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SUMMARY

The application of perfluorocarbons, which can carry large quantities of oxy-
gen, in organ preservation was limited by their poor solubility in water. A
stable form of perfluorocarbon dispersed in suitable buffers is urgently
needed. Perfluorocarbon emulsion was designed and characterized with
respect to size distribution, rheology, stability, and oxygen-carrying capacity.
The state of DCD rat donor livers preserved by the oxygenated perfluorocar-
bon emulsion was studied after ex vivo reperfusion by using biochemistry,
pathology, and immunohistochemistry methods. Perfluorocarbon emulsion
was successfully prepared by high-pressure homogenization. Optimized per-
fluorocarbon emulsion showed nanoscale size distribution, good stability,
and higher oxygen loading capacity than that of HTK solution or water. The
state of preserved livers after cardiac death rat liver was improved signifi-
cantly after static cold storage for 48 hours in this oxygenated perfluorocar-
bon emulsion. The ATP content and down-regulation of HIF-1a expression
after preservation of the liver graft by the oxygenated perfluorocarbon emul-
sion suggested the advantage of adequate oxygen supply for adequate time.
This perfluorocarbon emulsion reported here might be considered a promis-
ing system for oxygenated donor liver storage by attenuation of hypoxia.

Transplant International 2021; 34: 2087–2097

Key words
emulsion, liver transplantation, oxygenated preservation, perfluorocarbon

Received: 16 April 2021; Revision requested: 23 June 2021; Accepted: 12 July 2021; Published

online: 8 September 2021

Introduction

Although liver transplantation has improved by improve-

ments of the transplantation management including can-

didates and donor selection, liver procurement and

preservation, post-transplantation care, as well as

immunosuppression, shortage of organs is still one of the

major issues in liver transplantation worldwide. In the

USA, more than 1000 patients died or were removed

from the transplant waiting list due to this shortage every
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year during their waiting for the donor livers [1]. In

China, the ratio of patients on the waiting list was 30

times that of transplant recipients [2]. Despite the short-

age of donor livers worldwide, an increasing number of

donor livers has to be discarded due to the limited maxi-

mum safe preservation time. The mainstay technology for

liver graft preservation is hypothermia for lower meta-

bolic requirements by static cold storage [3,4]. Improved

oxygen loading by oxygenated ex situ machine perfusion

of donor livers has been proven to benefit DCD liver

preservation as an alternative for static cold preservation.

Recently, a multicenter controlled trial which randomly

assigned patients who were undergoing transplantation of

a liver obtained from a donor after circulatory death to

receive that liver either after hypothermic oxygenated

machine perfusion or after conventional static cold stor-

age alone found that hypothermic oxygenated machine

perfusion led to a lower risk of nonanastomotic biliary

strictures following the transplantation of livers obtained

from donors after circulatory death than conventional

static cold storage [5]. Studies on normothermic machine

perfusion which perfuses organs at physiological temper-

ature (35–38 °C) and maintains the metabolic rate at nor-

mal physiological level further showed encouraging

results with respect to reduced preservation injury and

improved graft viability [6]. It is worth noting that nor-

mothermic machine perfusion required higher oxygen

(O2) demands than during HMP. Clinical trials are cur-

rently using artificial oxygen carriers such as hemoglobin-

based oxygen carrier 201 (HBOC-201) in the machine

perfusion of livers and kidneys [7]. Therefore, it is impor-

tant to develop oxygenated organ preservation solutions

for organ preservation at different temperatures.

Perfluorocarbons are capable of absorbing large

quantities of oxygen [8], but they are insoluble in water.

