
Exploring the Binding Properties of Phytoglycogen in 

its Native and Acid-Hydrolyzed States 

by 

Nicholas A. van Heijst 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Physics 

Guelph, Ontario, Canada 

© Nicholas van Heijst, September, 2021 



ABSTRACT 
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Advisor: 

Dr. John R. Dutcher 

 

Phytoglycogen (PG) is a polysaccharide made up of anhydroglucose units that occurs in 

nature as compact, highly branched nanoparticles. In this thesis, I investigate interactions of 

native and acid-hydrolyzed PG with bioactive compounds using different experimental 

techniques. 

 To study the interaction between acid-hydrolyzed PG and ConA, SPR sensors were 

functionalized with acid-hydrolyzed PG using an intermediate monolayer of 4-

mercaptophenylboronic acid. ConA was found to bind to acid-hydrolyzed PG with an 

equilibrium association constant 𝐾 = 2.31 ± 1.38 × 105 M-1. 

 I also investigated the effect of PG to enhance the solubility of the water-insoluble 

carotenoid ASX in water. To explore this, I evaluated three different protocols: evaluating them 

through UV-vis spectroscopy and taking the most effective technique to characterize the binding 

affinity through SPRi. We obtained evidence for binding of ASX-PG complexes to the PG-

functionalized sensor surface due to the presence of the ASX in the ASX-PG complexes. 
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1 Introduction 

This thesis comprises two parts, each discussing a different research project. The first 

project continues from my predecessor, Kathleen Charlesworth, in which I extend her work on 

the binding kinetics between phytoglycogen and the lectin ConA to include acid-hydrolyzed 

phytoglycogen. This investigation was performed using the surface sensitive technique of surface 

plasmon resonance imaging (SPRi). The second project is novel research that explores 

improvements to the solubility of the carotenoid astaxanthin in water through the introduction of 

phytoglycogen. In this first chapter, I introduce a general overview of the concepts necessary to 

understanding the research presented in this thesis. Starting with the materials, I introduce 

carotenoids and phytoglycogen before moving on to the adsorption theory that can be used to 

interpret our experimental results. 

1.1 Carotenoids 

1.1.1 Carotenoid’s Prevalence in Nature 

Carotenoids are a class of naturally occurring pigments comprising long double-bond 

conjugated systems which give rise to many visually distinct colours such as red, orange and 

yellow.1  Abundant in many classes of life, carotenoids exhibit many exotic functions in nature, 

such as photoreception, anti-oxidation and gene regulation.2,3  Widespread in their function and 

structure, different organisms throughout the domain of living things produce carotenoids. With 

their consumption, these molecules are distributed throughout the ecosystem.2 The presence of 

different carotenoids is well-documented in many plant structures, eukaryotes and micro-

organisms such as cyanobacteria.2 Carotenoids are found in every corner of the global 

environment, and their distribution and prevalence play a key role in their ecosystem. 
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1.1.2 Properties and Functions of Carotenoids 

One of the unique properties of carotenoids is in their role as photoreceptors. In general, 

carotenoids mainly absorb colours of shorter wavelengths which allows for their perception as 

red and orange.4 Among marine invertebrates, complexes called carotenoproteins commonly 

form between carotenoids and proteins, which can significantly extend the colour range of the 

complexes to blue and green. 3 

Carotenoids are also distinguished through other unique properties such as being 

antioxidative, easily oxidized, easily isomerized and extremely hydrophobic, which will be 

discussed in detail in this thesis.4 Some of these properties give rise to promising applications for 

carotenoids in the human body. Across the wide family of carotenoids, many are known to play 

important roles with regards to health and well-being, cancer inhibition, anti-oxidation, 

immunostimulation and nutrition. 4–7 

The abundance of carotenoids in nature, their compatibility with wide ranges of 

organisms, their unique visual and chemical properties, as well as their promising benefits to 

human health, make carotenoids a very appealing research subject. 

1.1.3 Carotenoid Structure 

The defining characteristic of carotenoids are their long systems of conjugated double 

bonds, or polyene chains.2 Carotenoids fall into one of two categories: the carotenes, which 

comprise only H and C atoms, and the xanthophylls, which further incorporate oxygen in their 

structure. The molecules are, with rare exceptions, of considerable length, containing a backbone 

of eight isoprene units, with great diversity across the hundreds of identified members of the 

carotenoid family. The carotenoids stem from the acyclic C40H56 structure that has the long, 

light-absorbing polyene chain comprising the chromophore of the system.2–4 Several examples of 

carotenoids, with varying numbers of conjugated double bonds and cyclic terminal groups are 

shown in Figure 1.1. The number of conjugated double bonds in a carotenoid, as well as the 
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number of cyclic terminal groups and any hydroxyls or other functional groups, all contribute to 

the photosensitivity and solubility of the molecule. 

 

Figure 1. 1. Example Carotenoids. (a) 𝛼-carotene with 10 conjugated double bonds, (b) 𝛽-

carotene with 11 conjugated double bonds (c) 𝛾-carotene with 11 conjugated double bonds, 

though only one cyclic ring and (d) 𝜁-carotene with 7 conjugated double bonds. The variability 

in the length of the conjugated double bond system determines the energy of the photon 

necessary to cause an excitation between the electronic states of the carotenoid. 
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In nature, carotenoids are almost exclusively found in their linear conformation with the 

conjugated double bond system exhibiting bilateral symmetry.8 This linear system is responsible 

for the photosensitivity of the molecule, with the delocalized electrons in the backbone of the 

molecules acting as a chromophore for visible light and being responsible for the pigments of the 

carotenoids.8 Increasing the length of the backbone increases resonance through electronic 

transitions, which increases the wavelength of the light that is absorbed.8 

 Carotenoids’ structures of long hydrocarbon chains and cyclic rings make them 

extremely lipophilic and insoluble in polar solvents.9 In these media, carotenoids are known to 

form aggregates due to influence from lipophilicity, hydrogen bonds, dipole forces and van der 

Waals interactions.10 As aggregates, they can form into either the H-type, known also as card-

packing, in which the carotenoid molecules are arranged face-to-face, or the J-type, in which the 

molecules are arranged into head-to-tail formation.10–12 

 The aggregation of carotenoids and their insolubility in water make them incompatible 

for use where water is the predominant medium. This makes investigations into solubilizing 

carotenoids for their use in pharmacy and agriculture popular across the scientific disciplines. In 

this thesis, the interactions between the carotenoid astaxanthin and the polysaccharide 

phytoglycogen will be explored to describe the degree to which the astaxanthin can be 

solubilized in water.  

1.2 Astaxanthin 

1.2.1 Astaxanthin Overview 

Astaxanthin (ASX) is a naturally-occurring carotenoid produced by microorganisms, 

crustaceans, algae and various species of fish such as salmon and trout.6,7 Despite its prevalence 

in nature, the vast majority of ASX available for commercial use is produced artificially.6,7 A 

bright orange in colour, ASX is responsible for the visually distinct rose colour associated with 
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healthy marine species such as salmon and lobster, with healthy Oncorhynchus salmon species in 

the wild reportedly having ASX content in the range of 26-38 mg ASX per kg of flesh.6,7 

In both nature as well as society, ASX has garnered much use due to its relatively high degree of 

bioactivity.6,7 Within nature, ASX is commonly used as a means of protection from harmful UV 

radiation, communication, immunofunction and pigmentation.6 The relatively high degree of 

bioactivity when compared to other carotenoids stems from its ability to embed itself within the 

cell membrane due to both its favourable size and the prevalence of keto and hydroxyl groups on 

the terminal rings of its long structure.6,7,13  In society, ASX is promising for potential 

application in both health and nutrition. In health, ASX has shown promise as an antioxidant 

through mitigating UVA-induced stress14 , as an anti-inflammatory agent by reducing the UVB-

induced production of inflammatory agents,15 as an immune system booster by promoting the 

production of cytokines and lymphocytes in mice,16 as a promoter of DNA repair following UV 

radiation17 and as a vehicle to suppress cell damage caused by UV radiation.18 

1.2.2 Astaxanthin Structure 

Like other carotenoids, ASX’s most prominent feature is the thirteen bond-long conjugated 

double bond system, which gives rise to its antioxidant properties.19 Present at both ends of the 

double bond system is a cyclic ring structure comprising hydroxyl groups which marginally 

increase the polarizability of ASX and allow for its transposition across cellular membranes and 

the blood brain barrier.19 The structure of ASX is provided in Figure 1.2. 
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Figure 1. 2 Molecular structure of all-trans ASX. The molecule has a conjugated double bond 

system that comprises thirteen bonds. The ring structures at each end of the chain comprise polar 

hydroxy and ketone groups that increase the solubility and allow for relatively high bioactivity 

for a carotenoid. ASX is a xanthophyll, comprising oxygen in addition to carbon and hydrogen. 

Image adapted from [7]. 

 

The long double bond system of ASX allows for many isomer configurations with all-trans, 

9-cis and 13-cis being the most common conformations.20 Under proper environmental conditions 

that include light, temperature and the surrounding medium, the isomers are able to readily 

interchange between one another.20 In addition, the carotenoid also features several optical isomers 

including a meso form 3R,3’S and the enantiomer pairs 3S,3’S and 3R,3’R.20 With regards to the 

different potential pharmaceutical and nutraceutical applications briefly outlined in 1.2.1, the 

isomers of ASX have different efficacies with regards to their abilities to act as antioxidants, and 

anti-inflammatory agents.20  

1.2.3 Astaxanthin Insolubility and Aggregation 

ASX is very insoluble in water despite the presence of polar hydroxy and keto moieties, 

with a solubility constant of approximately 7.9 × 10-10 mg/mL at room temperature.21,22 The 

solubility constants for ASX in organic solvents are several orders of magnitude higher, e.g., 

values such as 6 mg/mL in chloroform are reported.23  

 In organic solvents, where the solubility limit has not been reached, ASX will not be 

present as an aggregate. However, as water is added to the medium, ASX will tend toward 

forming aggregates, preferring either the H- or J-type aggregates depending on the concentration 

of water as well as other environmental factors.11,12,24,25 Optical techniques such as UV-vis 

spectroscopy are ideally suited to distinguish the aggregates and determine their behaviour 



 

 

7 

 

because the delocalization of excitation energy in the aggregated molecules causes a change in 

the optical properties of the carotenoid.10   

 Different influences such as the hydrophobic force, hydrogen bonding and van der Waals 

forces drive this aggregation. However, different structural features within the carotenoids can 

influence their aggregation in water.10 𝛽-rings, as in ASX, prevent the tight packing of H-

aggregates. This arises because the 𝛽-rings are out-of-plane with the rest of the molecule, 

preventing close face-to-face stacking.10 In addition, free hydroxyl groups permit hydrogen 

bonding between neighbouring molecules and drive the formation of helical structures.10,24  

 Aggregates of carotenoids in solution can cause unique changes in the optical properties, 

meaning that spectroscopic techniques such as UV-vis are appropriate for exploring aggregation. 

With J-type aggregation, the head-to-tail packing allows electronic transitions of the carotenoids 

to the lowest allowed energy state, causing a red shift in the absorption spectrum.26,27 

Conversely, H-type aggregation allows electronic transitions to the highest allowed energy 

states, incurring a blue shift.26,27 H-aggregation can be attributed to two unique peaks in UV-vis 

spectroscopy; a narrow band centred at ~380 nm and a broad band centred at ~450 nm. The 

differences arise from the relative amount of ASX molecules, with the wider band featuring 

smaller aggregates as well as the dimer form of the carotenoid (see Figure 1.3).12 



 

 

8 

 

 

Figure 1. 3 UV-vis spectra of different aggregates of ASX. Black – monomer (M); Green – red-

shifted J-aggregate; Blue – Blue-shifted H1-aggregate; and Red – Blue-shifted H2-aggregate. 

Figure adapted from [12]. 

 

In this thesis, the aggregation behaviour of ASX due to interactions with phytoglycogen 

will be investigated thoroughly using UV-vis spectroscopy. 

1.2.4 Previous Attempts to Solubilize Astaxanthin in Water 

Several research groups have developed different strategies to solubilize ASX. Some of 

these strategies have been attempted in this thesis, where they have been modified to incorporate 

phytoglycogen. 

In a study conducted by Yang et al., chemical modification was used to investigate the 

solubilization of ASX in water and to improve its bioavailability.28 In this study, hydrophilic 

ASX was created through heating free ASX with mPEG-carboxymethyl in dichloromethane to 

yield mPEG-carboxymethyl ASX monoester. When these molecules were dissolved in water, the 
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ASX groups aggregated inward while the PEG groups dispersed on the surface, forming nano-

micelles. The researchers found enhanced long-term stability of the nano-micelles when they 

were stored in the dark at a moderate pH of 5 under an inert atmosphere. With regards to 

bioavailability, the researchers found that the nano-micelles experienced increased absorption 

and retention in the bodies of laboratory mice up to 24 h after ingestion. The results of this study 

illustrate how chemical modification can improve ASX solubility in aqueous media without 

sacrificing bioavailability. In this thesis, emulsification via sonication was used as a technique 

wherein different concentrations of phytoglycogen were used as solubilizing agents of ASX. 

 Furthermore, Liu et al. explored nano-emulsification of ASX by generating core-shell 

nanoparticles comprising chitosan oligosaccharides (COS) and PLGA.29 Due to the well-

established safety and stability of PLGA in the human body, it is ideal as a candidate in attempts 

to improve ASX solubility if it is to find a more prominent place in the pharmaceutical industry. 

