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Abstract: Background: Ex vivo lung perfusion (EVLP) is a technology that allows the re-evaluation 

of questionable donor lung before implantation and it has the potential to repair injured donor lungs 

that are otherwise unsuitable for transplantation. We hypothesized that perfluorocarbon-based 

oxygen carrier, a novel reconditioning strategy instilled during EVLP would improve graft function. 

Methods: We utilized perfluorocarbon-based oxygen carrier (PFCOC) during EVLP to recondition 

and improve lung graft function in a pig model of EVLP and lung transplantation. Lungs were 

retrieved and stored for 24 h at 4 °C. EVLP was done for 6 h with or without PFCOC. In the 

transplantation groups, left lung transplantation was done after EVLP with or without PFCOC. 

Allograft function was assessed by means of pulmonary gas exchange, lung mechanics and vascular 

pressures, histology and transmission electron microscopy (TEM). Results: In the EVLP only groups, 

physiological and biochemical markers during the 6-h perfusion period were comparable. However, 

perfusate lactate potassium levels were lower and ATP levels were higher in the PFCOC group. 

Radiologic assessment revealed significantly more lung infiltrates in the controls than in the PFCOC 

group (p = 0.04). In transplantation groups, perfusate glucose consumption was higher in the control 

group. Lactate levels were significantly lower in the PFCOC group (p = 0.02). Perfusate flavin 

mononucleotide (FMN) was significantly higher in the controls (p = 0.008). Post-transplant gas 

exchange was significantly better during the 4-h reperfusion period in the PFCOC group (p = 0.01). 

Plasma IL-8 and IL-12 levels were significantly lower in the PFCOC group (p = 0.01, p = 0.03, 

respectively). ATP lung tissue levels at the end of the transplantation were higher and 

myeloperoxidase (MPO) levels in lung tissue were lower in the PFCOC group compared to the 

control group. In the PFCOC group, TEM showed better tissue preservation and cellular viability. 

Conclusion: PFCOC application is safe during EVLP in lungs preserved 24 h at 4 °C. Although this 
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strategy did not significantly affect the EVLP physiology, metabolic markers of the donor quality 

such as lactate production, glucose consumption, neutrophil infiltration and preservation of 

mitochondrial function were better in the PFCOC group. Following transplantation, PFCOC 

resulted in better graft function and TEM showed better tissue preservation, cellular viability and 

improved gas transport. 

Keywords: ex vivo lung perfusion; oxygen carrier; perfluorocarbon; lung transplantation 

 

1. Introduction 

Due to graft shortage, approximately 10–13% of lung transplant candidates die while on the 

waiting list every year [1–3] Additionally, there is a low lung utilization rate of 15–20% from eligible 

multiorgan donors [4]. This utilization rate is lower than in other solid organs such as liver and kidney 

because the donor lung is very susceptible to injury[5] The use of marginal donors [6], lobar 

transplantation [7], living-related donors [8], donation after cardiac death (DCD) donors [9,10] and 

ex vivo lung perfusion [11] are alternatives to alleviate donor shortage in lung transplantation.  

Ex vivo lung perfusion (EVLP) has become an alternative to conventional approaches for donor 

lung assessment, reconditioning, and preservation in clinical lung transplantation [12]. 

EVLP is a technology that allows the re-evaluation of questionable donor lung before 

implantation and it has the potential to repair injured donor lungs that are otherwise not suitable for 

transplantation [13–15].  

Normothermic ex vivo organ perfusion was reported as early as 1935 [16]. Steen et. al introduced 

the concept of ex vivo reperfusion as a method, not only to evaluate lungs before transplantation, but 

also to revitalize lungs of inferior quality outside the cadaver and to extend the cold ischemic time 

by intermittent warm reperfusion [17]. After extensive research in their lab, Steen et al. reported 

successful lung transplantation from uncontrolled DCD donors [18]. This case report encouraged 

many transplant research groups [19–27], including our lab in Zurich [28–35] to further investigate 

and improve the role of EVLP in the field of lung transplantation. 

The goal of developing oxygen (O2) carrying blood substitutes has evolved from replicating 

blood O2 transports properties to that of preserving microvascular and organ function, reducing the 

inherent or potential toxicity of the material used to carry O2, and treating pathologies initiated by 

anemia and hypoxia. Furthermore, the emphasis has shifted from blood replacement fluid to so-

called “O2 therapeutics” that restore tissue oxygenation to specific tissues regions [36,37]. 

Perfluorocarbons (PFCs) are chemically and biologically inert, and can dissolve large amounts of O2 

and other gases [36,38,39] with no possibility of chemical binding and interference from CO, NO and 

other reagents. Moreover, as O2 is released, carbon dioxide (CO2) is taken up. Oxygen dissolved in 

PFC is immediately available to tissues with a high extraction ratio [36,37]. In addition, several studies 

have suggested that systemic administration of PFC emulsion has anti-inflammatory effects [40–45]. 

In this study, we hypothesized that perfluorocarbon-based oxygen carrier, a novel 

reconditioning strategy instilled during EVLP would improve graft function. We tested our 

hypothesis in a pig left lung transplantation model. 

2. Materials and Methods 

We utilized perfluorocarbon-based oxygen carrier (PFCOC) during EVLP to recondition and 

improve lung graft function in a large animal model of EVLP and lung transplantation. 

All animals received humane care during the experiments in accordance with the updated “The 

Guide for the Care and Use of Laboratory Animals” (8th Edition, US National Research Council). The 

Canton of Zurich Veterinary Authorities approved the animal use protocol (ZH 150/16). 
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2.1. Study Groups 

(1) EVLP Only Groups 

(i) PFCOC: Lungs were retrieved and stored for 24 h at 4 °C. PFCOC emulsion was added to 

the EVLP circuit (N = 7). EVLP time was 6 h. 

(ii) Control: Lungs were retrieved and stored for 24 h at 4 °C. EVLP was performed without 

PFCOC (N = 6). EVLP time was 6 h. 

(2) Transplantation Groups 

(i) Control: Lungs were retrieved and stored for 24 h at 4 °C. EVLP was performed without 

PFCOC. The left lung was transplanted after 6 h of EVLP. Observation of the transplanted 

lung was 4 h (N = 5). 

(ii) PFCOC: Lungs were retrieved and stored for 24 h at 4 °C. PFCOC emulsion was added to 

the EVLP. The left lung was transplanted after 6 h of EVLP. Observation of the transplanted 

lung was 4 h (N = 4). 

(iii) Immediate Transplantation (Im-Tx): Following 4 h of cold ischemic storage, the left lung 

was transplanted. Observation of the transplanted lung was 4 h (N = 3). 

2.2. Lung Retrieval, EVLP, and Lung Transplantation Procedures 

Domestic female pigs (25–35 kg) were used for all study phases. Pig lungs were randomly 

assigned into study groups. Donor lungs retrieved using standard protocol and preserved at 4°C for 

24 h with Perfadex (XVIVO Perfusion, Göteborg, Sweden) followed by EVLP according to a previous 

report [34]. Lungs were perfused in EVLP system for 6 h according to the Toronto protocol [11]. 

In transplantation groups, the recipient operation was started after 5 h of EVLP. After 

thoracotomy, the right pulmonary artery and right main bronchus were encircled followed by a left 

pneumonectomy. Orthotopic left single lung transplantation was then performed and the recipients 

were observed for 4 h. 

2.3. Physiological Assessment During EVLP and after Transplantation 

The allograft function was assessed hourly during the 6 h EVLP and after reperfusion by means 

of pulmonary gas exchange, lung mechanics and vascular pressures. In the transplantation groups, 

at the end of 4 h of reperfusion, the allograft was challenged with a contralateral pulmonary artery 

occlusion for 5 min, followed by clamping of the right main bronchus for evaluation of the isolated 

allograft mechanics. 

2.4. Perfusate, Plasma, Bronchoalveolar Lavage (BAL), and Tissue Collection and Analyses 

Perfusate and plasma samples were collected hourly. The Epoc blood analysis system (Epocal, 

Inc., Ottawa, ON, Canada) was used to measure perfusate and blood gases and for clinical ions 

biochemistry. 

At the end of EVLP and transplantation, a bronchoalveolar lavage was performed with 20 mL 

of cold saline from the lower lobe segments of the right and left lungs, respectively. Approximately 

15 mL were recovered during each wash. The recovered wash fluid was subjected to cytological 

assessment at the hospital’s laboratories, using May–Grünwald–Giemsa stained cytological 

specimens and were subsequently processed as previously described for further analysis [30]. 

Similarly, lung tissue samples were also collected at the end of each procedure. 

2.5. Assessment of the Inflammatory Response 

The inflammatory response in perfusate, plasma, and BAL samples were profiled using a 13-

plex porcine cytokine/chemokine array (Porcine Cytokine Array/Chemokine Array 13-Plex Panel; 

Cat no: PD13, Eve Technologies, Alberta, Canada).  
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2.6. Myeloperoxidase Activity Measurement 

Lung tissues were collected and flash frozen in liquid nitrogen and then stored at –80°C. 

Powdered frozen lung tissue (25 mg) were homogenized in 0.5 mL of 0.5% trichloroacetic acid and 

centrifuged at 8000 rpm for 2 min at 4°C. The supernatant was isolated and 10× concentrated Tris-

acetate buffer was used to neutralize pH to 7.4 with a 10 mL of 0.002% xylenol blue used as the pH 

indicator. Myeloperoxidase (MPO) activity was measured using a kit (BioVision Inc cat K744-100) 

according to the manufacturer’s instructions, and the results were expressed in milliunits per 

milliliter. 

