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MONITORING DYNAMICALLY THE GELATION PHASE

TRANSITION OF AGAROSE WITH DIFFUSION QMRI
|
AS A FUNCTION OF T.EMPERATURE AT 3T
REHAM ESSAM KAIFI
ABSTRACT

The purpose of this experiment is to observe the diffusion coefficient of
agarose solution as a function of temperature during the process of gel
formation. The focus is on understanding how liquids become semi organized or
semi-solid by monitoring dynamically with diffusion quantitative MRI the liquid-to-
gel phase transition of pure agarose as a function of gel concentration. Four
different concentrations of agarose solutions were allowed to cool down while
scanning dynamically with 3 T MRI scanner (Achieva, Philips Medical Systems,
Cleveland, OH) with diffusion gMRI, 70 dynamics with 56 seconds dynamic time.
The 1%, 2%, 3%, and 4% agarose solutions were prepared by pouring agarose
powder in distilled water and heating the solutions until they reached the boiling
point ~80°C and completely dissolved. Then, scanning the phantoms dynamically
as these cooled down immediately after preparation. A single axial slice diffusion-
weighted-imaging turbo-spin-echo (DWI-TSE) pulse sequence was used. The
diffusion versus time (temperature) curves of different agarose solutions show a
distinct phase transition region characterized by a hump of increased diffusion.

The diffusion coefficient as a function of time (temperature) curves of all the four

concentrations shows similar behaviors with a phase transition characterized by



a hump shaped at about 24 minutes at which time the gelation phase transition
begins. These results may be useful for testing theoretical models of the NMR
diffusion coefficient properties during liquids transforming to semi organized or

semi solid

Vi



TABLE OF CONTENTS

Listof Abbreviations® ¥ ¥ ¥ ¥ ¥ T ¢ § R R R U R U RURUEEUEE B O

Ethics and funding

Materials, lab equipment, and imaging equipment.

Phantom preparation

Image acquisition technique

Vii



Image processing technique

Statistical analysis

Q)
o
>
Q
c
0,
o
=]
L]
L]
-
-
-
-
-
-
-
-
-

_________________________ TR EOETE 40

viii



LIST OF TABLES

2. Table 2: T2 rates of agarose as a function oftime ¥ ¥, 1 ¥ ¥ 8 B ¥ 93.94



LIST OF FIGURES

Figure 1: The molecular diffusion random trajectory® ¥ . ¥ 1 8 1 ¥ ¥ ¥ ¥ §

Figure 2: The 3D diffusion probability density functioninavoxel® ¥ ¥ ¥ ¥ 5

Figure 3: Diffusion-weighted Imaging (DWI) a spin echo sequence.® ¥ ¥ 17

Figure 4: The chemical structure of Agarose ¥ ¥ 1 1 1 1 1 R R R RN O

Figure 5: The UltraPure™ Agarosel00g ¥ ¥ ¥ T R R sy p nvwepg 12

L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
N}

Figure 6: The phantoms’ lab materials ¥ ¥ ¥

L]
-
-
-
-
-
-
-
-
-

L]

)

Figure 7: The phantoms’ imaging equipment’'s ¥

Figure 8: The weighing machine used to measure 3 grams of agarose......... 16

Figure 9: The Agarose solution before and after it dissolved ¥ ¥ ¥ ¥ .16

Figure 10: Measuring the temperature of agarose solution..®* ¥ ., ¥ ¥ ¥ ¥ 17

Figure 11: Handling the hot agarose solution ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ B B B B17

Figure 12: Pouring the agarose solution in the container..¥ ¥ ¥ 1 1 1 ¥ 18

Figure 13: The appearance of solidified agarose * ¥ ¥ 1 1 v ¢ ¢ ¥ 18

Figure 14: The basic Diffusion-Weighted Imaging (DWI) pulse sequence ....20

Figure 15: D of 1% agarose sol-gel as a function of time ...............cc...ooevnns 25



Figure 16: D of 2% agarose sol-gel as a function of time ¥ ........................... 27

