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Microcapsules of alginate cross-linked with divalent ions are the most common system for cell immobilization.
In this study, we wanted to characterize the effect of different alginates and cross-linking ions on important
microcapsule properties. The dimensional stability and gel strength increased for high-G alginate gels when
exchanging the traditional €aions with B&". The use of B&" decreased the size of alginate beads and reduced
the permeability to immunoglobulin G. Strontium gave gels with characteristics lying between calcium and barium.
Interestingly, high-M alginate showed an opposite behavior in combination with barium and strontium as these
beads were larger than beads of calcitaiginate and tended to swell more, also resulting in increased permeability.
Binding studies revealed that different block structures in the alginate bind the ions to a different extent. More
specifically, C&" was found to bind to G- and MG-blocks, Bato G- and M-blocks, and 8f to G-blocks

solely.

Introduction microencapsulation protocol of Lim and StNost polycations
are, however, toxic to celf®, and the most commonly used
Alginate microcapsules have for many years been used aspolycation for encapsulation purposes, polysine (PLL), is

immune barriers for cell transplantation where the alginate gel the main capsule component responsible for the fibrotic
protects the transplant from the host immune system. Microen- overgrowth often seen on implanted alginaRl_L—alginate
capsulation thus provides a potential way to overcome the needmicrocapsules! Recently, much focus has therefore been on
for immunosuppressive drugs. Although a variety of cells have developing new methods omitting the polycation treatment,
been proposed and used for gel immobilizafiohmajor interest including the use of epimerized algin&er covalently cross-
has been focused on employing alginate microcapsules for thelinked alginaté® as core material.
encapsulation of Langerhans islets as a potential treatment for Another method recently exploited by many groups giving
Type 1 diabetes. Alginate, the main component of these promising results both in allo- and xenograft transplantatidf
capsules, is a polysaccharide mainly isolated from brown algae. as well as in biocompatibility studi&ss the use of Baalginate
It is a linear copolymer consisting of guluronic (G) and instead of the traditional Gaalginate. In principle, barium ions
mannuronic (M) acid forming regions of M-blocks, G-blocks, (Ba?*) will, because of their higher affinity toward alginate,
and of alternating structure (MG-blocksRivalent cations such ~ form stronger gels with alginate compared to calcAim.
as calcium, barium, and strontium bind preferentially to the Nevertheless, the affinity is highly dependent on the alginate
G-blocks in the alginate in a highly cooperative marftéereby composition, and limited work has been done on characterizing
forming a gel. Alginate’s affinity toward the different divalent the effect of different divalent ions on gel bead properties. Since
ions has been shown to decrease in the following order>Pb  barium is an inhibitor of K channels in biomembranes at
Cu> Cd > Ba> Sr> Ca> Co, Ni, Zn> Mn.%7 Since the concentrations greater than—-%0 mM?2! the concentration
composition and block structure varies greatly in different types should be kept at a minimum when used in vivo. Strontium, on
of alginates, it follows that both the gel and ion-binding the other hand, is a nontoxic divalent cation which has been
properties of alginate is influenced by the choice of alginate scarcely tested for encapsulation purposes.

material and cross-linking ion. The aim of this study was to compare the effects of various
Traditionally, calcium has been used as the gel-forming ion gelling ions (C&", B&*, and S#*) on two alginates of different

in the production of gel beads for bioencapsulation purposes. composition widely used for encapsulation purposes. We have

However, Ca-alginate beads are sensitive toward chelating studied the influence of G&, S+, and B&" on microbead

agents such as phosphate and citrate and nongelling agents suditability, permeability, and gel strength and on the distribution

as sodium and magnesium ions. In physiological solution, this of alginate in gel beads. In addition, the binding of these divalent

ion replacement results in osmotic swelling of the beads ions to both natural and enzymatically modified alginates of

inevitably leading to increased pore size and destabilization anddifferent composition was studied.

rupture of the gef. To increase the stability and reduce the

permeability of Ca-alginate gel beads, a polycation layer is

often added to the alginate gel core, following the original Materials and Methods
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Table 1. Chemical Composition and Sequences? Obtained from *H NMR Spectra and Intrinsic Viscosity [5] for Alginates Used in the
Present Study

source Fo Fu Feo Fum Fuciom Feemmcs Fucm Fsco Fe>1 [7] (mL/ g)®
M. pyrifera (high-M) 040 060 021  0.40 0.20 0.05 018  0.16 5 823
L. hyperborean stipe (high-G) 0.66 0.34 0.55 0.22 0.12 0.05 0.09 0.50 13 619
PolyM 0 1 0 1 0 0 0 0 0 930
PolyG 0.93 0.07 0.88 0.05 0.03 0.02 0.01 0.86 >30 —
PolyMG 0.45 0.55 0 0.10 0.45 0 0.45 0 0 1566

2 Fg denotes the fraction of alginate consisting of guluronic acid. Fec and Fgegg indicate the fraction of alginate consisting of guluronic acid in blocks
of dimers and trimers, respectively, whereas Fyy indicates the fraction of alginate consisting of mannuronic diads. Feewmcs indicates the fraction of
alginate which starts or ends with a block of guluronic acid. Fuc/iem indicates the fraction of alginate consisting of mixed sequences of guluronic and
mannuronic acid, with Fuygw denoting the fraction of alginate consisting of two mannuronic acids interspaced with guluronic acid. Ng-1 indicates the
average length of guluronic acid blocks. ? The intrinsic viscosity was measured at 20 °C in 0.1 M NaCl aqueous solution in a Micro Ubbelohde viscometer.

