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Chapter 1

Introduction

1.1 General introduction

Food products ranging from liquid, semi-solid to solids often utilize polymers/biopolymers
as food hydrocolloids to control the texture for meeting the specific sensory preference of
targeted consumers. In food industry, different food hydrocolloids i.e., agar, carrageenan
and gellan gum were traditionally recognized as rheology modifier (gelling, thickening and
stabilizing agent). The functionality of food polymers in various applications depends largely
on their rheological properties. Polysaccharide mixtures or blends have gained widespread
applications in foods due to greater controllability of the physical property and texture en-

hancement of the final product (Zheng, 2018).

However, complication may arise after mixing these ingredients under certain conditions
of concentration, pH and ionic strength due to the components may redistribute themselves
to attain a certain favorable thermodynamic state. Depending on the net charge, molecular
weight, pH, etc., the interactions between ingredients can be either associative or segregative.
Hence, the optimum structure of food products may be engineered by proper mixing of food

polymers and process the formula with dedicated parameters and procedures. Therefore, to
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maximize the potential use of these polysaccharides, characterization of gel properties is
needed, and the gelation mechanism must be clarified at different length scale of observations

for mixture solutions of polysaccharide such as carrageenan.

1.2 Objective

In the present study, the gelation mechanism and network structure of pure carrageenans and
its mixtures (KC:IC and KC:LC) were investigated macroscopically using rheometer and
microscopically using particle tracking. The main objective of this study is to clarify and
elucidate the gelation mechanism and network structure of pure carrageenans (KC and 1C)
as well as mixture of KC:IC and KC:LC in the microscopic point of view. Concurrently,
the phase separation phenomenon on the mixture of KC:IC and KC:LC were elucidated
and discussed in greater detail. The previous studies on carrageenans are overviewed and

methodologies used in this research were discussed most importantly the particle tracking.

The present work was outlined as follows:

I. Develop an algorithm with improved accuracy for determining centroid coordinates

and particle identification for the particle tracking.

II. Elucidate the network structure and gelation mechanism of pure KC and IC gels using

the particle tracking technique.

ITI. Microscopic investigation on the gelation mechanism and phase separation of mixed

KC:IC gels.

I'V. Studies on the phase separation of mixed KC and LC gels were also carried out.



1.3 Carrageenans

1.3 Carrageenans

Carrageenans belong to the family of polyelectrolyte biopolymers. Carrageenan is a generic
name of a water-soluble biopolymer, linear sulfated polysaccharide consisting of repeating
disaccharide units of 1,3 linked 3-D-galactopyranose (G) and a 1,4 linked 3,6-anhydro-a-D-
galactopyranose (AG), commonly extracted from red seaweeds of the Rhodophycea family
(Necas and Bartosikova, 2013). The Eucheuma spp. and Kappaphycus spp. seaweeds are the
main raw materials used for extraction of the carrageenan. The carrageenans are classified
into various types using the Greek letter such as A (lambda), k (kappa), 1 (iota), v (nu),
U (mu) and 6 (theta) based on the difference in the number and position of sulfate groups

within the disaccharide repeat structure.

1.3.1 Types of carrageenans

The most industrially utilized carrageenans are the k- (KC), 1- (IC) and A- (LC) carrageenan
which differs in the amount of sulfate groups: one (G4S-DA) for KC, two (G4S-DA2S) for
IC, and three (G2S-D2S,6S) for LC (Usov, 1992; van de Velde, 2008). Among the three
types, KC and IC exhibited gelling properties influenced by temperature and presence of
cations (K*, Ca?"), while LC is a non-gelling type carrageenan. They are widely used in
the food industry as rheology modifiers (gelling, thickening and stabilizing agents); and
for pigment dispersion in cosmetics and pharmaceutical formulations. The most important
gelling carrageenans are k-carrageenan (KC) and t-carrageenan (IC) thanks to their gelling
ability. KC and IC differ in the degree of sulfation, with KC carrying one sulfate group at O-4
of the G residue, while IC carries an additional one sulfate group at O-2 of the AG residue.

Meanwhile, LC is a non-gelling type carrageenan.

As shown in Figure 2.1, KC and IC only differ by the presence of an additional sulfate

group at the second carbon of the 1,4 linked galactose unit for the latter. LC has the highest
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Fig. 1.1 Schematic representation of chemical structures of carrageenans.

sulfate content and no 3,6-AG. Higher levels of sulfate lead to lower solubility temperature
and lower gel strength. Besides the three major carrageenan types, two other types, y and v
carrageenan (Fig. 2.1), are often encountered in commercial carrageenan samples, which
are the biochemical precursors of KC and IC, respectively. The difference in the degree
of sulfation leads to a distinct differences in the gel structure and property of these two

carrageenans.

1.3.2 Gelation mechanism

A very important property of many polysaccharides is the ability to form gels. The gelling
ability of carrageenan gives a very important information for the vital functions of car-
rageenanans in food industry. Gelation ability of carrageenans is a complex process that
depends on type of carrageenan, polymer concentration, temperature and type and amount
of counter ions. Some cations such as KT, Ca®", etc. are found to induce conformational

changes effectively.
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The gelation mechanism of different carrageenans have been the focus of many research
over the past decades using different techniques wherein different models of gel formation
have been proposed (Figure 1.2). The gelling process in carrageenan solutions is generally
accepted as a model involving a coil-to-helix transition followed by aggregation of double
helices to form a space-spanning network (Rochas and Rinaudo, 1980; Takemasa, Chiba, and

Date, 2001) as shown in Figure 2.2.

The conformation changes of carrageenan chains in aqueous solution is believed to
involve random coil to a helix transition below a critical temperature, 7., followed by the ag-
gregation of helices to form a spanning network. For KC, the gelation is generally considered
to involve extensive aggregation of double-helices that results to a stiff network and a strong
and brittle gel (Rochas and Rinaudo, 1980; Takemasa, Chiba, and Date, 2001). KC gels also
exhibit thermal hysteresis between formation and melting observed in rheological and micro

DSC measuremetns, which is usually attributed to the disaggregation of the helix aggregates.
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Fig. 1.2 Model of gel formation: a) double-helical model, b) domain model and c) nested,
single-helix model. Adapted from (Tuvikene, Truus, Kollist, Volobujeva, Mellikov, and Pehk,
2007) with permission from Springer Nature.

Conversely, as for IC, the gels are soft and do not show thermal hysteresis indicating that
very limited or no inter-helical aggregation takes place. In addition, IC gels are typically
clear and much weaker than KC gels. However, the order of steps and type of conformational

transition has not been fully established yet and requires further investigations.

The difference in gelation mechanism of different carrageenans was attributed to the
difference in the chemical structure. KC undergo extensive aggregation that results to the
formation of hard and brittle gels while IC forms a soft and weak gel. Later, more researchers
focus their attention on the properties of mixed carrageenan gels. The mixed KC/IC gels
provide greater control on the physical property of the carrageenan gels. Picullel et.al.
investigated (Piculell, Nilsson, and Muhrbeck, 1992) the effect of small amounts of KC
impurity to IC using rheological measurements and concluded that separate networks of
KC and IC were formed. Furthermore, Parker et.al. (Parker, Brigand, Miniou, Trespoey,
and Vallée, 1993) studied the mixture more extensively using rheological measurements

confirming the independent gelation steps of the individual KC and IC components.

1.3.3 Mixture of carrageenans

Due to greater demand in the development of food products, biopolymer mixtures were
utilized to enhance the texture quality, stability and gelling ability of the final product to meet
the specific preference of the consumer. However, as mentioned in Section 1.1, interactions
between compatible and incompatible ingredients (segregative or associative) might yields
to an undesired texture. For instance, mixtures of KC and IC have been studied extensively

over the past decades which concluded two possibilities, either it formed a phase separated
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network structure or interpenetrated network structure.

Rheological and dynamic scanning calorimetry (DSC) studies showed a two-step gelation
process at temperatures that were equal to the coil— helix temperature (7;) of the individual
carrageenan solutions (Du, Brenner, Xie, Liu, Wang, and Matsukawa, 2016; Du, Brenner,
Xie, and Matsukawa, 2016). This implies that the coil-helix transition of carrageenan chains
is not influenced by the presence of other type. In addition, the results suggested that the
network structure of each type are microphase separated. Brenner et al discussed in details
of whether the mixture formed an interpenetrated or micro-phase separated network based
on the rheological measurements and theoretical model. It was concluded that the results
were compatible with formation of bicontinuous microphase separated networks. However,
these studies provided information on gel bulk properties, where the microscopic properties,

such as micro-viscosity, are averaged.

Some studies attempted to visualize the gel structure using various imaging techniques:
scanning electron microscopy (SEM) (Thrimawithana et al., 2010), transmission electron
microscopy (TEM) (Amici et al., 2002), and confocal laser scanning microscopy (CLSM)
(Heilig et al., 2009). While the methods provide direct information on the gel microstructure,
it might lead to formation of artifacts (Aguilera and Stanley, 1999) caused by extensive
drying (for SEM), staining (for TEM) or fluorophore labelling (for CSLM), thus obscuring
the actual gel structure and gelation mechanism. Therefore, no decisive evidence has been

reported for the phase separated network structure of KC-rich ad IC-rich domains.

Recently, diffusion of probe polymers using pulse field gradient nuclear magnetic res-
onance (NMR) was performed to elucidate underlying network structure of the mixed

carrageenan gels (Hu, Du, and Matsukawa, 2016). These studies indicated coarse network
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structures were formed with thick aggregates in KC gels, while fine network structures
were formed in IC gels. However, NMR diffusion measurements of probe polymers are
not adequate to elucidate the network structure because of the long diffusion of the probe
polymer (ca. 10 nm) during the diffusion time (10ms) which averages out the structure of

micro phase separation.

1.4 Rheology

Rheology in general is the observation of flow properties of different kinds of media.
Macrorheology is a technique that measures the viscoelasticity of materials (“solid-like”
or “fluid-like”) using mechanical rheometer (i.e. cone-plate, Couette, etc.). The materials’
properties are quantified in terms of elastic moduli for solid materials and viscous moduli
for liquids. They are calculated from the ratio of stress to strain for elastic moduli and stress
to strain rate for viscous moduli, respectively. Traditionally, these measurements have been
performed on several of millilters of samples in a mechanical rheometer by applying small
amplitude oscillatory shear strain y(¢)= ysin(wt) where ¥ and @ are the amplitude and
frequency of oscillation, respectively. In addition, commercial rheometers probe frequencies

up to hundreds of Hz due to inertial effects.

Rheology measurements provided valuable insights into the structural rearrangements
and mechanical response of the materials, particularly, the soft materials and complex fluids,
such as colloidal suspensions, emulsions and polymer networks. However, the conventional
mechanical technique are not always well-suited for those systems. Morever, conventional
rheometers provide an average measurements on the physical property of the materials, and
do not allow for microscopic measurements especially for inhomogeneous materials. To
address the existing issue, microrheology technique was developed wherein the micron-size

probe particles are embedded in the solutions to locally deform the sample either by Brownian
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motion or with and external forces.

1.5 Microrheology

Instead of using macroscopically applied and detected stress and strain to extract a material’s
moduli, microrheology is a technique that determines the local mechanical properties of a
complex fluid, namely the ability to store and dissipate energy. In addition, microrheology
can be performed in situ in an environment that cannot be reached by a macrorheology
experiment. There are two classes of microrheology techniques: those involving external
forces or active manipulation of the probe particles and those relying on the passive motion

of probe particles due to Brownian motion.

1.5.1 Active Microrheology

Active microrheology involves the active manipulation of the probe particles by the externals
forces using magnetic fields, electric fields and micromechanical forces. This is analogous to
the conventional rheological measurements in which an external stress is applied to the sample
and the resulting strain is measured. However, the measurements are at microscopic scale and
probe the local viscoelastic property of the materials. In addition, active microrheology allows

the application of large stresses to stiff and hard materials in order to obtain detectable strains.

One of the most common active microrheology technique manipulates the probe particles
using optical tweezers (Ashkin, Dziedzic, Bjorkholm, and Chu, 1986) shown in Figure 2.3.
The experimental design is typically based on an inverted microscope with a high numerical
aperture oil-immersion objective lens. The microscope allows for simultaneous imaging of

the sample and allows placement of the particles within the sample. The laser beam is used to
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steer the particles with an external optical stain. Also, the advantage is that the motion of the

particle is not purely random, and the response is observed at the frequency of the excitation.

In order to apply a known force to the material, the trap constant must be measured
in which variety of methods can be used. As shown in Figure 2.3, the trap constant is
approximated by Hooke’s law with an effective spring constant kp7. By moving the trap with
respect to the position of the probe particles, stress can be applied locally and the resulting
particle displacement can be determined wherein the corresponding strain can be recorded.

Finally, the rheological information can be obtained.

trap
" center I
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Fig. 1.3 Schematic representation of optical trapping.

1.5.2 Passive Microrheology

Another class of microrheology is the passive microrheology technique wherein it takes
advantage of the unperturbed thermal (excited by broadband thermal energy (i.e kgT)) and
nonthermal fluctuations (if present) of a probe particle embedded in the medium. Unlike the
active microrheology technique, passive microrheology relies on the thermal energy kg7 of

the embedded probe particles to obtain the viscoelastic properties of its host medium using
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the time series position, r(t) of the probe particle.
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Fig. 1.4 Trajectory of a single particle in gel.

