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ABSTRACT 39 

 40 

Vitrification and ultra-rapid laser warming technique is an important approach for 41 

cryopreservation of animal embryos and oocytes, as well as other cells with medicinal, genetic, 42 

and agricultural value. We believe that the long term cryo-storage after vitrification and for the 43 

following laser warming has only been achieved to date using our customized device which was 44 

first attempted to be developed in our study. In the present study, we focused on developing 45 

alignment and bonding techniques for special cryo-jig which were assembling jig tool and jig 46 

holder in one piece. This newly produced customized cryo-jig was demonstrated to have 47 

significantly high laser striking accuracy of 95% and a successful rewarming rate of 62%. This study 48 

was experimentally demonstrate an refined novel device for improvement of laser striking 49 

accuracy after long term cryo-storage using vitrification and laser warming technique. In addition, 50 

the customized device described herein was successfully applied to a biological sample with over 51 

a thousand coral larvae in long term cryo-storage (The first cryo-repository for coral larvae; the 52 

results related to coral cryobanking and repositry described in this preprint will be published 53 

separately in details). We anticipate that our core findings will provide further examples of 54 

cryobanking applications that use vitrification and nano-laser warming to help a wide range of 55 

cells and tissues from diverse species. 56 

 57 
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INTRODUCTION 62 

 63 

Cryopreservation is widely utilized for long-term storage, despite the fact that freeze-thawing 64 

methods can severely decrease gamete function. The cryopreservation technique is defined by 65 

the balance between freezing rate and the need to accomplish regulated cellular dehydration and 66 

minimum intracellular ice formation (Leibo et al., 1981). Over the last few decades, 67 

cryopreservation techniques have become a well-established approach of preserving cells and 68 

tissues. This advancement has had a substantial influence on a variety of fields, including humans 69 

(Parmegiani et al., 2011), cows (Hwang and Hochi, 2014) and mice (Jin and Mazur, 2015). It is 70 

clear that cryopreservation of mammalian embryos and oocytes can currently be carried out by 71 

slow cooling or vitrification. While there are significant differences between these two 72 

cryopreservation methods, both require control and optimization of conditions during each stage 73 

of the procedure. In addition, cryopreservation of gametes, embryos, and embryonic cells has 74 

become a tremendous value in aquatic biotechnologies, which become a successful approach for 75 

propagating economically important species, protect endangered species, and maintain genetic 76 

diversity (Tsai and Lin, 2012). To date, the spermatozoa of more than 300 species of fish have 77 

been cryopreserved; however, research on the cryopreservation of fish oocytes and embryos 78 

remains challenging and is still in its initial stages. 79 

 80 

During the past decade, vitrification has been acknowledged as a safe and promising alternative 81 

to conventional slow-rate freezing (Tsai et al., 2015). Vitrification can supercool biomaterials from 82 

vertebrate and invertebrate at ultra-fast cooling rate to avoid ice crystal formation by using high 83 
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concentrations of cryoprotectant as one of ways and rapid cooling rates to transition directly from 84 

a solution to a clear, noncrystalline, and solid-state resembling glass (Tsai et al., 2015, 2016). In 85 

recent years, another encouraging approach for cryopreservation of germplasms of vertebrate 86 

species is the development of laser-warming with gold nanoparticles techniques to effectively 87 

reanimate vitrified zebrafish embryos (Khosla et al., 2017), and mouse oocytes/embryos (Jin et 88 

al., 2014; Jin and Mazur, 2015) that were able to resume lives after vitrification and laser warming. 89 

Laser nanowarming can aid in the rescue of cryoprotectant-sensitive coral larvae that are unable 90 

to be effectively cooled, as well as provide rapid and uniform warming rates for coral larvae to 91 

avoid further damage by ice crystallization during laser warming (Daly et al., 2018). Other notable 92 

achievements include the first successful cryopreservation of coral larvae with the presence of 93 

Symbiodiniaceae in larvae from Seriatopora caliendrum and Pocillopora verrucosa that have 94 

vertical transmission of algal symbionts were able to settle after vitrification and laser warming 95 

