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Abstract 

Diabetes mellitus is a metabolic disease characterized by an inability to maintain 

normoglycemia and is usually associated with an insufficient β-cell mass. Islet 

transplantation (IT, a β-cell replacement therapy) has exhibited promise in reversing the 

diabetic state, yet it remains an experimental therapy only among a small subset of 

patients and widespread availability remains elusive. A main reason for its limited use is 

the large islet dose required to produce insulin independence, often requiring tissue from 

multiple donor pancreata. Abundant evidence exists suggesting that acute and chronic 

islet loss and dysfunction occur in the post-IT period. The minimum islet dose could be 

reduced if the quality (potency, viability) of the islet product is improved. Since islets do 

not possess the cellular machinery to produce energy effectively in the absence of 

oxygen, strategies that improve oxygenation during the ischemic period (donor cardiac 

death to complete revascularization) are important to develop. Due to the many steps 

involved in the process (pancreas preservation, and islet isolation, purification, culture, 

assessment, transplant and engraftment), the quality of an islet preparation can change. 

Thus, it is critical to develop improved islet quality assessment tools that enable accurate 

and quantitative characterization of islet viability and potency, which can be performed 

prospectively, and which do not require much tissue for assessment or which rely on 

non-invasive methods. Furthermore, intrahepatic IT may not be the optimal approach, 

and tissue-engineered strategies for extrahepatic IT may be better. The work presented 

herein focuses on improving islet quality assessment, examining the oxygenation status 

of the intraportally transplanted islet, and developing a tissue-engineered strategy for the 

design and non-invasive assessment of islet graft viability – all with the hope that 

someday IT could be used to successfully treat many more diabetics. 

  



 

viii 
 

Table of Contents 
  

Title Page  

Acknowledgements i 

Dedication vi 

Abstract vii 

Table of Contents viii 

List of Tables ix 

List of Figures xiv 

List of Abbreviations xx 

Chapters   

1 Background, Overview and Objectives 1 

2 Islet Assessment for Transplantation 
 

8 

3 The ATP/DNA Ratio is Better Indicator of Islet Cell 
Viability than the ADP/ATP ratio 

30 

4 Oxygenation of the Intraportally Transplanted Islet 
 

48 

5 Design of a Tissue-Engineered Graft or Device for 
Transplantation 

103 

6 Assessment of Islet Graft Viability via Fluorine Magnetic 
Resonance Spectroscopy 

171 

7 Other Related Work 
 

242 

References  335 

Appendices  402 



 

ix 
 

List of Tables 
   

Chapter 1 
  

None   

Chapter 2 
  

2-1 Product release criteria for clinical islet preparation 25 

2-2 Strengths and weaknesses of assays currently used 
prior to islet product release for clinical transplantation 

26 

2-3 Strengths and weaknesses of the nude mouse bioassay 27 

2-4 Advantages and disadvantages of assays being under 
consideration for clinical islet quality assessment 

28 

2-5 Current methodologies used in the measurement of 
oxygen consumption rate 

29 

Chapter 3 
  

None   

Chapter 4 
  

4-1 Summary of model constants and independent variables 72 

4-2 Anoxic volume fraction and non-functional volume 
fraction with no thrombosis 

73 

4-3 Anoxic volume fraction and non-functional volume 
fraction with thrombosis 

74 

4-4 Change in anoxic volume fraction and non-functional 
volume fraction with thrombosis 

75 

4-5 Minimum intraislet pO2 with no thrombosis 76 

4-6 Minimum and maximum intraislet pO2 with thrombosis 77 

4-7 Change in minimum and maximum intraislet pO2 with 
thrombosis 

78 



 

x 
 

4-8 Representative extrapolation of anoxic volume fraction 
and non-functional volume fraction for an islet 
preparation (no thrombosis) 

79 

4-9 Representative extrapolation of anoxic volume fraction 
and non-functional volume fraction for an islet 
preparation (with thrombosis) 

80 

Chapter 5 

5-1 DNA content on a per cell or islet equivalent basis 136 

5-2 Cell number fraction estimates from Pisania et al. 137 

5-3 Volume fraction estimates and number of cells per islet 
equivalent from Pisania et al. 

138 

5-4 Cell volume and radii estimated from Pisania et al. 139 

5-5 Selected measurements of in vivo pO2 at prospective 
islet transplant sites 

140 

5-6 Summary of model constants and selected variables 
used in examples  

141 

5-7 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing external pO2 and no 
encapsulant or fibrotic capsule 

142 

5-8 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing external pO2, an encapsulant 
and fibrotic capsule 

143 

5-9 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, a low external pO2 (40 
mm Hg) and no encapsulant or fibrotic capsule 

144 

5-10 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, a low external pO2 (40 
mm Hg), and with an encapsulant and fibrotic capsule 

145 
 



 

xi 
 

5-11 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, an intermediate external 
pO2 (100 mm Hg) and no encapsulant or fibrotic capsule 

146 

5-12 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, an intermediate external 
pO2 (100 mm Hg), and with an encapsulant and fibrotic 
capsule 

147 

5-13 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, an high external pO2 
(305 mm Hg) and no encapsulant or fibrotic capsule 

148 

5-14 Summary of estimated islet seeding density and tissue-
engineered graft or device surface area for planar 
geometry with increasing volume fraction of 
perfluorocarbon in the scaffold, an high external pO2 
(305 mm Hg), and with an encapsulant and fibrotic 
capsule 

149 

Chapter 6 
  

6-1 Values of constants used for theoretical modeling 202 

6-2 T1 values and pO2 estimates for scaffolds seeded with 
varying numbers of human islet equivalents 

203 

6-3 Summary of conditions and run order in supplementary 
experiments of assessment of human islet graft viability 
via 19F-MRS 

204 

6-4 Summary of data (T1, R1 and pO2 estimates) from 
supplementary experiments involving human islet 
tissue-engineered grafts 

205 

6-5 Summary of actual and estimated OCR/DNA from 
supplementary experiments involving human islet 
tissue-engineered grafts 

206 



 

xii 
 

6-6 Summary of data (T1, R1 and pO2 estimates) from 
supplementary experiment involving porcine islet tissue-
engineered grafts 

207 

6-7 Summary of actual and estimated OCR/DNA from 
supplementary experiments involving porcine islet 
tissue-engineered grafts 

208 

6-8 Raw and adjusted RFU values from DNA analysis of 
tissue-engineered scaffolds following experimentation 

209 

6-9 Mass measurements of test tubes and samples for each 
condition 

210 

6-10 Summary of estimated masses for all components of 
each sample 

211 

6-11 Recovered masses for each graft 212 

6-12 Recovered volumes for each graft 213 

6-13 Total number of islet equivalents per graft as determined 
by DNA analysis 

214 

6-14 Theoretical values of OCR/DNA derived from 19F-MRS 
and theory following correction with more accurate islet 
equivalent counts based on DNA post-experimentation 

215 

Chapter 7   

7-1 Potential advantages and disadvantages of hypothermic 
organ preservation techniques 

293 

7-2 Summary of published work on heart persufflation 294 

7-3 Summary of published work on kidney persufflation 295 

7-4 Summary of published work on liver persufflation 296 

7-5 Summary of published work on small intestine and 
pancreas persufflation 

297 

7-6 Potential advantages and disadvantages of anterograde 
and retrograde persufflation 

298 

7-7 Areas of future work in persufflation 299 

7-8 OCR/DNA of islet preparations co-cultured with different 
proportions of microparticles for 1 day  

317 



 

xiii 
 

7-9 OCR/DNA and perifusion GSIS outcomes in islet 
preparations co-cultured with microparticles for 7 days 

318 

  



 

xiv 
 

List of Figures 
   

Chapter 1  
 

None   

Chapter 2 
  

None   

Chapter 3 
  

3-1 Trace of recordings for an ATP and ADP/ATP ratio 
measurement in an individual sample using the 
ApoGlow kit according to the included protocol 

44 

3-2 ATP and DNA content measured in INS-1 cells and ATP 
and ADP content measured in human islets plotted 
versus the time from the onset of heat treatment in 60°C 
water bath 

45 

3-3 Predicted ADP/ATP and ATP/DNA ratios in mixtures of 
healthy and heat-treated cells 

46 

3-4 ATP/DNA ratio presented as a function of the fraction of 
dead cells in mixtures of heat-treated and healthy INS-1 
cells 

47 

3-5 ATP/DNA measurements of porcine islet preparation 
before and after 20-hour chemical treatment with 
sodium dithionate or sodium azide (Appendix 3-2) 

414 

3-6 ATP/DNA measurements of porcine islet preparation 
before and after 23-hour incubation as a pellet 
(Appendix 3-2) 

415 

3-7 Normalized ATP/DNA and ADP/ATP measurements for 
the first human islet preparation (Appendix 3-3) 

418 

3-8 Normalized ATP/DNA and ADP/ATP measurements for 
the first human islet preparation (Appendix 3-3) 

419 

3-9 Representative normalized ADP/ATP measurements an 
INS-1 cell preparation with increasing percent fraction of 
non-viable (heat-treated) cells (Appendix 3-4) 

422 



 

xv 
 

Chapter 4 
  

4-1 Sketch of native and intraportal islet 84 

4-2 Schematic of intraportal islet model 85 

4-3 Surface plot illustrating model results for the ‘baseline 
case’ 

86 

4-4 Surface plots illustrating model results for four different 
cases with adjustments to 1 of 4 independent variables 

87 

4-5 Surface plot illustrating model results for the ‘worst case’ 88 

4-6 Anoxic volume fraction with respect to external pO2, islet 
diameter and fractional viability, and with or without 
thrombosis 

89 

4-7 Non-functional volume fraction with respect to external 
pO2, islet diameter and fractional viability, and with or 
without thrombosis 

90 

4-8 Islet size distribution as stratified by ranges of islet 
diameter 

91 

Chapter 5  
 

5-1 Schematic of generalized strategy for optimization of 
tissue-engineered graft or device design 

156 

5-2 Generalized arrangement of constituents or layers in an 
idealized tissue-engineered graft or device 

157 

5-3 Modifiable design parameters and their impact on 
tissue-engineered graft or device design, and key 
strategies to increase seeding density and decrease 
size 

158 

5-4 Illustration depicting a planar tissue-engineered graft or 
device containing 700,000 islet equivalents and the 
approximate size (surface area) required for avoidance 
of oxygen deprivation with an assumed in vivo pO2 of 40 
mm Hg 

159 

5-5 Schematic depicting cross-section through planar 
tissue-engineered graft or device seeded with islets only 

160 



 

xvi 
 

5-6 Schematic depicting cross-section through planar 
tissue-engineered graft or device seeded with islets, and 
designed with an immunoisolation barrier (encapsulant) 
and with a fibrotic capsule on the exterior 

161 

5-7 Theoretical maximum islet seeding densities within a 
planar tissue-engineered graft or device with external 
pO2 (25-760 mm Hg) 

162 

5-8 Theoretical minimum tissue-engineered graft or device 
surface area for planar geometry with increasing 
external pO2 (25-760 mm Hg) 

163 

5-9 Schematic depicting cross-section through planar 
tissue-engineered graft or device seeded with islets and 
perfluorocarbon, and designed with immunisolation 
barrier (encapsulant) and covered with fibrotic capsule 
on the exterior 

164 

5-10 Theoretical maximum islet seeding densities within a 
planar tissue-engineered graft or device with increasing 
volume fraction of perfluorocarbon (0-0.50) and with an 
external pO2 of 40 mm Hg 

165 

5-11 Theoretical minimum tissue-engineered graft or device 
surface area for planar geometry with increasing volume 
fraction of perfluorocarbon (0-0.50) and with an external 
pO2 of 40 mm Hg 

166 

5-12 Theoretical maximum islet seeding densities within a 
planar tissue-engineered graft or device with increasing 
volume fraction of perfluorocarbon (0-0.50) and with an 
external pO2 of 100 mm Hg 

167 

5-13 Theoretical minimum tissue-engineered graft or device 
surface area for planar geometry with increasing volume 
fraction of perfluorocarbon (0-0.50) and with an external 
pO2 of 100 mm Hg 

168 

5-14 Theoretical maximum islet seeding densities within a 
planar tissue-engineered graft or device with increasing 
volume fraction of perfluorocarbon (0-0.50) and with an 
external pO2 of 100 mm Hg 

169 



 

xvii 
 

5-15 Theoretical minimum tissue-engineered graft or device 
surface area for planar geometry with increasing volume 
fraction of perfluorocarbon (0-0.50) and with an external 
pO2 of 100 mm Hg 

170 

Chapter 6 
  

6-1 Schematic illustrating the generalized design of the 
tissue-engineered graft containing scaffold material, 
emulsified perfluorocarbon and human pancreatic islets, 
and boundary conditions used in the diffusion-reaction 
model 

222 

6-2 Schematic illustrating the generalized design of the 
theoretical model system for the tissue-engineered islet 
graft, featuring three distinct regions (culture media 
[Layer 2], viable [Layer 1] and anoxic [Layer 0] regions) 

223 

6-3 Schematic illustrating 19F-MRS characterization of 
perfluorocarbon in terms of oxygen sensitivity (R1 vs. 
pO2) 

224 

6-4 Calibration line 1 for perfluorodecalin at 37°C and 5 T 225 

6-5 Calibration line 2 for perfluorodecalin at 37°C and 5 T 226 

6-6 Schematic of experimental methods and summary of 
results for experiment performed to determine whether 
pO2 estimate obtained from 19F-MRS analysis is 
reflective of the minimum, maximum, volume-averaged 
or weighted-average pO2 in a sample 

227 

6-7 Summary of results from experiment showing that 
perfluorodecalin pre-bubbled with pure oxygen gas and 
sealed in a glycol-modified polyethylene terephthalate 
container does not equilibrate quickly with the ambient 
atmosphere 

228 

6-8 Schematic illustrating the nature of a pO2 estimate 
obtained via 19F-MRS for a tissue-engineered islet graft 
and the factors that affect the estimate 

229 

6-9 R1 and pO2 results from supplementary experiment with 
human islets (S-H1) 

230 

6-10 R1 and pO2 results from supplementary experiment with 
human islets (S-H2) 

231 



 

xviii 
 

6-11 R1 and pO2 results from supplementary experiment with 
human islets (S-H3) 

232 

6-12 Light micrograph illustrating emulsified perfluorocarbon 
droplets within the scaffold material of an islet tissue-
engineered graft 

233 

6-13 Micro-CT reconstruction of a representative islet tissue-
engineered graft 

234 

6-14 Micro-CT images of a representative islet tissue-
engineered graft 

235 

6-15 R1 and pO2 results from supplementary experiment with 
porcine islets (S-P1) before correction of IE counts with 
post-experimentation DNA content measurements 

236 

6-16 Photographs illustrating a tissue-engineered islet graft 
before and after sonication, and after the graft material 
is collected for DNA quantification 

237 

6-17 R1 and pO2 results from supplementary experiment with 
porcine islets (S-P1) after correction of IE counts with 
post-experimentation DNA content measurements 

238 

6-18 Representative graph resulting from curve fitting 
analysis of raw inversion recovery data and a sample 
output showing the T1 value generated by the model 

431 

6-19 Representative set of raw inversion recovery data 
collected during analysis of samples presented in 
Suszynski et al. 

432 

Chapter 7 
  

7-1 Cross-sectional illustration from the anterior view 
showing a native kidney and kidneys being preserved 
by anterograde or retrograde persufflation 

302 

7-2 Historical timeline of significant contributions to the 
development of persufflation as a method of tissue and 
organ preservation 

303 

7-3 Relative trends comparing number of donation after 
cardiac death liver, kidney, simultaneous 
kidney/pancreas and pancreas transplants performed in 
the United States between 2001 and 2009 

304 



 

xix 
 

7-4 Total numbers of donation after cardiac death 
transplants performed in the United States between 
2001 and 2009, further segregated into transplanted 
and recovered (but not transplanted fractions) 

305 

7-5 Cytology of islets treated with paramagnetic 
microparticles after 7-day co-culture 

320 

7-6 Perifusion GSIS tracing for both untreated and 
microparticle-treated porcine pancreatic islets after 7-
day culture, depicting a biphasic insulin release profile in 
direct response to an increase in perfusate glucose 
concentration (from 2.5 mM to 16.7 mM) 

321 

7-7 Histology following implantation of approximately 107 
paramagnetic microparticles under the renal capsule of 
C57BL/6 mice 

322 

7-8 T2*-weighted MRI of the control connecting/duodenal 
lobe and the experimental splenic lobe, in which infused 
microparticles resulted in well-distributed hypointense 
regions 

333 

7-9 Representative low and high magnification micrographs 
of an islet located in the experimental splenic lobe 
(distal region), illustrating minimal accumulation of 
microparticles in the acinar tissue and significant 
accumulation within islet  

334 

 

  



 

xx 
 

List of Abbreviations 

2D  two-dimensional 

3D  three-dimensional 

7-AAD  7-aminoactinomycin D 

19F-MRI fluorine-19 magnetic resonance imaging 

19F-MRS fluorine-19 magnetic resonance spectroscopy 

ADP  adenosine diphosphate 

AMP  adenine monophosphate 

AO  acridine orange 

A-PSF  anterograde persufflation 

ATP  adenosine triphosphate 

AUC  area-under-the-curve 

AVF  anoxic volume fraction 

B0  external magnetic field 

C  calcein AM 

CD3  cluster of differentiation 3 

CL  calibration line 

COV  coefficient of variation 

CPB  cardiopulmonary bypass 

CPS  cold preservation solution 

CT  celiac trunk 

∆OCRglc difference between oxygen consumption rates at high and low glucose 

levels 

δt thickness of thrombus 

DCD donation after cardiac death 



 

xxi 
 

DCCT Diabetes Control and Complications Trial 

DNA  deoxyribonucleic acid  

DR  diabetes reversal 

DTZ  diphenylthiocarbazone 

EB  ethidium bromide 

EDIC  Epidemiology of Diabetes Interventions and Complications 

EH  ethidium homodimer 

ELISA  enzyme-linked immunosorbent assay 

EM  electron microscopy 

EP  Edmonton protocol 

EU  endotoxin unit 

FACS  fluorescence-activated cell sorting 

FDA  Food and Drug Administration 

FM  fluorescence microscopy 

GSIS  glucose-stimulated insulin secretion 

HE  hematoxylin and eosin 

HIF-1α  hypoxia inducible factor-1 alpha 

HMP  hypothermic machine perfusion 

HPLC  high-performance liquid chromatography 

HT  heat-treated 

IBMIR  instant blood-mediated inflammatory reaction 

IE  islet equivalent 

IL-2  interleukin-2 

INS-1  insulinoma-1 

IT  islet transplantation 



 

xxii 
 

kgBW  kilogram of body weight 

LC/MS/MS electrospray tandem mass spectroscopy 

mAb  monoclonal antibody 

MMP  mitochondrial membrane potential 

MP  microparticle 

MS  magnetic separation 

mTOR  mammalian target of rapamycin 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

NFVF  non-functional volume fraction 

NMB  nude mouse bioassay 

OBS  oxygen biosensor system 

OCR  oxygen consumption rate 

OCR/DNA oxygen consumption rate normalized to DNA content 

OCRGS  glucose-stimulated oxygen consumption rate 

OCRhglc oxygen consumption rate at high glucose level 

OCRlglc  oxygen consumption rate at low glucose level 

OCRTX  transplanted oxygen consumption rate 

PETG  glycol-mediated polyethylene terephthalate 

PFC  perfluorocarbon 

PFD  perfluorodecalin 

PI  propidium iodide 

POD  post-operative day 

PP  pancreatic polypeptide 

PS  phosphatidylserine 

PSF  persufflation 



 

xxiii 
 

pO2  oxygen partial pressure 

QMS  quadrupole magnetic sorting 

R1  longitudinal relaxation rate 

Ri  islet radius 

RFU  relative fluorescence unit 

RLU  relative luminescence units 

R-PSF  retrograde PSF 

SCS  static cold storage 

SD  standard deviation 

SE  standard error 

SIR  sirolimus 

SLM  standard light microscopy 

SMA  superior mesenteric artery 

SOD  superoxide dismutase 

SYTO  commercially-available green membrane-permeable fluorescent dye 

T1  spin-lattice relaxation time 

T1D  type 1 diabetes 

T2  spin-spin relaxation time 

T2D  type 2 diabetes 

TAC  tacrolimus 

TE  tissue-engineered 

TF  tissue factor 

TLM  two-layer method 

TNF  tumor necrosis factor 

UNOS  United Network for Organ Sharing 



 

xxiv 
 

UV  ultraviolet 

UW  University of Wisconsin solution 

VADFMK membrane-permeable caspase ligand (inhibitor) 

VEGF  vascular endothelial growth factor 

WIT  warm ischemia time 



1 
 

CHAPTER 1: Background, Objectives and Summary 

 

Background 

Diabetes mellitus describes a class of disease characterized by a defect of carbohydrate 

metabolism and an inability to control blood glucose levels within the normal range. The 

term ‘diabetes’ is derived of the Greek word διαβήτης meaning ‘siphon’ and ‘mellitus’ is a  

Latin word meaning ‘honeyed or sweetened’ – both referring to cardinal features of the 

disease (polyuria, glycosuria). There are two main types of diabetes mellitus, type 1 

diabetes (T1D) and type 2 diabetes (T2D), and each has distinct pathophysiology and 

onset; T1D is caused by near-total or total autoimmune destruction of the insulin-

secreting β-cells in the native pancreas and is characterized by relatively rapid onset, 

whereas T2D is caused by the development of glucose intolerance resulting from a 

number of non-immune phenomena (peripheral insulin resistance, metabolic stress, 

amyloidosis) and is characterized by relatively gradual onset. T1D and T2D exhibit 

different environmental [1; 2; 3; 4; 5; 6; 7] and genetic associations [5; 8; 9; 10]. However, 

it can be argued that both diseases manifest due to a single reason – the β-cell mass is 

insufficient for tight glycemic regulation. Before insulin therapy became available, most 

patients with T1D became severely fatigued, would lose significant amounts of weight 

due to both dehydration and starvation, and would need to be maintained on strict diets 

in order to survive [11]. Since the discovery of insulin in 1921-1922 by Dr. Frederick G. 

Banting and Charles H. Best at the University of Toronto [12; 13; 14], the acute effects of 

uncontrolled hyperglycemia (ketoacidosis, dehydration, confusion, coma and death) 

became preventable.  
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Exogenous insulin administration has enabled patients to live with diabetes. However, 

this therapeutic approach is not perfect. Patients that require daily insulin injections find 

it cumbersome to manage their disease. These patients are more susceptible to 

dangerous hypoglycemic excursions caused by inaccurate insulin dosing. Furthermore, 

though the acute, life-threatening effects of diabetes are avoided, the chronic effects are 

not. Most patients with diabetes eventually develop micro- and macro-vascular 

complications affecting all organs and in particular the eyes (retinopathy), kidneys 

(nephropathy), autonomic and peripheral nerves (neuropathy) [15], of which the timing 

and severity depends on the degree of blood glucose control [16; 17; 18; 19; 20; 21; 22; 

23; 24]. From 1983-1993, ~1400 patients with T1D at 21 different U.S. and Canadian 

centers were enrolled in a randomized clinical trial (the Diabetes Control and 

Complications Trial [DCCT]) in which about half of patients were assigned to undergo 

intensive insulin therapy (≥3 daily injections or pump) and half were assigned to undergo 

standard insulin therapy (1-2 daily injections) [16]. The results of the DCCT at a mean of 

6.5 years of follow-up indicated that intensive insulin therapy delayed the onset and 

slowed the progression of major diabetic complications [18]. Similar findings were 

observed in the Stockholm Diabetes Intervention study conducted with fewer patients 

(~100) but similar follow-up (7.5 years) [19]. After the DCCT was terminated by an 

independent data monitoring committee, most of the enrolled patients were re-enrolled in 

the Epidemiology of Diabetes Interventions and Complications (EDIC) study, aimed to 

continue following these patients [20; 21; 22; 24]. The results of this ongoing study have 

been reported over the last decade and have indicated that the intensive insulin therapy 

early in the disease course exhibited sustained reduction in the risk of progressive 

diabetic complications [20; 21; 24; 25] and cardiovascular disease [22] despite 

worsening glycemic control. Even though the DCCT and EDIC involved patients with 
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T1D, the same lower risk of microvascular complications have been shown in patients 

with T2D receiving intensive insulin therapy [23; 26]. Collectively, these studies illustrate 

that tight glycemic regulation with exogenous insulin can prevent many of the long-term 

effects of diabetes. However, the primary adverse event associated with intensive insulin 

administration is severe hypoglycemia, which in some cases has been shown to occur 2-

3 times more frequently with such therapy [17; 18], and which suggests that daily insulin 

injections cannot mimic the feedback-controlled secretory function of pancreatic β-cells.  

 

In December of 1966, Drs. William D. Kelly and Richard C. Lillehei at the University of 

Minnesota performed the first (segmental) pancreas transplant [27]. This graft failed due 

to technical reasons and rejection, however this experience initiated a series of an 

additional 13 pancreaticoduodenal transplants performed from 1966-1973 [28; 29]. Of 

these grafts, only 1 survived with function for >1 year, but these efforts indicated that 

glycemic normalization was possible with pancreas transplantation. Most of the first 14 

pancreas transplants (8/14) were characterized by technical complications, which 

initiated the first clinical series of islet transplants in 1974-1978 [29; 30; 31; 32] – a much 

less technical and invasive procedure. Whether pancreas or islet transplantation, the β-

cell mass is replaced in order to reverse (allo-) or prevent (auto-) overt diabetes and its 

complications. Numerous studies have shown that islet [33; 34; 35; 36; 37] or pancreas 

transplants [38; 39; 40; 41] can either prevent the progression or encourage regression 

of microvascular diabetic complications like retinopathy [33; 35; 36; 37; 41], glomerular 

nephropathy [33; 34; 36; 37; 38; 39], and polyneuropathy [36; 37; 40; 42]. Several 

studies have directly compared outcomes with standard [40; 42] or intensive medical 

(insulin) therapy [35; 36; 37], all showing improved complication profile following β-cell 

replacement therapy with either pancreas or islet transplantation. 
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Both allogeneic pancreas and islet transplant remain potential therapeutic options for the 

treatment of diabetes. Data have indicated that long-term allo-islet outcomes have 

improved in the last decade [43; 44; 45; 46; 47; 48; 49; 50; 51; 52], and are comparable 

to outcomes following pancreas transplant (~50% insulin independence at 5-years) [51]. 

Islet transplant remains intriguing because it is less invasive and technically-demanding 

than pancreas transplant, retains the potential of treating multiple diabetic recipients with 

a single donor pancreas, may require less immunosuppression and may reduce overall 

health care costs (decreased hospital stay) [53]. Islet transplant is currently being 

undertaken in a phase III multicenter clinical trial for these reasons. However, 

widespread applicability for islet transplant currently remains unattainable in part due to 

limitations in the accurate characterization of the quality and potency of islet 

preparations, the possibility that the intraportal transplant site may not be optimal and 

that tissue-engineered approaches may enable improved islet engraftment. The work 

presented in this thesis aims to improve our understanding in these areas in hope that 

islet transplantation can be used to successfully treat many more diabetics.  

 

Objectives and Summary 

The objectives and summary of work presented in each of the remaining chapters is 

briefly presented herein.  

 

Chapter 2 is a reproduction of our published review article (Papas et al. [54]) which 

details the current status of clinical islet product assessment prior to transplant. This 

article critically reviews the approaches used to characterize islet safety, quantity, and 

quality (including viability and potency), with an emphasis on the most promising assays 
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that are based on the assessment of mitochondrial function (detection of high-energy 

phosphates, mitochondrial membrane potential, oxygen consumption rate).  

 

Chapter 3 is a reproduction of our published study (Suszynski et al. [55]) which 

describes an islet quality assessment assay based on measuring the ATP/DNA ratio, 

and compares its efficacy in predicting islet viability with a commonly used assay based 

on the ADP/ATP ratio. Results of the study indicate that the ATP/DNA ratio better 

predicts islet viability as compared to the ADP/ATP ratio because it can account for non-

viable cells. 

 

Chapter 4 is a copy of a manuscript in preparation that describes a theoretical diffusion-

reaction model which can predict the formation of an anoxic, non-viable core or hypoxic, 

non-functional core within an intraportally transplanted islet. The model examines the 

impact of four variables that affect the islet oxygenation (islet size and viability, available 

oxygen supply, thrombus formation). Results of the study indicate that islet size exhibits 

the greatest relative impact on anoxic or non-functional islet volume fractions, but that all 

model variables contribute synergistically to the degree of islet oxygenation. 

Extrapolation of model results to an entire islet preparation suggests that a significant 

fraction of the total islet volume may be non-viable or non-functional following intraportal 

transplantation. 

 

Chapter 5 is a copy of a review in preparation that describes tissue-engineered graft or 

device design taking into account the provision for oxygen supply that is available. The 

review discusses the importance of accounting for oxygen transport limitations when 

designing a tissue-engineered graft or device. In addition, the review summarizes the 
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design parameters that are critical to consider from the standpoint of oxygenation, and 

specifically discusses the impact of improved oxygen supply and permeability on graft or 

device size and cell or tissue seeding densities.  

 

Chapter 6 a reproduction of our published study (Suszynski et al. [56]) which describes 

the use of fluorine magnetic resonance spectroscopy (19F-MRS) in the assessment of 

tissue-engineered islet graft viability. 19F-MRS measurements in combination with 

diffusion-reaction theory can be used to estimate the fractional viability (OCR/DNA) of 

the islets seeded within the graft. The techniques described in the publication and newer 

data are presented in this chapter. 19F-MRS and the associated theory could be used for 

the non-invasive pre- and possibly post-transplant assessment of tissue-engineered islet 

graft viability by estimating the OCR/DNA. 

 

Chapter 7 is a reproduction of several publications illustrating other related work aimed 

at improving islet product quality through improvements in pancreas preservation 

(Suszynski et al. [57]) and islet isolation (Suszynski et al. [58]; Rizzari et al. [59]). Given 

the complexity of islet transplantation, it is important to improve each step involved in 

process (islet isolation, purification, culture, shipping, assessment and engraftment). 

These publications are meant to illustrate some of the work done in a few of these other 

related areas. Additional work done is not presented [60; 61; 62; 63; 64; 65; 66; 67]. 

 

Future work will include developing non-invasive methods for the accurate measurement 

of the oxygen partial pressure at the level of the intraportally transplanted islet, to 

determine the validity of conclusions drawn in Chapter 4. Other future work will include 

developing corollary methods for the characterization of tissue-engineered islet graft 
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viability, and may include development of a bioreactor system that incorporates flow-

through oxygen sensors that would directly measure the overall oxygen consumption 

rate based on a species mass balance. Translation of the 19F-MRS technique described 

in Chapter 6 for non-invasive estimation of the in vivo oxygenation status may enable 

characterization of the transplant milieu, and any events occurring near or around a 

transplanted graft that would otherwise impact the oxygen supply (such as inflammation, 

vascularization). 
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CHAPTER 2: Islet Assessment for Transplantation 

 

Papas K.K., Suszynski T.M., Colton C.K. Islet assessment for transplantation. Curr Opin 

Org Transplant. 14(6): 674-682 (2009) 

 

Permission to reproduce the above publication was given by Wolters Kluwer Health, and 

the agreement (license number: 2924370581699) is found in Appendix 2-1 

 . 

 

 

  



 

9 
 

Summary 

There is a critical need for meaningful viability and potency assays that characterize islet 

preparations for release prior to clinical islet cell transplantation. Development, testing, 

and validation of such assays have been the subject of intense investigation for the last 

decade. These efforts are reviewed, highlighting the most recent results while focusing 

on the most promising assays. Assays based on membrane integrity do not reflect true 

viability when applied to either intact islets or dispersed islet cells. Assays requiring 

disaggregation of intact islets into individual cells for assessment introduce additional 

problems of cell damage and loss. Assays evaluating mitochondrial function, specifically 

mitochondrial membrane potential, bioenergetic status, and cellular oxygen consumption 

rate, especially when conducted with intact islets, appear, appear most promising in 

evaluating their quality prior to islet cell transplantation. Prospective, quantitative assays 

based on measurements of oxygen consumption rate with intact islets have been 

developed, validated, and their results correlated with transplant outcomes in the 

diabetic nude mouse bioassay. More sensitive and reliable islet viability and potency 

tests have been recently developed and tested. Those evaluating mitochondrial function 

are most promising, correlate with transplant outcomes in mice, and are currently being 

evaluated in the clinical setting. 
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Abbreviations 

2D  two-dimensional 

3D  three-dimensional 

7-AAD  7-aminoactinomycin D 

ADP  adenosine diphosphate 

AO  acridine orange 

ATP  adenosine triphosphate 

C  calcein AM 

∆OCRglc difference between oxygen consumption rates at high and low glucose 

levels 

DNA  deoxyribonucleic acid  

DTZ  dithizone 

EB  ethidium bromide 

EH  ethidium homodimer 

ELISA  enzyme-linked immunosorbent assay 

EU  endotoxin unit 

FACS  fluorescence-activated cell sorting 

FDA  Food and Drug Administration 

FM  fluorescence microscopy 

GSIS  glucose-stimulated insulin secretion 

IE  islet equivalent 

IT  islet cell transplantation 

kgBW  kilogram of body weight 

MMP  mitochondrial membrane potential 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
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NMB  nude mouse bioassay 

OBS  oxygen biosensor system 

OCR  oxygen consumption rate 

OCRGS  glucose-stimulated oxygen consumption rate 

OCRhglc oxygen consumption rate at high glucose level 

OCRlglc  oxygen consumption rate at low glucose level 

OCRTX  transplanted oxygen consumption rate 

PI  propidium iodide 

PS  phosphatidylserine 

pO2  oxygen partial pressure 

SLM  standard light microscopy 

SYTO  commercially-available green membrane-permeable fluorescent dye  

VADFMK membrane-permeable caspase ligand (inhibitor) 
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Introduction 

Islet transplantation (IT) is emerging as a promising approach for the treatment of 

selected patients with type 1 diabetes mellitus [52; 68; 69; 70; 71; 72; 73; 74]. IT is 

currently in a phase III multicenter clinical trial to determine whether it will become the 

standard of care. There is an urgent need for reliable assays that characterize the islet 

product for release prior to transplantation. Development of such assays is mandated by 

the US Food and Drug Administration (FDA) and has been the subject of investigation 

for the last decade. To provide a framework for understanding the current state of the art, 

this article first reviews the numerous approaches that have been proposed and tested, 

then focuses on the most recent results and promising assays for clinical IT. 

 

Current specifications for lot release prior to clinical islet transplantation 

The FDA mandates that for any cellular and tissue-based product, the manufacturer 

must be able to demonstrate that it can be safely and reproducibly manufactured [75]. 

This assessment is generally done by characterizing the product and establishing 

specifications for release. Lot release specifications for islet products include 

demonstration of safety (i.e., sterility, mycoplasma, pyrogenicity/endotoxin, and freedom 

from adventitious agents) and assessments of several key product characteristics that 

include, but are not limited to, identity, purity, viability, and potency. The current 

specifications for release of islet products within the United States are summarized in 

Table 2-1. These specifications function to exclude preparations that are contaminated, 

highly impure, grossly damaged, or do not contain significant numbers of islets. It is 

currently accepted that these specifications provide reasonable estimates of islet safety, 

identity, and purity, but do not provide meaningful measures of viability or potency of the 

preparation [76; 77; 78; 79]. Therefore, the establishment and validation of useful islet 
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viability and potency tests is urgently needed. The sections that follow focus on existing 

and emerging islet viability and potency tests, including those that are based on 

measurements of oxygen consumption rate (OCR), which appear to be the most 

promising. 

 

Limitations of the tests currently used for islet lot release prior to clinical 

transplantation 

Many of the methods currently used to assess islet preparations were developed nearly 

20 years ago [80]. The advantages and limitations of tests currently used for islet 

product release, which were recently discussed in detail [81], are summarized in Table 

2-2. 

 

Sampling from an islet suspension 

An important issue in characterizing islet preparations, relevant to all assays, is sampling. 

Obtaining a sample that is representative of the whole preparation is critical [80; 81]. 

Nevertheless, maintaining a homogeneous islet suspension while sampling is 

challenging, as islets settle rapidly. Differences in the size and the density of aggregates 

can lead to significant differences in settling velocity and exacerbate this problem. The 

extent of the systematic error introduced during this type of sampling is unknown. To 

minimize random error during sampling, multiple replicates should be collected. However, 

the additional 

time and analysis required for collection of multiple samples and the concern about 

introducing contamination and removing islets that otherwise could be transplanted to 

benefit the recipient all pose limitations. Currently, only duplicate samples of 100-ml 
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(derived from a 100-ml islet suspension) are collected and counted, an amount that may 

or may not represent the entirety of the preparation. 

 

Measurements of the amount of islet tissue 

Quantification of the total amount of islets in an islet preparation is critical because it 

ultimately determines the islet dose that is transplanted. The method most widely used 

currently is manual, visual counting of islet equivalents (IEs) under a light microscope 

following dithizone (DTZ) staining to determine the total volume of islet tissue and its 

purity. This method has advantages and limitations (see Table 2-2) that are described in 

detail elsewhere [80; 81]. Methods for estimating the total number of cells or volume of 

tissue in a preparation include measurements of intracellular DNA, cellular nuclei counts, 

large particle flow cytometry [82], and packed tissue volume. These methods do not 

provide islet or β-cell-specific information, so they require an independent estimate of the 

purity (fractional volume of islets tissue or β-cells). Such estimates can be obtained 

using a variety of methods [81], including morphological analysis with electron and light 

microscopy [83], immunohistochemistry with either laser scanning confocal microscopy 

or laser scanning cytometry [84]. Recent studies indicate that conventional DTZ staining 

overestimates purity by 20–30% as compared with measurements using electron and 

light microscopy [85] and total number of IEs by as much as 90% [83] as compared with 

recently developed, more accurate methods that combine nuclei counting with light 

microscopy. 

 

Measurements of viability 

The current viability assay used for clinical islet product release is based on assessing 

membrane integrity with fluorescein diacetate/propidium iodide (FDA/PI) (see Table 2-1). 
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Strengths and limitations of this assay are outlined in Table 2 and detailed elsewhere [80; 

81]. A major limitation of this assay is that it does not reflect true viability because it may 

not account for cells undergoing early apoptosis or dying by other modes of cell death, 

during which cells have not yet developed damage to their cell membrane. Furthermore, 

it does not correlate with the diabetic nude mouse bioassay (NMB) or clinical IT 

outcomes. 

 

Measurements of islet function (potency)  

The β-cells within the islets have a specific, dedicated function, that is, the dynamic 

release of insulin in response to a glucose stimulus. Therefore, one would expect that 

assessment of islet function should be straightforward, particularly if the insulin secretion 

rate of a preparation can be easily measured. Measurements of basal and glucose-

stimulated insulin secretion (GSIS) could theoretically be used to provide a meaningful 

measure of the amount of viable and functional IEs (or β-cells) in a preparation if one 

assumes that insulin secretion from an islet population is relatively constant when 

normalized on a per viable IE or per viable b-cell basis. Unfortunately, GSIS does not 

correlate with clinical transplant outcomes [78; 79; 86]. There are several probable 

reasons for this persistent finding. Stresses associated with pancreas preservation, islet 

isolation, and islet purification may lead to extensive degranulation, insulin leakage (from 

dead or dying islet cells), or both. Conceivably, islets that do not secrete insulin at 

expected rates, but are nonetheless viable,may recover when transplanted into the 

recipient. In other words, low GSIS may not necessarily imply irreversibly impaired 

secretory function and, thus, GSIS does not correlate with clinical outcomes. 

Furthermore, insulin leakage from dead or damaged cells may be difficult to account for 

(because this contribution to the total insulin cannot be reliably estimated), may interfere 
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with proper calculation of insulin secretion rate and stimulation index, and may 

complicate the interpretation of the results of the GSIS assay. Insulin secretion is also 

particularly sensitive to the local oxygen partial pressure (pO2), and assay procedures 

usually do not account for that [87].  

 

The mouse bioassay as an in-vivo islet potency test and a surrogate islet potency 

validation tool 

According to the FDA [75], a suitable potency assay is the one that demonstrates that 

the clinical product possesses the specific ability to provide the desired clinical effect. 

The diabetes reversal resulting from islets engrafted under the kidney capsule of 

immunodeficient nude mice correlates with clinical transplant outcomes and is currently 

accepted as the gold standard for testing islet potency [78; 79; 88; 89]. However, the 

time (days to weeks) required for this assay to produce interpretable results renders it 

retrospective. Nonetheless, correlation of real-time, in vitro tests with transplant 

outcomes in the NMB can establish other such tests as acceptable surrogate potency 

tests. Several recently proposed islet potency tests are, therefore, being judged on the 

basis of their ability to predict diabetes reversal in the NMB [84; 90; 91; 92; 93; 94; 95; 

96; 97; 98; 99; 100; 101]. Even though the NMB is the premiere method available to 

researchers for the assessment of islet potency, it suffers from numerous limitations (see 

Table 2-3). These limitations include the length of time required to obtain a meaningful 

outcome, the complexity of the surgical procedure, the difficulties in maintaining diabetic 

mice healthy and timing diabetes induction with the unpredictable availability of human 

islets, the negative impact of impurities on outcome [79; 102; 103; 104], the transplant 

site (the kidney capsule), which may be more prone to the presence of impurities and/or 

dead tissue than the clinical transplant site (the liver), and the inability to account for 
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immune rejection or the effects of immunosuppressive drugs that are present in the 

clinical setting. There have been recent attempts [105; 106] to provide other in-vivo islet 

potency tests that are alternatives to the diabetic NMB. These alternatives can 

potentially overcome some, but not all, of the limitations of the NMB. 

 

Desired characteristics of islet potency tests 

The assays under consideration for use as potency tests for islet characterization prior to 

clinical transplantation should be reliable, cost-effective, operator-independent, 

reproducible and transferable to other laboratories, work with relatively small (yet 

representative) islet numbers (100–500 IEs), not require islet handpicking (which may 

bias the results), and should be able to provide real-time results (i.e., completed within 

hours). Given the heterogeneity of islet preparations and the intrinsic difficulties in 

characterizing them, assays that possess all of the desired characteristics may be very 

difficult to develop. This difficulty is reflected in the fact that, despite the intense effort 

dedicated to develop, implement, and validate a number of assays over the last decade, 

consensus behind any single assay has not yet been reached. Key viability and potency 

assays under consideration for the assessment of clinical islet preparations are 

described next. 

 

Islet viability and potency tests under consideration 

Table 2-4 [55; 76; 79; 81; 84; 90; 92; 93; 94; 95; 96; 98] summarizes some of the more 

recently explored assays used in islet quality assessment, highlighting their key 

strengths and identified weaknesses. Despite the landscape of flavors available to 

researchers, many of these assays are most valuable when used in the study of 

individual cells rather than cell aggregates. Islets are three-dimensional, multicellular 
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aggregates composed of several different cell types, including the β-, α-, δ-, and 

pancreatic polypeptide cells. Most assays used to assess cellular viability, apoptosis, or 

mitochondrial health have been designed for suspensions or cultures of individual cells, 

not aggregates. Consequently, the development of techniques to study the quality of an 

islet preparation provides unique challenges. Because the diameter of an IE is 150 mm, 

it is necessary to consider mass transport limitations, particularly if an assay relies on 

the availability of molecular oxygen. The relatively large size of the islet makes 

fluorescence microscopy difficult, subjecting any such analysis to background signal and 

operator bias that is simply unique to the study of intact multicellular clusters. To 

circumvent some of the islet shape and size limitations, techniques have been 

developed to break apart the islets. Digestion with serine proteases and mechanical 

agitation may be used to dissociate islets into suspensions of their constituent cells, but 

these techniques result in significant damage to the cells and possibly death by anoikis 

[107; 108], leading to the loss of as much as 50% of the original cell populations [109; 

110; 111]. To minimize the problems associated with islet disaggregation, gentler 

formulations have been created and used [84]. Yet, it is unclear whether the negative 

effects of dissociating individual islet cells from one another can be fully minimized. 

Furthermore, islet preparations have varying amounts of impurities, which complicate the 

use of any technique designed with the expectation that the studied tissue is comprised 

entirely of islets. Differentiating the nonendocrine tissue from the islets poses additional 

difficulties. 

 

Cell membrane integrity tests 

These assays interrogate the integrity of the cellular plasma membrane and rely on 

differential staining using newer combinations of both cell membrane-permeable and 
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impermeable dyes [76; 81], but have been unable to fully obviate the problems 

encountered with the current viability stains used prior to product release (i.e., FDA/PI). 

In fact, some of these proposed stains introduce new issues such as islet toxicity [81]. 7-

Aminoactinomycin D (7-AAD, a membrane-impermeable dye) has been used on 

disaggregated cells in combination with flow cytometry (fluorescence-activated cell 

sorting or FACS) to enable quantification of the fraction of cells that are viable by 

membrane integrity, but the method nonetheless requires the undesirable dissociation of 

the intact islets [81]. An alternative approach relies on sequential staining of membrane-

compromised cells within intact islets using 7-AAD. After initially staining with 7-AAD, the 

nuclei of the entire preparation are released from intact islets using a detergent and 

subsequently counted by hemocytometer or FACS [112; 113]. The initial count (of 

nonviable cells) is divided by the second count (of total nuclei) to present a ratio 

equivalent to fractional viability. This technique bypasses the limitations associated with 

disaggregation of multicellular spheroids such as islets; however, as a membrane 

integrity test, it only accounts for dead cells with compromised cell membranes [81; 113]. 

 

Other cell death and mitochondrial assays 

Several assays attempt to characterize the degree of apoptosis within islet preparations 

[94; 96]. These assays may depend on the timing of the measurement as it relates to the 

onset of apoptosis. The magnitude and timing of the responses may also vary between 

cell types and the unique nature, intensity, and duration of encountered stresses [81]. 

Importantly, these cell death markers may not be reliable indicators of irreversible 

damage. Even though mechanistic information regarding the cell death process can be 

obtained, individual assays may not capture all dying cells and still suffer from limitations 

that are related to islet size and its three-dimensional structure. A recent study [94] 
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describes a method to study several apoptosis and cell death-related markers (including 

VADFMK, Annexin V, and Fura Red) simultaneously using FACS and shows that this 

sort of multiparametric analysis may more reliably characterize the quality of an islet 

sample. Another study [96] describes an elegant approach to combine fluorescence 

imaging of mitochondrial membrane potential (MMP) and Ca2+ leakage with 

measurements of insulin secretion, determined by ELISA. The system involved perfusing 

a microfluidic chip containing intact islets. The future of islet quality assessment may 

continue to leverage these types of multimodal techniques in the attempt to map a 

quality ‘fingerprint’ of islet preparations prior to their consideration for transplantation. 

Assays have also been developed to probe the state of mitochondrial health, which span 

a range of relevant indicators, through assessing the ability of a cell to reduce 

tetrazolium salts [81; 98], to replenish ATP [55; 92; 93; 95], or to maintain MMP [81; 84; 

96]. Tetrazolium salt assays such as MTT have fallen slightly out of favor because many 

variables, not limited to mitochondrial activity, can affect the ability of a preparation to 

reduce tetrazolium salts [81]. In contrast, tests that measure the relative abundance of 

high-energy phosphates (or the ADP/ATP ratio) have reportedly shown promise in 

predicting IT outcome in mice [92; 93]. However, the ADP/ATP ratio must be interpreted 

with caution because the concentrations of these metabolites fluctuate rapidly with 

changing conditions. Furthermore, as recently pointed out [55], the ADP/ATP ratio does 

not reflect the true viability of an islet preparation, and unlike the ATP/DNA ratio, fails to 

account for nonviable cells containing no ADP or ATP. Additionally, even though ATP 

and ADP measurements are simple, inexpensive, and quick to obtain, islet ADP 

measurements based on luminescence may be unreliable as they frequently provide 

negative concentration estimates [55]. MMP dyes are used as surrogate measures of 

mitochondrial health in that they preferentially accumulate in healthy and polarized 
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mitochondria. Both laser scanning cytometry [84] and the microfluidic system described 

earlier [96] have been used to correlate MMP with the quality of preparations composed 

of dissociated and intact islets, respectively. 

 

Oxygen consumption rate 

Measurements based on OCR, which is related to mitochondrial function, have been 

extensively used to assess the viability and health of cells in a variety of fields [114; 115; 

116; 117; 118; 119], including islets [91; 97; 98; 99; 120; 121; 122] and β-cell lines in 

tissue-engineered constructs [123; 124; 125]. Several groups [91; 97; 99; 121] have 

recently focused their efforts on characterizing islet viability and potency using OCR 

measurements, and in some cases, correlating these measurements with outcomes in 

the NMB. Reports [91; 97; 98; 99; 120; 121; 122] on islet respiratory activity include 

measurements based on scanning electrochemical microscopy [92] and oxygen-

sensitive phosphorescence lifetime or fluorescence intensity in a variety of 

configurations. The instrumentation and methodologies employed along with the 

strengths and limitations of each approach are outlined in Table 2-5. The approach for 

indirectly measuring OCR using fluorescence intensity in a multiwell plate oxygen 

biosensor system (OBS) has the distinct advantage of being high throughput and 

convenient, but in its current form, suffers from several major limitations that prohibit its 

reliable use [81; 91]. Recent efforts to bypass some of the inherent limitations of the 

OBS [126] may enable more reliable and effective use of this method in islet potency 

assessment. Recently published data obtained with the most basic approach, using 

optical pO2 sensors in stirred microchambers [98], demonstrate that transplanted OCR 

(OCRTX, a measure of the amount of viable transplanted tissue) and OCR/DNA (a 

measure of viability) are sufficient when used in combination to predict outcomes in 
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diabetic mice transplanted with rat [120; 121], porcine [98], and human [81; 97; 99; 122] 

islets. These studies suggest that information on the functional capacity of the islets or β-

cells is not necessary for predicting transplantation outcomes in mice. In fact, the most 

recently reported study [121] with rat islets transplanted in immunosuppressed diabetic 

mice clearly demonstrated this relationship between OCRTX and OCR/DNA of the 

transplanted islets and diabetes reversal in mice. When the results of these 

transplantations were plotted such that the ordinate was OCRTX and the abscissa was 

OCR/DNA of the transplanted islet sample, the data segregated into three regions: an 

upper and right-most portion in which diabetes was reversed in all animals, a lower left 

portion in which diabetes was not reversed in any animals, and a narrow band in the 

middle in which both outcomes were represented. In this study [121], sensitivity and 

specificity analyses on OCRTX and OCR/DNA exhibited values of 93 and 94%, 

respectively, in predicting diabetes reversal. Importantly, the marginal mass for diabetes 

reversal was not fixed [121] but rather depended on OCR/DNA and increased from 2800 

to over 100,000 IEs per kilogram recipient body weight (kgBW) as OCR/DNA decreased. 

These findings are consistent with reports that neither OCRTX nor OCR/DNA, when used 

individually, correlated with transplant outcomes in mice [79; 127]. 

 

Correlation of transplantation outcomes with rat islets was substantially better than that 

obtained with human islet preparations [97]. There are several likely explanations for this 

finding, which include the absence of nonislet tissue in rat preparations, the large 

fraction of nonviable tissue at low OCR/DNA, and the large number of human islets, in 

contrast with the small number of rat islets, required to reverse diabetes in mice. The 

predicted probabilities of diabetes reversal with rat islet transplants were sharply defined 

with a large domain at 100% cure, whereas the analogous plot for human islet 
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transplants [97] had angled contours of roughly constant slope with virtually no domain 

of 100% cure, although such a domain might have been attainable if there had been 

preparations of higher OCR/DNA. The absence of data in the high OCR/DNA range was 

a limitation of the study with human islets [97]. Data obtained with a porcine-to-

nonhuman primate (xenogeneic) model suggest that sustained insulin independence is 

dependent on both OCRTX per kgBW and OCR/DNA (unpublished observations). 