2.7. Estimate of Tissue ATP Content 

We used an ATP assay kit (Enliten, Promega, Madison, WI, USA) to enzymatically estimate the 

ATP concentration in the supernatant by measuring it in the luminescence channel of a Cytation 5 

plate reader (BioTek Instruments, Inc., Winooski, VT, USA). Lung tissues were collected and flash 

frozen in liquid nitrogen and then stored at −80 °C. Frozen lung tissues (25 mg) were homogenized 

in 0.5 mL of 0.5% trichloroacetic acid and centrifuged at 8000 rpm for 2 min at 4 °C. The supernatant 

was isolated and 10× concentrated Tris-acetate buffer was used to neutralize the pH to 7.4 with 10 

mL of 0.002% xylenol blue used as the pH indicator. A microBCA protein assay kit was used with 

bovine serum albumin as standard to determine protein concentration in the supernatant of each 

sample tested according to the manufacturer’s instructions (Thermo Scientific, Rockford, IL, USA). 

2.8. Flavin Mononucleotide Measurement 

The microplate was analyzed by fluorescence spectroscopy. A monochrome light with an 

excitation wavelength of 485 nm was used and the fluorescence with a wavelength of 528 nm emitted 

by the FMN was recorded with 100% gain. The fluorescence readings in the artificial unit (AU) were 

displayed in an Excel spreadsheet produced by the spectrometer. This experiment was performed 3 

times [46]. 

2.9. Radiologic Assessment of the Lungs 

At the end of EVLP a radiologist evaluated the lung X-rays in a blinded fashion as previously 

described [33]. 

2.10. Histological Assessment of the Lungs 

Tissue samples taken at the end of EVLP and transplantation were stained with hematoxylin 

and eosin and blindly assessed by two veterinary pathologists for any pathological changes. The most 

prominent features observed in the transplanted lungs were used to develop a scoring system which 

was as follows: (A) Evidence of neutrophil recruitment into the lungs, represented by the presence of 

neutrophils within vessels (1: moderate numbers, 2: high numbers, 3: vessels packed with 

neutrophils); (B) Evidence of neutrophil emigration into the tissue (1: neutrophil rolling along 

vascular endothelial cells, 2: neutrophils within vessel walls, 3: neutrophils immediately outside 

vessels); and (C) Evidence of neutrophils within the tissue, represented by the presence of individual 

neutrophils within alveolar lumen (1: in rare alveoli, 2: in occasional alveoli, 3: in numerous alveoli). 

2.11. Transmission Electron Microscopy (TEM) 

Transmission electron tissue samples were fixed in 2.5% glutaraldehyde (EMS) buffered in 0.1 

M Na-P-buffer overnight, washed ×3 in 0.1 M buffer, post-fixed in 1% osmium tetroxide (Sigma-

Aldrich) and dehydrated in ascending concentrations of ethanol followed by propylene oxide and 

infiltration in 30% and 50% Epon (Sigma-Aldrich). 

At least three 0.9 μm toluidine blue stained semithin sections per localization were produced. 

Representative areas were trimmed and 90 nm lead citrate (Merck) and uranyl acetate (Merck) 

contrasted ultrathin sections were produced and subsequently viewed under Phillips CM10, 
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operating with a Gatan Orius Sc1000 (832) digital camera, Gatan Microscopical Suite, Digital 

Micrograph, Version 230.540. 

2.12. Preparation of PFCOC Emulsion 

Perfluorooctylbromide (PFOB) was distilled twice and detoxified on an alumina column, 

followed by filtration on a 0.22 μm Millipore filter prior to use. Egg yolk phospholipids were used as 

the main emulsifier (4.5% weight/volume). The advanced PFOB nanoemulsion (90% PFOB 

weight/volume) was stabilized using the fluorocarbon/hydrocarbon diblock C6F13C10H21 (F6H10) 

(2.8% weight/volume). FnHm diblocks help to (i) control the emulsion droplets’ mean diameter, (ii) 

strongly stabilize the emulsion (no significant difference in droplet size was detected after one year 

at 25 °C), and (iii) provide well-tolerated emulsions that were demonstrated to be efficient [47–50]. 

The emulsion batches were prepared by high-pressure emulsification (Microfluidizer, under 

nitrogen) and heat-sterilized (121 °C, 103 kPa, 15 min). The droplet mean diameter was ~0.15 μm with 

a narrow size distribution (~25%) after heat sterilization. Osmolality and pH were adjusted at 304 

mOsm and 7.1, respectively. Viscosity was 5 cP (extrapolated at zero shear rate) at 25 °C. The PFOB 

emulsion is stable for more than two years at room temperature. Compatibility with the Steen 

solution was verified. No effects on nanodroplet size and size distribution were observed over a 

period of 30 days in 10% and 30% dilutions in this medium. 

2.13. Timing and Dosage of PFCOC 

When we reached perfusion temperature of 37 °C, PFCOC nanoemulsion (0.1 g/kg of FBOB) was 

injected into the EVLP circuits in a final volume of 20 mL Steen solution via the pulmonary artery 

line. 

3. Statistical Analysis 

Statistical analyses were performed with PRISM 8 software (GraphPad Software, Inc., La Jolla, 

CA). All results are expressed as mean ± standard deviation (SD). The Mann–Whitney test was 

utilized where data were non-continuous. Two-way analysis of variance (ANOVA) for repeated 

measures was utilized where such data contained a time component. In the transplantation groups, 

the immediate transplantation (Im-Tx) group was not compared with the other two groups. 

Differences are considered significant when the p-value is less than 0.05. 

4. Results 

4.1. EVLP Only Groups 

Donor Characteristics 

Donor body weight (control 29.80 ± 3.63 kg versus PFCOC 30.29 ± 4.07 kg), donor PaO2/FiO2 ratio 

(control 65.8 ± 3.7 kPa versus PFCOC 60.7 ± 5.6 kPa), donor lung compliance (control 23.22 ± 2.51 

mL/mbar versus PFCOC 24.56 ± 4.64 mL/mbar) and cold ischemic time (control 24.19 ± 0.24 h versus 

PFCOC 24.07 ± 0.11 h) did not differ significantly between the two groups. Only perfusate 

consumption was significantly lower in the PFCOC group (control 538.3 ± 146.2 mL versus PFCOC 

365 ± 97 mL) (p = 0.0455). 

Lung physiology and metabolism were monitored during the 6 h EVLP period. Delta PO2 

(control 36.48 ± 3.84 kPa versus PFCOC 44.13 ± 6.65 kPa) (p = 0.188), pulmonary vascular resistance 

(control 9.95 ± 1.91 Wood units versus PFCOC 9.42 ± 1.65 Wood units) (p = 0.7) and lung compliance 

(control 15.9 ± 1.65 mL/mbar versus PFCOC 15.29 ± 2.93 mL/mbar) (p = 0.8) were comparable in the 

two experimental groups. 

Perfusate electrolytes, including potassium and sodium were gradually increased in both groups 

throughout the EVLP. However, potassium ion concentrations tended to be lower in the PFCOC 
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group than in the control group (control 4.70 ± 0.25 mmol/L versus PFCOC 4.45 ± 0.13 mmol/L) (p = 

0.18). 

Perfusate glucose levels were constantly decreased in both groups (control 145.2 ± 17.66 mg/dL 

versus PFCOC 148.4 ± 17.49 mg/dL) (p = 0.52). Furthermore, lactate levels also increased gradually in 

both groups throughout the perfusion. However, lactate levels tended to decrease in the PFCOC 

group compared to the control group, without statistical significance (control 4.89 ± 2.53 mmol/L 

versus PFCOC 4.23 ± 2.26 mmol/L) (p = 0.12). 

In bronchoalveolar lavage (BAL) cell count and differential count at the end of 6 h EVLP, we 

observed a trend towards a reduction in the total cell count (control 1152 ± 609 cells/uL versus PFCOC 

657 ± 454 cells/uL, p = 0.18) and macrophages (control 80.75 ± 9.5% versus PFCOC 78.64 ± 9.5%, p = 

0.55) but there were more neutrophils (control 2.5 ± 1.8% versus PFCOC 3.78 ± 2.9%, p = 0.41) and 

lymphocytes (control 10.33 ± 7.49% versus PFCOC 17.29 ± 8.45%, p = 0.21) in the PFCOC group. 

ATP lung tissue levels tended to be higher in the PFCOC group compared to the control group. 

However, the difference was not statistically significant (control 844.9 ± 1694 nmol/mg protein versus 

PFCOC 1415 ± 1125 nmol/mg protein) (p = 0.12). 

Myeloperoxidase (MPO) activity in lung tissue at the end of 6 h EVLP was lower in the PFCOC 

group (3.55 ± 2.4 mU/mL) compared to the control group (7.49 ± 2.4 mU/mL) without reaching 

statistical significance (p = 0.12). 

Radiologic assessment score revealed significantly more lung infiltrates in the control group 

than in the PFCOC group at the end of EVLP (control 5.83 ± 2.22 versus PFCOC 3.85 ± 1.46) (p = 

0.0495) (Figure 1). 

 

Figure 1. Radiologic assessment score. Control group showed more infiltrates than PFCOC group at 

the end of 6 h ex vivo lung perfusion (EVLP). The Mann–Whitney test was utilized. Control: control 

group, PFCOC: perfluorocarbon-based oxygen carrier group. 

4.2. Results for Transplantation Groups 

Donor characteristics including donor body weight (control 29.80 ± 3.63 kg versus PFCOC 31.5 

± 4.65 kg), donor PaO2/FiO2 ratio (control 65.89 ± 3.41 kPa versus PFCOC 60 ± 6.68 kPa), donor lung 

compliance (control 23.66 ± 2.53 mL/mbar versus PFCOC 24.85 ± 4.75 mL/mbar), cold ischemic time 

(control 24.13 ± 0.21 h versus PFCOC 24.1 ± 0.14 h) and perfusate consumption did not differ 

significantly between the groups (control 536 ± 163.3 mL versus PFCOC 351.3 ± 104.9 mL) (p = 0.127). 

