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ABSTRACT 

Water-soluble polymers poly(ethylene glycol) (PEG) 
and poly(N-vinylpyrrolidone) (PVP) were used to study 
cryopreservation of porcine islets. DMSO was used as 
control. The effects of polymer purity, molecular weight 
(MW) and concentration on islet viability were inves-
tigated. The results show that both PVP and PEG are 
good cyroprotectant candidates for islet cryopreser-
vation. The effects of polymer purity and concentra-
tion were significant. Increasing concentration sig-
nificantly increased the islet viability. However, after 
the concentration reached a certain level, there was 
no significant difference in viability probably due to 
increased viscosity of the polymer solution. The effect 
of polymer MW was not significant. It is concluded 
that polymers can be a suitable cryoprotectant for 
porcine islet cryopreservation. The islet viability is 
polymer concentration-dependent. It seems that PVP 
is a better cryoprotectant candidate as compared to 
PEG because the former showed a fast dissolution 
rate in culture medium and lower viscosity. The 
polymer concentration at 30% appears to be the op-
timal for cryopreservation from the viewpoint of islet 
viability and medium viscosity.   
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1. INTRODUCTION 

Diabetes mellitus affects 6.3% of the United States 
population, ranking as the seventh leading cause of death 
[1]. There are approximately 171 million patients with 
diabetes mellitus in the world [1]. It is estimated that this 
number will increase to 398 million by the year 2025 [1]. 
Patients with type I diabetes can no longer produce insu-

lin in response to glucose in their diet because insulin is 
synthesized in the islets. Current therapy for patients 
with type I diabetes includes insulin injection, dietary 
constraint, exercise, pancreas transplantation and islet 
transplantation. Islet transplantation is a viable treatment 
option for patients with type I diabetes. However, there 
still exist major obstacles to routine use of islet trans-
plantation to treat diabetic patients. These include the 
severe shortage of human islets and the need to use im-
munosuppressive drugs to prevent transplant rejection 
[2]. In addition, the process of islet isolation, purification 
and transplantation is labor intensive and difficult for 
routine treatment. It has been suggested that effective 
cryopreservation techniques to pre-store islets would 
enhance routine use of islet transplants, even across dis-
tant transplant centers. Therefore, islet cryopreservation 
is an ideal method for long-term storage of islets and is 
becoming increasingly important as more clinical islet 
transplants are performed. Islet cryopreservation pro-
vides many advantages to a clinical transplantation pro-
gram, such as long-term storage for banking purpose and 
transportation of islets. However, one of major loopholes 
in the process is cryodamage, in which the post-thawing 
islet cell viability and functionality is highly reduced [3]. 
Cryodamage occurs mainly during the phase transitions, 
at the time of freeze-thawing. Dimethylsulfoxide (DMSO) 
is the most frequently used cryoprotectant in islet cryo-
preservation [4-8]. However, it is known that use of 
DMSO in cryopreservation results in about 20% - 50% 
loss in the number and function of islets after thawing 
[9,10]. DMSO is an intracellular cryoprotectant and has 
deleterious effects on cells at room temperature, as its 
hydrophobic interactions with proteins can induce their 
de-stabilization [11]. To avoid osmotic shock, DMSO 
must be added to the cells in a stepwise manner. There-
fore, researchers have been looking for alternatives for 
DMSO [3,12-14]. The studies include using PEG as a 
cryoprotectant [12], using hydroxyethyl starch and 
DMSO as co-cryoprotectants [13], microencapsulation of *Corresponding author. 
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islets with alginate-poly(L-lysine)-alginate before cryo-
preservation [14], microencapsulation of islets with chi-
tosan-alginate [3], etc. These methods have been found 
valid at different levels. Use of polymers as a cryopro-
tectant is believed to increase the viscosity of the me-
dium at low temperature, to inhibit ice crystal growth 
during cooling or re-warming, not to permeate the cell, 
and to decrease the freezing point of the medium, thus 
leading to fast freezing [15]. 