To create the PLGA emulsions, ASX in acetone was added dropwise to pure water. When the 

final volume was attained, the acetone was evaporated away using roto-evaporation. To 

incorporate the COS, PLGA with ASX was again added dropwise to water. After stirring mildly 

for 2 h, the COS was added to the nano-emulsions and dialyzed afterward. The ASX-PLGA-

COS particles demonstrated excellent stability at room temperature compared to that of pure 

ASX and ASX-PLGA over a 72 h period. This result demonstrates chemical modification and 

roto-evaporation as viable means to increase the solubility of ASX in water. In this thesis, roto-

evaporation was used with phytoglycogen and ASX in ethanol to study the solubilizing effects of 

the polysaccharide on the carotenoid. 

1.2.5 Astaxanthin Applications and Safety 

As mentioned in Section 1.1.1, ASX has many promising applications with respect to UV 

exposure. These include anti-oxidation, skin protection, DNA repair, anti-inflammation and anti-

cancer applications.14–18 ASX’s greater degree of bioavailability relative to other carotenoids has 

led to its introduction as a dietary supplement for livestock and humans alike.6 In aquaculture, 
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ASX, sourced from H. pluvialis, is already added as a colour additive to the feed of salmon for 

the purposes of generating favourable colours of flesh for human consumption.6  

 For human consumption, the FDA has assigned ASX sourced from H. pluvialis the novel 

food status and it is generally recognized as safe to eat (GRAS).6 This designation is valid for 

doses of up to 12 mg per day with no limit and up to 24 mg per day for up to 30 consecutive 

days. ASX is a safe, consumable carotenoid whose effects on dermatological health and well-

being can be exploited through dietary supplementation. In studies involving human participants, 

low daily doses (6 mg/day) have not been associated with any physiological differences or 

changes to safety markers.30 Even in cases such as extreme single doses of ASX (100 mg), no 

adverse physiological consequences of ASX ingestion are reported.31  

1.3 Phytoglycogen 

1.3.1 Phytoglycogen Overview 

Phytoglycogen is a naturally-occurring polysaccharide which is produced as soft, compact, 

highly-branched nanoparticles in the kernels of sweet corn.32 Phytoglycogen’s dendrimeric or 

tree-like structure imparts softness and porosity to the particles, allowing them to readily sorb 

several times their own weight in water in their fully hydrated state,32–35 and making them 

desirable as an additive for personal care and biomedical applications. Phytoglycogen consists of 

chains of anhydroglucose units (AGUs) linked through an 𝛼-(1-4) glycosidic bond with 

branching at 𝛼-(1-6) linkages every 10-12 AGUs.32 Representations of phytoglycogen are shown 

in Figures 1.4 and 1.5. 
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Figure 1. 4 Schematic of phytoglycogen structure. In the figure, the dendrimeric, highly 

branched nature of the polysaccharide can be seen, with the 𝛼-(1-6) linkages of AGUs and the 𝛼-

(1-6) branching indicated. The dendrimeric architecture results in soft, porous particles that can 

sorb a significant amount of water. 

 

Figure 1. 5 Coarse-grained computer simulation of the cross section of a phytoglycogen 

nanoparticle. The high degree of branching and the back folding of the polymer chains results in 

dense nanoparticles. Image courtesy of Nicole Drossis and Hendrick de Haan of Ontario Tech 

University. 
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High purity phytoglycogen (research and development grade) is produced in-house by the 

Dutcher Laboratory at the University of Guelph. For many years, they have investigated the 

physical and chemical properties using a broad range of techniques such as small angle neutron 

scattering (SANS), IR spectroscopy, ellipsometry, rheology, atomic force microscopy (AFM), 

dynamic light scattering (DLS) and surface plasmon resonance imaging (SPRi). 32–37 

 The SANS experiments revealed detailed information about the structure, morphology 

and hydration of phytoglycogen nanoparticles. The radius of the fully hydrated particles was 

determined to be 22.4 nm32, which is in agreement with values determined using DLS and 

AFM.38 The SANS experiments also allowed the determination of the hydration number 

(molecules of water per AGU) to be 22.5 ± 2.5, which is significantly larger than for glucose in 

solution and corresponds to the sorption of approximately 250% of its own mass in water.37 The 

SANS results also revealed the existence of short chains (20 AGUs long) that decorate the 

surface of the particles, which was consistent with the inference of the presence of short surface 

chains from the measurement of an additional relaxation mechanism in rheology measurements 

of aqueous dispersions.34 The surface chains can be visualized directly in coarse-grained 

computer simulations of the particles as shown in Figure 1.5.32,37 The picture that arises from the 

SANS studies is of soft, hairy, hydrated nanoparticles.  

Rheology, osmotic pressure and AFM measurements of phytoglycogen nanoparticles 

revealed that the fully hydrated particles are soft and deformable with a bulk modulus of 200 

kPa.34,39,40 It was shown that the particle hydration was intimately linked to the mechanical 

modulus of the particles, with dehydration of the particles producing a factor of two decrease in 

the particle radius as well as a significant increase in the bulk modulus.  

To further study the nature of water sorbed within the phytoglycogen nanoparticles, IR 

spectroscopy and ellipsometry were performed. IR measurements of thin films of phytoglycogen 

performed at different relative humidities (𝑅𝐻) revealed that the water was highly ordered 

compared with other polysaccharides.33 Ultrathin films of phytoglycogen were also studied using 

ellipsometry, which revealed two regimes of swelling: a regime dominated by short range 
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repulsive interactions for small 𝑅𝐻 values (𝑅𝐻 < 70%), and a regime dominated by hydration 

forces for large 𝑅𝐻 values (𝑅𝐻 > 70%).35 

Phytoglycogen nanoparticles were immobilized on the gold surface of a SPR sensor by 

using an intermediate layer of, 4-mercaptophenylboronic acid (4-MPBA).36 SPRi was performed 

to study the binding of the analyte concanavalin A to the immobilized phytoglycogen. The data 

was interpreted within the context of the Langmuir adsorption model, which allowed the 

determination of the ConA binding association constant 𝐾 = 2.87 × 105 M-1.36 This exploratory 

SPRi work performed by K. Charlesworth lays the foundation for the SPRi experiments 

discussed in this thesis. 

1.3.2 Acid Hydrolysis of Phytoglycogen 

Because of their polysaccharide nature, phytoglycogen nanoparticles can be altered through 

chemical modification. One such modification is acid hydrolysis, which breaks the glycosidic 

bonds within the particle, and this has a profound impact on the physical properties of the 

particles. In acid hydrolysis, phytoglycogen nanoparticles are exposed to relatively dilute 

concentrations of acid at elevated temperatures for long periods of time. This has a two-fold 

effect on the physical structure of phytoglycogen nanoparticles, reducing their diameter and the 

density of the chains within the particles. 

 In this thesis, we compare the binding of ConA to acid-hydrolyzed phytoglycogen with 

the binding of ConA to native phytoglycogen to determine the effect on binding of changes to 

the structure of phytoglycogen. To do this, the SPRi techniques for phytoglycogen first described 

in [36] are extended to include the use of acid hydrolyzed phytoglycogen nanoparticles. 

1.3.3 Applications of Pytoglycogen 

Phytoglycogen has a unique combination of properties that include softness, porosity, 

mechanical integrity, biodegradability and non-toxicity, which make it appealing for applications 

involving the human body. Our industry partner, Mirexus Biotechnologies, has commercialized 
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phytoglycogen for use in personal care, with applications that include skin care and skin 

rejuvenation that exploit its strong interaction with water. Phytoglycogen nanoparticles are 

promising vehicles for drug delivery and functional therapeutics, especially because of their 

softness, deformability and non-toxicity. Regarding drug delivery, phytoglycogen is promising to 

be able to bind strongly to different drugs and medicines for targeted application within the 

human body, and this thesis explores that possibility with phytoglycogen and ASX.  

1.4 Langmuir Adsorption Model 

First proposed in the early twentieth century by Irving Langmuir, the Langmuir adsorption 

model was developed to describe the sorption behaviour of gas molecules onto surfaces.41 The 

model describes the binding of adsorbate molecules to a surface that has only one type of binding 

site that can bind only one adsorbed molecule.41 The Langmuir adsorption model has three 

conditions that must be satisfied:42,43 

1. The adsorbate molecules bind to one of many well-defined binding sites on the surface 

of the substrate with equal probability. 

2. Each binding site can only be occupied by one adsorbate molecule such that the 

maximum surface coverage corresponds to a monolayer of adsorbate molecules. 

3. The binding energy between each adsorbate molecule and the substrate is not influenced 

by the presence of neighbouring bound adsorbate molecules. 
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Figure 1. 6 Schematic Diagram of Langmuir Adsorption. Each binding site on the substrate, 

present with concentration 𝐿, can bind only one analyte molecule, present with concentration 𝐴, 

to form the occupied analyte-ligand pair with concentration 𝐴𝐿. In the Langmuir adsorption 

model, each binding site is equally likely to be occupied and can only be occupied by one analyte 

molecule. Unbound analytes adsorb onto the substrate with an association rate 𝑘𝑎 whereas bound 

analyte molecules desorb with a dissociation rate 𝑘𝑑. 

 

To understand the model quantitatively, we consider a system of analyte molecules 𝐴 and 

ligand binding sites 𝐿. The analyte molecules bind with equal probability to available ligand sites 

to form complexes 𝐴𝐿. Bound analyte molecules can dissociate from the ligand sites at a rate that 

is proportional to the number of bound sites as characterized by a dissociation constant 𝑘𝑑. 

Simultaneously, unbound analyte molecules can adsorb to free ligand sites at a rate that is 

proportional to the number of unbound sites and the concentration 𝐶 of the analyte in solution as 

characterized by an association constant 𝑘𝑎. For a system consisting of 𝐿𝑡 binding sites, 𝐿𝑏 are 

occupied and 𝐿𝑢 = 𝐿𝑡 − 𝐿𝑏 are unoccupied. In equilibrium, the analyte molecules adsorb and 

desorb at equal rates:43 
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𝑘𝑑𝐿𝑏 = 𝑘𝑎𝐶𝐿𝑢 = 𝑘𝑎𝐶(𝐿𝑡 − 𝐿𝑏) 

𝑘𝑑𝐿𝑏 + 𝑘𝑎𝐶𝐿𝑏 = 𝑘𝑎𝐶𝐿𝑡  

𝐿𝑏(𝑘𝑑 + 𝑘𝑎𝐶) = 𝑘𝑎𝐶𝐿𝑡 

𝐿𝑏

𝐿𝑡
=

𝑘𝑎𝐶

𝑘𝑑 + 𝑘𝑎𝐶
 

Therefore, we can write the surface coverage 𝜃, defined as the ratio between the number of 

occupied binding sites and the total number of available binding sites, as: 43 

𝜃 =
𝐿𝑏

𝐿𝑡
=

𝐾𝐶

1 + 𝐾𝐶
 

(1) 

where 𝐾 = 𝑘𝑎/𝑘𝑑 is called the equilibrium binding or association constant. The surface coverage 

𝜃 ranges from 0 to 1, and an example of the dependence of 𝜃 on analyte concentration 𝐶 is 

shown in Figure 1.7. The sigmoidal shape of the curve results from plotting the 𝐶 values on a 

logarithmic scale.  
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Figure 1. 7 Surface coverage versus concentration plot calculated using the Langmuir model. 

The curve was calculated using a value of the binding association constant 𝐾 = 2.87 × 105 M-1. 

The sigmoidal shape of the curve arises from plotting the analyte concentration values on a 

logarithmic axis. 

 

1.5 Scope of Thesis 

This thesis comprises two primary investigations. The first investigation expands on 

preliminary work done by K. Charlesworth to quantify the binding kinetics between 

phytoglycogen and the lectin concanavalin A (ConA) using surface plasmon resonance imaging 

(SPRi). We extended the use of the SPRi technique to acid-hydrolyzed phytoglycogen to study 

how changes to the physical structure of the polysaccharide influenced its ability to both bind to 

the SPR sensor surface as well as immobilize ConA. The results of the SPRi experiments were 

analyzed in the context of the Langmuir adsorption model. 

Secondly, we investigated binding interactions between phytoglycogen and the 

carotenoid ASX. Specifically, we explored the degree to which phytoglycogen can act as a 

solubilizing agent for ASX in water. We report preliminary binding investigations into ASX and 

phytoglycogen using SPRi. 
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 In chapter 2, the theory and required background information on UV-vis, IRRAS and 

SPRi are discussed to lay the groundwork for later results and discussion. In chapter 3, the acid-

hydrolyzed phytoglycogen binding kinetics with ConA are presented and discussed. In chapter 4, 

the results of the ASX solubilization and binding studies are reported and discussed. Chapter 5 

concludes this thesis with a summary and a look at future work. 
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2 Background 

I used several characterization techniques to perform the two projects described in this 

thesis. In this chapter, I provide a brief outline of the basics of the different techniques, ranging 

from UV-vis spectroscopy to surface plasmon resonance imaging (SPRi) to infrared reflection 

absorption spectroscopy (IRRAS). Each of these techniques was uniquely suited to understand a 

different component of the projects: UV-vis spectroscopy is ideal for understanding the 

aggregation of ASX molecules due to electronic transitions arising from the absorption of light; 

IRRAS is ideal for measuring the molecular fingerprint of immobilized phytoglycogen on SPR 

sensor surfaces; and SPRi is ideal for measuring the binding kinetics between bioactive 

molecules (concanavalin A and ASX) and immobilized phytoglycogen. 

2.1 Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy 

UV-vis absorption spectroscopy is an optical technique in which UV and visible light are 

absorbed by a sample, producing a transition between its electronic energy levels.44 The 

absorption of high energy light causes promotions of electrons from low energy to high energy 

states.45 Electronic energy levels are separated by energies that are large compared with 

rotational and vibrational energy levels (Figure 2.1) and therefore require more energetic photons 

to allow the transition.45 The energy difference ∆𝐸transition corresponding to the transition is 

given by: 

∆𝐸transition = 𝐸𝑒 − 𝐸𝑔 = ℎ𝑣 

(2) 

Because the energy of the incident photons is large compared with the separation 

between rotational and vibrational levels, UV absorption can cause many simultaneous 

transitions, creating broad absorbance peaks. 
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Figure 2. 1 Schematic diagram of electronic, rotational and vibrational energy levels. The 

amount of energy required for absorption is largest in electronic transitions, which only UV-vis 

can satisfy. The energy of an electronic transition is large enough that it can cause transitions 

between many different rotational and vibration levels, which is the source of broad peaks that 

are observed in UV-vis spectroscopy. 