(Cirino et al., 2019, 2021). Furthermore, the long term cryo-storge after vitrification and for the 96 

following laser warming can only be achieved using our customized device which was first 97 

attempted to be developed in our prior study (Narida et al., 2022), however, this device required 98 

two jigs fitting positions and assembly Cryotop procedures to conduct high laser striking accuracy 99 

and effective rewarming. It is an urgent need to improve the efficiency and sustainability of 100 

innovative solutions for the future long-term cryobanking. 101 

 102 

Thus according recent work from our laboratory has shown that two types of cryo-jig (cryo-jig A 103 

and B) were utilized to load and warm the sample for the vitrification and laser warming method, 104 

and the cryo-jig had a laser striking accuracy of 76% (Narida et al., 2022). It might be caused by 105 
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imperfect alignment of laser machine with the jig axis circle, which was not centered on the origin. 106 

The goal of this research is to optimize the mechanical arrangement of the customized device and 107 

cryo-jig in order to allow the laser beam to strike a designated target and achieve greater laser 108 

striking accuracy and successful laser-rewarming without recrystallization. 109 

 110 

 111 

MATERIALS AND METHODS 112 

 113 

Alignment between customized device and laser machine 114 

The precision alignment of the laser machine was essential for the laser to strike the sample (Fig 115 

1). The laser machine (LaserStar Technologies Corporation, Riverside, USA) was equipped with a 116 

stereomicroscope with an ocular reticle, which facilitated sample observation and alignment 117 

within the laser beam. The specially self-customized cryo-jig was used to lower the sample into 118 

liquid nitrogen for vitrification, raise the sample into the laser beam focus zone, and trigger the 119 

laser for warming. The modified version of the cryo-jig allowed easy replacement of the cryo-stick 120 

blade after each laser pulse to ensure consistent and reproducible sample warming. Laser beam 121 

was tested by firing the beam through the laser target site. The laser beam directly passed 122 

through the center of the reticule without hitting reticle margin in order to determine the device 123 

position relatives to laser machine. A drop of vitrification solution (VS; 0.8ul) was placed on the 124 

self-made cryo-stick, which was centered in the reticles of the cryo-jig. The cryo-jig was secured 125 

steady at a specifically designated location and a laser beam was emitted again to ensure perfect 126 

alignment and that the drop was struck. The energy provided by a single pulse can be varied by 127 
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changing the input voltage and pulse period. A laser calibration system was generated using a 128 

laser power meter to determine the energy in a laser pulse. The alignment process was repeated 129 

at least every ten samples in order to ensure the laser pulse footprint fully covered the sample 130 

each time successfully.  131 

 132 

Cryopreservation 133 

Our customized cryo-jig with self-made cryo-stick was used to rapidly supercool the droplets of 134 

VS by plunging them into liquid nitrogen for the long-term cryostorage to allow for equilibration 135 

to liquid nitrogen temperature (Fig 2). In the allocated hole of the cryo-jig, the self-made cryo-136 

stick was inserted as deeply as possible until it reached the stopper. The cryo-jig's linear guide 137 

was extended to its entire length while the mechanism of the cryo-jig automatically maintained 138 

its place. The linear guide's reticle (target point) was positioned at a relative location on the cryo-139 

jig, and a droplet of the VS was placed onto the cryo-stick blade directly above the reticle. The 140 

Cryotop was promptly immersed in liquid nitrogen for long term cryo-storage after being 141 

removed from the cryo-jig. 142 

 143 

Testing of laser striking accuracy and successful rewarming rate 144 

The laser was used to provide a high energy singular millisecond pulse, subsequently, the droplets 145 

of VS was hit by laser beam, and the laser striking accuracy and successful rewarming rates were 146 

measured. The laser power was dependent on input voltage and pulse period and provided rapid 147 

and uniform warming. The cryo-jig was attached to a laser machine that was constructed of 148 

conventional bioplastic polylactic acid (PLA) and an ionic polymer-metal composite before 149 
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laser warming (Fig 3). Briefly, the cryo-jig was set up and the cryo-stick was prepared for the laser 150 

warming process. When the cryo-stick was retrieved, with the sample on the blade part remaining 151 

within the liquid nitrogen and the stick part remaining outside, the stick part of the cryo-stick was 152 

inserted into the designated hole of the cryo-jig until the deepest stopper was reached. Then the 153 

cryo-jig was in a downward position at about 45-degree angle by mounting it onto the device's 154 

supporter, which has its mechanism automatically combined. After the digitized actuator was 155 

activated, the device swung the cryo-jig and the cryo-stick from the downward state to the 156 

upward position with three different tip travel speeds. The upward position of the cryo-jig was 157 

used to raise the sample into the laser beam focal region in order to hit sample, in contrast, the 158 

downward position allowed the sample to be placed directly into liquid nitrogen for vitrification. 159 