The objective of this study was to use biocompatible 
and hydrophilic PEG and PVP as an alternative cryopro-
tectant to cryopreserve the porcine islets and study the 
effect of polymer MW and concentration on islet viabil-
ity.  

2. MATERIALS AND METHODS 

2.1. Materials and Their Purification 

Dimethylsulfoxide (DMSO) and poly(ethylene glycol) 
(PEG) including PEG5K, PEG8K and PEG20K with mo- 
lecular weight (MW) of 5,000, 8,000 and 20,000 Daltons, 
were received from Sigma-Aldrich Co. (Milwaukee, WI). 
Poly(N-vinylpyrrolidone) (PVP) including Plasdone 
C-15 (MW = 10,000) or PVP10K and Plasdone C-30 
(MW = 59,000) or PVP60K were received from Ashland 
Specialty Ingredients (Wayne, NJ). All the polymers 
were purified through membrane dialysis against dis- 
tilled water, followed by freeze-drying and precipitation 
from alcohol/ether solution. Dialysis is used to remove 
water-soluble impurities and precipitation is used to re- 
move low MW organic impurities. 

2.2. Porcine Islet Isolation and Purification 

Pancreas was obtained from a local slaughterhouse 
(Archer’s Meat’s & Catering, Greenwood, IN), where 
pigs weighing typically between 200 - 250 lbs were used 
as pancreas donors. The pancreas was excised and placed 
on ice in a container filled with Hanks’ balanced salt 
solution (HBSS) prior to islet isolation. Cold ischemia 
time did not exceed 3 h. Excess fat and connective tissue 
surrounding the pancreas were removed. The weight of 
the cleaned pancreas was noted. After the bile duct was 
located using a 16, 18 or 20 Ga Teflon catheter, the pan-
creas was injected with approximately 200 ml of Colla-
genase diluted in HBSS. Any leaks were clamped or tied 
off with sutures. The perfused organ was then placed into 
the lower half of the digestion (Ricordi) chamber with 7 
marbles. The re-circulating water bath was typically 
pre-set at 42˚C to account for the cold solution added to 
the chamber. The remaining collagenase solution and 
HBSS was added to the chamber to fill the system. A 
screen is placed over the lower half of the chamber and 
the chamber was sealed shut. The chamber is gently agi-

tated once per minute, starting at 5 min into the dissocia-
tion. Once the chamber temperature reached 37˚C, the 
water bath was set to 40˚C and adjusted with ice to 
maintain the chamber temperature at 37˚C. A sample of 
circulating solution was obtained, placed in a Petri dish, 
stained with Dithizone (DTZ), and viewed under a light 
microscope for free islets. Once the amount of free islets 
was greater than 60%, the dissociation was stopped and 
the circulating solution was collected in bottles filled 
with HBSS containing 30% fetal bovine serum. The 
mixture was then transferred to centrifuge tubes and cen-
trifuged using a centrifuge (Sorvall Legend RT, Global 
Medical Instrumentation, Inc., Ramsey, MN) at 200g for 
4 min. After washing with HBSS containing 10% fetal 
bovine serum (FBS) two times, the islet pellet underwent 
Euro-ficoll solution layering with three different density 
gradients (1.037, 1.096, and 1.108) followed by addition 
of HBSS on the top layer. Tubes were then centrifuged 
for approximately 21 min at 100 g without brake. Pure 
islets were removed from the interface between 1.037 
and 1.096 and re-suspended in media for culturing. Pu-
rity of the islet preparation was assessed by DTZ stain-
ing.  

2.3. Islet Culture 

Islet culture was prepared in CMRL 1066 medium (Invi-
trogen Corporation) supplemented with L-glutamine (5 
ml/500ml), Penicillin-Streptomycin (5 ml/500ml), and 
FBS (heat-inactivated, 50 ml/500ml). Then islets culture 
media were incubated overnight at 37˚C with 5% CO2 
humidified air atmosphere prior to freezing. 