Interestingly, initial data obtained with pure and impure clinical autologous and single-

donor, allogeneic islet transplants suggest that in these cases (especially islet 

autotransplants), the OCR dose normalized per kgBW alone may sufficiently correlate 

with clinical outcomes (unpublished observations). Of particular interest are attempts to 

extract information on islet potency based on glucose-stimulated OCR, which may be 

more representative of β-cells and their functional capacity [91; 92; 99; 120; 122]. This 

index has been represented either as a ratio of the measured OCR in the presence of 

high glucose divided by the OCR in low glucose (OCRhglc/OCRlglc) or simply the 

difference in measured OCR in the presence of high and low glucose (∆OCRglc) [99; 120; 

122]. Studies detailing these procedures report reasonable correlations with the NMB 

and suggest that there may be an advantage in using these indices for clinical islet 

potency assessment. It remains to be seen whether the challenges associated with 

widespread implementation and inherent limitations of these complicated methodologies 

[81] can be overcome and whether the promising results attained with research models 

will translate into the clinical setting. Work currently under way with clinical 

autotransplant and allotransplant and preclinical xenotransplant models is expected to 

provide further insight into these issues and helps identify and establish islet potency 

tests that are truly predictive of transplant outcomes.  
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Conclusion 

The islet product release criteria that screen preparations before clinical allogeneic IT 

are currently unable to predict posttransplant success from failure. More sensitive and 

reliable islet viability and potency tests have been recently developed and tested. Those 

tests that assess mitochondrial function, particularly those ones that measure the OCR 

of an islet preparation, appear to be the most promising and correlate with transplant 

outcomes in the NMB. These tests are currently being evaluated in the clinical setting, 

and preliminary results are encouraging. Assays that characterize cell composition and 

molecular profiles may be useful to further define the islet product and may provide 

useful information on islet immunogenicity and proinflammatory potential. The recent 

clinical success in reversing diabetes with single-donor, allogeneic ITs will further 

enhance our ability to define potency tests and islet characteristics that are predictive of 

transplant outcome. 
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Table 2-1: Product release criteria for clinical islet preparation 

Type of test Product test Specification Type of sample 

    
Safety Endotoxin  <5 EU/kg 

Supernatant of islet 
suspension in transplant 
media 

   
 Gram stain No organisms detected within 

limits of assay 
   
Identity Islet count (IEs/kgBW) 5000-20,000 (1st transplant) 

3000-20,000 (Re-transplants)  
Islets in transplant media    

 Purity  ≥30% 
    

Viability Dye exclusion (FDA/PI) ≥70% Islets after overnight culture 
and in transplant media 

    
Potency Glucose stimulated insulin 

release (ELISA) 
Stimulation Index >1 Islets after overnight culture 

    
An islet equivalent is defined as a volume of islet tissue equal to that of a sphere having a 150-µm diameter (as given in 
[80; 81]). 
Abbreviations: DTZ, dithizone; ELISA, enzyme-linked immunosorbent assay; EU, endotoxin unit; FDA/PI, fluorescein 
diacetate/propidium iodide; IE, islet equivalent; kgBW, kilogram recipient body weight. 
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Table 2-2: Strengths and weaknesses of assays currently used prior to islet product release for clinical transplantation 

Assay Strengths Weaknesses 

   
Islet count (IE) Relatively easy to perform 

counts 
Visual assessment of 3D islet in 2D planes contributes to error 

 Experienced islet isolation 
centers have standardized 
procedures 

Sample may not be representative of whole preparation 

  Presence of contaminant tissue (e.g., exocrine cells, ganglia, etc) may complicate counts 

Purity (DTZ) 
 

Stain differentiates between 
exocrine and islet tissue 

Visual assessment of 3D islet in 2D planes contributes to error 

 Relative ease of use Provides no information regarding viability of preparation 

 Rapid assessment  

Cell membrane integrity 
(FDA/PI) 

Relative ease of use Visual assessment of 3D islet in 2D planes contributes to error 

 Can be performed prospectively Impossible to identify irreversibly damaged cells whose plasma membranes have not yet been permeabilized 

 Fractional viability can be 
estimated by dye exclusion 

FDA may be additionally cleaved by lipases or esterases from non-endocrine tissue, over-estimating the true islet 
viability 

  Visual counting is operator-dependent 

  Background fluorescence (with certain combinations or high concentrations of dyes) can obscure approximations 

  Counterstain may not provide enough contrast 

  Dyes rely on diffusion to penetrate into islet core 

  Lack of correlation with mitochondrial function assays, NMB and clinical outcomes 

  Does not discriminate endocrine (islet) from exocrine (contaminant) tissue 

Glucose-stimulated insulin 
secretion (GSIS) 
 

May provide information 
regarding potency of islet 
preparation 

Unable to predict true islet potency or transplant outcome 

  Islets may not be as responsive to glucose stimulus in vitro but may still reverse diabetes in vivo 

  Difficult to account for degranulation of β cells following glucose stimulus or “leaky” cells with damaged plasma 
membranes 

   

An islet equivalent is defined as a volume of islet tissue equal to that of a sphere having a 150-µm diameter (as given in [80; 81]). 
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; DTZ, dithizone; FDA/PI, fluorescein diacetate/propidium iodide; IE, islet equivalent; NMB, nude mouse bioassay). 
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Table 2-3: Strengths and weaknesses of the nude mouse bioassay 

Assay Strengths Weaknesses 

   
Nude mouse bioassay Most reliable in vivo 

assessment of islet 
potency 

Assay can only be used retrospectively (days to weeks for outcomes) 

 Results correlate with 
clinical outcome 

Impure preparations may yield false negative transplant outcomes 

  The severity and duration of the diabetic state in the mouse recipient affects the predictive 
outcome of the assay 

  Islets are transplanted under the kidney capsule, not into the hepatic portal vascular tree (and 
does not represent the current clinical protocol) 

  Mice are susceptible to developing other conditions (e.g., infection) that can also affect 
outcome 

  Does not account for immunologic rejection, autoimmune recurrence or islet toxicity associated 
with immunosuppressive agents 

  The assay has several practical challenges (e.g., induction of diabetes needs to be times with 
islet isolation) 

   

 
 

   
  



28 
 

Table 2-4: Advantages and disadvantages of assays being under consideration for clinical islet quality 
assessment 

Assay Ref. Advantages Disadvantages 

Membrane integrity tests 
SLM/FM 

C/EH 
SYTO/EB 
AO/PI 

 Similar advantages as FDA/PI 
(Table 2-1); some stains may 
exhibit greater sensitivity in 
detecting islet cell membrane 
damage 

Similar disadvantages as FDA/PI 
(Table 2-1); some dyes are 
chemically unstable or form 
crystals which result in visual 
artifacts; some dyes (like C) 
can exhibit islet toxicity 

FACS 
7-AADa 
Topro3a 

 Minimizes diffusion limitations; 
semi-quantitative; minimizes 
operator-dependence; may 
be β-cell specific; accurate 
DNA quantification using 7-
AAD sequential staining 
procedure 

 

Requires dissociation of islet 
aggregates (except with 7-AAD 
sequential staining), which can 
cause irreversible cell damage 
and loss; gating cellular 
subpopulations in FACS is 
subjective; requires expensive 
equipment and training 

Other cell death and mitochondrial assays   
Caspase activation 

(VADFMKa) 
 Detects early apoptosis; rapid 

measurement 
Provides only ‘snapshot’ of early 

apoptotic events, but may not 
detect late apoptotic events or 
necrosis; may require islet 
dissociation 

PS externalization 
(Annexin Va) 

DNA fragmentation 
(TUNELa) 

Ca2+ leakage (Fura Reda) 

 May detect both apoptosis and 
necrosis 

Difficult to use prospectively 
because assay may require 
histological staining (Annexin 
V); may require islet 
dissociation 

Reduction potential 
(Tetrazolium salts) 

 Detects reducing capacity; easy 
to use; inexpensive; useful in 
comparing single variables; 
can be used with intact islets 

Salt reduction involves complex 
reactions that can be affected 
by other factors (pO2, 
composition of culture 
medium); accumulation of 
insoluble byproduct (of MTT) is 
toxic 

Bioenergetic status 
ADP/ATP 
ATP/DNA 
ATP/protein 
ATP/IE 

 Easy to use; inexpensive; low 
islet requirement (~100 IEs); 
ATP and ADP are important 
for insulin secretion; can be 
used with intact islets 

ATP concentrations fluctuate 
rapidly (half-life = ~7 seconds) 
and are sensitive to transient 
condition changes (glucose 
levels, pO2, pH); islet may have 
spatial gradients in ATP and 
ADP; ADP/ATP does not 
account for nonviable cells; 
ADP measurements by 
luminescence assay may be 
unreliable 

Mitochondrial membrane 
potential 

JC-1 
TMREa 
Rh123 

 Detects loss of mitochondrial 
polarization (early event of 
apoptosis or necrosis) 

Difficult to quantify absolute 
changes in MMP; may require 
islet dissociation 

DNA can be measured using commercial fluorimetric assay. 
aAssay has been used on islets in conjunction with FACS, which requires islet dissociation into single cells. Dissociation involves enzymatic 
digestion and serine proteases which results in disruption of cell-matrix connections, cellular damage, and death (anoikis). FACS analysis is 
associated with notable limitations, including: subjectivity in gating cell subpopulations, large sample required (~1000 IEs), high cost of 
equipment, extensive training, and complex methodology which is subject to error. 
Abbreviations: 7-AAD, 7-aminoactinomycin D (membrane-impermeable fluorescent dye); AO, acridine orange (membrane-permeable 
fluorescent dye); C, calcein AM (membrane-permeable fluorescent dye); EH/EB, ethidium homodimer or ethidium bromide (membrane 
impermeable fluorescent dye); FACS, fluorescent-activated cell sorting (or flow cytometry); FDA, fluorescein diacetate (membrane-
permeable that fluoresces green after being cleaved by nonspecific esterases); FM, fluorescence microscopy; IE, islet equivalent (defined 
as a spherical aggregate of pancreatic endocrine cells or 150-µm diameter); MMP, mitochondrial membrane potential; MTT, tetrazolium 
salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; PI, propidium iodide (membrane-impermeable fluorescent dye); PS, 
phosphatidylserine; SLM, standard light microscopy; SYTO, commercially-available membrane-permeable fluorescent dye; VADFMK, 
membrane-permeable caspase ligand (inhibitor). 
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Table 2-5: Current methodologies used in the measurement of oxygen consumption rate 

System Method Ref. Measured quantities Assayed tissue Advantages Disadvantages 

       
Perifusion bioreactor Phosphorescence 

lifetime 
[120] ∆OCRglc Rat islets Real-time of transient 

events (glucose 
responsiveness, 
Ca2+ blockade, 
protein synthesis 
inhibition); may 
provide β-cell 
specific information 

Complex system with use 
currently limited to 
research   [99] ∆OCRglc, OCRTX Human islets 

Stirred 
microchamber 

Fluorescence 
quenching 

[98] OCR/DNA, OCR/cell βTC3 cells; rat 
islets; porcine 
islets 

Quantitative, rapid 
and prospective 
assessment of an 
islet preparation; 
operator-
independent 

May not differentiate 
between OCR 
attributed to islets and 
other cells in a 
preparation (like 
acinar) 

  [97] OCRTX, OCR/DNA 
  [121] OCRTX, OCR/DNA 

Static culture Fluorescence 
microplate reader 

[122] OCRGS, 
OCRhglc/OCRlglc 

Non-human 
primate islets; 
human islets 

Simple, inexpensive 
and rapid 
assessment 

May not provide accurate 
estimates of OCR; 
limited experience with 
its use in this 
application; complex 
theoretical estimation 
of pO2 

  [91] OCR, ∆OCRglc/DNA Human islets 

       
Abbreviations: ∆OCRglc, the measured increment in OCR when stimulated by glucose (3-20 mmol/L); ∆OCRglc/DNA, the OCR index, a ratio of the estimated 
∆OCRglc normalized to DNA; OCR, oxygen consumption rate; OCR/DNA, measure of OCR normalized to DNA, represents the fractional viability of a cellular/islet 
preparation; OCRGS, glucose-stimulated OCR; OCRhglc/OCRlglc, the stimulation index, a ratio of OCR measured at high glucose concentrations (16.7 or 33.3 
mmol/L) to OCR measured at basal concentrations (2.8 or 5.6 mmol/L); OCRTX, transplanted OCR, which represents the islet dose. 
DNA can be measured using a commercial fluorimetric assay. 
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CHAPTER 3: The ATP/DNA ratio is a better indicator of islet cell viability than the 

ADP/ATP ratio 

 

Suszynski T.M., Wildey G.M., Falde E.J., Cline G.W., Maynard K.S., Ko N., Sotiris J., 

Naji A., Hering B.J., Papas K.K. The ATP/DNA ratio is a better indicator of islet 

cell viability than the ADP/ATP ratio. Transplant Proc. 40(2): 346-350 (2008) 

 

Permission to reproduce the above publication was given by Elsevier, and the 

agreement (license number: 2924361380000) is found in Appendix 3-1. 
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Summary 

Real-time, accurate assessment of islet viability is critical for avoiding transplantation of 

non-therapeutic preparations. Measurements of the intracellular ADP/ATP ratio have 

been recently proposed as useful prospective estimates of islet cell viability and potency. 

However, non-viable cells may be rapidly depleted of both ATP and ADP, which would 

render the ratio incapable of accounting for non-viable cells. Since the DNA of non-

viable cells is expected to remain stable over prolonged periods of time (days), we 

hypothesized that use of the ATP/DNA ratio would take into account non-viable cells and 

may be a better indicator of islet cell viability than the ADP/ATP ratio. We tested this 

hypothesis using mixtures of healthy and lethally heat-treated (HT) rat insulinoma cells 

and human islets. Measurements of ATP/DNA and ADP/ATP from the known mixtures of 

healthy and HT cells and islets were used to evaluate how well these parameters 

correlated with viability. The results indicated that ATP and ADP were rapidly depleted 

(within 1 hour) in HT cells. The fraction of HT cells in a mixture correlated linearly with 

the ATP/DNA ratio, whereas the ADP/ATP ratio was highly scattered, remaining 

effectively unchanged. Despite similar limitations in both ADP/ATP and ATP/DNA ratios, 

in that ATP levels may fluctuate significantly and reversibly with metabolic stress, the 

results indicated that ATP/DNA was a better measure of islet viability than the ADP/ATP 

ratio. 
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Abbreviations 

ADP  adenosine diphosphate 

ATP  adenosine triphosphate 

DNA  deoxyribonucleic acid 

HPLC  high-performance liquid chromatography 

HT  heat-treated 

IE(s)  islet equivalent(s) 

INS-1  insulinoma-1 

LC/MS/MS electrospray tandem mass spectroscopy 

RLU  relative luminescence units 

UV  ultraviolet  
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Introduction 

Islet cell transplantation is emerging as a promising therapy for the treatment of type 1 

diabetes [49; 50; 68; 128; 129]. Despite recent advances, the transplantation of islets 

poses a unique challenge with respect to achieving a consistent clinical outcome. Part of 

this challenge is in being able to reliably and rapidly assess clinical islet quality through 

the quantification of viability and function before transplantation. Current viability assays 

are limited in their ability to accurately predict transplantation outcomes in vivo [93]. 

Consequently, to improve the clinical islet transplantation outcomes, it is imperative to 

develop more accurate viability assays. A proposed method to assess islet viability and 

potency before transplantation is quantification of the ADP/ATP ratio [90; 93; 130; 131; 

132]. This ratio has been specifically applied in discriminating islet preparations that are 

suitable for clinical transplantation from those that are not [93]. However, this application 

may be problematic under certain conditions. Intracellular ADP and ATP levels fluctuate 

rapidly because these high-energy phosphate molecules are rapidly produced and 

consumed in many intracellular biochemical reactions. It is widely known that viable cells 

turn over entire ATP stores on the order of minutes, and that dead cells are incapable of 

replenishing their ATP stores when depleted [81; 133]. Furthermore, dead cells are 

rapidly depleted of their ADP and ATP [93; 130; 131; 134]. If dead cells are rapidly 

depleted of their ADP and ATP content, then the ADP/ATP ratio would be incapable of 

accounting for any dead cells found within an islet preparation and would be effectively 

overestimating the viability of the preparation. 

 

To better account for dead cells and to more accurately assess the viability of an islet 

preparation, we suggest the use of an ATP/DNA ratio. DNA does not degrade as rapidly 

as ADP or ATP in a dead cell. Therefore, using direct measurements of DNA, dead cells 
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in an islet preparation can be accounted for. Herein, we have described how the 

ATP/DNA ratio correlates more accurately with viability than the ADP/ATP ratio in 

mixtures of varying, known proportions of healthy/dead insulinoma-1 (INS-1) cells and 

human islets. 

 

Methods 

INS-1 Cell Culture and Human Islet Isolation and Culture 

Clonal INS-1 832/13 cells expressing the human insulin gene (a gift from Dr. Christopher 

Newgard, Duke University) [135], were grown in culture at 37°C, 5% CO2 in 75-cm2 cell 

culture T-flasks (Corning Inc., Corning, NY). Standard RPMI-1640 culture medium 

(Sigma-Aldrich, St. Louis, MO) was supplemented with 10% fetal calf serum (Mediatech, 

Herndon, VA), 10 mmol/L HEPES (Mediatech, Herndon, VA), 2 mmol/L L-glutamine 

(Sigma-Aldrich, St. Louis, MO), 1 mmol/L sodium pyruvate (Sigma-Aldrich, St. Louis, 

MO), and 50 µmol/L 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Cells were 

grown to 60-80% confluence. Human islets were isolated and cultured as described 

previously [50]. 

 

Heat Treatment of INS-1 Cells and Human Islets 

Media was aspirated from each flask and cells were treated with 3 mL of 0.05% 

trypsin/EDTA (Invitrogen, Eugene, OR). After 2 minutes of incubation, trypsin was 

neutralized with 6 mL of standard serum-supplemented culture media [135]. The cell 

suspension was transferred into a 15-mL conical tube which was placed into a 60°C 

water bath for 60 minutes. For time course experiments, aliquots of INS-1 cells were 

removed from the 15-mL conical tube at specified timepoints (1, 3, 5, 25, and 47 hours). 

Heat treatment of human islets was performed by transferring 3000 islet equivalents (IEs) 
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in CMRL 1066 media to a conical tube, which was placed in a 60°C water bath for 5 

hours. In the case of the human islet time course experiments, aliquots of 200 IEs in 

CMRL 1066 media added to 1.5-mL microcentrifuge tubes were placed in a 60°C water 

bath for 5 hours. Aliquots were removed from the water bath and placed on ice at the 

specified timepoints (15 minutes, 30 minutes, and 1, 3, 5, and 30 hours). The time 0 

samples were placed on ice immediately after preparation. Samples were prepared in 

triplicate. Prior to deciding on using heat treatment as the method of damaging the cells 

or islets, other methods were examined (chemical treatment with sodium dithionate or 

sodium azide, pelleting), and some of this testing is summarized in Appendix 3-2. 

 

Preparation of Cellular Mixtures of Known Viability 

Heat-treated (HT) cells were considered 100% non-viable (dead), whereas healthy, 

untreated, surface-attached cells were considered 100% viable. Mixtures containing 0%, 

20%, 50%, 80%, and 100% HT cells were prepared from proportioned HT and untreated 

INS-1 cells or human islets based on DNA measurements. DNA content in healthy and 

HT cells was determined using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen, 

Eugene, OR) per manufacturer’s instructions. Samples were analyzed using a 

SpectraMax M5 plate reader system (Molecular Devices, Sunnyvale, CA). 

 

ADP and ATP Measurement with Luminescence-Based Assays 

The CellTiter-Glo Luminescent Cell Viability Assay (Promega Corp, Madison, WI) was 

used per manufacturer instructions to measure ATP. The ApoGlow BioAssay (Adenylate 

Nucleotide Ratio Assay) kit (Cambrex Bio Science Rockland, Inc., Rockland, ME) was 

used for ADP/ATP determination per manufacturer instructions as described previously 

[93]. Sample preparation for analysis using the CellTiter-Glo and ApoGlow assays kit 
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was performed in the same manner: three 100-µL cell suspension samples were taken 

from each mixture immediately after preparation. Each sample was diluted 10-fold in 

Dulbecco’s phosphate buffered saline (DPBS, Mediatech, Herndon, VA) and sonicated 

at an amplitude of 11% for 15 seconds (Sonic Dismemberator Model 500, Fisher 

Scientific, Hampton, NH). Samples prepared per kit instructions were plated in 96-white-

well plates (Corning 3912, Corning Inc., Corning, NY) for luminescence readings on a 

SpectraMax M5 (Molecular Devices, Sunnyvale, CA) plate reader. Serially diluted ATP 

(Sigma-Aldrich, St. Louis, MO) was used as a standard in both the CellTiter-Glo and 

ApoGlow assays. To measure DNA content, the same samples, which had been 

analyzed using the CellTiter-Glo and ApoGlow kits for ATP and ADP/ATP measurement 

were diluted an additional 10-fold in an aqueous solution of 1 mol/L ammonium 

hydroxide (Mallinckrodt, St. Louis, MO) and 3.4 mmol/L Triton X-100 (Sigma-Aldrich, St. 

Louis, MO). DNA content was then determined using the Quant-iT PicoGreen dsDNA 

assay kit per manufacturer instructions. 

 

Electrospray Tandem Mass Spectroscopy (LC/MS/MS) Analysis of Nucleotides 

LC/MS/MS was used to measure the concentrations of purine nucleotides in cell 

samples [136]. Tandem mass spectroscopy provides an advantage over high-

performance liquid chromatography (HPLC) with ultraviolet (UV) detection in that each 

purine nucleotide is monitored by unique ion pairs, thereby minimizing artifactual signals 

from co-eluting metabolites. Viability mixtures and time course samples were centrifuged 

at 175 x g for 4 minutes at 4°C and the supernatant was aspirated. Cells were 

resuspended in a 50:50 mixture of water and acetonitrile containing 2 mmol/L 

ammonium acetate and subsequently sonicated at an amplitude of 11% for 15 seconds 

with a Sonic Dismemberator (Model 500, Fisher Scientific, Hampton, NH). Samples were 
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stored at -80°C until shipped to Yale University on dry ice for assay. ATP and ADP 

concentrations in samples of INS-1 and islet cell extracts were measured with an API 

4000 Qtrap LC/MS/MS (PE Sciex, Foster City, CA) equipped with a turbo ion spray as 

described previously [136; 137]. D4-Taurine was used as an internal standard for 

quantification of MS/MS ion intensities. 

 

Results 

A typical set of ATP and ADP measurements obtained for untreated, healthy INS-1 cells 

using the ApoGlow BioAssay kit following manufacturer instructions as well as published 

protocols [93] is presented in Figure 3-1. Based on the published protocol, the ADP/ATP 

ratio is calculated by dividing the difference in relative luminescence units (RLU) 

between points C and B as indicated in the curve (a measure of the amount of ADP in 

the sample) by the RLU measured at point A (a measure of the amount of ATP in the 

sample). According to the protocol ADP/ATP = (C – B)/A. The expectation is that the 

value for C will be higher than B, resulting in a positive (C – B) value and thus positive 

ADP value and ADP/ATP ratio. Although ATP measurements yielded positive and 

reasonable values (see point A on Figure 3-1), negative ADP values were commonly 

observed (point C in experimental data was lower than point B). ADP values obtained 

from INS-1 cell and human islet samples, and ADP standards with this method yielded 

negative values in the vast majority of cases. Human islets as well as mixtures of ATP 

and ADP standards sent to a collaborating lab at the University of Pennsylvania, where 

they examined the samples with the same ApoGlow kit and concluded that negative 

ADP values were very common, confirming our observations. The negative values 

obtained for ADP do not have a physical meaning, were deemed unreliable, and limited 

the utility of the ADP/ATP ratio generated by this method. Consequently, LC/MS/MS was 
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utilized as an alternative method for the measurement of high-energy phosphates. It was 

used to successfully measure ADP and ATP, as well as to calculate ADP/ATP ratios in 

INS-1 cells and human islets of varying viability. ATP and ADP measurements on HT 

INS-1 cells and human islets conducted with LC/MS/MS analysis confirmed that 

intracellular ATP as well as ADP content was effectively zero within 30 minutes of HT in 

a 60°C water bath. On the contrary, the DNA content in the same samples as 

determined using the Quant-iT PicoGreen DNA assay remained constant, even two days 

after initiation of heat treatment. These findings confirm that DNA, as measured with 

these assays was significantly more stable under conditions of cellular stress or death 

than ATP and ADP. The differences between the kinetics of degradation for ATP, ADP, 

and DNA in cells undergoing heat treatment are demonstrated In Figure 3-2. Using the 

LC/MS/MS measurements of ATP and ADP of 100% HT and 100% healthy INS-1 cells 

and human islets, we estimated the expected ATP/DNA and ADP/ATP ratios in mixtures 

of healthy and HT INS-1 cells and human islets. Based on the data presented in Figure 

3-2, we assumed that ATP and ADP in dead cells was equal to zero and that the DNA in 

healthy and HT cells was constant (for HT cells this is true for at least two days as 

indicated in Figure 3-2). Equation 3-1 was used to estimate the ADP to ATP ratio of the 

mixtures, 

 

(3-1) ቀ஺஽௉
஺்௉

ቁ
௠௜௫

ൌ ௫·஺஽௉ಹ಴ାሺଵି௫ሻ·஺஽௉ಹ೅಴
௫·஺்௉ಹ಴ାሺଵି௫ሻ·஺்௉ಹ೅಴

 

 

and Equation 3-2 was used to estimate the ATP/DNA of the mixtures, 
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(3-2) ቀ஺஽௉
஺்௉

ቁ
௠௜௫

ൌ ௫·஺்௉ಹ಴ାሺଵି௫ሻ·஺்௉ಹ೅಴
௫·஽ே஺ಹ಴ାሺଵି௫ሻ·஽ே஺ಹ೅಴

 

 

where x is the fraction of healthy cells, (1 – x) is the fraction of HT cells in the mixtures, 

HC denotes healthy cells and HTC denotes HT cells. Using Equations 3-1 and 3-2, and 

the assumptions listed, we generated values for ATP/DNA and ADP/ATP ratios for 

mixtures with varying proportions of HT and healthy INS-1 cells or islets. The values 

were normalized and expressed as a percentage of those measured in 100% healthy 

cells. These values were plotted versus the fraction of HT cells in mixtures of HT and 

healthy cells (Figure 3-3). These results illustrated that ATP/DNA correlated linearly with 

the viability expected in mixtures of healthy and HT (non-viable) cells, whereas 

ADP/ATP did not.  

 

Normalized ATP/DNA ratios measured in INS-1 cell preparations with three methods 

(CellTiter-Glo, ApoGlow, and LC/MS/MS) exhibited linear correlations with the fraction of 

HT cells in the preparation (Figure 3-4). The slopes (mean values ± standard deviation) 

and R2 of the linear correlations shown in Figure 3-4 are estimated using linear 

regression analysis of the data obtained with the three methods: -1.03 ± 0.03, R2 = 0.997 

for CellTiter-Glo; -1.00 ± 0.06, R2 = 0.956 for ApoGlow; and -1.01 ± 0.04, R2 = 0.976 for 

LC/MS/MS. Similar results were obtained with human islets (data not shown, see 

Appendix 3-3). On the contrary, ADP/ATP ratios measured from the same INS-1 and 

human islet cell samples using either the ApoGlow bioassay or LC/MS/MS exhibited 

significant scatter and did not correlate with viability in mixtures of healthy and HT INS-1 

cells or human islets (data not shown, see Appendix 3-4).  
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Discussion 

It seems rather safe to assert that intracellular DNA levels remain relatively stable during 

heat treatment, whereas ATP and ADP levels drop rapidly to zero (or near-zero) after 

application of heat stress. Both ATP and ADP levels fall so rapidly after death that any 

contribution of dead cells to an overall viability estimate becomes negligible. The 

commercially-available assays themselves may pose limitations that make this 

measurement practically difficult, in that they may lack adequate sensitivity to measure 

low ATP and ADP levels. Another issue with the ADP/ATP ratio is how this quantity is 

interpreted. In one study, an ADP/ATP ratio of a certain magnitude was interpreted to 

indicate high islet viability [93], whereas in a separate study, a similar ADP/ATP ratio 

was interpreted to suggest a cellular preparation exhibited a significant level of apoptosis 

[138]. Additionally, a different study asserted that an elevation in cytosolic ATP, and thus 

a decline in the ADP/ATP ratio even below levels detected in healthy cells, was 

necessary for propagation of apoptosis [139]. Therefore, there is even significant 

disagreement in the literature concerning the meaning of the ADP/ATP ratio as it relates 

to the quality of a cellular preparation; both high and low ADP/ATP ratios have been 

associated with increased cell death. It has been hypothesized that the increase in 

cytosolic ATP in cells undergoing apoptosis will not be sustained and that ATP as well 

as ADP will be depleted shortly after the execution phase of apoptosis. In this sense, the 

ADP/ATP ratio is strictly dependent on the timing of the measurement as it relates to the 

onset of apoptosis. This ambiguity in interpretation by different groups and the 

dependence of the ratio on the kinetics of the cell death process suggest that there is 

limited potential for use of the ADP/ATP ratio as a predictive tool to assess the viability 

of a cellular preparation before transplantation. Despite these facts, the ADP/ATP ratio, 

when measured properly, provides a snapshot into the bio-energetic status of a cell or 
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tissue. It has been successfully used to assess the metabolic state of a variety of tissues 

under various conditions [140; 141; 142]. The ATP/DNA ratio suffers similar limitations, 

but DNA does not degrade as quickly in dead cells as either ATP or ADP. Because of 

this profound difference in the kinetics of degradation of DNA under conditions of stress, 

the ATP/DNA ratio permits the inclusion of dead cells into a viability estimate once the 

apoptotic process is fully executed. Consequently, the ATP/DNA ratio may provide a 

more accurate assessment of islet cell viability compared to with the ADP/ATP ratio. 

This was clearly demonstrated in the current study with HT INS-1 cells and islets. 

Additional studies are necessary to establish whether the mode of cell death or the type 

of lethal stress has an impact on the kinetics of nucleotide and DNA degradation and 

how that affects viability estimates based on either the ATP/DNA or the ADP/ATP ratio 

under actual islet manufacturing and culture conditions.  
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Figure Captions 

Figure 3-1: Trace of recordings for an ATP and ADP/ATP ratio measurement in an 

individual sample using the ApoGlow kit according to the included protocol. Data 

illustrates the mean of five wells from a sample of healthy, untreated INS-1 cells. The 

dotted line illustrates the expected kinetics of the assay. ADP/ATP ratio is calculated by 

dividing the difference in RLU between points C and B (a measure of the ADP content in 

the sample) by the RLU measured at point A (a measure of the ATP content in the 

sample). Accordingly ADP/ATP = (C – B)/A. Abbreviations: ADP, adenosine diphosphate; 

ATP, adenosine triphosphate; RLU, relative luminescence unit. 

 

Figure 3-2: ATP and DNA content measured in INS-1 cells and ATP and ADP content 

measured in human islets plotted versus the time from the onset of heat treatment in 

60°C water bath. Measurements were conducted with the method indicated in the 

legend for Figure 3-1. ATP, ADP, and DNA content are expressed as percent of time 

zero measurements (before the onset of heat treatment). Data illustrates the mean of 

three separate experiments (n = 3), with triplicates taken for each sample. Note the 

staggered x-axis scale. Abbreviations: ADP, adenosine diphosphate; ATP, adenosine 

triphosphate; DNA, deoxyribonucleic acid. 

 

Figure 3-3: Predicted ADP/ATP and ATP/DNA ratios in mixtures of healthy and HT cells. 

Ratios were calculated assuming zero ATP or ADP present in the HT cells. HT cells 

were regarded as possessing measurable levels of only DNA, which was supported by 

our measurements shown in Figure 3-2 as well as LC/MS/MS measurements from 

samples of HT cells. Predictions for ADP/ATP and ATP/DNA are projected to mixtures 

containing close to but not equal to 100% HT cells or islets. In samples containing 100% 
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HT cells or islets the ADP/ATP that is undetermined (0/0), and the ATP/DNA ratio is zero. 

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; DNA, 

deoxyribonucleic acid; HT, heat-treated. 

 

Figure 3-4: ATP/DNA ratio presented as a function of the fraction of dead cells in 

mixtures of HT and healthy INS-1 cells. ATP/DNA values for mixtures of healthy and HT 

INS-1 cells were normalized to the ATP/DNA value measured in healthy cells and are 

reported as percentages of that value. Data illustrate three methods of measuring ATP 

from the same original samples. Samples were measured in triplicate with each method. 

Abbreviations: ATP, adenosine triphosphate; DNA, deoxyribonucleic acid; HT, heat-

treated; INS, insulinoma. 
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CHAPTER 4: Oxygenation of the Intraportally Transplanted Islet 

 

Summary 

Islet transplantation (IT) is not widely utilized as a treatment for type 1 diabetes in part 

because of the large numbers of islets needed to achieve durable insulin independence. 

Many islets are lost in the early post-IT period, suggesting that the liver may not be the 

optimal site. Oxygenation at the individual islet level has not been studied extensively in 

this setting. We present a diffusion-reaction model that predicts the formation of an 

anoxic, non-viable core and a hypoxic, non-functional core within an intraportally 

transplanted islet. Four variables are studied: islet diameter and fractional viability, 

external pO2 (in the surrounding portal blood), and presence or absence of a 100-µm 

thick thrombus on the surface of the islet. The anoxic volume fraction (AVF) was defined 

as the region of the islet below a critical anoxic pO2 (Pa) of 0.1 mm Hg, and the non-

functional volume fraction (NFVF) below a critical non-functional pO2 (P*) of 5, 10 and 15 

mm Hg. Results indicate that for an islet with average size (150-µm diameter) and 

viability, the AVF approached 14% but the NFVF (P* ≤ 15 mm Hg) was up to 91%, at an 

external pO2 of 5 mm Hg. Thrombus formation increased AVF by up to 17% and NFVF 

by up to 35%, suggesting that the effect of thrombosis on oxygen delivery may be 

substantial. Larger and more viable islets exhibit greater AVF and NFVF for all cases 

examined, with islet diameter exhibiting the greater overall impact. At our institution, 

high-purity, post-culture human islets with an average diameter <200-µm account for 

~80% of total islet number, but only ~28% of total islet volume, indicating that a 

significant fraction of total islet volume is accounted for by islets of large diameter (>200-

µm) and may be non-viable or non-functional after islet infusion. The liver may not be the 

best site for IT and that may be in part due to poor oxygenation. 
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Abbreviations (Text) 

ATP  adenosine triphosphate 

AVF  anoxic volume fraction 

CD3  cluster of differentiation 3 

δ  thickness of thrombus 

DNA  deoxyribonucleic acid 

DR  diabetes reversal 

EP  Edmonton protocol 

GSIS  glucose-stimulated insulin secretion 

HIF-1α  hypoxia inducible factor-1 alpha 

IBMIR  instant blood-mediated inflammatory reaction 

IE  islet equivalent 

IL-2  interleukin-2 

IT  islet transplantation 

kgBW  kilogram body weight 

mAb  monoclonal antibody 

mTOR  mammalian target of rapamycin 

NFVF  non-functional volume fraction 

OCR  oxygen consumption rate 

pO2  oxygen partial pressure 

PP  pancreatic polypeptide 

R  islet radius 

SE  standard error 

SIR  sirolimus 
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TAC  tacrolimus 

TF  tissue factor 

TNF  tumor necrosis factor 

VEGF  vascular endothelial growth factor 
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Abbreviations (Formulaic) 

 (αD)i  oxygen permeability in constituent i [mol/cm/mm Hg/sec)] 

Km  Michaelis-Menten constant [mm Hg] 

 OCR maximum oxygen consumption rate per unit islet volume [mol/cm3/sec] 

OCR/DNA maximum oxygen consumption rate per islet DNA content [nmol/min/mg 

DNA] 

P*  critical pO2 for insulin secretion (function) [mm Hg] 

Pa critical pO2 for oxygen consumption (viability) [mm Hg] 

Pext external blood oxygen partial pressure [mm Hg] 

P  local oxygen partial pressure [mm Hg]  

S  local insulin secretion rate [amount/time] 

Smax  maximum insulin secretion rate (non-oxygen-limited) [amount/time] 

ைܸమ  local rate of oxygen consumption per unit islet volume [mol/cm3/sec)]  
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Introduction 

Islet transplantation (IT) remains a promising therapy for diabetes mellitus, but current 

results have justified its clinical use only with a small subset of type 1 diabetics with low 

body mass index and metabolic instability (hypoglycemic unawareness, advanced 

secondary complications despite insulin therapy). In 2000, the Edmonton Protocol (EP), 

which recommended the transplantation of a large number of islets (>10,000 islet 

equivalents [IEs] per kilogram body weight [kgBW]) with a specialized steroid-free 

immunosuppressive protocol (low-dose tacrolimus, sirolimus and IL-2 receptor antibody 

induction), enabled consistent diabetes reversal (DR) and short-term (<1 year) insulin 

independence [43; 44; 45]. These results were replicated at other institutions [68; 143], 

but long-term (>5 years) outcomes on the EP remained elusive [46]. Despite being a 

major breakthrough, the EP required donor islets isolated from 2-4 pancreata, The 

requirement of multiple pancreas donors is a major limitation that prohibits widespread 

availability of IT due to increased costs and clinical risk (of multiple procedures), and the 

additional strain on an already limited donor pancreas supply. In the mid-2000s, new 

trials were undertaken to establish protocols that enable successful IT using islets from a 

single donor pancreas [47; 50]. Newer induction immunosuppressive agent 

combinations (T-cell depleting antibody [anti-CD3 antibody, alemtuzumab, or 

antithymocyte globulin] and a TNF-α inhibitor [etanercept or infliximab]) have in part 

improved long-term DR rates (~50% at 5 years at the most experienced centers) [51], 

presumably by preserving transplanted β-cell mass, but allo-IT cannot yet be offered to 

all type 1 diabetics. It remains unclear whether immunologic or nonimmunologic causes 

are primarily responsible for the gradual attrition of durable insulin independence with 

respect to time. 
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Many investigators believe that the liver may not be the optimal IT site and there are 

numerous reasons, including but not limited to: (1) intraportal thrombus formation, 

complement-mediated cell lysis, and local inflammation [144], sometimes collectively 

referred to as the ‘instant blood-mediated inflammatory reaction’, are believed to 

contribute to alloimmune rejection and early islet loss [145]; (2) the possible immediate 

exposure to islet cell-directed T memory cells and recurrence of autoimmune rejection 

[146]; (3) the higher local concentrations of orally-administered immunosuppressants 

[147], which can impair insulin secretion or islet revascularization [148; 149]; (4) slow 

reestablishment of surrounding extracellular matrix, which can adversely affect islet 

survival [107; 150]; (5) inability to easily track, image or retrieve the graft [151; 152]; and 

(6) poor oxygenation due to the mixed portal circulation, significant oxygen gradients 

within the hepatic tissue [153], and slow and possibly incomplete revascularization [154; 

155; 156; 157], which is of particular importance since insulin-secreting β-cells are not 

designed to function during hypoxia [158]. The last reason, poor oxygenation, is not well-

appreciated and has not been well-studied by the field. The assumption may be that 

oxygen levels are adequate for islet survival and function simply because islets are in 

direct contact with the blood stream. However, there are major differences in the route 

and mechanism for oxygen delivery when comparing a native islet in a healthy pancreas 

and an intraportally transplanted islet (Figure 4-1).  First, a native islet is highly perfused 

with oxygen-saturated arterial blood (receiving 15-20% of total blood flow to the 

pancreas [159] despite accounting for 1-2% of the total pancreatic volume [160] or mass 

[161]), but the intraportal islet has no blood perfusion starting at the time of organ 

procurement and from that point relies on oxygen diffusion from its surface until it can be 

revascularized. Second, most native islet cells are within the distance of a single cell 

from the nearest oxygen source [162], whereas cells in the core can be >200 µm away 



 

54 
 

from the intraportal islet surface and even further away from the oxygen source if there is 

thrombus formation.  

 

To illustrate the effect of oxygenation, we present a model that predicts the formation of 

an anoxic, non-viable core and a hypoxic, non-functional core within an intraportally 

transplanted islet, in the presence or absence of thrombus formation. We also discuss its 

potential implications for clinical IT.  

 

Methods 

Modeling of steady-state oxygen delivery into islets was performed using COMSOL 

Multiphysics (Burlington, MA). An islet was assumed to be a spherical body of uniformly-

viable, oxygen-consuming tissue that is lodged near a bifurcation of a distal hepatic 

sinusoid, and only has access to blood oxygen from its proximal half surface. Oxygen 

transport is by diffusion alone, either directly from the bloodstream or through a 

thrombus which surrounds the islet, and which obeys the mass conservation relation, 

which for a perfect sphere and in its general form accounts for steady-state diffusion and 

oxygen consumption (reaction) within the islet (Equation 4-1). 

 

(4-1) ሺܦߙሻ௜׏ଶܲ ൌ ைܸమ 

 

where (αD)i is the oxygen permeability (which is the product of oxygen solubility and 

diffusion coefficients) within each constituent i – either the islet or thrombus, ׏ଶ is the 

Laplacian operator (which represents the second-derivative with respect to all three 

spatial directions), P is the spatially-dependent local pO2, and ைܸమ is the rate of oxygen 
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consumption per unit islet volume. We solve this equation as a two-dimensional 

axisymmetric problem because we assume there is no azimuthal variation. 

 

A no-flux boundary condition (∂P/∂r = 0) is applied at a 100-µm semi-circle behind the 

lodged islet. We obtained most model constants from literature, including oxygen 

permeabilities for both an islet [163; 164] and thrombus [165]. There are four 

independent variables that are adjusted in this model:  

(a) Islet fractional viability [OCR/DNA];  

(b) Islet diameter [2·R];  

(3) External oxygen partial pressure [pO2, or Pext]; and  

(4) Presence or absence of thrombus [with specified thickness, δ], which is only 

located on the proximal half-surface of the islet.  

 

The thrombus is assumed to contain no oxygen-consuming tissue and thus solely 

represents an additional oxygen transfer resistance.  All independent variables are 

studied within ranges that are reasonable based on prior experimental evidence.  All 

values for model constants and variables used in this study are presented in Table 4-1. 

 

The oxygen consumption rate (OCR) of the islet is modeled using Michaelis-Menten 

kinetics (Equation 4-2): 

 

(4-2) ைܸమ ൌ ൫ ைܸమ൯௠௔௫ ·
௉

௄೘ା௉
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where ൫ ைܸమ൯௠௔௫ is the maximum volumetric islet oxygen consumption rate, which can be 

directly measured by conventional methods, and Km is the Michaelis-Menten constant for 

islet oxygen consumption, which is estimated to be ~0.5 mm Hg [166]. We used a 

representative range of values for ൫ ைܸమ൯௠௔௫ [units of mol/sec/cm3] which were obtained 

by converting from actual values of OCR/DNA [units of nmol/min/mg DNA] obtained via 

characterization of β-cells [98], porcine islets [58], and human auto- and allo-islets using 

the stirred microchamber system [97; 167]. The unit conversion between OCR/DNA and 

൫ ைܸమ൯௠௔௫ was done by assuming that a spherical islet of 150-µm diameter contains 10.4 

ng of DNA [81], and the conversion factor is shown in Equation 4-3. 

 

(4-3) ൫ ைܸమ൯௠௔௫ ൌ ሺܱܴܥ ⁄ܣܰܦ ሻ · ሺ9.8 · 10ିଵଵሻ 

 

To model an anoxic core within the islet, a critical pO2 (Pa) at which the islet is anoxic 

and becomes non-viable (at Pa < 0.1 mm Hg) was defined, and which has been shown 

experimentally [168]. At calculated pO2 values below or equal to Pa (P ≤ Pa), ைܸమ was 

assumed to be zero. Using this model, the anoxic volume fraction (AVF) could be 

calculated using Equation 4-4. 

 

ܨܸܣ (4-4) ൌ ௏|ುರುೌ
ቀరഏయ ቁோ

య
 

 

where V is calculated volume and R is the islet radius. 

To model a non-functional core within the islet, another critical pO2 (P*) at which the islet 

becomes non-functional (at P* < 5, 10 or 15 mm Hg) was defined and which was distinct 
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from the Pa at which the islet becomes non-viable (at Pa < 0.1 mm Hg). The values 

selected for non-functional P* were determined from past studies of impaired insulin 

secretion rate with hypoxia [87; 164; 169; 170], and where it has been shown in freshly 

isolated rat islets that second-phase insulin secretory capacity decreases by ~50% at 25 

mm Hg and by ≥98% at 5 mm Hg [87; 164]. There were three regimes defined by distinct 

rates of insulin secretion capacity relative to normal under specified conditions. Above P*, 

the local insulin secretion rate (S) was assumed to remain constant at a healthy level, 

which we define as a maximum insulin secretion rate (Smax). Between P* and Pa, S was 

assumed to decrease in proportion with P. Below Pa, S was assumed to be zero.  

 

We applied a 2-step ad hoc model for local insulin secretion that has been previously 

described [166], where the first step is a first-order reaction in terms of P and the second 

step is a zero-order reaction with a modification that insulin-secreting β-cells are located 

homogeneously throughout the volume of the islet. Using this model, the non-functional 

volume fraction (NFVF) could be calculated (Equation 4-5).  

 

ܨܸܨܰ (4-5) ൌ  1 െ
න୫୧୬ቀ ುುכ,ଵቁቚುಭುೌ

ௗ௏  
ೇ

ቀరഏయ ቁோ
య

   

 

where V is the volume of a spherical islet. Figure 4-2 depicts a schematic that illustrates 

the generalized model geometry, key variables and boundary conditions.  
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Results 

We calculated the anoxic volume fraction (AVF) and the non-functional volume fraction 

(NFVF) for intraportally transplanted islets of different nature (size, viability) and in 

different local environments (external pO2, thrombosis). The AVF was calculated 

assuming a Pa of 0.1 mm Hg (the minimum pO2 for islet cell survival), and the NFVF was 

calculated assuming a P* of 5, 10 or 15 mm Hg (the range of pO2 studied for impaired 

islet cell insulin secretion). These data are summarized for all cases without thrombosis 

(Table 4-2) and with thrombosis (Table 4-3). The percent change in AVF and NFVF that 

is attributable to thrombus formation has also been summarized (Table 4-4). Additionally, 

the minimum and maximum calculated intraislet pO2 values have been noted for all 

cases without thrombosis (Table 4-5) and with thrombosis (Table 4-6), including the 

magnitude change in intraislet pO2 with the addition of a thrombus (Table 4-7). 

 

For illustration, consider a Baseline Case: an intraportal islet with average size [2·R = 

150 µm] and viability [OCR/DNA = 200 nmol/min/mg DNA], exposed to a reasonable but 

low external pO2 [Pext = 15 mm Hg] and with no thrombus formation at its proximal half-

surface (Figure 4-3). In this case, the calculated AVF is 0%. However, depending on the 

critical pO2 required for normal insulin secretion in that particular islet, the NFVF can be 

13% (P* = 5 mm Hg) and up to 51% (P* = 15 mm Hg). The relative impact of thrombus 

formation, islet size and viability, and external pO2 can be examined by adjusting single 

model variables (Figure 4-4). If the same intraportal islet described by the Baseline 

Case has a 100-µm thick thrombus form on its proximal half-surface, then a small anoxic 

core (AVF = 3%) and a much larger non-functional core (NFVF = 42-78%) will form 

(Case A). If the same islet is highly viable and has a greater OCR/DNA (300 instead of 

200), then it will develop a small anoxic core (AVF = 3%) and a significant non-functional 
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core (NFVF = 29-62%). Of note, the relative impact on oxygenation appears to be similar 

to thrombus formation (Case B). If the same islet is exposed to much lower external pO2 

(Pext = 5 mm Hg), then it will develop a larger anoxic core (AVF = 14%) and non-

functional core (NFVF = 72-91%) (Case C). Finally, if the same islet is larger in size (2·R 

= 300 µm), then it develops the largest anoxic core (AVF = 31%) and non-functional core 

(NFVF = 63-81%) for any single variable adjustment within a reasonable range of values 

(Case D). If the single variable adjustments (of Cases A-D) are combined so that the 

islet proposed in the Baseline Case is now with a thrombus on its proximal half-surface, 

of higher viability [OCR/DNA = 300 nmol/min/mg DNA] and size [2·R = 300 µm], and 

exposed to a very low external pO2 [Pext = 5 mm Hg], then the anoxic core is most of the 

islet (AVF = 77%) and the islet is effectively not secreting insulin (NFVF = 98-100%); this 

represents the worst case scenario from the standpoint of oxygenation (Figure 4-5, 

Worst Case). 

 

The relative impact of islet viability and size is further examined by plotting the AVF 

(Figure 4-6) and NFVF (for P* = 5 mm Hg, Figure 4-7) with variable external pO2 (Pext = 

5-40 mm Hg) and with or without thrombus formation. Within the range of islet OCR/DNA 

values and diameters examined, it appears that islet size more strongly affects the 

magnitude of both AVF and NFVF. Additionally, the formation of a thrombus appears to 

markedly affect islet cell death and non-function.  

 

These data suggest that oxygenation is important at the individual islet level, but the 

results can be also applied to an entire islet preparation. For example, actual size 

distribution data from 23 clinical human islet preparations (high-purity, cultured prior to 

transplant) prepared at the University of Minnesota (5/19/2009-1/8/2012) show that the 
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vast majority of islets are <200 µm in diameter (~80%) (Figure 4-8). If these islets are 

assumed to be spherical, then the number fractions can be converted to volume 

fractions. These calculations indicate that despite accounting for most of the islets by 

number, islets with <200 µm diameter account for only ~28% of the total volume of an 

islet preparation, which may have significant practical implications regarding intraportal 

islet viability and function. The AVF and NFVF calculated for an individual islet can be 

extrapolated for an entire islet preparation based on the actual number and estimated 

volume fraction data (Tables 4-8 and 4-9). Assuming that no thrombosis occurs, the 

AVF for an entire islet preparation of average viability may be >30% at low external pO2 

(Pext = 5 mm Hg) and ~4% at higher external pO2 (Pext = 40 mm Hg), and the NFVF may 

be >10% (for Pext = 40 mm Hg, P* = 5 mm Hg) and in some cases >90% (for Pext = 5 mm 

Hg, P* = 15 mm Hg). When thrombus formation is assumed to occur, the AVF for an 

entire islet preparation of average viability may be >40% at low external pO2 (Pext = 5 

mm Hg) and ~10% at higher external pO2 (Pext = 40 mm Hg), and the NFVF may be ~24% 

(for Pext = 40 mm Hg, P* = 5 mm Hg) and in some cases >97% (for Pext = 5 mm Hg, P* = 

15 mm Hg). These theoretical estimates indicate that a large proportion of the 

therapeutic β-cell mass in a representative human islet preparation may be adversely 

affected by poor oxygenation post-IT.  

 

Discussion 

Our model results indicate the relative effect of four important variables (islet size and 

OCR, local pO2 and thrombosis) on the oxygenation of the intraportally transplanted islet. 

Islet size appears to have the greatest single effect on islet viability (i.e., AVF) and 

function (i.e., NFVF) in any individual islet, but all of these variables are found to 

contribute synergistically. Thrombosis can also have a significant effect on islet 
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oxygenation, regardless of the specific conditions. As discussed earlier, allo-IT has not 

been expanded into widespread clinical use because durable insulin independence 

remains elusive. However, it is unclear what is responsible for the gradual attrition of 

islets over time, and likely involves some combination of immunologic (inflammation, 

autoimmune or alloimmune rejection, cytokine-mediated injury, immunosuppressant 

toxicity) and nonimmunologic causes (stress-mediated apoptosis, amyloidosis, 

oxygen/nutrient deprivation). Our historical experiences in IT have helped define the 

important factors that influence therapeutic success, are the basis for the design of our 

current (intraportal) approach and serve to frame the trajectory of future advances in the 

field.  

 

Pancreatic islets were first isolated from guinea pigs in 1965 [171], from rats in 1967 

[172], and from pigs [173] and humans [173; 174] in 1974-1975. The first successful ITs 

resulting in sustained reduction of blood glucose levels in diabetic animals were 

performed in 1972, and were done by transplanting rat islets into the peritoneum or 

muscle of isogeneic rats [175]. Ballinger and Lacy indicated that the outcome of IT was 

correlated with the transplanted islet mass, a concept undisputed even today. During the 

same period, Kemp et al. compared the efficacy of IT at three different sites 

(subcutaneous, intraperitoneal, intraportal) and found that intraportal IT was the only 

approach that reversed diabetes in isogeneic rats with chemically-induced diabetes [176; 

177] and did so with the fewest number of islets when comparing the three transplant 

sites. The earliest animal experiments indicated that transplanted islet mass and 

transplant site were among the most important determinants of success following IT. 
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In 1974-1978, allo-IT was translated into the clinical setting, and two series were 

performed at the University of Minnesota, involving 18 ITs and 13 recipients [29]. The 

first series involved intramuscular, intraperitoneal, and intraportal IT, and the most 

consistent reduction in exogenous insulin requirements were shown following intraportal 

IT. However, permanent reversal of hyperglycemia was not achieved in any of seven 

recipients [30; 31]. The second series involved only intraportal IT, and results indicated 

that IT produced transient insulin independence in two recipients for no longer than a 

few days [32]. These two series established that intraportal IT could potentially reverse 

diabetes and did so better than any other transplant site, but it was unclear whether the 

primary reason for islet loss was immunologic or nonimmunologic in nature.  

 

In 1977-1980, Najarian et al. developed a protocol for surgical pancreatectomy followed 

by intraportal auto-IT for patients suffering from intractable pain from chronic pancreatitis 

[178; 179]. The primary objective of the therapy was to eliminate the source of the 

unrelenting pain, while the secondary objective was to prevent the diabetes that would 

occur with removal of most (>95%) of the pancreas. Since auto-IT cannot involve 

rejection, this would be the first time that the relative impact of nonimmunologic islet 

injury and loss could be studied. Their initial series revealed that auto-IT can produce 

sustained insulin independence in some (30%) and reduce the severity of diabetes in 

others (40%) [178]. Islet function exhibited by C-peptide positivity was established in all 

recipients who were not overtly diabetic following auto-IT, despite near-total or total 

pancreatectomy. These early experiences with auto-IT suggested that rejection is likely 

to play an enormous role in islet loss following allo-IT, and that future success will be 

determined in large part by advances in both islet isolation (to improve islet yields) and 

immunosuppression (to prevent rejection).  
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Following the efforts of the 1970s, the next two decades were characterized by 

inconsistent outcomes and the field of allo-IT experienced stagnation. In 1988-1989, 

Ricordi et al. developed an automated method for islet isolation which enabled more 

consistent islet isolation and improved islet yields retrieved from human donor pancreata 

[180; 181]. In 2000, Shapiro et al. made a breakthrough by developing the Edmonton 

Protocol (EP) which helped standardize islet isolation, established a requirement of a 

large minimum dose of islets (≥9000 IEs per kgBW), and featured a newer 

immunosuppressive regimen which eliminated (steroids) or minimized (calcineurin-

inhibitors) the use of diabetogenic agents [43; 45]. The availability of daclizumab in 1997 

and sirolimus in 1999 made the discontinuation of steroids and minimization of 

tacrolimus possible. Their initial trial of the EP showed that intraportal allo-IT can reverse 

diabetes and maintain 100% insulin independence for a median duration of 12 (4-15, 

range) months in seven consecutively transplanted recipients [43]. However, as 

recipients reached longer follow-up, rates of insulin independence dropped (80% at 1-

year, 10% at 5-years) [44; 45; 46]. Furthermore, no recipients became insulin 

independent following transplantation of islets from a single donor, and islets from 2-4 

donor pancreata were usually needed. Despite the reinvigoration of interest in the field, 

many new challenges were identified. First, in order to make allo-IT more widely 

available, the number of islet infusions, and thus required donor organs, would need to 

be limited to one. A need for multiple infusions would increase the associated heathcare 

costs and clinical risks to the recipient, and a need for multiple pancreata would stretch 

the already limited donor organ availability. It is important to note that one of the major 

advantages of IT (as compared to pancreas transplant) is that there remains the 

possibility that multiple recipients could be treated using islets from a single donor. 
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Second, long-term (>5 years) insulin independence was low (~10%), but islet function 

(C-peptide positivity) remained high (~80%) – suggesting that alloimmune rejection 

and/or autoimmune recurrence may not fully explain the islet attrition over time and 

nonimmunologic factors may be involved.  

