1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Langmuir. Author manuscript; available in PMC 2020 June 11.

-, HHS Public Access
«

Published in final edited form as:
Langmuir. 2019 June 11; 35(23): 7354-7363. doi:10.1021/acs.langmuir.8b02831.

Bulk droplet vitrification: an approach to improve large-scale
hepatocyte cryopreservation outcome

Reinier J. de Vries12:3, Peony D. Banik!:2, Sonal Nagpal®:2, Lindong Weng2, Sinan Ozerl2,
Thomas M. van Gulik3, Mehmet Tonerl:2, Shannon N. Tessier!2", and Korkut Uygunl:2*

1Department of Surgery, Massachusetts General Hospital, Boston, MA, USA. 2Center for
Engineering in Medicine, Harvard Medical School, Boston MA, USA. 3Department of Surgery,
University of Amsterdam, Amsterdam, the Netherlands.

Abstract

Loss of hepatocyte viability and metabolic function after cryopreservation is still a major issue.
Although vitrification is a promising alternative, it has generally been proven to be unsuitable for
vitrification of large cell volumes which is required for clinical applications. Here we propose a
novel bulk droplet (3 to 5 mm diameter) vitrification method which allows high throughput
volumes (4 ml/min), while using a low pre-incubated CPA concentration (15% v/v) to minimize
toxicity and loss of cell viability and function. We used rapid (1.25 s) osmotic dehydration in order
to concentrate a low pre-incubated intracellular CPA concentration ahead of vitrification, without
the need of fully equilibrating toxic CPA concentrations. We compared direct post-preservation
viability, long-term viability and metabolic function of bulk droplet vitrified, cryopreserved and
fresh hepatocytes. Simulations and cooling rate measurements confirmed an adequate
concentration of the intracellular CPA concentration (up to 8.53 M) after dehydration in
combination with high cooling rates (960 to 1320°C/min) for successful vitrification. Compared to
cryopreserved hepatocytes, bulk droplet vitrified hepatocytes had a significantly higher viability,
directly after preservation and after one day in culture. Moreover, bulk droplet vitrified
hepatocytes had evidently better morphology and showed significantly higher metabolic activity
than cryopreserved hepatocytes in long term collagen sandwich cultures. In conclusion, we
developed a novel bulk droplet vitrification method of which we validated the theoretical
background and demonstrated the feasibility to use this method to vitrify large cell volumes.
Moreover, we showed that this method results in improved hepatocyte viability and metabolic
function as compared to cryopreservation.
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Schematic representation of the bulk droplet vitrification method. Hepatocytes which are
preincubated with a low CPA concentration (bright green) are rapidly mixed in a special mixing
needle (blue/green serpentine lines) with a high CPA solution (bright blue). The mixing dehydrates
the hepatocytes which concentrates the pre-incubated intracellular low CPA concentration.
Hepatocyte droplets are generated by the mixing needle which are directly vitrified in liquid
nitrogen before the high CPA concentration can diffuse over the cell membranes.
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Introduction

End-stage liver disease claims over 30,000 lives in the US every year. Many patients become
too ill to tolerate liver transplantation, and even if transplantation were a viable solution,
there is a severe shortage of donor organs whereby only 28% of the wait-listed patients
receive transplantsl. As bioartificial liver assist devices (BAL) enter clinical trials2—4,
hepatocyte transplantation continues in clinical trials as an alternative treatment to liver
failure®, and whole-organ tissue engineering emerges as a vertical-advancement in the
field®8, identifying suitable sources of hepatocytes is becoming an immediate issue®. For
example, BAL devices require in the order of 1019 hepatocytes and up to 10° hepatocytes are
required per transplantation infusion, which must be highly viable to avoid potential harm to
an already ill patient*10. A major bottleneck in translating these ideally “off-the-shelf” cell-
based treatment technologies to the clinic is the absence of a method to preserve them long
enough for preparation and transportation to the patient site, without considerable loss of
hepatocyte viability and function!!.

The classic method for cryopreservation is slow freezing after pre-incubation of one or more
cryoprotectant agents (CPAs)12:13, When ice crystals form during the freezing process the
CPA molecules are excluded from the growing ice lattice. The increasing CPA concentration
of the extracellular liquid fraction causes an osmatic imbalance which dehydrates the cells
during freezing of the sample. The resulting reduced intracellular aqueous volume leads to
an increased intracellular concentration of the pre-incubated CPAs and both together reduce
the chance of lethal intracellular ice formation. Nonetheless, CPA toxicity coupled with
mechanical and osmaotic stress of extracellular ice crystallization and recrystallization remain
fundamental problems in cryopreservation. Despite many optimizations, after the first
hepatocyte cryopreservation protocol was published in 198014, significant loss of viability
and metabolic activity is still a major issue*10:15,

