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Abstract
Cryobiology and geroscience share complementary goals in understanding and mitigating biological damage. Cryopreservation enables the 
long-term storage of living cells, tissues, and organs, with direct applications in aging-related interventions requiring transplantation, cell 
therapies, and regenerative approaches. Advances in cryopreservation technologies may expand biobanking of viable specimens across the 
lifespan, thus facilitating studies of aging phenotypes, biomarker discovery, drug screening, and therapeutic development. Notably, 
cryoinjury and biological aging share several common molecular features, including oxidative stress, DNA damage, protein misfolding, and 
mitochondrial dysfunction. These parallels suggest that repurposing geroscience-informed interventions may improve preservation 
outcomes by enhancing cellular resistance to cryogenic stress and post-thaw recovery. Here, representative opportunities at the interface of 
cryobiology and geroscience are summarized, emphasizing bidirectional strategies that may advance both fields. This Perspective builds 
upon discussions from the 2025 Quantitative Approaches and Understudied Questions in the Biology of Aging Workshop (Paris, France).
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1. Introduction
The field of cryobiology studies the effects of low temperatures on biological systems. It aims to understand and control the complex 
physical and biochemical processes that occur during cooling, storage, and rewarming. Cryobiology is a highly translational field, in 
which developed procedures enable the storage of living biological specimens, including cells, tissues, organs, and even whole 
organisms, at low temperatures. The biological utility of cryopreservation arises from its effects on cellular metabolism, such that 
each 10°C reduction in temperature slows metabolic activity by approximately half[1]. This principle has led to the development of 
several temperature-based storage strategies, where lower temperatures correspond to longer storage durations. Storage regimes 
span from hypothermic to cryogenic temperatures. Under cryogenic conditions, molecular motion and biochemical activity 
essentially cease, enabling a state of metabolic arrest that allows for potentially indefinite storage. This ability to preserve biological 
materials has direct relevance to aging medicine. For example, the demand for transplantation, cell therapies, and tissue engineering 
technologies is increasing, in part due to the rising burden of age-related diseases. Extending the storage duration and availability of 
these biological materials could help address limitations in these interventions.

An overlapping aim of cryobiologists and geroscientists is to understand, delay, or even stop biological processes. Although these 
fields employ different approaches and pursue unique objectives, there are compelling opportunities for collaboration. In this 
Perspective, opportunities at the interface of cryobiology and geroscience that may directly advance the health and longevity of 
aging populations are highlighted. The potential application of geroscience insights to inform and improve the development of 
cryopreservation procedures is also examined. While some of these approaches remain in the early stages of development, others 
may be ready for immediate application.

2. Opportunities
Several opportunities exist at the intersection of cryobiology and aging research. Here, two main areas of focus are described, as 
illustrated in Figure 1. First, the use of emerging cryopreservation technologies in the treatment of conditions prevalent among aging 
populations is examined. Second, the role of cryopreservation tools in advancing aging research is described, along with how 
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insights from geroscience may inform cryobiology and reduce cryoinjury.

Figure 1. Overview of collaborative opportunities. Exemplary areas of overlap between cryobiology and geroscience are summarized. In Theme 1, cryopreservation and 

related preservation strategies support established clinical interventions and emerging approaches for treating conditions common in aging populations. This includes the 

cryopreservation of cell therapies, selected tissues, and ongoing efforts in organ preservation and banking. Theme 2 highlights bidirectional interactions between 

cryobiology and aging research. Cryopreservation enables biobanking of viable specimens and may support their use in single-cell, multi-omics, and functional studies. 

Conversely, insights from aging biology may inform strategies to mitigate cryoinjury and improve post-thaw recovery. Image created in Biorender.com.

2.1 Theme 1: Applications of cryobiology to treat aging patients
As populations age, morbidity associated with both physical trauma and chronic disease is expected to increase. This includes 
progressive atherosclerosis, stroke resulting from cerebrovascular degeneration, Alzheimer’s disease and other dementias associated 
with neurodegenerative processes, cancer arising from cumulative genetic damage, limb loss due to trauma or diabetes, and organ 
failure caused by progressive functional decline. Treatment of these conditions often requires a combination of medical therapy, 
surgical intervention, and supportive care. For advanced or end-stage conditions, organ transplantation or emerging regenerative 
approaches, such as cell-based therapies, may be required. Cryopreservation represents a core technology to streamline these 
interventions, enabling the storage, transport, and on-demand availability of living biological materials essential for treatment.

