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The growing organ shortage costs tens of thousands of lives and billions of dollars 
in healthcare expenditures each year, according to a recent roadmap from the Organ 
Preservation Alliance.1 In previous efforts, nanotechnology has been identified as 
a key platform that can lead to advances in organ banking and transplantation.2,3 

Nanotechnology is poised to play a pivotal role in organ preservation and 
transplantation in the coming years.

A consensus article in Nature Biotechnology discussed the need for engagement 
of researchers from various disciplines, including nanotechnology, to coalesce and 
utilize new and emerging technologies to make organ banking a reality.4 This was 
solidified at the Summit on Organ Banking through Converging Technologies, 
which explored the potential of nanotechnology to facilitate organ and complex 
tissue banking. More broadly, nanotechnology has been identified as an enabler of 
advances in transplantation.

Focused federal support for nanotechnology research in the last decade has led to 
major advances imaging,5,6 biosensing,7,8 bioagent delivery,9 and energy transfer10 – 
each of which can play important roles in organ preservation. Two high-impact areas 
that are well positioned for innovation are discussed.
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One of the major drivers of the organ shortage is the limited ability to assess whether 
a donor organ is suitable for transplantation. Because preservation times are currently 
limited to hours, organs must be transplanted immediately after procurement and 
are conventionally stored under hypothermic (4°C) conditions.11 This has historically 
provided little opportunity to assess organ health and function, critical to determining 
whether the organ is suitable for transplantation.

This organ assessment gap contributes to the inability to transplant thousands of 
organs each year in the U.S., as transplant centers must routinely turn down organs 
that are likely transplantable in large part due to limited information about their health 
and function.12,13 Today almost 70% of donor hearts and over 80% of donor lungs 
remain unused.14,15 While a single donor can provide up to 8 lifesaving vital organs, on 
average only 2-3 are actually transplanted.15 
 
Over the last decade, breakthroughs in organ preservation have laid a foundation 
for a revolution in organ assessment capabilities, which could allow many of these 
“borderline” organs to be transplanted by removing uncertainty about their suitability 
for transplantation. Organ perfusion platforms that mimic the organ’s physiological 
environment are beginning to come into clinical use, providing opportunities to 
evaluate new aspects of organ health and function before transplantation. As these 
platforms advance, the field of transplantation will require assessment methods that 
are highly sensitive and give information in real time. 

Nanotechnology is ideally suited for these challenges. Nanoparticles are used for 
contrast enhancement and signal amplification in a large and growing range of 
applications, including 3D imaging of biomarkers and rapid pathogen detection. 
Nanotechnology-based imaging and rapid, ultrasensitive detection methods have the 
potential to become platform technologies in organ assessment.  

Because nanoparticles can be decorated with recognition sites for a virtually 
unlimited array of markers, they can be adapted to assess multiple indicators of 
suitability for transplantation, varying by organ. This flexibility can also drive advances 
in transplant organ assessment, allowing ever more useful clinical markers to be 
discovered. 

TRANSPLANT ORGAN ASSESSMENT
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Nanotechnology-based strategies that could enable breakthroughs in organ 
assessment include:

Assessment of tissue viability and stress 
Nanosensors have been used to detect biomarkers for cellular stress and death even 
at low levels,3,16–18 enabling 3-dimensional imaging to assess tissue health.16,17 This 
approach has been used experimentally to detect tissue damage from ischemia, the 
primary source of injury to organs during transplantation, in animal hearts both before 
and after removal from the body.17  
 
Assessment of tissue inflammatory state 
Both donor death and ischemia from the transplantation process cause significant 
inflammation, impacting the likelihood that a transplant will be successful.19 Nanopar-
ticles have been used to detect inflammatory markers on blood vessel walls.20 This 
offers an appealing strategy for organ assessment, as the nanoparticles do not need 
to permeate tissue so assessment can be performed more rapidly. 

Assessment of tissue metabolic state 
Significant metabolic changes in some organs have been associated with the degree 
of injury during transplantation, making metabolic markers such as adenosine triphos-
phate (ATP) levels valuable predictors of suitability for transplantation.21 While tradi-
tional detection methods have suffered from limited sensitivity, nanoparticle-based 
methods such as surface plasmon resonance (SPR) can detect levels of ATP or other 
metabolic biomarkers with high sensitivity.22 Using microfluidic platforms, SPR detec-
tion can be made rapid and inexpensive,8 ideal for evaluation of organ metabolic state 
during short time windows before transplantation.