Vitrification poses the advantage by avoiding ice mediated injury altogether via a direct
transition from the aqueous to the glass phasel2. However, extremely fast cooling rates are
required to reach the glass transition temperature while avoiding ice formation at higher
subzero temperatures®17. By addition of CPAs, the required critical cooling rate can be
beneficially reduced, and the glass transition temperature increased6. Nonetheless, the
required CPA concentrations are high, typically over 40% (v/v)!8. To reach such high
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concentrations, stepwise CPA introduction is used to reduce osmotic injury during CPA
incubation2. Exposure of cells to permeable CPAs leads to fast (seconds) dehydration
followed by slower (minutes) rehydration when CPAs, together with water, diffuse into the
cells!®. This effect is caused by the much faster diffusion rate of water over cell membranes
as compared to CPAs. With each equilibration step taking several minutes, classical
vitrification is a cumbersome and time-consuming technique which is practically constrained
to simultaneous processing of few samples. Moreover, it considerably extends the exposure
time of cells to high toxic CPA concentrations. Altogether, CPA toxicity is one of the key
limitations of vitrification20-21,

Although the critical cooling rate of aqueous solutions can be reduced by the addition of
CPAs, extremely fast cooling rates of several hundred degrees per minute are nonetheless
required for successful vitrification’. To obtain these high cooling rates, the samples must
have small volumes (microliters) and large surface areas witnessed in the clinical usage of
0.5-2 mm diameter straws for vitrification of oocytes in liquid nitrogen. Although various
alternative methods have been developed to increase the cooling rate and thus decrease the
required CPA concentration22-22, they rely on a small sample volume (i.e. the thermal mass)
relative to the heat transfer area and are therefore intrinsically unsuitable for scale-up efforts
to large volumes. A potential solution to this problem is droplet vitrification, whereby
minuscule cell laden droplets are continuously dropped into liquid nitrogen. Previous
research shows that the pre-incubated CPA concentration could be considerably reduced by
using pico- to nanoliter sized droplets, resulting in high post vitrification cell viability26-2°.
Although arrays of droplet nozzles have been proposed, the extremely small droplet size and
low throughput volumes still make this method unsuitable for scale up to bulk vitrification as
is required for clinical application.

Here we present a novel bulk droplet vitrification technique, which allows vitrification of
very large volumes of cells and droplets while allowing the use of low pre-incubated CPA
concentrations. Using a brief osmotic dehydration seconds ahead of vitrification, we
increased a low pre-incubated intracellular CPA concentration without the need of fully
equilibrating high toxic CPAs concentrations. This was accomplished by loading low CPA
pre-incubated hepatocytes into high CPA concentration droplets, instantaneously followed
by exposure to liquid nitrogen. (Fig. 1) As such, we leveraged the rapid diffusion rate of
water over cell membranes in comparison to CPAs. Moreover, the high extracellular CPA
concentration allows the vitrification of magnitudes larger sized droplets (15-65ul) than
other droplet vitrification approaches26-29, enabling vitrification of bulk volumes. To our
knowledge, this is the first introduction in literature of a high throughput (4ml/min), low
toxicity method for vitrification which may result in a protocol viable for use in clinical
hepatocyte therapy studies.

The aim of this study was to demonstrate the feasibility of our novel bulk droplet
vitrification method and to use this new technique to improve primary hepatocyte
preservation. To do this, we compared bulk droplet vitrification to the state-of-the-art
cryopreservation protocol for hepatocyte cryopreservation. The cryopreservation protocols
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which are most commonly used in literature involve controlled-rate slow freezing in
modified University of Wisconsin (UW) solution. For the best results, UW is supplemented
with either a mono or disaccharide (approx. 300 mM) and with DMSO (approx. 10% v/v)
which is gradually added to avoid osmotic injury. All protocols include rapid thawing at
37°C followed by gradual dilution of DMSO at 4°C30:31,

Experimental design

Droplet size

Simulations

We compared bulk droplet vitrification of primary hepatocytes to the current best practice
cryopreservation protocol and fresh controls. Primary rat hepatocytes from five different
isolations (n=5 biological replicates) were divided across two experimental groups (bulk
droplet vitrification and cryopreservation) and a fresh control group. Storage times varied
from 2 to 8 days and were identical for the experimental groups within each biological
replicate. Vitrification and cryopreservation were performed within 30 minutes of each other
to ensure equal baseline viability between both groups. Direct post-preservation yield and
viability were evaluated, and hepatocytes were cultured to assess plating efficiency and long-
term viability and activity up to 7 days post-preservation.

and temperature profile measurements

We experimentally confirmed droplet sizes and corresponding cooling rates. Droplets
without hepatocytes were dropped in liquid nitrogen and collected as described below under
‘bulk droplet vitrification’. These vitrified droplets were divided on a circular black
insulated plate with a diameter of 140mm (Fig 3a - top). A picture of the droplets was
processed in ImageJ (National Institute of Health, Bethesda, Maryland) to measure the
surface area relative to the known surface area of the plate (Fig 3a — middle).

