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a b s t r a c t
Successful vitriﬁcation of organ slices is hampered by both osmotic stress and chemical toxicity of cryoprotective agents (CPAs). In the present study, we focused on the effect of osmotic stress on the viability
of precision-cut liver slices (PCLS) by comparing different CPA solutions and different methods of loading
and unloading the slices with the CPAs. For this purpose, we developed a gradient method to load and
unload CPAs with the intention of minimizing sudden changes in osmolarity and thereby avoiding osmotic stress in the slices in comparison with the commonly used step-wise loading/unloading approach.
With this gradient method, the CPA solution was introduced at a constant rate into a specially designed
mixing chamber containing the slices. We showed that immediate mixing of the infused CPA and the
chamber constituents occurred, which enabled us to control the CPA concentration to which PCLS were
exposed as a function of time.
With this method, CPA concentration versus time proﬁles were varied using various commercially
available CPA mixtures [VMP, VM3, M22, and modiﬁed M22 (mM22)]. The viability of PCLS was determined after CPA loading and unloading and subsequent incubation during 3 h at 37 °C. Despite the reduction of osmotic stress, the viability of slices did not improve with gradual loading and unloading and
remained considerably lower than that of untreated slices. The toxicity of the three CPA solutions did
not correlate with either their potential osmotic effects or their total concentrations, and did not change
strongly with exposure time in 100% CPA. The most likely explanation for these observations is that PCLS
are not very sensitive to osmotic changes of the magnitude imposed in our study, and chemical toxicity of
the CPA solutions is the main barrier to be overcome. The chemical toxicity of the CPAs used in this study
probably originates from a source other than the total concentration of the solutions. The presented gradient method using the specially designed chamber is more time and cost effective than the step-wise
method and can be universally applied to efﬁciently evaluate different CPA solutions.
Ó 2012 Elsevier Inc. All rights reserved.

Introduction
Precision-cut liver slices (PCLS) from various species have been
widely used to study the pathology of diseases as well as the
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absorption, distribution, metabolism, elimination and toxicity
(ADME-Tox) of drugs [1,2,28,29,32,35,36]. Successful cryopreservation of PCLS would allow the creation of a tissue bank with PCLS
from various species, which would be particularly valuable for enabling the use of human PCLS because of the scarcity of human
material. The availability of a tissue bank with human PCLS would
greatly facilitate the research and application of human PCLS and
reduce the use of laboratory animals. Nowadays in the pharmaceutical industry, human hepatocytes are preferred for ADME-Tox
studies over PCLS because cryopreserved human hepatocytes can
be obtained commercially, despite some evident disadvantages of
the hepatocytes. Cryopreservation of PCLS by rapid or slow freezing in the presence of DMSO was published before, but the resultant viability was not satisfactory for all species (unpublished
observations for human and dog slices) or after incubations longer
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than 3–6 h after retrieval from cryopreservation [21,22]. To overcome such problems, vitriﬁcation, by which an aqueous solution
turns to a glass without ice crystal formation, was suggested as a
better alternative method for cryopreservation [7,12,15].
Vitriﬁcation has been successfully used for the cryopreservation
of different cell types [8], embryos [30,38], tissues [5,27] and organs [13,23] and is considered to be the most promising starting
point for the cryopreservation of PCLS. Although there have been
some successes in the vitriﬁcation of cells with little or no cryoprotectant [20], this is only possible for either extremely small systems and/or for systems with very low water content, so in most
cases highly concentrated cryoprotectant (CPA) solutions are required to prevent ice formation[15] .
During the loading and unloading of CPAs, living organisms or
tissues can suffer from damage induced by both chemical toxicity
and osmotic stress caused by these CPAs. [17]. The chemical toxicity of CPAs is considered to be ‘‘a fundamental limiting factor for
the successful cryopreservation of living systems by both freezing
and vitriﬁcation’’ [10], but Fahy reported that the overall chemical
toxicity of a CPA solution can be reduced by mixing different CPAs
with different mechanisms of toxicity. Moreover he suggested that
in some cases the toxicity of one agent can actually be blocked by
the presence of a second agent in the solution such that vitriﬁcation can be achieved with little or no toxicity from the CPA solution
[10,14,15]. Nowadays solutions based on these principles such as
VM3, VMP, and M22 are commercially available and have been
successfully used for the vitriﬁcation of rat [7] and rabbit [15] kidney slices.
Osmotic damage induced during CPA loading and unloading is
caused by shrinkage or swelling of cells in response to the imposed
osmotic gradient beyond the tolerance limits of the cells in question. Osmotic damage may at least partly be prevented by loading/unloading the CPA solutions using concentration steps of
limited size, exposing cells [25] or tissues [37] to a series of CPA
solutions from low to high concentrations during the CPA addition
phase and from high to low concentrations during the CPA washout phase. This step-wise approach aims to allow the cells or tissues enough time to recover approximately their normal volumes
after each change in osmolarity before the next change is introduced. In addition, it was shown that osmotic stress can be reduced
during unloading by addition of, for example, the non-penetrating
sugars sucrose or trehalose to reduce osmotic water uptake
[5,7,26].
In principle, exposing cells to a continuous concentration gradient should be less dangerous than exposing them to step changes
in CPA concentration, provided the imposed rates of change of concentration are compatible with the cells’ permeability to CPA.
Therefore, we examined a semi-automated gradient method for
gradual loading and unloading of precision-cut rat liver slices with
CPAs. Using this gradient method, step-wise osmotic shifts were
avoided so that osmotic stress experienced by liver slices was reduced. This gradient method for CPA loading/unloading was applied to different CPA solutions (M22 [15], VM3 [21] and mM22
(a slightly modiﬁed version of M22). The susceptibility of PCLS to
osmotic stress was evaluated by determining their viability after
CPA loading and unloading by various gradient proﬁles and stepwise methods using ATP content and morphological appearance
as end-points.

