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Supporting Information

Table S1. Comparison of representative methods for cryopreservation of submillimeter
biosystems.

. Cooling rate

Methods Biosystem type (°C/min) CPA Throughput Ref
Stem cell 1 10% DMSO 1 mL solution (
Slow freezing T-cell 1-10 CryoStor10 1 mL solution @2l
Oocytes/embryos 0.3-50 1.5M 0.5 mL solution 3]
Cryotop Human embryos 2.3 x 10* VT601 0.1 pL droplet 4
Straw Sperm 180 R18S3 10 pL/straw Bl
Fibroblast/myoblast cells 2.2 x 106 CPA free 4.8 uL/min 1
Droplet Fibroblast cells 1.1 10° 1.4 M DMSO N/A 7

vitrification
Blood stem cells 1.75 x 10* 2 M PG + 1 M trehalose 0.6 mL/min [8]
Islets 5.4 %104 22% EG + 22% DMSO 4250 /cm? ]
Cryomesh

Drosophila embryo 5% 10 39% EG + 9% sorbitol 400 /cm? (o]

We quantified the cooling rates of direct-printing of droplets in LN, convection-dominated
cryomesh (ConvD-C), and conduction-dominated cryomesh (CondD-C). A 1-uL CPA droplet
was pipetted on the mesh and plunged into LN>. The CPA concentration used was 14 wt % EG
+ 14 wt % DMSO + RPMI (Roswell Park Memorial Institute 1640 Medium). CondD-C shows
the highest cooling rate at 2.4 x 10* °C/min, which is 144% higher than the convection-
dominated cryomesh. The convection droplet shows the lowest cooling rate, which is 13% of
the conduction-dominated cryomesh. Note, the cooling rate of the convection droplet is
calculated based on the levitation time of the CPA droplet (the time the vapor barrier kept the
droplet suspended in LN3), as the cooling rate cannot be directly measured by thermocouples
for this case. With the convective mesh and vertical plunge, the heat transfer behavior of the
biosystem on the cryomesh is similar to the pure conduction heat transfer of a droplet printed

directly on a pre-cooled plate.
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Figure S1. Experimental cooling rates of convection droplet, convection-dominated cryomesh,
and conduction-dominated cryomesh. *Note: cooling rate of the convection droplet is calculated
based on experimental levitation time. The error bar shows the range of the data. CPA used to
show the difference between those methods has a concentration of 14 wt % EG + 14 wt %
DMSO + RPMI (Roswell Park Memorial Institute 1640 Medium), which has been used
previously in convective cryomesh experiments!?],

A 3D printed frame

@ = D/(P+D)

Figure S2. Description and examples of cryomesh used in this work. (A) Schematic of
cryomesh showing definition of cryomesh height (H), width (), filament diameter (D), pore
size (P), and solid fraction (@). Camera images of (B) copper (2 X 2 cm), (C) stainless steel (2
x 2 cm), (D) nylon (2 x 2 cm), (E) copper (5 % 4 cm), and (F) various circular mesh used in
this study. Scale bars are 1 mm for (B), (C), and (D) and 2 mm for (E) and (F). The scale bar
of the insert in (B) is 100 pm.
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Figure S3. General vitrification steps for the cryomesh. An example is shown using 125 um
PE (Polyethylene) microspheres to model coral larvae. (A) The biosystem is loaded onto the
cryomesh, which is shown here through direct pipetting but can also be loaded in suspension.
(B) Excess CPA is removed by wicking with tissue paper (e.g., Kimwipe). (C) Horizontal
plunging into liquid nitrogen is accomplished by plunging the cryomesh with the mesh plane
parallel to the top surface of the liquid nitrogen bath. (D) Vertical plunging into liquid nitrogen
is accomplished by plunging the cryomesh with the mesh plane perpendicular to the top surface
of the liquid nitrogen bath. Scale bars are 1 mm.

Transient heat conduction analysis:

During cryomesh cooling in LN>, there are two processes of heat release: 1) convection heat
transfer, which releases the heat of the mesh to liquid nitrogen, and 2) conduction heat transfer
inside and between the mesh and biosystem. We further studied the heat release of conduction-
dominated cryomesh in liquid nitrogen with a 1D transient heat transfer model (analytical

representation of Figure 2A). Thus, the traditional governing heat transfer equation is

2
or_ oT s1
ot d0x?

with boundary conditions
oT

0.2) =0 S2
0x
0T (L, t)
—k—————==h[T(Ls,t) — To S3
k=== = AT (Ly,t) = o]
and initial condition
T(x,0) = T; =0~20°C, T, = —196 °C S4

where T is the temperature; ¢ is the time; a is the thermal diffusivity; &k is the thermal

conductivity; Ls is the thickness of the biosystem; and /4 is the convection heat transfer

3
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coefficient. Note we assume the convection heat transfer is low on the other side of the
biosystem and neglect it in this analysis. Based on the transient heat transfer Equation S1, we
further simplified the heat transfer model to calculate the heat release time. The heat release
time is defined here as the time for the whole system (mesh with biosystem) to cool down to
the desired temperature (e.g., LN temperature). We divided the total heat release time (#otal)
into three parts:
teotal = te + tm + tp S5
where /. is the heat release time from mesh to LN> through convection heat transfer, fm is the
heat release time for conduction through the mesh, and #, is the heat release time for conduction
through the biosystem. We calculated the heat release times similar to calculating a time
constant (7)['!], which is
pcpV
hA

where p is the density, ¢, is specific heat, and V' is the body volume. We assumed that all heat