Figure 17: D of 3% agarose sol-gel as a function of time® ¥ ¥ ¥ 1 1 ¥ §D7

Figure 18: D of 4% agarose sol-gel as a function oftime ¥ ¥ ¥ ¥ 8 8 28

Figure 19: D curves of agarose sol-gels as a function of time® ¥ ¥ ¥ 8 ¥ 30

Figure 20: D curves for agarose sol-gel transition phase & ROIY ... ¥ ... 1 31

Xi



LIST OF ABBREVIATIONS:
C: Celsius
DTI: diffusion tensor imaging
DWI: diffusion weighted imaging
D-galactose: de ley doudoroff pathway
DICOM: digital image communication in medicine
DNA: deoxyribonucleic acid
MRI: magnetic resonance imaging
NMR: nuclear magnetic resonance
PD: proton density
ROI: region of interest
Sol-gel: solution-gelatin
TSE: turbo spin echo
T: tesla
TE: echo time
TR: repetition time

W/V: weight/volume

Xii



INTRODUCTION

Dynamically the solution-to-gel transition of agarose in water with diffusion
gMRI provides complementary information on a microstructural as well as on a
macroscopic spatial scale. In this study, we used different concentrations of
agarose-solution phantoms to monitor dynamically the gellification phase
transition of agarose with diffusion quantitative magnetic resonance imaging
(qMRI) as a function of temperature with a 3.0 T MRI scanner. Therefore, the
following sections will provide basic information about principles of MR,
molecular diffusion, diffusion-weighted imaging (DWI), and basic information

about Agarose gel

PRINCIPLES OF MRI

Magnetic resonance imaging (MRI) is a diagnostic non-invasive imaging
technique that uses magnetic field to obtain a visual representation of the internal
structure of an object. The most abundant nucleus in living organisms is
hydrogen proton, which is often referred to as proton, and MR signal comes
mainly from hydrogen nuclei (7). Magnetic fields which excite nuclei to a higher
energy state, are generated by coiled wires that are connected to a
radiofrequency (RF) amplifier. This radiofrequency (RF) amplifier supplies energy
to transmitter coils. The main external field (BO) called the longitudinal

magnetization, where the object is placed to acquire the MR images. By applying



RF pulses the magnetization converts from the longitudinal z-axis to the
transverse plane and creates the transverse magnetization. This change in
magnetization from the longitudinal axis to the transverse axis and vice-versa
creates contrast (differentiable shades of intensity) in an image (12). The time
between different RF pulses sequences is known as the repetition time (TR),
whereas the time between applying the RF excitation pulse and acquiring the
signal is called the echo time (TE). The amount of time it takes for about 63% of
the longitudinal magnetization to recover in a given volume is known as T1, while
the amount of time it takes for about 63% of the transverse magnetization to
decay in a given volume is known as T2. Magnetic field inhomogeneities can
effect the T2 time of a volume and when this occurs the T2 time is then referred
to as T2*. Based on these principles, a MR image can be selected as T1, T2, or
T2* weighted in order to utilize the T1 or T2 properties of given tissues and get
an optimal contrast. Contrast can also be obtained by exploiting the differences
in the proton densities (PDW) of tissues or the displacement of molecules (DWI)

(23)

For MRI image quality, high signal to noise ratio, spatial resolution,
millisecond temporal resolution, and high contrast to noise ratio are desirable.
Signal to noise (SNR) ratio is one of the most important measures of image
guality and magnetic resonance imaging (MRI) system performance (9). Three
factors influence SNR: field of view (FOV), slices thicknesses, and matrix size

(15). The spatial encoding process is done when the magnetic field gradients
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record three-dimensional locations of the objects within the scanner in k-space
once the signal is received, and by using Fourier transform algorithm we can
reconstruct raw data and make them visually interpretable. Spatial resolution is
another measure for image quality. It is the ability to distinguish two points as
separate in a MR image. Four factors affect spatial resolution: magnet’s strength,
which is measured in Tesla (T), matrix size, FOV, and slice thicknesses.
Temporal resolution refers to the precision in timing that the scanner provides
when imaging moving protons. Any improvement in one of these parameters may
results in weakening in another. Therefor, a balance between safety and risk
must be determined based on the given objective of the scan. For example,
higher magnet strengths increase the spatial resolution, but increase the specific
absorption rate (SAR) and put human and animal participants at a higher risk of

overheating (23)

MOLECULAR DIFFUSION:

In 1905, Einstein described the molecular diffusion, or Brownian motion
as a concept of any type of molecule in a fluid (e.g., water) is randomly displaced
in the presence of thermal energy (Fig 1) (8). Water molecules are in constant
motion, and the rate of movement or diffusion depends on the kinetic energy of
the molecules and the temperature. The motion of the water molecules in a glass
of water is fully random, and it is limited only by the boundaries of the container.

