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Abstract

Liver cryopreservation has the potential to enable indefinite organ banking. This study
investigated vitrification—the ice-free cryopreservation of livers in a glass-like state—as a
promising alternative to conventional cryopreservation, which uniformly fails due to damage

from ice formation or cracking. Our unique “nanowarming” technology, which involves perfusing
biospecimens with cryoprotective agents (CPAs) and silica-coated iron oxide nanoparticles
(sIONPs) and then, after vitrification, exciting the nanoparticles via radiofrequency waves,

enables rewarming of vitrified specimens fast enough to avoid ice formation and uniformly
enough to prevent cracking from thermal stresses, thereby addressing the two main failures of
conventional cryopreservation. This study demonstrates the ability to load rat livers with both CPA
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and sIONPs by vascular perfusion, cool them rapidly to an ice-free vitrified state, and rapidly

and homogenously rewarm them. While there was some elevation of liver enzymes (Alanine
Aminotransferase (ALT)) and impaired indocyanine green (ICG) excretion, the nanowarmed livers
were viable, maintained normal tissue architecture, had preserved vascular endothelium, and
demonstrated hepatocyte and organ-level function, including production of bile and hepatocyte
uptake of ICG during normothermic reperfusion. These findings suggest that cryopreservation of
whole livers via vitrification and nanowarming has the potential to achieve organ banking for
transplant and other biomedical applications.

Keywords

Organ preservation; Liver transplant; Critical cooling rate; Critical warming rate; Cryoprotective
agent

Introduction

Liver transplantation is the best treatment option in terms of life expectancy and quality of
life for people with end-stage liver disease. Unfortunately, there remains a large and growing
gap between organ supply and demand*%; yet many thousands of livers go unused each year,
particularly from expanded criteria donors (ECD) who are older, have experienced cardiac
death (i.e., donation after circulatory death, DCD), or have other complications associated
with inferior postoperative outcomes2’. These organs would be valuable for therapeutic

and research purposes, including transplantation, if not for their increased susceptibility to
ischemic preservation injury and short tolerable preservation times, typically <12 hours for
optimal donors and even less for ECD and DCD donors.

Organ cryopreservation could enable indefinite organ storagel® 34 and mitigate the ischemic
damage between organ recovery and use. These livers could then be available on-demand
for transplantation or to produce cells and component parts for other therapeutic and
diagnostic applications such as hepatocyte transplantation!® 25, bioartificial liver devices®
35, emergency segmental auxiliary liver grafts’, drug discovery and toxicity testing?®: 44, and
basic hepatic pathophysiology research.

Conventional methods for cryopreservation of cells and tissues utilize slow cooling to a
frozen state, resulting in the formation of ice crystals that damage cells and disrupt the
complex macroscopic organization of intact organs® 37 making these methods ineffective for
liver cryopreservation.

A promising alternative to conventional cryopreservation is vitrification, or rapid cooling to
a “glassy” rather than crystalline phase. Vitrified materials behave like solid materials but
do not undergo the damaging phase transition from liquid to crystalline ice.In this form,
biomaterials can be stored indefinitely in a deep cryogenic state (< =140 °C)16.

To vitrify biospecimens, including organs, they must be cooled to below a glass transition
temperature (T4, ~ —120 °C) at a rate that is too fast for ice crystallization to occur. This
rate is termed the critical cooling rate (CCR). In contrast, the critical warming rate (CWR)
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is the rate necessary to avoid crystallization during warming, and is typically at least an
order of magnitude higher than the CCR 23. The CCR and CWR for physiologic solutions
(e.g., water) are unachievable in organs (>106 °C/sec)*, but fortunately, CPA compounds can
reduce CCRs and CWRs to practical levels (<1 to 100s °C/min)13: 26,

Small biologic units such as cells and embryos are routinely cryopreserved by vitrification,
and some success has been achieved in vitrifying larger biological systems such as

porcine arteries, rat and rabbit kidneys, and rat hearts® 17 19. 24, 33,40 However, a

more significant challenge occurs upon rewarming these biomaterials, especially as size
increases. Rewarming must be rapid to avoid ice formation and uniform to cracking

from thermomechanical stress, which are two significant obstacles for this approach. For
biomaterials with a characteristic dimension >1 cm, traditional convective or “boundary”
rewarming methods (i.e., immersion in a liquid bath) fail at achieving both objectives.

