The Creation of a Phytoglycogen-Functionalized SPR Sensor Surface and the
Binding of Concanavalin A to Phytoglycogen

by
Kathleen Charlesworth

A Thesis
Presented to
The University of Guelph

In partial fulfillment of the requirements
for the degree of
Master of Science
in
Physics

Guelph, Ontario, Canada
© Kathleen Charlesworth, August, 2019

ABSTRACT
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Phytoglycogen is a glucose polymer that occurs naturally in the form of highly branched,
compact nanoparticles. Because of their tree-like or dendrimeric structure, phytoglycogen
nanoparticles have unique properties, such as a strong interaction with water, which makes them
attractive for use in applications ranging from cosmetics to drug delivery. Many of these
applications rely on the binding of small molecules onto phytoglycogen nanoparticles. Surface
Plasmon Resonance (SPR) is a sensitive experimental technique, based on the resonant absorption
of light within an ultrathin gold film, that can be used to measure the binding kinetics and affinities
of small molecules. We have successfully created a stable phytoglycogen-functionalized gold
surface, using 4-Mercaptophenylboronic Acid as a linker between the gold layer and
phytoglycogen. This has allowed us to use SPR to measure the association constant between
phytoglycogen and Concanavalin A to be 2.87 ± 0.44 × 10* M-1 using the Langmuir adsorption
model fit.
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Chapter 1
Chapter 1 Introduction

In this thesis, I present the results of our study using surface plasmon resonance imaging
(SPRi) to study the binding of a lectin protein, Concanavalin A, to phytoglycogen nanoparticles.

1.1 Phytoglycogen
Phytoglycogen is a natural glucose polymer produced as highly branched, compact
nanoparticles in certain plants such as sweet corn. Due to its tree-like or dendrimeric structure, it
exhibits unique properties such as low viscosity and high stability when suspended in water, and
high water retention [1, 2, 3, 4]. Phytoglycogen is made of glucose monomers that form chains via
an a-(1-4) glycosidic bond. The chains are regularly branched (on average, every 13 monomers
[1]) via a-(1-6) linkages, as shown schematically in Figure 1.1A.

A)
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B)
Figure 1.1: A) Schematic diagram of phytoglycogen, demonstrating the branching of its linear glucose chains.
Adapted from [1]. B) Molecular dynamics simulation of a phytoglycogen molecule. Image courtesy of Nicole Drossis,
Hendrick de Haan, cNab Lab, Ontario Tech University.

Recently, the Dutcher Lab has studied the structure and hydration of phytoglycogen using
a variety of techniques: small angle neutron scattering [1], infrared (IR) spectroscopy [2],
ellipsometry [3], rheology [4], and atomic force microscopy. Small angle neutron scattering
(SANS) was used to determine the particle radius, the hydration of the particles and the
phytoglycogen concentration corresponding to contact between particles [1]. The SANS
measurements resulted in the determination of the particle radius as 17.3 nm [1]. Subsequent
SANS measurements on more monodisperse particles refined the determination of the particle
radius to be 22.4 nm [5]. This value is in agreement with other determinations of the particle radius
using dynamic light scattering (number average particle radius of 22 nm [5]), and atomic force
microscopy (effective spherical particle radius of 22 nm [6]). The recent SANS results are
consistent with the presence of hairy chains on the outer surface of the particles, which is also
consistent with the molecular dynamics simulations of the particles (Figure 1.1B) and rheology
measurements. The rheology measurements indicated a secondary relaxation process that could be
attributed to the presence of hairy chains on the outer surface of the particles [4]. The rheology
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measurements [4] and osmotic pressure measurements [4] indicated the soft, deformable nature of
the particles, with a compressional modulus of 30-100 kPa.
The SANS measurements [1] also allowed the determination of the amount of water sorbed
by the particles when dispersed in water: 250% of its mass in water. Grossutti and Dutcher used
IR spectroscopy to study the ordering of water within phytoglycogen particles [2]. They found that
the water sorbed by the particles forms a well-ordered hydrogen bonding network that is much
more ordered than hyaluronic acid [2], a molecule frequently used in skin care products.
Ellipsometry studies of the swelling of ultrathin films of phytoglycogen as the relative humidity
(RH) was increased revealed the existence of two swelling regimes: a low RH regime swelling
characterized by short range repulsive interactions, and a high RH regime characterized by
hydration forces [3].

1.1.1 Applications of Phytoglycogen
Because it is naturally derived, composed only of glucose, and has a strong association
with water, phytoglycogen has the potential to be used in a variety of applications involving the
human body, including personal care, nutraceuticals, and biomedicine. These applications of
phytoglycogen are being commercialized by our partner company Mirexus Biotechnologies.
Stemming from its strong association with water, phytoglycogen’s ability to absorb and slowly
release water makes it effective in cosmetics as both a moisturizing and skin rejuvenating agent.
Many promising applications of phytoglycogen in nutrition and biomedicine, which have
yet to be exploited, rely on the association of phytoglycogen with small molecules. These
applications include masking undesirable flavours, solubilizing hydrophobic molecules (e.g.
bioactive compounds), and targeting the delivery of drugs and other bioactive molecules. To
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exploit these potential applications, it is important to understand the binding of phytoglycogen
with various bioactive molecules of interest.

1.2 Langmuir Adsorption Model
The Langmuir adsorption model was first proposed by Irving Langmuir in 1918 as a model to
describe gas molecules adsorbing onto simple surfaces in isothermal conditions [7]. It is the
simplest model to describe analytes binding to a surface. Increasing the concentration of analytes
that can adsorb to the surface (adsorbates) will eventually lead to saturation of the surface [8]. The
model is based on three assumptions [9]:
1. Adsorption of the analyte onto the surface cannot exceed monolayer coverage.
2. All potential binding sites on the uniform surface have an equal probability of the analyte
binding to it.
3. The affinity of an analyte molecule to bind to a given binding site is not impeded by the
occupation of an analyte molecule bound to a neighbouring site.
The model can be applied to a range of systems. It was originally derived to describe the gas
pressure dependence of the adsorption of the gas molecules onto a surface [7], but it can also be
used to describe the adsorption of analyte molecules from a solution, pH titrations, the kinetics of
enzymatic reactions, and the transport of molecules through a biological membrane [8].
To derive an expression for the surface coverage q of the analyte molecules, we consider a
solution of analyte molecules X in equilibrium with surface P, to which the analyte molecules can
bind to form a complex PX:
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:

𝑋 + 𝑃 ↔ 𝑃𝑋

(1.1)

where K is the association constant. A large K value implies strong binding between the molecules,
whereas a small value of K implies a weaker association between the molecules. Let [X], [P], and
[PX] be the concentrations of free analyte molecules, free binding sites, and bound complexes
respectively. The association constant is given by
𝐾=

[𝑃𝑋]
.
[𝑋][𝑃]

(1.2)

The surface coverage 𝜃 can be defined as the fraction of binding sites on the surface that are filled
by analyte molecules. Mathematically we can write this as
𝜃=

[𝑃𝑋]
𝑓𝑖𝑙𝑙𝑒𝑑 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠 𝑜𝑛 𝑃
=
.
𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠 𝑜𝑛 𝑃 [𝑃 ] + [𝑃𝑋 ]

(1.3)

Using our definition of K in Equation 1.2, we can solve for [PX] and substitute this expression into
Equation 1.3 to get

𝜃=

𝐾[𝑃][𝑋]
𝐾𝑥
=
,
[𝑃] + 𝐾[𝑃][𝑋 ] 1 + 𝐾𝑥

(1.4)

where x is the concentration of the analyte molecules. The units of the association constant, K,
depend on the units used for the concentrations, but they are typically written as M-1 [8].
The function 𝜃(𝑥) is plotted in Figure 1.2 and it reveals a function that spans several orders
of magnitude of concentration before saturation of the surface is achieved. By plotting the x-axis
on a logarithmic scale, we obtain a sigmoidal or ‘s-shaped’ function that is characteristic of
Langmuir binding (Figure 1.2B).
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A)

𝜃
B)

𝜃
Figure 1.2: A) Plot of a Langmuir isotherm, 𝜃 vs concentration x, corresponding to 𝐾 = 5.0 × 10MN M-1. B) The same
plot as in A with the x-axis on a logarithmic scale. By representing this curve on a linear-log plot, the range of
concentrations spanning the adsorption process can be seen.
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Experimentally, it can be difficult to reach full saturation of the surface. To check if the
data can be described by the Langmuir model, without collecting data at sufficiently high
concentration to reach saturation, Equation 1.4 can be rearranged to
𝑥 1
= +𝑥.
𝜃 𝐾

(1.5)

Plotting x/𝜃 versus x yields a straight line of slope one, with a y-intercept of 1/K.

