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Abstract The entrapment of enzymes, drugs, cells or
tissue fragments in alginates cross-linked with Ca®" or
Ba’" has great potential in basic research, biotechnol-
ogy and medicine. The swelling properties and, in turn,
the mechanical stability are key factors in designing an
optimally cross-linked hydrogel matrix. These parame-
ters depend critically on the cross-linking process and
seemingly minor modifications in manufacture have a
large impact. Thus, sensitive and non-invasive tools are
required to determine the spatial homogeneity and effi-
cacy of the cross-linking process. Here, we show for
alginate microcapsules (between 400 um and 600 pm in
diameter) that advanced '"H NMR imaging, along with
paramagnetic Cu?" as contrast agent, can be used to
validate the cross-linking process. Two- and three-
dimensional images and maps of the spin-lattice relax-
ation time 7; of Ba’" cross-linked microcapsules
exposed to external Cu’" yielded qualitative as well as
quantitative information about the accumulation of
Cu’" within and removal from microcapsules upon
washing with Cu®" free saline solution. The use of Cu®*
(having a slightly higher affinity constant to alginate
than Ba’") for gelling gave a complementary insight
into the spatial homogeneity of the cross-linking process
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together with information about the mechanical stability
of the microcapsules. The potential of this technique was
demonstrated for alginates extracted from two different
algal sources and cross-linked either externally by the
conventional air-jet dropping method or internally by
the ““crystal gun” method.
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Introduction

Alginates are found in brown algae and in bacterial
species (Rehm 2002). They represent a family of linear
co-polymers consisting of (1-4)-linked f-p-mannuronic
acid (M) and its C-5 epimer a-L-guluronic acid (G). The
two monosaccharides are arranged in homopolymeric
(poly-mannuronate or poly-guluronate) or heteropoly-
meric block structures. The M:G ratio and the percent-
age of the block structures depend on the algal source
(McHugh 1987). The length of the polymeric chains can
vary considerably. Most alginates exhibit extremely non-
uniform broad molecular mass distributions. Accord-
ingly, the intrinsic viscosity of a 0.1% w/v solution in
distilled water can vary from 1 mPa s to 60 mPa s. The
viscosity and the molecular mass distribution depend
strongly on the input source of algal material and the
extraction process but can be modified by changes in
ionic strength (Zimmermann et al. 2000, 2003b). The
alkali-, ammonium- and magnesium-alginates are
soluble in water. However, alginates can be gelled by
cross-linking with divalent or trivalent cations (for more
details, see Haug and Smidsred 1970). This property is
used for entrapment of enzymes, drugs, cells and tissue
pieces. Conventionally, cross-linking is achieved by
dropping alginate/cell droplets into a medium contain-
ing Ca®>" or Ba®>". Immobilization of biologically active
material has found a broad range of applications in



basic research (e.g. stabilization of wall-less cells) and in
a number of biophysical (sensor technology) and bio-
technological applications (Chibata 1978; Cohen et al.
1991; Draget et al. 2002; Hartmeier 1986; Kailasapathy
2002; Laskin 1985; Schnabl and Zimmermann 1989;
Tonnesen and Karlsen 2002). Ca®* or Ba® " cross-linked
alginate microcapsules also provide a new strategy for
transplantation of allo- and xenografts without immu-
nosuppressive therapy (Hasse et al. 1997; Hunkeler et al.
2001; Kiihtreiber et al. 1999; Mullen et al. 2000). When
enclosed in an alginate microcapsule, cells and tissues
are protected against the immune response of the host
while transfer of nutrients and oxygen and the release of
therapeutic factors are not impeded. Despite much
effort, progress in the field was hampered by variable
stability of the microcapsules leading ultimately to
transplant failure in animals and human beings
(Kiihtreiber et al. 1999; Mazaheri et al. 1991).

Major reasons for the instability of microcapsules
include (i) concentration gradients of alginate polymers
and/or of ingredients incorporated for stabilization
(such as proteins) as well as (ii) the insufficient cross-
linking within the core of the microcapsules. Polymer
and protein concentration gradients arise from demixing
and shrinking processes during droplet formation and
gelling. They depend on many factors, such as gravity,
alginate viscosity, molecular mass distribution, micro-
capsule size, the presence of non-gelling salts (e.g. NaCl)
and the time of cross-linking (see also Thu et al. 2000).
Optimum viability and/or functionality of entrapped
wall-less cells as well as of other biologically active
material are generally achieved when the external Ba®*
or Ca®* concentrations are adjusted to 20 mM and the
cross-linking time to 15 min. Higher concentrations of
divalent cations or longer exposure times of the alginate
droplets in the cross-linking solution considerably im-
prove the homogeneous cross-linking of the capsule
core, but are lethal to the incorporated biological
material.