To measure the droplet cooling rates, droplets were frozen at the tip of a thin (0.2 mm wire
diameter) K-type thermocouple (Omega, Biel, Switzerland). Droplet size was controlled by
incrementally freezing additional UW with CPAs on the existing droplet until the desired
diameter was obtained. Next, the frozen droplets were rewarmed to 2°C-4°C and directly
submerged in liquid nitrogen during which the temperature was logged at 100 ms intervals
using a USB Thermocouple Data Acquisition Module (Omega, Biel, Switzerland) and
Picolog 6 (Picotech, St. Neots, United Kingdom) software. The cooling temperature profiles
of 3 mm and 5 mm droplets were measured three times per group. Additionally, we
measured the cooling rate of the thermocouple without droplets to assess the thermocouple’s
influence on the cooling rate of the droplets. Raw data was corrected for the offset of the
thermocouple to the boiling point of liquid nitrogen.

When exposed to a hypertonic solution of permeable CPAs, cells initially lose and then
uptake water due to the change in osmotic gradient, accompanied by a constant influx of
CPAs. Thus, cell morphology undergoes a shrink-and-swell behavior. The volumetric
change as a function of time can be predicted by the K-K formalism32.
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dvidt = — LPART[(mE - m’s) + O'(mi - m’c)] Q)

dn,ldt = (1 = 6)(1/2)(m¢ + m)dV/dt + P A(mé—m') (2)

In the above formalism, Vis the cell volume, A the surface area and 7, the content of
intracellular CPA. Lpis the hydraulic conductivity, Psthe membrane permeability to CPA
and o is the reflection coefficient. Ris the gas constant and 7 the absolute temperature (277
K). mis the molality, with the superscripts denoting intracellular (/) and extracellular (¢) and
the subscripts denoting non-permeating salt (s) and permeating CPA (), respectively. The
used permeating CPAs during bulk droplet vitrification are DMSO and ethylene glycol (EG),
as explained in detail under ‘bulk droplet vitrification’. In our previous study, we have
determined L (1.11 pm/atm/min), Ps(7.70 pm/min) and o (0.581) for rat hepatocytes in
exposure to DMSO at 4°C29. To simplify our calculation, we substituted DMSO for EG
which will result in a small but acceptable deviance because the relative density difference is
less than 1% and (DMSO 1.101 g/cm? vs EG 1.11 g/cm?3) and the size difference of the
molecules is very small, assuming a hard sphere model (radius-DMSO 2.9 Angstrom vs

radius-EG 2.18-2.44 Angstrom)3334. We calculated m’ = m"%(v,, - v,)/(vV - v,) and
m’c = nC/(V - Vb) where Vj is the isotonic cell volume, V},the osmotically inactive volume

0=0. and m" " the isotonic salt concentration. The extracellular
V/ V6=0.4061) and " the isot It tration. The extracellular DMSO

concentration in each CPA loading step is 1.175, 2.558 and 9.662 mol/kg, respectively, as
approximately converted from the corresponding volume fraction (7.5%, 15% and 40%
respectively). Equations (1) and (2) were solved in Matlab (The MathWorks, Inc., Natick,
MA). This simulation was validated in our previous study using real time imaging of rat
hepatocytes in a single cell entrapment microfluidic device during exposure to DMSO1®.

and hepatocyte isolation.

All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of Massachusetts General Hospital, Boston, Massachusetts, USA. Primary rat
hepatocytes were isolated from female Lewis rat livers using the two-step collagenase
perfusion techniques®.

Cryopreservation

We used the most widely accepted protocol for cryopreservation in literature. Fresh
hepatocytes were spun down at 25 g for 5 minutes and resuspended in UW (Bridge to Life,
Columbia, South-Carolina) supplemented with 2.2 mg/ml bovine serum albumin (Sigma-
Aldrich, Boston, Massachusetts) and 333 mM glucose (Sigma-Aldrich). DMSO (Sigma-
Aldrich) (5% v/v) was added in two steps with 3 minutes equilibration in between, resulting
in a final cell density of 5x10%/ml and a total pre-incubated CPA concentration of 10% v/v
DMSO and 300 mM glucose. The hepatocyte suspension was transferred into four 1.5ml

Langmuir. Author manuscript; available in PMC 2020 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Vries et al.

Page 6

cryovials (ColeParmer, Vernon Hills, Illinois) each containing 7.5x10° hepatocytes. Exactly
3 minutes after the last DMSO addition the vials were placed in a Cryomed™ controlled rate
freezer (Thermo Fischer Scientific, Waltham, Massachusetts) and frozen to —140°C using
the controlled rate freezing protocol as described elsewhere3!. Upon completion, the
cryovials were stored at —196°C until thawing.