Perfluorocarbon emulsion (PFCE) stabilized with sur-

factants has been reported for oxygenation of tissues

[9]. Several research groups have tried to employ fluo-

rocarbon as an oxygen carrier to improve the outcomes

of liver transplantations, but no oxygen loading and

releasing behavior have been characterized in these

studies [10]. But emulsions are thermodynamically

unstable in nature and prone to coalescence and Ost-

wald ripening in which the molecules in small droplets

dissolve into the surrounding and then diffuse to larger

droplets, finally causing larger droplets to grow. Prepa-

ration of perfluorocarbon emulsions is particularly diffi-

cult because of the complicated composition for an

organ preservation solution including electrolytes,

impermeants, buffers, antioxidants, and energy precur-

sors [11]. For example, histidine–tryptophan–

ketoglutarate (HTK) solution, which is widely used for

organ transplantation by perfusion and flushing of

donor organs prior to removal from the donor and pre-

serving organs during hypothermic storage and trans-

port to the recipient [12], is of a complex composition

and presents a great challenge for the stability of perflu-

orocarbon emulsion based on HTK solution composi-

tion, because various ions influence the stability of

diffused double layers surrounding emulsion droplets.

Therefore, our goals were to develop a PFCE with the

characters mentioned above and determine how such

oxygenated PFCE preserves liver graft. Accordingly,

PFCE was designed based on an oil phase composed of

perfluoroctyl bromide and perfluorodecyl bromide, an

aqueous phase containing similar ions as histidine–tryp-
tophan–ketoglutarate solution and a safe emulsifier egg

yolk lecithin. The optimized PFCE, PFCplus, was of

good stability, lower viscosity, appropriate concentration

of salts, nutrients, and buffers as well as physiological

osmotic pressure using extensively approved egg yolk

lecithin as the only emulsifier. The physical characteris-

tics, rheology, stability, and oxygen-carrying capacity of

this PFCE were evaluated. The improvement of DCD

rat donor livers preserved by our oxygenated PFCE

solution was studied ex vivo to prove its better preserva-

tion capacity including HIF-1a pathway activation.

Materials and methods

Materials

Perfluoroctyl bromide and perfluorodecyl bromide were

provided by J&K Scientific Ltd. (Beijing, China). Poly-

clonal anti-HIF-1a and polyclonal anti-caspase 3 were

purchased from Abcam PLC (Cambridge, UK). ATP,

SOD, and lipid hydroperoxide (LPO) assay kits were pro-

vided by Solarbio Life Science (Beijing, China). All other

chemicals were of analytical grade, purchased from Sino-

pharm Reagent Ltd. Co. (Shanghai, China) and used as

received. Male Sprague Dawley Rats (10–12 weeks old,

weighing 250–300 g) were used for this study.

Preparation and characterization of perfluorocarbon

emulsions

Four different PFC emulsions with consistent concen-

trations of perfluoroctyl bromide and perfluorodecyl

bromide and different concentrations of buffer compo-

sitions according to HTK solution-based composition

[13] (as listed in Table 1) were prepared by high-

pressure homogenization. Briefly, appropriate amounts
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of ingredients listed in Table 1 were mixed at room

temperature to generate a homogenous suspension,

cycled for 8 min at 10,000 PSI through a microfluidizer

(Microfluidics model 110Y), and chilled to 8-10 °C to

get PFCE. The morphology of PFCE droplets was evalu-

ated using transmission electron microscopy (TEM) on

a JEM-2100F microscope (JEOL Co., Tokyo, Japan).

The surface charge (z-potential) and the size distribu-

tion were determined by dynamic light scattering (DLS,

Zetasizer ZS-10-82, Malvern Instruments Ltd. Co., Mal-

vern, UK). The viscosity of the PFCE was determined

by a rotatory rheometer (Bohlin Gemini Ⅱ, Malvern

Instruments Ltd. Co., Malvern, UK) at 4 °C, 25 °C, and
37 °C in the viscometry mode. The osmotic pressure of

PFCE was determined by an osmometer (Gonotec Co.,

Berlin, Germany). The pH of the microemulsions was

determined by a pH meter.

To test the storage stability of PFCE at different tem-

peratures, PFCEs were stored for 3 weeks at 4 °C,
25 °C, or 37 °C in the dark. At predetermined time

points, PFCEs were redispersed by gentle inversion

upside down for 10 times before size analysis by

dynamic light scattering (DLS, Zetasizer ZS-10-82, Mal-

vern Instruments Ltd. Co., Malvern, UK).