In statistical terms, the random motion is described by a displacement



distribution, which is the proportion of molecules that undergo displacement in a
specific direction and to a specific distance. Diffusion in a homogeneous medium
is well described as having a normal distribution. Depending on the type of
molecule, the temperature of the medium, and the time allowed for diffusion, the
distribution would be wider or narrower. Displacement distribution or
displacement probability density function and image of molecular displacement
are used to describe the global behaviour of a population of water molecules

contained in an imaging voxel as shown in (fig 2) (11)



Figure 1: Diagram shows the diffusion-driven random trajectory (red line) of a
single water molecule during diffusion. The dotted white line (vector r) represents
the molecular displacement during the diffusion time interval, between t1=0 and

t2=1(11)

Figure 2: Diffusion within a single voxel. Diagram shows the 3D diffusion
probability density function in a voxel that contains spherical cells (top left) or
randomly oriented tubular structures that intersect, such as axons (bottom left).
This 3D displacement distribution, which is roughly bell-shaped, results in a
symmetric image (center), as there is no preferential direction of diffusion. The
distribution is similar to that in unrestricted diffusion but narrower because there
are barriers that hinder molecular displacement. The color bar (right) shows the
spectrum used in color-coding to represent probability, from the lowest value,
which is indicated by red, to the highest, which is indicated by blue (11)



DIFFUSION-WEIGHTED IMAGING (DWI)

Diffusion-weighted MR imaging (DWI) is a form of MR imaging based
upon the diffusion of water molecules within a voxel, and it is the simplest form of
diffusion imaging. Typically it is a single shot echo-planar based sequence. (14)
Using a single spin-echo RF excitation, k-space is filled by rapid positive/negative
oscillation of the readout gradient. The diffusion of water inside a voxel of brain
tissue, for example, is hindered primarily by cell membrane boundaries unlike the
free diffusion of water kept inside a container. With greater cellularity the diffusion

restriction increases e.g. tumors (19)

To obtain diffusion-weighted images, pair of strong gradient pulses are
added to the pulse sequence (fig 3). The first pulse de-phases the spins, and the
second pulse re-phases the spins if no net movement occurs. If net movement of
spins occurs between the gradient pulses, signal attenuation occurs (11). The
degree of attenuation depends on the magnitude of molecular translation and
diffusion weighting. The amount of diffusion weighting is determined by the
strength of the diffusion gradients, the duration of the gradients, and the time

between the gradient pulses (16)



Figure 3: Diffusion-weighted Imaging (DWI). A spin echo sequence with
diffusion gradients added. The gradient coil used to produce the diffusion need
not be a separate gradient or gradients from those used for spatial encoding. The
degree of diffusion weighting is dependent primarily on the area under the
diffusion gradients and on the interval between the gradients. Other factors
include the effect of the spatial localization gradients and the size of the voxels
(11)



BASIC INFORMATION ABOUT AGAROSE GEL:

Agarose solution is an agueous paramagnetic solution that has been
widely used as the signal bearing substance in MRI phantoms (13). Agarose is a
non-ionic linear polysaccharide polymer material extracted from the cell walls of
agar-producing red seaweeds (Rhodophyceae) and is mainly responsible for the
agar’s gelling power (1). Araki and co-workers were the first who established the
primary chemical structure of Agarose (2). The structure of this polysaccharide is
mixed combination of agarose and agaropectin, which are based on galactose-
based backbones (6). It is formed by linking agarobioses - (1! 3) and #- (1! 4),
as shown in (fig 4) (21). Agarose is soluble in boiling water and the main chains
are held together by hydrogen bonds. Each agarose chain contains ~800
molecules of galactose. This chemical structure gives agarose the ability to form
gels that are solid even at low concentrations. These gels have a macro reticular
structure with a very open mesh, which can be adjusted simply by varying the