We have developed “nanowarming” as an alternative method to rewarm tissues and

organs rapidly and uniformly through radiofrequency (RF) magnetic heating of iron oxide
nanoparticles (IONPs) that are distributed throughout the vasculature. IONPs are exposed
to alternating magnetic fields in the RF frequency range and exhibit rapid heating from
hysteresis losses. Volumetric heating is uniform, occurs throughout the organ, and is not
constrained by organ size. This approach provides a substantial advantage in that it can

be directly scaled to human-sized organs. Previous studies on nanowarming of large artery
segments33 and CPA systems up to 80 mL, including rat kidneys and rat hearts, have
resulted in high post-rewarming cell viability® 1940, but limited organ function has been
demonstrated. Fig. 1 illustrates the principle of nanowarming.

Here we investigate vitrification and nanowarming of whole rat livers to maintain organ-
level viability and function. The rat liver studied is one of the largest organs to be

vitrified and rewarmed thus far. This study presents the following achievements: 1) perfusion
delivery of CPA throughout the hepatic parenchyma; 2) perfusion loading of SIONPs within
the liver vasculature; 3) rapid cooling at rates greater than CCR to achieve an ice-free
vitrified state; 4) rapid (greater than CWR) and uniform rewarming that avoids ice formation
(devitrification) or cracking; 5) perfusion unloading of both CPA and sIONPs; and finally, 6)
assessment of viability, morphology, and function post-nanowarming.

Materials and Methods:

Cryoprotective agent and iron oxide nanoparticles

Biocompatible silica-coated iron oxide nanoparticles (SIONPs) were synthesized as
previously described?0. The CPA selected was 40% ethylene glycol (v/v%) plus 0.6 M
sucrose (EG+Suc) in Euro-Collins (EC) solution carrierl® (Table S2) based on previous
success in vitrification of hepatocyte spheroids28: 32 and superiority over alternative agents
tested (i.e., VS5538) which had increased toxicity in preliminary experiments.

Animals and surgery

Animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Minnesota. Experiments were performed under Isoflurane
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anesthesia with male Sprague Dawley rats (Charles Rivers, Wilmington, MA) weighing
250-300 g. Donor livers were cannulated via the portal vein (PV), suprahepatic vena cava
(SHVC), and the infrahepatic vena cava (IHVC), flushed with cold University of Wisconsin
(UW) solution, and stored at 4 °C prior to use (details in Supplementary Materials). Cold
storage time prior to study was < 30 minutes.

Hypothermic perfusion

Vitrification

The perfusion circuit is described in detail elsewhere?? and includes multiple perfusion
channels, flow dampening, bubble trap, heat exchanger, and pressure and temperature
monitoring and control. Stepwise loading of increasing concentrations of CPA (15 min

steps at 4 °C) was performed via the PV (details in Supplementary Materials). Subsequently,
SIONPs in CPA were infused via syringe pump at 1 mL/min after the final CPA loading step.
For subsequent washout of sSIONPs and CPA, serial dilutions of hypertonic sucrose in EC
were used in 10-minute perfusion steps (Supplementary Table S3).

A polyethylene bag (McMaster-Carr, EImhurst, IL) was prefilled with 25-30 ml of 5 or

10 mg Fe/mL sIONP in CPA and held at 0-4 °C. Following perfusion loading, cryogenic
fiber optic temperature probes (Qualitrol, Fairport, NY) were placed inside the IHVC, PV,
SHVC, and outside the liver before transfer to the bag. Organs were cooled to —150°C (see
Supplementary Materials for cooling protocol) in a controlled-rate freezer (CRF) (Kryo560,
Planer, Middlesex, UK) and stored for 1 hr to several days in a =150 °C freezer (Panasonic
Healthcare, Wood Dale, IL) prior to rewarming.

Nanowarming

Nanowarming was conducted using a 15-kW alternating magnetic field (AMF) coil at 94%
power (preset to 63 kA/m and 185 kHz)33. The vitrified liver was quickly transferred from
the cryogenic freezer (=150 °C) to the center of the solenoid coil, and the AMF was turned
on. The AMF was powered off when the temperature exceeded the melting temperature
(Tm) of the CPA. After rewarming, stepwise unloading of CPA+sIONP was performed
(Supplementary Table S3).