As an accelerated condition, centrifugation was per-

formed on freshly prepared PFCEs at 4000 rpm for

10 min at room temperature. Thermal stress stability

testing was conducted on the PFCE at 121 °C for

20 min. The influence of oxygen loading on the size

distribution of the PFCE was also evaluated. For the

above three conditions, microemulsion stability was

evaluated by comparing the size distribution of

microemulsions before and after treatment.

Measurements of the oxygen loading and offloading

properties of the PFCplus

To characterize the oxygen loading and offloading prop-

erties of the optimized PFCE, PFCplus, the oxygen con-

tents were tested by natural oxygen release in hypoxic

solutions. Briefly, the O2 concentration was reduced to

0.4 mg/l by bubbling N2 to produce a severely hypoxic

(O2 0.4 mg/l) saline solution [14]. A total of 1 ml of

oxygen-loaded PFCE were introduced into 500 ml of

the hypoxic saline solution. Pure water and the HTK

solution were used as the control. The total oxygen con-

tent in each liquid was monitored using an oximeter

(HQ30d, HACH, Loveland, CO, USA) 30 min after

adding solutions to the hypoxic saline solution. The

tests were performed at different temperatures, and the

oxygen-releasing kinetics were monitored every 10 min

for each sample. The oxygen retained in each sample

was tested under two different conditions to test the

oxygen-retaining capacity in normal air or an oxygen-

saturated prefilled surrounding at 4 °C in a 95% O2

and 5% CO2 prefilled chamber or in normal air for

72 h. The retained O2 contents in the PFCplus emul-

sions were measured using the same method of total

Table 1. Composition and physical characterization of tested microemulsions.

Formulation Number PFC-1 PFC �2 PFC �3 PFC plus

Composition
Total Perfluorocarbon (g/1000 ml) 20% 20% 20% 20%
Sodium Chloride (mol/l) 0.015 0.015 0.015 0.015
Potassium Chloride(mol/l) 0.009 0.009 0.009 0.009
Magnesium Chloride(mol/l) 0.004 0.002 0.001 0.002
Calcium Chloride(mol/l) 0.000015 0.000008 0.000004 0.000008
Histidine Hydrochloride(mol/l) 0.018 0.009 0.0045 0.009
Potassium Hydrogen Ketoglutarate(mol/l) 0.0044 0.0022 0.0011 0.0022
Histidine(mol/l) 0.18 0.09 0.045 0.09
Tryptophan(mol/l) 0.002 0.001 0.0005 0.001
Mannitol(mol/l) 0.03 0.015 0.0075 0.015
Lecithin(mol/l) 0.053 0.053 0.053 0.053
Glycerol(mol/l) 0 0 0 0.152

Physical characterization
Mean size (nm)/PDI
Freshly prepared 1028/0.79 196.1/0.25 783.3/0.32 190.6/0.22
After 2 months N.A. 198.3/0.25 1772/1.000 197.6/0.264
zeta-potential (mV) �1.16 � 8.89 �6.63 � 4.56 �7.42 � 8.49 �2.26 � 4.79
Osmotic pressure (mmol/l) 305.7 � 3.1 150.5 � 4.5 137.3 � 2.5 305.3 � 3.5
pH 6.94 � 0.04 6.94 � 0.04 6.96 � 0.05 6.95 � 0.06
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oxygen content testing at 0, 24, 48, and 72 h after stor-

age.

Graft Preservation and Reperfusion

All animals were housed in a specific pathogen-free ani-

mal facility at Nanjing Drum Tower Hospital under the

following conditions: 50% � 10% relative humidity,

12 h/12 h light-dark cycle, and 24 � 2 °C. Rats were

fed a standard chow diet with free access to tap water.

Livers were procured from donors after cardiac death

(DCD) and were placed into 3 groups (n = 6 for each

group): a group preserved with HTK solution for 3 h

and two other groups that were preserved with HTK or

the preoxygenated PFCplus emulsion for 48 h.

