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Differentiation of human induced pluripotent stem cells (hiPSCs) generates cell phenotypes valuable for cell therapy and personalized medicine. Successful translation of these hiPSC-derived therapeutic products will rely upon effective cryopreservation at multiple stages of the manufacturing cycle. From the perspective of cryobiology, we attempted to understand how the challenge of cryopreservation evolves between cell phenotypes along an hiPSC-to-sensory neuron differentiation trajectory. Cells were cultivated at three different stages to represent intermediate, differentiated, and matured cell products. All cell stages remained ≥90% viable in a dimethyl sulfoxide (DMSO)-free formulation but suffered ≥50% loss in DMSO before freezing. Raman spectroscopy revealed higher sensitivity to undercooling in hiPSC-derived neuronal cells with lower membrane fluidity and higher sensitivity to suboptimal cooling rates in stem cell developmental stages with larger cell bodies. Highly viable and functional sensory neurons were obtained following DMSO-free cryopreservation. Our study also demonstrated that dissociating adherent cultures plays an important role in the ability of cells to survive and function after cryopreservation.
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INTRODUCTION
Human induced pluripotent stem cells (hiPSCs) can be manufactured from a range of somatic cell types and further differentiated into cells valuable for drug discovery (Ko and Gelb, 2014), cell therapy (Yamanaka, 2020), and tissue engineering (Mazzola and Di Pasquale, 2020) applications. However, the generation of hiPSC-derived cells involves complex, protracted, and expensive differentiation protocols that progress through increasingly mature cell stages. There is significant added value in derisking the manufacturing supply chain by being able to efficiently cryopreserve cells at multiple stages along the differentiation trajectory, from the originally isolated somatic tissue through the pluripotent stem cell stage, intermediate progenitor, and differentiated phenotypes, to the terminal mature product. Effective cryopreservation of cells at different developmental stages may not only simplify the multistage production of hiPSC-based technologies but also enable off-the-shelf use of the end product.
Researchers in the field of cryobiology have extensively studied the cell and tissue types at the front end of stem cell-based manufacturing process, from starting materials, such as peripheral blood mononuclear cells (PBMCs) (Nazarpour et al., 2012; Germann et al., 2013; Pi et al., 2020) and fibroblasts (Ragoonanan et al., 2010; Naaldijk et al., 2016) to hiPSCs (Beier et al., 2013; Li et al., 2020) and mesenchymal stromal cells (MSCs) (Hunt, 2011; Pollock et al., 2017). While results of cryopreservation have been reported in some studies of hiPSC-derived cell types (Linville et al., 2020; van den Brink et al., 2020), we lack understanding of scientific principles on formulating cryopreservation media, freezing, thawing, cryoinjury mechanisms for many intermediate and mature cell product phenotypes, whether and how they change from one cell type to another, especially in relation to the expanding variety of cell types in this dynamic field of hiPSC-based manufacturing.
It has been commonly hypothesized among scientists that the more differentiated or more mature the cells are, the more difficult they are to freeze. Cryopreservation practice in the stem cell biology field mirrors this hypothesis, favoring cryopreservation of less differentiated and less mature cell phenotypes along a given differentiation trajectory. Literature describing the cryopreservation of hiPSC-derived cells is predominated by the freezing of intermediate, progenitor-like cell types (McNeish et al., 2010; Nishiyama et al., 2016). The vast majority of academic and industrial use-case literature, in drug screening, for example, completely foregoes cell cryopreservation in favor of continuous cell differentiation and maturation (Egawa et al., 2012; Höing et al., 2012; Burkhardt et al., 2013; Ryan et al., 2013; Yang et al., 2013; Brownjohn et al., 2017; Kondo et al., 2017; Engle et al., 2018; Fujimori et al., 2018). The limited use of cryopreservation is indicative of a knowledge gap that the cutting edge of cryobiological research can begin to address.
In order to effectively cryopreserve cells derived from hiPSCs, it will be important to understand the mechanisms of cell loss when cryopreserving cells along the differentiation and maturation process. As the biological properties of a cell changes as it proceeds along a differentiation trajectory, it will be important to understand how much the cryobiology of that cell changes and whether a given cryopreservation method developed for 1 cell developmental stage can be used for another. These scientific issues will impact the future of hiPSC-based clinical translations.
We present the first systematic evaluation, to our knowledge, of the freezing of discrete differentiation and maturation stages along a cell developmental trajectory, from undifferentiated hiPSC through neural crest cells, immature neurons, to electrophysiologically active sensory neurons, and the influence of stem cell development on the molecular and cellular parameters attributed to cryopreservation success (Figure 1A). In this work, the process parameters are defined as cooling rate and ice nucleation temperature. Particularly, different ice nucleation temperatures represent different degrees of undercooling—reaching temperatures below the intrinsic freezing point of the system—a major cause of cryoinjury in cells (John Morris and Acton, 2013). A dimethyl sulfoxide (DMSO)-free cryoprotective agent (CPA) formulation previously optimized for hiPSC cryopreservation and a DMSO-based formulation that is commercially available are compared. Low-temperature Raman spectroscopy is used during freezing to quantify the response of cells at the different developmental stages. An array of standard (e.g., intracellular ice formation) and novel (e.g., membrane partitioning of CPA solutes) Raman metrics are rendered from the label-free, high-resolution hyperspectral images of live cells. A progression of cell-based assays with increasing functional relevance are used after controlled rate freezing and thawing to characterize the post-thaw outcome for cells cryopreserved at the different stages of differentiation and maturation for a given variation of cooling rate and undercooling.
[image: Figure 1]FIGURE 1 | Overview of the cryobiological investigation along a human induced pluripotent stem cell (hiPSC)-to-sensory neuron trajectory. (A) Outline of variables and metrics for the analysis, per neuronal cell stage, of cryoprotective agent (CPA) cytotoxicity before freezing, cell response to variation in nucleation temperature (TNUC) and cooling ratio (B) during freezing, and cell survival and function after thawing. (B) A 14-day differentiation and maturation timeline for cultivating the three developmental stages of neuronal cells of interest for this investigation. (C) Immunocytochemistry of day-5 neural crest cells (D5 crest) replated at 100,000 cells/cm2, 98.4% TUJ1− SOX9 + SOX10 +. Scale bar: 50 µm. (D) Phase contrast and immunocytochemistry of day-7 sensory neurons (D7 SN) replated at 50,000 cells/cm2, 98.8% TUJ1 + PRPN + excluding dead cells by morphology (example indicated by white arrow in phase). Scale bar: 50 µm. (E) Calcium imaging of day-14 sensory neurons (D14 mSN), seeded at 50,000 cells/cm2 on day 7, showing minimal response to dimethyl sulfoxide (DMSO), strong and tetrodotoxin (TTX)-sensitive response to veratridine, and strong response to potassium chloride (KCl). Lines are color-coded red for responder cells and black for nonresponder cells. Proportion of responder cell population indicated per graph.
MATERIALS AND METHODS
Induced Pluripotent Stem Cell Culture
The hiPSC line UMN PCBC16iPS (Ye et al., 2013) was maintained using previously published methods between passages 80 and 85. In brief, the cells were cultured as adherent colonies on recombinant human vitronectin (Peprotech) in TeSR-E8 medium (STEMCELL Technologies) and passaged every 4 days as multicellular aggregates using Versene (ThermoFisher Scientific) at a split ratio of 1:16. Cultures were routinely tested for mycoplasma using the MycoAlert PLUS detection kit (Lonza, LT07-701) and karyotyped using G-banding at a 400-band resolution.
Neuronal Differentiation and Maturation
hiPSCs were differentiated into sensory neurons using a commercially available kit (Senso-DM, Anatomic Incorporated 7007) and further matured (Senso-MM, Anatomic Incorporated 7008) per the instructions of the manufacturer. Briefly, hiPSCs were passaged as 3- to 10-cell aggregates using Versene at a split ratio of 1:20 onto Matrix 1. Cultures were exposed to the first of a series of Senso-DM formulations 24 h later, with subsequent formulations applied daily for 1 week in total. The differentiated cells were dissociated and replated onto Matrix 3 and allowed to mature in Senso-MM media for another 7 days with half media exchange every 2 days. Three different stages of neuronal cells were selected for this investigation on the cryobiological change along this hiPSC-derived lineage (Figure 1B). They were, respectively, the intermediate SOX9-, SOX10-positive, TUJ1-negative neural crest cells obtained on day 5 of this protocol (also abbreviated as D5 crest in later text, Figure 1C), the fully differentiated but immature TUJ1-, PRPH-positive sensory neurons obtained on day 7 (D7 SN, Figure 1D), and the electrophysiologically active and more mature sensory neurons on day 14 (D14 mSN, Figure 1E). This defined 14-day differentiation and maturation process is referred to simply as the (sensory neuron) differentiation trajectory in later text.
Immunocytochemistry
Cultures were fixed in 3.7% paraformaldehyde (Fisher Scientific) for 10 min, permeabilized in 0.2% Triton X-100 (MilliporeSigma, X100–100 ml) for 10 min, and incubated overnight at 4°C with primary antibodies diluted in a blocking buffer containing 1% bovine serum albumin (Prometheus Protein Biology Products, 25–529) and 0.1% Tween-20 (MilliporeSigma, P7949-100 ml). The cultures were subsequently washed twice with the blocking buffer and incubated for 2 h with secondary antibodies. DAPI (1:1,000, ThermoFisher Scientific) was added for 30 min before washing twice in DPBS. Antibodies used include: SOX9 (1:1,000, MilliporeSigma, AB5535), SOX10 (1:100, R&D Systems, AF2864), TUJ1 (1:500, MilliporeSigma, MAB1637), PRPH (1:1000, Novus Biologicals, NB300137), Alexa Fluor 488 donkey anti-mouse (1:1,000, Invitrogen A-21202), Alexa Fluor 555 donkey anti-goat (1:1,000, Invitrogen, A-21432), Alexa Fluor 647 donkey anti-rabbit (1:1,000, Invitrogen, A-31573). Negative controls included unstained cultures and positively stained cultures known not to express the antigens of interest. Stained cultures were imaged using a Leica DMI6000B microscope and a DFC365FX camera.