 

Although transitions between many different states can in principle occur in UV-vis 

spectroscopy, there are selection rules that limit their occurrence.45 These selection rules depend 

on the symmetry of the ground and excited states of the molecule. Briefly, two selection rules 

dominate UV-vis absorption spectroscopy: the first is the spin selection rule that requires that the 

electron’s spin orientation does not change during a transition:45  
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∆𝑆 = 0 𝑜𝑟 ∆𝑀𝑠 = 0 

(3) 

where 𝑆 is the total spin quantum number and 𝑀𝑠 is the spin multiplicity: 𝑀𝑠 = 2𝑆 + 1.46 The 

second selection rule, called the symmetry selection rule, requires that the angular momentum of 

the initial and final electronic states of the molecule be different:45,47  

∆𝑙 =  ±1 

(4) 

where 𝑙 is the angular quantum number. These rules govern the strength of the absorption 

signals. Transitions can still occur that break these rules, called forbidden transitions, but they 

give rise to extremely weak absorption signals.45 

UV-vis spectroscopy can be used to determine the relative concentration of molecules 

within the sample, as described by the Beer-Lambert Law:44 

𝐼 = 𝐼0𝑒
−𝜎𝑁𝐿 

(5) 

where 𝐼0 and 𝐼 are the light intensity through a blank cuvette and the light intensity after 

traversing the sample, 𝜎 is the absorption cross section, 𝑁 is the number of molecules per unit 

volume and 𝐿 is the pathlength of the light within the sample.44 This equation can be rewritten to 

provide a measure of the total light absorbance 𝐴: 

𝐴 =  𝜖𝐶𝐿 =  − log10 (
𝐼

𝐼𝑜
) 

(6) 
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where 𝜖 is the molar absorption coefficient and 𝐶 is the molar concentration of the sample.44,48  

The molar absorption coefficient is a measure of the degree to which the sample absorbs UV 

light, and ranges between 0 to 106 cm2/mol.45 The more likely a transition is to occur, the greater 

the value of 𝜖.45 As a consequence, larger values of 𝜖 yield stronger absorption bands.45 

Structures within molecules that contain electrons that interact with incoming light and 

produce electronic transitions are called chromophores.45 The wavelength 𝜆max of light absorbed 

most intensely by a chromophore varies with the size of the chromophore. Most simple 

chromophores have small values of 𝜆max and 𝜖.45 As the size of the chromophore increases, the 

value of 𝜖, and therefore the intensity of the absorption, increases as well.45 For example, a small 

molecule like ethene, when exposed to UV radiation at 190 nm, can promote an electron from 

the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO), as shown in Figure 2.2.45 A larger chromophore, such as 𝛽-carotene (Figure 1.1b) with 

an 11 conjugated double bond system, has a smaller energy band gap separating the HOMO from 

the LUMO, in turn requiring light of larger wavelength to be able to cause the transition.45 As a 

result, 𝛽-carotene has a 𝜆max value of almost 500 nm. In general, the longer the chromophore, 

the larger the value of 𝜆max. 

 

Figure 2. 2 Illustration of the HOMO – LUMO transition of ethene when exposed to UV light. 

The transition promotes an electron from the π-bonding HOMO to the π* anti-bonding LUMO. 

Image adapted from [37]. 
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In a UV-vis absorption experiment, chromophores within molecules in a sample will 

absorb light matching the energy band-gap difference between the HOMO and the LUMO. In 

principle, the discriminate absorption of different wavelengths of light provides information on a 

sample’s conjugated pi bond system. 

2.2 Surface Plasmon Resonance (SPR) 

Understanding biomolecular interactions and quantifying the degree to which an analyte 

molecule binds to a ligand molecule is essential in pharmaceutical and nutraceutical research. 

Surface plasmon resonance (SPR) is a sensitive, real-time, label free and non-destructive analysis 

technique that is ideal for probing binding affinity and kinetics without the risk of compromising 

the bioactivity of macromolecules.49,50  

 SPR is the set of collective oscillations of valence electrons at the surface of a conductive 

metal when their natural resonant frequency is matched by that of incident light.50 A SPR setup 

incorporates a semi-transparent noble metal (usually gold or silver) onto an optical substrate 

where a condition of total internal reflection is met for angles of incidence 𝜃𝑖 greater than a 

critical angle 𝜃𝑐. The incident light can excite a surface-guided electromagnetic wave that decays 

exponentially away from the surface, which is known as a surface plasmon. Surface plasmons 

are highly sensitive to the surrounding media, so modification of the surface using surface 

chemistry techniques, SPR provides insight into the nature of the surface modification that can 

be exploited in a wide range of applications such as binding affinity and kinetics.50  

 The first observations of the phenomena which would lay the foundation for the SPR 

technique arose in the beginning of the 20th century when Woods noticed unique diffraction 

patterns of light and dark bands of light reflected off a metallic grating.49 It wouldn’t be for 

several decades that a thorough description of the phenomenon at hand was provided by Pines 

and Bohm in which a collective oscillatory behaviour known as surface plasmon resonance 

(SPR) was deemed responsible.51-53 In the 1960s, the phenomenon of SPR was exploited by Otto 

as well as Raether and Kretschmann as an optical excitation technique.49,54,55 
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To explain the basic theory behind SPR, we first define the system. Briefly, linearly 

polarized light, which in general consists of a combination of 𝑝- and 𝑠-polarized light with 

electric fields �⃗�  that are parallel and perpendicular to the plane of incidence, respectively, is 

incident on a dielectric-metal interface between two media (Figure 2.3). At the interface, the 

tangential components of �⃗�  and the magnetic field �⃗⃗�  are continuous, but the perpendicular 

component of the electric field 𝐸𝑧 is not conserved. 56 

 

Figure 2. 3 Comparison of 𝑝-polarized (left) and 𝑠-polarized (right) light incident between two 

media. �⃗�  and �⃗⃗�  are the electric and magnetic fields, respectively. Image adapted from [51]. 

 

For light to propagate parallel to the interface between the two media, 𝑘𝑥 must be real, 

where 𝑘𝑥 is the 𝑥-component of �⃗� , the wavevector of the electric field.56 Using Maxwell’s 

equations and the proper boundary conditions, we can write:56 

ε1

𝑘𝑧1
=

ε2

𝑘𝑧2
 

(7) 

𝑘𝑥 = 𝑘 [
ε1 ε2

ε1 + ε2
]

1
2
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(8) 

where 𝜀𝑖 (𝑖 = 1,2) is the electric permittivity of each medium. For a metal such as gold or silver, 

which is required for SPR applications, 𝜀2 is negative. From Equation (8), we require that |𝜀2| >

 𝜀1 to ensure that 𝑘𝑥 is real. Substituting the relationship 𝑘2
2 = 𝑘𝑥

2 + 𝑘𝑧2
2  into Equation (7), we 

obtain: 

𝑘𝑧1 =
𝜀1

𝜀2

[𝜀2𝑘
2 − 𝑘𝑥

2]
1
2 

(9) 

which is imaginary. From Equation (7) with 𝑘𝑧1 imaginary, it follows that 𝑘𝑧2 is also imaginary. 

This means that the electromagnetic wave (a surface plasmon) propagates parallel to the 

interface between the two media, since 𝑘𝑥 is real, but is confined to the interface since 𝑘𝑧1 and 

𝑘𝑧2 are imaginary.56 However, the light incident from the dielectric medium onto the metal 

cannot excite the surface plasmon since the 𝑘𝑥 value of the surface plasmon in Equation (8) is 

larger than the maximum value of 𝑘𝑥 = 𝑘(𝜀1)
1/2 in the dielectric medium. Experimentally, it is 

possible to modify the experimental geometry so that the incident light can be coupled into the 

surface plasmon by passing the incident light through a high-index glass prism, which increases 

the value of 𝑘𝑥 of the incident light such that it will equal that of the surface plasmon at a 

particular angle of incidence 𝜃𝑖. This is done using the Kretschmann-Raether geometry, in which 

the prism is placed in contact with an ultrathin metal film (Figure 2.4). 
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Figure 2. 4 Schematic diagram of the Kretschmann-Raether SPR experimental geometry. Light is 

directed through a high-index glass prism onto the horizontal prism surface that has been coated 

with an ultrathin layer of gold and functionalized with ligand molecules. The angle of incidence 

on the gold surface is 𝜃𝑖. The prism is placed into a flow cell through which a solution of the 

analyte molecules in buffer is flowed. Image courtesy of K. Charlesworth [36]. 

 

In the Kretschmann-Raether SPR geometry (Figure 2.4), an ultrathin layer of metal is 

deposited onto the glass prism or onto a high-index glass slide that is placed in contact with the 

glass prism using an index matching liquid. Commonly, a 45-50 nm thick layer of gold is used. 

The prism-gold layer is placed within a flow cell to allow the introduction of analyte molecules 

in buffer and rinsing with the buffer. Light of near IR wavelength is directed onto a high-index 

glass prism at a well-defined angle of incidence 𝜃𝑖. At a specific angle of incidence, the SPR 

angle, the light is coupled into the thin gold film, exciting the surface plasmon resonance. As a 

result, the light is absorbed by the gold film, oscillating the conduction electrons in the film and 

causing a dip in the measured reflectivity.49  
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Liedberg realized in the 1980s that SPR could be used as a tool to explore molecular 

binding affinities.49,57 In modern biosensing applications, molecules of interest, called ligands, 

are immobilized on the surface of the gold film while a solution containing other molecules, the 

analyte, is flowed over the functionalized sensor surface.49,57 The binding between the two 

molecules results in the accumulation of a small thickness on the functionalized sensor surface 

that produces a slight change in the SPR condition, shifting the SPR dip to a slightly larger angle 

(Figure 2.5).49  

 

Figure 2. 5 Representative experimental SPR curves. The plasmon angle for MPBA on a 50 nm 

thick gold substrate (black) shifts to a higher value when material is deposited (ASX-PG, blue).  

Refer to chapter 4 for details on material preparation. 

 

Typically, the angle of incidence is fixed at an angle slightly less than the SPR angle and 

the reflectivity is measured as a function of time as the analyte molecules in buffer are flowed 
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over the sensor surface, followed by a rinse with buffer (Figure 2.6). If the analyte molecules 

bind to the sensor surface, this produces an increase in the reflectivity with time. The 

concentration dependence of the equilibrium surface coverage is used to determine the 

equilibrium binding constant 𝐾 using an adsorption model such as the Langmuir adsorption 

model.  

 

Figure 2. 6 Schematic diagram of reflectivity versus time in a SPR kinetics experiment showing 

the injection and rinse phases of the experiment. As a solution of molecules in a buffer is injected 

over the sensor surface, a sharp increase in the reflectivity occurs due to a change in the index of 

refraction of the solution. At the beginning of the rinse with the buffer, the reflectivity decreases, 

primarily due to the decrease in the index of refraction of the solution but also due to the removal 

of unbound molecules from the sensor surface. If irreversible binding of the molecules occurs, 

there is a permanent increase in the measured reflectivity. 
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Surface Plasmon Resonance Imaging (SPRi) is a refinement of the technique introduced by 

Rothenhäuser and Knoll.56 SPRi is a refinement of the basic SPR experiment, in which the 

photodiode used to detect light is replaced with a camera that allows the collection of images of 

the SPR sensor surface at different fixed incident angles 𝜃𝑖. SPRi makes use of an expanded 

beam of parallel light incident on a large area of the sample surface. Unlike conventional SPR, in 

which either the wavelength or the incident light angle is fixed, both quantities are fixed in SPRi 

and the change in reflectivity is measured with time across the sample surface.58 Because SPRi 

allows for a large sensing surface area compared to conventional SPR, there are opportunities to 

perform high-throughput screening with SPRi.58 

2.3 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Infrared (IR) spectroscopy is a powerful optical technique in which IR light is absorbed by the 

chemical bonds of molecules in a sample, exciting vibrational modes of the molecules.59 Only 

vibrations that correspond to a change in the dipole moment of the molecule are detected as 

absorption peaks. Both the frequency of the absorption peak and the amount of light absorbed 

provide information on the molecules. An IR spectrum is generated by measuring the absorption 

of the IR light as a function of the frequency of the light, usually represented in wavenumbers 

(cm-1). Typically, a Fourier Transform IR spectrometer is used, which allows all wavenumbers 

within the mid-IR range (400 cm-1 to 4000 cm-1) to be measured at once with a typical resolution 

of several cm-1.  

Infrared reflection-absorption spectroscopy (IRRAS) is widely used to identify the 

chemical and physical state of adsorbed molecules on a flat surface.60 For IRRAS experiments, 

the sample, typically a thin layer of molecules, is deposited onto a metallic surface and IR light is 

directed onto the sample at large angles of incidence (grazing incidence).61 For reflection of light 

from a metallic surface at glancing incidence, only the component of the light parallel to the 

plane of incidence (𝑝-polarized) is reflected. Electric dipoles oriented parallel to the surface are 

effectively cancelled whereas electric dipoles oriented perpendicular to the surface are 
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reinforced. As a result, only vibrational modes with directions perpendicular to the surface are 

detected in IRRAS experiments. 