Normothermic perfusion for functional evaluation

Ex vivo organ function was assessed by normothermic perfusion with oxygenated Krebs-
Henseleit (KH) buffer (full details in Supplementary Materials). Biliary output and venous
effluents were collected for blood gas, compositional analysis, and subsequent LDH/Alanine
Aminotransferase (ALT) assays at 15-minute intervals. Indocyanine green (ICG, an anionic
dye actively taken up by hepatocytes and secreted into the bile) was added to the KH buffer
at 25 mg/L to assess hepatocyte function. At the end of the perfusion, wedge biopsies were
obtained for histology. ALT was quantified using a colorimetric ALT assay kit (Sigma,

St. Louis, MO). LDH was measured using the LDH-Glo assay (Promega, Madison, WI).
Experimental groups included fresh control organs (flushed with UW solution and stored at
4 °C for <30 min prior to study), static cold stored (SCS, 18-20 hrs storage in UW solution
at 4 °C), CPA-only (CPA loaded and unloaded), and nanowarmed organs.
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Histology, confocal, freeze substitution, and uCT imaging

Liver biopsy specimens were fixed, paraffin-embedded, sectioned, stained, and imaged by
light microscopy (Hematoxylin and Eosin (H&E) and Prussian blue), confocal imaging
(CD31 expression), and freeze-substitution (ice damage) as described in the Supplementary
Materials. Cryogenic uCT imaging of whole livers was used to detect ice formation
(devitrification), cracks, and sSIONP distribution in the liver as previously described?., and
detailed in the Supplementary Materials.

Statistical analysis

Results:

Statistical analysis was performed in R version 4.0.4 (R Foundation for Statistical
Computing, Vienna, Austria). Continuous variables were tested for normality using the
Shapiro Wilk test. One-way ANOVA with pairwise Tukey post-hoc testing was performed
for normally distributed variables. The Kruskal-Wallis test with pairwise Mann-Whitney
(Wilcoxon) post-hoc test was used for non-normal variables. P values were adjusted for
multiple comparisons, and a value of <0.05 was considered significant. Data are presented as
mean + standard deviation (SD) unless noted otherwise. Informative statistical comparisons
are indicated in each figure, and complete statistical treatment is summarized in the
Supplementary Materials.

Perfusion loading and unloading of CPA+sIONPs

Liver perfusion loading of CPA (EG+Suc) was carried out via the portal vein at a flow rate
of 0.3 mL/min/g liver, with the effluent being collected throughout. The mean portal venous
pressure increased with every perfusion step, likely due to increased viscosity, but remained
within acceptable physiological limits (0-10 mm Hg) (Fig. 2A). At the final loading step,
the relative EG concentrations in the perfusate and venous effluents indicated near complete
equilibration of CPA (Fig. 2B). Following full CPA loading, a colloidal mixture of 10 mg
Fe/mL sIONPs in CPA was perfusion loaded into the liver at a constant rate of 1 mL/min.

Figs. 2C-K shows gross visual appearance, Prussian blue-stained histologic sections, and
UCT images of control, CPA+sIONP loaded, and unloaded livers. As the CPA+sIONP
colloid is loaded into the vasculature, the liver gradually changes color from brown to

solid black, indicating saturation of the blood vessels with the dark SIONP nanoparticles.
Prussian blue staining of histological liver slices showed that the sSIONPs (blue) reside

in the extracellular vascular space and are not taken up by the hepatocytes or other
nonparenchymal cells. Cellular uptake was not expected to occur, as the CPA and sSIONPs
are loaded and unloaded at 4 °C and phagocytic activities would be minimal at these
temperatures. SIONP localization was confirmed by uCT, which demonstrated sSIONP
accumulation in the vasculature, which showed high HU contrast within larger vascular
structures (>29 um resolution). Furthermore, an overall increase in diffuse background HU
throughout the liver was observed compared to controls, which suggested loading within
smaller vascular branches, and was confirmed by Prussian blue staining. Following washout,
UCT and Prussian blue stains showed complete removal of the SIONPs at the detection limit
of these modalities.
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After loading with CPA+sIONPs, the liver-containing bags were transferred to a CRF and
cooled rapidly to cryogenic temperature (=150 °C) (Fig. 3A). The cooling rates in all regions
within the liver were observed to be faster than the CCR, with a mean cooling rate of

8.8 °C/min (Fig. 3B). For reference, the CCR of EG+Suc, shown as the red dotted line

in Figs. 3A and 3B, is <1 °C/min (determined by differential scanning calorimetry, data

not shown). Additionally, during cooling while in the glass region (below Tq, =121°C), the
measured temperature difference between the liver surface and interior was very low (<5°C),
much lower than a threshold for cracking (>15°C) that was empirically determined from
rewarming experiments (Fig. 4).

