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The inhomogeneity of alginate gel beads prepared by an external diffusion method has been character-
ised using spatially resolved nuclear magnetic resonance or ‘‘magnetic resonance imaging” (MRI) and
transmission electron microscopy (TEM). The beads exhibited various degrees of inhomogeneity although
reducing the length of exposure to the gelling bath and the presence of non-gelling ions decreased gel
inhomogeneity. In order to gain information regarding the gastro-intestinal functionality of these beads
for in vivo applications, they were exposed to simulated gastro-intestinal conditions. The increased poly-
mer concentration at the edge of the beads was shown to persist throughout our gastro-intestinal model
despite the centre of the bead becoming progressively more porous in nature. The porosity of the alginate
gels has been quantified by image analysis of transmission electron micrographs and shown to depend on
both location within the bead and gastro-intestinal conditions. We suggest that such changes in porosity
of these alginate beads during simulated gastro-intestinal conditions may make these an attractive
option for controlled delivery applications in vivo.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Alginates are natural polysaccharides mainly isolated from var-
ious species of brown algae where their biological function is to
provide both strength and flexibility to the cellular tissue. They
are used in a wide range of applications particularly in the food
and pharmaceutical industry due to their capacity to hold water,
form gels and stabilise emulsions. Alginates are unbranched block
co-polymers of (1 ? 4)-linked residues of b-D-mannuronic (M) acid
and a-L-guluronic (G) acid. The ion-binding properties of alginates
are the basis for their gelling properties and have been the subject
of much research interest (Emmerichs, Wingender, Flemming, &
Mayer, 2004; Haug, 1961; Haug & Smidsrød, 1970; Ouwerx, Vel-
ings, Mestdaugh, & Axelos, 1998; Smidsrød, 1974). Gel formation
occurs due to an ionic interaction between G residues from 2 or
more alginate chains and multivalent cations, typically calcium
(Ca2+), to form a three-dimensional network, well described by
an ‘‘egg-box model” (Grant, Morris, Rees, Smith, & Thom, 1973).
Alginates, particularly with high G content, are also extensively
used as an immobilisation matrix in encapsulation applications
ll rights reserved.

: +44 1234 248010.
ment).
due to their good biocompatibility (Green et al., 2005; Mørch, Do-
nati, Strand, & Skjåk-Br�k, 2006; Skjåk-Br�k & Espevik, 1996; Thu
et al., 1996). More recently the potential for alginates in polymer-
controlled drug delivery applications has been highlighted (Peppas,
2004; Tønnesen & Karlsen, 2002).

This study is concerned with the investigation of calcium algi-
nate beads, prepared using different conditions of exposure to a
calcium chloride gelling bath and the effect that simulated gas-
tro-intestinal (GI) conditions have on the gel microstructure and
homogeneity. It is well known that alginate gels prepared by exter-
nal (dialysis) methods often exhibit a heterogeneous concentration
distribution (Smidsrød & Draget, 1996). However, the effect this
has on alginate pore size distribution, particularly in simulated
GI conditions, is poorly understood. The use of such materials as
physiologically responsive hydrogels is dependent on the swelling
behaviour of the polymer in GI conditions (Peppas, 2004). We have
previously shown that alginate beads shrink in gastric conditions
and swell in intestinal conditions due to changes in electrostatic
forces brought about by adjusting pH and ionic strength conditions
(Rayment et al., 2009). However, in this paper, we utilise spatially
resolved NMR (MRI) and TEM to characterise alginate gel networks
formed under different conditions to further understand this effect.
It has been previously reported that, for dilute polysaccharides
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solutions and gels, the NMR signal arising from the water proton is
modulated by exchange between the water protons and protons of
macromolecules (polysaccharide chain) (Hills, Cano, & Belton,
1991; Potter, Carpenter, & Hall, 1993). The observed NMR relaxa-
tion time, T2, is a complex function of the number of exchangeable
protons on the polysaccharide, the rate of exchange with those
sites and the relaxation times of the protons at the exchange sites.
NMR transverse relaxation times (T2) of water protons in polysac-
charide gels are considerably decreased compared to bulk water
values (Ablett, Lillford, Baghdadi, & Derbyshire, 1976) due to the
reduced flexibility of the polymer chains. The state of aggregation
and gelation of the polysaccharide determines the extent of this
reduction. Therefore T2 relaxation is a sensitive indicator of the
state of gelation and a powerful tool for characterisation of micro-
structural properties in gels.