concentration of agarose

The macro reticule of the agarose gel is formed by hydrogen bonds, which
make the gel thermo-reversible, thus it melts after heating. Specifically, the
gelling temperature range is 32 - 45°C, and the melting temperature range is
normally 80 - 95°C, although these can be modified when preparing products for
specific uses. Biopolymer gels are more sensitive to temperature changes
compared to synthetic gels. This is because in biopolymer gels the junction
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zones play a major role in forming the three-dimensional structure by the
association of the helical structures stabilized with weak hydrogen bonds. A
hydrogen bond has weak association energy, but a sequence of hydrogen bonds
has enough energy to hold the strands together. In general, thermoreversible
gels show a thermal hysteresis between gelation and melting due to the different

energy requirements for association and disassociation of junction zones

Figure 4: The chemical structure of Agarose (20).

Agarose is available as a neutral and non-toxic white powder. it can be
handled easily and safely. There are many different uses for agarose in addition
to its uses in gels. In imaging domain, it can be used in magnetic resonance
imaging (MRI) and quantitative magnetic resonance imaging (QMRI) phantoms
studies since it is much easier to locate a phantom standard at each of the many
MRI systems in the world instead of a human to send the standard human from
site to site to be imaged. Phantoms that used in MRI and gMRI should compose

9



of materials that have a magnetic resonance signal and agarose does have MR
signal. Agarose has been used in tissue-mimicking material for MR phantoms
since it is properly similar to soft tissue, such as liver and muscle, with water
content between 70% and 85% (6). Furthermore, agarose gel has approximately
the same thermal properties as water due to the high water content (22)

With the ongoing development of more powerful and precise scanners and
computer hardware, as well as innovations in fast pulse sequence design, gMRI
is rapidly becoming clinically feasible. A growing and exciting future application
utilizing gMRI in many organ systems has improved diagnostic sensitivity as well
as monitoring therapy. Phantom studies in gMRI may continue to support such

advancements

Agarose gel phantoms have not been only used in tissue mimicking
material, but also for defining the MRI intrinsic contrast by modeling the $H
magnetic relaxation behavior of biological tissues. In addition, agarose can be
used for other purposes. For example, it can be used to form support structures
such as beads, to which proteins, such as enzymes and antibodies, as well as
other products, including dyes and antigens, can be fixed for separations.
Agarose is an essential tool for Bio-imaging, Biochemistry, Microbiology,

Molecular Biology, and Cell Structure

10



MATERIALS AND METHODS

IN VITRO PHANTOM

EITHICS AND FUNDING:

These experiments were performed in vitro and thus there were no
ethical concerns, or recruitment issues. Boston University School of
Medicine (BUSM)’s bioimaging department provided funding for all
materials, and all phantoms were scanned in the Center for Biomedical

Imaging (CBI)

MATERIALS, LAB EQUIPMENT, AND IMAGING EQUIPMENT:

To make the phantoms that we used in this study we needed the
following: UltraPure™ Agarosel00 g (fig 5), distilled water, Parafilm,
Erlenmeyer flask, electronic scale, heating /magnetic stirrer machine,
large size stir bar magnet, thermometer (alcohol based), timer, heat
resistant gloves, plastic containers branded “freshness keeper” and
capable of withstanding temperature in the range of -20!c - 120!c, whole
body Achieva MRI 3.0Tesla scanner, and a Head coil 3.0 Tesla as shown

in (fig 6,7)
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Figure 5: UltraPure™ Agarosel00 g (by Invitrogen; Carlsbad, CA, stored
at 15!c -30!c, Cat. N0.16500-100, gel strength % 1,200g/cmé, gel point *
36!c, melting point % 90!c)

Figure 6: Phantoms’ lab materials. From right to left: Parafilm on top of weighing

machine, Agarose powder, timer, large stair magnet bar, thermometer, heating-

stirrer magnet machine, heat resistance gloves, Erlenmeyer flask, distilled water,
and plastic container

12



(A)

(B)

Figure 7: Phantoms’ imaging equipment. (A) Whole body Achieva MRI 3 T
scanner from Philips Medical Systems; Cleveland, OH. (B) Head coil 3.0 Tesla/8
Channels Phased array by Invivo Corporation, Florida, USA.
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PHANTOM PREPARATION:

