
Abstract

Aims/hypothesis. The aim of this study was to deter-
mine whether a simple alginate capsule can prolong
islet survival and function during long-term tissue cul-
ture. We also wanted to observe the ability of these
encapsulated islets to restore glucose responsiveness
to diabetic recipients, along with the quantity of islets
required to do so.
Methods. We compared the recovery and metabolic
function of encapsulated canine islets with that of
non-encapsulated canine islets following 1, 2 or 3
weeks of tissue culture. These culture preparations
were also transplanted into diabetic nude mice and
compared for their ability to reverse diabetes. Further-
more, short-term cultured encapsulated and non-
encapsulated islets were transplanted in varying num-
bers to determine the minimum dose required to nor-
malise blood glucose and prolong recipient survival.

Results. Islet recovery following 1, 2 and 3 weeks of
tissue culture was significantly higher when islets
were encapsulated. When these islets were recovered
at 1, 2 and 3 weeks and transplanted into diabetic
nude mice, survival at 100 days was 100% for all 
encapsulated groups, versus 66%, 33% and 33% re-
spectively for the non-encapsulated islets. Additional-
ly, substantially fewer short-term cultured islets were
required to normalise blood glucose when the islets
were encapsulated. Recipients of encapsulated islets
also had significantly longer survival times than recip-
ients of non-encapsulated preparations.
Conclusions/interpretation. This study demonstrates
that encapsulation of islets with purified alginate im-
proves islet survival and function in vitro and in vivo.
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Introduction

Advances in clinical islet transplantation have focused
attention on islet transplantation as a potential therapy
in the management of Type 1 diabetes [1]. However,
this therapy has not been beneficial to diabetic pa-
tients at large, due to two major obstacles. First, the
shortage of cadaveric human pancreases limits the
availability of donor tissue for transplantation. Cur-
rently islets from multiple donors are required to 
effectively establish normoglycaemia in diabetic re-
cipients. Long-term culture has been considered as a
potential way of accruing a suitable mass of islets for
transplantation from multiple donors [2, 3]. Unfortu-
nately, long-term islet culture often results in a signifi-
cant loss of islet mass and viability. Biocompatible



matrixes such as sodium alginate have been used as a
means of reducing the detrimental effects of long-term
culture [4, 5, 6].

The second barrier to islet transplantation as a
widespread therapy is the current need for chronic im-
munosuppression to prevent graft rejection [7]. To
overcome this hurdle, microencapsulation of allogene-
ic or xenogeneic islet grafts has been proposed as a
means of protecting islets from immune mediated de-
struction [8, 9, 10, 11]. The literature reveals, how-
ever, that success has so far been limited and non-re-
producible. It is thought that the inability of encapsu-
lated islet grafts to reproducibly achieve and maintain
long-term euglycaemia is related not only to insuffi-
cient immunoprotection, but also to a variety of tech-
nical and metabolic issues, including: the encapsula-
tion process, composition/purity of the microcapsule
[12], capsule size and surface structure [13, 14], poor
biocompatibility [15, 16], and endotoxin levels of the
alginate [17, 18]. Furthermore, while the addition of
poly-L-lysine has been used to reduce capsule porosity
[19], its addition has resulted in an increased fibrotic
response [15]. Recently, it has been shown that a sim-
ple alginate capsule devoid of poly-L-lysine retains the
ability to prolong graft survival and protect the graft
[6].

The aim of this study was to determine whether is-
lets encapsulated in a highly purified calcium-alginate
capsule exhibit prolonged survival and function dur-
ing long-term tissue culture and post-transplantation.
We used immuno-incompetent mice implanted with
canine islets, as well as syngeneic mouse islet grafts in
which a potential fibrotic response could be examined.

Materials and methods

Experimental design. The survival and function of encapsulat-
ed canine islets were examined in vitro and in vivo. Controls
included non-encapsulated islets. Islets were cultured for 1, 2
and 3 weeks and were compared with respect to islet recovery,
glucose-stimulated insulin secretion and metabolic function
following transplantation. Experiments compared the success
and longevity of transplants using varying masses of encapsu-
lated or non-encapsulated canine islets in nude mice. Another
set of experiments determined the efficacy of encapsulated
syngeneic mouse islets transplanted intraperitoneally to immu-
nocompetent mice to assess graft survival in a model able to
exhibit an inflammatory response.

