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Cryopreserved Alginate-Encapsulated
Islets Can Restore Euglycemia in a
Diabetic Animal Model Better than
Cryopreserved Non-encapsulated Islets

Greg G Kojayan1, Antonio Flores1, Shiri Li1, Michael Alexander1,
and Jonathan RT Lakey1,2

Abstract
Islet transplantation has been shown to restore normoglycemia clinically. One of the current limitations to the widespread clinical
use of islet transplantation is culturing and preserving more than 1 million islet equivalents in preparation for transplant. One
possible solution is to bank frozen islets and use them when needed. Although promising, the standard islet freezing protocol
introduces stress and cell death, resulting in high variability of islet quality post thawing. This study aimed to develop an improved
cryopreservation protocol using alginate-encapsulated islets to improve islet survival and function for future transplants. Our data
showed that encapsulation improved islet survival and function after thawing the frozen islets. Frozen encapsulated islets have an
islet yield recovery of 84% when compared to non-encapsulated islets at 72% after thawing. Post-thaw viability was 78% for non-
encapsulated islets compared to 88% for encapsulated islets. The stimulation index values after a static glucose test following
thawingwere1.9+ 0.5, 2.9+0.1, and3.3+ 0.3 for thenon-encapsulated, 1.75% alginate, and2.5%alginate groups, respectively. In
a transplant study, the mice that received 1.75% alginate-encapsulated cryopreserved islets achieved normoglycemia on average
5 days after transplant. In comparison, control mice that received fresh islets took 4 days, while those receiving unencapsulated
cryopreserved islets took 18 days. In conclusion, encapsulating islets in 1.75% alginate prior to freezing was shown to improve
islet survival, function post thawing, and graft response significantly when compared to islets frozen without encapsulation.
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Introduction

While effective islet transplantation has been available since

2000 with the development of the Edmonton protocol for

islet isolation and transplantation1, it is still hampered by a

lack of deceased donor pancreas suitable for islet isolation

and transplant. One method to increase the availability of

pancreatic islets is to incorporate cryogenic banking of islets

from multiple donors2. Cryobanking has also been reported

to reduce the immunogenicity of islets3,4, thus increasing the

potential for graft survival.

While the Edmonton protocol currently requires immu-

nosuppression to delay the onset of islet rejection, the immu-

nosuppression regimen itself is toxic to the islets. As such,

alginate encapsulation has been studied as a physical alter-

native to immunosuppression to prevent transplant rejec-

tion5. In this study, we evaluated the potential to freeze

islets within the alginate capsule to maintain their structural

integrity, as well as providing a convenient method for bank-

ing islets for transplantation.

Materials and Methods

Ethical Compliance

All animal procedures in this study were conducted in accor-

dance to the Institutional Animal Care and Use Committee at

University of California Irvine approved protocols AUP-17-

129 and AUP-17-241.
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Islet Isolation

Sprague-Dawley rats (Envigo Harlan, Houston, TX, USA)

were used as the islet donor. Islet isolation was done using

standard collagenase digestion and gradient purification5.

After isolation, the islets were cultured in CMRL-1066

(Mediatech, Manassas, VA, USA) supplemented with 10%
newborn calf serum (Equitech Bio, Kerrville, TX, USA) and

1% penicillin/streptomycin (Fisher Scientific, Hampton,

NH, USA) in a 37�C 5% CO2 incubator.

Alginate Encapsulation

Islets were encapsulated in either 1.75% or 2.5% ultrapure

low viscosity mannuronate (UPLVM; Novamatrix, Sand-

vika, Norway) alginate using a gas-driven electrostatic

encapsulator (Nisco Engineering AG, Zurich, Switzerland),

as previously described5 (Fig. 1). Alginate-encapsulated

islets were on average about 400 mm in diameter (Fig. 2).