S6

T =

from the system (mesh with biosystem) is released from the mesh to LN; through convection

heat transfer. We calculated ¢ as

£ = Qm+Qb

e = WA s7

where / is the convection heat transfer coefficient with a range from 250 to 2500 W/m?*/K[!2,

The heat of the mesh On is
Qm = PmComVmAT S8
D\* S9
V, = 4n <§) Ly
Where D is the mesh wire diameter and Ly is the unit length (Figure 2A). The heat of the
biosystem Qy is
Qb = ppCpopVuAT S10
Vo = Lg-L,> S11
where Ls is the thickness of biosystem (Figure 2A). Am is the contact area between the mesh
and LN, calculated as
An = (4nDL, — 4mtD?)/2 S12
The contact area considers one side of the surface area of the entire mesh and excludes the

intersection area between each wire (shadowed area, Figure S2A). We calculated ¢ as

f = OmD S13
" kmAcm
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where km is the thermal conductivity of the mesh and the cross-section area of mesh was

calculated as

Aen = @ - L2 S14
where @ is the solid fraction. The #, was then calculated as
Qp " L S15
tb -
kyAp

where kn is the thermal conductivity of the mesh and A4 is the cross-section area as L,2. We
assume CPA thermal properties are similar to water and the interfacial thermal resistance is
considered between water and bulk material. Thus, the interfacial thermal resistance between
cryomesh and CPA is ignored due to its small value (4 — 8 x 10° m?K/W << Rp, 1 — 1000
m?K/W)['3], The cooling rate was calculated as

! - 60 (°C/min) 516

total

CR =

where AT is the temperature zone from —20 °C to —140 °C, which is generally the most relevant
zone for vitrification and effective rewarming!®!.

To further simplify the mesh definition, we could use critical length (Lc) to compare different
mesh geometries. Based on Equations S9 and S12, we calculated the critical length as:

v S17

Table S2 shows the Lc of different mesh filament diameters and solid fractions used in this
study. Table S3 shows the thermal properties used for the calculation.

To further consider the convection heat transfer for the biosystem exposed directly to LN> (the
side away from mesh), we divided the heat flow of the biosystem into 2 domains with heat
flowing: 1) from biosystem to cryomesh and to LN, with the thickness of Ls (red rectangular,
Figure S4A) named conduction-dominated region and 2) from biosystem directly into LN>
showing a pure convection heat transfer with the thickness of Ls. (black rectangular, Figure
S4A) named convection-dominated region. The lengths of these two regions were set by
assuming the same heat release time with different biosystem thicknesses (e.g., Ls # Ls¢), which
had a boundary condition (9T (0,t)/dx = 0) atx =0 (i.e., the transition point between the two
regions). We assumed the /4 was the same as on the mesh side. Note the experimental /4 for the
biosystem might be lower than the assumption due to the nitrogen vapor layer trapped by the
biosystem. Thus, we can assume the time for heat release time # of biosystem through

convection is

_ Qb,c ' Ls,c Qb,c S18
tp,c = +
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where Oy is the total heat of biosystem released by convection from biosystem side and Ls is
the length of biosystem affected by convection heat transfer. Based on the boundary condition
(Equation S2), assuming ol = fve, We calculated the biosystem thickness affected by
convection heat transfer, which is
Ly =Ls+ Lg, S19

For the known biosystem thickness, e.g., the thickness of coral larvae was around 100 um, we
assigned L; (total biosystem thickness) as the biosystem thickness of 100 um. Then we
combined Equations S5 and S18 to solve the cooling rate, where fo1 = fvc. By assuming
adiabatic in the first case (Figure 2A), we explore a worst case (i.e., slowest cooling rate), where
convection is non-existent between biosystem and LN». While this case may be approached for
some conductive meshes (i.e., resistance through cryomesh Rn << Ry, resistance between
biosystem and LN3), this idealization will always represent the slowest possible response.
Nevertheless, this first case approximation allows easy correlation cooling response to mesh
parameters (e.g., thermal conductivity, pore size, mesh diameter, etc.), to best articulate a
cryomesh design principle.

To consider a more realistic case and validate the experimental results, we included the
convection heat transfer from the biosystem to liquid nitrogen by assuming /# was the same as
on the mesh side (Figure S4A). In reality, we expect the nitrogen vapor bubbles to release more
rapidly from the cryomesh and so this analysis might overestimate the effects of direct heat
transfer from the biosystem to LN>. However, since the heat transfer is dominated by
conduction through the mesh, the predicted results are comparable to the experimental results
and support the validity of our modeling approach. As one example, we used the model with
adiabatic boundary condition (limiting case) to predict the cooling rate of a 1 ul droplet showing

a reasonable agreement (Figure 3G).

Table S2. Critical length (Lc) of different mesh filament diameters and solid fractions.