Calcium Imaging
Live D14 mSN cultures were loaded with 2.5 µM Calbryte 520 AM (AAT Bioquest, 20651) and PowerLoad Concentrate (1:100, ThermoFisher Scientific, P10020) for 1 h before imaging. Fluorescent videos of the stained cultures were acquired using a Leica DMI6000B microscope, a DFC365FX camera, and a 10x air objective (NA 0.25, Leica Microsystems) for a duration of 185 s at four frames per second. Varying drug solutions were added to the cultures within the first 10 s of each video. The drugs included veratridine (Tocris, 2918) at a final concentration of 1 µM containing 0.1% DMSO in DPBS, 30 mM potassium chloride (KCl, Millipore Sigma, P5405) containing 0.1% DMSO, 0.1% DMSO as negative control, and 1 µM tetrodotoxin (TTX, Biotium, 00061) intended to block voltage-gated sodium channels.
The image analysis was automated using FIJI. Specifically, individual somata were detected by local maxima-based image segmentation and binary thresholding. Mean intensity was measured over time inside each soma. The intensity profiles were graphed, in terms of ∆F/F0, where ∆F is the intensity differential compared with background fluorescence (F0) of the given sample, and the responding cells were quantified using MATLAB. Responders were mathematically defined by the maximum of the first derivative of its fluorescent intensity over time above a constant threshold that was determined by that of the background fluorescence over time.
Cell Viability in Cryoprotective Agents
A solution of non-DMSO cryoprotective agents (CPAs) was formulated using sucrose, glycerol, L-isoleucine, poloxamer 188 (P188), and human serum albumin as previously optimized for the cryopreservation of hiPSC aggregates (Li et al., 2020). A commercially available DMSO-based CPA solution (CryoStor 10, BioLife Solutions) was used in comparison. Neuronal cells were incubated in the CPA solution at room temperature. Viable and nonviable cell counts were based on membrane integrity using 10 µM acridine orange (AO) and 15 µM propidium iodide (PI) and measured at 0, 30, and 60 min.
Membrane Fluidity
hiPSC cultures were dissociated with Versene for 8 or 20 min to obtain a suspension of multicellular aggregates or single cells, respectively. Neuronal cell cultures were dissociated with Accumax (Innovative Cell Technologies) for 10, 45, or 90 min at room temperature on day 5, 7, or 14, respectively. Dissociated cells were washed once and stained with a fluorescent pyrene-decanoic acid (PDA) probe (Membrane Fluidity Kit, Abcam, ab189819) at room temperature for exactly 20 min before washing twice and quantification per the instructions of the manufacturer. Phenol red-free DMEM/F12 was used as the suspension media to minimize extrinsic variability between samples. Relative membrane fluidity was measured by the PDA excimer-to-monomer ratio using a Synergy HTX microplate reader with excitation at 360 nm and emission at 400 and 460 nm (BioTek).
Cell Diameter
Neuronal cells of the different developmental stages were dissociated as described above. Live cells were stained immediately after dissociation using AO and imaged in a hemocytometer (Hausser Scientific) using a Zeiss Axioskop 50 microscope with a 10x air objective (Plan NeoFluar, NA 0.30; Carl Zeiss). The cross-sectional area (A) of each cell was quantified using FIJI via thresholding and boundary recognition. Diameter of the fresh cell (Dfresh) was estimated using the following equation.
[image: image]
Low-Temperature Confocal Raman Spectroscopy
Cell samples were prepared in the form of single-cell suspension and frozen at a controlled rate for analysis by Raman spectroscopy following a previously published method (Li et al., 2020; Yu et al., 2021). Specifically, defined cooling rates of −1, −3, and −5°C/min and ice nucleation temperatures of −4°C and −8°C were used as variables of the freezing profile. Data acquisition was performed at −50°C when sample temperature had stabilized for a minimum of 5 min. Raman spectroscopic measurements were made using WITec Confocal Raman Microscope Alpha 300R with UHTS spectrometer and DV401 CCD detector with 600/mm grating, a 532-nm Nd:YAG laser, and a 100x air objective (NA 0.90, Nikon Instruments).
Raman heat maps of different substances of interest were, respectively, rendered pixel-wise by integrating the Raman spectra under the peak at their characteristic wavenumbers (Supplementary Table S1). An integration time of 0.2 s was used to scan each 333-nm-by-333-nm pixel. The rendered Raman heat maps were spatially deconvolved using a theoretical point spread function of the instrument prior and quantitatively analyzed using WITec Project FOUR and FIJI, where pixels belonging to the different substances were, respectively, identified by spectral bandpass filtering, thresholding, and boundary recognition. Moran’s I calculation of amide I and cytochrome C signals was performed using GeoDa, where spatial dispersion vs. autocorrelation was determined between −1 and 1 using a spatial weight matrix based on eight nearest neighbors. Similar to fresh cells, cell diameter during freezing was quantified based on the cross-sectional area of the cell as delineated by the amide I and cellular hydrogen bond signals. The effect of freezing on the osmotically inactive cell volume was represented by the diameter of frozen cells normalized to the mean diameter of fresh cells for each given cell stage and freezing condition.
Controlled Rate Freezing and Thawing
Cells of different stages were dissociated as described above and suspended in a collection buffer containing P188 (Li et al., 2020). A twice-concentrated CPA solution previously optimized for hiPSC cryopreservation (Li et al., 2020) was added at equal volume. The mixture was incubated at room temperature for 1 h and subsequently frozen in cryogenic vials (Nunc CryoTubes, ThermoFisher Scientific) using a controlled rate freezer (Kryo 560–16, Planer) following the steps listed below. Similar to Raman experiments, a cooling rate, B, of −1°C/min, −3°C/min, or −5°C/min and ice nucleation temperature, TNUC, of −4°C or −8°C were used (see Supplementary Figure S1 for the sample cooling profiles).
1. Starting temperature 20°C.
2. −10°C/min to TNUC.
3. Hold at TNUC for 15 min to equilibrate sample and chamber temperatures.
4. Induce ice nucleation manually by briefly spraying liquid nitrogen onto vials using a Cryogun (Brymill) for accurate control of the nucleation temperature.
5. B°C/Min to −60°C.
6. −10°C/Min to −100°C.
A sample temperature inside a replicate “dummy” vial was logged for each experiment using the built-in thermocouple of the controlled rate freezer inserted via a bored vial cap. Frozen vials were stored in the liquid phase of liquid nitrogen for 24 h prior to thawing in a 37°C water bath for 2.5 min. Thawed cells were immediately used for post-thaw quantifications.
Post-Thaw Quantification of Cell Survival and Function
Post-thaw cell recovery rate was defined as the percent ratio of viable cell count immediately after thawing and viable cell count immediately before CPA addition prefreeze, based on cell membrane integrity distinguished by AO stain and PI exclusion. Post-thaw cell attachment rate was defined as the percent ratio of adhered, metabolically active cell culture in 24 h after thawing and that of 24 h after passaging fresh cells, where cultures were stained with calcein AM (1:1,000, Corning 354217) at 37°C for 30 min before quantified using Synergy HTX microplate reader with 480-nm excitation and 528-nm emission filters. Post-thaw cell function was measured, respectively, by the ability of cryopreserved D5 crest to continue differentiating to TUJ1-positive, PRPH-positive sensory neurons 48 h later, using immunocytochemistry as described above, of cryopreserved D7 SN to produce calcium response in 7 days, using calcium imaging as described above, and of cryopreserved D14 mSN to retain calcium response in 24 h, all in comparison with fresh cells through the corresponding manipulation with only cryopreservation procedures removed.
Statistics
Independent biological replicates were used with sample size specified in the Results section per dataset. Power analysis was performed to ensure sufficient sample size to achieve a power of 0.95. Error bars represent 95% confidence intervals unless otherwise noted. Two-tailed Student’s t-tests were performed for two-sample comparisons, unless otherwise noted. ANOVA with Bonferroni correction was performed for comparisons of multiple samples, with the exception of Kruskal–Wallis ANOVA performed for sample populations with non-normal distribution. The null hypothesis was defined as no statistical difference between the parameters (e.g., means) for any pair of groups or between the experimental group and control group. The null hypothesis was rejected, and differences were considered statistically significant for a p-value less than 0.05.
RESULTS
Non-DMSO Solution Composed of Sucrose, Glycerol, L-Isoleucine, P188, and HSA was Superior to DMSO-Based Commercial Solution in Maintaining Neuronal Cell Viability Before Freezing
Cells are cryopreserved in specialized solutions containing cryoprotective agents (CPAs). These solutions are not physiological, and cell losses can result from exposure to these solutions. Different cell types can have different responses to being exposed to the same CPA formulation, and different CPA formulations can have different levels of cytotoxicity for a given cell type. In this study, a non-DMSO CPA solution composed of sucrose, glycerol, L-isoleucine, P188, and HSA and previously developed for hiPSCs (Li et al., 2020) was compared with a DMSO-based solution commercially available and commonly used for hiPSC-derived cells (i.e., CS10) in terms of their ability to maintain the viability of different stages of neuronal cells before freezing. In order to quantify the toxicity of the cryoprotective solutions, viable cell count was tracked, via membrane exclusion fluorescent assay, for 1 h from the introduction of non-DMSO CPA and DMSO solutions before freezing for D5 crest, D7 SN, and D14 mSN, respectively (Figure 2).
[image: Figure 2]FIGURE 2 | Cell survival rate during CPA incubation prior to cryopreservation as monitored over time of exposure to the non-DMSO CPA solution vs. the DMSO-based solution for (A) D5 crest, (B) D7 SN, and (C) D14 mSN, respectively. Data are represented as mean ± 95% confidence interval. n = 4.