Animals. Donor pancreases were obtained from mongrel dogs
(University of Alberta, Edmonton, Alberta, Canada) of either
sex, weighing 9–30 kg, that had previously been anaesthetised
with halothane. Male, inbred, athymic nude BALB/c mice (age
6–8 weeks) (Jackson Laboratories, Bar Harbor, Mass., USA)
were used as recipients of the canine islets. Male Balb/c mice
(University of Alberta) were used as donors and recipients for
syngeneic grafts. Mice were rendered diabetic by intravenous
injection of alloxan (90 mg/kg body weight; Sigma Chemical,
St. Louis, Mo., USA) freshly dissolved in 1 mmol/l hydrochlo-
ric acid 7 to 10 days before transplantation. Recipients exhibit-

ed blood glucose levels above 20 mmol/l. Blood samples were
obtained from the tail vein for glucose assay (Medisense glu-
cose meter, Medisense Canada, Mississauga, Ont., Canada).
Animals were maintained under virus-antibody-free conditions
in climatised rooms with free access to sterilised tap water and
pelleted food.

Preparation and microencapsulation of islets. Canine islets
were retrieved through pancreatectomy, islet isolation by colla-
genase (type V, Sigma) digestion and purification on discontin-
uous Ficoll (Sigma) density gradients [20, 21]. The mean num-
ber of islets in each of six diameter ranges from 60 to 350 µm
was determined in order to convert the total yield into 150-µm
diameter islet equivalents (IE) [22]. Islets were then distributed
in groups of 5000 IE per non-treated bacteriological Petri dish
(15 cm diameter; Fisher Scientific, Ottawa, Ont, Canada), sus-
pended in 35 ml of Connaught Medical Research Laboratories
(CMRL) 1066 tissue culture medium (Gibco, Burlington, Ont.,
Canada) that was supplemented with 5.6 mmol/l glucose,
2 mmol/l L-glutamine, 10% (v/v) fetal calf serum (Gibco),
100 U/ml penicillin and 100 µg/ml streptomycin, and cultured
overnight in humidified air (5% CO2, 95% air) at 22 °C.

Mouse islets were isolated by collagenase (type V, Sigma)
digestion of the pancreas [23], purified using discontinuous 
Ficoll (Sigma) density gradients, hand-picked and suspended
in supplemented CMRL 1066, after which they were cultured
overnight at 22 °C in humidified air (5% CO2, 95% air).

After culture, aliquots of approximately 10,000 canine IE
or 3000 to 5000 mouse islets were washed and resuspended in
0.44 ml of Hank’s balanced salt solution (HBSS) (Gibco) that
was free of Ca++ and Mg++. They were then mixed with
0.55 ml of 1.5% (w/v) highly purified, high guluronic content
alginate (high G alginate, 72% G-content, 28% M-content,
193,800 MW, endotoxins 0.25 IU/ml; Metabolex, Hayward,
Calif., USA) dissolved in HBSS (without Ca++, Mg++)
(pH 7.4). Alginate microcapsules (250–350 µm in diameter)
were formed using an electrostatic droplet generator (designed
by Metabolex). Capsules were then cultured in supplemented
CMRL medium at 22 °C for 1, 2 or 3 weeks.

Characterisation of canine islet preparations after long-term
tissue culture. After 1, 2 or 3 weeks of culture at 22 °C, canine
islet preparations were re-counted to determine total IE recov-
ery and assessed for functional viability. These islets were
washed in HBSS and transferred to supplemented CMRL 1066
medium for 24 h of culture at 37 °C. The islets’ insulin secre-
tory responsiveness to glucose was determined during a 2-h
static incubation at 37 °C [24]. Samples of 50 IE were incubat-
ed in 24-well non-tissue culture treated plates (Becton Dickson
Labware, Franklin Lakes, N.J., USA) with 1.5 ml of RPMI
medium (Gibco) supplemented with 2 mmol/l L-glutamine,
0.5% BSA and either 2.8 mmol/l or 20 mmol/l glucose. The in-
sulin content of the medium was expressed as a percentage of
the total content (i.e. tissue plus medium). Stimulation indices
were calculated by dividing the amount of insulin release at
20 mmol/l glucose by that released at 2.8 mmol/l glucose.