Cryopreservation and Recovery

Aliquots of 500 free or encapsulated islets were cryopreserved

for this study, with each group done in 5 replicates. The cryo-

preservation process could be broken down into 3 steps: (1) the

pre-freeze; (2) freezing, storage, and thawing; and (3) returning

the islets to their physiological medium, as previously described

by Rajotte et al.2. The free islets and 2 groups of encapsulated

islets were first suspended at 22�C in 0.1 mL 2 M dimethyl

sulfoxide (DMSO; Sigma, St. Louis, MO, USA). After 5 min,

0.1 mL 2 M DMSO was added, and after 25 min at 0�C, 0.4 mL 3

M DMSO was added in a stepwise fashion so the islets could

equilibrate with the cryoprotectant. After the stepwise addition

of DMSO, the tubes of islets were transferred to a –7.5�C ethanol

bath for 5 min to nucleate the samples and ensure uniform cool-

ing. Touching the outside of the tube with a pre-frozen metal rod

allows the nucleation step to occur, releasing the latent heat of

fusion uniformly. Next, the samples were transferred to an

evacuated freezing Dewar (Fisher Scientific, Hampton, NH,

USA), which was set to cool the sample at 0.25�C/min, from

–7.5�C to –40�C. Once at –40�C, the samples are submerged in

liquid nitrogen until they reach –196�C. The islets were stored

in the vapor phase of a liquid nitrogen Dewar for 4 weeks, after

which they were thawed at a rate of 200�C/min using a 37�C
water bath. The DMSO was stepwise removed at 22�C using

increasing volumes of 0.75 M sucrose (Sigma, St. Louis, MO,

USA)2. After thawing was completed, islets or encapsulated

islets were cultured in CMRL-1066 (Mediatech, Manassas,

VA, USA) supplemented with 10% newborn calf serum (Equi-

tech Bio) and 1% penicillin/streptomycin (Fisher Scientific,

Hampton, NH, USA) in a 37�C 5% CO2 incubator for 48 h.

Islet Counting

Islet counting was done using dithizone (Fisher Scientific,

Hampton, NH, USA) staining, as previously described6.

Counting was performed prior to freezing, after thawing, and

48 h after recovery culture post thawing.

Islet Viability

Islet viability was measured using fluorescein diacetate

(Fisher Scientific, Hampton, NH, USA) and propidium

Fig. 1. Alginate encapsulation system. The setup for the gas-driven
electrostatic encapsulator used to create the alginate-encapsulated
islets.

Fig. 2. Alginate-encapsulated islets. A representative picture was
taken of the Sprague-Dawley rat islets after encapsulation in 2.5%
ultrapure low viscosity mannuronate alginate, prior to the cryopre-
servation process. Scale ¼ 1,000 mm.
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iodide, Calcein AM, and 40,6-diamidino-2-phenylindole

(Fisher Scientific, Hampton, NH, USA) staining, as previ-

ously described7. Viability was measured prior to freezing,

after thawing, and 48 h after recovery culture post thawing.

Islet Functional Testing

Glucose-stimulated insulin release (GSIR) was performed to

test islet insulin secretory function in response to glucose

stimuli, as previously described7. Insulin concentration was

measured using insulin enzyme-linked immunosorbent assay

kits (Mercodia AB, Uppsala, Sweden). GSIR was done prior

to freezing, after thawing, and 48 h after recovery culture post

thawing. Islet function was calculated as the stimulation index

(SI)—the ratio of insulin concentration after high-glucose sti-

mulation divided by that after low-glucose stimulation.

Animal Studies

A total of 20 athymic nude mice (Charles River, San Diego,

CA, USA), 9 wk old, were used for this study. The mice were

made diabetic using streptozotocin (STZ; Teva Parenteral

Medicines, Irvine, CA, USA). Blood glucose was measured

in all mice using a tail capillary prick (Bayer, Parsippany,

NJ, USA). The blood glucose was measured in all 3 mice

groups 10 days before (day –10), 5 days before (day –5), and

on the day of (day 0) the STZ injection. Blood glucose levels

were then monitored every day for the first week after STZ

injection. After confirmation of diabetes (3 consecutive daily

non-fasting blood glucose >300 mg/dL), the mice received a

transplant of 1,000 IE of freshly isolated islets (in kidney

capsule), cryopreserved islets (in kidney capsule), and

alginate-encapsulated cryopreserved islets (intraperitoneally

due to the large size). Two units of long-acting insulin (Lan-

tus; Sanofi-Aventis, Bridgewater, NJ, USA) was adminis-

tered on the day of the transplant to prevent hyperglycemic

shock on the freshly transplanted islets. The blood glucose

levels were monitored and recorded every day from

day 10 to day 21, and then every other day from day 23 to

day 50. Lastly, the islets or islet capsules were explanted

on day 50. We defined normoglycemia is defined as

non-fasting blood glucose levels <200 mg/dL.