Mesh size Pore size Solid Critical length .
. Materials
(um) (num) fraction (num)
30 38 0.44 19 Stainless steel
50 50 0.5 33 Copper/Stainless steel/Nylon
50 100 0.33 30 Copper/Stainless steel/Nylon
100 200 0.33 67 Nylon




Table S3. Thermal propertiest!* 13,
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Material Thermal conductivity | Density Specific heat | Thermal diffusivity
(W/(m°K) (kg/m?) J/(kg'K)) (mm?/s)
Diamond 2300 3510 520 1260.14
Copper 398 8954 380 116.97
Stainless Steel 16.3 8027 502 4.05
Nylon 0.2 1140 1670 0.11
CPA* 1.6 1100 1400 1.05
PE sphere 0.44 960 1330 0.34

*Due to the lack of data, the thermal properties are assumed to be a constant value for different
CPA components/mixtures!'® 7], We do not expect CPA thermal properties to vary significantly
relative to other materials being compared here, so this should be a reasonable assumption. The
thermal diffusivity (a) which is comprised of these properties was also constant and
independent of temperature.
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Figure S4. Modeling of heat transfer parameters for cryomesh with different thermal
conductivities. (A) Heat transfer model of a cryomesh cooling in LN>. Ls represents the
biosystem thickness with cryomesh-enhanced conduction, while Ls. represents the biosystem
thickness experiencing convection with LN». (B) Biot number calculated under different heat
transfer coefficients for a range of thermal conductivities, assuming a characteristic length of
33 wm for mesh with D = 50 um and @ = 0.5. The yellow-colored area indicates conduction-
dominated behavior, which has Bi <0.01 and 4 > 1250 W/m?/K. (C) Thermal resistances (K/W)
of different heat transfer coefficients for a range of thermal conductivities, assuming a
characteristic length of 33 um. The x-axis is the thermal conductivity for different materials
(W/m/K).
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Figure S6. Modeling of heat release time. (A) Heat release time of 3 heat transfer coefficients
for different materials. The heat release time is calculated from Equations S5-S15. (B) The
ratio of conduction heat release time (Equation S13) and convection heat release time (Equation
S7) for different materials correlate to the Biof number. The mesh has D = 50 pm and @ = 0.5.
Biosystem thickness is assumed to be 50 pm.
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Figure S7. Heat release time (Equation S5) of copper and nylon mesh shown for a range of
cryomesh solid fractions. The biosystem thickness is 50 pm. See Figure S2 for the definition of
cryomesh solid fraction @. The wire diameter here is D = 50 um.
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Figure S8. Theoretical cooling rate of different cryomesh materials with different mesh
diameters. The cooling rate is calculated from Equation S16 with 50 um biosystem thickness,
where @ = 0.5 and # = 1250 W/m?/K. The colored area shows commercially available meshes.
While experimental demonstrations focused on the comparison of nylon, stainless steel, and
copper, aluminum offers another viable option for the conduction-dominated cryomesh. We
decided that nylon, stainless steel, and copper provided an adequate range of behaviors;
however, aluminum will be considered in future cryomesh designs.
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Figure S9. Theoretical cooling rate of different biosystem thicknesses with different solid
fractions on a copper mesh with D = 50 um and 4 = 1250 W/m?/K. The theoretical cooling rate
of different biosystem thicknesses is reported as the minimum cooling rate experienced. Data
for different biosystem thicknesses corresponded to blue (50 pm), red (100 pm), purple (200
um), gold (300 pm), and black (500 um) dots.

Horizontal plunge

Figure S10. Horizontal plunge (A) and vertical plunge (B) into liquid nitrogen. The mesh is
nylon mesh with D =50 um and @ = 0.5. Vapor nitrogen is trapped by mesh during horizontal
plunge, while all nitrogen bubbles release from the mesh during vertical plunge.
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Figure S11. Temperature variation measured across various sizes of cryomesh during
horizontal plunging of bare mesh without CPA loading. (A) Schematic of temperatures
measured at three uniformly distributed points across the circular mesh center, middle, and edge.
Dr is the diameter of the cryomesh frame. The thermocouple tip was attached to the mesh at the
relative locations shown. (B) Plot showing cooling rate across the nylon cryomesh (D = 50 um
and @ = 0.5) at three points from center to edge. (C) Plot showing cooling rate across the
stainless steel cryomesh (D = 50 um and @ = 0.5) at three points from center to edge. The error
bar is the range of the data.
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Figure S12. Measured cooling rates for vertical and horizontal plunge varying with mesh frame
sizes. A 1-uL CPA droplet (14 wt % EG + 14 wt % DMSO + RPMI) was pipetted on the nylon
mesh to simulate the largest biosystem tested. For horizontal plunge (black squares), the mesh
frames were a circle shape with diameters from 2 to 10 cm. The model suggests a lower
effective heat transfer coefficient on the horizontal plunge due to trapped bubbles.
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Figure S13. Measured cooling rate for the vertical plunge with different cryomesh materials of
nylon, stainless steel, and copper. The cryomesh had a wire diameter of 50 pm and @ = 0.5.

The cryomesh frame size was 2 x 2 cm. CPA film was loaded on the mesh by immersing the
mesh into CPA solution and removing extra CPA with a Kimwipe. The CPA film coated the
mesh with a thickness of ~2 um, and a 1- or 4-uL. CPA droplet (14 wt % EG + 14 wt % DMSO
+ RPMI) was pipetted on the mesh. The cooling rates of different biosystem sizes show a similar
trend. The error bar is the range of the data.
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Figure S14. Cooling rate measured across different frame sizes of cryomesh during vertical
plunging. (A) Schematic of the cooling rate measured at five uniformly distributed points across
the mesh area. L is the length and W is the width of the frame. The arrow shows the plunge
direction. The cooling rate is measured from —20 °C to —140 °C. (B) Cooling rate of the
different bare meshes at three uniformly distributed points across the mesh at the top, middle,
and bottom. The frame size is 2 x 2 cm. The wire diameter is 50 um and @ = 0.5. The vertical
plunge demonstrated uniformity across the mesh area. (C) Cooling rate measured across 5 x 4
cm (L x W) cryomesh during vertical plunging with a 1- or 4-uL. CPA droplet. The horizontal
dashed line shows the average cooling rate of the measured five points. The conduction-
dominated cryomesh (copper) demonstrated uniformity across the area within 6% (difference
between highest and lowest value), while the convection-dominated cryomesh (nylon)
demonstrated non-uniformity with variation up to 34%. (D) Cooling rate measured across
different frame sizes of conduction-dominated cryomesh during vertical plunging with a 1-uL.
CPA droplet. The wire diameter is 50 pm and @ = 0.5. To scale up the mesh, a short frame size
(W <4 cm) is desired, as it shows a small temperature difference across the mesh ( < 10%).
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Table S4. Possible further improvements for cryomesh designs.