The above problems have been overcome by the
production of ultra-high viscosity alginates (UHV algi-
nates; viscosity of a 0.1% w/v solution in distilled water
>30 mPa s; unpublished data) and by internal gelling
of the alginate droplets. UHV alginates exhibit a uni-
form molecular mass distribution. They do not contain
short polymeric alginate chains and the high viscosity
prevents the built-up of concentration gradients during
alginate droplet formation and cross-linking. Internal
gelling achieves homogenous cross-linking throughout
the microcapsule’s interior by the injection of BaCl, or
CaCl, crystals into the droplets before Ba?" or Ca®™ is
externally applied (so-called “crystal gun” method;
Zimmermann et al. 2003a). However, the improved
cross-linking leads to changes in the diffusion properties
of the gel matrix. As shown for encapsulated islets
(Schneider et al. 2003), the tight and narrow network
can restrict the exchange of nutrients and oxygen be-
tween the encapsulated cells/tissue and the external
medium as well as the release of insulin.
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Diffusion within the alginate gel matrices can be en-
hanced by lowering the alginate concentration, but that
may affect cross-linking of the polymeric chains and thus
the swelling properties and stability of the microcap-
sules. This is a general problem of hydrogels, but par-
ticularly of alginates because of the variable M:G ratio.
Additionally, the variable percentage of the block
structures make predictions of microcapsule features
even more difficult. Therefore, there is a great demand
for non-invasive tools that allow rapid and accurate
determination of the cross-linking features of alginates.

In this communication we will demonstrate that
advanced "H NMR imaging techniques meet these
requirements. Contrast agents were needed to visualize
the alginate microcapsules because they consist of about
99% water.

Screening experiments showed that the signal inten-
sities of the alginate polymeric chains were too low to be
detectable even when H,O was replaced by D,O for
microcapsule preparation. However, use of Cu®" as a
contrast agent yielded the information about the efficacy
of the cross-linking process. Cross-linking could be
visualized by replacement of Ba®>* by Cu?" for gelling.
The affinity constant of this ion to alginate is similar to
that of Ba?" (Smidsred and Skjiak-Braek 1990). Com-
plementary data about the inappropriate cross-linking
of Ba?" cross-linked microcapsules were obtained by
studying the diffusion of external Cu?" into the core of
the microcapsules. Comparison of microcapsules made
up of alginates from different algal sources and cross-
linked by the conventional as well as by the “crystal
gun” method revealed that this NMR technique allows
routine evaluation of the alginate gelling.

Theoretical background of NMR imaging

A detailed description of the NMR technique can be
found in a variety of textbooks (e.g. Abragam 1961; Ernst
et al. 1987; Fukushima and Roeder 1981; Slichter 1990).
The principle of magnetic resonance is based on the dis-
covery that many nuclei carry a spin and have, therefore, a
magnetic moment. If a sample with nuclear spins is placed
inside a strong, external magnetic field, B, the interaction
of the magnetic moment with B, causes the nuclear spins
to line up, thus creating a small magnetization vector
within the sample. This magnetization can be manipu-
lated by the application of radio frequency (rf) pulses of a
given intensity and duration. Upon application of an rf
pulse the magnetization vector precesses around By with
its specific so-called Larmor frequency wy = yB,, where
the constant of proportionality, y, is termed the gyro-
magnetic ratio and is a fundamental property of the nu-
cleus. For a Hydrogen nucleus (proton), y has a value of
2.68x10°* Hz T' (Abragam 1961; Ernst et al. 1987;
Fukushima and Roeder 1981).

NMR imaging uses the fact that the Larmor fre-
quency, w, is proportional to the polarizing magnetic
field. If in addition to the external magnetic field, By, a
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uniform magnetic field gradient G is applied, the fre-
quency, m, experiences a spatial signature and is at the
position r given by

o(r) = 7(Bo+r-G) (1)

This allows the acquisition of two- and three-dimen-
sional images of the spin distribution p(r) (Callaghan
1991; Mansfield and Morris 1982). Although complete
information about the structure of the sample can only
be extracted from three-dimensional images, it is some-
times advantageous to record a series of two-dimen-
sional images. This is especially the case when the speed
of image acquisition is important, e.g. in studies of
dynamical processes as described here. Typical acquisi-
tion times are in the range of minutes for a two-
dimensional and several hours for a three-dimensional
image.