2.1.1 Organ, limb and tissue banking
Transplantation surgery has transformed modern medicine, enabling the replacement of failing organs, and more recently, complex 
tissues such as limbs, offering lifesaving and function-restoring outcomes that were once unimaginable[2]. During the 25-year period 
from 1987 to 2012, solid-organ transplantation was estimated to have restored over 2 million life-years to patients in the United 
States alone[3]. However, a key limitation is a shortage of donor organs, and it is estimated that up to one in five patients dies while on 
the waiting list[4]. One bottleneck is the short ex vivo shelf life of organs (~4-12 h). This leaves an extremely narrow window of time for 
logistical considerations and is a contributing factor to the organ shortage[5]. Cryopreservation has the potential to alleviate this 
bottleneck by extending storage time and reducing organ discard rates[4,6]. Additional storage time may be used to improve 
donor-recipient matching, provide greater flexibility for surgical preparation, and enable wider geographic sharing[4-6].

While cryopreservation may one day enable routine access to replacement organs and limbs, translation from cells to organs 
introduces significant challenges related to scale, physiology, and system complexity. The larger size of organs increases diffusion 
distances, which can result in non-uniform cryoprotectant distribution and increased toxicity. In parallel, heat transfer becomes a 
dominant issue, as temperature gradients during cooling and rewarming increase the risk of ice formation, devitrification, and 
thermomechanical stress, which can fracture the organ[7,8]. Despite these limitations, recent advances suggest large-scale organ 
cryopreservation may one day be possible. For instance, Tessier et al.[5] extended rat liver viability fivefold using high–subzero, 
nature-inspired storage strategies. Further, Han et al.[9] achieved successful cryopreservation of rat kidneys through ice-free 
vitrification. Supercooling has also been demonstrated to extend the viable storage time of human livers by 27 h[10]. These 
breakthroughs suggest that organ biobanks with “off-the-shelf” availability may become more feasible, potentially prolonging life and 
expanding access to organ transplantation. This approach may also be applied for the storage of limbs for vascularized composite 
allografts, tissues such as blood for transfusion[11], and pancreatic islets for transplantation[12]. However, scaling from rodents to 
human organs is a nontrivial challenge given the large differences in size, which impact cryoprotectant loading and heat transfer. 
Addressing these translational bottlenecks will be critical for enabling the clinical implementation of large-scale organ 
cryopreservation.
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2.1.2 Cell therapies
Beyond whole-organ preservation, similar logistical and storage challenges arise in the delivery of cell-based therapies. Off-the-shelf 
availability of stem cells, immune cells, and engineered cell products could streamline logistics and broaden access to treatments for 
age-related diseases. These therapies show promise for cancer[13] and autoimmune disorders[13], and may also influence aging-related 
phenotypes[14], among others. With the prevalence of such conditions in older populations, cell therapies represent a promising 
approach to improve, manage, or potentially cure chronic diseases while preserving health and quality of life. Because these 
treatments rely on living cells, they are inherently constrained by limited shelf-life. These challenges may be especially pronounced 
when patients are geographically distant from manufacturing sites. Consequently, cryopreservation has been identified as a key 
element for the delivery of cell-based therapies[15]. Cryopreservation enables storage of both the primary tissue isolates and final cell 
products, facilitating distribution across sites. Cryopreservation helps ensure that the viability and functionality of the therapeutic 
product remain unchanged at the time of administration. Beyond enabling off-site preparation, cryopreservation supports later use 
of banked materials (e.g., cord blood), and eases logistics by allowing schedules to accommodate patients, donors, and clinical teams. 
Preservation strategies further facilitate the collection of autologous cells over multiple days or sessions when necessary[16]. While 
effective preservation methods exist for a range of cell therapies, several challenges remain. Reported protocols can cause cell loss, 
reduced viability, impaired cell attachment, altered metabolic activity, and phenotypic changes, which may negatively impact clinical 
outcomes[15-17]. Strategies to mitigate these effects include the optimization of non-toxic cryoprotectant formulations, and controlled 
cooling and thawing to limit ice damage. In addition, recovery might be improved through chemical supplementation targeting 
oxidative stress and mitochondrial dysfunction, as previously demonstrated in other systems[18]. Improved preservation strategies 
could enable global distribution and reduce manufacturing bottlenecks. They may also expand clinical trial participation and support 
the creation of large, diverse cell banks that represent multiple human leukocyte antigen (HLA) types. This could improve 
donor-recipient matching for allogeneic therapies. Together, these advances may expand access to cell-based treatments for aging 
populations.

