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3.22.1.  Sample Distance from Liquid Nitrogen Surface

Three different conveyor heights with different amounts of liquid nitrogen were tested
for cooling rates (Figure 25). For a conveyor height of approximately 21 cm from the bottom sur-
face of the reservoir box, masses of 6.8, 7.3, 7.8, 8.3, and 8.8 kg of liquid nitrogen were tested. For
a conveyor height of approximately 19 cm from the bottom surface of the reservoir box, masses
of 5.0, 6.0, and 7.0 kg of liquid nitrogen were tested. For a conveyor height of approximately 17
cm from the bottom surface of the reservoir box, masses of 3.5, 5.0, and 6.0 kg of liquid nitrogen
were tested. The conveyor was programmed to run at 0.34 mm/s, or the equivalent to one straw
cycle every 10 min.
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FIGURE 25: Illustration of testing configurations of different nitrogen amounts
(top) and different conveyor heights (bottom).

3.22.2.  Conveyor Slope
The internal sample temperatures were measured for three different slopes of the con-
veyor: 0°, 7°, and 14° (Figure 26). These slopes were obtained by using the neutral arms (sample
height of 21 cm from the bottom of the reservoir box) and using the 21 cm, 19 cm, and 17 cm arms
on the non-motor end of the conveyor where the straws are dropped into the liquid nitrogen.
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FIGURE 26: Testing configurations of different conveyor slopes.

3.22.3.  Conveyor Speed
Sample internal temperatures were measured for cooling using three different conveyor
speeds: 0.34, 0.49, and 0.68 mm/s. These speeds were determined by delay function in the Arduino
code for the motor (Appendix B). The delay values were 4150 for 0.34 mm/s, 3075 for 0.49 mm/s,
and 2000 for 0.69 mm/s.

3.2.3. Benchmark Comparison

Standard 0.5-ml French straws (IMV Technologies) were filled with 0.5 ml of Hanks’ bal-
ance salt solution. A type-k thermocouple wire (Omega Engineering, Norwalk, CT) was inserted
into the open end of the straw until the tip of the thermocouple was in the middle of the straw to
monitor the internal temperature of the sample (Bwanga, de Braganca et al. 1990). The thermo-
couple wire was wrapped around the open end of the straw to restrict movement of the
thermocouple and to prevent it from being pulled out of the straw during testing. The straw was
not sealed prior to testing.

The Micro-Digitcool (IMV Technologies, Maple Grove, MN) and Ice Cube computer-con-
trolled freezers (Sy-Lab, Neupurkersdorf, Austria) were programmed to begin sample freezing
at a chamber temperature of 4 °C. After the samples were loaded into the cooling chambers, the
freezers were programmed to cool the chambers from 4 to -80 °C at a rate of 20 °C/min. The sam-
ples would be maintained at -80 °C until the user removed the samples from the chambers.

The conveyor configuration had a slope of 0° and a sample height of 21 cm. The amount
of liquid nitrogen used to achieve the cooling rates were 6.8 kg for 5 °C/min, 8.0 kg for 20 °C/min,
and 9.0 kg for 30 °C/min. The differences between the cooling rates produced by the conveyor
and Micro-Digitcool were compared by dividing the absolute value of the difference in tempera-
tures by the time.

3.2.4. Viability Testing

Sperm (concentration = 1.67 x 10'°ml) were stripped by hand from three adult (approxi-
mately 3-6 years old, 30-36 cm long, 0.75-1.0 kg) pond-reared koi (Cyprinus carpio) and
suspended in Hanks’ balanced salt solution to make 10% diluted samples. Samples from each fish
were separated into two beakers. Dimethyl sulfoxide was added to the samples to be cooled by
the computer-controlled freezer. The equilibration time for the samples was 10 min. Thirty 0.5-
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ml French straws were filled and frozen by the freezer at a rate of 20 °C/min, with an introduction
temperature of 4°C and a final temperature of -80°C.

The samples to be cooled by the conveyor were divided into thirty 250 microliter aliquots.
At thirty second intervals, the samples were combined with DMSO and inserted into straws. After
a 10 min equilibration time, the straws were added to the conveyor. The conveyor was prepared
by assembling the cardboard and polystyrene boxes and attaching the conveyor to the inner box.
The neutral arms and corresponding gears were used. The assembly was filled with 8.25 kg of
liquid nitrogen and allowed to cool for 30 minutes. Prior to addition of cryoprotectant to sperm
samples, the liquid nitrogen was refilled to a weight of 8.25 kg. At thirty second intervals, the
samples were combined with DMSO and inserted into straws. The 0.5-ml straws were added to
the conveyor consecutively. Straws were stored in liquid nitrogen. The samples were thawed and
motility was analyzed using a Makler counting chamber (Appendix C).