The relationship given in Eq. (1) represents an over-
simplification, as it ignores all spin interactions except
those with the polarizing field and the magnetic field
gradient. While other effects, such as relaxations, com-
plicate the situation, they also provide a means to apply
additional contrast to the image during the acquisition.

There are two basic processes of relaxation, one of
which involves an exchange of energy between the spins
and the surrounding thermal reservoir (lattice), called
spin—lattice relaxation, and one in which spins return to
thermal equilibrium by interacting with each other,
called spin—spin relaxation. The corresponding relaxa-
tion times are referred to as 7 and 75, respectively
(Abragam 1961; Slichter 1990).

A difference in 7T relaxation times of spins in a
sample can be used for the selective suppression of
undesired spin signals using a so-called “inversion
recovery” pulse sequence (Callaghan 1991). An initial
180° rf pulse inverts the magnetization vector and then
the spin—lattice relaxation proceeds for a time #;,. The
remaining magnetization is then called back using a 90°
rf pulse. The signal intensity, S, is described by

S<tir) = SO(I - 2exp(_tir/Tl)) (2)

where Sp is the signal intensity for fully relaxed spin
system.

The cross-over through zero signal intensity at
tiy = In(2)T; can be exploited to suppress the signal of
spins with a specific value of 7.

A relaxation time weighting of the image intensity
can be achieved by adjusting the delay times T and Tg.
The repetition time Tx determines the degree to which
the equilibrium magnetization is able to recover between
pulse train repetitions, while the echo time Tg deter-
mines the degree of transverse magnetization decay at
the image acquisition. These delays therefore result in an
image sensitivity for 77 and 75, and the signal intensity
at position r is given by (Callaghan 1991).

s ={1-ew |- bew |- 2 m @

A more quantitative approach is to measure spatially
resolved maps of relaxation times, which is achieved by
acquiring multiple images with variable values of T and
Tg, followed by attenuation analysis according to
Egs. (2) and (3).

Materials and methods

Alginates

For extraction of alginate from the brown algae Laminaria pallida
and Lessonia nigrescens algal material was freshly harvested from
the sea at the coast of Namibia and Chile, respectively. Peeled,
bacteria-free stipes were used. The purification procedure was
performed as described elsewhere (Jork et al. 2000; Zimmermann
et al. 2001). Briefly, the alginate was extracted with 50 mM EDTA
solution followed by a filtration step. Then the alginate was pre-
cipitated with ethanol (37% v/v) and dissolved in 0.5 M KCI. The
solution was subject to two further ethanol precipitations. The
purified alginate was sterilized with ethanol, dried under sterile
conditions and stored at 4 °C.

This extraction and purification regime resulted in ultra-high
viscosity alginates (>30 mPa s in the case of a 0.1% w/v alginate
solution in distilled water). Various analytical assays and animal
studies showed (Leinfelder et al. 2003; Zimmermann et al. 2000,
2003b) that the purified alginates were free of mitogenic, cytotoxic
and apoptosis-inducing contaminants and thus of clinical grade
(CG). These material are termed UHV/CG alginates to distin-
guish them from low-viscosity, impure, commercial alginates. The
extracted alginates were denoted according to the original algal
material (UHVy,, and UHVy.). Before use, the alginates were
dissolved in sterile 0.9% NaCl solution at concentrations of 0.7%
w/v (UHVp.m) and 0.8% w/v (UHVL.). These concentrations
were found to be appropriate for maintenance of viability and
function of entrapped cells (Schneider et al. 2003; Zimmermann
et al. 2003a).

Microcapsules

For cross-linking of the alginate with Ba>* and Cu?" two different
encapsulation methods were used. It should be noted that encap-
sulation was carried out under sterile conditions and that the var-
ious solutions were sterilized by filtration before use.

Conventional method

For the formation of empty alginate microcapsules an air-jet two-
channel droplet generator was used. The inner channel (0.5 mm in
diameter) contained the alginate solution, the second one fed the
air supply into the nozzle. The injection rate of the alginate into the
nozzle was controlled by an electric motor. Homogeneous alginate
droplets with diameters of between 400 um and 600 pum were
generated by regulating the velocity of the co-axial air stream. The
droplets entered a bath solution containing multivalent cations to
induce cross-linking (so-called external gelling; for further details,
see Jork et al. 2000).

