect 

to another, averaged out across all populations and states the complex undergoes 

within the experimental time.  
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Figure 5.14: 1H-1H NOESY spectral overlay of V-amylose-ibuprofen (V7II) complex at 

short (5 ms, top), intermediate (35 ms, middle), and long (50 ms, bottom) mixing 

times, featuring 1H assignment of both ibuprofen (yellow) and amylose (green). Cross 

peaks shown in red, yellow, green, and cyan. Mirrored cross peaks shown in the same 

colour. 

The above internuclear proximity was partially supported by cross peaks in the 1H-1H 

SQ-DQ BABA NMR spectral data (Figure 5.15), but due to the experiment being carried 

out at only one mixing time, it precluded obtaining quantitative information of the SQ-

DQ spectrum.  
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Figure 5.15: 1H-1H homonuclear SQ-DQ BABA NMR spectrum of V-amylose-ibuprofen 

(V7II) complex, at tmix = 20 ms, featuring assignment of the 1H environments across both 

amylose and ibuprofen. Cross peaks shown in red and yellow.  

5.4 Conclusion  

Previous works combining geometrical modelling and stoichiometric analyses have 

pointed towards the interhelical space in V7II and V7III-type complexes unable to 

accommodate guest molecules, but for the guests to be localised exclusively inside the 

hydrophobic cavity within V-amylose helices.337 Apart from the matter of guest molecule 

localisation with respect to the V-amylose host helices, however, there has been no data 

on potential interactions between guest and host molecules in V-amylose complexes. 

We have probed the through-space interactions between the host amylose helix, and 

the guest molecules 1-naphthol and ibuprofen, using advanced solid-state NMR 

techniques.  
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We have shown that it is the aromatic rings of 1-naphthol and the aliphatic isobutyl tail 

of ibuprofen that are more proximal to the H-2-6 centres in the amylose helix, whereas 

H-1 in naphthol and H(Ar) in ibuprofen are further away from the V-amylose host. These 

data can be applied to the refinement of current molecular models on these complexes, 

such as the tentative model of V-amylose-ibuprofen (V7II) seen in Khanh Le et al.340 

(Figure 5.18), which discusses a complex supercell containing a total of 84 glucosyl 

residues in the V-amylose helix, 8 intrahelical ibuprofen molecules and 56 interhelical 

water (H2O) molecules.  

 

Figure 5.18: Longitudinal (left) and axial (right) views of V-amylose-ibuprofen (V7II) 

complex, with suggested orientation of the guest molecule with respect to the host 

amylose helix. Figures derived, and geometries optimised and refined using a 

combination of GROMACS, VMD and SHELX software, and adapted from Cong Anh 

Khanh Le. 337 

Our methodology can be added to the arsenal of currently existing techniques for 

studying guest-host interactions and organisation within complex molecules.  

5.5 Future Work 

This work would be followed by measuring 1H-1H SQ-DQ BABA experiments at variable 

times in order to probe through-space interactions in the above complexes, in support 

of the 1H-1H NOESY experiments.  This would be followed by integration of the area 
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under each cross peak expressed as a percentage of the area under a cross peak 

resulting from atoms with known interatomic distance at the same mixing time, allowing 

for approximation of the distance between nuclei belonging to the guest and host. This 

would further refine currently existing molecular models of these complexes.  

Chapter 6: Overall Conclusions and Future Work 

This project aimed at furthering our knowledge of how starch structure influences its 

ability to form hydrogels, and at probing the inter-component interactions within these 

heterogeneous soft matter systems, governing their bulk and molecular-level 

properties. We employed an array of characterisation techniques – on a range of length 

scales, with an emphasis on solid-, solution-state and high-resolution magic angle 

spinning (HR-MAS) NMR spectroscopy, to probe the molecular-level structural 

parameters of maize starch gels of different amylose content, ranging from less than 1% 

to ca. 70%, and how these contribute to the bulk structural behaviour of the starch 

hydrogel systems. We probed the effect of glucan (amylose and amylopectin) 

composition, short- and long-range molecular order, molecular mobility, molecular 

structural parameters (hydrodynamic radius, Rh, degree of polymerisation, DP, and 

chain length distribution, CLD), and the role of water in macromolecular hydrogel 

assembly and structural integrity.  

We discuss our findings in the context of existing models of starch hydrogel organisation, 

originated by Jane and Robyt164 and Leloup et al.161 In particular, we expand on the 

continuous model of amylose gels made up of closely packed helices, interconnected by 

amorphous “dangling” chains within the porous cavities of the gel matrices, by providing 
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quantitative data on the mobile nature of these moieties, and how this relates to the 

gels’ bulk system properties.  

Furthermore, we explore how the structure of starch hydrogels impacts their 

physicochemical properties and behaviour in the human gastrointestinal tract (GIT), by 

investigating how individual structural moieties impact the bulk hydrogel’s interactions 

with GI enzymes and commensal bacteria in the gut. 

By employing two widely accepted models of in vitro digestion (INFOGEST protocol)360 

and colonic fermentation (batch colon model)297, we have shown that starch gels resist 

upper GIT hydrolysis and reach the large intestine structurally intact. We have 

demonstrated their ability to serve as targeted colonic drug delivery platforms of small 

organic molecules with variable physicochemical properties (e.g., solubility, 

hydrophilicity). We have probed the degree of interactions between guest molecules 

and the hydrogel host, and have demonstrated how these may impact the drug release 

kinetics of the guest-host system. We have shown how one can modulate their choice 

of starch in order to achieve the optimum drug release kinetics in the large intestine, 

and have demonstrated how our starch hydrogel systems compare to other competitor 

platforms (e.g., other starch-based delivery platforms, mixed polysaccharide systems, 

enteric coatings, and compression tablets) by achieving sustained API release over 

prolonged colon transit time (up to 72 hours).  