Compared with the non-DMSO CPA, the DMSO solution resulted in significant cell loss by both loss of membrane integrity and lysis (high cell count with compromised membrane and low total cell count, raw data not shown) for all cell stages within 30 min of exposure. After 1 h of prefreeze incubation in DMSO, all cell stages experienced close to (D5 crest, p > 0.05) or greater than (D7 SN and D14 mSN, p < 0.05) 50% cell loss. Notably, the cell loss increased over time regardless of cell stage. At both the 30- and 60-min timepoints, it was found with statistical significance (p < 0.05) that the farther the cell stage in differentiation and maturation, the lower the cell stability in DMSO.
In contrast, no significant change in viable cell count (p > 0.05) was seen in either D5 crest or D7 SN throughout the 1-h incubation in the non-DMSO solution. While the cell survival rate of D14 mSN decreased from 100% to approximately 90% within the first 30 min of non-DMSO CPA exposure, their viability remained statistically unchanged (p > 0.05) for the next 30 min until freezing. Notably, regardless of cell stage, the non-DMSO CPA formulation was significantly superior (p < 0.05) to the DMSO-based formulation in stabilizing these neuronal cells and maintaining their viability in the time period prior to the start of freezing.
Membrane Fluidity and Cell Size Fluctuations During Neuronal Cell Differentiation and Maturation Inferred Cell Stage-Dependent Sensitivity to Undercooling and Cooling Rate
As one possible factor influencing the sensitivity of the cells to freezing (Giraud et al., 2000; Blesbois et al., 2005), membrane fluidity was measured for each cell stage, upon dissociation and in suspension, along the 14-day differentiation trajectory (Figure 3A). These measurements included hiPSCs in the forms of single cells and multicellular aggregates, D5 crest, D7 SN, and D14 mSN in the form of single cells. Based on PDA excimer-to-monomer ratios, membrane fluidity of the cells underwent significant changes as they became more differentiated and mature. Interestingly, within the 5 days of differentiation from hiPSCs to neural crest cells, the relative membrane fluidity increased by more than 50%. In the next 48 h from neural crest cells to fully differentiated sensory neurons, the change in membrane fluidity inverted direction by decreasing approximately 20%. This decrease continued, at an overall slower rate than earlier, for another week as the neurons matured. PDA assay also showed that hiPSC aggregates had significantly lower membrane fluidity than their single cell counterparts, inversely correlated with the significantly greater sensitivity to undercooling that was found by previous studies (Li et al., 2018, 2020). Notably, the fluctuation in membrane fluidity along this differentiation trajectory was not unidirectional, increasing during the initial pluripotent-to-progenitor step but decreasing from progenitor through maturation based on the selected discrete cell stages. This fluctuation in membrane fluidity suggests likely fluctuation in the sensitivity of neuronal cells to undercooling, one category of freezing sensitivity in response to a specific parameter of freezing–nucleation temperature.
[image: Figure 3]FIGURE 3 | Membrane fluidity and cell size fluctuation along hiPSC derivation to sensory neurons. (A) Cell membrane fluidity at different stages of the sensory neuron differentiation and maturation process with all statistically significant pairwise differences. Data are represented as mean ± 95% confidence interval. n = 9. *p < 0.05. (B) Diameter of D5 crest vs. D7 SN vs. D14 mSN dissociated from culture and suspended in growth medium. Data are represented as mean ± 95% confidence interval. Range of n: 60–98. *p < 0.05.
In addition to membrane fluidity, cell size was considered another potential intrinsic factor influencing cell sensitivity to freezing, specifically cell sensitivity to another parameter of freezing–cooling rate. Larger cells with smaller surface-to-volume ratio may contain more intracellular water during cooling and, thus, higher potential for intracellular ice (Gao and Critser, 2000; Hubel, 2018). The diameter of the cells in suspension was observed to fluctuate significantly from one cell stage to the next along this differentiation trajectory (Figure 3B). D7 SN was found with the smallest cell diameter in suspension at 10.6 µm (± 0.2 µm, 95% confidence interval), followed by D5 crest at 13.3 µm (± 0.4 µm), and D14 mSN with the largest cell diameter at 19.8 µm (± 0.6 µm). Changes in soma size have been known in literature to occur during neuronal development (Nixdorf-Bergweiler, 1998; Deshpande et al., 2017). Notably, the fluctuation in cell size was not unidirectional from neuronal differentiation to maturation. However, somata (or cell body) enlargement over the course of neuronal maturation observed in this study was also consistently observed in stem cell biology practices. In subsequent experiments, freezing sensitivity (i.e., undercooling and cooling rate sensitivity) of these neuronal cells was observed using low-temperature Raman spectroscopy and post-thaw cell-based assays to vary by the different stages of development, where correlation between membrane fluidity and cell responses to undercooling and between cell size and cell responses to cooling rate variation was found.
Sensitivity to Undercooling and Mechanisms of Damage Varied by Cell Stage
D5 crest, D7 SN, and D14 mSN were frozen in the non-DMSO or DMSO-based solution under a confocal Raman microscope. The cells were subjected to different degrees of undercooling, where the freezing process was initiated with ice nucleation induced at different temperatures, −4 vs. −8°C, and subsequently cooled at a constant rate of −1°C/min. In each frozen cell, intracellular ice formation, membrane partitioning of solutes, cellular protein distribution, and cytochrome C distribution were quantified (see Supplementary Figure S2 for definition and illustrative examples of different values of the corresponding metrics). Cryobiological analysis of the frozen cells revealed mechanisms of damage, or the absence thereof, at each cell stage in response to the varied CPA solutions and varied undercooling conditions.
While extracellular ice crystal formation is an element of slow freezing, the formation of intracellular ice crystals of large quantity or size can be a lethal event. In terms of intracellular ice formation (Figure 4A), D5 crest showed no statistically significant response to the different ice nucleation temperatures or different CPA formulations. When the non-DMSO CPA was used, D7 SN also showed minimal intracellular ice that was consistent between different ice nucleation temperatures. However, a significantly greater amount of intracellular ice crystals was found in the D7 SN frozen in DMSO, where intracellular ice took up nearly the entirety of cytoplasmic space (abbreviated as chunky intracellular ice from here on) for approximately 30% of the cell population. Moving further along the cell developmental trajectory, when D14 mSN was frozen in the non-DMSO solution, it had significantly more intracellular ice crystals with greater undercooling. When D14 mSN was frozen in the DMSO solution, intracellular ice took a different form, chunky rather than dispersed. As intracellular ice formation has been found to be indicative of sensitivity to undercooling in our earlier studies (Li et al., 2018, 2020), these new results from D5 crest, D7 SN, and D14 mSN suggested not only that undercooling sensitivity varied between the different cell stages but also that the sensitivity of a given cell stage was different in the two CPA formulations.
[image: Figure 4]FIGURE 4 | Effects of undercooling on freezing behaviors of D5 crest, D7 SN, and D14 mSN, respectively, as observed by low-temperature Raman spectroscopy, comparing different ice nucleation temperatures between −4°C and −8°C. Data are represented as mean ± 95% confidence interval. n = 10, except for striped columns representing measurements of subset population n = 5 for D7 SN and n = 7 for D14 mSN due to interference of intracellular ice. n-D, non-DMSO; D, DMSO. n.s.: p > 0.05; *p < 0.05 (see Supplementary Figure S2 for method illustration of each metric.). (A) Intracellular ice formation (blue) significantly increased with greater undercooling only in the case of D7 SN in the DMSO solution and D14 mSN in both non-DMSO and DMSO solutions; no significant change otherwise. (B) Membrane partitioning of non-DMSO CPA significantly decreased in D14 mSN subject to greater undercooling, partitioning of DMSO lower than that of non-DMSO CPA across all three cell stages. (C) Cellular integrity in terms of spatial autocorrelation of the amide I signal of protein decreased significantly for D14 mSN with greater undercooling and decreased further in the DMSO solution; no significant loss of integrity in D5 crest or D7 SN. (D) Significant cytochrome C (cyt C) release was observed for D14 mSN in the DMSO solution but not for any cell stage in the non-DMSO CPA. Kruskal–Wallis ANOVA performed for non-normal distribution of cyt C Moran’s I values.
Cell populations found with substantial quantity of intracellular ice (i.e., five of 10 cells for D7 SN frozen in DMSO; three of 10 cells for D14 mSN frozen in DMSO) were omitted from some of the following analyses (Figures 4B,C) due to interference of ice signal and lack of the intracellular Raman signals of interest. As a result, this dataset reveals other mechanisms of damage in cells, while intracellular ice formation was relatively well inhibited. Membrane partitioning of solutes (i.e., non-DMSO CPA or DMSO) describes the steady state of mass transport across the plasma membrane and is mathematically represented as the ratio of the extracellular concentration to the intracellular concentration. While a non-penetrating CPA (e.g., sucrose) is expected to remain out of the cytoplasm, a healthy cell membrane should also be able to partition a penetrating CPA (e.g., glycerol, DMSO), where the intracellular concentration is typically lower than the extracellular concentration of that CPA unless active transport is involved.
In terms of partitioning ratio of the non-DMSO CPA (Figure 4B), D5 crest and D7 SN both showed no significant change upon greater undercooling, whereas D14 mSN exhibited significantly weaker membrane partitioning when subjected to lower ice nucleation temperature. One possible explanation for the decrease in partitioning is impaired barrier function of the plasma membrane of the D14 mSN upon undercooling, corresponding to the higher intracellular ice formation of the cells, more punctate protein distribution, and cytochrome C release. Comparing non-DMSO CPA and DMSO, membrane partitioning of DMSO was found to be significantly (up to 2.4-fold) weaker than that of the non-DMSO CPA for the neuronal cell stages investigated. While it cannot indicate or rule out the possibility of membrane impairment by DMSO, the consistent trend across different cell stages clearly showed that cell membranes have a lower barrier effect to DMSO than glycerol and other non-DMSO CPA molecules. As extracellular ice forms and grows with cooling, cells dehydrate, and intracellular solutes become more concentrated. When DMSO was used, the neuronal cells were more likely subjected to stresses of high intracellular CPA concentration than when non-DMSO CPA was used.