3.3. RESULTS
3.3.1. Variable/Cooling Rate Determination

3.3.1.1.  Sample Distance from Liquid Nitrogen Surface
The liquid nitrogen amount and height of the conveyor produced cooling rates dependent
upon the distance from the liquid nitrogen surface (Table 2, Table 3, Table 4). Furthermore, the
height of the conveyor also affected the deviation between cooling rates of different samples. The
lower the conveyor was inside the cooling chamber, the greater the standard deviation became.

TABLE 2: Corresponding cooling rates at various liquid nitrogen amounts at a conveyor
height of 21 cm.

Liquid Nitrogen (kg) Cooling Rate (°C/min) = SD
6.8 52+0.36
7.3 9.0+0.08
7.8 18.7£0.22
8.3 223+1.18
8.8 27.5+1.40
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TABLE 3: Corresponding cooling rates at various liquid nitrogen amounts at a conveyor
height of 19 cm.

Liquid Nitrogen (kg) Cooling Rate (°C/min) = SD
3.5 6.8 £1.67
5 17.4 + 0.67
6 31.8 £3.99

TABLE 4: Corresponding cooling rates at various liquid nitrogen amounts at a conveyor
height of 17 cm.

Liquid Nitrogen (kg) Cooling Rate (°C/min) = SD
5 8.6 +1.05
6 14.1+1.03
7 33.5+1.71

3.3.1.2.  Conveyor Slope
The different slopes of the conveyor (0, 7, 24 degrees) produced different freezing rates
(Figure 27). For the same variables, a flat conveyor produced a cooling rate of 9 °C/min, a con-
veyor with a slope of 7 degrees produced a cooling rate of 13 °C/min, and a conveyor with a slope
of 24 degrees produced a cooling rate of 15 °C/min.
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3.3.1.3.  Motor Speed
As the speed of the conveyor increased, the cooling rate did not show any significant
changes. The plunge temperatures of the straws increased as the speed was increased (Figure 28).
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FIGURE 27: Comparison of average cooling curves of samples when cooled at different
conveyor slopes.
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FIGURE 28: Comparison of cooling curves of samples when frozen at different conveyor
speeds. The arrows denote the plunge point of the sample.
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3.3.2. Benchmark Comparison

The conveyor displays cooling curves that were consistent with those of the CCF. Most
notably, the cooling curves of the conveyor and the CCF were most similar at higher (20 and
30 °C/min) cooling rates (Figure 29). Measured sample cooling rates of the computer-controlled
freezer were: 4.7, 19.3, and 32.8 °C/min for the Micro-Digitcool freezer and 16.9 °C/min for the Sy-
Lab freezer. The cooling rates of the conveyor were 32.4, 19.4, and 8.6 °C/min when compared to
the Micro-Digitcool and 20.0 °C/min when compared to the Sy-Lab freezer (Figure 36). The aver-
age differences between the curves for the Micro-Digitcool and the conveyor were 2.28 °C/s for
5 °C/min, 1.93 °C/s for 20 °C/min, and 2.09 °C/s for 30 °C/min.

Temperature (°C)

70 0 2 4 6 8 10
Time (s)
— - =Digitcool 30 °C/min Conveyor 30 °C/min — - = Digitcool 20 °C/min ===-=- SYLAB 20 °C/min
Conveyor 20 °C/min Digitcool 5 °C/min Conveyor 5 °C/min

FIGURE 29: Internal sample temperature during cooling using the IMV Micro-Digitcool, Sy-Lab
Ice Cube, and the cryopreservation conveyor.
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3.3.3. Viability Testing
Motility analysis performed after thawing for the sperm frozen by the computer-controlled

freezer and conveyor (Figure 30) shows the motility results of the sperm frozen by the conveyor,
with straws at the beginning (1-10), middle (11-20), and end (21-30) of the experiment separated
into groups (Figure 31). There was no significant difference (koi fish 1, p=.60427; koi fish 2,
p=.08023; koi fish 3, p=.05866) between the motility of the samples frozen by the conveyor and the
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FIGURE 30: Motility of koi sperm frozen by the computer-controlled freezer
(dark bars) and the conveyor (light bars). There was no statistical significance between

the two freezing methods.
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FIGURE 31: Motility of koi sperm frozen by the conveyor.
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computer-controlled freezer. The average motility of the samples of the beginning, middle, and
end of the freezing process did not show significant differences.

