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Transplanting an organ within a set timeframe to facilitate allocation and matching is a challenge.
The commonest method of kidney preservation is to simply flush the organ with cold preservation
solution at the time of retrieval to remove the blood and cool it to below 4°C. The kidney is then
stored in ice until transplantation. This technique of static cold storage reduces the metabolic
demand and requirement for oxygen to limit the rate of deterioration. The storage time is kept below
24 h to reduce cold ischaemic injury and risk of graft loss [1].

The recent paper by Han et al. [2] and colleagues at the University of Minnesota addresses the
issue of time by successfully demonstrating an innovative technique of vitrification and nanoparticle
rewarming which allowed rodent kidneys to be preserved for up to 100 days prior to successful
transplantation [2]. This is a significant step forward towards the concept of organ banking. The
ability to bank organs would allow a more elective approach to transplantation, with better matching
and allocation and tailored induction protocols for the recipients.

Cryopreservation is the storage of cells or organs at very low temperatures. It was first attempted
in the 1800s but with limited success. One of the major problems is the formation of ice crystals
within the cell due to instant freezing and thawing [3, 4]. Ice crystals disrupt the cellular membranes
causing deformities in the cell structure [3, 4]. Increases in solute concentration also occur as ice
crystals form intracellularly during cooling [3, 4]. To reduce the formation of ice crystals two
protective actions are needed [5–7]: slow increments in the speed of freezing and rewarming and the
use of cryopreservation agents such as dimethyl sulfoxide (DMSO), glycerol or polyethylene glycol
[5–7]. Cryopreservation agents increase the porosity of the cellular membrane and interact strongly
with water through hydrogen bonding to reduce the freezing point and the formation of ice crystals
[8]. The formation of solid water with an irregular, amorphous structure is known as vitrification.
This is achieved with the use of a cryopreservation solution and the appropriate cooling rate. During
vitrification cells or organs are cooled from 37°C to −150°C in a stable, ice-free, glass-like state [8]. To
reduce toxicity, vitrification mixtures are added in a stepwise manner. This allows the successful
storage of cells in a solid phase at supercool temperatures to halt biochemical processes without the
formation of ice [8].

Han et al. demonstrated that rodent kidneys can be vitrified and rewarmed to sustain kidney
function for 30 days after transplantation [2]. This is a significant step forward from the work of Fahy
et al. in 1984 who reported a single rabbit kidney transplant after vitrification for 8 min [9]. They
found that vitrification and rewarming were hampered by inadequate tissue cooling due to reduced
quantities of cryopreservation solution to avoid toxicity and by the formation of ice crystals upon
rewarming [9].

Han et al. overcame these issues with the administration of iron oxide nanoparticles
throughout the organ vasculature with a newly formulated cryopreservation solution called
VMP [2]. The iron oxide nanoparticles are silica and polyethylene glycol (PEG) coated to
increase the stability of the cryopreservation solution and provide biocompatibility and organ
washout. The organ was vitrified by first perfusing or loading the kidney gradually with VMP
solution. Iron oxide nanoparticles were perfused at the final step of loading. The kidney was then
placed in a controlled rate freezer and cooled at a rate faster than the cryopreservation solution’s
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critical cooling rate to enter a stable glassy state. The vitrified
organ was then stored at −150°C. Rewarming occurred by
placing the kidney in a radio frequency coil that induced
alternating magnetic fields from an electric current flowing
through the coil. The magnetic fields generated an oscillatory
response in the nanoparticles that generated heat throughout
the system. The radio frequencies penetrate tissues without
causing damage. Histologically the kidneys had no evidence of
ice formation. Several kidneys were tested during a period of ex
vivo normothermic machine perfusion with an oxygenated
acellular solution. Vascular resistance was comparative to
fresh control kidneys, and they demonstrated metabolic
function by consuming oxygen and glucose.

In the final series of experiments the nanowarmed rodent
kidneys were transplanted and the animals recovered for 30 days
post-transplant. There was some initial graft dysfunction but after
day 14 post-transplant renal function recovered to that of healthy
controls. At day 30, renal function was similar to fresh control
kidneys. Histology showed some focal tubular necrosis and
hyaline change but intact basement membranes and
vasculature. This study is a significant breakthrough in the
application of cryopreservation using biochemical and
engineering principles to overcome the toxicity associated with
cryopreservation solutions and rewarming in a unified manner
using nanoparticle technology to prevent crystallisation.
Nonetheless, the question remains as to whether this
technology can be applied in clinical kidney transplantation.