2.4. Freezing-Thawing for Cryopreservation 

2.4.1. Cryopreservation with DMSO 

The DMSO cryopreservation followed the published 
procedures with a slight modification [12]. Briefly, after 
culturing overnight with media of half RPMI 1640 and 
half McCoy’s medium supplemented with 30% fetal calf 
serum (FCS) and 1% mixture of antibiotics, the islets 
were equilibrated with equal volume of DMSO solution, 
followed by adding to the tube stepwise and transferring 
into a 2-mL cryotube. The cryotube was then placed in a 
programmable cooling machine (Planer Cell Freezer 
R204, Planer Products Ltd, Sunbury, PA) for freezing, 
with the programmed procedures shown in Table 1. Im-
mediately after the programmed freezing, the cryotube 
was stored in liquid nitrogen for 2 d, followed by re-
moving from liquid nitrogen and plunging into a 37˚C 
water bath for rapid thawing. After adding CMRL me-
dium, the cryotube was centrifuged for 3 min at 200 g. 
The pellet from the cryotube was re-suspended in the 
culture medium and analyzed for cell viability. 
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2.4.2. Cryopreservation with Polymer 
After complete dissolution of the polymer, the polymer 
medium solution was filtered to remove potential micro-
organisms. The islet pellet was then re-suspended into 
the medium containing polymer (either PEG or PVP), 
following culturing overnight with media (see 2.4.1) and 
centrifuging. After well mixing, the islet/polymer medium 
was transferred into the cryotube, followed by freezing, 
thawing, and culturing, as the procedures shown in Ta- 
ble 1. The concentrations of the polymer were 5%, 10%, 
20%, 30% and 40% (by weight).  

2.5. Islet Viability Test 

Islet cell viability was assessed by microscopic examina-
tion using ethidium bromide/fluorescein diacetate stain-
ing technique, following incubation or cryopreservation. 
Briefly, aliquots of islets were placed in a Petri dish and 
stained with ethidium bromide (5mg/50ml HBSS/HEPES 
(hydroxyethyl piperazineethanesulfonic acid)) and fluo-
rescein diacetate (150 mg/30 ml acetone). Islets were 
then observed using a two-color fluorescence microscope. 
Viable cells were identified with green and dead with red. 
A percentage (%) was used to represent the viability. The 
percentage of viability of the fresh cultured islets before 
cryopreservation was used as control for each measure-
ment.  

2.6. Viscosity Determination 

The viscosity of the medium containing either DMSO or 
polymer was determined at 23˚C using a programmable 
cone/plate viscometer (RVDV-II + CP, Brookfield Eng. 
Lab. Inc., Middleboro, MA). 

2.7. Statistical Analysis 

All the viability values were expressed as mean ± standard 
deviation (SD). One-way analysis of variance (ANOVA) 
 
Table 1. Programmed procedures for islet cryopreservation. 

Program 
Section # 

Function 

1 
Cool chamber to 0˚C, wait until run is started, and then 
proceed to 2 

2 Cool chamber at 2˚C/min to –6˚C and then proceed to 3 

3 Cool chamber at 25˚C/min to –70˚C and then proceed to 4

4 Cool chamber at 10˚C/min to –25˚C and then proceed to 5

5 Cool chamber at 0.3˚C/min to –40˚C and then proceed to 6

6 Cool chamber at 10˚C/min to –90˚C and then proceed to 7

7 Hold chamber at –90˚C for 15 min and then proceed to 8

8 
End program and then place the cryotubes in liquid 
nitrogen 

with the post hoc Tukey-Kramer multiple range test was 
used to determine significant differences of cell viability 
among the treatments or materials in each group. A level 
of α = 0.05 was used for statistical significance. 

