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Advanced magnetic resonance (MR) relaxation and diffusion correlation measurements and imaging pro-vide a means to non-

invasively monitor gelation for biotechnology applications. In this study, MR is used to characterize physical gelation of

three alginates with distinct chemical structures; an algal alginate, which is not O-acetylated but contains poly guluronate
(G) blocks, bacterial alginate from Pseudomonas aeruginosa, which does not have poly-G blocks, but is O-acetylated at the
C2 and/or C3 of the mannuronate residues, and alginate from a P. aeruginosa mutant that lacks O-acetyl groups. The MR

data indicate that diffusion-reaction front gelation with Ca2" ions generates gels of different bulk homogeneities dependent
on the alginate structure. Shorter spin—spin T2 magnetic relaxation times in the alginate gels that lack O-acetyl groups

indicate stronger molecular interaction between the water and biopolymer. The data characterize gel differences over a

hierarchy of scales from molecular to system size.
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Alginate is a biologically synthesized polymer that is
commonly used as a food additive, for biomedical
applications, including tissue constructs (Langer and
Vacanti, 1999), microfluidic device man-ufacture
(Cabodi et al., 2005) and in some bandages to promote
wound healing. Alginates are mixed polysaccharides
composed of

a-l-guluronate residues and  -d-mannuronate residues
linked by -1-4 glycosidic bonds, produced by brown
algae and by bacteria of the genera, Pseudomonas and
Azotobacter. The chemical structures of the alginate
subunits are shown in Fig. 1, and the mechanism of
bacterial alginate biosynthesis was described in a recent
review (Franklin et al., 2011). The gelation properties
of alginate, which are important for its biotechnological
applications, are dependent on the alginate structure and
on its molecular weight (Storz et al., 2009; Windhues
and Borchard, 2003). The structures of alginates vary
depending on their source. Rather than repeating
polymers of the two uronic acid subunits, the G and M
residues are interspersed randomly, with algal alginates
containing blocks of repeating G subunits. Azotobacter
vinlandii alginate also contains G-blocks, but G-blocks
are not found in alginates from Pseudomonas spp.
Another

structural difference is that the bacterial alginates are
often O-acetylated at the C2 and/or C3 positions of
the d-mannuronate residues, whereas the algal alginate
does not contain O-acetyl groups. Research on algal
alginate since the 1970s has shown that G-blocks will
align and bind to the positive ions in an ordered “egg-
box” structure (Grant et al., 1973) (Fig. 1). However, the
M units are also known to be important to gel
formation and structure, par-ticularly in high molecular
weight alginates such as the bacterial alginates studied
in this research (Donati et al., 2005; Schurks et al., 2002).
The degree of O-acetylation of the alginate also affects
the gelation properties, but the mechanism for this is not
well under-stood (Degrassi et al., 1998). Non-acetylated
alginates produce gels that are stronger than acetylated
alginates (Skjakbraek et al., 1989). As shown in the
magnetic resonance (MR) images presented in Fig. 2,
O-acetylation also appears to affect the homogeneity of
the gel.

In addition to its importance for biomaterials and as a
food additive, gelation of alginate may also be important
for a certain infectious disease process. Pseudomonas
aeruginosa causes chronic pulmonary infections of
patients with the genetic disorder, cystic fibrosis (CF)
(Lyczak et al., 2000). CF patients are prone to many
acute bacterial infections, including from strains of P.
aeruginosa. Over time the P. aeruginosa strains convert
to an alginate overpro-duction (mucoid) phenotype.
Mucoid P. aeruginosa strains often cause chronic
pulmonary infections. When the alginate comes in
contact with divalent cations, most commonly calcium in
the body, it forms a rigid gel. Gel formation may play a
role in chronic
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Fig. 1. (a) a-L-Guluronate (G), and (b) B-p-mannuronate (M), subunits form the anionic polysaccharides that make up alginate. (c) Alginate (indicated by the bold lines) is
known to order into an “egg box” formation when a divalent cation is introduced, forming a gel. The cation, such as Ca%*, will covalently bond (indicated by the dashed lines)
with the negative charges on the deprotanated carboxyl groups (indicated by the (—)) of the G units in the alginate chain.

infections by contributing to the protection of the bacterial cells
from the host immune response, since the structure of alginate is
important for chronic infections. In particular, the presence of O-
acetyl groups on the alginate provides the bacteria with greater
resistance to opsonic phagocytosis (Pier et al., 2001) than does
alginate lacking O-acetyl groups. Enhanced understanding of the
molecular origin of physical gelation behavior in microbial and algal
alginates will impact both biomedical and biotechnology applica-
tions.