1.3 4-Mercaptophenylboronic Acid
Many boronic acids form a reversible boronic acid-diol bond with saccharides, causing them
to be referred to as ‘boronlectins’ [10]. 4-Mercaptophenylboronic Acid (MPBA) (Figure 1.3) is a
member of this family of acids. Many studies have been performed over the past decade to improve
the selectivity of boronic acids with specific saccharides, usually glucose. A thorough review of
these sensors was provided by Wu et al. in 2013 [10]. They focused on the ability of boronic acids
to bind multivalently to saccharides, which improves affinity and selectivity. The considerable
interest in boronic acid sensors is due to several factors: they can be more stable than lectin-based
sensors, they have a lower cost, and there is no oxygen dependence of the reaction [10].
Monoboronic acids bind more strongly to fructose than glucose, with association constants
of 4370 M-1 and 110 M-1, respectively, for phenylboronic acid [10]. This indicates a natural
selectivity for fructose. Multiboronic acids are generally used to create sensors that select for
glucose. Wu et al. point out that multiboronic acids are used because many lectins contain multiple
binding sites that can improve their affinity for saccharides. A useful and interesting point made
by Wu et al. is that the use of multiboronic acids in glucose sensors can be replaced by a self-
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assembled group of simple or mono- boronic acids, leading to an association constant that is
comparable to that of the best multiboronic glucose sensors [10].
The interaction between boronic acids and saccharides, the boronic acid-diol interaction,
is dependent on the pH of the system, with a higher pH favouring diol binding. A thorough study
of an MPBA self-assembled monolayer (SAM), performed by Barriet et al. in 2007, examined the
structure, packing density, hydrophilicity and homogeneity of the SAM [11]. They found that, at
basic pH values (pH > 9), the stability of the B - C bonds is lost, and the boron is cleaved from
the molecule [11]. From this pH dependence, Barriet et al. concluded that MPBA exists in the acid
form rather than its anhydride form in aqueous conditions at normal pH values [11]. This means
that the pH must be controlled and monitored when using MPBA in sugar sensing applications.

Figure 1.3: The structure of 4-Mercaptophenylboronic acid. The thiol group at the ‘bottom’ binds covalently to gold,
and the two hydroxyl groups at the ‘top’ bind covalently with glucose for pH < 9.

Barriet et al. also measured the thickness of the MPBA SAM on gold to be ~8Å, using
ellipsometry [11]. The theoretical maximum value of the thickness is 9 Å, assuming the MPBA
molecules are fully extended and perpendicular to the surface. This indicates that MPBA forms a
monolayer on the surface of gold, rather than a multilayer film [11].
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The binding between MPBA and glucose has been studied in various glucose sensor
experiments, with the aim of detecting glucose at concentration levels down to 4-7 mM, as this is
the concentration of glucose in blood [10]. In three recent studies, gold nanoparticles were
functionalized with MPBA for use in glucose [12, 13] and glycoprotein [14] sensors. Other studies
have evaluated the use of layers of MPBA as sensor surfaces for the detection of glucose [15, 16].
These sensors are useful in diabetes research as glucose sensors for blood or urine samples.

1.4 Concanavalin A
Concanavalin A (ConA) is a lectin derived from the jack bean, Canavalia ensiformis (Figure
1.4) and is one of the most studied lectins [17]. It was first isolated and crystallized in 1936 by
Sumner and Howell [18]. They described a method to extract and prepare ConA from the jack
bean, yielding 3 g of ConA from 100 g of finely powdered jack-bean meal, and noted that it could
be stored in saturated sodium chloride at room temperature for several months without a loss in
activity [18]. Sumner and Howell completed the first studies of the binding between ConA and
various starches by testing whether ConA would agglutinate a sample. They found suspensions of
corn, rice and wheat starch were agglutinated by ConA, but arrowroot and potato starches were
not affected [18]. They also noted ConA required metal ions, usually Ca2+ and Mn2+, for activity.
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Figure 1.4: Concanavalin A tetrameric structure, based on crystallographic studies [Wikimedia Commons, accessed
June 24, 2019]. The yellow and white spheres represent the calcium and manganese binding sites, respectively. Each
subunit is displayed in a different colour, to easily demonstrate the tetrameric form of ConA.

The conformation of ConA was first measured by Kalb and Lustig in 1968 [19]. They
found that the molecular weight of ConA increased drastically when the pH of the solution was
increased above a value of 7. ConA in solution at a pH less than 6 exists as dimers whereas, at a
pH above 7, ConA forms tetramers [19].
The 3D crystal structure of ConA and its amino acid sequence were first determined in
1972 by two research groups independently [20, 21]. This was the first time that the amino acid
sequence was determined for a lectin [22]. Analysing an electron density map at a 2 Å resolution,
Edelman et al. concluded that the principal structure consisted of two antiparallel pleated sheets,
also known as b-sheets [20]. Approximately 57% of the amino acids in ConA are involved in the
b-sheeting [21]. The amino acids not in the b-sheets are arranged in regions of random coils [20].
Edelman et al. also probed the saccharide binding site on ConA for the first time: they found that
the site is a deep pocket, approximately 6 Å ´ 7.5 Å ´ 18 Å in dimension. The inner portion of the
site is occupied by hydrophobic amino acids [20, 21]. Hardman and Ainsworth found that the
double ion binding site for Ca2+ and Mn2+ is 23 Å from the carbohydrate binding site [21].
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The carbohydrate binding specificity of ConA has been studied using many experimental
techniques. It has been found that ConA binds D-glucose, D-fructose, and D-mannose [17]. The
a-anomer of D-mannose is the most complementary monosaccharide to the carbohydrate binding
site in ConA [17]. The hydroxyl groups that are most essential to the binding of carbohydrates to
ConA are in the C-3, C-4, and C-6 positions of the D-pyranose ring system (Figure 1.5) [17]. It
has been found that ConA also binds strongly to highly-branched mannose oligosaccharides [17].
The stability of ConA – carbohydrate complexes is due to hydrogen bonding and charge-dipole
interactions [22].

Figure 1.5: D-glucose pyranose ring structure with the carbon atoms numbered. The hydroxyl groups on C-3, C-4,
and C-6 are the most important for the binding of carbohydrates to ConA

The association between ConA and various mono and oligosaccharides has been studied.
ConA preferentially-binds to D-glucose and D-mannose over glycogen, as shown in experiments
using thin films composed of layers of animal glycogen alternating with ConA [23]. The
association constants of D-glucose and D-mannose to ConA were measured to be 0.8 ´ 103 M-1
and 2.2 ´ 103 M-1, respectively [23]. Several Quartz Crystal Microbalance (QCM) studies of ConA
binding to various carbohydrates and glycoproteins have also been performed. Lebed et al. found
that the association constant between carboxypeptidase Y, which contains a mannose chain, and
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ConA was 5.90 ± 0.1 ´ 105 M-1 [24]. In these experiments, they immobilized ConA on the crystal
surface using a linker molecule and flowed carboxypeptidase Y over the ConA-coated surface
[24]. Tan, Xie, and Yao performed a similar QCM study examining the binding between ConA
and animal glycogen [25]. For glycogen immobilized on the gold surface, the introduction of a
ConA solution resulted in binding with association constant of 1.48 ´ 106 M-1. For ConA
immobilized on the gold surface, with the introduction of glycogen, an association constant of 1.26
´ 106 M-1 was measured [25]. These results indicate that the arrangement of the molecules in the
QCM experiments can affect the value of the measured association constant. A subsequent QCM
study of binding between ConA and animal glycogen, with ConA immobilized on the gold surface,
determined the association constant to be 3.93 ± 0.7 ´ 106 M-1. In the same study, they also bound
mannan to immobilized ConA, and they measured an association constant of 3.46 ± 0.22 ´ 105
M-1 [26].
The use of Surface Plasmon Resonance (SPR) is a well-established technique for studying
the interaction between carbohydrates and lectins [27]. Using SPR imaging Smith et al. measured
the binding of ConA to an immobilized mannose surface, obtaining an association constant of 5.6
± 1.7 ´ 106 M-1 [28]. SPR has also been used to study renewable biosensing surfaces, meaning that
it can be rejuvenated, using the reversible interaction between D-glucose and ConA [29].
The binding of ConA to phytoglycogen was first studied in 1962 by Manners and Wright,
in which they measured the association of ConA with 47 different samples of glycogen,
amylopectin, and related polysaccharides [30]. They found that ConA interacted with
phytoglycogen almost as strongly as with animal glycogens. They suggested that these results
indicated a similar structure for animal glycogens and phytoglycogen [30].
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1.5 Scope of Thesis
The purpose of this thesis was to study the binding between phytoglycogen and various
bioactive molecules. This study was performed using a commercial SPR Imaging system (Horiba
OpenPlex SPRi).
In Chapter Two, I explain the theory of Surface Plasmon Resonance and Infrared
Reflection Absorption Spectrum (IRRAS) for the experiments presented in this thesis. In Chapter
Three, I describe the experimental procedures and the data analysis techniques that were used in
this thesis. In Chapter Four, I present and discuss our success in fabricating a phytoglycogenfunctionalized gold film for use in SPR binding studies, as well as the results of SPR imaging
experiments in which we measured the binding of Concanavalin A to phytoglycogen. In Chapter
Five, I summarize the results and suggest further experiments and analysis.
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Chapter 2
Chapter 2 Background

Surface Plasmon Resonance (SPR) is a sensitive experimental technique that can be used to
measure the binding kinetics and affinities of small molecules, based on the resonant absorption
of light within an ultrathin gold film. The SPR technique can be used to monitor and quantify the
adsorption of biological molecules onto the ultrathin gold film through the measurement of
changes in the angle of the minimum reflection from the film. SPR has sufficient sensitivity to
detect sub-monolayer coverage of the biological molecules. This sensitivity makes SPR an ideal
experimental technique for studying the binding between phytoglycogen and various bioactive
molecules.