Problems Improvement Mechanism Reference
Reduce bubble adhesion (19-22]
Increase convection heat Wicking provides continuous liquid [23-28]
transfer coefficient film
Biosystem not . .
s Higher temperature difference (10, 18]
vitrified
Reduce cryomesh thermal resistance *
Increase cryomesh heat
transfer
ste Increase contact area for heat release (28]
. . Rapid rewarming of substrate (17
Ice formation during . .
. Rapid rewarming
rewarming . . 29]
Volumetric rewarming
*This work.
A T 500 — . . . , B g 50.0 . ; . . .
S
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3 45.0 N heoEio & O 45.0 * & Diamond
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Figure S15. Theoretical rewarming rate estimated for a range of conditions. (A) Theoretical
rewarming rate for a range of heat transfer coefficients for different materials, where D = 50
um and @ = 0.5. Rewarming rate shown is for the biosystem with a 50 um thickness. (B)
Theoretical rewarming rate for a range of biosystem thicknesses for different materials, where
h=5000 W/m?/K, D =50 um, and @ = 0.5. The simulated biosystem rewarming rate is reported
as the minimum cooling rate experienced by the biosystem.
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Figure S16. Validation of theoretical and experimental rewarming rate on stainless steel with
D =30 pm and nylon mesh with D = 50 um. The experimental data is measured based on PE
(polyethylene) particles. The thickness used in the model is 50 um to consider the rewarming
from the other side, which is different from the cooling model. We assume 4 = 5000 W/m?*/K
to consider the conduction and convection boundary conditions when plunging into rewarming
solution.

As this study mainly focuses on vitrification and cooling rate enhancement, we only validated
the rewarming rate on stainless steel D = 30 pum and nylon mesh D = 50 um as representative
of CondD-C and ConvD-C, respectively (Figure S16). For CondD-C (stainless steel), the
theoretical rewarming rate shows good agreement with the experimental rewarming rate. The
experimental rewarming rate of ConvD-C (nylon) is higher than the predicted rewarming rate.
Since the direct convective transfer between the biosystem and rewarming fluid was neglected,

as discussed earlier, the predicted rewarming is lower than observed for this case.
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Table S5. The cryoprotective agent used for biosystems vitrified in this study.

Biosystem CPA Critical cooling rate Critical rewarming
¥ (CCR) °C/min) | rate (CWR) (°C/min)

Coral larvae 10% PG + 5% DMSO + 34% (1 M) trehalose 1.3x10° 3.5x10°
Drosophila embryo 27% EG + 9% sorbitol 1.9x10° 6.8x10°
Yolk: 14% (1.8 M) PG + 1.1% (0.7 M) MeOH 3.9x10° 2.9x108

Zebrafish embryo -
Outside: 21% (2.7 M) PG + 4% (1.2 M) ; :
2.0x10 6.9x10

MeOH + 17.1% (0.5 M) Trehalose

Critical cooling rate (CCR) and critical rewarming rate (CWR) are calculated based on
referencel??],

Table S6. Cryopreservation efficiency of coral larvae.

Larvae per Coolmg Rewarlfnng Target Total time Sop.hlstlcated
Method . processing processing equipment and

loading number’ | (h)

time (mins) time (mins) training

Manual laser 13 >3 >3 100,000 | > 17,888.9 Yes
rewarming process
Idealized automated
laser rewarming 13* >0.5 >0.5 100,000 >043 Yes
process3¥!
Cryomesh 200%* <2 <2 100,000 <392 No

tTarget number refers to the number of viable coral larvae desired after cryopreservation.
*Number to achieve the highest direct post rewarming viability is around 43%3Y. **Number
is based on a 2 X 2 cm CondD-C (larger mesh sizes are possible and will increase the number
accordingly). The cooling and rewarming processing time is based on a single well-trained user
of a single Cryotop or cryomesh at one time. The idealized laser rewarming system is based on
the laser-associated rewarming method with an automatic handling system (e.g., automated
laser alignment and rewarming). This system does not currently exist but is an idealized
comparison assuming fully CPA-loaded larvae on a Cryotop that is already cooled. Note that
the automatic process assumes the laser is firing at the duty cycle, which is 1 pulse per second
during rewarming and is likely an underestimate of the time needed. Finally, it should be noted
that no sophisticated equipment is needed for the Cryomesh vs. the laser or automatic process
thus making it easily accessible to anyone practicing cryobiology in the field. As coral larvae
are chilling sensitive, there are no other reports we are aware of that show success after slow
freezing or direct freezing. Laser rewarming is the only other method that has shown success
and therefore is used as “conventional” for comparison here.

