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Abstract

In the field of cryobiomedicine, deep eutectic cryoprotectant systems are regarded as a revolution-
ary alternative to traditional cryoprotective agents (e.g., DMSO, glycerol) due to their hydrogen
bond network-mediated ice crystal inhibition capability and reduced osmotic damage. However,
the efficacy of these systems critically depends on precise cooling rate control: excessively slow
cooling may trigger ice crystal growth in the supercooled state, while overly rapid cooling can in-
duce thermal stress damage. Although mainstream programmable cooling devices allow adjustable
rates, their high costs and operational complexity hinder widespread adoption. Passive cooling de-
vices, though cost-effective, offer a fixed cooling rate (approximately —1°C/min), which fails to meet
the intermediate rate requirements (-20 to -50°C/min) of deep eutectic systems. To address this
challenge, this study proposes a gradient cooling strategy based on liquid nitrogen vapor layer dy-
namics, achieving flexible cooling rate adaptation through the spatial modulation of gaseous nitro-
gen temperature fields. By employing a COMSOL Multiphysics-based multiphysics coupling model,
we analyzed the heat transfer characteristics of cryovials under gaseous nitrogen gradient temper-
atures (-196°C to -56°C). Numerical simulations demonstrate that gaseous nitrogen temperature
gradients enable precise control of internal cooling rates. For instance, within a liquid nitrogen va-
por temperature range of —196°C to -56°C, cooling rates of -22.37 to -7.98°C/min were achieved,
effectively satisfying the cooling demands of deep eutectic cryoprotectant systems. These results
provide an economically viable and adaptable solution for the application of deep eutectic protect-
ants, driving a paradigm shift in cryopreservation technology from “equipment-driven” to “environ-
mentally modulated” approaches. This work lays a theoretical and technical foundation for the
long-term storage of viable biological specimens, with implications for regenerative medicine and
organ transplantation.
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Figure 1. Schematic diagram of the geo-
metric model and boundary conditions
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Table 1. Physical properties of materials
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Figure 2. Grid independence verification and model validation. (A) Mesh generation. (B) Temperature variation at the central
point of the cryovial 30 minutes after cooling initiation under an external temperature condition of —80°C, plotted against mesh
density. (C) Cooling curves at the central point of the cryovial under an external temperature condition of —80°C for different
mesh densities. (D) Comparison of experimental and simulated temperature profiles at the central point of the cryovial under
an external temperature condition of —-80°C
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Figure 3. Cooling characteristics of the cryovial under different liquid nitrogen vapor layer temperatures. (A) Schematic dia-
gram of the experimental setup. (B) Temperature evolution curves at the central point of the cryovial under different liquid
nitrogen vapor layer temperatures. (C) Maximum cooling rates at the central point of the cryovial during cooling under different
liquid nitrogen vapor layer temperatures. (D) Cooling rate profiles at the central point of the cryovial under different liquid
nitrogen vapor layer temperatures
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Figure 4. Temporal evolution of temperature distribution within the cryovial when the
liquid nitrogen vapor layer temperature ranges from —196°C to —136°C
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Figure 5. Temporal evolution of temperature distribution within the cryovial when the liquid nitrogen
vapor layer temperature ranges from —116°C to —56°C
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