The vitrified livers appeared glassy on gross visualization, with no visible ice crystals or
cracks (Fig. 3E, top). High-resolution uCT imaging was used to verify vitrification success
and the absence of crystallization or cracking (Fig. 3D). We have previously demonstrated
the ability to distinguish between crystalline vs. amorphous phases in biological tissues

at cryogenic temperatures based on X-ray attenuationl4. High radiodensity (HU >500),
which corresponds to the vitrified state, was observed within the liver (Fig. 3D, top),
confirming the absence of ice crystals or cracks, which are generally characterized by
lower radiodensity (<400 HU) and abrupt transitions in radiodensity, respectively (Fig. 3D,
bottom). Additional examples of vitrified, frozen, and cracked livers are shown in Fig. S1.

To characterize the vitrified state at the cellular level, cryogenically cooled samples were
processed by freeze-substitution prior to embedding, sectioning, and staining with toluidine
blue (basic dye staining acidic cellular compartments, Fig. 3F). The vitrified liver showed
near-normal tissue architecture with distinct hepatic acinar structures. Higher magnification
of the section showed no ice crystal formation and hepatocytes (yellow asterisks) with intact
nuclei. In addition, sinusoidal endothelial cells appeared preserved. In contrast, the frozen
livers had significant disruption of cellular and macro-architecture. Punctate areas of white
(red asterisks) indicate that ice had formed during cooling, both within and adjacent to the
cells. Profound physical damage to the cells and the sinusoid boundaries was observed, and
cellular debris was scattered throughout the frozen liver.

Nanowarming

Liver rewarming was accomplished using our previously described “nanowarming”
methodology that uses magnetic nanoparticles (SIONP) that are distributed throughout
the organ vasculature and can be excited by RF induced magnetic fields thus effectively
providing volumetric rewarming 33. The SIONP are biocompatible, colloidally stable in
CPA solution, and can be flushed from the organ to an Fe level that is non-toxic 20 47,
Innovations over our work in previous organs include modifying protocols for physical
differences in the liver including the vascular supply, characterization of a CPA cocktail
specifically for liver perfusion, and altered cooling and warming procedures to reduce the
possibility of cracking.

Nanowarming of CPA+sIONP loaded livers typically took 120-140 seconds with a magnetic
field intensity of 63kA/m at 185 kHz as the temperature profile was measured in different
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regions of the liver (Figs. 4A—C). The mean warming rate within the livers during
nanowarming was ~61°C/min, well above the CWR for the CPA (red dotted line), which
is ~45 °C/min. No crystallization was observed during rewarming.

Due to their more extended structure (larger, flatter, and asymmetric) compared to other
organs, livers may be more susceptible to cracking from thermal gradients developed during
nanowarming. The rat liver is the largest organ to be vitrified and rewarmed by nanowarming
thus far. In our initial testing, RF rewarming from low temperature (-150 °C) at near full
power (63 kA/m and 185 kHz) resulted in a high thermal gradient, especially during the
beginning of rewarming when the livers are most susceptible to cracking (i.e., below Tg)
(Figs. 4E and S2). Cracking was observed in some cases, and we noted that the average
maximum temperature difference between the surface and interior of the liver (AT nax) Over
the range from storage temperature (=150 °C) to T4 (~ =120 °C) was 22.5°C in the organs
that cracked and 9.2 °C in those that did not (Fig. 4F). We experimentally defined an
operational stress-to-fracture threshold ATmax 0f 15 °C for our CPA-loaded livers based on
these data.

By modulating the RF power during rewarming, the average AT may achieved within the liver
while in a glassy state was reduced to 9.7 °C (Figs. 3D, E, and S2). Under this protocol,

no visible cracking occurred. Further examples of temperature profiles for successfully
rewarmed organs and those where cracking occurred are shown in Fig. S2.