After storage at —196°C for 2 to 8 days, the four cryovials were rapidly thawed in an
agitated 37°C water bath. As soon as all ice was melted the content of the cryovials was
added to 25 ml ice cold Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich)
supplemented with 300 mM glucose. After 3 minutes equilibration, the glucose
concentration was diluted to 150 mM by addition of 25 ml ice cold DMEM. Subsequently,
the cells were spun down for 5 minutes at 25 g and resuspended in 4 ml C+H culture
medium (Cell Resource Core, Massachusetts General Hospital, Boston Massachusetts).

Bulk droplet vitrification

Fresh hepatocytes were spun down for 5 minutes at 25 g and resuspended in UW
supplemented with 2.4 mg/ml BSA at 4°C. DMSO (3.75% v/v) and Ethylene Glycol (EG)
(Sigma-Aldrich) (3.75% v/v) were added in two steps with an equilibration of 3 minutes
between each step, resulting in a final cell density of 1e’/ml and a combined pre-incubated
CPA concentration of 15%. During the last incubation period, the cells were laden ina 3 ml
syringe and a second 3 ml syringe was laden with UW supplemented with 2 mg/ml BSA,
32.5% v/v DMSO, 32.5% v/v EG and 800 mM sucrose. The syringes were mounted into a
custom 3D-printed syringe pump adapter that ensures even flowrates from both syringes.
Next, a modified mixing needle (Grainger, Lake Forest, Illinois) (Fig. 2 insert a) was
attached and the complete assembly was placed in the syringe pump (Pumpsystems Inc.,
Kernersville, North-Carolina). The syringe pump was mounted in vertical position to the
wall of a tissue culture hood with the needle facing down toward the liquid nitrogen dewar
(Thermo Fisher Scientific), as shown in Figure 2. A droplet collection assembly consisting
of a funnel (Cole-Parmer) and 50 ml conical tube was placed in the liquid nitrogen dewar as
shown in Figure 2, insert b. At the end of an incubation period of 3 minutes, the syringe
pump was started at 2 ml/min, resulting in a high CPA exposure time of 1.25 seconds and a
total droplet CPA concentration of 20% v/v DMSO, 20% v/v EG and 400mM sucrose. The
mixing time is dependent on the total flow rate and volume of the mixing needle. Exactly 5
ml, i.e. 2.5x107 hepatocytes, was dropped in the liquid nitrogen and collected in the conical
tube which was stored at —196°C until devitrification. For devitrification, the cell laden glass
droplets were added to 100 ml warm (37°C) DMEM supplemented with 500 mM sucrose
(Sigma-Aldrich) which was agitated for several seconds until the droplets were devitrified.
The resulting cell suspension solution was divided into two 50 ml conical tubes which were
spun down at 50 g for 2min. 37.5 ml was aspirated from both conical tubes and the sucrose
concentration was gradually diluted to 125 mM by addition of 12.5 ml and 25.0 ml ice cold
DMEM every 3 minutes, respectively. Next, the cells were spun down for 5 minutes at 25 g
and resuspended and combined in 4 ml C+H culture medium.
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Hepatocytes were cultured using a collagen sandwich culture model up to 7 days as
described in detail elsewhere36:37. In short, the hepatocytes were seeded on 12 well
precoated collagen plates (Thermo Fischer Scientific) with a seeding density of 1x10° and
9x10° hepatocytes per well for the experimental and fresh control groups respectively, to
account for cell death after preservation. Nonattached hepatocytes were washed off one hour
after seeding. Collagen top gel was added 24 hours after seeding. Media was changed in 24-
hour intervals with a media volume of 0.5 ml per well. Aspirated media was stored at -80°C
for post hoc analysis of urea production and albumin synthesis. Hepatocytes from
experimental groups were cultured on the same plates to ensure equal culture conditions.

Evaluation of cell viability and activity

Assessment of post-preservation hepatocyte membrane integrity and yield—
Membrane integrity of hepatocytes in suspension was measured using the standard trypan
blue exclusion assay (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Hepatocyte membrane integrity in suspension was measured during hepatocyte
isolation, directly prior to and post cryopreservation and vitrification. The yield was
calculated by dividing the total amount of live hepatocytes in suspension after preservation
by 3.0x107 or 2.5x107, corresponding to the amount of liver cells that were cryopreserved
and vitrified respectively. Fluorescent Hoechst/Propidium lodide (PI) staining (Thermo
Fisher Scientific) was used to measure the membrane integrity of hepatocytes one day after
seeding to evaluate plating efficiency. Designated wells were incubated for 5 minutes with 3
ul/ml Hoechst and 10 ul/ml PI. Images were taken using an EVOS microscope (Thermo
Fisher Scientific) with exposure times of 30 ms and 750 ms respectively. Images were
quantified using ImageJ.

