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TECHNICAL NOTE 

Standardized Assessment of Thin-film Vitrification for 
Aquatic Species 
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St. Michael the Archangel High School, 17521 Monitor Avenue, Baton Rouge, Louisiana 70817, USA 

Terrence R. Tiersch* 
Aquatic Germplasm and Genetic Resources Center, School of Renewable Natural Resources, Louisiana 
State University Agricultural Center, 2288 Gourrier Avenue, Baton Rouge, Louisiana 70820, USA 

Abstract 
Ultrarapid cooling under the appropriate conditions will pro-

duce vitrification, a glass-like state used to cryopreserve small 
sample volumes, but there are a number of major technical 
drawbacks impeding the application of vitrification to germplasm 
of aquatic species. These include a lack of suitable devices, and 
poor reproducibility and comparability among studies due to a 
lack of standardization. We used 3-D printing to produce a view-
ing pedestal coupled with a classification system to rapidly assess 
frozen film quality of vitrification loops. Classification time 
declined with practice from 2.1 ± 0.3 sec (mean ± SD) to 1.5 ± 
0.2 sec (after 200 assessments), and assessments were consistently 
made in < 2.5 sec. Classifications should be reported with repre-
sentative images allowing harmonization for quality control. This 
approach permits rapid classification and can be applied for the 
development of methods including the evaluation of vitrification 
solution components, concentrations of solutions and target cells, 
and configurations and volumes of new devices. Future studies 
should address the custom fabrication of 3-D printed vitrification 
devices for use with aquatic species and other applications. 

Vitrification has become increasingly viewed as an alter-
native to conventional cryopreservation for sperm of aquatic 
organisms and has been studied in at least 11 species of 
freshwater and marine fish (Kása et al. 2017). Based on ultra-
rapid cooling of small volumes, vitrification forms amorphous 
ice known as glass, which circumvents most of the problems 
associated with cell damage caused by ice crystal formation 
(Yavin and Arav 2007). The small volumes involved (2–30 µl) 

limit utility in applications with large-bodied fishes that can 
produce thousands of eggs but becomes an advantage when 
working with small-bodied fishes that can produce 10–100 
eggs per female or with males that produce minuscule sperm 
volumes, such as in sex-reversed Southern Flounder 
Paralichthys lethostigma (Hu et al. 2016). Small fishes include 
ornamental aquarium species and important biomedical mod-
els, such as Japanese Medaka Oryzias latipes, Xiphophorus 
spp., and Zebrafish Danio rerio (Yang and Tiersch 2009). 
Small fishes are also disproportionately observed on lists of 
imperiled species and are in need of germplasm repositories 
for conservation (Cuevas-Uribe et al. 2011a, 2011b). In addi-
tion, vitrification does not require specialized equipment and 
can be done in remote locations, such as in the field where 
endangered fishes occur in the wild. Vitrification is also 
viewed as a viable method to address cryopreservation of 
eggs and embryos of aquatic species, which is not possible 
at this time through conventional cryopreservation (Hagedorn 
et al. 2002). 

However, there are a number of major technical drawbacks 
impeding the application of vitrification to fish and shellfish. 
First is the lack of devices specifically designed for use with 
aquatic species, forcing researchers to experiment with 
devices designed for other uses, such as vitrification of 
human embryos (Kása et al. 2017). Other options are to use 
devices not designed for vitrification, such as microbiology 
inoculation loops (Kuwayama 2007; Cuevas-Uribe et al. 
2011b). In addition, there are a large number of technical 
variables that are not standardized in this research, making it 
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problematic or impossible to directly compare vitrification 
results among studies. Novel fabrication technologies such as 
3-D printing offer the potential to design vitrification devices 
for aquatic species, thereby addressing the first problem but 
potentially compounding the second problem, the lack of 
standardization. 