Magnetic resonance (MR) techniques including spectroscopy
(Schurks et al., 2002; Shapiro, 2011), imaging (Degrassi et al., 1998;
Maneval et al., 2011), and pulsed-field-gradient spin-echo (PGSE)
(Hornemann et al., 2008; Vogt et al., 2000; Walderhaug et al., 2010)
have been utilized for many years to study alginate and other
biopolymer systems including biofilms. The study of MR relaxation
processes of biopolymer systems provides unique data on molec-
ular dynamics and interactions (Hills et al., 1989). MR relaxation
measurements are affected by hydrogen exchange between the
water and the biopolymer and diffusive exchange between the bulk
water and water interacting with the biopolymer. Recently, two

dimensional MR relaxation and diffusion correlation experiments
have been performed on a number of diverse systems, including
real and model porous media, food, gels, and protein solutions
(Iuliano et al., 2010; Mitchell et al., 2007; Monteilhet et al., 2006;
Qiao et al., 2005; Song, 2009; Venturi et al., 2008; Washburn and
Callaghan, 2006). In this work, we use MR properties and tech-
niques to compare gels formed by physical gelation with calcium
ions added to 2% by weight per volume solutions of three alginates
produced from different organisms: brown algae, P. aeruginosa
FRD1, and the O-acetyl mutant derivative P. aeruginosa FRD1153.

2. Materials and methods
2.1. Alginate solution and gel preparation

2.1.1. Alginate isolation

The bacterial strains used in this study were P. aeruginosa FRD1
and the O-acetylation deficient derivative, FRD1153 (Franklin and
Ohman, 1993). Alginate was purified from these strains using the
procedure described previously (Franklin and Ohman, 1993), but

Fig. 2. MRI images of alginate gels obtained from (a) FRD1153, (b) algae, and (c) FRD1. These T, maps demonstrate the variation in heterogeneity between the three gels
prepared in the same fashion. These images were obtained after the gelation process had been completed and the bulk water drained. The images have a FOV of 20 mm in
the frequency encode direction and 13 mm in the phase encode direction, the resulting resolution being 78 pm x 102 wm over a slice thickness of 1 mm. Sixteen echoes were

collected with a TE=11ms and the TR=1s.



scaled up to increase the mass of alginate purified. The bacteria
were first cultured on agar plates and incubated for 20h at 37°C.
A mucoid colony was selected from the plate, and inoculated into
10 ml of Luria Broth (LB) (Difco) in a 125 ml baffled flask. The cul-
ture was incubated with shaking at 220 rpm for 24 h at 37 °C. Two
milliliters of the culture was used to inoculate a 400 ml volume of LB
in a 1000 ml baffled flask. The culture was incubated with shaking
for 24h at 220rpm. The culture was diluted with an equal vol-
ume of 0.85% NaCl to reduce viscosity and the culture supernatant
containing the secreted alginate was separated from the cells by
centrifugation at 10,000 rpm for 20 min at 20 °C. Cetyl-pyridinium
chloride (Cy1H3gCIN), 200 ml of a 2 wt% solution, was used to pre-
cipitate the alginate from the culture supernatants. The precipitates
were dissolved in 200 ml of 1M NaCl by shaking at 37°C for 24 h.
The samples were centrifuged to remove the remaining cellular
debris, and an equal volume of isopropanol was added to the super-
natant to precipitate the alginate again. The precipitated polymer
was then dissolved in 200 ml of 0.85% NaCl. The isopropanol pre-
cipitation and resuspension procedure was repeated several times
until the alginate solution was clear and colorless. The polysac-
charide was then dialyzed for 24 h against distilled water using
Spectra/Por dialysis membrane with a molecular weight cutoff of
10,000. The purified polymer was then lyophilized to allow for
rehydration at a controlled weight percent.

2.1.2. Alginate and ion solution preparation

Alginates were prepared as 2 wt% solutions by dissolving sodium
alginate powder from a brown algae source (Acros Organics, Geel,
Belgium), or lyophilized FRD1 or FRD1153 into deionized water
with stirring. Once dissolved, the solutions were stored in a refrig-
erator until use. An ion solution of 1 M calcium chloride (CaCl,) was
prepared with nanopure water. CaCl;, and algal alginate were used
without further purification.