Washout and reperfusion of nanowarmed livers

Following nanowarming, CPA and sIONP washout was performed by stepwise decrease in
tonicity using sucrose solutions (Fig. 2A and additional details in Supplementary Materials).
Portal venous pressure decreased with every washout step. Measurement of the effluent

EG concentration (Fig. 2B) showed that EG levels were reduced below the refractometry
detection limit by the end of washout, suggesting complete CPA unloading.

Following successful washout of the livers, normothermic reperfusion (at 37 °C) was
performed over 60 minutes for functional assessment. Gross liver appearance showed that
ICG was uniformly taken up throughout the liver (Figs. 5A-C, green staining), indicating
preserved hepatocyte function and homogeneous perfusion. However, unlike control livers,
ICG was not concentrated in the bile, indicating some compromise of bile canaliculi
structure or hepatocyte ICG excretory function. Overall, bile effluent volumes measured

in nanowarmed livers were comparable to CPA-loaded and unloaded livers (Fig. 5J).

To test for changes in tissue architecture or vascular damage, we performed histologic
examination (Figs. 5D-F) and immunofluorescent staining for CD31 expression (Figs.
5G-I). Nanowarmed livers show intact cellular and sinusoidal architecture, comparable to
controls. Bile ducts are present and normal in appearance with epithelial layer continuity
maintained. The endothelium is preserved, as indicated by the positive CD31 staining (red)
in >90% of the liver sections assessed. Further, physiological pressures observed under
constant flow rates (pressure <12 mm Hg) support preserved vascular function (not shown).
In contrast, convectively rewarmed livers showed intracellular and extracellular white space
around hepatocytes (Fig. 5E, yellow arrows), indicating ice formation and cytoplasmic
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vacuolization. CD31 staining was reduced or absent (Fig. 5H), suggesting damage to the
endothelium.

ALT and LDH measurements in I\VC effluent were used to assess hepatocyte injury (Fig.
5K-L). The ALT levels of nanowarmed livers were slightly higher than static cold-stored
livers or fresh control livers, but comparable to CPA-only treated livers. LDH levels in
venous effluent of nanowarmed livers were slightly higher only at the 15-minute time point
but subsequently remained no different than any of the control groups. Notably, increases

in ALT and LDH levels were relatively minor in comparison to other reports of liver

injury during preservation®® and in contrast to treatment with alternative CPA (VS55) which
resulted in >10-fold higher values (not shown). These findings suggest that hepatocyte injury
following vitrification and nanowarming is minor and may be due to CPA toxicity rather
than ice formation or other damage occurring from the nanowarming process itself.

Discussion

Vitrification as a potential strategy for long-term cryopreservation was first conceptualized
for cells in the 1930530 and later for organs in the 1980s16. However, apart from a report of
transplant of a single rabbit kidneyl’, it has not proved to be reliably achievable. The main
limitation has been the inability to rewarm organs from the vitrified state while maintaining
viability and function. Rapid and uniform rewarming is needed to avoid ice crystallization
and cracking, respectively — something that is not achievable by simple convective heating
technology. Here we have demonstrated successful vitrification and rewarming of whole

rat livers with preserved tissue architecture, intact vascular endothelium, and indicators of
hepatocyte and organ-level function (hepatocyte ICG uptake and bile production). Critical
achievements on the way to this endpoint were the following: 1) success in perfusion loading
of CPA loading throughout the liver parenchyma and sIONP in the vasculature, 2) cooling at
a rate greater than CCR to achieve an ice-free vitrified state, 3) rewarming at a rate greater
than CWR to avoid ice formation and with acceptable thermal gradients to void cracking,
and 4) ability to unload CPA and sIONPs from nanowarmed livers.

The selection of CPA solutions requires a careful balance of their glass-forming ability (i.e.,
low CCR and CWR) and toxicity. The CPA used in this study (40% EG+0.6M sucrose) was
well tolerated by the livers, and the cooling (8.8 °C/min) and rewarming (61 °C/min) rates
achieved exceeded the CCR (<1 °C/min) and CWR (~45 °C/min) for this CPA. As predicted,
under those conditions, we achieved ice-free vitrification and subsequent rewarming while
preserving overall organ viability and function.

