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Abstract

Background—High-quality human hepatocytes form the basis of drug safety and efficacy tests, 

cell-based therapies, and bridge-to-transplantation devices. Presently the only supply of cells 

derives from an inadequate pool of suboptimal disqualified donor livers. Here we evaluated 

whether machine perfusion could ameliorate ischemic injury that many of these livers experience 

prior to hepatocyte isolation.

Methods—Non-heparinized female Lewis rat livers were exposed to an hour of warm ischemia 

(34°C) and then perfused for 3 hours. Five different perfusion conditions that utilized the cell 

isolation apparatus were investigated, namely: (1) modified Williams Medium E and (2) Lifor, 

both with active oxygenation (95%O2/5%CO2), as well as (3) Lifor passively oxygenated with 

ambient air (21%O2/0.04%CO2), all at ambient temperatures (20±2°C). At hypothermic 

temperatures (5±1°C) and under passive oxygenation were (4) University of Wisconsin solution 

*Co-corresponding authors: Martin L. Yarmush, MD, PhD, Telephone: 617-317-4882, Fax: 617-573-9471, ireis@sbi.org. François 
Berthiaume, PhD, Telephone: 848-445-6566, Fax: 617-573-9471, fberthia@rci.rutgers.edu.
Mailing address for authors at the Center for Engineering in Medicine: 51 Blossom Street, Boston, MA 02114
Mailing address for the Department of Biomedical Engineering at Rutgers University: 599 Taylor Road, Piscataway, NJ 08854
Contact information for authors: Maria-Louisa Izamis, Telephone: 617-470-1046, Fax: 617-573-9471, mizamis@mgh.harvard.edu
Sinem Perk, Telephone: 312-451-2353, Fax: 617-573-9471, perksin@gmail.com.
Candice Calhoun, Telephone: 857-919-9135, Fax: 617-573-9471, Calhoun.ck@gmail.com.
Korkut Uygun, Telephone: 617-849-3758, Fax: 617-573-9471, uygun.korkut@mgh.harvard.edu
Reprint Author: François Berthiaume, PhD, Telephone: 848-445-6566, Fax: 617-573-9471, fberthia@rci.rutgers.edu

Disclosure Statement
The authors Maria-Louisa Izamis, Sinem Perk, Korkut Uygun and Martin Yarmush are named as inventors on two pending patent 
applications relevant to the method described in this article:

1. (WO2011140241) METHODS AND COMPOSITIONS FOR PRESERVING TISSUES AND ORGANS

2. (WO2011002926) ISOLATED ADULT CELLS, ARTIFICIAL ORGANS, REHABILITATED ORGANS, RESEARCH 
ROOLS, ORGAN ENCASEMENTS, ORGAN PERFUSION SYSTEMS, AND METHODS FOR PREPARING AND 
UTILIZING THE SAME

No competing financial interests exist for the authors Candice Calhoun and François Berthiaume.

Supplemental Information: The height of the manometer level (h) plotted against corresponding flow rates (Q) in the absence of a liver 
enables calculation of the kinematic viscosity (v) of the perfusate from the slope of the curve.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cryobiology. Author manuscript; available in PMC 2016 October 01.

Published in final edited form as:
Cryobiology. 2015 October ; 71(2): 244–255. doi:10.1016/j.cryobiol.2015.07.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(UW) and (5) Vasosol. Negative and positive control groups comprised livers that had ischemia 

(WI) and livers that did not (Fresh) prior to cell isolation, respectively.

Results—Fresh livers yielded 32±9 million cells/g liver while an hour of ischemia reduced the 

cell yield to 1.6±0.6 million cells/g liver. Oxygenated Williams medium E and Lifor recovered 

yields of 39±11 and 31±2.3 million cells/g liver, respectively. The passively oxygenated groups 

produced 15±7 (Lifor), 13±7 (Vasosol), and 10±6 (UW) million cells/g liver. Oxygenated 

Williams Medium E was most effective at sustaining pH values, avoiding the accumulation of 

lactate, minimizing edematous weight gain and producing bile during perfusion.

Conclusions—Machine perfusion results in a dramatic increase in cell yields from livers that 

have had up to an hour of warm ischemia, but perfusate choice significantly impacts the extent of 

recovery. Oxygenated Williams Medium E at room temperature is superior to Lifor, UW and 

Vasosol, largely facilitated by its high oxygen content and low viscosity.
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Introduction

Human hepatocytes are a particularly sought after cell type used in testing the safety and 

efficacy of drugs [1], cell transplantation [2, 3], and bridge-to-transplantation bioartificial 

assist devices [4, 5]. Hepatocytes are typically procured from human donor organs rejected 

for transplantation [6, 7]. Due to the poor quality and limited supply, disqualified organs are 

an inadequate source of cells. Techniques to enhance the viable cell volume of these organs 

would therefore be immensely valuable.

The vast majority of disqualified donor organs, particularly those from donors after cardiac 

death, are exposed to periods of warm ischemia that rapidly diminish organ viability. 

Reperfusion of these organs can ameliorate ischemic injury provided it is conducted in both 

a timely [8, 9] and non-injurious manner [10, 11]. The cell isolation apparatus is 

conveniently suited to this task since therapeutic perfusates can be circulated through the 

organs prior to initiating the cell isolation process. To determine the efficacy of such a 

preconditioning step, we investigated five different perfusion conditions that could be easily 

integrated into an existing cell isolation system (Table 1). In addition, since countless 

perfusate options exist, we also performed a data mining analysis of perfusate properties to 

weigh their relative importance in predicting cell yields.