Materials and methods
Chemical and reagents
Gentamicin and William’s medium E (WME) supplemented
with Glutamax I were purchased from Gibco (Paisley, UK). D-glu-

cose monohydrate was obtained from Sigma–Aldrich (St Louis,
MO, USA). University of Wisconsin solution (UW) was obtained
from DuPont Pharmaceuticals, Waukegan, IL, USA. The constituents of VM3, VMP (VM3 without PVP), M22 and modiﬁed M22
(M22 without 2% N-methylformamide) are listed in Table 1 and
were a gift from 21st Century Medicine, Fontana, California, USA,
which is the patent holder for these solutions. The ATP bioluminescence assay kit was purchased from Roche (Mannheim, Germany).
D-(+)-Trehalose dehydrate and Me2SO (>99.9% pure) were from
Sigma–Aldrich Chemical Co. (St. Louis, MO, USA. All other reagents
and materials used were of the highest purity and were commercially available.

Preparation of CPA working solutions
100% working solutions for VMP, VM3, M22 and mM22 were
prepared by adding pre-mixed concentrated CPA solutions as obtained from 21st Century Medicine to a concentrated version of
the carrier solution LM5. The composition of LM5, as indicated in
Table 1, was as in [15], but calcium and magnesium were omitted.
The concentration of LM5 was the same in all the 100% working
CPA solutions regardless of the amount of cryoprotectant present
in the solution. The ﬁnal concentrations of all solution constituents
used for this study were as advised by the manufacturer and are
indicated in Table 1. For the step-wise method, 100% CPA working
solutions were diluted using LM5 to create the loading step solutions or using LM5 containing 300 mM trehalose to create the
unloading step solutions.

Animals and preparation of liver slices
Male Wistar rats (HsdCpb:WU) (300–350 g) obtained from Harlan (Horst, The Netherlands) were used for all experiments. The
rats were maintained under a 12-h light/dark cycle in a temperature- and humidity-controlled room with food (Harlan chow No.
2018, Horst, The Netherlands) and tap water ad libitum. The animal
experimental protocol was approved by the Animal Ethical Committee of the University of Groningen.
PCLS were prepared as described previously [7]. Brieﬂy, the liver
was excised after anesthetizing the rats with isoﬂurane/oxygen.
Subsequently, cylindrical cores of liver tissue with a diameter of
5 mm were made by utilizing a hollow drill bit. Cores were placed
in a Krumdieck tissue slicer (Alabama R&D, Munford, AL, USA) containing ice-cold Krebs-Henseleit saturated with a mixture of 95%
oxygen and 5% CO2. PCLS were produced with a thickness of
250 lm and a wet weight of approximately 5 mg.

Table 1
Composition of 100% working solutions of VMP [7], VM3 [7,14], M22 [15] and mM22.

Me2SO (g/L)
Formamide (g/L)
Ethylene glycol (g/L)
N-Methylformamide (g/L)
3-Methoxy,1,2-propanediol (g/L)
PVP K12 (g/L)
Supercool X-1000a (g/L)
Supercool Z-1000a (g/L)
5 LM5 (mL/L)a
Total CPA molarity