The attached control knobs were used to adjust parameters for appropriate rotary movement of 160 

the jig. The digitized actuator drove a central platform that supports the jig, and by turning the 161 

knobs ahead of time to set the parameters for the jig with a sample, it enabled a suitable velocity 162 

and stopped at the desired position. The robotic arm system of the cryo-jig was implemented 163 

from the rotated downward state to the rotated upward position when the actuator was engaged. 164 

The laser central console and the laser device both include two safety buttons that govern the 165 

laser pulse activation. Both security buttons were the safe design, use and implementation of 166 

lasers to minimize the risk of laser accidents. The entire process was recorded by an overhead 167 

camera, and the video was used to evaluate if any ice formed inside the sample. 168 

Identification of the laser striking accuracy and successful rewarming rate were following the 169 

principles below. When the laser was fired, the differences between a laser that hit and one that 170 

did not could be seen obviously. Whether the droplet was partially or completely hit could also 171 
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be differentiated: (1) when the laser hit the droplet, it became crystal clear. If the laser did not hit 172 

the droplet, it would turn from translucent to opaque, leaving a light yellow mark on the location 173 

where it impacted. (2) When the laser hit the droplet partially, the laser-hitting region would 174 

become crystal clear while the non-hitting portion became opaque which would eventually 175 

spread to the rest of area (crystallization). On the other hand, when the laser completely hit the 176 

droplet, it became crystal clear. The successful rewarming rate was determined when the laser 177 

completely hit the droplet, which then became crystal clear without further additional 178 

crystallization (opaque) appearance. 179 

 180 

Statistical analysis 181 

Different tip travel speeds were compared using SPSS (version 17.0; SPSS Inc., Chicago, IL, USA) 182 

for laser striking accuracy and successful rewarming rate. Using a one-sample Kolmogorov-183 

Smirnov test, the data were examined for normality prior to the analysis of variance. Levene's 184 

test was used to determine if the variance was homogeneous (P > 0.05). The difference was 185 

located using one-way analyses of variance (ANOVA) with a Tukey post hoc test. Statistical 186 

significance was defined as p values less than 0.05. 187 

 188 

 189 

RESULTS AND DISCUSSION 190 

The newly development of cryo-jig and device were able to manipulate the self-made cryo-stick 191 

during rapid cooling in liquid nitrogen and ultra-rapid warming by a laser pulse. The sample was 192 

super cooled with a vitrification rate of 100% and rapidly warmed by the laser pulse with a high 193 
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striking accuracy of more than 90%, furthermore, the sample is successfully rewarmed with a 194 

highest rate of 62% (Table 1). In this work, we built upon our previous work (Narida et al., 2022) 195 

and describe the cryo-jig A and B were operated together to be aligned to hit the same spot, 196 

however, combining this device required discretional jig tool (cryo-jig A) and jig holder (cryo-jig B) 197 

position and assembling the cryo-stick to reach higher laser striking accuracy and successful 198 

rewarming. To address this issue, we focused on developing alignment and bonding techniques 199 

for special cryo-jig which were assembling jig tool and jig holder in one piece. The major function 200 

of the custom-made work holding cryo-jig is to guide the tool, whereas the fixture is a tool that 201 

securely and firmly keeps the work in place to complete a certain operation, and to adjust the 202 

manufacturing process in time to increase the laser striking accuracy and consistent vitrification 203 

rate, and assure high and successful laser rewarming. This newly produced customized cryo-jig 204 

was demonstrated to have significantly higher laser striking accuracy of more than 90% and a 205 

successful rewarming rate of 62% in comparison to that presented in our prior study of 76% and 206 

a rewarming rate of 59%, respectively (Narida et al., 2022). A higher striking rate would produce 207 

more successful rewarming samples. In the present study, the average laser energy represents 208 

the mean value of energy per pulse for three different tip travel speed settings that resulted in 209 

rewarming of the droplet without any ice crystallization (i.e. going from glassy to cloudy). The 210 

droplets were warmed at the highest jig tip travel speed (1113 mm/s), the laser striking accuracy 211 

and glassy droplets rate after laser rewarming was 95% and 60% respectively. In contrast, when 212 