The first choice of perfusate was modified Williams Medium E (WE). This was based on the 

observation that livers exposed to an hour of warm ischemia yielded a meager 1.9 million 

hepatocytes/g liver but within 3 hours of perfusion with WE, the yield recovered to 39 

million hepatocytes/g liver [12]. The treated cells were comparable both in number and 

function to cells from fresh, non-ischemic livers while untreated cells could not survive 

beyond 8 days of plate culture. Moreover, WE is a wholly artificial perfusate developed to 

operate at room temperatures (20°C–25°C). The perfusion system therefore need only 
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comprise a single pump, perfusate reservoir/organ chamber, bubble trap, and oxygenator; 

the same circuitry used for the cell isolation process.

Lifor (Lifeblood Medical, Freehold, NJ), a proprietary solution designed for extended donor 

organ preservation that contains sugars, amino acids, salts, buffers, colloids, and lipid 

nanoparticles [13, 14], was selected as an alternative to WE. A study showed ischemic rat 

livers perfused with oxygenated (>400mmHg) Lifor at room temperature performed 

comparably to fresh livers during a subsequent normothermic reperfusion phase [15]. 

Additionally, Lifor oxygenated passively with ambient air (21%O2/0.03%CO2) at room 

temperature (26°C) and perfused at low flow rates through guinea pig hearts was found to be 

superior to perfusion with ViaSpan under the same conditions; only the Lifor-perfused 

hearts approached positive control performance during normothermic reperfusion [16]. 

Ambient temperature (20.8°C) and air oxygenation was also used in Lifor-perfusion of 

porcine kidneys [26]. Lifor reduced expression of inflammatory markers compared to 

kidneys perfused at 5.7°C with Vasosol [17], a perfusate becoming widely accepted in 

dynamic donor kidney preservation [18]. The potential to remove the need for an active 

oxygen supply would further simplify the perfusion system design while remaining suitable 

for cell isolation.

Though the studies above suggest inferior outcomes with cold-storage solutions, 

hypothermic machine perfusion (0°C–5°C) may also support the use of passive oxygenation 

by further reducing the metabolic requirements of donor organs. Ischemia recovery was 

therefore also evaluated with Vasosol, which had been used in the first clinical trials of 

machine-perfused extended criteria donor livers [19]. University of Wisconsin (UW) 

solution was selected as the final perfusate since it is one of the most commonly available 

organ preservation solutions used for static cold storage and has yet to be investigated in 

terms of its ability to improve hepatocyte yields from ischemic livers.

This paper demonstrates that ischemic livers can benefit from a range of MP conditions, 

increasing viable cell yields significantly within hours of treatment. Cell yields can be 

maximized by optimizing the variables of hepatic oxygenation, and perfusate viscosity.

Materials and Methods

Experimental Groups

Experiments were conducted on female Lewis rats (160g–180g) that were kept in 

accordance with United States National Research Council guidelines. The Subcommittee on 

Research Animal Care, Committee on Research, Massachusetts General Hospital, approved 

the experimental protocols. Animals were randomly divided into two non-perfusion control 

groups and five experimental perfusion groups, according to the perfusate and oxygenation 

conditions used (Table 2).

Hepatectomy and Induction of Ischemia

Livers not exposed to ischemia (Fresh) were prepared directly for cell isolation as described 

by Seglen [20] and modified by Dunn [21]. Briefly, the animals were anesthetized (Forane, 

Deerfield, IL, USA) and a transverse abdominal incision was made to expose the liver, 
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portal vein (PV), hepatic artery (HA), common bile duct (CBD), and inferior vena cava 

(IVC). The hepatic lobes were mobilized. 200 IU of heparin (APP, Schaumberg, IL, USA) 

were administered via cardiac puncture. The PV was cannulated with an 18G catheter 

(SurFlash, Terumo, Somerset, NJ) and then connected to the flow from the cell isolation 

system. The IVC was transected and the liver removed and placed into the organ chamber 

for the completion of the isolation process.

All other livers were exposed to ischemia. We used an ischemic model employed in several 

previous publications [8, 22, 23] including a publication that evaluated the function of the 

resulting hepatocytes [12]. Briefly, livers were excised according to the harvesting technique 

of Delrivière et. al. [24]. No heparin was used to pre-treat the animals, mimicking 

uncontrolled cardiac death. A transverse abdominal incision was made and the intestines 

retracted to expose the PV, the CBD, and the IVC. The CBD was cannulated (12 cm, 22 G 

polyethylene stent, Surflo, Terumo, Somerset, NJ) and the IVC freed from the right renal 

and adrenal veins. The PV was freed from the splenic and gastroduodenal veins. The liver 

was freed from any ligaments. The HA was ligated and the IVC clamped. Finally, the PV 

was clamped and the ischemic time started. The diaphragm was opened, the suprahepatic 

vena cava was transected, followed by the lumbar vessels, IVC, PV and HA. The liver was 

removed and weighed prior to being fully submerged in a 0.9% saline bath at 34°C for 60 

minutes of warm ischemia. The PV was then stented open using a 16G-catheter cuff for 

attachment to the perfusion system. At the end of the warm ischemic insult, all livers were 

removed from the saline bath and weighed again. Livers in the warm ischemic (WI) group 

were placed into the organ chamber, connected to the cell isolation system and cell isolation 

was initiated. All other livers were first perfusion-treated for 3 hours.