3.4. DISCUSSION

In the present work, the conveyor device was analyzed for four parameters: reliability, cus-
tomizability, cooling profiles versus a computer-controlled freezer, and viability of koi sperm
frozen in the conveyor. The cooling curves produced using the conveyor were consistent for each
parameter, with deviation remaining below 5 °C/min. However, the precision of the cooling rate
was highest between rates of 10 and 30 °C/min. The cooling rates near the limits of the conveyor’s
capabilities, 5 and 40 °C/min, are not suggested for use, due to the high variability and incon-
sistency of freezing rates at these temperatures; instead, cooling rates between 10 and 35 °C/min
are recommended. Conditions required to reach a cooling rate of -40 °C/min require the stepper
motor to be partially submerged in liquid nitrogen, which can lead to mechanical failure and
eventual deterioration of the motor. Additionally, each customization variable provided a differ-
ent freezing curve, which enables users to create distinct cooling profiles. The results of the
motility analysis indicate that the cooling rates over the course of a 30-min freezing do not decline
enough to affect post-thaw sample viability.

3.4.1. Variable/Cooling Rate Determination

Control of the cooling rates of sperm, particularly in relation to equilibrium cooling, has
been regarded as important to the survival and retention of motility of samples. Computer-con-
trolled freezers have more precise control of the rate of freezing when compared to floating straw
protocols, due the computer-controlled freezer feedback and control mechanisms. Floating-straw
methods often produce less motile thawed cells (Oliveira, Duarte et al. 2015) which may be caused
by temperature fluctuations due to changing liquid nitrogen levels. Previous portable devices
addressed this need by either providing feedback during freezing (Medrano, Anderson et al.
2002) or by ensuring consistent freezing conditions within the cooling chamber. However, these
devices address batch freezing and do not efficiently process single samples. Portable freezers,
which require less liquid nitrogen than computer-controlled freezers to operate, and thus make
them the current efficient option for single-sample freezing, have been shown to produce une-
venly cooled samples with inferior motility due to the evaporation of liquid nitrogen from the
storage reservoir (McLaughlin, Ford et al. 1990, Oliveira, Duarte et al. 2015).

The device is designed to enable the user to change the freezing process to accommodate
different species and experimental practices. The conveyor height, motor speed, liquid nitrogen
height, and slope of the conveyor can all be adjusted to produce different freezing results. The
height of the conveyor and amount of liquid nitrogen change the temperature field around the
conveyor. Moving the conveyor towards the bottom of the internal polystyrene box can change
the amount of liquid nitrogen needed to achieve a certain cooling rate. The height of the conveyor
also determines how concentrated the nitrogen vapor is in the vicinity of the sample; the evapo-
rated nitrogen is colder and heavier than air and so will settle inside the small polystyrene box.
The larger polystyrene box allows the nitrogen vapor to disperse across a larger area, and so the
temperature field available within the larger box is much warmer than those temperatures avail-
able within the smaller box. Addition of liquid nitrogen decreases the distance between the straw
and liquid nitrogen surface, which lowers the temperature field around the conveyor. Users can
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utilize this to be able to freeze in a greater range of temperatures. If the distance between the
straw and the liquid nitrogen is reduced during transit of the sample within the cooling chamber,
the cooling rate of the sample can be increased mid-cycle. The slope of the conveyor enables the
sample to move through multiple temperature fields during transit and therefore expose it to
different freezing rates. The speed of the motor effects the plunge temperature of the sample. If
the conveyor speed is increased, users can plunge at a higher temperature. This is useful in com-
bination with changing the liquid nitrogen level or the slope of the conveyor. For example, a
higher liquid nitrogen level will increase the freezing rate. If the conveyor speed is increased also,
the straw can be plunged at a higher temperature than otherwise allowed. Each of these custom-
ization options allow the user to tailor the freezing protocol to each experiment.