Moran’s I of amide I signal in cells was used to quantify the distribution of cellular proteins. As shown in Figure 4C, D14 mSN was the only cell stage among those tested to be affected by the stresses of undercooling and DMSO exposure on a protein level. When chunky intracellular ice was successfully inhibited, D5 crest and D7 SN exhibited consistently high, uniform distribution of proteins during freezing regardless of ice nucleation temperature or CPA formulation, whereas D14 mSN showed more punctate distribution of proteins upon greater undercooling, a sign of cellular disintegration, and became further disintegrated when frozen in the DMSO-based solution. Moran’s I of cytochrome C signal in cells measured the potential of post-thaw mitochondrial apoptosis and necrosis. As shown in Figure 4D, D14 mSN was the only cell stage showing cytochrome C release when frozen in DMSO, although the cytochrome C distribution of D14 mSN did not respond significantly to undercooling.
Summarizing these four cryobiological metrics, intracellular ice was the only observed mechanism of freezing damage in the earlier cell stages (i.e., D5 crest, D7 SN), where chunky intracellular ice was particularly prominent in D7 SN frozen in the DMSO solution. Further downstream of this differentiation trajectory, higher undercooling sensitivity manifested in the more mature cell stage (i.e., D14 mSN). For D14 mSN frozen in the non-DMSO CPA, significantly higher quantity of small intracellular ice was found and likely resulted in impaired membrane barrier function, higher intracellular CPA concentration, and consequently partially disintegrated cellular structure. For D14 mSN frozen in DMSO, besides the damage of chunky intracellular ice, they suffered from cellular disintegration and cytochrome C release. Similar to previously reported observations in hiPSCs (Li et al., 2018, 2020), compared with the DMSO-based formulation, the non-DMSO CPA formulation utilized here reduced damage in cells that were subjected to lower ice nucleation temperature, extrinsically mitigating the cells’ sensitivity to undercooling. The overall increase in cell sensitivity to undercooling from a multitude of mechanisms along this sensory neuron differentiation trajectory correlated with the decrease in cell membrane fluidity from D5 crest through D14 mSN (Figure 3A), confirming membrane fluidity as a likely factor contributing to the intrinsic sensitivity of the cells to undercooling.
Sensitivity to Cooling Rate Varied Among Cell Stages and Correlated with Cell Size
Parallel to the examination of the effect of undercooling, the effect of different cooling rates on cell behaviors during freezing was also examined. D5 crest, D7 SN, and D14 mSN were subjected to cooling rate that varied between −1°C/min, −3°C/min, and −5°C/min, and their potential mechanisms of damage, or the absence thereof, were analyzed using low-temperature Raman spectroscopy (Figure 5). The non-DMSO CPA formulation previously optimized for hiPSCs was used throughout these experiments. Interestingly, D5 crest and D14 mSN both experienced freezing damages that varied by cooling rate, whereas D7 SN consistently exhibited no statistically significant change across the selection of Raman-based cryobiological analyses regardless of the cooling rate.
[image: Figure 5]FIGURE 5 | Effects of cooling rate on freezing behaviors of D5 crest, D7 SN, and D14 mSN, as observed by low-temperature Raman spectroscopy, comparing different cooling rates between −1°C/min, −3°C/min, and −5°C/min, respectively. Data are represented as mean ± 95% confidence interval. n = 10. n.s.: p > 0.05; *p < 0.05 (see Supplementary Figure S2 for method illustration of each metric.) (A) Intracellular ice formation (blue) increased with the faster cooling rates in D5 crest and D14 mSN; no significant difference across cooling rates in D7 SN. (B) Membrane partitioning of non-DMSO CPA significantly decreased in D5 crest and D14 mSN with the faster cooling rates; no significant difference across cooling rates in D7 SN. (C) Loss of cell volume as a result of freezing intensified with the faster cooling rates for D5 crest and D14 mSN; no significant difference across cooling rates in D7 SN. (D) Significant cytochrome C (cyt C) release was observed for D14 mSN with the faster cooling rates but not for D5 crest or D7 SN at any of the cooling rates. Kruskal–Wallis ANOVA performed for non-normal distribution of cyt C Moran’s I values.
In terms of intracellular ice formation (Figure 5A), with ice nucleation temperature held constant at −4°C, only small rather than chunky intracellular ice was observed. D5 crest maintained minimal levels of intracellular ice with the slower cooling rates (i.e., −1°C/min and −3°C/min) and contained a significantly greater quantity of ice with the fastest cooling rate tested (i.e., −5°C/min). D14 mSN maintained a minimal level of intracellular ice with the slowest cooling rate (i.e., −1°C/min) but had a significant increase in intracellular ice with the faster cooling rates starting at −3°C/min. In terms of membrane partitioning of the non-DMSO CPA (Figure 5B), the faster cooling rates (i.e., −3°C/min and −5°C/min) resulted in significantly weaker partitioning in both D5 crest and D14 mSN than the slower cooling rate (i.e., −1°C/min). The weaker partitioning subjected the cells to higher concentrations of intracellular CPA and possibly indicated impairment of the membrane’s barrier function.
As extracellular ice grows during cooling, cells are expected to dehydrate and reduce in volume and diameter. As greater dehydration is commonly expected with slower cooling rates, where water takes longer to leave the cell via osmosis and balance the concentration gradient of solutes across the plasma membrane, the reduction of cell diameter as a result of dehydration is expected to be less upon faster cooling rate for a given cell type. Interestingly, when cell diameter was measured during freezing by the distribution of Raman cellular hydrogen bond and amide I signals and normalized to the diameter of the cells before freezing, this inverse correlation between cell diameter fraction and cooling rate was not found for any of the neuronal cells of interest (Figure 5C). For D7 SN, no significant difference in cell diameter fraction was observed in response to the cooling rate variations. For D5 crest and D14 mSN, the faster cooling rates (i.e., −3°C/min and −5°C/min) resulted in significantly greater loss of cell diameter than the slower cooling rate (i.e., −1°C/min). Comparing the ratio in spectral intensity of the C–H stretching peak to that of the broad O–H stretching band between the cells frozen at different cooling rates, no distinct difference in the hydration level of the cells was observed (data not shown). Therefore, the correlation between intensified loss of cell diameter and faster cooling rate was likely not a direct contradiction to the common expectation described above but suggesting another mechanism of cell damage at play. Combined with more intracellular ice, weaker membrane partitioning, and cytochrome C release observed upon faster cooling, greater loss of cell diameter in the frozen D5 crest and D14 mSN likely indicated loss of cell contents and either necrosis or apoptosis of the cells.
In addition, cytochrome C release was observed in D14 mSN at the faster cooling rates but not in D5 crest (Figure 5D). Summarizing the number of mechanisms of freezing damages observed per cell stage and the extent of its response to cooling rate variation, D14 mSN was found to be the most susceptible to fast cooling rates, followed by D5 crest, followed by D7 SN. This trend was consistent with the original cell sizes measured upon dissociation from fresh culture and suspension in the cell growth media (Figure 3B). The larger cells (i.e., D14 mSN at ∼20 µm in diameter > D5 crest at ∼13 µm in diameter) with lower surface-to-volume ratio required slower cooling rate (i.e., −1°C/min) to prevent damages from both intracellular ice formation and dynamic osmotic stresses, whereas the smaller cell (i.e., D7 SN at ∼11 µm in diameter) minimized intracellular ice formation, maintained membrane integrity, and prevented disintegration of cellular proteins across the range of cooling rates investigated (i.e., from −1 to −5°C/min). While this correlation between cell size and cooling rate sensitivity, in general, was consistent with what has been demonstrated in literature, the absence of chunky intracellular ice and the analysis of membrane partitioning and cell volumetric loss in the present investigation presented an alternative mechanism of damage in large cells during fast cooling, in contrast with and a supplement to the commonly hypothesized, generalized mechanism that has been based solely on the formation of optically visible (i.e., chunky) intracellular ice crystals.
Successful Cryopreservation Relied on Good Cryoprotection and Compatible Process
The next phase of this investigation involved evaluating the performance of these cryopreserved cells upon vial-based controlled rate freezing in the non-DMSO CPA formulation, with ice nucleation varied between −4°C and −8°C and cooling rate varied between −1°C/min, −3°C/min, and −5°C/min. Post-thaw cell recovery was measured by membrane exclusion fluorescent assay to assess membrane integrity. Post-thaw cell reattachment was quantified by measuring the esterase activity of adherent cells. Post-thaw differentiation to sensory neurons was tested for cryopreserved D5 crest to assess their differentiation potential; post-thaw maturation to electrophysiologically active neurons was examined for cryopreserved D7 SN to assess the ability to reach a more mature state; post-thaw electrophysiological response was intended for cryopreserved D14 mSN to assess the ability to retain the level of maturity. The different forms of post-thaw assay progressed in the aforementioned order toward representing the ability of a given cryopreservation method to fulfill the intended utility of the cells.
