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ABSTRACT

Introduction: The success of islet transplantation for patients with unstable type 1 
diabetes mellitus depends, in part, on the number of isolated islets and their quality, 
which is assessed by functional and viability tests. The test currently employed to 
evaluate islet viability, used by the Collaborative Islet Transplant Registry to release 
products for transplantation, is fluorescein diacetate/propidium iodide (FDA/PI) 
staining. However, the efficacy of this method relies on researcher experience; in this 
context, a quantitative method may be useful. The aim of this study was to compare 
islet viability as assessed by flow cytometry and the FDA/PI assay.

Methods: Viability was analyzed in islets isolated from 10 male Wistar rats. Upon 
FDA/PI staining, 50 islets from each animal were analyzed under fluorescence 
microscopy by two well-trained researchers. For flow cytometry, islets were dispersed 
and 100 000 single cells were incubated with the 7-amino-actinomycin D (7AAD) 
fluorophore (dyes necrotic and late apoptotic cells) and the Annexin V-APC antibody 
(marks early apoptotic cells).

Results: A moderate correlation was found between techniques (r = 0.6; p = 0.047). 
The mean islet viability measured by flow cytometry was higher than that estimated 
using FDA/PI staining (95.5 ± 1.4% vs 89.5 ± 5.0%; p = 0.002).

Conclusions: Although flow cytometry is more expensive and time-consuming than 
FDA/PI staining, it is a quantitative technique with greater reproducibility that is less 
subject to inter-observer variability than FDA/PI. Therefore, flow cytometry appears to 
be the technique of choice when aiming for a more precise determination of islet viability.
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INTRODUCTION

Pancreatic islet transplantation is an established treatment strategy 
for patients with type 1 diabetes mellitus that suffer from hypoglycemia 
unawareness and marked glycemic lability1-5. An important criterion for the 
achievement of long term insulin-independence with islet transplantation 
is the number of viable islets transplanted per kg of the recipient’s weight6. 
It is generally assumed that a combined implant mass of at least 10,000 
islet equivalents (IEQ) per kilogram (kg) is required to routinely achieve 
insulin independence1,7.

At present, most islet isolation centers keep islets in culture for 24-48 hours 
prior to transplantation, allowing them to recover from the stress generated 
by the isolation process and also allowing the preparation of the recipient, 
which includes the administration of induction immunosuppressive therapy7-9. 
During this culture period, approximately 20% of total islet mass is lost, which 
may compromise the success of the transplant10. Studies have shown that 
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the loss of islets during the culture period is due, in 
part, to the apoptosis triggered along the process 
of procurement (due to the catecholamine storm 
during brain death and cold ischemia time) and the 
islet isolation process11-15.

Therefore, the assessment of islet viability is 
an important quality test for releasing isolated 
islets for transplantation. Currently, islet viability 
is assessed by transplant centers worldwide that 
participate in the Collaborative Islet Transplant 
Registry (CITR) using the standard deoxyribonucleic 
acid (DNA)-binding dye exclusion technique with 
fluorescein diacetate (FDA) and propidium iodide 
(PI)7,16,17. In this method, living cells actively convert 
non-fluorescent FDA into the green fluorescent 
compound fluorescein, while dead cells show red 
fluorescence in their nuclei due to PI penetration 
through the permeabilized membrane18. A limitation 
of the FDA/PI staining method is that PI only enters 
cells that have lost selective membrane permeability, 
thus it does not dye early apoptotic cells17. Moreover, 
this method is not able to discriminate between cell 
subsets and, in particular, it does not allow selectively 
defining beta-cell viability17,19.

Therefore, alternative methods have been 
tested to determine islet viability before clinical 
transplantation, including flow cytometry17,19-23. 
By using different fluorescent dyes, flow cytometry 
may offer a more precise quantification of islet 
viability while also allowing the differentiation of 
cell death mechanisms (necrosis, early or late 
apoptosis). Another advantage of flow cytometry 
when compared to FDA/PI staining is that it is 
a quantitative method, not dependent on the 
operator to determine the percentage of living 
cells24,25. In this context, in the present study we 
compared islet viability percentages measured 
using flow cytometry and the FDA/PI assay.