Table 2. Initial Size of Microbeads Made from Different Gelling Permeability of Radiolabeled IgG: Permability of radiolabeled
Solutions? immunoglobulin G (IgG) into alginate gel beads was studied using
initial bead size initial bead size encapsulated paramagnetic monosized polymer particles (Dynabeads
after 10 min after 24 h M-450 Tosylactivated, Dynal, Norway) as described previo&she
gelling gelation std dev gelation std dev Dyr_labe_ads were cgupled w_lth monoclonal mouse ann-huma}n TNF
solution (um) n=30 (um) n=30 a_ntlbodles as described by Llfabakk e_?f’aT.he Dynabeat_Js_ (46min
- - - diameter) were encapsulated into alginate beads by mixing a Dynabead
high-M alginate from M. pyrifera suspension with Naalginate to a final concentration of 0.4 mg
50 mM CaCl, 462 8 424 8 Dynabeads/mL and 1.8% (w/v) alginate in 0.3 M mannitol. Alginate
50 mM CaClz + 474 8 437 7 beads were made fnoa 2 mLalginate solution (three parallels) using
1 mM BaCl; the procedure as described above with varying gelling solutions. The
10 mM BaCl, 532 7 504 S alginate beads with encapsulated Dynabeads were washed 3 times in 3
20 mM BaCl, 508 12 479 8 mL of saline (30 s) and kept in 0.01 M Tris buffer (pH 7.4 atZ%),
50 mM SrCl 486 10 449 10 0.9% (w/v) NaCl, 0.1% (w/v) bovine serum albumin (BSA), and 0.1%
high-G alginate from L. hyperborea stipe (w/v) Na—azide to a total of 1.9 mL before adding 100 of [*?9]-
50 mM CaCl, 510 5 480 6 labeled anti-mouse 1gG from sheep (Amersham Biosciences, England).
50 mM CaCl, + 519 8 485 6 The radioactivity was approximately 30000 disintegrations per minute
1 mM BaCl, per tube. The mixture was kept on a turn-over stirrer for 20 h, the
10 mM BaCl, 516 6 484 8 buffer was removed, and the capsules were washed 3 times in buffer
20 mM BaCl, 490 11 464 20 containing 0.1% (w/v) Tween 20. The amount of radiolabeled 1gG
50 mM SrCl, 496 18 467 16 bound to encapsulated Dynabeads was measureg coanter (Cobra
Il Auto-Gamma, Packard). As a positive and negative control, nonen-
2 All gelling solutions were in 0.15 M mannitol. The diameters are given capsulated Dynabeads and empty capsules were used, respectively.

as the mean of 30 beads. N N
Permeability of Fluorescence-Labeled 1gG: Permeability of

fluorescence-labeled IgG into alginate microspheres was studied using
encapsulated antibody-coated Dynabeads (Dynabeads M-450 Goat anti-
gMouse IgG, Dynal, Norway). Mouse IgG (Sigma-Aldrich, U.S.A.) was
florescence-labeled using Alexa Fluor 488 Protein Labeling Kit

fraction enriched in guluronic acid (polyG) was obtained by partial (Molecular Probes, U.S.A.). The concentration of Dynabeads was 1
acid hydrolysis oL.aminaria digitataalginate following the procedure ~ M@/ML alginate solution. Alginate beads were made as described above

by Haug et af. The chemical composition and intrinsic viscosity for ~Using different gelling solutions. The beads were washed 3 times in
the alginates are given in Table 1. saline before transferred to an assay buffer containing 0.01 M Tris (pH
7.4 at 28C), 0.9% (w/v) NaCl, 0.1% (w/v) bovine serum albumin
(wiv) sterile filtered alginate solution (in 0.3 M mannitol, pH 7.4) into  (BSA), and 0.1% (w/v) Nerazide. A 4-well glass slide (Nalge Nunc
solutions containing divalent cations (Ca@®aCh, and/or SrGl) with International, U.S.A.) was covered with a monolayer of beads with
a concentration of 2050 mM (in 0.15 M mannitol, pH 7.4 with 0.1%  0-5 mL of the assay buffer, and 1,4 of fluorescence-labeled I9G
Tween20) using an electrostatic bead generator (7 kV, 10 mL/h, steel WaS added. The diffusion of fluorescence-labeled IgG was monitored
needle with outer diameter 0.4 mm, 1.7 cm distance from the needle With @ Confocal Laser Scanning Microscope using a 488 nm Argon
to the gelling solution). This resulted in microbeads with an inhomo- laser as described above. As a positive and negative control, free
geneous alginate distribution and with diameters given in Table 2. Dynabeads in solution and capsules without Dynabeads were used,
Stability Measurements and Size DeterminationThe dimensional respectively.
stability of microbeads was measured as resistance against osmotic Alginate Distribution in the Gel. The high-G and high-M alginates
swelling in saline solution. Gel beads were made as described abovewere fluorescence-labeled with fluoresceinamingokieNOs, mixed
and kept in gelling solution overnight. A total of 3 mL of saline solution ~ isomers, Sigma) as previously descri3e@riefly, the alginates were
was added to 0.5 mL of gel beads after removal of the gelling solution. dissolved in PBS to give 90 mM carboxylic groups before EDC (Sigma)
The sample was kept on a turn-over stirrer foh before the saline and Sulfo-NHS (Fluka) were added to 9 mM of each and kept for 2 h.
was removed and fresh solution added. The saline solution was Fluoresceinamine was added to a concentration of 0.036 mM (corre-
exchanged six times. The size of beads was determined (using a Nikonsponding to labeling 1/2500 carboxylic groups), and the reaction mixture
Eclipse TS100 microscope and software SPOT version 3.5.2 and Matroxwas kept for 18 h in the dark at room temperature. Unreacted
Inspector version 3.0) before each change of saline solution. Imagesfluoresceinamine was removed by dialysis overnight against ion-free
were taken after 10 min and 24 h in gelling solution to determine the water followed by three shiftsmiil M NaCl and finally against ion-
initial size of the beads. free water (5 shifts). Alginate gel beads were made from 1.8% (W,@v

mannuronan (polyM) was isolated from an epimerase-negative mutant
(AlgG) of Pseudomonas fluorescefi$olyalternating alginate (polyMG)
was prepared from mannuronan using the epimerase AlgE4 obtaine
as reported elsewhef2A low molecular weight §1,, ~ 7200) alginate