In the present study, we used IRRAS to detect the presence of phytoglycogen 

nanoparticles on the SPR sensor surface to check that the surface was properly functionalized 

before performing the SPR experiments.  
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3 Binding Interaction between Acid-Hydrolyzed Phytoglycogen 

and Concanavalin A 

In this chapter, I begin by discussing the background that led to the studies reported in this 

thesis. My predecessor, Kate Charlesworth, successfully created a novel way to immobilize 

native phytoglycogen on a gold substrate by using an intermediate monolayer of 4-

mercaptophenylboronic acid (4-MPBA). She used the Horiba OpenPlex Surface Plasmon 

Resonance imaging (SPRi) system to quantify the degree of binding between native 

phytoglycogen nanoparticles and concanavalin A (ConA). Full details on the methods used to 

fabricate the SPR sensor chip with immobilized native phytoglycogen and its use in the SPRi 

system and analysis can be found in [36]. 

 I have extended her work to look at binding interactions between size-reduced or acid-

hydrolyzed phytoglycogen nanoparticles and concanavalin A using the OpenPlex SPRi system. 

The acid hydrolysis process breaks glucosidic bonds within the phytoglycogen nanoparticles, 

allowing us to study the effect of changes to the physical structure and morphology of the 

nanoparticles on its immobilization on gold surfaces through the 4-MPBA intervening layer and 

the ability of the immobilized nanoparticles to bind ConA as it was flowed through the SPRi 

system. 

 After presenting my SPRi data on the binding of ConA to acid hydrolyzed 

phytoglycogen, I discuss the analysis of the data and place it in context with previous work. 
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3.1 Summary of Previous Work on Native Phytoglycogen 

3.1.1 Introduction and Overview 

The physical properties of phytoglycogen, including its structure, morphology, hydration 

and mechanical properties, have been studied recently using a variety of techniques including 

small angle neutron scattering (SANS),32,37 infrared (IR) spectroscopy,33,62 osmotic 

pressure,35,40 rheology34 and atomic force microscopy.32,35,38 In the past, an avenue of study that 

had been relatively unexplored was the binding properties of phytoglycogen. My predecessor in 

this line of research, Kate Charlesworth, used surface plasmon resonance imaging (SPRi) to 

study the binding of a model lectin, concanavalin A (ConA), to native phytoglycogen 

nanoparticles, quantifying the degree of association using the Langmuir adsorption model36.  

 To perform the binding studies using SPRi, native phytoglycogen nanoparticles were 

immobilized on the gold surface of a SPR sensor chip. This was achieved by using an 

intermediate self-assembled monolayer of 4-mercaptophenylboronic acid (4-MPBA), which 

acted as a bridge between the phytoglycogen and the gold substrate. Successful immobilization 

of phytoglycogen on the 4-MPBA coated gold substrate was confirmed using IR spectroscopy 

and AFM.  

 For the SPRi experiments, ConA was added to tris buffer at pH of 8.03 ± 0.3. The 

concentration of the ConA solutions was varied over four orders of magnitude to vary the 

equilibrium surface coverage from low to high values. The ConA solutions were introduced into 

the SPRi flow cell using injection and rinse cycles, and the decay of the reflectivity with time 

after injection was used to obtain the best-fit value of the equilibrium surface coverage. 
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3.1.2 Concanavalin A 

Concanavalin A, or ConA, is a lectin protein that is naturally produced in the jack bean, 

C. ensiformis. ConA is tetrameric, with each of its four subunits comprising 235 amino acids for 

a total molecular weight of 26.5 kDa.63 ConA, like most lectins, binds strongly to sugars, 

glycoproteins and glycolipids, and its high binding activity is attributed to the presence of Ca2+ 

and Mn2+ ion binding sites on each of its subunits.63  

 

 

Figure 3. 1 Ribbon diagram of a ConA tetramer as determined in crystallography studies. Each 

of the four subunits of ConA are illustrated in a different colour for clarity while the yellow and 

white spheres in the model represent the Ca2+ and Mn2+ ion binding sites, respectively. Adapted 

from [36]. 

 

The principal structure of ConA was found by Edelman’s group to consist primarily of 

antiparallel 𝛽-pleated sheets as revealed by electron density mapping.64  Their studies showed 
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that ConA consists of an ellipsoidal dome for each of the four tetramer subunits of cross-sections 

40 × 25 Å, with two domes of adjacent subunits forming ellipsoidal dimers.64 The two dimers of 

the lectin are paired across 2-fold axes to form the complete structure. The arrangement of the 

tetramers creates a small pocket of solvent.64 The structure of ConA features a single cavity 

extending deep into its structure, which is surmised to be the location of the polysaccharide 

binding site.64
 

Because of the strong interaction between ConA and glucose,  ConA has been 

incorporated into hydrogels, films and nanoparticles for applications in drug delivery and 

biosensing.65 Quartz crystal microbalance (QCM) studies, in which increases in the adsorbed 

mass and the dissipation of the quartz crystal oscillation are measured, have also showed a very 

high specificity of ConA for glycogen with adsorption exceeding that of other polysaccharides 

such as mannan.63 ConA is traditionally known to have higher binding affinities with mannose 

moieties in oligosaccharides than with glucose, so the finding that ConA can have a stronger 

association to glycogen over mannan is significant. In addition to steric effects, the increased 

molecular weight, high degree of branching and excess glycosidic bonds were suggested as 

explanations for the high degree of interaction between ConA and glycogen. 63 

Phytoglycogen, with a highly branched structure made up of linear chains of 

anhydroglucose units (AGUs), is chemically identical and structurally very similar to glycogen, 

and it is therefore a promising candidate for investigations exploring binding with ConA. SPR 

offers unique advantages over QCM: SPR is a more direct measure of surface binding through 

the optical detection of the accumulation of molecules on the sensor surface through increases in 

the thickness and index of refraction of the molecular layer. In contrast, surface binding of 

biomolecules is measured in the QCM experiment through the detection of the added mass and 

the increase in the dissipation of the crystal oscillation, which can be significant for soft 

materials such as ConA on phytoglycogen.  
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3.1.3 SPR Experiments Binding Interactions between Native Phytoglycogen and Con A 

The SPR experiments provided a measure of the amount of ConA bound to the phytoglycogen-

functionalized SPR sensor surface. To evaluate this interaction, the phytoglycogen-

functionalized SPR sensor surface was exposed to injections of ConA solutions of different 

concentrations 𝐶, followed by rinses with buffer, and the change in reflectivity of the light 

(wavelength 𝜆 of 810 nm) upon binding of ConA was measured as a function of time. A 

complete description of the experimental procedure is given below in the discussion of the 

experiments performed on acid hydrolyzed phytoglycogen. From the measured reflectivity-time 

curves, the surface coverage was calculated using the following procedure. The change in 

reflectivity for each injection was modeled using the following equation: 

𝛥𝑅 = 𝛥𝑅𝑖𝑛𝑗 + 𝑎𝑒−𝑡/𝜏 + 𝛼𝑡 

(10) 

This model includes several terms. First, a constant 𝛥𝑅𝑖𝑛𝑗 term is included to account for the 

permanent change in reflectivity due to the binding of the ConA molecules. Secondly, an 

exponential term 𝑎𝑒−𝑡/𝜏 is included, which describes the dissociation of ConA from the surface. 

Finally, a term 𝛼𝑡 that is linear in time is included, where α is a measure of the drift of the 

reflectivity signal with time. 
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Figure 3. 2 Representative SPR time-reflectivity curve for 200 µg/mL ConA interacting with 

native phytoglycogen. Four cycles of injection and rinsing with buffer are shown. The data for 

the first rinse cycle was fit to Equation (10).  Data adapted from [36]. 

 

This allowed the determination of 𝛥𝑅𝑖𝑛𝑗, which was used to determine the equilibrium 

surface coverage 𝜃 given by 

𝜃 =
∆𝑅𝑖𝑛𝑗

∆𝑅𝑚𝑎𝑥
  

(11) 

where 𝛥𝑅𝑚𝑎𝑥 is a normalization parameter to ensure that 𝜃 ranges between 0 to 1. By fitting the 

𝜃(𝐶) data to the Langmuir adsorption equation (Equation 1): 
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𝜃 =
𝐾𝐶

1 + 𝐾𝐶
  

the equilibrium association constant between ConA and native phytoglycogen was determined to 

be 𝐾 = 2.87 ± 0.44 × 105 M-1. 

3.2 Adaptation of the SPRi Experiments to Measure the Binding Between 

ConA and Acid Hydrolyzed Phytoglycogen 

Building on the demonstration of immobilizing native phytoglycogen nanoparticles on a 

gold SPR sensor surface by using an intervening 4-MPBA self-assembled monolayer, we 

extended this to a modified form of phytoglycogen: acid hydrolyzed phytoglycogen. The purpose 

of this study was two-fold. First, it allowed the determination of changes to the binding of ConA 

to phytoglycogen arising from physical changes to its architecture. Secondly, it further developed 

the SPRi methodology that provided confidence in extending the SPRi experiments to study the 

interaction between ASX and phytoglycogen, as discussed in Chapter 4. 

3.2.1 Preparation of Acid-Hydrolyzed Phytoglycogen-Functionalized SPR Sensor 

Surfaces 

Gold-coated high-index SF10 glass slides (index of refraction 𝑛 = 1.7102 at 𝜆 = 810 nm) 

were purchased from Horiba Scientific. To ensure the cleanliness of the gold-coated slides before 

each SPRi experiment, they were thoroughly rinsed with Milli-Q water and ethanol before being 

dried with nitrogen gas. The gold-coated slide was placed in a UV-ozone cleaner for 20 min and 

then rinsed thoroughly with methanol. The gold-coated slide was then incubated for 24 h in a 4-

MPBA-methanol solution to allow the formation of a self-assembled monolayer of 4-MPBA on 

the gold surface. The 4-MPBA solution of 0.4 mg/mL was prepared by dissolving 6.0 mg of 4-

MPBA in 15 mL of methanol. The 4-MPBA coated slide was then gently rinsed with Milli-Q 

water to remove excess methanol and unbound 4-MPBA. An aqueous dispersion of 2% w/w 

acid-hydrolyzed phytoglycogen was prepared and pH balanced to 8.03 ± .03 and filtered using a 
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0.22 µm filter (acquired from Millex, reference number SLGV033RS), and the 4-MPBA-coated 

slide was placed in the phytoglycogen dispersion for 24 h. 

The immobilization of acid-hydrolyzed phytoglycogen was evaluated using infrared 

reflection-absorption spectroscopy (IRRAS). The phytoglycogen-functionalized slide was 

thoroughly dried with nitrogen gas prior to placement in the IRRAS system. Measurements were 

performed using a Bruker Vertex 70 FTIR with an LN-MCT detector cooled with liquid 

nitrogen. A Pike VeeMAX III variable angle system with a ZnSe polarizer was used to adjust the 

angle of incidence. The IRRAS spectra contained peaks characteristic of phytoglycogen within 

the range 1200 to 950 cm-1, indicating that phytoglycogen had adsorbed to the 4-MPBA-

functionalized slide. The absorbance values for the slide with acid hydrolyzed phytoglycogen 

exceeded those measured for a slide with native phytoglycogen, indicating a greater amount of 

bound acid hydrolyzed phytoglycogen.  

 

Figure 3. 3 IRRAS spectra of acid-hydrolyzed phytoglycogen (red) and native phytoglycogen 

(black) on 4-MPBA on gold. The acid-hydrolyzed phytoglycogen was successfully adsorbed 

onto the 4-MPBA coated gold slide, showing three IR peaks characteristic of phytoglycogen. 
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The slide with acid hydrolyzed phytoglycogen had a higher absorbance than that for native 

phytoglycogen, indicating a greater amount of bound acid-hydrolyzed phytoglycogen. 

 

Confident that the gold slides were functionalized with acid-hydrolyzed material to a 

comparable extent as for native phytoglycogen, ConA binding kinetics studies were performed 

using SPRi. 

3.2.2 SPRi Experimental Procedure 

We used SPRi to investigate the binding of ConA to acid-hydrolyzed phytoglycogen-

functionalized SPR sensor surfaces for ConA solutions in Tris Buffered Saline (TBS) buffer for 

different ConA concentrations. In the SPRi experiments, solutions of ConA in TBS were passed 

over the surface of an acid-hydrolyzed phytoglycogen-functionalized SPR sensor slide in a 

Horiba OpenPlex SPR system. The ConA solutions were prepared using a stock solution of TBS, 

in which 6.05 g of Tris and 8.76 g of NaCl were dissolved in 800 mL of Milli-Q water, with the 

pH adjusted to 7.6 with HCl before being brought to a 1 L final volume. Solutions of ConA in 

TBS were prepared immediately prior to the SPRi experiments, with the ConA concentration 

ranging from 4 µg/mL to 2000 µg/mL.  

 The Horiba OpenPlex SPRi system was switched on two hours before each SPRi 

experiment to allow the optical instrument to equilibrate. Initially, the system tubing was rinsed 

by flowing ~15 mL of Milli-Q water at a rate of 500 µL/min. At the same time, the injection port 

of the SPRi system was rinsed with three consecutive injections of 1 mL of Milli-Q water. TBS 

buffer was then flowed through the system tubing for 30 min at a rate of 500 µL/min while the 

rinsing procedure of the injection port was repeated with TBS.  

 A SF10 glass prism was placed onto the backside of the acid-hydrolyzed phytoglycogen-

functionalized SPR sensor slide, using 2.48 µL of index of refraction-matching oil between the 

glass surfaces to minimize reflections at this interface. After the SPRi tubing was fully flushed 
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with TBS buffer, the glass prism/SPR slide was inserted into the SPRi system. TBS was flowed 

through the system at a reduced rate of 50 µL/min for several minutes to wet the acid-hydrolyzed 

phytoglycogen-functionalized surface. 