Methods

Animals and experimental design
Ten male Wistar rats fed with a standard laboratory 

diet ad libitum and weighing 300 to 350 g were used 
in the study. All animals were kept in the animal facility 
of Hospital de Clínicas de Porto Alegre (Porto Alegre, 
Brazil) and were cared for according to guidelines for 
the use and care of laboratory animals26. The study 
was approved by the local Ethics Committee on 
Animal Use (Ethical approval number: 13-0166). 
A total of 10 consecutive islet preparations were 
analyzed for viability using the methods described 
below, with each animal corresponding to one islet 
preparation process. Approximately 500 islets were 
obtained in each preparation.

Islet isolation and dispersion
Islet isolation was performed following the protocol 

by Carter et al.27. After euthanasia, the bile duct 
was cannulated to allow pancreatic perfusion with 
10 mL of cold Hank’s balanced salt solution (HBSS, 
Sigma-Aldrich, Saint Louis, MO, USA) containing 
0.5 mg/mL of collagenase P (Roche Diagnostics, 
Mannheim, Germany). The perfused pancreas was 
removed and digested for 15 min at 37°C. Digestion 
was stopped by the addition of RPMI 1640 medium 
(11 mmol/L glucose) (Thermo Fisher Scientific, 
Gaithersburg, USA) supplemented with 10% fetal 
bovine serum (FBS), 100 units/mL penicillin, 0.1 mg/
mL streptomycin, and 25 mmol/L HEPES (Thermo 
Fisher Scientific). Islet purification was performed 
with a discontinuous Histopaque density gradient 
(Sigma-Aldrich), at 1.119, 1.100, and 1.077 g/mL 
density layers. An aliquot of purified islets was 
counted under a microscope to obtain the total 
number of isolated islets, which were then divided 
into two aliquots for further viability assessment by 
flow cytometry and FDA/PI staining.

Islet viability assessment
For FDA/PI staining, 43 µl of precipitated islets 

isolated from each animal were stained with 0.46 µM 
FDA and 14.34 µM PI (Sigma-Aldrich) in 457 µl 
DPBS buffer (Sigma-Aldrich), being immediately 
analyzed by two well-trained researchers under 
a Nikon Eclipse TS100 microscope (Nikon, Tokyo, 
Japan) to estimate the percentage of living and 
dead cells in each islet. Each researcher analyzed 
50 islets in suspension. Final islet viability was the 
mean percentage of living cells among the 50 islets 
analyzed by each researcher.

For islet viability assessment using flow 
cytometry, first we dispersed 100 islets into single 
cells. Isolated islets were immediately washed with 
HBSS (without calcium chloride and magnesium 
sulphate; Sigma-Aldrich) and dispersed with 0.125% 
trypsin–EDTA (Thermo Fisher Scientific) for 5 min 
at 37°C. Dispersion was stopped by the addition of 
supplemented RPMI 1640 medium. Next, the newly 
obtained single cells were resuspended in phosphate 
buffered saline (PBS, LGC, Cotia, Brazil) 1× and 
Annexin V-APC binding buffer (BD, Franklin Lakes, 
USA). Then, 5 µL of the Annexin V-APC antibody 
(labels early apoptotic cells; BD) was added to the 
cell preparation, which was incubated for 15 min 
at room temperature, protected from light. After 
incubation, 5 µL of the 7AAD fluorophore (BD) was 
added to the cell suspension and 100,000 cells 
were acquired on a FacsCanto II flow cytometer 
(BD). Results were analyzed using Infinicyt software 
(Cytognos, Salamanca, Spain). Cells stained with 
both 7AAD and Annexin V-APC were those that had 
undergone membrane rupture through late apoptosis 
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or necrosis. Cells marked only with Annexin V-APC 
had intact membranes but were already in the 
process of early apoptosis. Cells not stained with 
any dye were living cells.

Statistical analysis
Variables are shown as means ± standard 

deviations (SDs) or percentages. Mean viability values 
obtained using flow cytometry or FDA/PI staining in 
the 10 islet isolation experiments were compared 
using Student’s t-tests. The correlation between 
viability values obtained using both techniques was 
calculated using Pearson’s correlation test. p values 
< 0.05 (two-tailed) were considered statistically 
significant, and all analyses were performed using 
SPSS 18 (SPSS Inc., Chicago, IL, USA).

RESULTS

Figure 1A illustrates the FDA/PI staining of 
two islets, where the green color (FDA staining) 
represents living cells inside an islet and the red 
color (PI staining) represents dead cells/islets. 
In this figure, islet 1 was considered as having 
95% of living cells and 5% of dead cells, while 
islet 2 had 100% of living cells. Figure 1B shows 
the gating strategy used in flow cytometry for the 
assessment of islet viability after 7AAD and Annexin 
V-APC treatment. The lower left quadrant shows 
living cells that did not stain with Annexin V-APC 
and 7AAD. The lower right quadrant shows cells 
undergoing early apoptosis (stained only with 
Annexin V-APC), while the upper right quadrant 
depicts cells suffering late apoptosis or necrosis 
(stained with both 7AAD and Annexin V-APC).