3. RESULTS 

Figure 1 shows the effect of cryopreservation on islet 
viability. The islet viability was in the decreasing order 
of 100% for 2 h at 37˚C > 76.3% for 48 h-cryopreserva- 
tion > 59.3% for 24 h at 37˚C, where they were signifi- 
cantly different from each other (p < 0.05). 

Figure 2 shows the effect of polymer purity on islet 
viability. There were statistically significant differences 
in islet viability between unpurified PEG20K (58.4%) 
and purified PEG20K (74.2%) and between unpurified 
PVP10K (54.1%) and purified PVP10K (76.3%) (p < 0.05). 
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Figure 1. Effect of cryopreservation on islet viability: 
Comparison among the islet samples incubated at 37˚C 
for 2 h, at 37˚C for 24 h and cryopreserved for 2 d, after 
incubating in the 20% PVP10K-containing medium with 
half McCoy’s and half RPMI 1640 media. 
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Figure 2. Effect of polymer purity on islet viability: 
Comparison among unpurified and purified PEG20K as 
well as PVP10K. PEG20K = PVP10K = 20%. Islet 
samples in either 20% PEG20K or PVP10K-containing 
medium with half McCoy’s and half RPMI 1640 media 
were cryopreserved for 2 d before viability assessment. 
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Table 2 shows the effect of MW of polymer on islet 
viability. There were no statistically significant differ-
ences among PEG5K (58.1%), PEG8K (60.7%) and 
PEG20K (59.7%) and between PVK10K (63.4%) and 
PVK60K (69.7%) (p > 0.05).  

Figure 3 shows the effect of polymer concentration on 
islet viability. The islet viability was in the decreasing 
order of both PEG (Figure 3(a)) and PVP (Figure 3(b)): 
30% > 40% > 20% > 10% > 5%, where 20%, 30% and 
 
Table 2. Effect of MW of polymer* on islet viability. 

Material MW (Dalton) Cell viability (%) 

PEG5K 5,000 58.1 (0.54) 

PEG8K 8,000 60.7 (0.28)  

PEG20K 20,000 59. 7 (4.6) 

PVP10K 10,000 63.4 (4.1) 

PVP60K 59,000 69.7 (0.14) 

*Concentration of both PEG and PVP = 10%. Islet samples were cryopreserved 
for 2 d before viability assessment. 
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Figure 3. Effect of polymer concentration on islet viability: (a) 
PEG20K; (b) PVP10K. Islet samples were cryopreserved for 2 
d before viability assessment. 

40% were not statistically different from each other (p > 
0.05). The viability for 30% was the highest but the one 
for 5% was the lowest. 

Table 3 shows the viscosity values of all the polymer/ 
media solutions used for treating the islets in the study. 
The viscosity values for PEG were in the range of 1.66 - 
78.5 cp whereas those for PVP were in the range of 0.68 
- 6.53 cp. The viscosity (cp) was in the decreasing order 
of 40% PEG20K (78.5) > 30% PEG20K (38.5) > 20% 
PEG20K (20.2) > 40% PVP10K (6.53) > 10% PEG20K 
(5.25) > 30% PVP10K (4.18) > 10% PEG8K (2.73) > 
10% PVP60K (2.69) > 20% PVP10K (2.18) > 5% 
PEG20K (2.09) > 10% PEG5K (1.66) > 10% PVP10K 
(0.94) > DMSO (0.72) > 5% PVP10K (0.68). 40% 
PEG20K showed the highest viscosity value but 5% 
PVP10K showed the lowest one.  

Figure 4 shows the comparison of islet viability among 
 
Table 3. Viscosity values of the polymer solutions with different 
concentrations used for cryopreservation. 