VMP

VM3

M22

mM22

223.1
128.6
168.4
–
–
–
10
10
200
8.4

223.1
128.6
168.4
–
–
70
10
10
200
8.4

223.1
128.6
168.4
30
40
28
10
20
200
9.3

223.1
128.6
168.4
10
40
28
10
20
200
9.0

The composition of the 1X LM5 carrier solution is 90 mM glucose, 45 mM mannitol,
45 mM lactose, 28.2 mM KCl, 7.2 mM K2HPO4, 5 mM reduced glutathione, 1 mM
adenine HCl, 10 mM NaHCO3 [15].
a
Ice blocker.
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Design and fabrication of equilibration chamber
A Computer Numerical Controlled (CNC)-milled equilibration
chamber was produced in-house from polycarbonate (ERIKS
Kunststoffen, Leek, The Netherlands). The device as depicted in
Fig. 1 contains two ﬂow-through chambers, and in both of them
a histology cassette (Histosette I, Simport Ltd., Canada) containing
PCLS is placed. The outer dimensions are 100  100  20 mm
(L  W  H), and the dimension of one chamber is approximately
42  28  13 mm (L  W  H). The inlet widens up to ensure an
even and gradual ﬂow of liquid into the histology cassette, to induce immediate mixing of the chamber contents with the inﬂowing medium, thereby resulting in a concentration gradient in the
chamber. Simulations with Comsol Multiphysics (Comsol, UK) conﬁrmed the hypothesis that a uniform solvent velocity distribution
is obtained across the chamber, as can be seen in Fig. 1c. A ﬂat
polycarbonate cover lid was used to close the device with ﬁngertight screws. Rubber O-rings surrounded the two chambers
(Fig. 1b) to ensure a leak-tight connection.
Setup of the semi-automated gradient method for CPA loading and
unloading
Fig. 2 illustrates the instrumental setup of the gradient method
for CPA loading and unloading. The system consists of the specially
designed mixing chamber (described in Fig. 1) that is interconnected between a plunger pump [Hewlett Packard 1100 Series
HPLC quaternary pump (Palo Alto, CA) ] and a waste depot via PEEK
tubing (1/16’’ OD  0.50 mm ID, DaVinci Europe, Rotterdam, The
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Netherlands). The volume of the chamber is about 15 cm3 in which
10–20 organ slices were placed inside a cassette that is normally
used for parafﬁn embedding of tissue for histology (Histosette I,
Simport Ltd., Canada). The cassette prevented the slices from ﬂowing to the outlet of the chamber.
At the beginning of the process, the chamber was ﬁlled with the
carrier solution LM5 and the cassettes with slices were put into the
chamber. Then the chamber was closed with ﬁnger-tight screws.
Subsequently, different CPA solutions were pumped into the chamber and thereby gradually replaced the LM5. Several gradient methods for CPA loading and unloading were evaluated, and the detailed
protocols are described below and in Figs. 3–5. The infused solution
was mixed with the LM5 solution in the chamber by diffusion and
convection at least partly as a result of the special shape of the
chamber, thereby gradually increasing the CPA concentration. After
the CPA loading step was completed, the slices were removed from
the chamber, and were subsequently incubated with 100% CPA
working solution for an additional 5 or 15 min.
The ﬂow rate through the chamber was set at 1.0 or 1.3 ml/min.
The impact of the shear stress induced by the ﬂow of medium on
the viability of PCLS was studied by introducing UW instead of
CPA to the PCLS within the chamber by the pump at a ﬂow rate
of 1.3 ml/min for 105 min, whereas PCLS submerged into ice-cold
UW during the whole procedure served as controls.
During the CPA unloading step, the slices loaded with 100% CPA
were placed in the chamber in 100% CPA working solution, and
LM5 with 300 mM trehalose was introduced into the chamber for
30 min at a ﬂow rate of 1.3 ml/min. Then the slices were removed
from the chamber and an additional washing step with LM5 with

Fig. 1. (a) Schematic illustration of the chamber for gradient loading and unloading of CPAs. The dimensions of one sub-chamber are 42  28  13 mm (L  W  H). (b)
Picture of the chamber with a histology cassette in one of the sub-chambers. Slices are placed into the histology cassette, which is placed into each of the sub-chambers. (c) A
Comsol Multiphysics simulation of the ﬂow proﬁle in one sub-chamber. The length of the red arrows indicates the local ﬂow rate.
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(3)
CPA