2.1.3. Gel sample preparation

Glass MR tubes (inner diameter 11.4 mm, length 10cm) were
cleaned with ethanol before being coated twice with a thin layer
of alginate solution dried onto the tubes ina 110°C oven for 1 h. In
previous research (Maneval et al., 2011) this technique was used to
adhere the gel to the tube walls. The coated tubes were then filled
with the alginate solution and stored overnight to allow degassing.
A polystyrene annulus with an outer diameter of 9.5 mm and an
inner diameter of 5.3 mm was then placed on top of the alginate
solution to stabilize the ion-alginate solution interface. Approxi-
mately 2ml of the 1M CaCl, solution was added with a pipette.
After 2-5min, the tube was gently placed in the MR probe to
start the measurements. MR measurements were then conducted
as Ca%* ions diffused into the alginate solution causing gelation
along the reaction front. After it was fully gelled, the bulk water
was drained from the tube to more accurately measure the differ-
ences between the gels without the influence of the surrounding
water. The contraction during gelation in the bacterial alginate gels
resulted in more dense polymer concentrations and decreased vol-
ume occupied by the gels.

2.2. Magnetic resonance (MR) techniques and experiments

2.2.1. MR relaxation

Spin-lattice (T; ) relaxation of the MR signal occurs due to inter-
action in the longitudinal direction along the applied magnetic field
(Bp), and spin-spin dipolar (T, ) relaxation occurs due to interac-
tions transverse to By. The T, relaxation is dependent on rotational
mobility of the proton ('H) nuclei. For protons on the polymer, T is
on the order of milliseconds while in the bulk water it is on the order
of seconds. The measurement of T, using a standard CPMG pulse
sequence (Carr and Purcell, 1954), shown in Fig. 3, is also sensitive

to the time scale of the measurement, in particular the 27 time spac-
ing between the 180° radio frequency (rf) pulses. The relaxation
data are impacted by this spacing, depending on several complex
mechanisms that contribute to T, relaxation in polymer systems,
including hydrogen exchange between the polymer protons and
water protons (Carver and Richards, 1972) and water interactions
with the polymer chains (Turco et al., 2011).

2.2.2. MRI experiments

MRI experiments were conducted using a 15 mm diameter rf coil
on a Micro 2.5 imaging probe with maximum gradient strengths of
1.48 T/m in three directions on a 300 MHz ('H frequency) Bruker
magnet networked to an AVANCE III spectrometer. After CaCl, was
added to the alginate solution, a series of MR experiments including
relaxation time weighted 2D images, 1D spatial profiles, and dif-
fusion measurements with acquisition times totaling 15 min were
repeated for approximately 10 h to monitor gel formation (Maneval
et al, 2011). After the gelation process was complete, a series of
2D relaxation and diffusion correlation measurements were con-
ducted. The water surrounding the gel was then drained and the
same set of experiments was repeated. The gels were then aged
for 10 days and the experiments were, again, repeated. This same
experiment sequence was followed for all three alginate samples.

2.2.3. MR experimental details

2D images of a slice of the tube reactor spatially resolved in
radial and axial directions were collected with a standard multi-
echo (CPMG) spin-warp imaging sequence. Sixteen echoes (ng)
were collected over the 1 mm sample slice and the echo attenuation
of each image pixel fit to exp((— (ng)TE)/T, ) to determine the T, and
form the T, map with an echo time (TE) of 11 ms, the longest echo
time being ng-TE = 176 ms. The repetition time (TR) of the sequence
was 1s and two averages were collected resulting in a total image
acquisition time of 4 min. The image had a field of view (FOV) of
20mm in the axial frequency encode direction and 13 mm in the
phase encode direction. The spatial resolution of the image was
78 wm x 102 wm over a 256 x 128 pixel domain.

1D spatially resolved T, relaxation weighted axial profiles of
the sample were acquired. The 1D spatially resolved experiment
was exactly the same as the 2D image with the exception of the
elimination of the phase encoding which reduced total experiment
time in order to monitor rapid changes during gelation. The profiles
represent an integration over the radial phase encoded direction of
the sample. The 1D spatial profiles with a TR of 1s were repeated
four times during the 15 min cycle to determine variation during
the 15 min experimental suite. The 1D profiles were each acquired
in2s.