For that reason, our approach was to combine a new 
device with appropriate practices. Our goal was to design 
a method for rapid assessment of vitrification by classifica-
tion of the clarity of frozen thin films suitable for use in 
studies with aquatic species. To do this, we used 3-D print-
ing to fabricate a device that can be used to process vitri-
fication loops and provide rapid classification of vitrification 
status. This device was a viewing pedestal with parallel 
reference lines coupled with a practical classification sys-
tem. Our objectives were to (1) design and prototype by 3-
D printing a working pedestal for classifying thin-film 
clarity, (2) establish categorization criteria as a procedure, 
and (3) test and optimize the device and procedure for 
efficiency, including time for use. This approach can be 
applied for the development of new methods, including 
the evaluation of vitrification solution components (Yavin 
and Arav 2007), concentrations of solution ingredients and 
target cells, and configurations and volumes of new devices 
such as 3-D printed loops (Tiersch and Monroe 2016). 

METHODS 
Designing and printing.—Computer-aided drafting (CAD) 

software (Autodesk Inventor Professional 2016, student 
edition; San Rafael, California) was used to create a 3-D 
design of the assessment pedestal (Figure 1). Multiple 
designs were exported from the CAD software as 
stereolithography files and opened into the MakerBot 
printing application. The pedestal was printed with a 
MakerBot 3-D printer (Replicator2, New York) using 
polylactic acid thermoplastic filament (MakerBot Industries, 
One MetroTech Center, New York). The polylactic acid 
filament was fed through the printer head, heated to a molten 
state (200°C), and extruded to harden in 0.2-mm layers on a 
modeling plate (Bartolomé et al. 2017). Our design criteria 
were (1) a raised pedestal for support, (2) proper positioning 
for quick alignment on the device, (3) rapid classification of 
samples, (4) straightforward but relevant classification 
categories, and (5) the ability to provide standardization 
among user groups. 

Initial prototyping focused on a variety of pedestal designs 
before we selected an 83-mm-tall pedestal with a round base 
(62 mm in diameter). The top of the pedestal was produced 
at a 65° angle with a 5-mm central groove that was used to 
rapidly orient the axis of the vitrification device (basically a 
long handle with a small loop at one end) for viewing 
(Figure 1). When positioned, the terminal loops containing 
frozen films could be viewed in relation to three 

perpendicular horizontal reference lines positioned along a 
viewing panel. The three reference lines were 2-dimension-
ally printed parallel to one another (Georgia font, bold, 8 
point) onto a sheet of standard white computer paper (X-9 
multipurpose paper, 75 g/m2; Boise Paper, Boise, Idaho). The 
reference lines were spaced 1.5 mm apart to accommodate 
for vitrification loop length. The paper was cut to produce a 
30-mm × 22-mm rectangle that was attached to the top of the 
pedestal with rubber cement (to allow replacement after 
repeated use). The viewing panel was recessed below the 
positioning groove and also angled at 65° to assist with the 
alignment of samples and avoid repetitive motion problems 
(OSHA 2011). 

Initial testing of classifications and inoculation loops.—The 
classification system was developed to provide categories that 
covered the range of possible results for frozen samples. The 
vitrification devices used to develop the classifications 
(Figure 2) were 10-µl polystyrene microbiological inoculation 
loops (Nunc, Roskilde, Denmark). These vitrification devices 
were used in previous studies of vitrification of fish sperm 
(Cuevas-Uribe et al. 2011a). The loops were dipped into 
vitrification solution and plunged into liquid nitrogen for 
cooling and storage (1–24 h). The inoculation loops were 
removed from the liquid nitrogen and immediately positioned 
on the pedestal for quality assessment. The viewing panel was 
recessed 7 mm lower and parallel to the positioning grove so 
the frozen samples themselves were not in contact with the 
pedestal. To develop a full range of constraints to test the 
classifications (described below), several solutions were 
initially used: deionized water (typically producing category 0, 
fractured films, or film failures), 50% deionized water plus 50% 
glycerol (typically category 1), and 100% glycerol (category 2). 