Detection of transmissible diseases 
While rates of cancer and infectious disease transmission through organ transplan-
tation are estimated to be below 1%, they remain on the order of 10,000 times higher 
than in blood transfusion, where dramatically longer shelf life (weeks, rather than 
hours) enables time-consuming pathogen detection methods.23 High-profile cases of 
disease transmission also affect public perceptions of transplant safety, of great con-
cern to the transplant community.24 A variety of nanoscale diagnostic devices have 
made rapid, highly sensitive detection of transmissible diseases practical and are now 
being developed for early cancer detection and point-of-care.8,25,26 The cost-effective-
ness and speed of detection (often minutes) make them ideal for disease screening in 
organ transplantation.    
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The ability to bank organs and complex tissues through cryopreservation would 
alleviate a large breadth of logistical constraints in both organ transplantation and 
tissue engineering, greatly increasing access to organ replacement and potentially 
saving millions of lives in the coming decades.27,11,28 An NSF-sponsored technology 
roadmapping process identified nanotechnology as one of the major emerging fields 
that remains largely untapped in organ banking research.27 

Organ banking challenges are uniquely amenable to nanotechnology solutions. 
Whereas cryopreservation of cells has been achievable for decades using relatively 
simple protocols,11 cryopreservation of large tissue systems is a much more complex 
proposition. Organ banking would benefit tremendously from precise spatial and 
temporal control of multiple processes, as it entails: 

 • Competing needs for solution viscosity, which should be low during 
some parts of the cryopreservation protocol and high during others.  

 • Mechanical stresses caused by uneven heat transfer within the 
organ, due to its size and tissue heterogeneity. This can cause 
tissues to fracture. 

 • Addition of cryoprotectants that are toxic at high temperatures but 
protective at low temperatures.

Nanotechnology allows us to address each of these challenges, both by providing 
unprecedented control of the timing and location of key chemical and physical 
phenomena and by enabling real-time imaging to guide the cryopreservation process.

Nanotechnology-based strategies that could enable breakthroughs in organ
banking include:

Nanowarming 
To address the challenge of mechanical stress caused by uneven heat transfer, 
an award-winning approach to cryopreservation uses iron oxide nanoparticles 
in combination with low-frequency radio waves.2,29,30 Tissues are perfused with 
nanoparticles before cryopreservation then excited with radio waves during 
rewarming, causing them to release heat. This can allow for rapid rewarming 
of cryopreserved tissue (necessary to prevent damaging ice formation) at 
unprecedented uniformity, preventing the thermo-mechanical stresses
otherwise encountered.

ORGAN AND COMPLEX TISSUE BANKING
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Precise activation of cryoprotection
Organ banking breakthroughs could be achieved by technologies that enable rapid 
changes in physiological conditions as organs are cooled or warmed. For instance, 
rapid addition or removal of cryoprotective agents could help confine their chemical 
activity to temperatures at which they are beneficial.31 Likewise, rapid, controlled 
changes in solution viscosity are needed to allow cryoprotective agents to be 
added at high temperatures while preventing ice formation at low temperatures.32 
Nanoparticles have been used to overcome analogous challenges in other contexts, 
such as delivery of toxic chemotherapeutics in cancer treatment.33 Similar strategies 
could be used to trigger the release of agents that catalyze polymerization or de-
polymerization (thereby controlling solution viscosity) or synthesis of cryoprotectant 
small molecules from non-toxic precursors.32 

Real-time imaging of ice crystallization 
As discussed above, the flexibility of many nanoparticles and their properties as 
contrast agents make them ideal for 3-dimensional imaging of tissues in real time.3 
A large diversity of ice-binding molecules have been discovered,34 creating many 
opportunities to use decorated nanoparticles to detect ice crystallization. Excessive 
ice crystallization can be fatal to cryopreserved tissues and the foremost organ 
banking methods seek to avoid it altogether.31,35,36 Nanoimaging of ice formation could 
be used to direct cooling and heating when unsafe ice concentrations are detected, 
evaluate the success of banking procedures prior to transplantation, and advance our 
fundamental understanding of tissue cryopreservation. 

Real-time imaging of cryoprotection 
Cryopreservation requires adding cryoprotective agents (CPAs) that typically are 
toxic at higher temperatures but protective at lower temperatures.37 A foundational 
strategy to overcome this problem is to minimize the time that biological materials 
are exposed to CPAs before cooling.38 This is a challenge in organ banking because 
of uncertainty regarding when CPAs have completely permeated all tissues; diffusion 
is often non-uniform.31 Nanoimaging has been suggested as a means to track CPA 
permeation in real time, allowing both the exposure time and concentration to be kept 
to minimal levels required for cryopreservation.32 

Stress tolerance enhancement
Nanotechnology has provided novel strategies to therapeutically intervene in cell 
death signaling, enhancing tolerance to stresses that can otherwise result in tissue 
damage. For instance, researchers have found that conjugating nanoparticles to 
modified Annexin V, a signaling factor that normally promotes cell death by apoptosis, 
has protective effects.39 Inhibition of apoptosis has been shown to be protective 
during cryopreservation,40 ischemia,41 and mechanical stress,39 all of which are 
challenges which must be overcome in organ banking.11,27

Authored by Jedediah Lewis, Dr. Alyssa Ward, Dr. Greg Fahy, Mark Severs, Dr. Boris Schmalz, and Dr. 
Gloria Elliott on behalf of the Organ Preservation Alliance.
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