We then extended these investigations to semi-crystalline V-amylose complexes with 

small molecules (1-naphthol and ibuprofen), probing the structural arrangement and 

internal organisation of these complexes, and guest-host interactions. These data 
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provide critical information for the refinement of currently existing tentative molecular 

models of these complexes.337 

Thus far, all our drug release data has been acquired under in vitro conditions, using 

widely accepted models of the human upper GIT and large intestine. A logical 

continuation of this work would be to investigate how our in vitro pharmacokinetic data 

translates to in vivo settings. We would probe the effect of starch hydrogels pre-loaded 

with colorectal cancer (CRC) treatment compounds (e.g., DOX, 5FU) on the emergence 

and progression of CRC in a mouse model (APCmin – commonly used animal model for 

studying human small intestinal and CRC).361 Our primary research interests would be 

whether the APIs reach the target site of intestinal neoplasia, following oral 

administration; what the effect of the delivery matrix and the APIs would be on the 

metabolic profile of the mouse gut microbial communities; what the effect of the APIs 

would be on the morphology of the neoplastic growth, and on the surrounding healthy 

intestinal lining; and how the cellular metabolite profile in the large intestine changes 

before, during and following drug administration.  
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Appendix 

Standard normal variate and zero-order normalisation of SEC data 

Standard normal variate (SNV) and 0-order normalisation, commonly employed in 

comparative spectral and chromatographic data, consists of subtracting the mean of the 

entire data set from each data point, followed by dividing each data point by the data 

set’s standard deviation. One of the main advantages of this data transformation 

strategy is its correction for both baseline shifts and global intensity variations. 362 
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Figure S1: Environmental scanning electron microscopy images of normal maize (NM) 

starch hydrogels at 500x, 1000x, 5000x and 20000x magnification, acquired at a working 

distance of ca. 10 mm, and electron beam voltage of 3.0 kV.   
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Figure S2: 1H-13C CP and CPSP/MAS NMR spectra (blue and red, respectively) of waxy 

maize (WM), normal maize (NM), amylomaize (AM), Hylon VII™ (H7) and Hi-Maize 260™ 

(HM) hydrogels, prepared in three different conditions – low isothermal (LI), 

thermocycled (CY) and high isothermal (HI) storage. Inlays showing the glucose 

monomer with 13C atomic numbering. 

 

 

 

 

 

 

 

 

 

  
Figure S3: Spectral deconvolution of the 1H-13C CP (left) and CPSP/MAS NMR spectra (left 

and right, respectively) of waxy maize (WM) hydrogels, using MNova global spectral 

deconvolution algorithm.  
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Figure S4: Spectral deconvolution of the 1H-13C CP (left) and CPSP/MAS NMR spectra (left 

and right, respectively) of normal maize (NM) hydrogels, using MNova global spectral 

deconvolution algorithm.  

  
Figure S5: Spectral deconvolution of the 1H-13C CP (left) and CPSP/MAS NMR spectra (left 

and right, respectively) of amylomaize (AM) hydrogels, using MNova global spectral 

deconvolution algorithm.  

  
Figure S6: Spectral deconvolution of the 1H-13C CP (left) and CPSP/MAS NMR spectra (left 

and right, respectively) of Hylon VII® (H7) starch hydrogels, using MNova global spectral 

deconvolution algorithm.  
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Figure S7: Spectral deconvolution of the 1H-13C CP (left) and CPSP/MAS NMR spectra (left 

and right, respectively) of Hi-maize 260® (HM) hydrogels, using MNova global spectral 

deconvolution algorithm.  
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Figure S8: Sub-ambient DSC thermograms of WM, NM, AM, H7 and HM starch hydrogels, 

showing the endothermic freezing event of the freezable bound H2O population within 

all five starch gels. Data presented as heat flow vs. time.   
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Figure S9: Peripheral image of normal maize starch hydrogel after 24 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), and all three (E).   



272 
 

 

Figure S10: Peripheral image of normal maize starch hydrogel after 72 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), and all three (E).   
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Figure S11: Peripheral image of Hylon VII® starch hydrogel after 24 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), and all three (E).   
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Figure S12: Peripheral image of Hylon VII® starch hydrogel after 72 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), and all three (E).   



275 
 

 

Figure S13: Peripheral image of normal maize starch hydrogel after 24 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and Bifidobacterium 

(green, D), non-specific probes (E), all bacteria (F). 
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Figure S14: Peripheral image of normal maize starch hydrogel after 72 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), non-specific probes (E), all bacteria (F). 
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Figure S15: Surface image of Hylon VII® starch hydrogel after 24 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), non-specific probes (E), all bacteria (F). 
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Figure S16: Surface image of Hylon VII® starch hydrogel after 72 hours of in vitro 

fermentation, visualised by LSCM at 10x magnification, with the hydrogel morphology 

and all three bacterial probes (A), R.bromii (blue, B), Bacteroides (red, C) and 

Bifidobacterium (green, D), non-specific probes (E), all bacteria (F). 

 

 

 

 

 

 