Four different concentrations of agarose solutions were prepared (1%,
2%, 3%, and 4%). We calculated the volume percent by using the following
formula (weight of solute in g / volume of solution in ml * 100). Therefore, we
needed 3 grams of UltraPure™ Agarose powder in 300 millilitre of distilled water
in order to prepare the 1% solution (fig 8), 6 grams /300 millilitre for 2% solution,
9 grams/ 300 millilitre for 3% solution, and 12 grams/ 300 millilitre for 4%
solution. To weigh the agarose powder we pre-set the weighing machine with

paper film on it to 0.00gm

After weighing the agarose powder we poured it in the Erlenmeyer flask
with the distilled water, and placed the large magnet bar on the bottom of the
flask. Then, we placed the flask on the heating/ magnetic stirrer machine and set
the heat and the stirrer knobs on 5 (fig 9) for about 30 minutes until it reached the
boiling point, 80°C (fig 10). Caution should be taken when taking the temperature
of the solution by wearing the heat resistance gloves (fig 11). When the solution
becomes clear and transparent we can know that the agarose powder is
completely dissolved and ready to be poured in the plastic container (fig 12). In
order to minimize the cooling time before the scanning session begins the
scanner (Achieva 3.0T Philips MRI) was pre-set with DWI-TSE parameters
before transferring the hot solution to the scanner room. we set the timer for five

minutes then we poured the agarose solution in the plastic container. Then, we

14



placed the phantom in the head coil and set up the MRI machine for survey then
start the scanning. The five minutes is the time required prior scanning the
phantom to pour the agarose solution in the plastic container, handle the
container to the MRI machine, place it in the coil, and set up the scanner. We set
the five minutes to scan all phantoms fairly at approximately the exact
temperature point. We did all the same steps for all different concentrations
phantoms. The appearance of the agarose solution after taking it out from the

MRI machine is shown in (fig 13)
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Figure 8: Using the weighing machine to measure 3 grams of agarose in
order to prepare the 1% concentration of agarose solution

(A) (B)

Figure 9: (A) Agarose solution before the agarose powder is completely
dissolved. (B) Set the heat and the stirrer on 5 for about 30 minutes until it
becomes clear transparent
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Figure 10: 30 minutes, the agarose solution reached the boiling point (80°C). To
check the temperature, turn off the stirrer knob and place the thermometer in the
solution without touching the bottom of the glass to make sure that the
temperature is the agarose solution’s temperature.

Figure 11: before switching off the heat knob set the timer for 5 minutes
then wear the heat resistance gloves and turn off the heat knob and take
the flask away from the heating machine

17



Figure 12: Pour the agarose solution very carefully in the plastic container.

Figure 13: The agarose gel appearance after scanning it and become
completely solid

18



IMAGE ACQUISITION TECHNIQUE:

All different concentrations phantoms were scanned dynamically while
they cooled down inside the bore of the 3T whole body MRI scanner. Turbo spin-
echo diffusion-weighted imaging (TSE-DWI) pulse sequence was used to acquire
diffusion data with the parameters as shown in (table 1). The basic Diffusion-

Weighted Imaging (DWI) pulse sequence is shown in (fig 14)

Frequency of Scanner 127.79338 MHz

Diffusion Gradient Isotropic

b-Values 0, 200, 400

Slice Thickness: 10 mm

Reconstructed Matrix: 160x160

TE: 87.78 ms

ETL: 20

Acquisition Matrix size: 140x97

Reconstructed Pixel Spacing: 0.875 mm

Number of Temporal Positions: 70 dynamics with 56 seconds

Table 1: Pulse sequence parameters

19



Figure 14: Basic Diffusion-Weighted Imaging (DWI) pulse sequence. Using a
single spin-echo RF excitation, k-space is filled by rapid positive/negative
oscillation of the readout gradient. Additional diffusion gradient pre-pulses are
applied based on the desired b-values to sensitize the image to abnormal fluid
motion states created by pathology (24)

20



IMAGE PROCESSING TECHNIQUE:

The DICOM images were further processed with an adaptive D gqMRI
algorithm programed in Mathcad software (Parametric Technology Corporation,
140 Kendrick Street, Needham, MA 02494, USA). Mathcad helps define the
region of interest (ROI), which is then copied automatically into every diffusion
confessant and calculates the mean diffusion confessant in that particular region
of interest (ROI). This mean value of diffusion confessant is plotted as a function

of the dynamic time (cooling time)

STATISTICAL ANALYSES:

Statistical analysis was performed to determine the correlation coefficient
between the diffusion of agarose solution at a certain temperature and dynamic
time. MathCad image-processing algorithm was used to analyze each

acquisition’s images

21



RESULT

In our results, it was observed that, gels with higher concentration i.e. 3%
and 4% have lower diffusion coefficient compared to gels with lower
concentrations i.e. 1% and 2% as shown on table 2. Increasing concentrations of
agarose produced an increasingly stronger, more brittle network. Therefore, gels
formed from 3% and 4% solutions were stronger as compared to the gels formed
by of 1% and 2% concentrations. Diffusion coefficient as a function of time
(temperature) for four different concentrations of agarose solutions curves
display a continuous decay followed by a distinct liquid-to-gel phase transition
region characterized by a sharp increase in the diffusion coefficient followed by a
sharp diffusion coefficient reduction. The diffusion coefficient of different

concentrations 1%, 2%, 3%, and 4% are shown in figures 15,16,17,18

As noted on table 2, diffusion coefficient values of solutions of lower
concentration are higher than the diffusion coefficient values of solutions of
higher concentration. The diffusion coefficient values decrease with increase
concentration and increases with decrease concentration. When the agarose
gels were liquids at time zero the diffusion coefficient values for 1% was 6.151,
for 2% was 5.541, for 3% was 4.885, and for 4% was 4.65. As the temperature
decreases and time elapses the diffusion coefficient values for the solidified
agarose gels starts to be approximately at the same range. For example, at 64.4

minutes D was 2.682 for 1%, 2.353 for 2%, 2.23 for 3%, and 2.228 for 4%

22



Time D(1%) D(2%) D(3%) D(4%)

0 6.151 5.541 4.885 4.65
0.933 6.455 5.131 4.711 4.497
1.867 5.66 4.877 4.5 4.352
2.8 5.642 4.662 4.382 4.229
3.733 5.115 4.423 4.259 4.074
4.667 5.438 4.345 4.132 3.964
5.6 5.239 4.155 4.009 3.858
6.533 4.646 4.059 3.897 3.761
7.467 4.712 3.917 3.819 3.665
8.4 4.722 3.807 3.7 3.58
9.333 4.46 3.724 3.645 3.502
10.267 4.208 3.682 3.549 3.44
11.2 4.046 3.575 3.488 3.372
12.133 4.566 3.507 3.416 3.304
13.067 4.19 3.456 3.369 3.252
14 3.795 3.388 3.309 3.203
14.933 3.756 3.318 3.258 3.156
15.867 3.685 3.267 3.194 3.103
16.8 3.383 3.228 3.165 3.057
17.733 3.387 3.15 3.112 3.01
18.667 3.361 3.116 3.059 2.976
19.6 3.339 3.084 3.027 2.94
20.533 3.354 3.04 2.997 2.933
21.467 3.355 3.051 2.965 2.916
22.4 3.373 3.008 2.951 2.93
23.333 3.412 3.002 2.953 2.951
24.267 3.515 3.01 2.975 2.955
25.2 3.485 3.005 2.981 2.994
26.133 3.488 3.022 2.996 3.052
27.067 3.448 3.047 2.993 3.104
28 3.23 3.023 3.021 3.154
28.933 3.252 3.034 3.05 3.143
29.867 3.281 3.058 3.053 3.184
30.8 3.297 3.061 3.013 3.134
31.733 3.178 2.981 3.003 3.109
32.667 3.15 2.976 2.979 3.016
33.6 3.141 2.928 2.918 2.929
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34.533 3.105 2.91 2.89 2.82
35.467 3.114 2.877 2.809 2.752
36.4 3.102 2.836 2.777 2.763
37.333 3.034 2.786 2.725 2.618
38.267 3.005 2.76 2.662 2.637
39.2 2.999 2.759 2.629 2.628
40.133 2.973 2.695 2.594 2.557
41.067 2.974 2.684 2.562 2.527
42 2.966 2.661 2.519 2.548
42.933 2.968 2.632 2.479 2.583
43.867 2.91 2.61 2.479 2.47
44.8 2.878 2.608 2.446 2.452
45.733 2.884 2.582 2.464 2.46
46.667 2.875 2.564 2.378 2.462
47.6 2.881 2.549 2.356 2.488
48.533 2.843 2.524 2.401 2.397
49.467 2.85 2.518 2.381 2.387
50.4 2.816 2.504 2.364 2.449
51.333 2.817 2.493 2.378 2.332
52.267 2.801 2.479 2.306 2.383
53.2 2.81 2.471 2.314 2.382
54.133 2.78 2.445 2.296 2.358
55.067 2.782 2.431 2.314 2.347
56 2.765 2.43 2.31 2.324
56.933 2.762 2.431 2.296 2.238
57.867 2.71 2.419 2.267 2.298
58.8 2.714 2.408 2.268 2.274
59.733 2.701 2.389 2.268 2.255
60.667 2.694 2.385 2.271 2.3
61.6 2.695 2.358 2.251 2.235
62.533 2.688 2.382 2.266 2.219
63.467 2.646 2.351 2.253 2.243
64.4 2.682 2.353 2.23 2.228
Table 2: Diffusion coefficient of agarose sol-gels as a function of time for different
concentrations