2.1 Surface Plasmon Resonance (SPR)
Surface Plasmon Resonance (SPR) is a physical phenomenon that occurs when p-polarized
light is directed onto a thin metal film at a specific angle of incidence that allows the transfer of
the momentum of the photons to the free electrons in the film. It was first discovered by Wood in
1902 when he directed polarized light onto diffraction gratings and observed light and dark bands
in the reflected light [31, 32]. The first attempt at a physical interpretation was offered by Lord
Rayleigh in 1907, but it only applied to the result for s-polarized light [33]. Wood [32] and Palmer
[34] found that this phenomenon occurred for p-polarized light as well.
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In the early 1950s, Pines and Bohm published three papers [35-37] examining the
interactions between many electrons in a high density electron gas. They described an organized
or collective behaviour of the whole system, resulting in plasma oscillations, or plasmons.
Kretschmann [38] and Otto [39] provided a thorough description of the surface localized version
of this phenomenon, called surface plasmon resonance (SPR), in 1968 using attenuated total
reflection to excite the surface plasmons.
The basic principle of the experimental technique of SPR is to use light to excite the surface
plasmons in thin metal films, gold being the most common metal used experimentally. The surface
plasmon resonance condition occurs when the free electrons in the gold film collectively oscillate,
and these oscillations are highly sensitive to the media on either side of the gold film. A surface
plasmon is an evanescent wave that extends and decays perpendicular to the surface of a metallic
film. By monitoring the conditions necessary to excite the surface plasmon, one can gain insight
into changes to the gold film or the surrounding media.

Figure 2.1: Diagram of light incident on a planar surface at an angle of incidence of 𝜃O . The light travels from a
dielectric layer (medium 1) into a metal layer (medium 2). 𝜃O can be increased until 𝜃N = 90°, which corresponds to
total internal reflection (TIR).
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To explore the physical description of surface plasmons, we begin by considering a planar
geometry composed of two media (Figure 2.1): on the bottom is a dielectric layer (medium 1), and
on top is a metal layer (medium 2). To begin our discussion, we consider Snell’s Law at the
interface between the two media:
P𝜖O sin 𝜃O = P𝜖N sin 𝜃N ,

(2.1)

where 𝜖 is the dielectric constant of the material, and 𝜖O > 𝜖N . We examine the limit of Snell’s
Law in which the wavevector component parallel to the interface is as large as possible in medium
2, i.e. when 𝜃N = 90°, 𝜃V the critical angle of incidence:
sin 𝜃V =

√ 𝜖N
.
√𝜖O

(2.2)

Beyond this critical angle, light incident from medium 1 onto medium 2 does not propagate into
medium 2, corresponding to Total Internal Reflection (TIR). Light incident at an angle greater than
𝜃V will have more momentum along the 1-2 interface than can be supported by medium 2. In this
case, the oscillating electric field will cause charges in medium 1, including those along the 1-2
interface, to oscillate. These oscillating charges have associated electric fields that decay spatially
perpendicular to the 1-2 interface, known as evanescent waves. The evanescent waves have the
same frequency as the incident light wave, and decay into the gold on the order of the wavelength
of the light [40].
We can use Maxwell’s equations for a nonmagnetic medium to further our understanding
of surface plasmons:
∇∙𝑬=0

(2.3)

∇∙𝑯=0

(2.4)
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𝜕𝑯
𝜕𝑡

(2.5)

𝜕𝑬
.
𝜕𝑡

(2.6)

∇ × 𝑬 = −𝜇

∇×𝑯=𝜀

We choose the incident light to be p-polarized light, such that its electric field has no y-component,
and its magnetic field has no x- or z- components. These fields can be written as [40]
𝑬 = (𝐸` , 0, 𝐸a ) exp{𝑖(𝑘` 𝑥 + 𝑘a 𝑧 − 𝜔𝑡)}

(2.7)

𝑯 = j0, 𝐻l , 0m exp{𝑖(𝑘` 𝑥 + 𝑘a 𝑧 − 𝜔𝑡)}

(2.8)

Substituting the electric field components in Equation 2.7 into Equation 2.3, we obtain:
𝐸` 𝑘` + 𝐸a 𝑘a = 0
𝐸a = −𝐸`

𝑘`
.
𝑘a

(2.9)

(2.10)

We substitute the electric and magnetic field expressions in Equations 2.7 and 2.8 into Equation
2.5:
𝚥̂(𝑖{𝐸` 𝑘a − 𝐸a 𝑘` }) exp{𝑖(𝑘` 𝑥 + 𝑘a 𝑧 − 𝜔𝑡)} = 𝚥̂j𝑖𝜔𝜇𝐻l m exp{𝑖(𝑘` 𝑥 + 𝑘a 𝑧 − 𝜔𝑡)}
𝐸` 𝑘a − 𝐸a 𝑘` = 𝜔𝜇𝐻l .

(2.11)
(2.12)

By substituting Equation 2.10 into Equation 2.12, we obtain:
𝑘` N
𝐸` 𝑘a + 𝐸`
= 𝜔𝜇𝐻l
𝑘a

(2.13)

𝑘` N
q = 𝜔𝜇𝐻l
𝑘a

(2.14)

𝐸` p𝑘a +
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𝑘a N + 𝑘` N
𝐸` p
q = 𝜔𝜇𝐻l
𝑘a

(2.15)

1
𝑘N
𝐻l =
𝐸 p q.
𝜔𝜇 ` 𝑘a

(2.16)

We can substitute the relation 𝑘 N = 𝜔N 𝜇𝜖 into Equation 2.16 to obtain:
𝐻l = 𝐸` r

𝜔𝜖
s.
𝑘a

(2.17)

Using the continuity of the tangential components of the electric and magnetic fields at the
interface between the two media, 𝐻lO = 𝐻lN and 𝐸`O = 𝐸`N , Equation 2.17 can be written as:
r

𝜖O
𝜖N
s=r s .
𝑘aO
𝑘aN

(2.18)

We note that, since the electric field in the x-direction must be continuous across the
interface, then the x component of the wavevector k of the electric field wave must be conserved
as well. This can be expressed as 𝑘` = 𝑘`O = 𝑘`N . We can now use the relations
𝑘t N = 𝑘` N + 𝑘at N

(2.19)

𝑘t N = 𝜖t 𝑘 N ,

(2.20)

where k is the wavevector in vacuum, in Equation 2.18 to obtain:
𝜖O N 𝑘aN N = 𝜖N N 𝑘aO N

(2.21)

𝜖O N j𝑘N N − 𝑘` N m = 𝜖N N j𝑘O N − 𝑘` N m

(2.22)

𝑘` N =

𝜖N N (𝜖O 𝑘 N ) − 𝜖O N (𝜖N 𝑘 N )
𝜖N N − 𝜖O N

(2.23)
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O

𝜖O 𝜖N N
𝑘` = 𝑘 u
v .
𝜖O + 𝜖N

(2.24)

This 𝑘` is the magnitude of the wavevector of the surface plasmon, and it is related to the dielectric
constants of both the dielectric layer (medium 1) and the metal layer (medium 2). For the surface
plasmon to propagate within the film, we require 𝑘` be real. Since 𝜖N < 0 for gold for wavelengths
in the visible spectrum [40], the magnitude of 𝜖N must be larger than 𝜖O , or |𝜖N | > 𝜖O to ensure that
𝑘` is real.
Next, we consider the equation for 𝑘aO . Substituting Equation 2.18 into Equation 2.19 for
i = 2, we obtain an expression for 𝑘aO in terms of 𝑘 and 𝑘` :
𝑘aO =

O
𝜖O
j𝜖N 𝑘 N − 𝑘` N mN .
𝜖N

(2.25)

Again, using the fact that 𝜖N < 0, we can see that 𝑘aO is imaginary, which indicates that 𝑘aN is also
imaginary (Equation 2.18). This means the plasmon is constrained to propagate parallel to the
interface between the two media, i.e. along the x-direction. For this reason, it is called a surface
plasmon.
The maximum 𝑘` value allowed for the surface plasmon in medium 1 is
𝑘` = |𝜖O |𝑘 .

(2.26)

Equation 2.24 for 𝑘` is thus not physically possible in the geometry shown in Figure 2.1 since
O

𝜖O 𝜖N N
y
y > |𝜖O | .
𝜖O + 𝜖N

(2.27)
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This means we cannot excite surface plasmons in the system of a dielectric and metal interface
with light incident from vacuum or air. The wavevector required to excite surface plasmons
(Equation 2.24) is larger than the maximum physically possible wavevector (Equation 2.26).
Experimentally, this issue has been addressed by introducing different geometries to couple
the incident light into the plasmons. I will focus on the Kretschmann-Raether geometry which is
used in the SPR experiments performed in this thesis.
The TIR condition results in an enhancement of the wavevector in the x direction (𝑘` ) of
the evanescent wave that can be supported in medium 2, as specified by the relation 𝑘O (sin 𝜃t −
sin 𝜃V ) [40]. This enhancement can be exploited to couple the incident light into a surface plasmon.
For effective coupling, the 2-3 interface must be close to the total internal reflecting interface
(medium 1 - medium 2), i.e. the metal layer must be quite thin (~ 50 nm thick). Using this
Kretschmann-Raether geometry, the evanescent wave from TIR at the 1-2 interface can excite
surface plasmons at the 2-3 interface. A schematic of the Kretschmann-Raether geometry is
provided in Figure 2.2.