Lung physiology and metabolism were monitored during the 6 h EVLP period. 
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Delta PO2 (control 35.29 ± 3.38 kPa versus PFCOC 48.49 ± 7.63 kPa) (p = 0.1), lung dynamic 

compliance (control 16.37 ± 1.82 mL/mbar versus PFCOC 15.25 ± 4.21 mL/mbar) (p = 0.7), and 

pulmonary vascular resistance (control 9.93 ± 1.73 Wood units versus PFCOC 9.60 ± 1.91 Wood units) 

(p = 0.8) were comparable between groups (Figure 2). 

 

Figure 2. Lung physiology and metabolism were monitored during the 6 h EVLP period. Two-way 

analysis of variance (ANOVA) was used for repeated measures. Control: control group, PFCOC: 

perfluorocarbon-based oxygen carrier group. 

Perfusate electrolytes, including potassium and sodium increased gradually in both groups 

throughout the EVLP. However, potassium ion concentrations tended to be lower in the PFCOC 

group than in the control group (control 4.70 ± 0.25 mmol/L versus PFCOC 4.32 ± 0.08 mmol/L) (p = 

0.17). 

Perfusate glucose levels were constantly decreased in both groups (control 144.5 ± 18.12 mg/dL 

versus PFCOC 149.7 ± 16.21 mg/dL) (p = 0.3). Furthermore, lactate levels also increased gradually in 

both groups throughout the perfusions. However, lactate levels were significantly lower in the 

PFCOC group (control 4.91 ± 2.55 mmol/L versus PFCOC 3.73 ± 2.07 mmol/L) (p = 0.0249) (Figure 3). 
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Figure 3. Perfusate electrolytes, glucose and lactate levels in both groups throughout the EVLP. Two-

way analysis of variance (ANOVA) for repeated measures. Control: control group, PFCOC: 

perfluorocarbon-based oxygen carrier group. 

In BAL, we observed a trend towards fewer total cells (control 1152 ± 681 cells/uL versus PFCOC 

410 ± 225 cells/uL, p = 0.11) and macrophages (control 81.3 ± 10.24% versus PFCOC 76.75 ± 9.77%, p = 

0.46) but there were more neutrophils (control 2.5 ± 2% versus PFCOC 4.62 ± 3.6%, p = 0.25) and 

lymphocytes (control 9.4 ± 7.98% versus PFCOC 18.13 ± 6.68%, p = 0.16) in the PFCOC group. 

Perfusate cytokine levels are shown in Table 1. 

Table 1. Perfusate cytokine levels at the end of 6 h EVLP. 

Cytokine Control PFCOC  p Value  

TNFα 335.1 ± 335.2 161.6 ± 76.9 0.6667 

IL1-α 68 ± 46.8 28 ± 20.9 0.2857 

IL1-β 982 ± 777.1 599.6 ± 345.1 0.5556 

IL1-Ra 944.7 ± 384.3 703 ± 461.3 0.7302 

IL-2 1224.9 ± 922.7 1439 ± 466.4 0.7302 

IL-4 6108.8 ± 5479.9 6657.6 ± 2611 0.9999 

IL-6 3612.3 ± 1786.4 3680.2 ± 910.4 0.9999 

IL-8 33901.1 ± 10995.8 38632.6 ± 15126 0.7302 

IL-10 871.4 ± 796.4 935.6 ± 376.8 0.5556 

IL-12 438.6 ± 130.9 346.4 ± 72.8 0.2857 

IL-18 10845.1 ± 3782.1 10142.8 ± 4613 0.7302 

Values are given as mean ± standard deviation. 

Hemodynamic and physiologic parameters during the 4 h of reperfusion are shown in Figure 4. 

The control group had worse mean arterial pressure during the reperfusion period compared to the 

treated group (control 52.83 ± 7.68 mmHg versus PFCOC 61.54 ± 11.88 mmHg) (p = 0.035). The 
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systemic arterial gas exchange (control 61.03 ± 4.57 kPa versus PFCOC 65.89 ± 9.08 kPa), allograft 

pulmonary graft venous oxygen concentration (control 55.06 ± 1.59 kPa versus PFCOC 73.72 ± 4.45 

kPa), and dynamic compliance (control 19.54 ± 3.05 mL/mbar versus PFCOC 22.89 ± 2.04 mL/mbar) 

were comparable between the control and treated group. 

 

Figure 4. Hemodynamic and physiologic parameters during the 4 h of reperfusion. Im-Tx: Immediate 

transplantation group. Two-way analysis of variance (ANOVA) for repeated measures. Control: 

control group, PFCOC: perfluorocarbon-based oxygen carrier group. 

At the end of the transplantation, following clamping of the right pulmonary artery, gas 

exchange was significantly higher in PFCOC group compared to the control (control 36.96 ± 16.95 

kPa versus PFCOC 68.91 ± 3.59 kPa) (p = 0.0159) (Figure 5). When we clamped the right main 

bronchus, the compliance was similar in the two groups (control 7.74 ± 3.24 mL/mbar versus PFCOC 

10.75 ± 3.6 mL/mbar) (p = 0.2) (Figure 5). 
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Figure 5. Graft function at the end of the 4 h reperfusion period. The Mann–Whitney test was used. 

Control: control group, PFCOC: perfluorocarbon-based oxygen carrier group. Im-Tx: Immediate 

transplantation group. The Im-Tx group was not included in the statistical analysis. 

Table 2 shows the plasma cytokine levels at the end of reperfusion. Plasma IL-8 and IL-12 levels 

were significantly lower in the PFCOC group compared to the control (p = 0.01, and p = 0.03, 

respectively). 

BAL IL-1α (control 20.6 ± 13.1 pg/mL versus PFCOC 9.1 ± 16.6 pg/mL, p = 0.11), IL-1β (control 

583.5 ± 563.1 pg/mL versus PFCOC 104.8 ± 91.23 pg/mL, p = 0.06), IL-1Ra (control 3057 ± 2896 pg/mL 

versus PFCOC 439.4 ± 289.8 pg/mL, p = 0.11), and IL-12 (control 159.1 ± 107 pg/mL versus PFCOC 

102.6 ± 83.21 pg/mL, p = 0.7) were markedly reduced in the PFCOC group compared to the control 

(Table 3). 

Table 2. Plasma cytokine levels at the end of 4 h reperfusion after transplantation. 

 Control PFCOC p Value  

IFNγ 1605.3 ± 264.4 1602.6 ± 509.7 0.9048 

TNFα 72.4 ± 53.1 23.8 ± 9.9 0.44 

IL1-β 355.8 ± 244 261.9 ± 136 0.7302 

IL1-Ra 12.1 ± 20.8 8.7 ± 10.9 0.9762 

IL-4 12.1 ± 20.8 221.5 ± 284.4 0.9048 

IL-6 331.3 ± 55 334.2 ± 143 0.7302 

IL-8 477.2 ± 892 3.3 ± 3.9 0.0159 

IL-10 226.5 ± 283.2 160.3 ± 137.1 0.7302 

IL-12 1116.3 ± 116.5 916.3 ± 105.9 0.0317 

IL-18 524 ± 498.9 572 ± 317.1 0.7302 

Values are given as mean ± standard deviation. 
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Table 3. Bronchoalveolar lavage (BAL) cytokine levels at the end of 4 h reperfusion after 

transplantation. 

 Control PFCOC  p Value 

IL1-α 20.6 ± 10 9.1 ± 16.6 0.1111 

IL1-β 583.5 ± 563.1 104.8 ± 91.2 0.0653 

IL1-Ra 3057 ± 2896 439.4 ± 289.8 0.1111 

IL-2 29.7 ± 26.7 529.6 ± 779.4 0.0635 

IL-4 73.5 ± 92.9 2269 ± 1909 0.7302 

IL-6 601.5 ± 123 931.2 ± 194.7 0.0317 

IL-8 3064 ± 2160 3118 ± 3526 0.5556 

IL-10 24 ± 25.3 248.6 ± 419.8 0.5556 

IL-12 159.1 ± 107.1 102.6 ± 83.2 0.7302 

IL-18 272.2 ± 96 2282 ± 2687 0.1905 

Values are given as mean ± standard deviation. 

ATP lung tissue levels at the end of the transplantation (after 4 h of reperfusion) were 

numerically higher in the PFCOC group compared to the control group (control 716 ± 823.7 nmol/mg 

protein versus PFCOC 1300 ± 1344 nmol/mg protein, p = 0.5). 

MPO levels in lung tissue after 4 h reperfusion in the transplant groups tended to be lower in 

the PFCOC group (4.89 ± 2.5 mU/mL) compared to the control group (9.03 ± 2.8 mU/mL, p = 0.19). In 

the immediate transplant group MPO lung tissue levels were 0.01 ± 0.01 mU/mL. 

The level of flavin mononucleotide (FMN) in the EVLP perfusate was significantly higher in the 

control group compared to PFCOC group: time 0 (baseline): 5489 ± 607 versus 5327 ± 458; EVLP 1 h: 

5309 ± 247 versus 4881 ± 412; EVLP 2 h: 5805 ± 326 versus 5282 ± 570; and EVLP 3 h: 6227 ± 221 versus 

5827 ± 351 (p = 0.0089), respectively (Figure 6). 

 

Figure 6. The flavin mononucleotide fluorescence readings of the perfusate taken hourly during EVLP 

is significantly higher in the control group compared to PFCOC group. Two-way analysis of variance 

(ANOVA) for repeated measures. Control: control group, PFCOC: perfluorocarbon-based oxygen 

carrier group. 