 Before the start of the SPRi experiment, the specific angle of incidence 𝜃𝑖 corresponding 

to the surface plasmon resonance (the SPR angle) was measured (Figure 2.4). To do this, 𝜃𝑖 was 

varied as the reflectivity 𝑅 was measured for a large number of user-defined regions of interest 

(ROIs) on the sensor surface (Figure 3.4). The system software generated a set of 𝑅(𝜃𝑖) curves 

and 𝑑𝑅(𝜃𝑖)/𝑑𝜃𝑖 curves (Figure 3.5) for the different ROIs. The average 𝑅(𝜃𝑖) and 𝑑𝑅(𝜃𝑖)/𝑑𝜃𝑖 

curves was generated and its minimum in 𝑅 was taken as the SPR angle. 

 

Figure 3. 4 Optical image of SPR sensor surface, as displayed by the SPRi system software, with 

the user-defined regions of interest (ROIs) indicated by red circles. Care was taken to ensure that 

the ROIs spanned a large area of the image. The image was collected using an angle of incidence 

𝜃𝑖 that was ~0.5o less than the SPR angle, corresponding to maximum sensitivity to changes in 

surface coverage during the SPRi experiment. The image corresponds to an area on the SPR 

sensor surface that is 9.6 mm × 6.4 mm. 
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The measured 𝑅(𝜃𝑖) curves were used to select the fixed working value of 𝜃𝑖, chosen to 

be slightly less than the SPR angle corresponding approximately to the maximum slope of the 

average SPR curve, which provides maximum sensitivity to changes in surface coverage (red 

circles in Figure 3.5).  
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Figure 3. 5 Representative average surface plasmon curve measured for an acid-hydrolyzed 

phytoglycogen-functionalized SPR biochip. Top - 𝑅(𝜃𝑖) curve. Bottom - 𝑑𝑅(𝜃𝑖)/𝑑𝜃𝑖 curve. The 

working angle is chosen as that corresponding to the greatest change in reflectivity to allow for 

the most sensitivity to changes in the surface coverage on the substrate, illustrated by the red 

circles. 

 

In the SPRi experiment, the reflectivity 𝑅 was measured as a function of time; a 

representative plot of 𝑅(𝑡) is shown in Figure 3.6. Following an initial equilibration period of 

typically 20-30 min to ensure that the drift in 𝑅 with time at the fixed working angle was suitably 

small (< 0.02%/min), 200 µL of the ConA solution was injected at a rate of 50 µL/min through 

the injection port. The effect of the injection was immediately seen as an increase in 𝑅 due to the 

increase in the index of refraction of the ConA solution relative to that of the TBS buffer. 
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Figure 3. 6 Representative reflectivity versus time curve for a ConA solution (350 µg/mL) and 

an acid-hydrolyzed phytoglycogen-functionalized SPR sensor surface. The first cycle of 

injection and rinsing, as well the portion of each rinse cycle that was modelled by an 

exponentially decaying function (Eq. 10) are illustrated. We note the large, immediate increases 

in reflectivity following each injection of the ConA solution into the system. 

 

Following the injection of the ConA solution, the injection port was closed and the TBS 

buffer continued to flow to remove any unbound ConA. The decay of 𝑅 with time was measured 

for approximately one hour. A series of ConA solution injections and rinses with TBS buffer 

were performed, which produced data like that shown in Figure 3.6. 

The decay of 𝑅 with time for the first rinse, highlighted in the red box in Figure 3.6, was 

modeled according to (10) 

𝛥𝑅 = 𝛥𝑅𝑖𝑛𝑗 + 𝑎𝑒−𝑡/𝜏 + 𝛼𝑡 

The best-fit value of 𝛥𝑅𝑖𝑛𝑗  was determined for each concentration 𝐶 and the 𝛥𝑅𝑖𝑛𝑗(𝐶) data, 

normalized by the average best fit value of 𝛥𝑅𝑚𝑎𝑥 was fit to the Langmuir adsorption equation 

(Eq. 1). By normalizing each best-fit value of 𝛥𝑅𝑖𝑛𝑗 by 𝛥𝑅𝑚𝑎𝑥, the values corresponded to the 

fractional surface coverage 𝜃 (Equation 11). 

3.3 Results and Discussion 

A representative plot of reflectivity 𝑅 versus time is shown in Figure 3.6 for successive 

injections of a ConA solution in TBS (𝐶 = 350 µg/mL) and rinses with TBS buffer. The data for 

the first rinse cycle was fit to Eq. 10 to determine the change in reflectivity Δ𝑅𝑖𝑛𝑗 due to the first 

injection. Subsequent injections were performed to check for reproducibility, but these data were 

not used in data fitting. The Δ𝑅𝑖𝑛𝑗 values for each ConA solution concentration 𝐶 were 

normalized by dividing by Δ𝑅𝑚𝑎𝑥  (= 14.96), a scaling parameter that was used to convert 
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reflectivity ratios to surface coverage 𝜃. The resulting plot of 𝜃 versus 𝐶 is shown in Figure 3.7 

for ConA adsorption onto acid hydrolyzed phytoglycogen-functionalized SPR sensor surfaces. 

The black curve corresponds to the best fit of the data to the Langmuir adsorption equation (Eq. 

1) and the data is well described as a Langmuir adsorption process. The best-fit value of the 

equilibrium association constant was determined to be 𝐾 = 0.0023 ± 0.0013 𝜇g/mL. Using the 

molecular weight of ConA, 𝑀𝑤 = 110 kDa 63, we can express 𝐾 in units of M−1: 𝐾 = 2.31 ±

1.38 × 105 M−1. 

 

Figure 3. 7 Surface coverage – concentration plot for ConA adsorption onto acid-hydrolyzed 

phytoglycogen. The black curve corresponds to the best fit of the data to the Langmuir 

adsorption model (Eq. 1). 

 

In Figure 3.8, we have added the 𝜃(𝐶) data collected previously for ConA adsorption 

onto native phytoglycogen-functionalized SPR sensor surfaces to the data collected on acid-

hydrolyzed phytoglycogen-functionalized SPR sensor surfaces. We can see that the data 

collected for the two surfaces is in close agreement, showing that acid hydrolysis of 



 

 

45 

 

phytoglycogen does not significantly affect the binding of ConA. This close agreement of the 

data sets is reflected in the corresponding close agreement of the best-fit values of 𝐾: 𝐾 =

2.31 ± 1.38 × 105 M−1 for acid hydrolyzed phytoglycogen versus 𝐾 = 2.87 ± 0.44 × 105 M−1 

for native phytoglycogen.  

 

Figure 3. 8 Comparison of surface coverage 𝜃 versus concentration 𝐶 measured for ConA on 

native (red data points) and acid-hydrolyzed (blue data points) phytoglycogen-functionalized 

SPR sensor surfaces. The coloured curves were calculated using the corresponding best-fit 

parameters from the fit of each data set to the Langmuir adsorption model (Eq. 1). 

 

IRRAS measurements (Figure 3.3) showed that there was comparable surface coverage 

of native and acid-hydrolyzed phytoglycogen on the SPR sensor surfaces, which indicates that 

the ConA molecules have the same surface density of binding sites available. Since the surface 

coverage of ConA is in close agreement on both functionalized surfaces, we can conclude that 

the process of acid hydrolysis does not significantly affect the binding of ConA to 

phytoglycogen. This result is significant because it offers the possibility of reducing the 
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phytoglycogen nanoparticle size through acid hydrolysis without affecting its binding properties 

with ConA. Recent AFM39 and rheology66 measurements on acid hydrolyzed phytoglycogen 

nanoparticles have shown that acid hydrolysis also reduces the mechanical stiffness of the 

particles. The reductions in particle size and mechanical stiffness produced by acid hydrolysis 

can be a big advantage for the use of phytoglycogen nanoparticles as a delivery vehicle for 

bioactive compounds, potentially allowing them to penetrate through pore diameters that are 

smaller than the particle size67,68 and to reach sterically obscured targets. 68  

 Binding interactions between ConA and a variety of polysaccharides have been studied 

previously using surface techniques such as SPR and the quartz crystal microbalance (QCM). 63, 

69-65,66,70 Two of these studies have measured the binding between ConA and glycogen, and we 

can compare their results to the results of the present study. Coulibaly et al. immobilized ConA 

on functionalized gold-coated quartz crystal surfaces and used the surface sensitive technique of 

the quartz crystal microbalance (QCM) to measure the binding of animal glycogen and mannan 

by flowing them across the ConA-coated surface.63 ConA was immobilized on the gold-coated 

surface of the quartz crystal by using an intermediate layer of 11-mercaptoundecanoic acid 

(MUA). The MUA covalently binds to the gold surface through a thiol bond as for 4-MPBA, and 

the N-terminal of the ConA protein binds to the carboxylic group of the MUA. The animal 

glycogen was obtained from oysters, with a molecular weight of 604 kDa as measured using size 

exclusion chromatography. This value of the oyster glycogen molecular weight is a factor of 55 

less than that of the native phytoglycogen nanoparticles used in the present study. For animal 

glycogen, they used a Langmuir adsorption model to determine the best-fit value of the 

equilibrium association constant of 𝐾 = 3.93 ± 0.7 × 106 M−1, 63 which is a factor of 15 larger 

than that measured in the present study for both native and acid hydrolyzed phytoglycogen. The 

larger affinity of ConA for animal glycogen than for phytoglycogen is perhaps due to physical 

and chemical differences between the animal glycogen and phytoglycogen, e.g., molecular 

weight and purity. The difference in affinity could also be due to the difference in the 

experimental geometries: Coulibaly et al. measured the binding of large animal glycogen 

molecules to surfaces coated with small ConA molecules, whereas we measured the binding of 
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small ConA molecules to surfaces coated with large phytoglycogen molecules. However, this 

reason for the difference in affinity between the results of [63] and the present study is unlikely 

based on the results of a second study by Tan et al. in which the binding of ConA and animal 

glycogen was studied. 70  

Tan et al. used electrochemical piezoelectric quartz crystal impedance to study the 

binding of ConA to animal glycogen immobilized onto gold-coated electrodes70. The animal 

glycogen was specified as “biochemical grade” from Shanghai Yuanju Biological Technique 

Co., with no technical details on molecular weight and purity. They used two different methods 

to determine the equilibrium association constant 𝐾: an antibody-antigen reaction model,70 for 

which they obtained a value of 𝐾 = 1.48 × 106 M−1; and a Langmuir adsorption analysis of the 

quartz crystal microbalance signal for which they obtained a value of 𝐾 = 1.26 × 106 M−1. 

These best-fit values of 𝐾 are quite close to the value measured by Coulibaly et al. 63 for the 

binding of animal glycogen to ConA.  

Since the best-fit 𝐾 values determined by Coulibaly et al. 63 and Tan70 are quite close and 

they used different experimental geometries (ConA binding to immobilized animal glycogen 

versus animal glycogen binding to immobilized ConA), it is likely that the difference in the 

experimental geometry is not the primary reason for the large discrepancy between their best-fit 

values of 𝐾 for the ConA-animal glycogen interaction and our best-fit value of 𝐾 for the ConA-

phytoglycogen interaction. Instead, it is likely that differences between the properties of the 

animal glycogen used in those studies and the phytoglycogen used in the present study, e.g., 

molecular weight and purity, are responsible for the differences. 
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4 Influence of Phytoglycogen on the Solubility of Astaxanthin 

As discussed in Chapter 1, astaxanthin (ASX) is a notoriously insoluble compound in water. 

This chapter of the thesis focuses on my exploration of different means of solubilizing the 

carotenoid in water using phytoglycogen (PG), including emulsification through sonication and 

complexation through hydrated solvents, which are commonly used in industry for creating 

colloidal suspensions. By applying these techniques to the solubilization of ASX, I was able to 

determine conditions for which ASX could be suspended using relatively little PG. I then used 

these conditions in surface plasmon resonance imaging (SPRi) experiments to study the kinetics 

of adsorption of ASX stabilized by PG onto PG immobilized on the SPR sensor surface. 

 In this chapter, I first discuss the techniques that I used to solubilize ASX. I then describe 

my evaluation of the effectiveness of the different solubilization techniques and the results of the 

SPRi binding studies. I conclude by summarizing my results and discussing possible 

mechanisms to explain the binding phenomenon. 

4.1 Astaxanthin Solution Preparation 

4.1.1 Astaxanthin Stock Solution 

Astaxanthin (ASX, 97%, all-trans) powder (50 mg) was purchased from Sigma Aldrich. The 

material was stored at −20℃ and wrapped in aluminum foil to prevent thermal- and photo-

degradation. To solubilize the ASX powder, chloroform was used as a long-term stock solution. 

To dissolve ASX in chloroform, chloroform was drawn using a Pasteur pipette and 

dispensed into the Sigma Aldrich vial containing the ASX powder until the container was full. 

The ASX-chloroform solution was then transferred into a 50 mL flask which served as the stock 

solution vessel. This procedure was repeated several times using fresh chloroform to solubilize 

the ASX in the Sigma Aldrich vial before drawing it and dispersing it into the 50 mL flask. 
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When the ASX-chloroform solution was clear, the ASX was completely transferred to the stock 

container. Using this technique, a stock solution of 1.0 mg/mL ASX in chloroform was prepared. 

Because of the possibility of degradation of ASX during long-term storage in 

chloroform71, ASX solutions used in the present study were then prepared in ethanol. 200 µL 

aliquots of the ASX-chloroform stock solution were deposited into 5 mL test tubes, and the 

chloroform was evaporated through vortex mixing while flowing dry nitrogen gas into the test 

tube container. After the chloroform was evaporated, the test tube with ASX deposited as a film 

on the walls of the test tube was immediately submerged in a 2 mL aliquot of ethanol to prevent 

oxidation in air. The test tubes, now filled with a 0.1 mg/mL ASX solution in ethanol, were 

wrapped in parafilm, covered in aluminum foil, and stored in the freezer.  