Formation of Microbeads. All beads were made by dripping a 1.8%
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high-M and high-G alginate (in 0.3 M mannitol) gelled in barium, 850
strontium, and/or calcium solutions (in 0.15 M mannitol). The alginate A

beads were visualized using a Zeiss LSM 510 confocal laser scanning 8001 i
microscope (CLSM) with a Plan-Neofluar £00.3 objective and LSM 750 1
510 software, release 3.0 SP2 (Carl Zeiss, Germany). The settings for s
the confocal microscope and the imaging of beads were computer- 700
controlled. All images were obtained by a mean of eight scans through €

an equatorial slice of the beads. For visualization of alginate, a 488
nm Argon laser was used and the fluorescence detected with-a 500
550 nm bypass filter.

Gel Strength Measurements and Syneresi#lginate gel cylinders 5501
were made by internal gelling using the Cal&@DL method described
in a previous papéf followed by dialysis against solutions of Ba(Cl
SrCh, and/or CaGlin 0.2 M NacCl. Briefly, solutions of high-M and 4503
high-G alginate were mixed with an inactivated form oPC&aCQ,
average particular sizeidn, Merck, Germany) followed by the addition
of the slowly hydrolyzingp-gluconoé-lactone (GDL, Sigma Chemical,
U.S.A.), maintaining a molar ratio [GDL]/[C&] = 2. The final
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concentration of CaCfpand alginate was 15 mM and 1% (w/v), 850 B
respectively. The gels were cured in 24-well tissue culture plates having
a diameter of 16 mm and height of 18 mm (Costar, U.S.A.) for 24 h. 800 %
The gel cylinders were then taken out of the wells and transferred to ;54 % o
various solutions of barium, strontium, and calcium (all in 0.2 M NacCl) $ i
for saturation. The gels were kept in the gelling solutions for 48 h on 700 % i
a shaker at 4C, changing the solution once. E 650 i
Young's modulus E) of the resulting gels was calculated from the 3 % §
initial slope of the force/deformation cufes measured with a Stable § 600 i i #
Micro Systems TA-XT2 Texture analyzer at 22 1°C. The rate of o g i
compression was 0.1 mm/s. Syneresis of the gels was determined as 550
the weight reduction of gel cylinders with respect to the initial weight, é
assuming a density value of 1. For all gels exhibiting syneresis, the 500 2
final concentration was determined aldvas corrected adaptirig 450 L
02.28
Circular Dichroism Spectroscopy.Circular dichroic spectra of the 400 6 1 2 3 :1 5 é

sodium form of high-M and high-G alginate and of polyM, polyG,
and polyMG were recorded in deionized water(2 x 10~2 monomol/

L) with a Jasco J-700 spectropolarimeter. A quartz cell of 1 cm optical Figure 1. Swelling of alginate beads in 0.9% NaCl. The beads were
path length was used and the following setup maintained: bandwidth 9€led in various gelling solutions (all in 0.15 M mannitol): 50 mM
= 1 nm; time constant= 2 s; scan rate= 20 nm/min. Four spectra CaCl, (#), 50 mM CaCl; + 1 mM BaCl, (W),10 mM BaCl; (0), 20

d for the back d d f h | h mM BaCl, (a), 50 mM SrCl; (x). The saline solution was exchanged
corrected for the hackground were averaged for eacn sample. T €every hour and the diameter measured after each exchange. A:
spectrum of each sample was recorded prior to and after the add|t|on,_”gh_G alginate. B: High-M alginate. Capsule diameter is given as
of Ca(ClQy)2, Ba(ClQy),, or Sr(ClQ). with an increasing [iof]/ mean + SD of 30 beads.

[Polymy] (R) ratio.

Change of NaCl solution

the swelling was highly reduced when barium and strontium
were used as cross-linking ions instead of the traditional calcium
Initial Size and Swelling of Alginate Beads.High-M and ions (Figure 1A). The addition of only 1 mM Bagb the CaCl
high-G alginate beads gelled inBaSr*, and/or C&" solutions solution was enough to reduce the swelling by 28% compared
of different concentrations were compared with regard to initial to pure calcium beads at the fifth shift of saline solution. High-G
size and swelling capacity in saline solution. As shown in Table alginate beads made in the presence of 20 mRf Baere most
2, high-M Ca-alginate beads were smaller than corresponding stable, with an increase in diameter of only 8% after six shifts
beads of high-G alginate, which is in accordance with earlier of saline.
observationg? However, the presence of barium and strontium  For high-M alginate, however, no reduction on swelling was
seemed to increase the initial size of gel beads compared todetectable upon exchanging €awith S+ or B&*+ (Figure
calcium for high-M alginate beads. This was not the case for 1B). In fact, strontium seemed to bind to a lesser extent to
the high-G alginate. Table 2 further demonstrates that the initial high-M alginate as compared to calcium, as seen from the high
size of the gel beads was reduced when the beads were kept itlegree of swelling (75% increase in diameter) after six shifts
gelling solution overnight, allowing the alginate chains to make of saline.
a more compact gel network. Permeability. Since barium-alginate beads without an outer
In the body, alginate capsules are expected to swell due topolycation layer have given promising results both in allo- and
the exchange of Ca with Na™ leading to destabilization of ~ xenograft transplantatiott; 18 it was of special interest to study
the gel network® The beads listed in Table 2 were therefore the permeability of different alginate beads toward immuno-
exposed to extreme conditions by placing them in saline solution globulin G (IgG). 1gG is the smallest antibody (150 kD) and is
free of divalent cations in order to monitor the osmotic swelling generally considered important to keep out of alginate beads to
(Figure 1). Interestingly, alginate capsules of high-G and high-M prevent an immune reaction toward encapsulated cells.
alginate showed great differences in their stability toward The permeability of 1?3]-labeled IgG into beads of high-M
swelling depending on the gelling ions used. For high-G alginate, and high-G alginate made in various gelling solutions is gi&%\/