Perfusion System

The perfusion circuit and cell isolation circuit were one and the same system. During 

perfusion treatment, the circuit was closed (Figure 1). A peristaltic pump brought perfusate 

from the organ chamber to a membrane oxygenator that comprised 3 meters of oxygen-

permeable silastic tubing. For passively oxygenated livers the silastic tubing was simply 

exposed to air, while for actively oxygenated livers, the tubing was placed in an enclosure 

through which a mixture of 95%O2/5%CO2 was continually flushed. The perfusate then 

passed through a bubble trap to an 18G catheter that connected to the portal cuff. For the 

first 20 minutes, the liver was flushed with non-recirculated perfusate. Portal pressure and 

flow rates were recorded every 5 minutes during this time using a simple manometer and 

digital pump readouts. At the end of the flush, the circuit was closed and beginning at 

t=0.5hrs, pressure and flow were recorded every half hour, and samples were taken for 

lactate analysis (Trinity Biotech, Jamestown, NY, USA), inflow and outflow pO2, and pH 

measurements (Rapidlab, Chiron Diagnostics, Norwood, MA). Bile was collected in a 

specimen tube and both it and the livers were weighed at the end of perfusion. Hypothermic 

machine perfusion was enabled by a jacketed cooling system which kept the livers at 5±1°C; 

this was disabled for room temperature perfusions (20±2°C). The cooling system was set to 

37°C at the start of cell isolation. The perfusion was conducted in a sterile hood.
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Perfusates

Initial perfusate volumes were 500ml in all groups. Lifor® Perfusion Medium (Lifeblood 

Medical, Inc. Adelphia, NJ) was supplemented with 500 units of heparin (APP, 

Schaumberg, IL). Vasosol® (PPS solution, Waters Medical Systems, LLC. Rochester MN) 

and WE (W1878, Sigma Aldrich, St. Louis, MO) were supplemented with 2 u/L insulin 

(28.85units/mg Humulin, Eli Lily, Indianapolis, IN), 100,000 u/L penicillin, 100mg/L 

streptomycin sulfate (Gibco, Invitrogen, Grand Island, NY), 0.292 g/L L-glutamine (Gibco), 

10mg/L hydrocortisone (Solu-Cortef, Pharmacia & Upjohn, Kalamazoo, MI), and 1000 u/L 

heparin (APP, Schaumberg, IL). UW received no supplements.

Perfusate Viscosity

In the absence of available data, an estimation of perfusate viscosity was obtained using the 

method of capillary flow, which assumed the perfusates behaved as Newtonian fluids. Since 

the perfusates comprised water with a low concentration of solutes, Newtonian behavior is 

expected. The kinematic viscosity v of the perfusate was calculated as the ratio of the 

coefficient of viscosity μ to the perfusate density ρ. The perfusion system without the liver 

in place was utilized for this purpose. The pump established a pressure head h at the site of 

the manometer, a length l=10cm from the tip of the catheter, with a tubing radius of 

a=0.8mm. For a flow rate of Q:

[1]

[2]

A plot of htubing vs. Q (Supplemental Information) provides a linear correlation where the 

gradient m is the value of the coefficient of Q in Equation 2, such that v can be solved for:

[3]

Portal Pressure and Hepatic Resistance

The portal pressure was determined from the manometer htubing+liver, after correcting for the 

drop in pressure due to tubing, at a particular flow rate. The dynamic value of htubing was 

derived from the linear correlations found for each perfusate:

[4]

[5]
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Hepatic resistance was estimated using a hydraulic analog of Ohm’s law, where resistance R 

is directly proportional to pressure P and inversely proportional to the flow rate Q 

(Rliver∝Pliver/Q) where Pliver is the product of ρ, g and hliver (Pliver=ρghliver). Rearranging 

and normalizing Equation 1 above with μ we get an estimate of the resistance of the liver as 

a function of its effective length l and radius a:

[6]

[7]

Hepatic Oxygen Uptake

The oxygen delivery rate to the liver (ODR (mlO2/min/g liver)) was estimated based on the 

dissolved oxygen in the perfusate calculated as a function of the flow rate (Q) and partial 

oxygen tension (pO2) (Equation 8). The oxygen binding coefficient (k) was assumed to be 

equivalent to Henry’s constant for oxygen dissolved in water at 5°C (k5°C=6.4x10−5 mlO2/

mmHg/ml perfusate) and at 20°C (k20°C=4.1x10−5 mlO2/mmHg/ml perfusate). 

Measurements were taken immediately prior to entering the liver. Oxygen exiting the liver 

(OER) revealed the adequacy of the perfusate to oxygenate the liver; near-zero values 

implied oxygen starvation. OERs were determined from samples taken at the IVC (Equation 

9). Oxygen uptake rate (OUR) was calculated as the difference between ODR and OER 

(Equation 10) and provided information on the metabolic state of the organ.