“Crystal gun”” method

The basic principle of this method was recently introduced by
Zimmermann et al. (2003a). An air-regulated dental jet was
mounted perpendicularly to the conventional droplet stream at
about one third of the distance between the nozzle and the cross-
linking solution. This dental jet produced an air stream containing
tiny crystals of the cross-linking agent that penetrated the fluid and



elastic alginate droplets before coming in contact with the bath
solution (so-called internal and external gelling). The crystals were
heated at a temperature of 150°C for 2 h and stored under dry and
sterile conditions before use. To avoid an increase in osmolality of
the cross-linking solution due to the crystal stream, the dental jet
was placed between two metal plates each with a circular aperture
(11 mm in diameter) through which the droplets fell.

Cross-linking and post-treatment of the microcapsules

The bath solution contained 20 mM CuSO,4 or 20 mM BaCl,. The
osmolality of the solutions was adjusted to 290 mOsm by using
appropriate amounts of NaCl. In the case of Ba’* the pH was
buffered to a value of 7.0 by addition of 5 mM histidine. Cross-
linking with Cu®>" jons was performed at pH 5.2. After a cross-
linking time of 15 min the microcapsules were washed three times
with 0.9% NacCl solution before being transferred into fresh NaCl
solution and stored at 4 °C until use. When Ba?" ions were used as
cross-linking agent the stability of the microcapsules was improved
by addition of 10% fetal calf serum (FCS) to the alginate solution.
Additionally, the cross-linked microcapsules were treated with
6 mM Na,SO, saline solution for 30 min after the three washing
steps to precipitate excess Ba®>" ions (for further details, see Hill-
girtner et al. 1999). In the case of Cu®>™ ions, FCS could not be
used because of protein precipitation.

NMR images were recorded of Cu®" cross-linked microcap-
sules that had been incubated in 0.9% NaCl solution for 11 days
(UHV| alginate) and 22 days (UHV_,,, alginate). Before NMR
imaging studies of Cu®" ion diffusion into the core of Ba®" cross-
linked, protein-stabilized microcapsules, the material was kept in
0.9% NaCl solution for 19 days. Two-dimensional images and T
maps were recorded on about 200 microcapsules suspended in
about 0.06 ml NaCl solution and placed into a NMR tube (inner
diameter 4 mm). Data were acquired in the absence of Cu®” and
90 min and 15 h after the addition of 0.06 ml of 15 mM CuSO,4
solution (adjusted to 290 mOsm with NaCl; 7 value=0.1 s) to the
saline solution. Then a three-dimensional NMR data set of the
capsule pellet was acquired before the microcapsules were washed
with pure NaCl solution for three times followed by acquisition of
two-dimensional images and 7'} maps.

Addition of Cu®" resulted in a drop of the pH to about 4.4. To
reveal pH effects, but also effects of the duration of the external
gelling on the homogeneity of cross-linking, microcapsules made
from 0.8% UHV ¢ and 0.7% UHVy,, were pre-cross-linked in
20 mM BacCl, saline solution at pH 7.0 for 15 min before incuba-
tion in 20 mM BaCl, solutions at pH 4.4 for a further 2 h. Other
microcapsules were fabricated by external gelling for 15 min and
24 h and at pH 7.0 and 4.4. Microcapsules made in this way were
then treated with Cu®* as described above.

2+

NMR imaging

All NMR experiments were carried out on a Bruker DMX400
NMR spectrometer (Bruker, Rheinstetten, Germany) with mi-
croimaging equipment. The spectrometer uses a vertical 9.4 T
magnet operating at a proton resonance frequency of 400 MHz.
The two-dimensional images were recorded using a standard spin-
echo multislice pulse sequence with T =3.8 ms, TR =1 s, a spatial
resolution of 78 pm, and a slice thickness of 0.2 mm. 7 maps
were reconstructed from 11 individual images which were ac-
quired after an initial 180° rf pulse; 7 was obtained by variation
of the delay time #; (range 10 ms to 2 s) between the rf pulse and
image acquisition. The parameters Sy and 7 from Eq. (2) were
then fitted to the data of each image voxel using the Levenberg—
Marquard method (Press et al. 1988). Slice position and spatial
resolution were identical with those of the two-dimensional ima-
ges.
The three-dimensional T;-weighted images were recorded using
a spin-echo pulse sequence with an initial 180° rf pulse to invert the
magnetization. The delay time 7, was adjusted for each sample
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separately in order to suppress the background water signal. Typ-
ical experimental parameters were Tg=1.8ms, Tr=04s,
t;;=190 ms, and the spatial resolution 39 pm in the three direc-
tions.