4.3. Histology of the Transplantation Groups 

The control group exhibited a mild early inflammatory reaction with activated endothelium and 

intravascular neutrophils. There was definite evidence of neutrophil emigration, which showed 

intense alveolar damage (Table 4, Figure 7). 
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Table 4. Histologic score for inflammatory process observed after lung transplantation. 

Group NL in Vessels NL Emigration NL in Alveoli Total Score Average Score 

CONT 1 1 1 3  

CONT 1.5 1 1 3.5  

CONT 2 2 3 7 5.2 

CONT 1 1 1.5 3.5  

CONT 3 3 3 9  

PFCOC 1 1 0.5 2.5  

PFCOC 2 1.5 0 3.5 2.8 

PFCOC 1 1.5 0 2.5  

PFCOC 1.5 1.5 0 3  

 

Figure 7. (A–H) Histology of the control group at the end of 4 h reperfusion showed that there was 

moderate to severe multifocal alveolar damage with desquamated alveolar macrophages/type II 

pneumocytes in the alveolar lumen, also admixed with occasional neutrophils ((A–C): HE Staining). 

Occasional apoptotic/karyorrhectic cells are observed, especially interstitial macrophages ((D–F): HE 

staining). Alveolar septa are occasionally expanded by intracapillary leukocytes (G); ionized calcium 

binding adaptor molecule 1 (Iba-1) staining, (H): CD31 staining). 

With regard to the histology of the PFCOC group, light microscopy of alveolar septa showed 

only a few apoptotic/karyorrhectic pneumocytes. The number of macrophages in the septa was not 

significant (Figure 8A). Blood vessels showed a small number of neutrophils in the lumen and 

activated endothelial cells (Figure 8B). There were also a few emigrated neutrophils. . In TEM 

sections, the normal pig lung showed no evidence of inflammatory changes (Figure 9A,B). 

Endothelial cells and to a lesser extent type I pneumocytes exhibited pinocytic vesicles. TEM images 

of the treated (PFCOC) group showed very good coverage of vital alveolar lining cells, prominent 

type II pneumocytes, moderate numbers of pulmonary intravascular macrophages, and a low 

number of intracapillary RBCs and neutrophils (Figure 10A,B). Vesiculation of capillary endothelial 
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cells and type I pneumocytes was obvious. We interpreted this as prominent gas exchange (Figure 10 

C,D). 

 

Figure 8. (A,B) Light microscopy of alveolar septa showed only a few apoptotic/karyorrhectic 

pneumocytes. The number of macrophages in the septa was not significant (A). Blood vessels showed 

a small number of neutrophils in the lumen and activated endothelial cells (B) (HE staining). 

 

Figure 9. (A,B) TEM of normal pig lung. Normal pig lung represents the lung tissue that was taken 

during the pneumonectomy of the recipient left lung. Pulmonary intravascular macrophages and 

intracapillary RBCs are present, the pneumocyte coverage appears adequate. There is no evidence of 

degenerative or other, i.e., inflammatory changes. Endothelial cells and to a lesser extent type I 

pneumocytes exhibit pinocytic vesicles. This sample is an example of normal structure with unaltered 

cells in the pig lung. There is evidence of gas exchange (more on the endothelial side). (A) Mildly 

dilated capillary with single rbc, and (B) close-up view of the white rectangle in (A) showing the 

endothelial pinocytic vesicles (arrows). Pn I: Pneumocyte type I, pn II: Pneumocyte type II, bm: basal 

membrane, rbc. Red blood cell, en: endothelial. 
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Figure 10. TEM images of the treated (PFCOC) group. (A,B) Very good coverage of vital alveolar 

lining cells, prominent type II pneumocytes, moderate numbers of pulmonary intravascular 

macrophages (PIMs), and a low number of intracapillary RBCs and neutrophils were observed. There 

were frequent endothelial pinocytic vesicles that indicated activation and intense transmembranous 

transport. Vesiculation was also seen in type I pneumocytes. Vesiculation of capillary endothelial cells 

and type I pneumocytes was obvious. This is interpreted as prominent gas exchange (*): intracapillary 

leukocyte. (C,D) There was distinct vesiculation of capillary endothelial cells, and to a lesser extent, 

vesiculation was also seen in type I pneumocytes. This was evidence of transmembranous 

transport/gas exchange. It appeared to be attributable to PFOB treatment, since otherwise endothelial 

cell vesiculation was only seen in normal lung as shown in Figure 9A,B. 

5. Discussion and Conclusions 

 In this experimental study, we tested the protective effect of PFCOC emulsion given during 

EVLP. We observed that metabolic markers of donor quality such as lactate production, glucose 

consumption and preservation of mitochondrial function were better in the PFCOC group. 

Following transplantation, the PFCOC group demonstrated better graft function and TEM 

showed better tissue preservation and cellular viability. 

 As the number of available organs is less than the number of the patients on the waiting list, the 

transplant community continues to search for alternatives to increase the number of available 

lung donors. These include extended criteria donors, DCD or utilizing EVLP for assessment of 

questionable lungs prior to implantation. A successful transplantation begins with the optimal 

preservation of the organ. In lung transplantation, the current standard is the infusion of cold 

organ preservation solution followed by cold static storage. In cold static storage, the metabolism 

is decreased, however, energy consumption continues and the hypoxic state activates anaerobic 

pathways, which results in cell death [51]. 

 Perfluorocarbons (PFCs) are a class of chemicals that are essentially composed of carbon and 

fluorine atoms [36,38,39,52]. The fluorine atoms contribute to their high chemical and thermal 

stability [52]. Two essential features of the PFC are their unique gas-dissolving capacity and their 

exceptional chemical and biological “inertness” [52]. Their gas-dissolving capacity is a 
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consequence of the weakness of the intermolecular forces that prevail in liquid fluorocarbons, 

which facilitate the formation of “holes” that can accommodate gas molecules within the liquid. 

On the other hand, their inertness reflects the strength of the intramolecular chemical bonds 

[36,38,39,52]. 

PFC-based emulsions have the capacity to dissolve large concentrations of oxygen, they can be 

produced with small particle sizes, and they are low-viscosity suspensions [53–56]. The capacity of 

PFC liquids to support the life of rats submerged in PFC liquids was shown by Clark and Gollan in 

1966 [57]. Oxygen solubility is typically 40–60 mL of gas dissolved per 100 mL of PFCs whereas that 

for carbon dioxide can be up to three times higher [58]. PFCs are hydrophobic and an emulsified form 

is necessary for intravenous use. It is currently feasible to produce stable PFC emulsions with 

particles of median diameter < 0.2 μm [59]. Most PFC emulsions have average diameters of 0.2 μm 

compared with 5–7 μm for erythrocytes, and particles of this size can access spaces between red blood 

cells and vessel walls and perfuse even constricted micro vessels [60]. 

The anti-inflammatory effects of PFCs either by direct modulation of inflammatory cell function 

or attenuation of the production of inflammatory mediators have been reported [40–44]. In our 

experiments, we also observed an anti-inflammatory effect. At the end of 6 h EVLP, perfusate pro-

inflammatory cytokines such as IL-1α, IL-1β, TNF-α and IL-1Ra were lower in the PCOC group. At 

the end of transplantation, plasma proinflammatory cytokines such as IL-8 and IL-12 were 

significantly lower the PFCOC group. In addition, although not reaching to statistical significance 

TNF-α, IL-6, IL-1α, IL_1Ra and IL-1β were lower in the PFCOC group. 

Chu et al. used an isolated rat lung perfusion model to demonstrate the beneficial effects of 

systemic PFC administration on ischemia reperfusion injury 40. This effect was explained by the 

inhibition of NF-kB activity, inflammatory reactions and neutrophil infiltration into the lung tissue 

[40]. Systemic administration of PFC reduced phorbol myristate acetate-induced acute lung injury 

[61]. In isolated and perfused rat lung model, Fluorinert (FC-77), a perfluorocarbon compound, 

attenuated the lung injury in a dose-dependent manner. The mechanism is thought to be due to 

decreasing the inflammatory response activated by neutrophils [61]. Schroeder et al. demonstrated 

that PFCs increase spinal cord oxygen delivery which offers promise for decreasing ischemic injury 

[62]. The small size of PFC emulsion particles gives them the ability to deliver oxygen to tissue beds 

that are unreachable for erythrocytes [63]. In rat model of traumatic brain injury, Mullah et al. 

demonstrated an increase in brain tissue oxygen tension in the group treated with PFC compared to 

a control group [63]. PFCs reduced infarct size in mice and rabbit models of myocardial ischemia [64–

66]. PFC improved tissue oxygenation in canine models [67,68] and reversed physiologic transfusion 

triggers in surgical patients [69]. A PFOB nanoemulsion improved myocardial oxygenation and 

cardiac function in the isolated working rabbit heart [70]. Administration of a PFC emulsion reduced 

infarct size and improved functional recovery after acute ischemic stroke in the rat [71]. Resuscitation 

of mice from hemorrhagic shock with a PFOB emulsion was comparable to that achieved with whole 

blood [72]. Acute lung injury in rats was relieved upon intravenous administration of a PFOB 

nanoemulsion [73]. A PFOB nanoemulsion improved the survival of rats after liver transplantation 

[74]. 

In a phase 3 study, PFC decreased allogeneic erythrocyte transfusions in major non-cardiac 

surgical procedures associated with significant blood loss [69,75]. In experimental hemorrhagic 

shock, perflubron emulsion restored hepatic microcirculatory flow and oxygenation while 

supporting blood pressure [76,77]. 