Passive particle tracking is a noninvasive technique performed by monitoring the ther-
mally driven random motion of the probe particle as shown in Figure 1.4. The random
motion of particles provides information on the microscopic viscoelasticity of fluids (Ma-
son, Ganesan, van Zanten, Wirtz, and Kuo, 1997; Waigh, 2005). In this approach, probe
particles are driven purely by Brownian forces, i.e., thermal energy. The Brownian mo-
tion of the individual probe particles can be used to extract the physical properties of the
host sample, based on signatures of the corresponding mean square displacement (MSD)
(Mason, Ganesan, van Zanten, Wirtz, and Kuo, 1997) quantified using the following equation:

T
N—7;

msd(T) = Z [riAt41) —r(i A1)]? (1.1)

where At is the interval time for each frame, that is the inverse of the frame rate, and r(At) is

11



1.5 Microrheology

the position of the centroids of each tracked particle. Using particle tracking, the microscopic
physical properties of the sample can be probed without affecting the developing network
structure (Caggioni, Spicer, Blair, Lindberg, and Weitz, 2007; Moschakis, 2013). While
bulk rheology provides information on the overall mechanical response of the material, it is

important to understand the origin of this response.
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Chapter 2

Accuracy improvement of centroid
coordinates and particle identification in

particle tracking technique

In this chapter, we have applied an algorithm to improve the accuracy of particle identification
and centroid coordinates for each particle image in particle tracking technique. The algorithm
introduced two techniques; 1) cutting off by each threshold at the peak in the pixel intensity
distribution for each image of local area around the particle, and 2) calculation of the centroid
based on pixel intensities in the original image of the particle instead of binarized data. The
former properly cuts the noise in the background for each particle which has large variety
in level particle by particle due to fluctuating illuminations and out-of-focus particles in the
image, and the latter avoids the loss of accuracy by the commonly used binarization. We
have demonstrated that the algorithm significantly improves the accuracy in determination of
centroid coordinates and the correctness in particle identification. We have also validated the
advantage of the algorithm in accuracy by applying the algorithm to a sequence of confocal

microscopy images of diffusing particles in a polysaccharide solution. This algorithm will
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be significantly useful in particle tracking technique for biological systems, especially for

fluorescence microscopy observations with considerable obstructive stray fluorescent signals.

Based on: Lester C. Geonzon, Shingo Matsukawa. Accuracy improvement of centroid
coordinates and particle identification in particle tracking technique. Journal of Biorheology,

33(1), 2-7, 2019

2.1 Introduction

Particle tracking has been used in numerous applications to study the mechanical and rheo-
logical properties of microscopic environments in polymer gels like Carbopol gels (Oppong
et al., 2006), in biological systems such as intercellular region of live cells (Tseng et al., 2002,
2004), and actin solutions and bundles (Apgar et al., 2000) and in food gels, such as gelatin
(Shabaniverki and Judrez, 2017), B-glucan solutions (Moschakis et al., 2012), carrageenan
systems (Du, Brenner, Xie, and Matsukawa, 2016; Du, Lu, Geonzon, Xie, and Matsukawa,
2016) and emulsion systems (Cheng et al., 2017; Moschakis et al., 2006) providing valuable
information on the microstructure and local physical property of the media. The thermal
fluctuation of added probe particles gives information of the microenvironment rheology,
that is, the local rheological parameters in the spatial range of the particle size (Mason et al.,

1997; Waigh, 2005).

Several methods have been developed to track probe particles for the micro-rheological
studies in different media. The commonly used algorithm to track particles utilizes the
binarization at a threshold for the whole image of each frame, and then, the binarized image
data are used to calculate the center of mass or the weighted centroid (Kreizer et al., 2010).
Because of its simplicity and fast processing, this method is widely used in image processing

routines and particle tracking algorithm. However, the simplification by the binarization
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loses details of the image and leads to an inaccurate calculation of the centroid for each
particle. Further, improper determination of the threshold can cause significant error in the
centroid calculation especially for images with large noise, undesirable images of fluctuating
illuminations and out-of-focus particles. There are some approaches to calculate the centroid
without using the binarization, accordingly a cut off is obtained at a certain percentage from
the maximum intensity and applied to all the particles in the frame (Cheezum et al., 2001;
Crocker and Grier, 1996; Fish and Scrimgeour, 2015; Furst and Squires, 2017). Meanwhile
no use of the threshold resulted in unsatisfactory accuracy due to the background pixel inten-
sity with the noise Cheezum et al. (2001). Since particle tracking technique can contribute
valuable insights in the micro-rheology, the improvement of accuracy in the calculation is

extremely important.

In this study, we have applied an algorithm to improve the accuracy of centroid coordi-
nates and particle identification in particle tracking technique. The algorithm introduced a
cut-off threshold for each image of local area around the particle, and a calculation of the
centroid based on the pixel intensity instead of binarized data. The former is expected to
properly cut the noise in the background for each particle, and the latter avoids the loss of
accuracy from the binarization. Improvements of the accuracy of centroid coordinates and
the correctness in particle identification have been examined. The advantage of the algorithm
has been validated by applying the algorithm to a sequence of confocal microscopy images

of diffusing particles in a polysaccharide solution.
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2.2 Materials and Methods

2.2.1 Particle tracking algorithm

Particle tracking algorithm was implemented in Mathematica 10 (Wolfram Research, Inc.,
Champaign, IL). Fig. 2.1 shows the flowchart of the particle tracking algorithm. The main
steps of the algorithm included: Step 1) selection of candidate particles and determination of
the initial centroids, Step 2) calculation of the weighted centroid coordinate of each candidate
particle and Step 3) link the centroids in a series of frames into trajectories for each particles.
In Step 1, the candidate particles were determined in each frame and the initial centroid
coordinates for each particles were obtained. In Step 2, the local image of each particle was
extracted, which may suffer from spiky noise due to background variations of in and out of
focus particles and uneven illumination. The median filter was applied to the local image
which removes spiky noise without affecting the particle image and Gaussian filter was
applied to reduce the noise (Ahmed et al., 2015). Cutting off by a threshold was performed
to each local image to remove the effect of the background in the calculation of the weighted
centroid. The weighted centroid coordinate was determined based on the pixel intensities of
the particle. In Step 3, the particle was connected to the particle with the closest coordinate
in the subsequent frame from the first to the end of the series of frames to obtain particle

trajectory.
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Fig. 2.1 Flowchart of the particle tracking algorithm.
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2.2.2 Experimental details

Carrageenan samples were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). All carrageenan samples were dialyzed against NaCl solution and subsequently
against deionized water, to obtain Na™ type carrageenan solutions. The samples for particle
tracking experiments were prepared by diluting the dialyzed stock solution and KCl solution
with deionized water separately, followed by heating at 70°C for 30 min under vigorous
stirring. The prepared solutions were mixed to obtain a total carrageenan concentration of
1.5% w/w and KCI concentration of 10 mM and then heated at 90°C for 20 min. Subse-
quently, fluorescent labeled probe particles (0.1 um, Green, Thermo Scientific) were added
at a total solid concentration of ~0.01% (w/v). The sample solution was stirred and heated
at 90°C for another 5 min to assure homogeneous dispersion of probe particles. The hot
sample solution containing probe particles was placed in a custom-built sample chamber of
a glass bottom dish (Matsunami Glass Inc., Ltd.) equipped with a temperature sensor for

temperature monitoring and sealed with a cover glass and a silicone glue.

Particle tracking experiments were performed on a BZ-9000 microscope (Keyence),
equipped with a PlanFlour 100x NA 1.30 oil-immersion objective lens (Nikon). Movies
of the diffusing fluorescent labeled particles were recorded using a built-in 2/3 inch, 1.5
megapixel, 12-bit, monochrome cooled CCD camera (Keyence) at a frame rate of 7.5 frames
per second. The video recording of diffusing probe particles was deconstructed into a series

of frames using Virtualdub software wherein each frame has approximately 30-50 particles.
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2.3 Results and Discussion

The performance of the method was evaluated using a series of time lapse microscope frames.
The approach was to determine the centroid coordinate of each particle based on the pixel

intensities with proper cutting off method of the background intensity.

2.3.1 Calculation of weighted centroid coordinate

The series of frames were processed to track each probe particles by the particle tracking
algorithm shown in Fig. 2.1. In Step 1-i, the candidate particles were determined by template-
matching where a particle image was selected as a template and was used to find particles
in each frame which have similar images with the template (Lewis, 1995). In Step 1-ii, the
image of frame in Step 1-1 was binarized to determine the candidate particles from the noisy
background. In Step 1-iii, the initial centroid coordinate of the binarized image of the j'"

particle, ¢(xp,y0); was calculated using a built-in function in Mathematica.

In Step 2-i, the local image of the j** particle, Loyg,j, was clipped out from the raw frame
as a square with the center of c¢(xo,yo); and a side of d; pixels as shown in Fig. 2.2a. The d;
was set as the search diameter larger than the particle diameter and smaller than the average
distance between particles. In microscopy experiments, the L, ; suffers from a considerable
imperfection including nonuniform contrast, random noise, and geometric distortion. In Step
2-ii, therefore, each L, ; was treated by the 2-dimensional median filter and Gaussian filter.
The former replaces each pixel intensity with the median value of the neighboring pixels
and is effective to remove spiky noise without blurring the detail of particle image (Fish and
Scrimgeour, 2015) and the later suppresses the random noise of the local image. As seen
in Fig. 2.2b, the smoothed local image, Ly, ; , showed a great improvement in the signal to

noise ratio without affecting the details of the particle image.
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75 nm

Fig. 2.2 Local images of a candidate particle i a 21 x21-array of pixel intensities (d;=21). a)
Lorg,j b) Ly, j ¢) Zoomed image of L., ; with the centroid coordinate (white cross).

The inclusion of the background intensities in the calculations of the weighted centroid
coordinate leads to a larger bias and causes undesired inaccuracy (Cheezum et al., 2001).
Image thresholding was carried out for each Ly, ; to decouple the effect of the background
by application of cut off intensity, I7. In the previous works (Crocker and Grier, 1996; Fish
and Scrimgeour, 2015; Furst and Squires, 2017), the It was set at a certain percentage of
the maximum pixel intensity in the frame e.g. 30%-60%, which only include portion of the
whole particle image. In our method, the cut off intensity for each Ly, j, It j, was calculated
independently. In Step 2-iii, pixel intensities were ranked in ascending order as shown in Fig.
2.3, and I7,; was calculated from the peak in the second derivative of the ranking. The peak
indicates the steepest change in the frequency of pixel intensity in the L, ;. This method
extracts the whole intensity profile of the particle. In Step 2-iv, the cut off I7 ; was applied to

each Lg,, ; to obtain the local image, L, ; using Eq. 1,
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Fig. 2.3 Pixel intensity as a function of pixel index. The arrow indicates the steepest change
in the frequency of pixel intensity

Ismvj(m,n) iflsm,j(m,n) > IT’]'
Lew,j(m,n) = 2.1)

0 otherwise
where I, j(m,n) is the pixel intensity in the Ly, ; indexed by integer m=1,... d, as the pixel
row index and n=1,... ,d, as the pixel column index and I, j(m, n) is the pixel intensity of
the L., j. In Eq. 2.1, pixel intensity greater than the I ; are unaltered while pixel intensity

lower than the I7 ; are set to zero.

It is expected that the intensity weighted centroid could provide sub pixel resolution for
the particle tracking (Crocker and Grier, 1996; Fish and Scrimgeour, 2015; Furst and Squires,

2017). In Step 2-v, the weighted centroid coordinates of the L. ;, Cy, j, was calculated by

dy  dy

dy ds
Cy,j = c(x0,70) Z Z c(m,n) x o j(m,n)) | Y Y (Tew,j(m,n)) (2.2

m=1n=1
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where ¢(m,n) is the integer coordinate of ., j(m,n). The C,, j is marked by white cross in
Fig. 3.2c. The result on the calculation of the C,, ; showed efficacy on the determination of

the centroid of particle.

2.3.2 Improvement of accuracy in weighted centroid coordinate for a

geometrically distorted L, ;

Fig. 2.4a shows the surface plot of L, ; with geometric distortions and asymmetry. The
geometric distortions of particles are usually caused by the optical aberrations in the micro-
scope optics, uneven illumination and digitization of frames. High I ; (upper plane) and
low It ; (lower plane) are also indicated. Fig. 2.4b shows the L, ; with the outlines of cut
off images using low I7 ; (thin) and high Ir ; (thick), which are corresponding to lower and

higher planes in Fig. 2.4a, respectively.

The binarized images of the particle after cutting off with the low and high I7 ; are shown
in Fig. 2.4c. The centroid coordinates from the binarized images with the low /7 ; and
high I7 ; are indicated by white cross and “x”, respectively. A large difference between the
centroid coordinates was observed. This indicates that a small change in I7 ; can cause a
large shift on the centroid coordinate. The change in I ; comes from the randomly flickering
noise in the background. As a consequence, the calculations for the particle movements,
such as the mean square displacement, are affected by the flickering noise which frequently

appears in the fluorescence microscopy observation.

On the other hand, the weighted centroid calculation is expected to improve the accuracy.
Fig. 2.4d shows the L, ; of the particle using the low and high I7 ; with the weighted centroid
coordinates C,, ; calculated by Eq. 2.2 indicated by white cross and “x”, respectively. The

results of the centroid calculation with different I7 ; did not show a significant difference
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75 nom 75 nm

Fig. 2.4 L, j with geometric distortion in a 2121 array of pixel intensities (d;=21). a)
Surface plot of L, ;. The planes indicate the levels of applied I7 ; of high level (upper plane)
and low level (lower plane). b) L, ; with outlines of cut off images using a low I7 ; (thin)
and using a high I7 ; (thick) ¢) Zoomed binarized image of the particle after cut off with
centroid coordinate using the low I7 ; (white cross) and high /7 ; (white “x””) Zoomed image
of L¢y,j with Cy, j using the low I ; (white cross) and high I7 ; (white “x”). The outlines in
Fig. ¢ and d indicates the particle image with high Ir ;.

23



2.3 Results and Discussion

in the centroid coordinate. This indicates that the centroid is not significantly affected by
the level of the applied Ir,;. In the calculation of the weighted centroid coordinate using the
image intensity of the particle, each pixel intensity has a different value which mitigate the
change of I7 ; by fluctuating noise level. Additionally, the distribution of the values of pixel
intensity provides the information on the actual centroid coordinate of the particle. Finally,
the algorithm showed improved accuracy on the determination of centroid coordinate even

for geometrically distorted particles.