Assessment of metabolic hepatocyte activity—Reductive activity of hepatocytes in
collagen sandwich cultures was measured using the Presto Blue essay (Thermo Fisher
Scientific). On day 3, 5 and 7, 50 ul Presto blue was added to the media of designated wells.
After a 30 minutes incubation, the fluorescence of 110 UL samples was measured on a
Synergy-2™ micro plate reader (BioTek, Winooski, Vermont) according to the
manufacturer’s instructions.

Urea production—To measure the urea concentration in the culture media, a colorimetric
BUN assay was performed with the use of the Stanbio™ BUN Diagnostic Set (Stanbio
Laboratories, Cardiff, Wales) with the protocol provided by the manufacturer. Briefly, the
urea assay reagent was prepared by mixing one part of the color reagent with two parts of
the acid reagent. Standards were prepared and 10 pL of the standards or media samples were
plated on a 96 well flat bottom plate, after which 150 L of the urea reagent mixture was
added. After an incubation at 60°C for 90 minutes, the plate was allowed to cool down (5-10
min) and the absorbance was measured at 520 nm using a Benchmark Plus™ microplate
spectrophotometer (Bio-Rad, Hercules, California)

Albumin synthesis—We measured rat serum albumin in the culture media using an
enzyme-linked immunosorbent assay (ELISA) developed in-house. Briefly, high-binding 96
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well ELISA plates were coated with rat aloumin in PBS and incubated overnight at 4°C.
These plates were then washed four times with a 0.5% PBS-Tween solution. 50 uL of
standards or media was added to the wells. After diluting 1:10,000 in PBS, peroxidase-
conjugated albumin antibody was added to each well and incubated overnight at 4°C/for 2
hours at 37°C. Post incubation, the plates were washed again with 0.5% PBS-Tween. After
preparation of o-Phenylenediamine dihydrochloride (400 mg/mL) and 4 uM hydrogen
peroxide, 50 pL of the solution was added to each well and incubated for 5 minutes. The
reaction was stopped with the addition of 50uL of 8 N sulfuric acid and the absorbance was
measured at 490 nm to 650 nm on a Benchmark Plus™ microplate spectrophotometer.

Statistical analysis

Results

Droplet size

Simulations

Data were tested for normality using visual inspection and the Shapiro-Wilk normality test.
Viability data of hepatocytes in suspension before and after preservation were compared
using a paired one-way ANOVA with the Tukey correction for multiple testing. The
Wilcoxon matched-pairs signed rank test was used to compare the preservation yields and
although this data was not normally distributed, we used the F-test to compare the variance
in yield. Culture data of fresh cells was corrected to a seeding density of 1 million cells per
well to match the experimental groups. The paired Student’s t-test was used to compare cell
number and viability of monolayer cultured hepatocytes. Time-course data of the Presto
Blue, urea and albumin assays were analyzed with paired repeated measures two-way
ANOVASs with the Tukey correction for multiple testing. P-values <0.05 were considered
statistically significant. All analyses were performed in Prism 7.03 (GraphPad Software Inc.,
La Jolla, California).

distribution and cooling rate

As shown in Figure 3a, the mean droplet diameter was 3.0 £ 1.0 mm (mean = SD). The
inverse Leidenfrost effect caused droplets to briefly levitate on the liquid nitrogen surface
before submersion. We observed occasional merging of droplets during this phenomenon,
resulting in a maximal observed droplet size of 4.4 mm. We measured the cooling rate of 3
mm and 5mm droplets to determine the mean and minimum cooling rate of the droplets (Fig
3b). Linear regression gave an average cooling rate of 1320 and 960°C/min respectively.

We simulated the relative volume change of hepatocytes and the intracellular CPA
concentration during CPA pre-incubation and subsequent short exposure to high CPA
concentration in the mixing needle, as shown in Figure 3c and 3d. During the mixing time of
1.25 seconds, the dehydration reduces the intracellular volume to 59%. This results in an
increase of the intracellular CPA concentration from 2.53 to 8.53 Mol/kgH2©. Additionally,
our simulations of cell volume during CPA pre-incubation show that a CPA equilibration
period of 3 minutes is enough for hepatocytes to rehydrate to 95% of their initial size.
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Post-preservation membrane integrity and yield

Cell membrane integrity is the most widely used metric to assess the quality of preserved
cell suspensions. However, the percentage of cells with intact membranes can be
paradoxically high if dying cells not only lose their membrane integrity but also disintegrate
during preservation. Since this would result in a lower yield, it is important to also consider
the preservation yield as an additional preservation parameter. Droplet vitrification resulted
in significantly higher membrane integrity of hepatocytes in suspension than
cryopreservation (79.0% + 2.7% vs 67.4% + 5.6%, p=0.044), as shown in Figure 4a.
Moreover, the loss of membrane integrity compared to fresh controls was over two times
larger during cryopreservation than during vitrification (mean differences with fresh controls
of 22.0%, p=0.002 and 10.4%, p=0.0450 respectively). We did not observe a significant
difference in preservation yield between cryopreservation and vitrification (47.6% + 11.0%
vs 57.64% * 2.3%), as shown in Figure 4b. However, the yield of droplet vitrification was
markedly more consistent as compared to cryopreservation, demonstrated by a significantly
lower standard deviation (2.3% vs 11.0%, p=0.0108).