Transplantation and metabolic follow-up. In long-term culture
experiments, non-encapsulated and encapsulated canine islets
were transplanted (renal subcapsule and intraperitoneal im-
plant respectively) following 1, 2 or 3 weeks of culture into di-
abetic nude mice that had been anaesthetised with halothane.
In short-term culture experiments, freshly isolated canine islets
were cultured for 24 hours, encapsulated, then cultured
overnight in supplemented CMRL. Varying masses of islets
were transplanted under the renal subcapsule (non-encapsulat-
ed) or in the peritoneal cavity (non-encapsulated or encapsulat-
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ed). To standardise the mass of canine islets transplanted in
each experiment, representative aliquots of each preparation
were counted prior to implantation to determine total islet
equivalents. Grafts consisted of 1000 or 2000 canine IE for
long-term culture experiments, while studies of grafts compar-
ing transplanted islet mass varied between 250 to 4000 canine
IE. For syngeneic mouse grafts, 500 non-encapsulated (renal
subcapsular implant) or encapsulated (intraperitoneal implant)
mouse islets were transplanted into diabetic recipients. All
grafts were suspended in supplemented CMRL 1066 medium
and then implanted either into the peritoneal cavity via a small
incision in the linea alba, or under the left renal capsule with
the aid of a micromanipulator syringe [24].

Mice were monitored for blood glucose levels between 8.00
and 11.00 hours. When the blood glucose level was 8.4 mmol/l
or less, the graft was deemed a success. At 100 to 120 days af-
ter transplantation, OGTTs were performed on recipients with
normalised basal glycaemia and in normal controls. After a 2-h
fast, D-glucose (3 mg/g body weight) was administered as a
50% solution by oral gavage into non-anaesthetised mice.
Blood samples were obtained from the tail vein at 0, 15, 30, 60
and 120 min.

At various time points (i.e. at 100 days or more after trans-
plantation) capsules were recovered by intraperitoneal lavage
with phosphate-buffered saline containing 12 mmol/l CaCl2.
Recovered grafts were subsequently stained with dithizone. To
confirm the efficacy with which encapsulated islets corrected
diabetes, the pancreas of each recipient was assayed for insulin
content as previously described [24]. Animals with renal sub-
capsular grafts had the kidney removed and were subsequently
monitored to confirm a return to hyperglycaemia.

Statistical analysis. Data are expressed as means ± SE of n in-
dependent observations. Statistical significance of differences
was calculated with a two-tailed unpaired Student’s t test or
one-way analysis of variance in the event of multiple compar-
isons. Findings were deemed significant at a p value of less
than 0.05.

Results

Canine islet microencapsulation. Immediately follow-
ing the encapsulation process, islet recovery was
92±2% (n=10 independent isolations). In eight inde-
pendent experiments, the volume of representative ali-
quots of encapsulated canine islets was estimated in
15-ml Falcon centrifuge tubes. The volume of non-en-
capsulated preparations was calculated as previously
defined [22]. The mean volume of 4000 encapsulated
and non-encapsulated IE was 160±16 µl and
7.2±0.8 µl respectively. When 4000 encapsulated IE
were hand-picked to eliminate empty capsules the av-
erage volume was 150±8 µl, demonstrating that ap-
proximately 94% of the capsules contained islets.

Effect of microencapsulation on canine islet survival
and insulin secretory activity in vitro. The number of
encapsulated islets recovered throughout the various
culture periods was significantly higher than for non-
encapsulated control islets incubated for the same
time (Table 1). The recovery of encapsulated islets
was 54, 61 and 190% higher than for controls follow-
ing 1, 2, and 3 weeks of culture respectively (Table 1).
When compared to the start of the experiment, total 
islet yield of non-encapsulated controls decreased to
63, 55 and 25% after 1, 2 and 3 weeks of culture re-
spectively (p<0.0001 at all time points). On the other
hand, islet loss was substantially reduced when the is-
lets were encapsulated, with 97, 90 and 71% recovery
of islet equivalents after 1, 2 and 3 weeks of culture
respectively (p<0.01).