Results
Cross-linking with Cu®™"

Two-dimensional NMR images of microcapsules cross-
linked with Cu®* ions instead of Ba’" yielded infor-
mation about the insufficient cross-linking resulting
from the conventional method. As shown in Fig. 1 Cu?"
cross-linked microcapsules incubated in 0.9% NaCl
solution for up to 22 days, respectively, can clearly be
distinguished from the external solution indicating that
the Cu’?" concentration within the microcapsules is
higher than outside. The two-dimensional images
exhibited no significant differences in cross-linking be-
tween the conventional and the “‘crystal gun” method.
However, the improved cross-linking throughout the
microcapsules by the “crystal gun” method became
quite obvious upon suppression of the proton signal of
the external solution by applying an inversion recovery
sequence. Typical microcapsule surfaces reconstructed

Fig. 1A-D Typical two-dimensional "H NMR images of a pellet of
microcapsules (about 400 pm in diameter) cross-linked with Cu?”*
ions using the ‘“‘crystal gun” (A and C) and the conventional
encapsulation method (B and D). The microcapsules in (A) and (B)
were made up of 0.7% UHVy,,, alginate, the microcapsules in (C)
and (D) of 0.8% UHV_ alginate. UHV|,,, microcapsules were
stored for 22 days, UHV_ . microcapsules for 11 days in 0.9%
NaCl solution before use. Note that microcapsules when cross-
linked with Cu®" instead of Ba®" can clearly be resolved because
they exhibit significantly higher signals than the 0.9% NaCl
solution. Bar=1 mm



Fig. 2A-D Reconstructed surfaces deduced from three-dimen-
sional NMR images of the microcapsules shown in Fig. 1. Note
that microcapsules produced by using the “crystal gun’ method (A
and C) appear spherical and compact, whereas microcapsules made
in the conventional way (B and D) were apparently quite deformed
(B) or showed onset of deliquescence (D). Bar=1 mm

from three-dimensional NMR images are depicted in
Fig. 2. In the case of 0.7% UHVy,, alginate micro-
capsules cross-linked by the “crystal gun” method
(Fig. 2A) appeared less deformed than microcapsules
produced by the conventional encapsulation method
(Fig. 2B). This can be taken as evidence that internal
gelling improves cross-linking and in turn mechanical
stability. The benefits of injecting CuSOy, crystals into
the core of the microcapsules became even more evident
in the case of 0.8% UHV|. alginate (Fig. 2C). The
microcapsules were spherical and appeared very com-
pact, whereas UHV; ., microcapsules cross-linked only
by external gelling are obviously less stable as indicated
by the onset of deliquescence after 11 days of incubation
(Fig. 2D).

Cross-linking with Ba®”"

We studied the diffusion of Cu®>" ions into the core of
externally and internally gelled microcapsules to inves-
tigate whether the cross-linking procedure affects the
permeability of microcapsules. The material had been
cross-linked with Ba?" at pH 7.0, and stabilized with
10% FCS and incubated in 0.9% NaCl solution for
19 days before use.

In Fig. 3A-D a typical series of two-dimensional
images of microcapsules exposed to CuSQO, in the NMR
tube is shown. Before addition of CuSO, there was no
contrast between capsules and medium (Fig. 3A-D, 1).

D

Fig. 3A-D, i-iv Typical two-dimensional 'H NMR images of
microcapsules (diameter about 400 pm) made of 0.7% UHVp,n, (A
and B) and 0.8% UHV| alginate (C and D). Microcapsules were
stabilized with 10% FCS and cross-linked with Ba>" ions by using
the “crystal gun” method (A and C) and the conventional, air-jet
droplet method (B and D). The microcapsules were stored in a
0.9% NacCl solution for 19 days. For NMR measurements a pellet
of microcapsules incubated in NaCl solution was placed into a
NMR tube. Images were taken before (i), 90 min (ii) and 15 h (iii)
after addition of 15 mM CuSO, and finally after replacing
the Cu®* ions by CuSO4free NaCl solution (iv). Note that
the microcapsules can be only visualized as dark spheres in the
presence of Cu®" (ii and iii) and that the contrast between the
capsules and the liquid surrounding disappears nearly completely
after washing the microcapsules with pure 0.9% NaCl solution (iv).
Bar (shown only in A, i)=2 mm