This paper describes the effect that both preparation conditions
and simulated GI conditions have on alginate gel microstructure
and homogeneity using MRI and TEM. Furthermore, we have uti-
lised MR imaging techniques at two different field strengths. This
has allowed us to access both high spatial resolution microstruc-
tural information at 7 T, as well as probe dynamic microstructural
changes at lower field strengths (3 T), which may be utilised
in vivo. Previous work has highlighted the potential to correlate
in vitro MRI measurements using a whole-body MRI scanner at
3T with investigation of such systems in situ during GI transit
(Hoad et al., 2009; Rayment et al., 2009).
2. Materials and methods

2.1. Materials

Sodium alginate (Manugel DMBTM) was obtained from ISP Algi-
nates (Tadworth, UK). The average molecular weight of the alginate
was determined to be 2.83 � 105 Da using HPSEC-MALLS and the
guluronic acid residue content was determined as 72% using 1H
NMR analysis. Analytical grade calcium (II) chloride (C3881) was
obtained from Sigma–Aldrich (UK) and sodium chloride (S/3160/
63) was obtained from Fisher Scientific (UK).

2.2. Preparation of calcium alginate beads

A 1.5% (w/w) sodium alginate solution was prepared by gradu-
ally sprinkling the biopolymer powder into deionised water whilst
stirring at 22 �C. The solution was stirred for approximately 2 h to
ensure complete hydration.

Two types of calcium alginate beads were prepared dependant
on the length of time the beads were exposed to calcium chloride.
‘‘Strong” (strongly gelled) beads were prepared by dripping 100 ml
of 1.5% alginate solution into 400 ml of 0.025 M calcium chloride
solution using a 250 ml funnel and 200 ll Gilson tip cut to
39 mm to increase the drip rate. The Gilson tip was held in place
using parafilm. Once all the alginate solution had dripped into
the calcium chloride solution, the beads were sieved and rinsed
in fresh calcium chloride solution after 5 min. The beads were
placed into a storage container with 400 ml fresh calcium chloride
solution (control solution) and stored at 5 �C for 22 h before char-
acterisation. Weak (weakly gelled) beads were prepared by drip-
ping 100 ml of 1.5% alginate solution into 400 ml of 0.025 M
calcium chloride solution for 2 min. The alginate beads remained
in the calcium chloride solution for a further 3 min with gentle stir-
ring before being sieved and rinsed with 0.05 M sodium chloride
solution. Finally the beads were stored in 400 ml fresh sodium
chloride solution (control solution) at 5 �C for 22 h before charac-
terisation. Following storage, the bead diameter was determined
as described in Rayment et al. (2009). The strong beads were
smaller (approximately 3.9 mm) compared to the weak beads
(approximately 4.3 mm) reflecting an increased syneresis of the
gel at high calcium concentrations (Kim, 1990; Martinsen, Skjåk-
Br�k, & Smidsrød, 1989).