Inhalation anesthesia with isoflurane and oxygen was

used before and during the procurement (2%–3%
isoflurane). A donor rat abdomen was opened, and the

liver was mobilized. After 1000 IU/kg heparin–sodium
was infused, for developing a DCD donation, cardiac

arrest was induced by external compression of the heart

(exogenous tamponade) until contractions ceased. Sub-

sequently, the descending aorta was clamped to ensure

a complete block of the liver blood flow, and the rat

was kept at 37 °C for 30 min.

The hepatectomy was performed by ligation of the

splenic vein, mesenteric artery, and mesenteric vein and

by cannulation of the celiac trunk. After clamping of

the infrahepatic inferior vena cava and the portal vein,

the latter was cannulated. After immediate in situ perfu-

sion of the liver with 5 ml of saline (37°C) via the por-

tal vein cannula, the liver was flushed with 5 ml of

saline (4°C) via the portal vein cannula. The liver was

then removed and flushed with an additional 20 ml and

5 ml of cold saline (4°C) via the portal vein and the

hepatic artery (celiac trunk cannula), respectively. A 14-

gauge catheter-made cuff attached to the portal vein.

The liver grafts were then preserved in a small tank for

3 h or 48 h at 4 °C in 20 ml oxygenated preservation

solutions. After preservation, livers were re-perfused

using an oxygenated perfusion fluid ex vivo [14] via the

portal vein at 37 °C for 120 min in a closed circuit. The

reperfusion solution was continuously ventilated with a

95% O2 and 5% CO2 gas mixture.

Histological Study

Formalin-fixed, paraffin-embedded liver parenchyma

was sectioned and stained with hematoxylin–eosin
(H&E). Each section was evaluated blindly examined by

a pathologist, and the severity was graded on a scale of

0-3 (none, mild, moderate, and severe) according to the

modified Suzuki’s criteria [15]. To detect apoptosis and

hypoxia indicator HIF-1a, tissue sections were

immunostained using the polyclonal anti-caspase 3 and

the polyclonal anti-HIF-1a, respectively.

Biochemistry

The reperfusion perfusate was sampled after 120 min of

reperfusion and immediately centrifuged to measure

AST, ALT, and LDH as standard indicators of hepato-

cellular injury by a standard spectrophotometric method

(Nanjing Jiancheng Bioengineering Institute, Nanjing,

China) with an automated analyzer (SPARK, Tecan

Group Ltd., M€annedorf, Switzerland) as well as ATP,

SOD, and lipid hydroperoxide (LPO) assays by com-

mercialized kits.

Statistical Analysis

All data were expressed as the mean � the standard

deviation. ANOVA tests were used for comparison

among three or more groups. Student’s t-test was used

for comparison between each two groups. All statistical

analyses were performed using SPSS software (SPSS

13.0; SPSS Inc., Chicago, IL, USA) and Prism 6 (Graph-

Pad Software, Inc., La Jolla, CA, USA). P < 0.05 was

considered statistically significant.

Results

Preparation and characterization of Perfluorocarbon
emulsions

A half concentration of histidine/histidine hydrochloride

in the HTK solution (PFC-2 in Table 1) as the aqueous

phase could yield homogeneous, ivory, and translucent

liquid, different from PFC-1 or PFC-3 which appeared

heterogeneous (Figure 1a). Glycerol (0.152 mol/l) was

added to the outer phase of PFC-2 to obtain the opti-

mized formulation, PFCplus, with a physiological osmo-

tic pressure (305.3 � 3.5 mmol/l) and a mean size less

than 200 nm (Figures 1b,c).

The viscosity of both PFC-2 and PFCplus did not

exceed that of HTK (Figure 1d), allowing for easy tissue

perfusion with low resistance. The size distribution of

PFCplus remained unchanged after storage for at least

21 days (Figure 1e). Its macroscopic homogeneity and

size distribution also did not change after centrifugation

at 4000 rpm for 10 min (Figures 2a,b), autoclaving

(Figures 2c,d), and oxygen loading (Figures 2e,f).
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Oxygen Loading and Releasing