Results
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A o e were also tested with regard to permeability of fluorescence-
labeled IgG. Even though the diffusion rate of IgG varied for
- 1{ =3 the different beads tested (data not shown), there werésoal
1y differences with regard to I9G penetration 24 h after addition

‘} 1L fll of the immunoglobulin.

Alginate Distribution in Gel Beads. Inhomogeneity has been
explained as a result of a rapid and virtually irreversible gelling
mechanism characterized by strong binding of the cross-linking
ions. The steepness of the concentration gradient has been
interpreted as stemming from the relative diffusion rate of the
cross-linking ion and the polymer. Inhomogeneity is thus
promoted by lowering the concentration of calcium ions in the

'wwwcﬂ'msmm 10mM BaC12 20 BaCI2 SOmM SrCi2 gelling bath, while homogeneity is obtained by breaking the
Baci2 coupled diffusion of sodium alginate using a charged osmolyte
B such as NaCY° Inhomogeneous Ca Ba—, and Sr-alginate

beads from fluorescence-labeled high-M and high-G alginate
were examined in the CLSM to see whether differences in the

o @ slginste distribution of alginate in the gel could be observed. Images
were obtained by scanning through a thin section of the capsule
equator, and the intensity of the fluorescent light was measured.
Figure 3 shows that for all beads examined, the concentration

ighat aiginate of alginate was higher at the bead surface than in the center.

As there were no visual differences between beads of high-G
and high-M alginate, only data on high-G alginate is given.
Beads made in the presence of low concentrations of barium

Figure 2. Permeability of high-G and high-M alginate beads to IgG. (10 mM BaCh) were showing the highest inhomogeneity with

A: Permeability of [*25]]-labeled IgG into beads of high-G and high-M

alginate gelled in various ionic solutions. Dark gray: Dynabeads in approximately five times higher concentration of alginate at the
solution (positive control). Black: Empty beads (negative control). The surface of the beads than in the center (Figure 3B). For Ca
radioactivity is measured in counts per minute (cpm). Results are alginate beads (50 mM &%), the concentration difference was
given as mean =+ standard deviation of three parallels. B: Permeability about 120%. This is in accordance with previous observa-
OT ﬂuoresc"h”‘;e"abe'e‘i IgG (?ree”) into beads of high-G and high-M tions26:31Sr—alginate beads were similar to €alginate beads.
alginate gelled in 20 mM BaCl; at times t= 0, t = 20 min, t = 40 min, . L. R . g

angd t= 34 h after addition of IgG. Bead diameter is approx 500 and .To see if the \_/anat.lons in alginate homOgene.lty were d.ue. to
630 «m for high-G and high-M alginate, respectively. ion concentration differences rather than to differences in ion

affinity, gel beads made in the presence of 20 mM'Caere
in Figure 2A. The data show that barium in the gelling solution compared with beads of 20 mM Baand 50 mM C&". Figure
reduced the permeability of beads of high-G alginate drastically. 3P illustrates that the beads of 20 mMTavere in fact more
Using 20 mM B&* in the gelling solution decreased the amount iNhomogeneous than beads of 50 mM GaGhowing that the
of IgG in the beads from 79% of maximum penetration (for concentration of ions in the gelling solution is of great
Ca-alginate beads) to 28%. For beads of high-M alginate on importance when it comes to alginate distribution in the gel
the other hand, addition of barium caused increased perme-SPheres.
ability, probably due to swelling of the beads. Strontium reduced  Gel Strength. To compare the strength of alginate gels made
the permeability somewhat in high-G alginate, whereas for of high-G and high-M alginate with various divalent ions, the
high-M alginate the permeability seemed to increase slightly. elasticity modulus of alginate gel cylinders was studied by small
Ca—alginate beads of high-M alginate were less porous than deformation compression of the gels. Since alginate gel beads
the corresponding spheres of high-G alginate. This is probably are dialysis gels, an attempt was made to produce homogeneous
due to differences in size and swelling behavior for the two Ca-, Ba-, and/or Sralginate gel cylinders from 1.8% (w/v)
alginates (see Table 2). alginate in 0.2 M NaCl by dialysis in various gelling solutions
Since beads of high-G alginate made with 20 mM Ba@ire (all in 0.2 M NaCl) according to the method of SkjBreek et
rather impermeable to IgG (Figure 2), a question arose whetheral 3° Almost all the gel cylinders appeared to be inhomogeneous,
the IgG was associated with the surface or trapped in the showing a weaker area in the middle of the cylinder, making
outermost layer of these beads (where the alginate concentratiorgel compression measurements difficult (data not shown). To
is highest) or if the immunoglobulin was actually able to diffuse Overcome this problem, unsaturated-Gdginate gel cylinders
into the center of the beads. A method was therefore developedwere made by internal gelling using calcium carbonate and the
for visualizing bound IgG in the alginate beads using fluorescence- slowly hydrolyzing GDL. The gels were then transferred to
labeled IgG and encapsulated anti-mouse IgG coated Dynabeaddlifferent gelling solutions of B, SP*, and C&" in 0.2 M
Figure 2B shows CLSM images of Balginate beads with ~ NaClin order to make saturated gels. The resulting gel cylinders
encapsulated Dynabeads from high-M and high-G alginate did not show any sign of inhomogeneity, and compression of
gelled in 20 mM BaGl after addition of fluorescence-labeled the gels gave very reproducible stres$rain curves.
IgG (green). When 1gG enters the beads, it will bind to the  In Figure 4 the gel strength (elasticity) of alginate cylinders
encapsulated Dynabeads which then will fluoresce. Although is given as Young's modulugj for the different gels. High-G
the diffusion of IgG was slower in beads of high-G alginate alginate gels were in all cases stronger than the corresponding
compared to high-M alginate, the figure illustrates that IgG had gels of high-M alginate. For high-G alginate, even very low
penetrated to the center of beads for both alginate types 24 hconcentrations of barium increased the gel strength dramatically
after addition of the antibody. Beads of €and Sr-alginate as addition of only 1 mM BagGlin the gelling solution resultegDV
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Figure 3. Alginate distribution in gel beads of fluorescence-labeled high-G alginate gelled in various gelling solutions (all in 0.15 M mannitol).
A: 50 mM CaCl,. B: 10 mM BaCl,. C: 20 mM BaCl,. D: 20 mM CaCl,. E: 50 mM SrCl,. All images are optical slices of the bead equator.
Fluorescence intensity profile across the bead diameter is given below each image.