The insulin secretory activity of control and encap-
sulated islets was tested by determining the percent-
ages of cellular insulin that was released at low
(2.8 mmol/l) and high glucose (20 mmol/l) during a 

Table 1. Effect of microencapsulation on canine islet recovery and insulin secretory activity over a 3-week period in culture

Insulin secretory activity (% content) Stimulation indices

Condition Islet recovery (%) 2.8 mmol/l glucose 20 mmol/l glucose High : low

Non-encapsulated
1 week (n=5) 63.2±5.3 0.55±0.06 10.1±0.2 18.7±1.8
2 weeks (n=6) 55.5±4.2 0.97±0.11c 9.4±0.4 9.7±0.4c

3 weeks (n=4) 24.5±10.2c 1.07±0.11c 9.2±0.2 8.8±0.7c

Encapsulated
1 week (n=6) 97.3±2.6b 0.43±0.06 8.7±0.4 20.8±2.0
2 weeks (n=7) 89.6±4.2b 0.54±0.04b 9.5±0.3 17.6±1.4a

3 weeks (n=4) 71.4±7.6a, d 0.87±0.04d 8.7±0.1 10.1±0.4d

Values are means ± SE. Islet recovery is expressed as the per-
centage of islets remaining after 1, 2 and 3 weeks of culture as
compared to day 0. Islet insulin release experiments were per-
formed in a minimum of four independent experiments per
condition. Insulin secretory activity is expressed as percentage
content, given 20.0±3.1 ng insulin per dog islet (no differences
amongst conditions). Stimulation indices were calculated by

dividing the amount of insulin release at high glucose
(20 mmol/l) by that released at low (2.8 mmol/l) glucose. a

p<0.05; b p<0.001 vs non-encapsulated at same time period
(unpaired Student’s t test); c p<0.01 vs non-encapsulated at 1
week; d p<0.01 vs encapsulated at 1 week (analysis of vari-
ance)
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2-h static incubation assay. After 1 week of culture, no
statistically significant differences were observed in
the amount of insulin released between the two groups
(Table 1). Control and encapsulated islets released
more than 18-fold more insulin at high glucose than at
low glucose. These values were similar to freshly iso-
lated non-encapsulated canine islets cultured for 24 h
at 37 °C (0.41±0.02% and 8.9±0.03% at 2.8 and
20 mmol/l glucose respectively; data not shown).
Control islets cultured for 2 or 3 weeks released high-
er levels (p<0.001) of insulin in response to
2.8 mmol/l glucose than observed after 1 week of cul-
ture. Hence, stimulation indices were significantly
lower when control islets were cultured for periods
longer than 1 week. In contrast, encapsulated islets
showed similar insulin secretory responses when cul-
tured for 1 or 2 weeks (Table 1), while increased insu-
lin release at low glucose was observed only at 
3 weeks of culture. Thus, for our encapsulated islets,
the calculated stimulation index dropped significantly
at 3 weeks of culture.

Transplantation of long-term cultured canine islets.
Control or encapsulated canine islets preserved for 1,
2 and 3 weeks at 22 °C were transplanted either under
the renal capsule or into the intraperitoneal cavity re-
spectively of diabetic nude mice. Transplantation un-
der the renal capsule of 2000 non-encapsulated islets
cultured for 1 week corrected diabetes in two of three
recipients for more than 100 days. However, when
culture was prolonged to 2 or 3 weeks (Table 2), only
one of three recipients maintained normoglycaemia
for more than 100 days. In contrast, all animals im-
planted intraperitoneally with 2000 encapsulated islets
cultured for 1 to 3 weeks exhibited blood glucose val-
ues of 8.4 mmol/l or less for more than 100 days 
(Table 2). When 1000 encapsulated islets cultured for

1, 2 and 3 weeks were transplanted, 100% (4/4), 75%
(3/4), and 100% (3/3) of the recipients achieved eug-
lycaemia for more than 100 days.

At 100 days after transplantation, OGTTs were per-
formed in aged-matched normal controls and intra-
peritoneal recipients of 1000 encapsulated islets.
OGTTs were not performed in animals implanted with
non-encapsulated grafts due to the poor survival after
100 days. Compared to controls, animals receiving
1000 encapsulated islets cultured for 1, 2 and 3 weeks
exhibited similar glycaemic values at all time points
(Fig. 1). Mice transplanted with canine islets cultured
for 3 weeks exhibited mean blood glucose values at
15 and 30 min that were significantly higher than
those in animals implanted with grafts cultured for 1
week. In all groups, blood glycaemia values at
120 min were not significantly different from the val-
ues at 0 min. The pancreatic insulin content of all re-
cipients of intraperitoneal implants was less than 2%

Table 2. Effect of long-term culture on the survival of canine islet grafts in diabetic nude mice