4.2 Solubility of Astaxanthin in Hydrated Organic Solvents 

Three different solubilization strategies were attempted in the present study. The first strategy 

combined ASX in ethanol and PG in water. In this technique, different ratios of the two solvents 

were used to explore how the presence of water influenced ASX aggregation and the effect of 

PG on this process. In the second strategy, emulsions were prepared through sonication. In this 

approach, PG in water was used directly to determine if the polysaccharide was able to suspend 

the ASX films without the need for any organic solvent. The final technique extended the first 

technique to incorporate roto-evaporation of the organic solvent to determine the degree to which 

PG could solubilize ASX upon removal of the ethanol from the solution.  

 In each of these techniques, our objective was to maximize the ratio of ASX to PG. For 

animal and human health applications, solubilization of ASX in water is important for long term 

storage. It is preferable to accomplish this with the least amount of PG necessary for large-scale 

operations as this saves money and material. 

 A solubilization strategy was deemed successful if two criteria were met. First, the 

solubilized ASX must maintain its characteristic orange colour. Secondly, the ASX must not 
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show any visible precipitation or aggregation as measured using UV-vis spectroscopy. If 

successful, we also investigated reducing the amount of PG required to achieve ASX 

solubilization. 

4.2.1 Preparation of Mixtures of ASX in Ethanol and PG in Water 

Our objective was to measure the effect of mixing different amounts of ASX in an 

organic solvent (ethanol) with PG in water on the solubility of ASX in the mixed solutions. We 

prepared solutions of ASX with different ratios of ethanol to PG in water content (1:3, 1:6 and 

1:9 ethanol:water) to drive different aggregation behaviours. To prepare these solutions, ASX 

was dissolved in ethanol at three different concentrations: 0.100 mg/mL, 0.175 mg/mL and 0.250 

mg/mL. Aliquots of each ASX in ethanol solution were diluted with 0.2% w/w PG in water 

solutions to the same final volume (1.0 mL), such that the concentrations of ASX and PG (where 

used) were held constant (Table 4.1). This was done to test the influence of the relative amounts 

of water in the solutions. The value of the PG in water concentration was chosen to be small 

enough to result in a low level of UV absorption and large enough to allow the opportunity for 

interactions between PG and ASX. The value that was chosen, 0.2% w/w PG in water, also 

yielded a mass ratio between PG and ASX of 60:1. This amount of PG facilitated ASX 

solubilization with minimal UV-vis scattering. We measured three samples containing both ASX 

and PG in ethanol:water in different mixtures of ethanol:water with identical concentrations of 

ASX and PG. For control samples, we used a pure solution of ASX in ethanol, as well as three 

samples containing only ASX in different mixtures of ethanol:water. The details of the different 

samples are provided in Table 4.1. 
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Sample Initial 

[ASX] 

(mg/mL) 

Initial 

[PG] 

(mg/mL) 

Vethanol/ASX 

(mL) 

Vwater(+PG) 

(mL) 

Final 

[ASX] 

(mg/mL) 

Final 

[PG] 

(mg/mL) 

ASX:PG 

Mass 

Ratio 

ASX in ethanol 0.025 0.0 1.0 0 0.025 0.0 NA 

1:3 Experiment 0.100 1.99 0.250 0.750 0.025 1.5 60:1 

1:6 Experiment 0.175 1.73 0.143 0.857 0.025 1.5 60:1 

1:9 Experiment 0.100 1.65 0.100 0.900 0.025 1.5 60:1 

1:3 Control 0.100 0.0 0.250 0.750 0.025 0.0 NA 

1:6 Control 0.175 0.0 0.143 0.857 0.025 0.0 NA 

1:9 Control 0.100 0.0 0.100 0.900 0.025 0.0 NA 

Table 4. 1 Samples containing mixtures of ASX in ethanol and PG in water (1:3 Experiment, 1:6 

Experiment and 1:9 Experiment) as well as control samples used in experiments evaluating the 

solubilization of ASX. Values of the initial ASX in ethanol concentration and volume, the initial 

phytoglycogen (PG) in water concentration and volume, and the final ASX and PG 

concentrations are provided. 

 

4.2.2 UV-Vis Measurements of Mixtures of ASX in Ethanol and PG in Water  

To observe changes in ASX aggregation with time, the solutions listed in Table 4.1 were 

measured on a Varian UV-vis spectrophotometer (Varian Cary 300Bio) using a 1000 nm/min 
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sweep range between 350 and 700 nm. Measurements were performed immediately after mixing 

the solutions, after they had been stored at 4℃ for 1 h, after they had been stored at 4℃ for 4 h, 

and after they had been stored at 4℃ for 24 h. The samples were covered with aluminum foil to 

limit photodegradation of the ASX. 

 

 

Figure 4. 1 UV-vis spectra of ASX in ethanol and PG in water with different concentrations of 

ethanol:water. Data are shown for both solutions that contain 0.2% w/w PG (dashed lines) and 

control samples that contain no PG (solid lines). (a) – Immediately after mixing. (b) – After 

storage at 4℃ for 1 h. (c) – After storage at 4℃ for 4 h. (d) – After storage at 4℃ for 24 h. With 

time, the relative strength of the peaks decreased from ~0.5 immediately after mixing to ~0.25 

after 24 h of storage at 4℃. 

 

(a) (b) 

(c) (d) 
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In Figure 4.1a, we show the UV-vis spectrum measured for the solution of ASX in 

ethanol, which contained a broad peak centered at ~480 nm. We also show in Figure 4.1a UV-vis 

spectra for ASX solutions in ethanol:water immediately after mixing. In these spectra, the peak is 

blue shifted with respect to that measured for ASX in ethanol, indicating that aggregation of 

ASX was occurring. We also show UV-vis spectra for mixtures of ASX in ethanol and PG in 

water, and we note that the presence of PG in the solutions reduced the relative intensity of the 

absorbance. We attribute this to PG causing a change in the extinction coefficient of the ASX as 

they complex with one another. After 1 h of storage at 4℃ (Figure 4.1b), two absorption peaks 

were observed for the mixtures of ASX in ethanol and PG in water: a sharp peak centered at 

~390 nm and a broad peak centered at ~460 nm which we attributed to the formation of the 

different species of H-aggregates, with larger aggregate structures corresponding to the narrow 

band and smaller aggregates corresponding to the broader band (see Figure 1.3). Once again, the 

presence of PG reduced the overall absorbance in the spectra, with the absorbance of the narrow 

peak reduced relative to that of the broad peak. After 4 h of storage at 4℃, the spectra had 

shifted, with the broad peak reduced in intensity and the narrow peak more prominent. Once 

again, the overall absorbance was reduced in the presence of PG. After 24 h of storage at 4℃, the 

spectrum for the ethanol:water sample containing the least amount of water (1:3 ethanol:water 

solution) did not contain a H-aggregate peak and consisted instead of a single broad absorbance 

peak centered at ~500 nm. In contrast, for the same storage time, the sample containing the same 

ethanol:water ratio and PG contained a narrow H-aggregate peak, indicating that the presence of 

PG facilitated the preservation of the H-aggregates. For larger water:ethanol ratios after 24 h of 

storage at 4℃, the spectra consisted primarily of the narrow H-aggregate peak. 

Using this solubility technique, we showed that the presence of PG promoted the long-

term solubility of ASX, particularly for storage at 4℃. The spectra revealed that the presence of 

PG reduced the relative intensity of the narrow H-aggregate peaks, suggesting that it discourages 

larger aggregates with more molecules in favour of smaller aggregates with fewer molecules (as 

mentioned in 1.1.3, see Figure 1.3). The ASX was readily solubilized with relatively little PG 

(mass ratio of 60:1), so this strategy was deemed to be a success. 
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4.3 Solubility of ASX in Sonicated ASX-G Dispersions in Water 

4.3.1 Preparations of Dispersions 

We explored the possibility of solubilizing ASX solutions that did not contain an organic 

solvent such as ethanol by using sonication of solutions of ASX and PG in water. For these 

experiments, 0.10 mL of the ASX stock solution (1.0 mg/mL ASX in chloroform) was dispensed 

into 5 mL test tubes that were cleaned by exposure to UV/ozone, rinsed with Milli-Q water and 

dried in air. The chloroform was evaporated using moderate vortex mixing under a steady stream 

of dry nitrogen gas, resulting in ASX films on the inner surface of the test tubes. 

 Dispersions of PG in Milli-Q water were prepared at three different concentrations – 

0.2% w/w, 1.0% w/w and 5.0% w/w in Milli-Q water (Table 4.2) – and left to sit overnight at 

4oC. The PG dispersions were added to the test tubes containing the ASX films immediately after 

evaporating the chloroform and briefly vortex mixed for 10 s to create ASX-PG solutions. Each 

test tube was covered with parafilm and suspended in a sonication bath (Cole-Parmer, ref # 

08895-16) at room temperature for 60 min at 40 kHz while covered with aluminum foil to limit 

photodegradation. 
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Sample Name Mass ASX in 

film (mg) 

[PG] (mg/mL) Mass PG to 

solubilize 

ASX (mg) 

Mass PG:ASX 

0.2% w/w PG 0.1 2.0 2.0 20:1 

1.0 w/w PG 0.1 9.9 9.9 99:1 

5.0% w/w PG 0.1 52.0 52.0 520:1 

Table 4. 2 Relative masses used to prepare ASX-PG emulsions. Final mass ratios are reported for 

reference. 

 

Figure 4. 2 ASX-PG dispersions after sonication. From left to right: 5.0%, 1.0% and 0.2% w/w 

PG. Colour is visible in each of the samples, with the solutions appearing pink rather than 

orange. This is driven by precipitation and is not desirable. 
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4.3.2 UV-Vis Measurements of Sonicated ASX-PG Dispersions in Water 

The sonicated ASX-PG dispersions were measured with UV-vis using a Varian UV-vis 

spectrophotometer (Varian Cary 300Bio; wavelength range of 700 nm to 350 nm; scan rate of 

1000 nm/min). The dispersions were covered with aluminum foil during each UV-vis experiment 

to limit photodegradation. 

 

Figure 4. 3 UV-vis absorbance curves for sonicated ASX-PG dispersions for different PG 

concentrations: 0.2% w/w (blue), 1.0% w/w (red) and 5.0% w/w (green). 

 

The results of the UV-vis experiments on sonicated ASX-PG showed no measurable 

absorbance peaks in the visible range of wavelengths. Instead, the tail of a single broad 

absorbance in the UV range of wavelengths was observed, which is indicative of ASX 

aggregation without complexation with PG. The absorbance increased with increasing PG 

concentration due to PG scattering, which is reported as absorption by the spectrometer.  
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 Because of the absence of H- and J-aggregate peaks in the UV-vis spectra, coupled with 

the precipitation and pink colour that was visible in the sonicated samples, we concluded that the 

preparation of ASX-PG solutions using sonication was not a viable technique to solubilize ASX 

despite the different amounts of PG that were applied. 

4.4 Solubility of AS using Roto-evaporation of PG-ASX Dispersions in Water 

: Ethanol Mixtures  

4.4.1 Preparation of SX-PG Dispersions 

We also investigated the solubilization of ASX in ASX-PG dispersions prepared through 

roto-evaporation of ethanol in water:ethanol solutions. Our aim was to determine whether ASX-

PG complexes formed in hydrated organic solvents remained stable when the ethanol was 

evaporated. We prepared mixtures combining 1 mL of ASX in ethanol (0.20 mg/mL) and 6 mL 

of PG in water (0.2%, 1.0% and 5.0% w/w PG) (Table 4.3). This volume ratio of ethanol:water 

of 1:6 was chosen because it was the composition with the least amount of water for which the 

ASX was still solubilized after 24 h, as described in section 4.2.2. The PG-water and ASX-

ethanol solutions were mixed and allowed to rest at 4℃ covered by aluminum foil for 20 min to 

allow interactions between ASX and PG to occur prior to roto-evaporation. 

 5 mL of each of the mixed dispersions was used for roto-evaporation. The cold-water 

bath of the rotovap (Buchi, R-205. Attached: V-805 vacuum controller and B-490 water bath) 

was set to ~2.0℃ , the hot water bath was set to ~40℃, and the vacuum was set to 130 mbar. 

After ~5 min under vacuum, which was assumed to completely evaporate the ethanol in the 

dispersions, the dispersions were removed from the roto-evaporator, and transferred to a 5 mL 

Erlenmeyer flask that was filled to 5 mL with Milli-Q water to create the mixtures shown in 

Figure 4.4. This ensured final ASX concentrations of 0.033 mg/mL for each of the samples. The 

relative ratios between the masses of PG to ASX are provided in Table 4.3. 
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Name [PG]i (g/mL) [ASX]i 

(g/mL) 

MPG (g) MASX (g) Mass 

PG:ASX 

Control 0 2x10-4 0 2x10-4 NA 

0.2% w/w PG 2.0x10-3 2x10-4 0.0122 2x10-4 61:1 

1.0% w/w PG 9.9x10-3 2x10-4 0.0594 2x10-4 300:1 

5.0% w/w PG 5.2x10-2 2x10-4 0.3120 2x10-4 1560:1 

Table 4. 3 Concentrations and masses of PG and ASX used in the roto-evaporation study. Mass 

ratios between PG and ASX are provided for reference. 

 

Figure 4. 4 Roto-evaporated ASX-PG dispersions. From left to right: control, 0.2% w/w PG, 

1.0% w/w PG, 5.0% w/w PG. The ethanol that was used to initially solubilize the ASX was 

completely removed after roto-evaporation. 
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4.4.2 UV-Vis Measurements of Roto-evaporated ASX-PG Dispersions 

The roto-evaporated dispersions were measured using UV-vis spectroscopy with a scan 

rate of 1000 nm/min between 350 nm and 700 nm. In Figure 4.5, we compare the UV-vis results 

for the roto-evaporated dispersions to those measured for dispersions that were not roto-

evaporated, i.e., contained both ethanol and water. The similarity of the UV-vis spectra with and 

without roto-evaporation provided a strong indication that the removal of ethanol with roto-

evaporation did not adversely affect the solubilization of ASX in the dispersions.  