Material Concentration (%, w/v) Viscosity (cp) 

DMSO (78) 5 0.72 

PEG20K 5 2.09 

PEG20K 10 5.25 

PEG20K 20 20.2 

PEG20K 30 38.5 

PEG20K 40 78.5 

PEG5K 10 1.66 

PEG8K 10 2.73 

PVP10K 5 0.68 

PVP10K 10 0.94 

PVP10K 20 2.18 

PVP10K 30 4.18 

PVP10K 40 6.53 

PVP60K 10 2.69 
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Figure 4. Comparison among DMSO, PEG and PVP: DMSO = 
5%, PEG20K = 30% and PVP10K = 30%. Islet samples were 
cryopreserved for 2 d before viability assessment. 
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the media containing 5% DMSO, 30% PEG20K, and 
30% PVP10K. The islet viability was in the decreasing 
order of PVP10K (84.5%) > PEG20K (80.1%) > DMSO 
(69.1%), where PVP10K and PEG20K were not signifi-
cantly different from each other (p < 0.05).  

4. DISCUSSION 

The result in Figure 1 illustrates that the islets cannot be 
preserved at 37˚C or ambient temperature too long be- 
cause the environmental temperature can accelerate the 
metabolism of the cells and thus shorten the viability 
[5,12]. However, cryopreservation can stop the unneces- 
sary consumption of the islets and save the energy of the 
cells [4-8]. That is why the cryoperserved islets showed a 
higher survival rate than those incubated at 37˚C for 24 h, 
although they still showed a lower rate than those incu- 
bated for 2 h.  

The purity of polymer is very important to islet pres- 
ervation. It is known that cells are very vulnerable to 
chemicals. The impurity in unpurified polymer can kill 
cells. The dialysis of polymer against water can effi- 
ciently remove the water-soluble impurity from polymer 
whereas precipitation using organic solvent/non-solvent 
is another efficient way to remove the organic impurity. 
That is why Figure 2 shows significant differences in 
islet viability between unpurified and purified polymers. 
In other words, purification is necessary in enhancing 
biocompatibility of polymers and thus enhancing viabil- 
ity of cells.  

Generally speaking, MW of polymer plays an impor-
tant role in many applications. In this study, however, it 
seems that MW did not make any contributions to islet 
viability. No statistically significant differences were 
found either among PEG with different MW or between 
PVP with different MW (see Table 2). It has been noted 
in other studies that islets cryopreserved with high MW 
compounds show a significantly higher percent of intact 
islets than those with low MW ones [15]. It is believed 
that low MW compounds permeate the cells, thus proba-
bly perturbing the cytoskeletal architecture and function 
of the cells through hydrophobic interactions with the 
intracellular proteins after thawing [11]. It is speculated 
that among the adversely affected intracellular proteins 
are key regulatory enzymes of glycolysis, such as phos-
phofructokinase [11]. As it is already established, glyco-
lysis is the primary event in glucose metabolism, which 
is linked to glucose stimulation of insulin secretion [16, 
17]. Therefore, it is possible that impaired insulin secre-
tion observed after cryopreservation with the low mo-
lecular weight cryoprotectants may be linked to their 
adverse effects on glycolytic enzymes of the beta cells 
[16,17].   

Figure 3 shows the effect of polymer concentration on 
islet viability. We have noticed that the effect of polymer 

concentration is not directly proportional to islet viability. 
With increase of polymer concentration, islet viability 
significantly increased from the concentration of 5% to 
30% and then decreased from 30% to 40%, although 
there were no statistically significant differences among 
20%, 30% and 40% for either polymer. It seems that islet 
viability is polymer-concentration dependent at a con-
centration below 30%. It is suggested that polymer with 
a concentration of 30% may be the optimal for cryopre-
servation for both polymers.  