The three 2D correlation experiments used in this study,
diffusion-relaxation ~D-T,, spin-spin relaxation correla-
tion/exchange T,-T,, and spin-lattice-spin-spin relaxation
correlation T;-T,, utilize the direct measurement of T, using a
CPMG pulse train with 4096 echoes at a spacing of 27 =400 ps. The
indirect dimension for each type of experiment is encoded using
either a pulsed gradient stimulated echo sequence (D-T;), a 180°
rf inversion pulse (T;-T>), or a series of CPMG pulses (T,-T5). The
pulse sequences are shown in Fig. 3. The parameters for the D-T,
experiments were: §=1ms, A=50ms, 26 magnetic field gradient
points between g=0 and 1.482 T/m and 32 step phase cycle with
a total acquisition time of 3.5h. For the T;-T, experiments, the
inversion recovery time was varied between 0.001 and 3.6s in 32
logarithmically spaced steps with a 16 step phase cycle and a total
acquisition time of 2 h. The T,-T, experiments used the same 27
time in the indirect dimension as the direct dimension (400 jvs)
and the number of pulses was varied logarithmically from 2 to
4096 in 32 steps with a 16 step phase cycle and a total acquisition
time of 2h. The 2D correlation data were analyzed using a 2D
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Fig. 3. 2D diffusion and relaxation correlation MR pulse sequences. Both utilize a CPMG measurement with a 27 spacing of 400 s and 4096 echoes in the direct dimension.
(a) T,-T, pulse sequence, which encodes for T, relaxation in the indirect dimension by applying a logarithmically varying number between 2 and 4096 series of 180 pulses.
(b) D-T, pulse sequence, which encodes for diffusion in the indirect direction using a stimulated echo PGSE sequence with 26 linearly varying gradient pulses between g=0

and 1.48 T/m.

inverse Laplace transform algorithm (Godefroy and Callaghan,
2003; Venkataramanan et al., 2002).

3. Results and discussion
3.1. Gelation front

MR measurements were performed as the gels were forming.
The signal and T, relaxation as a function of gelation time is shown
in Fig. 4. As time progresses and calcium diffuses into the sample,
adrop is seen in both the T, and signal amplitude (M) due to gela-
tion. This is due to the change from the alginate solution to a gel
as the calcium diffuses into the sample. As can be seen from the
relaxation contrast in the MR relaxation images in Figs. 2 and 4,
the gel produced by the FRD1153 bacterial alginate is more hetero-
geneous than that produced by the FRD1 bacterial alginate. Fig. 2
shows the bacterial alginate gels contract during gelation. The algal
gel adheres to the alginate coated tube wall, while the bacterial
gels do not. This indicates larger molecular stresses are generated
in the bacterial gels during gelation. Restriction of rotational mobil-
ity causes more rapid T, relaxation, so pixels of less signal indicate
regions with a tighter gel network. For the FRD1153 solution, T,
and M, decrease more rapidly (Fig. 4) indicating that the gela-
tion front motion is faster. Faster gelation is related to increased
heterogeneity.

3.2. 2D correlations

After gel formation was complete, T,-T, relaxation measure-
ments were conducted. Mixing times () of 5ms and 250 ms,
sequence in Fig. 3a, were obtained for the three alginate solutions
before gelation, after gelation, after draining of the bulk water, and
after aging for 10 days. Results for the three alginate gels after
aging for 10 days are shown in Fig. 5. Note that since the bacte-
rial alginate gels contracted more than the algal gel, they are of
higher polymer weight percent. Off-diagonal peaks in T,-T, spec-
tra are an indication of exchange of protons between different T,
environments. Chemical exchange of protons between water and
biopolymer occur on timescales shorter than 5 ms and so are not
present (Hills et al., 1989). For the more homogeneous algal and
FRD1 alginates, no off-diagonal peaks were observed for any of
the mixing times. However the heterogeneous FRD1153 gel exhib-
ited off-diagonal peaks that increased in intensity as the mixing
time was increased, indicating exchange between the mesoscale gel
domains exhibited in the images in Fig. 2. The data clearly demon-
strate the quantitative differentiation of gel heterogeneity by To-T>
measurements.