2.3.3 Link the particle centroids

The last part of the algorithm (Step 3) links the weighted centroid coordinates of each particle
in a subsequent frame to construct particle trajectories. The algorithm was accomplished
by identifying the same particle in the series frames using the nearest neighbor calculation,
where, each particle was connected to the closest particle in the subsequent frame by cal-
culating the inverse of square distance. Particles connected in the next frame were used in
the next iteration while those particles which were not connected with any particle in the
next frame were not used in further calculations, as shown in Fig. 2.5. Finally, the trajectory
of Brownian motion of fluorescent particles in a polysaccharide solution were obtained and
used to extract the information on the local physical property (micro-rheology) of the media,

such as mean square displacement (MSD) (Geonzon, Bacabac, and Matsukawa, 2019b).
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Fig. 2.5 Flow graph of the key steps in implementing the particle tracking algorithm.

2.4 Conclusion

In this chapter, we have demonstrated an improvement in the accuracy of particle tracking
algorithm which identifies each probe particle with different threshold intensity in one
source frame. The particle tracking algorithm facilitates to recognize, locate and track
particles simultaneously from the first to the end for a series of frames. The algorithm was
applied to systems with fluorescent probe particles in a variety of background intensities and
considerable overlapping fluorescent signals of in-and-out-of-focus particles. The algorithm
allows us to determine the centroid coordinates and track the movement of each particle with
improved precision. With the proposed algorithm, the diffusive motion of fluorescent probe
particle was determined and tracked with sub-pixel resolution. We believe that the algorithm

presented here provides an improvement on the determination of the centroid coordinates
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which provide great importance in studying the microrheological property of the different

complex fluids.
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Chapter 3

Network structure and gelation
mechanism of kappa and iota
carrageenan solutions elucidated by

multiple particle tracking

In this chapter, the network structure and gelation mechanism of kappa carrageenan (KC)
and iota carrageenan (IC) were investigated using multiple particle tracking. Based on bulk
rheology measurements, KC gels exhibit characteristics of a hard and brittle gel, whereas
IC gels form a soft and so-called “weak-gel”. Particle tracking revealed the differences
in the local physical properties of the two gel systems, which are not accessible with the
macroscopic rheological measurements. The mean square displacement (MSD) of the probe
particles were investigated to characterize changes in the gel network structure on cooling and
storage. On cooling, the MSD of the probe particles in the KC solution decreased drastically
at around the gelling temperature, demonstrating the trapping of particles within the network

structures of KC gels. The MSD of the probe particles in the IC solution exhibited diffusive
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behavior even far below the gelling temperature on cooling, although the MSD decreased on
storage. These results suggest that KC solutions formed a permanent gel network structure
of KC chain aggregates that restricted the motion of particles on cooling. For IC at low
temperatures, in contrast, the results suggested two possible structures: 1. clusters of IC chain
aggregates, or, 2. a loose network with large pores, which allow the diffusion of particles and
lead to weak-gel behavior. The aggregates further aggregate to form a more permanent gel

network structure during storage.

Based on: Lester C. Geonzon, Rommel G. Bacabac,Shingo Matsukawa. Network structure
and gelation mechanism of kappa and iota carrageenan elucidated by multiple particle

tracking. Food Hydrocolloids, 92, 173-180 (2019).

3.1 Introduction

Carrageenan is a family of linear sulfated polysaccharides extracted from red seaweeds (Necas
and Bartosikova, 2013), composed of repeating units of 1,3 linked -D-galactopyranose (G)
and a 1,4 linked 3,6-anhydro-a-D-galactopyranose (AG). Carrageenans have been widely
used in food industries because of their properties as gelling, thickening and stabilizing
agents. The two industrially important gelling carrageenan are k-carrageenan (KC) and
t-carrageenan (IC). The structural difference between KC and IC is determined by the number
of sulfate groups: KC has one sulfate at O-4 of the G residue, whereas IC carries an additional
sulfate group on O-2 of the AG residue. Despite the minute difference in molecular structure,

their gels exhibit distinct physical properties.

A generally accepted model of the gelling process of carrageenan solutions involves the
coil-to-helix transition, followed, in the presence of certain cations, by aggregation of double

helices to form a spanning network (Du, Brenner, Xie, and Matsukawa, 2016; Rochas and
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Rinaudo, 1980; Takemasa, Chiba, and Date, 2001). KC gelation is generally considered
to involve extensive aggregation of double-helices that results in a stiff network (Hu, Du,
and Matsukawa, 2016; Rees, Steele, and Williamson, 1969), making KC gels strong and
brittle. Conversely, IC gels are soft and do not show thermal hysteresis (Piculell, Nilsson, and
Muhrbeck, 1992; Zhang, Matsukawa, and Watanabe, 2004). The bulk rheological properties
of the carrageenan gels have been extensively studied using dynamic rheology (Du, Brenner,
Xie, and Matsukawa, 2016; Michel, Mestdagh, and Axelos, 1997; Takemasa, Chiba, and Date,
2001). Differential scanning calorimetry (DSC) revealed that KC formed aggregates, whereas
IC formed fewer or no aggregates(Du, Brenner, Xie, and Matsukawa, 2016). However, these
studies provided information on gel bulk properties, where the microscopic properties, such
as micro-viscosity, are averaged. Some studies attempted to visualize the gel structure
using various imaging techniques: scanning electron microscopy (SEM) (Thrimawithana,
Young, Dunstan, and Alany, 2010), transmission electron microscopy (TEM) (Amici, Clark,
Normand, and Johnson, 2002) , and confocal laser scanning microscopy (CLSM) (Heilig,
Goggerle, and Hinrichs, 2009). While the methods provide direct information on the gel
microstructure, it might lead to formation of artifacts (Aguilera and Stanley, 1999) caused by
extensive drying (for SEM), staining (for TEM) or fluorophore labelling (for CSLM), thus
obscuring the actual gel structure and gelation mechanism. In previous studies, diffusion mea-
surements of pullulan (Zhao, Brenner, and Matsukawa, 2013; Zhao and Matsukawa, 2012)
and poly(ethylene) oxide (PEO) (Hu, Du, and Matsukawa, 2016) by pulse-field gradient
nuclear magnetic resonance (NMR) have been carried out for the elucidation of the network
structure and gelation mechanism of KC and IC gels. These studies indicated coarse network
structures were formed with thick aggregates in KC gels, while fine network structures
were formed in IC gels. However, NMR diffusion measurements of probe polymers are
not adequate to elucidate the network structure because of the short diffusion time (10 ms)

and the size of the probe polymer (ca. 10 nm). In the current investigation, we studied
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the network structure of carrageenan gels at larger length scales (>100 nm) using particle

tracking.

Passive particle tracking is a noninvasive technique performed by monitoring the ther-
mally driven random motion of the probe particle. It provides information on the microscopic
viscoelasticity of fluids (Mason, Ganesan, van Zanten, Wirtz, and Kuo, 1997; Waigh, 2005).
In this approach, probe particles are dispersed in the medium and are driven purely by
Brownian forces, 1.e., thermal energy. The Brownian motion of the individual probe particles
can be used to extract the physical properties of the host sample, based on signatures of
the corresponding mean square displacement (MSD) (Mason, Ganesan, van Zanten, Wirtz,
and Kuo, 1997). Using particle tracking, the microscopic physical properties of the sample
can be probed without affecting the developing network structure (Caggioni, Spicer, Blair,
Lindberg, and Weitz, 2007; Moschakis, 2013). While bulk rheology provides information on
the overall mechanical response of the material, it is important to understand the origin of
this response. In this regard, probing the rheological properties over certain length scales

provides valuable insights on the local physical properties.

In the present study, we used multiple particle tracking to elucidate the gelation mech-
anism and gel network formation of KC and IC solutions. The probe particles’ MSD was
measured on cooling of KC and IC solutions, as well as on further storage. Comparisons
were made with the bulk Young’s modulus of the gels, and the results were used to relate the

microscopic rheological properties and the bulk rheology.
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3.2 Materials and Methods

3.2.1 Materials

Sodium-type k- and 1- carrageenan powders were purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). All samples were dialyzed against NaCl solution and subsequently
against deionized water to obtain Na™ type carrageenan solutions. The concentration of Na*
and K of the dialyzed carrageenans were analyzed by inductively coupled plasma atomic
emission (ICP). For KC, Na™ and K™ contents were 0.4% and 0.11%, while for IC, they

were 0.63% and 0.105%. No Mg™ or Ca™ ions were detected in either dialyzed sample.

3.2.2 Sample Preparation

Samples for the particle tracking experiments were prepared by diluting the dialyzed car-
rageenan solutions with deionized water, adding an appropriate amount of KCI solution,
and heating at 70 °C for 30 min under vigorous stirring. The solutions were then further
mixed and heated at 90 °C for 20 min. Subsequently, fluorescent labeled probe particles (0.1
um, Green, ThermoScientific) were added to the solution (final concentrations: 1.5% w/w
carrageenan, 10 mM KCl and ~0.01% w/w probe particles), followed by heating at 90 °C
for 5 min under vigorous stirring. Samples for the bulk rheology tests were prepared using

the same procedure without the addition of probe particles.

3.2.3 Dynamic rheological measurements

Bulk shear moduli were measured using a HAAKE MARS II rheometer (Thermo Scientific,
Waltham, MA, USA) equipped with a parallel-plate geometry (diameter = 35 mm, gap =
1 mm). Hot sample solutions were loaded on the preheated plate at 80 °C. Temperature

dependence of the shear storage modulus (G’) and loss modulus (G”’) was monitored on
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cooling from 80 °C to 5 °C at arate of 1 °C/min. After subsequent storage at 5 °C for 10

min, frequency sweep measurements (radial frequency @ = 0.1-100 rad/s) were performed.

3.2.4 Particle tracking measurements

Pre-heated sample solutions containing probe particles were placed in a custom-built sam-
ple chamber of a glass bottom dish (Matsunami Glass Inc. Ltd., Tokyo, Japan) equipped
with a thermo sensor and sealed with a cover glass and silicone sealant. The sample was
equilibrated at 50 °C for 10 min before the measurement. Particle tracking measurements of
fluorescent particles embedded in carrageenan solutions were carried out using an inverted
microscope, BZ-9000 (Keyence Corp., Osaka, Japan), equipped with a PlanFluor 100x
NA 1.30 oil-immersion objective (Nikon Corp. Inc., Japan) and a temperature-controlled
microscope stage (ALA Scientific Instruments Inc., New York). The sample temperature
was controlled by the microscope stage and the sample temperature was monitored using a
thermocouple temperature sensor (CENTER 309, Center Technology Corp., Japan) attached

to the sample chamber.

Videos of the diffusing fluorescent labeled particles were recorded using a built-in 2/3-
inch, 1.5 megapixel, 12-bit, monochrome cooled CCD camera (Keyence Corp., Osaka,
Japan) at a rate of 7.5 frames per second for 110 seconds. The video recording of particle
diffusion was deconstructed into a series of frames for analysis. In cooling experiments,
the particle tracking was performed at different temperatures between 50 °C and 10 °C. For
measurements at low temperatures (gel state), a total of 50-70 particles were tracked simul-
taneously. In the IC solution at high temperatures, the particles showed higher diffusivity
and moved in-and-out of focus during the tracking and fewer particles (~15-30 particles)
were successfully tracked. Then, the reproducibility of the measurements was confirmed

by carrying out the measurements at least three times for different areas of the sample. In
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storage experiments, hot solutions of carrageenan were cooled down from 50 °C to 5 °C at a
rate of 1 °C/min in a temperature-controlled incubator to form a gel. The gelled sample was

stored at 5 °C prior to experiments and particle tracking was performed at 5 °C.

The position of each fluorescent labeled particles was determined using an algorithm
which improves the accuracy of particle position using the image-intensity weighted cen-
troid for each particle (Geonzon and Matsukawa, 2019), from which particle trajectories
were formed and analyzed. In the particle tracking algorithm, the candidate particles were
determined by template-matching where an ideal image of a single particle was selected
as a template and was used to find particles in each frame which have similar images with
the template (Geonzon and Matsukawa, 2019). Example image of a single particle and
aggregated particles are shown in Appendix A Fig. 1. The aggregates of more than two
particles were not included in the analysis. The time-averaged MSD for each particle, msd,
was obtained from the trajectory of the particle as represented by the following equation
(Lieleg, Vladescu, and Ribbeck, 2010; Wagner, Turner, Rubinstein, McKinley, and Ribbeck,

2017) :

N-%

!

[ri At 4+1) —r(i A1)]? (3.1)

1
msd(T) = N_E &

where the analysis is carried out on N images separated by the lag time 7, /At is the time
interval for each frame and r(At) is the position of the centroid of each tracked particle.
The exponent « in the relationship between msd and t, msd ~ t*, was calculated for each
particle at lag times 7 between 1 and 20 s. The number of independent particle displacement
at the longest lag time was 675 per particle. Because the number of displacements for the
averaging ((N — #;) in Eq.3.1) decreases, the msd points at longer lag times are less certain

and have suffered from larger random errors (Michalet, 2010). The ensemble of msd, ({msd)),
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was obtained by taking the average of msd for the tracked particles. Particle tracking and
msd calculations were performed using a custom-made program written in Mathematica 10

(Wolfram Research, Inc., Champaign, IL) (Geonzon and Matsukawa, 2019).

3.2.5 Youngs’s Modulus measurement

The compression test was done on a RCT-2002D-D Fudoh Rheometer (Rheotech, Tokyo,
Japan) with a spherical plunger (diameter = 15 mm). Hot sample solutions (1.5% w/w
carrageenan, 10 mM KCl) were poured into cylindrical containers (height = 13 mm, diameter
= 30 mm) and allowed to gel at a cooling rate of 1 °C/min in a temperature-controlled
incubator. Samples were stored at 5 °C for different storage times prior to experiments.
In compression test measurements, gelled samples were compressed at a rate of 1 mm/s.
The Young’s modulus, E, was obtained by fitting the Hertz equation to the experimental
stress-strain curve Hertz equation (Hanaor, Gan, and Einav, 2015; Wu, Lin, and Juang, 2016).
Measurements were repeated at least 3 times and the results represent mean values. All

measurement was performed at room temperature (~25 °C).

