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Abstract

Cold storage (at 4 °C) offers a compromise between the benefits and disadvantages of cooling. It 

allows storage of organs or cells for later use that would otherwise quickly succumb to warm 

ischemia, but comprises cold ischemia that, when not controlled properly, can result in severe 

damage as well by both similar and unique mechanisms. We hypothesized that polyethylene 

glycol (PEG) 35 kDa would ameliaorate these injury pathways and improve cold primary 

hepatocyte preservation. We show that reduction of the storage temperature to below zero by 

means of supercooling, or subzero non-freezing, together with PEG supplementation increases the 

viable storage time of primary rat hepatocytes in University of Wisconsin (UW) solution from 1 

day to 4 days. We find that the addition of 5% PEG 35 kDa to the storage medium prevents cold-

induced lipid peroxidation and maintains hepatocyte viability and functionality during storage. 

These results suggest that PEG supplementation in combination with supercooling may enable a 

more optimized cell and organ preservation.
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Introduction

The plasma membrane plays a key role in cell viability, as the protective barrier between 

cells and their environment. A change in temperature alters the physical properties of 

cellular membranes [15], and could be detrimental to cell survival [17]. Protection of the cell 

membrane is therefore one of the main concerns when devising cold preservation protocols. 

Typically, cells are preserved in University of Wisconsin (UW) solution at 0–4 °C – 

conditions similar to whole-organ preservation – when storing for a limited period of time. 

Better viability and functionality of primary hepatocytes after storage could be achieved by a 

customized preservation technique, based on supercooling. Recent work from our laboratory 

is based on this premise, lowering the conventional storage temperature of 4 °C 

(hypothermic storage) to −4.4 °C, without the formation of ice. In doing so, we were able to 

increase the viable storage time of rat hepatocytes and whole livers [1,18].

Recent work from our laboratory has shown that membrane damage is evident in primary 

hepatocytes after cold storage or supercooling [18]. Moreover, we found that only livers that 

were stored in UW supplemented with 5% polyethlylene glycol 35 kDa (PEG) yielded 

successful orthotopic transplantation after 96 hours of supercooling preservation [1]. PEG 

has shown multiple benefits in cell and organ preservation, including antioxidant capacity, 

preventing edema, membrane stabilization and, in the context of subzero preservation, 

freeze-protection [2,13,14]. In the present study, we compared supercooling storage of 

primary hepatocytes at −4.4 °C to the current standard of cold storage at 4 °C for extending 

preservation times, specifically investigating the protective effect of PEG on supercooled 

hepatocytes and the potential role of lipid peroxidation.

Materials and Methods

Hepatocyte Isolation

Primary rat hepatocytes obtained from the Cell Resource Core at Massachusetts General 

Hospital (MGH) were used for all experiments. The animals were maintained in accordance 

with National Research Council guidelines, and the experimental protocols were approved 

by the Subcommittee on Research Animal Care at Massachusetts General Hospital. Briefly, 

primary hepatocytes were isolated from 2–3 month old female Lewis rats (Charles River, 

MA), as described previously [6] by the MGH Cell Resource Core. Routinely, 200–300 

million cells were isolated with viability between 93–98% as determined by trypan blue 

exclusion. Cells were kept on ice for a maximum of 5 minutes which was logistically 

necessary to initiate the processing for plating or storage, in Dulbecco’s Modified Eagle 

Medium (DMEM, Gibco), supplemented with 20 ng/mL EGF (Sigma), 7.5 ug/mL 

hydrocortisone (Upjohn Co), 7 ug/mL glucagon, 0.5 unit/mL insulin, 200 units/mL 

penicillin, 200 ug/mL streptomycin and 10% FBS (Gibco).

Experimental groups

Primary hepatocytes were treated in five groups; two supercooling groups, in which cells 

were preserved at −4.4 °C, and two groups stored at 4 °C. At both temperatures, one group 
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was preserved in UW solution and one in UW solution supplemented with PEG. A control 

group was cultured fresh without storage.