 

Figure 4. 5 UV-vis spectra of ASX-PG dispersions with and without roto-evaporation to 

determine the degree to which PG can aid in solubilizing ASX without precipitating in the 

absence of ethanol. The blue shift toward ~460 nm is attributed to the small H-aggregates of 

ASX. The spectra for the roto-evaporated dispersions are similar to those that were not roto-

evaporated, suggesting that PG is a viable stabilizing agent. 

 

Given the promising result that PG help to solubilize ASX in the absence of ethanol 

through roto-evaporation, the roto-evaporated dispersions were stored at −20℃ for 12 h prior to 
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being lyophilized. In the lyophilizer (labconco FreeZone freeze dryer, ref #720401000), the 

samples were exposed to a 0.003 mbar pressure and a temperature of ~-105oC for several days to 

remove the liquid from the samples.  

 

 

Figure 4. 6  Lyophilized powders of ASX-PG produced after roto-evaporation of ethanol from 

the ASX-PG solutions. From left to right: control, 0.2%, 1.0% and 5.0% w/w PG. The colour 

becomes increasingly redder in moving from the right to the left, i.e., with decreasing PG 

content. 

 

In the ASX-PG powders produced by lyophilization, the degree of orange/red colour 

increased with decreasing PG content (Figure 4.6). Milli-Q water was added to a portion of each 

sample for UV-vis measurements. The powders containing ASX and PG were easily redispersed 

in water, resulting in uniformly orange dispersions (Figure 4.7), whereas the ASX powder that 

did not contain PG did not redisperse in water. The corresponding mass of water and powder for 

each sample is provided in Table 4.4. We used UV-vis spectroscopy of the powders redispersed 

in Milli-Q water to quantify these results, which are shown in Figure 4.8.  
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Sample Mass Water (g) Mass Powder (g) Mass PG:ASX 

Control 1.0098 0.0001 NA 

0.2% w/w PG 1.0589 0.0021 61:1 

1.0% w/w PG 1.0265 0.0095 300:1 

5.0% w/w PG 1.0170 0.0292 1560:1 

Table 4. 4 Masses of water and lyophilized ASX-PG powder used in the redispersion studies. 

The PG:ASX mass ratios are also provided. 
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Figure 4. 7 Lyophilized, roto-evaporated ASX-PG redispersed in Milli-Q water. From left: 

control, 0.2% w/w PG, 1.0% w/w PG and 5.0% w/w PG. The corresponding masses of water and 

powder for each sample are provided in Table 4.4. 

 

Figure 4. 8 UV-vis spectra of roto-evaporated, lyophilized ASX-PG powders redispersed in 

Milli-Q water for different concentrations of PG: 0.2% w/w PG (red), 1.0% w/w PG (green) and 

5.0% w/w PG (black). Results for the control sample containing no PG (blue) are also shown. 

The samples containing ASX-PG have preserved their broad H-aggregate peak at ~460 nm. 

 

 The control sample with no PG showed little discernible UV-vis signal (Figure 4.8), 

indicating that, in the absence of PG, ASX aggregated and was not redispersed in water. The 

UV-vis spectra for dispersions containing ASX and PG were very similar to those measured 

prior to lyophilization (Figure 4.5), indicating that the roto-evaporated, lyophilized ASX-PG 

powder was successfully redispersed in water. The samples were covered with aluminum foil 

and stored at 4℃ for several days. Following this period of time, no visible indications of 

aggregation and sedimentation were observed. Therefore, for the samples produced by roto-
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evaporation of mixtures of ASX in ethanol and PG in water followed by lyophilization and 

redispersion in water, ASX was solubilized in the presence of PG and the absence of ethanol.  

 To summarize the results of our ASX solubilization studies, emulsification through 

sonication of ASX and PG in water failed to provide promising results. Reasonable success was 

achieved by combining solutions of ASX in ethanol and PG in water. The biggest success was 

achieved by roto-evaporating of ASX-PG in ethanol:water, followed by lyophilization and 

redispersion in water.  

4.5 Centrifuge Studies of Roto-evaporated, Lyophilized ASX-PG Dispersions 

in Water 

With the promising results discussed in section 4.3 that the presence of PG enhanced the 

solubilization of ASX in water, we further probed the interaction of ASX and PG using 

centrifugation. The samples used in the centrifugation study were roto-evaporated ASX-PG 

material that was lyophilized and redispersed in Milli-Q water. The sample details containing 

1.0% w/w PG and 5.0% w/w PG are provided in Table 4.5; the 0.2% w/w PG sample was 

omitted from this study since there was insufficient material to obtain an accurate mass 

measurement. 

Name Mwater (g) Mpowder (mg) [ASX-PG] 

(mg/mL) 

Ratio 

PG:ASX 

[ASX] 

(mg/mL) 

1.0% w/w PG 1.0149 3.8 3.74 300:1 0.0125 

5.0% w/w PG 1.0195 15.3 15.0 1560:1 9.62 x 10-3 
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Table 4. 5 Details of the samples used in the centrifugation studies of roto-evaporated ASX-PG 

that was lyophilized and redispersed in water. The PG:ASX mass ratios are provided for 

reference. 

The samples were centrifuged (Beckman Coulter Optima MAX ultracentrifuge) at 

1,000,000×g for 2 h at 4oC. After removal from the centrifuge, the retentate was clearly visible 

in the supernatant (Figure 4.9). The clear colour of the supernatant suggested that a small amount 

of ASX-PG remained dispersed in the supernatant whereas the uniform orange colour of the gel-

like retentate suggested that most of the ASX had complexed with PG. 

 

Figure 4. 9 Centrifuged ASX-PG redispersed in water after 1,000,000×g for 2 h at 4oC. The 

samples displayed uniform clarity in the supernatant and homogenous orange colour in the 

retentate. Left – 1.0% w/w PG redispersion. Right – 5.0% w/w PG redispersion. 

 

To quantify the small amount of ASX-PG dispersed in the supernatant following 

centrifugation, the supernatant was carefully extracted with a Pasteur pipette and measured using 

UV-vis with a scan rate of 1000 nm/min. 
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Figure 4. 10 UV-vis spectra of the supernatant following centrifugation at 1,000,000×g of 1.0% 

w/w PG and 5.0% w/w PG roto-evaporated ASX-PG that was lyophilized and redispersed in 

water. 

 

The UV-vis spectra in Figure 4.10 reveal a set of two peaks; a narrow peak centred 

around ~390 nm and another broad peak centred around ~450 nm. These are the H-aggregates 

H1 and H2 discussed in 1.1.3 (Figure 1.3). Their presence in the spectra confirms that ASX 

persisted in the solution after 1,000,000 g centrifugation, albeit at significantly lower 

concentrations. 

 To estimate the supernatant’s concentration of ASX, the results shown in Figure 4.10 

were compared to those shown in Figure 4.8, for which the concentrations of ASX were known. 

Since we know the initial concentrations of ASX (Table 4.6), we can conclude that ASX 

persisted in the supernatant at ~9% (for the 5.0% w/w PG sample) and ~11% (for the 1.0% w/w 

PG sample). 
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Sample [ASX-

PG] 

(g/mL) 

(Fig 4.8) 

ASX:PG [ASX] 

(g/mL) 

(Fig 4.8) 

Absorbance 

Maxima 

(Fig 4.8) 

Centrifuged 

Absorbance 

Maxima (Fig 

4.10) 

[ASX] 

centrifuged 

(g/mL) (Fig 

4.10) 

1.0% w/w PG 0.00925 1:300 3.07 x 10-5 1.314 0.152 3.55 x 10-6 

5.0% w/w PG 0.0287 1:1560 1.84 x 10-5 1.285 0.118 1.69 x 10-6 

Table 4. 6 [ASX] determination for centrifuged ASX-PG. 

 

The centrifugation study provided additional evidence that there is a strong interaction 

between PG and ASX. By centrifuging the roto-evaporated ASX-PG material that was 

lyophilized and redispersed in water at 1,000,000×g, it was determined that the bulk of the ASX 

remained in the retentate with PG while only a small amount persisted in the supernatant, as 

confirmed using UV-vis spectroscopy.  

4.6 SPRi Studies of Adsorption of Astaxanthin onto PG-functionalized 

Sensor Surfaces 

 To further quantify the interaction between ASX and PG, we used SPRi to evaluate the 

binding between ASX-PG complexes in solution and PG nanoparticles immobilized on a SPR 

sensor surface. To do so, we used the most promising ASX solubilization strategy discussed in 

Section 4.3: roto-evaporated ASX-PG that was lyophilized and redispersed in water.  
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4.6.1 Functionalization of the SPR Sensor Surface with PG 

PG was immobilized on the gold surface of the SPR sensors using an intermediate layer 

of 4-mercaptophenylboronic acid (4-MPBA) as a linker molecule between the gold and the PG. 

As described in Section 3.1, a 4-MPBA solution of 0.4 mg/mL was prepared by dissolving 6.0 

mg of 4-MPBA in 15 mL of methanol. A SF10 glass slide from Horiba Scientific (index of 

refraction 𝑛 = 1.7103 at 𝜆 = 810 nm) coated with 50 nm of gold was cleaned by rinsing 

thoroughly with water and ethanol before thoroughly drying with nitrogen prior to 20 min of 

exposure to UV-ozone cleaning. The slide was then rinsed with methanol before incubation for 

24 h in the 4-MPBA in methanol solution. 

 After incubating the SPR slide in the 4-MPBA solution, it was rinsed with Milli-Q water 

and incubated for 30 min in a 4% PG solution in a TBS buffer that was prepared according to the 

procedure described in Section 3.2. The PG solution was pH balanced to ~7.1 ± 0.1 and filtered 

using a 0.22 µm hydrophilic filter (Millex, reference number SLGV033RS). The use of a shorter 

incubation time and a lower pH than those used in the experiments described in Section 3.2 

produced comparable surface coverage in a small fraction of the incubation time, as measured 

using IRRAS (Figure 4.11). The PG-functionalized SPR sensor slide was then placed in the SPR 

flow cell to analyze the binding of ASX-PG complexes to the substrate. 
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Figure 4. 11 IRRAS spectrum of PG-functionalized SPR gold slide. The three peaks between 

1000 and 1200 cm-1 are characteristic of phytoglycogen and confirm that the use of using a 

shorter incubation time and a lower pH is effective to achieve high surface coverage of PG. By 

comparing to the PG absorbance peak maxima in Figure 3.3, we can confirm that the level of PG 

coverage is comparable with the shorter incubation time and lower pH. 

 

4.6.2 SPR  Studies of Adsorption of Mixtures of ASX in Ethanol:Water on PG-

Functionalized Surfaces 

Before evaluating the binding kinetics of the roto-evaporated ASX-PG that was 

lyophilized and redispersed in water, preliminary measurements were done to describe the 

binding kinetics between immobilized PG and ASX.  

The Horiba OpenPlex system was turned on at least two hours prior to the experiment to 

allow the instrument to equilibrate. The sample surface was wetted by flowing a 1:6 

ethanol:water solution for 20 min at 500 µL/min while the injection port was rinsed three times 

with the same solution. A SF10 glass prism was coated with 2.48 µL of index-of-refraction-
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matching solution before being placed in contact with the surface of the SPR slide that was not 

functionalized with PG. Care was taken to avoid the accumulation of air bubbles between the 

prism and the slide. 

 The flow rate was decreased to 50 µL/min and the system was allowed to equilibrate for 

~10 min or until all the air bubbles observed through the Horiba system’s live video preview 

were removed (Figure 4.12). With the PG-functionalized surface wetted and the optics 

equilibrated, the SPR was monitored in ~15 regions of interest (ROIs) on the slide. The average 

𝑅(𝜃𝑖) and 𝑑𝑅(𝜃𝑖)/𝑑𝜃𝑖 curves were generated for each ROI, and the average SPR angle was 

calculated to be 60.33o, corresponding to the minimum value of 𝑅 in the average SPR curve 

(Figure 4.13a).  

 

Figure 4. 12 Representative SPR live video image of the PG-functionalized SPR sensor surface. 

The red circles denote the chosen regions of interest (ROIs) for which the change in reflectivity 

was measured during the experiment. 
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The working angle was chosen as that corresponding to the maximum in the 𝑑𝑅(𝜃𝑖)/𝑑𝜃𝑖 

curve (𝑅~20%). An increase in the SPR angle was observed relative to that measured for the 

bare-gold surface exposed to 1:6 ethanol:water, which was attributed to the presence of PG on 

the sensor surface. 

 

 

Figure 4. 13 (a) SPR curve for the PG-functionalized SPR sensor surface exposed to 1:6 

ethanol:water. (b) The slope of the SPR curve in (a). The red circles correspond to the working 

angle, which was chosen to be that corresponding to the maximum in the change in reflectivity 

(𝑅~20%). 

 

(a) 

(b) 
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30 minutes prior to the first injection, a 1:6 ethanol:water solution with 0.014 mg/mL 

ASX was prepared by mixing 1 mL of 0.10 mg/mL stock ASX in ethanol with 6 mL water. By 

waiting 30 min, we allowed the ASX aggregates to form before beginning the SPRi experiment.  

 

 

(a) 

(b) 

Ethanol injection 
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Figure 4. 14 (a) Reflectivity versus time for adsorption of ASX onto a PG-functionalized SPR 

sensor surface for a concentration of ASX of 0.014 mg/mL. Multiple cycles of injection and 

rinsing are shown. The decreases arise from the lower index of refraction of the injection 

solutions whereas the gradual net increase arises from permanent binding of the ASX molecules 

to the PG-functionalized sensor surface. (b) A magnification of (a) to illustrate permanent 

changes to the reflectivity, indicating binding of ASX to PG. By the last injection, the curve has 

essentially reached a plateau, indicating that the signal was close to saturation. 