Hepatocyte plating efficiency (monolayer culture)

Although direct post-preservation cell membrane integrity is the most widely used metric for
cell quality, it results in a potential overestimation of viability because some cells may
experience delayed onset cell death. These cells have often lost functional properties such as
attachment ability and commonly die within several hours after preservation. We addressed
this potential problem by assessing the plating efficiency of cryopreserved and droplet
vitrified hepatocytes. We evaluated plating efficiency by dead/live staining of hepatocytes in
monoculture one day after preservation. (Fig. 5a) Although the difference between the total
number of attached cryopreserved and droplet vitrified hepatocytes did not reach statistical
significance (930 + 263 vs 630 + 327) (Fig. 5b), the mean number of attached hepatocytes
was 48% higher after droplet vitrification (Fig 5¢). More importantly, the membrane
integrity of the attached hepatocytes after vitrification was significantly higher than after
cryopreservation (92.3% + 4.5% vs 81.92% + 4.4%; p=0.022).

Long term hepatocyte cultures (collagen sandwich culture)

For most applications, high long-term viability and metabolic activity are of utmost
importance. To study the long-term effects of preservation on hepatocyte viability and
metabolic activity we cultured fresh, cryopreserved and droplet vitrified hepatocytes. The
gold standard for primary hepatocyte culture is the collagen sandwich culture whereby the
hepatocytes are seeded on collagen coated plates and covered by a collagen top gel 24 hours
after seeding38. We cultured cells using the collagen sandwich model for a week and
performed assays from day 2 onwards to allow the hepatocytes to adjust to the collagen top
layer. Of note, we did not encounter any contamination issues after direct exposure of
hepatocyte droplets to liquid nitrogen, which would have been revealed during a long-term
culture.

Hepatocyte morphology—~Fresh, cryopreserved and droplet vitrified hepatocytes
developed a characteristic polygonal shaped monolayer with the presence of typical
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binuclear cells on day 1 after plating, as shown in Figure 6a. The confluency of the
cryopreserved hepatocytes was markedly lower compared to the fresh and vitrified
hepatocytes which had similar confluency. On day 3, the hepatocytes of all groups had
formed bile cuniculi, which is an important characteristic in collagen sandwich cultures.
However, bile cuniculi in the cryopreserved group were less noticeable, as compared to fresh
and droplet vitrified cultures, also when lower confluency was considered. Over the course
of days, the visible number of dead cells increased in all groups, resulting in a slight
reduction in confluency of the fresh and droplet vitrified hepatocytes and an evidently more
reduced confluency of the cryopreserved hepatocytes.

Presto blue—We used the Presto Blue assay to evaluate the general cellular metabolic
activity of hepatocytes in collagen sandwich cultures on day 3, 5 and 7 (Fig. 6b and Table 1).
Reductive metabolic activity, measured in relative fluorescent units (RFU) of metabolized
presto blue per 1x108 hepatocytes, of fresh hepatocytes was significantly higher on all
measured days compared to cryopreserved hepatocytes and only on day 3 and 7 compared to
vitrified hepatocytes. We did not observe a statistically significant difference between the
reductive metabolic activity of droplet vitrified and cryopreserved hepatocytes.

Urea production—Detoxification is a vital function of the liver. Ammonia is an extremely
toxic base which is produced during the deamination of amino acids. Hepatocytes almost
exclusively metabolize ammonia into much less toxic urea. As such, urea production is one
of the most common markers of specific hepatic function. We measured urea production of
fresh, cryopreserved and droplet vitrified hepatocytes in collagen sandwich cultures by
sampling the culture media over time for up to one week after preservation (Fig 7a and Table
1). From day 5 onwards, the urea production of vitrified hepatocytes was significantly higher
than the urea production of cryopreserved hepatocytes. Fresh hepatocytes produced
significantly more urea on every day compared to cryopreserved hepatocytes. However, in
comparison to vitrified hepatocytes, the fresh hepatocytes only produces more urea on day 2,
3and 7.