2.3. Protocol for simulating gastric and intestinal conditions

Solutions were prepared to be physiologically similar to gastric
and intestinal juices for a fasted human (Altman, 1961). The beads
were exposed to simulated gastric conditions (2.86 g/L NaCl,
0.865 g/L KCl and 0.4 g/L CaCl2; all Sigma–Aldrich Analytical Grade
Chemicals) for 2 h at 37 �C. The pH of the gastric solution was re-
duced to pH 2.0 using 4 M HCl (Fluka 84435) after 15 min to sim-
ulate in vivo acidification. The beads were then exposed to
simulated intestinal conditions (6.5 g/L NaCl, 0.835 g/L KCl,
0.22 g/L CaCl2 and 1.386 g/L NaHCO3) for 3 h. These experiments
were conducted using a simulated intestinal solution containing
simple salts and a pH close to that found in parts of the human
intestine. Bile extract was not included in these studies and we ex-
pect the gel integrity to be further weakened by their inclusion.
This is investigated in future studies. The final pH of the intestinal
phase solution was approximately 8.0. Both solutions were made
24 h before an experiment.

2.4. 1H MRI at 7 T for high resolution imaging of beads

1H 2D NMR images were recorded on a Bruker DSX 300 spec-
trometer (operating at a proton frequency of 300 MHz) with a Bru-
ker Avance console and equipped with a standard micro-imaging
Micro 2.5 probehead and a 15 mm RF birdcage resonator.

One or more alginate gel beads of the same type were analysed
simultaneously while immersed in the appropriate solution. In a
typical experiment, the alginate beads were placed in an NMR tube
horizontal slice images through the centre of the beads were ob-
tained using a standard single spin–echo imaging sequence. The
slice thickness was 1 mm; field of view was 15 � 15 mm2; and
in-plane voxel resolution was 59 � 59 lm2. The recycle time was
10 s and the echo time (TE) was typically 40 ms with total scan
time lasting approximately 42 min.

For spatially resolved measurements of the transverse relaxa-
tion time T2 of the water protons within the gel, separate images
were acquired at 24 echo times (TE = 10–240 ms in steps of
10 ms). All other imaging sequence parameters remained constant
between images. The maps of initial magnetisation M0 and of
relaxation time T2 were obtained by fitting a single exponential
function to the signal decay M of each pixel, M = M0 exp (�TE/
T2) + constant. Radial averages of M0 and T2 for each bead were ex-
tracted by averaging the corresponding maps in ‘shells’ from the
centre of the bead towards the surface.

Strong and weak alginate beads were exposed to solutions sim-
ulating gastric and intestinal conditions as described previously.
An individual bead was followed throughout the experiment, sep-
arated from the others using a small sieve. It was scanned at the
end of each phase of exposure (i.e. control, gastric and intestinal
conditions), when it was removed from the main sample and im-
mersed in a small quantity of appropriate solution.

Profiles across the images of the beads were made by radial
averaging, so that each point on the profile was obtained by aver-
aging the signal in the map in ‘shells’ from the centre of the strong
bead towards the surface.

2.5. Magnetic resonance imaging (MRI) at 3 T

Data were acquired on a 3.0 T Philips Achieva (Philips Medical
Systems) whole body scanner with an eight element SENSE-Head
coil. A T2-weighted high resolution Turbo Spin Echo (TSE) sequence



Fig. 1. Schematic of strong alginate bead depicting areas of gel microstructure
examined by transmission electron microscopy: edge of bead (E), halfway inside
bead (I) and centre of bead (C).
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was used to scan the beads with 150 mm field of view (FOV) which
was 60% rectangular; 512 � 512 matrix giving 0.29 � 0.29 mm2 in-
plane resolution; 1 mm slice thickness; 15 ms TSE echo spacing
and an echo train length of 18. The sequence created double echo
images with echo times TE1 = 45 ms and TE2 = 240 ms; repetition
time (TR) = 3000 ms; number of averages = 4 and bandwidth/pix-
el = 138 Hz. Beads were left in the appropriate solutions in the
scanner for the duration of the experiments and scanned approxi-
mately every 30 min.