Culture period, weeks Days of euglycaemia, (MST±SE) % Survival, (>100 days)

Graft

Non-encapsulateda

2000 IE 1 0, 134×2c (89±45) 66
2 0, 80, 201c (94±58) 33
3 0, 23, 312c (112±100) 33

Encapsulatedb

1000 IE’s 1 134c, 169d, 170d, 223d (174±18) 100
2 24, 107, 198×2c (132±42) 75
3 147, 171d, 190c (169±12) 100

2000 IE’s 1 109d, 134c, 170c, 198×2c, 255c (177±21) 100
2 180×2d, 185d (181±2) 100
3 162c, 190c, 248c (200±25) 100

Euglycaemia was defined as blood glucose values
≤8.4 mmol/l. IE, islet equivalents; MST, mean standard time. 
a Renal subcapsular transplants; b intraperitoneal transplants; 

c grafts recovered from normoglycaemic recipients for mor-
phological assessment; d animal died when normoglycaemic

Fig. 1. Blood glucose values during an OGTT in nude mice
transplanted with 1000 encapsulated canine islets cultured for
1 (●●; n=4), 2 (■; n=3), and 3 (■■; n=3) weeks. Values are com-
pared to aged-matched normal controls (●; n=9) and expressed
as means ± SEM. Statistical significance of differences was
calculated by one-way analysis of variance. a p<0.05 vs 1 week
of culture
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(0.49±0.03 µg) of that of normal control animals
(38.9±1.8 µg), indicating that the grafts were responsi-
ble for the euglycaemia. Similarly, removal of the
graft-bearing kidneys from normoglycaemic animals
was followed by a rapid return to the diabetic state.

Effect of canine islet mass and transplant site. In an-
other series of experiments we assessed what minimal
mass of non-encapsulated and encapsulated islets that
had been cultured for 48 h was required to reverse dia-
betes in nude mice, following transplantation under
the kidney capsule or intraperitoneally. Implantation
of 1000 and 2000 non-encapsulated islets under the
renal subcapsular space corrected basal glucose levels
in 50% (4/8) and 83% (15/18) of the animals respec-
tively (Table 3). However, later than 100 days after
transplantation, euglycaemia remained in only 25%
(2/8) and 67% (12/18) of the 1000- and 2000-islet
group respectively. Intraperitoneal transplantation of
either 2000 or 4000 non-encapsulated islets had little
effect on correcting diabetes, as less than 15% of the
animals exhibited normoglycaemia, which only lasted
a short time (Table 3). In contrast, normalisation of
blood glucose occurred in 100% of recipients receiv-
ing intraperitoneal grafts of 1000, 2000 and 4000 en-
capsulated islets (Table 3). In these three groups, basal
normoglycaemia was maintained in 95%, 93% and
100% of the animals for more than 100 days after
transplant. When the mass of the intraperitoneal grafts
was decreased to 500 and 250 encapsulated islets,
72% (13/18) and 25% (2/8) of the recipients respec-
tively maintained euglycaemia for periods greater than
100 days.

Glucose tolerance tests were performed in normo-
glycaemic recipients and non-diabetic control mice at

100 days after transplant (Fig. 2). Compared to age-
matched normal controls, animals implanted with
2000 non-encapsulated islets under the kidney capsule
showed significantly lower (p<0.01) glucose values at
0, 30 and 60 min during the OGTT. When recipients
of 500, 1000, 2000 and 4000 encapsulated islets
placed intraperitoneally were compared, their blood
glucose levels were similar and also similar to age-
matched normal controls; there were no statistical dif-
ferences between them at any time points during the
OGTT (Fig. 2; data represent recipients of 500 and
1000 encapsulated islets only). When animals in the
2000 non-encapsulated (kidney capsule) group were
compared with recipients of encapsulated islets, their
glucose values were lower at 0 min (p<0.05 vs 500,
1000 and 2000 islets), 15 min (p<0.01 vs 500 islets)

Table 3. Metabolic follow-up of non-encapsulated and encapsulated canine islet grafts in diabetic nude mice

Group Islet mass (IE) n Days of euglycaemia, (MST±SE) % Survival, (>100 days)