[8]

[9]

[10]

Hepatocyte Isolation

Towards the end of perfusion, the circuit was opened by disconnecting the pump inflow 

tubing from the perfusion chamber and placing it into 500ml of pre-warmed (37°C) 

oxygenated Krebs Ringer Buffer and Ethylenediamine tetraacetic acid (KRB+EDTA) 

solution. The pump was adjusted to a flow rate of approximately 17ml/min. The perfusion 

chamber was positioned on a catch basin to allow overflow to drain. When a few milliliters 

of KRB+EDTA remained, collagenase (type IV, C5138-1G) solution with KRB and CaCl2 

was introduced into the KRB+EDTA container and allowed to flow until successful 

digestion was observed. The collagenase was freshly prepared at every isolation; the amount 

was adjusted depending on the specific activity of each collagenase batch to enable similar 

digestion rates between livers. The livers were then disconnected from the perfusion 
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circuitry, placed into a petri dish on ice where approximately 10mL of sterile, cold KRB 

were added. The liver capsule was gently broken to release the cells which were then passed 

through a 250um filter followed by a 60um filter. The suspension was divided into 50 mL 

conical tubes and centrifuged at low speed (15g–21g, 4°C, no brake, 5 minutes). The 

supernatant was aspirated and the pellet re-suspended with 10ml KRB. An initial cell count 

and viability was performed. A volume of 24mL of cold Percoll solution (9 parts Percoll: 1 

part 1.5M NaCl, pH 5–5.5) was used for every 25mL of cell suspension. Cells were added at 

a concentration of 5 million cells/mL and inverted five times before being centrifuged (49–

58 g, 4°C, no brake, 10 minutes). The buffy coat and supernatant were discarded and the 

cells resuspended to 10mL in Dulbecco’s Modified Eagle Medium (DMEM) + 10% fetal 

bovine serum (FBS) + 100,000 u/L penicillin + 100mg/L streptomycin sulfate, after which a 

final count was performed using Trypan Blue exclusion. All materials used for the cell 

isolation were procured from Sigma Aldrich (St Louis, MO).

Statistical Analyses

Comparisons between groups was carried out using 2-way analysis of variance (ANOVA) at 

α=0.05, with Tukey-Kramer correction for multiple comparisons. Subsequent principal 

component analysis and partial least squares regression were conducted to determine the 

effect of process variables on response variables. Nine process variables provided data for 

multivariate analyses: viscosity, flow rate, pressure, resistance, pHin, pHout, pO2in, pO2out, 

OUR. Temperature was not selected as a process variable because each solution used here 

already has a prescribed optimal temperature range. The three response variables chosen 

were: cell yield, cell viability, and weight gain. All variables were mean-centered and unit-

variance scaled for all statistical analyses.

Principal Component Analysis (PCA) and Multi-way PCA (MPCA)

Multivariate methodologies such as PCA have been proposed for the analysis of datasets 

with many correlated variables [25, 26]. By applying these methodologies to the data 

accrued here, guiding principles in perfusate design and optimization can be elicited without 

the need to experimentally evaluate all the permutations and combinations of the selected 

variables. PCA captures the correlation structure between the variables in data matrix X [(I x 

J), j = 1,…, J variables; i = 1,…, I independent samples] and forms a model plane with fewer 

R dimensions using only the R largest variance directions. R is chosen such that adding 

additional components to the model does not provide additional significant information. 

Instead of working with highly correlated collinear J variables in X, PCA yields fewer 

uncorrelated R projections (R<J), called scores T.

[11]

PCA is performed by singular value decomposition in the covariance of X and the loadings 

P (J x R) are derived. The R eigenvectors are the R highest variance directions. Scores T (I x 

R) are the new uncorrelated variable projections onto the newly-derived PCA plane. E is the 

residual matrix. Score biplots (t1 vs t2) reveal the similarities and clustering among the 

Izamis et al. Page 7

Cryobiology. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



samples and also the outliers. Loading plots show the correlation among J variables and 

identify the variables that have a large influence on each model score vector t.

For statistical process monitoring (SPM) of dynamic datasets, PCA is extended to multiway-

PCA (MPCA), which is used for the analysis of three dimensional data arrays X (I x J x K) 

where I independent processes are referred to as batches (i = 1,…, I). A multi-way PCA 

model is equivalent to an ordinary PCA model performed on a 2D matrix constructed by 

unfolding the three-way data array [27–32]. An (I x J x K) data array can be unfolded by 

preserving the batch direction I and augmenting the J variable measurements taken at each 

time point k (k = 1,…, K) side by side resulting in an I x JK matrix.

Partial Least Squares (PLS) and Multi-way PLS (MPLS)

Partial least squares or projections to latent structures (PLS) is a regression extension of 

PCA and is used to connect the information in two blocks of variables, namely the predictor 

block X and response block Y [33]. PLS finds the orthogonal directions that maximize the 

correlation between X and Y. An algorithm for Nonlinear Iterative Partial Least Squares 

(NIPALS) is provided in [32].

[12]

PLS is extended to multi-way PLS (MPLS) for batch processes. MPLS is equivalent to 

performing PLS where X predictor set is the unfolded batch data and Y is a 2D matrix of 

end-of-batch quality variables. The predictor set (X) consists of the 3-D dynamic data 

collected at each sampling time and unfolded into a I x JK matrix. The MPLS model reveals 

the similarities of the five perfusion media and explains the interrelationship between 

perfusion conditions and the perfusion outcomes in terms of cell yield, viability, and percent 

weight gain, and enables induction of the perfusion parameters for optimum perfusion 

outcome. Our MPLS model was built using a (13 x 9 x 6) X matrix. The matrix comprised 

13 livers analyzed, since a Lifor and Vasosol liver were determined to be outliers and 

removed from the subsequent analyses, and 9 process variables measured at 6 different time 

points during perfusion. The Y response matrix is a (13 x 3) matrix that consists of the three 

perfusion response indicators: cell yield, viability, and weight gain. For the MPLS model the 

X matrix is unfolded into a (13 x 54) matrix.