T2 maps were generated from the two echoes using the follow-
ing equation:

T2ði; jÞ ¼
TE2 � TE1

lnðSðTE1ði; jÞÞÞ � lnðSðTE2ði; jÞÞÞ

where S(TE1(i, j))) and S(TE2(i, j)) are the signal intensity levels at
matrix position (i, j) for the first and second echo data, respectively.
This simple 2 point method for estimating T2 (Deichmann et al.,
1995; McKenzie, Chen, Drost, & Prato, 1999; Tyler, Moore, Marciani,
& Gowland, 2004) was used allowing for multiple measurements in
both gastric and intestinal solutions to provide high spatial resolu-
tion in a reasonable imaging time (<10 min per scan) using the
whole body scanner. T2 values are expected to be higher at 3 T com-
pared to 7 T.

Strong and weak alginate beads were exposed to a series of
solutions designed to simulate GI conditions as described above.
T2 measurements were performed approximately every 30 min
for 5 h (2 h in gastric solution and 3 h in intestinal solution).

Line profiles through the beads were measured using a graphi-
cal user interface written in IDL� (Research Systems, Boulder, Col-
orado, USA). The user defined the centre of a vertical or horizontal
line profile through the bead of interest and the profile was saved.
The same bead was tracked within each solution, although differ-
ent beads were studied in each phase of the gastro-intestinal
simulation.

2.6. Transmission electron microscopy (TEM) and image analysis

Strong alginate beads were examined at the end of the gastric
and intestinal phases of the experiment as well as alginate beads
stored in the control solution. Due to the liquid nature of the centre
of the weak beads, the gel microstructure could not be investigated
using this technique.

To enhance fixation, the beads were cut in half and then placed
in 0.1% aq. ruthenium tetroxide for 90 min. The beads were then
rinsed using distilled water for 20 min and the process repeated.
The beads were stained in 1% aq. uranyl acetate overnight, dehy-
drated in ethanol and infiltrated with epoxy resin, which was
Fig. 2. (a) Original image. (b) Two regions are followed as they grow. (c) The two region
separating them. (d) All pixels of the two regions have been classified.
polymerised at 60 �C for 48 h. Sections of approximately 100 nm
thickness were prepared and stained in lead citrate. The sections
were then examined using a Jeol 1200 TEM at 100 kV at different
positions across the microstructure. Fig. 1 shows the areas of the
gel microstructure examined: edge of bead (E), halfway towards
the centre of the bead (I) and the centre of the bead (C).

In addition to our visual interpretation, we have quantified the
gel pore structure using image analysis and an apparent pore size
distribution was determined using a watershed transformation
(Soille, 1999). The segmentation is based on interpretation of an
image as a height map where the dark polymer rich regions are de-
scribed as ‘dams’, the bright polymer poor areas are ‘catchment ba-
sins’ and analysis of ‘flooding’ of the image with water is
undertaken. The watershed divides an image into regions corre-
sponding to the underlying intensity structure, separated by one-
pixel thick borders.

The algorithm is comprised of two steps (Fig. 2), where Step 2 is
repeated:

1. Each local intensity maximum is the origin of a region
(initialisation).

2. Of all the pixels not yet classified and bordering a region, the
algorithm takes the brightest pixel. If this pixel borders a single
region it is classified as part of that region otherwise it is clas-
sified as a boundary pixel.

However, since each pore can contain multiple local intensity
maxima, the watershed algorithm tends to subdivide pores. To pre-
vent this, a Gaussian pre-smoothing is used. In addition, the wa-
tershed implementation of DIPimage (Luengo Hendriks, Rieger,
van Ginkel, van Kempen, & L. J., 1999) allows us to apply an inten-
sity contrast criterion to each region as it is growing. If two regions
s have grown to the point where they have met and started to grow along the line



Fig. 3. T2-weighted high resolution images of (A) strong alginate beads in calcium chloride solution and (B) weak alginate beads in sodium chloride solution. Both images
were obtained using a 3.0 T Intera Achieva (Philips Medical Systems) MRI scanner.
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that do not achieve this criterion meet during the growth phase,
they are merged.