After an incubation time of 90 min a significant contrast
could be detected due to differences in the 7, values of the
microcapsules and the surrounding medium (Fig. 3A-D,
i1). The degree of contrast was apparently independent of
the alginate (compare Fig. 3A and B, ii with Fig. 3C and
D, ii) and of the encapsulation method (compare Fig. 3A
and C, ii with Fig. 3B and D, ii). As shown in Fig. 3A-D,
iii the contrast remained unchanged over an incubation
time in CuSOy-containing NaCl solution for 15 h. After
removal of the Cu®" ions by washing with CuSO,-free
NaCl solution (Fig. 3A-D, iv) the contrast between the
microcapsule interior and the surrounding liquid was too
weak for unambiguous visualization. Thus, in the light of
two-dimensional images it was not possible to decide
whether diffusion of Cu®" into the core of the micro-
capsules was reversible or partly irreversible when using
the two encapsulation methods.

However, T)-weighted three-dimensional images
gave clear-cut evidence that differences exist between
encapsulation methods. Fig. 4 shows a typical two-
dimensional slice of the three-dimensional data set per-
formed on UHVy,,, alginate microcapsules incubated in
CuSOy-containing NaCl solution for about 17 h. As
mentioned above, the slice thickness was 39 um, i.e.
much less than the diameter of the microcapsules (about
400 pm). It is evident that microcapsules made by



Fig. 4A-B Two-dimensional "H NMR images of UHV| o, alginate
microcapsules after incubation in CuSOy-containing 0.9% NaCl
solution for about 17 h. The images were obtained from a T3-
weighted three-dimensional data set, and the slice thickness was
39 pm. The microcapsules were prepared using the “crystal gun”
(A) and the conventional (B) encapsulation method. Note that in
both images a signal within the microcapsules is detectable,
whereas signal intensity of the externally gelled microcapsules (B)
is on average higher, indicating a higher internal Cu?* concentra-
tion compared to the internally gelled microcapsules (A).
Bar=1 mm

injection of BaCl, crystals (Fig. 4A) exhibited on
average less signal intensity (i.e. less internal Cu®")
than microcapsules made in the conventional way
(Fig. 4B).

The difference in Cu?" uptake of the various alginate
matrices could be more clearly resolved and also quan-
tified by taking spatially resolved maps of T, values.
Typical 71 maps of UHVy ,,, microcapsules made by the
“crystal gun” method are depicted in Fig. SA. After an
incubation time of 90 min in the saline CuSO, solution
(Fig. 5A, 1) the spatially resolved 7'; maps revealed a
value of less than 0.1 s in those regions of the NMR tube
where microcapsules could be detected in the two-
dimensional image (Fig. 3A, ii). This value was signifi-
cantly lower than the 7 value of the surrounding
medium (0.2 s). A decrease in the T value is expected
when the Cu?" ion concentration within the core of the
microcapsules is higher than in the surrounding med-
ium. Similar results were found for microcapsules incu-
bated for 15h (Fig. 5A, ii). Interestingly, upon
replacement of the saline CuSOy solution by 0.9% NaCl
solution 7 values of 0.5-1.0 s were recorded homoge-
neously through the microcapsule suspension (Fig. SA,
ii1). These values agreed quite well with the T, value of
the pure NaCl solution (1.5 s) thus explaining why mi-
crocapsules were not visible. Obviously, most para-
magnetic ions had been washed out of the
microcapsules, excluding irreversible binding to the
cross-linked network and/or diffusion restrictions within
the alginate network.

Typical T) maps of UHV|,,,, microcapsules made by
using the conventional method are shown in Fig. 5B
for incubation times of 1.5 h (Fig. 5B, i) and 15h
(Fig. 5B, ii) in CuSOy-containing NaCl solution. At
first glance, the data were comparable with those ob-
tained for internally gelled UHVp,, microcapsules
(Fig. 5A, i), because the T values of the microcapsules
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Fig. 5A-B, iiii Spatially resolved 'H NMR maps of the corre-
sponding T values of UHV,,, microcapsules prepared using the
“crystal gun” (A) and the conventional (B) encapsulation method.
T, maps were recorded after 1.5 h (i) and 15 h (ii) upon CuSOy4
incubation and after washing the capsule pellet with CuSOy-free
NaCl solution (iii). The grayscale of the images represents the local
value of T, given in seconds. Note that an increase in Cu®"
concentration lowers the 7 values and vice versa. Bar (shown only
in A, i)=2 mm

were distinctively lower (0.1 s) than the T values of the
surrounding liquid (0.2-0.3 s; Fig. 5B, 1). This indicates
diffusion of Cu?" into and accumulation of these ions
within the microcapsules. The 7, values also did not
change over an incubation period of 15 h (Fig. 5B, ii).
However, in contrast to microcapsules produced by the
“crystal gun” method (Fig. 5A, iii) the difference in
the T, values between the microcapsule interior and the
surrounding remained after replacement of the saline
CuSOy solution by 0.9% NaCl solution (Fig. 5B, iii).
The T, values of the microcapsules only returned to
near those of the surroundings when the microcapsules
were kept in the saline solution for 19 h and then
washed again with fresh 0.9% NaCl solution (data not
shown).