Results

Cell Yields and Viabilities

Fresh liver isolations produced 32±8.6 million cells per gram liver (Table 2). After 60 

minutes of warm ischemia however, cell yield was reduced 20-fold to 1.6±0.6 million cells 

per gram liver (p<0.05). Pre-treatment of ischemic livers with either WE+O2 or Lifor+O2 

resulted in a full recovery of liver cell yields within 3 hours of perfusion. In the groups 

without active oxygenation, cell yield was considerably less. Lifor recovered only 50% of 

the cells (15±7.2 million cells per gram liver, p<0.05), which was not significantly different 
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from yields by livers perfused with Vasosol (13±7.0) and UW (9.6±6.0) (p=0.6). As a 

consequence of Percoll treatment, cell viabilities were consistently high, ranging from 

89±3.7 % (Lifor+O2) to 93±2.5 % (UW).

Hepatic Oxygenation

Oxygen delivery rates, illustrating the effectiveness of the oxygenators, were stable for all 

groups. A comparison of the Lifor groups shows that for comparable flow rates, passive 

oxygenation produced an average pO2 of 151±8 mmHg and an ODR of 0.006±0.0003 

mlO2/min/g liver, which was significantly lower (p<0.005) than active oxygenation with a 

pO2 of 418±28 mmHg and an ODR of 0.02±0.001 mlO2/min/g liver. OER, a useful metric 

of whether the livers were being adequately oxygenated, was close to zero throughout 

perfusion of Lifor livers with an average of 0.0004±0.0000 mlO2/min/g liver and an average 

efflux pO2 of 8.3±1.2 mmHg (Figure 2B). Lifor+O2 livers had an average OER of 

0.0016±0.004 mlO2/min/g liver and an average efflux pO2 of 34±11 mmHg. OERs in all 

other livers were significantly (p<0.05) greater than Lifor livers: Vasosol pO2 levels were 

59±24 mmHg, UW pO2 levels were 56±23 mmHg and WE+O2 pO2 levels were 111±10 

mmHg, demonstrating that not all the oxygen available to them had been utilized. Although 

ODRs of WE+O2 and Lifor+O2 were similar, OERs in the WE+O2 group were significantly 

elevated during the first 1.5 hours of perfusion by contrast demonstrating poor initial oxygen 

extraction. OER values gradually declined over time so that by t=2hrs the differences with 

Lifor+O2 livers were no longer significant (p=0.1). OURs, the difference between ODRs 

and OERs, demonstrated that Lifor livers were oxygen starved since they consumed an 

average of 0.005±0.0002 mlO2/min/g liver, 3.5 times less than Lifor+O2 livers (Figure 2C). 

By using the van’t Hoff prediction that an approximately 2.5-fold decline in metabolism 

occurs for every 10°C decline in temperature, which was empirically evaluated in perfused 

livers by Fujita et. al. [34, 35], we see that the livers perfused in this study fall within the 

expected ranges. Using the hepatic oxygen consumption from a similar study of 

normothermic MP as the maximum value (100%) [36], livers perfused at room temperatures 

and near-freezing temperatures consumed approximately 34% and 9% of the maximum, 

respectively. This is more than the 25% and 5% predicted by van’t Hoff’s equation, and 

closer to Fujita et. al’s findings of 32% and 12%, respectively [35]. The livers therefore 

appear to be functioning at metabolic rates appropriate for the perfusion temperature.

Perfusate Viscosity

The estimated kinematic viscosity differed substantially between the perfusates (Table 2). At 

their respective operating temperatures, WE was found to be the least viscous. Compared to 

WE, Lifor was approximately twice as viscous, and UW and Vasosol approximately three 

times as viscous. A strong inverse correlation between viscosity and cell yield was observed 

(Pearson 0.967, p=0.03); passively oxygenated Lifor results were excluded from this 

calculation to remove the oxygenation bias since only this group was observed to be oxygen 

deprived, which clearly impacted cell yields.

Hepatic Portal Pressure, Flow and Resistance

Within the first 0.5hr of perfusion portal pressures and flow rates stabilized (Figure 3A&B). 

As perfusate viscosity increased, portal pressures increased and flow rates decreased. WE, 
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with the lowest viscosity, approached rat physiological flow rates of 1.8 ml/min/g liver [37], 

averaging 1.4±0.08 ml/min/g liver with portal pressures averaging 10±1.8 cmH2O. Lower 

average flow rates of 1.2±0.03 ml/min/g liver in the higher-viscosity Lifor perfusate 

produced similar average portal pressures of 12±0.5 cmH2O. Vasosol and UW, with the 

highest viscosities, resulted in significantly higher average portal pressures of 16±0.8 

cmH2O and 18±2.0 cmH2O respectively when average flow rates of 1.0±0.05 ml/min/g liver 

and 1.0±0.01 ml/min/g liver respectively were used to ensure adequate oxygenation. Portal 

resistance (Figure 3C), calculated to account for differences in perfusate viscosity, was 

observed to be similar amongst all groups, except in WE+O2 livers, which had significantly 

higher resistances than all other groups (p<0.05).

pH

Livers perfused with Lifor produced significant declines in pH values over the course of 

perfusion, measured at the IVC (Figure 4A). The starting pH value in Lifor+O2 was 7.0 and 

declined to 6.7 at the end of perfusion. Lifor livers started at a pH of 7.3 and ended with a 

pH of 7.0. WE+O2, UW and Vasosol livers began at a pH of 7.4 and remained above 7.3 

however, while WE+O2 and UW livers had stable pH values, Vasosol livers showed a 

gradual but steady decline.