The results are presented as cumulative, area-weighted, distri-
butions. These distributions give the area fraction of the sample
that is covered by pores up to a given area. This pore area is param-
eterised using the equivalent diameter d, which corresponds to an
equivalent area

AeðdÞ ¼
1
4
pd2

;

If the area of the ith pore is Ai, then the cumulative, area-
weighted, distribution C(d) is computed as:

CðdÞ ¼
X

Ai<AeðdÞ
Ai

,X
all

Ai
3. Results

Fig. 3 shows a typical T2-weighted image of strong (A) and weak
(B) alginate beads at 3 T in a container of calcium chloride control
solution and sodium chloride solution, respectively. These MR
images are generated from the protons of water molecules where
bulk water appears bright and water in the gel appears darker. It
is clear from these images that the intensity is different for each
bead type and is not constant across the beads. This is depicted
by the beads appearing darker at the edge than the centre.

This observed gel heterogeneity was examined further at a
higher magnetic field strength. Fig. 4 shows MR images of strong
Fig. 4. MR images of strong (A) and weak (B) alginate gel beads at 7 T (TE =
and weak beads at 7 T. Again, it is clear that the gel beads are
not homogeneous from the edge of the bead to the centre. For
the strong alginate beads in particular (Fig. 4A), the intensity
of the NMR signal in the T2-weighted image is not constant across
the beads, rather the NMR intensity is lower at the bead edge than
at the centre. For the weak alginate beads, the intensity of the T2-
weighted image is higher and there is little visual intensity gradi-
ent across this system.

It is also observed that the weak alginate beads are bigger than
the strong alginate beads which is discussed in our previous pub-
lication (Rayment et al., 2009).

Fig. 5 displays our results of a more detailed investigation of the
alginate beads in simulated GI conditions using MRI at 7 T. Fig. 5a
and b show our results for the strong and weak alginate beads,
respectively, in control, gastric and intestinal conditions. In gastric
(G) conditions, the strong beads shrink and the intensity of the MR
images decreases particularly at the edge of the bead. In intestinal
(I) conditions, the strong beads swell and the intensity of the MR
images increases and becomes more homogeneous across the
bead. Fig. 5a also shows the corresponding proton density (M0)
and T2 radial averages, where each value is obtained by averaging
the corresponding maps in ‘shells’ from the centre of the strong
bead towards the surface. There are no significant differences in
the radial proton density average across the strong beads in all
conditions. However, T2 is higher at the centre of the strong beads
and lower at the edges in control conditions, ranging from approx-
imately 48–34 ms, and in gastric conditions, ranging from approx-
imately 44–22 ms, respectively. In intestinal conditions, T2 is
homogeneous across the bead (approximately 48 ms). The results
40 ms) in calcium chloride and sodium chloride solution, respectively.
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Fig. 5. Plots of radial average of the initial magnetisation, M0, and of the transverse relaxation time, T2, through the centre of the bead and MR images in control (C), gastric (G)
and intestinal (I) conditions for (a) strong and (b) weak alginate bead. Images were acquired after 130 min in gastric conditions and after 190 (weak) and 200 (strong) min in
intestinal solution. Each point in the radial average plots represents the average over all points at that distance from the centre of the bead. The standard deviation of the
radial average is within 6% for M0 and 10% for T2.

310 P.J. Wright et al. / Carbohydrate Polymers 77 (2009) 306–315
for the weak alginate bead system are displayed in Fig. 5b. Simi-
larly, there is little difference in the radial proton density average
across the weak bead in all conditions but T2 is altered particularly
in gastric conditions where it is shorter and more heterogeneous
across the bead, ranging from approximately 48 ms at the centre
and 22 ms at the outer edge of the bead.