they were warmed more slow tip travel speed (668 mm/s), it was 92% and55%. Although the 213 

difference between these speeds were not statistically significant, it is possible the slower 214 

warming speed were consistent with ascribing the lethality to the recrystallization of ice during 215 
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warming. Further study on formulating higher speeds (i.e., 2000 mm/s or more) from the device 216 

to improve successful rewarming is on-going in our lab. With this innovative approach, we can 217 

routinely achieve positioning and alignment accuracies of bonded components more efficient and 218 

high laser striking accuracy and successful laser rewarming for completing and remaining 219 

vitrification state throughout the course of cryopreservation.  220 

 221 

Various vitrification carriers are used to manipulate the sample during the cryopreservation 222 

processes. Some suggest a loop or hook device that consists of a closed loop or an open hook 223 

made of plastic or metal wire attached to the end of a stem and used to pick up biological samples 224 

(Lane et al., 1999). Research on cryopreservation of animal cell or tissue were performed using 225 

Cryotop for vitrification (Inna et al., 2018) and such Cryotop is normally expensive (each Cryotop 226 

costs USD 15-30). In this work, the self-made cryo-stick is a 20 x 0.4 x 0.1 mm in size consisting of 227 

a fine blade of transparent film attached to an acrylonitrile butadiene styrene (C8H8.C8H6.C6H6N)N 228 

stick backing that is more than ten times less costly. Our newly customized device was specifically 229 

designed to be engineered with special made one-piece cryojig. As the present study indicated 230 

that the quality of vitrified samples utilizing our self-made cryostick method was evaluated in this 231 

work, and it was found that approximately 62% of the samples successful rewarmed and 232 

remained vitrified state effectively. The results of our present study strongly suggested that our 233 

self-made cryostick coupled with a customized jig and device offered the best ability to produce 234 

ultra-rapid cooling and warming with minimal ice crystal formation for this study.  235 

 236 

Vitrification prevents the formation of ice crystals inside the cell by the use of combined 237 
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cryoprotectant and rapid cooling rates to directly transition to the glassy state without 238 

crystallization (Seki and Mazur, 2012; Jin et al., 2014; Jin and Mazur. 2015). Although the 239 

cryoprotectant concentration could be reduced to less toxic effects on cells while still achieving 240 

vitrification, this increases ice nuclei formed during the freezing process and rapid warming is 241 

essential to eliminate intracellular ice formation (Tsai et al., 2016). To initiate infrared laser 242 

warming, which can heat a sample droplet by up to ~10 7  °C/min, depending on the amount of 243 

energy of laser beams delivered to the sample and the quantity of laser absorption of particles 244 

present (Jin and Mazur, 2015). A representative run of the system is shown in Figures in which a 245 

small aqueous sample (VS consisting of 2 M EG + 1 M PG, 40% w/v Ficoll, and 10% v/v gold 246 

nanobars at a final concentration of 1.2 × 1018 GNP/m3) was initiated by placing a 0.8 µL volume 247 

of the droplet on the 0.1 mm blade of a self-made cryostick which was then placed on a self-248 

customized cryojig and device and its blade cooled by immersion in liquid nitrogen. Subsequently 249 

laser warming was effected by lifting the cryo-stick blade out of the liquid nitrogen, positioned 250 

under the laser, and the laser fired within 0.25s with the characteristic wavelength of 535 nm. For 251 

our purposes, the most important fact is that once we had empirically calculated the melting 252 

energy (voltage) for a particular droplet size, composition, and gold nano-bar concentration, we 253 

could warm repeating droplet preparations in a consistent manner. Notably, we reported on the 254 

use of a laser pulse to achieve a great rewarming rate of 62%. The concentration of gold 255 

nanoparticles (1.2 × 1018 GNP/m3) and laser settings (300V, 10ms pulse) used in the present study 256 

were selected to produce the minimal amount of warming required to consistently warm the 0.8 257 

µL sample droplet to avoid overheating and to be sufficient to completely prevent the ice 258 

recrystallization. 259 
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The present study demonstrated significant progress in successful long-term cryostorage of coral 260 

larvae of 484 S. caliendrum, 176 P. verrucosa and 460 P. acuta using our newly constructed 261 

vitrification device, cryojig and cryo-stick. Cryopreservation of sperm, somatic cells, tissue as well 262 

as Symbiodiniaceae isolated from numerous genera was also demonstrated to be effective 263 