Lactate Production

WE+O2 livers produced negligible amounts of lactate during perfusion (0.1 mM/hr) (Figure 

4B). Lifor livers produced significantly more lactate than WE+O2 livers; by the end of 3 

hours of perfusion Lifor perfusate had a concentration of 15 mM compared to 0.27 mM in 

WE+O2 (p<0.01). While each Lifor liver produced lactate at a similar rate during perfusion, 

a wide range in the amount of lactate released upon the initiation of perfusion was observed. 

Vasosol and Lifor+O2 livers released a comparable amount of lactate to Lifor livers during 

the first half hour of perfusion. Lifor+O2 livers produced 0.6 mM/hr of lactate during the 

remainder of the perfusion, while Vasosol livers produced 1.2 mM/hr. UW levels were not 

measured. There was no significant correlation in lactate production with the decline in pH 

levels (Pearson −0.65, p=0.35).

Bile Production

A measurable amount of bile was produced only by WE-perfused livers which amounted to 

0.1±0.05g in 3 hours of perfusion.

Hepatic Weight Gain

After an hour of warm ischemia, livers gained 13±0.4% in weight compared to their fresh 

weight values (Table 2). Perfusion with WE reduced weight gain to 6.6±0.6% of their initial 

weights. All other perfusions exacerbated weight gain with Vasosol increasing it the most to 

40±1.3%. Weight gain showed a strong positive correlation with viscosity (Pearson 0.92, 

p=0.027), but only a weak negative correlation with cell yield (Pearson −0.83, p=0.08).
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Multivariate Statistical Analyses

i. Analysis of the effect of perfusion medium on the response variables Cell 
Yield, Viability, and Weight Gain—A PCA model on a (13 x 3) response matrix with 2 

principal components (R=2) explains 99.8% of the variability in the data. The first PC (P1), 

which describes mostly the cell yield variable, explains 98.7% of the data variability and is 

subsequently given more importance in evaluation of the score and loading plots. The 

second PC (P2), which describes mostly the % weight gain variable, explains a much smaller 

portion of the total variation. The (t1 vs t2) score biplot (Figure 5A) and (P1 vs P2) loading 

plot (Figure 5B) together show that WE and Lifor+O2 perfusates tend to yield more cells 

than other media (t1<0) while Vasosol solution causes the largest weight gain (t2>0). The 

loading plot also shows that the cell viability (0,0) is independent of the different media 

used.

ii. Analysis based on the process variables to determine the perfusion media 
conditions that influence the response variables—An MPLS model with five 

principal components (R=5) explained 94.9% of the total variation in process variables (X 
(13x54)) and 74.5% of the variation among the perfusion response variables (Y (13x3)). The 

MPLS (t1 vs t2) score biplot shows a distinct clustering of livers, separating UW and 

Vasosol from Lifor, Lifor+O2, and WE+O2 livers (Figure 6A). The loading plot shows that 

livers perfused with Vasosol and UW are likely clustered together because of similarly 

elevated portal pressures, in addition to their higher viscosities (P1<0) (Figure 6B). WE+O2 

livers are distinguished by their higher portal resistances, oxygen trends, and flow rates. 

Lifor livers differ from the other groups by significantly lower pH values while Lifor+O2 

perfused livers fall in the fourth quadrant, distinct from Lifor, because of higher OUR and 

pO2in values. Variable importance on projection (VIP) plot represents the contribution of 

each of the process variables in X in fitting the MPLS model (Figure 6C). VIP is a weighted 

sum of squares of the PLS weights taking into account the amount of explained Y-variance 

in each principal component dimension. Wold et al. considers a value greater than 0.8 to be 

significant for the VIP [38]. The variables that have major influence on the model response, 

in order of decreasing importance, and hence the separation among different perfusion 

media are pO2in, OUR, viscosity, flow rate, pressure, resistance, and pO2out.

iii. MPLS determines how the process variables impact the response variables
—The MPLS model reveals both the similarities between the five perfusion groups and 

explains the interrelationship between perfusion conditions and the perfusion outcomes in 

terms of cell yield, viability, and percent weight gain (Figure 7). This enables induction of 

the perfusion parameters for optimum perfusion outcome. For instance, higher cell yields are 

favored by high oxygen delivery rates (higher flow rates and pO2in), oxygen uptake rates, 

and low viscosities. Weight gain is exacerbated by high viscosities and portal pressures and 

reduced when flow rates are high and there is no oxygen starvation. Highest cell viability 

appears to be promoted by having a stable pH.
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Discussion

Numerous MP designs are in existence today, with operating conditions ranging from 

normothermic (37°C) to hypothermic (0°C–5°C) temperatures, and perfusates ranging from 

artificial salt-based buffers to whole-blood derivatives [39]. Here we show that while the 

liver tolerates and benefits from a wide range of conditions, MP design considerations, such 

as perfusate viscosity, oxygenation, temperature, and composition, can dramatically 

influence cell yields.