 

An international trial was done to test the EP at 9 centers worldwide, and found that 

some success was achievable (~60% achieved insulin independence for all recipients at 

some point during the trial follow-up), but that the outcomes were highly-dependent on 

the experience of the transplant center and ~80% of recipients required insulin by 2 

years post-IT [68]. Around this time, several centers made adjustments to the EP and 

conducted independent studies, one showing that IT using islets from a single donor 

pancreas is possible [47], while another showing that a much higher islet dose (>13,000 

IEs per kgBW) is necessary to consistently achieve insulin independence [48]. In 2004-

2005, Hering et al. conducted two trials in which islets retrieved from a single donor 

pancreas were sufficient to achieve insulin independence under the cover of more potent 

induction immunosuppression with a T-cell-depleting antibody only [182] or with a T-cell-

depleting antibody, an anti-TNF-α antibody (etanercept) and an anti-IL2 receptor 

antibody (daclizumab) [50]. In both trials, all recipients were transplanted with islets from 

a single donor. In the second trial, the islet dose was considered marginal relative to the 

EP (~7000 IEs per kgBW vs. >9000 IEs per kgBW), but all recipients (n = 8) became 

insulin independent [50]. However, even with the most potent induction immunotherapy, 

the most recent data indicates that the 5-year insulin independence rates following allo-

IT are ~50%, which is similar to the rates following whole pancreas allo-transplant [51].  
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Improvements in induction immunosuppression seem to be the origin for improved 

outcomes with allo-IT over the last decade at the most experienced centers (~10% 

insulin independence in 2005, ~50% in 2012). However, despite the progress, islet 

attrition still occurs over time and not much attention has been given to nonimmunologic 

causes for islet loss and dysfunction. Sutherland et al. recently revisited the comparison 

between auto-IT and allo-IT [183]. As the authors have indicated, allo-IT imposes 

additional stresses on the islets that do not occur with auto-IT, including brain death 

(associated with an increase in systemic inflammatory cytokine levels), increased cold 

ischemia time, alloimmune rejection, autoimmune recurrence, and immunosuppressant 

toxicity. When comparing auto-ITs done from 1977-2007 at the University of Minnesota 

and allo-ITs reported to the Collaborative Islet Transplant Registry from 1999-2006, the 

data indicate that rates of insulin independence (74% versus 45% at 2 years) and islet 

function (85% versus 66% at 2 years) are better following auto-IT. Also, insulin 

independence can be achieved using islet doses lower than 5000 IEs per kgBW (7% 

with <2500 IEs per kgBW, 27% with 2501-5000 IEs per kgBW at 1 year) following auto-

IT, whereas the same outcome is rarely achieved at such doses following allo-IT. A more 

recent study has indicated that the same glycemic control can be achieved with about 

half of the islet mass following auto-IT (~4600 IEs per kgBW) versus allo-IT (~9900 IE 

per kgBW) [184]. Collectively, these data confirm that stresses unique to allo-IT 

contribute to islet attrition. However, in both auto-IT and allo-IT, loss of islet viability and 

function still occurs at relatively high rates and may be in part explained by causes of 

nonimmunologic nature.  

 

Recent basic and clinical findings have suggested that gradual islet loss and dysfunction 

post-IT exhibits features of non-insulin-dependent (type 2) diabetes. Like insulin-
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dependent (type 1) diabetes, type 2 diabetes is a disease characterized by an 

insufficient β-cell secretory capacity. However, the pathophysiological causes of reduced 

insulin reserve are very different; Type 1 diabetes results from the rapid, near-total or 

total destruction of islets by the native immune system, whereas type 2 diabetes results 

from a gradual development of insulin resistance, a defect of insulin secretion due to 

chronic hyperglycemia [185; 186; 187], metabolic stress [188] and amyloid-mediated 

apoptosis [189]. Type 2 diabetes is believed to cause a systematic loss of islets [190] 

that compounds the stress on the remaining islet mass, resulting in further islet 

dysfunction. A recent study has shown that islets isolated from type 2 diabetic pancreata 

indeed do not function normally [191]. Unless acutely lost due to new alloimmune 

rejection or recurrent autoimmunity, data indicate that an islet allograft typically follows a 

time course comparable to disease progression in type 2 diabetes. The preserved C-

peptide positivity that accompanies outcomes of major trials over the last decade 

suggests that most islet allografts are not overtly rejected when recipients are 

adequately immunosuppressed. A recent report summarized an analysis of a 52 year-

old female who died of a hypertensive stroke two years after undergoing the last of two 

ITs on the EP, and who experienced gradual loss of insulin independence with sustained 

C-peptide secretion throughout her follow-up [192]. In the analysis, Smith et al. indicated 

that there was no support for an immunological explanation for the loss of both islet 

grafts, citing no evidence of intraislet or periislet inflammation on histopathologic 

examination of her liver and no reactivation of an islet-directed autoantibody response. 

Another recent report summarized histologic findings following an autopsy of a 55 year-

old male who died of a myocardial infarction six months after undergoing the last of three 

ITs on the EP, who died nearly five years after the first IT, and who also experienced 

gradual decline of islet allograft function [193] – similar to the recipient in the previously 
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mentioned report [192]. This second report noted both extracellular and intracellular 

amyloid deposits in >40% of the engrafted islets. Westermark et al. recently published a 

more extensive report showing similar findings from four deceased islet allograft 

recipients [194]. In addition to these reports, studies have shown that chronic 

hyperglycemia impairs islet allograft insulin secretion [195; 196], and that this defect is 

exacerbated when the β-cell mass is reduced [185]. Other recent evidence has 

suggested that islet allografts exhibit indicators of elevated stress-mediated apoptosis, 

which is enhanced with hyperglycemia [197]. These studies support a nonimmunologic 

basis for loss and dysfunction of the transplanted islet mass. 

 

If late islet loss occurs in part due to nonimmunologic causes, it must be assumed that 

the transplanted islet mass decreases and becomes insufficient over time, which 

contributes to more islet loss. However, the islet doses that are currently transplanted 

should be adequate to reverse diabetes, at least in theory. Experience with surgical 

pancreatectomy has indicated that the native pancreas exhibits considerable reserve, 

requiring in some cases the removal of >90% of the pancreas to cause overt diabetes 

[198]. If the native normal adult pancreas contains 1-1.5 million islets [199; 200], roughly 

100-150 thousand islets may be considered sufficient to prevent diabetes. It is 

understood that there is likely no universal minimum threshold for islet mass given the 

number of individual factors that impact blood glucose control (insulin sensitivity and 

requirements, β-cell regenerative capacity, etc.). However, our experience with clinical IT 

has shown that the transplanted islet mass far exceeds what appears to be necessary to 

achieve permanent normoglycemia. Consider a 70-kilogram patient and assume their 

native pancreas contained one million islets (which amounts to 14,286 IEs per kgBW). 

To prevent diabetes in this patient, >10% of the islet mass (~100 thousand islets, or 
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1429 IEs per kgBW) would need to remain following partial islet destruction or 

pancreatectomy. However, if this patient were a type 1 diabetic and a candidate for islet 

allo-IT, empirical clinical evidence would indicate that the minimum islet dose required to 

achieve insulin independence would be >60% of their original islet mass (~630 thousand 

islets, or ~9000 IEs per kgBW) [43; 44; 45; 46; 47] and on average is probably higher 

at >70-90% (~700-910 thousand islets, or ~10,000-13,000 IEs per kgBW) [43; 44; 45; 46; 

48; 68; 182], even with the most potent induction immunosuppression currently-available 

[51]. If this patient was a candidate for near-total or total pancreatectomy followed by 

auto-IT, then >35% of their original islet mass (~350 thousand islets, or ~5000 IEs per 

kgBW) may be required to prevent overt diabetes [183; 184; 201], and the rate of insulin 

independence may only be ~50-70% at 3-5 years post-IT [183; 201]. Whether 

considering allo- or auto-IT, in both cases many more islets seem to be required than 

appear to be necessary. The differences between the islet dose requirements for allo- 

versus auto-IT do indeed suggest that immunologic (alloimmune rejection, autoimmune 

recurrence, immunosuppressant toxicity) and nonimmunologic (brain death, prolonged 

cold ischemia time) factors unique to allo-IT are probably responsible for a significant 

proportion of total islet loss following allo-IT. However, experiences with auto-IT indicate 

that perhaps >25% of the original islet mass (~250 thousand, or ~3500 IEs per kgBW in 

a 70-kilogram recipient) may be lost due to nonimmunologic factors unique to the 

transplant site (the liver) and that are present in both auto-IT and allo-IT. 

 

There is evidence suggesting that the transplanted islet mass, which should be sufficient 

at the time of transplant, is reduced to levels that are inadequate due to islet loss early in 

the post-IT period [145]. One of the possible causes for early islet loss may be 

inadequate oxygenation. Of all causes of islet loss following intraportal IT, islet 
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oxygenation is overlooked due to the assumption that direct access to the blood stream 

should be enough to provide the necessary oxygen supply. However, there have been 

few attempts to confirm that this assumption is true. Studies have begun to indicate that 

the hepatic environment may be poor from the standpoint of oxygenation [154; 155; 156; 

157; 202; 203]. There have been two studies that have attempted to directly [202] or 

indirectly [157] measure the pO2 near or within intraportally transplanted islets, and both 

indicate that the pO2 may be very low. Carlsson et al. presented data of pO2 

measurements of <5 mm Hg via microelectrode probes in both islet (rat, syngeneic) and 

hepatic tissue and in both nondiabetic and diabetic animals [202]. Olsson et al. used 

pimonidazole, an oxygen-sensitive intracellular dye that accumulates under conditions of 

<10 mm Hg, to illustrate that ~70%, ~60% and ~30% of intraportally transplanted islets 

(mouse, syngeneic) stained positive for reduced oxygenation at 1-day, 1-month and 3 

months post-IT, respectively [157]. The measurements by Carlsson et al. and Olsson et 

al. need to be considered with caution because they do not reveal much information 

about significant oxygen gradients that may exist in either the islet [204] or hepatic tissue 

[153]. These measurements also do not provide any information regarding the 

longitudinal gradients that may exist along intraportal arterioles in the direction of the 

blood flow [205], which may vary and which would affect the oxygen availability near the 

intraportal islet. The model presented herein considered the data presented in Carlsson 

et al., Olsson et al. and actual measurements of portal venous and hepatic arterial pO2 

[206], but future studies of islet oxygenation would benefit greatly from direct 

measurements of pO2 at the level of the intraportal islet. It is important to note that 

measurements of available intraportal oxygen supply may not only be relevant during the 

early post-IT period (10-14 days), when it is expected that islets rely on passive diffusion 

from their surfaces alone, but also at an advanced post-IT period. There is evidence 
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suggesting that the islets revascularize poorly (15-20% vascular density of the native 

islet) [154; 156] or that revascularization takes longer (>1 month) [157].  

 

Islet oxygenation may have significant implications for the outcomes of auto-, allo- and 

possibly xeno-IT. Our model results indicated that islet size (diameter) has the greatest 

impact on the calculated AVF and NFVF. This makes sense when considering that a 

300-µm diameter spherical islet has 27 times the volume of a 100-µm diameter spherical 

islet. Even though the vast majority of islets in an islet preparation are <200-µm in 

diameter, the larger islets contribute more to the overall transplantable tissue volume 

and thus the insulin-secreting volume. When extrapolating to an entire human islet 

preparation as based on actual size distribution data, and without thrombus formation, it 

was determined that up to 31% of the total transplanted islet volume may be anoxic and 

up to 92% may be non- or poorly functioning. With thrombus formation, the result is 

worse; up to 45% of the total transplanted islet volume may be anoxic and up to 98% 

may be non- or poorly functioning. The range in results is primarily attributable to the 

uncertainty in the actual values for available external pO2. However, the calculated 

values are reasonable (at Pext of 15 mm Hg, the AVF is ~25% and an average NFVF [at 

P* = 10 mm Hg] is ~70%). It should be noted that extrapolation of AVF and NFVF values 

for an entire islet preparation carries an important caveat: each islet experiences very 

different local conditions (thrombosis versus no thrombosis, low versus high pO2, etc.). 

These extrapolations are only meant to illustrate the potential impact of oxygenation on 

the scale of the entire transplantable islet volume, may help explain some early islet loss 

and dysfunction, and should be studied further.  
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Conclusion 

Oxygenation of the intraportally transplanted islet has not been studied extensively and 

may be an important contributor to islet loss and dysfunction, primarily in the early post-

IT period. Future studies need to be conducted to accurately measure the intraportal pO2 

at the level of the engrafted islet. The liver may not be the optimal IT site, and it may be 

in part due to poor oxygenation. 
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Table 4-1: Summary of model constants and independent variables. 

Description Formulaic 
Abbreviation 

Prescribed 
Value(s) Units Reference(s) 

Oxygen permeability     
Islet (αD)1 1.31·10-14 mol/cm/mm Hg/sec [163; 207] 
Thrombus (αD)2 2.7·10-14 mol/cm/mm Hg/sec [165] 

Oxygen supply     
External pO2 Pext 5-40 mm Hg [206] 

Oxygen threshold     
Critical pO2 (viability) Pa 0.1 mm Hg [168; 207] 
Critical pO2 (function) P* 5-15 mm Hg [87; 164] 

Fractional Viability     
Islet OCR/DNA 100-300 nmol/min/mg DNA [97; 98; 121] 

Size/Thickness     
Islet diameter 2·R 100-300 µm - 
Thrombus thickness δ 100 µm [208; 209; 210; 

211] 
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Table 4-2: AVF and NFVF with no thrombosis 

 AVF [%] 
(Pa = 0.1 mm Hg) 

NFVF [%] 
(P* = 5 mm Hg) 

NFVF [%] 
(P* = 10 mm Hg) 

NFVF [%] 
(P* = 15 mm Hg) 

Pext [mm Hg] 5 15 40 5 15 40 5 15 40 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 0.36 0 0 57.7 0 0 78.8 5.1 0 85.9 27.3 0 
 200 

100 0 0 0 53.6 0 0 76.8 2.5 0 84.5 23.7 0 
150 13.6 0 0 72.1 12.7 0 86.0 32.5 0 90.6 50.7 0 
300 53.0 30.8 7.7 87.8 62.6 24.1 93.9 73.1 33.1 95.9 80.5 40.7 

 300 

150 24.9 3.0 0 78.0 29.3 0 89.0 48.1 0 92.7 62.3 0.1 
     
Abbreviations: AVF, anoxic volume fraction; NFVF, non-functional volume fraction; OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an indicator of fractional viability; P*, non-functional critical pO2; Pa, 
non-viable (or anoxic) critical pO2; Pext, external pO2; R, islet radius. 
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Table 4-3: AVF and NFVF with thrombosis 

 AVF [%] 
(Pa = 0.1 mm Hg) 

NFVF [%] 
(P* = 5 mm Hg) 

NFVF [%] 
(P* = 10 mm Hg) 

NFVF [%] 
(P* = 15 mm Hg) 

Pext [mm Hg] 5 15 40 5 15 40 5 15 40 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 6.88 0 0 81.9 1.8 0 91.0 26.3 0 94.0 50.6 0 
 200 

100 4.2 0 0 80.5 0.2 0 90.2 20.0 0 93.5 46.3 0 
150 30.2 2.8 0 91.5 41.8 0 95.8 67.4 0 97.2 78.2 0 
300 69.2 47.4 19.8 97.6 84.4 46.3 98.8 92.1 57.9 99.2 94.7 77.2 

 300 

150 44.1 14.5 0 94.6 62.0 0.2 97.3 80.2 4.2 98.2 86.8 12.1 
     
Abbreviations: AVF, anoxic volume fraction; NFVF, non-functional volume fraction; OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an indicator of fractional viability; P*, non-functional critical pO2; Pa, 
non-viable (or anoxic) critical pO2; Pext, external pO2; R, islet radius. 
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Table 4-4: Change in AVF and NFVF with thrombosis 

 AVF [%] 
(Pa = 0.1 mm Hg) 

NFVF [%] 
(P* = 5 mm Hg) 

NFVF [%] 
(P* = 10 mm Hg) 

NFVF [%] 
(P* = 15 mm Hg) 

Pext [mm Hg] 5 15 40 5 15 40 5 15 40 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 -6.5 0 0 -24.3 -1.8 0 -12.1 -21.2 0 -8.1 -23.2 0 
 200 

100 -4.2 0 0 -26.9 -0.2 0 -13.4 -17.6 0 -9.0 -22.6 0 
150 -16.6 -2.8 0 -19.5 -29.1 0 -9.7 -34.9 0 -6.5 -27.6 0 
300 -16.2 -16.7 -12.1 -9.8 -21.8 -22.2 -4.9 -19.0 -24.8 -3.3 -14.3 -25.5 

 300 

150 -19.2 -11.5 0 -16.6 -32.7 -0.2 -8.3 -32.1 -4.2 -5.5 -24.5 -12.0 
     
Abbreviations: AVF, anoxic volume fraction; NFVF, non-functional volume fraction; OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an indicator of fractional viability; P*, non-functional critical pO2; Pa, 
non-viable (or anoxic) critical pO2; Pext, external pO2; R, islet radius. 
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Table 4-5: Minimum intraislet pO2 with no thrombosis 

 Pmin [mm Hg] 

Pext [mm Hg] 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 0.1 6.5 31.2 
 200 

100 0.1 7.5 32.3 
150 0.1 0.3 22.4 
300 0.1 0.1 0.1 

 300 

150 0.1 0.1 13.7 
  
Pmax for islets with no thrombosis is equal to the 
specified Pext. 
Abbreviations: OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an 
indicator of fractional viability; Pext, external oxygen 
partial pressure; Pmax, maximum intraislet pO2; Pmin, 
minimum intraislet pO2; R, islet radius. 
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Table 4-6: Minimum and maximum intraislet pO2 with 
thrombosis 

 Pmin [mm Hg] Pmax [mm Hg] 

Pext [mm Hg] 5 15 40 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 0.1 3.3 27.6 2.7 11.3 36.1 
 200 

100 0.1 4.4 28.8 2.5 11.2 36.0 
150 0.1 0.1 15.3 2.0 8.8 32.3 
300 0.1 0.1 0.1 1.4 6.3 24.2 

 300 

150 0.1 0.1 3.8 1.6 7.4 28.6 
   
Abbreviations: OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an 
indicator of fractional viability; Pext, external oxygen 
partial pressure; Pmax, maximum intraislet pO2; Pmin, 
minimum intraislet pO2; R, islet radius. 
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Table 4-7: Change in minimum and maximum intraislet 
pO2 with thrombosis 

 Pmin [mm Hg] Pmax [mm Hg] 

Pext [mm Hg] 5 15 40 5 15 40 

2·R [µm] OCR/DNA [nmol/min/mg DNA] 

 100 

150 0 -3.2 -3.6 -2.3 -3.7 -3.9 
 200 

100 -0.02 -3.2 -3.5 -2.5 -3.8 -4.0 
150 0 -0.2 -7.1 -3.0 -6.3 -7.7 
300 0 0 0 -3.6 -8.7 -15.8 

 300 

150 0 0 -8.9 -3.4 -7.6 -11.4 
   
Abbreviations: OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an 
indicator of fractional viability; Pext, external oxygen 
partial pressure; Pmax, maximum intraislet pO2; Pmin, 
minimum intraislet pO2; R, islet radius. 
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Table 4-8: Representative extrapolation of AVF and NFVF for a islet preparation (no thrombosis) 

 AVF [%] 
(Pa = 0.1 mm Hg) 

NFVF [%] 
(P* = 5 mm Hg) 

NFVF [%] 
(P* = 10 mm Hg) 

NFVF [%] 
(P* = 15 mm Hg) 

Pext [mm Hg] 5 15 40 5 15 40 5 15 40 5 15 40 

2·R [µm] VFa [%] OCR/DNA [nmol/min/mg DNA] 

 200 

100 7.4  0 0 0 4.0 0 0 5.7 0.3 0 6.3 1.8 0 
150 12.0 1.6 0 0 8.7 1.7 0 10.3 1.9 0 10.9 6.1 0 
300 20.2 10.7 6.2 1.6 17.8 12.6 4.9 19.0 14.8 6.7 19.4 16.3 8.2 

Subtotalb 39.6 12.3 6.2 1.6 30.5 14.3 4.9 35.0 17.0 6.7 36.6 24.2 8.2 

Totalc 100.0 31.1 15.7 4.0 77.0 36.1 12.4 88.4 42.9 16.9 92.4 61.1 20.7 
              

aVF indicates the proportion of the total preparation volume accounted for by islets of a particular size. These values are 
estimated from the size distribution data illustrated in Figure 4-8 for high-purity, cultured, allogeneic islet preparation. For 
example, we calculated the mean VF for islets of 100 µm diameter, the VF data for islets ranging in diameter from 50-100 
and 100-150 µm were averaged.  
bSubtotal is the sum of VFs from 2·R = 100, 150 and 300 µm only. 
cTotal is the sum of VFs from the entire islet preparation and are estimated by dividing each subtotal AVF or NFVF by 
0.396 (the subtotal VF).  
Abbreviations: AVF, anoxic volume fraction; NFVF, non-functional volume fraction; OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an indicator of fractional viability; P*, non-functional critical pO2; Pa, 
non-viable (or anoxic) critical pO2; Pext, external oxygen partial pressure; R, islet radius; VF, volume fraction. 
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Table 4-9: Representative extrapolation of AVF and NFVF for a islet preparation (with thrombosis) 

 AVF [%] 
(Pa = 0.1 mm Hg) 

NFVF [%] 
(P* = 5 mm Hg) 

NFVF [%] 
(P* = 10 mm Hg) 

NFVF [%] 
(P* = 15 mm Hg) 

Pext [mm Hg] 5 15 40 5 15 40 5 15 40 5 15 40 

2·R [µm] VFa [%] OCR/DNA [nmol/min/mg DNA] 

 200 

100 7.4  0.3 0 0 6.0 0.01 0 6.7 1.5 0 6.9 3.4 0 
150 12.0 3.6 0.3 0 11.0 5.0 0 11.5 8.1 0 11.7 9.4 0 
300 20.2 14.0 9.6 4.0 19.7 17.0 9.4 20.0 18.6 11.7 20.0 19.1 15.6 

Subtotalb 39.6 17.9 9.9 4.0 36.7 22.0 9.4 38.2 28.2 11.7 38.6 31.9 15.6 

Totalc 100.0 45.2 25.0 10.1 92.7 55.6 23.7 96.5 71.2 29.5 97.5 80.6 39.4 
              

aVF indicates the proportion of the total preparation volume accounted for by islets of a particular size. These values are 
estimated from the size distribution data illustrated in Figure 4-8 for high-purity, cultured, allogeneic islet preparation. For 
example, we calculated the mean VF for islets of 100 µm diameter, the VF data for islets ranging in diameter from 50-100 
and 100-150 µm were averaged.  
bSubtotal is the sum of VFs from 2·R = 100, 150 and 300 µm only. 
cTotal is the sum of VFs from the entire islet preparation and are estimated by dividing each subtotal AVF or NFVF by 
0.396 (the subtotal VF).  
Abbreviations: AVF, anoxic volume fraction; NFVF, non-functional volume fraction; OCR, oxygen consumption rate; 
OCR/DNA, islet OCR normalized to DNA content, an indicator of fractional viability; P*, non-functional critical pO2; Pa, 
non-viable (or anoxic) critical pO2; Pext, external oxygen partial pressure; R, islet radius; VF, volume fraction. 
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Figure Captions 

Figure 4-1: Sketch illustrating an islet in the native pancreas (left) and an islet which has 

been intraportally transplanted (right). The native islet is well-perfused with oxygen-

saturated arterial blood, whereas the transplanted islet obtains oxygen from the 

deoxygenated intraportal blood and relies solely on oxygen diffusion from its surface. 

 

Figure 4-2: Schematic depicting the intraportal islet which is modeled as a spherical 

body containing viable oxygen-consuming cells. The transplanted islet is lodged at a 

bifurcation in a distal hepatic sinusoid and has access to portal blood at its proximal half-

surface. The distal half of the islet equilibrates with the surrounding environment and is 

modeled by the presence of a no-flux boundary condition at a specified distance away 

from its back surface [∂P/∂r = 0]. There are four independent variables that are adjusted 

in this model, including: (1) fractional viability, or oxygen consumption rate normalized to 

DNA content [OCR/DNA]; (2) islet diameter [2·R]; (3) external pO2 [Pext]; and (4) 

presence or absence of thrombus with a specified thickness [δ], located only on the 

proximal half-surface. 

 

Figure 4-3: Surface plot illustrating model results for a ‘baseline case’, which involves an 

islet with average diameter [2·R = 150 µm] and fractional viability [OCR/DNA = 200 

nmol/min/mg DNA], exposed to a reasonable oxygen supply [Pext = 15 mm Hg], and no 

thrombus formation at its proximal half-surface [δ = 100 µm]. The colors within and 

behind the islet depict the calculated spatial pO2 gradients, as indicated by the legend 

(left). Abbreviations: δ, thickness of the thrombus; OCR, oxygen consumption rate; Pext, 

external oxygen partial pressure; R, islet radius. 
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Figure 4-4: Surface plots illustrating model results for four different cases in which the 

baseline case [no thrombus, OCR/DNA = 200 nmol/min/mg DNA, Pext = 15 mm Hg, and 

2·R = 150-µm) is perturbed by adjusting only 1 of the 4 independent variables with each 

case. Case A depicts the baseline case with the addition of a 100-µm thrombus on the 

proximal half-surface of the islet. Case B depicts the baseline case with an increase in 

the OCR/DNA from 200 to 300 nmol/min/mg DNA. Case C depicts the baseline case 

with a decrease in the external pO2 from 15 to 5 mm Hg. Case D depicts the baseline 

case with an increase in the islet diameter from 150 to 300 µm. The anoxic volume 

fraction (AVF) is depicted by the achromatic core, and note the magnitude of the AVF 

associated with each perturbation. Abbreviations: AVF, anoxic volume fraction; OCR, 

oxygen consumption rate; Pext, external oxygen partial pressure; R, islet radius. 

 

Figure 4-5: Surface plot illustrating model results for the worst-case scenario analyzed 

in this study, which combines the baseline case and the 4 individual perturbations of 4 

independent variables [addition of thrombus, increase in fractional viability, decrease 

external pO2, and an increase in islet diameter] that were shown separately in Figure 4. 

Note the very large anoxic volume fraction (AVF). Abbreviation: AVF, anoxic volume 

fraction. 

 

Figure 4-6: Graphs depicting a summary of model results for calculation of anoxic 

volume fraction [AVF (%)] with respect to external pO2 [Pext], islet diameter [2·R] and 

fractional viability [OCR/DNA], and with or without thrombus formation [δ = 100 µm]. The 

graph on the left (A) illustrates the change in AVF for an islet of average diameter (150 

µm) with increasing OCR/DNA. The graph on the right (B) illustrates the change in AVF 

in an islet with average OCR/DNA (200 nmol/min/mg DNA) with increasing islet diameter. 
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AVF is defined as the region of the islet that is non-viable, occurring below a critical pO2 

(Pa) of 0.1 mm Hg. Abbreviations: AVF, anoxic volume fraction; δ, thickness of the 

thrombus; OCR, oxygen consumption rate; P*, non-functional critical pO2; Pa, non-viable 

(or anoxic) critical pO2; Pext, external pO2; R, islet radius. 

 

Figure 4-7: Graphs depicting a summary of model results for calculation of non-

functional volume fraction [NFVF (%)] with respect to external pO2 [Pext], islet diameter 

[2·R] and fractional viability [OCR/DNA], and with or without thrombus formation [δ = 100 

µm]. The graph on the left (A) illustrates the change in NFVF for an islet of average 

diameter (150 µm) with increasing OCR/DNA. The graph on the right (B) illustrates the 

change in NFVF for an islet with average OCR/DNA (200 nmol/min/mg DNA) with 

increasing islet diameter. In this case, NFVF is defined as the region of the islet with 

impaired insulin secretion, occurring below a critical pO2 (P*) of 5 mm Hg. Abbreviations: 

NFVF, non-functional volume fraction; δ, thickness of the thrombus; OCR, oxygen 

consumption rate; P*, non-functional critical pO2; Pext, external pO2; R, islet radius. 

 

Figure 4-8: Islet size distribution as stratified by ranges of islet diameter. Mean (± 

standard error, SE) number fractions are actual data from our institution (University of 

Minnesota) from 23 human islet preparations (high-purity, cultured fractions) prior to 

clinical transplantation. Mean (± SE) volume fractions are estimated from number 

fraction data by calculating the mean islet volumes under the assumption that the islets 

are spherical with a median radius for that size range. Abbreviations: SE, standard error.
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Supplementary Discussion 

Importance of Oxygen on Islet Survival and Function 

One of the most significant reasons why islets are thought to either function poorly 

and/or struggle to survive following intraportal IT is the lack of adequate delivery of 

oxygen during the early engraftment period. The oxygenation status of islets engrafted in 

the liver remains a perplexing problem. Hepatic blood flow is a mixture of arterial blood 

from the hepatic artery and venous blood from the portal vein. Roughly 75% of the total 

blood flow entering the mixed portal circulation is deoxygenated and derived of venous 

drainage from the abdomen. The portal venous pO2 is variable but has been measured 

to be approximately 30-70 mm Hg [206; 212], while the hepatic arterial pO2 is 

approximately 100 mm Hg [206] – meaning that the pO2 of the mixed portal blood should 

be around 48-78 mm Hg. Carlsson et al. showed that the liver is amongst the most 

poorly oxygenated organs used or explored as a site for IT, uncovering mean pO2 values 

of 5-10 mm Hg within the hepatic parenchyma [202]. It is important to note that these 

data should be interpreted with caution because point measurements of pO2 in tissue 

does not reveal anything about the significant gradients that may exist [153]. Islets in the 

pancreas are typically perfused by a disproportionately large percentage (nearly 15-20%) 

of the total arterial blood flow supplying the pancreas, while only accounting for a small 

percentage (about 1-2%) of the total mass of the organ [213]. Native islets exhibit rich 

blood supplies which have evolved directly from their unique and demanding metabolic 

requirements, as they fuel the energy-consuming reactions of peptide hormone 

synthesis and secretion. Consequently, islets are less equipped to handle the lower pO2 

found in the portal circulation. It has been shown that pancreatic β-cells exhibit a limited 

capacity to generate adenosine triphosphate (ATP) through anaerobic glycolysis [158]. 

Ahn et al. has shown that islets up-regulate lactate dehydrogenase-A mRNA production 
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following transplantation [214], suggesting that islets (1) encounter low oxygenation 

during this time and; (2) exhibit some capacity for non-oxidative energy production. The 

question remains whether islets can fully adapt to the relative hypoxic conditions of the 

liver.  

 

Dionne et al. have published data showing that the magnitude of the second phase 

glucose-stimulated insulin secretion (GSIS) is decreased in dispersed islet cells at a pO2 

of about 12 mm Hg [169]. Similarly, Papas et al. presented data on βTC3 cells (an 

immortalized insulin-secreting cell line) showing that insulin secretory function is 

adversely affected below a pO2 of 7 mm Hg [170].  These results suggest that if the pO2 

is and remains low, cell function is severely diminished. The Uppsala group has 

suggested that there may be a sub-set of islets, possibly comprising 25-30% of the total 

islet population of the pancreas, that are operating at a lower metabolic rate and would 

be otherwise considered dormant in the native setting [215; 216]. It may be that dormant 

islets are more adept at surviving in the liver and, as a direct result, may constitute a 

significant proportion of the islets that survive transplantation over the longer term. It is 

known that the native pancreas has a very large β-cell reserve and normal regulation of 

blood sugars only requires a small fraction of the total islet population [217]. 

Microelectrode measurements of pO2 within transplanted islets corroborate with 

expectations that the oxygen delivered to freshly transplanted islets may be insufficient 

for survival [202; 218]. Studies by the Uppsala group have shown that intraportally 

transplanted islets may not only be subjected to significantly lower pO2 as compared with 

their native state [202; 218], but may also be poorly vascularized as a direct function of 

their transplant site [216]. In addition to the lower pO2 of the mixed portal blood entering 

the liver, the exact location of a transplanted islet within the portal vascular tree will 
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impact the pO2 available to the islet tissue [153]. There may be significant oxygen 

gradients between the proximal mixed portal blood and the terminal sinusoids, where 

many of the islets lodge, especially since the hepatic tissue is highly metabolically active 

and consumes significant amounts of oxygen [217]. Regions of lower pO2 may not be 

able to support the metabolic requirements of transplanted islets. Carlsson et al. 

reported that the measured average pO2 within islets transplanted into the rat liver, 

spleen and kidney was approximately 5 mm Hg at 9-12 weeks post-transplant, while the 

average pO2 measured in native, healthy islets was 40 mm Hg [202]. Since it is generally 

postulated that islet re-vascularization is completed by 10-14 days [219; 220; 221; 222], 

these data suggest that even with ample time for new blood vessel formation the islets 

may not be fully vascularized or may never be.  

 

Currently, it is still unclear how similar or different the newly-formed vascular bed is 

when compared with the native microvascular architecture. The unique microvasculature 

of the native islet has been implicated to be of importance to overall islet function, in that 

the direction of blood flow may determine the sorts of paracrine signals individual α-, β-, 

δ- and PP-cells experience [223; 224]. Whether β-cells are upstream or downstream of 

δ-cells may be important to both of their functions [223; 224]. Menger et al. investigated 

the capillary network of hamster islets engrafted into a dorsal skin fold chamber to find 

that the direction of blood flow varied, but that the majority of islets (88%) exhibited some 

semblance of the traditional core-to-mantle arrangement [225]. Despite evidence 

suggesting that there is a re-establishment of blood flow from the center of the islet to 

the periphery, the origin of the new vascular endothelium and the robustness of these 

newer vessels are actively being studied. Following 2-4 days in culture, the microvessels 

within the pancreatic islet lose their endothelium [226]. It is largely unknown whether the 
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presence of an intact native endothelium, lining the intravascular spaces of the islet, is 

critical for proper and rapid re-vascularization or to prevent post-transplant intraislet 

thrombosis. Gaber et al. implicates longer culture periods following isolation in the 

improvement of islet function post-transplant [227]. However, Olsson et al. suggest that 

prolonged culture delays the capacity transplanted islets have to re-vascularize quickly 

[228]. Lukinius et al. showed that re-endothelialization may take longer than six weeks in 

some transplanted islets [226]. It was also suggested that microvessels lacking 

endothelium may promote the formation of thrombi that would be deleterious to the re-

establishment of patent intravascular blood flow [226]. A lack of intra-islet endothelium 

likely contributes to the diminished ability for transplanted islets to re-establish a full-

bodied capillary network. Evidence supports that both the donor and recipient 

endothelial cells contribute to the formation of new capillaries within the islet [229]. Also, 

it has been shown that the islet vascular endothelium is lost [226; 230] and its re-growth 

may be largely dependent on host endothelial cells [231]. 

 

Hypoxia has been found to adversely affect islet insulin secretion until normoxia is 

restored [87; 232], as discussed already. Many studies have shown that under hypoxic 

conditions, islets upregulate hypoxia-induced factor-1α (HIF-1α), a key regulator of 

vascular endothelial growth factor (VEGF) synthesis and release [233; 234; 235; 236; 

237; 238; 239; 240]. Studies have also suggested that higher concentrations of VEGF 

stimulate the formation of new blood vessels [233; 234] and even promote cellular 

survival [241; 242; 243]. It may not be as simple as increasing the amount of circulating 

VEGF, however. For instance, VEGF increases the permeability of capillary blood 

vessels in a dose-dependent manner [234]. Consequently, if the blood vessels supplying 

the transplanted islet are leaky, than islet perfusion is diminished. VEGF has been 
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shown to be produced and released at greater rates in isolated islets [244]. It has also 

been shown that cultured and transplanted islets upregulate the expression of VEGF 

receptors [237]. Following devascularization of the pancreatic islets (during isolation), 

the cells rely on diffusive transport to obtain oxygen which had been previously delivered 

via the microvasculature. Hence, many of the islet cells, particularly those found near the 

core of the larger islets, are hypoxic or even anoxic throughout the culture period and 

during early engraftment. Prior to complete revascularization, which may or may not fully 

occur, the transplanted islet continues to rely on diffusive transport from the 

surroundings to obtain oxygen and nutrients, which may still be insufficient. Hypoxia 

during the early engraftment period can result in diminished functional capacity or a 

necrotic central core and significant β-cell loss. 

 

Current limitations with the intraportal IT protocol 

Despite the significant progress of the last decade, there is still considerable variability in 

clinical outcomes for patients receiving an IT. As suggested earlier, one of the many 

reasons for this variability resides in the loss of islet mass during the engraftment 

process. Little is known about what exactly happens to the islets at this time. Currently, 

clinical IT is performed through intraportal injection of a suspension of purified islets 

either percutaneously under the guidance of fluoroscopy [245] or via mini-laparatomy. 

The islets embolize throughout the hepatic parenchyma and, depending on their size, 

may lodge into terminal sinusoids [246]. There are many reasons why the liver may not 

allow for optimal islet function and survival and are the subject of the next sections of 

discussion. 
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Poor oxygenation in the liver may adversely affect islet engraftment 

As discussed earlier, the islets enter the portal venous circulation and are carried by the 

bloodstream. Even though the islets are as close to a blood supply as possible (by being 

within the lumen of vessels), this may not afford sufficient oxygenation. The blood 

draining the abdomen is already deoxygenated and the portal venous pO2 has been 

measured to be somewhere between 33-72 mm Hg [206]. Furthermore, there is 

evidence suggesting the presence of regional oxygen gradients throughout the hepatic 

parenchyma [153], which could certainly have an impact on transplanted islet 

oxygenation. In the ideal case, most (if not all) islets would obtain sufficient oxygen by 

passive transport from surfaces alone.  

 

Instant blood-mediated inflammatory reaction may make intraportal environment 

unfavorable  

Significant islet cell loss has been reported by a mechanism described as an 

inflammatory and thrombotic reaction occurring when islets contact ABO-compatible 

plasma, as they do when infused into the portal vein. This reaction is termed ‘instant 

blood-mediated inflammatory reaction’ (IBMIR) and it has been partly implicated in 

explaining early graft failure [144; 208; 247; 248; 249; 250]. Investigators have been able 

to re-create IBMIR in vitro using closed loop perfusion systems [247; 248]. IBMIR is 

likely elicited by numerous plasma proteins, from complement to clotting factors to 

chemokines [251], but it has been shown that the content of tissue factor (TF) produced 

by the islets’ endocrine cells correlates with the extent of this reaction. It appears that TF 

is sequestered in the secretory granules of α- and β- cells, but not in the acinar cells or 

endothelium [144]. In an in vitro setting, it has been shown that IBMIR can be tempered 

by treating with anti-TF monoclonal antibody (anti-TF mAb) [144], site-inactivated factor 
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VIIa [144], or a small molecule inhibitor of TF [249]. Systemic administration of 

recombinant tissue factor pathway inhibitor, though considered an emerging approach, 

has not been tried in this application [252]. Blocking TF with anti-TF mAb administered in 

co-culture and intravenously appears to minimize IBMIR in the non-human primate 

model and results in prolonged graft function [253]. Additionally, treating islets with 

nicotinamide has shown to decrease TF expression in vitro [251], suggesting an 

alternative approach (as the administration of anti-oxidant therapy) for limiting 

thrombosis after intraportal infusion of islets [254]. Even though some success has been 

attained using singular pharmacotherapeutics, IBMIR is probably more generalized than 

believed and involves numerous mediators of both inflammation and clotting. Islets have 

been found to be locally entrapped by activated platelets, which can stimulate 

phagocytes to release chemokines that have been shown to be deleterious to islets 

[255]. Also, activated phagocytes can release free radicals, against which islets do not 

have robust defenses [255; 256]. This local inflammation around the islets may 

contribute to their diminishing acceptance by the host immune system, in that, it attracts 

(and even entraps) leukocytes, decreasing the chance that the graft is tolerated [257]. 

 

IBMIR exacts detrimental effects on the islets via the initiation of thrombosis and 

stimulation of an early inflammatory response near the transplanted islets [144; 208; 247; 

248; 249; 250; 258].  Active inflammation around the newly transplanted graft hinders 

successful engraftment due to an assault by hostile innate effector cells [259; 260], 

bombardment with caustic cytokines known to harm islets [255; 260; 261; 262; 263; 264] 

and by stimulating a greater immunologic response which may lead to rejection. It is well 

established that inflammation and clotting are tightly linked processes [265; 266; 267; 

268] and that abrogation of thrombosis stunts IBMIR and improves islet cell survival [209; 
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253; 269; 270; 271; 272]. Nevertheless, even though islets are located in direct contact 

with oxygen-carrying blood, it may be that intravascular delivery of islets is not optimal 

for some of these reasons.  

 

Portal blood contains higher concentrations of caustic immunosuppressive 

agents 

In addition to IBMIR, the intrahepatic portal blood may be deleterious to islet function 

and survival because of the higher concentrations of immunosuppressive agents [147; 

273]. There is abundant literature on the topic of the known toxic effects of 

immunosuppressants used in IT. Studies provide evidence that tacrolimus (TAC) impairs 

insulin transcription and secretion in vitro [274; 275; 276; 277]. Sirolimus (SIR) has been 

shown to impair insulin [148; 278] and VEGF [149; 279] release and the combination of 

TAC and SIR may increase islet cell apoptosis [280]. Another study showed that in vivo 

administration of TAC can negatively impact graft survival [281]. One study illustrated 

that mammalian target of rapamycin (mTOR) blockade may contribute to β-cell loss by 

increasing autophagy [282]. The installment of corticosteroid-free immune suppressive 

therapy was motivated partly to prevent post-transplant hyperglycemia, though there is 

evidence that two mainstay replacements, TAC and SIR, may promote insulin resistance 

[280]. The mTOR is ubiquitously found in many cells other than lymphocytes. Therefore, 

immune suppression with SIR not only limits proliferation and activation of an adaptive 

immune response, but subverts proliferation and migration of intraislet vascular 

endothelium in a dose-dependent manner [219]. Dampening the rate at which these 

processes occur compromises the rapid reconstitution of the blood supply to the 

transplanted islets. So, while suppressing cellular rejection, the trade-off lies with 

exposing the transplanted islets to a longer duration of hypoxia in the early engraftment 
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period, when the islets already have a difficult time adapting to the foreign environment. 

Sufficient dose of anti-rejection drugs are necessary, but it may be more favorable to 

seek alternative strategies for IT in which local (but still therapeutic) immunosuppression 

could be used. 

 

Diminished interactions with extracellular matrix contributes to islet loss and 

diminished capacity for insulin secretion 

It is clearly understood that the isolation process, which involves aggressive enzymatic 

digestion, temperature fluctuations and mechanical shear, bears significant stress on the 

islets. Tearing these fragile clusters of cells away from their surrounding extracellular 

framework can only harm them and there is evidence to support this claim. Cell 

anchorage to a matrix is critical in preventing apoptosis by a unique mechanism termed 

anoikis [283; 284]. A loss of connections between islet cell and basement membrane 

has been shown to result in significant cell loss following isolation. Establishment of new 

cell-matrix interactions have been shown to contribute to increased islet cell survival 

[285; 286]. In one study, for instance, culturing disaggregated (from isolated islets) adult 

β-cells on an extracellular matrix (derived from a rat bladder carcinoma cell line) protects 

these cells from apoptosis when encountered with serum deprivation and exposure to 

the pro-inflammatory interleukin-1β [287]. Some groups have shown that interactions 

with collagen, the components of matrigel, and fibrin help maintain insulin secretion and 

gene expression in fetal porcine islet-like cell clusters [288] and isolated human islets 

[289; 290] during culture. In fact, one group has shown that isolated rat β-cells exhibit 

enhanced insulin secretion when cultured on tumor-derived basement membrane [291; 

292]. Another study showed that insulin secretion of fetal β-cells in response to a basal 

glucose stimulus can be increased by four or five times that of controls by culturing on 
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collagen type IV [293]. Yet another group has showed that culture of adult rat islets on 

extracellular matrix can potentiate insulin secretion by a factor of five to eight following 

an acute glucose stimulus [294]. Several more articles have been published that support 

the concept that re-establishing extracellular matrix interactions preserves β-cell insulin 

secretory capacity [295]. Interestingly, insulin secretion has been shown to remain 

relatively constant when comparing β-cells attached on glass or a poly-L-lysine coated 

surface, but increased significantly when β-cells were cultured on 804G, and 

extracellular matrix [291]. These data emphasize the importance of specific cell-matrix 

interactions and not just attachment to islet function, even though cell spreading on a 

surface has been shown to trigger influx of free Ca2+ ions [296]. On the other hand, 

different groups have shown that long-term exposure to purified or complexed 

constituents of extracellular matrix negatively impact insulin secretory capacity [295; 297; 

298; 299]. More recent work has shown that encapsulation of murine β-cells [300] and 

islets [301] using hydrogels functionalized with laminin-recognition peptide sequences 

improve their viability and function. From what has thus far been published, albeit many 

studies have been performed on β-cells and not islet cell clusters, it is apparent that 

interactions with the extracellular matrix may play a critical role in achieving and possibly 

maintaining glucose homeostasis. Thus, quickly re-establishing these connections 

between islets and extracellular matrix may only be achieved at an alternative transplant 

site using tissue-engineered approaches. 

 

Monitoring transplanted islet survival and function is challenging in the liver 

The liver (~1 liter of tissue) as an engraftment site for an islet preparation (few milliliters 

of tissue) creates a challenging size discordance which complicates imaging. As 

mentioned previously when discussing the difficulties experienced with islet graft 
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retrieval, groups have devised hepatic models to limit the embolization of islets into 

smaller segments of the liver, just so that the engraftment can be more easily studied 

[221]. These models have made it slightly easier to obtain adequate numbers of islets 

per biopsy, but this sort of manipulation does little for minimally-invasive imaging. The 

main problem is that the liver can be conservatively estimated to have a volume of 

approximately one liter, whereas the volume of islets being infused through the portal 

vein is a few milliliters. This difference of nearly three orders of magnitude makes 

detecting islets very difficult. The depth of human liver into makes imaging strategies 

involving optical detection of luminescence challenging and almost entirely restricted to 

applications in small animals [151; 302; 303; 304]. Even spotting islets using 

conventional magnetic resonance imaging [305; 306; 307] poses problems, yielding 

limited information about the location of individual islets and even less information on 

their viability or function. Other limitations of the liver as a site for IT are lipotoxicity [308] 

and glucotoxicity [217], but will not be discussed in this supplementary discussion. 
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CHAPTER 5: Design of a Tissue-Engineered Graft or Device for Transplantation 

 
 

Summary 

Tissue engineering strategies have provided an opportunity to regenerate or replace 

diseased cells and tissues through the design and fabrication of grafts or devices in the 

laboratory. Unlike solid organ or many composite tissue transplants, tissue-engineered 

(TE) grafts or devices can be transplanted extravascularly and as such are not 

revascularized immediately. As a direct consequence, oxygen diffusion limitations 

become more apparent. These limitations require certain design provisions to enable 

healthy engraftment, particularly in the early posttransplant period before new blood 

vessels grow into or near a device (<14 days). Design of a TE construct containing either 

cells or tissue should be performed to adequately account for oxygen transport 

limitations. This can be done by diffusion-reaction modeling with which the governing 

equations depend on the TE graft or device geometry (planar, cylindrical, and spherical).  

 

Prior to designing a TE construct, a number of parameters need to be defined, some 

which can be defined from values found in literature, and others which depend on 

characterization of the materials, and cells or tissue that are used in the construction of 

the graft or device. These design parameters include (but are not limited to): (1) the 

number and volume of the cells or tissue equivalents to be seeded; (2) the composition 

(including purity) of the cells or tissue equivalents to be seeded; (3) the viability (or 

oxygen consumption rate) of the cells or tissue equivalents to be seeded; (4) the size 

(diameter) of a cell or tissue equivalent; (5) the oxygen partial pressure (pO2) at the 

target transplant site; (6) the thicknesses of the scaffold and any encapsulant; (7) the 

oxygen permeabilities of the materials used in the scaffold and any encapsulant; and (8) 
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the presence or absence and the thickness of a fibrotic capsule, which is dependent on 

the target transplant site, the TE construct materials and delivery of anti-proliferative 

agents (either local or systemic). Nearly all of these design parameters can be modified 

in some way. Of particular interest are strategies to improve oxygen transport properties 

in the materials used and to enhance local delivery of oxygen at the transplant site of the 

graft or device. 
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Abbreviations (Text) 

19F-MRI fluorine-19 magnetic resonance imaging 

19F-MRS fluorine-19 magnetic resonance spectroscopy 

ATP  adenosine triphosphate 

B0  external magnetic field 

COV  coefficient of variation 

DNA  deoxyribonucleic acid 

DTZ  diphenylthiocarbazone or dithizone 

EM  electron microscopy 

IE  islet equivalent 

IT  islet transplant or transplantation 

kgBW  kilogram of body weight 

OCR  oxygen consumption rate 

PFC  perfluorocarbon 

pO2  oxygen partial pressure 

PP  pancreatic polypeptide 

R1  longitudinal relaxation rate 

SD  standard deviation 

SE  standard error  

T1  spin-lattice relaxation time 

TE  tissue-engineered 
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Abbreviations (Formulaic) 

αi  oxygen solubility coefficient in constituent i [mol/cm3/mm Hg] 

(αD)i  oxygen permeability in constituent i [mol/cm/mm Hg/sec)] 

Di  oxygen diffusion coefficient in constituent i [cm2/sec]  

∆Pi  oxygen partial pressure drop across constituent i [mm Hg] 

∆Pmax maximum oxygen partial pressure drop across half-thickness of TE graft 

or device [mm Hg] 

߳i  void (non-cellular, non-viable) volume fraction in constituent i 

߳PFC  volume fraction of perfluorocarbon in scaffold 

Km  Michaelis-Menten constant [mol/L or mol/cm3] 

Li distance from axisymmetry to surface of constituent i for planar geometry 

[cm] 

Lcyl length of TE graft or device with cylindrical geometry [cm] 

N0 total number of cells or tissue equivalents 

(OCR)i oxygen consumption rate per unit volume of cells or tissue in constituent i 

[mol/cm3/sec] 

Pc critical or minimum oxygen partial pressure to maintain cell viability or 

function [mm Hg] 

Pext external oxygen partial pressure [mm Hg] 

Pi  oxygen partial pressure in constituent i [mm Hg]  

Psi  oxygen partial pressure at the surface of constituent i [mm Hg] 

ρ ratio of oxygen permeabilities of dispersed and continuous phases in a 

composite material 

Ri distance from axisymmetry to surface of constituent i for cylindrical or 

spherical geometry [cm] 
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 (SA)1 surface area of TE graft or device [cm2] 

Vi  rate of oxygen depletion per unit volume in constituent i [mol/cm3/sec)]  

ζ1 seeding density of cells or tissue equivalents per unit volume of scaffold 

[cells/cm3 or tissue equivalents/cm3 or islet equivalents/cm3] 
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Introduction 
 
Tissue engineering is an interdisciplinary field combining engineering, biology and 

medicine for the purpose of developing bioartificial substitutes that can be transplanted 

to restore function of diseased tissue [309; 310]. For most tissue engineering 

applications, there are a minimum number of cell or tissue equivalents that would need 

to be transplanted in order to achieve the desired therapeutic outcome. This requirement 

will increase when there is cell or tissue loss during the posttransplant course, and can 

result from inflammation, immune rejection, or nutrient and oxygen deficiency. The 

number of cells or tissue equivalents that can be seeded into a tissue-engineered (TE) 

graft or device is in particular constrained by the availability of oxygen [311], and this 

constraint can be mitigated by appropriate design considerations. It is critically important 

to eliminate oxygen deprivation as this can reduce necrotic cell and tissue death, which 

in turn would minimize inflammation and immune rejection [312; 313]. In addition to 

reducing irreversible cell and tissue injury, improved local oxygen supply may be 

necessary to establish normal functioning of the transplanted cells or tissue. For 

example, pancreatic β-cells can survive down to oxygen partial pressures (pO2) near-

zero (~0.1 mm Hg), but insulin secretory capacity can be negatively affected at much 

higher pO2 (>30 mm Hg) [87; 169; 314]. Another important consideration is the 

acceptable size (surface area) of a transplantable TE graft or device. Assuming a 

constant seeding density of cells or tissue equivalents, which should not exceed the 

maximum seeding density allowable given other design constraints, a higher required 

loading dose will result in a larger TE graft or device. In some cases, the required 

loading dose to achieve a therapeutic outcome would require transplantation of a TE 

graft or device that is prohibitively large. 
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For the reasons cited, oxygen transport is critical and must be considered when 

designing and fabricating a TE graft or device. There are a number of design parameters 

that need to be defined when developing a TE construct for a particular application, 

some which can be defined in part from values found in literature, and others which 

depend on characterization of the exact materials, and cells or tissue that are used in the 

construction of the TE graft or device. These design parameters include (but are not 

limited to): (1) the number and volume of the cells or tissue equivalents to be seeded; (2) 

the composition (including purity) of the cells or tissue equivalents to be seeded; (3) the 

viability (or oxygen consumption rate) of the cells or tissue equivalents to be seeded; (4) 

the size (diameter) of a cell or tissue equivalent; (5) the pO2 at the target transplant site; 

(6) the thicknesses of the scaffold and any encapsulant; (7) the oxygen permeabilities of 

the materials used in the scaffold and any encapsulant; and (8) the presence or absence 

and the thickness of a fibrotic capsule, which is dependent on the target transplant site, 

the TE construct materials and delivery of anti-proliferative agents (either local or 

systemic). Nearly all of these design parameters can be modified in some way. Of 

particular interest is enhancing local oxygen supply at the transplant site and improving 

the oxygen transport properties in the materials used in the TE graft or device. Examples 

describing the impact of improved oxygen delivery on cell or tissue loading and TE graft 

or device size will be shown. 