As PFCs are not metabolized, but excreted unchanged via the lungs, their potential for 

cytotoxicity is thought to be limited [78]. There is no antigenicity. However, because PFCs are taken 

up avidly by the reticuloendothelial system, they increase liver enzymes and can result in 

hepatosplenomegaly when the droplet size is too large [36,79]. Because of the extensive uptake in the 

reticuloendothelial system and impairment of neutrophil function, they may interfere with host-

defense mechanisms. Monocyte and macrophage activation may lead to release of prostaglandins, 

endoperoxides, and cytokines, which probably accounts for symptoms such as flushing, backache, 

fever, chills, headaches, and nausea observed in clinical trials [78]. Platelet count decreases by as 
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much as 40% because of increased platelet clearance from PFC-induced modification of platelet 

surfaces [80]. Perflubron emulsion attenuated simulated extracorporeal circulation-induced 

neutrophil activation as evidenced by the reduction in adhesion to nylon fiber columns [81]. 

In our study, the control group exhibited mild early inflammatory reaction (activated 

endothelium and intravascular neutrophils) and evidence of neutrophil emigration (Table 4). Lower 

MPO levels, a marker of neutrophil infiltration, and low plasma IL-8 levels also supported reduced 

neutrophil activation in the PFCOC group. During 6 h of EVLP and at the end of transplantation, we 

had comparable IL-6 levels in the perfusate and in the plasma. This could be the effect of PFCOC in 

the perfusate and its somewhat protective effect on the endothelial cells. However, only in the BAL 

at the end of transplantation IL-6 levels were higher in the treated group compared to control. We 

may speculate that alveolar cells might react differently to secrete IL-6 in response to inflammation. 

Intravenous infusion of perfluorocarbon, did not cause additional vasoconstriction in cerebral 

pial arterioles or increase systemic blood pressure compared with saline and colloid in healthy 

anesthetized rat cranial window method [82]. This is an important observation. In our study, 

pulmonary vascular resistance during EVLP was comparable between the two groups, which 

supports the observation made by Abutarboush et al. [82]. 

Use of PFCOC emulsion prevented the adhesion of established pancreatic beta cell lines and the 

oxygen-carrying capacity of PFCOC emulsion may also help to prevent the period of hypoxia 

exposure, which is known to contribute to the failure of post-transplant survival [83]. Glucose is the 

major source of energy for the cells for special tasks such as protein synthesis, nucleic acid replication 

and other intracellular processes [84]. Glycolysis is defined as the anaerobic process of ATP 

production [84]. Lactate is the end product of the glycolysis. Lactate inhibits glycolysis and can affect 

the lung viability by reducing glucose availability [85]. In a pig model, high glucose consumption 

showed impaired lung function and edema [86]. Koike et al. showed that lactate production and 

washout is a continuous process, and lactate/pyruvate (L/P) and glucose levels could be indicators 

for poor prognosis [87]. However, this group was not able to find any correlation between L/P ratio 

and lung transplant outcome in their clinical lung transplant program [88]. Global tissue hypoxia is 

the main cause of excess lactate production and mostly due to hypoperfusion [84]. 

In accordance to the above-mentioned experimental and clinical observations in our study, 

perfusate glucose levels decreased constantly in both groups, but the control group showed a trend 

toward more glucose than the PFCOC group. In addition, lactate levels also increased gradually in 

both groups throughout the perfusion. However, lactate levels were lower in the PFCOC group 

compared to the control group. 

Flavin mononucleotide (FMN) is a small molecule bound to the mitochondrial complex I [89]. 

The loss of FMN results in a decline in complex I activity, and thus, mitochondrial dysfunction [90]. 

FMN release is reported to be a marker for ischemia reperfusion injury in hypothermic or 

normothermic oxygenated perfusion solution [46,91]. FMN levels in the acellular perfusate after 30 

min of hypothermic perfusion was predictive of 90-day graft loss [91]. In our PFCOC group, the FMN 

release was lower compared to the control, which indicates less mitochondrial damage. In a clinical 

pilot study, lungs did not release much FMN during normothermic machine perfusion compared to 

liver and kidneys [46]. It seems that in the future, FMN could be a real-time marker for graft 

acceptance during machine perfusion. 

In our study, following lung transplantation, the lungs principally exhibited the same 

morphological features. There was some degeneration and cell death, and we observed the presence 

of intracapillary macrophages (pulmonary resident macrophages, i.e., pulmonary intravascular 

macrophages) and macrophages that form small clusters in the interstitial space. 

The immediate transplant group had a higher number of macrophages in the alveolar septa 

compared to the control and treated groups, which might be a consequence of EVLP flushing. The 

macrophages were shown to proliferate. These features are also seen in EVLP groups only. 

Transplantation is associated with an acute inflammatory reaction, represented by endothelial cell 

activation, neutrophil rolling and emigration. The extent of this inflammatory response appears to be 
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lowest in the immediate transplantation group. However, there was a tendency for a less intense 

inflammatory reaction in PFCOC group. 

TEM showed another interesting feature, that is, there was distinct vesiculation of capillary 

endothelial cells and to a lesser extent, vesiculation in type I pneumocytes in the PFCOC group. We 

interpreted this finding as evidence of trans-membranous transport or gas exchange. It appears to be 

attributable to PFCOC treatment, since otherwise endothelial cell vesiculation was only seen in 

normal lung and in the treated group. 

In conclusion, perfluorocarbon-based oxygen carrier (PFCOC) application is safe during EVLP 

in lungs preserved 24 h at 4 C. Although this strategy did not significantly affect the EVLP 

physiology, metabolic markers of donor quality such as lactate production, glucose consumption and 

preservation of mitochondrial function were better in the treatment group. Inflammation was lower 

in the treatment group. Moreover, perfusate enrichment improves electrolyte imbalance to a certain 

degree during EVLP. Following transplantation, PFCOC provided better graft function and TEM 

showed better tissue preservation and cellular viability compared to controls. 

Author Contributions: I.I. (Ilhan Inci): designed the study, performed the experiments, wrote and edited the 

paper, S.A.: performed the experiments, data collection, data interpretation, I.I. (Ilker Iskender): Performed the 

experiments, N.C.: performed the experiments, J.M.R.: lung histology, M.W.: performed the anesthesia during 

experiments, I.O.: edited the paper, W.W.: edited the paper, T.F.: Radiological assessment, M.P.K.: Edited the 

paper, D.R.S.: Edited the paper. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding and The APC was funded by Swiss Lung Foundation.  

Acknowledgments: This study was supported by the Swiss National Science Foundation (SNSF) 

(32003B_173291/1). The authors are grateful to Udo Hetzel who performed all the ultrastructural examinations 

and provided the interpretations, Anja Kipar from the Institute of Veterinary Pathology, Vetsuisse Faculty, 

University of Zurich for histologic assessment; Stefan Fehlings, perfusionist, Department of Cardiac Surgery, 

Zurich University Hospital for preparing and taking care of the EVLP system; and Philipp Dutkowski and 

Matteo Müller for their assistance with the FMN measurements. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Weill, D. Access to Lung Transplantation. The Long and Short of It. Am. J. Respir. Crit. Care Med. 2016, 193, 

605–606, doi:10.1164/rccm.201511-2257ED. 

2. Valapour, M.; Skeans, M.A.; Heubner, B.M.; Smith, J.M.; Hertz, M.I.; Edwards, L.B.; Cherikh, W.S.; 

Callahan, E.R.; Snyder, J.J.; Israni, A.K.; et al. OPTN/SRTR 2013 Annual Data Report: Lung. Arab. Archaeol. 

Epigr. 2015, 15, 1–28, doi:10.1111/ajt.13200. 

3. Yusen, R.D.; Shearon, T.H.; Qian, Y.; Kotloff, R.; Barr, M.L.; Sweet, S.; Dyke, D.B.; Murray, S. Lung 

Transplantation in the United States, 1999–2008. Arab. Archaeol. Epigr. 2010, 10, 1047–1068, 

doi:10.1111/j.1600-6143.2010.03055.x. 

4. Charles, E.J.; Huerter, M.E.; Wagner, C.E.; Sharma, A.K.; Zhao, Y.; Stoler, M.H.; Mehaffey, J.H.; Isbell, J.M.; 

Lau, C.L.; Tribble, C.G.; et al. Donation After Circulatory Death Lungs Transplantable Up to Six Hours 

After Ex Vivo Lung Perfusion. Ann. Thorac. Surg. 2016, 102, 1845–1853, doi:10.1016/j.athoracsur.2016.06.043. 

5. Van Raemdonck, D.E.; Rega, F.R.; Neyrinck, A.P.; Jannis, N.; Verleden, G.M.; Lerut, T.E. Non-heart-beating 

donors. Semin. Thorac. Cardiovasc. Surg. 2004, 16, 309–321, doi:10.1053/j.semtcvs.2004.09.014. 

6. Pierre, A.F.; Sekine, Y.; Hutcheon, M.A.; Waddell, T.K.; Keshavjee, S. Marginal donor lungs: A 

reassessment. J. Thorac. Cardiovasc. Surg. 2002, 123, 421–428, doi:10.1067/mtc.2002.120345. 

7. Artemiou, O.; Bîrsan, T.; Taghavi, S.; Eichler, I.; Wisser, W.; Wolner, E.; Klepetko, W. Bilateral lobar 

transplantation with the split lung technique. J. Thorac. Cardiovasc. Surg. 1999, 118, 369–370, 

doi:10.1016/s0022-5223(99)70230-8. 

8. Cohen, M.R.G.; Starnes, M.V.A. Living Donor Lung Transplantation. World J. Surg. 2001, 25, 244–250, 

doi:10.1007/s002680020025. 