The nanowarming of the vitrified livers while avoiding ice formation and cracking was a
significant achievement of this study. Using 10 mg Fe/mL sIONPs perfused throughout the
vasculature resulted in rewarming rates sufficient to avoid ice formation during rewarming.
Further, cracking from thermal stress was avoided when the temperature difference between
the surface and interior was less than 15 °C. This temperature difference limit will be a
vital consideration during scale up to larger livers, as the increased size of these organs will
require a careful balance of high cooling rates (to avoid ice) and low thermal gradients (to
prevent cracking).
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sIONP were effectively removed from the organs during CPA unloading. Although Prussian
blue and UCT did not indicate any residual sSIONP in the liver, a small residual may persist
below the detection limits for these assays. Future studies would be needed to address the
quantity or impact of residual sSIONP. However, in prior studies in rodents (with similar
UCT appearance of unloaded organs), the residual SIONP content was non-toxic in vivo and
was below equivalent FDA-approved levels for iron infusion in humans20: 47, Importantly, it
should be noted that whereas CPA is distributed throughout the entire liver, SIONP remain
only in the vascular lumens.

Post-nanowarming, we observed a differential effect on hepatocyte uptake of ICG and
biliary excretion. Hepatocyte uptake in nanowarmed organs was comparable to control
groups, indicating hepatocyte-specific function. However, while the organs did produce bile,
ICG was not concentrated in the effluent as it was for the other control groups. This finding
would suggest that the secretory or biliary function may have been compromised. Other
measures (ALT, LDH, and histology) indicated minor, if any, injury to the hepatocytes or
vasculature.

The differential susceptibility of hepatocytes and bile ducts to vitrification/nanowarming
injury could be due to the liver’s dual blood supply. Unlike other organs (e.g., kidneys)

with a single vascular supply, the liver is perfused by both the portal vein and the hepatic
artery. As is typical for rodent liver perfusion and transplant experiments, we only perfused
via the portal vein in this study. Since the biliary system is primarily perfused from arterial
branches, it is likely that the bile ducts had reduced CPA and fewer sIONPs than other

parts of the liver. Thus, the bile ducts would have a higher effective CCR and CWR and a
potentially decreased rewarming rate due to fewer sIONP, all of which would make them
susceptible to ice formation and damage. Further studies are needed to address this potential
concern, and dual perfusion (artery and PV) or retrograde biliary perfusion may be required.
While bile ducts in nanowarmed livers appeared preserved, there may be specific changes in
cell function (potentially due to CPA toxicity or regional differences in CPA concentration
leading to ice formation), such as an impaired function of the active transport systems of
hepatocytes or cholangiocytes. Further study of the physiologic changes of biliary excretion
and composition of biliary effluent is ongoing.

Few reports exist for comparison to our study. We have previously demonstrated vitrification
and nanowarming of rat kidneys and hearts 1% 40 and another group has tested a similar
approach for rat hearts® (but with little/no biological characterization). The present report
studied the largest organ (rat liver) reported thus far and demonstrated improved organ-level
function compared to prior studies in the heart and kidney. While we have selected EG+Suc
to use as a CPA in this study, other groups have studied alternative CPAs using precision-cut
liver slices'®: 15 22 which may have better glass-forming ability (i.e., lower CCR and CWR).
Such agents may be required for vitrifying larger-sized organs. In contrast to our approach,
a report from Gavish et al.2! attempted cryopreservation of CPA-loaded rat and pig livers by
slow freezing. While they reported bile production, normal architecture, and the ability to
transplant an organ, insufficient data were presented to validate these claims, and there has
been no follow-up study.
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It is also important to compare our approach for organ preservation to other existing

and developing technologies. Traditional static cold storage in UW solution (or similar
preservation solutions) typically allows for up to 12 hours of liver preservation prior

to transplant. In contrast, new techniques for hypothermic and normothermic machine
perfusion may increase preservation times to 24 hours or longer and increase organ
utilization8: 31, 36, 43 Further, strategies for high subzero organ storage have allowed liver
preservation to be increased to 4 days for rat livers ® and nearly 2 days with suboptimal
human livers 12. The same group demonstrated partial freezing of rat livers with preservation
up to 5 days 42. While these approaches are promising, preservation was extended by hours
to days whereas organ preservation by vitrification is presumably indefinite. For this study,
we stored vitrified livers for 1 hr to several days, but we have shown that other vitrified
biomaterials can be stored at —150 °C for at least 9 months and function normally after
transplant6.