3.3 Results and Discussion

3.3.1 Rheological properties and critical temperatures

Rheological measurements and the determination of critical transition temperature on cool-
ing were carried out on a 1.5% w/w KC and IC solution with 10 mM KCI. The critical
temperatures were determined from the sharp increase in G* as shown in Fig. 3.1. Note that
the results above the critical temperature are unreliable, because the moduli of the solutions
were too low to be determined under the experimental conditions employed. The critical
temperatures of IC (T, ;c) and KC (T, kc) obtained in the rheological measurements were

~35 °C and ~23 °C, respectively.
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Fig. 3.1 Temperature dependence of G’ (solid) and G” (open) of 1.5% solution of KC (circle)
and IC (square) with 10 mM KCI on cooling.

The frequency dependence of G* and G” for KC and IC indicated a gel-like response,
1.e., G’>G”, with frequency-independent moduli in the range from 0.1 to 100 rad/s, as seen
in Fig. 3.2. Rheological measurements showed that KC gels have higher moduli than IC
gels. Conversely, for IC gels, the relatively low G’ and the substantial viscous component (G”
often > G’/10) is a typical feature of so-called weak gels (Chronakis, Piculell, and Borgstrom,

1996; Ikeda and Nishinari, 2001).

10000
E..................
1000 5 d
£ jo 009 ] sl
s 100 - °o ©00%g000° |esgeessssssnunnt
O 3 0 ©
5 ] o
] ] . |:
= fo) E
] KC ] IC
1 R T T T rrorrrf T T TTTTT ——TTTTTTT S —
0.1 1 10 10 0.1 1 10 100
o /rad/’s o /rad/s

35
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Fig. 3.2 Frequency dependence of G’ (solid) and G” (open) of 1.5% solution of KC (circle)
and IC (square) with 10 mM KCl at 5 °C.

3.3.2 Temperature dependence of particle movement

The movement of probe particles in the evolving network structures of KC and IC gels was
tracked and quantified through the msd,cf. Eq. 3.1. The exponent & in the relationship
between msd ~ T%, which corresponds to the slope in the double logarithmic plot of msd
vs. the lag time 7, describes the type of particle diffusion (Gardel, Valentine, and Weitz,
2005; Mason and Weitz, 1995; Price, 2009). Particle diffusion with ar=1 implies unrestricted
diffusion. Meanwhile, if & lies between zero and one, the sample is considered to restrict the
diffusion space within the developed network structure (Waigh, 2005). Furthermore, when
the msd becomes independent of the lag time, o = 0, the probe particles are trapped by the

gel network.

Fig. 3.3 shows the msd of particles embedded as a function of lag time 7 at various
temperatures. The dashed lines are drawn as a reference for the slope = 1, indicating free
diffusion. Different behaviors in KC and IC solutions were observed, reflecting the difference
in the gelation mechanism. At temperatures above the gelation temperatures, all the particles
in both KC (Fig. 3.3A-B) and IC (Fig. 3.3D) solutions showed an almost linear increase
of msd with the lag time. The magnitude and distribution of msd curves of the particles in
KC solution changed significantly below T, xc (Fig. 3.3C), while the msd curves of those
particles in IC solution did not markedly change, with particles exhibiting free diffusion even
below T, jc (Fig. 3.3E-F). It is also worth mentioning that the msd in KC showed a broad
distribution as compared to IC. This result indicates that particles were present in different
microenvironments and exhibited different diffusion behaviors even for the longest (110 s)

observation time, and even at temperatures above T gc.
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Fig. 3.3 Individual mean square displacement (msd) plot against lag time of 0.1 ym probe
particles embedded in 1.5% w/w carrageenan solutions with 10 mM KClI at different temper-
ature on cooling for KC at A) 45.3 °C, B) 25.1 °C, C) 17.8 °C and IC at D) 39.4 °C, E) 25.8
°C,F) 15.7 °C.

An underlying assumption in particle tracking experiments is that the embedded particles
do not affect the structure of the host material (Moschakis, 2013). Several experiments
have been performed to investigate the structure of gel networks, where probe particles with
diameters of 0.5-0.75 um were utilized with no inherent effects (Caggioni, Spicer, Blair,
Lindberg, and Weitz, 2007; Moschakis, Lazaridou, and Biliaderis, 2014; Papagiannopoulos,

Sotiropoulos, and Pispas, 2016). It is therefore expected that introduction of particles of

this size does not affect the bulk rheology. Equilibrium condition is also expected to be
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hold even with the addition of particles and the variation in the msd is then more attributed
to the local differences in the gel network structure as single particles probe the rheology
locally (Michalet, 2010). In our previous studies, we utilized poly(ethylene) oxide (PEO)
probes with a hydrodynamic radius of around 10 nm to carry out diffusion measurements by
pulse-field gradient NMR where the length scales probed do not exceed several hundreds nm
(Hu, Du, and Matsukawa, 2016). The particles used in this study (diameter = 100 nm) can

probe the gels at larger length scales.

The msd at short 7 is considered to reflect local motion affected only by the local viscosity.
Fig. 3.4 shows the temperature dependence of (msd) at T =10 s in the KC and IC solutions.
The (msd) in the KC sample was multiplied by 3 to facilitate the comparison with IC. At
temperatures above T, k¢, the (msd) in the KC solution remained almost constant, indicating
a small effect of the temperature. At around T, gc, namely, the macroscopic gelation temper-
ature, the (msd) decreased steeply, showing that the motion of the particles was restricted by
the network formation of KC chain aggregates (Gardel, Valentine, and Weitz, 2005). On the
other hand, the (msd) in IC solutions showed high values at temperatures higher than T, ;¢
indicating that the particles are in a microenvironment with low microviscosity. The (msd)
decreased at around T, ;¢ due to the gradual network formation of IC chain aggregates (Hu,

Du, and Matsukawa, 2016).
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Fig. 3.4 Temperature dependence of (msd) at 7=10s of 0.1 um probe particles embedded in
KC (circles), and IC (square). (msd) for KC was expanded 3 times for clarity. Error bars
were corresponding to the standard deviation in the distribution of msd at 7=10s.

To understand the evolution of the network structure, the msd(7 =10s) against exponent
« at different temperatures on cooling are plotted in Fig. 3.5. At the temperatures above
T, kc, the particles in KC solution showed diffusive behavior with o ~1, suggesting a vis-
cous response of the sample (Fig. 3.5A-B). At this temperature range, the KC chains exist
as random coils, allowing the particles to diffuse in a viscous solution microenvironment.
With decreasing temperature around T, xc, both the msd (7 =10s) and exponent & decreased
drastically (Fig. 3.5 C), indicating trapping of the particles within the network structures of
KC aggregates due to the formation of a stiff and permanent gel network (Du, Brenner, Xie,

and Matsukawa, 2016).
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Fig. 3.5 Distribution of msd at 7=10s plotted against the exponent ¢ fitted at lag time
1s<7<20s during cooling for KC (A-C) and IC (D-F).

The msd of particles in IC solutions clearly showed diffusive behavior over the entire

temperature range observed (Fig. 3.5 D-F). The exponent @ was in the range 0.8—1 and did

not show a significant decrease even far below T, ;c (Fig. 3.5 D-F). Similar diffusive behavior

has been reported for 0.75 um particles in 3-glucan solutions, even though bulk rheological

measurements showed an elastic behavior indicating formation of gel (Moschakis, Lazaridou,

and Biliaderis, 2014). In that study, CLSM images of fluorescence showed unconnected
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clusters of chain aggregates, which would allow particle diffusion. Our results suggest that
heterogeneous clusters of IC chain aggregates are formed, but macroscopic gelation does not
involve irreversible percolation of these clusters. Furthermore, the existence of the clusters
restricts particle movement leading to the decrease in (msd) around T, jc, see Fig. 3.4. The
cluster formation is also responsible for the macroscopic behavior (G” and G”, see Fig. 3.1),
1.e., the formation of the so-called “weak gel”. There is another possibility for the network
structure, namely, that a permanent but loose network structure is formed, with pore size
strongly exceeding 100 nm, thus still allowing free diffusive motion of the particle used in
this study. The difference between these two possibilities would be observed in the frequency

dependency under large strain.

3.3.3 Change of network structure during storage

The msd measurements were carried out as a function of storage time. Fig. 3.6 shows the msd
of particles embedded in 1.5% w/w carrageenan gels following storage at 5 °C. As shown in
Fig. 3.6 a-d, the particles in KC gels did not show a significant change with storage time.
As shown in Fig. 3.7a, the exponent & was ~0 for all the particles in KC gels at all storage
times, indicating trapping of the particles within the gel network. This result demonstrates

that KC chains formed a permanent gel, immobile network due to extensive aggregation.
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Fig. 3.6 Individual mean square displacement (msd) plot against lag time of 0.1 um probe
particles embedded in 1.5% w/w solutions with 10 mM KCI at different storage kept at 5°C
for KC (a-d) and IC (e-h).

The msd of particles in IC solution depended on storage time as shown in Fig. 3.6 e-h.
Free diffusion (& ~1) was observed at both days 0 and 1, although msd decreased during this
period. At day 2, a strong decrease in both msd and o (~0.3) was observed. The continuous
decrease in msd shown in Fig 3.7b indicates continuous structural changes of IC gels. The
decrease in the magnitude of the msd from O to 1 day storage implies an increasing resistance
on the particle motion. This finding probably indicates an increase in size of IC clusters. The
drastic decrease in msd after 2 days of storage, however, corresponds to the formation of a
permanent network structure, which obstructs particle movement and leads to the decrease in
o. This finding implies that the clusters continue to grow and eventually bind to each and
from a permanent gel network. It is also possible that the particles stuck to the gel network,
but it was denied by the observation of particle movement in the solution with chopped
minute gels, which showed a diffusive behavior indicating that the particles did not stick
on the chopped gel and that the change in the msd with storage was due to the change of

network structure.
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Fig. 3.7 Distribution of msd(t=10s) plotted against exponent ¢ at different storage time for
a) KC and b) IC.
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Fig. 3.8 shows the Young’s modulus, E, for IC and KC gels, as obtained from compres-
sion tests, as a function of storage time at 5 °C. Error bars represent the standard deviation
obtained from at least three independent measurements. The E values of KC gels clearly
indicate that KC formed a hard and brittle gel compared to IC. As shown in Fig. 3.8, Eof
the KC gels remained nearly constant, indicating that KC formed a permanent gel network
upon cooling that did not change on further storage. Conversely, IC gels showed soft gel
behavior with a low modulus. However, the E of IC gels increased during storage, which
reflects the continuous growth of the clusters of IC chain aggregates, which eventually yield
a permanent gel. This result is consistent with the microscopic behavior observed in particle

tracking measurements.
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Fig. 3.8 Storage dependence of the Young’s modulus E in 1.5% w/w carrageenan solutions
with 10 mM KCl stored at 5 °C for KC (circle) and IC (square). Error bars were corresponding
to the standard deviation in the distribution of E.

NMR measurements affirmed that KC gels formed thick aggregates of KC chains while
IC gels formed fine and loose aggregates (Hu, Du, and Matsukawa, 2016). This molecular

level observation checks with the bulk rheological response shown by KC (hard and brittle)
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gels and IC (soft) gels (see Fig. 3.1). We postulate that clusters of carrageenan aggregates are
formed and percolate to eventually yield a permanent gel network. For KC gels, the formation
of thick aggregates of interconnected clusters proceeds rapidly and yields a permanent gel
network, and the process was completed within the cooling time using the cooling rate
employed in this study (1 °C/min). On the other hand, for IC gels there are two possibilities:
1. Heterogeneous clusters of IC chain aggregates were formed but did not percolate, and,
2. IC chains formed a loose network structure with pores larger than 100 nm. Either way,
cluster rearrangement or network coarsening on storage led to an eventual permanent gel

network. This process is depicted in Fig. 3.9.
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Fig. 3.9 Graphical representation on the proposed interpretation of gelation mechanism for
carrageenan isoforms on cooling and storage.
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3.4 Conclusion

Particle tracking measurements have been performed to investigate the network structure and
gelation mechanism in KC and IC solutions. For KC, the particle (msd) steeply decreased
aroundT. xc and o ~0 was found in the gel state, indicating formation of a permanent gel
network structure. While the particle (msd) in IC solution decreased at T¢ ic, o remained ~1,
indicating formation of clusters of IC chain aggregates that are not permanently connected,
and still allow free particle diffusion. The longtime diffusion of probe particles in the IC gel
provides information on the network structure of this so-called weak gel. The storage time
dependence of msd and E revealed that KC formed a permanent gel network structure upon
cooling and did not show significant changes with storage. Conversely, msd of the particles
in IC showed a continuous decrease with storage. In addition, the Young’s modulus E of IC
gels continuously increased with storage time. These results suggest that the clusters of IC

chains are continuously growing, and eventually bind and form a permanent gel network.
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Chapter 4

Microscopic characterization of phase
separation in mixed carrageenan gels

using particle tracking

In this chapter, the gelation mechanism and phase-separated network structure of mixed
k-carrageenan (KC) and t-carrageenan (IC) were investigated using particle tracking. The
thermally driven random motion of fluorescent particles (diameter = 100 nm) was utilized to
probe the local circumstances of the gelling carrageenan at the sub-micron scale. The mean
square displacement (MSD) was used to characterize the changes in the network structure
on cooling and storage for 1 day. The temperature dependence of ensemble-averaged MSD
for the particles in the mixture of KC and IC gels showed a two-step decrease on cooling,
consistent with the two-step increase in viscoelasticity observed in macroscopic rheological
measurements. This result revealed the independent formation of KC and IC chain aggregates
in the mixture. The individual MSD of particles in the mixture showed a large distribution
after 1-day storage, indicating the emergence of microstructural heterogeneity in the gel. We
consider that this heterogeneity came from the frozen structure on the way to phase-separated

network structure. The van Hove correlation plots suggested the presence of two groups
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of particles with fast and slow mobilities in the mixture. Plotting the MSD of individual
particles vs o with the MSD scaled as t* and t the lag time suggested a bimodal distribution
made up of fast and slow particles. The presence of two groups of particles with different
mobilities suggested that mixtures of KC and IC was frozen on the way to a phase-separated
network structures made of KC-rich and IC-rich domains with a size of >100 nm due to the

network formation of KC and IC chains.