For D5 crest, both post-thaw recovery (Figure 6A) and post-thaw reattachment (Figure 6B) demonstrated a lack of cell sensitivity to undercooling and significant cell loss to faster cooling rates. This trend was consistent with the Raman results described earlier, indicating that a cooling rate of −1°C/min or slower was required for D5 crest to prevent loss in membrane integrity or cell adhesion. Despite the successful cryoprotection demonstrated in the combination of −1°C/min cooling and −4°C ice nucleation by post-thaw recovery greater than 90% and post-thaw reattachment of 88%, the cryopreserved D5 crest failed to produce sensory neurons after subsequent days of neuronal induction (Figure 6C). However, notably, the fresh control group of D5 crest that was dissociated and replated into culture also lost its ability to differentiate into TUJ1-positive, PRPH-positive neurons. Dissociating the cells on day 5 interrupted the adherent culture and deviated from the originally continuous 7-day differentiation process, which proved to be detrimental to cryopreserving the D5 crest despite the otherwise effective freezing protocol and CPA formulation.
[image: Figure 6]FIGURE 6 | Post-thaw survival and function of cryopreserved D5 crest under varying nucleation temperatures and cooling rates. *p < 0.05; n.s.: p > 0.05. Red box: best-case parameters tested with the highest recovery and reattachment. (A) Post-thaw recovery of D5 crest showing no significant change with greater undercooling but trending significantly lower with faster cooling rate. n = 4. (B) Post-thaw reattachment of D5 crest showing similar trends as recovery but more distinct cell damage with cooling rates of −3°C/min and −5°C/min. n = 4. (C) Immunocytochemistry 48 h after re-culture of dissociated (fresh) or cryopreserved (best-case) D5 crest showing <1% TUJ1+, PRPN+ (white arrowheads) neuron differentiation, and a vast majority of resulted cell population with crest-like morphology and low-level, cytoplasmic TUJ1 and PRPN staining. Scale bar: 100 µm.
For D7 SN, post-thaw recovery (Figure 7A) demonstrated a lack of cell sensitivity to undercooling that was consistent with the Raman results described earlier. However, post-thaw recovery showed a statistically significant difference between different cooling rates that was not revealed by the Raman measurements. In addition, post-thaw reattachment of D7 SN (Figure 7B) demonstrated not only cell sensitivity to cooling rate but also to undercooling that was not reflected by the Raman measurements of intracellular ice, membrane partitioning, cellular material integrity or cytochrome C release. The −4°C ice nucleation and −3°C/min cooling were shown as the best combination of controlled rate freezing parameters for D7 SN. Post-thaw functional assay of cryopreserved D7 SN demonstrated a high-confluence, viable post-thaw culture (Figure 7C) that successfully produced the more mature neurons with normal electrophysiological responses to the panel of drug molecules (Figure 7D and Supplementary Figure S3).
[image: Figure 7]FIGURE 7 | Post-thaw survival and function of cryopreserved D7 SN under varying nucleation temperatures and cooling rates. Data are represented as mean ± 95% confidence interval. *p < 0.05; n.s.: p > 0.05. Red box: best-case parameters tested with the highest recovery and reattachment. (A) Post-thaw recovery of D7 SN showing no significant change with greater undercooling and the best cooling rate at −3°C/min with statistical significance. n = 4. (B) Post-thaw reattachment of D7 SN showing similar trends as recovery but more distinct cell damage with lower nucleation temperature (−8°C). n = 4. (C) Calcein AM-stained culture 24 h after replating dissociated (fresh) or cryopreserved (best-case) D7 SN showing high confluence and normal morphology of immature neurons. Scale bar: 100 µm. (D) Calcium imaging of post-thaw culture after 7-day maturation of D7 SN cryopreserved with −4°C nucleation and −3°C/min cooling rate, showing little to no response to 0.1% DMSO (negative control), positive response to 1 µM veratridine that was inhibited by TTX, and positive response to 30 mM KCl that was unaffected by TTX. Red line: responder cell; black line: nonresponder cell. Proportion of responder cell population indicated per graph. Range of n = 417–662.
For cryopreserved D14 mSN, measurement of immediate post-thaw recovery (Figure 8A) appeared to demonstrate a lack of sensitivity to undercooling that was otherwise shown in the earlier Raman results, but it showed a trend of more cell death with faster cooling rate that was consistent with the trend in intracellular ice, membrane impairment, volumetric loss, and cytochrome C release observed by Raman. The 24-h post-thaw reattachment of D14 mSN (Figure 8B) also appeared to show a lack of sensitivity to both undercooling and cooling rate variations. However, upon a closer examination of D14 mSN post-thaw using the optimal freezing parameters (i.e., −1°C/min cooling and −4°C ice nucleation) as well as postpassage (Figure 8C), we found that both freshly dissociated and cryopreserved cells failed to produce viable culture, rendering 24-h post-thaw reattachment an invalid metric, in this instance, for quantifying the effect of cooling rate or undercooling on the cryopreservation outcome of D14 mSN.
[image: Figure 8]FIGURE 8 | Post-thaw survival and function of cryopreserved D14 mSN under varying nucleation temperatures and cooling rates. Data are represented as mean ± 95% confidence interval. *p < 0.05; n.s.: p > 0.05. (A) Post-thaw recovery of D14 mSN showing no significant change with greater undercooling but trending significantly lower with faster cooling rate. n = 4. Red box: best-case parameters tested with the highest recovery. (B) Post-thaw reattachment of D14 mSN, normalized to reattachment of dissociated fresh cell control, showing no significant difference between any of the test conditions. n = 4. Crossed-out columns denoting insensitive post-thaw assay due to poor outcome of control cells. (C) Calcein AM-stained culture 24 and 48 h after replating dissociated (fresh) or cryopreserved (best-case) D14 mSN, showing a vast majority of live (calcein AM positive) cell population nonadherent or with rounded morphology in the first 24 h that was more sparsely distributed in the post-thaw culture, as well as subsequent nearly complete cell loss in both conditions at 48 h. Scale bar: 100 µm.
DISCUSSION
In contrast to the abundant methods of primary and stem cell-derived neuronal cell production in literature, a few reports can be found to describe the cryopreservation of these cells. One of these few studies reported the cryopreservation of primary mouse cortical and dopaminergic neurons in DMSO-containing formulations and subsequent phenotypic characterization of the cryopreserved cells at 2 and 4 weeks post-thaw (Pischedda et al., 2018), without survival data obtained in shorter terms post-thaw, which was not directly comparable with results in the present study. Another study reported the cryopreservation of primary mouse motor neurons in DMSO and post-thaw cell recovery rate of 68.8% (Parker et al., 2018). There were two accounts of cryopreserved dopaminergic progenitors and neurons derived from hiPSCs and human embryonic stem cells (hESCs), with the highest reported post-thaw recovery approaching 50% upon 24-h treatment in apoptosis inhibitors (Wakeman et al., 2017; Drummond et al., 2020). In comparison, the present study demonstrated DMSO-free cryopreservation of neuronal cells, with post-thaw survival of D5 crest measured at 91.6% immediately post-thaw, 88.2% 24 h post-thaw, and of D7 SN measured at 93.6% immediately post-thaw, 84.1% 24 h post-thaw, all of which were significantly higher than 50% (p < 0.05) even without the use of apoptosis inhibitor. The methodology and results of this investigation represent a significant addition to the scientific literature related to the cryopreservation of hiPSC-derived sensory neurons and their progenitors. Its outcome may be validated using additional hiPSC lines, alternative neuronal differentiations and other tissue lineages.
Cell Loss Before Freezing and After Thawing Challenges in Vitro Neuronal Cell Production
A commonly recognized process bottleneck in the developing supply chain of hiPSC-derived cryopreserved cell therapies has been the temporal restriction on the fill-and-finish step immediately preceding the freezing of cells to minimize cell loss due to DMSO cytotoxicity (Yuan et al., 2014; de Abreu Costa et al., 2017; Pollock et al., 2017; Verheijen et al., 2019). As demonstrated in Figure 2, the non-DMSO CPA molecules used in this study (i.e., sucrose, glycerol, isoleucine, P188, HSA) provided a superior alternative to the widely used DMSO in preserving cell viability before freezing. This result supports the transition from DMSO to non-DMSO in order to enable scale-up of the fill-and-finish process in a manufacturing setting, while adhering to a high batch consistency. Compared with DMSO whose cytotoxicity arises from dissolution, epigenetic and genomic alteration, these non-DMSO CPAs, typically with larger molecular weight than DMSO, can cause pre-freeze cell loss predominantly due to osmotic stress upon CPA introduction (Best, 2015; Hornberger et al., 2021; Matsumura et al., 2021). Compared with D5 crest and D7 SN, which exhibited no significant cell loss over the course of prefreeze exposure to the non-DMSO CPA solution (p > 0.05), D14 mSN experienced minor (10%) yet significant (p < 0.05) decrease in viable cell count during the first 30 min of this process, suggesting that sensitivity to the osmotic stress varied by cell stage with the most mature cells being most sensitive. Prefreeze CPA exposure testing in this study of these neuronal cells in the non-DMSO solution may be expanded in a future study to include longer times of exposure and determine the time limit for a given quality control (QC) range of cell viability.
Membrane Fluidity Informs Undercooling Sensitivity and Cryopreservation Design
Literature in the field of gamete cryobiology has explored and demonstrated the inverse correlation between membrane fluidity and desirable cryopreservation outcome such as motility of recovered spermatozoa (Giraud et al., 2000; Blesbois et al., 2005). In addition, Noutsi et al. (2016) showed the varying extent of fluctuation in membrane fluidity among a selection of cell lines over the course of 4-day static cultures and spontaneous differentiation. These previous studies have required highly specialized spectrofluorometer or two-photon fluorescent microscopy to quantify membrane fluidity for their measurement, both of which are limited by low throughput and adaptability.