Since the air flow rate influences the oxygenation of solu-

tions, the dissolved oxygen concentration before, during,

and after air bubbles were pumped into the PFCplus

emulsion at different temperatures with 3 different flow

rates is shown in Figure 3. The dissolved oxygen in the

PFCplus emulsion at 4 °C, which initially had a concen-

tration of 7.5 mg/l, rapidly increased to above 300 mg/l

in 15 min by pumping oxygen at a flow rate of 1 L/

Figure 1 Physical characterization of PFCE (perfluorocarbon emulsion). (a) Appearance of PFC-1, PFC-2, PFC-3, and PFCplus. Both PFC-2 and

PFCplus yielded homogeneous, ivory and translucent liquid, but PFC-1 or PFC-3 appeared heterogeneous. (b) Typical size distribution of

PFCplus. (c) Morphology of PFCplus droplets shown by TEM (bar=200 nm). (d) Viscosity of PFC-2 and PFCplus in comparison with that of an

HTK solution at 4 °C, 25 °C, and 30 °C. (e) Change in size distribution of PFCplus over time when stored at 4 °C, 25 °C, and 37 °C (mean �
std dev of the main peak) measured by DLS. The size distribution of PFCplus remained unchanged after storage for at least 21 days.
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minute. The oxygen concentration remained constant

after reaching the maximum value of approximately

350 mg/l during bubbling at a flow rate of 1 l/minute

(Figure 3a). Bubbling with a lower oxygen flow rate at

0.2 l/minute or 0.04 l/minute was shown to more slowly

increase the dissolved oxygen. A slower air flow rate did

not generate oxygenated PFCplus emulsions as high as

the 350 mg/l flow rate after 30 min at 4 °C. The initial

dissolved oxygen concentrations of the PFCplus emulsion

at 21 °C and 37 °C were approximately 6.6 and 5.8 mg/l,

respectively. The oxygen saturating curve after bubbling

was similar to that of the PFCplus emulsion prepared at 4

°C. However, the maximum dissolved oxygen (DO) level

was lower than that of the PFCplus emulsion prepared at

4 °C (Figures 3b,c).

The DO content in different solutions after bubbling

oxygen at 1 L/minute for 30 min at different tempera-

tures was analyzed using the same method. The DO

Figure 2 Size distribution and macroscopic homogeneity of PFCplus. (a) Influence of centrifugation (4000 rpm, 10 min). (b) Influence of auto-

claving sterilization. (c) Influence of oxygen saturation. The macroscopic homogeneity and size distribution of PFCplus also did not change after

centrifugation at 4000 rpm for 10 min, autoclaving or oxygen loading.
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concentrations in the PFCplus emulsion were 8.7, 8.5,

and 8.5 times higher than the DO content in tap water

at 4, 21, and 37 °C, respectively. The DO level in HTK

was higher than that in tap water but significantly lower

than that in the PFCplus emulsion (Figure 3d).

The oxygen-saturated PFCplus emulsions were kept

in a refrigerator in the general atmosphere (Figure 3e)

or in a hypoxia modular incubator chamber filled with

mixed 95% O2/5% CO2 gas at one atm (Figure 3f) at 4

°C. The preservation of the donor organ at 21 or 37 °C
would be combined with the perfusion machine, and

oxygen could be added during the circulation. There-

fore, the oxygen-retaining capacity of the PFCplus

emulsions at 21 or 37 °C was not analyzed.

To quantify the oxygen concentration during 72 h of

organ preservation, DO in the solutions was measured

every 12 h. During this period, DO in the PFCplus

emulsion gradually decreased over time in the general

atmosphere at 4 °C, regardless of the high DO concen-

tration of the saturated PFCplus emulsion (Figure 3e).

Nevertheless, the DO concentration in the PFCplus

emulsion was much higher than that in the oxygen-

saturated HTK solution or tap water (Figure 3e). By

storing the oxygenated PFCplus emulsion in the modu-

lar incubator chamber in a 95% O2/5% CO2 hyperoxic

surrounding, the DO concentration decreased slower

than that of the corresponding solution in general

atmosphere (Figure 3f). After 72 h, the final DO con-

centration in the PFCplus emulsion at this condition

was 3 times higher than the DO concentration in the

PFCplus emulsion stored under normal surroundings at

4 °C.