Based on: Lester C. Geonzon, Rommel G. Bacabac, Shingo Matsukawa. Microscopic
characterization of phase separation in mixed carrageenan gels using particle tracking.

Journal of the Electrochemical Society, 166(9) B3228-B3234 (2019).

4.1 Introduction

The gelation mechanism of solutions of KC, IC and their mixtures have been extensively
studied (Du, Brenner, Xie, and Matsukawa, 2016; Du, Lu, Geonzon, Xie, and Matsukawa,
2016; Hu, Du, and Matsukawa, 2016). Macroscopic rheological measurements showed that
the mixtures of KC and IC undergo a two-step gelation process (Bui, Nguyen, Renou, and
Nicolai, 2019; Du, Brenner, Xie, and Matsukawa, 2016). Differential scanning calorimetry
(DSC) revealed that KC and IC chains formed aggregates in the mixture independently (Du
et al., 2016). These results suggested a formation of a phase-separated network structure in
the mixed gels. Nevertheless, there is no direct microscopic evidence of this phase separation.
Several studies utilized various imaging techniques in an attempt to visualize the actual
gel structure, namely, scanning electron microscopy (SEM) (Thrimawithana et al., 2010),
transmission electron microscopy (TEM) (Amici et al., 2002), and confocal laser scanning
microscopy (CLSM) (Bui et al., 2019; Heilig et al., 2009). While the methods provide direct
information on the gel microstructure, sample treatment could lead to formation of artifacts

and change the gelation mechanisms of KC and IC (Aguilera and Stanley, 1999). These
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artifacts could arise from extensive drying (for SEM), staining (for TEM) or fluorophore
labeling (for CSLM). In previous studies carried out by our group, probe polymer diffusion
measurements done by pulse-field gradient nuclear magnetic resonance (NMR) have been
carried to study the network structure and gelation mechanism of pure (Zhao, Brenner,
and Matsukawa, 2013) and mixed carrageenan gels (Hu, Du, and Matsukawa, 2016) at the
nanometer scale. However, these studies could not resolve the network structure of the mixed
gels due to the short diffusion time (10 ms) and the size (usually several tens of nanometer)
of the probe polymer chosen, and concluded two possibilities existed for mixed carrageenan
gels: either an interpenetrating network of IC and KC, or a micro-phase separated network
structure with a domain size of ~ 450 nm (Hu, Du, and Matsukawa, 2016). While diffusion
NMR measurements provide detailed information on structure at the nanometer scale, their
inability to provide information on the micrometer scale serves as an incentive to the current

work, in which we aimed to study carrageenan gel structure on larger scales.

Passive particle tracking is a popular tool used to investigate microscopic physical prop-
erties, e.g. micro-rheology, based on the thermally driven random motion of probe particles.
It provides access to important information on the local viscoelastic properties of fluids
(Mason, Ganesan, van Zanten, Wirtz, and Kuo, 1997; Waigh, 2005). The diffusion of parti-
cles, driven by Brownian forces (i.e., thermal energy) can be used to probe these properties
non-invasively, as long as appropriate particles are chosen that do not alter the host materials
into which they are introduced (Moschakis, Lazaridou, and Biliaderis, 2012; Shabaniverki
and Judrez, 2017). In particle tracking, the Brownian motion of individual probe particles is
used to calculate the mean square displacement (MSD). The MSD can be used to deduce
local physical properties of the host material. Using particle tracking, spatial differences in
the local physical properties and structural heterogeneity of the host material can be probed

without affecting the developing network structure. An important factor in particle tracking
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experiments is the size of the probe particles in relation to the characteristics structural
length scale of the medium probed (Valentine, Kaplan, Thota, Crocker, Gisler, Prud’homme,
Beck, and Weitz, 2001). In particular, particle tracking experiments are expected to provide
information on the network structure of the mixed gels, whether they phase-separated or

interpenetrating in nature, as long as probe particles of an appropriate size are chosen.

In this chapter, we employed particle tracking to elucidate the gelation mechanism
and network structure of mixed KC/IC gels at different mixing ratios. The temperature
dependence of particle MSD in mixed gels was studies on cooling and compared to results
from macroscopic rheological measurements. Further measurements were carried out to

elucidate any further changes in the network structure of the mixed gels on storage.

4.2 Materials and Methods

4.2.1 Materials

Please refer to Section 3.2.1

4.2.2 Sample Preparation

The mixture solutions of KC and IC were prepared at a total carrageenan concentration
of 1.5% with 10 mM KCI by mixing pure KC and IC solutions at different mixing ratios.
Samples were designated KC801C20, KC70IC30, KC60IC40, KC50IC50, KC40IC60 and
KC30IC70, where x and y in the code KCxICy indicate the percentage of KC and IC,
respectively (x +y = 100). Samples for the rheological measurements were prepared using

the same procedure except for the addition of probe particles
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4.2.3 Dynamic rheological measurement

Rheological properties were measured using HAAKE MARS Il theometer (Thermo Scientific,
Waltham, MA, USA) equipped with blasted parallel-plates (diameter 35 mm) with 1 mm
gap. Hot sample solutions were loaded on preheated plates at 80 °C and covered with oil to
avoid water evaporation. The storage modulus (G’) and loss modulus (G””) were monitored

on cooling from 80 °C to 5 °C at a rate of 1 °C/min.

4.2.4 Particle tracking measurements

Pre-heated sample solutions containing probe particles were placed in a custom-built sample
chamber of a glass bottom dish (Matsunami Glass Inc. Ltd., Tokyo, Japan) equipped with a
thermosensor (CENTER 309, Center Technology Corp., Tokyo) for temperature monitoring
and sealed with a cover glass using a silicone sealant (Geonzon, Bacabac, and Matsukawa,
2019b). The thermosensor was set at a position within 10 mm from the view area between
the glass plates. The sample was kept at 50°C for 10 min to equilibrate prior to measurement.
Particle tracking measurements of fluorescent particles added to carrageenan solutions were
carried out using an inverted microscope, BZ-9000 (Keyence Corp., Osaka, Japan), equipped
with a PlanFluor 100x NA 1.30 oil-immersion objective (Nikon Corp. Inc., Japan) and
a temperature-controlled microscope stage (ALA Scientific Instruments Inc., New York).
The sample temperature was controlled by the microscope stage and monitored using the

thermosensor.

Movies of the diffusing fluorescent-labeled particles were recorded using a built-in 2/3-
inch, 1.5 megapixels, 12-bit, monochrome cooled CCD camera (Keyence Corp., Osaka,
Japan) at a rate of 7.5 frames per second for 110 seconds. The video recording of particle
movement was then deconstructed into a series of frames for analysis. In cooling experi-

ments, the particle tracking was performed at different temperatures from 50 °C to 10 °C.
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For measurement at low temperatures (gel state), a total of 50-70 particles were tracked
simultaneously. For measurement at high temperatures, particles were observed to have high
mobility and occasionally moved in-and-out of focus during the tracking and fewer particles
(~15-30 particles) were successfully tracked throughout the measurement. The repeatability
of the measurements was confirmed by carrying out the measurements at least four times
for different areas of the sample. In storage experiments, hot solutions of carrageenan were
cooled down from 50 °C to 5 °C at a rate of 1 °C/min in a temperature-controlled incubator

to form a gel and stored at 5 °C prior to experiments of the particle tracking, also done at 5 °C.

The position of each fluorescent labeled particles was determined using an algorithm
which improves the accuracy of particle position using the image-intensity weighted centroid
for each particle (Geonzon and Matsukawa, 2019), from which particle trajectories were
calculated and analyzed. The time-averaged MSD for each particle (msd) obtained from N
images representing a total diffusion time 7 was calculated with the following equation(Lieleg,

Vladescu, and Ribbeck, 2010; Wagner, Turner, Rubinstein, McKinley, and Ribbeck, 2017) :

msd(T) = Z rinNt+71)—r(i A1)]? 4.1)

where At is the interval time for each frame, that is the inverse of the frame rate, and r(/At)
is the position of the centroids of each tracked particle. The exponent ¢ in the relationship
between msd and tau, msd ~ T%, was calculated for each particle at lag times in the range
1-20 s. Because the number of displacements for the averaging (N — ;) decreases, the
msd points at longer lag times tend to have larger statistical fluctuations (Michalet, 2010).
The ensemble-averaged MSD, (msd) , was obtained by averaging the msd of all tracked

particles. Particle tracking and MSD calculations were performed using a custom-made
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program written in Mathematica 10 (Wolfram Research, Inc., Champaign, IL) (Geonzon and

Matsukawa, 2019).

4.3 Results and Discussion

4.3.1 Rheological properties and critical temperatures

The viscoelastic measurements of KC, IC, and mixed KC/IC were carried out at a total
carrageenan concentration of 1.5% and 10 mM KCIl. The G’ values of these solutions
are plotted against the temperature on cooling, as shown in Fig. 4.1. The critical gelling
temperature, T., was defined as the temperature at which G’ showed a sharp increase
(Fernandes, Gongalves, and Doublier, 1991). G’ above the critical temperatures showed large

noise because the moduli of the solutions were low.
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100 3 -0-KCOIC100
[an]
i& 10 3
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0.1 4
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Fig. 4.1 Temperature dependence of storage modulus of 1.5% solutions of pure KC (open
square), IC (open circle) and mixture of KC:IC ( filled triangle ) in 10 mM KC on cooling.
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A two-step increase in G’ was observed in KC50IC50 at temperatures closed to those
observed in the pure KC and IC solutions. This result is consistent with previous studies (Du,
Brenner, Xie, and Matsukawa, 2016; Hu, Du, and Matsukawa, 2016). The T, of pure IC
(T(CJC)) and KC (T, kxc) were ~35 °C and ~23 °C, respectively. These temperatures were
used to categorize the stages of gelation for the mixed KC and IC: we refer to the sample as

“Solution" above T ;c, “Gel I" between T, ;c and T, xc and “Gel II” below T, c.

4.3.2 Temperature dependence of particle mobility

The dynamic rheological measurements of the mixed KC/IC system showed a two step in-
crease in G’ that suggests independent aggregation steps of KC and IC chains. This two-step
process presents the possibility of a phase-separated network structure with KC- and IC-rich
domains (Du, Brenner, Xie, and Matsukawa, 2016). In our previous studies, poly(ethylene)
oxide (PEO) was used as a probe with a hydrodynamic size around 10 nm to carry out
pulse-field gradient NMR diffusion measurements. These measurements could not extract
structural information on length scales exceeding about 100 nm (Hu, Du, and Matsukawa,
2016). In this study, particles with a diameter of 100 nm were used to obtain information
on larger length scales. The mobility of probe particles added to the mixture solution of
KC and IC was measured to gain insight into the microstructure and the microrheology. We
note that in particle tracking experiments, the structure of the host medium is expected to be
unchanged by particle addition (Michalet, 2010; Moschakis et al., 2012; Shabaniverki and
Juérez, 2017; Waigh, 2005)

The msd of particles measured on cooling are shown in Fig. 4.2. The different stages of

gelation, as determined from critical temperatures obtained in the bulk rheological measure-

ments, are indicated in the figure. Results for pure KC and IC solutions taken from (Geonzon,
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Fig. 4.2 Individual msd of particles at different mixing ratio of KC and IC on cooling. Data
on the pure KC and IC are also shown in reference (Geonzon, Bacabac, and Matsukawa,
2019b).

Bacabac, and Matsukawa, 2019b) are also indicated for comparison.

Different particle dynamics were observed for the mixtures in each stage of gelation.
In the Solution stage above T, jc, all particles exhibited an o exponent of 1 at all mixing
ratios of the carrageenans. This exponent indicates normal diffusion. Such normal diffusion
behavior was also observed below T, ;¢ in the Gel I stage. With decreasing temperature
below T k¢ to the Gel II stage, different particle mobilities were observed at different mixing
ratio. For KC80IC20, the magnitude and distribution of msd curves changed significantly, in
a way similar to that observed in pure KC. However, some of the probe particles still showed
diffusive behavior. At intermediate mixing ratios (50-70% KC), almost all the particles
showed normal diffusive behavior with a broad distribution of msd. For KC40IC60 and
KC30IC70, all particles showed normal diffusive behavior similar to that observed in pure

IC(Du et al., 2016).
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Fig. 4.3 Temperature dependence of (msd) at lag time = 10s of probe particles in mixed KC
and IC at different mixing ratio on cooling. Error bars indicate the standard deviation of msd
at lag time 7= 10s

The microscopic viscosity of the solutions was considered by calculating(msd) at short
7. Fig. 4.3 shows the temperature dependencies of (msd) at T = 10 s. Error bars are cor-
responding to the standard deviation of the distribution of msd at T = 10 s for individual
particles. The (msd) in the mixtures showed intermediate behavior between the (msd) of the
two pure carrageenan solutions at all temperature range. A two-step decrease in the (msd)
was observed for KC40IC60, KC50IC50 and KC60IC40 while other mixtures showed a
more monotonous decrease. Obvious changes were observed close to those observed for the
pure carrageenan solutions. This finding is consistent with the two-step increase in G’ in the
macroscopic rheological measurements. The first decrease in the (msd) at around T ;c was
attributed to the formation of IC chain aggregates, which hinder particle mobility. The second
decrease at around T, gc suggests network formation by KC chain aggregates. Increasing
the volume fraction of IC or KC from KC50IC50, the weak distinct changes morphed into

a single-step decrease in the (msd). This single step decrease was generally observed at
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the critical temperature of the major constituent carrageenan. This finding suggests that the

(msd) of the particles were unaffected by the aggregation of the minor constituent.