Another group has had some success with liver preservation using directional freezing 21.
Using slow freezing with 10% EG as a cryoprotectant, they were able to cryopreserve
several rat and livers and demonstrate some bile production during normothermic perfusion
in rat livers and following non-survival auxiliary transplant of a single thawed pig liver.
Thawed rat livers showed relatively preserved histologic appearance. They also showed
that they could isolate hepatocytes from those livers with viability between 50 and 90%.
While those initial results were promising, there have not been any additional reports by
that group in the liver. They have shown functional success with cryopreserving ovaries by
their method 3 39 and were able to transplant cryopreserved rat hindlimbs 2, albeit without
restoration of function.

There are several limitations to our study. First, it was performed in the rat model, which
may not reflect the size and complexity of larger systems (i.e., pig or human). Second,
organ function was tested in vitro but not yet in vivo, which will be the subject of future
study. Improvement (or decline) in organ function could be seen after transplant or even
normothermic machine perfusion with blood. Third, we have not yet tested viability and
measures of dysfunction at the cellular level (DNA fragmentation, apoptosis, changes in
respiration and energy state, and viability). Fourth, we have not yet examined the function
and viability of other nonparenchymal cells (e.g., Kupffer cells and stellate cells). Following
future refinements in this approach it will be prudent to include a more detailed investigation
of cellular and organ level function including measures of cell stress, injury, and death;
biliary function such as bile composition and pH; synthetic function including albumin and
clotting factor production; phase I and phase Il metabolism; and others.

In conclusion, this study demonstrated the successful vitrification and rewarming of a rat
liver using nanowarming technology. The livers had intact hepatic architecture and showed
organ-specific function. However, improved preservation of the biliary system will need to
be addressed in future studies. Nanowarming has many advantages over other strategies
for rewarming vitrified organs and tissues, having the unique balance of rapid and uniform
heating required to avoid ice crystallization and cracking. Further, nanowarming has the
potential to directly scale from rodent organs to human-size organs simply by modifying
the RF coil and energy supply. Having achieved the physical conditions for successful
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vitrification and rewarming with notable biological function in the largest organ yet, future
studies will need to address the delivery of the CPA and sIONP to the biliary system. In
addition, we anticipate that, by optimizing the formulation and delivery conditions, we can
achieve viable and functional whole liver cryopreservation and banking. The implications of
such a potential advance are notable — the on-demand supply of organs when and where they

are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conceptual schematic comparing nanowarming “volumetric” vs. convective
“boundary” rewarming.

An alternating magnetic field in the RF frequency range (63 kA/m and 185 kHz) excites

the magnetic nanoparticles within the CPA distributed in the organ vasculature. Heat is
generated through hysteresis losses in the nanoparticles, which results in rapid and uniform
rewarming. Notably, the fields in this frequency range do not cause significant direct heating
of the biospecimen, so uniformity of heating is driven by the distribution of nanoparticles.
Convective methods (right) typically fail to achieve rewarming rates faster than the CWR,
causing damage from ice crystallization. Additionally, convective rewarming methods suffer
from non- uniformity as the surface is rewarmed at much faster rates than the interior,
leading to thermomechanical stresses and cracking.
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Figure 2. Hypothermic perfusion loading and unloading of cryoprotective agent (CPA) and silica
coated iron oxide nanoparticles (SIONPs) in rat livers.

(A) Mean portal venous pressure over time during CPA (EG+Suc) loading and unloading

in rat livers (steps in Table S3) (n = 6). (B) Percentage ethylene glycol in effluent

samples collected from the IHVC during loading and unloading of CPA, determined

by refractometry (n=4). (C-E) Gross images of control, CPA+sIONP loaded, and

unloaded livers, respectively. (F-H) Prussian blue staining shows Fe deposition in control,
CPA+sIONP loaded, and unloaded livers. Fe localization is seen in the liver sinusoids and
the portal veins of a CPA+sIONP loaded liver. Bar = 100 pm. (1-K) X-ray pCT images

of control, CPA+sIONP loaded, and unloaded livers, showing contrast from the iron oxide
nanoparticles distributed throughout the liver vasculature (See Supplementary Materials files
for 3D rotational images). Data are mean + SEM.
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Figure 3. Vitrification of livers.
(A) Temperature vs. time plots during rapid cooling of a CPA-loaded liver for vitrification.