Optimizing WE perfusions

WE proved most effective at recovering hepatocytes from ischemic livers, which have been 

shown to be comparable to non-ischemic livers in both quantity and quality [12]. WE also 

sustained normal pH values, avoided the accumulation of lactate, produced bile and 

minimized edematous weight gain. High flow rates in the beginning of perfusion, found to 

be useful in clearing clots, appeared to be associated with increased vascular resistances in 

the portal vein compared to other groups. The addition of a vasodilator or thrombolytic to 

reduce hepatic resistance and ensure optimal oxygen uptake rates early in perfusion may 

therefore be beneficial.

Optimizing Lifor perfusions

In a similar study by Olschewski et. al. [15] livers were exposed to an hour of warm 

ischemia and perfused with oxygenated Lifor at 21°C for 6 hours. The authors used a 

comparable flow rate of 1 ml/min/g liver and oxygen consumption was 0.02 ml/min/g liver 

in both studies. Although we observed oxygen exit rates that were not as low as passively 

oxygenated Lifor livers, the delivery rate may not have been high enough based on the large 

amounts of lactate produced suggestive of anaerobic metabolism. We measured 6 mM of 

lactate at 3 hours and Olschewski et. al. measured approximately 5 mM at 4 hours; this was 

twice the concentration that they measured at 2 hours, but signs of reaching a plateau were 

seen by 6 hours. Bile production was also extremely low (2 μL/g liver after 6 hours); 

approximately 100 times less than what was produced during a subsequent 1 hr of 

normothermic reperfusion. The similarities in results between our studies corroborate the 

effect of Lifor on hepatic performance. A reduction in Lifor viscosity may improve 

perfusion, which could address the incline in lactate observed in Lifor+O2 livers, and an 

increase in pH buffering capacity could mitigate the extensive decline in pH, both of which 

may result in a more stable perfusate for cell isolation purposes. However, the complete 

retardation of bile production suggests that, despite achieving high viability post-Percoll, the 

quality of the cells produced compared to WE+O2 [12] must also be evaluated. Passive 

oxygenation of Lifor resulted in oxygen starvation with even higher lactate production and 

the recovery of only 50% of the total possible cell yield. This is therefore an inappropriate 

simplification of the perfusion system.

Optimizing Vasosol and UW perfusions

Vasosol and UW, high-potassium “extracellular-like” fluids, are designed for use at low 

temperatures. However, low temperatures have several cumulative effects on reducing cell 

yield. Perfusate viscosity is increased at low temperatures and, as seen from the data here, 
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the higher the perfusate viscosity, the lower the flow rates must be in order to maintain 

portal pressures within a physiological range. Since pO2,out values exceeded those of 

oxygen-starved Lifor livers, suggesting the livers were not using all the oxygen available to 

them, flow rates could have been lowered further. Slower flow rates still could have been 

facilitated by active oxygenation. This would serve to reduce both damage to the vascular 

endothelium and edematous weight gain [40]. The caveat of extremely slow flow rates is 

potentially inferior flushing and therefore permanent ischemia at the microcirculatory level 

[41, 42]. The elevated lactate levels compared to WE+O2 livers suggest that this may 

already have been a concern in these livers. While active oxygenation and low viscosities 

have been shown to improve outcomes [43, 44], additional considerations in the use of 

hypothermic systems include reduced metabolic rates that may necessitate longer ischemic 

damage recovery times in MP, and a risk of cold-induced cell damage [15, 45, 46].

MP is a desirable intervention in the routine procurement and preservation of donor organs 

since it is beneficial to both healthy and unhealthy organs [12] and may enable the safe 

expansion of the donor pool by quantitatively evaluating marginal organ transplantability 

[47, 48]. Already an established technique in kidney preservation through justification of its 

cost-effectiveness [49], MP is being actively investigated in clinical trials for the heart, lungs 

and liver [50–53]. MP of disqualified donor organs for cell isolation purposes is a useful 

step toward this goal since the number of viable cells procured is an additional metric of the 

extent of organ recovery. The MP circuitry tested here demonstrates that it can be the same 

as that used for cell isolation purposes. For human-sized organs the primary difference in 

perfusion design is that a dual inflow system would be set up to also accommodate flow to 

the hepatic artery. This can be done either with two separate circuits [54] or by using a split 

in flow after the pump [55].

In conclusion, treatment of ischemically damaged donor livers with MP has the capacity to 

significantly increase viable cell yields. The liver appears capable of tolerating a range of 

MP conditions with positive outcomes, though the greatest viable cell yields occur when 

actively-oxygenated low-viscosity perfusates, particularly modified Williams Medium E, are 

used. Treatment of ischemic damage and cell isolation can be conducted with the same 

perfusion circuitry and subsequently MP should be considered as a preconditioning step in 

cell isolation protocols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CBD Common bile duct
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EDTA Ethylenediamine tetraacetic acid