Figure 2.2: Diagram of Kretschmann-Raether experimental geometry used to couple light to surface plasmon
oscillations. Medium 1 is a glass prism, medium 2 is a metal layer, and medium three is fluidic layer where a sample
is studied.
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The Kretschmann-Raether geometry is relatively simple to achieve experimentally, as it is
straightforward to deposit a thin film of gold onto a glass prism, and to ensure that it is smooth
enough to support well-defined surface plasmons. Medium 3 can be a fluid in which an analyte is
flowed to study the binding of the analyte molecules to the 2-3 interface, producing an increase in
the resonance angle. Furthermore, the 2-3 interface can be modified with a self-assembled
monolayer to investigate the binding of the analyte molecules to different surfaces.

2.2 Infrared Reflection Absorption Spectroscopy (IRRAS)
Infrared Spectroscopy (IR) is a common experimental technique that is used to study the
presence and alignment of molecules in thin films through their interaction with infrared light
incident on the sample. The premise of the technique is that characteristic wavelengths of light in
the IR region of the light spectrum are absorbed by specific chemical bonds within the molecules
in the sample. The wavelengths that are absorbed, and the amount of light that is absorbed,
provides information about the molecules in the sample. The spectra provide a graphical
representation of the absorbance of the IR radiation as a function of the wavenumber (cm-1) [41].
IRRAS, a specific type of IR, uses only p-polarized IR light that is directed at the sample
at a large angle of incidence (e.g. 80°), often referred to as grazing incidence [42]. The absorption
of IR light by a sample can be described by Beer’s Law
𝐴 = log

𝑃~
1
= log ,
𝑃
𝑇

(2.28)

where A is the absorbance, P0 is the incident power, P is the transmitted power, and T is the
transmittance [41].
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Every molecule has different characteristic molecular vibrations. When IR light is absorbed
by a molecule, it excites vibrational modes. Some examples of vibrational modes exhibited by
molecules are stretching, rocking, and twisting (Figure 2.3). Not all molecules have vibrational
modes that can absorb IR light; for a vibrational mode to be able to absorb IR radiation, it must
have an oscillating dipole moment [41, 43]. The strength of the absorption depends on the
magnitude of the change of the dipole moment [43].
z
x

y

Figure 2.3: Three examples of vibrational modes of molecules. In stretching, the molecules move back and forth
along the bond lines, in the y-z plane. In rocking, the molecules move side to side, in sync with one another, in the yz plane. In twisting, the molecules twist in the x-y plane. Images adapted from reference [43].

A simple diatomic molecule can be modelled as two masses connected by a spring, which
corresponds to a simple harmonic oscillator. A quantum mechanical analysis of the simple
harmonic oscillator yields energy levels of the form
1
𝐸 = r𝑛 + s ℏ𝜔 ,
2

(2.29)

where E is the energy of the vibration, n is the energy level, and w is the angular frequency of the
oscillator [41, 43]. For IR light to be absorbed by a molecule, the energy of the radiation must
match the difference from the current vibrational energy level of the molecule, to a higher energy
level. This implies that the energy of the light must be a multiple of
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∆𝐸 = ℏ𝜔

(2.30)

to be absorbed by a molecule. This means the absorbed energy is determined by the effective mass
and the stiffness of the ‘spring’ (or bond) that are characteristic of the molecular bond.
The treatment of a diatomic molecule as a quantum simple harmonic oscillator can be
extended and applied to molecules that are complex [44]. In these cases, an effective angular
frequency is calculated, which is related to an effective mass and an effective spring constant.
Despite the simplicity of this theoretical description of the absorption of IR radiation by
molecules, it can be used to illustrate the relationship between the absorbed light energy and the
effective mass and bond strengths of the molecules.
Deconvolution can be performed on IRRAS spectra to pull more quantitative information
from the data. Two deconvolution techniques are generally employed: Fourier self-deconvolution
and fine-structure enhancement. Fine-structure enhancement involves ‘smoothing’ the spectrum
and subtracting this ‘smoothed’ curve from the data. Gaussian distributions are then used to fit the
resulting curve. The wavenumbers that the gaussian distributions are centered around gives
information on what specific structure is contributing to the IR band in the spectrum [54].
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Chapter 3
Chapter 3 Materials, Methods and Analysis

In a Horiba OpenPlex SPRi experiment, the binding affinity and kinetics of small
molecules to the SPR sensor surface is measured. Specific interactions between two types of
molecules can be probed by functionalizing the SPR sensor surface with one type of molecule and
flowing the second type of molecule across the sensor surface. We are interested in measuring the
binding kinetics and affinity for biomolecules such as proteins with phytoglycogen nanoparticles.
As a first step towards achieving this goal, we needed to functionalize the gold SPR sensor surface
with phytoglycogen nanoparticles. This required immobilizing the phytoglycogen nanoparticles
onto the gold surface such that the functionalized surface was stable when exposed to a liquid
environment.
In this chapter, I describe two different strategies that we used to fabricate phytoglycogenfunctionalized SPR sensor surfaces. Both strategies were based on using molecules that formed a
self-assembled monolayer (SAM) on the gold surface, which then interacted strongly with the
phytoglycogen nanoparticles, creating a phytoglycogen/SAM/gold film geometry. The first
strategy, which used thioglucose as the SAM, did not work, but the second strategy, using 4mercaptophenylboronic acid (MPBA) as the SAM, was successful.
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3.1 SPRi Experimental Set Up
The Horiba Openplex SPRi system consists of many optical components, as seen in Figure
3.1A). The light source provides a laser beam with a wavelength of 810 nm. The polarizer can be
set to achieve either p-polarized light (P1) or s-polarized light (P2) on the sample, through the use
of a simple switch on the side of the machine. A mirror allows the angle of incidence (the angle
between the incident light and the sample normal) to be adjusted through the computer software.
The first optical system collimates the light on the prism. A CCD camera is used to collect images
that are viewed on the computer monitor [50].

A)

B)

Figure 3.1: Diagrams of A) the SPRi optical set up, adopted from the Horiba OpenPlex User Manual L4.1 [50] and
B) the SPRi film and flow cell geometry. Injections of the molecule of interest can be injected into the flow cell to
interact with the sensor surface.

The Horiba software is used to measure and display the data using the external incident
angle (𝜃‚ ) (Figure 3.1B). For the analysis of the data, the external angle provided by the Horiba
software was used to calculate the internal angle of incidence (𝜃t ), using the relation:
𝜃t = cos MO r

sin 𝜃‚
s.
1.72

(3.1)
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The Horiba OpenPlex SPRi system was turned on 2 h before the start of each SPRi
experiment to achieve stabilization of the laser and electrical components. 15 mL of Milli-Q water
was flowed through the system at a rate of 500 µL/min to hydrate the system. The injection port
was also flushed with three injections of 1 mL of Milli-Q water to hydrate the injection tubing.
Following this procedure, 10 mL of the chosen running buffer for the experiment was flowed
through the system at a rate of 500 µL/min.
With the system tubing filled with running buffer, the bottom surface of the experimental
gold slide was placed on a Horiba SPRi glass prism using 2.48 µL of index matching oil between
the two glass surfaces. The prism-slide combination was then placed in the SPRi flow cell, with
the gold surface exposed to liquid, and the running buffer was flowed over the sensor surface at a
rate of 50 µL/min. The surface was monitored using the ‘Live Video’ feature in the Horiba
software. After the film surface was observed to be free from air bubbles, 100 images of the film
surface were collected within a range of external angles of 58.5o < 𝜃t < 62o (for both the P1 (laser
directed through a p-polarizer) and P2 (laser directed through a s-polarizer) configurations.
We selected one of the P1 images as the base image corresponding to a value 𝜃t that was
close to that corresponding to the minimum reflectivity at the SPR condition (SPR angle), usually
about 0.5°-0.7° (corresponding to 5-7 photos) less than the SPR angle. This choice of 𝜃‚ resulted
in high contrast between the features present in the image. On the base image, 10-20 circular ROIs
(500 µm in diameter) were selected for monitoring during the SPRi experiment, an example of
which is shown in Figure 3.2A). The SPR curve (𝑅 versus 𝜃‚ ) (Figure 3.2B)), was measured for
each of the ROIs, and the derivative 𝑑𝑅 ⁄𝑑𝜃‚ was calculated using finite differences (Figure
3.2C)). The working angle for the experiment, which is the angle of incident light the whole
experiment is performed at, was selected as the value of 𝜃‚ corresponding to the largest value of
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𝑑𝑅⁄𝑑𝜃‚ , to achieve the highest sensitivity to changes in 𝑅. R is the ratio of the reflected light
intensity to the incident light intensity, during the SPRi experiment.
A)

B)

C)

Figure 3.2: A) An example of the SPRi base image, with the selected ROIs indicated by red circles. This base image
was number 50 of the 100 p-polarized images collected. The calculated working angle for this film was 𝜃‚ = 59.83°
(which corresponds to 𝜃t = 59.65°). The ROIs are 500 µm in diameter. B) An example SPR curve of reflectivity vs.
angle of incidence and C) the corresponding calculated slope curve, with the chosen working angle of 𝜃t = 59.65°
indicated by the red dashed line. This working angle is chosen to be the point with the highest slope, so it is most
sensitive to changes as the SPR minima shifts.