To further clarify the diffusive behavior of individual particles, the exponent o was
plotted against the msd (7 = 10 s) as shown in Fig. 4.4. As explained earlier, « is the slope in
the double logarithmic plot of msd against 7, which describes the type of particle diffusion
(Gardel et al., 2005; Moschakis et al., 2006; Price, 2009). Particle diffusion with =1 implies
that the sample has free space for normal diffusion. Meanwhile, the sample is considered
to have a restricted diffusion space when « lies between zero and one (Gardel, Valentine,
and Weitz, 2005). In materials where such sub-diffusive behavior is observed, the particle
movement is hindered by some network structure (Waigh, 2005). When the msd becomes
independent of the lag time, o= 0, the probe particles are considered to be fully constrained,
i.e., trapped. In the Solution stage (Fig. 4.4, top row), almost all the particles showed diffusive
behavior with & ~ 0.8—1. Both KC and IC chains exist as random coils at this stage, allowing
the particles to diffuse in a viscous solution.In the Gel I stage (Fig. 4, middle row), diffusive
behavior was still observed, suggesting formation of disconnected or weakly connected IC
clusters of aggregates, still allowing normal particle diffusion. Furthermore, the formation of
these clusters of aggregates restricts the particle mobility, thus leading to decrease in (msd)
(Fig. 4.3) that is concomitant with the increase of G’ (Fig. 4.1) in (Geonzon, Bacabac, and

Matsukawa, 2019b).
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Fig. 4.4 Distribution of individual msd at T=10 s plotted against exponent « fitted at lag time
1 s<7<20s during cooling at different mixing ratio of KC:IC.

In the Gel II stage (Fig. 4.4, bottom row), different particle mobilities were observed. In
KC80IC20, most of the particles showed low msd values with o ~0-0.5, indicating trapping
of particles in a strong and stiff network structure, while few particles showed sub-diffusive
behavior with a > 0.5. At intermediate mixing ratios (50-70% KC) broad distributions
of o were observed with « in the range 0.2-1, indicating the presence of vastly different
microenvironments. We considered particles with & <0.5 and o > 0.5 to be in KC-rich and
IC-rich domains, respectively. In mixtures with a lower concentration of KC (KC40IC60 and
KC30IC70), almost all the particles showed diffusive behavior with o¢ ~0.8—1, suggesting
that the aggregation of KC chains has little influence on the particle mobility. One possibility
is that KC chains could only form small aggregates due to obstruction by IC clusters, and

could not reach a size that could affect particle diffusivity.

4.3.3 Particle tracking in stored gels

Fig. 4.5 shows the msd of particles in mixed of KC/IC gels after cooling and after 1-day
storage at 5 °C. For KC70IC30, KC60IC40, KC50IC50 and KC40IC60, the distribution of

msd was clearly broader than for other gels, suggesting different particle dynamics within
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the sample due to structural heterogeneity.
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Fig. 4.5 Individual msd of particles in mixed KC and IC at different mixing ratio after 1 day
storage. Data on pure KC and IC are also shown for reference.
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The tracking of 100 nm particles suggests a large distribution of micro-rheology and mi-
crostructure in the mixed KC/IC gels. We propose that the observed structural heterogeneity
was frozen on the way to the phase-separated structure due to the network formation of KC
and IC chains at the cooling rate (1 °C/min) employed in this experiment. The information

to support this consideration will be described in the later section.

The structural heterogeneity is reflected in the distribution of particle displacement (Ar)
at a lag time 7, (P(Ar,7)), known as the van Hove correlation function (Valentine et al., 2001).
The distribution P(Ar,7) of a homogenous medium is described by a Gaussian function,
where the deviation, o, is proportional to (msd). A non-Gaussian distribution indicates a
inhomogeneous medium, implying that the particles experience different microenvironments
(Moschakis et al., 2006; Valentine et al., 2001). Fig. 4.6a shows P(Ar,10s) for pure KC, IC
and KC50IC50. The solid line indicates a Gaussian fit to the distribution of in KC50IC50,
while the dashed lines indicate fits employing a combination of two Gaussian functions (Gao

and Kilfoil, 2007),

4.2)
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Fig. 4.6 a) van Hove correlation plots for particles in KC, IC and mixture at KC50IC50. The
solid lines indicates the single Gaussian fits while the broken line indicates the mixture of
broad and narrow Gaussian form. b) Dependence of ¢ as a function of volume fraction of IC

where f; and f, are component fraction (f;+f,=1), and o7 and o0, are small and large o,
respectively. As seen in Fig. 4.6a, P(Ar,10s) in pure KC and IC fit well with a single
Gaussian function although the discrepancy at low probability looks large in the logarithmic
plot. On the other hand, the distribution P(Ar,10s) in KC50IC50 showed a non-Gaussian
behavior and a single Gaussian could not fit well on the experimental data but rather a
combination of two Gaussian functions could fit. We adopted a mixture of two Gaussian
function based on the consideration that the heterogeneity of the mixture was frozen on the
way to the phase-separated network structure. Fig. 4.6b shows the dependence of o7 and
0 on the IC content. The two ¢ terms in P(Ar,10s) of the mixtures implies the presence
of particles with different mobility, i.e., slow particles and fast particles. This suggests that
different particle probe different microenvironments owing to phase separation into KC-rich

and IC-rich domains.

The van Hove distribution suggested the presence of two populations of particles with

different mobilities. Further information can be obtained if particles are classified according
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to their characteristic o exponents. Fig. 4.7 presents the distribution of msd at T =10 s as
a function of « at different mixing ratios. The solid lines indicate the contour lines of the
2D Gaussian probability distribution. Fig. 4.7a and 4.7h present the distributions in pure
KC and IC gels, wherein unimodal 2D Gaussian distributions could be used to fit to the
results. A clear difference in the distributions was observed where the msd of particles in
the IC gel showed o ~1 with higher msd, while those in the KC gel showed o ~0. This
implies a distinct difference in the microrheology of pure KC and IC gels. Figs. 4.7 b—g
show the distributions of the particles in different KC/IC mixtures. The distribution of
msd(1=10s) and « for the mixture showed a broad distribution. Because msd(7=10s) and
«a have no correlation therefore fitting the distribution with a unimodal Gaussian function
showed large error while the bimodal Gaussian function showed minimal error. The red
dashed line corresponds to the bimodal 2D Gaussian distribution with the weight of each 2D

Gaussian equal to the ratio of KC and IC in the mixture.

The 2D Gaussian distributions for pure KC and IC are also drawn in each figure for
reference. Broad distributions of msd(t=10s) and @ were observed for all gels, and could
be fitted with 2D bimodal Gaussian distributions. The presence of a bimodal distribution is
consistent with the observation in the van Hove correlation function, implying the presence
of two groups of particles with fast and slow mobilities. The fast mode is clearly close to
that of particles in pure IC gels, while the slow mode is close to that observed in pure KC
gels. Thus, we consider the fast particles to be present in IC-rich domains, while the slowfast

particles should experiencing a microenvironment rich in KC.
In KC50IC50, broad distributions of msd and o are observed (Fig. 7d). It is shown that

the particles in the IC-rich domain showed slower mobility than in pure IC while the particles

in the KC-rich domain showed higher mobility compared to that of the pure KC. The differ-
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Fig. 4.7 Distribution of msd at 7= 10s and «. Figures a and h indicates the distribution
for pure IC an KC respectively. The solid lines were corresponding to the contour lines of
the Gaussian probability distribution of KC and IC. In figures b to g, the red dashed lines
correspond to the bimodal Gaussian distribution.

ence of particle mobility between the pure solutions and each domain in the KC50IC50 is
considered to be affected by the presence of non-negligible amounts of both carrageenans in
both KC-rich and IC-rich domains. The presence of KC chains in IC-rich domains increases
the local viscosity while the presence of IC chains in KC-rich domains decreases the local
obstruction. These changes were reflected in shifts of the distributions of both msd and « to
either lower (in the IC domains) or higher (in the KC domains) values. In the extreme mixing
ratios (Fig. 4.7b and Fig. 4.7g), the distributions were almost identical to those observed
in pure carrageenan gels, as discussed in Section 4.3.2. The distribution of msd(7t=10s)
and o in the mixture suggests two groups of particles. The msd of particles in each group
were clustered using a non-hierarchal clustering method in Mathematica 10 with a criterion
based on the distribution of msd(7=10s) and o as shown in Fig. 4.8a. The dependence of
/1 and f> on the concentration of IC is plotted in Fig. 4.8b. The clear dependence of these

fractions on IC is clearly related to the volume fractions of IC-rich and KC-rich domains in
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Fig. 4.8 a) Individual msd of particles in mixed KC and IC at different mixing ratio after 1
day storage clustered into fast (blue) and slow (red) population of particles. b) The changes
in the number of slow and fast particles with volume fraction of IC.

the phase-separated gel.

For the mixed carrageenan gels, macroscopic rheological measurements showed a possi-
ble phase separation of KC and IC chain aggregates, while NMR measurements suggested
two possibilities: either interpenetration of the two networks, or micro-phase separation
with a domain size of ~450 nm (Hu, Du, and Matsukawa, 2016). No decisive evidence
has been reported to date. In the present study, particle tracking revealed inhomogeneity
of microscopic structure in the mixed gels, demonstrating phase separated structure with
KC-rich and IC-rich domains. On cooling, particle tracking suggested that both KC and
IC formed relatively small clusters that still allowed particle diffusion (Fig. 4.4). These
clusters of aggregates caused the two-step decrease in the (msd) (Fig. 4.3) and the two-step
increase in G’ observed in the bulk rheological measurements (Fig. 4.1). These results
suggest that phase separation was induced by two exclusive aggregation steps. Upon aging
at 5°C the clusters of KC and IC chain aggregates continue grow but remain free of each
other; this further grow of both types of aggregates leads to formation of a permanent gel

network. Based on this discussion, the mobility of particles in the mixture of KC and IC
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suggests a high degree of structural heterogeneity and micro-rheology. We proposed that
the structural heterogeneity was frozen on the way to the formation of a phase-separated
network structure, with KC-rich and IC-rich domains both of which having a domain size
larger than the particle size (100 nm) due to the network formation of KC and IC chains
using the cooling rate (1°C/min) employed in this experiment. In a separate experiment on
KC50IC50 at a cooling rate of 0.055°C/min, considerable splitting in the distribution of msd
was observed (see Appendix B). This suggest an enhanced phase-separated network structure
made of KC and IC rich domains, however it requires further investigation to ensure the
consideration of the phase separated structure. In addition, the characteristic domain size

increased with storage time as shown in the graphical representation in Fig. 4.9.

4.4 Conclusion

Particle tracking measurements on cooling and storage were conducted to elucidate the
phase separation of mixed KC and IC gels. The temperature dependence of (msd) on
cooling showed a two-step decrease consistent with the two-step increase in macroscopic
rheological measurements. This result indicates independent formations of KC clusters
and IC chain aggregates, which lead to phase-separation. However, the aggregates did not
evolve to length-scales exceeding the probe particle size as seen in Fig. 4.4. Upon storage,
however, broad distributions of msd were observed in the mixtures, indicating the formation
of inhomogeneous structures. We consider that this heterogeneity came from the frozen
structure on the way to phase-separated network structure. The degree of heterogeneity was
characterized using the van Hove correlation function, indicating the presence of two groups
of particles. The distributions of msd(7=10s) and a were bimodal in mixtures of KC and IC,
revealing slow and fast particles present in KC-rich and IC-rich domains. These results lead

us to suggest a view that the mixture was frozen on the way to phase-separated gel network
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Fig. 4.9 Graphical representation on the proposed gelation mechanism of mixed KC and IC
solutions.
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with the size of the KC-rich and IC-rich domains is in excess of 100 nm, at least following 1
day of storage. The volume fractions and sizes of KC-rich and IC-rich domains depend on

the KC/IC mixing ratio.
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Chapter 5

Gelation mechanism and network
structure of mixed kappa
carrageenan/lambda carrageenan gels
studied by macroscopic and microscopic

observation methods

Dynamic rheology and particle tracking experiments were carried out to investigate the gela-
tion mechanism and network structure of mixed k-carrageenan (KC) and A-carrageenan (LC)
gels on the macroscopic and microscopic levels. Mixtures of KC and LC (total carrageenan
concentration = 1.5%, K* concentration = 15 mM) were prepared at different mixing ratios.
The storage modulus (G’) was highest for pure KC and decreased monotonously with de-
creasing KC content. The mean square displacement (MSD) of probe particles was used to
characterize the network on cooling and after one day of storage. On cooling, a single step

decrease in the ensemble-averaged MSD was observed, in agreement with the rheological
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measurements. Time-averaged MSD values of individual particles showed a large distribution
after one day in storage, especially for gels with low content of KC. This heterogeneity
reflects microstructural heterogeneity, suggesting phase separation into KC-rich and LC-rich
domains. Individual particle MSD values showed a bimodal distribution. The MSD could
be described as a power-law, MSD~t%*, with 7 the lag time. The exponent o also showed a
bimodal distribution. These findings suggest that two groups of probe particles with distinctly
different mobilities are present in the mixed gels where particles in KC-rich domains exhibit
inhibited mobilities while in LC-rich domains exhibit diffusive mobilities. Based on the
rheological results, interpreted within the frame of the Takayanagi laws of mixtures, as well
as the particle tracking experiments, we propose that mixtures of KC and LC separate into a
continuous phase and a non-continuous filler phase, with the continuous phase being made
up of the more concentrated carrageenan. When the concentrations of the two carrageenans

are roughly equal, we suggest that a bicontinuous phase-separated network is formed.

Based on: Lester C. Geonzon, Xinye Zhuang, Amos M. Santoya, Rommel G. Bacabac, Jingli
Xie, Shingo Matsukawa. Gelation mechanism and network structure of mixed kappa
carrageenan/lambda carrageenan gels studied by macroscopic and microscopic observation

methods. In preparation.