CPA

(1)
(4)
(2)
Fig. 2. Schematic overview of the semi-automated method for CPA loading and unloading for PCLS. The system consists of a plunger pump (1), an equilibration chamber with
histology cassette (2), CPA solution (3). (4) Schematic representation of a liver slice with a diameter of 5 mm and a thickness of 250 lm.
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Fig. 3. Schematic diagrams of different loading/unloading proﬁles for VM3 for PCLS.
A. the proﬁles of concentration vs time for VM3 loading. For the two-phase gradient
method 50% VMP solution was pumped into the chamber at a rate of either 1.0 or
1.3 ml/min for 30 min, followed by 100% VM3 working solution for 15 min. For the
one-phase gradient method, 100% VM3 was pumped into the chamber over 30 min
at the ﬂow rate of 1.0 mL/min, and slices were removed from the chamber and
immersed in 100% VM3 for an additional 15 min. For the stepwise method, slices
were sequentially treated with 16% VMP (15 min), 30% VMP (15 min), 52% VMP
(15 min) and 100% VM3 (15 min). B. Concentration–time proﬁles for VM3 unloading. For both one-phase and two-phase methods, LM5 with 300 mM trehalose was
pumped into the chamber over 30 min at the same ﬂow rate as for the loading
process. After that, slices were removed from the chamber and were immersed in
LM5 with 300 mM trehalose for an additional 15 min. For stepwise unloading, slices
were sequentially incubated with 52% VMP (10 min), 30% VMP (10 min), 16% VMP
(10 min) and LM5 (10 min); 300 mM trehalose was present in all of these unloading
steps.
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Fig. 4. Schematic diagrams of different loading/unloading proﬁles for M22 for PCLS:
A. the proﬁles of concentration vs time for M22 loading; for the two-phase gradient
method, 50% VMP solution was pumped into the chamber at a rate of 1.3 ml/min
over 30 min, followed by 100% M22 working solution for 15 min. Thereafter, slices
were removed from the chamber and incubated with 100% M22 for an additional
15 min. For the stepwise method, slices were exposed ﬁrst to 33% M22 (20 min) and
then directly to 100% M22 (14 min), followed by an additional 100% M22 exposure
step of 5 or 15 min. B. Concentration–time proﬁles for M22 unloading. For the twophase gradient method, LM5 with 300 mM trehalose was pumped into the chamber
for 30 min at 1.3 ml/min. After that, slices were removed from the chamber and
were incubated with LM5 containing 300 mM trehalose for an additional 15 min.
For stepwise unloading, slices were sequentially incubated in 33% M22 (20 min), 8%
M22 (20 min), and LM5 (20 min), with 300 mM trehalose in all of these unloading
steps.
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Fig. 5. Schematic diagrams of different loading/unloading proﬁles for mM22 in
PCLS. A. Concentration–time proﬁle for mM22 loading. For the two-phase gradient
method, 50% VMP was pumped into the chamber at a rate of 1.0 ml/min for 30 min,
followed by 100% mM22 or 80% mM22 for an additional 15 min. For the one-phase
gradient method, mM22 was pumped into the chamber for 30 min at 1.0 mL/min.
Thereafter, slices were removed from the chamber and incubated with 80% or 100%
mM22 for an additional 5 or 15 min. B. Concentration–time proﬁles for CPA
unloading. For both one-phase and two-phase methods, LM5 with 300 mM
trehalose was pumped into the chamber over 30 min at 1.0 ml/min. After that,
slices were removed from the chamber and were incubated with LM5 with 300 mM
trehalose for an additional 15 min. Note that the two unloading curves for 0.8
mM22, two- and one-phase methods are superimposed.

300 mM trehalose was applied for 15 min to complete removal of
the CPA from the PCLS.
During the whole experiment, the CPA solutions and chamber
were immersed in ice to reduce the chemical toxicity of the CPAs.
PCLS that did not undergo loading and unloading with CPAs served
as controls. Some slices were transferred directly from the 100%
VM3 working solution into LM5, and kept in LM5 for 10 min. Since
we expected that this sudden change in osmolarity would induce
severe damage, these slices served as a negative control for the
ATP assay.
For the gradient method, the total amount of time required for
the loading and unloading of the CPAs was kept the same as for the
step-wise method (see below).
Calculation of CPA concentration during loading/unloading with the
gradient method
The concentration of CPA in the chamber (Cc) at a certain time
point (t) was calculated assuming immediate mixture in the chamber by using the following equation for a perfectly stirred reactor
with continuous ﬂow,