3.4.2. Benchmark Comparison

Mechanical freezers, particularly computer-controlled freezers, are favored for cryopres-
ervation due to their high-reproducibility of cooling rates and temperature feedback and display
(Babiak, Fraser et al. 1999). Recent developments of inexpensive cryopreservation devices, such
as the LSUAC Positional Cooling Platform Device and the cryopreservation elevator have pro-
posed different methods of increasing cooling rate precision. The PCPD uses the geometry of the
cooling chamber and sample platforms to achieve reproducible cooling rates, while the elevator
uses the thermocouple feedback to control the cooling of the sample.

The cryopreservation conveyor produces cooling curves consistent with those of
the computer-controlled freezer at 5, 20, and 30 °C/min. Although the chamber temperature of
the computer controlled freezer is normally displayed as a linear curve, due to the ability of the
freezer to precisely control the chamber temperature using the thermocouple feedback, the actual
cooling rates of the samples are not linear. Because the cooling curves of the conveyor are similar
to those of the computer-controlled freezer, the conveyor most likely will produce comparably
viable cells when the cryopreservation variables are kept the same. This assumption was sup-
ported by the results of the viability testing.

3.4.3. Viability Testing

The cells cooled by the conveyor showed approximately the same post-thaw motility of
those cooled by the computer-controlled freezer. This would indicate that the cooling rate or the
effectiveness of the system does not change as samples are added and the conveyor produces
consistent results. Furthermore, the motility of the samples cooled by the freezer did not decrease
as more samples were added; the motility of the samples at the beginning of the experiment were
not significantly different to those at the end of the experiment. Future temperature collection of
the cooling chamber during sample addition could be used to determine the proper range of op-
erating time and when the user would need to add more liquid nitrogen to prevent a change of
cooling rates.

3.5. CONCLUSION
Standardization is key to developing and adopting optimized cryopreservation protocols.
Reducing user error, providing detailed feedback, and the dissemination of cryopreservation data
can accelerate the process of collecting and comparing relevant freezing information. To enhance
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and develop the capabilities of the cryopreservation conveyor, it is essential to continue to mech-
anize and increase its operation potential. Implementing an electronic feedback and control
system, using thermocouple wires to measure internal temperatures and infrared break beam
sensors to assess straw count, in combination with a display screen and continuous data acquisi-
tion, could enable the conveyor to operate more similarly to a computer-controlled freezer.
Furthermore, mechanizing the loading device and creating a straw hopper capable of timing sam-
ple input would remove user error from the tedious monitoring of equilibrium time and manual
addition of straws into the device. Although the conveyor was created using only PLA, the full
potential of 3-D printing filaments has not been determined. Additional characterization of the
strength, brittleness, and deformation of PLA objects subjected to liquid nitrogen may allow the
optimization and creation of new cryogenic devices that can be customized and fabricated by
individual laboratories and repositories. In summary, the cryopreservation conveyor can achieve
continuous processing of samples while maintaining consistent freezing rates and providing cus-
tomizable parameters to users. This device represents an initial attempt to improve
reproducibility and standardization of cryopreservation protocols, particularly in setting where
computer-controlled freezers are not available or appropriate.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK
4.1. CONCLUSIONS

4.1.1. Future Directions

Cryopreservation studies can only benefit from the standardization of collecting and re-
porting freezing data and access to consistent freezing equipment. The cryopreservation
conveyor addresses the needs of those who require the successive freezing of samples, but does
not provide feedback to the user. Continued improvement of the conveyor should address data
collection, areas of user error, and additional customization options. The standardization and
creation of inexpensive products for other parts of the cryopreservation process, including CPA
loading, thawing, and motility analysis, can provide higher quality data and form a more com-
plete picture of which methods result in preserved cells of higher quality. The combination of
these products and the cryopreservation conveyor would enable smaller laboratories and repos-
itories to reliably collect and report freezing data.

4.1.2. Device Goals and Proposed Research

Standardization of freezing protocol is key to optimizing successful cryopreservation of
different species. User error can occur when non-feedback systems are used, as a change in the
system usually cannot be detected by the user until the sample has already been frozen and
thawed. Portable systems, which are the most rudimentary of cryopreservation devices, are the
most prone to temperature fluctuations and user error. The continuous-mode cryopreservation
conveyor is designed to standardize portable small-sample freezing and reduce user error; how-
ever, the system could be improved to reduce the possibility of unsuccessful freezing or device
tailure. The loading mechanism, which relies on the timing and ability of the user to quickly and
effectively insert straws at regular intervals, is the most likely point of failure for the conveyor
device. Mechanizing the loader would remove the need for the user to monitor the input of
straws. Adding feedback equipment, such as temperature sensors to the device would also enable
the user to better monitor internal temperatures and straw progression along the conveyor.