An SPRi experiment consists of monitoring the change in reflectivity R over time as
injections of a molecule are introduced into the system. An increase in the reflectivity would
correspond to binding of the injected molecule to the sensor surface. A significant decrease in R
would correspond to something detaching from the film surface.

28

3.2 Fabrication of Phytoglycogen-Functionalized SPR Sensor
Surfaces
3.2.1 Thioglucose
A gold SPRi slide from Horiba Scientific, consisting of a high index of refraction (n = 1.72
@ 𝜆 = 810 nm) SF10 glass slide coated with a 50 nm thick gold film, was incubated in a solution
of 0.4 mg/mL 1-thio-D-glucose (thioglucose; purchased from Sigma Aldrich (part number 1059329-0)) in methanol for 24 h to allow a monolayer to self-assemble on the gold surface. The slide
was then removed from the solution and rinsed with methanol and Milli-Q water. Thioglucose was
chosen as the SAM because of previous success in immobilizing cellulose microfibrils on
thioglucose/gold surfaces [45-49].
A thin layer of phytoglycogen nanoparticles was then deposited onto the thioglucose/gold
slide using spin coating. The surface of the slide was covered with a 4% w/w solution of
phytoglycogen in Milli-Q water that was filtered using a 0.22 µm filter. The film was then spun at
a speed of 3000 rpm for 180 s to create a thin film of phytoglycogen on top of the thioglucose.
The phytoglycogen/thioglucose/gold slide was placed in the flow cell of the Horiba
OpenPlex SPRi system. Using the Horiba operating software SPRiView L4.1.2, four regions of
interest (ROIs) were manually selected on the film, and a working angle of 60.07º was calculated
by the Horiba software. This working angle corresponds to the angle with the largest slope on the
surface plasmon curve measured by the Horiba system. The SPR reflectivity 𝑅, which is the ratio
of the reflected light intensity to the incident light intensity, was monitored on the four ROIs as
Milli-Q water was flowed over the film for 15 min at a rate of 50 µL/min. A significant decrease
in 𝑅 would correspond to phytoglycogen nanoparticles detaching from the film surface. Infrared
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Reflection Absorption Spectroscopy (IRRAS) of the phytoglycogen/thioglucose/gold slide was
used to detect the presence of phytoglycogen nanoparticles before and after it was exposed to the
flow of water in the SPRi system.

3.2.2 4-Mercaptophenylboronic Acid
A gold SPRi slide from Horiba Scientific, with a thickness of 50 nm, was incubated in a
solution of 0.4 mg/mL 4-Mercaptophenylboronic Acid (MPBA), purchased from TCI America
(part number 237429-33-3), in methanol for 24 h. This allowed a self-assembled monolayer of
MPBA to form on the gold surface. The gold slide was rinsed with methanol and Milli-Q water
after being removed from the MPBA solution. MPBA was chosen as the SAM for two main
reasons: it has a thiol group that binds covalently to the gold [11], and boronic acid moieties that
have been shown to bind strongly to various carbohydrates including glucose [10, 12].
A solution of 4% w/w phytoglycogen in Milli-Q water was prepared and filtered using a
0.22 µm filter. The pH of the phytoglycogen solution was adjusted to 8.03 ± 0.3, measured using
a Denver Instrument UltraBASIC-10 pH meter to monitor the pH of the solution, with the addition
of 0.1M HCl to reach the desired value. We chose the value of pH for incubation to be around 8.0
because a more basic pH promotes binding between glucose and MPBA, but a pH above 9.0 has
been shown to destroy the B-C bond [11]. The MPBA/gold slide was then incubated in the
phytoglycogen solution for 24 h, to allow the phytoglycogen to bind to the MPBA surface of the
MPBA/gold slide, forming a phytoglycogen/MPBA/gold slide.
The phytoglycogen/MPBA/gold slide was placed in the flow cell of the SPRi system. Six
ROIs (~ 500 µm in diameter) were selected on the film, and a working angle of qe = 59.78º was
calculated by the Horiba software. The SPR reflectivity 𝑅 was monitored on the four ROIs as
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Milli-Q water was flowed over the film for 20 min at a rate of 50 µL/min. A significant decrease
in 𝑅 would correspond to phytoglycogen nanoparticles detaching from the film surface. Infrared
Reflection Absorption Spectroscopy (IRRAS) of the phytoglycogen/MPBA/gold slide was used
to detect the presence of phytoglycogen nanoparticles before and after it was exposed to the flow
of water in the SPRi system.

3.3 Concanavalin A SPRi Experimental Procedure
3.3.1 Preparation of TBS Buffer and Concanavalin A Solutions
A 1 L stock solution Tris Buffered Saline (TBS) was prepared, adjusted to a pH of 8.5,
measured using the Denver Instrument UltraBASIC-10 pH meter, with the addition of 0.1M HCl,
and stored at 20 ºC. Immediately before each SPRi experiment, equal volumes of TBS solution
and Milli-Q water were mixed, producing a 1X TBS buffer solution, and the pH was adjusted to
7.62 ± 0.02, measured using the Denver Instrument UltraBASIC-10 pH meter, with the addition
of 0.1M HCl to reach the desired pH.
Concanavalin A (ConA) was purchased from Sigma Aldrich (part number 11028-71-0
L7647) and stored at -20 ºC. ConA solutions were prepared by adding a small amount of ConA to
a small volume of the 1X TBS buffer solution. For example, to prepare a solution with a
concentration of 550 µg/mL, 5.5 mg of ConA was added to 10 mL of the 1X TBS buffer. Serial
dilutions were performed using the 1X TBS buffer solution to achieve smaller concentrations. The
1X TBS buffer solution was also used as the buffer that was flowed through the tubing of the SPRi
system during the experiment, also known as the running buffer.
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3.3.2 SPRi Experiments of ConA Binding
In the SPRi experiments, the set up described in section 3.1 was followed. The values of 𝑅
for the chosen ROIs were collected for 30 min to establish a stable baseline for the subsequent
ConA solution injection experiments. During this time, the ConA solution was prepared following
the procedure described in section 3.3.1.
Each SPRi experiment consisted of a series of injections of ConA solutions of a certain
concentration, separated by rinses with the 1X TBS buffer solution. At the beginning of each SPRi
experiment, 1 mL of the ConA solution was rinsed through the unopened injection lines to displace
the Milli-Q water and hydrate the tubing with the ConA solution. As is shown in Figure 3.3, when
the injection port is closed, any injection will fill the sample loop, then be directed to the waste
stream. Then, an additional 0.5 mL of ConA solution was injected into the unopened injection
lines. With the 1X TBS buffer solution (running buffer) flowing across the phytoglycogenfunctionalized film surface, the injection port (Figure 3.3) was opened to allow the ConA solution
to also flow over the phytoglycogen-functionalized sensor surface at a flow rate of 50 µL/min for
240 s. When the injection port is opened, the liquid in the sample loop will be injected into the
SPRi system, in line with the liquid from the pump. The injection port was then closed, and the
running buffer was flowed through the flow cell at a rate of 50 µL/min for 56 min. The cycle of
ConA injection for 240 s followed by rinsing with the running buffer for 56 min was then repeated
either three or four times for each ConA solution concentration.
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Sample loop

Sample loop

Figure 3.3: The injection mechanism in the Horiba OpenPlex SPRi system [50]. This is a similar injection mechanism
as used in HPLC systems and ensures the injected sample is introduced at the same flow rate as the running buffer,
and with no introduction of air bubbles. The sample is loaded in the load position, and any excess is directed into the
waste. When the mechanism is switched to the inject position, the sample loop is put in line with the running buffer
from the pump.

At the end of each SPRi experiment, the flow of the running buffer was stopped, and the
ConA/phytoglycogen/MPBA/gold slide was removed from the SPRi system. The SPRi flow cell
was cleaned as specified in the instructions in the Horiba OpenPlex SPRi manual. The
ConA/phytoglycogen/MPBA/gold film surface was rinsed with Milli-Q and dried with dry N2, and
the glass prism was cleaned with Milli-Q water and methanol, and dried with dry N2.

3.3.3 Confirmation of Binding of ConA Using IRRAS
After the SPRi experiment was completed, an IRRAS spectrum was collected for the
ConA/phytoglycogen/MPBA/gold film. For comparison, IRRAS spectra were also collected for
ConA adsorbed onto a MPBA/gold film, and ConA adsorbed onto a gold film. An Attenuated
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Total Reflection (ATR) spectrum was also collected on a sample of ConA powder. ATR is a
experimental technique commonly used in combination with IR spectroscopy.
We applied the deconvolution technique of Fine Structure Enhancement to the amide I
band in the spectra to quantify the conformation of the ConA molecules, since the amide I band
shape provides information about the secondary structure of the proteins. The amide I band was
fit with six gaussian distributions. The gaussian distribution centered around 1633 cm-1
corresponds to the amount of b-sheet structure present [54]. The other five gaussian curves
correspond to a-helix structure present as well as disordered secondary structure [54].