C c ¼ C c;0 þ C p ð1  eRt=V c Þ
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where Cp represents the concentration of CPA in the perfusion solution, R represents the perfusion rate of the CPA solution (1.0–
1.3 mL/min) and Vc is the volume of the chamber and tubing
(15.4 mL). The perfusion rate was chosen in such a way that at
the end of loading and unloading the concentration was >80% (loading) and <10% (unloading) of the 100% working solution. The total
exposure time of approximately 40 min was based on the intention
to keep the exposure time during VM3 loading and unloading the
same for both the gradient method and the stepwise method.
Using this equation, the CPA concentrations in the chamber at
each time during loading and unloading for the different one and
two phase gradient proﬁles were calculated for each CPA and plotted in Fig. 3 (VM3), Fig. 4 (M22), and Fig. 5 (mM22). The ﬂuid diffusion and convection within the chamber was checked by
addition of a red dye, sulforhodamine (SRB) (Eastman Kodak Co.,
Rochester, NY USA) to the CPA during the loading step. The VM3
solution containing SRB was introduced into the chamber according to the method described in Fig 2 to mimic the two-phase gradient step with the exception that 50% VM3 instead of 50% VMP
was used. The 0.2 mL outﬂow was collected every 3 min until the
end of the loading step (16 points). Since SRB was dissolved in
VM3 the concentration of SRB was directly indicative for the concentration of VM3. The standard curve was prepared by serial dilution of a stock solution of 0.18 mg/mL in 100% VM3 working
solution, with LM5. Using the standard curve, the concentration
VM3 in the outﬂow medium was calculated by making use of the
absorption at 510 nm by SRB and was then expressed as% of the
absorbance of 0.18 mg/mL SRB in the 100% of VM3 working solution. The measured concentration of VM3 was compared to the
concentrations calculated using the equation described above.
Step-wise method for CPA loading and unloading
For the step-wise method, about 10–20 tissue slices were
placed into a 100 ml beaker, which was placed in a container ﬁlled
with ice, and exposed to a series of CPA in increasing concentrations (from 0–100% working solution) for the CPA loading steps
and then decreasing concentrations for CPA unloading (from
100% to 0% working solution). The incubation time in 100% working solution was varied from 5–30 min, as with the gradient method. Throughout the process, the beakers were placed on ice and
gently shaken. The steps chosen were based on methods developed
for rabbit kidney and liver slices at 21st Century Medicine and are
described in the legends of Fig. 3 for VM3 [5,7] and of Fig. 4 for
M22. Trehalose was included in all the unloading solutions at a ﬁnal concentration of 300 mM. All dilutions of the 100% CPA working solutions were prepared using the carrier solution LM5 [15].
Incubation and viability testing
After CPA loading and unloading, slices were incubated in 12well plates (Greiner Bio-One, the Netherlands) under humidiﬁed
carbogen atmosphere (95% O2, 5% CO2) in WME, supplemented
with 25 mM D-glucose and 50 lg/L gentamicin at 37 °C under gentle shaking at 90 rpm as described previously (20). After incubation
for 3 h tissue slices were collected for the determination of the ATP
content, a sensitive marker of the viability of PCLS [6], or for the
evaluation of histological integrity using formalin ﬁxed, parafﬁnembedded and haematoxylin and eosin stained sections. Incubation of control slices was started directly after slice preparation.
For ATP determination, slices were collected individually in
1 mL 70% ethanol/2 mM EDTA (pH 10.9), snap-frozen in liquid
nitrogen and stored at 80 °C until analysis. After thawing, the
slices were homogenized for 45 s using a mini bead beater (Biospec
Products, USA). After centrifugation at 13,200 rpm for 5 min, the
ATP level in the supernatant was determined using the ATP

N. Guan et al. / Cryobiology 65 (2012) 179–187

Differential scanning calorimeter measurements
A Perkin Elmer DSC-7 differential scanning calorimeter
equipped with a CCA7 cooling device was used to monitor crystallization in the slices during cooling to 150 °C and warming [7].
The CPA solutions themselves do not crystallize during cooling to
150 °C and warming, so if crystallization occurs in the slices this
would indicate incomplete penetration of the CPAs. Thermograms
of the slices impregnated with CPA were recorded at a cooling rate
of 60 °C/min and a warming rate of 5 °C/min from 4 to 150 °C.
Statistical methods
All experiments with slices were performed with at least 4
slices for each condition and each liver. Two to ﬁve replicates of
every experiment were performed. Results are expressed as
mean ± standard error of the mean (SEM) and signiﬁcance was
tested using a two-tailed, paired Student t-test. Results were considered signiﬁcant when p 6 0.05.
Results
Characterization of the newly designed chamber for the gradient
method
To test whether the CPA mixed well and the concentration increased according to our calculations, the red dye SRB was added
to the CPA that was pumped into the chamber with a ﬂow rate
of 1.3 mL/min (Fig. 3). The concentration of the dye was measured
at different times during loading of the CPA and compared with the
predicted concentrations of the CPA. The results are given in Fig. 6
and indicated immediate mixing of CPA with the buffer solution in
the chamber, which allows us to consider the chamber as a wellmixed reactor in our calculations.
As indicated in Fig. 7, exposing slices to a medium ﬂow of 1.3 ml/
min for 105 min (which is the maximum time that the slices spent
in the chamber with the gradient method) using UW instead of
CPAs, did not have an impact on the viability of the liver slices. This
was indicated by similar ATP content and morphological integrity
compared to slices incubated in static cold UW for the same time.
The inﬂuence of loading and unloading methods for VM3 on the
viability of PCLS
CPA concentration proﬁles for the various protocols used for
loading and unloading of VM3 are shown in Fig. 3.
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Fig. 6. Normalized CPA concentration within the mixing chamber during the CPA
loading step. The measured absorbances were normalized to the absorbance
induced by 0.18 mg/ mL SRB, which is representative for a solution containing 100%
VM3. Results of two independent experiments are given as well as the theoretical
calculated concentrations. First, 50% VM3 solution containing 0.09 mg/mL SRB was
pumped into the chamber at a rate of 1.3 ml/min for 30 min followed by 100% VM3
containing 0.18 mg/mL SRB for 15 min.
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Bioluminescence assay kit CLS II (Roche diagnostics, Mannheim,
Germany) according to the manufacturer’s protocol. In brief, the
solution was diluted 10 times with 0.1 M Tris HCl containing
2 mM EDTA (pH 7.8). Subsequently, 50 lL luciferase solution was
added to 50 lL sample and the luminescence as a measure of
ATP content was measured using a Packard LumiCountÒ Luminescence Microplate Reader (Packard, United Kingdom).
The procedure of haemotoxylin and eosin (H&E) staining was as
follows. After ﬁxation with 4% formalin at 4 °C for at least 15 h,
slices were dehydrated in a graded alcohol series and Histosolve
(Thermo Scientiﬁc, Pittsburgh, USA). Subsequently, slices from
the same experimental group were vertically embedded in parafﬁn
and cross-sectioned at 4-lm thickness. The sections were stained
with haemotoxylin and eosin (H&E). The slice viability was determined by estimating the percentage of viable cells in the slice
cross-section. Cells were considered non-viable when they exhibited irreversible changes indicated by eosinophilic cytoplasm,
and nuclear changes like pyknosis (condensed nucleus), karyorrhexis (fragmented nucleus) or karyolysis (loss of nucleus).
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Fig. 7. Viability (ATP content and histomorphological scores) of liver slices after
exposing the slices to the ﬂow of storage medium (UW) at the maximum ﬂow rate
as used during loading of CPA (gradient method with UW), relative to slices that
underwent static storage in ice-cold UW medium through the whole procedure
(control slices). Histomorphological appearance of slices was quantiﬁed as the
percentage of intact (not necrotic) cells in the slice cross section. All slices were
incubated at 37 °C for 3 h prior to viability testing. Bars indicate the means of three
experiments (three slices per experiment) + SEM.