2.1.3 Bioengineered constructs
Fabricated constructs combine living cells or bioactive molecules with engineered scaffolds. These systems hold promise for 
repairing or regenerating diseased or damaged tissues and organs, including skin and cartilage substitutes, bladder tissue, vascular 
grafts, heart patches, and liver organoids, among others[19-21]. Such constructs could transform the treatment of age-associated 
injuries and diseases, restoring function and improving quality of life. However, scaffold-based technologies that contain living cells 
will likely require robust cryopreservation procedures to ensure off-the-shelf availability and global transport. This procedure should 
maintain scaffold integrity and cell viability, enabling centralized production, batch consistency, scale-up, and global distribution. 
Effective preservation has already been demonstrated for several products, including StrataGraft®[19] and GRAFIX® Membranes for 
wound treatment. An emerging approach, temperature-controlled cryoprinting[22], involves printing cell-laden scaffolds directly onto 
a cryogenic substrate, integrating fabrication with immediate preservation. This approach has demonstrated successful fabrication 
and cryopreservation of 3D scaffolds using an alginate-collagen bioink. Cryoprinting may therefore eventually streamline the 
manufacture and storage of off-the-shelf engineered tissues such as skin grafts, vascularized patches, and organoids. By stabilizing 
constructs immediately after printing, this approach may help to maintain scaffold architecture and viability during storage and 
transport prior to clinical use. Beyond engineered tissues, this technology has recently been adapted for printing texture-modified 
food products for patients with dysphagia, a swallowing disorder common among aging populations[23]. While promising, future work 
in cryoprinting is needed to assess compatibility with additional bioinks and larger scaffolds. Long-term cryopreservation strategies 
will likely become essential for supply chain logistics in the production of bioengineered constructs. Cryopreservation may therefore 
support broader accessibility and more consistent therapeutic outcomes[24].

2.2 Theme 2: Bidirectional research across cryobiology and geroscience
Cryopreservation presents opportunities to advance aging research through the development of robust biobanks. Biobanks 
containing healthy and diseased biological materials serve as critical resources for studying disease mechanisms, developing 
diagnostics, and testing interventions[25-27]. In the context of aging, such repositories enable the systematic collection of biological 
snapshots across the human lifespan, supporting the identification of physiological and pathological changes over time[26]. 
Cryopreservation can therefore play an important role in aging research by providing researchers with the biospecimens they need 
when and where they are needed. Conversely, insights into the molecular drivers of aging may help inform strategies to mitigate 
cryoinjury and improve the post-thaw recovery. Because some forms of cryopreservation stress overlap mechanistically with natural 
aging, small molecules developed for geroprotective purposes could potentially be repurposed to reduce cryoinjury and enhance 
post-thaw viability of preserved specimens. This two-way interaction could accelerate advances across both fields.

2.2.1 Banking of diverse biological tissues as a catalyst for aging research
Biobanks are vital resources for scientific and medical research, housing specimens from both healthy individuals and patients, 
including saliva, blood, urine, solid tissues, and reproductive materials, among others[25-27]. These collections support drug discovery, 
diagnostic development, and studies of disease mechanisms. Such resources are increasingly integrated with single-cell and 
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multi-omics technologies, enabling high-resolution characterization of molecular changes, including those relevant to aging[28-31]. 
Further, modern biobanks are now evolving to support the storage and recovery of viable and functional cells and tissues as opposed 
to only preserving analytes (e.g., DNA)[32]. This may allow for the recovery of biological specimens that are physiologically and 
biochemically comparable to their original states. Such samples could support molecular, functional, and structural studies using 
biologically intact materials[32]. For example, preserving functional brain tissue could advance research on neurodegenerative 
diseases such as Alzheimer’s and Parkinson’s diseases. Further, storing immune cells could support studies of autoimmune disorders 
and age-related changes in vaccine responsiveness. In parallel, banking tissue biopsies from aged organs could provide critical 
insights into late-life pathology. Finally, longitudinal studies of individuals or populations throughout their lifetime would be valuable 
to study the changes that occur over time, prior to onset of disease. Large-scale biobanking initiatives have already expanded 
worldwide, including major national programs in China[33], Europe[34], the United Kingdom[35], and the United States[36,37]. These efforts 
support precision medicine, aging research, and translational medicine through biospecimen collection, cryostorage, and the 
integration of clinical and molecular data. However, achieving the full potential of biobanking will require continued improvements 
in cryopreservation protocols to minimize cryoinjury and maintain native cellular function.