B High-G gels were achieved when using 20 mM barium. Figure 4 further
O High-M illustrates that the effect of using barium and strontium instead
of calcium is not as evident for high-M alginate as it is for

= high-G alginate. In fact, 3t seems to have a negative effect
25 on the gel strength of high-M alginate gel cylinders.

F 20 Sequence-lon-Binding Relationships of Alginates. To

w15 elucidate the discrepancy in behavior between the high-G and
10 high-M alginates, the ion-binding properties in dilute solution
: were preliminarily compared at a qualitative level using circular
s dichroism (CD) spectroscopy. The notable modifications dis-

somMCa  SomM Cavtmutomm Sm M Ba Sm M Sr played by CD spectra of polyuronates upon treatment with
junction forming iong¥3> are commonly allocated to the
changes in the dissymmetric environment of the carboxyl
chromophores (A~ p* transition) due to the proximity of the

Figure 4. Gel strength (given as Young’s modulus, E) for high-G
and high-M alginate gel cylinders (1% (w/v)) made by internal gelling
before dialysis against different solutions of barium, strontium, and

calcium in 0.2 M NaCl. The values are means + SD of 5—7 parallels. _Site‘b_ou_n_d cation®:3"The CD pertur_batio_n? (spec_ific ch_ange

For all gels exhibiting syneresis, the final concentration was deter- in ellipticity), at each addition of junction forming divalent

mined and E was corrected adapting £ O ¢2. cation ([Polym]/[M?*] ratio, Rj) can be evaluated by using eq
1

in an 81% increase in the elasticity modulus. Strontium also
had a positive effect on the gel strength, but to a lesser extent CARS
than B&". This is in accordance with previous findings by = ‘W‘

1)
Smidsrgc? For both high-G and high-M alginate the strongest

Ccbv
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Figure 5. Specific ellipticity variation, 6, of (A) high-G and (B) high-M IR
alginate samples upon addition of (W) Ca(ClO4)2, (¥) Sr(ClO4)2, and C <™
(O) Ba(ClO4)2, respectively, at different [Polym]../[M?1] (R)) ratios. 08 - w -
Lines are drawn to guide the eye. :
where P]o and P]r are the molar ellipticity values, measured 06 - hl 7
at/ values corresponding to the minimum of the CD spectra of
the different polyuronate solutions, without divalent ions and .
at a specificR value, respectively. According to literature, a 04 L 7
variation of this quantity should be interpreted as the evidence
of a specific “bonding” between the uronate sequence and the 02 N
ion. “r "
Figure 5A,B reports the specific ellipticity change, for
high-G and high-M alginates upon addition of calcium, barium, 00 g+ : ; . . . .
or strontium ions showing that for both alginate samples the 000 005 010 045 020 025 030 035

CD spectra were found to vary (albeit to a different extent).
Moreover, in both cases calcium had the largest effect,on

R,.

suggesting a high degree of ordering of the chain upon Figure 6. Specific ellipticity variation, 6, of (l) polyG, (®) polyM, and

dimerization.

In our opinion, the explanation of the macroscopic behavior gyige the eye.

of the hydrogels obtained from the different alginates relies on

(2) polyMG upon addition of (A) Ca(ClO4)2, (B) Ba(ClO4)2, and (C)
Sr(ClO4); at different [Polym]./[M?*] (Rj) ratios. Lines are drawn to

the assessment of interaction between the different ions and theof the ion-bonding process for the three different samples can
three block components of the polysaccharide. To investigate be inferred form CD measurements alone. However, it seems
this further, three polyuronate samples mimicking separately feasible to conclude that variations in the specific ellipticity of
G-, M-, and MG-blocks (referred to as polyG, polyM, and the ion/polyuronate solutions stem from a strong interaction
polyMG, respectively), were analyzed by CD spectroscopy qualitatively defined as the “bonding” process.

(Figure 6A—C). It should be stressed that neither an evaluation In this sense, it might be revealing to analyze the case of
of the length of junction zones nor a quantitative comparison calcium-treated polyM, polyG, and polyMG (Figure 6A). %SDV
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(1 mM) in the gelling solution were sufficient to reduce the
swelling of high-G alginate capsules drastically. Interestingly,
no beneficial effects on swelling were observed for the high-M
alginate upon exchanging the traditional calcium ions with
barium or strontium. Swelling of these beads at physiological
conditions may lead to increased permeability and finally to
total dissolution of the gel, leaving the encapsulated cells
unprotected. It has been reported betdihat alginate from

M. pyriferain fact has dower affinity toward barium compared

to calcium, i.e., the opposite as seen for alginates from other
sources, but without further explanations of the observations.