Non-encapsulated
Kidney 1000 8 0×4, 1, 10b, 120a, 163 (>37±23) 25

2000 18 0×3, 46, 66, 85, 114, 116×3a 67
120×2a, 133×2a, 156×2a, 184×2a (>103±14)

i.p. 2000 9 0×8, 6×1 (1.0±1.0e) 0
4000 8 0x7, 37 (5±5e) 0

Encapsulated
i.p. 250 8 0, 11, 12, 38×2, 87, 122×2a (>54±18) 25

500 18 0×3, 23, 50, 135, 137×4a, 170×3a 72
184a, 217a, 262b, 280a, 328a (>141±23ce)

1000 19 79, 109, 132, 135, 136×3b, 137x5a 95
150a, 177a, 184×4a, 223b (>149±8ce)

2000 28 28, 48, 108, 116×5a, 120×6a, 137×4a 93
148, 184×4a, 257a, 262×2a, 267×2 (>146±12ce)

4000 11 104, 116×4a, 102×2a, 133×2a, 149×2a (>124±4cd) 100

Euglycaemia was defined as blood glucose values
≤8.4 mmol/l. IE, islet equivalents; MST, mean standard time. a

Grafts recovered from normoglycaemic recipients for morpho-
logical assessment; b animal died while normoglycaemic. Sta-

tistical significance of differences between groups was calcu-
lated by factorial two-way analysis of variance. c p<0.01 vs
non-encapsulated kidney (1000 IE); d p<0.05; e p<0.01 vs non-
encapsulated kidney (2000 IE)

Fig. 2. Blood glucose values during an OGTT in nude mice
transplanted with 2000 non-encapsulated canine islets under
the kidney capsule (●●; n=5) or 500 (■; n=7) and 1000 
(■■; n=10) encapsulated canine islets in the intraperitoneal cav-
ity. Values are compared to aged-matched normal controls 
(●; n=9) and expressed as means ± SEM. Statistical signifi-
cance of differences was calculated by one-way analysis of
variance. a p<0.05; b p<0.01 vs control
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and at 30 min (p<0.05 vs 500, 1000 and 2000 islets).
In all groups, glycaemia at 120 min was not signifi-
cantly different from values at 0 min.

Examination of recovered encapsulated canine is-
lets at 100 days or longer after transplantation re-
vealed structurally intact capsules and islets with no
signs of capsule breakage or fibrotic reaction on the
capsule surface (Fig. 3). In all the recipients of non-
encapsulated islets, removal of the graft-bearing kid-
ney was followed by a rapid return to the diabetic
state. The pancreatic insulin content of recipients of
encapsulated islets was less than 2% (<0.6 µg) that of
normal nude mice (38.9±1.8 µg). These results
demonstrate that the normoglycaemia observed in
these recipients was attributable to insulin production
from the encapsulated islet grafts and not from residu-
al pancreatic beta cells.

Syngeneic transplantation of mouse islets. Syngeneic
BALB/c mouse islet grafts were transplanted to test
the ability of encapsulated islets to normalise the 
diabetic state in immunocompetent animals and to 
observe the biocompatibility of our alginate. All 
animals implanted with either 500 non-encapsulated
(kidney capsule) or encapsulated (intraperitoneal) 
islets exhibited normalisation of blood glucose levels

(<8.4 mmol/l) within 48 h after the transplant
(Fig. 4a). This metabolic state was maintained over
the 150-day follow-up period with no significant dif-
ferences between the two groups (Fig. 4a). An OGTT
was performed on normoglycaemic recipients and
age-matched normal controls at approximately 150
days after the transplant (Fig. 4b). Compared to nor-
mal controls, animals implanted with either non-
encapsulated (kidney capsule) or encapsulated (intra-
peritoneal) islets showed comparable glucose values
at all time points throughout the OGTT. Furthermore,
removal of the graft-bearing kidney at the end of the
study resulted in a rapid return to hyperglycaemia and
all pancreases from encapsulated islet recipients con-
tained negligible insulin (<0.5 µg).