Statistical Analysis

Analysis of variance with post hoc Tukey HSD was used to

determine statistical significance, with a p-value of <0.05

regarded as statistically significant. Statistical calculation was

performed using Excel (Microsoft, Redmond, WA, USA).

Results

In Vitro Testing

Table 1 summarizes the results of the in vitro results. The

mean islet yields post cryopreservation (ratio of islet

counts post thawing compared to pre freezing) were

72.6 + 5.7%, 84.6 + 4.1%, and 83.6 + 3.3% for the

standard CP, 1.75% alginate, and 2.5% alginate groups,

respectively. After the 48 h culture, the mean yields were

48 + 5.7%, 79 + 1.67%, and 80.42.6% for the standard

CP, 1.75% alginate, and 2.5% alginate groups,

Table 1. In Vitro Characterization of Pre-freezing, Post-thawing, and Post-recovery Culture of Cryopreserved Islets.

Yield Viability (IE) Stimulation index

Free islets Pre freeze 100% 92 + 4.1% 3.5 + 0.2
Post thaw 72.6 + 5.7% 78 + 2.4%
Post 48 h culture 48 + 5.7% 52 + 7.4% 1.9 + 0.5

1.75% alginate Post thaw 84.6 + 4.1% 88 + 2.0%
Post 48 h culture 79 + 1.7% 83 + 3.7% 2.9 + 0.1

2.5% alginate Post thaw 83.6 + 3.3% 85 + 2.9%
Post 48 h culture 80.4 + 2.6% 80 + 1.7% 3.3 + 0.3

Islet yield was calculated by counting dithizone staining and expressed as percentage recovery from the initial number prior to freezing. Viability was shown as
a count of viable islets using fluorescein diacetate and propidium iodide staining. Stimulation index was calculated as the ratio of insulin produced after high
glucose stimulation compared to low glucose stimulation of the islets. Each result represents the average value for 5 samples.

Fig. 3. Islet percentage yield post thaw and post culture. The in
vitro percentage yield of islets after the thaw compared to after the
48 h culture is depicted. Islets were stained using dithizone and
counted under a microscope. The islet yield was calculated as the
ratio of the islet count post thaw or post-recovery culture com-
pared to the pre-freeze count. *p < 0.05.
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respectively (Fig. 3). Fig. 4 shows the viability percen-

tages among the 3 groups, and Fig. 5 shows actual images

of the islets. The pre-freeze, post-thaw, and post-48-h

culture viability percentages for the standard CP group

were 92%, 78%, and 52%, respectively. The pre-freeze,

post-thaw, and post-48-h culture viability percentages for

the 1.75% alginate group were 92%, 88%, and 83%,

respectively. The pre-freeze, post-thaw, and post-48-h

culture viability percentages for the 2.5% alginate group

were 92%, 85%, and 80%, respectively. The SI values pre

freeze were 3.5 + 0.2 for all 3 groups, and 1.9 + 0.5, 2.9

+ 0.1, and 3.3 + 0.3 for the standard CP, 1.75% algi-

nate, and 2.5% alginate groups, respectively (Fig. 6).

In Vivo Mice Study

The 3 groups of mice are defined as follows: group 1, the

fresh tissue transplanted mice; group 2, the cryopreserved

Fig. 4. Islet viability pre freeze, post thaw, and post culture. In vitro
islet viability among the 3 groups including free islets, the islets
encapsulated in 1.75% alginate, and the islets encapsulated in 2.5%
alginate. A viability test was done using fluorescein diacetate and
propidium iodide staining of the islets and measured using a fluor-
escence plate reader. *p < 0.05.