9. Van Raemdonck, D.; Keshavjee, S.; Levvey, B.; Cherikh, W.S.; Snell, G.; Erasmus, M.; Simon, A.; Glanville, 

A.R.; Clark, S.; D’Ovidio, F.; et al. Donation after circulatory death in lung transplantation—Five-year 

follow-up from ISHLT Registry. J. Hear. Lung Transplant. 2019, 38, 1235–1245, 

doi:10.1016/j.healun.2019.09.007. 



Cells 2020, 9, 2501 18 of 22 

 

10. Inci, I. Donors after cardiocirculatory death and lung transplantation. J. Thorac. Dis. 2017, 9, 2660–2669, 

doi:10.21037/jtd.2017.07.82. 

11. Cypel, M.; Yeung, J.C.; Liu, M.; Anraku, M.; Chen-Yoshikawa, T.F.; Karolak, W.; Sato, M.; Laratta, J.; Azad, 

S.; Madonik, M.; et al. Normothermic Ex Vivo Lung Perfusion in Clinical Lung Transplantation. New Engl. 

J. Med. 2011, 364, 1431–1440, doi:10.1056/nejmoa1014597. 

12. Van Raemdonck, D.; Neyrinck, A.; Cypel, M.; Keshavjee, S. Ex-vivo lung perfusion. Transpl. Int. 2015, 28, 

643–656. 

13. Nakajima, D.; Watanabe, Y.; Ohsumi, A.; Pipkin, M.; Chen, M.; Mordant, P.; Kanou, T.; Saito, T.; Lam, R.; 

Coutinho, R.; et al. Mesenchymal stromal cell therapy during ex vivo lung perfusion ameliorates ischemia-

reperfusion injury in lung transplantation. J. Hear. Lung Transplant. 2019, 38, 1214–1223, 

doi:10.1016/j.healun.2019.07.006. 

14. Galasso, M.; Feld, J.J.; Watanabe, Y.; Pipkin, M.; Summers, C.; Ali, A.; Qaqish, R.; Chen, M.; Ribeiro, R.V.P.; 

Ramadan, K.; et al. Inactivating hepatitis C virus in donor lungs using light therapies during normothermic 

ex vivo lung perfusion. Nat. Commun. 2019, 10, 1–12, doi:10.1038/s41467-018-08261-z. 

15. Machuca, T.N.; Cypel, M.; Bonato, R.; Yeung, J.C.; Chun, Y.-M.; Juvet, S.; Guan, Z.; Hwang, D.M.; Chen, 

M.; Saito, T.; et al. Safety and Efficacy of Ex Vivo Donor Lung Adenoviral IL-10 Gene Therapy in a Large 

Animal Lung Transplant Survival Model. Hum. Gene Ther. 2017, 28, 757–765, doi:10.1089/hum.2016.070. 

16. Carrel, A.; Lindbergh, C.A. The cultivation of whole thyroid glands. Comptes Rendus Hebd. Seances Acad. 

Sci. 1935, 201, 14–16. 

17. Steen, S.; Liao, Q.; Wierup, P.N.; Bolys, R.; Pierre, L.; Sjöberg, T. Transplantation of lungs from non–heart-

beating donors after functional assessment ex vivo. Ann. Thorac. Surg. 2003, 76, 244–252, doi:10.1016/s0003-

4975(03)00191-7. 

18. Steen, S.; Sjöberg, T.; Pierre, L.; Liao, Q.; Eriksson, L.; Algotsson, L. Transplantation of lungs from a non-

heart-beating donor. Lancet 2001, 357, 825–829, doi:10.1016/s0140-6736(00)04195-7. 

19. Rega, F.R.; Wuyts, W.A.; Vanaudenaerde, B.M.; Jannis, N.C.; Neyrinck, A.P.; Verleden, G.M.; Lerut, T.E.; 

Van Raemdonck, D.E. Nebulized N-Acetyl Cysteine Protects the Pulmonary Graft Inside the Non–Heart-

Beating Donor. J. Hear. Lung Transplant. 2005, 24, 1369–1377, doi:10.1016/j.healun.2004.10.013. 

20. Rega, F.R.; Jannis, N.C.; Verleden, G.M.; Flameng, W.J.; Lerut, T.E.; Van Raemdonck, D.E. Should we 

ventilate or cool the pulmonary graft inside the non–heart-beating donor?. J. Hear. Lung Transplant. 2003, 

22, 1226–1233, doi:10.1016/s1053-2498(02)01236-6. 

21. Rega, F.R.; Jannis, N.C.; Verleden, G.M.; Lerut, T.E.; Van Raemdonck, D.E.M. Long-term Preservation With 

Interim Evaluation of Lungs From a Non-Heart-Beating Donor After a Warm Ischemic Interval of 90 Minutes. 

Ann. Surg. 2003, 238, 782–793, doi:10.1097/01.sla.0000098625.24363.d9. 

22. Rega, F.R.; Vanaudenaerde, B.M.; Wuyts, W.A.; Jannis, N.C.; Verleden, G.M.; Lerut, T.E.; Van Raemdonck, D.E. 

IL-1β in bronchial lavage fluid is a non-invasive marker that predicts the viability of the pulmonary graft from 

the non-heart-beating donor. J. Hear. Lung Transplant. 2005, 24, 20–28, doi:10.1016/j.healun.2003.10.004. 

23. Rega, F.R.; Neyrinck, A.P.; Verleden, G.M.; Lerut, T.E.; Van Raemdonck, D.E.M. How long can we preserve the 

pulmonary graft inside the nonheart-beating donor? Ann. Thorac. Surg. 2004, 77, 438–444. 

24. Cypel, M.; Rubacha, M.; Yeung, J.; Hirayama, S.; Torbicki, K.; Madonik, M.; Fischer, S.; Hwang, D.; Pierre, A.; 

Waddell, T.K.; et al. NormothermicEx VivoPerfusion Prevents Lung Injury Compared to Extended Cold 

Preservation for Transplantation. Arab. Archaeol. Epigr. 2009, 9, 2262–2269, doi:10.1111/j.1600-6143.2009.02775.x. 

25. Cypel, M.; Yeung, J.C.; Hirayama, S.; Rubacha, M.; Fischer, S.; Anraku, M.; Sato, M.; Harwood, S.; Pierre, A.; 

Waddell, T.K.; et al. Technique for Prolonged Normothermic Ex Vivo Lung Perfusion. J. Hear. Lung Transplant. 

2008, 27, 1319–1325, doi:10.1016/j.healun.2008.09.003. 

26. Cypel, M.; Liu, M.; Rubacha, M.; Yeung, J.C.; Hirayama, S.; Anraku, M.; Sato, M.; Medin, J.; Davidson, B.L.; De 

Perrot, M.; et al. Functional Repair of Human Donor Lungs by IL-10 Gene Therapy. Sci. Transl. Med. 2009, 1, 4ra9, 

doi:10.1126/scitranslmed.3000266. 

27. Yeung, J.C.; Cypel, M.; Machuca, T.N.; Koike, T.; Cook, D.J.; Bonato, R.; Chen, M.; Sato, M.; Waddell, T.K.; Liu, 

M.; et al. Physiologic assessment of the ex vivo donor lung for transplantation. J. Hear. Lung Transplant. 2012, 31, 

1120–1126, doi:10.1016/j.healun.2012.08.016. 

28. Inci, I.; Zhai, W.; Arni, S.; Inci, D.; Hillinger, S.; Lardinois, D.; Vogt, P.; Weder, W. Fibrinolytic Treatment 

Improves the Quality of Lungs Retrieved From Non-Heart-Beating Donors. J. Hear. Lung Transplant. 2007, 26, 

1054–1060, doi:10.1016/j.healun.2007.07.033. 



Cells 2020, 9, 2501 19 of 22 

 

29. Inci, I.; Zhai, W.; Arni, S.; Inci, D.; Hillinger, S.; Leskosek, B.; Weder, W. 145: Impact of Topical Cooling Solution 

and Prediction of Pulmonary Graft Viability from Non-Heart-Beating Donors. J. Hear. Lung Transplant. 2008, 27, 

S112, doi:10.1016/j.healun.2007.11.151. 

30. Inci, I.; Ampollini, L.; Arni, S.; Jungraithmayr, W.; Inci, D.; Hillinger, S.; Leskosek, B.; Vogt, P.; Weder, W. Ex Vivo 

Reconditioning of Marginal Donor Lungs Injured by Acid Aspiration. J. Hear. Lung Transplant. 2008, 27, 1229–

1236, doi:10.1016/j.healun.2008.07.027. 

31. Inci, I.; Arni, S.; Acevedo, C.; Jungraithmayr, W.; Inci, D.; Vogt, P.; Weder, W. Surfactant alterations following 

donation after cardiac death donor lungs. Transpl. Int. 2010, 24, 78–84, doi:10.1111/j.1432-2277.2010.01154.x. 

32. Yamada, Y.; Iskender, I.; Arni, S.; Hillinger, S.; Cosgun, T.; Yu, K.; Jungraithmayr, W.; Cesarovic, N.; Weder, W.; 

Inci, I. Ex vivo treatment with inhaled N-acetylcysteine in porcine lung transplantation. J. Surg. Res. 2017, 218, 

341–347, doi:10.1016/j.jss.2017.06.061. 

33. Iskender, I.; Cosgun, T.; Arni, S.; Trinkwitz, M.; Fehlings, S.; Yamada, Y.; Cesarovic, N.; Yu, K.; Frauenfelder, T.; 

Jungraithmayr, W.; et al. Cytokine filtration modulates pulmonary metabolism and edema formation during ex 

vivo lung perfusion. J. Hear. Lung Transplant. 2018, 37, 283–291, doi:10.1016/j.healun.2017.05.021. 