3.4 Gold Sputter Coated Glass Slides
We produced in-house sputter deposited gold films for use in the SPRi since this was more
convenient and cost effective than using gold slides from Horiba. We stripped the gold and
underlying titanium adhesion layers from the previously-used Horiba slides using the following
procedure. We used 4 mL of aqua regia [51] to strip the gold from the surface of the slides, and
then the slides were placed in a hot acid bath of 70% sulfuric acid (H2SO4) and 30% nitric acid
(HNO3) to remove the underlying titanium layer. The slides were then dried using dry N2 and
stored in a dry container until sputter deposition was performed.
To prepare the in-house gold sputter coated glass slides, we used the sputter deposition
instrumentation in the Electrochemical Technology Centre at the University of Guelph with the
assistance of Dr. Grzegorz Szymanski. The deposition system was a K.J. Lasker AXXIS with DC
Torus 3-inch magnetron guns. The argon pressure of the system was set to 3 mTorr, and the
rotation during deposition was 5 turns per minute. The titanium deposition rate was 0.5 Å/sec, and

34
the gold deposition rate was 1.0 Å/sec. The deposition sample holder could accommodate 14
substrates. A thin titanium layer (nominal thickness of 4 nm) was deposited first, and then a thicker
gold layer (nominal thickness of 45-50 nm) was deposited [46].
After the titanium and gold layers were deposited, a custom-built, single wavelength,
nulling ellipsometer was used to measure the thickness of the deposited films. A MATLAB
program written by Connie Roth was used to calculate the thickness of the top layer in a 3-layer
model consisting of gold/titanium/glass. One of the gold slides from each deposition batch was
measured using SPRi (reflectivity versus angle of incidence; SPR curve) and the results were
compared to the SPR curves measured on the Horiba gold slides.
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Chapter 4
Chapter 4 Results and Discussion

In the present chapter, I discuss the results from the two strategies used to create a
phytoglycogen-functionalized gold film for SPR experiments. The first attempt to create a sensor,
using thioglucose, was unsuccessful when subjected to the SPRi experimental flow conditions.
The second attempt, using MPBA, was successful. We used SPRi flow tests, IRRAS, and AFM
imaging to confirm that phytoglycogen was strongly bound to MPBA, such that SPR adsorption
experiments could be performed under continuous flow conditions.
I also describe the results of our first experiments using the phytoglycogen-functionalized
SPR sensor we created to measure the binding of Concanavalin A, a lectin derived from the jack
bean. This lectin was chosen as our first test case because it is well known to bind to saccharides
[17, 52].

4.1 Phytoglycogen-Functionalized Film Fabrication
4.1.1 Thioglucose
1-thio-D-glucose (thioglucose; purchased from Sigma Aldrich (part number 10593-29-0))
was chosen as the first attempt for a linker molecule between gold and phytoglycogen due to
previous success using thioglucose for anchoring cellulose microfibrils to a gold substrate for use
in SPR and AFM experiments [45-49].
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Figure 4.1: Change in in reflectivity DR versus time of a phytoglycogen/thioglucose/gold film, at a working angle of
𝜃‚ = 60.07°, from the SPRi flow test to test the stability of the phytoglycogen/thioglucose/gold film under SPRi
experimental flow conditions. The large decrease in reflectivity is interpreted as phytoglycogen leaving the
thioglucose/gold surface.

The reflectivity versus time for the phytoglycogen/thioglucose/gold SPRi slide is shown in
Figure 4.1. Initially, the flow rate was set to 50 µL/min, and a large decrease of -1.5% in the
reflectivity (R) was observed after one minute. The flow was completely stopped, and a slight
increase in R was observed, up to -0.6% (which corresponds to an increase of 0.9%). The flow was
started again and a further large decrease in R was observed. After 21 min of flow, the rate of the
decrease in the reflectivity with time was decreasing, so the flow rate was increased to 100 µL/min
to further perturb the system. A further large step down in reflectivity was observed, so the flow
rate was again increased to 200 µL/min. After another increase in the flow rate to 300 µL/min, the
reflectivity approached a stable value of -4.1%.
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As discussed in Chapter 2, a negative change in reflectivity corresponds to a shift in the
SPR angle to a lower angle, which is indicative of molecules leaving the gold surface. Therefore,
we interpreted the large decrease in reflectivity as phytoglycogen leaving the thioglucose/gold
surface. We interpreted the slight increase in reflectivity when the flow was paused, between 1 and
4.8 min during the experiment, as phytoglycogen interacting with the thioglucose layer. However,
the interaction was not strong enough to keep the phytoglycogen on the surface, even under the
lowest flow conditions of 50 µL/min. The equilibrium reached after 35 min of the experiment
likely corresponded to no phytoglycogen present on the thioglucose/gold layer, with all the free
phytoglycogen rinsed out of the flow system.

Figure 4.2: IRRAS of phytoglycogen/thioglucose/gold film before (black) and after (red) the SPRi flow test
experiment. The lack of the three peaks between 1200 and 950 cm-1 on the red curve indicates there is no
phytoglycogen left on the thioglucose/gold film after the flow test. Using thioglucose as a linker molecule did not
stably bind phytoglycogen to the sensor surface.
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To confirm these results, IRRAS was performed on the phytoglycogen/thioglucose/gold
slide before and after the SPRi flow test experiment (Figure 4.2).
The three peaks between 1200 and 950 cm-1 present in the IRRAS spectrum for the slide
before the SPRi flow experiment are characteristic of phytoglycogen. The absence of these three
peaks in the IRRAS spectrum of the film after the SPRi flow test indicates that phytoglycogen is
no longer present on the surface. This means that a stable film of phytoglycogen was not achieved
on the gold surface using thioglucose as the linker molecule.

4.1.2 4-Mercaptophenylboronic Acid
A second molecule was chosen as a potential linker molecule: 4-mercaptophenylboronic
Acid (MBPA). MBPA (Figure 1.3) was chosen for two reasons: it has a thiol group that bonds
covalently to the gold surface, and it has a boronic acid group that could form a covalent bond with
the hydroxyl groups in phytoglycogen [10]. As discussed in Chapter 1, it has been shown that
MPBA binds to various monosaccharides and disaccharides, making it a promising candidate for
binding to phytoglycogen.
The MPBA/gold film was incubated in a phytoglycogen solution for 24 h. The film was
then rinsed with water to remove any excess material on the surface and then an IRRAS spectrum
of the film was collected (black curve in Figure 4.3). Peaks characteristic of phytoglycogen were
observed, indicating that a layer of phytoglycogen was formed on top of the gold surface using
MPBA as a linker molecule by simply incubating the slide in a solution of phytoglycogen. A pH
of 8.0 was chosen for the incubation, following the procedure of Wu et al. [10]. Wu et al. found
that the boronic acid layer was not stable above a pH of 9.
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Figure 4.3: IRRAS of phytoglycogen/MPBA/gold incubated film, before an SPRi flow test (black) and after the SPRi
flow test (red). The presence of the three peaks between 1200 and 950 cm-1 on the red curve indicates there is
phytoglycogen left on the MPBA/gold film after the flow test. Using MPBA as a linker molecule stably bound
phytoglycogen to the sensor surface.

Figure 4.4: The average of all chosen ROIs surface plasmon curve of a gold film (blue), and of a
phytoglycogen/MPBA/gold incubated film (red). The SPR minima shifted to a higher angle on incidence with the
addition of MPBA and phytoglycogen, as expected.
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The next step was to determine if phytoglycogen had formed a stable layer under flow
conditions. We placed the phytoglycogen/MPBA/gold film in the SPRi to measure the surface
plasmon curve, shown in Figure 4.4, and also to perform an SPRi experiment. In Figure 4.4, we
show the surface plasmon curves for a bare gold film and the phytoglycogen/MPBA/gold film.
The average surface plasmon resonance for the ROIs was shifted to a higher angle of incidence for
the phytoglycogen/MPBA/gold film, 59.85°, compared to the value of 59.64° measured for bare
gold. The minimum in the reflectivity also increased from 9.54% for the bare gold to 11.33% for
the phytoglycogen/MPBA/gold film. The base SPR image with the ROIs identified is shown in
Figure 4.5.

Figure 4.5: Base SPR image of the phytoglycogen/MPBA/gold incubated film, with the ten regions of interest (ROIs)
identified by red circles with a diameter of 500µm.

For the SPRi flow test, the flow was set to 50 µL/min and the reflectivity was monitored
with time. A slight decrease of -0.091% in R was observed (Figure 4.6) over 10 min, corresponding
to a rate of -0.0091%/min of flow. This value is much smaller than the result measured for the
phytoglycogen/thioglucose/gold film of -2.72% over the same period of time. Qualitatively, the
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decrease observed for the phytoglycogen/thioglucose/gold curve asymptotically approaches an
equilibrium value, whereas the phytoglycogen/MPBA/gold curve is a small linear decrease with
time. We can attribute such a small linear decrease in R in the phytoglycogen/MPBA/gold curve
as a drift due to environmental influences, such as a small change in temperature. This result
demonstrates that phytoglycogen bound to MPBA forms a stable layer under flow conditions in
the SPRi system.
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Figure 4.6: Change in Reflectivity DR with time for a phytoglycogen/thioglucose/gold film (blue) and a
phytoglycogen/MPBA/gold film (red). The red curve steadily decreases to 0.1% over the ten minutes whereas the blue
curve shows a more drastic decrease of 2.72% over the same amount of time. The large decrease in the reflectivity
seen in the blue curve is interpreted as phytoglycogen leaving the thioglucose/gold surface.