Barium also showed an extreme effect on high-G alginate
gel strength, as only 1 mM of B&ain 50 mM C&*" increased
the strength of gel cylinders to the same value as high-M
cylinders of 20 mM barium. This could be of importance for
bioencapsulation purposes as barium has been shown to be
toxic?! and should hence be used at minimum concentrations.
It should, however, be noted that the actual barium concentration

E 50mM CaCl; 20mM BaCl; 50mM SrCl;

: QY m

Figure 7. Alginate gel cylinders made by dialysis against different
ionic solutions. A: Gels of polyMG. B: Gels of polyM. From left: Gel

from 50 mM CaCl,, 20 mM BaCl,, and 50 mM SrCl, (all in 0.2 M in the gel was not measured.

NacCl). The cylinders on the right are included to show the degree of Table 1 shows that the high-M and high-G alginates were of
shrinkage of the gels. PolyG was not employed due to low molecular different molar masses. According to Martinsen etdhe gel
weight of the sample. strength is independent of the molecular weight of alginate

. o samples in the range of concentrations and intrinsic viscosity
previously reported, both GG and MG sequences can efficiently ysed in the present study.

coordinate calcium ions leading eventually to hydrogel forma-
tion.38 Comparison between the specific ellipticity variations
seems to suggest a predictably higher calcium bonding ability
by G-blocks with respect to alternating sequences. On the
contrary, no ion-induced chain association is detected upon
treatment of mannuronan with calcium (Figure 6A).

Permeability. Although 1 mM of B&" was enough to
increase the stability and strength of high-G alginate beads,
higher amounts of barium were required to reduce the perme-
ability toward 1gG. As seen from Figure 2, only a limited amount
of IgG was able to penetrate beads of high G alginate from 20

_ ) _ mM Ba". Martinsen et at® have shown that a higher
The effect of barium on the three different uronates (Figure .,ncenration of alginate will result in stronger gels. Increased

6B) should hence be qualitatively analyzed along the same line. ;o centration of alginate may also result in lower permeability.
In particular, it can be pointed out that polyMG sequences do piterences in polymer distribution between gel beads of high-G
not_shoyv any specmc ellipticity variation upon treatment with alginate gelled in calcium, barium, and strontium (Figure 3)
barium ions, while both poly@ndpolyM are characterized by 5y therefore be one of the reasons for the differences in
a notgble bonding Process. Finally, in the case of'Sion . permeability. In addition, the initial inhomogeneity will be better
bonding was noted predominantly for the G sequences (i.€., yreserved for Bahigh-G-alginate beads than for beads of-Ca
polyG) (_F|g_ure 6C). ] ) high-G-alginate when the gels are transferred to a saline
The binding of the different ions to polyM and polyMG was  so|ytion26 |t is therefore likely that changes in inhomogeneity
fgrther mvelstlgated. by formlng gel cylaners by means of during the washing procedure before the addition of 1gG is to
dialysis against calcium, barium, and strontium (polyG was not 4 |arge extent contributing to the differences seen in permeability
tested due to the low molecular weight of the sample). A yithin the high-G alginate sample when®ds exchanged with
photograph of the resulting gels is given in Figure 7. Both g+ Another factor that may be contributing to the perme-
calcium and strontium were able to form gels with polyMG,  gpjjity is the size of the gel beads, as smaller beads will have
although the gels of calciumalginate were stronger compared g higher total polymer concentration. This is believed to be one
to Sr-alginate gel cylinders. Both showed a high degree of (aa50n for the apparent difference in permeability between
shrinkage (syneresis). The gels made with barium were on thepigh_M and high-G capsules. High-M alginate beads had both
other hand weak and milky white, showing more characteristics j,creased bead diameter and higher swelling potential compared
ofa prempltatlon rather than a gel._The gels of polyM sh(_)wed to high-G alginate beads (Figures 1B and 2B and Table 2). An
the opposite effect, where the barivralginate gel was quite  4qgitional explanation for differences in permeability between
strong whereas gel cylinders of calcium and strontium were t00 pagds of the two alginates and differences within the high-G

weak to hold their own weight. alginate sample may be increased cross-link density as discussed
later in this paper.
Discussion Fluorescence labeling of IgG made it possible to visualize

where IgG is trapped in the alginate gel. Interestingly, the

Stability and Strength of Alginate Beads.When designing immunoglobulin was able to diffuse into the center of all beads
an alginate capsule without the stabilizing outer polycation layer, tested, even for the least permeable alginate spheres (20 mM
it is especially important that the alginate gel core is stable at high-G Ba-alginate). Although differences in IgG diffusion
physiological conditions and the swelling kept at a minimum. rates were observed for the various beads tested, in an in vivo
The present study has shown that the choice of alginate is ofsituation with a time span much longer than 24 h, this deviation
great importance when it comes to stability of alginate gel beads is probably irrelevant. It should be stressed that permeability
with different gelling ions. Barium and strontium had a strong of fluorescence-labeled 1gG only gives cualitative image
beneficial effect with regard to swelling on high-G alginate showing the location of the immunoglobulin in the beads, and
capsules. As seen from Figure 1, very small amounts of barium thus it cannot be used to measure the actual amount ofég%
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that enters the beads. The two permeability methods used inless polymer in the center of the capsule may also be beneficial
this study will therefore complement rather than replace each for cells growing inside the beads.