Cold storage and supercooling

Directly after isolation, fresh cells were plated for culture on a 12-well plate as described 

below (control), or prepared for storage. For storage, cells were centrifuged at 300g for 5 

min at 4 °C and gently resuspended in UW solution (CoStorSol, Preservation Solution Inc.) 

or in UW solution supplemented with 5% PEG 35 kDa (Sigma) at 2 million cells/mL. The 

suspensions were aliquotted into pre-cooled 1.5 mL cryovials (Nalgene), 1 mL/vial, and 

transferred for storage at either 4 °C (cold storage), or −4.4 °C (supercooling). The 

supercooling temperature was based on an optimal viability found in previous experiments 

[18]. Cold stored samples were stored in a temperature-controlled room for 1, 4 or 6 days, 

Supercooled samples were stored in a portable controlled-rate freezer (Engel MHD-13, 

Engel-USA Inc.) for matching durations. Please note that in the case of supercooling, the 

actual freezer setting was 24°F (−4.4 °C). To minimize temperature variations, the device 

was placed in the same cold room as the cold controlled samples. In our observations the 

temperature remained within a range of about ±2°F, where the thermostat cut in and cut out 

were observed. Usta et al have tested different temperatures for hepatocyte supercooling in 

this setting & environment [18] and have shown that lower temperatures (−7 °C and −10 °C) 

leads to significantly increased likelihood of freezing.

After storage, cells were spun down at 300g for 5 min at 4 °C and the supernatant was 

collected for lactate dehydrogenase (LDH) analysis. The cells were washed once, 

resuspended in culture medium and then were allowed to recover at 37 °C while being 

gently rotated. We found previously that determining the cell viability directly upon taking 

them out of storage overestimates the number of viable cells, therefore viability was 

determined after allowing the cells to recover for 1 h at 37 °C. LDH quantification was 

performed after 1 h of recovery as well. The cells were spun down after, washed once, 

resuspended in 1 mL culture medium, and the viability was determined by trypan blue 

exclusion. 0.4 M live cells were plated per well in a 12-well plate as described below. Cells 

were examined daily and imaged with a Zeiss Axiovert 200 M Microscope using phase 

contrast microscopy. Experiments were performed on three different hepatocyte isolation 

batches and in triplicate for each isolation.

Hepatocyte culture

Hepatocytes were cultured after storage or fresh (controls) in collagen sandwich gels at 37 

°C and exposed to 10% CO2, 90% O2. Collagen (type I) extracted from Lewis rat-tail 

tendons was used for culture (Cell Resource Core, MGH). The first collagen layer (1 part 

10x DMEM pH 7.4, 9 parts collagen solution at 1.11 mg/mL) was allowed to gel at 37 °C in 

a 12-well culture dish (200 μL/well). Following storage, cells were left to recover in 

suspension for 1 h at 37 °C before plating. 0.4 million viable hepatocytes in culture medium 

were seeded on this layer and allowed to attach at 37 °C for 4 h, after which the media was 

refreshed. At 24 h (in the case of fresh cells) or 48 h after seeding (in the case of stored 

cells), the media was removed, the cells were washed with PBS once and were then overlaid 

with a second layer of collagen, which was allowed to gel for 1 h at 37 °C. After gelling, 
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500 μL culture medium was added to each well. The medium was changed daily for 12 days 

and was sampled and stored at −20 °C for further analysis.

Measurement of albumin, LDH and lipid peroxidation

Albumin secreted in the medium was analyzed by ELISA, as described previously [5], using 

an anti-rat albumin polyclonal antibody (Organon Teknika Corp).

Membrane integrity was assessed by measuring the amount of cytoplasmic LDH released 

into the medium, using a cytotoxicity detection kit for LDH (Sigma) following the 

manufacturer’s protocol. LDH levels are presented as a percentage of LDH in fresh cells, 

which was obtained by sonication of freshly isolated cells followed by LDH analysis, 

reflecting the total LDH concentration.