We found that membrane fluidity trended lower as differentiation and maturation progressed. The decrease in membrane fluidity was consistent with the increase in undercooling sensitivity of the cells. This result supports the correlation between membrane fluidity and cell freezing damage previously postulated in literature (Giraud et al., 2000; Blesbois et al., 2005) and provides more in-depth evidence specifying the nature of freezing damages as intracellular ice and cell disintegration consequent of extensive undercooling. On one hand, cells like D5 crest with very high membrane fluidity may exhibit little to no sensitivity to changes in ice nucleation temperature. On the other hand, cells like D14 mSN with low membrane fluidity would require a tight control of ice nucleation temperature (e.g., −3 to −7°C) in order to ensure the same level of consistency in their post-thaw cell survival and function.
One may note that despite having relatively higher membrane fluidity than hiPSC aggregates and utilizing the same non-DMSO CPA formulation, D14 mSN responded significantly more poorly to undercooling (Figures 3 and 6) than hiPSC aggregates (Li et al., 2020). Membrane fluidity alone may not reflect undercooling sensitivity of a given cell type. Other factors may include intracellular and transmembrane diffusion rates of water and the cell-penetrating CPA molecules (i.e., glycerol) for the given cell sample, as well as membrane partitioning of glycerol and its effect on the molecular interaction between intracellular CPA and water. With greater undercooling, kinetic energy and molecular motion are lower, and upon ice nucleation in the extracellular space, more rigid plasma membrane may not allow water molecules to transport quickly enough from the intracellular space following the sudden increase in the transmembrane concentration differential to avoid intracellular ice formation. Low membrane permeability may decrease the probability of water leaving the intermolecular hydrogen bond network and increase the probability of intracellular ice formation. Dense membrane-cytoskeletal organization may slow down the diffusion of water and CPAs in the cytoplasm and reduce the probability of uniform cryoprotection inside the cell. Shift in the membrane property associated with differentiation or aggregation of hiPSCs may change the partitioning of glycerol as observed by Raman and potentially deviate the local molecular balance from its sweet spot that was seen (Li et al., 2020) to mitigate undercooling stresses for hiPSCs.
It is also important to note that the non-DMSO solution was found to eliminate chunky, lethal intracellular ice formation regardless of the cell stage, whereas the DMSO-based solution was observed to result in significant amounts of such ice crystals when subjected to the same degree of undercooling. As membrane fluidity may drop as cells differentiate and mature, it becomes increasingly important to transition from DMSO, or a single-CPA non-DMSO alternative formulation, to a non-DMSO CPA cocktail like the one used in this study, in order to counter the intrinsic cell vulnerability to undercooling with proper cryoprotection and consequently improve the consistency of cryopreservation outcome and flexibility of CRF in hiPSC-based cell manufacturing.
Cell Size Measurement Informs Cooling Rate Sensitivity and Cooling Rate Selection
It has been hypothesized and demonstrated in cryobiological literature (Gao and Critser, 2000; Hubel, 2018) that the relationship between cooling rate and cryopreservation outcome for a given cell type should resemble an inverted “U,” and that the optimal cooling rate of different cell types correlate with their difference in cell size. Within the cooling rate range (−1 to −5°C/min) tested in this study, the optimal cooling rate for D5 crest lay near or below −1°C/min, −3°C/min for D7 SN around, and for D14 mSN also near or below -1°C/min but skewed to a likely slower optimal cooling rate than that of D5 crest. This relativity in optimal cooling rate was consistent with their different cell sizes, where the larger cells (i.e., D14 mSN > D5 crest) require a slower cooling rate (i.e., −1°C/min and potentially lower) to avoid lethal intracellular ice formation.
Interestingly, compared with the nearly 50% drop in post-thaw reattachment of larger cell (D5 crest) along with the increase in cooling rate from −1 to −3°C/min, the decrease in cooling rate from −3 to −1°C/min resulted in less cell loss (i.e., 5% drop in post-thaw reattachment) in the smaller cell (D7 SN). Consistent with what was previously proposed (Gao and Critser, 2000), cooling rate sensitivity is most critical toward large cells with higher than optimal cooling rates. Insulative passive freezing devices and liquid nitrogen-free controlled rate freezers are limited by the typical maximum momentary cooling rate of −2°C/min, where freezing damage by fast cooling may not be a primary concern in their applications. In liquid nitrogen-based controlled rate freezing applications, measuring cell diameter in suspension by light microscopy may be useful to determine whether the cell form of interest requires a slower cooling rate to decrease the probability of freezing damages or relaxes the acceptable range to accommodate deviations toward faster cooling rates or intentional use of accelerated programs.
Dissociation of Adherent Culture Remains a Challenge to Cell Cryopreservation
This investigation revealed a critical challenge to the successful cryopreservation of hiPSC-derived cells. The interruption of culture on day 5 created a barrier to neuronal induction of neural crest cells, and the 90-min Accumax treatment on day 14 failed to produce a viable culture of mature sensory neurons, with or without cryopreservation. Transcriptomic analyses in recent publications (Khan et al., 2016; Adam et al., 2017; Mattei et al., 2020; Miyawaki-Kuwakado et al., 2021) showed that enzymatic dissociation can alter the gene expression of cells in a fashion that is independent of the treatment concentration, duration, and temperature but dependent on the enzyme species. Therefore, in order to successfully cryopreserve intermediate cell stages of an hiPSC differentiation like D5 crest or advanced cell stages of maturation like D14 mSN, it will be critical to optimize the cell dissociation protocol, especially the molecular species if using an enzymatic method, minimizing cell loss, changes in the gene expression, and deviation from the intended cell developmental trajectory.
A recent study demonstrated vitrification of adherent hiPSC-derived neural progenitor cells using the TWIST method with 80% post-thaw recovery. While the methodology of vitrification is limited in scalability, advances as such in improving its sterility and future studies in validating the method for more differentiated, mature cell stages may present practical value toward in situ cryopreservation of hiPSC-derived 2D adherent culture at laboratory scale. Furthermore, while slow freezing has been predominantly used for cryopreserving single-cell suspensions, its feasibility for in situ cryopreservation of adherent cell sheet was recently demonstrated for readily implantable hiPSC-derived retinal pigment epithelium (Pennington et al., 2021). The 3D spheroid suspension culture of hiPSCs and differentiated cells has recently gained popularity due to its scalability demanded by preclinical and clinical cell production (Chen et al., 2015; Kwok et al., 2018; Takahashi et al., 2018). Cryopreservation of hiPSC-derived cell spheroids may be studied in the future to examine how the effect of cryopreservation on continuity of differentiation varies between different modalities.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
RL, JD, and AH conceptualized the article. RL, PW, and VT designed, acquired, analyzed, and interpreted the data, and drafted and wrote the manuscript. RL, PW, VT, AP, JD, and AH revised the manuscript and approved the final version of the manuscript.
FUNDING
This work was supported by the National Institutes of Health (R01EB023880, R01HL154734), National Science Foundation Innovation Corps (1951443), and ERC ATP-Bio (1941543).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The Raman spectroscopy in this work was carried out in the Characterization Facility, University of Minnesota, which receives partial support from the NSF through the MRSEC program. The authors thank their colleague Peter Dosa for providing insightful feedback on the manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.796960/full#supplementary-material
REFERENCES
 Adam, M., Potter, A. S., and Potter, S. S. (2017). Psychrophilic Proteases Dramatically Reduce Single Cell RNA-Seq Artifacts: A Molecular Atlas of Kidney Development. Development 144, 3625–3632. doi:10.1242/dev.151142
 Beier, A. F., Schulz, J. C., and Zimmermann, H. (2013). Cryopreservation with a Twist - towards a Sterile, Serum-free Surface-Based Vitrification of hESCs. Cryobiology 66, 8–16. doi:10.1016/J.CRYOBIOL.2012.10.001
 Best, B. P. (2015). Cryoprotectant Toxicity: Facts, Issues, and Questions. Rejuvenation Res. 18, 422–436. doi:10.1089/rej.2014.1656
 Blesbois, E., Grasseau, I., and Seigneurin, F. (2005). Membrane Fluidity and the Ability of Domestic Bird Spermatozoa to Survive Cryopreservation. Reproduction 129, 371–378. doi:10.1530/rep.1.00454
 Brownjohn, P. W., Smith, J., Portelius, E., Serneels, L., Kvartsberg, H., De Strooper, B., et al. (2017). Phenotypic Screening Identifies Modulators of Amyloid Precursor Protein Processing in Human Stem Cell Models of Alzheimer's Disease. Stem Cel Rep. 8, 870–882. doi:10.1016/J.STEMCR.2017.02.006
 Burkhardt, M. F., Martinez, F. J., Wright, S., Ramos, C., Volfson, D., Mason, M., et al. (2013). A Cellular Model for Sporadic ALS Using Patient-Derived Induced Pluripotent Stem Cells. Mol. Cell Neurosci. 56, 355–364. doi:10.1016/J.MCN.2013.07.007
 Chen, V. C., Ye, J., Shukla, P., Hua, G., Chen, D., Lin, Z., et al. (2015). Development of a Scalable Suspension Culture for Cardiac Differentiation from Human Pluripotent Stem Cells. Stem Cel Res. 15, 365–375. doi:10.1016/J.SCR.2015.08.002
 de Abreu Costa, L., Henrique Fernandes Ottoni, M., dos Santos, M., Meireles, A., Gomes de Almeida, V., de Fátima Pereira, W., et al. (2017). Dimethyl Sulfoxide (DMSO) Decreases Cell Proliferation and TNF-α, IFN-γ, and IL-2 Cytokines Production in Cultures of Peripheral Blood Lymphocytes. Molecules 22, 1789. doi:10.3390/molecules22111789
 Deshpande, A., Yadav, S., Dao, D. Q., Wu, Z.-Y., Hokanson, K. C., Cahill, M. K., et al. (2017). Cellular Phenotypes in Human iPSC-Derived Neurons from a Genetic Model of Autism Spectrum Disorder. Cel Rep. 21, 2678–2687. doi:10.1016/j.celrep.2017.11.037
 Drummond, N. J., Dolt, K. S., Canham, M. A., Kilbride, P., Morris, G. J., and Kunath, T. (2020). Cryopreservation of Midbrain Dopaminergic Neural Cells Differentiated from Human Embryonic Stem Cells. bioRxiv. doi:10.1101/2020.02.11.944272