5.1 Introduction

The most industrially utilized carrageenans are the k— (KC), 1— (IC) and A— (LC) car-
rageenan which differs in the amount of sulfate groups: one (G4S-DA) for KC, two (G4S-
DAZ2S) for IC, and three (G2S-D28S,6S) for LC (Usov, 1992). Among the three types, KC
and IC exhibited gelling properties influenced by temperature and presence of cations (K™,

Ca’"), while LC is a non-gelling type carrageenan.
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The functionality of carrageenan in various applications depends largely on their rheo-
logical properties. Polysaccharide mixtures or blends have gained widespread applications
in foods due to greater controllability of the physical property and texture enhancement of
the final product (Zheng, 2018). Among the aforementioned carrageenans, KC have been
mostly used owing to its different conformations depending on the temperature, cations and
polysaccharide concentration. Given low concentration of polysaccharide and salt at higher
temperature, KC behaves as a solution and can be used as thickening and stabilizing agent
while at lower temperature with high polysaccharide and salt concentration it is an effective
gelling agent (Tecante and del Carmen Nufiez Santiago, 2012). Mixtures of KC with other
gelling ingredients (alginates (Fan et al., 2013), iota carrageenan (Brenner, Tuvikene, Parker,
Matsukawa, and Nishinari, 2014; Du, Brenner, Xie, and Matsukawa, 2016), agar (Norziah
et al., 2006), and gelatin (Derkach et al., 2015) and non-gelling ingredients (locust bean
gum, guar gum and starch (Huc et al., 2014) have been studied resulting in different physical

behaviors that are used in wide range of applications (Zia et al., 2017).

In our previous study, binary mixtures of KC and IC have been thoroughly investigated
to understand the underlying network structure of the mixed carrageenan gels at different
length scale of observations ranging from macroscopic level (Brenner, Tuvikene, Parker,
Matsukawa, and Nishinari, 2014; Du, Brenner, Xie, and Matsukawa, 2016) and molecular
level using NMR (Hu, Du, and Matsukawa, 2016). Possible structures in mixed KC and IC
gels have been reported to have phase-separated (Brenner, Tuvikene, Parker, Matsukawa, and
Nishinari, 2014; Du, Brenner, Xie, and Matsukawa, 2016) or interpenetrating (Bui, Nguyen,
Renou, and Nicolai, 2019) network structures. Recently, observation at microscopic level
using particle tracking of 100 nm particles suggests a high degree of heterogeneity for the
mixed gels which was attributed to the possible formation of phase separated structure made

of KC-rich and IC-rich domains. However, the ability of both carrageenans (KC and IC) to
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form aggregates freezes the phase separated structure due to the network formation of KC
and IC chain aggregates (Geonzon, Bacabac, and Matsukawa, 2019a). Hence, understanding
the interaction between KC to a non-gelling carrageenan (LC) will provide more information
on the phase separated structure of the carrageenan mixtures. This serves as our motivation

to investigate the interaction between KC and LC using rheology and particle tracking.

In this light, we aimed to investigate the gelation mechanism and network structure
of KC and LC blends at different mixing ratio in macro- and microscopic level. The
temperature dependent viscoelasticity was measured by dynamic rheological measurements
using small amplitude oscillatory shear on cooling. Results of rheological measurements
was compared with the particle tracking using sub-micron particles. Furthermore, particle
tracking measurements following 1-day storage was also performed to clarify the network

structure of the formed gels.

5.2 Materials and Methods

5.2.1 Materials

Please refer to Section 3.2.1

5.2.2 Sample Preparation

Sodium-type k— carrageenan powder (Tokyo Chemical Industry Co., Ltd. Tokyo, Japan)
was dialyzed against NaCl solution and subsequently against deionized water to obtain Na+
type carrageenan solution. The concentrations of Na™ and K™ of the dialyzed carrageenan
were analyzed by inductively coupled plasma (ICP) atomic emission and were 0.4% and
0.11% while no Mg* or Ca™ were detected in the sample. A — carrageenan was purchased

from Sigma Chemical Co. (St. Louis, MO, USA) and used without further purification.

69



5.2 Materials and Methods

The content elements of LC were Na, 4.71% K, 4.72% and Ca, 0.65%. Samples for the
particle tracking experiments and rheological measurements were prepared using the same
procedure as described in reference (Geonzon, Bacabac, and Matsukawa, 2019a,b) except
that the K™ concentration was set at 15 mM. Since 1.5% of pure LC solution contained 18
mM K™, the addition of KCI in the mixture was varied to obtain a fixed K™ concentration to
15 mM. For pure LC solution, a small amount of LC solution was dialyzed and mixed to the
solution of LC without dialysis to obtain a solution of 1.5% with 15 mM K. The mixture
solutions of KC and LC were prepared by mixing pure KC and LC solutions at different
mixing ratio. Samples were designated using a code KCxLCy (e.g. KC50LC50), where x
and y indicate the percentage of KC and LC (x + y= 100), respectively. Samples for the
rheological measurements were prepared using the same procedure except for the addition of

probe particles.

5.2.3 Dynamic rheological measurement

Rheological properties were measured using HAAKE MARS Il theometer (Thermo Scientific,
Waltham, MA, USA) equipped with blasted parallel-plates (diameter 35 mm) with 1 mm
gap. Hot sample solutions were loaded on preheated plates at 80 °C and covered with oil to
avoid water evaporation. The storage modulus (G’) and loss modulus (G”’) were monitored
on cooling from 80 °C to 5 °C at a rate of 1 °C/min with a frequency of 1 Hz and at strain of

1%.

5.2.4 Particle tracking measurements

Particle tracking measurements of fluorescent particles (0.1 um, Green, ThermoScientific)
embedded to the carrageenan solutions were carried out using an inverted microscope, BZ-
9000 (Keyence Corp., Osaka, Japan), equipped with a PlanFluor 100x NA 1.30 oil-immersion

objective (Nikon Corp. Inc., Japan) and a temperature-controlled microscope stage (ALA
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Scientific Instruments Inc., New York). Hot sample solutions were placed in a custom-made
sample chamber equipped with temperature sensor for actual sample temperature monitoring
as described in reference (Geonzon, Bacabac, and Matsukawa, 2019a,b). Particle diffusion
were recorded using a built-in 2/3-inch, 1.5 megapixels, 12-bit, monochrome cooled CCD
camera (Keyence Corp., Osaka, Japan) at a rate of 7.5 frames per second for 110 seconds.
In cooling experiments, the particle tracking was performed at different temperatures from
50°C to 10°C. For measurement at low temperatures (gel state), a total of 60—80 particles
were tracked simultaneously. For measurement at high temperatures, particles were observed
to have high mobility and occasionally moved in-and-out of focus during the tracking and
fewer particles (~20-40 particles) were successfully tracked throughout the measurement. In
storage experiments, hot solutions of carrageenan were cooled down from 50°C to 5°C at a
rate of 1°C/min in a temperature-controlled incubator to form a gel and stored at 5°C prior to

experiments of the particle tracking, also done at 5°C.

The position of each fluorescent labeled particles was determined using an algorithm
which improves the accuracy of particle position using the image-intensity weighted centroid
for each particle (Geonzon and Matsukawa, 2019), from which particle trajectories were
calculated and analyzed. The time-averaged MSD for each particle (msd) obtained from
N images representing a total diffusion time 7 was calculated with the following equation
(Lieleg, Vladescu, and Ribbeck, 2010; Wagner, Turner, Rubinstein, McKinley, and Ribbeck,

2017):

N-%

t

[rinNt+71)—r(i A1)]? (5.1)

1
msd(T) = N_E &

where At is the interval time for each frame, that is the inverse of the frame rate, and r(/At)

is the position of the centroids of each tracked particle. The exponent ¢ in the relationship
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between msd and T, msd ~ t%, was calculated for each particle at lag times in the range 1-10
s. Because the number of displacements for the averaging (N — #;) decreases, the msd points
at longer lag times tend to have larger statistical fluctuations (Michalet, 2010). The ensemble-
averaged MSD (msd) was obtained by averaging the msd of all tracked particles. Particle
tracking and MSD calculations were performed using a custom-made program written in

Mathematica 10 (Wolfram Research, Inc., Champaign, IL) (Geonzon and Matsukawa, 2019).

5.3 Results and Discussion

5.3.1 Temperature-dependent viscoelastic properties

The temperature dependence of dynamic viscoelasticity were measured for the mixture
solutions of KC and LC at a total carrageenan concentration of 1.5% with 15 mM K*. Fig.
5.1 shows the G’ and G” as a function of temperature for the mixture solutions of KC and
LC on cooling. The point with a sharp increase in G* was defined as the critical temperature,
T, at which polysaccharide chain start to aggregate and form the three-dimensional network
to increase elasticities (Fernandes, Gongalves, and Doublier, 1991). Pure KC solution
showed the largest G* with 7, at around 29.1°C, indicating the network formation of helix
aggregates conforming a hard and brittle gel. On the other hand, pure LC solution showed
no distinct increase in G’ or G”. In addition, G is always higher than G’ at all temperature
range implying that LC exists as a solution and unable to form gel under the experimental
conditions employed. Mixture solutions of KC and LC showed similar tendency with the
pure KC at relatively high proportion of KC while a decrease in moduli and a slight shift in Tc
to lower temperature were observed as the proportion of KC in the mixture was decreased. It
is notable that, a single step increase in viscoelasticity was observed in the mixture implying
that gelation of mixture solutions of KC and LC was only influenced by the aggregation of

KC helices (Du, Brenner, Xie, and Matsukawa, 2016; Du, Lu, Geonzon, Xie, and Matsukawa,
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2016) (Du et.al, 2016). For mixtures with low proportion of KC, G” was always higher than
G’ over the entire temperature range similar to pure LC, however a slight increase in G’ and

G” was observed at around 15-10°C.
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Fig. 5.1 Temperature dependence of viscoelastic moduli at 1 °C/min for 1.5% mixture
solutions of KC and LC with 15 mM K™ at different mixing ratios on cooling.

In our previous work, studies on mixture solutions of KC and IC by rheology measure-
ments and particle tracking proposed the formation of a phase separated network structure
due to the network formation of KC and IC chains (Geonzon, Bacabac, and Matsukawa,
2019a,b). In addition, it was suggested that each chain of KC and IC in the mixtures rarely
interact with each other (Brenner, Tuvikene, Parker, Matsukawa, and Nishinari, 2014; Du,
Brenner, Xie, and Matsukawa, 2016; Du, Lu, Geonzon, Xie, and Matsukawa, 2016). There-
fore, it is also considered that mixture solutions of KC and LC formed a phase separated

structure due to the stronger immiscibility of KC and LC chains owed to the larger difference
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in the chemical structure of KC from LC than that of IC.

In general, for polymer blends with two phases, the Takayanagi model provide means
for estimating the upper (isostrain) and lower (isostress) bounds of the moduli values of the
composite gel, G, from the moduli G; and volume fraction ¢y of the individual component
k (Takayanagi, Harima, and Iwata, 1963). The theoretical bound (isostrain and isostress)

estimates were calculated using the following equation (Kasapis, 2008; Ross-Murphy, 1995):

Ge = (011G} + :G3) (5.2)

where the exponent x determines the behavior of the composite gels. For x=1 corresponds to
isostrain where the continuous phase is stronger than the filler phase while for x=-1 corre-
sponds to isostress which describes the inverse situation wherein the filler phase is stronger
than the continuous phase (Kasapis, 2008; Richardson and Kasapis, 1998). Meanwhile,
the phase separated structure with bi-continuous networks shows ¢ dependence with x=0.2
(Davies, 1971). Fig. 5.2 presents the complex modulus, G*, for mixture solutions KC and
LC gels against the proportion of LC with the boundary lines (isostrain, bi-continuous and
isostress) calculated using Eq. 5.2. The experimental data in Fig. 5.2 showed an obvious
decrease in G* and a gradual transition from isostrain to bi-continuous to isostress boundary
limits as the proportion of LC was increased. The G* value of KC70LC30 was close to
the isostrain boundary limit suggesting that the network structure of KC chain aggregates
formed the continuous phase while LC solution serves as a filler. The probability of KC
forming the continuous phase in KC70LC30 is high due to the larger ¢ of KC indicating a
stronger continuous phase than filler phase. At intermediate mixing ratio (KC60LC40 and
KC50LC50), the data showed a satisfactory fit with the bi-continuous model (x=0.2) sug-
gesting the formation of bi-continuous structure. Meanwhile, at high ¢ of LC (KC40LC60,

KC30LC70, KC20LC80), the isostress boundary limit fit well to the data implying the
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formation of a stronger filler phase than continuous phase. This is attributed to the formation
of weak network of LC in the continuous phase and the formation of filler of solid network

by the extensive aggregation of KC.
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Fig. 5.2 Experimental complex modulus (G*) as a function of volume fraction of LC for a
total carrageenan content of 1.5% with 15 mM K. The lines are the boundary lines using the
Takayanagi blending laws: short dashed (upper, isostrain, x=1, solid (bi-continuous, x=0.2),
long dashed (lower, isostress, x=-1).

5.3.2 Particle mobility during cooling

The theoretical models based on phase separated structure could explain the rheological
measurements based on the phase transition among sea-island, bi-continuous and island-sea
structures. However, the explanation was based on the macroscopic observation and does
not have enough reliability to describe the microscopic structure. The particle tracking for
Brownian motion is a useful method to investigate the local physical property in the media to

add the microscopic information to the macroscopic rheological measurements (Moschakis,
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Lazaridou, and Biliaderis, 2012; Shabaniverki and Judrez, 2017), indicating the usefulness to
verify the micro-phase separation. Fig. 5.3 shows the msd of particles in mixture solutions of
KC and LC at different temperatures on cooling. For pure KC, a linear increase with 7 and a
broad distribution of msd was observed at temperatures above T but showed a clear decrease
and change in the slope below 7 indicating the formation of solid network structure of KC
helix aggregates. For pure LC, the msd of the particles showed a linear increase with 7 and
did not show any significant change with temperature. Meanwhile, the msd of particles in
the mixture solutions of KC and LC showed a high diffusivity at high temperatures but a

pronounced broad distribution below T, especially for KC70LC30.
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Fig. 5.3 Individual msd of particles in 1.5% total carrageenan concentration with 15 mM K+
at different mixing ratio of KC and LC at different temperatures on cooling.