Results of D-T, experiments for all three gels are shown in
Fig. 6 and further indicate the detail 2D correlations provide for
monitoring gelation. All three solutions have similar T> and diffu-
sion coefficient distributions prior to gelation. After gelation the
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Fig.4. Magnetization amplitude (M), spin-spin relaxation (T, ) and images with increasing time during gelation for (a) FRD1153 and (b) FRD1 alginates showing a difference
in rate of gelation as well as heterogeneity. The 2D MR images have a resolution of 78 um x 102 um over a 1 mm thick slice fixed in the middle of the column. The My and T»
values are obtained from a 0.5 mm thick slice perpendicular to the gelation direction and fixed approximately 10 mm below the top of the gel. The FRD1153 gel shows more
heterogeneity in the images. The faster decay in both the My and T indicate the gel formed by the FRD1153 also forms more quickly than the FRD1.

distributions are unique for each alginate source. The distribution
of T, values for each type of gel is consistent with the 2D and 1D
T, results. In the diffusion direction, the results show that for each
of the three gels, the protons on the water with the shortest T, val-
ues also have the smallest diffusion coefficients. This indicates a
coupling between restricted rotational and translational mobility
of protons interacting with the more polymer dense or rigid parts

of the gel, thus exhibiting restricted diffusion and faster relaxation.
A common feature in the D-T, data of all three alginates is the
broadening of the distribution of effective diffusion coefficients in
the transition from the sol to the gel phase. As in the T,-T, data,
the heterogeneous FRD1153 gel has distinct features indicating the
multiple water domains not present in the more homogeneous
FRD1 and algal gel.
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Fig. 5. T,-T, correlations for mixing times of 5 ms (left column) and 250 ms (right column) for (a) FRD1153, (b) algal, and (c) FRD1 gels after draining of bulk water and aging
for 10 days. The plots are shown with 50 contour lines from O to the maximum intensity. 2D T,-T, experiments were integrated in the vertical direction to obtain the 1D T,

profiles shown in Figs. 7 and 8.

T,-T, correlation experiments were conducted. The 2D plots are
not shown due to the fact that all experiments exhibited a single
peakin the Ty direction. All three gels have approximately the same
T; =2.3 s over the same range of T, values shown in all the 2D cor-
relation data. The FRD1153 with the shorter T, has a larger ratio
between T; and T, than the algal gel, another indication of a more
dense or rigid gel structure.

3.3. 1D relaxation distributions

The 2D T,-T, spectra shown in Fig. 5 for 7,,=250ms were
integrated over the indirect dimension to obtain 1D T, relaxation
distributions. The results for all three gels are shown in Fig. 7. The
two non-acetylated alginate gels, FRD1153 and algal, have shorter
T, populations than the acetylated alginate FRD1. This is in spite of
the fact that due to contraction the FRD1 gel is at slightly higher
polymer concentration than the algal gel. Shorter T, spin-spin
relaxation indicates stronger dipolar coupling between 'H pro-
tons due to more restricted rotational mobility. The 'H signal is
dominated by the 98 wt% water signal and so polymer protons
are not directly observed. However, the water relaxation in a gel

is reduced from the free bulk water value due to exchange of
water protons and biopolymer exchangeable protons and restricted
mobility of water interacting with the gel matrix (Hills et al., 1989)
an indirect detection of the polymer gel network structure. The
non-0-acetylated FRD1153 and algal gels have lower T, indicating
stronger interaction with the solvent water through biopolymer
networkrigidity and enhanced proton exchange. The increased het-
erogeneity of the FRD1153 gel, as shown in the MR images in Fig. 2,
is apparent in the broader distribution of T, populations in compar-
ison with the much narrower range of populations in the FRD1 gel.
The homogenous algal alginate gel has the narrowest distribution
of T, populations. As T, distributions can be acquired in 10 min,
MR T, relaxation measurements are viable as real time monitors
for gelation processes on-line. With aging over ten days the algal
gel T, distribution stays constant. In contrast, the two bacterial algi-
nate gels show shifts to shorter T, values after draining of the bulk
water and further shifts after aging. The FRD1153 and FRD1 have
a larger peak at approximately T, ~ 3 s due to the presence of bulk
water after the contraction of the gel phase during the reaction as
shown in the images of Fig. 4. Draining this water alters the pro-
portion of proton spins in the 1 s peak and the ~100 ms peak for the



~

2

2
g

(a) FRD1153 &

(b) Algal 5
]
(c) FRD1 T
Q

2% alginate
solution

Gelled with 1M Drained bulk Drained and
CaCl, solution water aged 10 days

5e-09
4e-09

3e-09

2e-09

1e-09

1e-08

5e-09
4e-09

3e-09

2e-08

1e-09

001

10 100 001 .01 A 1 10 100 001 .01 A 1 10 100

.01

10 100

I

.001

.01

10 100 .001 .01 A 1 10 100 001 .01

Fig. 6. D-T, correlations for the three alginate biopolymers (a) FRD1153, (b) algal and (c) FRD1 in solution, post gelation, drained of bulk water after gelation and gel aged
for 10 days (columns left to right). The algal alginate gel was initially homogeneous but detached from the wall after the bulk water above the gel was drained resulting in
slight dewatering as seen by the T, population at 2 s. Experimental details are discussed in the text.