 Egawa, N., Kitaoka, S., Tsukita, K., Naitoh, M., Takahashi, K., Yamamoto, T., et al. (2012). Drug Screening for ALS Using Patient-specific Induced Pluripotent Stem Cells. Sci. Transl. Med. 4, 145ra104. doi:10.1126/scitranslmed.3004052
 Engle, S. J., Blaha, L., and Kleiman, R. J. (2018). Best Practices for Translational Disease Modeling Using Human iPSC-Derived Neurons. Neuron 100, 783–797. doi:10.1016/j.neuron.2018.10.033
 Fujimori, K., Ishikawa, M., Otomo, A., Atsuta, N., Nakamura, R., Akiyama, T., et al. (2018). Modeling Sporadic ALS in iPSC-Derived Motor Neurons Identifies a Potential Therapeutic Agent. Nat. Med. 24, 1579–1589. doi:10.1038/s41591-018-0140-5
 Gao, D., and Critser, J. K. (2000). Mechanisms of Cryoinjury in Living Cells. ILAR J. 41, 187–196. doi:10.1093/ilar.41.4.187
 Germann, A., Oh, Y.-J., Schmidt, T., Schön, U., Zimmermann, H., and von Briesen, H. (2013). Temperature Fluctuations during Deep Temperature Cryopreservation Reduce PBMC Recovery, Viability and T-Cell Function. Cryobiology 67, 193–200. doi:10.1016/J.CRYOBIOL.2013.06.012
 Giraud, M. N., Motta, C., Boucher, D., and Grizard, G. (2000). Membrane Fluidity Predicts the Outcome of Cryopreservation of Human Spermatozoa. Hum. Reprod. 15, 2160–2164. doi:10.1093/humrep/15.10.2160
 Höing, S., Rudhard, Y., Reinhardt, P., Glatza, M., Stehling, M., Wu, G., et al. (2012). Discovery of Inhibitors of Microglial Neurotoxicity Acting through Multiple Mechanisms Using a Stem-Cell-Based Phenotypic Assay. Cell Stem Cell 11, 620–632. doi:10.1016/J.STEM.2012.07.005
 Hornberger, K., Li, R., Duarte, A. R. C., and Hubel, A. (2021). Natural Deep Eutectic Systems for Nature‐inspired Cryopreservation of Cells. Aiche J. 67, e17085. doi:10.1002/aic.17085
 Hubel, A. (2018). Preservation of Cells: A Practical Manual. Hoboken, NJ, USA: John Wiley & Sons. doi:10.1002/9781118989883Preservation of Cells
 Hunt, C. J. (2011). Cryopreservation of Human Stem Cells for Clinical Application: A Review. Transfus. Med. Hemother 38, 107–123. doi:10.1159/000326623
 John Morris, G., and Acton, E. (2013). Controlled Ice Nucleation in Cryopreservation - A Review. Cryobiology 66, 85–92. doi:10.1016/J.CRYOBIOL.2012.11.007
 Khan, S. J., Abidi, S. N. F., Tian, Y., Skinner, A., and Smith-Bolton, R. K. (2016). A Rapid, Gentle and Scalable Method for Dissociation and Fluorescent Sorting of Imaginal Disc Cells for mRNA Sequencing. Fly 10, 73–80. doi:10.1080/19336934.2016.1173296
 Ko, H. C., and Gelb, B. D. (2014). Concise Review: Drug Discovery in the Age of the Induced Pluripotent Stem Cell. Stem Cell Transl. Med. 3, 500–509. doi:10.5966/sctm.2013-0162
 Kondo, T., Imamura, K., Funayama, M., Tsukita, K., Miyake, M., Ohta, A., et al. (2017). iPSC-Based Compound Screening and In Vitro Trials Identify a Synergistic Anti-amyloid β Combination for Alzheimer's Disease. Cel Rep. 21, 2304–2312. doi:10.1016/J.CELREP.2017.10.109
 Kwok, C. K., Ueda, Y., Kadari, A., Günther, K., Ergün, S., Heron, A., et al. (2018). Scalable Stirred Suspension Culture for the Generation of Billions of Human Induced Pluripotent Stem Cells Using Single‐use Bioreactors. J. Tissue Eng. Regen. Med. 12, e1076–e1087. doi:10.1002/term.2435
 Li, R., Hornberger, K., Dutton, J. R., and Hubel, A. (2020). Cryopreservation of Human iPS Cell Aggregates in a DMSO-free Solution-An Optimization and Comparative Study. Front. Bioeng. Biotechnol. 8, 1. doi:10.3389/fbioe.2020.00001
 Li, R., Yu, G., Azarin, S. M., and Hubel, A. (2018). Freezing Responses in DMSO-Based Cryopreservation of Human iPS Cells: Aggregates versus Single Cells. Tissue Eng. C: Methods 24, 289–299. doi:10.1089/ten.tec.2017.0531
 Linville, R. M., DeStefano, J. G., Nerenberg, R. F., Grifno, G. N., Ye, R., Gallagher, E., et al. (2020). Long-Term Cryopreservation Preserves Blood-Brain Barrier Phenotype of iPSC-Derived Brain Microvascular Endothelial Cells and Three-Dimensional Microvessels. Mol. Pharmaceutics 17, 3425–3434. doi:10.1021/acs.molpharmaceut.0c00484
 Matsumura, K., Hayashi, F., Nagashima, T., Rajan, R., and Hyon, S.-H. (2021). Molecular Mechanisms of Cell Cryopreservation with Polyampholytes Studied by Solid-State NMR. Commun. Mater. 2, 15. doi:10.1038/s43246-021-00118-1
 Mattei, D., Ivanov, A., van Oostrum, M., Pantelyushin, S., Richetto, J., Mueller, F., et al. (2020). Enzymatic Dissociation Induces Transcriptional and Proteotype Bias in Brain Cell Populations. Ijms 21, 7944. doi:10.3390/ijms21217944
 Mazzola, M., and Di Pasquale, E. (2020). Toward Cardiac Regeneration: Combination of Pluripotent Stem Cell-Based Therapies and Bioengineering Strategies. Front. Bioeng. Biotechnol. 8, 455. doi:10.3389/fbioe.2020.00455
 McNeish, J., Roach, M., Hambor, J., Mather, R. J., Weibley, L., Lazzaro, J., et al. (2010). High-throughput Screening in Embryonic Stem Cell-Derived Neurons Identifies Potentiators of α-Amino-3-hydroxyl-5-methyl-4-isoxazolepropionate-type Glutamate Receptors. J. Biol. Chem. 285, 17209–17217. doi:10.1074/JBC.M109.098814
 Miyawaki‐Kuwakado, A., Wu, Q., Harada, A., Tomimatsu, K., Fujii, T., Maehara, K., et al. (2021). Transcriptome Analysis of Gene Expression Changes upon Enzymatic Dissociation in Skeletal Myoblasts. Genes Cells 26, 530–540. doi:10.1111/gtc.12870
 Naaldijk, Y., Johnson, A. A., Friedrich-Stöckigt, A., and Stolzing, A. (2016). Cryopreservation of Dermal Fibroblasts and Keratinocytes in Hydroxyethyl Starch-Based Cryoprotectants. BMC Biotechnol. 16, 85. doi:10.1186/s12896-016-0315-4
 Nazarpour, R., Zabihi, E., Alijanpour, E., Abedian, Z., Mehdizadeh, H., and Rahimi, F. (2012). Optimization of Human Peripheral Blood Mononuclear Cells (PBMCs) Cryopreservation. Int. J. Mol. Cell. Med. 1, 88–93. Available at: http://www.ncbi.nlm.nih.gov/pubmed/24551763.
 Nishiyama, Y., Iwanami, A., Kohyama, J., Itakura, G., Kawabata, S., Sugai, K., et al. (2016). Safe and Efficient Method for Cryopreservation of Human Induced Pluripotent Stem Cell-Derived Neural Stem and Progenitor Cells by a Programmed Freezer with a Magnetic Field. Neurosci. Res. 107, 20–29. doi:10.1016/J.NEURES.2015.11.011
 Nixdorf-Bergweiler, B. E. (1998). Enlargement of Neuronal Somata in the LMAN Coincides with the Onset of Sensorimotor Learning for Song. Neurobiol. Learn. Mem. 69, 258–273. doi:10.1006/NLME.1998.3819
 Noutsi, P., Gratton, E., and Chaieb, S. (2016). Assessment of Membrane Fluidity Fluctuations during Cellular Development Reveals Time and Cell Type Specificity. PLoS One 11, e0158313. doi:10.1371/journal.pone.0158313
 Parker, S. S., Moutal, A., Cai, S., Chandrasekaran, S., Roman, M. R., Koshy, A. A., et al. (2018). High Fidelity Cryopreservation and Recovery of Primary Rodent Cortical Neurons. eNeuro 5 (5), 1–12. doi:10.1523/ENEURO.0135-18.2018
 Pennington, B. O., Bailey, J. K., Faynus, M. A., Hinman, C., Hee, M. N., Ritts, R., et al. (2021). Xeno-free Cryopreservation of Adherent Retinal Pigmented Epithelium Yields Viable and Functional Cells In Vitro and In Vivo. Sci. Rep. 11, 6286. doi:10.1038/s41598-021-85631-6
 Pi, C.-H., Hornberger, K., Dosa, P., and Hubel, A. (2020). Understanding the Freezing Responses of T Cells and Other Subsets of Human Peripheral Blood Mononuclear Cells Using DSMO-free Cryoprotectants. Cytotherapy 22, 291–300. doi:10.1016/j.jcyt.2020.01.013
 Pischedda, F., Montani, C., Obergasteiger, J., Frapporti, G., Corti, C., Rosato Siri, M., et al. (2018). Cryopreservation of Primary Mouse Neurons: The Benefit of Neurostore Cryoprotective Medium. Front. Cell. Neurosci. 12, 81. doi:10.3389/fncel.2018.00081
 Pollock, K., Samsonraj, R. M., Dudakovic, A., Thaler, R., Stumbras, A., McKenna, D. H., et al. (2017). Improved Post-Thaw Function and Epigenetic Changes in Mesenchymal Stromal Cells Cryopreserved Using Multicomponent Osmolyte Solutions. Stem Cell Development 26, 828–842. doi:10.1089/scd.2016.0347
 Ragoonanan, V., Hubel, A., and Aksan, A. (2010). Response of the Cell Membrane-Cytoskeleton Complex to Osmotic and Freeze/thaw Stresses. Cryobiology 61, 335–344. doi:10.1016/j.cryobiol.2010.10.160
 Ryan, S. D., Dolatabadi, N., Chan, S. F., Zhang, X., Akhtar, M. W., Parker, J., et al. (2013). Isogenic Human iPSC Parkinson's Model Shows Nitrosative Stress-Induced Dysfunction in MEF2-Pgc1α Transcription. Cell 155, 1351–1364. doi:10.1016/J.CELL.2013.11.009
 Takahashi, Y., Sato, S., Kurashima, Y., Yamamoto, T., Kurokawa, S., Yuki, Y., et al. (2018). A Refined Culture System for Human Induced Pluripotent Stem Cell-Derived Intestinal Epithelial Organoids. Stem Cel Rep. 10, 314–328. doi:10.1016/J.STEMCR.2017.11.004
 van den Brink, L., Brandão, K. O., Yiangou, L., Mol, M. P. H., Grandela, C., Mummery, C. L., et al. (2020). Cryopreservation of Human Pluripotent Stem Cell-Derived Cardiomyocytes Is Not Detrimental to Their Molecular and Functional Properties. Stem Cel Res. 43, 101698. doi:10.1016/j.scr.2019.101698
 Verheijen, M., Lienhard, M., Schrooders, Y., Clayton, O., Nudischer, R., Boerno, S., et al. (2019). DMSO Induces Drastic Changes in Human Cellular Processes and Epigenetic Landscape In Vitro. Sci. Rep. 9, 4641. doi:10.1038/s41598-019-40660-0
 Wakeman, D. R., Hiller, B. M., Marmion, D. J., McMahon, C. W., Corbett, G. T., Mangan, K. P., et al. (2017). Cryopreservation Maintains Functionality of Human iPSC Dopamine Neurons and Rescues Parkinsonian Phenotypes In Vivo. Stem Cel. Rep. 9, 149–161. doi:10.1016/j.stemcr.2017.04.033
 Yamanaka, S. (2020). Pluripotent Stem Cell-Based Cell Therapy-Promise and Challenges. Cell Stem Cell 27, 523–531. doi:10.1016/j.stem.2020.09.014
 Yang, Y. M., Gupta, S. K., Kim, K. J., Powers, B. E., Cerqueira, A., Wainger, B. J., et al. (2013). A Small Molecule Screen in Stem-Cell-Derived Motor Neurons Identifies a Kinase Inhibitor as a Candidate Therapeutic for ALS. Cell Stem Cell 12, 713–726. doi:10.1016/J.STEM.2013.04.003
 Ye, L., Zhang, S., Greder, L., Dutton, J., Keirstead, S. A., Lepley, M., et al. (2013). Effective Cardiac Myocyte Differentiation of Human Induced Pluripotent Stem Cells Requires VEGF. PLoS One 8, e53764. doi:10.1371/journal.pone.0053764
 Yu, G., Li, R., and Hubel, A. (2021). “Raman Cryomicroscopic Imaging and Sample Holder for Spectroscopic Subzero Temperature Measurements,” in Methods In Molecular Biology: Cryopreservation And Freeze-Drying Protocols ed . Editors W. F. Wolkers, and H. Oldenhof ( Springer Nature), 351–361. doi:10.1007/978-1-0716-0783-1_14
 Yuan, C., Gao, J., Guo, J., Bai, L., Marshall, C., Cai, Z., et al. (2014). Dimethyl Sulfoxide Damages Mitochondrial Integrity and Membrane Potential in Cultured Astrocytes. PLoS One 9, e107447. doi:10.1371/journal.pone.0107447
Conflict of Interest: AH has an issued patent # 10314302, and authors RL and AH have an international patent application # PCT/US2020/029847 related to this work and owned by Regents of the University of Minnesota.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Li, Walsh, Truong, Petersen, Dutton and Hubel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-09-796960-g005.gif