3 Preservation of Liver Grafts with an Oxygenated

PFCplus Emulsion

Liver injury after preservation was analyzed by detecting

ALT, AST, and LDH levels in the perfusates. After 48 h

of static cold storage and 120 min of normothermic

reperfusion, ALT and AST levels in the perfusates were

significantly lower in the PFCplus emulsion group com-

pared with those of the HTK 48-hour group (P < 0.01;

n = 6 per group) but significantly higher when com-

pared with those of the HTK 3-h group (P < 0.01;

n = 6/group) (Figure 4b,c). The LDH level in the per-

fusates in the PFCplus group was similar to that of the

HTK group but significantly lower than that of the

HTK 48-h group (P < 0.01; n = 6 per group) (Fig-

ure 4d). The extent of apoptosis in liver grafts was

examined by immunohistochemical staining with cas-

pase 3 to further present the liver quality after preserva-

tion. There were significantly more caspase 3-positive

cells after 48 h of HTK solution preservation when

compared with those of the hepatic parenchyma pre-

served in HTK for only 3 h or in PFCplus for 48 h

(Figure 4e). Quantitative analysis of caspase 3-positive

cells/field revealed that oxygenated PFC emulsion

preservation was associated with significantly less apop-

totic cells than those of the other groups (P < 0.01;

n = 6/group) (Figure 4f).

Figure 3 Oxygen loading and offloading characteristics of PFCplus: The increase in oxygen concentration in PFCplus over the course of 30 min

with constant oxygen flow at varying rates at 4°C (a), 21°C (b), and 37°C (c), respectively. (d) Final oxygen content after bubbling oxygen at

1000 ml/min for 30 min in different liquids. Oxygen offloading of preoxygenated liquids in atmosphere (e) or oxygen (f) filled chamber at 4

°C. Different oxygen content in PFCplus after bubbling indicated that 30 minutes high oxygen flow were needed for the higher final oxygen

content, and the oxygen can retaining in the PFCplus for 3 days under the oxygen-filled condition.
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Relation of Oxygen Supplementation to PFCplus
Emulsion Preservation

As shown in Figure 5a, the intracellular ATP concentra-

tion in the DCD graft liver after 3 h of HTK preserva-

tion was more than 30 µmol/g protein, whereas much

lower ATP levels (10 µmol/g prot) were observed after

48 h of preservation with HTK in static cold storage.

Moreover, liver storage in PFCplus for 48 h significantly

increased ATP levels compared with those of the other

two groups (P < 0.05). As we can see from the results

above, exhausted ATP stores in the DCD donor liver

were shown after warm ischemia and 3 h of HTK solu-

tion storage. In contrast, donor livers preserved in oxy-

genated PFCplus for 48 h exhibited dramatically

increased ATP energy stores.

The liver tissue preserved in HTK for 48 h showed a

significant decrease in liver antioxidant SOD activities

compared with those of the HTK 3-hour group

(P < 0.05). It was also found that SOD activities in the

liver tissue were restored to similar levels to those of

the HTK 3-hour group in the oxygenated PFCplus

preservation group compared with those of the HTK

48-hour preservation group (P < 0.05) (Figure 5b).

Additionally, it was observed that tissue LPO at the end

of reperfusion was similar in the HTK 3-hour and

PFCplus 48-hour groups (9.3 � 3.3 and

9.5 � 4.2 nmol/mg, respectively), while significantly

higher values were measured in the HTK 48-hour group

(27.9 � 7.8 nmol/mg; P < 0.05 vs. HTK 3-hour).