24



In figure 15 we see that the diffusion coefficient as a function of
temperature is displayed for 1% agarose solution concentration. The diffusion
coefficient is plotted against the corresponding time. The diffusion coefficient for
1% agarose solution started with 6.151 at 0 min time. After 21 minutes, the
diffusion coefficient started to go up for about 5 and then started to drop down
again as time elapsed until it reached 2.682 and the agarose solution become

solidified

Figure 15: D of 1% agarose sol-gel as a function of time

25



The diffusion coefficient as a function of time is displayed for the 2%
concentration of the agarose solution in figure 16. We see that the diffusion
coefficient started with 5.541 at time zero. After 24 minutes, the liquid-to-gel
phase transition started manifesting itself by an increase of the diffusion
coefficient. After 5 minuets the diffusion coefficient value decreased again until it

reached 2.353 when the agarose solution become solidified

Figure 17 illustrates the diffusion coefficient of the 3% agarose solution
concentration. The diffusion coefficient is plotted against the corresponding time.
The diffusion coefficient started with a value of 4.885 at time zero. After 24
minutes, the diffusion coefficient started to increase for about 5 forming the
liquid-to-gel phase. Then the diffusion coefficient started to decrease again as

time elapsed until it reached 2.23 by the time the agarose become solidified

In figure 18 we see that the diffusion coefficient as a function of
temperature is displayed for 4% agarose solution concentration. The diffusion
coefficient is plotted against the corresponding time. The diffusion coefficient for
4% started with 4.65 at time zero. After 24 minutes, the diffusion coefficient
started to increase for about 5 and then started to drop down again as time

elapsed until it reached 2.228 when the agarose solution become solidified
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Figure 16: D of 2% agarose sol-gel as a function of time

Figure 17: D of 3% agarose sol-gel as a function of time
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Figure 18: D of 4% agarose sol-gel as a function of time
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Figure 19 represents the diffusion coefficient obtained from the four
concentrations of agarose solution-gels. Each diffusion coefficient is plotted
against the corresponding time. Even though gels with lower concentrations have
higher diffusion coefficient, all the concentrations show a similar diffusion pattern;
showing smooth downward curves followed by upward curves and then followed
by downward curves again. Each of the four curves shows an increase of
diffusion at about 24 minutes (T~40°C) at which time the gelation phase
transition begins (Aymard, P., D. R. Martin, et al. 2001 have reported gelation
temperature within this range) (3). During this phase transition period, the
diffusion increased depending on gel concentration. The diffusion coefficient of
the 4% agarose gel has higher increase during Liquid-to-gel phase transition
period compared to 2% and 3%. Liquid-to-gel phase transition process lasted

approximately 10 minutes until the diffusion dropped again
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Figure 19: D curves of agarose sol-gels as a function of time
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Figure 20 shows the diffusion coefficient curves for agarose solutions of all
concentrations. The curves have a very similar pattern showing three distinct
phases i.e. liquid phase, liquid-gel phase transition and gel phase. The agarose
sol-gel transition phase of all the four concentrations; beginning at around 24
minutes. Diffusion coefficient values of agarose gels have been measured during
the entire gelation phase transition process at four different concentrations. The
data shows similar behaviors for all concentrations with a phase transition
characterized by a drastic increase in diffusion coefficient occurring while the
temperature drops by approximately 8°C. The range of diffusion coefficient for 1