As can be seen from Fig. 8, ﬁrst a two phase gradient method
was applied with a 1.3 mL/min ﬂow rate for VM3 loading and
unloading, by ﬁrst pumping 50% VM3 and after 30 min followed
by 100% VM3. This method had an effect on the viability of liver
slices that was comparable to the effects of the step-wise method,
based on ATP content (about 55% of control slices). Decreasing the
ﬂow rate from 1.3 mL/min to 1.0 mL/min resulted in a slight (9%)
but not statistically signiﬁcant (p = 0.056) increase of ATP content.
To further study the sensitivity of PCLS to osmotic stress, the rate
of concentration change during VM3 loading was increased by
pumping 100% VM3 into the chamber without prior perfusion with
50% VMP (one-phase gradient method) (Fig. 3). Afterwards, slices
were exposed to 100% VM3 working solution for an additional
15 min. ATP levels using this method were 49% relative to untreated
controls and were decreased by 15% compared to the two-phase
gradient method but the difference was not statistically signiﬁcant.
(Fig. 8). Moreover, the ATP content of slices directly transferred
from 100% VM3 to LM5 for unloading was 3% of control slices.
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Fig. 8. ATP content of liver slices after treatment with VM3 by the step-wise
method and the one- and two-phase gradient methods, relative to slices incubated
in WME medium directly after slicing. An additional 15 min exposure to 100% VM3
solution was conducted to complete CPA penetration in the PCLS. All slices were
incubated at 37 °C for 3 h prior to viability testing. Bars give the means of 2–5
experiments (three slices per experiment) + SEM.

DSC measurements indicated that slices were fully loaded with
VM3 by all protocols as no ice crystals were formed during cooling
and warming of loaded slices (data not shown),.
The inﬂuence of loading and unloading methods for M22 on the
viability of PCLS

Step-Wise

Fig. 9. ATP content of liver slices after treatment with M22 by the step-wise and
gradient method, relative to slices incubated in WME media directly after slicing.
All slices were incubated at 37 °C for 3 h prior to viability testing. After loading
within the chamber, slices were incubated in 100% CPA for an additional 5 or
15 min. Bars represent the means of three experiments (three slices per experiment) + SEM. ⁄⁄Values are signiﬁcantly lower than those of slices that were treated
using the gradient method (p < 0.01).

as was true for M22, DSC results indicated that after 5 min incubation, slices were sufﬁciently loaded with mM22 to escape ice formation during cooling and warming.
Unfortunately, the viability of liver slices was not improved by
using mM22 diluted to 80% of full strength (0.8 mM22) as indicated by ATP levels, but the stability of the slices against ice formation was compromised by this dilution, and devitriﬁcation was
observed in the slices upon warming (data not shown).
Discussion