Cold-induced cell injury has been associated with the formation of reactive oxygen species 

[10]. To further elucidate the nature of cellular injury that hepatocytes sustain during 

storage, we used thiobarbituric acid-reactive substances (TBARS) to analyze the cells for the 

presence of lipid peroxidation. During lipid peroxidation, a polar oxygen moiety 

(hydroperoxy group) is introduced into the hydrophobic tails of unsaturated fatty acids. The 

end product of lipid peroxidation is malondialdehyde (MDA) [11]. In the TBARS assay, 

thiobarbituric acid reacts with MDA to yield a measurable product, detected using an assay 

(Zeptometrix), following the manufacturer’s protocol. For each sample, 8 million cells were 

used that were sonicated in 500 μL PBS over ice. 100 μL of the homogenate was used in the 

assay.

Statistical analysis

To analyze the differences in cellular viability and cellular metabolite output (Albumin, 

LDH, TBARS) over time using different temperatures and the addition of PEG to the 

storage medium, 2-way repeated measures analysis of variance (ANOVA) with bonferroni 

post-testing was used. A p value of p<0.05 was applied to determine statistical significance.

Results

Supercooling with UW PEG reduces cell injury after extended preservation

To assess membrane damage under the various storage conditions and preservation 

parameters used in this study, LDH leakage was measured in the storage solution right after 

storage (cold) as well as after the 1 h recovery phase at 37 °C of the same samples. Figure 1 

shows LDH release as a percentage of the total amount of LDH in fresh cells. Regardless of 

the storage medium, temperature or storage time, LDH release is more significant after the 

recovery phase at 37 °C for an hour than after storage. With the exception of the cells stored 

for 6 days at 4 °C, which have significantly higher LDH release during storage, LDH release 

is 3.5 – 11.2 % for both cold storage and supercooling in UW solution immediately after 

cold storage (Fig. 1A). The samples supplemented with PEG have a lower LDH release 

during storage in all groups (p<0.01), indicating that the addition of PEG suppresses LDH 

leakage. LDH release is significantly higher for cells stored for 6 days at 4 °C, regardless of 

the storage medium (31% for UW and 29% for UW PEG stored cells), indicating that cells 

Puts et al. Page 4

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cannot withstand 6 days of storage at 4 °C in either storage medium and reinforcing the 

benefit of supercooled preservation. The effect of PEG is mitigated during rewarming, 

although a significant effect is still noted after prolonged storage. In addition, this 

experiment shows that damage due to supercooling or cold storage becomes more apparent 

after bringing the cells back to their physiological temperature (Fig. 1B).

Lowering of the storage temperature, and supplementation with PEG improves cell 
viability after extended preservation

Figure 2 shows cell viability as a function of the preservation time (1, 4 and 6 days) and 

temperature (4 °C and −4.4 °C). The viability is represented as a percentage of the viability 

of freshly isolated cells. We found that the majority of primary hepatocytes were able to 

endure storage for 24 hours, with insignificant differences between storage groups. 

However, when the storage time is extended, both the storage temperature and medium 

become important; at 4 days, the viability is significantly higher when cells are supercooled 

compared to cold storage (p<0.01). Additionally, when UW solution is supplemented with 

PEG cell survival improved at supercooled temperature (p<0.001). These differences were 

even more pronounced when cells are stored for 6 days (p<0.001).

Albumin secretion and morphology are best preserved by supercooling and is contingent 
on supplementation with PEG

Figure 3A shows there are no significant differences in albumin secretion between the 

various storage conditions when cells are stored for 1 day, and secretion is higher than fresh 

cells that have been injured during isolation (collagenase treatment and perfusion digestion 

shear stress [6]). Increasing duration of storage to 4 days, storage modality influences 

synthetic capacity, with a better-preserved albumin production at −4.4 °C in UW PEG, 

which is consistent with cell viability results (Fig. 3B). In this group albumin secretion is 

similar to that of control cells. In all other groups, the albumin levels drop below those 

measured in fresh control cells. After 6 days of storage at 4 °C cells were no longer viable. 