Fig. 3. Light micrographs of dithizone-stained encapsulated
canine islets before (a) and after (b) implantation into the peri-
toneum of alloxan-induced diabetic nude mice

Fig. 4. Function of syngeneic pancreatic islet grafts in alloxan-
induced diabetic BALB/c mice. Grafts consisted of 500 non-
encapsulated (●●; n=6; kidney capsule) or microencapsulated
(■; n=11; intraperitoneal) syngeneic islets. a. Non-fasting
blood glucose concentrations are shown from the time of trans-
plantation (day 0) to the conclusion of the follow-up period
ap<0.001. b. Blood glucose values during an OGTT in normal
control BALB/c mice (●; n=5) and those transplanted with
500 non-encapsulated (●●; n=6; kidney) or encapsulated 
(■■; n=7; intraperitoneal) syngeneic islets. Values are expressed
as means ± SEM. bp<001 vs non-encapsulated kidney;
cp>0.001 vs control; dp>0.001 vs non-encapsulated kidney;
ep<0.002 vs control; fp<0.001 vs control (analysis of variance)



Discussion

This study examined whether microencapsulation with
a highly-purified alginate preserves islet survival and
function during long-term tissue culture, as well as 
after transplantation into immune-competent and im-
mune-deficient animals. Initial experiments assessed
canine islet survival and insulin secretory responsive-
ness after long-term tissue culture. Once these experi-
ments demonstrated excellent function and survival in
vitro, encapsulated canine islets were then transplant-
ed into diabetic nude mice to determine metabolic
function and the minimal mass required to achieve eu-
glycaemia. An immuno-incompetent nude mouse
model was chosen in order to exclude the effects of
rejection, thereby accurately examining the metabolic
function of the islet grafts. Syngeneic mouse islet
transplants were also conducted to test the biocompat-
ibility of the grafts and the ability to achieve eugly-
caemia and glucose tolerance. Using a syngeneic
model allowed us to observe any potential effects the
alginate might have on the graft, given that syngeneic
tissue itself would not specifically elicit an immune
response.

When non-encapsulated canine islets were cultured
at 22 °C for 1 week, islet recovery decreased signifi-
cantly and when the culture period was extended to 
2 and 3 weeks, recovery of non-encapsulated canine
islets was further reduced. However, when canine is-
lets were encapsulated islet loss during culture was
much lower, with recoveries of 70% after 3 weeks.
After these culture periods, glucose-stimulated insulin
secretion was assessed. Similar amounts of insulin
were secreted from both non-encapsulated and encap-
sulated islets cultured for 1 week. Moreover, both
non-encapsulated and encapsulated canine islets main-
tained their glucose responsiveness after 1 week at
22 °C since their insulin secretory activity remained
comparable to freshly isolated islets (data not shown).
After 2 and 3 weeks of culture, the insulin secretion at
high glucose concentrations was comparable, however
the calculated stimulation indices for non-encapsulat-
ed islets were significantly decreased. This lower 
response was a direct result of higher basal release of
insulin at low glucose (2.8 mmol/l), which would sug-
gest that extended culture induces beta cell injury
causing passive discharge of insulin and ultimately an
abnormal secretory capacity. This reduction of islet
function was also observed in the poor ability of non-
encapsulated islets cultured for 2 or 3 weeks to correct
diabetes in nude mice, whereas encapsulated islets
cultured for up to 3 weeks achieved euglycaemia in
75% to 100% of the animals for 100 days or longer.
Mice receiving encapsulated islets also showed nor-
mal glucose tolerance, though, interestingly, they
showed somewhat lower blood glucose levels at vari-
ous points along the OGTT than age-matched normal
controls. While excess beta cell mass might explain

this finding, we feel that this observation was the 
result of the donor canine beta cells regulating the re-
cipient’s glucose homeostasis to the level found in
dogs, rather that that found in mice. In other words,
glucose homeostasis was regulated to the lower set
point of the transplanted dog islets.

This comparative study on recovery and function of
long-term cultured canine islets demonstrates that mi-
croencapsulation with highly purified alginate can be
successfully used for storage of islet grafts for pro-
longed periods without a significant loss of islet cell
mass or function. This technique maintains higher is-
let yields and functional viability both in vitro and
post-transplantation than conventional suspension 
tissue culture. This protective effect may be achieved
because microencapsulation provides an environment
that mimics the anatomical three-dimensional pancre-
atic matrix structure, preventing islet deterioration and
preserving survival and functional viability. Other
studies have similarly shown that extracellular matri-
ces play a significant role in inducing islet growth and
differentiation [25, 26]. Preservation of individual is-
lets within a microcapsule also offers an advantage
over conventional culture by preventing islet aggrega-
tion, which often causes central necrosis of these large
cellular aggregates. Furthermore, the ability to main-
tain islets in long-term culture is useful for clinical is-
let transplantation, as it permits the combination of
isolates from multiple donors in order to achieve a
critical beta cell mass, as well as offering the opportu-
nity to manipulate the tissue prior to transplantation.