Categories were defined to determine vitrification quality, 
with classifications according to the clarity of frozen films 
(Figure 2). The degree of clarity was estimated by viewing 
the parallel horizontal lines on the pedestal through the films. 
Three categories of clarity received a classification number, 
labeled as category 0 (opaque or abundant crystalline ice 
formation), category 1 (translucent or partial vitrification), or 
category 2 (transparent, substantial vitrification, or glass). 
Other documented categories were cases of fractured films or 
film failures. Fractured films disabled the ability to properly 
assign a vitrification classification and presented opaque 
cracks, although partial vitrification sometimes occurred in 
translucent portions between cracks. Failures occurred when 
films were unable to remain intact during the freezing process. 

Evaluation of pedestal and classification system.—Hanks’ 
balanced salt solution was used as an extender component at 
an osmolality of 300 mOsmol/kg (0.137 M NaCl, 5.4 mM 
KCl, 1.3 mM CaCl2, 1.0 mM MgSO4, 0.25 mM Na2HPO4, 
0.44 mM KH2PO4, 4.2 mM NaHCO3, and 5.55 mM glucose; 
pH 7.2). This salt solution is commonly used for fish sperm 
cryopreservation and has been used in previous vitrification 
studies. It was used to prepare a vitrification solution (20% 
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TECHNICAL NOTE 

FIGURE 1. Schematic diagram of the viewing pedestal dimensions (mm). The upper left picture shows the actual device after use for 250 assessments. 

1,2-propanediol + 20% 2-methoxyethanol + 20% Hanks’ 
balanced salt solution + 40% methanol), which was used in 
prior research with fish sperm (Cuevas-Uribe et al. 2011a), to 
test the utility of the assessment system. Two people (assessor 
and recorder) were used to conduct experimentation. Six 
batches of 36 loaded devices were submerged individually 
into liquid nitrogen, where they were held for at least 1 h. 

Assessments were made as the recorder started a timer 
when the assessor said “start,” which signified the removal 
of a vitrification device from liquid nitrogen. The assessor 
placed the device on the pedestal and voiced a 

classification. The recorder immediately stopped the timer 
and documented the time of assessment and the classifica-
tion. The time between when the assessor removed a device 
from liquid nitrogen until voicing the classification was the 
documented time of assessment. Samples were assessed in a 
walk-in refrigerated room, which remained at 4.5–7.2°C 
with 65–70% relative humidity. Vitrification solutions typi-
cally comprise chemicals that thaw rapidly (Yavin and Arav 
2007); therefore, methods used to classify the quality of 
vitrified films must be performed rapidly. A maximum 
time for assessment was set at ≤ 2.5 sec. This requirement 
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Zero (crystalline) One (partial) Two (vitrified) 

Fractured Film failure No sample 

FIGURE 2. Viewing pedestals with representative images of different films in the loops to demonstrate the assessment classifications. The external diameter of 
the loops is 6.5 mm. 

was assigned as the target maximum assessment time, RESULTS 
which was considered to be sufficient to ensure that classi- Rapid throughput is essential to efficiently classify large 
fications were assigned before the films began to thaw. The quantities of samples. The overall throughput increased 
implementation of a target maximum assessment time throughout experimentation which consisted of six batches, 
allowed total assessment time per batch to be more consis- each comprised of 36 samples. Total handling times for the 
tent than using a total handling time. separate batches varied throughout testing due to the absence 

Data were analyzed using a general linear model (GLM of a time requirement for this. Individual assessment times 
procedure; SAS 9.4), with Tukey’s honestly significant differ- were averaged for each batch and the value declined 0.7 sec 
ence test used for differences in assessment times. The level of throughout experimentation; however, individual assessment 
significance was set for values of P ˂ 0.05. times deviated by 0.2–0.3 sec/sample (Table 1). Actual 
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TABLE 1. The mean ± SD assessment time required per sample was calculated for each batch (made up of 36 samples). The total time (recorded for each batch) 
consisted of the combined time required to assess and handle the samples; assessment and handling were calculated as the actual times and the percentages of 
the total times. Mean ± SD assessment times sharing a letter were not significantly different. A maximum target time was set for assessments (≤2.5 sec/sample) 
but not for handling time. 