As shown in Figure 5d, HIF-1a-positive cell rates

were limited in the liver parenchyma in the HTK 3-

hour group, but almost all cells were positive in the

liver tissue preserved with HTK after 48 h, and the

translocation of HIF-1a into the nucleus was found in

some of these cells. The oxygenated PFCplus emulsion-

preserved liver grafts had only a few HIF-1a-positive

cells. The rates of HIF-1a-positive cells are presented in

Figure 5e. The half-life of HIF-1a is as short as only

several minutes. [12]

Discussion

In the current study, a stable perfluorocarbon emulsion

(PFCE) as a novel organ preservation solution with low

viscosity, appropriate salts, nutrients, buffers and

Figure 4 Oxygenated PFCplus provides better protection of liver grafts. (a) H&E-stained section of HTK- and oxygenated PFCplus-preserved

liver grafts. (b), (c), and (d) relative change in perfusate concentrations of AST, ALT, and LDH after preservation. (e) and (f) immunoblotting

analysis of caspase 3 in different preserved liver grafts and their quantification. *** indicates P < 0.001.
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osmotic pressure, potent oxygen loading, and releasing

property was successfully prepared by high shear liquid

processing, containing an oil phase composed of perflu-

oroctyl bromide and perfluorodecyl bromide, an aque-

ous phase containing similar ions as the histidine–
tryptophan–ketoglutarate (HTK) solution as well as a

safe emulsifier egg yolk lecithin [13]. Such perfluorocar-

bon emulsion has a droplet size smaller than 200 nm,

which was approximately that of a commercial PFCE

(OxycyteTM, Oxygen Biotherapeutics, Morrisville, NC).

Most importantly, egg lecithin, an ingredient widely

found in biological membranes and applied in many

intravenous formulations, was used as the sole emulsify-

ing agent, ensuring safety and translational perspectives.

The liver preservation capability of this optimized

PFCE, PFCplus, was evaluated ex vivo and proven with

its future potential.

The cellular metabolism of donor grafts was slowed by

more than 10-fold during static cold storage, but low

metabolic levels continued [16]. In graft liver tissue

stored at 0 °C, the oxygen consumption was 27% that of

fresh liver at 37 °C.17 It was estimated that the oxygen

dissolved in the preservation solution was consumed

within the first two hours of organ preservation [18]. To

the best of our knowledge, this is the first study determin-

ing the effect of oxygen bubbles to increase the DO con-

tent in PFCE at different flow rates and temperatures.

The hypoxia-inducible factor (HIF) is a key regulator

for adapting and sensing cellular oxygen levels [19].

HIF-1a pathway, one of the pivotal biological oxygen

sensors, is influenced by the oxygenated PFCplus emul-

sions during cold storage. Under normoxic conditions,

the HIF-1a gene is constitutively expressed at low levels.

Under hypoxia, HIF-1a transcription is often signifi-

cantly upregulated. HIF-1a-positive cell ratio indicated

that the oxygenated PFCplus could decrease the number

of HIF-1a-positive cells and improve hypoxia, which

revealed that the mechanism of the oxygenated PFCplus

reduces energy exhaust and ischemia-reperfusion injury

by supplementing oxygen.

Blood as an oxygen carrier exhibits a sigmoidal oxy-

gen dissociation curve [20] because the affinity of

hemoglobin for oxygen at 0 °C is 22 times greater than

that at 37 °C [21], so hemoglobin is not a good candi-

date for oxygen carrying at hypothermic or subnor-

mothermic temperatures. In contrast, PFCE showed a

linear relationship between oxygen partial pressure and

oxygen content, which could be a better oxygen carrier

at hypothermic or subnormothermic temperatures than

red blood cells. Furthermore, PFC droplets can perfuse

through even the tiniest capillaries (4-5 µm in diame-

ter) where red blood cells (approximately 7 to 8 µm)

may not be able to flow.

During cold ischemia, ATP depletion was considered

crucial for graft function [22]. Oxygen supplementation

was reported to generate ATP during graft organ preser-

vation. When oxygen is present, the organ can continu-

ously produce ATP for up to 96 h [23]. Increased ATP

was detected in donor livers preserved in oxygenated

PFCplus for 48 h, indicating that oxygen

Figure 5 Oxygenated PFCplus preservation supplies liver grafts with energy and reducing peroxidation by attenuation of hypoxia. (a) ATP con-

tent in the liver grafts after preservation. (b) SOD and (c) LPO levels after preservation indicated the tissue lipid peroxidation and antioxidant

status in the liver tissue. (d) and (e) immunoblotting analysis of HIF-1a in liver grafts after preservation and quantification. *** indicates

P < 0.001.
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supplementation by PFCplus may support oxidative

phosphorylation and the production of ATP during sta-

tic cold preservation of the liver.