34. Inci, I.; Hillinger, S.; Arni, S.; Kaplan, T.; Inci, D.; Weder, W. Reconditioning of an injured lung graft with 

intrabronchial surfactant instillation in an ex vivo lung perfusion system followed by transplantation. J. Surg. 

Res. 2013, 184, 1143–1149, doi:10.1016/j.jss.2013.04.043. 

35. Cosgun, T.; Iskender, I.; Yamada, Y.; Arni, S.; Lipiski, M.; Van Tilburg, K.; Weder, W.; Inci, I. Ex vivo 

administration of trimetazidine improves post-transplant lung function in pig model†. Eur. J. Cardio-Thoracic 

Surg. 2017, 52, 171–177, doi:10.1093/ejcts/ezx053. 

36. Riess, J.G. Oxygen carriers (“blood substitutes”)—raison d’etre, chemistry, and some physiology. Chem. Rev. 

2001, 101, 2797–2920. 

37. Cabrales, P.; Intaglietta, M. Blood substitutes: Evolution from noncarrying to oxygen- and gas-carrying fluids. 

Asaio J. 2013, 59, 337–354. 

38. Riess, J.G.; Krafft, M.P. Fluorocarbon emulsions as in vivo oxygen delivery systems: Background and chemistry 

A2. In Blood Substitutes; Winslow, R.M., Ed.; Academic Press: Oxford, UK, 2006; p. 259–275. 

39. Krafft, M.P.; Riess, J.G. Perfluorocarbons: Life sciences and biomedical usesDedicated to the memory of Professor 

Guy Ourisson, a true RENAISSANCE man. J. Polym. Sci. Part A Polym. Chem. 2007, 45, 1185–1198, 

doi:10.1002/pola.21937. 

40. Chu, S.-J.; Huang, K.-L.; Wu, S.-Y.; Ko, F.-C.; Wu, G.-C.; Li, R.-Y.; Li, M.-H. Systemic Administration of FC-77 

Dampens Ischemia–Reperfusion-Induced Acute Lung Injury in Rats. Inflamm. 2013, 36, 1383–1392, 

doi:10.1007/s10753-013-9678-z. 

41. Chang, H.; Kuo, F.-C.; Lai, Y.-S.; Chou, T.-C. Inhibition of inflammatory responses by FC-77, a perfluorochemical, 

in lipopolysaccharide-treated RAW 264.7 macrophages. Intensiv. Care Med. 2005, 31, 977–984, doi:10.1007/s00134-

005-2652-y. 

42. Kawamae, K.; Pristine, G.; Chiumello, D.; Tremblay, L.N.; Slutsky, A.S. Partial liquid ventilation decreases serum 

tumor necrosis factor-α concentrations in a rat acid aspiration lung injury model. Crit. Care Med. 2000, 28, 479–

483, doi:10.1097/00003246-200002000-00032. 

43. Nakata, S.; Yasui, K.; Nakamura, T.; Kubota, N.; Baba, A. Perfluorocarbon Suppresses Lipopolysaccharide- and 

α-Toxin-Induced Interleukin-8 Release from Alveolar Epithelial Cells. Neonatol. 2006, 91, 127–133, 

doi:10.1159/000097130. 

44. Smith, T.M.; Steinhorn, D.M.; Thusu, K.; Fuhrman, B.P.; Dandona, P. A liquid perfluorochemical decreases the 

in vitro production of reactive oxygen species by alveolar macrophages. Crit. Care Med. 1995, 23, 1533–1539, 

doi:10.1097/00003246-199509000-00014. 

45. Krafft, M.P. Overcoming inactivation of the lung surfactant by serum proteins: A potential role for 

fluorocarbons? Soft Matter 2015, 11, 5982–5994, doi:10.1039/c5sm00926j. 

46. Wang, L.; Thompson, E.; Bates, L.; Pither, T.L.; Hosgood, S.A.; Nicholson, M.L.; Watson, C.J.; Wilson, C.; Fisher, 

A.J.; Ali, S.; et al. Flavin Mononucleotide as a Biomarker of Organ Quality-A Pilot Study. Transpl. Direct 2020, 6, 

e600. 

47. Riess, J.G.; Cornélus, C.; Follana, R.; Krafft, M.P.; Mahé, A.M.; Postelf, M.; Zarif, L. Novel Fluorocarbon-Based 

Injectable Oxygen-Carrying Formulations with Long-Term Room-Temperature Storage Stability. Biology of the 

Mammary Gland 1994, 345, 227–234, doi:10.1007/978-1-4615-2468-7_30. 

48. Riess, J.G.; Krafft, M.P. Advanced Fluorocarbon-Based Systems for Oxygen and Drug Delivery, and Diagnosis. 

Artif. Cells, Blood Substitutes, Biotechnol. 1997, 25, 43–52, doi:10.3109/10731199709118896. 



Cells 2020, 9, 2501 20 of 22 

 

49. Riess, J.G.; Krafft, M.P. Fluorocarbons and Fluorosurfactants for In Vivo Oxygen Transport (Blood Substitutes), 

Imaging, and Drug Delivery. MRS Bull. 1999, 24, 42–48, doi:10.1557/s0883769400052313. 

50. Krafft, M.P.; Riess, J.G. ChemInform Abstract: Chemistry, Physical Chemistry, and Uses of Molecular 

Fluorocarbon-Hydrocarbon Diblocks, Triblocks, and Related Compounds—Unique “Apolar” Components for 

Self-Assembled Colloid and Interface Engineering. Chemin- 2009, 40, 1714–1792, doi:10.1002/chin.200936243. 

51. Battula, N.R.; Andreoni, K.A. Oxygenated Preservation Solutions for Organ Preservation. Transplant. 2019, 103, 

233–234, doi:10.1097/tp.0000000000002531. 

52. Centis, V. Enhancing oxygen solubility using hemoglobin- and perfluorocarbon-based carriers. Front. Biosci. 

2009, 14, 665, doi:10.2741/3272. 

53. Krafft, M.P.; Riess, J.G.; Weers, J.G. The Design and Engineering of Oxygen-Delivering Fluorocarbon Emulsions; 

Informa UK Limited, 2019; pp. 235–334. 

54. Riess, J.G.; Postel, M. Stability and Stabilization of Fluorocarbon Emulsions Destined for Injection. Biomater. Artif. 

Cells Immobil. Biotechnol. 1992, 20, 819–830, doi:10.3109/10731199209119723. 

55. Riess, J.G.; Krafft, M.P. Fluorinated materials for in vivo oxygen transport (blood substitutes), diagnosis and drug 

delivery. Biomaterials 1998, 19, 1529–1539. 

56. Weers, J.G. A physicochemical evaluation of perfluorochemicals for oxygen transport applications. J. Fluor. Chem. 

1993, 64, 73–93, doi:10.1016/s0022-1139(00)80064-0. 

57. Clark, L.C.; Gollan, F. Survival of Mammals Breathing Organic Liquids Equilibrated with Oxygen at 

Atmospheric Pressure. Sci. 1966, 152, 1755–1756, doi:10.1126/science.152.3730.1755. 

58. Riess, J.G.; Le Blanc, M. Solubility and transport phenomena in perfluorochemicals relevant to blood substitution 

and other biomedical applications. Pure Appl. Chem. 1982, 54, 2383–2406, doi:10.1351/pac198254122383. 

59. Castro, C.I.; Triana, J.C.B. Perfluorocarbon-Based Oxygen Carriers: Review of Products and Trials. Artif. Organs 

2010, 34, 622–634, doi:10.1111/j.1525-1594.2009.00944.x. 

60. Yang, Z.-J.; Price, C.D.; Bosco, G.; Tucci, M.; El-Badri, N.S.; Mangar, D.; Camporesi, E.M. The Effect of Isovolemic 

Hemodilution with Oxycyte®, a Perfluorocarbon Emulsion, on Cerebral Blood Flow in Rats. PLoS ONE 2008, 3, 

e2010, doi:10.1371/journal.pone.0002010. 

61. Chang, H.; Li, M.-H.; Chen, C.-W.; Yan, H.-C.; Huang, K.-L.; Chu, S.-J. Intravascular FC-77 attenuates phorbol 

myristate acetate-induced acute lung injury in isolated rat lungs. Crit. Care Med. 2008, 36, 1222–1229, 

doi:10.1097/ccm.0b013e31816a04d3. 

62. Schroeder, J.L.; Highsmith, J.M.; Young, H.F.; Mathern, B.E. Reduction of hypoxia by perfluorocarbon emulsion 

in a traumatic spinal cord injury model. J. Neurosurgery: Spine 2008, 9, 213–220, doi:10.3171/spi/2008/9/8/213. 

63. Mullah, S.H.; Saha, B.K.; AbuTarboush, R.; Walker, P.B.; Haque, A.; Arnaud, F.G.; Hazzard, B.; Auker, C.R.; 

McCarron, R.M.; Scultetus, A.H.; et al. Perfluorocarbon NVX-108 increased cerebral oxygen tension after 

traumatic brain injury in rats. Brain Res. 2016, 1634, 132–139, doi:10.1016/j.brainres.2016.01.012. 

64. Leach, C.L.; Greenspan, J.S.; Rubenstein, S.D.; Shaffer, T.H.; Wolfson, M.R.; Jackson, J.C.; Delemos, R.A.; 

Fuhrman, B.P. Partial Liquid Ventilation with Perflubron in Premature Infants with Severe Respiratory Distress 

Syndrome. New Engl. J. Med. 1996, 335, 761–767, doi:10.1056/nejm199609123351101. 