Fig. 6 shows T2 values across the beads for the strong and weak
bead system in control and for various times in gastric and intesti-
nal conditions in the whole-body MRI scanner at 3 T. As expected,
the T2 values are generally higher than those determined at the
higher field strength. Fig. 7 shows the change in bead diameter,
measured from the 3 T MRI bead profiles, as the beads pass
through the simulated gastric and intestinal phases. In agreement
with 7 T results (Fig. 5A), in control conditions the strong beads are
smaller than the weak beads and the T2 of the strong beads are
shorter than the weak beads with T2 generally being lower at the
edge than at the centre of the beads. The T2 values range from
approximately 180 ms at the centre of the strong beads to 90 ms
at the edge compared to 550 ms at the centre and 340 ms at the
edge of the weak beads. When placed in gastric conditions the
weak beads shrink and the T2 values shorten to that more similar
to the strong beads (approximately 90–200 ms from edge to centre
of beads). Less effect is observed for the strong alginate beads with
most of the changes appearing to have occurred by the 50 min time
point. Since the pH of the gastric solution is reduced after 15 min,
shrinkage and a reduction in T2 is not observed at the 5 min time
point. For both bead systems, the gel remains inhomogeneous
across the bead with T2 being shorter at the edge than in the centre.
When subsequently placed in intestinal conditions, both types of
beads swell and their respective T2 increase again and show an in-
creased homogeneity across the bead, confirming the 7 T results.

The gel inhomogeneity was also examined by transmission
electron microscopy (Fig. 8). For the strong beads, a variation in
microstructure between the edge and centre of the bead was ob-
served in all conditions. In general, the gel has a denser, tight net-
work at the edge (Fig. 8A, D and G), and is more open and porous at
the centre (Fig. 8C, F and I), which is consistent with the MR T2
results (Figs. 5 and 6). The gel microstructure forms a denser net-
work in gastric conditions (Fig. 8D, E and F) compared to the con-
trol (Fig. 8A–C). In intestinal conditions (Fig. 8G, H and I), the gel
microstructure appears to become more open and porous in
nature.

Fig. 9 shows the pore size distributions of the gel microstructure
from the edge, halfway into, and at the centre of the bead under
control conditions. Here, there is no appreciable difference in the
pore size at the halfway-in point (I) and that at the centre of the
bead (C). However, the pores at the edge of beads are significantly
smaller compared to further inside.

Fig. 10 compares the porous gel microstructure at the edge (a),
halfway-in (b) and centre (c) of the beads in control, gastric and
intestinal conditions. At the edge (a), the pore size distributions
under the different conditions are all very similar. At the half-
way-in point and at the centre, the pore size distribution under
intestinal conditions shows larger pores. At the centre (c), the dif-
ference in pore size distribution under control and gastric condi-
tions is small. At the halfway-in point (b), the size distribution
under intestinal conditions tapers off slowly at the right hand side
of the curve, indicating a relatively greater proportion of larger
pores. During the experiments, it emerged that a single setting
(p = 40) for the contrast parameter p of the watershed algorithm
works well with the exception of the structure at the halfway-in
and centre under intestinal conditions. For these we have set
p = 50. Fig. 11 shows the effect of the parameter p.
4. Discussion

We have used MRI and TEM to show that alginate gel beads pre-
pared by an external diffusion method produce inhomogeneous gel
networks. This has been previously reported (Smidsrød & Draget,
1996) and is due to the fact that before the alginate is confined
within the gel network it can diffuse towards the inwardly moving
solvent (calcium chloride) front and therefore form a bead with a
higher concentration of alginate at the surface (edge) than in the



Fig. 6. Gel T2 profiles at 3 T for strong and weak alginate beads in control (C), gastric (G) and intestinal (I) conditions.

Fig. 7. Evolution of the gel bead diameter measured from the 3 T MRI profiles for bead exposure to control (C), gastric (G) and intestinal (I) solutions.