In the case of 0.8% UHV ., microcapsules technique
Cu’" release was nearly complete after the first washing
procedure independent of encapsulation method (data
not shown).

The difference between externally gelled UHVy,,
and UHVy . might be due to insufficient equilibration
of Ba’>" between the core of the charged matrix of
UHVy,, alginates and the surrounding medium. For
this reason, experiments were performed on 0.7%
UHVi.m and 0.8% UHV. alginate microcapsules
incubated in a saline 20 mM BaCl, solution at pH 7.0
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for up to 24 h, before they were exposed to a saline
CuSOy solution. Contrast and the T values of the mi-
crocapsules were similar to those measured on micro-
capsules cross-linked for 15 min (Fig. 3B, ii and iii;
Fig. 3D, ii and iii; Fig. 5B, i and ii; Fig. 5D, i and ii), but
replacement of the CuSO, solution by NaCl solution
resulted in the disappearance of the contrast of both
UHVi.n and UHV;. microcapsules after the first
washing procedure. Simultaneously, the 7, values in-
creased to the value of the surrounding medium indi-
cating complete removal of the internal Cu”?" ions (data
not shown). Neutralization of the carboxyl groups of the
mannuronic and guluronic acid components by reduc-
tion of the pH of the cross-linking solution should also
facilitate diffusion of external Ba®' into the core of
microcapsules made by UHVy,,, alginate. Consistent
with this, microcapsules cross-linked by external Ba®*
for 15 min at pH 7.0 and then transferred to a saline
20 mM BacCl, solution of pH 4.4 for up to 2 h yielded
similar results as long-term incubation in BaCl, solution
at pH 7.0 for 24 h (data not shown). Similarly, cross-
linking with Ba?™ at pH 4.4 for 15 min led to complete
cross-linking of the core of the microcapsules as indi-
cated by 77 maps of the microcapsules after removal of
the accumulated Cu®>* by washing with saline solution.

Discussion

The development of non-invasive imaging techniques for
quality assessment of alginate microcapsules is crucial
for applications in basic research, biotechnology and
medicine. Maintenance of the network integrity while
simultaneously allowing unrestricted diffusion of nutri-
ents, oxygen and other factors are relevant to the via-
bility, function, longevity of encapsulated cells, in
particular for transplantation of allogeneic and xeno-
geneic (gene-manipulated) cells.

The efficacy of 'H NMR imaging to monitor precisely
relevant physico-chemical parameters of alginate micro-
capsules was demonstrated here by using two different
cross-linking methods and alginates extracted from two
different algal sources. Two-dimensional images show
qualitatively that Ba>" cross-linked microcapsules made
by external gelling adsorbed more Cu?* than microcap-
sules made by internal gelling. Selected slices of a full
three-dimensional data set demonstrated quite clearly
that external Cu®" is not only adsorbed to the surface
layer, but can diffuse into the core of the 400-pm thick
microcapsules. More precise information about the cross-
linking features of microcapsules could obviously be ob-
tained from quantitative measurements of the spin—lattice
relaxation time 7; of microcapsules exposed to saline
CuSOy solution. The T; values of microcapsules were
below 0.1 s and thus lower than the 7 value of the sur-
rounding saline CuSOysolution (0.2 s). Since 7' decreases
with increasing Cu®* concentration, this can be taken as
clear-cut evidence of accumulation of Cu®* within the
alginate microcapsules. Accumulation was apparently

independent of the employed encapsulation method and
the alginate used. In the case of microcapsules cross-
linked by the “crystal gun” method, consistent results
were obtained for UHV; . and UHVy ,,, alginate micro-
capsules. Most of the accumulated Cu® ™ could be rapidly
removed by washing with saline solution. Thus, it is not
very likely that Cu®" was irreversibly bound to free car-
boxyl groups of the mannuronic and guluronic acid
molecules (and to charged groups of FCS) or that Cu®”*
has replaced bound Ba® . Formation of differently cross-
linked layers due to alginate concentration gradients
within or at the periphery of the microcapsule (Thu et al.
2000) can also obviously be excluded. Accumulation of
Cu?" within microcapsules made by the “crystal gun”
method apparently occurred by unspecific adsorption to
the alginate network or, more likely, to the charged
groups of the FCS incorporated into the microcapsules
for stabilization (see above).