The cryopreservation efficiency is improved by using CondD-C to achieve high viability and
uniform cooling and rewarming with a large number of individual biosystems (i.e., larvae or
embryo) loaded (number > 100). As one example, to achieve 100,000 live coral larvae after
cryopreservation, the total time of the laser-associated method®"l and an idealized automated
laser rewarming system is 456X and 2.4X longer than the cryomesh method, respectively

(Table S6). Note, that all coral larvae must be cryopreserved within 2 days, otherwise they will
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lose activity and not survive after cryopreservation3l. CondD-C achieves all of this without
the need for any sophisticated equipment or training. Finally, the area / size of the cryomesh

area is flexible and scalable and thus can be increased to achieve even faster processing times.
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Figure S17. Hatch rate and cooling rate of Drosophila embryos on stainless steel and nylon
mesh with the vertical plunge. Gray bars are the hatching rate and blue bars are the measured
cooling rate of the Drosophila embryos. The conduction-dominated cryomesh (yellow-colored
area) has a higher hatch rate due to a higher cooling rate.

A CPA unloading B Rehydration in buffer

D After cryopreservation

(4

Figure S18. Drosophila embryo after cryopreservation. (A) Drosophila embryo during CPA
unloading process in 15 wt% sucrose solution. (B) Drosophila embryo rehydration in cryo
buffer. (C) Permeabilized embryos directly hatched in media without cryopreservation. (D)
Embryo after cryopreservation hatched in media. We randomly picked 50 coral larvae and 100
Drosophila embryos after vitrification and compared those with larvae and embryo without
vitrification. The control embryo and larvae morphology showed no change (number of
biosystem with morphology change < 1%) compared to those after vitrification and rewarming.
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Figure S19. Zebrafish embryo vitrification rate and measured cooling rate on stainless steel,
copper, and nylon mesh with @ = 0.5. Gray bars are the vitrification rate and blue bars are the
measured cooling rate of the zebrafish embryo. The copper mesh used has a smaller area ratio
(Figure 2C) than the stainless steel mesh, which leads to a lower vitrification rate than stainless
steel. This suggests that the cooling of copper mesh with D = 50 pm is not as uniform as stainless
steel with D =30 um. Dots are the cooling rate of 1-pL. CPA droplet. The conduction-dominated
cryomesh (yellow-colored area) has a high vitrification rate due to the high cooling rate.

Table S7. Possible factors leading to decreased viability.

Factors Required CCR/CWR Example

CPA non-uniformity inside biosystem Increase Fig. 6, CPA inside zebrafish yolk
Decreased contact area None Fig. 6, Zebrafish embryo on different mesh
Decreased CPA concentration in biosystem Increase Fig. 4, Coral larvae

Biosystem cluster Increase Fig. 5, Drosophila embryos

Design and physical limits of the cryomesh platform technique

We summarized the design principles for the successful cryopreservation of different
biosystems, as well as the physical limits of conduction-dominated cryomesh (Figure S20). To
determine how to further improve the cryomesh, we analyzed the achieved and potential
viability of biosystems tested in this study (Figure S20). There are three ways to reduce ice
crystallization (leading to potential increases in viability): 1) increase the cooling rate, 2)
increase CPA concentration, and 3) use more rapid heating source such as Joule heating or laser
heating. The coral larvae have the highest viability, up to 85% on CondD-C, with a limit of
100% survival under the best conditions!*!l. Thus, the potential for further improvement region
based on cooling rate and CPA optimization is limited for coral larvae (shown in the colored

area of Figure S20A, with a corresponding increase in survival of approximately 15.2% ).
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Increasing the cooling rate is the only method considered in this study to improve the survival
rate of coral larvae (black arrow, Figure S20A). Meanwhile, the region on the graph that shows
potential improvement for the Drosophila embryo (highest value of 96%!!%) and zebrafish
embryo (highest value of 59%[3%)) is 25x and 21x larger, respectively, than for coral larvae,
showing the necessity to further improve the cooling rate and CPA in these biosystems. While
maintaining the same cooling rate for Drosophila embryos, the viability can be improved with
a higher CPA concentration to avoid potential ice formation during rewarming (orange dashed
line, Figure S20B)['% 171, Alternatively, viability can be improved by maintaining the same CPA
concentration but with Joule heating as a more rapid heating source (blue dashed line, Figure
S20B). For example, improving the cryopreservation protocol to reach the desired viability
(yellow star, Figure S20B) requires increasing the cooling rate (along the fitting curve), using
a more rapid heating source (blue line), and modifying CPA concentration (orange dashed line).

Note, the yellow star is used as an example and does not represent any suggested viability.

The same method to improve viability can be used to design a cryopreservation protocol for
zebrafish embryos (Figure S20C). Due to the large size of zebrafish embryos, the theoretical
maximum cooling rate is limited to 15.6 x 10* °C/min in the pure conduction case (i.e., assume
the surface temperature instantly reaches —196 °C). The potential for cooling improvement is
shown as a huge gray-colored area in Figure S20C, demonstrating a large potential for viability
improvement. Increasing the cooling rate minimally improves the viability of zebrafish
embryos. More rapid heating, used to reach a higher rewarming rate, can improve the viability
of zebrafish embryos. More rapid heating can also increase the cryopreservation viability of
Drosophila embryos with a low CPA concentration, making rapid heating source the most
important factor for improvement!!7!. In short, the CondD-C achieves the highest viability for

small biosystems (thickness < 100 pwm) but needs further improvement for large biosystems.