Figure 1: Representative images of fluorescein diacetate and propidium iodide (FDA/PI) and flow cytometry assays 
used for assessing islet viability. A: Rat pancreatic islet stained with FDA (green) and PI (red), showing the percentage 
of living (green) and dead (red) cells as estimated by a well-trained researcher; B: Gate strategies used to assess islet 
viability by flow cytometry using 7-amino-actinomycin D (7AAD) and Annexin V-APC. The islets were dissociated as single 
cells before treatment with 7AAD and Annexin V-APC. Approximately 100,000 cells were analyzed by this technique. 
Early apoptotic cells are marked only with Annexin V-APC, while necrotic/late apoptotic cells are marked with both 7AAD 
and Annexin V-APC.

Table 1 shows viability results (%) obtained 
using flow cytometry and FDA/PI staining for each 
of the islet preparations isolated from the 10 Wistar 
rats. Regarding FDA/PI staining, 50 islets per 
isolation experiment were analyzed by each of 
the two researchers who estimated viability, and 
results are shown as mean percentages of living 
cells per islet isolation experiment (Table 1 and 

Figure 1). Flow cytometry results are shown as 
mean percentages of viable cells, as well as the 
corresponding percentages of early apoptotic or 
late apoptotic/necrotic cells (Table 1), considering 
100,000 single cells per experiment. The percentage 
of dead cells obtained by flow cytometry was the 
sum of the percentages of early apoptotic cells and 
late apoptotic/necrotic cells.
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Considering all experiments together, the 
mean islet viability obtained by FDA/PI staining 
was lower than that measured by flow cytometry 
(89.5% ± 5.03% vs 95.5% ± 1.43%, p = 0.002) 
(Figure 2). A moderate correlation was observed 
between mean viability percentages obtained by 
the techniques (r = 0.638, p = 0.047). Of note, islet 
viability assessed by FDA/PI staining presented 
higher variability (SD = 5.03) than that assessed 
by flow cytometry (SD = 1.43), and this is mainly 
due to the variation in values obtained by each 
researcher: the SD between researchers ranged 
from 4.71 to 20.74%.

Figure 2: Mean viability percentages obtained using FDA/
PI staining and flow cytometry. Results are mean values 
for 10 experiments using each technique (* p = 0.002).

DISCUSSION

Regulatory agencies require that the manufactured 
product of islet isolation be tested for sterility, 
purity, number of IEQs, function (glucose-
stimulated insulin secretion), and viability prior 

Table 1: Viability assessed by fluorescein diacetate and propidium iodide (FDA/PI) staining and flow cytometry in each 
of the 10 analyzed experiments (EXP).

Type of death by flow cytometry

EXP Early apoptosis (%) Necrosis + late 
apoptosis (%)

Total death by flow 
cytometry (%)

Viability by flow 
cytometry (%)

Viability by 
FDA/PI (%)

1 0.56 5.20 5.76 94.24 88.50
2 0.47 4.10 4.57 95.43 87.00
3 1.38 0.61 1.99 98.01 96.00
4 0.50 3.90 4.40 95.60 85.00
5 1.17 4.50 5.67 94.33 91.40
6 1.56 1.67 3.23 96.77 86.70
7 0.90 2.96 3.86 96.14 97.10
8 0.57 2.68 3.25 96.75 95.00
9 1.10 5.50 6.60 93.40 84.40

10 0.86 5.00 5.86 94.14 83.90
For FDA/PI staining, islet viability in each experiment is the mean value estimated by two trained researchers.

to release for transplantation7,9. An islet viability 
of over 70% is thus needed for the release of 
clinical islet products7. In centers belonging to 
the CITR, islet viability is commonly assessed by 
FDA/PI staining7,18, which is a simple and cheap 
technique but has some limitations. Therefore, in 
an effort to establish a more sensitive and specific 
method for evaluating islet viability, we compared 
viability measurements using FDA/PI staining or 
flow cytometry with 7AAD and Annexin V-APC. 
Our results demonstrated a significant difference 
between mean islet viability values assessed by 
these techniques, with flow cytometry showing 
less variation among experiments.