other. Considerations on the Sequencelon-Binding Relation-

The present study showed that high-M alginate beads madeships. As reported in Table 2, the initial bead size varied
in the presence of 20 mM Baare almost completely permeable  depending on both alginate and gelling ion used. The ion
to IgG and that the antibody is able to diffuse into the bead entrapment within “egg-box” structures is accompanied by a
center. Capsules of Baand high-M alginate have been used release of a notable amount of structured water, present around
to successfully protect transplanted allo- and xenograft againstboth the ion and the uronate groups. The amount of water
rejectiont4~18 In addition, Lanza and co-workers were able to released is related to the strength of the ion-uronate interaétion.
reverse diabetes in spontaneously diabetic dogs 6f5 days Thus, the reduction of the diameter of the beads reflects the
using uncoated Caalginate spheres of high permeability strength and extent of the ieruronate binding process.
containing canine islet¥.Hence, capsules impermeable to IgG  The CD studies have further elucidated the binding properties
may not be needed to protect transplanted islets from destructiondisplayed by the polyuronates mimicking the three block
by the host immune system. Nevertheless, as small changes irstructures present in natural alginates (namely polyG, polyM,
capsule chemistry may lead to changes in characteristics suchand polyalternating) that can be summarized as follows: @ Ca
as permeability, the need for protection against antibody still ions bind both to G sequences and to alternating blocks, but
remains uncertain. not to M-blocks; (ii) S#* ions bind well to polyG and not at

Although the precise cutoff of the capsule membrane neededall to polyM, while a very limited binding is detected for
to protect the encapsulated cells from the host still is unknown, polyMG; (iii) Ba?" ions bind both to the M and the G blocks,
it is of course of great importance that the beads are stable toapparently leaving MG sequences undisturbed (Figure GA
prevent the encapsulated material to be completely exposed to Using ion-exchange methods, Smids¥kported that the
the host immune system. Therefore, using viable cells, this binding strength for the auto-cooperative binding of divalent
means avoiding leakage of immunogenic degradation productsions to the three alginate fragments is as follows:
in combination with stable, nonswelling alginate beads might  GG-plocks: Ba> Sr> Ca> Mg; MM-blocks: Ba> Sr~
still be the most critical points in avoiding an immune reaction. ca ~ Mg; MG-blocks: Ba~ Sr~ Ca~ Mg. The reported
In addition, the findings of the present study showing that barium binding pattern of divalent ions to G blocks and M-blocks is
is able to bind to blocks of mannuronic acid might be beneficial hence in accordance with the data achieved in the present study
for transplantation purposes. Since the blocks of mannuronic (rFigures 6 and 7). However, there is a discrepancy in the binding
acid are the most immunostimulating parts of algirfat&,it of ions to the polyalternating sequences as polyMG in this and
could be beneficial to cross-link the mannuronic residues which, g previous study by our grodfphas shown to bind Ga. Here
when not cross-linked in the gel, may be able to leak out from jt myst be kept in mind that the “MG-fraction” used in the ion-
the alginate gel beads and stimulate the immune sy$tem.  selectivity study by Smidsred and co-workers was the acid-

Alginate Distribution in the Gel. The distribution of polymer  soluble alginate fraction of a natural alginate. This sample was
in the gel beads varied greatly depending on both the concentradater shown by*H NMR“® to contain, in addition to the MG-
tion and type of divalent ions used for gelling purposes (Figure blocks, considerable amounts of both MM- and GG-blo€kss(

3). It has been shown that low concentrations of ions in the = 0.13 andFyy = 0.27). Hence, this sample cannot be
gelling solution will give the alginate more time to diffuse to compared directly to the polyMG sample used in the present
the bead surface as the driving force of ions toward the gelling study, which consists almost solely of regular MG-sequences
zone is reduce#f The result is a considerably higher concentra- (Table 1).

tion of alginate at the surface compared to the center of the  The two alginates used in the present study differ greatly with
beads. Although the concentration of ions in the gelling solution regard to composition (Table 1). The G residues of the high-G
in the present study had a great effect on polymer distribution g|ginate are mostly found in long G-blocks (average number of
in gel beads, the type of ion used was also of importance sinceresidues in G-blocksNg-1 = 15) whereas for the high-M
beads made in the presence of 20 mMBatill were more  giginate, the guluronic acid residues are either forming short

inhomogeneous than the corresponding 20 mMt@lginate gel  G-hlocks (Ng-1 = 4) or located between M residues forming
beads (Figure 3C,D). It is well-known that barium binds more an alternating structure. These differences cannot, in our opinion,
strongly to the guluronic residues in the alginate cfaand be overlooked on attempting an explanation of the different

that the number of residues required for cross-linking to occur pehavior displayed by the two alginates.

is lower compared to calciuff. The higher inhomogeneity In particular, when considering an alginate characterized by