At first glance, inconsistent results for the release
kinetics of accumulated Cu’" from UHVi. and
UHV_ ., alginate microcapsules were obtained when the
conventional encapsulation method was used. Removal
of Cu?" was as rapid as that found for internal gelling
when UHV; . alginate was used. In contrast, the release
of Cu®* from UHV,,, alginate microcapsules was
considerably delayed. This delay can be straightfor-
wardly explained by the assumptions that a tightly cross-
linked peripheral layer is formed upon contact of
UHV . alginate with external Ba>" and/or that the
charged carboxyl groups of the polymeric chains restrict
diffusion of the divalent cations into the core.

The finding that extension of the cross-linking time to
24 h at physiological pH values led to rapid and com-
plete removal of Cu?" from UHVy,, alginate micro-
capsules is consistent with both assumptions. The NMR
imaging results obtained for microcapsules made by
cross-linking for 15 min at a pH of 4.4 suggested that
charged groups apparently restricted diffusion of exter-
nal Ba?" and Cu”", respectively, into the core of the
microcapsules. However, formation of a tightly cross-
linked peripheral layer seems also to be involved as
indicated by the NMR images of UHV,,, alginate mi-
crocapsules cross-linked with external Cu®" instead of
Ba’* for 15 min. These microcapsules exhibit distinctive
deformations in contrast to microcapsules made by the
“crystal gun” method (Fig. 2A and B). Deformations
can be expected when the microcapsules consist of a
liquid core surrounded by a tightly cross-linked layer.
The NMR images of Cu”" cross-linked microcapsules
also represent an explanation for the rapid removal of
Cu?" from Ba®" cross-linked microcapsules made up of
UHVy alginate. As evidenced by Fig. 2D the insuffi-
cient cross-linking of the microcapsule core with exter-
nal Cu®" leads to disintegration of the microcapsules
after about 2 weeks. Disintegration results from swelling
and associated rupture of the ion bonds between the
carboxyl groups of the polymeric chains (Zimmermann
et al. 2000). If present, the tightly cross-linked peripheral
layer will, therefore, be dissolved or torn, thus facilitating



the exchange of internal Cu®* with the external NaCl in
the washing solution.

The different response of UHVy,, and UHVy
alginate to external Ba’" is quite surprising because
both alginates exhibit a similar M:G ratio (about 70:30
and 60:40) and their viscosities are also comparable
(around 30 mPa s). Thus, the number of charged car-
boxyl groups should be similar for both alginates.
However, differences in the ratio of homopolymeric
(poly-mannuronate or poly-guluronate) or heteropoly-
meric block structures may lead (together with the
incorporated protein) to differences in the structural
organization of the polymeric chains in the alginate
droplets by hydrogen bonds and, in turn, to variations in
the access of divalent cations to the charged carboxyl
groups. The relatively broad size distributions (loosely
associated with viscosity) and the associated size-
dependent diffusion limitations may also add further
problems (see above).

From this work it is obvious that such inherent prob-
lems of alginates and presumably of other hydrogels are
absent when the “crystal gun” method is used. Internal
gelling is clearly the method of choice for homogenous
cross-linking of UHV alginate droplets at physiological
pH values. Extended incubation times of up to 24 h or
lowering the pH value of the cross-linking solution to 4.4
lead to similar results when gelling is performed exter-
nally, but these conditions are not beneficial for the via-
bility and functionality of encapsulated cells.

Itisalso obvious that "H NMR imagingis a very useful
and precise tool for monitoring the cross-linking features
of alginates of different sources. The technique also offers
the advantage that relatively few microcapsules from a
batch are needed to resolve the spatial homogeneity of
cross-linking as well as the permeability and accumulation
properties of the alginate matrix for paramagnetic diva-
lent cations or other paramagnetic ions and molecules.
Thus, this technique can be used to investigate problems
related to the manufacture of microcapsules, but also with
long-term changes in the network integrity under in vitro
and in vivo conditions. This technique can also be applied
to study structural matrix changes induced by cryocon-
servation of microcapsules or encapsulated cells as
increasingly required for biomedical applications. Pro-
gress in these fields is particularly expected if a quantita-
tive index of cross-linking can be derived from the NMR
image data. This seems possible if the resolution of the
technique presented here is further enhanced.
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