Dashed lines indicate the critical cooling rate (CCR), melting temperature (Ty,), glass
transition temperature (Tg), and the temperature of the CRF (dotted line). (B) The average
cooling rate for each probe location during cooling exceeds the CCR for CPA (EG+Suc)
(dotted line). Data are mean £ SD (n = 4). (C) Position of the temperature probes for

A and B within the liver. (D) X-ray uCT of a vitrified (top) vs. frozen (bottom) liver.

X-ray attenuation, measured in Hounsfield Units (HU), was used to differentiate between
amorphous (>400 HU) and crystalline regions (<400 HU) in the liver. For size reference, the
cryobags are 3” x 5”. (E) Gross images of vitrified (top) and frozen (bottom) livers. Zoomed
callout regions show gross tissue cross-sections of liver lobe pieces broken and exposed at
cryogenic temperatures where a clear contrast was seen between vitrified vs. frozen. (F)
Brightfield microscopy images of toluidine blue stained freeze-substituted liver sections
following vitrification (top) and freezing (bottom) show intact cellular and sinusoidal
architecture in vitrified samples and complete loss of architecture in both hepatocytes and
sinusoidal endothelial cells in frozen livers. White space in the vitrified sample indicates the
vasculature, whereas cells (yellow asterisks) show no ice. White space in the frozen samples
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between and within cells (red asterisks) indicates the presence of vascular and intracellular
ice. Bar = 100 pum.
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Figure 4. Rewarming of CPA and sIONP-loaded vitrified livers.
(A) Positioning of fluoroptic temperature probes within and around the liver. (B)
Temperature vs. time recordings during nanowarming of vitrified rat livers show rewarming
at rates exceeding the CWR of CPA (EG+suc) in all liver regions (C). (E) During initial
testing, rewarming was initiated from —150 °C at high power (63 kA/m, 185 kHz, right
panel). A significant temperature difference (gradient) between the IHVC and the solution
around the liver developed rapidly. This difference persisted through the glassy temperature
zone (i.e., <Tg, red box), where the system is subject to thermal stress-induced cracking.
Under these conditions, visible and audible cracking occurred in the livers (H). (D) When
the RF coil energy was initiated at low power between —150 °C and —115 °C (above
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Tg, green box), temperature differences were much lower and cracking did not occur (G).
(F) The measured temperature differences from several experiments were compiled and
correlated with the presence or absence of liver cracking. A cutoff of 15 °C was defined as
the threshold for cracking. Data are mean = SD (n = 3—6 per group).
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Figure 5. Organ-level function in vitrified and nanowarmed livers.
Vitrified and nanowarmed livers were tested for function and injury as compared to static

cold storage (SCS, 18-20 hr in UW solution at 4 °C), CPA loaded and unloaded but

not vitrified and untreated (flushed with UW and used within 30 min) controls. (A-C)
Following washout of CPA+sIONP, the organs were assessed by normothermic machine
perfusion with indocyanine green (ICG) in the perfusate and imaged at 0, 30, and 60
minutes. The nanowarmed livers demonstrated organ-level function with homogenous ICG
uptake. (D-F) Histologic examination (hematoxylin and eosin) of control (left), vitrified and
convectively rewarmed (middle), and vitrified and nanowarmed (right) livers show preserved
tissue architecture in nanowarmed livers. Convectively rewarmed livers had diffuse areas

of extra- and intracellular white space (yellow arrows) suggestive of ice crystallization
during rewarming or cytoplasmic vacuolization. Nanowarmed livers have a normal portal
and sinusoidal architecture. Bar = 100 um. (G-1) Confocal imaging with anti-CD31
immunofluorescence shows that control and nanowarmed livers have preserved vascular
architecture (red staining), whereas convectively rewarmed livers have reduced staining
intensity, indicating endothelial injury. (J) Bile production assessed during 60 minutes of
normothermic perfusion after nanowarming was not different than CPA-loaded and unloaded
livers. Hepatocyte injury was assessed by measuring ALT (K) and LDH (L) in the SHVC
venous effluent during perfusion. ALT levels for nanowarmed livers were slightly higher
than for control organs throughout the normothermic perfusion, whereas LDH levels were
not different between nanowarmed livers and other groups after 15 minutes. For all groups,
n = 3-5. P values show comparison to nanowarming only with * = P <0.05 and ** = P
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<0.01. All significant differences are shown. Full pairwise comparison statistics are in the
Supplementary Materials.
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