However, cells supercooled for 6 days in UW PEG survived and displayed albumin 

production similar to fresh control cells (Fig. 3C), showing the importance of PEG 

supplementation (P<0.05). In contrast, supercooled cells in UW solution without PEG 

supplementation did not show any albumin production.

Figure 4 shows phase-contrast microscopy of hepatocytes that were cultured for 7 days after 

a 4-day storage period at −4.4 °C. Whereas the cells that were stored in UW are mostly 

rounded (middle panel), the cells stored in UW PEG display the trabecular structure (right 

panel) comparable to fresh cells (left panel).

Supplementing UW solution with PEG during storage reduces lipid peroxidation in 
hepatocytes

Similar to the LDH experiments described above, we measured MDA formation right after 

cold storage or supercooling, and after the 1 h recovery at 37 °C. As shown in Figure 5A, 

right after storage, all cells stored in UW solution only (at either 4 °C or −4.4 °C) display a 

1.5- to 2.5-fold increase in lipid peroxidation when compared to fresh cells. The amount of 

lipid peroxidation in the samples supplemented with PEG is significantly lower than just 
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UW solution at both temperatures (p<0.001). In addition, similar to our observations with 

LDH, lipid peroxidation already occurs after 1 day of storage. Lipid peroxidation 

subsequently decreases during the 1 h recovery at 37 °C in the cells stored in UW solution, 

whereas it remains approximately the same at low levels in the cells stored in UW solution 

supplemented with PEG, regardless of storage temperature (Fig. 5B).

Discussion

The development of the UW solution for cold storage in the late 1980s by Folkert Belzer 

and James Southard greatly increased the quality and storage time of preserved organs and 

has since been used as a preservation solution for various organs, tissues and cells [1]. In 

UW solution, whole-liver preservation times of up to 12 hours are well tolerated. Even so, a 

further extension of viable liver storage to several days is very desirable, as it would allow 

transport of organs between transplant centers, more rigorous tissues matches, and thus more 

life-saving transplant surgeries. As such, our laboratory has recently developed a novel 

method to produce transplantable rat livers after 3 and 4 days of storage, which involves 

supercooling of the liver to −6 °C in UW solution supplemented with PEG [1]. Moreover, 

extending the viable preservation of single cells would greatly enhance cell transplantation, 

bio-artificial liver devices and the logistical planning of these procedures. To understand the 

effects of supercooling, in the current study we looked at its effects on the cellular level. In 

this paper we have shown that in order to successfully increase storage time of primary 

hepatocytes, the storage temperature needs to be decreased, rendering a non-frozen, 

supercooled state, and supplementation of the UW solution with PEG is required for 

preserved viability and function. Lipid peroxidation is significantly reduced, and is 

suggested to play a role in injury during cold storage and rewarming.

When storing primary hepatocytes for only 24 hours, our experiments demonstrate that the 

viability does not differ significantly between standard storage conditions at 4 °C (cold 

storage) or at our decreased temperature of −4.4 °C (supercooling) in either UW or UW 

supplemented with PEG. Interestingly however, LDH release as well as lipid peroxidation 

after 1 day of storage is comparable to after 4 days of storage, indicating that cold-induced 

damage already occurs during short-term storage. It becomes apparent, since the albumin 

secretion and cellular morphology were found not to be inferior to fresh cells, that the 

damage sustained after 24 hours is quickly reversible and/or does not impair cellular 

machinery significantly. Extending the storage time beyond 1 day causes more extensive 

damage that is evidently not reversible when the cells are stored in UW at 4 °C, as shown 

morphologically, and by albumin secretion and in viability. In fact, only cells stored at −4.4 

°C in UW supplemented with PEG were able to regain a functionality that is comparable to 

fresh cells after 6 days of storage. This indicates that both the effects of lower storage 

temperature and PEG supplementation of the storage medium are prerequisites for long-term 

viable preservation without loss of function.