Albumin synthesis—Albumin is the most abundant blood protein which is almost
exclusively produced by the liver. Therefore, it is considered the most important marker for
synthetic metabolism of hepatocytes. We measured the albumin synthesis of fresh,
cryopreserved and droplet vitrified hepatocytes in collagen sandwich cultures by sampling
the culture media over time up to one week after preservation (Fig 7b and Table 1). On each
day, the albumin synthesis of droplet vitrified hepatocytes was significantly higher than that
of cryopreserved hepatocytes. On all days, fresh hepatocytes produced significantly more
albumin than both cryopreserved and vitrified hepatocytes, except on day 5.

Discussion

Significant loss of hepatocyte viability and metabolic function after cryopreservation
remains a major issue. This limitation severely throttles the use of hepatocytes in clinical
applications such as BAL devices and hepatocyte transplantation, as well as their use in
emerging tissue engineering approaches*3940, Although vitrification is a promising
alternative to cryopreservation, the required rapid cooling rates in the traditional protocols
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make it problematic to vitrify large cell volumes in the order of 1010 hepatocytes, as is
required for clinical and tissue engineering applications*10. To address this limitation, we
proposed a novel bulk droplet vitrification method which allows true high throughput
processing while using a low pre-incubated CPA concentration, with the overall goal to
improve primary hepatocyte preservation.

Instrumental to our approach is the osmotic dehydration of hepatocytes which are pre-
incubated with a low CPA concentration. This dehydration concentrated the intracellular
CPAs just ahead of vitrification. Thereby, a sufficient intracellular CPA concentration was
obtained without the need to fully equilibrate the toxic CPAs at high concentrations. We
confirmed that a dehydration for 1.25 seconds sufficiently increases the pre-incubated
intracellular CPA concentration, which in conjunction with the measured cooling rates of
our large size droplets enables vitrificationl”. Compared to ultra-rapid cooling vitrification
techniques we used similar pre-incubated low CPA concentrations (15% v/v) while
achieving a much higher processing volume rates?2-25, For example, compared to micro-
droplet vitrification, we were able to use over ten thousand times larger droplets resulting in
much higher volume processing rates26-29,

Contamination is a potential issue when using an open method such as droplet vitrification.
To prevent contamination, we used our system in a sterile laminar flow cell culture hood.
Although the liquid nitrogen used was not sterile, we did not encounter any contamination
issues which would been revealed during long term cultures. If required, liquid nitrogen can
be sterilized by radiation or filtering®!.

Although high cooling rates are required for vitrification, it is well known that it is
especially difficult to obtain high enough rewarming rates for successful devitrification13.20.
Convective rewarming is traditionally used for devitrification. However, this outside in
rewarming makes it difficult to reach sufficient rewarming rates in the sample cores.
Although new inside out rewarming technologies such as electromagnetic warming of
nanoparticles have recently been developed??, they are technically complex and expensive
solutions. In this regard, the devitrification of vitrified droplets in warm media has the
additional advantage in which the outer already devitrified layer is replaced by warm media.
This reduces the thermal resistance to the core and the thermal mass of the droplet,
significantly increasing the rewarming rate.

To study the effects of bulk droplet vitrification on primary hepatocyte viability and the
potential improvement over cryopreservation, we compared direct post-preservation
parameters after bulk droplet vitrification with the most commonly used cryopreservation
protocol30:31, With this cryopreservation protocol, reductions in absolute viability between
15 to 25% have been reported*3-45, which is comparable to our observed 22% loss of
viability after cryopreservation in this study.

When comparing cryopreservation versus our new bulk droplet vitrification approach, loss
of hepatocyte viability assessed by membrane integrity testing was about half after droplet
vitrification as compared to cryopreservation (10% vs 22%). Yield, defined as the ratio
between the total number of live cells after and before preservation, is another important

Langmuir. Author manuscript; available in PMC 2020 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Vries et al.

Page 12

parameter of preservation efficiency which is often not reported in literature. We observed a
10% higher yield after droplet vitrification, although this did not reach statistical
significance. However, it should be noted that there was a significantly more consistent yield
after droplet vitrification, which may be important for clinical applications. Furthermore, it
is well acknowledged that the attachment ability of hepatocytes is reduced after
cryopreservation, resulting in lower plating efficiency6. Therefore, we compared the plating
efficiency of hepatocytes in a monolayer 24 hours after seeding. Although not statistically
significant, the attachment after droplet vitrification was nearly 50% higher than after
cryopreservation. More importantly, the viability of the hepatocytes that did attach was 10%
higher after vitrification. This difference is especially important when considering clinical
applications; the lower delayed onset cell death after bulk droplet vitrification might result in
a more effective therapy with BAL devices and hepatocyte transplantation, with fewer side
effects due to remnants of dead hepatocytes.

Since long-term viability and metabolic activity is paramount for clinical and tissue
engineering applications, we also assessed the effect of cryopreservation and droplet
vitrification on hepatocyte viability and metabolic activity in collagen sandwich cultures up
to one week after preservation. Based on phase-contrast images, the droplet vitrified
hepatocytes had comparable morphology to fresh plated hepatocytes. It should be noted that
the fresh hepatocytes were seeded at a lower density than both droplet vitrified and
cryopreserved hepatocytes to correct for cell death after preservation. More importantly, the
droplet vitrified hepatocytes clearly showed better morphology and confluency than
cryopreserved hepatocytes.