The rising incidence of chronic renal failure has increased
the burden on kidney transplantation. The use of donation after
circulatory death (DCD) and expanded criteria donors has
increased rates of transplantation but the gap between supply
and demand is growing. There is also a high rate of kidney
discard due to insufficient organ quality [10]. Although
cryopreservation extends the time that kidneys can be
preserved several questions remain, the most crucial being
can this be applied to human kidneys? The perfusion of
cryopreservation solution into the rat kidney has solved the
problem of damaging ice crystal formation during freezing but
it is questionable whether this can be scaled up to a human
kidney. Can 200 g of tissue have its water replaced by
cryopreservation solution quickly enough to protect the
tissue deep in the kidney, especially the medulla where blood
flow is low? Furthermore, the use of iron oxide nanoparticles to
allow magnetic rewarming is a novel and clever idea but again,
can this be scaled up to a human kidney? Would the central
deep tissues of the kidney be warmed efficiently and is there any
potential toxicity of iron oxide? Moreover, if the technique was

successfully applied to kidneys from marginal donors, would
they be of sufficient quality for transplantation? With
cryopreservation techniques a post-thaw reduction in
viability is inevitable.

Organ perfusion technologies are a fast-developing area of
research [11]. Recent focus has been on developing
normothermic or subnormothermic machine perfusion (NMP)
techniques [12, 13]. These preserve a level of cellular metabolism
and restore function to avoid or limit cold ischaemic injury. In the
liver, NMP has been used to extend the preservation interval to
days rather than hours [14]. Experimental evidence with human
organs suggests that prolonged perfusion may also be possible in
the kidney [15]. Prolonged NMP may extend the preservation
interval to allow better matching and allocation and also provide
an opportunity to treat the kidney to repair damaged cells. The
administration of regenerative or gene therapies is gaining
interest in this area [16, 17]. One other advantage of NMP is
the ability to assess the quality of the kidney to determine
suitability for transplantation. Although, the exact assessment
criteria have not yet been defined, basic functional perfusion
parameters such as flow, appearance and urine production can
provide a measure of kidney quality [18, 19].

The concept of organ banking using cryopreservation and
nanoparticle rewarming would certainly ease constraints on
allocation and allow better matching. However, it is likely that
upon rewarming an assessment of viability would be needed.
Rather than a competing technology, NMP could be
complementary and used in conjunction with cryopreservation
to assess the quality before transplantation.

Vitrification and nanoparticle rewarming is an exciting new
approach that offers many advantages in transplantation and the
work by Han et al. provides proof of principle that it can be
achieved. The next step of this research would be to study it in
human kidneys.

AUTHOR CONTRIBUTIONS

SH wrote the manuscript. MN co-wrote and reviewed the
manuscript.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

REFERENCES

1. Debout A, Foucher Y, Trébern-Launay K, Legendre C, Kreis H, Mourad G,
et al. Each Additional Hour of Cold Ischemia Time Significantly Increases the
Risk of Graft Failure and Mortality Following Renal Transplantation. Kidney
Int (2015) 87(2):343–9. doi:10.1038/ki.2014.304

2. Han Z, Rao JS, Gangwar L, Namsrai BE, Pasek-Allen JL, Etheridge ML,
et al. Vitrification and Nanowarming Enable Long-Term Organ

Cryopreservation and Life-Sustaining Kidney Transplantation in a Rat
Model. Nat Commun (2023) 14(1):3407. doi:10.1038/s41467-023-
38824-8

3. Lovelock JE. The Haemolysis of Human Red Blood-Cells by Freezing and
Thawing. Biochim Biophys Acta (1953) 10(3):414–26. doi:10.1016/0006-
3002(53)90273-x

4. Mazur P. Kinetics of Water Loss From Cells at Subzero Tempera-Tures and
the Likelihood of Intracellular Freezing. J Gen Physiol (1963) 47(2):347–69.
doi:10.1085/jgp.47.2.347

Transplant International | Published by Frontiers November 2023 | Volume 36 | Article 119482

Hosgood and Nicholson Vitrification and Nanowarming

https://doi.org/10.1038/ki.2014.304
https://doi.org/10.1038/s41467-023-38824-8
https://doi.org/10.1038/s41467-023-38824-8
https://doi.org/10.1016/0006-3002(53)90273-x
https://doi.org/10.1016/0006-3002(53)90273-x
https://doi.org/10.1085/jgp.47.2.347


5. Mazur P, Leibo SP, Chu EHY. A Two-Factor Hypothesis of Freezing Injury:
Evidence From Chinese Hamster Tissue-Culture Cells. Exp Cell Res (1972)
71(2):345–55. doi:10.1016/0014-4827(72)90303-5

6. Polge C, Smith AU, Parkes AS. Revival of Spermatozoa After Vitrification and
Dehydration at Low Temperatures.Nature (1949) 164(4172):666. doi:10.1038/
164666a0

7. Siebzehnruebl E, Todorow S, Van Uem J, Koch R, Wildt L, Lang N.
Cryopreservation of Human and Rabbit Oocytes and One-Cell Embryos: A
Comparison of DMSO and Propanediol. Hum Reprod (1989) 4(3):312–7.
doi:10.1093/oxfordjournals.humrep.a136895