 

These principles apply virtually to all applications of tissue engineering, though this 

review and discussion is principally focused on the most promising approaches and 

methods for characterizing design parameters, and the design strategy for TE graft or 

devices in islet transplantation (IT).  
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General Design Considerations 

Prior to designing a TE graft or device, several design parameters need to be defined. 

First, the amount, type and viability of the cells or tissue equivalents seeded into a graft 

or device needs to be accurately quantified. The currently used gold standard is visual 

counting, but this is technique is subject to inter-operator variability and can be 

inaccurate. Techniques based on direct measurements of DNA or nuclei may be the 

most accurate. Quantification of cell types is primarily important for heterogeneous cell 

or tissue preparations that contain multiple cell types. For example, islet preparations do 

not only contain (insulin-secreting) β-cells, but can have varying amounts of other 

cellular components (exocrine, other endocrine [α-, δ-, PP-], etc.) which lower the 

therapeutic quality of the preparation. Accurate assessment of cell viability is paramount. 

Techniques are currently available for direct measurement of oxygen consumption rate 

(OCR), which is a strong indicator of viability and a parameter important to the 

determination of cell or tissue loading within a TE graft or device. Second, accurate 

measurements of the local, steady-state pO2 at the proposed site should be taken prior 

to any extravascular transplant, because vascularization does not occur immediately 

(10-14 days) and some sites may not be suitable from the standpoint of oxygenation. 

This information is required to ensure that the cells or tissue equivalents seeded within a 

TE graft or device have enough oxygen to remain viable during the entire post-transplant 

course. OCR and pO2 measurements in tandem provide the basic information necessary 

to match oxygen demand with supply. Third, implants (whether prostheses, devices or 

grafts) usually induce inflammation in the days following surgery, which in some cases 

persists and results in the formation of an avascular fibrotic capsule. A fibrotic capsule 

itself can consume oxygen (contains 5-30% volume fraction of viable fibroblasts) and 

also represents an oxygen transfer resistance, which can severely affect oxygen delivery 
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to the cells or tissue of the TE graft or device. Given that many factors related to the 

material, shape, surface chemistry and transplant site contribute to the degree and 

nature of a foreign body reaction, each individual graft or device should be evaluated for 

whether it induces fibrotic capsule formation, how thick the capsule becomes and how 

much of the capsule is comprised of cells. Finally, it is important to consider ways 

available to enhance oxygenation of the TE graft or device. Possible strategies may 

involve improving native vascularization, exogenous oxygen delivery, and enhancing 

oxygen permeability in the materials used for the construction of the TE graft or device. 

Each of these design parameters is discussed in greater detail below within the context 

of IT, and it is shown how this information can be used to design a TE islet graft or 

device that enables adequate oxygen delivery to the islet graft. It should be noted that 

these general principles could be applied to virtually any type of TE graft or device 

design. 

 

Methods for Measurement of Design Parameters for Islet Transplantation 

Quantity, Composition, and Viability 

Newer technologies have enabled direct and accurate measurement of the amount [81; 

83], purity or composition [81; 85; 315] and viability [54; 81; 97; 98; 121] of a cellular or 

tissue preparation. These measurements are necessary in order to design and construct 

a TE graft or device with appropriate consideration for oxygen transport or supply 

limitations. 

 

In the case of characterization of an islet preparation, and as discussed in Chapter 3, 

methods for direct quantification of either DNA content or nuclei counts are considered 

the most accurate since 1 cell or islet equivalent (IE, defined as a spheroidal cell 
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aggregate with an average diameter of 150 µm and containing about 1600 cells) have a 

reliably constant amount of genetic material, and the 2 measurements (DNA content and 

nuclei counts) are linearly proportional to each other [81]. DNA content measurements or 

nuclei counts are more accurate than visual counting (the current standard in the field) 

since they are less operator-dependent [81]. Table 5-1 summarizes DNA content values 

on a per cell or IE basis, as described in literature.  

 

For applications that involve cellular aggregates or tissue equivalents, in which the 

smallest, single unit of biological material is composed of >1 cell and which may contain 

cells of varying types, it is critical to accurately characterize their composition. This is 

particularly true for pancreatic islet preparations, whose purity are known to vary widely 

[217], especially in the case of clinical (human islet) preparations [217]. Pancreatic islet 

preparations contain a number of different cell types, including endocrine, exocrine, 

ductal, stromal, neuronal, leukocytic and endothelial, of which all cell types except 

endocrine are considered impurities. Furthermore, it may be prudent to characterize the 

proportion of β-cells (versus non-β-cells, or α-, γ‐ and pancreatic polypeptide [PP] cells) 

within the endocrine fraction to more accurately estimate the therapeutic value of the 

preparation. Pisania et al. reported results of a comprehensive study during which they 

quantified the number and volume fractions using electron microscopy and calculations, 

respectively, of the different cell types present in 33 freshly isolated human islet 

preparations [85]. Some of these results are reproduced in Tables 5-2 and 5-3 for 

reference. The estimated average cell volumes used to convert number fractions to 

volume fractions are found in Table 5-4. The current standard employed for 

characterization of the purity in an islet preparation is staining with 

diphenylthiocarbazone (DTZ), a zinc-specific red dye that stains cells containing insulin 
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granules, followed by light microscopic evaluation [316]. However, this technique has 

been shown to consistently overestimate islet purity [81; 85]. Furthermore, as with visual 

counting, this technique is subjective and susceptible to inter-operator variability [217]. A 

better method to characterize the purity of an islet preparation may be by point counting 

morphometric analysis [81; 85], which has been shown to be correlate strongly with the 

more rigorous morphological assessment by electron microscopy [85]. Another 

technique that may be better involves immunohistochemistry followed by confocal laser 

scanning microscopy [315], though this technique involves 24-hour incubations with 

each primary and secondary antibodies rendering its pre-IT utility impractical.  

 

As important as the quantity and composition of a cell or tissue preparation is the 

viability of that preparation. As discussed in Chapter 3, there are many assays of islet 

viability that have been studied, many involving direct detection of cell death indicators 

(vis-à-vis increased cell membrane permeability, caspase activation, phosphatidylserine 

externalization, DNA fragmentation) or mitochondrial dysfunction (vis-à-vis decreased 

mitochondrial membrane polarization, reduction potential, adenosine triphosphate (ATP) 

content, or OCR) [54]. Unfortunately, many of these have been shown incapable of 

detecting early irreversible cell injury or predicting outcomes post-IT. The most promising 

of these assays are believed to be the ones that detect mitochondrial dysfunction, as 

these events occur early during the cell death process [54; 317]. More specifically, 

recent data have shown that direct measurements of total OCR in a transplantable 

preparation (proportional to the amount of viable tissue to be transplanted) and OCR 

normalized to DNA content (OCR/DNA) (a measure of fractional viability) are capable of 

predicting outcomes following rat [120; 121], porcine [98], and human [91; 97; 99; 122] 

IT into the kidney capsule of diabetic nude mice (i.e., nude mouse bioassay). The nude 
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mouse bioassay has been found to be predictive of clinical islet transplant outcomes [89]. 

However, unlike the nude mouse bioassay, the OCR and OCR/DNA measurements can 

be performed prospectively and the information is available before the clinical 

transplantation needs to be done. Consequently, prospective measurements of 

transplanted OCR and OCR/DNA (in combination) have been observed to predict insulin 

independence in porcine-to-nonhuman primate (xenogeneic) islet transplantation 

(unpublished observations). Furthermore, initial clinical data with both autologous and 

allogeneic ITs have shown that transplanted OCR alone (not in combination with 

OCR/DNA) may be sufficient in predicting diabetes reversal [318]. Additionally, these 

results and observations may suggest that information regarding β-cell functional 

capacity (such as glucose-stimulated insulin secretion) may not be necessary to predict 

outcomes after IT. In addition to its predictive value, direct and accurate measurement of 

OCR is needed to design a TE graft or device, since the oxygen supply is usually limited 

and the magnitude of the oxygen sink is proportional to the number and viability of the 

cells or tissue equivalents to be seeded. OCR and/or OCR/DNA values obtained from 

the laboratory can be used with diffusion-reaction calculations to frame the dimensions 

and determine the maximum seeding density of the cells or tissue within a TE graft or 

device.  

 

Native Oxygen Supply 

Prior to transplantation of any TE graft or device it is important to quantify the available 

oxygen supply at the targeted transplant site. For this reason, the unknown pO2 within 

the current clinical IT site of the liver has in part provided impetus for the theoretical work 

presented in Chapter 4. However, obtaining accurate in vivo pO2 measurements is not a 

trivial matter.  
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There are several methods commonly employed to measure in vivo pO2. The most 

common method utilizes polarographic needle electrodes. This technique works on the 

principle that electrical current generated at the cathode is proportional to the pO2 at the 

cathode tip. The cathode tip is calibrated in vitro by exposing the cathode tip to buffered 

aqueous solution that is bubbled with gases of known pO2. Although the method is 

simple, it has several limitations including that the measurements are affected by other 

factors in the local environment (pH, salinity and ionic strength) and may bias readings if 

performed over a longer period of time since the electrode tip consumes oxygen [319]. 

The insertion of the electrode tip itself is invasive and can cause tissue injury, and 

requires surgical exposure to access deeper structures. Smaller microelectrode tips (<10 

µm) can be used, but these smaller tips are mechanically fragile and more susceptible to 

stray electrical currents [319]. However, these have been used to measure the pO2 at 

several prospective islet transplant sites [202; 216]. Another commonly employed 

method involves optical fibers and fluorescence-based probes, similar technology as is 

used in the some of the systems used to measure OCR [54; 91; 97; 98; 121; 122]. The 

optical fiber carries light to a fluorophore coating at a probe tip, which generates 

fluorescence and is carried back to the spectrometer [319]. Different systems correlate 

different properties of the fluorescence (i.e., intensity, lifetime) with the pO2 at the probe 

tip. To obtain a pO2 measurement the probe tip must be inserted into the tissue-of-

interest and the probe tips are relatively large (>200 µm), so they are more invasive than 

measurements with the polarographic electrode. However, unlike the polarographic 

electrodes, the fluorophore does not consume oxygen [319]. The main limitations of this 

technique are its invasiveness and attrition of the fluorophore coating, which requires 

maintenance (re-application). This problem can be minimized by covering the 
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fluorophore with a semi-permeable membrane, but this will slow the measurement 

response time. Both polarographic electrodes and fiberoptic oxygen sensors have 

another important limitation in that they provide single point measurements of pO2 and 

are unable to account for oxygen gradients which may be present or for differences in 

the pO2 between different compartments (intracellular, interstitial, intravascular).  

 

Another type of pO2 measurement utilizes fluorine magnetic resonance spectroscopy 

(19F-MRS) or imaging (19F-MRI). A main advantage of any MRS or MRI technique is that 

they are non-invasive. 19F-MRS and 19F-MRI exhibit additional advantages that make 

them attractive tools for in vivo measurement-taking, including: 1) the high detection 

sensitivity of the fluorine-19 nucleus (relative to other detectable nuclei like carbon-13, 

oxygen-17, sodium-23, or phosphorus-31) which is due to a strong magnetic moment – 

similar in magnitude to hydrogen-1; and 2) an otherwise low fluorine-19 background 

signal in the human body. Given these qualities, injection or implantation of fluorinated 

compounds has been a strategy used by many to introduce in vivo contrast detectable 

by 19F-MRS or 19F-MRI [217]. One of the most commonly used fluorine-rich compounds 

are perfluorocarbons (PFCs), which have a high fluorine content, are generally 

considered bio-inert, are highly hydrophobic and have high oxygen solubility (10-40 

times higher than water).  

 

The key relationship that enables pO2 estimation by 19F-MRS and 19F-MRI is the linear 

correlation between the inverse of the spin-lattice relaxation time (T1), which is referred 

to as the spin-lattice relaxation rate (R1), and pO2. The theoretical basis for this is 

elaborated on in Chapter 6. The correlation between R1 and pO2 has been confirmed 

experimentally in numerous instances [56; 320; 321; 322; 323; 324; 325; 326; 327; 328; 
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329; 330; 331; 332; 333; 334; 335; 336] and has enabled the minimally-invasive 

estimation of pO2 at the site(s) of injected [321; 322; 328; 329; 331; 333; 335; 337; 338; 

339; 340; 341; 342; 343; 344], implanted [332; 334; 336; 345], or otherwise sequestered 

[324; 325; 327; 329; 330; 346; 347] PFC in vivo. 19F-MRS or 19F-MRI has been 

employed in research for its prospective use with IT [56; 334; 336].  

 

If an intervention (e.g., pre-vascularization, supplementary in situ oxygenation) were to 

enhance the available oxygen supply, then the timing and magnitude of any changes in 

local pO2 at the prospective transplant site should be measured, as such an intervention 

may impact the design of the TE graft of device. Researchers have developed methods 

to help facilitate better and more rapid vascularization of islets post-IT. Some of these 

methods have involved arteriovenous shunting [348; 349; 350; 351], controlled drug 

release of pro-angiogenic factors from polymeric devices/constructs [352; 353; 354; 355; 

356; 357], prevascularization of tissue-engineered chambers at extrahepatic sites of 

transplant [348; 349; 350; 351; 352; 355; 356; 357; 358; 359; 360; 361; 362], co-

transplantation of endothelial cells [357] or their progenitors [363], and the transfection of 

genes directly involved in vasculogenesis [229; 364], just to name a few.  

 

There have not been many studies performed to quantify the in vivo pO2 at prospective 

IT sites using any of the aforementioned techniques, but selected results from several 

studies are summarized in Table 5-5.  
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Fibrotic Capsule Formation 

It is also important to determine whether the TE graft or device will stimulate a foreign 

body reaction and to characterize the extent of fibrotic capsule formation, as this would 

negatively affect TE graft oxygenation. A fibrous capsule arises from a chronic 

inflammatory reaction towards an implant, and may occur following transplantation of a 

TE graft or device. The fibrous capsule is typically characterized by an avascular layer 

composed of dense connective tissue and fibroblasts near the surface of the implant and 

a vascularized layer composed of loose connective tissue containing fibroblasts and new 

blood vessels that is separated from the implant by the avascular layer [207; 220]. The 

composition and thickness of the fibrotic capsule is dependent on numerous factors 

specific to the TE graft or device, including: (1) materials used, and their 

microarchitecture and porosity; (2) size of the graft or device; (3) shape of the graft or 

device; (4) the transplant site; (5) surface topography and chemistry; and (6) presence or 

absence of leachable substances or agents that may modulate a local fibrotic reaction 

[217; 365; 366; 367; 368; 369; 370]. Since fibrotic capsule formation is dependent on 

factors unique to the TE graft or device and its application, it is important to characterize 

the thickness of the avascular part of the capsule, the volume fraction of the fibroblasts 

(and other cells, like macrophages and foreign-body giant cells) within the fibrotic 

capsule, and the distance of the nearest blood vessels, since all of these affect the 

diffusion distance from the oxygen supply as well as the pO2 at the surface of the TE 

graft or device.  

 

Therapeutic Dose 

The most important step in designing a TE graft or device is to determine the minimum 

required dose of cells or tissue equivalents that need to be transplanted in order to 
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achieve the desired post-transplant outcome. The required dose will impact the 

maximum (or allowable) seeding density of cells or tissue equivalents within the scaffold 

material or device, which will directly impact the minimum size (surface area) of the TE 

graft or device. For example, assuming an average islet quality, the minimum required 

dose to consistently achieve diabetes reversal is approximately 5000 IEs per kilogram of 

body weight (kgBW) for clinical auto-IT [183; 184], 10,000 IEs per kgBW for clinical allo-

IT [43; 44; 45; 46; 68; 184], and 25,000 IEs per kgBW for xeno-IT (porcine-to-non-human 

primate) [371; 372]. These doses have been determined empirically through years of 

experience with intraportal IT. It is conceivable that the required islet dose could be 

reduced by transplanting islets at an extrahepatic site since there is evidence suggesting 

that the liver is not the optimal site for IT [217], and this is in part the focus of discussion 

in the previous chapter (Chapter 4). Also, even though the prescribed doses have been 

based primarily on the quantity of islets required to achieve the desired outcome (insulin 

independence), the quality of the preparation is possibly more critical [54; 55; 81; 97; 

121]. However, examples that illustrate the relationship between required islet dose and 

minimum TE graft or device size are given following presentation of a generalized 

mathematical model used in the calculation of the maximum islet seeding density or 

loading. 

 

We have now discussed the importance of characterizing the cell or tissue preparation 

for quantity, composition and viability, the pO2 at the prospective transplant site, and the 

fibrogenicity of the TE graft or device following transplantation. Any information about the 

mass transfer properties (i.e., solubilities, diffusivities) is valuable to the design since 

these properties will influence the oxygen delivery to the cells or tissue that is seeded in 

the TE graft or device. Additionally, incorporation of immunomodulatory drugs, 
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angiogenic or anti-proliferative co-factors, imaging agents may have an effect on the 

thickness and composition of a fibrotic capsule, the nearness and density of the local 

blood supply, and the oxygen transport properties in the bulk material(s) – and their 

potential impact on the design should be considered. As much information regarding 

these design parameters should be gathered to best optimize the TE graft or device 

design. Figure 5-1 summarizes the generalized strategy that is proposed when 

designing a TE graft or device. The next section of this Chapter focuses on presenting a 

generalized mathematical model for calculating the maximum cell or tissue seeding 

density, a quantity which is proportional to the minimum TE graft or device size. 

 

General Mathematical Model and Assumptions 

An engineered construct can be designed to account for the provision of oxygen delivery. 

Many TE grafts or devices rely on passive diffusion of oxygen from the surface and 

require that the seeding densities of cells or tissue remain low enough to prevent 

formation of hypoxic or anoxic regions, and thus to prevent early (<14 days) loss of cells 

or tissue. The maximum seeding density of the cells or tissue is determined from a 

number of design parameters, and can be calculated from diffusion-reaction theory. 

These calculations can help ensure that the cells or tissue receive adequate oxygenation 

based on the constraints inherent to an application. The generalized mathematical 

theory has been previously developed by Avgoustiniatos and Colton [207; 373], but the 

model has been simplified to involve only equations relevant to the TE graft or device 

design and to highlight some key design considerations. Regardless of the device 

geometry (planar, cylindrical, spherical), the TE graft or device can be represented 

schematically by a generalized arrangement of layers and it depicted in Figure 5-2. The 

generalized TE graft or device can be represented by 4 constituents, the cell or tissue 
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equivalent (constituent 0), the scaffold (constituent 1 or layer 1, which is the material into 

which the cells or tissue equivalents are seeded), the encapsulant (constituent 2 or layer 

2, if included in the design), and the fibrotic capsule (constituent 3 or layer 3, if it exists). 

The basis of the diffusion-reaction theory arises from the mass conservation equation, 

which in its general form accounts for steady-state diffusion and oxygen consumption 

(reaction) within each constituent i (Equation 5-4):  

 

(5-4) ሺܦߙሻ௜
ୢమP౟
ୢ୶మ

ൌ ௜ܸ 

 

where (αD)i is the oxygen permeability (which is the product of oxygen solubility and 

diffusion coefficients), Pi is the pO2, and Vi is the rate of oxygen depletion per unit 

volume in constituent i. In this model, the analysis involves one dimension (x) since the 

geometry is symmetric about a plane (planar), line (cylindrical) or point (spherical). The 

OCR within each constituent i is modeled by assuming Michaelis-Menten kinetics 

(Equation 5-5) at a pO2 that is much higher than the (Km/αi) value, which represents the 

pO2 at which OCR is reduced by 50% (or the half-maximum value) (Equation 5-6): 

 

(5-5) ௜ܸ ൌ ሺܱܴܥሻ௜ሺ1 െ ߳௜ሻ
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(5-6) ௜ܸ ൌ ሺܱܴܥሻ௜ሺ1 െ ߳௜ሻ 

 

where (OCR)i is the maximum volumetric OCR of cells or tissue in constituent i, which 

can be directly measured by conventional methods [54; 98], and ߳i is the non-viable void 

fraction in constituent i. At least in this case, modeling oxygen consumption as a zero-
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order reaction is reasonable since the (Km/αi) for islets is believed to be very low (~0.1 

mm Hg) and has been shown experimentally [98]. 

 

As illustrated in the schematic (Figure 5-2), the TE graft or device should be designed 

such that a cell or tissue equivalent located along the axisymmetry of the TE graft or 

device, which represents the largest distance that a single cell or tissue equivalent can 

be from the oxygen source, is expected to be fully oxygenated. The presence or 

absence of additional mass transfer resistances (such as an encapsulant or fibrotic 

capsule) will also impact oxygenation, and they need to be characterized to optimize the 

TE graft or device design.  

 

The TE graft or device can be modeled with the following assumptions: 

1.  Steady-state oxygen transport and consumption; 

2.  The oxygen source is represented by the external pO2 (Pext) and is at the surface 

of the outermost constituent; 

3.  No oxygen flux across the axis of symmetry;  

4.  A cell or tissue equivalent is spherical with an average radius represented by R0;  

5.  Cells or tissue equivalents are homogeneously distributed throughout the 

scaffold (Layer 1), with an average cell or tissue volume fraction represented by 

(1- ߳1); 

6. The scaffold has a uniform half-thickness of L1 (planar) or R1 (cylindrical or 

spherical) and exhibits characteristic oxygen permeability in the scaffold material 

represented by (αD)1; 

7. The encapsulant (Layer 2) has a uniform half-thickness of (L2 – L1) or (R2 – R1) 

and represents only a mass transfer resistance (no oxygen-consuming cells or 
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tissue) and exhibits characteristic oxygen permeability in the encapsulant 

material represented by (αD)2; 

8. Fibroblasts are homogeneously distributed throughout the fibrotic capsule (Layer 

3), with an average cell volume fraction represented by (1- ߳3); 

9. The fibrotic capsule (Layer 3) has a uniform half-thickness of (L3 – L2) or (R3 – R2) 

and exhibits a characteristic oxygen permeability represented by (αD)3, which is 

the product of the oxygen solubility and diffusivity in connective tissue; 

10. The cells or tissue equivalents seeded in the scaffold (Layer 1) or the fibroblasts 

residing in the fibrotic capsule consume oxygen at a characteristic rate given by 

(OCR)1 (cells or tissue equivalents) or (OCR)3 (fibroblasts). 

 

The optimized form of the graft or device depends on key design parameters related to 

the following (the asterisk indicates that the design parameter is modifiable):  

 

Graft or device size 

 Thickness* 

Transplant site 

External pO2* 

Material properties 

Oxygen solubility* 

Oxygen diffusivity* 

Cells or tissue 

Cell or tissue volume fraction (or void volume fraction)* 

Viability (or oxygen consumption rate) 

Size of cell or tissue equivalent 
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The overall size of the graft or device is related to the seeding density, but ultimately 

depends on the required dose of cell or tissue equivalents needed to achieve the desired 

therapeutic outcome. Modifiable design parameters and their impact on the design, and 

key strategies to increase seeding density and decrease size are depicted in Figure 5-3.  

 

Each layer of the graft or device represents an oxygen transfer resistance that is 

associated with a characteristic pO2 drop (∆Pi = Psi – Ps(i-1)). The final pO2 drop that 

needs to be accounted for is into the cell or tissue equivalent located at the axisymmetry, 

which cannot exceed (∆P0 = Ps0 – Pc), where Ps0 is the pO2 at the surface of that cell or 

tissue equivalent and Pc is the critical pO2 that represents the minimum allowable to 

sustain either viability or function, which may differ depending on the cell type and 

design requirements. For example, in the case of IT, the β-cells can survive down to very 

low pO2 (~0.5 mm Hg) [167], but second-phase insulin secretion is severely reduced at 

much higher pO2 (5-10 mm Hg) [87; 164; 169; 314]. The sum total of pO2 drops (∆Ptotal) 

through each layer must be less than the difference between the external (at the surface 

of the outermost layer) and critical pO2 values (Equation 5-6). 

 

(5-6) ∆ ௠ܲ௔௫ ൌ  ∆ ଴ܲ ൅ ∆ ଵܲ ൅ ∆ ଶܲ ൅ ∆ ଷܲ  ൏ ௘ܲ௫௧ െ ௖ܲ 

 

Regardless of TE graft or device geometry, the pO2 drop across a cell or tissue 

equivalent is calculated with the following (Equation 5-7): 

 

(5-7) ∆ ଴ܲ ൌ
ሺை஼ோሻబோబమ

଺ሺఈ஽ሻబ
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The pO2 drop across each layer can be calculated for each of three geometries and the 

detailed theory is presented by Avgoustiniatos and Colton [207]. The equations have 

been reduced for all three geometries (planar, cylindrical, and spherical) and for each of 

the three layers (scaffold, encapsulant, and fibrotic capsule), as based on the schematic 

shown in Figure 5-2, and are shown below (Equations 5-8 through 5-16). 

 

Planar 

(5-8) ∆ ଵܲ ൌ
ሺை஼ோሻబሺଵିఢభሻ௅భమ

ଶሺఈ஽ሻభ
 

 

(5-9) ∆ ଶܲ ൌ
ሺை஼ோሻబሺଵିఢభሻሺ௅మି௅భሻ௅భ

ሺఈ஽ሻమ
 

 

(5-10) ∆ ଷܲ ൌ
ሺை஼ோሻయሺଵିఢయሻሺ௅యି௅మሻమ

ଶሺఈ஽ሻయ
൅ ሺை஼ோሻబሺଵିఢభሻሺ௅యି௅మሻ௅భ

ሺఈ஽ሻయ
 

 

Cylindrical 

(5-11) ∆ ଵܲ ൌ
ሺை஼ோሻబሺଵିఢభሻோభమ

ସሺఈ஽ሻభ
 

 

(5-12) ∆ ଶܲ ൌ
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Spherical 

(5-14) ∆ ଵܲ ൌ
ሺை஼ோሻబሺଵିఢభሻோభమ

଺ሺఈ஽ሻభ
 

 

(5-15) ∆ ଶܲ ൌ
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(5-16) ∆ ଷܲ ൌ
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The cell or tissue volume fractions (relative to the total volume of the scaffold) can be 

estimated for each of the geometries using the following (Equations 5-17 through 5-19): 

 

Planar 

(5-17) ሺ1 െ ߳ଵሻ ൌ
ଶగேబோబయ

ଷ௅భሺௌ஺ሻభ
 

 

Cylindrical 

(5-18) ሺ1 െ ߳ଵሻ ൌ  
ସேబோబయ

ଷோభ௑భ
 

 

Spherical 

(5-19) ሺ1 െ ߳ଵሻ ൌ ଴ܰ ቀ
ோబ
ோభ
ቁ
ଷ
 

 

where N0 is the total number of cells or tissue equivalents seeded into a scaffold, (SA)1 

is the surface area of a planar graft or device, and X1 is the length of a cylindrical graft or 

device. 
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These basic equations can be used to help guide TE graft or device design, and to 

answer relevant questions regarding the impact of different design parameters (i.e., 

thicknesses, external pO2, oxygen permeabilities, etc.) on cell or tissue equivalent 

seeding density and graft or device size. 

 

Application of Theory to Tissue-Engineered Graft or Device Design 

A critical barrier for translating successful TE strategies from rodent or smaller animal 

models to humans is scaling. As indicated previously, assuming that an islet preparation 

is of average quality, it has been determined that approximately 10,000 IEs per kgBW 

are required to reverse diabetes following clinical allo-IT, meaning that 700,000 IEs need 

to be transplanted into a 70-kg recipient. The required dose is very large and it could 

itself be reduced given that the human pancreas has >1-1.5 million islets and between 5-

30% of the total islet mass is required to maintain normoglycemia [198; 374]. 

Nevertheless, we consider the currently required dose. The required dose is important 

since it is proportional to the volume of cells or tissue to be transplanted, which will 

correlate with the allowable seeding density and ultimately the dimensions of the TE 

graft or device.  

 

Seeding density and size 

Consider a planar device seeded with islets and with no encapsulant or fibrotic capsule. 

In this case, the R0 = 75 µm (average radius of an IE), the (OCR)0 = 2·10-8 mol/cm3/sec 

(representative viability of an islet preparation), the Pext = 40 mm Hg (representative of 

measured pO2 values in the intraperitoneal cavity, see Table 5-5), the Pc = 0.1 mm Hg 

(critical pO2 for islet cell survival), and a reasonable scaffold half-thickness of L1 = 0.1 cm 
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(schematic shown in Figure 5-5). All other model parameters, including oxygen 

permeabilities, are summarized in Table 5-6. The seeding density can be estimated and 

is dependent on the islet dose, the TE graft or device thickness and surface area 

(Equation 5-20), and represents the maximum number of IEs that can be seeded into a 

known scaffold volume. 

 

ଵߞ (5-20) ൌ
ேబ

ଶሺௌ஺ሻభ௅భ
 

 

For this case, to estimate the approximate surface area, Equations 5-6, 5-7, 5-8 and 5-

17 are combined and re-arranged to solve for (SA)1 (Equation 5-21): 

 

Planar device, no encapsulant or fibrotic capsule 

(5-21) ሺܵܣሻଵ ൌ
గேబோబ௅భ

ሺఈ஽ሻభ൤
య∆ು೘ೌೣ

ሺೀ಴ೃሻబೃబ
మ ି 

ሺןವሻభ
మሺןವሻబ

൨
 

 

For a TE graft or device to be seeded with 700,000 IEs, the maximum seeding density 

would be low (≤5027 IEs/cm3) and the surface area would have to be prohibitively large 

for transplant into a human recipient (≥696.0 cm2). For reference, the surface area of a 

standard sheet of printer paper is 603.2 cm2. The seeding density would further 

decrease and the surface area would increase with poorer oxygen supply, an 

immunoisolation barrier (encapsulant) or fibrotic capsule. Assuming the same external 

pO2 as in the previous example (Pext = 40 mm Hg), analysis can be done to account for 

the presence of an encapsulant and fibrotic capsule (schematic shown in Figure 5-6). In 

this case, to estimate the approximate surface area, Equations 5-6, 5-7, 5-8, 5-9, 5-10 

and 5-17 are combined and re-arranged to solve for (SA)1 (Equation 5-22): 
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Planar device, with encapsulant and fibrotic capsule 

(5-22) ሺܵܣሻଵ ൌ
ሺை஼ோሻబగேబோబయቂ
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The addition of a relatively thin (100-µm) encapsulant and a fully-developed (100-µm, 10% 

cell volume fraction) fibrotic capsule results in the maximum seeding density being 

significantly reduced (≤1668 IEs/cm3) and the required surface area almost tripling in 

size (≥2098.1 cm2). In the previous two examples, the critical pO2 was nearly zero (Pc = 

0.1 mm Hg) and reflects the minimum pO2 required to prevent islet cell death. However, 

insulin secretion is affected at much higher pO2 and this should be accounted for in the 

design. The design objective may be to minimize islet cell death during the first few 

weeks posttransplant, with the intent that full function is reestablished at the time of 

completed neovascularization (1-2 weeks later). However, this may never occur. 

Consequently, in some cases, it may be prudent to account for the possibility that 

oxygen supply may not improve or may be transiently lowered in the peritransplant 

period (due to active inflammation). This can be done by increasing the minimum pO2 

requirement, which will reduce the maximum pO2 drop that is allowable, which in turn will 

lower the maximum seeding density and increase the required size. Consider the 

previous scenario, except with the critical pO2 being changed from 0.1 to 10 mm Hg. For 

a planar TE graft or device with no encapsulant or fibrotic capsule and seeded with 

700,000 IEs, the maximum seeding density is ≤3106 IEs/cm3 (~38% lower) and the 

minimum surface area is ≥1126.8 cm2 (~62% larger). For the same TE graft or device 

with an encapsulant and fibrotic capsule, the maximum seeding density is ≤546 IEs/cm3 

(~67% lower) and the minimum surface area is ≥6413.3 cm2 (~306% larger). These 
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analyses serve to illustrate the importance of oxygenation for TE graft or device design, 

and of determining appropriate design constraints. The calculations also highlight the 

importance of accurately characterizing the number of IEs and their viability (OCR) in an 

islet preparation, and the available external pO2 – which may change with time post-

transplant and which may differ depending on transplant site. With the currently required 

islet dose and under reasonable conditions, these calculations suggest that the required 

size of a planar TE graft or device is not practical for human transplant. Oxygen transfer 

does depend partly on geometry and improves with increasing surface area-to-volume 

ratio; planar (~1/L1), cylindrical (~2/R1), and spherical (~3/R1). However, a change to a 

different geometry will still require a very large TE graft or device. There are several 

strategies that can be employed to significantly reduce the size of the TE graft or device, 

including increasing the local oxygen supply and improving the oxygen transfer. 

 

Increased oxygen supply 

The oxygen supply at or near the TE graft or device can be improved in a number of 

ways, including increasing the local vascular density [217] or in situ oxygen generation 

by electrochemistry [375], photosynthesis [376] or oxygen-generating biomaterials [377]. 

The effect of improved oxygenation on both islet seeding density and TE graft or device 

surface area can be estimated by adjusting the external pO2 in the model; Figures 5-7 

and 5-8 illustrate estimates of seeding density and surface area in a planar TE graft or 

device, with increasing external pO2 (Pext = 25-760 mm Hg, range) and at two different 

critical pO2 values, representing the lower threshold for islet cell death (Pc = 0.1 mm Hg) 

and healthy insulin secretion (Pc = 10 mm Hg). The estimates are also tabulated in 

Tables 5-7 (no encapsulant or fibrotic capsule) and 5-8 (with encapsulant and fibrotic 

capsule). For a TE graft or device with no encapsulant or fibrotic capsule (Figure 5-5, 
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schematic representation) and the low critical pO2 (0.1 mm Hg), an increase in the 

external pO2 from 40 to 100 (arterial pO2) or 305 mm Hg (achievable with in situ oxygen 

generation) increases the seeding density by 3.3 or 11.2 times, corresponding to a 

percent decrease in surface area of 69.8% (≥210.0 cm2) or 91.1% (≥62.0 cm2), 

respectively. If the same TE graft or device is considered except at the higher critical pO2 

(10 mm Hg), an increase in external pO2 from 40 to 100 or 305 mm Hg increases the 

seeding density by 4.7 or 17.6 times, corresponding to a percent decrease in surface 

area of 78.9% (≥237.3 cm2) or 94.3% (≥64.2 cm2), respectively. An increase of external 

pO2 can have a profound impact on the size of the TE graft or device, and could 

reasonably reduce the surface area from larger than a sheet of printer paper (≥600 cm2) 

to smaller than a post-it note (≤60 cm2).  

 

Another relevant question is whether or not increasing the external pO2 could sufficiently 

reduce the size of a TE graft or device if the oxygen source was separated from the cells 

or tissue by an encapsulant and fibrotic capsule. For a TE graft or device with an 

encapsulant and fibrotic capsule (Figure 5-6, schematic representation) and the low 

critical pO2 (0.1 mm Hg), an increase in the external pO2 from 40 to 100 or 305 mm Hg 

increases the seeding density by 5.1 or 19.0 times, corresponding to a proportional 

percent decrease in surface area of 80.3% (413.2 cm2) or 94.7% (110.4 cm2), 

respectively. If the same TE graft or device is considered except at a higher critical pO2 

(10 mm Hg), an increase in external pO2 from 40 to 100 or 305 mm Hg increases the 

seeding density by 13.5 or 56.0 times, corresponding to a proportional percent decrease 

in surface area of 92.6% (476.3 cm2) or 98.2% (114.4 cm2), respectively. These 

calculations indicate that the size of a TE graft or device can be dramatically reduced by 

improved external oxygen supply, even with an encapsulant and fibrotic capsule. In 
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these examples, the encapsulant was relatively thin (100-um) and increasing the 

thickness would result in increased net oxygen transfer resistance into the TE graft or 

device. However, the majority of the pO2 drop occurs in the avascular fibrotic capsule – 

which has a large cell volume fraction (10%) composed primarily of fibroblasts – 

suggesting the importance of preventing foreign body reaction at the surface of the TE 

graft or device.  

 

Improved oxygen transfer 

Oxygen delivery can be improved by materials engineering to reduce mass transfer 

resistances or by incorporation of substances that have higher oxygen permeability. One 

strategy is to incorporate PFCs – which have 10-40 times higher oxygen permeability 

than water [378] – into the TE graft or device scaffold [56; 379; 380]. Incorporation of 

PFCs can increase the effective oxygen permeability of a material. The magnitude of this 

increase can be estimated using the Maxwell relationship (Equations 5-23 and 5-24), 

which describes the effective oxygen permeability in a composite material containing two 

phases, one that is dispersed and one that is continuous. In this case, the dispersed 

phase is the PFC and the continuous phase is TE scaffold material, both of which have 

different oxygen permeability. 

 

(5-23) 
ሺఈ஽ሻభ,೐೑೑
ሺఈ஽ሻభ

ൌ ଶ ି ଶאುಷ಴ ା ఘሺଵ ା ଶאುಷ಴ሻ
ଶ ା אುಷ಴ ା ఘሺଵ ା אುಷ಴ሻ

 

 

ߩ (5-24) ൌ ሺఈ஽ሻುಷ಴
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where (αD)1,eff is the effective oxygen permeability of the composite material, ߳PFC is the 

volume fraction of PFC, and ρ is the ratio of oxygen permeabilities of the two phases. 

Using the Maxwell relationship, incorporation of 5%, 10%, 20%, 30% and 50% PFC by 

volume is estimated to increase the oxygen permeability of a hydrogel-based scaffold by 

1.2, 1.3, 1.7, 2.2 and 2.9 times, respectively. Depending on the case, this may have 

utility in improving oxygen transport into a TE graft or device. 

 

Consider a planar TE graft seeded with islets and with no encapsulant or fibrotic capsule. 

The same constants will be assumed as before (Table 5-6). The difference in this case 

is the incorporation of PFC into the scaffold material of the TE graft (depicted as 

emulsified spherical droplets in Figure 5-9). Changes in the maximum islet seeding 

density and minimum TE graft surface area can be calculated using Equations 5-20, 5-

21, 5-23 and 5-24. For example, assuming a Pext = 40 mm Hg and Pc = 0.1 mm Hg, the 

maximum islet seeding density increases (216%) from 5027 to 10,876 IEs/cm3 and the 

minimum surface area decreases (54%) from 696.2 to 321.8 cm2 by incorporating 30% 

PFC by volume into the scaffold. If the same TE graft or device has an encapsulating 

layer and fibrotic capsule, the maximum islet seeding density increases (146%) from 

1668 to 2433 IEs/cm3 and the minimum surface area decreases (31%) from 2098.1 to 

1,438.8 cm2 by incorporating 30% PFC by volume into the scaffold. An increase to the 

Pext can be combined with incorporation of PFC to reduce the TE graft size. For example, 

consider a TE graft with no encapsulant or fibrotic capsule with a Pext = 305 mm Hg and 

Pc = 0.1 mm Hg. In this case, the maximum islet seeding density increases (216%) from 

56,452 to 121,951 IEs/cm3 and the minimum surface area decreases (54%) from 62.0 to 

28.7 cm2 by incorporating 30% PFC by volume into the scaffold. If the same TE graft or 

device has an encapsulating layer and fibrotic capsule, the maximum islet seeding 
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density increases (146%) from 31,703 to 46,235 IEs/cm3 and the minimum surface area 

decreases (31%) from 110.4 to 75.4 cm2 by incorporating 30% PFC by volume into the 

scaffold.  

 

When compared with increases to the external oxygen supply, these improvements are 

modest. For example, a TE graft with no encapsulant or fibrotic capsule and with Pc = 

0.1 mm Hg has a calculated surface area of 696.2 cm2 at Pext = 40 mm Hg and 0% v/v 

PFC, 321.8 cm2 at Pext = 40 mm Hg and 30% v/v PFC, 62.0 cm2 at Pext = 305 mm Hg 

and 0% PFC, and 28.7 cm2 at Pext = 305 mm Hg and 30% PFC. This indicates that an 

attainable increase in Pext markedly reduces the TE graft size (>ten-fold), but solely 

incorporating PFC does not (~two-fold). The relative impact of increased oxygen 

permeability in the TE scaffold is further minimized when an encapsulant and/or fibrotic 

capsule is present. However, different applications may require the use of both 

strategies – such as when the external pO2 requirement is limited or has been optimized 

for a particular type or cell or tissue, and additional size reduction can be accomplished 

by incorporation of substances like PFC. Another potential benefit of incorporation of 

PFC into a TE graft or device is its detection via 19F-MRS or 19F-MRI, which can be used 

to measure the average pO2 in the vicinity of the cells or tissue [56; 334; 336]. 

 

The effects of increasing the scaffold oxygen permeability by incorporation of PFC is 

illustrated in Figures 5-10, 5-12 and 5-14 (maximum seeding density) and Figures 5-11, 

5-13 and 5-15 (minimum surface area), are shown at different external pO2 values (Pext = 

40, 100 and 305 mm Hg) and with or without an encapsulant and fibrotic capsule. 

Tables 5-9, 5-10, 5-11, 5-12, 5-13 and 5-14 summarize the values presented in Figures 

5-10 through 5-15. 
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Conclusion 

This review and discussion is meant to highlight the importance of oxygenation in the 

design of TE graft or devices. Transplanted cells or tissues that are not immediately 

revascularized are susceptible to death if the oxygen supply and transport (by diffusion) 

is not adequate. By the time new blood vessels grow into the graft or near the device to 

provide adequate oxygen supply, many of the cells may be lost. This can be in part 

prevented with design of a TE graft or device with appropriate consideration for the 

available oxygen provision. This design process should involve accurate characterization 

of cell and tissue quantity, composition, and viability, as well as the pO2 at the 

prospective transplant site. Fibrotic capsule formation can have a profound effect on 

oxygen delivery and needs to be evaluated for any application. Along with a 

determination of the required therapeutic dose, all of these factors contribute to the 

maximum cell or tissue seeding density and minimum TE graft or device size, which are 

important practical considerations for human transplant. In applications that currently 

require high doses of viable cells or tissue, the TE graft or device size can be reduced by 

increasing the local oxygen supply and transport.  
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Table 5-1: DNA content on a per cell or islet equivalent 
basis 
Cell or Islet Type DNA Content Ref. 
   
Rat α-cell 7.3 pg/cell [381] 
Rat β-cell 5.7 pg/cell [381] 
Rat islet 6.4-6.5 pg/cell [83] 
Human islet 6.6-6.9 pg/cell [83; 86] 
Human or porcine 
islet 

10.4 ng/IE [98] 

   
Abbreviations: DNA, deoxyribonucleic acid; IE, islet 
equivalent. 
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Table 5-2: Cell number fraction estimatesa from Pisania et al. [85] 

Cell type Mean (± SE) Range COV 
    
Isletb 0.48 ± 0.03 0.13-0.85 0.31 
β- 0.36 ± 0.02 0.13-0.64 0.35 
Non-β- (α, γ, ε, PP) 0.13 ± 0.10 0.04-0.27 0.44 
    
β- (within islet only) 0.74 ± 0.02 0.41-0.84 0.13 
    

Non-isletc 0.52 ± 0.03 0.03-0.83 0.29 
Acinar 0.25 ± 0.02 0.05-0.42 0.40 
Duct 0.23 ± 0.02 0.02-0.38 0.37 
Other 0.04 ± 0.004 0.004-0.12 0.64 
    

aBased on electron microscopic evaluation with 33 freshly isolated human islet 
preparations. 
bNot including acinar, ductal or other (neuronal, leukocytic, endothelial) cells. 
cAcinar, ductal, and other cells. 
Abbreviations: COV, coefficient of variation; PP, pancreatic polypeptide; SE, 
standard error. 
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Table 5-3: Volume fraction estimates and number of cells per islet equivalent 
from Pisania et al. [85] 

Cell type Mean (± SE) Range COV 

    
Islet (EM)a 0.52 ± 0.03 0.20-0.89 0.31 
Islet (DTZ)b 0.68 ± 0.03 0.30-0.95 0.26 
    
Number of cells per IE    

Total 1560 ± 20 1430-1980 0.07 
β- 1140 ± 15 837-1260 0.07 
    

aBased on EM analysis and converted from number fraction data. 
bBased on DTZ staining. 
Abbreviations: COV, coefficient of variation; DTZ, diphenylthiocarbazone; EM, 
electron microscopy; IE, islet equivalent; PP, pancreatic polypeptide; SE, 
standard error. 
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Table 5-4: Cell volume and radii estimated from Pisania et al. [85] 

Cell type 
Native pancreas Freshly isolated 

Volume (µm3) Radius 
(µm)c 

Volume 
(µm3) Radius (µm)c 

     
Isleta     
β- 1000 6.2 950 6.1 
Non-β- (α, γ, ε, PP) 400 4.6 400 4.6 
     

Non-isletb     
Acinar 1550 7.2 1200 6.6 
Duct 200 3.6 200 3.6 
Other 200 3.6 200 3.6 
     

aNot including acinar, ductal or other (neuronal, leukocytic, endothelial) cells. 
bAcinar, ductal, and other cells. 
cCalculated from cell volume data (assuming that the cells are spherical). 
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Table 5-5: Selected measurements of in vivo pO2 at prospective islet transplant sites 

Transplant site Model Method  Range and/or Mean±SD pO2 [mm Hg] Ref. 

Intrahepatic     
 Rat Clark microelectrode 3-4a [202] 
Intramuscular     

 
Rat Fluorine spectroscopy 

Air: 41±10b 

Oxygen: 70±23b 

Hypoxic: 7±6b 
[331] 

 Rat Fluorine spectroscopy Air: 18±16 (day 2), 5±11 (day 90)c 

Oxygen: 237±61 (day 2), 12±7 (day 90)c [332] 

Intraperitoneal     
 

Rat Fluorine spectroscopy 
Air: 52±7b 

Oxygen: 88±14b 

Hypoxic: 19±7b 
[331] 

 Rat Fluorine spectroscopy Air: 26±34 (day 1), 21±13 (day 54)d 

Oxygen: 56±62 (day 1), 69±40 (day 54)d [332] 

 Mouse Fluorine spectroscopy 16-213e [334] 
 Mouse Fluorine spectroscopy 51-58f [336] 
Pancreatic     

Islet Rat Clark microelectrode 37-42a [202] 
Acinar Rat Clark microelectrode 26-33a [202] 

Renal     

Subcapsular Rat Fluorine spectroscopy Air: 8-33 and 17±9g 

Oxygen: 24-75 and 43±20g [332] 

Cortical Rat Clark microelectrode 13-14a [202] 
Spleen     

 Rat Clark microelectrode 28-32 (non-diabetic), 18-22 (diabetic)a [202] 
aEstimated from bar graph (Figures 1 or 3 of reference) for parenchymal pO2 measurements in non-diabetic 
and diabetic animals. Unless indicated, pO2 values were similar for non-diabetic and diabetic animals.  
bTaken after injection of neat PFC into quadriceps femoris or intraperitoneal cavity of 3 animals breathing 
ambient air (pO2 ~ 160 mm Hg), oxygen (pO2 ~ 760 mm Hg), or hypoxic gas mixture (pO2 ~ 76 mm Hg). 
cTaken at days 2 and 90 after implantation of alginate beads containing PFC into quadriceps femoris of 7 
animals breathing ambient air (pO2 ~ 160 mm Hg) or oxygen (pO2 ~ 760 mm Hg). 
dTaken at days 1 and 54 after implantation of alginate beads containing PFC into intraperitoneal cavity of 
13-15 animals breathing ambient air (pO2 ~ 160 mm Hg) or oxygen (pO2 ~ 760 mm Hg). 
eTaken on days 0, 1, 2, 6 and 7 after implantation of alginate beads containing PFC into intraperitoneal 
cavity of 3-6 animals breathing carbogen (pO2 ~ 720 mm Hg). 
fTaken on days 1, 8 and 16 after implantation of alginate beads containing PFC (and no cells) into 
intraperitoneal cavity of 4 animals breathing oxygen (pO2 ~ 760 mm Hg). 
gTaken over 4-month period following implantation of alginate beads containing emulsified PFC in 6 
animals breathing ambient air (pO2 ~ 160 mm Hg) or oxygen (pO2 ~ 760 mm Hg). 
Abbreviations: PFC, perfluorocarbon; pO2, oxygen partial pressure; SD, standard deviation. 
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Table 5-6: Summary of model constants and selected variables used in examples presented in 
Chapter 5, unless otherwise specified in the text 

Description Formulaic 
Abbreviation 

Prescribed 
Value Units Reference(s) 

Half-thickness     
Scaffold L1 0.10 cm - 
Encapsulant (L2-L1) 0.01 cm - 
Fibrotic capsule (L3-L2) 0.01 cm [207] 

Radius of IE R0 0.0075 cm [81] 
External pO2 Pext 40 mm Hg Table 5-6 
Critical pO2     

Non-viable Pc 0.1 mm Hg [207] 
Non-functional Pc 10 mm Hg [87] 

Oxygen permeability     
Islet (αD)0 1.34·10-14 mol/cm/mm Hg/sec [163] 
Scaffold (0% v/v PFC) (αD)1 3.43·10-14 mol/cm/mm Hg/sec [207] 
Scaffold (5% v/v PFC) (αD)1, eff 3.93·10-14 mol/cm/mm Hg/sec - 
Scaffold (10% v/v PFC) (αD)1, eff 4.49·10-14 mol/cm/mm Hg/sec - 
Scaffold (20% v/v PFC) (αD)1, eff 5.78·10-14 mol/cm/mm Hg/sec - 
Scaffold (30% v/v PFC) (αD)1, eff 7.42·10-14 mol/cm/mm Hg/sec - 
Scaffold (50% v/v PFC) (αD)1, eff 9.94·10-14 mol/cm/mm Hg/sec - 
Encapsulant (αD)2 3.43·10-14 mol/cm/mm Hg/sec [382; 383] 
Fibrotic capsule (αD)3 1.34·10-14 mol/cm/mm Hg/sec [207] 
Perfluorocarbon (αD)PFC 1.42·10-12 mol/cm/mm Hg/sec [378] 

Volume fraction     
Fibroblasts (1- ߳3) 0.1 - [207] 

Viability     
Volumetric OCR (islet) (OCR)0 2.00·10-8 mol/cm3/sec [121] 
Volumetric OCR 
(fibroblasts) 

(OCR)3 3.00·10-8 mol/cm3/sec [207] 

Abbreviations: IE, islet equivalent; OCR, oxygen consumption rate; PFC, perfluorocarbon; pO2, 
oxygen partial pressure. 
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Table 5-7: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing external pO2 and no encapsulant or fibrotic 
capsule 

Pext (mm Hg) 
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 
     

25 2121 1653.7 195 17903.7 
40 5027 696.2 3106 1126.8 
55 7938 440.9 6017 581.7 
70 10849 322.6 8926 392.1 
85 13758 254.4 11836 295.7 

100 16667 210.0 14749 237.3 
225 40936 85.5 39019 89.7 
305 56452 62.0 54517 64.2 
455 85575 40.9 83732 41.8 
760 144628 24.2 142857 24.5 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-8: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing external pO2, an encapsulant and fibrotic 
capsule 

Pext (mm Hg) 
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 
     

25 - - - - 
40 1668 2098.1 546 6413.3 
55 3369 1038.9 2246 1558.0 
70 5070 690.4 3947 886.0 
85 6770 517.0 5648 619.7 

100 8470 413.2 7348 476.3 
225 22639 154.6 21525 162.6 
305 31703 110.4 30594 114.4 
455 48747 71.8 47619 73.5 
760 83333 42.0 82160 42.6 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-9: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, a low external pO2 (40 mm Hg), and no encapsulant or fibrotic capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 5027 696.2 3106 1126.8 

0.05 5765 607.1 3562 982.6 
0.1 6578 532.1 4064 861.2 
0.2 8481 412.7 5240 667.9 
0.3 10876 321.8 6720 520.8 
0.5 14577 240.1 9009 388.5 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-10: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, a low external pO2 (40 mm Hg), and with an encapsulant and fibrotic capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 1668 2098.1 546 6413.3 

0.05 1803 1941.1 591 5933.6 
0.1 1935 1809.1 633 5530.1 
0.2 2189 1598.9 716 4887.3 
0.3 2433 1438.8 796 4398.1 
0.5 2703 1294.9 884 3958.2 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-11: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, an intermediate external pO2 (100 mm Hg), and no encapsulant or fibrotic 
capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 16667 210.0 14749 237.3 

0.05 19115 183.1 16916 206.9 
0.1 21807 160.5 19294 181.4 
0.2 28112 124.5 24876 140.7 
0.3 36045 97.1 31905 109.7 
0.5 48343 72.4 42787 81.8 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-12: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, an intermediate external pO2 (100 mm Hg), and with an encapsulant and 
fibrotic capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 8470 413.2 7348 476.3 

0.05 9155 382.3 7942 440.7 
0.1 9823 356.3 8522 410.7 
0.2 11115 314.9 9642 363.0 
0.3 12350 283.4 10716 326.6 
0.5 13725 255.0 11905 294.0 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; SA1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-13: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, an high external pO2 (305 mm Hg), and no encapsulant or fibrotic capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 56452 62.0 54517 64.2 

0.05 64695 54.1 62500 56.0 
0.1 73840 47.4 71283 49.1 
0.2 95109 36.8 92105 38.0 
0.3 121951 28.7 117845 29.7 
0.5 163551 21.4 158371 22.1 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; SA1, surface area of TE graft or device; TE, tissue-engineered. 
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Table 5-14: Summary of estimated islet seeding density and TE graft or device surface 
area for planar geometry with increasing volume fraction of perfluorocarbon in the 
scaffold, an high external pO2 (305 mm Hg), and with an encapsulant and fibrotic 
capsule 

  PFCא
Pc = 0.1 mm Hg Pc = 10 mm Hg 

ρ1 [IEs/cm3] (SA)1 [cm2] ρ1 [IEs/cm3] (SA)1 [cm2] 

     
0 31703 110.4 30594 114.4 

0.05 34280 102.1 33050 105.9 
0.1 36765 95.2 35461 98.7 
0.2 41617 84.1 40138 87.2 
0.3 46235 75.7 44586 78.5 
0.5 51395 68.1 49575 70.6 

     
Abbreviations: IE, islet equivalent; Pext, external pO2; Pc, critical pO2; ρ1, seeding density 
in scaffold; (SA)1, surface area of TE graft or device; TE, tissue-engineered. 
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Figure Captions 

Figure 5-1: Schematic of generalized strategy for optimization of tissue-engineered (TE) 

graft or device design. Prior to transplantation of any TE graft or device, several design 

parameters need to be defined. The cell or tissue equivalents should be accurately 

characterized for quantity, composition and viability. The prospective transplant site 

should be evaluated for their native oxygen supply. Materials and any drugs, co-factors 

or agents that are incorporated into a TE graft or device should be evaluated for impact 

on local inflammation and fibrotic capsule formation at the proposed site of transplant. 