observed for bariumalginate beads might therefore be a result 5 high content of G-blocks, i.e., the high-G alginate used in the
of a stronger and more rapid interaction with barium as 5 eqent study, the overall properties of the sample are basically
compared to calcium, thus leading to a higher concentration of jetermined by the behavior of GG sequences since the contribu-
alginate at the bead surface. tion from the MG and/or MM sequences can be neglected. It
The osmotic pressure in an alginate gel is proportional to has been reported that the minimum length of G blocks
the alginate concentration, while the number of cross-links is necessary for junction formation decreases with increasing
proportional to the concentration in the second potvBy affinity of ions toward the alginate chaf.Therefore, upon
increasing the alginate concentration at the surface and increasreplacing Ca* with Ba?*, a higher efficiency of ion entrapment
ing the cross-link density using barium or strontium ions in  has to be expected and the presence of shorter, but likely higher
combination with an alginate with a high G content, the stability in number, junctions can be predicted. The overall outcome of
of beads should be greatly increased. the combination of these effects is (i) higher stability of barium
Increased inhomogeneity in the microcapsules may be capsules compared to calcium beads as evidenced by the lower
beneficial to encapsulated cells as it probably is associated withincrease of diameter displayed upon saline treatment and (i)
less protrusion of islets, leading to an increased protection uponhigher gel strength evidenced by an increased elastic modulus
transplantatiord? Increased stability in the outermost layer and E measured in small deformation compression. Along the s&B\e/
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line, the reduction of the dimensions of the capsules detected The behavior of high-M alginate capsules obtained by using
upon exchanging calcium with barium (Table 2) reflects the Sr*ions deserves an additional comment. From the ion-binding/
well-known stronger interactions between the latter and the block structure relationships revealed by the CD analysis, it can
uronic groups leading to a higher release of structured water. be inferred that mainly G sequences are involved in the
In view of these considerations, high-G alginate capsules formation of junctions. As a consequence, the high-M alginate
prepared in the presence of2Srdisplay a behavior lying beads obtained in the presence of'Sare smaller than those
between C& and B&', both for the extent of junction  prepared with B&, due to the higher release of structured water
formation (i.e., stability and mechanical properties) and strength induced by the perfect pairing of polysaccharide chains in
of ion bonding (i.e., initial bead diameter as a consequence of homopolymeric junctions. However, the lack of contribution
release of structured water). Increased number of junctions mayto ion bonding arising from alternating- or M-blocks impairs
also be the explanation for a reduction in permeability of high-G the formation of additional junctions thus explaining the lower
barium-alginate beads compared to high-M bariualginate stability of capsules and lower Young’s modulus of cylinders
beads. Further, this may be the reason for differences infrom S@*-treated high-M alginate compared to high-M €a
permeability seen for barium and strontium beads of high-G alginate.

alginate.

When alternating and MM sequences are present in substantial
amount with respect to G-blocks, as in the case of the high-M

algir)ate s_,an_]ple used in the present study, their involvgment i The present study has shown that when designing alginate
the ion-binding process cannot be neglecfett. should first capsules for cell immobilization, the choice of alginate as well
be noticed that calcium beads obtained from high-M alginates 55 the type and concentration of divalent ion is essential for
are more stable to NaCl treatment than the corresponding high-G¢apsule properties such as stability and permeability. The use
alginate beads. This effect likely stems from an involvement of parium and strontium resulted in increased stability and
of MG sequences in the calcium binding process: By exten- strength of microbeads when a high-G alginate was used
sively “zipping” the latter, an extra stabilization of the bead compared to high-G Gaalginate. In addition, the permeability
can be expected. Moreover, the “collapse” of the alternating \yas highly reduced upon exchanging the traditional calcium
sequences increases the release of structured water, thus affectingns with B&+. For the high-M alginate on the other hand, a
the diameter of the high-M alginate bead which turns out to be peneficial effect was neither seen on stability nor permeability
smaller than that of high-G alginate beads under the samewhen gelled in B&" or SP as opposed to high-M Cealginate.
experimental conditions (i.e., 50 mM Cafl Hence, this alginate is probably not to be preferred when
A more striking effect of the composition on the gel properties choosing an appropriate polymer material for beads without an
is detected for high-M alginate upon replacing calcium with additional polycation layer.
barium ions. In particular, it should be noted that the specific ~ More information about sequences and block lengths of the
ellipticity variations displayed by polyG and polyM (Figure 6B)  alginates used in the present work, together with an extended
are rather similar, likely stemming from a comparable binding analysis encompassing other alginates with different block
strength toward the barium ion. Moreover, only at a relatively composition, is clearly needed to fully understand the macro-
high Rgz2* ratio there is a crossover between the trend exhibited scopic behavior of alginate capsules and gels. Sequencing of
by polyG and polyM. One can thus suggest that the tendency alginates is currently being studied at our laboratories, and the
to form homopolymeric (MM-MM or GG-GG) junctions isot availability of mannuronan C-5 epimerases makes it possible
much higher than the one for heteropolymeric (MM-GG) to alter the alginate block composition; these tools are expected
junctions for an alginate sample characterized by a similar to provide more and new insight into the ion-binding polymer
content of G and M blocks and treated with barium ions. sequences relationships (work along this line is now in progress).
However, since the estimated length of the M and G residues However, it should be stressed that the two alginates used in
is 435 A and 5.17 A, respectivef§;?” the formation of the present study were chosen because they are the most
heteropolymeric MM-GG junctions represents a nonperfect commonly used for encapsulation purposes, which renders them
packing of polyuronate chains. This will hamper their stability of particular importance in the biotechnological and biomedical
toward competing ions, i.e., nongelling Na ions. The higher field.
number of junctions formed in the case of barium-treated high-M
alginate beads is therefore counterbalanced by their instability ~Acknowledgment. This work was supported by grant to
toward ion-exchange, the overall result being a negligible gain Y.A.M. by the Norwegian Research Council. The authors would

in dimensional stability as compared to calcium high-M beads like to acknowledge Massimiliano Borgogna for running circular
(see Figure 1). dichroism measurements. Professor Terje Espevik is kindly

When barium is used as cross-linking ion for high-M bead thanked for providing the monoclonal mouse anti-human TNF
antibody.

Conclusions

preparation, an increase in the initial diameter is noticed (Table
2). Since the initial dimension of the bead is related to the

amount of structured water released, it follows that a less References and Notes

efficient ion “bonding” in junctions occurs upon replacing?Ca
with Ba2*. Once more this points to the presence of a substantial
amount of heteropolymeric MM-GG junctions. In fact, if solely
homopolymeric GG-GG junctions were involved, a reduction
in the dimension of the beads would be expected as in the
high-G alginate case. A further dimensional reduction should
have arisen from the formation of additional homopolymeric
MM-MM junctions, paralleling the MG-MG “zipping” already
reported®
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