(Viyakarn et al., 2018; Di Genio et al., 2020; Cirino et al., 2021; Toh et al., 2022; Lin et al., 2022). 264 

However, cryo-storage of coral oocytes and embryos is substantially more difficult as they are 265 

sensitive to chilling which results in noticeable effect on the cell membrane characteristics, 266 

function and integrity (Lin et al., 2014; Tsai et al., 2016; Lin and Tsai, 2020). Major efforts for future 267 

cryo-storage of coral oocytes and embryos are currently being established. Herein, the present of 268 

study successfully achieved to long-term cryobank of total over a thousand coral larvae, and these 269 

biological materials repositories will be a critical safeguard against extinction for corals 270 

threatened by climate change, disease, and genetic diversity loss. 271 

 272 

CONCLUSION 273 

 274 

This research represented a novel methodology that can be routinely achieved with high 275 

alignment precision, robust, ultra-stable optical assemblies with sound performance and stability 276 

for long-term cryobanking of various species. We anticipate that as the long-term cryostorage 277 

approach was perfected and developed in this study, it will allow for further examples of the 278 

application of cryobanking employing vitrification and nano-laser warming to aid a wide range of 279 

cells and tissues from diverse species. 280 

 281 
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 368 

Fig1. Alignment of Laser machine with the device and cryo-jig. (a) Structure of the cryo-jig with 369 

linear guide. (b) The cryo-jig was placed on the supporter of the device with cryo-stick and linear 370 

guide in full extension. At this time, the device can be turned on and moved to an appropriate 371 

position underneath the laser machine. Then, (c) the console box of the device was operated to 372 

swing the jig to the downward position and (d) activated the laser machine to fire the laser beam 373 

when the cryo-jig swung back to the upward position. According to the degree of deviation 374 

between the position where the laser beam hits the linear guide and the target position, fine 375 

adjustments the position of the device was made repeatedly until the laser beam precisely hits 376 

the reticle, and then the position of the device was not moved again. 377 
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 378 

Fig 2. Cryopreservation procedure. (a) The customized cryo-jig with its stage. The designated hole 379 

and linear guide were visible on the cryo-jig. (b) The self-made cryostick was inserted to the 380 

deepest point until it reached to the stopper in the designated hole of cryo-jig. (c) The linear guide 381 

of the jig was pulled out to its full extension while the jig’s mechanism automatically keep its 382 

position. The reticle of the linear guide was fixed at a relative position on the jig, and then a drop 383 

of about 0.8μl vitrification solution was placed onto the cryo-stick sheet right above the reticle 384 

position. (d) The cryo-stick was removed from the cryo-jig for cryo-storage in liquid nitrogen. 385 

 386 
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 387 

Fig 3. Laser warming procedure. (a) The cryo-jig was in position and ready for laser warming 388 

procedure. (b) The sample on the blade of the cryo-stick was kept in liquid nitrogen, while the 389 

rest of the cryo-stick was not.  (c) The stick part of the cryo-stick was then placed into the 390 

designated hole of the cryo-jig until the deepest stopper was reached. (d,e) The cryo-jig was 391 

mounted onto the supporter of the device which has its mechanism automatically combined and 392 

fixed the cryo-jig to the correct position in a downward state at 45 degree angle. (f) The device 393 

swung the cryo-jig with the cryo-stick from the downward to the upward position into the laser 394 

beam focus region after the actuator was engaged. When the cryo-stick reached the upper 395 

position, the laser hit was instantly activated for warming. 396 

 397 

 398 

 399 

 400 
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 401 

Figure 4. Number of coral larvae Seriatopora caliendrum, Pocillopora verrucosa and P. acuta 402 

cryobanked using the customized device. 403 

 404 
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Table 1 shows the newly designed cryo-jig's and device average percentage of laser striking 416 

accuracy and successful rewarming rate for long-term cryo-storage, vitrification, and laser 417 

warming. 418 

             419 

 Laser warming (%) 

Tip travel speed 1113 mm/s 834 mm/s 668 mm/s 

Laser striking accuracy 95.00 ± 0 93.33 ± 2.89 91.67 ± 2.89 

Successful rewarming rate 60.00 ± 5.00 61.67 ± 2.89 55.00 ± 0 

N=180 420 

 421 

 422 

 423 
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