The materials should also be characterized for their oxygen permeability. Finally, the 

appropriate therapeutic dose needs to be defined, and depends on the quantity, 

composition and viability of the cells or tissue equivalents available for transplant. All 

information regarding design parameters is used to optimize cell or tissue seeding 

density and TE graft or device size. If the TE graft or device size is too large for a 

particular application, then additional strategies are employed to increase oxygenation or 

possibly the potency of the cell or tissue preparation. 

 

Figure 5-2: Generalized arrangement of constituents or layers in an idealized tissue-

engineered (TE) graft or device, including the cell or tissue of interest (Constituent 0), 

the biomaterial scaffold (Constituent 1 or Layer 1), an encapsulant (Constituent 2 or 

Layer 2), and a fibrotic capsule (Constituent 3 or Layer 3), each with characteristic 

dimensions represented by Li (for planar geometry) or Ri (for cylindrical or spherical 

geometry). The TE graft or device may be designed such that a cellular or tissue 

equivalent located along the axis of symmetry (which represents the worst-case scenario) 

is able to obtain adequate oxygenation. Key modifiable design parameters are indicated 

in blue and they represent the external pO2 (Pext), characteristic size of cellular or tissue 
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equivalent (assumed to be spherical, with radius R0), characteristic half-thicknesses of 

each layer (Li-Li-1 or Ri-Ri-1), oxygen solubility (αi) and diffusivity (Di) specific to each 

constituent, the oxygen consumption rate (OCR) of the cells or tissue [(OCR)0] and 

fibroblasts in the fibrotic capsule [(OCR)3], and the non-viable void fraction (the volume 

fraction of the layer that does not contain cells or tissue) in the scaffold (߳1) and fibrotic 

capsule (߳3). Pc is the minimum critical pO2 and may represent the pO2 at which cells or 

tissue become non-viable (e.g., Pc = 0.1 mm Hg) or non-functional (e.g., Pc = 10 mm Hg), 

and its value depends on the other design requirements. 

 

Figure 5-3: Modifiable design parameters and their impact on tissue-engineered (TE) 

graft or device design, and key strategies to increase seeding density and decrease size. 

Design parameters determined at the time of TE graft or device design help define the 

required oxygen need and the available oxygen supply, which determines the maximum 

allowable cell or tissue seeding density. The required therapeutic dose of cells or tissue 

will largely determine the overall size of the TE graft or device. Seeding density and size 

are inversely correlated and strategies exist to optimize them. 

 

Figure 5-4: Illustration depicting a planar tissue-engineered (TE) graft or device 

containing 700,000 islet equivalents (IEs; 1 IE is equal to the amount of cells in a 

spherical cellular aggregate of 150-µm diameter and containing approximately 1600 cells) 

and the approximate size (surface area) required for avoidance of oxygen deprivation 

with an assumed in vivo pO2 of 40 mm Hg. The required size of the TE graft or device 

increases with decreasing available pO2, the need for encapsulation, and fibrotic capsule 

formation.  
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Figure 5-5: Schematic depicting cross-section through planar tissue-engineered graft or 

device seeded with islets only. 

 

Figure 5-6: Schematic depicting cross-section through planar tissue-engineered graft or 

device seeded with islets, and designed with an immunisolation barrier (encapsulant) 

and with a fibrotic capsule on the exterior. 

 

Figure 5-7: Theoretical maximum islet seeding densities within a planar tissue-

engineered graft or device with increasing external pO2 (25-760 mm Hg). White bars 

indicate islet seeding density for a critical pO2 of 0.1 mm Hg, whereas gray bars indicate 

islet seeding density for a critical pO2 of 10 mm Hg. Bars containing stripes indicate the 

islet seeding density for the same TE graft or device except with the presence of a 100-

µm encapsulant and 100-µm fibrotic capsule; note the decrease in maximum seeding 

density due to decreased oxygen supply and transport at the surface of the scaffold.  

 

Figure 5-8: Theoretical minimum tissue-engineered (TE) graft or device surface area for 

planar geometry with increasing external pO2 (25-760 mm Hg). White bars indicate the 

surface area for a critical pO2 of 0.1 mm Hg, whereas gray bars indicate the surface area 

for a critical pO2 of 10 mm Hg. Bars containing stripes indicate the surface area for the 

same TE graft or device except with the presence of a 100-µm encapsulant and 100-µm 

fibrotic capsule; note the decrease in minimum surface area due to decreased oxygen 

supply and transport at the surface of the scaffold. The asterisk indicates that under the 

prescribed conditions a TE graft or device could not be designed without the formation of 

an anoxic region.  

 



 

153 
 

Figure 5-9: Schematic depicting cross-section through planar TE graft or device seeded 

with islets and perfluorocarbon, and designed with immunisolation barrier (encapsulant) 

and covered with fibrotic capsule on the exterior. 

 

Figure 5-10: Theoretical maximum islet seeding densities within a planar tissue-

engineered graft or device with increasing volume fraction of perfluorocarbon (0-0.50) 

and with an external pO2 of 40 mm Hg. White bars indicate islet seeding density for a 

critical pO2 of 0.1 mm Hg, whereas gray bars indicate islet seeding density for a critical 

pO2 of 10 mm Hg. Bars containing stripes indicate the islet seeding density for the same 

TE graft or device except with the presence of a 100-µm encapsulant and 100-µm 

fibrotic capsule; note the decrease in maximum seeding density due to decreased 

oxygen supply and transport at the surface of the scaffold. 

 

Figure 5-11: Theoretical minimum tissue-engineered (TE) graft or device surface area 

for planar geometry with increasing volume fraction of perfluorocarbon (0-0.50) and with 

an external pO2 of 40 mm Hg. White bars indicate the surface area for a critical pO2 of 

0.1 mm Hg, whereas gray bars indicate the surface area for a critical pO2 of 10 mm Hg. 

Bars containing stripes indicate the surface area for the same TE graft or device except 

with the presence of a 100-µm encapsulant and 100-µm fibrotic capsule; note the 

decrease in minimum surface area due to decreased oxygen supply and transport at the 

surface of the scaffold. 

 

Figure 5-12: Theoretical maximum islet seeding densities within a planar tissue-

engineered graft or device with increasing volume fraction of perfluorocarbon (0-0.50) 

and with an external pO2 of 100 mm Hg. White bars indicate islet seeding density for a 
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critical pO2 of 0.1 mm Hg, whereas gray bars indicate islet seeding density for a critical 

pO2 of 10 mm Hg. Bars containing stripes indicate the islet seeding density for the same 

TE graft or device except with the presence of a 100-µm encapsulant and 100-µm 

fibrotic capsule; note the decrease in maximum seeding density due to decreased 

oxygen supply and transport at the surface of the scaffold. 

 

Figure 5-13: Theoretical minimum tissue-engineered (TE) graft or device surface area 

for planar geometry with increasing volume fraction of perfluorocarbon (0-0.50) and with 

an external pO2 of 100 mm Hg. White bars indicate the surface area for a critical pO2 of 

0.1 mm Hg, whereas gray bars indicate the surface area for a critical pO2 of 10 mm Hg. 

Bars containing stripes indicate the surface area for the same TE graft or device except 

with the presence of a 100-µm encapsulant and 100-µm fibrotic capsule; note the 

decrease in minimum surface area due to decreased oxygen supply and transport at the 

surface of the scaffold. 

 

Figure 5-14: Theoretical maximum islet seeding densities within a planar tissue-

engineered graft or device with increasing volume fraction of perfluorocarbon (0-0.50) 

and with an external pO2 of 100 mm Hg. White bars indicate islet seeding density for a 

critical pO2 of 0.1 mm Hg, whereas gray bars indicate islet seeding density for a critical 

pO2 of 10 mm Hg. Bars containing stripes indicate the islet seeding density for the same 

TE graft or device except with the presence of a 100-µm encapsulant and 100-µm 

fibrotic capsule; note the decrease in maximum seeding density due to decreased 

oxygen supply and transport at the surface of the scaffold. 
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Figure 5-15: Theoretical minimum tissue-engineered (TE) graft or device surface area 

for planar geometry with increasing volume fraction of perfluorocarbon (0-0.50) and with 

an external pO2 of 100 mm Hg. White bars indicate the surface area for a critical pO2 of 

0.1 mm Hg, whereas gray bars indicate the surface area for a critical pO2 of 10 mm Hg. 

Bars containing stripes indicate the surface area for the same TE graft or device except 

with the presence of a 100-µm encapsulant and 100-µm fibrotic capsule; note the 

decrease in minimum surface area due to decreased oxygen supply and transport at the 

surface of the scaffold. 



156 
 



157 
 

 



 

158 
 

 



159 
 

 

 

 

 

 

 



160 
 

 

 

 



161 
 

 

 

 

 



162 
 

 

 

 

 

 

 

 

  

  



 

163 
 

 

 

 

 

 

 



164 
 

 

 

 

 

 



165 
 

 

 

 

 

 

 



 

166 
 

 

 

 

 

 

 



 

167 
 

 

 

 

 

 

 



 

168 
 

 

 

 

 

 

 



 

169 
 

 

 

 

 

 

 



 

170 
 

 

 

 

 

 

 



 

171 
 

 

CHAPTER 6: Assessment of Tissue-Engineered Islet Graft Viability by Fluorine 

Magnetic Resonance Spectroscopy 

 

Suszynski T.M., Avgoustiniatos E.S., Stein S.A., Falde E.J., Hammer B.E., Papas K.K. 

Assessment of tissue-engineered islet graft viability by fluorine magnetic 

resonance spectroscopy. Transplant Proc. 43(9): 3221-3225 (2011) 

 

Permission to reproduce the above publication was given by Elsevier, and the 

agreement (license number: 2924361380000) is found in Appendix 6-1. 
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Summary 

Despite significant progress in the last decade, islet transplantation remains an 

experimental therapy for a very limited number of patients with type 1 diabetes. Tissue-

engineered approaches may provide promising alternatives to current clinical protocol 

and would benefit greatly from concurrent development of graft quality assessment 

techniques. This study was designed to evaluate whether tissue-engineered islet graft 

viability can be assessed by using fluorine magnetic resonance spectroscopy (19F-MRS) 

to non-invasively measure pO2 and to then calculate islet oxygen consumption rate 

(OCR) from those measurements. Scaffolds composed of porcine plasma were seeded 

with human islets and perfluorodecalin and each graft was covered with the same 

volume of culture media in Petri dishes. Four scaffolds were seeded with different 

numbers (0-8000) of islet equivalents (IEs) aliquoted from the same islet preparation. 

Run order was randomized and grafts were examined by 19F-MRS at 37°C using a 5T 

spectrometer and a single-loop surface coil placed underneath each graft. A standard 

inversion recovery sequence was used to obtain a characteristic 19F spin-lattice 

relaxation time (T1), which was converted to a steady-state average pO2 estimate using 

a previously determined linear calibration (R2 = 1.000). Each condition was assessed 

with replicate 19F-MRS measurements (n = 6-8). Grafts exhibited an IE dose-dependent 

increase in T1 and decrease in pO2 estimates. From the difference between scaffold pO2 

estimates and ambient pO2, the islet preparation OCR was calculated to be 95 ± 12 

(mean ± SE) nmol/min/mg DNA using theoretical modeling. This value compares well 

with OCR values measured using established methods for human islet preparations. 19F-

MRS can be used for the non-invasive pre- and possibly post-transplant assessment of 

tissue-engineered islet graft viability by estimating the amount of viable, oxygen-

consuming tissue in a scaffold. 
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Abbreviations (Text) 

19F-MRS  fluorine magnetic resonance spectroscopy 

B0   external magnetic field 

CL   calibration line 

DNA   deoxyribonucleic acid 

IT   islet transplantation 

IE   islet equivalent 

OCR   oxygen consumption rate 

PETG   glycol-mediated polyethylene terephthalate 

PFC   perfluorocarbon 

PFD   perfluorodecalin 

pO2   oxygen partial pressure 

RFU   relative fluorescence unit 

SE   standard error  

T1   spin-lattice relaxation time 

T2   spin-spin relaxation time 

R1   spin-lattice relaxation rate 

TE   tissue-engineered 
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Abbreviations (Formulaic) 

a thickness of anoxic region in graft [cm]  

αPFC oxygen solubility coefficient for perfluorocarbon [mol/cm3/mm Hg] 

(αD)1 oxygen permeability in the viable/non-anoxic region of the graft 

[mol/cm/mm Hg/sec] 

(αD)2 oxygen permeability in the aqueous media [mol/cm/mm Hg/sec] 

(αD)S,eff effective oxygen permeability in the scaffold [mol/cm/mm Hg/sec] 

(αD)M oxygen permeability in the aqueous media [mol/cm/mm Hg/sec]  

(αD)S oxygen permeability in the scaffold [mol/cm/mm Hg/sec] 

dP/dx oxygen flux [mm Hg/cm] 

∆Pmax maximum pO2 drop across media layer and scaffold [mm Hg] 

∆PM pO2 drop across media layer [mm Hg] 

∆PS pO2 drop across scaffold [mm Hg] 

DNAIE deoxyribonucleic acid content in islet equivalent [ng] 

߳i  viable islet volume fraction 

߳PFC  perfluorocarbon volume fraction in scaffold 

Km,i  Michaelis-Menten constant for islet oxygen consumption rate 

L1  graft thickness [cm] 

L2  distance between top of media layer and bottom of Petri dish [cm] 

LM media layer thickness [cm] 

LS scaffold thickness [cm] 

MZ longitudinal magnetization 

NIE number of islet equivalents 

(OCR)i volumetric islet oxygen consumption rate [mol/cm3/sec] 

OCR/DNA oxygen consumption rate normalized to DNA content [nmol/min/mg DNA] 
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P1 local graft pO2 in viable/non-anoxic region [mm Hg] 

Pavg,1 average graft pO2 in viable/non-anoxic region [mm Hg] 

PA ambient (external) pO2 [mm Hg] 

PC critical pO2 [mm Hg] 

PPFC pO2 in the perfluorocarbon [mm Hg] 

PS average scaffold pO2 [mm Hg] 

PS1 pO2 at the surface of the graft (at the graft-media layer interface) [mm Hg] 

PS2 pO2 at the surface of the media layer [mm Hg] 

Φ Thiele modulus  

R1a longitudinal relaxation rate for nuclei exposed to no oxygen (anoxia) [sec-1 

or msec-1]  

R1e  effective longitudinal relaxation rate [sec-1 or msec-1] 

R1p longitudinal relaxation rate for nuclei exposed to oxygen (paramagnetic) 

[sec-1 or msec-1] 

ρ ratio of oxygen permeability in perfluorocarbon versus scaffold material 

RIE radius of islet equivalent [cm] 

RS radius of cylindrically-shaped scaffold [cm] 

T1a spin-lattice relaxation time for nuclei exposed to no oxygen (anoxia) [sec 

or msec] 

T1e  effective spin-lattice relaxation time [sec or msec] 

T1p spin-lattice relaxation time for nuclei exposed to oxygen (paramagnetic) 

[sec or msec] 

V1  rate of oxygen depletion per unit volume in the scaffold [mol/cm3/sec]  

X  molar fraction of oxygen  
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Introduction 

Widespread utilization of islet transplantation (IT) in the treatment of type 1 diabetes has 

yet to be achieved [50; 384; 385] despite significant progress in the field over the last 

decade [52; 68; 184; 386; 387; 388]. Intraportal delivery of islets may not be the most 

optimal approach and development of tissue-engineered (TE) strategies for extrahepatic 

IT may present promising long-term opportunity [389; 390]. Ultimately, the liver may not 

provide the best environment for healthy engraftment of transplanted islet tissue for a 

number of reasons that include (but are not limited to): (1) higher concentrations of 

orally-administered immunosuppressants [147; 273], which are known to impair normal 

insulin secretory function [148; 275] and islet re-vascularization [149; 278]; (2) intraportal 

thrombus formation and the associated inflammatory reaction, which is believed to 

contribute to early islet loss [208; 247; 250]; (3) poor re-establishment of the surrounding 

extracellular matrix, which is believed to adversely affect islet survival [107; 150]; and (4) 

poor oxygenation due to the mixed arterial and portal circulation [206] and presence of 

significant oxygen gradients within the hepatic parenchyma [153], which are believed to 

be of particular importance given the poor capacity of islets to undergo anaerobic 

metabolism [158] and their general susceptibility to hypoxic stress [131; 204].  

 

Current efforts in islet graft tissue engineering have been accompanied by inconsistent 

outcomes when translated into small or large animal transplant models – and these 

efforts may have been stunted by an inability to accurately assess the quality of such a 

graft both pre- and post-transplantation. Improved methods for the quality assessment of 

an islet product prior to transplantation have enabled more accurate characterization of 

islet viability and potency [54]. Many of the most promising methods involve 

quantification of oxygen consumption [91; 97; 98; 99; 120; 121; 122]. However, these 
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techniques have yet to be extended to assessing the quality of TE islet grafts. Herein we 

present preliminary data on the use of fluorine magnetic resonance spectroscopy (19F-

MRS) in the assessment of TE islet graft viability by non-invasively measuring oxygen 

partial pressure (pO2) and then using these measurements to estimate islet oxygen 

consumption rate (OCR).  

 

Methods 

Engineered scaffold design and fabrication 

Human islets were isolated at the University of Pennsylvania and shipped to our 

institution (as part of the Integrated Islet Distribution Program) following 3 days of post-

isolation culture. Upon arrival, islets were transferred into silicone rubber membrane 

culture flasks (Wilson-Wolf Manufacturing Corp., New Brighton, MN) and cultured at 

22°C and 5% CO2 for an additional 2 days. On the day of experimentation, 

approximately 14,000 islet equivalents (IEs) were aliquoted into a 15 mL conical tube 

(BD Biosciences, Franklin Lakes, NJ) and allowed to settle by gravity. The supernatant 

was decanted and the islet pellet was reconstituted in fresh CMRL 1066 culture media 

(Mediatech, Inc., Manassas, VA; supplemented with HEPES buffer, heparin, and human 

serum albumin) to a total suspension volume of 180 µL. Engineered scaffolds were 

constructed by combining fresh commercially-available porcine plasma (Sigma-Aldrich, 

St. Louis, MO) dissolved in calcium-free Krebs buffer solution, 30% v/v perfluorodecalin 

(PFD; Fluoromed, L.P., Round Rock, TX), and varying volumes of well-mixed islet 

suspension (amounting to 2000, 4000, and 8000 IEs) in 3.5-cm diameter Petri dishes 

(~10 cm2 area), mixing, and then crosslinking using 5% v/v topical bovine thrombin 

solution (King Pharmaceuticals, Bristol, TN; 1000 U/mL). Each scaffold was covered with 

1 mL of culture media (height ~0.1 cm). An additional control scaffold was constructed in 
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the same manner only without the addition of islet suspension. The grafts were cultured 

at 37°C for a few hours prior to experimentation to allow oxygen profiles to reach steady-

state.  

 

Fluorine magnetic resonance spectroscopy 

19F-MRS spectra were obtained at 5T using an APOLLO spectrometer (Tecmag Inc., 

Houston, TX) and a custom-built single-loop surface coil. Each sample was placed on 

top of the surface coil and centered within the bore of the magnet. Temperature was 

controlled using a custom-built water jacket and all measurements were performed at 

37°C. A standard inversion recovery sequence was used to estimate fluorine-19 spin 

lattice relaxation time (T1) values corresponding to inversion of the singlet peak in the 

PFD spectrum. Data were obtained using the NTNMR software (Tecmag Inc., Houston, 

TX) and inversion recovery curves were fit using a custom routine generated in Matlab® 

R2008a v 7.6.0 (Mathworks, Natick, MA). Equation 6-1 represents the generalized 

solution to the Bloch equation for relaxation of longitudinal magnetization (Mz), where A, 

B, and T1 are fitting constants that are obtained from the analysis.  

 

௭ܯ  (6-1) ൌ ܣ · ൫1 െ 2݁ି௧ ்ଵ⁄ ൯ ൅  ܤ

 

The characteristic T1 for each of the conditions was converted to a steady-state average 

pO2 estimate (in the scaffold) using a previously determined linear calibration (pO2 [mm 

Hg] = 8.96·105/T1 [ms] – 213; R2 = 1.000). Each scaffold was assessed in replicate (n = 

6-8). 
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Mathematical modeling 

The graft was modeled at steady-state and as a diffusion-reaction system seeded with a 

known volume fraction of homogeneously distributed oxygen-consuming tissue. Oxygen 

was assumed to diffuse from the ambient air at the surface of the media layer (PA = 160 

mm Hg at x = 0 cm). Since the Petri dish is impermeable to gas transport, a zero flux 

boundary condition was imposed at the bottom of the scaffold material (dP/dx = 0 at x = 

0.4 cm). Each graft was modeled as a one-dimensional slab of engineered tissue with 

constant thickness. It was assumed that the islet tissue is consuming oxygen with zero-

order kinetics, which has been shown to be a reasonable assumption for most conditions 

involving pO2 >> Km ~ 0.5 mm Hg  [207; 373]. 

 

Assuming that no anoxic core develops at the bottom of the scaffold (which was 

warranted by the tissue volume fractions used), the generalized solution for estimating 

the volumetric OCR (mol/cm3/s) is given by Equation 6-2, where PA (mm Hg) is the 

ambient (surface) pO2, PS (mm Hg) is the average steady-state scaffold pO2 (obtained 

from 19F-MRS), LM (cm) is the thickness of media, LS (cm) is the thickness of the scaffold, 

߳i (dimensionless) is the islet volume fraction in the scaffold, (αD)M (mol/cm/s/mm Hg) is 

the permeability of oxygen in culture media at 37°C, and (αD)S (mol/cm/s/mm Hg) is the 

effective permeability of oxygen in the scaffold at 37°C [207].  

 

(6-2)  ሺܱܴܥሻ௜ ൌ
௉ಲି௉ೄ

ቆ ಽೄಽಾሺഀವሻಾ
ା ಽೄ

మ

యሺഀವሻೄ
ቇ·ఢ೔

 

 

The effective permeability of oxygen in the scaffold was estimated using the Maxwell 

relationship [207], which accounts for the contribution of the dispersed phase (i.e., PFD) 
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to the overall permeability. This adjustment is important given the high oxygen solubility 

of perfluorocarbons. The islet volume fraction was estimated from the islet volume and 

the scaffold volume [81] and is calculated by Equation 6-3, where NIE is the total 

number of IEs per scaffold, RIE (cm) is the radius of an IE, and RS (cm) is the radius of 

the cylindrically-shaped scaffold. 

 

(6-3) ߳௜ ൌ
ସோ಺ಶయே಺ಶ
ଷோೄమ௅ೄ

 

 

The volumetric OCR in units of mol/cm3/s (from Equation 6-2) can be converted using 

Equation 6-4 to OCR normalized to DNA in units of nmol/min/mg DNA – which are the 

standard units of OCR/DNA and a routinely measured islet quality read-out in our 

laboratory [97; 98; 121] – by assuming a DNA content per IE of DNAIE = 10.4 ng/IE [81]:  

 

ܴܥܱ (6-4) ⁄ܣܰܦ ൌ   ሺܱܴܥሻ௜ ·
ସగ
ଷ
ሺ75 · 10ିସሻଷ · ଺଴·ଵ଴

ల൉ଵ଴వ

ଵ଴.ସ
 ~ ሺܱܴܥሻ௜ · ሺ1.0195 · 10ଵ଴ሻ  

 

Table 6-1 summarizes the values of constant parameters used in the theoretical 

diffusion-reaction model. 

 

Figure 6-1 illustrates a schematic of the theoretical model system, highlighting key 

dimensions and boundary conditions.  
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Results  

Scaffolds exhibited an IE dose-dependent increase in T1 and a corresponding decrease 

in steady-state pO2 estimates (Table 6-2).  

 

From the difference between scaffold pO2 measurements and ambient pO2 (PA - PS), we 

calculated the islet preparation OCR to be 95 ± 12 (mean ± SE [nmol/min/mg DNA]) 

using the aforementioned equations. This value compares well with OCR values 

measured using established methods for human islet preparations [97].  

 

Discussion  

Engineered strategies for extrahepatic IT provide appealing alternatives to intraportal 

infusion – which is the currently-performed clinical protocol. Despite the optimism, 

localized transplantation of a graft seeded with islets has not progressed into clinical 

application, partly due to: (1) inadequate consideration of oxygen diffusion limitations in 

the early post-transplant period; (2) a lack of available tools for the accurate, quantitative, 

and non-invasive assessment of TE islet graft quality; and (3) failure to appreciate the 

problems associated with scaling-up designs that work well in rodents but would require 

very large volumes in larger mammals. These data represent preliminary results in 

developing 19F-MRS as a technique that may enable non-invasive quality assessment of 

TE grafts based on direct measurements of pO2 and estimates of OCR.  

 

Given the inherent inaccuracies with visual counts and preparing aliquots of islets, it is 

important to use in future studies more accurate measures (e.g., spectrofluorometric 

DNA quantification) to determine the amount of islet tissue seeded into scaffolds. 

Additionally, comparisons between direct measurements of OCR/DNA with the standard 
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method on the islet preparation [97; 98; 121] prior to seeding into scaffolds will enable 

further validation of this 19F-MRS method. Future work may also involve comparing 

analytical calculations of OCR with solutions generated using finite element methods 

that relax the homogeneity assumption. It is expected that these types of simulations 

would yield more accurate estimates of OCR, yet may require a more complete 

understanding of the spatial distribution of islets within the scaffold – particularly in the 

direction of oxygen diffusion. Nevertheless, this study highlights the prospective utility of 

19F-MRS for measuring islet viability at any point following graft construction, which 

includes during culture and possibly engraftment. 19F-MRS may help guide development 

of new TE approaches to IT and enable meaningful graft monitoring before and after 

transplantation.  

 

Conclusions 

19F-MRS can be used for the non-invasive pre- and possibly post-transplant assessment 

of TE islet graft viability by estimating the amount of viable, oxygen-consuming tissue in 

a scaffold. If better non-invasive methods for islet graft quality assessment are 

developed, TE approaches and extrahepatic IT may become more feasible in the clinical 

setting.  
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Supplementary Methods 

Mathematical Theory 

Consider the schematic in Figure 6-1, depicting a TE graft containing viable islet tissue 

(orange circles) and emulsified perfluorocarbon (PFC, blue circles), which is cultured in a 

gas-impermeable Petri dish with a thin layer of aqueous medium on top.  

 

The islet graft can be modeled with the following assumptions: 

1.  Steady-state oxygen transport and consumption; 

2.  The oxygen source is represented by the external pO2 (PM) which is at the 

surface of the culture media and is equal to the ambient pO2 of the surrounding 

air [boundary condition 1: PA = ~160 mm Hg, at x = 0]; 

3.  No oxygen flux at the bottom of the scaffold since the Petri dish is gas-

impermeable [dP/dx = 0 at x = 0.4 cm];  

4.  Islets are homogeneously distributed throughout the scaffold material, with an 

average cell or tissue volume fraction represented by ߳௜; 

6. The scaffold has a uniform thickness of LS and exhibits characteristic oxygen 

permeability in the scaffold material represented by (αD)S; 

10. The islet equivalents seeded in the scaffold material consume oxygen at a 

characteristic volumetric rate given by (OCR)i, which can be converted to 

OCR/DNA as described by Equation 6-4. 

 

The Thiele modulus – which represents the ratio of the relative rates of oxygen diffusion 

and consumption – is used to calculate the pO2 drop across the media (Equation 6-5) 

and scaffold layers (Equation 6-6). 
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(6-5) ∆ ெܲ ൌ ሺை஼ோሻ೔א೔௅ೄ௅ಾ
ሺఈࣞሻಾ

 

 

(6-6)  ∆ ௌܲ ൌ
ሺை஼ோሻ೔ఢ೔௅ೄమ

ଶሺఈࣞሻೄ,೐೑೑
 

 

where (OCR)i is the volumetric islet oxygen consumption rate, ߳i is the volume fraction of 

viable islets within the scaffold, Ls is the thickness of the scaffold, LM is the thickness of 

the media layer, (αD)M is the oxygen permeability of the aqueous media, and (αD)S,eff is 

the effective oxygen permeability of the scaffold material, which has been modified by 

the inclusion of PFC (a material of higher oxygen permeability) and whose contribution 

can be accounted for by the Maxwell relationship as described in Chapter 5. Briefly, 

incorporation of PFCs can increase the effective oxygen permeability of a material. The 

magnitude of this increase can be estimated using the Maxwell relationship (Equations 

6-7 and 6-8), which describes the effective oxygen permeability in a composite material 

containing two phases, one that is dispersed and one that is continuous. In this case, the 

dispersed phase is the PFC and the continuous phase is the scaffold material, both of 

which have different oxygen permeability. 

 

(6-7) 
ሺఈ஽ሻೄ,೐೑೑
ሺఈ஽ሻೄ

ൌ ଶ ି ଶאುಷ಴ ା ఘሺଵ ା ଶאುಷ಴ሻ
ଶ ା אುಷ಴ ା ఘሺଵ ା אುಷ಴ሻ

 

 

ߩ (6-8) ൌ ሺఈ஽ሻುಷ಴
ሺఈ஽ሻೄ
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where (αD)S,eff is the effective oxygen permeability of the composite scaffold material, 

߳௉ி஼ is the volume fraction of PFC, and ρ is the ratio of oxygen permeabilities of the two 

phases. 

 

For a TE scaffold homogeneously distribute with viable islet tissue, the following 

Equation 6-9 can be used to estimate the average scaffold pO2:  

 

(6-9) ஺ܲ ൌ
௉ௗ௫׬
ௗ௫׬

ൌ   ௌܲ െ
ሺை஼ோሻ೔א೔
ଶሺఈࣞሻೄ,೐೑೑

ቈ׬
൫௅ೄమି௫మ൯ௗ௫

ಽೄ
బ

׬ ௗ௫ಽೄ
బ

቉ 

 
 

which can simplify to the following (Equation 6-10): 

 

(6-10) ஺ܲ ൌ ௌܲ െ
ሺை஼ோሻ೔א೔௅ೄమ

ଷሺఈࣞሻೄ,೐೑೑
 

 

 

The media layer represents an oxygen transport resistance and can be described by the 

following (Equation 6-11): 

 

(6-11) ௌܲ ൌ   ெܲ െ ሺை஼ோሻ೔א೔௅ೄ௅ಾ
ሺఈࣞሻಾ

 

 

Equation 6-11 can be substituted into Equation 6-10, and solved for (OCR)i to yield 

Equation 6-2. The volumetric OCR for the islet tissue can be converted to OCR/DNA as 

described above (Equations 6-3 and 6-4). 
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One of the key assumptions in this theoretical analysis is that there is no anoxic region in 

the scaffold. For the scaffold of the geometry shown in Figure 6-1, the maximum number 

of islets that can be seeded into the graft can be calculated by indicating that the 

maximum pO2 drop across the media and scaffold layers cannot exceed the available 

oxygen supply, which in this case is represented by the ambient pO2 at the surface of 

the media layer (Equation 6-12). 

 

(6-12) ∆ ௠ܲ௔௫ ൌ ∆ ெܲ ൅ ∆ ௌܲ 

 

By combining Equations 6-3, 6-5, 6-6 and 6-12 and re-arranging to solve for the 

maximum number of islets (Equation 6-13): 

 

(6-13) ூܰா ൌ
ଷ∆௉೘ೌೣோೄమ௅ೄ

ସሺை஼ோሻ೔ቈ
ಽೄಽಾ
ሺഀವሻಾ

ା ಽೄ
మ

మሺഀವሻೄ,೐೑೑
቉·ோ಺ಶయ

 

 

Prior to seeding into a TE scaffold, the OCR/DNA measurement of an islet preparation 

can be made using conventional methods [97; 98] and it can be converted to (OCR)i 

using Equation 6-4. For example, with an average porcine islet preparation of (OCR)i of 

2·10-8 mol/cm3/sec (corresponding to an OCR/DNA of ~200 nmol/min/mg DNA), the 

maximum number of islets that can be seeded into the TE graft shown in Figure 6-1 can 

be calculated using Equation 6-13 to be ~8700 IEs. Since the average human islet 

preparation has an (OCR)i that is roughly half of that characteristic for porcine islet 

preparations (or an OCR/DNA of ~100 nmol/min/mg DNA), the maximum number of 

islets that can be seeded is ~16,400 IEs. All of the data collected to validate the 19F-MRS 
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method for determining the TE graft viability has been generated using numbers of IEs 

that would not result in the formation of an anoxic region. 

 

In the case of human islets (OCR/DNA ~100 nmol/min/mg DNA) or porcine islets 

(OCR/DNA ~200 nmol/min/mg DNA) of average viability, seeding the TE scaffold shown 

in Figure 6-1 with >16,400 (human) or >8700 (porcine) IEs would likely result in the 

formation of an anoxic region. The size of this anoxic region can be characterized using 

diffusion-reaction equations, some of which are presented in Chapter 5. For these 

examples, consider the schematic in Figure 6-2, which depicts three regions for this 

system (culture media [Layer 2], viable [Layer 1] and anoxic [Layer 0] regions).  

 

The conservation equation describing steady-state oxygen diffusion and consumption 

within the viable region can be described (Equation 6-14). 

 

(6-14) ሺܦߙሻଵ
ୢమPభ
ୢ୶మ

ൌ ଵܸ 

 

where (αD)1 is the oxygen permeability, V1 is the volumetric oxygen depletion rate, and 

P1 is the local pO2 in layer 1.  

 

As described in Chapter 5, the oxygen depletion rate is entirely determined by the 

oxygen consumption rate of the islets seeded within the scaffold, and can be estimated 

by Michaelis-Menten kinetics (Equation 6-15). 

 

(6-15) ଵܸ ൌ ሺܱܴܥሻ௜߳௜
௉భ

௄೘,೔ା௉భ
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where (OCR)i is the volumetric islet oxygen consumption rate, ߳௜  is the viable islet 

volume fraction, P1 is the local pO2 in the scaffold, and Km,i is the Michaelis-Menten 

constant for islet tissue.  

 

At lower pO2 levels [P1 << Km,i], the oxygen-depletion rate exhibits first-order 

dependence (Equation 6-16). 

 

(6-16) ଵܸ ൌ ሺܱܴܥሻ௜߳௜
௉భ
௄೘,೔

 

 

At higher pO2 levels [P1 >> Km,i], the oxygen-depletion rate exhibits zero-order 

dependence (Equation 6-17). 

 

(6-17) ଵܸ ൌ ሺܱܴܥሻ௜߳௜ 

 

Since the Km,i is believed to be very low (~0.5 mm Hg [207]), using zero-order kinetics to 

describe the oxygen-depletion rate in the scaffold is reasonable. 

 

The constitutive species conservation equation must be solved for the media and viable 

region. There are three boundary conditions. Firstly, at the interface between the viable 

and anoxic regions, there is no oxygen flux [dP/dx = 0, at x = 0], and this is due to the 

combination of no oxygen consumption in the anoxic region and the impermeable solid-

bottom of the Petri dish. Secondly, the pO2 at the top of the culture media is determined 

by the external pO2 [PS2 = 160 mm Hg, at L2 = 0.4 cm]. Thirdly, the flux at the interface 
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between the culture media and the viable region [L1 = 0.3 cm] are also equal. The 

solution for the pO2 profile in the viable region [a ≤ x ≤ L1] in terms of PS1 (Equation 6-18) 

and the equation describing the thickness of the anoxic region [a] (Equation 6-19) is 

given herein: 

 

(6-18) ቀ ௉భ
௉ೄభ
ቁ ൌ 1 െ ቂ ௏భ௅భమ

ଶሺఈ஽ሻభ௉ೄభ
ቃ ቄ1 െ ቀ ௫

௅భ
ቁ െ 2 ቀ ௔

௅భ
ቁ ቀ1 െ ௫

௅భ
ቁቅ 

 

(6-19) ቀ ௔
௅భ
ቁ ൌ 1 െ ቂଶሺఈ஽ሻభሺ௉ೄభି௉಴ሻ

௏భ௅భమ
ቃ
ଵ ଶ⁄

 

 

The quantity found in the right-hand side of Equation 6-19 is the square of the Thiele 

modulus (Equation 6-20). 

 

(6-20) ߮ଶ ൌ ቂ ௏భ௅భమ

ሺఈ஽ሻభሺ௉ೄభି௉಴ሻ
ቃ 

 

To calculate the thickness of the anoxic region from Equation 6-19, PS1 must be 

calculated using Equations 6-21 and 6-22. 

 

(6-21) ௌܲଵ ൌ ௌܲଶ െ ∆ ଶܲ 

 

where 

 

(6-22) ∆ ଶܲ ൌ
ଵ

ሺఈ஽ሻమ
ሾ ଵܸሺܮଶ െ ଵܮଵሻሺܮ െ ܽሻሿ 
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Equation 6-22 can be substituted into Equation 6-21, and the values for a and PS1 are 

determined by solving Equations 6-19 and 6-21 implicitly.  

 

The volume-averaged pO2 (Pavg,1) in the scaffold can also be calculated using the 

generalized Equation 6-23, where P1(x) is derived from Equation 6-18.  

 

(6-23) ௔ܲ௩௚,ଵ ൌ
௉భሺ௫ሻௗ௫׬

ௗ௫׬
 

 

The bounds of integration are at the surface of the scaffold [P1(x) = PS1, at x = L1] and at 

the edge of the anoxic region [P1(x) = 0, at x = a], and the average pO2 for the viable 

region is given by Equation 6-24. 

 

 

(6-24) ௔ܲ௩௚,ଵ ൌ
௉ೄభ ׬ ௗ௫ಽభ

ೌ ି൤ೇభಽభ
మ

మሺഀವሻభ
൨൜׬ ൤ଵି ೣమ

ಽభ
మିଶቀ

ೌ
ಽభ
ቁቀଵି ೣ

ಽభ
ቁ൨ಽభ

ೌ ൠ

׬ ௗ௫ಽభ
ೌ

 

 

Integrating and simplifying Equation 6-24 yields Equation 6-25. 

 

(6-25) ௔ܲ௩௚,ଵ ൌ
௉ೄభሺ௅భି௔ሻି൤

ೇభಽభ
మ

ሺഀವሻభ
൨൜ಽభయ ି௔ା

ೌమ

ಽభ
ି ೌయ

యಽభ
మൠ

ሺ௅భି௔ሻ
 

 

Fluorine magnetic resonance spectroscopy 

19F-MRS can be used to non-invasively estimate the average pO2 within a TE graft. The 

basis for this technique stems from the unique physicochemical properties of both PFCs 

and oxygen. Since molecular oxygen is paramagnetic, it shortens both spin-lattice (T1) 
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and spin-spin (T2) relaxation times for any nucleus. Other moieties (such as ions, 

proteins, etc.) can affect T1 and T2, but since PFCs are hydrophobic most of these will 

not dissolve in PFC and thus will be excluded from interaction with the fluorine-19 nuclei 

in PFC [321; 328]. T1 and T2 are also dependent on temperature and the magnitude of 

the external magnetic field (B0), but under experimental conditions both are controlled. 

Consequently, the T1 and T2 relaxation effects of oxygen can be isolated and it has 

been determined that the longitudinal relaxation rate (R1, which is the inverse of T1 or 

equal to 1/T1) is linearly proportional to the pO2 in the vicinity of the fluorine-19 nuclei in 

the sample of interest. The theoretical basis for this relationship was developed by 

Parhami and Fung in the early 1980s [320]. The fluorine-19 nuclei in PFC can be 

segregated into two sub-populations, those that are exposed to molecular oxygen and 

those that are not. The ones that are not exposed to oxygen have a characteristic 

longitudinal relaxation rate of 1/T1a (or R1a, where the subscript ‘a’ is in reference to 

anoxia) [320]. The fluorine nuclei that are within the vicinity of molecular oxygen have a 

different, apparent longitudinal relaxation rate of 1/T1a + 1/T1p, where 1/T1p (or R1p) is 

the paramagnetic contribution of oxygen to the overall relaxation rate [320]. Because 

oxygen molecules quickly diffuse throughout the PFC, the effective relaxation rate 

(denoted 1/T1e or R1e) is simply a weighted molar average for each type of fluorine-19 

nucleus (Equation 6-26), which can be simplified (Equation 6-27) [320]: 

 

(6-26) ଵ
்ଵ೐

ൌ ሺ1 െ ܺሻ ଵ
்ଵೌ

൅ ܺ ൬ ଵ
்ଵೌ

൅ ଵ
்ଵ೛

൰ 

 

(6-27) ଵ
்ଵ೐

ൌ ଵ
்ଵೌ

൅ ௫
்ଵ೛
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The variable ‘X’ is simply the molar fraction of oxygen. Like aqueous solvents, PFC 

dissolves oxygen and obeys Henry’s Law. Consequently, each PFC has a characteristic 

oxygen solubility coefficient (αPFC). As a result, Equation 6-27 can be simplified further 

(Equation 6-28): 

 

(6-28) ଵ
்ଵ೐

ൌ ଵ
்ଵೌ

൅ ఈುಷ಴·௉ುಷ಴
்ଵ೛

 

 

From Equation 6-28, it can be demonstrated that a plot of 1/T1e versus pO2 (Pi) should 

be linear, described by a y-intercept of 1/T1a and a slope of αPFC/T1p. Since each 

chemically-equivalent fluorine-19 nucleus lies in a unique position within the PFC 

molecule, each such fluorine nucleus has a unique resonance and relaxation properties. 

Therefore, each fluorine nucleus is affected differently by the presence of oxygen and 

that is reflected in differences in the T1e. The characteristic relaxation sensitivity of an 

individual fluorine-19 nucleus to oxygen can sometimes be referred to as the ‘R1 

sensitivity’ and can be expressed as the slope of the plotted pO2 versus R1e calibration 

line divided by the y-intercept (or αPFC·T1a/T1p). More commonly, however, the slope is 

an indicator of the oxygen relaxation effects on a specific fluorine-19 resonance. It is 

important to mention that temperature can also affect the relaxation properties of fluorine 

nuclei and that these effects may [323; 324] or may not [322] be linear, and may depend 

on the temperature range of interest, the magnetic field strength, and the PFC involved. 

Consequently, the selected PFC should be evaluated for its temperature sensitivity using 

the magnet that will be used for in vivo experiments. This is particularly important if 

accurate pO2 estimates need to be made and temperature cannot be measured. Mason 

et al. discussed that temperature and pO2 can be simultaneously estimated using 
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separate R1 measurements at two different resonance frequencies corresponding to two 

different fluorine-19 nuclei located in the same PFC molecule. This technique requires 

generating separate R1 versus pO2 and temperature calibrations for each of the 

resonance frequencies, and solving a system of linear equations [324]. 

 

In our studies, all measurements were done under controlled and monitored conditions 

at physiological temperature (37°C) and at constant external magnetic field strength (5 

T). To generate a calibration line for PFD at 37°C and 5 T, PFD was added into gas-

impermeable 2.0-mL containers and pre-bubbled at 4-5 different samples with different 

gases or gas mixtures containing varying proportions of oxygen (100, 21, 5, 1 and 0%) 

for >30 minutes at a gas flow rate of ≥5 mL/min (Figure 6-3). A water jacket maintained 

the temperature within the bore of the magnet to about ±0.2°C. The sample was placed 

over a 6-cm diameter single-loop, custom-built surface coil and centered within the bore 

of the magnet. The singlet peak in the PFD spectrum was identified and a standard 

inversion recovery sequence was used to obtain characteristic T1 values for each pre-

bubbled sample. Inversion recovery curves were fit to the Bloch equation using a custom 

routine generated in Matlab® R2008a v 7.6.0 (Mathworks, Natick, MA). Appendix 6-2 

summarizes the related equations and shows a representative curve fitting. R1 values at 

each pO2 were plotted to yield a linear calibration (CL1, Figure 6-4). A second 

calibration line (CL2, Figure 6-5) under the same conditions (37°C, 5 T) was prepared to 

confirm the correlation obtained in the first calibration line. An adjustment was made to 

account for the absolute humidity [6.6-6.8 g/m3] (water vapor pressure) in the room in 

which the ambient air samples were prepared, and adjusted the ambient air sample to  

Both calibration lines were used to convert subsequent R1 measurements to compare 

the validity of each pO2 estimate.  



 

194 
 

 

To determine whether the pO2 estimates obtained via 19F-MRS reflect the minimum, 

maximum, volume- or weighted-average pO2 in a sample, an experiment was conducted 

in which two gas-impermeable containers containing equal volumes of PFD were placed 

over the surface coil separately and together (Figure 6-6). The first container (Sample A) 

was equilibrated with ambient pO2 (158.2 mm Hg) and the second container (Sample B) 

was pre-bubbled with argon gas for >30 minutes (pO2 = 0 mm Hg). The results of this 

experiment indicated that when samples A and B were interrogated together via 19F-

MRS the estimated pO2 reflected a volume-average pO2. Since the magnetic resonance 

facility was located off-site and the time from pre-bubbling samples to measurement-

taking could exceed 3-4 hours, it was important to ensure that the containers being used 

were indeed gas-permeable. Another experiment was conducted in which two gas-

impermeable containers containing equal volumes of PFD were examined separately 

over the course of up to two days following preparation of samples. The first container 

was equilibrated with ambient pO2 (158.2 mm Hg) and the second container was pre-

bubbled with pure oxygen gas for >60 minutes (pO2 = 760 mm Hg). Pure oxygen gas 

was chosen since it provided the greatest difference between the ambient pO2 and the 

pO2 within the PFD in the second container – which would impose the largest driving 

force (gradient) for oxygen to leak out of the container. The results of this experiment 

showed no differences in T1 measurements in either the control or pre-oxygenated 

samples for up to 48 hours post-bubbling (Figure 6-7). The next section summarizes 

supplementary results in using 19F-MRS in assessing the viability of TE islet grafts, 

obtained since the publication of Suszynski et al. [56]. 
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Supplementary Results and Discussion: 

The results published in Suszynski et al. [56] were reproduced several times using 

human (n = 3) and porcine (n = 1) islet preparations (unpublished). There were no 

differences in the methods from prior description [56], except that the number of islets 

seeded into each graft were determined by DNA quantification instead of visual counting, 

which has been validated to be much more accurate [81], and that each preparation was 

characterized for OCR/DNA using the stirred microchamber [98]. DNA was quantified 

using fluorospectrophotometry (Quant-IT PicoGreen dsDNA assay kit, Invitrogen, 

Eugene, OR) [55] using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, 

CA). OCR/DNA measurements were generally performed before 19F-MRS 

measurements were taken (1.5-6.5 hours prior to experimentation). For each experiment, 

the TE islet grafts were constructed at the same time as described previously [56] and 

the 19F-MRS measurement run order was randomized in each case. A schematic 

illustrating the nature of a pO2 estimate obtained via 19F-MRS for a TE islet graft and the 

factors that affect the estimate is shown in Figure 6-8.  

 

 

Assessment of human islet TE grafts via 19F-MRS and theory: Three different human 

islet preparations were used for three separate experiments. Each preparation 

containing 9000-15,000 IEs (based on DNA quantification) was aliquoted proportionally 

(based on volume of suspension) into 2-4 TE grafts, and each experiment involved an 

additional TE scaffold containing no islet tissue (summary of conditions and run order in 

Table 6-3). The number of IEs used in an experiment was different when comparing 

experiments since the availability of human islets was different in each case. Data (T1, 

R1, and pO2 estimates) from these three experiments are summarized in Table 6-4. 
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Mean (± standard error, SE) R1 values and the corresponding pO2 estimates (as 

calculated using CL1 and CL2) are also shown graphically in Figures 6-9, 6-10, and 6-

11 to illustrate the dose-dependent relationship between number of IEs seeded and 

these metrics. OCR/DNA measurements obtained for each preparation prior to seeding 

and OCR/DNA estimates derived from 19F-MRS and theoretical analysis [56] for these 

three experiments are summarized in Table 6-5. The OCR/DNA estimates are 

comparable to the OCR/DNA measurements, but there are differences.  

 

Explanations that may account for some of these differences include: (1) inaccuracy of 

model assumptions (islet and PFC homogeneity, media layer and scaffold thickness); (2) 

inaccuracy of model constants (effective oxygen permeability of scaffold); (3) aliquoting 

error; (4) loss of islet tissue during experimentation; (5) temperature fluctuations. Loss of 

islet tissue during experimentation is unlikely since the 19F-MRS measurements were 

taken within 8 hours of OCR/DNA measurements, and T1 values did not change and 

were stable (standard error ~ 5-10·10-3 s) once each TE graft equilibrated in temperature 

and reached steady-state. Temperature fluctuations were unlikely since the water-

jacketing system within the bore of the magnet was insulated; all measurements were 

confirmed to be taken at 37.0°C using multiple fiberoptic temperature probes and/or 

standard mercury thermometer. There was a transient period that occurred following the 

placement of a sample into the magnet during which T1s would lengthen until they 

reached a steady-state in usually 45-60 minutes. This transient period was attributable to 

the difference in temperature between room (~23°C) and within the water jacket/bore 

(37°C), and in part reflects the difference in islet OCR at these two different 

temperatures; the OCR is ~3.1 times lower at room temperature than at physiologic 

temperature if OCR exhibits temperature dependence described by the Arrhenius 
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equation [OCR ~ exp (-1/RT), where R is the universal gas constant and T is 

temperature in degrees Kelvin]. Islet distribution is difficult to determine, and it may be 

impossible to accurately characterize their homogeneity within the graft – particularly 

since islets are inherently inhomogeneous in both composition and size. PFC distribution 

appears homogeneous (Figure 6-12, light micrograph) throughout the scaffold material 

even though PFD has a density two times that of water and may be that larger 

emulsified droplets are found at the bottom of each graft. Inaccurate estimates of media 

layer and graft thickness can have an impact on the OCR/DNA estimate, with the media 

layer thickness having the greater possible effect. For example, if the media layer was 

one-half times the expected thickness (~0.05 cm) then the estimated OCR/DNA would 

increase by ~50%. If the media layer was two times the expected thickness (0.2 cm) 

then the estimated OCR/DNA would decrease by ~40%. In contrast, if the graft was one-

half times the expected thickness (~0.15 cm) then the estimated OCR/DNA would 

increase by ~20%. If the graft was two times the expected thickness (0.6 cm), then the 

estimated OCR/DNA would decrease by 25%. It is more likely that the media layer 

varied in thickness since the graft thickness may not be uniform from the center to the 

edges of the Petri dish (Figure 6-13 and 6-14, micro-CT images). Surface tension 

effects may have also contributed to the non-uniformity of the media layer. It is unlikely 

that the actual thickness of the graft was different from the expected thickness since the 

surface area of the Petri dish (~10 cm2) and the volume of the graft material (scaffold, 

PFC, islets; ~3 cm3) were both fairly constant. An inaccurate value for the effective 

oxygen permeability within the graft may affect the OCR/DNA estimate. For example, if 

the oxygen permeability was one-half times the expected value (and equal to that in 

water at 37°C), then the OCR/DNA estimate would decrease by ~25%. If the oxygen 

permeability was two times the expected value, then the OCR/DNA estimate would 
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increase by ~20%. Upon transfer of graft material from the microcentrifuge tube (in 

which plasma, PFC and islets are mixed) to the Petri dish, it may be that the more dense 

PFC is preferentially left behind – which would lower the effective oxygen permeability 

within the graft. Aliquoting error or inaccurate islet counts would significantly impact 

OCR/DNA estimates and are the primary subject of the supplementary experiment 

presented in the next sub-section.  

 

Assessment of porcine islet TE graft via 19F-MRS and theory: A porcine islet preparation 

was used for an experiment, primarily to illustrate the potential impact of inaccurate 

counts and aliquoting error on outcomes. The islet preparation contained ~12,000 IEs 

(based on DNA counts performed several days prior to experimentation) and was 

aliquoted proportionally (based on volume of suspension) into 3 TE grafts. There was 

also an additional TE scaffold prepared which contained no islet tissue (summary of 

conditions and run order in Table 6-3). Data (T1, R1, and pO2 estimates) from this 

experiment is summarized in Table 6-6. Mean (± SE) R1 values and the corresponding 

pO2 estimates (as calculated using CL1 and CL2) are also shown graphically in Figure 

6-15 to illustrate that, in this case, there was no dose-dependent relationship between 

number of IEs seeded and either of these metrics. Not surprisingly, OCR/DNA 

measurements obtained prior to seeding was not comparable with OCR/DNA estimates 

derived from 19F-MRS and theoretical analysis [56], and are presented in Table 6-7. 

Since the data did not reflect expected outcomes and because inaccurate counts and 

aliquoting error were suspected, samples from the preparation prior to aliquoting were 

analyzed for DNA content and a protocol was developed to process the islet TE graft for 

DNA content. The mean (± SE) number of IEs in the preparation based on DNA 

quantification was found to be 7923 (± 888), much lower than the expected number of 
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IEs available for this study (~12,000 IEs). Following the 19F-MRS experiment, each 

sample was transported from the MR facility to the Schulze Diabetes Institute and 

sonicated using standard protocol that was modified to ensure all DNA would be 

retrieved (ten times at 11% amplitude for 15 seconds). After sonication, the graft material 

was transferred to a capped plastic test tube (each of which was massed prior to use) 

using a 1000-µL pipette. Each Petri dish was then twice washed with 500-µL detergent 

solution, and the post-wash solution was collected and combined with the sonicated 

graft material. Once all material was successfully retrieved, the test-tube was capped, 

mixed, massed and placed into a -20°C freezer. The same modified protocol was 

repeated for each graft. The scaffold containing no IEs was also processed for DNA 

analysis to determine if the PFD (or any other material) generates background 

autofluorescence signal that would confound the measurements obtained via the 

spectrofluorometric DNA assay. Figure 6-16 illustrates representative photographs of 

the Petri dish (graft) immediately following experimentation, sonication and DNA 

recovery. Each condition was assessed at 20X dilution (from stock sample) and the 

mean (± SE) RFU values are presented in Table 6-8.  