Minutes required (% of total time) 

Mean ± SD assessment 
Batch number time per sample (sec) Total time (min) Assessment Handling 

1 2.1 ± 0.3 z 32 20 (63) 12 (37) 
2 1.9 ± 0.2 y 17 11 (65) 6 (35) 
3 1.9 ± 0.2 y 25 14 (56) 11 (44) 
4 1.8 ± 0.2 y 20 11 (55) 9 (45) 
5 1.4 ± 0.2 x 24 11 (46) 13 (54) 
6 1.5 ± 0.2 x 20 14 (70) 6 (30) 

assessment times declined steadily with experience (Figure 3), 
as the time to assess individual samples dropped 1.35 sec with 
experience from the longest to the shortest assessment times 
(P < 0.001; Table 1). 

DISCUSSION 
Although two people were used to develop and evaluate 

our classification system, a single person would be adequate to 
assign classifications in routine applications. Standardized 
approaches to classification could employ the use of captured 
videos or images to document visual records of frozen films 
that could be examined after experimentation, thus providing 
an accurate archive of classifications and corresponding 

assessment times. Regardless of the method used for assess-
ment, experience with the assessment device is essential to 
reliably work within a desired time frame. To optimize use, 
assessors should gain experience prior to using the device for 
conducting experimentation. 

The 3-D printed pedestal we describe is a visual method of 
classification. Categories of frozen film classifications are subjec-
tive when measured visually. Variables such as device design, 
frozen film quality, sample clarity, and solution thaw rates cur-
rently prevent the establishment of a universal classification sys-
tem. This impedes research and makes comparisons across studies 
problematic or misleading. Therefore, as a standardized approach 
to assist with the communication of results, users should define 
classifications with representative pictures in publications 
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Learning Curve 

Number of Assessed Samples 

FIGURE 3. The time required to individually assess samples (in sec) declined throughout experimentation, representing a learning curve. Three assessments 
exceeded the target maximum assessment time of 2.5 sec, all of which were recorded within the initial 50 samples. Film failures (16) were excluded from the 
200 assessment times shown (there were a total of 216 assessments). 
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allowing harmonization of results for quality control (Torres et al. 
2016). In addition, groups using aquatic species (such as biome-
dical researchers or conservation biologists) should address ques-
tions of standardization as communities rather than as individual 
research groups, as is done currently (Tiersch 2011). The applica-
tion of 3-D printing technology permits the rapid visual classifica-
tion of vitrification quality within loops. Future studies should 
address the fabrication of 3-D printed vitrification devices to 
specifically customize them for use with aquatic species and in 
other applications. The use of 3-D printing with polylactic acid 
filament is especially suitable for prototyping and fabrication of 
devices intended for cryogenic applications (Tiersch and Monroe 
2016) and offers tremendous opportunity to improve protocols and 
to assist in the development of community-based standards due to 
the increasingly widespread ability to 3-D print design files that are 
shared over the internet (Hu et al. 2017). 

ACKNOWLEDGMENTS 
This work was supported in part by funding from the National 

Institutes of Health, Office of Research Infrastructure Programs 
(R24-RR023998 and R24-OD011120), with additional support 
provided by the National Institute of Food and Agriculture, 
United States Department of Agriculture (Hatch project 
LAB94231). This report was approved for publication by the 
Director of the Louisiana Agricultural Experiment Station as 
number 2017-241-30986. We thank J. Jenkins, C. Tiersch, W. 
Childress, and M. Sigler for technical assistance and review. 

REFERENCES 
Bartolomé, E., B. Bozzo, P. Sevilla, O. Martínez-Pasarell, T. Puig, and X. 

Granados. 2017. ABS 3D printed solutions for cryogenic applications. 
Cryogenics 82:30–37. 