In the study, we noticed that the viscosity value of the 
polymer solution is correlated to the concentration of the 
polymer. It is known that the higher the polymer concen-
tration, the higher the viscosity. Table 3 shows the vis-
cosity values of all the polymer/medium solutions used 
for treating the islets in the study. The viscosity values 
(1.66 - 78.5 cp) for PEG were much higher than those 
(0.68 - 6.53) for PVP. Apparently, PVP is more water- 
compatible or water-friendly polymer than PEG. PVP 
has been used as a blood plasma extender for trauma 
victims after the 1950’s, due to its biocompatibility and 
water solubility [18]. At the same concentration, PVP 
showed a much lower viscosity value than PEG. For 
example, at the concentration of 40%, the viscosity for 
PVP was 6.53 but 78.5 for PEG, although the latter had a 
higher MW (20 K) than the former (10 K). At a concen-
tration of 10%, high MW of PVP60K showed a low vis-
cosity (2.69 cp), as compared to PVP10K (0.94 cp), 
PEG8K (2.73 cp). During the study, we also noticed that 
PEG with a higher concentration was very difficult to 
dissolve in the medium and required a much longer time 
to be incorporated into the medium. The formed PEG- 
containing medium was also hard to be filtered for ster-
ilization before mixing with the islets. On the contrary, 
PVP was very easy and quick to dissolve in the medium 
even at the concentration of 40%. A lower solution vis-
cosity of polymer can help quickly pass the polymer so-
lution through a microbial filter for filtering bacteria out, 
which makes the sterilization process simpler. Therefore, 
from the viewpoint of either dissolution rate of polymer 
or filtration of polymer for sterilization, PVP is a better 
candidate than PEG. The results also indicate that using 
30% of either PEG or PVP polymers to cryopreserve the 
islets might be the optimal concentration because this 
concentration not only shows the highest islet viability 
but also exhibits a relatively low viscosity. The results 
also indicate that PVP is a better cryoprotectant than 
PEG, because it shows a very low viscosity even at a 
very high MW of 60 K.   

Finally, we compared the islet viability between cryo-
preservation with low MW DMSO and with polymers 
(PEG and PVP). As shown in Figure 4, 30% PVP10K 
and 30% PEG20K showed significantly higher islet vi-
ability values than DMSO. This indicates that polymers 
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are an excellent potential candidate as a cryoprotectant 
for islet preservation. Since DMSO has potential delete-
rious effects such as tissue damage and/or alteration of 
islet function [11], the polymers we have investigated in 
this study may eventually replace DMSO as a safe and 
efficient cyroprotectant for islet and possibly other cell 
preservation. It is known that polymers can protect the 
cells from forming harmful ice crystals during cooling 
and re-warming [3,12,14]. Polymers can increase the 
viscosity of the culture medium at low temperatures, 
thereby decreasing the freezing point of the medium and 
thus causing rapid freezing [15]. It is also believed that 
polymers do not permeate the cells due to their huge size 
and thus do not interact with intracellular proteins and 
destabilize the proteins, unlike DMSO [15].  

5. CONCLUSIONS 

This study reports using water-soluble polymers PEG 
and PVP to cryopreserve porcine islets. The results show 
that both PEG and PVP are excellent cyroprotectant can-
didates for islet cryopreservation. The effects of purity 
and concentration of polymers are significant. The 
polymers used for islet cryopreservation need to be puri-
fied. Increasing concentration significantly increased the 
islet viability. However, after the concentration reached a 
certain level, there was no significant difference in vi-
ability probably due to increased viscosity of the poly-
mer solution. It is concluded that polymers can be a 
suitable cryoprotectant for porcine islet cryopreservation. 
The islet viability is polymer concentration-dependent. It 
seems that PVP is a better cryoprotectant candidate as 
compared to PEG because the former showed a fast dis-
solution rate in culture medium and lower viscosity. Both 
PEG and PVP with a concentration of 30% appear to 
perform the best from the viewpoint of islet viability and 
medium viscosity. Future work will include functionality 
determination of the optimal polymer formulation, vi-
ability and functionality determination of long-term 
cryopreservation, and cryopreservation applied for hu-
man islets and islets for other animals.   
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