41.21.  Electronic feedback and monitoring

Feedback and control is useful in monitoring system variables and recording data output
for analysis and storage. Most commercial freezers utilize thermocouple feedback that is dis-
played in real-time graphic user interfaces (GUIs) so that in the event of system failure or
insufficient or inconsistent temperature fields within the cooling chamber, the user can cancel
cooling or attempt to alter the freezing protocol. In preliminary studies conducted by an under-
graduate research team, several sensors controlled by an Arduino microcontroller were
successful in capturing and storing data in a cryogenic environment. This system recorded straw
numbers, measured the temperature of the cooling chamber, and counted the number of straws
that fell off of the conveyor. The data recorded was displayed on a digital LCD screen and stored
in a memory chip which could be uploaded to a computer. Implementation of this system could
greatly improve the user’s ability to monitor the freezing process and share freezing data.

Standardization does not only benefit individual laboratories or repositories, but can al-
low the comparison of protocols to analyze results from changes in freezing variables.
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Compilation of and the electronic sharing of freezing data could promote discussion and stand-
ardization of variables such as cooling rates, plunge temperatures, and equilibrium times that
have not always been included in research reports.

4.1.2.2. Automated Straw Loader

Although
the straw loading
mechanism on the

Straw Hopper

conveyor pro-
vides a relatively
reliable means of
inserting  straws
without the need
for opening the
cooling chamber,
and thus intro-

Door

ducing external Loading

thermal energy to
the system, the
user still must

Mechanism
Conveyor

monitor the
amount of time
the straws need to
reach the proper

equilibrium time
(time of cryopro-
tectant  uptake)
and insert the
straw correctly. By introducing a straw hopper that would hold the straws during equilibrium
time and mechanically load them onto the conveyor, the possible user error would be removed.
Therefore, an automated straw loader is proposed (Figure 32). The loader would consist of a cy-
lindrical straw hopper that is driven by a single stepper motor. The straws processed by the
hopper would be deposited on a ramp that is attached to the box. A spring-loaded door would
keep the entrance to the cooling chamber closed until the straw would be pushed through via a
loading piston. After the straw would enter the cooling chamber and be deposited on the con-
veyor belt, the spring door would automatically close until the next straw was inserted. This
device could be constructed using only 3-D printed components and a stepper motor.

FIGURE 32: Proposed design of an automated straw loader.

34



4.1.2.3. Cryogenic Elasticity
Fused deposition fabrication is a relatively new field, and so the full applications of 3-D
printed parts and materials have not yet been identified. Recently, PLA has been identified as a
suitable plastic for use in cryogenic applications due to its apparent durability in the presence of
liquid nitrogen (Tiersch and Monroe 2016). Polylactic acid also undergoes less temperature de-
formation, commonly noted after printing, than ABS. The lower glass transition temperature of
PLA slower cooling rate allows the layers of the print to have greater layer adhesion, which re-
sults in a less porous surface than a part printed with ABS. It is hypothesized that temperature-
induced stresses therefore affect the structural integrity of
PLA objects less so than those of ABS. The exact difference
between these materials has not been documented in regards
to cryogenic efficiency, and so a comparison of the strengths
of PLA and ABSisneeded to further investigate their abilities
in cryopreservation applications.

Further research is proposed using stress/strain anal- 3.6 cm

ysis on parts printed from PLA and subjected to liquid
nitrogen during testing. Plastic springs, designed using Au-
todesk Inventor 2016, could be used in a tension experiment
using an Instron (5960 Dual Column Tabletop) Testing Sys-
tem (Figure 33). Previously, 3-D printed objects were tested
in a cryogenic environment through the use of hollow wire,
tilled with liquid nitrogen, wrapped around the printed part

during stress analysis. However, this setup is not feasible for

testing which requires thorough submersion in liquid nitro-

gen. A vessel is proposed that can be attached to standard  pFIGURE 33: PLA spring for
Instron tension equipment that can simultaneously hold the  gregs/strain analysis under
springs and contain liquid nitrogen at the same time so as to liquid nitrogen.

not damage the instrumentation (Fig. 34).
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