To fully leverage biobanking for aging research, continued improvements in cryopreservation and standardization of storage 
protocols will be required to ensure reproducibility and maintain cellular function across sites. This includes, at minimum, the 
selection of cryoprotectant formulations, control of cooling and rewarming rates, and post-thaw assessment of viability and function. 
In parallel, linking biobanked specimens to detailed clinical metadata, including patient demographics, longitudinal health data, and 
treatment histories, will be crucial for enabling meaningful translational insights. Large-scale longitudinal cohorts such as the Nurses’ 
Health Study have demonstrated the value of combining biospecimen collection with detailed clinical and lifestyle data. These efforts 
have generated insights into chronic disease risk and prevention[36]. This approach is further illustrated by the UK Biobank[35], which 
contains biological samples linked to health data from more than 500,000 participants and serves as an open-access resource for 
discovery. However, expanding these models to include viable cell and tissue resources remains an ongoing opportunity that will 
require continued advances in cryopreservation technologies.

2.2.2 Treatment of cryoinjury using geroscience tools
Following cryopreservation, biospecimens may exhibit oxidative stress, DNA damage, protein denaturation, mitochondrial 
dysfunction, and other injuries that lead to apoptosis, cell death, or impaired function[38-40]. These stress responses mirror many of the 
molecular hallmarks of aging, such as genomic instability, loss of proteostasis, and mitochondrial dysfunction[41,42]. An emerging 
approach to reduce the impact of cryoinjury involves chemical supplementation to target pathways of deterioration[43,44]. This 
approach aims to mitigate multiple forms of cellular stress that arise during cooling, storage, or rewarming.

Molecular studies of damage following subnormothermic or cryogenic storage have implicated cellular stress pathways and 
regulated cell death processes. Oxidative stress, in particular, is a consistent feature across storage conditions, with increased 
reactive oxygen species (ROS) contributing to cell death and loss of function[45-47]. Treatment with antioxidants such as melatonin[48], 
resveratrol[49], coenzyme Q10[50], quercetin[51], reduced glutathione[52], N-acetylcysteine[53], and Vitamin E[54], has been shown in some 
systems to improve the viability and functional recovery of specimens after storage[46,55]. For example, a study by Taylor et al.[56] 
demonstrated that supplementation of human sperm cryopreservation medium with a vitamin E analog significantly enhanced 
post-thaw motility, suggesting mitigation of freeze-thaw-induced oxidative cryoinjury. While the precise molecular mechanisms are 
not fully understood, oxidative stress in cryopreservation occurs acutely during freeze-thaw transitions. ROS generation may arise 
from opening of the mitochondrial permeability transition pore, leading to electron leakage, with additional contributions from 
stress-activated oxidase systems[46,55]. In aging, oxidative stress develops chronically through processes such as mitochondrial DNA 
mutation accumulation, impaired mitophagy, and declining antioxidant defenses[57,58]. Cryopreservation can also activate 
stress-response signaling pathways, including mitogen-activated protein kinase (MAPK)-mediated responses and downstream 
apoptosis cascades. Chemical inhibition of p38 MAPK (SD-282) has been shown to improve viability and functional recovery of human 
islets following cryopreservation[59]. This same pathway has also been implicated in the aging of gut stem cells[60], Leydig cells[61], and 
age-related macular degeneration[62].

Cryoinjury is not limited to molecular damage but may also contribute to mechanical changes following cryopreservation. For 
example, a prior study by Venkatasubramanian et al. demonstrated that cryoinjury can alter the mechanical properties of arteries, 
with changes in stress-strain behavior observed after thawing[63]. The mechanisms responsible for these changes were thought to 
include damage to the extracellular matrix (ECM), loss of viability in smooth muscle cells, redistribution of water, or structural 
changes due to the presence of ice crystals[63]. Major physical changes may also be observed during vitrification, an ice-free approach 
to cryopreservation in which specimens are preserved in an amorphous glassy state rather than crystalline ice. Here, 
thermomechanical stress experienced during cooling and rewarming can lead to cracking or fracturing of the biospecimen[64]. The 
aging process has also been linked to mechanical changes in cells and the surrounding ECM, which may result in increased stiffness 
and reduced compliance over time[65]. These changes may be due to increased collagen crosslinking, elevated levels of matrix 
metalloproteinase-mediated degradation and remodeling, or accumulation of glycation products[65]. While the mechanisms 
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underlying mechanical alterations may differ between cryoinjury and aging, both processes ultimately result in physical changes that 
may compromise structural integrity. Specifically, mechanical changes from cryoinjury occur acutely and are primarily due to 
physical stress associated with temperature changes or ice crystallization. Conversely, mechanical changes during aging occur 
gradually and are driven by biological mechanisms, including collagen crosslinking and the accumulation of advanced glycation end 
products.