 

In order to calculate the DNA content per graft, an accurate pooled volume from the 

post-sonicated sample needed to be measured or estimated. Since volumetric 

measurements (such as by using a pipette to determine volume of sample) were 

determined to be inaccurate due to the viscosity of the sample and difficulty in being able 

to remove all material from a test tube, samples were massed and the masses were 

converted volumes using presumed densities. Both the mass of the empty capped test 

tube and the total mass of a capped test tube and sample were measured. These 

measurements are summarized in Table 6-9. Mass measurements were converted to 
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volume estimates by sub-dividing the aqueous and PFC components of each sample 

and assuming that densities to be 1.000 and 1.917 g/mL for the two components, 

respectively. A summary of the estimated masses for all components for each sample 

are presented in Table 6-10. Since the total measured (actual) mass of each sample 

(Table 6-9) and the total estimated mass of each sample (Table 6-10) are not equal, it 

was assumed that difference represents the amount of scaffold material that was lost 

during the recovery, that equal proportions of both aqueous and PFC components were 

lost and that no detergent was lost from the sample (since detergent is added as the 

final wash step following sonication). Consequently, the recovered masses of each 

scaffold can be estimated and these values are shown in Table 6-11, and then 

converted to volumes as shown in Table 6-12. The calculated pooled sample volumes 

(Table 6-12) were used in conjunction with DNA measurements to estimate the total 

number of IEs in each sample. Table 6-13 summarizes the estimated number of IEs per 

graft, as determined by post-experimentation DNA analysis on the grafts material. To 

more accurately estimate OCR/DNA of the islet preparation using 19F-MRS and theory, 

the initial count estimates were replaced by the more reliable counts based on DNA 

(Figure 6-17) and the theoretical calculations can be performed again, and are 

presented in Table 6-14. The mean (± SE) estimated OCR/DNA for the islet graft was 

195.0 (± 10.9) and 197.2 (± 11.0) nmol/min/mg DNA when using CL1 and CL2, 

respectively, which is remarkably comparable to the actual OCR/DNA measurements for 

the islet preparation [190.1 (± 8.9) nmol/min/mg DNA]. These data indicate that DNA 

measurements performed prior to seeding is important to ensure that the correct number 

of IEs is added into a TE graft. Nevertheless, aliquoting error may still occur and may 

account for some inaccuracy in the method used for estimation of OCR/DNA [56]. It 
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should be noted that the method based on 19F-MRS and theory may enable detection of 

suspected aliquoting error after a TE graft is constructed.  
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Table 6-1: Values of constants used for theoretical modeling. 

Constant Units Value Reference 
    

PA mm Hg 160 - 
LM cm 0.1 - 
LS cm 0.3 - 

(αD)M  mol/(cm·s·mm Hg) 3.53·10-14 [207] 
(αD)S mol/(cm·s·mm Hg) 7.06·10-14 [207] 

RS cm 1.75  - 
RIE cm 0.0075  - 
NIE - 2000, 4000, 

8000 
- 

DNAIE ng 10.4 [81] 
    

Abbreviations: PA, ambient (or surface) oxygen partial pressure (pO2); LM, thickness of 
culture media layer; LS, thickness of scaffold; (αD)M, oxygen permeability in culture 
media; (αD)S, oxygen permeability in scaffold; RS, radius of scaffold; RIE, radius of islet 
equivalent (IE); NIE, number of IEs seeded into scaffold; DNAIE, DNA content per IE. 
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Table 6-2: T1 values and pO2 estimates for scaffolds seeded with varying numbers of 
human IEs (Suszynski et al. [56]) 

IEs per Scaffold T1 Measured [s] pO2 Estimate, PS [mm Hg] 
   

0 1.866 ± 0.019 160 
2000 1.942 ± 0.033 145 
4000 2.081 ± 0.053 121 
8000 2.181 ± 0.094 106 

   
T1 values are presented as mean ± standard error. 
Abbreviations: IE, islet equivalent; pO2, oxygen partial pressure; PS, scaffold pO2; T1, 
spin lattice relaxation time. 
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Table 6-3: Summary of conditions and run order in supplementary experiments of 
assessment of human islet graft viability via 19F-MRS 

Experiment Conditions [number of IEs 
seeded per scaffold] Run Order [by Condition] 

   
S-H1 0, 4000, 8000 1: 8000, 2: 4000, 3: 0 
S-H2 0, 3000, 6000 1: 3000, 2: 6000, 3: 0 
S-H3 0, 1000, 2000, 4000, 8000 1: 2000, 2: 4000, 3: 1000, 4: 8000, 5: 0 

   
Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; IE, islet 
equivalent. 
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Table 6-4: Summary of data (T1, R1 and pO2 estimates) from supplementary 
experiments involving human islet tissue-engineered grafts 

Experiment Condition 
[IEs/graft] T1 [s] R1 [s-1] pO2 Estimate 

[mm Hg] 

     
S-H1 0 1.966 ± 0.004 0.509 ± 0.001 158.2 

 4000 2.295 ± 0.007 0.436 ± 0.001 107.4 
 8000 2.408 ± 0.015 0.415 ± 0.003 93.2 

S-H2 0 1.908 ± 0.005 0.524 ± 0.001 158.2 
 3000 2.051 ± 0.007 0.488 ± 0.002 132.7 
 6000 2.293 ± 0.011 0.436 ± 0.002 96.9 

S-H3 0 1.924 ± 0.004 0.520 ± 0.001 158.2 
 1000 1.966 ± 0.006 0.509 ± 0.002 150.6 
 2000 1.975 ± 0.004 0.506 ± 0.001 149.0 
 4000 2.114 ± 0.008 0.473 ± 0.002 125.7 
 8000 2.476 ± 0.008 0.404 ± 0.001 77.7 
     

T1 and R1 values are presented as mean ± standard error. 
pO2 estimates are derived of calibration line 1 (Figure 6-4). 
Abbreviations: IE, islet equivalent; pO2, oxygen partial pressure; R1, spin-lattice 
relaxation rate; T1, spin-lattice relaxation time. 
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Table 6-5: Summary of actual and estimated OCR/DNA from supplementary 
experiments involving human islet tissue-engineered grafts 

Experiment Number of 
Grafts [N] 

Actual OCR/DNA 
[nmol/min/mg DNA] 

Estimated OCR/DNA 
[nmol/min/mg DNA] 

    
S-H1 2 57.1 ± 7.2 135.8 ± 29.9 
S-H2 2 73.7 ± 1.3 121.8 ± 11.5 
S-H3 4 68.7 ± 13.5 78.5 ± 14.9 

    
OCR/DNA measurements were obtained using the stirred microchamber method [98]. 
OCR/DNA estimates were obtained using 19F-MRS and theoretical analysis [56]. 
Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; DNA, 
deoxyribonucleic acid; OCR, oxygen consumption rate. 
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Table 6-6: Summary of data (T1, R1 and pO2 estimates) from supplementary experiment 
involving porcine islet tissue-engineered grafts 

Experiment Condition 
[IEs/graft] T1 [s] R1 [s-1] pO2 Estimate 

[mm Hg] 

     
S-P1 0 1.787 ± 0.017 0.560 ± 0.005 158.2 

 2000 1.918 ± 0.004 0.521 ± 0.001 131.5 
 4000 1.976 ± 0.008 0.506 ± 0.002 120.9 
 8000 1.890 ± 0.018 0.529 ± 0.005 136.9 
     

T1 and R1 values are presented as mean ± standard error. 
pO2 estimates are derived of calibration line 1 (CL1, Figure 6-4). 
Abbreviations: IE, islet equivalent; pO2, oxygen partial pressure; R1, spin-lattice 
relaxation rate; T1, spin-lattice relaxation time. 
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Table 6-7: Summary of actual and estimated OCR/DNA from supplementary 
experiments involving porcine islet tissue-engineered grafts 

Experiment Number of 
Grafts [N] 

Actual OCR/DNA 
[nmol/min/mg DNA] 

Estimated OCR/DNA 
[nmol/min/mg DNA] 

    
S-P1 3 190.1 ± 8.9 113.8 ± 37.1 

    
OCR/DNA measurements were obtained using the stirred microchamber method [98]. 
OCR/DNA estimates were obtained using 19F-MRS and theoretical analysis [56]. 
Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; DNA, 
deoxyribonucleic acid; OCR, oxygen consumption rate. 
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Table 6-8: Mean (± SE) raw and adjusted RFU values from DNA analysis of 
tissue-engineered scaffolds following experimentation. 

Condition [IEs/graft] Raw Signal [RFUs] Adjusted Signal [RFUs]a 

   
0 86.5 (± 0.5) - 

2000 561.2 (± 3.8) 474.7 (± 3.8) 
4000 656.2 (± 3.2) 569.7 (± 3.2) 
6000 440.4 (± 1.1) 353.7 (± 1.1) 

   
aAdjusted for by subtracting mean RFU signal corresponding to 
autofluorescence from raw RFU signal. 
Abbreviations: DNA, deoxyribonucleic acid; IE, islet equivalent; RFU, relative 
fluorescence units; SE, standard error. 
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Table 6-9: Mass measurements of test tubes and samples for each condition. 

Condition 
[IEs/graft] Mass of test tube [g] Mass of test tube + 

sample [g] 
Total mass of sample 

[g]a 

    
0 3.6169 8.2014 4.5845 

2000 3.4419 7.5974 4.1555 
4000 3.5370 7.7424 4.2054 
6000 3.5869 8.2557 4.6688 

    
aThe total mass of the sample was calculated by subtracting the mass of the test tube 
from the mass of the test tube and sample. 
Abbreviations: IE, islet equivalent. 
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Table 6-10: Summary of estimated masses for all components of each sample. 

Condition 
[IEs/graft] Aqueous component [g] 

PFC 
component 

[g] 

Total 
mass 

[g] 
 

Plasma ME199 
media Detergent Thrombin Islet 

suspension PFD 
 

        
0 2.1 1.0 1.0 0.075 0.0 1.73 4.90 

2000 2.1 1.0 1.0 0.075 0.0165 1.73 4.91 
4000 2.1 1.0 1.0 0.075 0.033 1.73 4.93 
6000 2.1 1.0 1.0 0.075 0.050 1.73 4.95 

        
Abbreviations: IE, islet equivalent; PFC, perfluorocarbon; PFD, perfluorodecalin. 
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Table 6-11: Recovered masses for each scaffold 

Condition 
[IEs/graft] 

Total mass 
of graft and 

test tube 
[g] 

Mass of 
graft only 

[g] 

Mass fraction 
of aqueous 
components 

Mass of 
aqueous 

components 
[g] 

Mass of PFC 
component 

[g] 

      
0 4.5845 3.5845 0.6479 2.3225 1.2620 

2000 4.1555 3.1555 0.6491 2.0482 1.1073 
4000 4.2054 3.2054 0.6503 2.0843 1.1210 
6000 4.6688 3.6688 0.6515 2.3901 1.2787 

      
Abbreviations: IE, islet equivalent; PFC, perfluorocarbon. 
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Table 6-12: Recovered volumes (in units mL) for each graft 

Condition 
[IEs/graft] 

Volume of 
aqueous 
scaffold 

Volume of PFC 
scaffold 

Volume of 
scaffold 

Pooled volume 
of sample 

     
0 2.3225 0.6583 2.9808 3.9808 

2000 2.0482 0.5776 2.6258 3.6258 
4000 2.0844 0.5848 2.6692 3.6692 
8000 2.3901 0.6670 3.0572 4.0571 

     
Abbreviations: IE, islet equivalent; PFC, perfluorocarbon. 
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Table 6-13: Total number of IEs per graft as determined by DNA analysis 

Expected number of IEs 
(Pre-experimentation) 

Actual Number of IEs 
(Post-experimentation) 

  
0 0 

2000 1846 
4000 2245 
6000 1535 

  
Abbreviations: DNA, deoxyribonucleic acid; IE, islet equivalents. 

 

  



 

215 
 

Table 6-14: Theoretical values of OCR/DNA derived from 19F-MRS and theory following 
correction with more accurate IE counts based on DNA post-experimentation 

Expected count 
[IEs/graft] 

Actual count 
by DNA 

[IEs/graft] 

OCR/DNA (via CL1) 
[nmol/min/mg DNA] 

OCR/DNA (via CL2) 
[nmol/min/mg DNA] 

    
0 0 0 0 

2000 1846 188.3  190.4 
4000 2245 216.3 218.8 
6000 1535 180.4 182.4 

   
Mean ± SE 195.0 ± 10.9 197.2 ± 11.0 

    
Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; CL, calibration line; 
DNA, deoxyribonucleic acid; IE, islet equivalent; OCR, oxygen consumption rate; SE, 
standard error.  
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Figure Captions 

Figure 6-1: Schematic illustrating the design of the tissue-engineered graft containing 

scaffold material (crosslinked plasma), emulsified perfluorocarbon (represented by the 

smaller, darker circles) and human pancreatic islets (represented by the larger, lighter 

circles), and also highlighting boundary conditions used in the diffusion-reaction model. 

Variables presented in this Figure are defined in the Mathematical modeling sub-section 

of the Methods. Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; 

dP/dx, oxygen flux; LM, thickness of culture media layer; LS, thickness of scaffold; PA, 

ambient (and media surface) oxygen partial pressure (pO2); PS, average scaffold pO2; T1, 

spin-lattice relaxation time. 

 

Figure 6-2: Schematic illustrating the generalized design of the theoretical model system 

for the tissue-engineered islet graft, featuring three distinct regions (culture media [Layer 

2], viable [Layer 1] and anoxic [Layer 0] regions).  

 

Figure 6-3: Schematic illustrating 19F-MRS characterization of perfluorocarbon (PFC) in 

terms of oxygen sensitivity (R1 vs. pO2). (A) PFCs (like perfluorodecalin, PFD) are 

added into gas-impermeable container, pre-bubbled with varying gas mixtures 

containing different but known pO2 (100%, 21%, 5%, 1% and 0% oxygen) and then 

sealed; (B) The sample is centered within/onto an appropriately-sized radiofrequency 

coil and placed into a magnet; (C) A 19F-spectrum is generated and the singlet is 

identified; (D) Standard inversion recovery is performed using this singlet peak and 

these data are fitted to an exponential function (derived of the Bloch equation) to yield a 

spin lattice relaxation rate (R1) which is characteristic for each PFC at a specific pO2; (E) 

The measurements are repeated at different pO2 to create a linear calibration that 
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relates the relaxation rate (R1, which is 1/T1) to pO2. Abbreviations: 19F-MRS, fluorine 

magnetic resonance spectroscopy; PFC, perfluorocarbon; PFD, perfluorodecalin; pO2, 

oxygen partial pressure; R1, spin-lattice relaxation rate; T1, spin-lattice relaxation time. 

 

Figure 6-4: Calibration line 1 (CL1) for perfluorodecalin at 37°C and 5 T. The resulting 

equation is linear [R1 = 0.00144·pO2 + 0.351] and exhibits a strong correlation between 

R1 and pO2 [R2 = 1.000]. Five different samples were used, each pre-bubbled for >30 

minutes at ≥5 mL/min using gases or gas mixtures characterized by different pO2 values 

(0, 7.6, 38.0, 158.2, 760 mm Hg). Abbreviations: CL, calibration line; pO2, oxygen partial 

pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-5: Calibration line 2 (CL2) for perfluorodecalin at 37°C and 5 T. The resulting 

equation is linear [R1 = 0.00142·pO2 + 0.340] and exhibits a strong correlation between 

R1 and pO2 [R2 = 0.999]. Four different samples were used, each pre-bubbled for >30 

minutes at ≥5 mL/min using gases or gas mixtures characterized by different pO2 values 

(7.6, 38.0, 158.2, 760 mm Hg). Abbreviations: CL, calibration line; pO2, oxygen partial 

pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-6: Schematic of experimental methods and summary of results for experiment 

performed to determine whether pO2 estimate obtained from 19F-MRS analysis is 

reflective of the minimum, maximum, volume-averaged or weighted-average pO2 in a 

sample. Two samples were prepared by filling two separate containers with equal 

volumes of perfluorodecalin (PFD). Sample A was not pre-bubbled and was equilibrated 

with ambient air (pO2 = 158.2 mm Hg), whereas Sample B was pre-bubbled for >60 

minutes with pure argon gas (pO2 ~ 0 mm Hg). Each sample was placed onto a single-
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loop, custom-built surface coil and interrogated separately and together via 19F-MRS as 

described previously [56]. Combining the two samples yielded a pO2 estimate that was 

close to the arithmetic mean of the individual measurements of the two samples. 

Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; PFD, 

perfluorodecalin; pO2, oxygen partial pressure. 

 

Figure 6-7: Summary of results from experiment showing that perfluorodecalin (PFD) 

pre-bubbled with pure oxygen gas and sealed in a glycol-modified polyethylene 

terephthalate (PETG) container does not equilibrate quickly with the ambient 

atmosphere. One sample of PFD (experimental) was pre-bubbled with pure oxygen gas 

for >60 minutes for ≥5 mL/min, and another sample (control) was not pre-bubbled but 

was equilibrated with ambient air. R1 measurements and pO2 estimates are relatively 

stable during ~48-hour period of 19F-MRS interrogation, indicating that the PETG 

containers are able to prevent gas leakage from sample over a reasonable time frame. 

Abbreviations: 19F-MRS, fluorine magnetic resonance spectroscopy; PETG, glycol-

modified polyethylene terephthalate; PFD, perfluorodecalin; pO2, oxygen partial pressure; 

R1, spin-lattice relaxation rate. 

 

Figure 6-8: Schematic illustrating the nature of a pO2 estimate obtained via 19F-MRS for 

a tissue-engineered (TE) islet graft and the factors that affect the estimate. The 

estimated obtained from the 19F-MRS analysis represents the volume-averaged pO2 in a 

TE graft, which is affected by the external (ambient) oxygen supply, the thickness of the 

media layer and scaffold, the amount of oxygen-consuming tissue in the graft, and the 

volume fraction of perfluorocarbon in the scaffold. Abbreviations: 19F-MRS, fluorine 

magnetic resonance spectroscopy; pO2, oxygen partial pressure; TE, tissue-engineered.  



 

219 
 

 

Figure 6-9: R1 and pO2 results from supplementary experiment with human islets (S-H1). 

Estimates of pO2 were performed using calibration lines 1 (Figure 6-4) and 2 (Figure 6-5), 

and the values are shown above each condition. Bars indicate mean values and error 

bars indicate standard error of the mean. Abbreviations: CL, calibration line; IE, islet 

equivalent; pO2, oxygen partial pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-10: R1 and pO2 results from supplementary experiment with human islets (S-

H2). Estimates of pO2 were performed using calibration lines 1 (Figure 6-4) and 2 

(Figure 6-5), and the values are shown above each condition. Bars indicate mean values 

and error bars indicate standard error of the mean. Abbreviations: CL, calibration line; IE, 

islet equivalent; pO2, oxygen partial pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-11: R1 and pO2 results from supplementary experiment with human islets (S-

H3). Estimates of pO2 were performed using calibration lines 1 (Figure 6-4) and 2 

(Figure 6-5), and the values are shown above each condition. Bars indicate mean values 

and error bars indicate standard error of the mean. Abbreviations: CL, calibration line; IE, 

islet equivalent; pO2, oxygen partial pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-12: Light micrograph illustrating emulsified perfluorocarbon droplets within the 

scaffold material of an islet tissue-engineered graft. Note the relative homogeneous 

distribution of the droplets, but which vary in size (in the ~100s of microns). 
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Figure 6-13: Micro-CT reconstruction of a representative islet tissue-engineered graft. 

Note the unevenness of the surface of the graft and the non-uniform thickness (more 

thin near the center of the graft). Resolution is 36-µm. 

 

Figure 6-14: Micro-CT images of a representative islet tissue-engineered graft. Note the 

non-uniform thickness (more thin near the center of the graft). Resolution is 36-µm. The 

hypointense regions appear to indicate material of less density, but it is unclear whether 

islets and/or perfluorocarbon droplets can be visualized.  

 

Figure 6-15: R1 and pO2 results from supplementary experiment with porcine islets (S-

P1) before correction of IE counts with post-experimentation DNA content 

measurements. Estimates of pO2 were performed using calibration lines 1 (Figure 6-4) 

and 2 (Figure 6-5), and the values are shown above each condition. The number of IEs 

per scaffold is the expected number of IEs as based on DNA counts performed several 

days prior to experimentation. Bars indicate mean values and error bars indicate 

standard error of the mean. Abbreviations: CL, calibration line; DNA, deoxyribonucleic 

acid; IE, islet equivalent; pO2, oxygen partial pressure; R1, spin-lattice relaxation rate. 

 

Figure 6-16: Photographs illustrating a tissue-engineered islet graft before (A) and after 

sonication (B), and after the graft material is collected for DNA quantification. 

Abbreviation: DNA, deoxyribonucleic acid. 

 

Figure 6-17: R1 and pO2 results from supplementary experiment with porcine islets (S-

P1) after correction of IE counts with post-experimentation DNA content measurements. 

Estimates of pO2 were performed using calibration lines 1 (Figure 6-4) and 2 (Figure 6-5), 
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and the values are shown above each condition. The number of IEs per scaffold is the 

expected number of IEs as based on DNA counts performed several days prior to 

experimentation. Bars indicate mean values and error bars indicate standard error of the 

mean. Abbreviations: CL, calibration line; DNA, deoxyribonucleic acid; IE, islet 

equivalent; pO2, oxygen partial pressure; R1, spin-lattice relaxation rate. 
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CHAPTER 7: Other Related Work 

 

Summary 

Work presented in this thesis has largely focused on the pancreatic islet product quality 

assessment, possible limitations of the current clinical islet transplant site (intrahepatic), 

and design, fabrication and assessment of tissue-engineered islet grafts or devices to be 

transplanted at alternative sites (extrahepatic). However, islet transplantation will only 

become more widely available if current islet product manufacturing and transplant is 

improved. Given the complexity of the approach, it is critically important to improve each 

step of the process that is involved, including pancreas procurement, preservation and 

assessment, and islet isolation, purification, culture, shipping, assessment and 

transplant. All of these areas may impact the quantity and quality of the islets retrieved 

from a pancreas, and the method and location of transplant will affect the clinical 

outcomes. Some this work is presented in this final chapter. 
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Abbreviations 

ADP  adenine diphosphate 

AMP  adenine monophosphate 

A-PSF  anterograde persufflation 

ATP  adenine triphosphate 

AUC  area-under-the-curve 

CPB  cardiopulmonary bypass 

CPS  cold preservation solution 

CT  celiac trunk 

DCD  donation after cardiac death 

GSIS  glucose-stimulated insulin secretion 

HE  Hematoxylin and eosin 

HMP  hypothermic machine perfusion 

IE  islet equivalent 

IT  islet transplantation 

MP  microparticle 

MS  magnetic separation 

OCR  oxygen consumption rate 

OCR/DNA oxygen consumption rate normalized to DNA content 

POD  post-operative day 

PSF  persufflation 

QMS  quadrupole magnetic sorting 

R-PSF  retrograde PSF 

SCS  static cold storage 

SE  standard error 
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SMA  superior mesenteric artery 

SOD  superoxide dismutase 

TLM  two-layer method 

UNOS  United Network for Organ Sharing 

UW  University of Wisconsin solution 

WIT  warm ischemia time  
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Abstract 

Improved preservation techniques have the potential to improve transplant outcomes by 

better maintaining donor organ quality and by making more organs available for 

allotransplantation. Persufflation, (PSF, gaseous oxygen perfusion) is potentially one 

such technique that has been studied for over a century in a variety of tissues, but has 

yet to gain wide acceptance for a number of reasons. A principal barrier is the perception 

that ex vivo PSF will cause in vivo embolization post-transplant. This review summarizes 

the extensive published work on heart, liver, kidney, small intestine and pancreas PSF, 

discusses the differences between anterograde and retrograde PSF and between PSF, 

and other conventional methods of organ preservation (static cold storage, hypothermic 

machine perfusion). Prospective implications of PSF within the broader field of organ 

transplantation and in the specific application with pancreatic islet isolation and 

transplant are also discussed. Finally, key issues that need to be addressed before PSF 

becomes a more widely utilized preservation strategy are summarized and discussed. 
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Introduction 

The advancement of allotransplantation over the past half century has stimulated the 

development of techniques for whole organ preservation, especially in the face of 

common logistical challenges inherent in the delivery of the therapy (such as the need 

for transportation and coordination of operating times). In addition to preserving the 

function and viability of cadaveric organs accepted via standard criteria, improved organ 

preservation has the potential to increase the fraction of marginal organs used for 

transplant [391; 392]. It is generally believed that improved preservation techniques 

should contribute to improved maintenance of organ quality, minimize ischemia-

reperfusion injury and result in more successful transplant outcomes with the 

consequence that substantial research effort has focused on optimizing organ 

preservation protocols.  

 

A key area of research interest lies in the optimization of oxygen delivery during 

hypothermic preservation. It has been shown that conventional static cold storage (SCS) 

techniques may not provide sufficient oxygen to the core of a larger organ [392; 393], 

and only oxygenate to a maximum depth of a millimeter from the surface [394]. Efforts to 

improve the oxygen solubility of cold preservation solutions by using perfluorocarbons 

have proven largely ineffective, because these methods still rely on oxygen delivery by 

passive diffusion from the surface [395]. Even hypothermic machine perfusion (HMP), 

which has been designed to deliver cold preservation solution into the organ via the 

native vasculature, may deliver inadequate oxygen to an organ during preservation, 

particularly when the perfusate is not saturated with oxygen at a higher than atmospheric 

pO2 [61; 396; 397]. It is in this regard that persufflation (PSF), or gaseous oxygen 

perfusion, may provide additional advantages as compared to either SCS or HMP (see 
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Table 7-1 for more detailed comparison of the advantages and disadvantages between 

SCS, HMP and PSF). PSF is not a new concept but can be considered an emerging 

technique for current-day organ preservation and deserves considerable attention for a 

variety of compelling reasons, including the unique capability to deliver oxygen gas or 

gas mixture directly into an organ by using the native vasculature. When compared with 

SCS and HMP, PSF may represent the best opportunity to fully oxygenate an entire, 

human-sized organ. This review details the historical development of PSF with heart, 

kidney, liver, small intestine and pancreas and discusses the differences between the 

two main approaches for PSF (anterograde versus retrograde). We also discuss the 

future research landscape for PSF in relation to established methods of preservation and 

describe some of the important issues that need to be addressed before the technique 

becomes more widely accepted. 

 

Early History with Persufflation 

PSF was first discovered in 1902 by Rudolf Magnus, when he made an unexpected 

observation while perfusing an isolated cat heart with defibrinated blood [398]. The 

reservoir storing liquid perfusate emptied inadvertently and was not re-filled immediately. 

Since compressed oxygen gas was used to pressurize the reservoir, the gas was pulled 

into the perfusion circuit and into the heart. Magnus observed that the heart continued to 

contract rhythmically for nine minutes during PSF. This initial observation prompted the 

initiation of a series of more extensive studies designed to elucidate the utility of PSF in 

preserving cardiac function. Magnus illustrated that it was possible to maintain a beating 

heart in bradycardia during 69 minutes of PSF and that reperfusion of blood through the 

coronaries restored a normal heart rate (80 bpm). Interestingly, Magnus persufflated the 

cat heart with gaseous hydrogen and showed that it still beat at 20 minutes of treatment. 
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Furthermore, he tried coronary persufflation with gaseous carbon dioxide and was able 

to demonstrate, unlike either oxygen or hydrogen gas, that the heart stops after just 

minutes. Even though Magnus’ findings were intriguing at the time, it was not until the 

mid-1950s that the significance of his studies was appreciated.  

 

With the advent of clinical transplant on the near horizon [399; 400], a group at McGill 

University in Montreal discovered in 1954 that PSF could preserve spinal reflexes in 

frogs and active cardiac and skeletal muscle contractions in rabbits [401; 402]. Their first 

paper highlighted the benefits of PSF versus liquid perfusion in a frog spinal reflex model 

[401]. The authors showed that peripheral nerve reflexes and muscle contractions were 

preserved for up to 6-8 hours when the gaseous oxygen was delivered into the systemic 

circulation. This paper described the significant benefit of PSF over liquid perfusion, 

citing the lack of edema formation and improved oxygenation. The authors even 

replaced oxygen gas with nitrogen gas to illustrate how anoxia eliminated these reflex 

activities. In a related, follow-up study the same group showed that a rabbit heart and 

skeletal muscle (tibialis anterior muscle) could be preserved with minimal depreciation of 

function during about 3 hours of PSF [402].  

 

These early reports establishing the potential virtues of PSF for improved organ 

preservation set the scene for exploration in a variety of tissues and organs. 

 

Whole Organ Persufflation 

Heart 

Although the earliest studies of PSF were focused on the heart, research in heart PSF 

had subsided for about three decades (1960s-1990s) in favor of research in liver and 
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kidney PSF. More recently, cardiac PSF has been rekindled and several studies have 

been published in which PSF was used prior to transplant, including the use of PSF to 

preserve hearts having suffered short periods of warm ischemia. Collectively, these 

studies have at least established that cardiac PSF is technically possible and that it can 

preserve heart tissue.  

 

The advent of cardiopulmonary bypass (CPB) in the mid-1950s provided impetus for 

exploring the use of PSF. In 1959, Sabiston et al. at Johns Hopkins explored the use of 

PSF in conjunction with CPB [403]. In the first set of experiments, hearts from medium-

sized dogs were cannulated at the coronary ostia, flushed with pre-oxygenated normal 

saline, then persufflated with humidified gaseous carbogen (a mixture of 95% O2 and 5% 

CO2). This approach, generally termed anterograde PSF (A-PSF), contrasts with 

retrograde PSF (R-PSF) which would be tried in the heart [404; 405] and subsequently 

in the kidney [406; 407]. Hearts maintained at 37°C continued to beat for an average 

duration of 5.1 hours (2.5-8 hours, range). Cardiac contractility remained strong for the 

first 2-3 hours and then gradually weakened. In some cases, the electrical activity of the 

heart continued for periods up to 4 hours following cessation of a visible heartbeat. The 

second set of experiments examined in situ A-PSF of the heart. Once the heart had 

been isolated from the systemic circulation, A-PSF was performed for 25-30 minutes. A 

normal hemodynamic response was restored in 9 of 12 animals and some animals 

maintained a heartbeat for 48 hours following the reestablishment of native coronary 

circulation. This study established the use of PSF in cardiac surgery by showing that 

oxygen gas can be used by the heart and that coronary blood flow may be reestablished 

after PSF. In 1960, a follow-up study introduced the concept of R-PSF [405]. At the time, 

retrograde perfusion of oxygenated blood via the coronary sinus was used to maintain a 
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heartbeat and protect the heart from anoxia for short periods of time during open aortic 

valve procedures [408; 409]. Talbert et al. used this knowledge, along with their previous 

work on A-PSF, to investigate whether R-PSF could be performed successfully in the 

heart. In their experiments, the coronary sinus was cannulated in 7 canine hearts, 

flushed with normal saline and started on R-PSF. These organs maintained a beat for an 

average duration of 3.5 hours (2-4 hours, range). In 3 separate hearts, the anterior 

cardiac veins were additionally cannulated and persufflated. These organs maintained a 

visible beat for an average duration of 5.5 hours and up to 7 hours. They noted that 

cardiac activity remained strong over the first 2 hours of experimental conditions and 

then gradually became weaker until ventricular fibrillation or complete asystole had 

occurred. Talbert compared the R-PSF with A-PSF and determined that the heartbeat 

was visibly weaker and sustained for a shorter period of time using the retrograde 

approach. Nevertheless, they concluded that oxygen gas can be delivered retrogradely 

and that the method exhibits some efficacy.  

 

In 1966, the Talbert et al. concept of R-PSF was applied by Camishion et al. [404]. They 

noted that continuous blood perfusion during open aortic valve procedures was 

cumbersome due to the obstruction of the surgical field caused by cannulation of the 

coronary vessels from within the aorta. Consequently, they tried to determine whether 

animals could survive CPB by using R-PSF of the coronary sinus as the main 

preservation technique. This was investigated by repeating previous work by Talbert et 

al. on in situ R-PSF using a similar canine model [405]. They reported that each of 10 

canine hearts maintained a sinus rhythm for at least 31 minutes while being retrogradely 

persufflated. Following the loss of a sinus rhythm, 8 animals maintained a nodal or 

ventricular rhythm for up to 7 hours and 2 animals developed and sustained ventricular 
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fibrillation for up to 6 hours. When hearts were persufflated with nitrogen gas, sinus 

rhythm was maintained for 5 minutes or less and a visible beat was lost in all 10 animals 

within an average duration of 11 minutes and no longer than 25 minutes. When 

persufflation was switched to oxygen gas, a 30-fold increase in the tissue partial oxygen 

tension of the hearts was observed almost immediately. In 2 animals, asystole was 

converted to a persistent ventricular rhythm. In a second experimental study, the 

coronary sinus in 20 porcine and 10 canine hearts were cannulated and animals were 

placed on CPB using R-PSF for 1 hour. During CPB, 25 of 30 animals maintained sinus 

rhythm for the entire hour. Of the remaining 5 animals, all developed ventricular 

fibrillation after an average of 30 minutes and one spontaneously reverted to a nodal 

rhythm after 20 minutes of sustained ventricular fibrillation. Following removal of CPB, 

22 of 30 animals remained in sinus rhythm. Four animals with ventricular fibrillation were 

converted electrically to sinus rhythm, 3 animals developed fibrillation after reperfusion, 

all of which could be converted electrically to sinus rhythm. The remaining animal 

exhibiting nodal rhythm converted to normal sinus rhythm spontaneously following 

cessation of CPB. After re-establishment of native coronary blood flow, mean aortic 

blood pressure was maintained between 60-120 mm Hg and central venous pressures 

remained 4.4-14.7 mm Hg in all animals. Of the 30 experimental animals in the second 

group, only one exhibited signs of heart failure postoperatively. This animal developed 

severe pulmonary edema following transfusion of 2500 mL of blood for ongoing 

hemorrhage. From the vantage point of a contemporary understanding of shock and 

transfusion medicine, it is conceivable that this animal may have developed a variant of 

acute respiratory distress syndrome or transfusion-related acute lung injury, which may 

have been misinterpreted as pulmonary edema from congestive heart failure – though 

the true pathology will never be known. Nevertheless, these studies illustrated that a 
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heart could be preserved by PSF during CPB and that these organs recovered their 

function following reperfusion. No evidence of air embolization was found in the brain or 

viscera of any experimental animal.  The authors commented on the fundamental 

difference between gas embolization and PSF; gas emboli are small bubbles that may 

occlude smaller vessels, whereas PSF is characterized by the free flow of a gas within 

the system. This distinction is still not fully appreciated by the clinical community and 

services to highlight that this will need to continue to be proven experimentally. 

Camishion et al. also raised the possibility of using this preservation technique for the 

maintenance of donor hearts in cardiac transplant, even before the first successful heart 

transplant was performed in South Africa a few years later [410].  

 

Also in 1966, Gabel et al. examined the physiology of the persufflated heart by using 

juvenile feline hearts that were anterogradely persufflated with gaseous carbogen 

mixture (95% O2, 5% CO2) via cannulae secured in the proximal aorta and compared 

with controls perfused with substrate-free Krebs solution [411]. They found that the heart 

rate in persufflated hearts declined rapidly over the first hour and then declined more 

slowly over the next 9 hours, whereas the heart rate in the liquid-perfused heart 

exhibited a steady decline over the entire experimental period. Contractility 

measurements under A-PSF showed an initial rise in contractile force during the first 20 

minutes and subsequent fall after 4 hours. The persufflated hearts reached 50% of the 

initial contractile force after 7 hours, whereas liquid-perfused hearts declined to 50% of 

initial contractile force in only 80 minutes. Metabolic studies revealed that glycogen, 

carbohydrate, lactate, and pyruvate levels decreased rapidly in the persufflated heart, 

but when these hearts were treated with pharmacologic agents they responded as 

expected. In addition, they found that rhythm changes in the A-PSF model reproducibly 
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occurred above a certain threshold PSF pressure. Gabel et al. concluded that 

persufflated hearts exhibited stronger contractile forces, performed more work and were 

slower to fail than the hearts perfused with liquid. They theorized that oxygen gas 

allowed an increase in cardiac work, even though oxygen supply is not traditionally 

considered a major determinant of work capacity. It may be that cardiac oxygen 

extraction is altered when oxygen is delivered by PSF or that simply more oxygen is 

delivered using PSF. Another hypothesis emerging from these findings was that, in the 

case of PSF, active metabolites equilibrate solely between the extracellular fluid and the 

intracellular space, as opposed to being flushed away by a liquid perfusate.  

 

Lochner et al. subsequently studied the metabolism and function of anterogradely 

persufflated guinea pig and rat hearts [412]. Hearts were persufflated with carbogen gas 

mixture (95% O2, 5% CO2) at 37°C for 1 hour. With persufflated hearts, the peak systolic 

pressures and the first derivative of the left ventricular systolic pressure decreased, while 

exhibiting very little change in the heart rate. This seemed to indicate that the 

persufflated heart could continue to generate hemodynamic work. In a few of the hearts, 

A-PSF time was extended to 2 hours, resulting in no additional decreases in heart rate, 

left ventricular systolic pressure and its first temporal derivative, or isovolumetric work. 

Isovolumetric work and the first derivative of left ventricular systolic pressure following 

PSF were calculated to be 16.4% and 18.4% of values characteristic for liquid-perfused 

hearts, respectively. Measurements of tissue creatine phosphate and ATP were similar 

between the PSF and liquid perfusion groups. This led the authors to suggest that the 

decrease in cardiac work was likely not due to a lack of available cellular energy. They 

also discovered that work capacity could be enhanced by increasing the PSF pressure 

or the diastolic filling pressure.  
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Following these early studies, there was a gap of several decades during which no work 

was published on the gaseous perfusion of hearts. It was not until the late 1990s that 

interest in cardiac PSF rekindled, largely as a result of the successful application of PSF 

in other organs, in particular the kidney and liver. What had been previously referred to 

as ‘gaseous oxygen perfusion’ was eventually termed ‘persufflation’ by Denecke [413]. 

After pursuing extensive work in kidneys and livers, Fischer’s group in Cologne explored 

cold preservation via cardiac PSF in 1998 [414]. Porcine hearts were flushed and stored 

at 0-1°C using three different methods: (1) SCS using modified Euro-flush solution with 

glutathione (based on Euro-Collins solution); (2) SCS with University of Wisconsin (UW) 

solution ; and (3) A-PSF via the ascending aorta in combination with SCS using 

Histidine-Tryptophan-Ketoglutarate solution modified by adding hyaluronidase. The 

overall mean preservation time was 14.5 hours. Hearts were orthotopically transplanted 

into recipient pigs of comparable body weight using standard CPB, reperfused on CPB 

using whole blood for an average of 154 minutes before being weaned off CPB to allow 

the hearts to take over normal circulation. Following transplantation, hemodynamic 

parameters were measured to estimate cardiac function and serum creatine kinase 

values were obtained as an indicator of myocardial damage. Prior to sacrificing the 

porcine recipient, left ventricular biopsies were performed to estimate myocardial water 

content and ATP levels. Persufflated hearts exhibited stroke work similar to preoperative 

values, whereas comparable measurements could not be obtained in static cold-stored 

organs due to severe arrhythmia and ventricular dyskinesia. Measurements of cardiac 

output, left ventricular systolic pressure and its first temporal derivative revealed that the 

persufflated hearts fared significantly better than hearts stored in modified Euro-flush 

solution alone and had better cardiac output than hearts stored in UW solution alone. 
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Equivalent creatine kinase levels between each group indicated that the degree of 

cellular damage using A-PSF may have been similar to conventional SCS. However, 

persufflated hearts exhibited significantly higher ATP levels than UW/Euro-flush solution-

stored hearts. Collectively, these data seem to indicate that A-PSF may permit superior 

recovery of post-transplant heart function compared with SCS using either UW or 

modified Euro-flush solution. Importantly, myocardial water content measurements 

indicated that there was significantly less myocardial edema with A-PSF than static UW 

solution alone. Decreased myocardial edema is a distinct benefit of PSF, as it is known 

that tissue edema can significantly impair cardiac function [415]. A follow-up study 

examined the effects of A-PSF on myocardial tissue quality and post-transplant cardiac 

function by comparing against SCS in Histidine-Tryptophan-Ketoglutarate solution with 

and without hyaluronidase [416]. The cohort of hearts preserved by coronary A-PSF 

showed significantly higher left ventricular systolic pressure and its first temporal 

derivative, and cardiac output compared to hearts preserved by SCS with Histidine-

Tryptophan-Ketoglutarate solution, but not when modified with hyaluronidase. 

Persufflated hearts maintained normal circulatory function for longer when compared to 

either SCS methodology. Additionally, tissue ATP levels were significantly higher in 

transplanted hearts following A-PSF than after SCS only. Post-transplant myocardial 

water content was not elevated in persufflated hearts over controls.  

 

Up to this point, most of the research into cardiac PSF had thus far involved 

experimental operations with hearts experiencing no “down-time” or conventional warm 

ischemia as experienced with donation after cardiac death (DCD). The opportunity to 

resuscitate DCD hearts inspired the Cologne group to study PSF following warm 

ischemic damage. Thus, Yotsumoto et al. studied the effects of several hypothermic 
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preservation techniques on post-transplant cardiac function following a mean warm 

ischemia time (WIT) of 16.7 minutes in a porcine autotransplant model [417]. Three 

hours of A-PSF was compared with SCS, with an additional set of controls not damaged 

by warm ischemia and also stored in Histidine-Tryptophan-Ketoglutarate solution 

modified with hyaluronidase. As with previous studies examining the effects of 

preservation on heart function, a number of physiologic parameters were recorded and 

samples were taken to assess the metabolic recovery of the cardiac tissue. It was 

reported that control and persufflated hearts were completely weaned from CPB within 2 

hours of transplantation, whereas the static cold-stored hearts exhibited significantly 

diminished functional recovery. Near the end of the 3-hour reperfusion period – cardiac 

output, left ventricular contractility, and the relaxation velocity were significantly higher in 

the A-PSF group as compared to SCS. It appeared that persufflated DCD hearts had 

functional outcomes similar to hearts procured from heart-beating donors using 

conventional storage methods. Importantly, Troponin T levels were significantly higher 

under SCS than for undamaged controls and hearts preserved by A-PSF at 1 hour after 

reperfusion. These data indicate that A-PSF may limit myocardial injury incurred during 

WIT. The authors noted that the transplant field is reluctant to adopt PSF as a legitimate 

cardiac preservation technique largely due to concerns about resulting endothelial 

damage. More recent studies have shown that the coronary arteries of porcine hearts 

following 3 hours of oxygen A-PSF had normal functioning endothelium post-transplant 

[418; 419; 420]. Additionally, hearts transplanted following 14 hours of A-PSF exhibited 

no topographic signs of endothelial damage, as assessed by scanning electron 

microscopy [420]. Fischer has recently reviewed work done by his group, and has 

described the detailed experimental approach in which A-PSF is recommended as the 

preferred method [421]. Collectively, these works have shown that cardiac PSF has 
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considerable potential as an emerging preservation technique, and Table 7-2 

summarizes the published work on heart PSF presented in this review.  

 

Kidney 

The initial studies with kidney PSF occurred in the 1960s, shortly after the early 

development of heart PSF. It was in the kidney that PSF has been most extensively 

evaluated, likely because the vascular anatomy and associated transplant models are 

considered to be most straightforward (amongst the major transplantable organs). 

Following an initial study by Talbert et al. at Johns Hopkins in the 1960s [422], most all 

work on kidney PSF was performed by Fischer, Isselhard and others in Cologne, 

Germany. Early research efforts were comprehensive in developing the technical 

aspects of PSF (including optimization of flow pressures, oxygen partial pressures, 

temperature, and type of approach – whether anterograde or retrograde – used during 

kidney PSF) by evaluating their effects on the bioenergetic status and function post-

reperfusion. The groundwork produced by the researchers in Cologne stimulated interest 

in the field and by the 1980s a number of other institutions had initiated studies to 

explore the value of kidney PSF.  

 

The initial study by Talbert et al. involved in situ PSF of 7 canine kidneys [422] and 

showed that A-PSF with gaseous carbogen mixture (95% O2 and 5% CO2) could be 

used to preserve kidney function for 4 hours. A-PSF was performed by feeding a 

catheter through the left iliac artery and positioning it at the renal artery. Once the 

catheter was appropriately positioned and the proximal renal artery around the catheter 

was sealed, the left renal vein was clamped distally and the left gonadal vein was 

divided and used for drainage. Once the blood was flushed using normal saline, A-PSF 
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was started at a pressure of 120-150 mm Hg (to expel the liquid perfusate) and gradually 

decreased to 80-100 mm Hg. The left kidney was persufflated for 2-4 hours, flushed with 

normal saline until no visual evidence of gas appeared in the venous effluent and then 

renal blood flow was re-established. This was performed by pulling back on the renal 

arterial catheter, removing the renal venous clamp and ligating the proximal stump of the 

left gonadal vein. The animals were then monitored for up to a year. The study included 

two sets of controls. In the first set, 4 dogs had the left renal artery isolated and clamped 

for 2 hours, while in the second set of controls the left renal artery was cannulated, 

flushed and the renal circulation was re-established after 2 hours of warm ischemia. 

Compared to controls, persufflated kidneys functioned for some time after the treatment. 

Renal function was determined primarily through intravenous pyelography and also by 

assessing left kidney function following contralateral nephrectomy. Furthermore, 

histologically, most of the persufflated kidneys exhibited some signs of tubular atrophy 

and scarring, but these findings were considered minimal in comparison with ischemic 

controls.  The authors concluded that PSF has the potential to prevent the harmful 

consequences of warm ischemia and that the afforded protective effects are likely a 

result of tissue being able to utilize and survive by consumption of gaseous oxygen. 

They noted that simply clearing the renal vasculature of blood (to prevent coagulation 

during the ischemic period) was not enough to preserve organ function. These findings 

are highly significant in that PSF kept kidneys alive during 2 hours of WIT.  

 

It would be 10 years before these encouraging observations reported by Talbert et al. 

were pursued further by others. In 1971, Denecke developed an in situ canine renal 

ischemia model [413], similar to the one developed by Talbert et al. [422]. This study 

involved comparison between hypothermic A-PSF at 100 mm Hg and SCS. Kidneys 
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undergoing either treatment were initially flushed clear of blood by perfusion with an 

unspecified crystalloid solution. Following 4 hours of A-PSF or SCS, contralateral 

nephrectomy was performed and circulation to the remaining experimental kidney was 

re-established. It was reported that A-PSF was actually more harmful to the kidneys than 

SCS alone; 4 of 5 dogs had died within 7 days, while the remaining dog survived but 

exhibited marked uremia. Of the 3 dogs having their kidneys preserved by SCS, all 

survived. Additionally, it was determined that persufflated kidneys had difficulty 

maintaining normal blood flow following the treatment, with perfusion having decreased 

to roughly one-third of normal. Moreover, despite an increase in tissue levels of ATP 

during A-PSF, the ATP levels quickly diminished following reperfusion. The authors 

postulated that as a result of enhanced oxygenation, the renal vasculature had 

responded reflexively by increasing the resistance to flow, thereby decreasing global 

reperfusion of the kidney. As far as we are aware, further evidence has not been 

provided to substantiate this claim. In our opinion, the physiological response invoked to 

explain these observations does not seem tenable under hypothermic conditions. It is 

more likely that the decrease in perfusion may have been related to vascular damage 

caused by hyperoxia and elevated PSF pressures. On a historical note, this was the first 

time that the term ‘persufflation’ was substituted for gaseous oxygen perfusion. 

 

Follow-up studies resulting from this original report are important for addressing the 

largely unexpected outcome that A-PSF had a distinctly detrimental outcome as 

compared with R-PSF. Isselhard and his collaborators spearheaded a series of studies 

that examined the differences between A-PSF and R-PSF [406; 407; 423; 424; 425; 426], 

which is PSF by delivering the gas in the direction opposite to physiologic flow (starting 

at the venous end). Historically, the technique of R-PSF also involved the introduction of 
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small, pin-pricks into the surface of the organ – to facilitate gas efflux as illustrated in 

Figure 7-1. In these studies, the effects of SCS, A-PSF and R-PSF on the bioenergetic 

profile of canine kidneys throughout preservation and after reperfusion were explored 

using their established in situ model. The degradation rate of high-energy phosphates at 

37°C, 26°C and 6°C in canine kidneys was studied to better understand the effect of 

hypothermia on ATP, ADP and AMP levels. Furthermore, they measured the levels of 

high-energy phosphates and lactate in kidneys undergoing A-PSF and R-PSF using 

pure gaseous oxygen (100% O2), 40% oxygen gas (mixed with 55% N2 and 5% CO2), 

and room air (21% O2) to also study the effects of delivered oxygen concentration. A-

PSF was performed at 60 or 100 mm Hg and R-PSF at 30 or 60 mm Hg. To study the 

impact of preservation protocol on metabolic status, renal cortical biopsies were taken at 

various time-points before and during preservation and after blood flow had been re-

established. ATP depletion rate dropped by a factor of 2 and nearly 10 for kidneys 

preserved at 26°C and 6°C, respectively, as compared with measurements at 37°C. 

These findings confirmed that hypothermia diminishes the pace of energy utilization 

during storage. In the same study, Isselhard et al. were able to illustrate that the 

operational pressures of both A-PSF and R-PSF needed optimization for the best 

outcomes. ATP levels during R-PSF at 26°C and for 8 hours were strongly dependent on 

the driving pressures, averaging 81% and 98% of control values at 30 and 60 mm Hg. 

They also reported that R-PSF was generally better at the lower pressure (30 mm Hg) 

than A-PSF at either 60 or 100 mm Hg, based on these metabolic assays. It also 

appeared that lowering the PSF pressure from 100 to 60 mm Hg during A-PSF had a 

stronger, negative effect on ATP metabolism than lowering the PSF pressure from 60 to 

30 mm Hg during R-PSF. The authors specifically stated that pressures below 60 mm 

Hg were unable to sustain adequate gas flow during A-PSF and they also pointed out 
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that the rate at which ATP was degraded increased inversely with gaseous oxygen 

concentration. Not surprisingly, lactate levels rose as the oxygen concentration 

decreased (from 100% to 40% and 21%) in both A-PSF (at 60 mm Hg) and R-PSF (at 

30 mm Hg), but more dramatically during A-PSF. A remarkable accomplishment was the 

demonstration that ATP levels were maintained at 40% and 30% of control values under 

A-PSF (at 60 mm Hg, 66 hours) and R-PSF (at 30 mm Hg, 72 hours) at 6°C, 

respectively. In contrast, during SCS – ATP levels were reduced to negligible levels 

within minutes. The investigators noted that despite an ability to maintain a healthy 

bioenergetic status in preserved kidneys by PSF, the energy disparity (between 

utilization and production) remains during hypothermic storage and is only slowed down.  

 

Further studies by this group remained focused on the important differences between A-

PSF and R-PSF, by assessing their effects on renal bioenergetic status and function 

after reperfusion [407; 423]. In situ A-PSF (at 90-100 mm Hg) was performed on canine 

kidneys for 4 hours at 6°C. Following the preservation period, a contralateral 

nephrectomy was carried out and the treated kidneys were reperfused. These 

persufflated kidneys were compared with healthy control kidneys and kidneys preserved 

by SCS for 4 hours and at 6°C. In summary, it was shown that A-PSF was better at 

maintaining ATP levels than SCS alone. However, once blood flow was restored, 

kidneys preserved by A-PSF fared no better. Sixty minutes after reperfusion, static cold-

stored kidneys restored their ATP to levels comparable to those achieved following A-

PSF. It was observed that kidneys preserved by A-PSF exhibited healthy levels of ATP 

during the first 30 minutes of reperfusion, but that deterioration quickly ensued. The 

authors attributed this fall in ATP to the development of poor intrarenal blood flow 

following reperfusion and speculated that the cause was damage inflicted on glomerular 
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vessels during A-PSF. In vivo renal function studies yielded findings that supported the 

belief that filtration had been most affected. Within 8 days, all dogs having a kidney 

preserved by A-PSF had died, while all dogs in the SCS control group survived. A 

progressive decline in renal function was documented through failing urine production, 

uremia and systematic elevation in serum creatinine. The glomerular filtration rate and 

renal plasma flow had dropped drastically by post-operative day (POD) 2 in all animals 

that died following A-PSF. Following this study, Isselhard pursued an identical study 

using R-PSF and, in contrast to A-PSF, R-PSF for 4 hours at 30 mm Hg did not result in 

the same deterioration in kidney function. ATP levels remained similar after 60 minutes 

of reperfusion, were no different from healthy controls, and better than static cold-stored 

controls. Furthermore, serum urea and creatinine values were generally lower following 

R-PSF than with SCS, but remained above baseline at POD 10. Glomerular filtration rate 

and renal plasma flow were normalized by POD 2 in persufflated kidneys, but static cold-

stored kidneys did not fully normalize until POD 21, highlighting the accelerated recovery 

of renal function following R-PSF. As a direct result of these studies, the Cologne group 

primarily adopted R-PSF as the most promising of these approaches.  