Oxidative stress is one of the main cellular features of

reperfusion damage after ischemia and hypoxia [24].

Thus, antioxidant effects were evaluated by measuring

superoxide dismutase (SOD). Hypoxia and reperfusion-

induced oxidative stress could be the result of decreased

antioxidant defense in liver tissue. Depletion of SOD

after 48 h of preservation with the oxygenated PFCplus

emulsion proved that SOD generated by oxygenated

PFCplus emulsion preservation can prevent lipid oxida-

tion from occurring in preserved liver tissues.

Reactive oxygen species-induced lipid peroxidation

(LPO) results from the interaction with polyunsaturated

fatty acids in the cellular membrane, resulting in the

destruction of cellular integrity, which plays a critical

role in cell death, including apoptosis and autophagy

[25]. We analyzed the LPO level in each donor liver tis-

sue to study whether the oxygen tension in our preser-

vation system induced LPO. High oxygenation might

favor the production of oxygen free radicals, which

results in impaired liver tissue integrity. The impact of

oxygen free radicals on tissue integrity was approxi-

mated by analyzing LPO levels in graft liver tissue. ROS

induce lipid oxidative deterioration via the lipid peroxi-

dation process, resulting in the generation of LPO as a

fundamental constituent. Thus, the LPO level in the tis-

sue is a convenient indicator of oxidative cell damage.

The results of the present study demonstrated that

limited injury was observed in livers preserved in an

oxygenated PFCplus emulsion. Although previous inves-

tigations found that PFCs together with commercialized

preservation solutions can be beneficial with preserved

organ drafts, there have been no studies to date on the

effect of stable PFC emulsion formulation, especially for

organ preservation. To the best of our knowledge, this

is the first study to investigate the long-term (48 h)

outcomes of liver grafts preserved by oxygenated

PFCplus emulsions. Oxygenation improved liver preser-

vation because O2 is essential for energy metabolism,but

it also generates toxic reactive oxygen species (ROS).

Previous experimental studies reported that the increase

in oxygen tension during preservation did not increase

harmful ROS formation [26].

Some research groups have tried using two-layer pre-

oxygenated perfluorocarbon plus the UW solution for

the static cold preservation of DCD rat livers and

resulted in reducing the severity of ischemic tissue dam-

age. However, they also found that the deeper

parenchymal tissue may be unequally exposed compared

with the liver surface close to the oxygenated solution

due to the passive nature of O2 diffusion. Our results

are consistent with several recent rat liver transplant

experiments performed by Okumura and Bezinover

[27,28]. But these studies were not performed by using

PFC emulsion preservation solutions specially designed

for organ storage but used the UW solution + 20%

OxycyteTM as the experimental group. There are several

defects in these studies because dilution of OxycyteTM

with the UW solution will change the concentrations of

the constituents of the UW solution, and the actual

perfluoro-tert-butylcyclohexane concentration was 12%

because the initial w/v of OxycyteTM was 60% [29]. The

complex composition of the UW solution may cause

the instability of the PFC emulsion; thus, the studies

using OxycyteTM + the UW solution had to be mixed

right before use. Additionally, the UW solution mixed

with OxycyteTM is not suitable for perfusion preserva-

tion due to the high viscosity of the UW solution. Our

results indicated that our oxygenated, stable PFCplus

reduced liver tissue damage and apoptosis. This suggests

that using PFCplus for the extension of preservation

time and further testing by combining it with perfusion

devices are promising. This work established the

groundwork to trial this approach in large animal mod-

els. Systematic studies using a miniature pig model to

confirm the potential of using PFCplus as the oxy-

genated perfusate for machine perfusion preservation

will be included in our future work.

In summary, data from characterization, stability test-

ing, and evaluation of the oxygen-carrying characteris-

tics demonstrated that the optimized emulsion PFCplus

might be a promising solution for organ preservation

with low viscosity, appropriate salts, nutrients, buffers

and osmotic pressure, potent oxygen loading and releas-

ing property and good translational perspectives.
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