Although FDA/PI staining is the current 
standard method for islet viability estimation in 
the clinical transplantation setting, this assay has 
important limitations23. Firstly, the manual method 
for determining viability using FDA/PI is highly 
subjective, since usually two researchers estimate 
the percentages of living and dead cells under 
fluorescence microscopy, with the final result being 
the mean of their results19. Accordingly, in the present 
study, we reported that differences between FDA/
PI-derived viability percentages obtained by each 
well-trained researcher ranged from 4.71 to 20.74%, 
increasing SD. Even in centers that use software-
based quantification of FDA/PI fluorescence during 
islet preparation, differences in exposure time and 
camera/software settings can also impact viability 
interpretations22. The greater sensitivity of image 
acquisition achieved with a CCD camera might 
lead to inadequate assessments merely due to 
the manipulation of exposure time or other image 
capturing parameters22.

Secondly, because FDA nonspecifically penetrates 
all living cells in the islet preparation, including islets 
and contaminating acinar cells, this complicates 
the accurate estimation of islet viability19. Thirdly, 
the non-fluorescent FDA is converted into green 
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fluorescent fluorescein dye by an esterase in the 
cytoplasm of living cells. However, some dead 
cells may still exhibit residual esterase activity, 
interfering with the identification of dead cells that 
show staining with both dyes22. In addition, PI only 
enters cells that have lost selective membrane 
permeability and is not able to identify early 
apoptotic cells, which still display intact membrane 
permeability17,19. Fourthly, several studies have shown 
that the FDA/PI viability assay does not correlate 
well with post-transplantation islet function19,22,28,29. 
For example, Papas et al.29 demonstrated that it 
was not suitable for predicting diabetes reversal 
in nude mice transplanted with human islets when 
compared to the measurement of fractional viability 
using the oxygen consumption rate normalized to 
DNA (OCR)/DNA. Islets with high OCR/DNA had 
higher chances of reversing diabetes in mice than 
islets with low OCR/DNA, despite the fact that both 
categories had excellent viability (≅ 90%) based on 
the FDA/PI assay. Finally, other issues related to 
the stability of dyes in storage, stock solutions, and 
incubation times may also influence the intensity 
of cell staining, thus influencing the final scoring 
of viability22. These limitations suggest that the 
FDA/PI assay may not be the optimal approach 
to assess islet viability, and alternative methods 
should be tested.

In comparison with the FDA/PI assay, flow cytometry 
is an automated technique that provides more 
accurate measurements with specific antibodies that 
can detect rare populations in a cell group24,25. When 
it comes to islet preparations, flow cytometry allows 
the identification of cells suffering early apoptosis, 
which are counted as living cells when assessed 
by FDA/PI staining. The correct identification of 
living cells is a topic of great importance since the 
number of functional transplanted islets is highly 
correlated with transplant success17,23,30. Even 
though flow cytometry is more precise than FDA/
PI staining in estimating islet viability, it is a more 
expensive technique considering the required dyes/
antibodies and cytometry equipment. Moreover, it is 
more time-consuming (≅ 2 h compared to ≅ 30–45 
min for FDA/PI), but it could be done timely during 
the final evaluation of the islet product before the 
release for islet transplantation. In addition, some 
studies17,21 use flow cytometry to assess the viability 
of each islet cell type with other markers, such as 
Newport Green PDX acetoxymethyl ether (NG) 

and tetramethylrhodamine ethyl ester (TMRE). 
However, the detection of variability according to 
different cell types or specifically considering beta-
cells requires more complex and time-consuming 
techniques, as well a separator cytometer. Therefore, 
we opted for a technique that was more similar to 
FDA/PI staining, although more accurate. Based 
on the current viability threshold used for clinical 
islet product release (≥ 70% of living islets), both 
tested techniques would have obtained approval 
for islet product transplantation. However, evidence 
accumulated in the last few years has shown that 
even small increments in islet viability measured 
with techniques other than FDA/PI are associated 
with better islet transplantation outcomes22,28,31-33.

In conclusion, although flow cytometry is a more 
expensive and time-consuming technique than 
FDA/PI assay, it is more accurate and informative 
since the use of 7AAD and Annexin V-APC allows 
the differentiation of living islets, early apoptotic 
islets, and islets that already underwent apoptosis/
necrosis. The differentiation among these cells may 
be useful to better understand the quality of islet 
recovery after culture. Therefore, we believe that 
islet viability assessment using flow cytometry should 
be the technique of choice to when releasing islets 
for transplantation.
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