Cuevas-Uribe, R., S. Leibo, J. Daly, and T. R. Tiersch. 2011a. Production of 
Channel Catfish with sperm cryopreserved by rapid non-equilibrium cool-
ing. Cryobiology 63:186–197. 

Cuevas-Uribe, R., H. Yang, J. Daly, M. G. Savage, R. B. Walter, and T. R. 
Tiersch. 2011b. Production of F1 offspring with vitrified sperm from a 

live-bearing fish, the Green Swordtail Xiphophorus hellerii. Zebrafish 
8:167–179. 

Hagedorn, M., S. L. Lance, D. M. Fonseca, F. W. Kleinhans, D. Artimov, R. 
Fleischer, A. T. M. S. Hoque, M. B. Hamilton, and B. S. Pukazhenthi. 
2002. Altering fish embryos with aquaporin-3: an essential step toward 
successful cryopreservation 1. Biology of Reproduction 67:961–966. 

Hu, E., W. Childress, and T. R. Tiersch. 2017. 3-D printing provides a novel 
approach for standardization and reproducibility of freezing devices. 
Cryobiology 76:34–40. 

Hu, E., R. Cuevas-Uribe, H. Yang, R. Sanderson, A. O. Gill, H. Daniels, and 
T. R. Tiersch. 2016. High-throughput cryopreservation of sperm from sex-
reversed Southern Flounder, Paralichthys lethostigma. Journal of World 
Aquaculture Society 47:555–565. 

Kása, E., G. Bernáth, T. Kollár, D. Żarski, J. Lujić, Z. Marinović, Z. Bokor, A. 
Hegyi, B. Urbányi, M. C. Vílchez, M. Morini, D. S. Peñaranda, L. Pérez, 
J. F. Asturiano, and A. Horváth. 2017. Development of sperm vitrification 
protocols for freshwater fish (Eurasian Perch, Perca fluviatilis) and marine 
fish (European Eel, Anguilla anguilla). General and Comparative 
Endocrinology 245:102–107. 

Kuwayama, M. 2007. Highly efficient vitrification for cryopreservation of 
human oocytes and embryos: the Cryotop method. Theriogenology 
67:73–80. 

OSHA (Occupational Safety and Health Administration). 2011. 
Laboratory safety ergonomics for the prevention of musculoskeletal 
disorders. OSHA Fact Sheet 3462. Available: https://www.osha.gov/ 
Publications/laboratory/OSHAfactsheet-laboratory-safety-ergonomics. 
pdf. (February 2017). 

Tiersch, T. R. 2011. Process pathways for cryopreservation research, applica-
tion and commercialization. Pages 646–671 in T. R. Tiersch and C. C. 
Green, editors. Cryopreservation in aquatic species, 2nd edition. World 
Aquaculture Society, Baton Rouge, Louisiana. 

Tiersch, T. R., and W. T. Monroe. 2016. Three-dimensional printing with 
polylactic acid (PLA) thermoplastic offers new opportunities for cryobiol-
ogy. Cryobiology 73:396–398. 

Torres, L., E. Hu, and T. R. Tiersch. 2016. Cryopreservation in fish: 
current status and pathways to quality assurance and quality control 
in repository development. Reproduction Fertility and Development 
28:1105–1115. 

Yang, H., and T. R. Tiersch. 2009. Current status of sperm cryopreservation in 
biomedical research fish models: zebrafish, medaka, and Xiphophorus. 
Comparative Biochemistry and Physiology Part C: Toxicology and 
Pharmacology 149:224–232. 

Yavin, S., and A. Arav. 2007. Measurement of essential physical properties of 
vitrification solutions. Theriogenology 67:81–89. 

https://www.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-ergonomics.pdf
https://www.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-ergonomics.pdf
https://www.osha.gov/Publications/laboratory/OSHAfactsheet-laboratory-safety-ergonomics.pdf

	Abstract
	METHODS
	Designing and printing
	Initial testing of classifications and inoculation loops
	Evaluation of pedestal and classification system

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	References