% agarose was 3.809, for 2% was 3.19, for 3% was 2.655, and for 4% was 2.431

Figure 20: D curves for agarose sol-gel transition phase & ROI
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DISCUSSION

In this study, we have studied four concentrations of agarose solutions
phantoms to test dynamically the diffusion coefficient of pure agarose solutions
as a function of temperature (time). We have found that the diffusion coefficient
decreases with the higher concentrations i.e. 3% and 4%. Also, we have found
that the curves of all concentrations have the same behavior with a continuous
decay in diffusion coefficient followed by a distinct sol/ gel phase transition
characterized by a hump shaped (increase of diffusion coefficients followed by a
decrease in the diffusion coefficients). However, we have found that the 4%
agarose’s sol/gel phase transition has higher hump shaped than the other ones.
This can be explained as when the 4% solution heated to the boiling point ~80°C
and started to cool down as time elapsed, the diffusion coefficient decreased till
that point of time ~ 24 min when it started to form a matrix which is semi-solid.
One possibility is the molecules of this matrix have high energy and when they
form they lower the energy. Therefore, they release energy and if they release
energy, the water gets hotter and then the diffusion coefficient goes up. This
phenomenon can be seen clearly in higher concentrations i.e. 4% and higher.
The higher the concentrations the more energy that semi-solid matrix release
and the higher diffusion coefficient of the sol/gel transition phase will occur.
Agarose gels consist of thick bundles of agarose chains and large pores of water.
They exhibit strong elasticity and high turbidity, which led to the idea that the

gelation process could be intertwined with phase separation. Agarose gelation is
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also characterized by a very pronounced hysteresis between the setting and the
melting of the gel phase. Depending on agarose concentration and cooling
conditions, setting of the gel may occur in a broad temperature range between 40
and 10°c while complete melting requires heating above temperatures as high as
95°c. This hysteresis has been attributed to the occurrence of aggregation of
helices. The melting transition has been proposed to be the true equilibrium
process of helix-aggregate conversion to the coil state, whereas the setting is a
nucleation-controlled process, in which the limiting step is the helix-helix
aggregation. Depending upon the origins of the agarose, the degree of
methoxylation and the concentration, gelation occurs between 25(c and 42(c,
though it is necessary to heat to 70(c - 95(c to disperse the gel. Gels with higher
concentrations of agarose have more structural bonds present that are perhaps
capable of relaxation and rearrangement at very low strain rates.

This experiment could have done differently by testing the diffusion
coefficient as a function of temperature with higher concentrations i.e. 4%, 5%,
6%, and 7% since the phenomenon of releasing energy while the matrix of semi-
sold are forming seems to be observed very clearly at higher concentrations
leading to the sharp increase in the diffusion coefficient even though the
temperature supposed to go down as time elapses. Therefore, future theoretical

work would be needed

There were minor limitations we experienced during the research process.

First, the limitation of time to reproduce the experiment at least three times and
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compare our results of each concentration with the other three data sets. In
addition, the loss of temperature during transfer the agarose solution from flask
to a phantom container since maintaining high temperature would have

increased diffusion coefficient values
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CONCLUSION

The diffusion coefficients of agarose gels have been measured during the
entire gelation phase transition process at four different concentrations. The data
shows similar behaviors for all concentrations with a phase transition
characterized by a hump shaped; a measurable increase in diffusion coefficient
followed by a sharp decrease occurring while the time elapses and temperature
drops down. However, the phase transition of the 4% agarose gel has higher
diffusion coefficient than the other once during phase transition. These results
may be useful for testing theoretical models of the NMR diffusion coefficient
properties during liquids transforming to semi organized/semi sold. Future

theoretical work would be needed for higher concentrations i.e. 4%, 5%, and 6%
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