The inﬂuence of loading and unloading methods for mM22 on the
viability of PCLS
mM22 was introduced to the slices according to the different
protocols as described in Fig. 5. mM22 is somewhat less concentrated than M22 (it contains less methylformamide), but it did
not improve the viability of liver slices compared with M22. Even
comparing the gradient method for mM22 to the stepwise method
for M22, for which the exposure time to M22 was greater than the
exposure time for mM22 in the gradient method, there was still no
improvement with mM22. As was the case with M22, the ATP levels of slices after mM22 treatment with the gradient methods declined when the additional incubation time with 100% working
solution CPA was increased from 5 to 15 min (Fig. 10). In addition,

We developed a CPA loading/unloading method that gradually
introduces CPA solutions into an equilibration chamber containing
precision-cut tissue slices, thereby steadily increasing their concentrations, with the aim of reducing osmotic stress. Likewise, during CPA unloading abrupt changes in concentration are prevented
using this method.
With the gradient method, the CPA solution is introduced at a
constant rate via an inlet into the chamber and at the same time,
the medium within the chamber is eliminated via the outlet. Our
dye study indicated that to a good approximation, immediate mixing of infused CPA with the chamber constituents occurred, which
allowed us to calculate and to control the CPA concentration to
which PCLS were exposed as a function of time.
In simpler cell systems, mathematical simulations can be performed to optimize step-wise CPA loading and unloading and
minimize osmotic damage [9,24], and microﬂuidic devices

100

mM22, Tw o-Phase
0.8 mM22, Tw o-Phase

80

% of Control

The gradient protocol developed for VM3 was applied to M22
loading/unloading. Although the concentration changes were much
steeper (Fig. 4) and the total exposure time to 100% M22 was much
longer in the step-wise method than in the gradient method (19 vs
5 min), the viability of liver slices after exposure to M22 using the
gradient methods followed by 5 min additional impregnation with
100% M22 was comparable (70%) to that of slices that were exposed
to M22 using the step-wise method (Fig. 9). Prolonging the additional incubation time in 100% M22 working solution to 15 min decreased the ATP content in the liver slices, but this decrease was not
statistically signiﬁcant. The ATP content of slices incubated for 15
additional min with 100% M22 after loading with the stepwise
method was signiﬁcantly lower than of slices loaded with the gradient method (p < 0.01). Although the total exposure time to M22
was the same with both methods, the exposure time to 100% M22
was much longer with the stepwise method, which may explain
the observed differences in viability.
DSC measurement showed that 5 min of additional impregnation with 100% M22 working solution was sufﬁcient to prevent
ice crystal formation during cooling and warming, indicating that
the slices reached sufﬁcient equilibrium with M22.

0.8 mM22, One-Phase

60
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Fig. 10. ATP content of liver slices after treatment with full-strength or 80% mM22
by different gradient methods relative to slices incubated in WME media directly
after slicing. Additional 5 or 15 min impregnation in 100% mM22 was conducted to
complete CPA penetration in the PCLS. All slices were incubated at 37 °C for 3 h
prior to viability testing. Bars give the means of 2–5 experiments (three slices per
experiment) + SEM.
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[16,19,31] can be used to introduce CPA gradually. Such systems allow following volume changes in single cells in response to CPA concentration changes, from which membrane permeability to a single
cryoprotectant and to water can be measured. Similar but more
empirical studies have been done on tissue slices, yielding shrinkswell curves from which time constants can be calculated from
curve ﬁts to the data to yield phenomenological indices of equilibration rates. These equilibration rates can be used to establish protocols for addition and washout of cryoprotectants similar to the way
more formal determinations of membrane permeability and
hydraulic conductivity are performed [11,34]. Radioactive tracers
can also be used to follow the time course of permeation of individual cryoprotectants into and out of tissue slices [3]. However, these
methods have various drawbacks, such as the tendency to lose tissue on blotting in gravimetric methods and neither of these methods addresses the heterogeneity of the tissue [4]. The liver
contains several cell types, including hepatocytes, Kupffer cells,
stellate cells, biliary epithelial cells, endothelial cells, and other cell
types, and global osmotic responses may not reﬂect the properties
and the requirements of these individual cell populations. Moreover, in the present study the CPA solutions used were a mixture
of up to ﬁve nominally permeating CPAs and up to three different
impermeable polymers (ice-blockers and PVP), making precise
modeling difﬁcult. Since our aim is to develop methods that preserve maximum viability, we elected at this stage to use viability
as the endpoint of our study, for which the conventional trial and error method is adequate.
Optimization of CPA loading/unloading in a step-wise protocol is
somewhat tedious and time consuming. In contrast, the gradient
method described in this paper is more time and cost-effective. It
does not require the preparation of a graded series of CPA solutions,
but only LM5 and one full-strength CPA solution are needed for CPA
loading and LM5 with impermeable sugar for CPA unloading. Furthermore, the process is automated and does not require constant
monitoring once the program for the pump is set up, which might
in turn reduce inter-experimental and operator-dependent variation and facilitate the standardization of the CPA loading/unloading
protocol. Once optimized, this gradient method can be universally
used to efﬁciently evaluate different CPA solutions.
One of the parameters that may inﬂuence slice viability is the
ﬂow rate for CPA delivery to the PCLS. High ﬂow rate on the one
hand might reduce the exposure time of PCTS to CPA which in turn
potentially decreases the damage by chemical toxicity, but on the
other hand high ﬂow rate and faster concentration changes might
damage PCLS due to shear stress and osmotic stress respectively.
The optimum ﬂow rate is, however, easy to determine. For the time
being, we have not observed a difference between 1 and
1.3 ml/min in terms of their effects on the viability of the PCLS.
Since we eventually aim to successfully vitrify slices after CPA
introduction, it is critical that the selected protocols enable sufﬁcient equilibration of the slices with the CPAs to prevent ice crystal
formation during cooling and rewarming while at the same time
restricting the total exposure time to a minimum to reduce chemical toxicity. As we showed that 80% mM22 is not sufﬁcient to
prevent ice-crystal formation, most PCLS were exposed to 100%
working solutions after the gradient protocol. The results indicated
that 5 min additional exposure to M22 and mM22 was sufﬁcient to
prevent crystallization during cooling and warming, which implies
rapid osmotic equilibration between the slices and their surrounding medium. At the end of the CPA loading and unloading procedure, slices were incubated with LM5 with 300 mM trehalose for
another 15 min to complete unloading of the CPA, which is critical,
because these compounds at 37 °C can be toxic even at very low
concentrations [18,33].
With the designed semi-automated gradient method, we expected better viability of PCLS to be achieved since the gradual