P.J. Wright et al. / Carbohydrate Polymers 77 (2009) 306–315 311



Fig. 8. Transmission electron micrographs of 1.5% strong alginate bead in control and gastro-intestinal conditions. Sample examined at: (A) control (outer edge), (B) control
(halfway-in), (C) control (centre), (D) gastric (outer edge), (E) gastric (halfway-in), (F) gastric (centre), (G) intestinal (outer edge), (H) intestinal (halfway-in) and (I) intestinal
(centre). Scale bar = 0.5 lm.
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centre. In general, low molecular weight alginate, low concentra-
tion of gelling (divalent) ions and the absence of non-gelling
(monovalent) ions results in highest inhomogeneity (Skjåk-Br�k,
Grasdalen, & Smidsrød, 1989; Strand, Mørch, Espevik, & Skjåk-
Br�k, 2003). Our strongly gelled bead system showed much great-
er inhomogeneity compared to the weakly gelled bead system in
control conditions, presumably due to the increased exposure to
calcium ions and the absence of monovalent ions in this system.
Simpson, Grant, Blackband, and Constantinidis (2003) acquired
T2-weighted MR images of alginate beads and showed good radial
signal homogeneity across the diameter. This may have been due
to the presence of monovalent cations, since the alginate solutions
were all prepared in physiological saline (0.85% NaCl) in this case,
and also the smaller size of the beads prepared (800–900 lm). Fur-
thermore, in our previous publication (Rayment et al., 2009), we
describe the effect of calcium concentration on bead size since
the strong beads are smaller in size due to increased syneresis. It
is well established that calcium alginate gels shrink during gel
formation resulting in a loss of water (syneresis) and an increase
in polymer concentration (Smidsrød & Draget, 1996).

We also show that there is little difference in radial proton den-
sity across the beads, the majority of the heterogeneity being re-
flected by the T2 parameter as described previously. It has been
reported that there is little or no contrast from a proton density
map (M0), as the distribution of water in a dilute polysaccharide
gel is generally approximately constant (Potter, Herrod, Carpenter,
& Hall, 1993). Hence, the variation in image intensity is, to a first
approximation, attributed to the variation in T2 of the water
protons.

For both types of alginate bead, T2 is not constant across the
sample. Previous work on dilute neutral alginate systems has
experimentally shown that T2 is inversely proportional to polymer
concentration (Duez et al., 2000; Hills et al., 2000; Potter, Carpen-
ter et al., 1993; Thu et al., 2000). Hence T2 measured in control con-



Fig. 9. Watershed analysis of TEMs of strong alginate gel bead in control conditions.
Sample examined at outer edge (solid line), halfway-in (dashed line) and centre
(dotted line, appears almost grey).
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ditions can be a probe of alginate concentration and therefore of
interstitial water content within the gel mesh. Changes in water
proton relaxation may also reflect conformational changes, varia-
tion in gel rigidity (T2gel) and/or in the proton exchange rate (kgel)
Fig. 10. Watershed analysis of TEMs of strong alginate gel bead at (a) edge (outside) (b) h
and intestinal conditions (dotted line, appears almost grey).
due to variations in pH. Our results suggest that polymer
concentration is not constant across the beads rather it is higher
at the edge compared to the centre. This is more marked in the
strong beads at control conditions although both strong and weak
bead systems display this phenomenon in gastric conditions fol-
lowing shrinkage.

We have shown changes in the alginate gel network following
GI incubation for both bead types. In gastric conditions, the beads
shrink due to a decrease in the electrostatic repulsive charge be-
tween alginate chains following protonation of free carboxyl
groups. Furthermore, at low pH, the calcium ions bound between
alginate chains may become dissociated and replaced with hydro-
gen ions, allowing the chains to move closer together as a result of
hydrogen bonding and the formation of an ‘‘acid” gel (Norton, Frith,
& Ablett, 2006). T2 was also observed to shorten in gastric condi-
tions presumably as a result of water loss and increased concentra-
tion of the alginate polymer within the gel beads on shrinkage. This
corroborates our previous results obtained during swelling and T2

experiments where these systems shrank by approximately 50%
and T2 decreased in the gastric phase, respectively (Rayment
et al., 2009).