The achievable cooling rate decreases with the increase of biosystem thickness for all different
cooling methods (Figure S21A). The dashed lines in Figure S21A show the theoretically
maximum cooling rate of different cooling methods. The theoretical cooling rates of cryomesh
(blue, orange, and red dashed lines) are calculated based on Equations S5 and S18 with 4 =
1250 W/m?/K. The purple dashed line is the theoretical limit of the cooling rate by assuming
the surface temperature of the biosystem to be —269 °C (temperature of liquid helium). The
black dashed line shows the maximum cooling rate that can be achieved with pure conduction
heat transfer, assuming the surface temperature of the biosystem to be —196 °C (temperature of

LN>»).
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We defined three regions among those theoretical cooling rates. The top right corner is the
region to be explored with volumetric cooling methods (cooling the entire volume at the same
time). The achievable cooling region is for using different cryogens of lower temperature (e.g.,
liquid helium, —269 °C). The light-blue-colored area is the theoretical cooling rate achieved
with conduction heat transfer of biosystem and cryomesh or any other substrates (e.g., cryotop)
without consideration of convection heat transfer. In this case, we assumed there was no vapor
layer during cooling, which is different from directly printing droplets into LN>[®l. The gray-
colored area shows the cooling rate achieved by convection-dominated cooling methods.
Between the conduction cooling and convection cooling regions is the CondD-C cooling
method reported in this study, which has a higher cooling rate than convection-dominated
cooling and fills the gap between the convection and conduction cooling methods (Figure
S21A). The theoretical highest cooling rate of ConvD-C (i.e., nylon cryomesh, orange dashed
line, Figure S21A) is still within the convection-dominated region (grey-colored area). By
increasing the thermal conductivity of cryomesh, the cooling rate increases and reaches the
conduction cooling region. The achievable cooling rate, then, can be determined based on the
biosystem thickness for further studies such as CPA optimization. For example, the zebrafish
embryo has a thickness of around 350 pm after dehydration. By using CondD-C mesh, the
zebrafish embryo can achieve a cooling rate higher than 2.6 x 10* °C/min, which is validated

by experimental data (black square, S21A).

Besides cooling rate, CPA concentration is another critical parameter to design the
cryopreservation system. A high CPA concentration can be toxic to the biosystem while a low
CPA concentration leads to devitrification with ice formation. As a general design principle, a
CPA concentration higher than 63.2 wt%!33! is considered toxic to the biosystem (Figure S21B).
Then, the lowest CPA concentration required for different biosystem thicknesses is defined
with the theoretically maximum cooling rates of different cooling methods (Figure S21B). The
CPA concentration (wt%) is calculated based on a well-developed model®®! of PG (propylene
glycol). The orange dashed lines present the lowest CPA concentration required to vitrify the
biosystem on ConvD-C made of nylon mesh. By increasing the cooling rate of cryomesh (i.e.,
CondD-C) and avoiding convection heat transfer, the lowest CPA concentration is reduced for
a smaller biosystem with a thickness <200 um (blue dashed line, Figure S21B). This cryomesh
optimal zone is shown by the yellow-colored region between the red and blue dashed lines. The
light blue area shows pure conduction cooling by directly printing droplets on cooled plates,

which can achieve no CPA (pure water) vitrification!®). The area below the purple dashed line
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will lead to ice formation, even using pure conduction methods, due to low CPA concentration.
For a general cryopreservation design on cryomesh, the initial CPA concentration tests can be
chosen from the yellow-colored region using CondD-C. Then, the optimal CPA concentration

can be increased to facilitate successful vitrification based on the cryomesh optimal zone.

Like the cooling rate, for all different warming methods, the achievable rewarming rate also
decreases with the increase of biosystem thickness for all different rewarming methods (Figure
S22A). The dashed lines show the theoretical maximum cooling rate of different cooling
methods. The theoretical rewarming rates of cryomesh (blue, orange, and red dashed lines) are
calculated based on Equation S5 with # = 5000 W/m?/K. The purple dashed line is the
theoretical limit of the rewarming rate by using the Joule heating!'7l. We defined three regions
among those theoretical limits of rewarming rates. The top right corner is the region to be
explored with volumetric rewarming methods such as laser rewarming*#l. The light magenta
area shows the achievable rewarming rate, which can be further improved based on CondD-C.
The gray-colored area shows the rewarming rate achieved by convection-dominated methods.
The theoretical highest rewarming rate of ConvD-C (i.e., nylon cryomesh, orange dashed line,
Figure S22A) is still within the convection-dominated region (gray area). Similar to the cooling
rate, by increasing the thermal conductivity of cryomesh, the maximum rewarming rate
increases. Because of the correlation between the cryomesh’s conductivity and the rewarming
rate, the achievable rewarming rate can be defined based on the biosystem thickness for further
studies, such as studies CPA optimization. For example, these coral larvae have a thickness of
around 100 um. By using CondD-C mesh, coral larvae can achieve a rewarming rate higher
than 1 x 10> °C/min (higher than the red dashed line), which is validated by experimental data
(blue square, S22A).