The change in the local viscosity with temperature was examined by calculating the
(msd) at T=10s ({msd(10s))). Fig. 5.4 shows the temperature dependence of (msd(10s)) of

particles in mixture solutions of KC and LC on cooling. The error bars are corresponding to
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the standard deviation of the distribution of msd at T=10s for each particle. The (msd(10s))
for pure KC showed a drastic decrease at around 7; demonstrating the rapid formation of KC
network structures that yields to a stable gel (Geonzon, Bacabac, and Matsukawa, 2019a).
For pure LC, the (msd(10s)) did not show any significant decrease implying that LC chains
were unable to form aggregates to restricts the particle movement with the temperature
decrease, in agreement with the macroscopic rheological measurements. Meanwhile, for
mixture solutions, the (msd(10s)) exhibited an intermediate behavior between pure KC and
LC solutions at all temperature range and showed a clear decrease at around 7, indicating an

inhibited mobility due to the formation of KC aggregates as described in Section 5.3.1.
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Fig. 5.4 Temperature dependence of (msd(10s)) at lag time 10s of particle in different mixing
ratio of KC and LC. Error bars are corresponding to the standard deviation of the distribution
of msd at T=10s for each particle.

The behavior of individual particles for different mixing ratio at around 15°C was further

clarified by indicating plots of msd at 10s (msd(10s) and o on the plot with axes of msd(10s)
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and o where o describes the type of particle diffusion and msd(10s) corresponds to the local
viscosity at T7=10s (Geonzon, Bacabac, and Matsukawa, 2019a,b). Particle diffusion with
a=1 implies that the sample has free space for normal diffusion while ot=0 implies that the
probe particles are fully constrained, i.e., trapped in the network structure. Furthermore,
the sample is considered to have a restricted diffusion space when « lies between zero
and one indicating the relationship between observation time and timescale of diffusion
in the media (Gardel, Valentine, and Weitz, 2005; Mason, Ganesan, van Zanten, Wirtz,
and Kuo, 1997; Price, 2009). In materials where such sub-diffusive behavior is observed,
the particle movement is considered to be inhibited by some network structure (Waigh,
2005). Fig. 5.5 presents the distribution of msd(10s) and « for pure and mixture solutions
of KC and LC at around 15°C on cooling. Distribution of msd(10s) and ¢ the particles
in pure gels showed a clear difference between KC (with & ~0 and lower msd(10s)) and
LC (with o ~1 and higher msd(10s)) implying a distinct difference in the microrheology
between the two solutions. Meanwhile, the mixture solutions of KC and LC showed a broad
distribution that spread between the pure carrageenan solutions suggesting the presence of
different microenvironments due to the developed structural heterogeneity. In the mixture,
the heterogeneous structure with different microenvironment may come from the formation
of phase-separated structure made of KC-rich and LC-rich domains due to the extensive

aggregation of KC chains.
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Fig. 5.5 The distribution of msd(10s) against slope ¢ for mixture of KC and LC at around
15°C on cooling.

5.3.3 Particle mobility in stored gels

The change in the network structure of the mixed gels were investigated by the particle
tracking following 1 day storage at 5°C. Fig. 5.6 presents the msd of particles in mixture
of KC and LC gels measured at around 5°C after 1 day storage . Measurements for the
first day (Fig.5.3) showed a distribution in msd especially for KC70LC30 suggesting the
possible formation of phase separated structures but was not so clear. The msd after 1 day
storage showed a larger distribution with different behaviors of msd observed for solutions
with various mixing ratio of KC and LC showing a distinct enhanced behavior of structural
changes in the mixture. For samples with low proportion of LC (KC70LC30, KC60LC40,

KC50LC50), a narrow distribution of msd was observed with few particles which showed dif-
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fusivity. On the other hand, for samples with high proportion of LC (KC20LC80, KC30LC70,
KC40LC60), a broad distribution of msd was observed associated with the heterogeneity in
the local physical properties of the mixture gels.
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Fig. 5.6 Individual mean square displacement of particles in 1.5% total carrageenan concen-
tration with 15 mM K™ after 1 day storage at different mixing ratio of KC and LC at around
5°C.

The msd of particles in the mixture especially at high proportion of LC revealed a
comparatively high degree of heterogeneity. The rheological measurements were explained
by the theoretical model based on the phase separated structure (Section 5.3.1). Therefore,
the structural heterogeneity in the mixture was considered to be attributed to the formation of
phase separated structure made of KC-rich and LC-rich domain. To understand the degree
of heterogeneity in the gels, the plot of msd(10s) and « for each particle were used which
provides insights on the distribution of microenvironment surrounding the probe particles
(Geonzon, Bacabac, and Matsukawa, 2019a). Fig. 5.7 presents the plot of msd(10s) and
« for each particle in the mixture of KC and LC after 1 day storage at 5°C. Particles in
pure KC and LC gels showed a unimodal 2D distribution of msd(10s) and & as shown
in Figs. 5.7a and 5.7h indicating the probe particles in pure gels experiences the same
microenvironment i.e. homogenous media. In addition, as explained earlier, there is a clear

difference in the distribution between pure KC and pure LC implying a distinct difference in
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micro-rheology. The plot of msd(10s) and o for particles in the mixture of KC and LC at all
mixing ratio showed a broad distribution that spread in between the pure KC and LC. Based
on the consideration that the mixtures formed a phase-separated structure and msd(10s)
and « are independent with each other, we adopted a bimodal 2D Gaussian functions with
no correlation parameter between msd(10s) and « to fit the data. The red dashed lines in
Figs. 5.7 b-g are the contour lines of the bimodal 2D Gaussian functions with no correlation
parameter where the fraction of two components in the function was set to be the mixing ratio
for each mixture. The observed bimodal 2D distribution suggested that the particles in the
mixture solutions probes different microenvironment due to the formation of phase separated
structure made of KC-rich and LC-rich domains. Correspondingly, the KC-rich and LC-rich
domains depress and allow particle diffusion that results to the presence of particles with
small o implying inhibited mobility and large & implying diffusive mobility, respectively.
For low proportion of LC, the distribution was observed closed to pure KC suggesting the
extensive aggregation of KC chains yields to a more stable gel primarily made of KC network
structure while few particles showed diffusivity. For gels with high proportion of LC, a
broad distribution indicates the presence of particles with vastly different diffusivity due to
the phase-separated structure. This suggests that for gels with low proportion of KC, the
extensive aggregation of KC chains resulted the formation of filler of KC chains aggregates
that inhibits particle mobility. In addition, it was considered that the filler of KC chains
yields to the slight increase in G’ and G” in the rheological measurements and reflects the

predictions obtained from the isostress blending law in Fig. 5.2.
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Fig. 5.7 Distribution of msd and « of particles in different ratio of KC and LC at 5°C
after 1 day storage. The black solid lines in Figs. a-h indicates the unimodal 2D Gaussian
distribution of particles in pure KC and LC, while the red-dashed lines in Figs. b-g indicates
the bimodal 2D Gaussian distribution.

The effect of K™ concentration on the msd of mixture solutions of KC and LC after
1 day storage at 5°C was also investigated as shown in Fig. 5.8a. The increase of K™
concentration caused the depression of msd for both KC30LC70 and KC50LC50. A clear
shift of distribution in plot msd(10s) and o was observed from 10 mM to 19 mM K™ (see
Fig. 5.8b). For KC50LC50, at low concentration of K™ (10 mM), the distribution was
skewed towards high msd(10s) and o implying that most of the particles showed diffusivity
suggesting that KC chains were unable to form a stable network structure. With increasing K*
concentration to 19 mM, the distribution shifted towards lower msd(10s) and o indicating
that most of the particles are confined in the network due to the formation of KC chain
aggregates resulting to the formation of stable KC gels that could possibly affect the phase

separated structure.
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Fig. 5.8 a) msd of particles in mixture solutios of KC and LC with different K™ concentration.
b) Distribution of msd(10s) and o on the dependence of K in mixture solutions of KC and
LC.

5.3.4 Consideration for the phase separated structure

On the basis of the rheological measurements and particle tracking measurements, we
postulate that mixture solutions of KC and LC formed a phase-separated structure. In
addition, the phase transition from sea-island to bi-continuous to island-sea network structure
were suggested as the ratio of KC and LC in the mixture was varied. Particle tracking revealed
a high degree of heterogeneity in the mixture of KC and LC gels which was attributed to
the possible phase separated structure of KC-rich and LC-rich domains. The broad msd

of particles in mixture solutions of KC and LC were grouped into two populations based
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on distribution in the plot of msd(10s) and & using a clustering method in Mathematica 10.
Fig. 5.9 presents the trajectories of individual particles in the mixture of KC30LC70 after
grouping. The red particles (inhibited) and blue particles (diffusive) were attributed to be
in the KC-rich phase and in the LC-rich phase revealing a clear phase separated structure.
The diffusive particles and inhibited particles observed in Fig. 5.9 showed a non-localized
distribution suggesting that the particles were not migrated. In addition, the distribution
of msd in Fig. 5.6 indicated that the domain size is larger than the particle size. Finally,
depending on the mixing ratio of KC and LC, the phase separated structure and the phase
transition from sea-island to bi-continuous to island-sea structure were suggested as shown

in the graphical representation in Fig. 5.10.
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Fig. 5.9 Trajectory of individual particles in KC30LC70 having a concentration of 1.5% with
15 mM KClI after 1 day storage at 5°C. The red and blue trajectories are corresponding to
inhibited and diffusive particles, respectively. The trajectory of each particle was magnified
5 times for clarity.
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Fig. 5.10 Schematic representation of the proposed structure of mixed KC and LC gels at
different volume fraction of KC.

5.4 Conclusion

The present study investigated the gelation mechanism and network structures of mixed
KC/LC gels. The rheological results could be interpreted by invoking the Takayanagi laws
of mixtures, implying phase separation between KC and LC. The dependence of the elastic
modulus on the mixing ratio suggested the formation of a continuous phases formed by the
more concentrated carrageenan, with the other carrageenan forming finite filler domains.
At intermediate mixing ratios, a phase inversion suggested to take place, where both car-

rageenans may percolate and form a bicontinuous structure.

Particle tracking measurements showed a single step decrease of (msd(10s)) at tempera-
tures that were close for pure KC and mixed KC/LC gels. This finding is consistent with the
macroscopic rheological measurements, implying the inhibition of probe particle mobility
once KC aggregates begin to form. Following one-day storage, probe particle msd in mixed
gels showed a wide distribution, especially at low proportion of KC contents, underlining the

enhanced microscopic heterogeneity, as reflected in the microviscosity. The distributions of
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msd(10s) and o in these gels could be described using bimodal 2D distributions, indicating

particle diffusion in distinct KC-rich and LC-rich domains.
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Chapter 6

General Summary

The gelation mechanism and network structure of carrageenan gels as well as its mixtures
were studied in the macro- and microscopic points of view using the particle tracking tech-
nique. The local physical property obtained in the particle tracking were related to the overall

mechanical property of gels. The primary results of this thesis can be summarized as follows:

Particle tracking algorithm was developed for the microrheological studies, to probe the
local physical properties of gels. The algorithm allowed us to track 100 nm particles with
improved accuracy of centroid coordinates and particle identification. In the particle tracking
algorithm, new technique was introduced by deciding a cut-off threshold for each particle
based on the pixel intensity distribution for each image of local area around the particles. This
algorithm will be significantly useful in particle tracking technique for biological systems or
gels, especially for fluorescence microscopy observations with considerable obstructive stray

fluorescent signals.

Using the particle tracking algorithm, thermal fluctuations of probe particles embedded in
the pure kappa and iota carrageenan gels were investigated. The results provide information

on the microscopic scale the physical property of a strong and hard gel and for a soft and a
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so-called “weak gel”. In particular, the results allowed us to propose the network structure
and gelation mechanism of the weak gel. This development is helpful and provides additional

definition of what is a weak gel in the microscopic level.

In addition to pure gels, the gelation mechanism and phase separated network structures
of mixed carrageenan gels of kappa-iota and kappa-lambda were investigated using particle
tracking. The results showed greater degree of heterogeneity in the local physical property
for the mixed gels following 1-day storage as compared to the pure carrageenan gels. For the
kappa and iota mixtures, the formation of heterogenous network was attributed on the way
to phase separation of kappa-rich and iota-rich domains but was frozen due to the network
formation of kappa and iota chains. These results allowed us to contribute on the existing
issue on the gelation mechanism of mix kappa and iota carrageenan gels whether it forms a
phase-separated or interpenetrated network structure. In a separate experiment on the mixture
of kappa-lambda, the phase separated network was clearly observed due to the inability of
lambda to form network. In addition, a phase transition from sea-island, bicontinuous and

island-sea network structure was suggested.

Overall, this research is focused on the microrheological investigation for the mixed
polysaccharide gels with an aim of understanding the interaction of different ingredient
in food product. Since, interactions between ingredients greatly influenced the quality of
foods thus, understanding this will provide useful information in a way of improving and

developing the food product with desired texture and physical properties.
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Supplementary Figure
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A.2 Supplementary Figure 1 of Chapter 5
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Fig. A.1 a) Image of a single particle. b) Intensity profile of a single particle. ¢) Image of an
aggregated two particles. d) Intensity profile of an aggregated particles.
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A.2 Supplementary Figure 1 of Chapter 5
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Fig. A.2 Individual msd of particles in KC50IC50 using a cooling rate of 0.055°C/min for
four different areas in the KC50IC50 sample.
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