 

In the mid-to-late 1970s, Fischer’s group contributed some of the most fundamental work 

on kidney PSF. In 1978, Fischer et al. presented a study in which the functional recovery 

of kidneys was documented after 2 or 30 minutes of WIT and following 24 hours of R-

PSF, all of which preceded heterotopic autotransplantation into dogs [427]. For this, the 

authors developed a unique model where a contralateral nephrectomy was not used to 

isolate the functional output of each kidney – rather the preserved kidney was by 

transplanted into the collar region while the contralateral kidney was left in the 

retroperitoneum. It was demonstrated that 24 hours of R-PSF, in the presence of up to 
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30 minutes of WIT, was capable of preserving post-transplant renal function. Key 

measurable parameters of kidney function were glomerular filtration rate and renal 

plasma flow during a 3-hour period following transplantation. In kidneys subjected to only 

2 minutes of WIT, the persufflated and autotransplanted kidney exhibited mean 

glomerular filtration rate and renal plasma flow that were 46% and 56% of the healthy 

contralateral kidney, respectively. Similarly, in kidneys undergoing 30 minutes of WIT – 

the preserved kidney had mean values of glomerular filtration rate and renal plasma flow 

that were 32% and 49% of the healthy control during the observation period. These 

results demonstrated that ex vivo, hypothermic R-PSF for 24 hours can preserve renal 

function in the face of considerable WIT (30 minutes). At the same time, Isselhard 

suggested that the duration of cold preservation by R-PSF could possibly be extended 

even further, up to 48 hours [428] – leading to a new line of investigation. In summary, 

they found that R-PSF maintained ATP levels for up to 120 hours. A more significant 

finding was that the effect of 30 minutes of WIT did not have as profound an effect on 

the ability of R-PSF to resuscitate the organ. ATP levels were monitored for 72 hours 

and were maintained at levels comparable to kidneys not damaged by warm ischemia. 

As cold ischemia time was prolonged, the capacity for aerobic metabolism measurably 

decreased but it was apparent that R-PSF may extend the life of kidneys during cold 

preservation.  

 

At this point, the reported merits of PSF had not been tried clinically. However, in 1975, 

Flatmark et al. described a short study in which they reported their experiences with the 

accidental gas perfusion of human kidneys during HMP [429]. These kidneys were 

preserved in SCS (at 4°C, for 4-7.5 hours), transported from the site of procurement and 

then started on machine perfusion (at 8-10°C, with the perfusate equilibrated to 66% N2, 
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33% O2 and 1% CO2) once received at their institution in Oslo. At some time after the 

start of HMP (between 3-12.5 hours), leaks were discovered near the oxygenator, which 

allowed air to be pulled into the flow circuit. In each of 4 kidneys the leak persisted and 

these organs were persufflated with air for about 60-120 minutes. Once the leak was 

identified, liquid perfusion was re-established and continued for the remainder of cold 

preservation, or 2-18.5 hours. Each kidney was subsequently transplanted, with all 

producing urine immediately and most achieved healthy renal function by 4 weeks post-

operatively. One of the 4 patients unfortunately died, but the cause of death was not 

reported. In conclusion the authors stated that PSF (which they referred to as ‘massive 

gas embolization’) for up to 2 hours did not adversely affect post-transplant renal 

function. This was the first time that PSF was performed on human organs, albeit 

inadvertently.  

 

The significant contributions of the Cologne group provided impetus for other 

investigators to pursue this field of investigation. In Australia, Ross and Escott explored 

24-hour PSF on canine kidneys following 30 minutes of WIT and the effects of PSF on 

heterotopic autotransplant outcomes [430; 431]. These studies were focused on how the 

composition of the gaseous perfusate affected post-transplant renal function and survival. 

Also, these investigators tried persufflating via the ureter for the first time. Three 

interesting observations were reported: Firstly, that R-PSF was better at preserving renal 

function than A-PSF, as measured by serum creatinine values post-transplant. Secondly, 

that carbogen (95% O2, 5% CO2) may be better than pure oxygen gas (100% O2) in 

normalizing renal function post-transplant. Thirdly, that ureteral PSF may work, but that it 

needs further exploration. Another puzzling finding was the relatively high incidence of 

intravascular thrombosis in all groups studied. They had postulated that it may have 
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been due to endothelial damage resulting from a gas-drying effect, yet the greatest 

incidence of thrombosis occurred in the group receiving humidified pure oxygen gas. 

Traumatic damage to the vasculature may have been an alternative explanation. An 

explanation not explicitly considered was the possibility of endothelial damage resulting 

from hyperoxia.  

 

During this same era, Pegg and his group in Cambridge, England published a series of 

studies exploring the utility of PSF in kidney preservation. This group developed a fairly 

elaborate canine autotransplantation model that they used to examine the effects of 

varying lengths of WIT (30 and 60 minutes) in combination with R-PSF for 24 or 48 

hours duration [432; 433; 434]. They also explored the differences between pure oxygen, 

air, nitrogen and helium PSF on post-transplant renal function and survival (for up to 3 

months). It was reported that no kidney transplanted after 60 minutes of WIT and 24 

hours of SCS was able to sustain recipient survival. On the contrary, R-PSF with pure 

oxygen gas was capable of sustaining long-term renal function and survival in most 

recipients. When air was substituted for oxygen, kidneys remained functioning, but the 

survival rates decreased. R-PSF with nitrogen and helium gases generated results 

similar to kidneys preserved by SCS. Kidneys that had undergone 30 minutes of WIT 

and 48 hours of cold ischemia time performed significantly better post-transplant, 

particularly if they had been persufflated; most animals (80% of group) survived R-PSF, 

while only a single animal (20% of group) survived following transplantation of a control 

kidney. Another noteworthy finding was that they were not able to establish any 

differences in total adenine nucleotide content between persufflated and control kidneys, 

or between kidneys persufflated for 24 versus 48 hours or with different gases. One 

explanation is that the authors do not report ATP, ADP or AMP levels, but rather total 
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adenine nucleotide content, which is the sum of these three; it is possible that the 

individual ATP and ADP fluctuations are masked by their summation. It is also important 

to note that the R-PSF pressures used in their study were particularly low, which may 

have resulted in inadequate PSF of the entire organ. This may be corroborated by the 

better outcomes using pure oxygen gas rather than air. Since the total adenine 

nucleotide content measurements are derived from tissue processed following biopsy, it 

is possible that the sampled regions of the kidney were poorly persufflated or that these 

samples do not reflect real-time total adenine nucleotide content levels because the 

tissue processing involves several steps and takes some time. Nevertheless, these data 

are compelling because the authors raise very reasonable questions regarding the 

interpretation of ATP and ADP measurements and their use as accurate predictors of 

metabolic quality in organ preservation. It has been widely appreciated that high energy 

phosphates recycle rapidly and that a single measurement is only a snapshot into the 

tissue metabolic status that does not necessarily provide information regarding the ability 

of tissue to recover from an insult [55].  

 

The Cambridge group also published a follow-up pilot study in which a number of DCD 

human kidneys were persufflated prior to transplantation and compared with static cold-

stored kidneys post-transplant in a paired fashion (meaning that each donor provided 

one kidney for R-PSF and another for SCS) [434]. The average WIT was 55 minutes, 

whereas the average cold ischemia time was 21.5 hours. The persufflated organs 

performed better post-transplant, exhibiting a mean (± standard deviation) onset of 

function at 8.4 (± 2.6) days versus 13.9 (± 1.4) days in the paired controls. Furthermore, 

the reported mean serum creatinine levels at POD 15 were 457 µM and 826 µM for the 

R-PSF and SCS groups, respectively. It was also explained that cyclosporine was 
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largely omitted from the immunosuppressive regimen in order to limit the impact of 

calcineurin inhibitor-associated nephropathy on the study results. Even so, of the 6 

recipients having received cyclosporine, 4 of them received a kidney that was preserved 

by R-PSF. This first clinical study exploring R-PSF in preserving DCD kidneys illustrated 

that: 1) R-PSF can be executed within the current clinical infrastructure, including 

timeframe; and 2) R-PSF also exhibits the ability to resuscitate organs that have suffered 

from significant warm ischemia. Collectively, these two observations suggest that R-PSF 

may be easily implemented and could make more DCD organs suitable for transplant.  

 

In an attempt to further elucidate the mechanism of preservation by PSF, Pegg et al. 

carried out an interesting study in 1989 in which they compared 24 hours of SCS to 24 

hours of R-PSF following 60 minutes of WIT in an ex vivo rabbit kidney model [432]. 

Their hypothesis was that gaseous oxygen PSF enables continued aerobic respiration 

and that hypothermic conditions only slow the rates governing energy turnover. They 

studied ATP levels following R-PSF in conjunction with pharmacologic treatment with 

ouabain or cyanide/iodoacetate. Concomitant administration of ouabain, a potent sodium 

pump inhibitor, led to elevated ATP levels over R-PSF controls, which exhibited 

significantly higher ATP levels if compared with kidneys preserved by SCS. Conversely, 

treatment with cyanide/iodoacetate resulted in a fall of ATP, below levels present in 

static cold-stored kidneys. These measurements confirmed that if oxygen is available, 

even as a gas at low temperatures, it will be consumed by viable tissue. If pumps that 

consume ATP, like the Na+/K+-ATPase, are actively blocked, ATP levels will transiently 

rise, suggesting that ‘new’ ATP has been produced. On the contrary, if the electron 

transport chain is inhibited, then the capacity to generate ATP drops and the available 

oxygen supply will not be consumed. These findings provided insight into the 
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mechanistic principles governing oxygen consumption. Histology and electron 

microscopy revealed that renal tissue after R-PSF exhibited cellular damage over 

smaller foci and were largely surrounded by healthy tissue. Intriguingly, electron 

micrographs were capable of discriminating between the “orthodox” (or energized) 

mitochondrial configuration present in persufflated samples and the “condensed” (de-

energized) mitochondria of the cold-stored tissues [432]. As a whole, these findings 

support the belief that R-PSF can maintain renal tissue viability and prevent irreversible 

injury during prolonged cold storage.  

 

During this time, Stowe et al. at the Cleveland Clinic pursued ex vivo R-PSF in 

conjunction with a canine autotransplantation model [435]. After resecting the left kidney 

and flushing immediately with chilled lactated Ringers solution, R-PSF was performed 

for 48 hours (at 4-5°C and 7-10 mm Hg). Two days following the start of cold 

preservation, a contralateral nephrectomy was performed and the preserved kidney was 

transplanted heterotopically. Only 25% of animals that were autotransplanted with 

kidneys preserved by SCS or R-PSF survived to POD 22. In addition to comparing R-

PSF with SCS, 3 animals received an intramuscular dose (500 mg) of deferoxamine 

mesylate. All 3 animals receiving a kidney preserved by R-PSF and treated with 

intramuscular deferoxamine mesylate survived to POD 22. In general, persufflated 

kidneys exhibited better overall renal function than static cold-stored kidneys. Though 

the total number of transplants was low, it appeared that deferoxamine mesylate 

contributed to an elevated survival rate post-transplant. The authors postulated that this 

was possibly due to free radical-scavenging activity in deferoxamine mesylate.  
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Several years later, Kootstra’s group at the University Hospital in Maastricht addressed 

the question of whether the presence of adenosine benefits the quality of warm 

ischemically-damaged (30 minutes of WIT) and preserved rat kidneys during both R-

PSF and SCS. Yin et al. used UW solution containing exogenous adenosine and UW 

solution with no adenosine [436]. All kidneys, whether preserved by 24 hours of R-PSF 

or SCS, were flushed with either of these UW solutions. In brief, they determined that 

regeneration of ATP was not affected by the presence of adenosine in UW solution. The 

authors postulated that since the levels of hypoxanthine (degradation product of 

adenosine) were significantly higher in renal tissue preserved with exogenous adenosine 

than in tissue without, that most of the additionally available adenosine was degraded in 

the tissue and not used in the direct replenishment of ATP. However, hypoxanthine 

levels were significantly lower in persufflated kidneys than in static cold-stored kidneys, 

which were also flushed with adenosine-containing UW solution. Alternatively, it may be 

that adenosine found in the preservation solutions may not be able to cross the plasma 

membranes of viable cells. The authors also went further by transplanting 20 kidneys, 10 

from each of the R-PSF and SCS groups. They reported that none of the rats 

transplanted with static cold-stored kidneys survived, whereas 3 of the rats transplanted 

with retrogradely persufflated kidneys survived an observation period of 2 weeks. 

Because the survival rates between the two groups were not significantly different, they 

concluded that singular measurements of ATP during the preservation period may not 

predict survival outcomes. These conclusions were similar to those generated at 

Cambridge [433]. However, a point of caution must be raised regarding the choice in 

animal model. In general, PSF (or HMP, for that matter) will impart its greatest benefit if 

an organ is large and cannot obtain adequate oxygen by passive diffusion from the 

surface alone. In other words, success in a rat model may not be comparable to the 
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human clinical situation because of significant size disparity. This scaling problem has 

already been encountered when comparing the rat and porcine pancreata during SCS 

[394]. Rat data must be interpreted with appreciation for oxygen transport limitations, 

especially when trying to translate outcomes from animal models into the clinical arena.  

 

Finally, more recently, Treckmann built upon the work of his predecessors and published 

studies that highlight the promising prospects of clinical PSF [437; 438]. In 2006, 

Treckmann et al. used a porcine autotransplantation model to show that R-PSF of 

kidneys damaged by significant WIT, when compared with conventional SCS, may yield 

improved survival [438]. Left kidneys from porcine donors were clamped off in situ for 

60-120 minutes of WIT, resected, flushed anterogradely, preserved by R-PSF or SCS for 

4 hours and autotransplanted. They demonstrated that all animals transplanted with 

persufflated kidneys after 60 minutes of WIT survived the 7-day observation period, with 

robust renal function. Animals receiving a similarly-treated kidney but stored by SCS 

survived in 57.1% of cases. This paired comparison was also performed for both 90 and 

120 minutes of WIT, but did not reveal strong differences between R-PSF and SCS, at 

least in terms of post-transplant survival. It is important to note that only the persufflated 

kidneys received a pre-treatment of superoxide dismutase (SOD), which had been 

determined from their earlier liver work, to help protect against the oxidative damage 

caused by hyperoxia and reperfusion [439]. A follow-up study compared R-PSF and 

HMP, using the same porcine autotransplant model; 13 kidneys were resected following 

60 minutes of WIT and preserved by SCS, HMP or R-PSF following pre-treatment with 

SOD [437]. Results showed that all indicators of renal function were significantly better in 

persufflated kidneys versus machine-perfused and static cold-stored kidneys at POD 7. 

Recipient survival after 7 days was 57%, 60% and 100% after transplantation of kidneys 
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preserved by SCS, HMP and R-PSF, respectively. These results in the larger animal 

model suggest that R-PSF is a promising way to maintain organ quality in DCD kidneys, 

particularly because R-PSF was directly compared against the already clinically-

accepted HMP and performed comparably if not better. The collective work performed 

on kidney PSF has been summarized in Table 7-3.  

 

Liver 

PSF was tested for the first time in rat livers around 1980 by Fischer’s group at the 

University of Cologne [440], but was not studied in depth (by the same group) until the 

1990s. Initial work revolved around establishing that livers damaged by prolonged WIT 

could be resuscitated using R-PSF. Each liver in the R-PSF cohort was flushed with cold 

preservation solution and R-PSF was performed by administering gaseous oxygen at 

18-30 mm Hg via a hepatic vein, while providing an escape route for the gas by 

introducing small, pin-sized holes on the liver surface. They reported that 24 hours of R-

PSF resulted in no detectable lactate accumulation, but a substantial decrease in 

glycogen content.  

 

It was during this period that anti-oxidants were identified and used to provide additional 

value in preservation using R-PSF, by conferring improved hepatocellular integrity and 

function following reperfusion [439]. In the 1990s, the same group had begun to translate 

some of their in vitro studies using small animal (rat) and, shortly thereafter, large animal 

(pig) liver transplant models. They showed that poorer quality livers could be revived to 

function successfully post-transplant. As recently as 2008, the same researchers 

showed that clinical PSF is possible; having a cohort of 5 patients transplanted with 

persufflated livers and showing no adverse effects and strong graft function [441]. 
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Another interesting niche for PSF has been in the conditioning of a liver near the end of 

the preservation period, in so-called end- or post-ischemic conditioning [442]. As it 

stands, liver PSF is actively being explored and the preceding three decades of work 

highlights some of the reasons why. 

 

In 1993, Minor et al. studied reperfusion injury in the rat liver following an ischemic 

period during preservation [439]. They procured a number of rat livers, flushed 

sequentially with lactated Ringers and Euro-Collins solutions via the hepatic vein, and 

bathed the organ in Krebs-Henseleit solution at 37°C for 60 minutes. After the controlled 

duration of WIT, the liver was submerged in Euro-Collins solution at 4°C and stored for 

another 60 minutes. Following static storage alone, the organs underwent normothermic 

(37°C) R-PSF for 30 minutes and were subsequently flushed with lactated Ringers 

solution. Persufflated organs received some combination of anti-oxidant pre-treatment; 

either a bolus injection of allopurinol prior to ischemia and/or the addition of allopurinol or 

SOD into the flush solution. At the end of the 2.5-hour treatment, the liver was flushed 

with lactated Ringers solution via the infrahepatic caval vein. The effluent was collected 

and analyzed for ATP and total adenine nucleotide content. The authors also determined 

the amount of malondialdehyde accumulated (via free radical-induced lipid peroxidation) 

and the amounts of liver enzymes released by damaged hepatic parenchyma. It was 

reported that R-PSF of the liver was capable of partially reversing ATP levels after 120 

minutes of combined warm and cold ischemia. Additionally, it was shown that pre-

treatment with anti-oxidants decreased the degree of lipid peroxidation and improved 

ATP recovery with R-PSF. Samples from persufflated livers pre-treated with 

allopurinol/SOD revealed that gaseous PSF alone can harm the liver due to oxidative 
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damage, but also highlighted the potential of anti-oxidant administration as an adjunctive 

therapy.  

 

In a follow-up study, the same group showed that early administration of R-PSF reduces 

lipid peroxidation and may actually suppress the adverse effects of free-radical damage 

[443]. The authors speculated that immediate PSF may prevent damage by enabling the 

preservation of free-radical scavenging activity, which itself can require energy. Two 

years later this concept was studied in more depth using a rat liver reperfusion model 

[444; 445]. The effect of R-PSF in suppressing ischemia reperfusion injury was 

compared to preservation with 48 hours of SCS in UW solution at 4°C and followed by a 

30 minute period of re-warming with normal saline at 25°C. Reperfusion consisted of 

pre-oxygenated (95% O2, 5% CO2), re-circulating Krebs-Henseleit solution delivered 

through the portal vein for up to 45 minutes. The effluent was analyzed and it was 

reported that endothelial and hepatic parenchymal damage was lowered and that 

activation of Kupffer cells had been reduced in livers that had been persufflated. These 

findings suggested that R-PSF may avoid disturbances in perfusion (like higher portal 

venous pressures) that result from damage to vessels. In addition, ATP concentrations 

were higher in persufflated livers than in static cold-stored livers and, at different times 

throughout the reperfusion, comparable to fresh control livers that were not subjected to 

cold storage. It was interesting to note that livers preserved by R-PSF exhibited 

significantly greater ATP levels as compared to reference values obtained from native 

rat liver [444].  

 

These studies were extended to evaluate whether R-PSF in combination with SOD pre-

conditioning would resuscitate the DCD rat liver, harvested after 30 minutes of WIT [446]. 
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Livers are known to be poorly resistant to warm ischemic damage [447]. In fact, post-

transplant outcomes following DCD transplant have been strongly tied to the extent of 

warm ischemic injury [447; 448; 449]. In this study, DCD livers preserved for 24 hours 

with R-PSF appeared to be healthier when compared with livers preserved by SCS in 

UW solution. The degree of lipid peroxidation was found to be lower in the R-PSF cohort. 

Interestingly, bile production and ATP levels were higher, while endothelial damage and 

portal perfusion pressures were lower than even fresh controls following 45 minutes of 

reperfusion with pre-oxygenated Krebs-Henseleit solution. It appeared that the putative, 

harmful effects of high oxygen concentrations during R-PSF could be prevented with the 

help of anti-oxidant treatment and resuscitation of livers from DCD was possible using R-

PSF.  

 

In 1997, Minor et al. introduced a novel rat liver transplant model in which rat livers were 

preserved with SCS alone or R-PSF [450]. The hypotheses they tested was the proposal 

that R-PSF limited proteolytic degradation of the liver, believed to contribute to 

hepatocellular injury during SCS, and that R-PSF would result in improved post-

transplant indicators such as decreased plasma levels of malondialdehyde, decreased 

alanine aminotransferase, increased bile production and increased hepatic tissue 

perfusion. Proteolysis was estimated by a measured tissue content of free L-alanine. 

Twenty-four hours of SCS in UW solution resulted in significantly higher concentrations 

of free L-alanine than fresh (non-stored) controls, while R-PSF seemed to prevent some 

proteolysis. Following in vivo reperfusion, Minor et al. reported that both the static cold-

stored only and persufflated livers experienced decreased hepatic perfusion initially, but 

that the persufflated organs exhibited an overall better recovery. Furthermore, plasma 

levels of malondialdehyde and alanine aminotransferase were significantly lower in the 
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livers having undergone R-PSF, but still elevated in both, while hepatic bile production 

was significantly increased in persufflated livers and comparable to fresh controls. It was 

concluded that R-PSF may help the ischemic liver obviate some of the ill-effects of 

hypoxia (like activation of cytosolic proteases and autolysis) by maintaining a more 

favorable metabolic condition. The authors reiterated that protecting tissue from 

oxidative damage necessitates sufficient energetic support, fueled by an adequate 

oxygen supply.  

 

In the same year, Minor et al. examined the effect of lower pressure (9 mm Hg) versus 

higher pressure (18 mm Hg) R-PSF and the use of both pure gaseous oxygen and air 

[451]. The effectiveness and homogeneity of the R-PSF was studied by detecting 

autofluorescence of nicotinamide adenine dinucleotide [452; 453; 454], accumulated 

primarily in anoxic tissue. The reason why R-PSF was traditionally performed at 18 mm 

Hg of pressure was arbitrary; it had been determined that it was the pressure required 

for visual detection of bubbles escaping from the surface of the perforated liver. 

Nonetheless, interrogation at 1 and 24 hours after the start of cold preservation revealed 

that R-PSF at 9 and 18 mm Hg resulted in a comparable and significant decrease in 

nicotinamide adenine dinucleotide over static cold-stored controls. On the other hand, R-

PSF with air at 18 mm Hg did not decrease detected nicotinamide adenine dinucleotide 

levels below those detected in livers on SCS, suggesting that air may not provide 

adequate oxygen during liver PSF.  

 

Following the extensive studies in rat livers, translation of PSF into a larger animal model 

was the next step. In 1998, Minor et al. described work in which recipients were 

allotransplanted with DCD porcine livers following 1of 2 preservation protocols [455]. All 
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livers were harvested after 45 minutes of in situ WIT in a non-heparinized donor. Using 

the first protocol, the donor livers were flushed with heparinized normal saline and UW 

solution via the portal vein and stored on UW solution at 4°C for 4-5 hours. With the 

second protocol, the donor livers were also flushed with heparinized normal saline and 

UW solution, but the last 100 mL of UW solution used to flush the liver was spiked with 

SOD. Following the flush, R-PSF was initiated via the inferior vena cava for 4-5 hours. 

After the period of cold preservation, the stored livers were orthotopically transplanted 

into recipients. Shortly following transplantation, it was determined that SCS alone was 

not able to adequately preserve DCD livers; all 5 recipients died in the early post-

transplant course. On the other hand, all livers stored by R-PSF were capable of 

normalizing ammonia levels by POD 1 and aspartate aminotransferase plasma levels by 

POD 7.  

 

In a follow-up paper, the same investigators again compared SCS and R-PSF/SOD 

preservation by measuring plasma levels of aspartate aminotransferase, alanine 

aminotransferase, lactate dehydrogenase and clotting times at 1-hour post-transplant, 

with the primary endpoint of recipient survival at POD 5 [456]. DCD livers underwent 60 

minutes of WIT prior to 4 hours of SCS with UW solution or R-PSF and pre-treatment 

with SOD. All DCD transplants were compared with control livers resected and 

transplanted immediately following cardiac arrest. They reported that UW-stored livers 

fared poorly post-transplant, accounting for significantly higher plasma hepatic enzyme 

levels, lactate dehydrogenase and prolongated partial thromboplastin time, suggesting 

that the liver had incurred significant hepatocellular injury during the preservation. 

Additionally, all of the animals receiving such livers died within 3 hours of reperfusion. 

On the contrary, animals receiving livers preserved by R-PSF/SOD survived the 
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observation period. Impressively, it was stated that persufflated porcine DCD livers 

performed comparably to fresh livers during the post-transplant course. Since very few 

DCD livers are transplanted nowadays, making more DCD livers available for transplant 

would reduce the numbers of patients on liver transplant waiting lists.  

 

Around the same time PSF was being used in the resuscitation of DCD livers, Minor et al. 

explored an interesting application of PSF in pre-conditioning the long-term, static cold-

stored liver for reperfusion [442]. In their first study on this topic, rat livers were subjected 

to either 48 hours of SCS on UW solution or 47 hours of SCS on UW solution followed 

by R-PSF for 60 minutes. Each of the organs were then warmed and reperfused in vitro 

for 45 minutes. Following reperfusion, livers conditioned (with R-PSF) fared significantly 

better – exhibiting decreased parenchymal enzyme levels and portal venous pressures, 

and improved bioenergetic status. It is believed that the delivery of gaseous oxygen prior 

to reperfusion may prevent edema formation due to the improvement in metabolic 

condition of the organ. Additionally, it may be that free-radical scavenging activity has 

been depressed during SCS and that pre-conditioning for reperfusion using PSF helps 

provide the oxygen necessary for replenishment of such activity [442; 457].  

 

The concept of using PSF to pre-condition for reperfusion was studied more than a 

decade later with the preservation of fatty rat livers [457].  In these most recent studies, 

R-PSF for 90 minutes following 20 hours of SCS decreased hepatic parenchymal 

enzyme release, lipid peroxidation, cellular apoptosis and autophagy, and improved the 

functional clearance of ammonia, microscopic morphology and overall metabolic status 

of these livers as compared with unconditioned livers. These preliminary studies 



 

276 
 

illustrate that post-ischemic conditioning of preserved organs prior to transplant is an 

area meriting further study.  

 

With anti-oxidant therapy having already been explored for use with PSF [439; 446; 455; 

456], it became apparent that continued success using PSF in preservation may require 

protection against reperfusion injury. In 2003, Lauschke et al. studied the effect of 

administering taurine or SOD prior to R-PSF [458]. These studies employed a DCD rat 

model in which the livers were resected following 60 minutes of WIT and preserved 

either by SCS in UW solution, by R-PSF/taurine, or by R-PSF/SOD for 24 hours. 

Following the preservation period, livers were reperfused in vitro using Krebs-Henseleit 

solution maintained at 37°C for 45 minutes. Analysis of the effluent at the end of the 

reperfusion period revealed that livers treated with anti-oxidant exhibited decreased 

enzyme release and portal vascular resistance, and increased bile production. 

Interestingly, taurine and SOD appeared to have a similar protective effect for DCD 

livers in the face of ischemia-reperfusion. Future work to enhance the successful 

application of PSF for all organs of interest may require the identification of the 

appropriate anti-oxidant, dose(s) and schedule. 

 

Most recently, Treckmann and colleagues have taken a major step, by translating R-PSF 

into the human clinical setting. In 2008, they reported from a pilot study using R-PSF to 

resuscitate 5 DCD human livers between April 2004 and March 2005 [441]. These donor 

cadaveric livers were estimated to have undergone anywhere from 20-60 minutes of 

WIT and the donors had expired after failed attempts at cardiopulmonary resuscitation or 

having experienced prolonged periods of hypoperfusion (<60 mm Hg). It is also 

important to note that these donor livers were rejected for transplant by at least three 
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different centers. The livers were procured off-site, perfused with UW solution and 

Histidine-Tryptophan-Ketoglutarate solution, and then shipped to the transplant center. 

After establishing recipient consent, the livers were additionally flushed with UW solution 

containing N-acetylcysteine and were retrogradely persufflated at 18 mm Hg for 70-200 

minutes prior to orthotopic transplantation. The results of the transplants were 

encouraging in all cases. All patients survived and none of the patients required a re-

transplant; all patients were alive, with strong graft function, at a minimum of 2 years 

follow-up. Histologic evaluation was performed on biopsies taken immediately prior to 

and after R-PSF, and directly following reperfusion. Analysis revealed that R-PSF did not 

appear to cause any vascular damage to the liver. Additionally, it was shown that PSF 

had recovered ATP levels by 2-5 times the pre-PSF measurements. These data are 

highly encouraging, especially considering the potential impact that PSF could have in 

expanding DCD liver transplantation. Table 7-4 summarizes the published work on liver 

PSF presented in this review. 

 

Small Bowel and Pancreas 

To date, the pancreas and small intestine have not been studied extensively as targets 

of PSF. In 1997, Minor et al. published the only known work on luminal gas oxygenation 

of the small bowel [459]. Rat jejunal segments (15-cm in length) along with the vascular 

pedicle were harvested and stored in UW solution at 4°C for 18 hours and half of the 

experimental organs underwent low-pressure, luminal gas oxygenation. Following the 

experimental storage period, intestinal absorption was estimated by introducing 

galactose into the lumen and measuring concentrations in portal venous effluent. 

Collecting the total luminal effluent and subtracting the known inflow volume was used to 

measure the net influx of water into the intestinal lumen. Results showed significantly 
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increased accumulation of hypoxanthine in the small bowel segments with SCS alone. 

ATP, creatine phosphate and total adenine nucleotide content were significantly higher 

in the group undergoing luminal gas oxygenation versus SCS alone and resembled 

values from rat intestine in vivo. However, intestinal carbohydrate absorption was found 

to be severely impaired in both static cold-stored and gas oxygenated jejunal segments, 

even though gas oxygenation significantly improved post-ischemic absorption when 

compared to SCS. The net secretion of water into the gut lumen was significantly lower 

following gas oxygenation than SCS, reflecting less damage to intestinal villi. The 

authors noted that luminal gas oxygenation of the intestine could be improved by the 

introduction of supplements to the cold preservation solution, such as glutamine, an 

important substrate for intestinal mucosal cells. Although unique opportunities exist for 

the preservation of the small intestine using intraluminal gas oxygenation (a variant to 

intravascular PSF), this area of research has remained largely unexplored.  

 

In contrast to small bowel intraluminal gas oxygenation, pancreas PSF has started to 

attract more interest in recent years. Currently, it is widely regarded that improvements 

in organ preservation may have a positive impact on pancreatic islet isolation and 

transplant outcomes [393]. For some time, the two-layer method (TLM) was considered 

the state-of-the-art for pancreas preservation before islet isolation. This has recently 

been challenged by studies showing that islet isolation outcomes are equivalent when 

comparing TLM and conventional SCS [460; 461]. It is likely that the inefficiency of 

oxygen delivery by passive diffusion from the organ surface alone is responsible for the 

limited efficacy of TLM in preserving larger organs [63; 394].  
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Over the last several years, PSF has been identified as a possible improvement to the 

current pancreas preservation protocol, particularly before islet isolation. Our research 

group is currently studying PSF of the pancreas to parallel our concurrent interests in 

pancreas HMP [462; 463] and have recently published several works on A-PSF of 

porcine pancreata for the purposes of improving whole organ and islet quality [62; 63]. In 

one study [63], human and porcine pancreata were preserved using TLM or A-PSF at 

4°C. A-PSF was performed via the superior mesenteric artery and either the splenic 

artery (human) or the celiac trunk (pig). Following procurement, the organs were imaged 

by conventional MRI and ATP levels and ATP-to-inorganic phosphate ratios were 

estimated using 31P-NMR spectroscopy. MRI revealed well-distributed areas of negative 

contrast throughout all persufflated pancreata, indicating the homogeneous presence of 

gas within the organ. Rat pancreata preserved by TLM showed relatively high ATP 

levels, though ATP levels were nearly undetectable in porcine pancreata preserved with 

TLM. In contrast, human pancreata preserved by A-PSF exhibited ATP-to-inorganic 

phosphate ratios similar to those observed in the rat pancreata on the TLM. Additionally, 

when A-PSF was stopped, ATP-to-inorganic phosphate ratios quickly declined to 

undetectable levels, similar to porcine organs preserved by TLM. When A-PSF was re-

started, ATP levels rose again. In another study, DCD porcine pancreata were procured 

and the splenic lobe was separated from the connecting and duodenal lobes [62] – the 

anatomy being described previously [64]. The duodenal lobe was isolated following 1.5-2 

hours of SCS and served as a first control, while the connecting lobe was stored on TLM 

for 24 hours and at 4°C to serve as a second control. Splenic lobes were submerged in 

cold preservation solution and preserved by A-PSF using a custom-designed, portable 

electrochemical oxygen concentrator (Giner Inc, Newton, MA) via the celiac trunk and 

superior mesenteric artery for 24 hours and at 4°C. Biopsies from organs preserved by 
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A-PSF showed distended capillaries and less autolysis and necrosis when compared to 

organs preserved by TLM. In contrast, TLM-stored pancreata showed frequent pyknotic 

nuclei, indicating possible irreversible cellular damage. A follow-up study extended the 

comparison to porcine pancreatic isolation, having shown that 24 hours of A-PSF was 

better than the TLM in preserving islet morphology, viability and post-culture recovery 

(unpublished results). Collectively, these results illustrate the potential of A-PSF in 

improving tissue and islet quality in larger pancreata when compared with conventional 

preservation methods.  

 

These early and promising results have established the need for more extensive studies 

since pancreas PSF represents a significant opportunity to improve both solid organ and 

islet preservation over the current techniques used in the field. Additionally, the portable 

electrochemical oxygen concentrator used in our studies may enable more widespread 

use of PSF, not just of the pancreas, since it provides a safe method of delivering gas 

(or gas mixtures) during transportation and especially during air travel. Table 7-5 

summarizes the published work on small intestine and pancreas PSF presented in this 

review.  

 

A schematic of the key milestone events during the historical development and use of 

PSF is presented in Figure 7-2.  

 

Comparison between Anterograde and Retrograde Persufflation 

Earlier, we outlined that two main modes of PSF have been introduced and evaluated as 

a means of delivering oxygen to an organ. The relative merits of R-PSF versus A-PSF 

were not clearly established by earlier studies and it was not until the early 1970s that 
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studies were undertaken to directly compare the two methods in a single system (canine 

kidney) [406; 407; 423]. Isselhard et al. developed an in situ ischemia model to study the 

effects of SCS, A-PSF or R-PSF on canine kidney preservation. Initially, they claimed 

that adequate preservation of kidneys required oxygen gas pressures of at least 60 mm 

Hg for A-PSF and 30-60 mm Hg for R-PSF. Because the authors did not present data at 

lower PSF pressures, it is unclear what criteria were used to determine adequate 

oxygenation – whether it was visual detection of gas escaping the renal vein or puncture 

holes in the capsule, or whether it was based on measured ATP. Nevertheless, they 

showed that an increase from 60 to 100 mm Hg in A-PSF did not improve ATP levels. 

The investigators did not comment on whether these pressures were sufficient to 

maintain ATP levels at control levels. On the other hand, the metabolic profile improved 

with an increase from 30 to 60 mm Hg in R-PSF. After 8 hours of R-PSF at 60 mm Hg, 

the ATP levels were near that of healthy controls. When directly comparing A-PSF at 60 

mm Hg and R-PSF at 30 mm Hg, the authors illustrated that ATP levels were maintained 

at similar levels and at similar points during cold preservation.  

 

Subsequently, the research group extended their comparison between A-PSF and R-

PSF to the reperfusion period. They showed that A-PSF (at 90-100 mm Hg) for 4 hours 

resulted in deterioration of renal function upon reperfusion, despite being able to 

maintain adequate levels of ATP throughout preservation. These results were in contrast 

to those obtained for R-PSF (at 30 mm Hg); R-PSF for 4 hours with reperfusion 

exhibited no such deterioration in function and resulted in faster restoration of normal 

kidney function when compared with static cold-stored kidneys. Additionally, glomerular 

filtration rate and renal plasma flow dropped in most kidneys preserved by A-PSF, 

whereas they had normalized by the second day after reperfusion in kidneys preserved 



 

282 
 

by R-PSF.  The authors noted that systemic blood pressures immediately increased for 

both sets of animals following reperfusion, regardless of the preservation technique 

employed. However, in animals having a kidney preserved by A-PSF, the systemic blood 

pressures increased abruptly – until they normalized again after 40-60 minutes. 

Dramatic blood pressure increases were not seen with kidneys preserved by either SCS 

or R-PSF. It was unclear how A-PSF would cause such disparate change in systemic 

blood pressure – yet these physiologic changes may be attributable to either vascular 

spasm following the mechanical stresses of surgical manipulation or PSF, reflexive 

responses of systemic vessels to decreased renal perfusion (via the renin-angiotensin 

system) or vascular damage and dysfunction with possible thrombosis. In further 

investigations, these researchers decided to use an A-PSF pressure of 90-100 mm Hg, 

even though it was determined that lower pressures would suffice. It is very possible that 

the elevated PSF pressures may have damaged the renal vasculature. Aside from 

mechanical damage, elevated oxygen levels throughout the glomerular capillary beds 

may have created a favorable setting for free radical damage. This may not be the case 

during R-PSF, where the resistances to gas flow are 2-3 times lower and the regional 

oxygen concentrations are lower (as gas circumvents capillary beds and exits capsular 

veins). The authors have cited that histologic evidence points to more noticeable 

changes in the glomerular structure during A-PSF than R-PSF, but these data were 

unpublished and inconclusive.  

 

In contrast, Fischer et al. described that A-PSF may not cause functional damage to the 

vasculature of an organ during preservation [419]. They described a study in which 

porcine hearts were subjected to 16 minutes of WIT and stored for 3.3 hours at 0-1°C by 

either SCS or coronary A-PSF and then orthotopically transplanted. It was shown that 
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nitric oxide production by coronary endothelium was not adversely affected by A-PSF 

(as compared with SCS) and the ability of the coronaries to dilate and contract was 

preserved during reperfusion. Notable differences between this study and past studies 

involving A-PSF were that A-PSF was performed on porcine hearts (rather than canine 

kidneys) and under lower PSF pressures (45 mm Hg). Clearly, differences between the 

organ models may have contributed to varying results using A-PSF.  

 

Despite somewhat conflicting results between the experimental models, it is reasonably 

certain that optimizing the PSF technique for both perfusion pressures and oxygen 

concentrations is important in achieving the best preservation possible. It is also likely 

that the optimal PSF technique may be different for different organs. It may be that A-

PSF under lower pressures and lower oxygen tension could yield comparable, if not 

better, outcomes than R-PSF. However, this scenario has remained largely unstudied. In 

the case of the kidney and liver, it appears that the Cologne group may have maximized 

success using R-PSF, but it seems A-PSF has not been fully optimized and may prove 

to be the better approach for certain organs or applications.  

 

In a very recent review, Fischer recommends that the coronary oxygen PSF should be 

carried out by A-PSF via the coronary arteries with outflow of gas from the coronary 

sinus. Retrograde gas flow through the aorta to reach coronary arteries does not 

establish a retrograde PSF of the myocardium. In contrast, Fischer argues that PSF in 

organs like liver and kidney should not be established in an anterograde manner 

because entry of gas into the microvessels may block any reperfusion. Hence, R-PSF is 

recommended in these organs because gas never reaches the microvessels and leaves 

the organ via openings in capsular veins [421]. 
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Table 7-6 summarizes some of the potential advantages and disadvantages with A-PSF 

and R-PSF.   

 

Comparison between Hypothermic Machine Perfusion and Persufflation 

HMP is a method of organ preservation that has recently seen a resurgence of interest 

and shown clinically to have significant benefits over conventional SCS of kidneys [391; 

392; 464]. Kidneys preserved using HMP have shown better early graft function when 

compared with SCS [465; 466].  HMP has recently been recommended as the preferred 

preservation method for DCD and extended criteria donor kidneys [391; 392; 464; 467; 

468]. Recently, data is emerging for clinical use of HMP in other organs. Guarrera et al. 

have shown excellent outcomes, including decreased length of hospital stay with the first 

human trial of HMP-preserved livers [469]. The scientific basis behind HMP is largely 

based on rapidly reducing and maintaining the core organ temperature during ischemia. 

The potential for delivering nutrients, removing harmful waste products, extending cold 

preservation times, maintaining a patent vascular bed and being able to prospectively 

monitor whole organ viability during preservation, are all potential benefits of HMP . 

Potential disadvantages of HMP may include excessive damage to the vascular 

endothelium as a result of fluid shear and hydrostatic pressures, inadequate oxygen 

solubility of the perfusate, the possibility that vital or protective substrates of metabolism 

are continually removed via the circulation, the development of edema detrimental to the 

organ and the increased cost relative to SCS and possibly PSF. A summary of the 

advantages and disadvantages of SCS, HMP and PSF can be found in Table 8-1. 
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Very few studies have directly compared HMP and PSF, yet some work exists in this 

regard. Within the last 10 years, So and Fuller compared SCS, HMP, and R-PSF in the 

preservation of rat livers [470]. The organs were harvested and divided into three groups, 

all of which were stored at 4°C. Group 1 livers were preserved by SCS in non-

oxygenated UW solution alone, Group 2 employed R-PSF with livers bathed in non-

oxygenated UW solution, and Group 3 livers were preserved by HMP bathed in 

oxygenated UW solution. Tissue samples were obtained from livers at 2 and 24 hours of 

cold preservation and samples were analyzed for adenine nucleotide levels and glucose, 

lactate, ketone and alanine contents. At 2 hours, ATP levels were elevated in livers 

preserved by HMP and R-PSF, but were only statistically different from static cold-stored 

livers in the case of HMP. At 24 hours, the situation was different revealing that both 

HMP and R-PSF had the effect of significantly increasing ATP levels as compared with 

SCS. Lactate levels were initially elevated during SCS and R-PSF, but after 24 hours the 

lactate levels were comparable in livers preserved by HMP or R-PSF. Measured glucose 

contents were significantly higher during SCS and R-PSF than with HMP. Additionally, 

alanine levels were significantly elevated under R-PSF and ketone bodies were 

significantly lower with HMP at both time points. The authors concluded that both HMP 

and R-PSF could oxygenate a liver during long preservation times. Differences in early 

lactate measurements between the two groups were attributable to lactate being flushed 

out continuously during HMP. These are very relevant findings, because it may be that 

lactate is a beneficial substrate utilized by tissue during cold preservation. The authors 

noted that R-PSF did not appear to completely reverse the low ATP state of early 

ischemia as quickly as HMP, but these assertions are debatable. They believed that the 

metabolic resuscitation of organs following a period of hypoxia would require over 2 

hours of PSF.  
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Along similar lines, Stegemann et al. recently published a study directly comparing the 

three modalities of cold preservation with DCD livers [471]. Following 30 minutes of WIT, 

rat livers were harvested and preserved for 18 hours using SCS, HMP or R-PSF. Organ 

viability was evaluated following in vitro reperfusion for 120 minutes with warm, 

oxygenated Krebs solution. Portal venous pressures were estimated during reperfusion 

and alanine aminotransferase, lactate/glutamate dehydrogenase levels were measured 

in the effluent. The degree of lipid peroxidation, metabolic status and cellular morphology 

were also studied. Hepatocellular damage was found to be greater during reperfusion in 

HMP-preserved livers versus those preserved by R-PSF. Glutamate dehydrogenase, an 

enzyme normally found within mitochondria, was shown to be elevated only during HMP. 

Histologic analysis of tissue biopsies paralleled the enzyme leakage data.  Evidence of 

lipid peroxidation was similar between HMP and R-PSF, while the metabolic status of 

persufflated livers was better – as evidenced by significantly higher ATP levels during 

reperfusion. Finally, only after HMP did the portal venous pressures rise during 

reperfusion. In contrast, bile production rose significantly only after R-PSF. These data 

suggest that R-PSF may be a superior method of cold preservation for DCD livers. 

Longer term recovery of function was not studied during these experiments, yet it begs 

the question what happens to the organs following 2 hours of reperfusion. A limitation of 

this study was the use of a reperfusate that was not blood and did not contain any of the 

proteins (including clotting factors) typically found in plasma. It must be emphasized that 

there are a number of variables directly affecting the oxygen delivery to tissue by either 

HMP or PSF, including the fluid dynamic parameters, perfusate oxygen solubility and the 

patency of the intravascular flow path.   
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We reviewed earlier the most recent study by Treckmann et al., in which they compared 

SCS, HMP and R-PSF in porcine kidneys using an autotransplantation model [437]. 

Recipient survival at POD 7 was 100% after re-transplant of kidneys preserved by R-

PSF, while only 57% by SCS and 60% by HMP. In animals re-transplanted with kidneys 

preserved by either SCS or HMP, plasma creatinine levels remained significantly 

elevated above baseline, whereas animals with persufflated kidneys maintained normal 

creatinine clearance. Significant proteinuria and increased lipid peroxidation was noted 

only after re-transplantation of HMP-preserved kidneys. Microscopic evaluation of tissue 

from explanted organs revealed that only persufflated kidneys were indistinguishable 

from healthy controls, which was not the case for kidneys preserved by SCS or HMP. 

Mild interstitial nephritis characterized static cold-stored kidneys, while HMP-preserved 

kidneys exhibited tubular protein deposits with signs of interstitial inflammation. The 

authors acknowledged certain limitations of their study, including the use of UW solution 

as the HMP perfusate instead of the gold-standard, Belzer machine perfusion solution. 

Another limitation of this study, as noted by the authors, were the relatively short 

preservation (4 hours) and monitoring (7 days post-operatively) times, which are not 

representative of standard practice. Future research might consider repeating this study 

using an allotransplant model to provide additional information, as acute rejection 

episodes have been linked to delayed graft function [472; 473], which in turn has been 

shown to be influenced by ischemia time and method of preservation [392; 472]. It is 

also noteworthy that only kidneys preserved by R-PSF received the anti-oxidant SOD, 

whereas the other two groups did not. This difference may have contributed to 

differences between HMP and R-PSF. Nevertheless, the authors concluded that R-PSF 

enhanced organ viability and function following a period of WIT in procured kidneys.  
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It remains difficult to appreciate the true benefit of PSF over HMP (or vice-versa), given 

the conflicting results amongst studies directly comparing the two techniques. What is 

clear is that the two modalities exhibit at least comparable potential, particularly with 

resuscitation of DCD kidneys and livers. Future studies are needed to better reveal the 

relative utility of each technique with regards to standard and expanded criteria organ 

preservation. 

 

Prospective Implications for Persufflation in Transplantation 

There is a clear longstanding discrepancy between the numbers of donor organs 

available for transplant and the numbers of prospective recipients on waiting lists. With 

the field of allotransplantation having come far over the last 60 years, an indisputable 

and persistent reality has been the shortage of donor organs. Many approaches have 

been levied in order to make more organs available for the donor pool, including the 

responsible expansion of acceptance criteria and improvements in organ preservation 

strategies. Some of these actions have yielded fruitful results and have helped prevent 

amplification of the problem. Data compiled by the United Network for Organ Sharing 

(UNOS) between 2001 and 2009 has illustrated both the promising and concerning 

trends (UNOS Data as of April 30th, 2010). Though the overall numbers of recipients on 

waiting lists have steadily decreased for heart, liver and simultaneous pancreas-kidney 

transplantation, the numbers of prospective kidney and pancreas transplant recipients 

have increased since 2001 by 38.9% and 22.3%, respectively. In the case of the kidney, 

the mean percent growth of the waitlist was 6.35% per year during this time span. In 

addition, most data indicate that the mean percent increase in the number of new 

patients added to a waitlist per year has increased during every year of this era, with the 

number of new kidney transplant candidates added at a mean rate of 5.2% annually 
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(with a range of 0.2%-11.0% per year). With kidney transplantation being the definitive 

treatment option for end-stage renal disease, it is no surprise that the candidate list is 

getting longer with every year. 

 

Due to this increased demand for transplantable organs, the number of DCD transplants 

has been steadily increasing for both kidney (3.1% per year) and liver (3.5% per year). 

Figure 7-3 depicts the trends in DCD transplants for liver, kidney, pancreas and 

simultaneous pancreas-kidney. The stark increase in the numbers of DCD kidney 

transplants over the last 6 years results from the more wide-spread utilization of HMP 

during preservation, illustrating that continued acceptance of newer preservation 

strategies can be a successful approach to make more organs available for transplant. 

Despite these efforts, many more organs could still be retrieved. In 2009, for example, 

the total number of DCD transplants only amounted to 8.2% of all performed solid organ 

transplants. Of all organs recovered for DCD transplant since 2001, 30.1% of livers, 21.4% 

of kidneys and 50.4% of pancreata were never transplanted. According to UNOS 

records, 17.2% of livers, 3.9% of kidneys and 11.5% of DCD pancreata that had been 

procured were discarded due to WIT beyond what was considered acceptable. In 

addition, many more organs were classified under an ‘other’ category, which suggests 

that some organs may have been discarded from consideration after having undergone 

unknown periods of WIT. Many of these consented organs could have been salvageable. 

It could be argued that the room for improvement is limited (based on these numbers 

alone). However, it is likely that many potential DCD organs are never procured because 

it is perceived that their poor quality does not merit the investment of resources required 

for their recovery. It is conceivable that improved preservation techniques could result in 

a lengthening of allowable ischemic times (particularly for heart, liver and pancreas), 
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possibly making previously unsuitable organs suitable for transplant. In other words, 

advancements in organ preservation may in fact accompany the expansion of donor 

organ criteria. The opportunity to resuscitate organs damaged by prolonged WIT and to 

better prevent their deterioration during storage should provide sufficient impetus to 

pursue the development of promising preservation strategies – like PSF. Figure 7-4 

illustrates the total DCD transplants been performed between 2001-2009 and further 

segregates them into the transplanted, recovered (but not transplanted) and possibly 

available (but not recovered) fractions. The numbers of organs that are possibly 

available but are never recovered have been estimated by assuming that each DCD 

kidney donor exhibits the potential to donate a liver and pancreas. 

 

Even if improvements in preservation strategy do not lead to an immediate improvement 

in the number of transplantable organs, an incremental improvement in this area should 

be welcomed. Ultimately, the number of patients that die while waiting on transplant lists 

is the most important statistic. For instance, on an annual basis, 6.4% and 10.4% of 

potential transplant candidates for kidney and liver, respectively, do not survive long 

enough to make it to the operating room. Despite the recent strides made by the field of 

transplantation, many patients still never receive an opportunity to accept a potentially 

life-saving organ. In this light, seeking better ways to recover and preserve a greater 

number of suitable organs should continue to be a primary objective.   

 

PSF has the potential to lengthen the allowable WIT and cold ischemia time for any 

organ, as supported by some of the studies reviewed herein. As described earlier in this 

section, there remains a unique opportunity to maximize the number of accepted DCD 

donors by rescuing these organs from incurring intolerable amounts of ischemic damage. 
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The case has been made that PSF may benefit heart, liver, kidney and pancreas 

transplant. A potential application that was only briefly discussed in this review is 

pancreas PSF before islet isolation. In addition to the unique susceptibility of the 

pancreas and the islets of Langerhans to ischemia [87; 158; 474; 475], islet cell 

transplantation poses additional challenges that are not seen in solid organ transplant. 

For instance, due to the complexity and expense associated with islet isolation, very few 

centers have the capacity to produce therapeutic preparations. Consequently, procured 

pancreata may need to be transported further in order to be processed for their islets. 

These additional travel considerations and distances may require longer preservation 

times (>12 hours). Studies performed at our institution have shown how pancreas PSF 

could be used to preserve human islets [62; 63]. Given the therapeutic promise of 

clinical islet cell transplantation [43; 44; 45; 46; 48; 50; 52; 371; 476; 477], exploring the 

utility of pancreas PSF is one of many efforts that are worthwhile.  

 

To expand the acceptance and utilization of PSF in organ preservation, the technique 

must be developed further. Future work in PSF will involve: (1) optimization of technique 

and/or operational parameters so they are tailored to the tissue/organ-of-interest; (2) 

exploration of its use in conjunction with other preservation techniques (such as with 

HMP); or (3) as a method to condition organs prior to reperfusion; (4) direct comparison 

with other well-accepted preservation techniques; (5) development of portable PSF 

systems (like the electrochemical oxygen concentrator); (6) the identification of single or 

multiple pharmacologic agents used to prevent or reduce oxygenation and/or reperfusion 

injury; and (7) persuasion of the clinical community that ex vivo PSF is not the same as 

in vivo gas embolization – the two are fundamentally different from each other and (if 
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performed properly) PSF should not cause embolization. Table 7-7 summarizes some of 

the keys areas of future work that may accompany an advancement of PSF.   