The lowest CPA concentration required for different biosystem thicknesses is determined using
the theoretical maximum rewarming rates of different cooling methods (Figure S22B). The
CPA concentration (wt%) is calculated based on a well-developed model'?®! of PG (propylene
glycol). The orange dashed lines show the lowest CPA concentration required to vitrify the
biosystem on ConvD-C of nylon mesh. By increasing the thermal conductivity of cryomesh
(i.e., CondD-C), the lowest CPA concentration is reduced for a smaller biosystem with a
thickness < 200 pm (blue dashed line, Figure S22B). Thus, the yellow-colored region between
the red and blue dashed lines is defined as the cryomesh optimal zone. The area below the
purple dashed line will lead to ice formation due to low CPA concentration even using Joule

heating. For general cryopreservation design on cryomesh, the initial CPA concentration tests
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can be chosen from the yellow-colored region with CondD-C. Then, the optimal CPA
concentration can be increased to facilitate successful vitrification based on the cryomesh
optimal zone. A higher CPA concentration can help avoid ice formation but should be

optimized to avoid toxicity to the biosystem.
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Figure S20. A general guide to further improve the viability of biosystems used in this study.
(A) Potential for improvement for coral larvae is limited. (B) Potential improvement of the
viability of Drosophila embryo. (C) Potential improvement of the viability of zebrafish
embryos. Viability of the biosystem increases with the increase in cooling rate. The colored
region shows the potential improvement in the viability of different biosystems by increasing
the cooling rate and optimizing CPA concentration. The dashed lines show predicted viability
increasing with cooling rate for three biosystems. The yellow star shows one example of desired
viability.
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Figure S21. Design and physical limits of cryomesh cooling. (A) Increasing biosystem
thickness reduces the achievable cooling rate in the biosystem. The dashed lines show the
highest cooling rate achieved by different mesh materials and different cooling methods. (B)
Selection of cryoprotective agent (CPA) concentration (wt%) with different cooling methods.
The upper boundary of the cryomesh optimal zone (red dashed line) is the lowest CPA
concentration required for CondD-C. The lower boundary of the cryomesh optimal zone (blue
dashed line) is the lowest CPA concentration required for the diamond mesh (CondD-C). CPA
toxicity is the major failure mode of cryopreservation, shown in the top, orange region.
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Figure S22. Design and physical limits of cryomesh rewarming. (A) Increased biosystem
thickness reduces the achievable rewarming rate in the biosystem. The dashed lines show the
highest rewarming rate achieved by different mesh materials and different cooling methods. (B)
Selection of cryoprotective agent (CPA) concentration (wt%) with different rewarming
methods.
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Figure S23. General flowchart to use CondD-C for cryopreservation. The optimization of
cryomesh and more rapid heating methods can be found in Table 2. For a thick biosystem
(thickness > 300 pm), more rapid heating is recommended to achieve a higher rewarming rate

than the CWR.

Or a new cooling
method is required

27



Table S8. Table of mesh physical properties.

WILEY-VCH

Material Hydrophobicity Young’s fracltll:lre Adhesion Wash-off Potential
¢ (contact angle ®)* | modulus (GPa)?! ous eslfz rate** (%) | rate*** (%) | Toxicity
(MPa-m'”%)
Nylon Hydrophilic (73°) 2-4 5-100361 >99 >99 No
Stainless steel | Hydrophilic (71°) 180 112-278B7 >99 >99 No
Copper Hydrophilic (86°) 117 80-1000381 >99 >99 Yes

*Hydrophobicity is determined on the plain surface without any structure or treatment, which
determines the wicking performance. Hydrophobicity of the bulk material is reflective of the
relative performance of potential mesh materials. The contact angle has a standard deviation of
+ 5° **Adhesion rate is defined as the ratio of the number of biosystems (e.g., Drosophila
embryos) attached to the mesh after the LN, plunging process / the total number of the
biosystems initially loaded onto the mesh. (Figure S24A and S24B). ***Wash-off rate is
defined as the ratio of the number of biosystems released from mesh after rewarming/unloading
/ the total number of biosystems attached to the mesh prior to rewarming (Figure S24C and
S24D). Adhesion and wash-off rates were measured for coral larvae, Drosophila embryos, and
Zebrafish embryos, using counts from images taken before and after the relevant processing
steps. Example images for Drosophila are shown in Figure S24. Rates for coral larvae on the
copper mesh were not analyzed due to the identified toxicity issues.

>

Before LN, plunging After LN, plunging

Nylon w Stainless steel

(@)

\ 2

Stainless steel

Floating embryos

Figure S24. Drosophila embryo adhesion rate on (A) stainless steel and (B) nylon. Drosophila
embryo wash-off rate of (C) Stainless steel and (D) nylon. The scale bars are I mm.
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To improve the performance of the cryomesh, we considered additional parameters for design
and modification (Table S8). Hydrophilic (contact angle < 90°) cryomesh is preferred because
it facilitates rapid nitrogen bubble release and enhanced wicking of excess CPA. Hydrophilic
mesh has a high surface energy, which allows the LN to wet the cryomesh easily®®. Thus, the
bubbles generated by boiling have a small contact area on and can easily be released during
plunge cooling. The reduced bubble wrapping increases the heat transfer between cryomesh
and LN>. When the cryomesh is wetted with CPA (after loading the biosystem with CPA on
mesh), a meniscus will form in between wires due to the surface tension forcel*?l. Hydrophilic
wires will lead to a smaller contact angle between the meniscus and the wires, which generates
a concave shape due to capillary pressurel*!l. Thus, the CPA has the potential to wet through
the mesh pore and more easily wick off. Finally, surface hydrophobicity will also impact the
adhesion rate and wash-off rate of different meshes, which is an important performance factor.
We defined the adhesion rate of the number of biosystems (e.g., embryos or larvae) attached to
the mesh after the LN plunging process / the total number of the biosystems initially loaded
onto the mesh. Wash-off rate shows the number of biosystems released from the mesh after
rewarming and unloading / the total number of biosystems attached to the mesh prior to
rewarming. A gentle pipetting can also be applied to help the biosystem release during
unloading. A high adhesion rate (> 90%) is desired to reduce the loss of the biosystem during
vitrification. Hydrophilicity will enhance the adhesion rate by generating a high surface tension
force. Meanwhile, a high wash-off rate (> 90%) ensures all the cryopreserved biosystems can
be collected after vitrification and rewarming. Adhesion and wash-off rates were measured for
coral larvae, Drosophila embryos, and Zebrafish embryos, using counts from images taken
before and after the relevant processing steps. For all the cases analyzed, adhesion and wash-

off rates were >99% (Table S8 and Figure S24).