8. Whaley D, Damyar K, Witek RP, Mendoza A, Alexander M, Lakey JR.
Cryopreservation: An Overview of Principles and Cell-Specific Considerations.
Cell Transpl (2021) 30:963689721999617. doi:10.1177/0963689721999617

9. Fahy GM, MacFarlane DR, Angell CA, Meryman HT. Vitrification as an
Approach to Cryopreservation. Cryobiology (1984) 21:407–26. doi:10.1016/
0011-2240(84)90079-8

10. Friedewald JJ, Schantz K, Mehrotra S. Kidney Organ Allocation: Reducing
Discards. Curr Opin Organ Transpl (2023) 28(2):145–8. doi:10.1097/MOT.
0000000000001049

11. Ghoneima AS, Sousa Da Silva RX, Gosteli MA, Barlow AD, Kron P. Outcomes
of Kidney Perfusion Techniques in Transplantation FromDeceased Donors: A
Systematic Review and Meta-Analysis. J Clin Med (2023) 12(12):3871. doi:10.
3390/jcm12123871

12. Hosgood SA, Brown RJ, Nicholson ML. Advances in Kidney Preservation
Techniques and Their Application in Clinical Practice. Transplantation (2021)
105(11):e202–e214. doi:10.1097/TP.0000000000003679

13. Xu J, Buchwald JE, Martins PN. Review of Current Machine Perfusion
Therapeutics for Organ Preservation. Transplantation (2020) 104(9):
1792–803. doi:10.1097/TP.0000000000003295

14. Clavien PA, Dutkowski P, Mueller M, Eshmuminov D, Bautista Borrego L,
Weber A, et al. Transplantation of a Human Liver Following 3 Days of Ex Situ
Normothermic Preservation. Nat Biotechnol (2022) 40(11):1610–6. doi:10.
1038/s41587-022-01354-7

15. Weissenbacher A, Messner F, Gasteiger S, Soleiman A, Öfner D,
Schneeberger S. Forty-Eight Hours of Normothermic Kidney
Preservation Applying Urine Recirculation. Artif Organs (2022) 46(4):
710–4. doi:10.1111/aor.14160

16. Thompson ER, Connelly C, Ali S, Sheerin NS, Wilson CH. Cell Therapy
During Machine Perfusion. Transpl Int (2021) 34(1):49–58. doi:10.1111/tri.
13780

17. Hosgood SA, Hoff M, Nicholson ML. Treatment of Transplant Kidneys
During Machine Perfusion. Transpl Int (2021) 34(2):224–32. doi:10.1111/
tri.13751

18. Markgraf W, Malberg H. Preoperative Function Assessment of Ex Vivo
Kidneys With Supervised Machine Learning Based on Blood and Urine
Markers Measured During Normothermic Machine Perfusion. Biomedicines
(2022) 10(12):3055. doi:10.3390/biomedicines10123055

19. Hosgood SA, Thompson E, Moore T, Wilson CH, Nicholson ML.
Normothermic Machine Perfusion for the Assessment and Transplantation
of Declined Human Kidneys From Donation After Circulatory Death Donors.
Br J Surg (2018) 105(4):388–94. doi:10.1002/bjs.10733

Copyright © 2023 Hosgood and Nicholson. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Transplant International | Published by Frontiers November 2023 | Volume 36 | Article 119483

Hosgood and Nicholson Vitrification and Nanowarming

https://doi.org/10.1016/0014-4827(72)90303-5
https://doi.org/10.1038/164666a0
https://doi.org/10.1038/164666a0
https://doi.org/10.1093/oxfordjournals.humrep.a136895
https://doi.org/10.1177/0963689721999617
https://doi.org/10.1016/0011-2240(84)90079-8
https://doi.org/10.1016/0011-2240(84)90079-8
https://doi.org/10.1097/MOT.0000000000001049
https://doi.org/10.1097/MOT.0000000000001049
https://doi.org/10.3390/jcm12123871
https://doi.org/10.3390/jcm12123871
https://doi.org/10.1097/TP.0000000000003679
https://doi.org/10.1097/TP.0000000000003295
https://doi.org/10.1038/s41587-022-01354-7
https://doi.org/10.1038/s41587-022-01354-7
https://doi.org/10.1111/aor.14160
https://doi.org/10.1111/tri.13780
https://doi.org/10.1111/tri.13780
https://doi.org/10.1111/tri.13751
https://doi.org/10.1111/tri.13751
https://doi.org/10.3390/biomedicines10123055
https://doi.org/10.1002/bjs.10733
https://creativecommons.org/licenses/by/4.0/

	Vitrification and Nanowarming. Is this the Future of Kidney Transplantation
	Author Contributions
	Conflict of Interest
	References