 

We have attempted to demonstrate by the work presented in this review that oxygen gas 

delivered by PSF was found to be useable by a number of different types of tissues 

during hypothermic preservation. Hypothermic PSF has been shown to be capable of 

extending the allowable WIT and cold ischemia time and to be better in maintaining 

organ quality when compared with SCS and possibly HMP. The basis behind the 

intervention of PSF is to provide an adequate oxygen supply to an organ during 

preservation. Data collected over decades has confirmed that improved oxygenation is 

better for maintaining the quality of an organ and, in some cases, enables the recovery 

of reversibly-damaged tissue. Most of the studies presented in this review have 

demonstrated that PSF exhibits the capacity to improve the metabolic quality of tissue, 

as measured using a number of methods and in a variety of organs, and is poised for 

more research and clinical application. 
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Table 7-1: Potential advantages and disadvantages of hypothermic organ preservation techniques 

Preservation technique Advantages Disadvantages 

   
Static cold storage (SCS) Easiest and cheapest to implement Significant nutrient delivery and oxygen diffusion limitations 
 Simplest logistical considerations Extends core organ warm ischemia time and characterized 

by slow, inhomogeneous cooling 
  Cannot extend allowable cold ischemia time or resuscitate 

ischemically-damaged organs 
   
Hypothermic machine perfusion (HMP) Can efficiently deliver nutrients and oxygen into 

the core of the organ under appropriate 
conditions 

May increase risk of damage to vascular structures 

 Can continuously clear waste products during 
preservation period 

Can cause edema within organ (‘perfusion nephropathy’) 

 Can extend preservation period up to 48-72 
hours in kidneys and may in other organs 

Common perfusates have limited oxygen solubility, 
especially as compared with blood 

 May be able to monitor viability more easily Perfusion pressures may damage endothelium (possibly 
affecting vascular function and/or inducing thrombosis) 

  Useable substrates may be washed out 
  Risk of transmitting reactive antibodies or pathogens may 

exist (if cryoprecipitated plasma is used) 
  More challenging logistical considerations 
  Fairly complicated and expensive technique to implement 

 
Persufflation (PSF) Can deliver more oxygen per gram tissue than 

SCS or HMP 
May increase risk of damage to vascular structures 

 Gaseous perfusate has lower viscosity, may 
reach more regions of preserved organs and 
does not cause edema 

Depending on gaseous oxygen concentration, may induce 
hyperoxic damage in tissue 

 Can extend preservation time and may be able 
to resuscitate marginal organs 

Risk of damaging tissue by desiccation if gas is not properly 
humidified during long-term preservation 

 May be able to monitor viability more easily PSF resembles iatrogenic gas embolization and challenges 
clinical dogma 

 May be simpler to implement than HMP Cannot deliver nutrients like liquid perfusion and may be 
less efficient at removing waste products 
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Table 7-2: Summary of published work on heart PSF 

Year Author [Ref.] Model(s) Approach  WIT 
[min] 

Duration of PSF 
[hours] Gas used Temp [°C] Primary Endpoint 

         
1902 Magnus R [398] Cat A-PSF - ≤ 1.15 O2, H2, CO2 24-28 Cardiac activity during PSF 
1958 Burns B [402] Rabbit A-PSF - > 3 Carbogena, N2, 37 Cardiac activity during PSF 
1959 Sabiston D [403] Dog A-PSF - < 8  Carbogena, N2

 37 Cardiac activity during PSF and after 
reperfusion 

1960 Talbert J [405] Dog R-PSF - 2-7 Carbogena 37 Cardiac activity during PSF and 
reperfusion 

1966 Camishion R [404] Dog, Pig R-PSF - < 7 O2, N2 38 Cardiac activity during PSF 
1966 Gabel L [411] Cat A-PSF - 10 Carbogena 40 Cardiac activity and metabolic profile 

during PSF 
1968 Lochner A [412] Guinea pig, 

Rat 
A-PSF - < 1.5  Carbogena 4-37 Cardiac activity, WOOCR and metabolic 

profile during PSF 
1998 Kuhn-Regnier F [414] PigTx A-PSF - 14.5 O2 0-1 Cardiac function and metabolic profile 

post-allotransplant 
2000 Kuhn-Regnier F [416] PigTx A-PSF - 14.5 O2 0-1 Cardiac function and metabolic profile 

post-allotransplant 
2001 Fischer J [418] Pig (DCD) A-PSF 16 3.3 O2 0-1 Coronary endothelial function 
2003 Yotsumoto G [417] Pig (DCD)Tx A-PSF 16.7 2.3 O2 0-1 Cardiac function and metabolic profile 

post-allotransplant 
2004 Kuhn-Regnier F [420] PigTx A-PSF - 14 O2 0-1 Endothelial and myocardial cell function 

post-allotransplant 
2004 Fischer J [419] Pig (DCD) A-PSF 16 3.3 O2 0-1 Coronary endothelial function 
         
a95% O2, 5% CO2 
Abbreviations: A-PSF, anterograde persufflation; DCD, donation after cardiac death; PSF, persufflation; R-PSF, retrograde persufflation; Tx, specifies transplant model; WOOCR, 
whole organ oxygen consumption rate. 
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Table 7-3: Summary of published work on kidney PSF  

Year Author [Ref.] Model Approach WIT [min] Duration of PSF 
[hours] Gas used Temp [°C] Primary Endpoint 

         

1961 Talbert J [422] Dog A-PSF - 2-4  Carbogena 37 Renal function after reperfusion, gross 
and microscopic morphology 

1971 Denecke H [413] Dog NS - 4  O2 6 Renal function and metabolic profile 
after PSF and during reperfusion  

1972 Isselhard W [406] Dog A-PSF, R-PSF - 2-72  O2, Air, Mixtureb 6, 26 Metabolic profile during PSF 

1973 Isselhard W [423] Dog A-PSF - 4  O2
 6 Renal function and metabolic profile 

after PSF and during reperfusion 

1974 Isselhard W [407] Dog R-PSF - 4  O2 6 Renal function and metabolic profile 
after PSF and during reperfusion 

1975 Flatmark A [429] HumanTx A-PSF - 1-2  Air 4 Renal function post-allotransplant 

1978 Fischer J [427] DogTx R-PSF 2, 30 24 O2 6 
Renal function post-autotransplant (into 

neck, with no contralateral native 
nephrectomy) 

1978 Isselhard W [428] DogTx R-PSF 30 24, 48, 72 O2 NS Renal function post-autotransplant 
1979 Ross H [430] DogTx A-PSF, R-PSF 30 24 O2 NS Renal function post-autotransplant 

1982 Ross H [431] DogTx R-PSF, 
Ureteral  48 O2, Carbogena, 

Air  NS Renal function post-autotransplant 

1984 Rolles K [433] DogTx R-PSF 30, 60 24, 48  O2, Air, N2, 
Helium 0-6 Renal function post-autotransplant 

1986 Stowe N [435] DogTx R-PSF - 48 O2 4-5 Renal function post-autotransplant 

1989 Rolles K [434] Human 
(DCD)Tx R-PSF 13-80 15-27 O2 0 Renal function post-allotransplant 

1989 Pegg D [432] Rabbit R-PSF 60 24 O2 0 
Mechanistic evaluation of oxygen 

utilization and morphology before 
and after PSF 

1996 Yin M [478] Rat (DCD)Tx R-PSF 30 24 O2 4 

Metabolic profile before and after PSF, 
renal function post-allotransplant, 
and evaluation of exogenous 
adenosine in CPS 

2006 Treckmann J 
[438] PigTx R-PSF 60, 90, 120 4 O2 4 Renal function post-autotransplant 

2009 Treckmann J 
[437] PigTx R-PSF 60 4 O2 4 Renal function post-autotransplant, 

comparison with HMP 
         
a95% O2, 5% CO2 
Abbreviations: DCD, donation after cardiac death; NS, not specified; PSF, persufflation; Tx, specifies transplant model.
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Table 7-4: Summary of published work on liver PSF  

Year Author [Ref.] Model Approach WIT [min] Duration of 
PSF [hours] Gas used Temp [°C] Primary Endpoint 

         
1980 Fischer J [440] Rat R-PSF - 24 O2 6 Metabolic profile after PSF 
1993 Minor T [439] Rat R-PSF 60 0.5 O2, N2 37 Hepatic injury and metabolic state before and 

after PSF, evaluation of anti-oxidant 
treatment after PSF 

1994 Minor T [443] Rat R-PSF 60 1 O2 4, 37 Hepatic injury, oxidative state and metabolic 
profile after reperfusion  

1996 Minor T [445] Rat R-PSF 30a 48 O2 4 Hepatic injury after reperfusion, endothelial 
activity and WOOCR 

1996  Minor T [444] Rat R-PSF 30a 48 O2 4 Metabolic profile after PSF and during 
reperfusion 

1996  Minor T [446] Rat (DCD) R-PSF 30a 24 O2 4 Hepatic injury and metabolic profile during 
reperfusion 

1997 Minor T [450] RatTx R-PSF - 24 O2 4 Assessment of proteolysis after PSF, hepatic 
function, perfusion, injury and oxidative state 
post-allotransplant 

1997 Minor T [451] Rat R-PSF - 24 O2, Air 4 Hepatic oxygenation during PSF 
1997 Minor T [453] Rat (DCD) R-PSF 60 2 O2 12 Hepatic function, injury and metabolic profile 

after reperfusion 
1997 Minor T [452] RatTx R-PSF - 24 O2 4 Hepatic oxygenation during PSF, metabolic 

profile after PSF, hepatic injury post-
allotransplant 

1998 Minor T [454] Rat R-PSF - 24 O2, Air 4 Hepatic oxygenation before and after PSF 
1998 Minor T [442] Rat R-PSF 30a 1 O2 4 Hepatic function, injury and metabolic profile 

following post-ischemic conditioning using 
PSF and during reperfusion 

1998 Minor T [455] Pig (DCD)Tx R-PSF 45 4-5 O2 4 Hepatic function, injury post-allotransplant 
2001 Saad S [456] Pig (DCD)Tx R-PSF 60 4 O2 4 Hepatic function, injury post-allotransplant 
2003 Lauschke H [458] Rat (DCD)Tx R-PSF 60 24 O2 4 Hepatic function, injury and oxidative state after 

reperfusion, evaluation of anti-oxidant pre-
treatment during PSF 

2008 Treckmann J [441] Human (DCD)Tx R-PSF 20-60 1.2-3.3 O2 4 Metabolic status before and after PSF, hepatic 
function and injury post-allotransplant 

2009 Minor T [457] Rat R-PSF 20a 1.5 O2 4 Hepatic function, injury, oxidative state and 
metabolic profile following post-ischemic 
conditioning using PSF and during 
reperfusion 

         
aRe-warming period prior to reperfusion. 
Abbreviations: DCD, donation after cardiac death; PSF, persufflation; Tx, signifies transplant model; WOOCR, whole organ oxygen consumption rate.
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Table 7-5: Summary of published work on small intestine and pancreas PSF  

Year Author [Ref.] Model Approach WIT [min] Duration of 
PSF [hours] Gas used Temp [°C] Primary Endpoint 

Small intestine        

1997 Minor T [459] Rat Luminal NS 18 O2 4 Intestinal function and metabolic profile after 
PSF 

Pancreas         

2010 Scott WE III [63] Pig (DCD) A-PSF < 30 < 24 40% O2 4 Metabolic quality during PSF, comparison 
with TLM 

2010 Scott WE III [62] Pig (DCD) A-PSF < 30 24 40% O2 4 Histologic assessment after PSF, 
comparison with TLM 

         
Abbreviations: DCD, donation after cardiac death; NS, not specified; PSF, persufflation; TLM, two-layer method. 
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Table 7-6: Potential advantages and disadvantages of A-PSF and R-PSF 

Preservation technique Advantages Disadvantages 

   
Anterograde persufflation (A-
PSF) 

Follows physiologic flow path Elevated driving pressures may 
damage vascular function or 
endothelium 

 May directly deliver gas to a 
greater part of the organ 

May cause spastic or reflexive vascular 
changes, reducing blood flow to 
kidney and increasing systemic blood 
pressure 

  
 

May damage renal microvasculature 
and has resulted in poorer transplant 
outcomes 

Retrograde persufflation (R-
PSF) 

Has been shown to 
sufficiently oxygenate and 
preserve various organs 

Flow is in the opposite direction of  
physiological flow and highest 
pressures localized to thin-walled 
veins 

  May require small punctures on surface 
of organ which could lead to bleeding 
upon reperfusion 

 May require lower driving 
pressures 

May not fully deliver oxygen-rich gas to 
all regions of the organ 
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Table 7-7: Areas of future work in PSF  

Optimization of technique for specific tissue or organ, including: 
 Development of surgical procurement protocol(s) 
 Identification of appropriate approach (A-PSF, R-PSF or 

other) 
 Minimization of required pressures 
 Identification of appropriate gas or gas mixture (i.e., pO2) 

 
Direct comparisons between PSF and the state-of-the-art in 

preservation for a specific application 
 
Exploration of utility in non-traditional applications, such as: 

 Combination of PSF with other preservation strategies  
 Use of PSF in post-ischemic conditioning  

 
Continued development of a portable oxygen generator for PSF 
 
Identification of appropriate strategy for the prevention of injury due 

to enhanced oxygenation during preservation or ischemia-
reperfusion injury, including: 

 Type of anti-oxidant(s), anti-apoptotic agent(s), or other 
drug(s) 

 Dose of treatment(s) 
 Schedule of treatment(s) 

 
Elucidation of differences between PSF and gas embolization, 

which will include efforts to: 
 Demonstrate negligible presence of gas following 

reperfusion of persufflated organ 
 Maximize benefit to transplant community (e.g., extended 

allowable WIT and CIT) 
 Maximize benefit to recipient of persufflated organ (e.g., 

lowered risk of delayed graft function) 
 Establish that transplantation of persufflated organ carries 

limited risk of adverse clinical sequelae 
 
Abbreviations: A-PSF, anterograde persufflation; CIT, cold 
ischemia time; pO2, oxygen partial pressure; R-PSF, retrograde 
persufflation; WIT, warm ischemia time 
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Figure Captions (Suszynski et al. [57]) 

Figure 7-1: Cross-sectional illustration from the anterior view showing a native kidney (A) 

and kidneys being preserved by A-PSF (B) and R-PSF (C). Note the differences 

between A-PSF and R-PSF, in particular the relatively pronounced distension of the 

kidney during A-PSF and the capsular perforations only found with R-PSF – which allow 

for gas to escape during preservation and reduces overall resistance to gas flow. 

Abbreviations: A-PSF, anterograde persufflation; R-PSF, retrograde persufflation. 

 

Figure 7-2: Historical timeline of significant contributions to the development of 

persufflation as a method of tissue and organ preservation. 

 

Figure 7-3: Relative trends comparing number of donation after cardiac death (DCD) 

liver, kidney, simultaneous kidney/pancreas and pancreas transplants performed in the 

United States between 2001 and 2009. Data illustrates the increase in DCD liver and 

kidney transplants over the last six years, with the increase in the number of kidney 

transplants being due largely to improved preservation protocol, like hypothermic 

machine perfusion. Data was prepared by the United Network for Organ Sharing (UNOS) 

on April 30th, 2010.  

 

Figure 7-4: Total numbers of donation after cardiac death (DCD) transplants performed 

in the United States between 2001 and 2009, further segregated into transplanted and 

recovered (but not transplanted fractions). Additionally, DCD donor livers and pancreata 

are often not recovered with DCD donor kidneys due to their true or perceived poor 

quality; these organs (represented by gray bars) are possibly available for recovery and 
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transplant, and may represent target organs for resuscitation via PSF. Data was 

prepared by the United Network for Organ Sharing (UNOS) on April 30th, 2010.  

Abbreviations: DCD, donation after cardiac death; PSF, persufflation; UNOS, United 

Network for Organ Sharing. 
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Paramagnetic Microparticles Do Not Elicit Islet Cytotoxicity with Co-culture or 
Host Immune Reactivity after Implantation 

 

Suszynski T.M., Rizzari M.D., Kidder L.S., Mueller K., Chapman C.S., Kitzmann J.P., 

Pongratz R.L., Cline G.W., Todd P.W., Kennedy D.J., O’Brien T.D., 

Avgoustiniatos E.S., Schuurman H.J., Papas K.K. Paramagnetic microparticles 

do not elicit islet cytotoxicity with co-culture or host immune reactivity after 

implantation. Xenotransplantation. 18(4): 239-244 (2011) 

 

Permission to reproduce the above publication was given by John Wiley and Sons, and 

the agreement (license number: 2924370330377) is found in Appendix 7-2. 
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Abstract 

Paramagnetic microparticles (MPs) may be useful in pancreatic islet purification, in 

particular purification of porcine islets as a potential xenotransplantation product. We 

assessed whether MPs affect islet function or induce an immune reaction following 

implantation. Porcine islets were co-cultured with 0, 500, and 1500 MPs per islet 

equivalent (IE) for 1 day and with 0 and 1500 MPs/IE for 7 days. Fractional viability was 

assessed using oxygen consumption rate normalized to DNA content (OCR/DNA), and 

after 7-day co-culture by perifusion glucose-stimulated insulin secretion (GSIS) and by 

transplantation under the renal capsule of diabetic nude mice. To assess immune 

reactivity, MPs (~107) were implanted under the renal capsule of C57BL/6 mice. No 

statistically significant differences were measured in OCR/DNA (mean ± standard error 

[SE]) following 1-day co-culture with 0, 500, or 1500 MPs/IE (243.3 ± 4.5, 211.3 ± 8.1, or 

230.6 ± 11.3 nmol/min/mg DNA, respectively) or following 7-day co-culture with 0 or 

1500 MPs/IE (248.5 ± 1.4 or 252.9 ± 4.7 nmol/min/mg DNA, respectively). GSIS was not 

affected by presence of MPs; first- and second-phase insulin area-under-the-curve 

(mean ± SE) reflected no statistically significant differences after 7-day co-culture 

between 0 and 1500 MPs/IE (8.36 ± 0.29 and 8.45 ± 0.70 pg/mL/min/ng DNA for first-

phase; 69.73 ± 2.18 and 65.70 ± 4.34 pg/mL/min/ngDNA for second-phase, respectively). 

Islets co-cultured with MPs normalized hyperglycemia in diabetic nude mice, suggesting 

no adverse effects on in vivo islet function. Implantation of MPs did not elicit tissue injury, 

inflammatory change or immune reactivity. In summary, MPs do not adversely affect islet 

viability or function during co-culture, and MPs are not immune reactive following 

implantation.  
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Introduction 

Pancreatic islet transplantation has considerable promise in reversing the diabetic state 

in patients with type 1 diabetes. However, consistent outcomes over the long-term have 

been largely elusive [43; 48; 52]. Among possible reasons for this is the need for 

transplantation of higher numbers of and better quality islets. It is widely accepted that a 

sufficient viable β-cell mass needs to be transplanted to normalize hyperglycemia [43] 

and that many of the islets residing in a pancreas are either never retrieved during 

isolation [479] or lost during manufacturing by processes inducing cell death [480]. In 

addition to the overall yield, purification may benefit posttransplant outcomes, because 

exocrine contaminants in islet preparations can induce undesired inflammatory and/or 

immunologic responses [102], and inhibit vascularization of the graft [481]. These 

experiences in transplantation using human islets directly apply as well to 

xenotransplantation using porcine islets considering the fact that manufacturing of 

porcine islets is more complicated and requires regulatory requirements such as good 

manufacturing practices. 

 

A major step in current islet cell manufacturing is islet purification, which is a harsh 

technique that imparts prolonged exposure to proteolytic components of the digestion 

mixture, toxic substances like oxygen free radicals, and mechanical stresses [482]. 

Additionally, the centrifugation step takes considerable time, which lengthens the 

ischemic period for islets that are known to be poorly equipped to handle hypoxia [158]. 

Islet cell purification by centrifugation could be improved when it is replaced by selective 

magnetic separation, using magnetic labels that preferentially tag onto the surface of 

islets [483] or acinar tissue components [484], or that are entrapped within the tortuous 

microcapillary network of islets [485; 486; 487]. Rodent studies have provided early 
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proof-of-concept [485]; Donor pancreata could be infused with magnetic ferric oxide 

paramagnetic microparticles (MPs) which preferentially lodge within the capillary lumen 

of islets. Subsequent purification based on magnetic retraction decreases the time of the 

procedure 3-fold and results in improved islet morphology and viability while retaining 

insulin secretory function in the in vitro and in vivo settings. Furthermore, islets purified 

by magnetic retraction do not appear to stimulate an overt inflammatory response in vivo, 

despite the presence of ferric oxide MPs [485]. The evolution of magnetic retraction has 

led to the development of quadrupole magnetic sorting, a specialized technique that has 

recently been adopted for use with islets and which relies on the principle of applying a 

force against magnetically-labeled cells and/or aggregates of cells in order to pull them 

away from unlabeled tissue. The clear advantage of this technique has been described 

from a theoretical perspective [486]. A number of studies have shown the potential of 

separating magnetically-labeled islets by applying a external magnetic field [483; 484; 

485; 486; 487], which have included separation of porcine islets [487]. 

 

Porcine islet cell manufacturing is receiving increasing interest because of the potential 

application of a porcine islet xenotransplantation product in patients with diabetes. This 

prompted us to initiate studies on using magnetic separation in the process of porcine 

islet cell manufacturing. We selected appropriate paramagnetic MPs of 4.5-µm diameter 

(Dynabead M450, Invitrogen Dynal, Oslo, Norway) for their ability to preferentially lodge 

within the microvasculature of porcine islets following embolization [485; 487], for their 

desired magnetic susceptibility [486; 487], and because of their track record with 

regulatory approval [488]. 
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To address potential adverse side effects we conducted an exploratory study with the 

aim to examine potential effects of MPs on porcine islet viability and function during co-

culture, and to examine for any tissue injury, inflammatory changes or immune reaction 

following implantation of large quantities of MPs. We used real-time insulin secretion as 

a read-out from in vitro evaluation and diabetes reversal in mice during in vivo 

assessment, as these allow for a most sensitive detection of effects manifested in 

pancreatic islet cell dysfunction. 

 

Methods 

Porcine pancreas procurement and islet isolation 

Three Landrace sows, retired breeders aged 36-48 months and weighing 250-260 Kg, 

served as pancreas donors. Pancreas procurements and islet isolations were performed 

by the standard protocol used at the Schulze Diabetes Institute at the University of 

Minnesota [371]. Isolated porcine islets were cultured at 37°C in standard ME199 culture 

medium (Mediatech, Manassas, VA) supplemented with 10% heat-inactivated porcine 

serum. A total of 3 isolations were performed for this study. 

  

Islet co-culture with and without MPs 

MPs of 4.5-µm diameter (Dynabead M450) were obtained from Invitrogen Dynal (Oslo, 

Norway). Porcine islet aliquots from the same preparation were co-cultured with MPs at 

0, 500, and 1500 MPs per islet equivalent (IE) for 1 day in 12-well culture plates (BD 

Biosciences, San Jose, CA). The dose levels were selected arbitrarily at 500 and 1500 

MPs/IE, to maximize exposure while assessing for a dose-response and detection of an 

adverse effect. The number of IEs and the volume of ME199 medium were kept constant 

in each culture well. Islets from the same preparation were also co-cultured with MPs at 
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the higher dose (1500 MPs/IE) for 7 days. This condition was selected because a 7-day 

co-culture reflects the standard culture time during the islet cell manufacturing process 

and high doses were chosen to provide the best opportunity of detecting adverse effects. 

Preparations after co-culture were sampled for analysis of oxygen consumption rate 

(OCR) per DNA (or OCR/DNA), glucose-stimulated insulin secretion (GSIS) by 

perifusion, standard cytology, and some preparations were also assessed for their ability 

to reverse the diabetic state in nude mice by transplantation under the renal capsule.  

 

Islet quality assessment 

All quality assays were performed in triplicate, and results are presented as means ± 

standard error (SE). Preparations from a total of 3 islet isolations were used in these 

studies, with aliquots from each divided into untreated and MP-treated groups. OCR and 

DNA assays were conducted as described previously [98]; samples analyzed for OCR 

were subsequently assayed for quantification of DNA content. Cytologic preparations 

were stained by hematoxylin and eosin. For insulin staining, a polyclonal guinea pig 

antibody to porcine insulin (diluted 1:300, #A5064, Dako, Carpinteria, CA, USA) was 

applied using a Dako Autostainer, with detection using EnVision (Rb; Dako, Glostrup, 

Denmark) with diaminobenzidine chromogen (LSAB Kit, Dako). The negatively-stained 

control was generated using the same procedure described above, with the primary 

antibody omitted and substituted with an undiluted Supersensitive (Dako). The 

positively-stained control for insulin was performed on sections from a normal pancreas.   

Dynamic insulin secretory function (or GSIS) was assayed in vitro using a protocol 

described elsewhere [489], but modified slightly to enable use of a larger number of 

islets (approximately 300 IEs). The concentration of insulin in the supernatant was 

determined by enzyme-linked immunosorbent assay for porcine insulin (ALPCO 
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Diagnostics, Salem, NH). The basal glucose concentration was maintained at 2.5 mM, 

whereas the glucose stimulus consisted of a single-step increase in glucose 

concentration to 16.7 mM. Normally the insulin secretion into the supernatant follows a 

biphasic pattern and, for both patterns (first- and second-phase responses), the area-

under-the-curve (AUC) was calculated using the linear trapezoidal rule. 

 

Diabetes reversal in immune deficient mice 

The procedure was performed as described previously [97]. In short, adult athymic nude 

mice were rendered diabetic by intraperitoneal streptozotocin injection (240 mg/kg body 

weight). Once hyperglycemia was established (at blood glucose levels >350 mg/dL for 

≥2 consecutive days), approximately 2000 IEs after 7 days of culture ± 1500 MPs were 

transplanted in the renal subcapsular space, and glucose was monitored daily up to 33 

days post-transplant. Diabetes reversal was defined as ≥2 consecutive days of glucose 

level ≤200 mg/dL. Animals exhibiting diabetes reversal were subjected to nephrectomy 

(which includes the removal of the transplant), and monitored afterwards for glucose to 

confirm for function of the graft. Each experimental group included 3 animals. 

 

MP implantation in immune competent mice 

All procedures involving animals were approved by the Institutional Animal Care and 

Use Committee at the University of Minnesota. Approximately 107 MPs were implanted 

underneath the renal capsule of C57BL/6 mice (n = 3), and controls received a sham 

operation (n = 3). Also, nude control mice (n = 3) were implanted with approximately 

20,000 MPs. This implantation site was selected as this is mostly used for cell and tissue 

transplants in rodents. Three days after implantation, the animals were sacrificed and 



 

313 
 

the kidneys were resected, fixed in 10% buffered formalin and embedded in paraffin. 

Four-micron thick sections were stained with hematoxylin and eosin.  

 

Statistical analysis 

Data are presented as mean values ± SE. The difference between groups was analyzed 

using the paired two-tailed Student’s t-test, with the level of significance set at P < 0.05. 

 

Results 

Effects of MPs on porcine islet fractional viability, cytology and insulin secretory 

function following co-culture 

Table 7-8 shows OCR/DNA values for islet preparations co-cultured for 1 day with 

varying doses of MPs (0, 500, and 1500 MPs/IE). There were no statistically significant 

differences detected between the three dose levels.  Table 7-9 summarizes the 

fractional viability as expressed in OCR/DNA from untreated and MP-treated islet 

preparations following 7-day co-culture. MPs had no statistically significant effect on the 

OCR/DNA.  Figure 7-5 illustrates cytology of porcine islets following 7-day co-culture 

with 1500 MPs/IE, with MPs highlighted (in red) in the islet periphery. Islets exhibited 

normal cytology after co-culture and without indication of damage or cytotoxicity. 

 

Figure 7-6 shows the GSIS of islet preparations after a 7-day co-culture, and illustrates 

the lack of a deleterious effect on secretory function in the presence of 1500 MPs/IE. 

After a glucose stimulus, the insulin concentration in the culture supernatant increased 

and followed a biphasic pattern – reaching an initial peak of 0.9 to 1.4 pg/mL·ngDNA, 

which is a normal observation from our experience. MPs did not appear to adversely 

affect GSIS during the full period of the tracing – up to about 45 minutes after the initial 
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stimulus. There was no statistically significant difference between cultures (± 1500 

MPs/IE) in measured insulin AUC for the first-phase (between 3-14 minutes after the 

glucose stimulus) and second-phase (between 14-65 minutes after the glucose stimulus) 

responses (Table 2). 

 

Effects of MPs implanted under the renal capsule in C57BL/6 mice 

To assess for potential adverse side effects in vivo, MPs were implanted at an excessive 

dose of approximately 107 MPs under the kidney capsule of immune competent C57BL/6 

mice, and assessed 3 days later with histology. Control (sham-operated) and 

experimental group included 3 animals each. All cases exhibited similar histologic results 

(Figure 7-7). MPs were confined to the subcapsular space, with the capsule remaining 

intact and the kidney parenchyma exhibiting a normal appearance. There were no signs 

of any acute tissue damage or inflammatory lesion, including the absence of 

polymorphonuclear granulocytes or lymphocytes. Few macrophages were observed at 

scattered locations in some tissue sections. MPs were neither encapsulated by fibrosis 

nor did they initiate granuloma formation, as commonly seen with foreign body reactions. 

These observations suggest that the selected MP suspensions are biologically inert.  

 

Therapeutic potency of porcine islets co-cultured with MPs and transplanted into 

diabetic nude mice 

Immune deficient diabetic mice were transplanted with 2000 IEs cultured for 7 days ± 

1500 MPs/IE, and subjected to a 33-day follow-up. Two of 3 animals in each cohort 

became normoglycemic within a few days of renal subcapsular transplantation. 

Following a subsequent nephrectomy, all normoglycemic animals quickly reverted back 
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to a hyperglycemic state. These data show that islets co-cultured with MPs are as 

efficacious as untreated islets in reversing hyperglycemia in the diabetic nude mouse. 

 

Discussion 

In this exploratory study the Dynabead M450 MPs selected for application in islet cell 

manufacturing do not elicit adverse effects on porcine islets during co-culture; MPs do 

not affect the cytologic picture of cultured islets (Figure 8-5), fractional viability as 

measured by OCR/DNA (Table 8-8), or influence insulin secretory function as measured 

directly by GSIS (Figure 8-6, Table 8-8). Furthermore, islets co-cultured with MPs were 

as capable of reversing hyperglycemia in the diabetic nude mouse model as control 

islets not cultured in the presence of MPs. These in vivo data are consistent with data 

from others [487], showing that 75% of untreated and 80% of MP-treated preparations 

normalized blood glucose levels in nude mice. There is a difference in experimental 

design – Shenkman et al. [487] infused MP suspensions directly through the vasculature 

during porcine pancreas procurement and prior to islet isolation, whereas in the present 

study islets were externally exposed to much larger doses of MPs during the culture 

period after isolation. It is important to note that the polymeric material contributing a 

significant mass fraction to these MPs is biologically inert and stable in vivo. Concerns 

about this aspect have been raised during the regulatory evaluation to determine 

whether these MPs are suitable for clinical use [488].  

 

Implantation of large quantities of MPs under the renal capsule of immunocompetent 

mice did not elicit any tissue injury or inflammatory reaction, as evidenced by histology 3 

days after implantation. These data are similar to data generated by others [485], on the 

absence of an inflammatory response after implantation of islets containing ferric oxide 
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MPs under the kidney capsule of rats. It is noteworthy that the quantities of MPs used in 

the present study were orders of magnitude beyond the quantities expected to 

accompany a transplanted islet preparation purified using magnetic sorting. From past 

experiences, only a handful (up to 10 or so) MPs entrap within a single islet. For 

instance, in the case of transplanting 2000 IEs under the renal capsule of a diabetic 

nude mouse, the maximum number of MPs present within and near the graft would be 

on the order of 104 MPs – which is at least a thousand-fold less than the amounts 

implanted per animal in this study (~107).  

 

We conclude that MP suspensions exhibit no evident adverse side effects affecting the 

function of porcine islets in vitro or in vivo, and when administered alone do not evoke 

tissue injury, an inflammatory response or immune reaction under the kidney capsule of 

immune competent mice. These data open the possibility of further studies to address 

the potential use of MPs in the islet manufacturing process, with the perspective of 

obtaining both higher yields and higher quality of islets. Such studies are now underway, 

addressing both safety and the benefits for improved outcome in islet cell transplantation.  
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Table 7-8: OCR/DNA of islet preparations co-cultured with different proportions of 
microparticles for 1 day 

Proportion [MPs/IE] OCR/DNA [nmol/min/mgDNA] 
  

0 243.3 ± 4.5 
500 211.3 ± 8.1 

1500 230.6 ± 11.3 
  

Data presented are from 3 independent islet isolations (mean ± standard error). 
Abbreviations: IE, islet equivalent; MP, microparticle; OCR/DNA, oxygen consumption 
rate normalized to DNA content. 
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Table 7-9: OCR/DNA and perifusion GSIS outcomes in islet preparations co-cultured 
with microparticles for 7 days 
 OCR/DNA 

[nmol/min/mgDNA] 
AUCa 

[pg/mL/min/ngDNA] 

Co-culture (MPs/IE)  First-phase Second-phase 
    

0 248.5 ± 1.4 
252.9 ± 4.7 

8.36 ± 0.29 69.73 ± 2.18 
1500 8.45 ± 0.70 65.70 ± 4.34 

    
Data presented are from 3 independent islet isolations (mean ± standard error). 
aAUC was estimated from GSIS tracing shown in Figure 8-6. 
Abbreviations: AUC, area-under-the-curve; GSIS, glucose-stimulated insulin secretion; 
IE, islet equivalent; MP, microparticle; OCR/DNA, oxygen consumption rate normalized 
to DNA content. 
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Figure Captions (Suszynski et al. [58]) 

Figure 7-5: Cytology of islets treated with paramagnetic MPs after 7-day co-culture. 

Most MPs (highlighted by red arrows) are located at the periphery of the islets. Islets are 

stained with hematoxylin and eosin (A) and for insulin (B) and appear unaffected by the 

presence of MPs. Abbreviation: MP, microparticle. 

 

Figure 7-6: Perifusion GSIS tracing for both untreated and MP-treated porcine 

pancreatic islets after 7-day culture, depicting a biphasic insulin release profile in direct 

response to an increase in perfusate glucose concentration (from 2.5 mM to 16.7 mM). 

Data shown are mean values ± SE for 3 independent experiments. Abbreviations: GSIS, 

glucose-stimulated insulin secretion; MP, microparticle; SE, standard error. 

 

Figure 7-7: Histology following implantation of approximately 107 paramagnetic MPs 

under the renal capsule of C57BL/6 mice. Sections were stained by hematoxylin and 

eosin and both low (A, bar = 200 µm) and high (B, bar = 50 µm) magnification images 

are presented. The renal capsule appears intact and MPs are confined to the 

subcapsular space. Abbreviation: MP, microparticle. 
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Abstract 

Despite significant advances, widespread applicability of islet cell transplantation 

remains elusive. Refinement of current islet isolation protocols may improve transplant 

outcomes. Islet purification by magnetic separation has shown early promise. However, 

surgical protocols must be optimized to maximize the incorporation of paramagnetic 

microparticles (MPs) within a greater number of islets. This study explores the impact of 

MP concentration and infusion method on optimizing MP incorporation within islets. Five 

porcine pancreata were procured from donors after cardiac death. Splenic lobes were 

isolated and infused with varying concentrations of MPs (8, 16, and 32 × 108 MPs/L of 

cold preservation solution) and using one of two delivery techniques (hanging bag 

versus hand-syringe). After procurement and infusion, pancreata were stored at 0°C to 

4°C during transportation (less than 1 hour), fixed in 10% buffered formalin, and 

examined by standard magnetic resonance imaging (MRI) and histopathology. T2*-

weighted MRI showed homogeneous distribution of MPs in all experimental splenic 

lobes. In addition, histologic analysis confirmed that MPs were primarily located within 

the microvasculature of islets (82% to 85%), with few MPs present in acinar tissue (15% 

to 18%), with an average of five to seven MPs per islet (within a 5-μm thick section). The 

highest MP incorporation was achieved at a concentration of 16 × 108 MPs/L using the 

hand-syringe technique. This preliminary study suggests that optimization of a surgical 

protocol, MP concentrations, and applied infusion pressures may enable more uniform 

distribution of MPs in the porcine pancreas and better control of MP incorporation within 

islets. These results may have implications in maximizing the efficacy of islet purification 

by magnetic separation. 
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Introduction 

Islet transplantation (IT) has shown promise in the treatment of type 1 diabetes, but 

widespread applicability has not yet been achieved. Among the challenges limiting 

outcome is the inability to recover a sufficient amount of viable islets from a donor 

pancreas [47; 50; 479; 490]. Islet isolation techniques involving purification by magnetic 

separation (MS) have exhibited promise in obviating some of these challenges [483; 484; 

485; 486; 487; 491]. Early studies in rodents have revealed the potential of using MS in 

conjunction with an intravascular infusion of paramagnetic microparticles (MPs) to 

preferentially label the islets [485]. Distribution of MPs throughout the entire human 

pancreas appears to be reproducible, but purification of this larger volume of tissue 

(following digestion) has thus far been limiting [491]. Quadrupole magnetic sorting (QMS) 

was primarily developed for single cell suspensions, but may represent the most 

promising technique for the MS of islets from acinar tissue, particularly in larger-sized 

organs. However, unlike the MP distribution achieved in human organs [491], the first 

attempts at infusing MPs into porcine pancreata have resulted in poor distribution [487]. 

With porcine xeno-IT having moved to the forefront of the field [371] and MS having 

shown considerable promise in improving islet isolation and purification over currently-

used protocols [483; 484; 485; 486; 487; 491], improving MP distribution throughout the 

porcine pancreas and the fraction of total islets labeled with MPs represent two 

objectives for the successful application of QMS technology to porcine islet purification. 

New insight into the anatomical variability in porcine pancreatic vascular and ductal 

anatomy may provide an opportunity for improved surgical techniques accompanying 

MP infusion. Additionally, systematic investigation of selected surgical parameters may 

enable optimization of MP distribution and preferential incorporation of MPs within 

porcine islets. The objective of this preliminary study was to explore the impact of the 
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MP concentration in the perfusate and the infusion method used (either hanging bag or 

hand-syringe) during pancreas procurement on MP distribution and preferential islet 

labeling.  

 

Methods 

Porcine pancreas procurement and MP infusion 

All procedures involving animals were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Minnesota. The porcine pancreas 

procurement was performed by standard protocol used at the Schulze Diabetes Institute 

and has been described elsewhere [64; 371]. Briefly, 5 pancreata were harvested from 

adult Landrace pigs following cardiac death using an en bloc technique. The posterior 

aorta was identified, longitudinally divided and both the celiac trunk (CT) and superior 

mesenteric artery (SMA) were cannulated. Distal splenic, gastric and hepatic vessels 

were clamped and 1 L of cold preservation solution (CPS, cold storage/purification stock 

solution containing 2% Pentastarch, Mediatech, Inc, Herndon, VA) was flushed into both 

the CT and SMA, simultaneously. During the flush, the main pancreatic duct was 

identified and cannulated just proximal to its insertion into the duodenum. Approximately 

60 mL of CPS was then slowly infused over two minutes by hand-syringe into the main 

pancreatic duct. Following the flush, the pancreas was excised and divided into the 

combined connecting/duodenal lobes (control) and splenic lobe (experimental), all while 

taking care to preserve native vasculature. Varying concentrations of paramagnetic MPs 

(4.5 µm diameter, Dynabead M450, Invitrogen, Carlsbad, CA) suspended in 1 L of CPS 

were then infused into the splenic lobe only, via the CT and SMA by either hanging bag 

(gravity) or hand-syringe (applied pressure) infusion. Suspension concentrations of 8, 16 

or 32 (x 108) MPs per L of CPS were used. Infusion of MP suspension was immediately 
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followed by a 1 L flush with CPS. All lobes were then submerged into CPS and stored at 

0-4°C for transportation from the procurement facility (<1 hour). The splenic lobe was 

fixed with 180 mL of 10% buffered formalin injected via the CT and SMA and then all 

lobes were completely immersed in formalin. 

 

MRI 

Following complete formalin fixation (≥24 hours), pancreata underwent MRI. MRI was 

performed at 1.5 T with an APOLLO spectrometer (Tecmag Inc., Houston, TX, USA) and 

a custom-built 16-leg low-pass birdcage resonator (24 cm diameter, 20 cm in length). 

Images were obtained with a T2*-weighted true three-dimensional gradient echo 

sequence with one dimension frequency-encoded and the other two dimensions phase-

encoded. A nonselective pulse was used to nutate the nuclei approximately 25 degrees 

during the scan. Typical acquisition parameters included a 9.6 msec acquisition time, 6.5 

msec echo time, 120 msec repetition time, and a 20 cm x 10 cm x 5 cm field of view. 

 

Histopathology  

After MRI, biopsies were collected from several regions of the pancreas, embedded in 

paraffin and sectioned at 4 µm. Sections were examined using hematoxylin and eosin 

(HE) and insulin immunohistochemical stains. Sections were evaluated by an 

experienced histopathologist (T.D.O.) to estimate fraction of MP incorporation within islet 

and acinar tissues.  

 

Results:  

T2*-weighted MRI illustrated a uniform distribution of hypointense regions, indicating the 

presence of MPs throughout the experimental splenic lobe in all organs (Figure 7-8). 
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Histologic analysis confirms that MPs were found predominantly within islet 

microvasculature, with very few present in surrounding acinar tissue (Figure 7-9). Using 

varying MP concentrations and either hanging bag or hand-syringe infusion techniques 

has enabled MP incorporation in up to 90% of islets, as estimated by histology based on 

fraction of islets containing at least one MP. In the histologic sections examined, MPs 

were preferentially distributed within islets (82-85%) rather than acinar tissue (15-18%), 

with an average of 5-7 MPs per islet (within a 5 µm thick section). The highest MP 

incorporation within islets was achieved using the hand-syringe infusion technique with a 

concentration of 16 x 108 MPs per liter of CPS. 

 

Discussion:  

Islet cells endure significant stresses under current isolation protocols and many islets 

are either never recovered during isolation [479; 482] or are lost via a number of cell 

death processes [480; 482; 492; 493; 494]. Currently, few institutions are able to treat 

type 1 diabetes with islets from a single donor pancreas [47; 50]. Consequently, if more 

viable islets can be isolated per pancreas, there may be an opportunity to reduce the 

frequency of IT requiring multiple donors or to treat multiple patients with one donor 

[495]. Additionally, with porcine xeno-IT providing much hope [371], improving the 

porcine islet isolation process has become a worthwhile endeavor. 

 

MS is a technique that may allow for isolation of superior quality islets. Using magnetic 

forces to preferentially separate islets from the acinar tissue of the pancreas following 

enzymatic digestion is attractive for several reasons. It may eliminate the use of 

continuous density gradient centrifugation, which imparts prolonged exposure to the 

harsh proteolytic components of digestion, toxic substances and mechanical stresses 
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[479; 482]. MS may also shorten isolation time and thereby minimize ischemia to islets, 

which are known to be particularly sensitive to hypoxia [87; 158; 169; 474]. The number 

of MPs required to achieve purification by QMS has been determined analytically based 

on fluid dynamics treatments and is largely a function of islet size and starting position in 

the fluid flow field [487; 496]. Islets that reach the QMS for purification are restricted to 

500 µm in diameter and smaller by the mesh screen size used in the Ricordi chamber. 

All islets containing at least 10 MPs will have sufficient mobility for QMS purification. 

Purification of islets having less than 10 MPs is a function of size of the islet and relative 

starting position in the QMS magnetic field. When considering the 3-dimensional shape 

of a spherical islet, our data indicates that labeled islets will likely contain greater than 10 

MPs, on average.  

 

Shenkman and colleagues published results of preferential porcine islet labeling via MP 

infusion prior to separation by QMS [487]. They demonstrated that paramagnetic MPs 

were preferentially sequestered within the islet microvasculature. Islets undergoing MS 

from acinar and ductal tissue during isolation did not exhibit diminished viability. Despite 

being able to illustrate the potential applicability of QMS to porcine islet purification, they 

noted an inhomogeneous distribution of MPs throughout the pancreas as well as 

variable islet yields. Specifically, they described a narrow cylindrical region of infused 

MPs extending from the splenic lobe into the duodenal lobe with the highest 

concentrations in the region most proximal to the point of infusion at the CT. The 

inhomogeneous MP distribution in the porcine pancreas may have been due to the use 

of a donation after cardiac death model with poor flushing. Comprehensive 

characterization of the complex vascular and ductal anatomy of the porcine pancreas [64] 

and improvements in the procurement and flushing techniques [497] have created a new 
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opportunity to re-visit this problem. With a better understanding of porcine anatomy, 

surgical procurement and MP infusion techniques were substantially improved. In this 

preliminary study, we were able to show an improvement in the distribution of MPs 

throughout the experimental splenic lobe, as shown by MRI and histology, by adjusting 

the MP concentration and infusion pressure. Despite a limited number of organs studied, 

we have observed improvements in the distribution of MPs by using a manual hand-

syringe infusion. Higher infusion pressures may allow for more homogeneous 

distribution of MPs throughout the porcine pancreas and improved sequestration of MPs 

within islet microvasculature. These early studies suggest that optimization of selected 

surgical procurement parameters may allow for better control of MP incorporation within 

islets. It is important to note that only splenic lobes were infused with MPs via the CT 

and SMA in this study, whereas entire pancreata were infused with MPs via the CT in 

the study published by Shenkman et al. [487]. Division of the pancreas and concomitant 

infusion of MPs via both the CT and SMA may have enabled better distribution of MPs 

throughout the splenic lobes. 

 

Future studies will involve further optimization of surgical protocol, MP concentration and 

infusion pressures and techniques, including the use of machine perfusion and heart-

beating porcine donors. It is conceivable that these techniques may be extended and 

optimized for use with human pancreata. In the past, QMS equipment had been largely 

used for single cell suspensions and was not initially developed to accommodate larger 

particles or cell aggregates (such as islets) or large suspension volumes, as is the case 

following the digestion of human or porcine pancreata. New QMS equipment has been 

developed that is capable of processing larger particles and volumes [486]. Future QMS 

studies will include the use of this new equipment. Additionally, methods for rapid and 
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quantitative assessment of bead incorporation in islets as opposed to acinar tissue are 

needed for optimizing bead infusion protocols. Histology is a useful tool but is neither 

rapid nor quantitative, especially for large organs. A new technique involving particle-

tracking velocimetry may enable real time quantitative assessment of bead incorporation 

into islets versus acinar tissue in the raw pancreas digest and could be proven extremely 

valuable in optimizing the process. 
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Figure Captions (Rizzari MD et al. [59]) 

Figure 7-8: T2*-weighted MRI of the control connecting/duodenal lobe (above) and the 

experimental splenic lobe (below), in which infused MPs resulted in well-distributed 

hypointense regions. Abbreviations: MP, microparticle; MRI, magnetic resonance 

imaging. 

 

Figure 7-9: Representative low and high magnification micrographs of an islet located in 

the experimental splenic lobe (distal region), illustrating minimal accumulation of MPs in 

the acinar tissue (A, HE) and significant accumulation within islet (B, HE). 

Representative high-magnification micrograph showing preferential seeding of MPs 

within capillaries of an islet located in the proximal splenic lobe, near the site of infusion 

at the celiac trunk (C, insulin). Insets in both high magnification images further illustrate 

presence of MPs specifically within capillaries (outlined by dotted black lines).  

Histological samples were taken from a splenic lobe infused with 16 x 108 MPs/L of cold 

preservation solution using the hand-syringe technique. Abbreviations: HE, hematoxylin 

and eosin; MP, microparticle. 
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Appendix 3-2: ATP/DNA measurements in porcine islets following chemical treatment 

(sodium dithionate, sodium azide) and pelleting for ≥20 hours. 

 

Objective: To determine the effect of long-term incubation with sodium dithionate (strong 

reducing agent) and sodium azide (cytochrome oxidase inhibitor), or pelleting on islet 

viability – as measured by the ATP/DNA assay (as previously described [55]). 

 

Methods: Porcine islets were isolated as previously described [371]. Chemical treatment: 

About 10 mL of ME199 culture media supplemented with 10% fetal bovine serum and 

6000 IEs (porcine islets) were added to each of two T-25 flasks (BD Biosciences, San 

Jose, CA). Samples (100-µL, n = 3 per flask) were taken prior to addition of any 

chemical toxin, sonicated and frozen for ATP and DNA quantification [55]. Sodium 

dithionate (Sigma-Aldrich, St. Louis, MO) was then added to a concentration of 4 mM in 

one flask, and sodium azide (Sigma-Aldrich, St. Louis, MO) was added to a 

concentration of 2 mM in the other flask. Both flasks were then cultured for 20 hours at 

37°C and 5% CO2. At the end of the 20-hour culture period, samples (100-µL, n = 3 per 

flask) were taken, sonicated and frozen. Pelleting: About 6000 IEs (porcine islets) were 

added to a 15-mL conical tube and centrifuged for 2 minutes at 760 rotations per minute 

(75 x g) to form a pellet. The media was aspirated off, and fresh ME199 culture media 

supplemented with 10% fetal bovine serum was added to the conical tube. Islets were 

resuspended and samples (100-µL, n = 3 per flask) were taken, sonicated and frozen for 

ATP and DNA quantification [55]. After sampling was done, the islets were centrifuged 

again for 2 minutes at 760 rotations per minute. The conical tube was placed into an 

incubator (37°C, 5% CO2) and maintained under those conditions for 23 hours. After the 

incubation period, samples (100-µL, n = 3 per flask) were taken, sonicated and frozen. 
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All ATP measurements were performed using CellTiter-Glo luminescent cell viability 

assay (Promega Corp., Madison, WI) per manufacturer instructions. All DNA 

measurements were performed using Quant-iT PicoGreen dsDNA assay kit (Invitrogen, 

Eugene, OR). All ATP/DNA measurements were performed in triplicate (n = 3) and the 

mean ± SE are presented.  

 

Paired student’s t-tests were performed to examine for differences between control (pre-

culture) and experimental (post-culture) ATP/DNA measurements following both sodium 

dithionate and sodium azide treatment. 

 

Results:  

There were significant reductions in ATP/DNA of the porcine islet preparation following 

20 hours of culture with sodium dithionate (p = 0.022) and sodium azide (p = 0.017) 

(Figure 3-5). Similarly, there was a significant reduction in ATP/DNA of the porcine islet 

preparation following 23 hours of incubation as a pellet (Figure 3-6). Sodium azide 

treatment resulted in the largest absolute change in ATP/DNA of any of the treatments, 

though none of the treatments resulted in ATP/DNA measurements with a value of zero.  

 

Conclusion:  

Chemical treatment with sodium dithionate or sodium azide and pelleting significantly 

reduced ATP/DNA following ≥20 hours of treatment. However, none of the treatments 

resulted in zero measured ATP and thus may not predictable reduce the viability of an 

islet preparation for future comparisons between ATP/DNA and ADP/ATP.  
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Figure Captions (Appendix 3-2) 

Figure 3-5: ATP/DNA measurements of porcine islet preparation before and after 20-

hour chemical treatment with sodium dithionate (A) or sodium azide (B). There were 

significant differences in the ATP/DNA between paired control and experimental 

samples for both sodium dithionate (p = 0.022) and sodium azide (p = 0.017). 

Abbreviations: ATP, adenosine triphosphate; DNA, deoxyribonucleic acid. 

 

Figure 3-6: ATP/DNA measurements of porcine islet preparation before and after 23-

hour incubation as a pellet. There was a significant difference in the ATP/DNA between 

the control and experimental samples (p = 0.025). Abbreviations: ATP, adenosine 

triphosphate; DNA, deoxyribonucleic acid. 
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Appendix 3-3: Paired ATP/DNA and ADP/ATP measurements of two different human 

islet preparations. Both ATP/DNA and ADP/ATP measurements are presented as 

normalized over the highest value for that preparation.. 
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Figure captions (Appendix 3-3) 

Figure 3-7: Normalized ATP/DNA (A) and ADP/ATP (B) measurements for the first 

human islet preparation. The linear correlation between viability metric and the percent 

fraction of non-viable (heat-treated) islets was stronger for ATP/DNA (R2 = 0.94) versus 

ADP/ATP (R2 = 0.37). Abbreviations: ADP, adenosine diphosphate; ATP, adenosine 

triphosphate. 

 

Figure 3-8: Normalized ATP/DNA (A) and ADP/ATP (B) measurements for the first 

human islet preparation. The linear correlation between viability metric and the percent 

fraction of non-viable (heat-treated) islets was stronger for ATP/DNA (R2 = 0.89) versus 

ADP/ATP (R2 = 0.15). Abbreviations: ADP, adenosine diphosphate; ATP, adenosine 

triphosphate.
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Appendix 3-4: Representative ADP/ATP measurements of INS-1 cell preparations. 

ADP/ATP measurements are presented as normalized over the highest value for that 

preparation. 

  



 

421 
 

Figure Caption (Appendix 3-4) 

Figure 3-9: Representative normalized ADP/ATP measurements an INS-1 cell 

preparation with increasing percent fraction of non-viable (heat-treated) cells. These 

measurements illustrate the poor correlation between ADP/ATP and percent non-viable 

fraction, and the frequent negative values obtained using this assay; values obtained 

from 20-100% percent non-viable fraction were between -0.017 and -0.012. 

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; INS, 

insulinoma.
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Appendix 6-1: Permission to Reprint (Suszynski et al. Transplant Proc [2011]) 
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Appendix 6-2: Summary of T1 curve fitting equations and representative fitting. 

Raw 19F-MRS data following standard inversion recovery analysis was fitted to a non-

linear exponential function to obtain the characteristic spin-lattice relaxation time (T1) 

value for a sample.  

 

T1 defines the average time it takes for a nucleus to return to thermal equilibrium 

following perturbation into the transverse plane, such that in a static magnetic field along 

the longitudinal axis (z-component of the magnetization) obeys the following Equation 

6-29 (Bloch equation): 

 

(6-29) ௗெ೥
ௗ௧

ൌ െ ሺெ೥ିெ೚ሻ
்ଵ

 

 

Since the radiofrequency pulse used for inversion recovery is short relative to the 

relaxation time, the Bloch equation describes the times in between pulses and can be 

solved by integrating from t = 0 to t to give (Equation 6-30): 

 

ሻݐ௭ሺܯ  (6-30) ൌ ௢ܯ ൅ ሺܯ௭ሺݐሻ െ ଴ሻܯ · ݁ିఛ ்ଵ⁄  

 

Following the 90° pulse in the inversion recovery sequence, Equation 6-30 can be 

further simplified since Mz(0) = 0 (Equation 6-31): 

 

ሻݐ௭ሺܯ  (6-31) ൌ ௢ܯ · ൫1 െ 2݁ିఛ ்ଵ⁄ ൯ 
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A short computational routine was generated using the cftool in Matlab R2008a v 7.6.0 

(Mathworks, Natick, MA) to fit experimental data to Equation 6-32, where A, C and T1 

are fitting constants. 

 

௭ܯ  (6-32) ൌ ܣ · ൫1 െ 2݁ିఛ ்ଵ⁄ ൯ ൅  ܥ

 

Figure 6-18 illustrates a representative graph resulting from the curve fitting analysis 

and a sample output showing the T1 value generated by the model. Figure 6-19 

illustrates a representative set of raw inversion recovery data collected during analysis of 

samples presented in Suszynski et al. [56]. 
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Figure Captions (Appendix 6-2) 

Figure 6-18: Representative graph resulting from curve fitting analysis of raw inversion 

recovery data (left) and a sample output showing the T1 value generated by the model 

(right). Abbreviation: T1, spin-lattice relaxation time. 

 

Figure 6-19: representative set of raw inversion recovery data collected during analysis 

of samples presented in Suszynski et al. [56]. Note the lengthening relaxation time with 

increasing numbers of islet equivalents seeded into tissue-engineered grafts. 
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Appendix 7-1: Permission to Reprint (Suszynski et al. Cryobiology [2012]) 
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Appendix 7-2: Permission to Reprint (Suszynski et al. Xenotransplant [2011]) 
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Appendix 7-3: Permission to Reprint (Rizzari MD et al. Transplant Proc [2010]) 
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