A second IRRAS spectrum (red curve in Figure 4.3), showing the three peaks between
1200 – 900 cm-1, confirms the presence of phytoglycogen on the MPBA/gold film after flow within
the SPRi experimental set up. After obtaining these promising IRRAS and SPRi results, we
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collected an atomic force microscopy (AFM) image of the phytoglycogen/MPBA/gold surface, to
visualize the top layer (Figure 4.7). The individual phytoglycogen particles can be seen in the
image as indicated by the red circle in Figure 4.7B).
A)

B)

Figure 4.7: A) A 5µm by 5µm AFM image of one of our phytoglycogen/MPBA/gold films. The gold film was not
annealed before the MPBA and phytoglycogen layers were added, so some variation in the height may be due to
roughness in the underlying gold layer. B) Expanded view corresponding to the red square in part A). The red circle
indicates one phytoglycogen particle.

After demonstrating that we could successfully create a phytoglycogen-functionalized
film on a gold substrate for use in SPRi experiments that remains stable under flow conditions,
we performed measurements of the binding kinetics of phytoglycogen to MPBA. We performed
SPRi experiments at two concentrations: 0.1% w/w and 0.01% w/w phytoglycogen in Milli-Q
water (Figure 4.8).
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Figure 4.8: Average change in reflectivity DR of the ROIs with time of two experiments performing injections of
0.1% w/w phytoglycogen (blue) and 0.01% w/w phytoglycogen (red) over an MPBA/gold sensor. These are
representative of the kinetic curves measured in our SPRi experiments. The injection (I) and rinse (R) periods are
indicated.

To analyze the results shown in Figure 4.8, we determined the times for which the injection
valve was open, and the corresponding changes in reflectivity R. These data sets are shown in
Figure 4.9 together with curves calculated as the best fits to a first-order kinetics model of the form
ˆ‰

𝑅 = 𝑎 + 𝑏 ‡1 − 𝑒 Š ‹ .

(4.1)

We found that the first-order kinetics model fit both data sets very well, indicating that only one
type of binding site, between MPBA and phytoglycogen, is present on the surface.

44

Figure 4.9: Change in reflectivity R vs total injection time for the data sets corresponding to injections of the 0.1%
(blue) and 0.01% w/w (red) concentrations of phytoglycogen dispersions onto MPBA/gold surfaces.

The best-fit constants for the first order kinetics model for the experiments performed are
shown in Table 4.1. We note that the time constant, t, decreased significantly as the concentration
was increased, as expected.
Table 4.1: Best-fit constants for the first order kinetics model of phytoglycogen binding to MPBA/gold experiments.
Concentration (w/w)

a

b

t (min-1)

0.1%

0.0019

5.83

2.13

0.01%

0.028

2.66

7.67

These experiments of phytoglycogen binding to MPBA/gold films is another confirmation
that phytoglycogen does bind to MPBA and the resulting film is stable under SPRi flow conditions.
They help to confirm our phytoglycogen-functionalized film is ready for further experiments
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studying the binding between phytoglycogen and various bioactive molecules, as a SPR sensor
surface.

4.2 Concanavalin A Binding to Phytoglycogen
4.2.1 SPRi Results
Seven SPRi experiments were performed to study the binding of Concanavalin A (ConA)
to phytoglycogen-functionalized films, at ConA concentrations of 5000 µg/mL, 550 µg/mL, 200
µg/mL, 65 µg/mL, 24 µg/mL, 21 µg/mL, and 6.1 µg/mL. 5000 µg/mL was chosen as the largest
concentration because 90% of the maximum change in reflectivity was reached after the first
injection.
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Figure 4.10: Change in reflectivity DR vs time for the injection of the 200 µg/mL concentration of ConA over
phytoglycogen/MPBA/gold. The injection (I) and rinse (R) periods are indicated. The flow rate of the running buffer
was 50 µL/min and the injected volume of ConA was 200 µL.
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In Figure 4.10, we show an example of the raw kinetic data, as collected by the Horiba
software. In the first 30 min of the experiment, there is a small downward drift in the data. Our
analysis consisted of three steps:
1. The data corresponding to the decrease in the change in reflectivity, ∆𝑅, following the first
injection (the rinse from the first injection) was fit to an exponential function of the form:
Œ

∆𝑅 = 𝑎𝑒 M• + ∆𝑅tŽ• + 𝛼𝑡 .

(4.2)

where a, t and DRinj are fitting parameters, and t is the rinse time. DRinj corresponds to the
permanent change in reflectivity due to ConA binding to phytoglycogen. A linear drift term

at was included to account for a small constant drift in DR with time t. Only data from the
first injection is used in our analysis.
2. For each of the ConA concentrations, the first injection data (DRinj) was normalized by the
maximum change in reflectivity (DRmax). This permanent change in reflectivity after the
first injection (DRinj) corresponds to the number of binding sites on the phytoglycogen film
occupied by ConA. The maximum change in reflectivity (DRmax) corresponds to the
maximum number of binding sites available. This normalization step gives us the fractional
surface coverage (q).
3. The ConA concentration dependence of the normalized first injection data points (the
fractional surface coverage, q) were fit to the Langmuir Adsorption model (Equation 1.4),
and a best-fit association constant K was obtained from the fit.
The values of the permanent change in reflectivity, DRinj, reached after the first injection
for each concentration are listed in Table 4.2. As expected, DRinj increased as the concentration of
the injected sample increased.
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Figure 4.11: An example of the data used to fit the decay of the change in reflectivity during the initial ‘rinse’ phase
using Equation 4.2. This data set and fit correspond to the 200 µg/mL experiment.
Table 4.2: Best-fit constants for exponential fit to data obtained on first rinse cycles in ConA experiments.

Concentration (µg/mL)
6.1

DRinj (%)
1.35

Linear drift (%/min)
-0.013

Time Constant t (min)
31.1

21

1.88

+0.021

22.1

24

2.03

-0.0062

21.1

65

3.51

-0.018

18.1

200

6.95

-0.015

15.5

550

12.1

-0.013

13.1

5000

18.2

-0.014

11.9
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A)

B)

Figure 4.12: A) Fractional surface coverage 𝜃 versus ConA concentration for adsorption of ConA on
phytoglycogen/MPBA/gold. The solid black line was calculated using the best-fit parameters obtained by fitting the
data to the Langmuir adsorption model (Equation 1.4). B) Plot of the time constants of the first rinse cycle for each
concentration of injection versus concentration.
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To calculate the best-fit value of the association constant K, we fit the data shown in Figure
4.12 to the Langmuir adsorption model (Equation 1.4) to obtain the best-fit value of the maximum
change in reflectivity R ’“` = 18.62%, which is our normalization factor, and of 𝐴 = 0.00261 ±
•– MO

0.00040 ‡ —˜ ‹ , which is the value of our association constant in mL/µg. We used this best-fit
value of A to calculate the best-fit value of the association constant K in M-1:
mL
µg
L
g
𝐾(M MO ) = 𝐴 r s × 10• r s × 10Mž r s × 𝑀 ‡
‹
µg
g
mL
mol

(4.3)

where the molecular weight, Mw, of ConA is 110 kDa. This yielded a best-fit value of 𝐾 = 2.87 ±
0.44 × 10* M MO .
Other studies have reported values of the association constant between ConA and mannose
[28], mannan [26, 53] and animal glycogen [25, 26]. Smith et al. studied the interaction between
mannose and ConA using SPRi and found an association constant of 5.6 ± 1.7 × 10• M-1 [28].
They immobilized mannose on the surface of the gold slide by modifying the carbohydrate with a
disulfide linkage. This experimental geometry is similar to that of our experiment as we also
immobilized the carbohydrate (phytoglycogen) on the gold surface using MPBA as a linker
molecule. However, we did not modify phytoglycogen as they modified mannose. We followed a
similar experimental procedure to Smith et al. and performed our measurements at the same pH of
7.6. We constructed adsorption isotherms too, however they used the Frumkin isotherm theory to
fit their data [28], whereas we used the Langmuir isotherm fit. The Frumkin adsorption theory
reduces to the Langmuir adsorption theory when there is zero interaction between the analyte
molecules adsorbed to the surface [28].
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The interaction between yeast-mannan, a polysaccharide composed of mannose, and ConA
was studied by Pei et al. using a Quartz Crystal Microbalance (QCM) [53]. They found a
dissociation constant of 0.4 × 10M• M for the interaction, which corresponds to an association
constant of 2.5 × 10• M-1 [53]. They also immobilized the carbohydrate on the surface and flowed
ConA into the system to study the interaction, similar to our experimental geometry and that of
Smith et al. Pei et al. performed their experiments at a pH of 7.4, at a flow rate of 50 µL/min,
which is the same flow rate that we used in our experiments. They used a Langmuir adsorption
model to fit their data to obtain the best-fit value of the dissociation constant.
Coulibaly et al. also performed a QCM study on the interaction between ConA and mannan
(not yeast mannan), and found an association constant of 3.44 ± 0.22 × 10* M-1 [26]. However,
there was a major difference between their experiments and those discussed thus far, since they
immobilized the ConA on the surface and flowed the carbohydrate into the system. They used a
flow rate of 50 µL/min, which is the same rate that we used in our experiments. They immobilized
ConA on the crystal using a linker molecule, MUA. Coulibaly et al. fit their data with a Langmuir
adsorption model [26].
The studies by Smith et al., Pei et al., and Coulibaly et al. found a larger association
constant between mannose and ConA, and yeast mannan and ConA, than the association constant
that we measured between phytoglycogen and ConA. This is not surprising as it is well known that
ConA preferentially binds to the manno-configuration than the gluco-configuration [17, 52] and
helps to explain the larger value of the association constant determined by Smith et al., using a
similar SPR experiment to ours with the carbohydrate immobilized and ConA flowed into the
system. This also applies to polysaccharides of each saccharide – ConA has a higher affinity for
mannose polysaccharides than glucose polysaccharides [17].
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Coulibaly et al. also studied the association constant between ConA and animal glycogen
(with a molecular weight that was significantly less than the phytoglycogen used in the present
study) using the same experimental set up [26]. They found an association constant of 3.93 ±
0.7 × 10• M-1. As with their study of the ConA-mannan interaction, ConA was immobilized on
the surface, and the glycogen was flowed into the system [26]. This is different from our
experimental set up of having the carbohydrate immobilized and flowing ConA into the system. It
has been shown that different association values can be obtained depending on whether the
carbohydrate or the lectin is immobilized [26]. This means that it is difficult to compare directly
the association constants measured by Coulibaly et al. and in the present study.
Tan et al. studied the interaction between ConA and animal glycogen using electrochemical
piezoelectric quartz crystal impedance, with the carbohydrate immobilized on the gold electrodes
[25]. They found an association constant of 1.48 × 10• M-1. To fit their data and extract the
association constant, they used an antibody-antigen reaction model [25]. Their experimental
technique, as well as the model used to fit their data, differs from that used in the present
experiments and analysis. It has also been shown in the literature that ConA is more inclined to
interact with animal glycogen than phytoglycogen [52].