65. Woods, S.D.; Skinner, R.D.; Brown, A.T.; Lowery, J.D.; Roberson, P.K.; Culp, W.C. Dodecafluoropentane 

Emulsion Decreases Cerebral Infarcts in a Rabbit Embolic Stroke Model. Circulation 2011, 124. 

66. Culp, W.C.; Woods, S.D.; Skinner, R.D.; Brown, A.T.; Lowery, J.D.; Johnson, J.L.H.; Unger, E.C.; Hennings, L.J.; 

Borrelli, M.J.; Roberson, P.K. Dodecafluoropentane Emulsion Decreases Infarct Volume in a Rabbit Ischemic 

Stroke Model. J. Vasc. Interv. Radiol. 2012, 23, 116–121, doi:10.1016/j.jvir.2011.10.001. 

67. Habler, O.; Kleen, M.; Hutter, J.; Podtschaske, A.; Tiede, M.; Kemming, G.; Welte, M.; Corso, C.; Batra, S.; Keipert, 

P.; et al. Hemodilution and intravenous perflubron emulsion as an alternative to blood transfusion: Effects on 

tissue oxygenation during profound hemodilution in anesthetized dogs. Transfus 1998, 38, 145–155, 

doi:10.1046/j.1537-2995.1998.38298193096.x. 

68. Holman, W.L.; Spruell, R.D.; Ferguson, E.R.; Clymer, J.J.; Vicente, W.V.; Murrah, C.; Pacifico, A.D. Tissue 

oxygenation with graded dissolved oxygen delivery during cardiopulmonary bypass. J. Thorac. Cardiovasc. Surg. 

1995, 110, 774–785, doi:10.1016/s0022-5223(95)70111-7. 

69. Spahn, D.R.; van Brempt, R.; Theilmeier, G.; Reibold, J.P.; Welte, M.; Heinzerling, H.; Birck, K.M.; Keipert, P.E.; 

Messmer, K.; Heinzerling, H.; et al. Perflubron emulsion delays blood transfusions in orthopedic surgery. 

Anesthesiology 1999, 91, 1195–1208. 

70. Kuzmiak-Glancy, S.; Covian, R.; Femnou, A.N.; Glancy, B.; Jaimes, R.; Wengrowski, A.M.; Garrott, K.; French, 

S.A.; Balaban, R.S.; Kay, M.W. Cardiac performance is limited by oxygen delivery to the mitochondria in the 



Cells 2020, 9, 2501 21 of 22 

 

crystalloid-perfused working heart. Am. J. Physiol. Circ. Physiol. 2018, 314, H704–H715, 

doi:10.1152/ajpheart.00321.2017. 

71. Deuchar, G.A.; Van Kralingen, J.C.; Work, L.M.; Santosh, C.; Muir, K.W.; McCabe, C.; Macrae, I.M. Preclinical 

Validation of the Therapeutic Potential of Glasgow Oxygen Level Dependent (GOLD) Technology: A 

Theranostic for Acute Stroke. Transl. Stroke Res. 2018, 10, 583–595, doi:10.1007/s12975-018-0679-y. 

72. Zhuang, J.; Ying, M.; Spiekermann, K.; Holay, M.; Zhang, Y.; Chen, F.; Gong, H.; Lee, J.H.; Gao, W.; Fang, R.H.; 

et al. Biomimetic Nanoemulsions for Oxygen Delivery In Vivo. Adv. Mater. 2018, 30, e1804693, 

doi:10.1002/adma.201804693. 

73. Hou, S.; Ding, H.; Lv, Q.; Yin, X.; Song, J.; Landén, N.X.; Fan, H. Therapeutic Effect of Intravenous Infusion of 

Perfluorocarbon Emulsion on LPS-Induced Acute Lung Injury in Rats. PLoS ONE 2014, 9, e87826, 

doi:10.1371/journal.pone.0087826. 

74. Okumura, S.; Uemura, T.; Zhao, X.; Masano, Y.; Tsuruyama, T.; Fujimoto, Y.; Iida, T.; Yagi, S.; Bezinover, D.; 

Spiess, B.; et al. Liver graft preservation using perfluorocarbon improves the outcomes of simulated donation 

after cardiac death liver transplantation in rats. Liver Transplant. 2017, 23, 1171–1185, doi:10.1002/lt.24806. 

75. Spahn, D.R.; Waschke, K.F.; Standl, T.; Motsch, J.; Van Huynegem, L.; Welte, M.; Gombotz, H.; Coriat, P.; Verkh, 

L.; Faithfull, S.; et al. Use of perflubron emulsion to decrease allogeneic blood transfusion in high-blood-loss non-

cardiac surgery—Results of a European phase 3 study. Anesthesiology 2002, 97, 1338–1349. 

76. Paxian, M.; Rensing, H.; Geckeis, K.; Bauer, I.; Kubulus, D.; Spahn, D.R.; Bauer, M. Perflubron emulsion in 

prolonged hemorrbagic shock—Influence on hepatocellular energy metabolism and oxygen-dependent gene 

expression. Anesthesiology 2003, 98, 1391–1399. 

77. 77. Paxian, M.; Keller, S.A.; Huynh, T.; Clemens, M.G. Perflubron Emulsion Improves Hepatic Microvascular 

Integrity and Mitochondrial Redox State after Hemorrhagic Shock. Shock 2003, 20, 449–457, 

doi:10.1097/01.shk.0000090601.26659.87. 

78. Schubert, A. Current Artificial Oxygen Carriers and Their Potential Role in the Management of Hemorrhage. Int. 

Trauma Care 2008, 18, 86–93. 

79. Flaim, S.F. Pharmacokinetics and Side Effects of Perfluorocarbon-Based Blood Substitutes. Artif. Cells, Blood 

Substitutes, Biotechnol. 1994, 22, 1043–1054, doi:10.3109/10731199409138801. 

80. Smith, D.J.; Lane, T.A. Effect of a high concentration perfluorocarbon emulsion on platelet function. Biomater. 

Artif. Cells Immobil. Biotechnol. 1992, 20, 1045–1049. 

81. Gale, S.C.; Gorman, G.D.; Copeland, J.G.; McDonagh, P.F. Perflubron Emulsion Prevents PMN Activation and 

Improves Myocardial Functional Recovery after Cold Ischemia and Reperfusion. J. Surg. Res. 2007, 138, 135–140, 

doi:10.1016/j.jss.2006.08.029. 

82. AbuTarboush, R.; Saha, B.K.; Mullah, S.H.; Arnaud, F.; Haque, A.; Aligbe, C.; Pappas, G.; Auker, C.R.; McCarron, 

R.M.; Moon-Massat, P.; et al. Cerebral Microvascular and Systemic Effects Following Intravenous 

Administration of the Perfluorocarbon Emulsion Perftoran. J. Funct. Biomater. 2016, 7, 29, doi:10.3390/jfb7040029. 

83. Dominguez, M.S.; Maillard, E.; Krafft, M.P.; Sigrist, S.; Belcourt, A. Prevention of adhesion and promotion of 

pseudoislets formation from a beta-cell line by fluorocarbon emulsions. Chembiochem 2006, 7, 1160–1163. 

84. Kruse, J.A.; Carlson, R.W. Lactate metabolism. Crit. Care Clin. 1987, 3, 725–746. 

85. Roman, M.A.; Nair, S.; Tsui, S.; Dunning, J.; Parmar, J.S. Ex Vivo Lung Perfusion. Transplant. 2013, 96, 509–518, 

doi:10.1097/tp.0b013e318295eeb7. 

86. Valenza, F.; Rosso, L.; Pizzocri, M.; Salice, V.; Umbrello, M.; Conte, G.; Stanzi, A.; Colombo, J.; Gatti, S.; 

Santambrogio, L.; et al. The Consumption of Glucose during Ex Vivo Lung Perfusion Correlates with Lung 

Edema. Transplant. Proc. 2011, 43, 993–996, doi:10.1016/j.transproceed.2011.01.122. 

87. Koike, T.; Yeung, J.; Cypel, M.; Rubacha, M.; Matsuda, Y.; Liu, M.; Waddell, T.K.; Keshavjee, S. 283: Lactate 

Production during Acellular Normothermic Ex Vivo Pig and Human Lung Perfusion. J. Hear. Lung Transplant. 

2010, 29, S96, doi:10.1016/j.healun.2009.11.295. 

88. Koike, T.; Yeung, J.C.; Cypel, M.; Rubacha, M.; Matsuda, Y.; Sato, M.; Waddell, T.K.; Liu, M.; Keshavjee, S. 

Kinetics of lactate metabolism during acellular normothermic ex vivo lung perfusion. J. Hear. Lung Transplant. 

2011, 30, 1312–1319, doi:10.1016/j.healun.2011.07.014. 

89. Hirst, J. Mitochondrial complex I. Annu. Rev. Biochem. 2013, 82, 551–575. 

  



Cells 2020, 9, 2501 22 of 22 

 

90. Stepanova, A.; Sosunov, S.; Niatsetskaya, Z.; Konrad, C.; Starkov, A.A.; Manfredi, G.; Wittig, I.; Ten, V.; Galkin, 

A.; Sosunov, S. Redox-Dependent Loss of Flavin by Mitochondrial Complex I in Brain Ischemia/Reperfusion 

Injury. Antioxid. Redox Signal. 2019, 31, 608–622, doi:10.1089/ars.2018.7693. 

91. Muller, X.; Schlegel, A.; Kron, P.; Eshmuminov, D.; Würdinger, M.; Meierhofer, D.; Clavien, P.-A.; Dutkowski, 

P. Novel Real-time Prediction of Liver Graft Function During Hypothermic Oxygenated Machine Perfusion 

Before Liver Transplantation. Ann. Surg. 2019, 270, 783–790, doi:10.1097/sla.0000000000003513. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution (CC 

BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