OPS/images/fcell-09-796960-g006.gif





OPS/images/fcell-09-796960-g003.gif





OPS/images/fcell-09-796960-g004.gif





OPS/images/math_qu1.gif





OPS/images/fcell-09-796960-g007.gif





OPS/images/fcell-09-796960-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Differentiation of Human iPS Cells Into Sensory Neurons Exhibits Developmental Stage-Specific Cryopreservation Challenges		Introduction

		Materials and methods		Induced Pluripotent Stem Cell Culture

		Neuronal Differentiation and Maturation

		Immunocytochemistry

		Calcium Imaging

		Cell Viability in Cryoprotective Agents

		Membrane Fluidity

		Cell Diameter

		Low-Temperature Confocal Raman Spectroscopy

		Controlled Rate Freezing and Thawing

		Post-Thaw Quantification of Cell Survival and Function

		Statistics





		Results		Non-DMSO Solution Composed of Sucrose, Glycerol, L-Isoleucine, P188, and HSA was Superior to DMSO-Based Commercial Solution in Maintaining Neuronal Cell Viability Before Freezing

		Membrane Fluidity and Cell Size Fluctuations During Neuronal Cell Differentiation and Maturation Inferred Cell Stage-Dependent Sensitivity to Undercooling and Cooling Rate

		Sensitivity to Undercooling and Mechanisms of Damage Varied by Cell Stage

		Sensitivity to Cooling Rate Varied Among Cell Stages and Correlated with Cell Size

		Successful Cryopreservation Relied on Good Cryoprotection and Compatible Process





		Discussion		Cell Loss Before Freezing and After Thawing Challenges in Vitro Neuronal Cell Production

		Membrane Fluidity Informs Undercooling Sensitivity and Cryopreservation Design

		Cell Size Measurement Informs Cooling Rate Sensitivity and Cooling Rate Selection

		Dissociation of Adherent Culture Remains a Challenge to Cell Cryopreservation





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Differentiation of Human iPS Cells
Into Sensory Neurons Exhibits
Developmental Stage-Specific
Cryopreservation Challenges





OPS/images/fcell-09-796960-g001.gif
o mmmmesr

NS | gormmacaer
s Netorscnt ooy e ot o sy ruren






OPS/images/fcell-09-796960-g002.gif
M ] I
R
|y
o EEEEE°
% 2
K LD N,
o EIEEIERT
RN
1 RN
: BN










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