Fig. 5. Images of islet viability after thawing. Non-encapsulated, 1.75%, and 2.5% encapsulated islets were cryopreserved and thawed after
4 weeks. Viability staining was done with Calcein AM (green for viable cells), propidium iodide (red for dead cells), and 40,6-diamidino-2-
phenylindole (blue as nuclear counterstain). A representative image was taken using a confocal microscope after reading the fluorescence
intensity on a fluorescent plate reader.
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islet transplanted mice; and group 3, the alginate-

encapsulated cryopreserved mice. The blood glucose

results of the 3 groups are shown in Fig. 7. There was

no significant difference between the mean blood glucose

values between the 3 groups of mice prior to the STZ

injection. The mean blood glucose values were 95.33 +
2.47, 101.67 + 3.07, and 98.67 + 2.73 mg/dL for groups

1, 2, and 3, respectively. All 3 groups received the STZ

injection at day 0, and all 3 groups showed hyperglyce-

mia beginning on day 2 until day 7 with no significant

difference. Group 1 showed normoglycemia on day 11,

group 2 on day 25, and group 3 on day 12. The time to

normoglycemia between groups 1 and 3 was statistically

significant (p < 0.01), but the differences between groups

1 and 2 and between groups 2 and 3 were not.

Discussion

Currently, the incidence of type 1 diabetes is rising, with 1 in

300 children in the USA affected8,9. Islet transplantation tech-

nology is improving with each development, and the prospect

of finding a cure for type 1 diabetes is no longer implausible.

The process of isolating islets and preparing them for transplant

is one that dramatically stresses the tissue, leading to a 15–50%
reduction in functional islets10. In order to observe physiologi-

cal changes in human allografts, the average dose that has

demonstrated the most efficient benefits in clinical trials has

been approximately 10,000 IE/kg of body weight, and in most

cases, one patient usually requires islets from multiple donors

to provide a sufficient dose11. The human pancreas contains

about 1 million islet cells. It would be highly advantageous to

be able to bank islets from multiple isolations so that sufficient

cells could be accumulated for a single transplant.

We hypothesized about the cryoprotective role alginate

would have on the islets based on its protective role seen

during transportation12 and in vivo5,13,14. To determine the

percentage of alginate that would yield the best results, we

first did islet yield, viability, and GSIR testing in vitro. We

found that 1.75% alginate had a small but significant improve-

ment in viability, yield, and islet function when compared to

2.5% alginate, while both encapsulated islet groups were sig-

nificantly better than non-encapsulated islets post thawing.

When transplanted into diabetic nude mice, we found that

there was no statistical difference between transplanting

fresh islets and those encapsulated with 1.75% alginate.

These mice achieved normoglycemia within 4 and 5 days,

respectively, and could sustain normoglycemia for 50 days

until the conclusion of the study.

More recently, human islets have been shown to be func-

tional after 20 years of cryopreservation15. This suggests the

high viability of cryogenic banking of pancreatic islets from

multiple isolations, including those that were found to be sub-

optimal in yield and thus not allocated for transplantation. This

can establish more immediate availability of islets on demand

for transplantation. We believe that our method may improve

on islet cryobanking practices in support of the above goal.

Conclusions

Based on our results, encapsulating islets with 1.75% algi-

nate prior to cryopreservation leads to a higher survival and

viability than without encapsulation. There was no signifi-

cant difference between the mice receiving fresh tissue or

alginate encapsulated islets, which shows that alginate

encapsulation prior to cryopreservation protects the islet’s

ability to restore normoglycemia in mice. These results

Fig. 6. Islet glucose-stimulated insulin release pre freeze and post
culture. The islets were stimulated using low glucose (3 mM) and
high glucose (28 mM). Then, the insulin concentration was mea-
sured. The stimulation index was calculated from the ratio of insulin
concentration after high glucose compared to that from low glu-
cose. *p < 0.05.

Fig. 7. Blood glucose profiles of streptozotocin (STZ) mice trans-
planted with fresh islets, cryopreserved islets, and cryopreserved
encapsulated islets. Daily blood glucose in STZ-induced diabetic
nude mice. Day –10 indicated the first day of blood glucose testing
prior to any intervention. On day 0, the arrow indicates the STZ
injection the mice received with the subsequent hyperglycemia. On
day 7 after STZ injection, the arrow indicates the 1,000 islets
transplanted intraperitoneally (for encapsulated islets due to size)
or in the kidney capsule (for free islets). The remainder of the figure
shows the blood glucose among the 3 experimental groups until
day 50. *p < 0.05.
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suggest additional research using transplantation of marginal

dose of islets to compare the groups is necessary for better

measurement of the efficacy of encapsulation prior to cryo-

preservation for rate of cure after transplantation, with the

goal being the ability to bank islets indefinitely.
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