We also compared the success and longevity of
varying masses of encapsulated or non-encapsulated
canine islets. Renal subcapsular transplantation of
1000 non-encapsulated canine islets failed to correct
hyperglycaemia in the majority of recipients, whereas
83% of the animals achieved normoglycaemia when
the mass was increased to 2000 islets. In contrast,
when 2000 or 4000 non-encapsulated islets were im-
planted intraperitoneally, only one of 17 recipients ex-
hibited normoglycaemia for longer than a day. This
latter observation was expected, as previous studies
have reported that the intra-peritoneum is not an effec-
tive site for non-encapsulated islet grafts [27]. In fact,
intraperitoneal transplantation with encapsulated islets
has also shown problems, with cellular overgrowth of
the capsules [28], immune system sensitisation [29]
and an inability of encapsulated islets to sense glucose
concentration changes [30]. In the present study, how-
ever, long-term normoglycaemia was obtained when
500 or more encapsulated islets were transplanted into
the peritoneum, with the majority of recipients re-
maining euglycaemic for 100 days or more and 
exhibiting comparable glucose tolerance curves to
normal controls. To our knowledge, this is the first re-
port demonstrating that encapsulated islets transplant-
ed intraperitoneally cannot only reproducibly achieve
euglycaemia but also normal glucose tolerance.

1816 G. S. Korbutt et al.:



Finally, grafts consisting of 500 encapsulated
BALB/c mouse islets transplanted intraperitoneally
also reproducibly achieved euglycaemia for 150 days
after transplantation. Blood glucose values for these
animals were not significantly different than those ob-
tained from animals transplanted with non-encapsulat-
ed syngeneic islets under the kidney capsule. Further-
more, both of these groups of animals showed normal
glucose tolerance during an OGTT at 150 days, when
compared with age-matched controls. Since syngeneic
islets will elicit no host response, and given that there
were no appreciable differences between our groups,
we concluded that the alginate used in these experi-
ments is biocompatible since no detrimental effect
was observed.

In all of the above experiments, the encapsulated
grafts exhibited no fibrotic overgrowth at 100 days or
longer after transplant. Much of the overgrowth of 
fibroblasts on capsules in other studies can be attribut-
ed to the effects of poly-L-lysine [15] or impurities in
the alginate [12]. The complete absence of fibroblasts
on the alginate capsules in our experiments, however,
may be a result of the high purity of the alginate,
thereby contributing to its improved biocompatibility.
This may also explain why a lower mass of encapsu-
lated canine islets placed intraperitoneally (i.e. 1000
islets) was more effective at achieving normogly-
caemia than non-encapsulated control islets trans-
planted under the kidney capsule (i.e. 2000 islets).
Since islets placed under the kidney capsule tend to
fuse together forming large clumps, these grafts may
be exposed to more hypoxic conditions resulting in
necrosis and/or apoptosis [31]. Furthermore, encapsu-
lation of islets, while not providing a perfect immune
barrier, certainly may prolong graft survival [6, 32].
While the exclusion of poly-L-lysine from our alginate
capsule increases the porosity of the capsule [33], the
capsule retains the ability to prevent contact of host
cells such as macrophages with the islets, ultimately
extending graft survival [34]. Nonetheless, an open
pore alginate capsule is not so much an immune barri-
er as a support matrix to enhance islet viability, which
is a critical essential step before a perm-selective
membrane is placed on the islet. The ability of these
capsules to so successfully restore glucose responsive-
ness may largely be a result of the high purity and low
endotoxin content of the alginate [6, 32]. Therefore,
microencapsulating islets with an alginate of excellent
biocompatibility can provide an environment that sup-
ports long-term islet graft survival and function, ulti-
mately reducing beta cell loss and dysfunction in the
immediate post-transplant period.

This study demonstrates that a purified alginate can
be successfully used for long-term storage of islet
grafts. This approach succeeds in maintaining higher
islet yields and functional viability than conventional
suspension tissue culture. It is also encouraging that
transplantation of islet grafts microencapsulated with

purified alginate into a non-vascularised site such as
the peritoneal cavity permits grafts to not only correct
basal glycaemia but also achieve normal glucose tol-
erance. Furthermore, it is encouraging that these grafts
have the ability to provide long-term reversal of hy-
perglycaemia without any observable host reaction to
the alginate.
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