changes of CPA avoided rapid and large changes in osmolarity as
imposed in the step-wise method and thereby was expected to
minimize osmotic stress. However, although there were hints of
osmotic effects in some experiments, we observed that the viability of PLCS after using the gradient method was in most cases comparable to that of the step-wise method. Also, reducing the ﬂow
rate or increasing the infused CPA concentration did not affect
the viability of the slices. A likely explanation for our observations
is that the step-wise protocols used for M22 and VM3 were already
well optimized and apparently did not introduce any signiﬁcant
osmotic damage. Although liver slices appear tolerant of large osmotic gradients, direct transfer of the PCLS from 100% working
solution CPA into LM5 in one step completely deteriorated the
slices (ATP content of the slice was then 3% of control), so it is clear
that osmotic stress can cause damage if it exceeds certain limits.
It is also possible that subtle damage from osmotic stress might
only be observed after extra stress from other sources, such as
chemical toxicity from longer exposure or chilling injury during
vitriﬁcation. Song [31] also found that gradual loading and unloading of CPAs only provided a higher viability outcome after extra
stress, i.e. freezing. Possibly more sensitive parameters to indicate
osmotic stress such as altered regulation of a speciﬁc set of genes
suggested to be involved in the reaction to osmotic stress (http://
www.sabiosciences.com/rt_pcr_product/HTML/PARN-151A.html),
as an early marker, would give more insight into the osmotic stress
induced by CPAs.
Since the viability of the slices could not be clearly improved
despite the reduction of osmotic stress and remained considerably
lower than that of untreated slices, we conclude that the chemical
toxicity of the CPAs still remains the main barrier to overcome.
Among all the CPAs tested, M22 is the most concentrated but the
least toxic as indicated by the ATP level, even when exposure to
it is prolonged. mM22, less concentrated than M22, was not less
toxic, and reducing its concentration to just 80% of full strength
did not reduce its toxicity. Therefore, the amount of injury observed was not proportional to osmotic stress but, it was also not
proportional to the total amount of CPA present in the solutions,
nor was it strongly dependent on exposure time at the highest concentrations, all of which would normally be expected to correlate
with injury even when osmotic damage is excluded. This peculiar
ﬁnding suggests that the injury in this case may relate largely to
the presence of one or several components in all of the solutions,
rather than to osmotic stress.
Conclusion
In the present study we developed a semi-automated method for
gradual loading and subsequent unloading of CPA in tissue slices.
The gradient method for CPA loading and unloading ensured sufﬁcient CPA penetration into the slices to render them stable against
ice formation after vitriﬁcation and rewarming at only 5 °C/min,
and appeared much more efﬁcient and less labor intensive than
the usual step-wise method. However, compared with the step-wise
method, the gradient method could not improve the viability of
PCLS, although rates of change in osmolarity were greatly reduced.
For liver slices, chemical toxicity of as yet unidentiﬁed components
of the CPA solutions remains the main barrier to be overcome.
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