In prior work we demonstrate that supercooling at −4.4°C better preserves ATP stores over 

storage at +4°C [18]. The work here and the work of others suggest that there are multiple 

additional mechanisms involved in hypothermic cell survival and killing [12]. Notably, 

studies in bacteria, plants, worms, flies and human cells have shown that the cell membrane 
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is a primary site of chilling or cold-shock injury, which is manifested by damage to 

intracellular organelles and the leakage of ions and other solutes across cell membranes [15]. 

One of the main consequences of cold ischemia is excessive production of reactive oxygen 

species (ROS), which can result in lipid peroxidation [4]. In this context, it has been shown 

that the anti-oxidant additive in UW solution (glutathione) is not sufficient to preserve cells 

beyond 24 hours as it has a half-life of 1 day [9]. Our results show that the cells sustain 

membrane damage as a result of cold as well as supercooling storage, and that this was 

significantly reduced by the addition of PEG to the UW solution. PEG has been well noted 

to benefit in the context of cell and organ preservation, and most likely one of it’s effects is 

to shield the lipids from free radicals. PEG was noted to suppress the diffusion of free 

radicals, thereby playing the role of an indirect antioxidant to inhibit lipid peroxidation [3]. 

Low molecular weight PEG (5kDa) is reported to accumulate in hepatocytes [13]. MWs of 

400–20,000 were noted to activate JNK signaling which may be either protective or harmful 

[7] as well as interact with membrane glycerophospholipids [8], and the 35KDa PEG was 

noted to both protect against necrosis and enable membrane stabilization[8] in renal cells. 

The exact mechanisms remain to be elucidated, but our results demonstrate clear reduction 

in intracellular MDA levels as a direct result of 35kDa PEG. Also to this point, our 

experiments show that upon removal of PEG during the rewarming phase (since it is toxic at 

37 °C), lipid peroxidation increases slightly but noticably. Screening for other additives to 

alleviate and/or prevent membrane damage and oxidative stress in particular for use in 

rewarming is likely to further optimize preservation.

In conclusion, UW solution is sufficient to preserve cells for short periods of time at 4 °C, 

but in order to obtain viable and functional cells after 4 days of storage, the temperature 

needs to be reduced to −4.4 °C, and the UW solution needs to be supplemented with 5% 

PEG 35 kDa, which prevents peroxidation of lipids and maintains hepatocellular function 

and viability. Improved cell survival after supercooling preservation will facilitate various 

cell-based treatments, organ transplantation and the day-to-day logistics of in vitro studies.
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Abbreviations

UW University of Wisconsin

PEG polyethylene glycol

MGH Massachusetts General Hospital

DMEM Dulbecco’s Modified Eagle Medium

LDH lactate dehydrogenase

TBARS thiobarbituric acid-reactive substances

MDA malondialdehyde
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Figure 1. Lactate dehydrogenase (LDH) leakage
LDH concentration was determined at the end of storage (a) and following 1 h of recovery at 

37 °C (b). LDH release is normalized to total cellular LDH content of freshly isolated cells 

determined by sonication * = significantly lower than without PEG.
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Figure 2. Cell viability after storage
The viability was determined following an hour of recovery at 37 °C and is represented as a 

percentage of the viability of freshly isolated cells. (* = significantly higher than UW −4.4 

°C and higher than with UW PEG at 4 °C. # = significantly higher than UW 4 °C, without 

PEG)
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Figure 3. Albumin production in culture following storage
Cells were plated after 1, 4 and 6 days of storage (a, b, c, respectively) and albumin 

production was quantified for each group. After 6 days, cells stored at 4 °C were not longer 

viable and there were no albumin results.
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Figure 4. Morphology of hepatocytes in plate culture
Fresh hepatocyte morphology (a), compared to hepatocytes after 4 days of preservation at 

−4.4 °C without (b) and with PEG supplementation (c).
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Figure 5. Lipid peroxidation (thiobarbituric acid reactive substances)
TBARS assay was performed at the end of storage (a) and following 1 h of recovery at 37 

°C (b). * = significantly higher than without PEG.
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