Loss of metabolic activity after cryopreservation is an important problem after
cryopreservation of hepatocytes30, with negative consequences for clinical applications*4°.
Like others, we observed lower metabolic activity after cryopreservation as compared to
fresh cultured hepatocytes, demonstrated by both general and liver specific markers of
metabolic activity. Bulk droplet vitrified hepatocytes had a significantly higher metabolic
activity as compared to cryopreserved hepatocytes, based on a significantly higher urea
production and albumin synthesis up to one week after preservation.

In conclusion, we have developed a novel bulk droplet vitrification method of which we
validated the theoretical background and demonstrated the feasibility to use this method to
vitrify large cell volumes. Moreover, we showed that this method results in improved
hepatocyte viability and metabolic function as compared to cryopreservation. Future
optimization of bulk droplet vitrification may improve the preservation yield and could
potentially improve preservation of human primary hepatocytes. In particular, we expect that
the pre-incubated CPA concentration could be reduced if the osmotic dehydration prior to
vitrification is further optimized, whereby both permeable and non-permeable CPAs should
be tested. Also, we propose scaling up to large (>1 liter) processing volumes with
continuous fluidic low CPA pre-incubation. Since bulk droplet vitrification does not need
specialized equipment such as a controlled rate freezer or microdroplet ejector nozzles, it is
a simple and cost-effective preservation method which could potentially also be used for
preservation of other cell types.
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Figure 1.

Schematic representation of the bulk droplet vitrification method. Hepatocytes which are
preincubated with a low CPA concentration (bright green) are rapidly mixed in a special
mixing needle (blue/green serpentine lines) with a high CPA solution (bright blue). The
mixing dehydrates the hepatocytes which concentrates the pre-incubated intracellular low
CPA concentration. Hepatocyte droplets are generated by the mixing needle which are
directly vitrified in liquid nitrogen before the high CPA concentration can diffuse over the
cell membranes.
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Figure 2.
Bulk droplet vitrification experimental setup. Insert a: detail of the mixing needle. Insert b:

droplet collection device which is placed in the liquid nitrogen dewar.
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Figure 3.
Characterization of the bulk droplet vitrification method: droplet size, cooling rate, and

cryoprotectant agent (CPA) loading. a. Droplet size measurements. Top: picture of vitrified
droplets which do not contain hepatocytes. Middle: Image after particle analysis in ImageJ.
The small circles correspond to the droplet circumferences. Below: Droplet size distribution
b. Droplet temperature after exposure to liquid nitrogen at t=0 seconds. c. Relative volume
change of hepatocytes during CPA incubation with exposure to 7.5% (v/v) dimethyl
sulfoxide (DMSO) from 0-3 minutes, 15% (v/v) DMSO from 3-6 minutes and 40% (v/v)
DMSO with 400mM sucrose from 6-7 minutes. d. Intracellular DMSO concentration during
CPA incubation. Scale bars: 25 mm. Error bars: SD.
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Figure 4.

Direct post-preservation viability and yield of cryopreserved (blue) and bulk droplet vitrified
(green) hepatocytes in suspension. a. Viability. b. Yield. Stars: p<0.05 Error bars: SD.
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Figure5.

Viability of cryopreserved (blue) and bulk droplet vitrified (green) hepatocytes after 24
hours monolayer culture. a. Representative images of Hoechst (all hepatocytes) / propidium
iodide (PI) (dead hepatocytes) staining of the cultures. b. Total number of attached
hepatocytes per field of view. c. Viability of attached hepatocytes. Scale bars: 400um. Stars:
p<0.05 Error bars: SD.
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Long-term collagen sandwich cultures of fresh (grey), cryopreserved (blue) and bulk droplet
vitrified (green) hepatocytes. a. Representative microscopy images of fresh, cryopreserved
and bulk droplet vitrified hepatocytes. b. Metabolic reduction activity of Presto Blue in
collagen sandwich culture. Scale bars: 400um. Stars: p<0.05 Error bars: SD.
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Culture day

a = p<0.5; fresh control vs cryo
b = p<0.5; fresh control vs vitrified

¢ = p<0.5; cryo vs vitrified

Hepatic function during long-term collagen sandwich cultures of fresh (grey), cryopreserved
(blue) and bulk droplet vitrified (green) hepatocytes. a. Urea production. b. Albumin
synthesis. Letters: p<0.05; a: fresh vs cryopreserved; b: fresh vs bulk droplet vitrified; c:

cryopreserved vs bulk droplet vitrified. Error bars: SD.
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