In intestinal conditions, both bead types swelled presumably
due to an increase in the electrostatic repulsive forces at a pH
above the pKa of the uronic acid groups on the alginate. Further-
more, we show that the MR image intensity and T2 increase for
both bead type and becomes more homogeneous across the bead
alfway-in (middle) and (c) centre (inside) in control (solid line), gastric (dashed line)



Fig. 11. The watershed contrast parameter is normally set to 40 and works well for most images. (a and b) In control conditions p = 40 represents the structure better than
p = 50. (c and d) Under intestinal conditions there are larger pores more prone to oversegmentation (c). This can be resolved by increasing p to 50 (d).
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diameter. We suggest this is due to solubilisation of the alginate
gel at higher pH and monovalent ion concentration. In our previous
work, the gel strength of the beads was reported and, during the
intestinal phase, the Young’s modulus of the strong and weak
beads was not statistically different (Rayment et al., 2009) reflect-
ing the increased swelling of the strong beads in this phase. Inter-
estingly these changes appear to be independent of the method of
bead manufacture. This should be taken into account when con-
templating the use of such bead systems for potential applications
such as encapsulation or controlled delivery. The time-resolved 3 T
MRI data indicate that the major changes identified in gastric and
intestinal conditions occur on a biologically relevant timescale and
therefore suggests we may be able to use such techniques to deter-
mine similar changes in the beads in vivo within the human GI
tract.

From our TEM results, and subsequent watershed image analy-
sis, the majority of the changes appear to occur towards the centre
of the bead rather than the outer edge. Here, the gel network re-
mains denser throughout the GI incubation. We observed that
the outer ‘‘skin” of the bead is more robust than the gel network
at the centre of the bead, holding the bead intact until it eventually
disintegrates in the intestinal phase where the whole bead falls
apart. This is probably due to the higher alginate concentration
at the edge of the bead which provides the bead with a strong, out-
er layer which takes longer to solubilise in intestinal conditions.

The watershed image analysis tool has proved a useful technique
to quantify changes in alginate gel porosity following bead manu-
facture and GI incubation. A greater proportion of larger pores are
found at the centre of the bead compared to the edge and similarly
following intestinal incubation. These results complement our find-
ings using both spatially resolved NMR and TEM techniques.
5. Conclusions

Alginate beads prepared using an external diffusion method
have been characterised using MRI and TEM techniques. Our re-
sults suggest there is an inhomogeneous distribution of alginate
polymer concentration across the beads with a higher concentra-
tion at the edge compared to the centre. This inhomogeneity has
been shown to persist following incubation in simulated GI condi-
tions. In particular, the denser gel microstructure at the edge of the
beads remains unchanged despite the expansion and eventual dis-
integration of the gel at the centre of the beads towards the end of
the intestinal phase. The changes in gel porosity have been demon-
strated using transmission electron microscopy and have been
shown to be dependant on both gel location and the chemical stim-
uli provided by the simulated GI conditions. Gel porosity has been
quantified using image analysis showing that the beads have a
greater distribution of larger pores at the centre of the beads com-
pared to the edge and in intestinal conditions compared to control
and gastric conditions.

Our results have shown that MRI and TEM techniques can be
used to characterise biopolymer gel networks such as alginate pro-
viding information regarding the changes in microstructure (e.g.
polymer concentration, porosity) following manufacture and simu-
lated GI incubation. We suggest that such changes in porosity of
these alginate beads during simulated GI conditions may make
these an attractive option for controlled delivery applications
in vivo. Furthermore, by undertaking MRI at two different field
strengths, we have been able to access both high spatial resolution,
microstructural information at 7 T in simulated GI conditions as
well as determine similar dynamic changes using a whole-body
MRI scanner at 3 T which can be utilised to investigate the
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behaviour of these physiologically responsive hydrogels within the
GI tract of humans. On the basis of these findings, future work will
extend this to probe gel microstructural changes in situ during GI
transit using whole-body MRI.
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