4.2.2 IRRAS Results
IRRAS was performed on ConA bound to phytoglycogen/MPBA/gold, as well as ConA
bound to MPBA/gold, and ConA bound to gold. An ATR-IRRAS spectrum was also collected of
ConA. Representative spectra are shown in Figure 4.13.
The IRRAS spectrum of the ConA/phytoglycogen/MPBA/gold slide (blue curve in Figure
4.13) used in the SPRi ConA adsorption experiment confirmed that ConA was bound to the slide
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by the presence of the amide I and II bands between wavenumbers 1750 – 1500 cm-1. The amide
I band (1750 – 1600 cm-1) contains information about the secondary structure of the protein, so
further information can be extracted from the data shown in Figure 4.13. The presence of the bsheet conformation in a protein produces an asymmetry in the amide I band, with the peak
occurring around 1630 cm-1, rather than around 1654 cm-1 as seen for dominantly disordered or ahelix structured samples [54, 55].

Figure 4.13: IRRAS spectra of ConA bound to phytoglycogen/MPBA/gold (blue), MPBA/gold (green), and gold
(red). The ATR spectrum of ConA (black) is also shown. The dashed line corresponds to a b-sheet dominant peak to
the amide I band shape, and the straight line corresponds to a disordered of a-helix dominant peak.

In Figure 4.13, the dashed vertical line corresponds to the centre the asymmetric peak
observed in the black curve for ConA in its native conformation, which has significant b-sheet
conformation. The solid vertical line represents the centre of the symmetric peak observed for
disordered or a-helix secondary protein structure. The ConA bound to phytoglycogen (blue) result
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has an asymmetry that is similar to that of the random ConA spectrum (black). In contrast, the
other two spectra, ConA bound to MPBA (green) and ConA bound to gold (red), are rather
symmetric, which is characteristic of a disordered protein. This qualitative result was confirmed
quantitatively through Fine Structure Enhancement Deconvolution [54]. The ATR spectrum of
ConA corresponded to 59% b-sheet content, which is consistent with previously published values
[21, 55]. The deconvolution of the spectrum of ConA bound to phytoglycogen/MPBA/gold yielded
a 34% b-sheet content; the deconvolution for ConA bound to MPBA/gold yielded a 17.5% b-sheet
content; and the deconvolution for ConA bound to gold yielded a 16% b-sheet content. The
deconvolution results are shown in Figure 4.14.
It is not surprising that the b-sheet contents of the three different samples of ConA bound
to a surface are lower than that of the powdered sample. After our SPRi experiments, we dry the
films and perform IRRAS on the dried films. It is not unreasonable to think that some denaturation
of the protein occurs when it is forced to dry bound to a surface. The important point is that there
is significantly more b-sheet content present, approximately twice as much, in the sample of ConA
bound to phytoglycogen/MPBA/gold than for the other two samples. This indicates that when
ConA binds to phytoglycogen, it maintains a large amount of b-sheet content compared to ConA
to MPBA/gold or gold. This means that it maintains more of its bioactivity when it binds to
phytoglycogen than when it binds to MPBA/gold or gold. This means if the bioactive structure of
ConA is useful for some applications, binding it to phytoglycogen may help to maintain that
structure.
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Figure 4.14: Fine-structure enhancement deconvolution results of the amide I band for A) ConA, B) ConA bound to
phytoglycogen/MPBA/gold, C) ConA bound to MPBA/gold, D) ConA bound to gold. The green Gaussian curve in
each image corresponds to the b-sheet contribution to each total curve. The blue curves corresponds to contributions
from turn secondary structures. The pink curve corresponds to disordered secondary structure.

4.3 Gold Sputter Coated Glass Slides
Our first attempt at depositing ‘homemade’ gold slides using the sputter deposition facility
in the ETC for use in the SPRi experiments resulted in thicknesses of titanium (Ti) and gold (Au)
that were too large: 5.5 nm for titanium and 77.2 nm for gold, as measured using ellipsometry.
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Our second attempt at depositing Ti and Au films was more successful: thicknesses of 3
nm for Ti, and 49.3 nm for Au, as measured using ellipsometry, which is ideal for SPRi
experiments. However, a contaminant, e.g. oil, was observed on the slides, which produced a large
downward drift in the reflectivity R values with time as measured using SPRi (Figure 4.15).

Figure 4.15: Change in reflectivity DR versus time of flowing 1X TBS buffer over a ‘homemade’ SPRi gold slide.
A large decrease of 0.41% in the first ten minutes indicates something is leaving the film.

In Figure 4.15, it can clearly be seen that, in the first 10 min, there is a strong decrease in
the reflectivity, at a rate of -0.041%/min which is approximately 4.6 times larger than the average
background drift observed using the Horiba slides. This strong decrease was observed in all four
experiments performed with the ‘homemade’ slides, and it was consistently a large decrease in R
with time. In experiments performed using the Horiba slides, the drift varied between small
negative and positive values. The large drift observed for the homemade slides was likely due to
removal of the contaminant with time. We determined that the contamination issue was due to
residual oil from the machining of the aluminum holder built for the gold slides, and this problem
is being rectified.
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Chapter 5
Chapter 5 Summary and Future Work

5.1 Summary of Results
In this thesis, we created a stable phytoglycogen-functionalized gold film for use in Surface
Plasmon Resonance imaging. We used 4-Mercaptophenylboronic Acid as a linker molecule
between the gold film and phytoglycogen, as boronic acids are known to bind with various
carbohydrates [10]. We used SPRi, IRRAS, and AFM to confirm that phytoglycogen was present
on the film, and stable under flow conditions.
Using our phytoglycogen-functionalized gold film, we performed SPRi experiments on a
Horiba Openplex SPRi at seven concentrations: 5000 µg/mL, 550µg/mL, 200 µg/mL, 65 µg/mL,
24 µg/mL, 21 µg/mL, and 6.1 µg/mL. This allowed us to determine the best-fit association constant
between phytoglycogen and the lectin Concanavalin A to be 𝐾 = 2.87 ± 0.44 × 10* M MO using
the Langmuir adsorption model.
We used the Fine Structure Enhancement Deconvolution technique to deconvolute the
amide I band in the IRRAS spectra. This allowed us to compare the secondary structure of Con A
bound to phytoglycogen to that of ConA bound to gold or MPBA, as well as the native
conformation of ConA. We found that ConA bound to a phytoglycogen/MPBA/gold film
maintained 34% b-sheet structure, when it was dried for measurement, compared to 59% in its
natural state. In contrast, ConA bound to a MPBA/gold film and a gold film retained only 17.5%
and 16% of its b-sheet content, indicating that binding to phytoglycogen allows ConA to maintain
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more of its native secondary structure, and therefore its bioactivity, compared with binding to
MPBA or gold.

5.2 Future Work
The creation of a phytoglycogen-functionalized film that is stable under flow conditions in
SPR experiments opens the door for the testing of many more bioactive molecules binding to
phytoglycogen. To further extend the present study described in this thesis, more experiments
could be performed of the binding of phytoglycogen to MPBA at different phytoglycogen
concentrations, with the goal of building a Langmuir isotherm and determining the association
constant between immobilized MPBA and phytoglycogen. This would allow fabricating the
phytoglycogen-functionalized films directly in the SPRi experiment, providing better control of
the formation of the phytoglycogen-functionalized film, since the amount of deposited
phytoglycogen could be monitored in real time and bioactive binding experiments could proceed
immediately after deposition of the phytoglycogen layer.
In the future, the binding affinities and kinetics of proteins and other bioactive molecules
of interest to our partner company Mirexus can be studied using the Horiba OpenPlex SPRi with
our phytoglycogen-functionalized films.
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