HA Hepatic artery

IVC Inferior vena cava

KRB Krebs Ringer Buffer

MP Machine Perfusion

MPCA Multi-way principal component analysis

MPLS Multi-way partial least squares

ODR Oxygen delivery rate

OER Oxygen exit rate

OUR Oxygen uptake rate

PCA Principal component analysis

PLS Partial least squares

PV Portal vein

UW University of Wisconsin solution

WE Williams Medium E

WI Warm ischemia
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Figure 1. 
The perfusion and cell isolation system comprised an organ chamber and reservoir, a pump, 

an oxygenator exposed to air or 95%O2/5%CO2, a bubble trap and a manometer. The system 

was jacketed for thermal regulation.
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Figure 2. 
Livers were oxygenated actively with a 95%O2/5%CO2 mixture or passively with ambient 

air (20%O2/0.03%CO2). (A) Oxygenator efficacy was demonstrated through a constant 

oxygen delivery rate (ODR) measured at the inflow to the portal vein as a function of the 

perfusate flow rate and gas composition. (B) The rate of oxygen exiting the liver (OER), 

measured in the vena cava, depicted the amount of oxygen remaining in the perfusate after 

passing through the liver. (C) The difference in oxygen delivery rate (ODR) and exit rate 

(OER) described the oxygen uptake rate by the liver (OUR), which declined with 
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temperature and oxygen availability. Data are expressed as mean ± s.d. *Greater than 

passive oxygenation (p<0.05). **Greater than all other groups (p<0.05).
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Figure 3. 
Perfusate viscosity played an influential role in fine-tuning the balance between adequate 

flow rates and low portal pressures. As perfusate viscosities increased, (A) lower flow rates 

produced (B) higher portal pressures. (C) Hepatic resistance, which accounted for 

differences in perfusate viscosity, was not significantly elevated across groups with the 

exception of WE livers. Data are expressed as mean ± s.d.
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Figure 4. 
pH and lactate trends during perfusion described perfusate pH buffering capabilities and the 

extent of aerobic metabolism. (A) Except for WE+O2 and UW, pH values tended to decline 

over the course of perfusion, but only Lifor-perfused livers exceeded physiological range 

(7.2–7.332). (B) Lactate values increased above physiological levels (1–1.2mM) in all 

groups except WE+O2. *Less than all other groups (p<0.05). Data are expressed as mean ± 

s.d.
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Figure 5. 
The effect of perfusion medium on the response cell yield, viability, and percent weight gain 

are expressed in PCA score and loading plots. (A) Score biplots cluster groups primarily by 

cell yield and weight gain. (B) The loading plot illustrates the greatest degree of variability 

is explained by cell yield and weight gain, with little contribution from cell viability.
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Figure 6. 
MPLS models analyze the process variables with regards to the perfusates used. (A) Score 

biplots cluster groups illustrating similarities between UW and Vasosol based on viscosity, 

but differences between Lifor and Lifor+O2 based on oxygenation. (B) The loading plot and 

(C) VIP plot with a cutoff of 0.8 illustrates that viscosity, pressure, resistance and oxygen 

delivery rates have a major influence on the model response.
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Figure 7. 
Combined analysis of response and process variables enables the effects of perfusion media 

properties on perfusion outcomes to be evaluated. Cell yield is increased when media has a 

high oxygen delivery rate but low viscosity and portal pressure, while the antithesis results 

in high weight gain. Stable pH and the absence of oxygen starvation ensure high cell 

viabilities.
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TABLE 1

Contents (mmol/L)* WE Vasosol UW

Adenine (free base) 5.0

Calcium Chloride (dihydrate) 1.8 0.46

Dextrose (+) 10.0

Glutathione (reduced) 1.6x10−4 3.0 3.0

HEPES (free acid) 10

Hydroxyethyl starch (g/L) 50 50

Magnesium gluconate (anhydrous) 2.7

Mannitol 29

Potassium Phosphate (monobasic) 25 25

Ribose, D(−) 5.0

Sodium Gluconate 80

Sodium Hydroxide/Hydrochloric Acid 18

Lactiobionic acid 100

Magnesium Sulphate 0.83 5.0

Raffinose (pentahydrate) 30

Adenosine 5.0

Allopurinol 1.0

Potassium Hydroxide 100

Cupric Sulphate (pentahydrate) 4x10−7

Iron Trinitrate (nonahydrate) 2x10−7

Manganese Chloride (tetrahydrate) 5x10−7

Potassium Chloride 5.4

Sodium Bicarbonate 26

Sodium Chloride 116

Sodium Phosphate (anhydrous) 1.0

Zinc Sulphate (heptahydrate) 7x10−7

Glucose 11

Methyl Linoleate 9x10−6

Pyruvic Acid 0.28

Amino acids (n=20) 1.0 (A), 0.33 (C), 0.23 (D), 0.30 (E), 0.15 (F), 0.6705 (G), 0.10 (H), 0.38 (I), 0.48 
(K), 0.57 (L), 0.10 (M), 0.15 (N), 0.26 (P), 2.0 (Q),0.29 (R), 0.10 (S), 0.34 (T), 

0.43 (V), 0.05 (W), 0.28 (Y)

Vitamins (n=15) 0.0003 (A), 0.01 (C), 0.003 (B1), 0.0003 (B2), 0.008 (B3), 0.002 (B5), 0.002 (B6), 
0.002 (B7), 0.002 (B9), 0.00014 (B12), 0.0002 (D), 0.00002 (E), 0.00006 (K), 

0.001 (choline chloride), 0.01 (myoinositol)

pH (26°C) 7.4 7.4 7.4

Osmolarity (mOsm) (26°C) 320 300 320

pO2 (mmHg) (26°C) 159 159 159

*
Except where stated.
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