Shared mechanisms between aging and cryoinjury provide a foundation for the development of targeted intervention strategies. 
While cryoinjury occurs acutely, biological aging-related stress typically arises gradually but may lead to similar downstream damage 
over time. Despite these differences in timescale and origin, geroscience-informed interventions may be relevant in 
cryopreservation. This may include nuclear factor erythroid 2-related factor (Nrf2) agonists to enhance antioxidant defenses[66,67], 
proteostasis-targeting strategies to reduce protein aggregation or misfolding[68], sirtuin activators to promote DNA repair and cellular 
stress resistance[69], or mitochondrial stabilizers to preserve mitochondrial function[70]. A major limitation, however, is that the 
complete molecular basis of cryoinjury remains unresolved. A clearer molecular understanding will be critical for identifying 
targeted intervention strategies. Nonetheless, overlapping forms of damage observed in cryoinjury and aging present opportunities 
for cross-disciplinary collaboration. Small molecules that enhance stress resistance could potentially be tested in cryopreservation 
systems. In principle, these interventions could prevent damage during storage and promote repair or rejuvenation after thawing, 
thereby improving recovery and functional outcomes.

3. Conclusions
While this Perspective highlights opportunities for collaboration across cryobiology and geroscience, the topics discussed remain at 
various stages of development. First, significant scientific and technical barriers must be addressed in large-scale organ 
cryopreservation. Advances in cryopreservation technologies will be required to scale from rodents to human organs, with major 
challenges arising from size-dependent differences in cryoprotectant diffusion and cooling and rewarming rates. As a result, clinical 
implementation of large-organ preservation will likely remain a longer-term objective requiring additional technical and 
translational advances. Second, a better understanding of the molecular mechanisms of cryoinjury is needed to identify shared 
pathways with aging. Such insights could support the rational repurposing of geroscience-informed small molecules and 
interventions to improve cryopreservation outcomes. Third, biobanking of viable and functional human cells and tissues is already 
being implemented and may continue to expand in the near term. However, improved cryopreservation protocols are necessary to 
preserve more complex materials, including functional brain tissue, and will require standardization to ensure reproducibility across 
sites. A possible translational pathway for the field will involve continued optimization and standardization of preservation methods 
for cells and simple tissues, in parallel with larger and more complex biological systems, including engineered tissues, 
patient-derived tissues, and ultimately human organs. Key milestones will likely include the development of low-toxicity 
cryoprotectants, improved cryoprotectant loading, mitigation of ice-related and thermomechanical stress during cooling and 
rewarming, standardized post-thaw functional assessment, and demonstration of reproducible recovery in increasingly complex 
specimens. Continued progress in these areas may help realize the collaborative potential of these fields in both research and clinical 
contexts.

Beyond scientific and technical challenges, there remain ethical considerations, particularly in the context of human tissue 
cryopreservation. Research on biobanking ethics highlights the need for ongoing governance and transparency, as well as safeguards 
to protect genetic privacy and manage incidental findings arising from stored tissues[71]. Questions also remain regarding equitable 
access to these technologies, the commercialization or commodification of human biological materials, and uncertainties 
surrounding long-term storage and stewardship[72,73]. In the context of organ and limb cryopreservation, these concerns are further 
complicated by issues related to allocation and prioritization, particularly if extended preservation times alter existing transplant 
waitlist systems[74]. Careful consideration of these issues will be essential as cryopreservation technologies continue to evolve and 
move toward broader clinical applications. This will likely require ethical frameworks emphasizing informed consent, transparent 
governance, equitable access, and long-term stewardship of cryopreserved biological materials[75].

Cryobiology and geroscience converge on a shared challenge: understanding and mitigating biological damage, albeit across vastly 
different timescales. Advances in cryopreservation have the potential to transform the storage and distribution of organs, tissues, and 
cell-based therapies, with direct implications for the treatment of age-related diseases. At the same time, the ability to preserve viable 
biological specimens enables new approaches to study the mechanisms of aging across the lifespan. Importantly, the mechanistic 
overlap between cryoinjury and biological aging presents an opportunity to translate insights across fields, where geroscience 
interventions could improve cryopreservation outcomes. Realizing this potential may strengthen connections between aging biology 
and preservation science, with implications for both research and clinical applications.
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