Normalized Intensity Normalized Intensity

Normalized Intensity

Fig. 7. 1D T, profiles for the three alginate gels immediately after gelation with

1.80E-01
1.60E-01
1.40E-01
1.20E-01
1.00E-01
8.00E-02
6.00E-02
4.00E-02
2.00E-02
0.00E+00

0.001 0.01
6.00E-01
5.00E-01
4.00E-01
3.00E-01
2.00E-01
1.00E-01

0.1
Ty(s)

== FRD1153, gelled with 1M

CaCl, solution

FRD1153, drained bulk

water

== FRD1153, drained and

aged 10 days

10 100

= Algal, gelled with 1M CaCl,

solution

Algal, drained bulk water

=== Algal, drained and aged 10

days

0.00E+00
0.001 0.01 01

L(s)

3.50E-01
3.00E-01
2.50E-01
2.00E-01
1.50E-01
1.00E-01
5.00E-02

0.00E+00
0.001 0.01 0.1

T,()

1

10 100

== FRD1, gelled with 1M

CaCl, solution

- FRD1, drained bulk water

=== FRD1, drained and aged

10days

10 100

CaCly, after draining excess water, and after aging for 10 days.

FRD1 and the ~10 ms peak for FRD1153 as expected. The reduced
proportion of proton spins in the bulk water allow for a better com-
parison between the two bacterial alginates and the algal alginate.
The FRD1 and algal gels have a bimodal distribution indicating two
populations of proton relaxation in contrast to the FRD1153 which
has abroader distribution due to multiple relaxation domains in the
more heterogeneous gel. An interesting feature of the aging in the
bacterial alginate gels is the shift to shorter relaxation time of both
the short and long components of the distributions. This indicates
that while the algal alginate gel is stable over time, the bacterial

& 200801 ___ FRD1153, gelled with 1M

2 CaCl, solution (Run 1)

% 1.505:01 __FRD1153‘geIIedw‘|th ™

= CaCl, solufion (Run 2)

T 1.00E-01

H] FRD1153, gelled and

E 5.00E-02 - drained of bulk water (Run 1)

° , .. FRD1153, gelled and

Z 0.00E+0Q st . drained of bulk water (Run 2)
0.001 100

& 250801 —_ FRD1, gelled with 10

2 200801 < CaClj solution (Run 1)

£ _ _ FRD1, gelled vith 1M

; 1.50E-01 CaCl, solution (Run 2)

N 1.008-01 FROT, gelled and

w© drained of bulk water (Run 1)

E 500502

5 FRD1, gelled and

Z 0.00E+0) drained of bulk water (Run 2)
0.001 0.01 100

Fig. 8. 1D T, profiles showing two trials of measurements for FRD1153 and FRD1
bacterial alginate gels, demonstrating the repeatability of the reaction front exper-
imental process.



alginate gels are contracting or more highly associating water and
biopolymer over time.

The entire set of experiments was repeated twice for each type
of gel, and the results obtained were reproducible. T, distributions
for the two trials of the bacterial alginate gels are shown in Fig. 8.
The heterogeneity of the FRD1153 gels causes some variation in
the distributions, however, the range of T, values for each gel was
similar for each repetition. The two trials of the more homogeneous
FRD1 gels showed even more similar T, distributions indicating
the ability to quantifiably monitor the degree of homogeneity or
heterogeneity during gelation.

4. Conclusions

Alginates are broadly used in food and biomedical applications
in biotechnology. This work presents direct, non-invasive compari-
son of gels generated by a diffusion-reaction front for alginates from
brown algae and P. aeruginosa microbes. The ability of magnetic
relaxation and diffusion correlation experiments to quantify the
differences in gelation behavior of the different precursor alginate
biopolymers is demonstrated. The MR data show that the non-
acetylated algal and FRD1153 have shorter T, relaxation times due
to stronger molecular interaction between water and biopolymer
than the acetylated FRD1. MR data also readily differentiates the
formation of mesoscale heterogeneous structures in the FRD1153
from the more homogeneous algal and FRD1 alginate gels. Further
characterization of gels from microbial alginate sources provides
the potential to develop genetically tailored alginate biopolymers
for particular gel biotechnology applications.
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