 

 

The reflectivity versus time data for adsorption of the ASX aggregates onto the PG-

functionalized sensor surface showed sharp minima following every injection sequence. The 

negative changes in reflectivity corresponded to a slight difference between the refractive indices 

of the water and the ethanol in the ASX solution. As the ASX in ethanol:water was injected over 

the surface, the index of refraction was different from that of the running solution. In the case of 

Figures 44.14a and 4.14b, the index of refraction was lower and so a decrease in reflectivity was 

reported. These differences in index of refraction arise from differences in the relative 

proportions of ethanol and water during the preparation process and/or evaporation during the 

duration of the experiment. Despite these large oscillations in reflectivity, after several injections 

there was a small positive increase in reflectivity. To highlight this small overall increase in 

reflectivity with consecutive injection-rinse cycles, a magnified version of the curve in Figure 

4.14a is shown in Figure 4.14b. 

 From this SPRi data, it can be seen that ASX in a 1:6 ethanol:water solution binds to the 

immobilized PG layer. These results are consistent with the solubility studies described in 

Section 4.1 which demonstrated that interactions between PG and ASX were occurring via UV-

vis spectroscopy. 
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4.6.3 SPRi Studies of Adsorption of Lyophilized, Roto-evaporated ASX-PG Redispersed 

in Water onto PG-Functionalized SPR Sensor Surfaces 

 

We performed a second set of SPR binding studies to measure the adsorption of roto-

evaporated ASX-PG that was lyophilized and redispersed in water onto PG-functionalized SPR 

sensor surfaces. A cleaned Horiba SF10 glass prism was incubated in a 0.4 mg/mL solution of 4-

MPBA in methanol for 24 h. After the incubation, the prism was removed, gently rinsed with 

Milli-Q water and then re-immersed in a 4% w/w PG solution pH balanced to ~7.1 ± 0.1 and 

filtered with a Millex 0.22 µm membrane for 30 min. The prism was then rinsed using Milli-Q 

water and dried with nitrogen before use in the SPR. 

 The initialization procedure for the optical equipment and the wetting of the SPR internal 

components was performed as in Section 4.6.1. The average surface plasmon resonance curve for 

the PG-functionalized sensor surface was calculated from the curves measured for ~20 ROIs and 

the average surface plasmon resonance angle was calculated to be 59.72o. 

 For the SPRi binding experiment, we used roto-evaporated ASX-PG that was lyophilized 

and redispersed in water that was prepared using 0.2% w/w PG as described in Section 4.4. The 

dispersion was prepared by mixing 0.0047 g of the ASX-PG powder into 4 mL of Milli-Q water 

to create a 1.18 mg/mL sample (concentration of ASX ~ 0.019 mg/mL). The 0.2% w/w PG 

solution was chosen because it had the smallest ratio of PG to ASX (60:1). 
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Figure 4. 15  (a) Reflectivity versus time for binding of roto-evaporated ASX-PG that was 

lyophilized and redispersed in water (0.2% w/w PG) onto a PG-functionalized SPR sensor 

surface. A permanent change in the reflectivity was observed following each injection. In each 

injection-rinse cycle, two separate desorption steps were visible. (b) Magnification of the first 

(a) 

(b) 

First dissociation  

Second dissociation  
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injection-rinse cycle to illustrate the two-stage desorption process, with the second stage of 

desorption highlighted in red. 

 

 

The SPRi binding results for the roto-evaporated ASX-PG that was lyophilized and 

redispersed in water are shown in Figure 4.15. During each rinse, a two-stage desorption 

behaviour was observed. Most importantly, the data revealed an overall permanent increase in 

the reflectivity with consecutive injections of the dispersion. To ensure that the permanent 

increase in reflectivity corresponded to binding of the ASX-PG complexes to the PG-

functionalized SPR sensor surface, we performed a control experiment.  

It is possible that the permanent binding observed in Figure 4.15 was due to binding of 

ASX-PG to small patches of exposed 4-MPBA molecules because the PG-functionalized surface 

was not saturated with PG. To investigate this possibility, we flowed a PG solution over a PG-

functionalized SPR sensor surface to see if further binding of PG was observed. In this 

experiment, a ~0.5% phytoglycogen solution (5.2 mg/mL) in TBS was flowed over the PG-

functionalized surface on the gold-coated SF10 glass. The prism was cleaned and functionalized 

in accordance with the procedure outlined in Section 4.6.1. An average surface plasmon 

resonance angle of 58.42o was calculated from surface plasmon resonance curves measured for 

~20 ROIs. The SPRi data for this experiment is shown in Figure 4.16. Following three injections 

of the 0.5% PG solution, we determined that the substrate was fully saturated with PG and that 

no further adsorption of PG onto 4-MPBA sites occurred. We note that a two-stage desorption 

process was observed, as in the experiments described earlier in this section, confirming that this 

behaviour was attributable to adsorption onto the PG-functionalized substrate. 
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Figure 4. 16 (a) Reflectivity versus time for a 0.5% w/w PG dispersion on a PG-functionalized 

SPR sensor surface. (b) Magnification of part of (a) to illustrate the two-stage desorption process. 

 

(a) 

(b) 

First dissociation  

Second dissociation  
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After demonstrating that flowing PG in water over the PG-functionalized SPR sensor 

surface resulted in no further permanent adsorption (Figure 4.16), indicating that the sensor 

surface was saturated with PG, we then, in the same experiment, flowed a dispersion of roto-

evaporated ASX-PG that was lyophilized and redispersed in Milli-Q water over the PG-

functionalized surface. Specifically, we used a 1.0% w/w dispersion that was prepared by adding 

0.0066 g of ASX-PG powder to 8 mL of Milli-Q water, corresponding to a PG concentration of 

0.95 mg/mL. Following the introduction of this dispersion into the SPR flow cell, we observed a 

significant permanent increase in the reflectivity (Figures 4.16 and 4.17), which we attributed to 

binding of the ASX-PG complexes to the PG-functionalized sensor surface.  

 

 

Figure 4. 17 Reflectivity versus time for binding of roto-evaporated ASX-PG that was 

lyophilized and redispersed in water onto a PG-functionalized SPR sensor surface. This 

experiment was performed immediately following the experiment shown in Figure 4.16. 
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To illustrate the entire experiment clearly, the two experiments shown in Figures 4.16 

and 4.17 were concatenated into a single plot of reflectivity versus time, and this is shown in 

Figure 4.18. 

 

Figure 4. 18 Reflectivity versus time for the concatenation of the sequential experiments shown 

in Figures 4.16 and 4.17. Permanent changes in the reflectivity following the injection of the 

ASX-PG dispersion are apparent.   

 

It is possible that the cumulative increase in reflectivity shown in Figures 4.17 and 4.18 

was due to the binding of free ASX to the possibility of small “bare” patches of 4-MPBA in 

between the covalently bound PG particles. However, the possibility of free ASX in water is 

very low, given its extremely low solubility in water, and, given the high deformability of the PG 

particles,38 it is likely that they deform to cover the entire 4-MPBA-coated sensor surface. To 

investigate the possible binding of ASX to 4-MPBA, we performed the following experiment. 

Following the placement of a 4-MPBA coated sensor surface in water in the SPR flow cell, we 

PG Injections ASX Injections 
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changed the liquid above the surface from water to ethanol, which produced a large decrease in 

the reflectivity (Figure 4.19).  

 

 

Figure 4. 19 Reflectivity versus time for a SPRi experiment comparing the stability of an 

immobilized 4-MPBA monolayer in water and ethanol, followed by injections of a solution of 

ASX in ethanol. After the water rinse, the experiment was stopped and restarted with ethanol. 

The SPR curve was re-calculated so that the change in reflectivity due to the different indices of 

refraction would not be present. With the switch from water to ethanol, a sharp decrease in 

reflectivity was observed, suggesting that the ethanol was able to remove unbound 4-MPBA 

better than water. This experiment shows that, with injections of the ASX solution, the 

carotenoid does not bind to the surface. 
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This decrease is possibly due to the removal of loosely bound 4-MPBA molecules with 

the switch from water to ethanol. After ~ 1 h, the reflectivity stabilized and injection-rinse cycles 

of an ASX in ethanol solution were performed. The injection-rinse cycles produced no 

permanent change in the reflectivity, as shown in Figure 4.19, indicating that ASX does not bind 

to 4-MPBA. Therefore, we can say with confidence that the permanent increase in reflectivity 

observed in Figures 4.17 and 4.18 with the introduction of a dispersion of ASX-PG complexes in 

water over the PG-functionalized sensor surface is due to the association of ASX-PG complexes 

with the PG-functionalized sensor surface. Therefore, in addition to the significant improvement 

in the solubilization of ASX in the presence of PG in roto-evaporated ASX-PG that was 

lyophilized and redispersed in water, we observed a direct indication of binding of ASX-PG 

complexes to PG in the SPRi experiments.  

5 Conclusions and Future Work 

5.1 Summary of Results 

In this thesis, we used surface plasmon resonance imaging (SPRi) as the central 

experimental technique in two projects to evaluate the binding of molecules onto SPR sensor 

surfaces that were functionalized with phytoglycogen (PG) nanoparticles.  

In the first project, we extended the work of K. Charlesworth on the binding of the lectin 

concanavalin A (ConA) onto immobilized native PG nanoparticles to evaluate the binding of 

ConA to immobilized size-reduced, acid-hydrolyzed PG nanoparticles. Using a self-assembled 

monolayer of 4-MPBA as an intermediate layer, acid hydrolyzed PG was immobilized to a gold 

SPR sensor surface. When exploring concentrations of ConA ranging over four orders of 

magnitude, the lectin was found to bind preferentially to the substrate in accordance with the 

Langmuir adsorption model. This result is consistent with that observed by K. Charlesworth with 

native PG and suggests that the acid hydrolysis procedure and the physical changes that occur to 

the polysaccharide as a result have no significant effect on the binding of the analyte. For the 

acid-hydrolyzed material, an equilibrium association constant of 𝐾 = 2.31 ± 1.38 ×
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 105 M−1 was determined, which is close to the value of 𝐾 = 2.87 ± 0.44 × 105 M-1 measured 

for the binding of ConA to native PG. 

 In the second project, we investigated improvements in the solubility of ASX in water in 

the presence of PG using several strategies. First, to explore the influence of the relative water 

content, mixtures of ASX in ethanol and PG in water were measured using UV-vis spectroscopy. 

By performing measurements as a function of storage time at 4℃, we determined that the 

presence of PG reduced the relative intensity of the narrow bands caused by larger H-aggregate 

structures in favour of narrow bands caused by smaller aggregates. After 24 h at 4℃ for the 

lowest water content case, the PG maintained the aggregates in solution whereas the solutions 

were unstable in the absence of PG. 

 Emulsification of ASX-PG in water through sonication was also evaluated as method to 

solubilize ASX in the absence of organic solvents. We found visually that the presence of PG did 

not affect the aggregation of ASX: large precipitates were formed and the UV-vis spectra 

revealed that the samples showed no signature of aggregate formation, suggesting that the 

sonication technique was not a viable method to solubilize the carotenoid. 

 Roto-evaporation of mixtures of ASX in ethanol and PG in water was used to remove the 

ethanol. Since mixtures of ASX in ethanol and PG in water showed successful solubilization of 

ASX, we sought to determine whether the dispersions could remain stable once the ethanol had 

been removed. The results showed that the spectra were preserved despite removing the ethanol, 

suggesting that the presence of PG allowed the ASX to retain its aggregate structure in the 

absence of the organic solvent. Through lyophilization and redispersion in water, the powdered 

samples were seen to retain their aggregate structure, validating this strategy for solubilizing 

ASX in water. 

 By looking at the redispersed ASX-PG material after centrifugation, the presence of a 

strong interaction between ASX and PG was confirmed by centrifugation experiments that 

showed a homogeneous, orange, gel-like retentate and a significantly reduced amount of ASX in 
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the supernatant. The UV-vis signal confirmed that H-aggregates were the remaining species in 

the supernatant. The retention of ASX and PG in the homogeneous retentate provided another 

indication of the strong association of ASX and PG. 

 Finally, the interaction between ASX and PG was investigated using surface plasmon 

resonance imaging (SPRi). By first immobilizing PG using an intermediate layer of 4-MPBA, we 

measured the adsorption of ASX-PG complexes onto PG-functionalized sensor surfaces. For 

mixtures of ASX in ethanol and PG in water, permanent changes in reflectivity were observed 

that indicated that binding occurred. In SPRi experiments using the roto-evaporated ASX-PG 

that was lyophilized and redispersed in water, we obtained evidence for binding of ASX-PG 

complexes to the PG-functionalized sensor surface due to the presence of the ASX in the ASX-

PG complexes. 

 In the present study, we identified a strategy in which PG could solubilize ASX in water 

with as little as 60 parts PG to 1 part ASX. This result suggests that PG is an effective 

solubilizing agent for ASX in water.  

5.2 Future Work 

The present work has established that, through the functionalization of the SPRi sensor 

surface with PG, it is possible to quantify the interaction of bioactive molecules such as ASX 

with PG. This suggests the possibility of developing new, general strategies for the evaluation of 

PG as a novel type of bioactive delivery vehicle. For example, it would be interesting to study 

the interaction between PG and other carotenoids. Furthermore, the mass ratios between PG and 

ASX were considered when determining the degree of success of the solubility strategies in 

Chapter 4. To develop upon the findings in this thesis, in-depth studies to find the maximum 

ratio of ASX to PG should be conducted to further optimize the economic potential for the 

solubilization of ASX with PG. Another particularly promising avenue for future research is to 

study the interaction of bioactives with modified PG nanoparticles, e.g., particles that have been 
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modified with respect to charge, hydrophilicity, and hydrolysis using acids or enzymes to change 

its size and density.  
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