Besides the consideration of the heat transfer performance of cryomesh, the consideration of
mechanical properties can further enhance the cryopreservation performance. As a practical
consideration, we also included information on the materials’ relative strength. A high Young’s
modulus may not be required for larger mesh wire diameters (e.g., > 50 pm) but is required for
smaller wires to avoid breaking the mesh due to loading, handling, and surface tension of CPA.
A high fracture toughness (Kic) is also beneficial to withstand potential thermal stresses that
can accumulate during rapid cooling and rewarming of the mesh 2 431, Similarly, materials

with a fracture toughness < 1 are not recommended as a practical design, such as glass.
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To improve the performance of the cryomesh, we considered additional parameters for design
and modification (Table S8). Hydrophilic (contact angle < 90°) cryomesh is preferred because
it facilitates rapid nitrogen bubble release and enhanced wicking of excess CPA. Hydrophilic
mesh has a high surface energy, which allows the LN to wet the cryomesh easily**). Thus, the
bubbles generated by boiling have a small contact area on and can easily be released during
plunge cooling. The reduced bubble wrapping increases the heat transfer between cryomesh
and LN>. When the cryomesh is wetted with CPA (after loading the biosystem with CPA on
mesh), a meniscus will form in between wires due to the surface tension force!*"). Hydrophilic
wires will lead to a smaller contact angle between the meniscus and the wires, which generates
a concave shape due to capillary pressure*!. Thus, the CPA has the potential to wet through
the mesh pore and more easily wick off. Finally, surface hydrophobicity will also impact the
adhesion rate and wash-off rate of different meshes, which is an important performance factor.
We defined the adhesion rate of the number of biosystem (e.g., embryos or larvae) attached to
the mesh after the LN> plunging process / the total number of the biosystem initially loaded
onto the mesh. Wash-off rate shows the number of biosystem released from the mesh after
rewarming and unloading / the total number of biosystem attached to the mesh prior to
rewarming. A gentle pipetting can also be applied to help the biosystem release during
unloading. A high adhesion rate (> 90%) is desired to reduce the loss of the biosystem during
vitrification. Hydrophilicity will enhance the adhesion rate by generating a high surface tension
force. Meanwhile, a high wash-off rate (> 90%) ensures all the cryopreserved biosystems can
be collected after vitrification and rewarming. Drosophila embryos were used as a model
system to test the adhesion rate and wash-off rate on stainless steel and nylon mesh (Figure
S24). The adhesion rate and wash-off rate of copper mesh were also tested with the Drosophila
embryo. As copper mesh was toxic and we will need to modify the coating, data of coated
copper mesh were not included in this manuscript. One possible coating to address copper

toxicity could be PEG (polyethylene glycol)44l,

Besides the consideration of the heat transfer performance of cryomesh, the consideration of
mechanical properties can further enhance the cryopreservation performance. As a practical
consideration, we also included information on the materials’ relative strength. A high Young’s
modulus may not be required for larger mesh wire diameters (e.g., > 50 pm) but is required for
smaller wires to avoid breaking the mesh due to loading, handling, and surface tension of CPA.
A high fracture toughness (Kic) is also beneficial to withstand potential thermal stresses that

can accumulate during rapid cooling and rewarming of the mesh[#? 431, Similarly, materials with
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a fracture toughness < 1 are not recommended as a practical design, such as glass. With the
consideration of the heat transfer performance of cryomesh, the consideration of mechanical

properties can further enhance the cryopreservation performance.

Biocompatibility of the cryomesh is another concern as some materials may lead to potential
toxicity to the biosystem. The goal of this work was to provide design principles to optimize
the heat transfer of the cryomesh and then provide proof-of-concept using model organism
systems. Thus, we used a preliminary biocompatibility assessment of different meshes based
on the morphology of the coral larvae*" and hatching for Drosophila embryol'%. We found
copper to be toxic to the coral larvae, whereas stainless steel and plastic meshes did not show
toxicity. For the Drosophila embryo, all tested cryomesh showed no toxicity to the embryo. It
should also be noted that even the toxicity observed for the copper mesh could potentially be
addressed by further surface modifications. Future studies will be needed to investigate the
biocompatibility of cryomesh materials and coatings more comprehensively with assessments

such as cytotoxicity, proliferation, and potential immune responses.

Besides the biocompatibility of cryomesh, the long-term effect of cryopreservation will be
further investigated. Previous study observed that coral larvae produced with frozen sperm are
indistinguishable from their non-cryopreserved counterparts (same genotypes, etc.) in their
development, settlement rates, and uptake of their symbionts“®l. Coral sperm frozen for up to
10 years produced coral offspring and was useful in assisted gene flow*8]. These corals are
still alive 5 years later. Cryopreserved zebrafish embryos that were laser-warmed developed
and produced normal offspring!32l. For Drosophila embryos, fertility and SNP after
cryopreservation can be retained across multiple generations. No lethal mutations were
introduced after cryopreservation or long-term LN, storagel'%. It is clear that, after
cryopreservation, fish, Drosophila, and coral, can survive and continue to thrive. Future
studies will conduct a more comprehensive analysis of the long-term effect and potential

damage of cryopreservation.
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