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Abstract

:

The demand for regenerative medicine products is growing rapidly in clinical practice. Unfortunately, their use has certain limitations. One of these, which significantly constrains the widespread distribution and commercialization of such materials, is their short life span. For products containing suspensions of cells, this issue can be solved by using cryopreservation. However, this approach is rarely used for multicomponent tissue-engineered products due to the complexity of selecting appropriate cryopreservation protocols and the lack of established criteria for assessing the quality of such products once defrosted. Our research is aimed at developing a cryopreservation protocol for an original hydrogel scaffold with encapsulated MSCs and developing a set of criteria for assessing the quality of their functional activity in vitro. The scaffolds were frozen using two alternative types of cryocontainers and stored at either −40 °C or −80 °C. After cryopreservation, the external state of the scaffolds was evaluated in addition to recording the cell viability, visible changes during subsequent cultivation, and any alterations in proliferative and secretory activity. These observations were compared to those of scaffolds cultivated without cryopreservation. It was shown that cryopreservation at −80 °C in an appropriate type of cryocontainer was optimal for the hydrogels/adipose-derived stem cells (ASCs) tested if it provided a smooth temperature decrease during freezing over a period of at least three hours until the target values of the cryopreservation temperature regimen were reached. It was shown that evaluating a set of indicators, including the viability, the morphology, and the proliferative and secretory activity of the cells, enables the characterization of the quality of a tissue-engineered construct after its withdrawal from cryopreservation, as well as indicating the effectiveness of the cryopreservation protocol.
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1. Introduction


The dynamic development of regenerative medicine is currently inextricably linked with increased tissue engineering success resulting from the use of complex tissue-engineered products with three-dimensional structures rather than through the application of cultures of individual cells.



Tissue engineering is defined as the use of cells, biomaterials, and suitable molecular or physical factors, individually or in combination, to repair or replace tissues to improve clinical outcomes [1]. The successful development of tissue-engineered constructs (TECs) depends on two key factors:




	(1)

	
The use of appropriate cells capable of regenerating or replacing the tissue for the restoration the product is intended for [2,3];




	(2)

	
The correct microenvironment acting as an artificial cellular niche that can be constructed by, for example, scaffolds or the use of bioink for bioprinting. It should be noted that the “correct microenvironment” corresponding to the niche concept involves not just one that allows for the retention of cell viability, but also enables the initiation of various cellular events depending on signals coming from the scaffold, both mechanical and biochemical [4,5].









Thus, the creation of a tissue-engineered construct capable of providing fully fledged tissue restoration is a time-consuming and expensive process requiring the coordinated activities of specialists in many fields. As a rule, the successful development of new types takes several years. At the same time, it is known that the resulting tissue-engineered products have a short lifespan. This is the result of the TEC being a living product. Cellular events continue within it, such as the build-up of cell mass, the secretion of growth factors by the cells, and the interaction of cells among themselves, involving the regulation of cellular processes [6,7]. Furthermore, the artificial extracellular matrix of the TEC can also affect cellular processes, e.g., it may influence migration and proliferative activity, phenotype change, the cells’ choice of a resting or self-renewal state, or their direction of differentiation [8,9]. At the same time, processes similar to natural “dynamic reciprocity” can occur in a tissue-engineered construct; the cells remodel their microenvironment, i.e., the scaffold, changing its structure and properties [10,11]. All these processes cannot continue indefinitely, as they take place only under certain conditions. Therefore, the lifespan and the timeframe over which the TEC is suitable for insertion into the recipient are quite short and often amount to only a few days. By contrast, the manufacturing time of the construct itself is long and varies from a few days to several weeks, sometimes, even months, depending on the technology.



By contrast, when vital organs are damaged, e.g., when extensive skin burns have occurred, minimizing the time elapsed between the traumatic event and treatment (transplantation) is crucial for the patient’s life. Often this period is measured in hours or, at a maximum, in days, and there is only an extremely short period available for decision-making. This is when the possibility of immediate transplantation of cellular products and tissue-engineered constructs for patients comes to the fore. The availability of tissue-engineered products at the required time can be ensured through effective cryopreservation. Such an ability to retain the integrity of tissue-engineered products over a long period of time will allow the creation of biobanks, ensuring the safe storage of tissue-engineered structures that can be used immediately in the case of clinical need [12].



In this regard, the development of optimized protocols for the cryopreservation of tissue-engineered constructs is a necessary prerequisite for the commercialization and further development of regenerative medicine. Despite the cryopreservation of complete TEC structures being more complicated than the cryopreservation of individual cells or cell suspensions, recent studies have proved the fundamental possibility of such cryopreservation and the possibility of successful use of the products after the defrosting procedure [13,14].



Interestingly, back in 2003 it was shown that SaOS-2 cells immobilized on two-dimensional or three-dimensional carriers based on oly (lactide-co-glycolide) exhibited greater viability after cryopreservation with 10% DMSO than a simple suspension of these cells under the same conditions [15]. However, despite early successes, the issue of the cryopreservation of TECs has proven to be much more difficult to solve. When such cells are encapsulated within three-dimensional structures, a significant problem arises as a result of uneven penetration of the cryoprotectant. Thus, a sufficient amount of cryoprotectant may not reach cells located in the depths of the TEC, while at the same time, cells located in the superficial layers of the construct may be subject to cytotoxic effects (due to exposure to high concentrations of the cryoprotector). Another problem for 3D structures is the uneven rates of cooling and heating of different regions. This can result in uneven expansion or contraction of the scaffold, having direct negative effects on the cells (including on their adhesion) [13]. Any extracellular matrix (ECM) produced by the cells during the cultivation of the TECs prior to cryopreservation can also play an important role in the success of cryopreservation. Thus, while in one situation, the accumulation of ECM can play a positive role, providing additional protection for the cells [16], a different situation such a buildup can interfere with the permeability of the structure to the cryoprotectant, preventing it from reaching the cells and, as a result, negatively affecting their viability after cryopreservation [15]. Therefore, when developing a protocol for the steps preceding TEC cryopreservation, it is important to take into account the type of cells and their activities in relation to the accumulation of any ECM, as well as the composition and density of the accumulated ECM.



Of course, the carrier itself also plays an important role in the success of TEC cryopreservation. Its composition and structure can influence the safety of the TEC cellular component. Indeed, in a work by A.I. Pravdyuk [17], it was shown that alginate hydrogel, itself, has cryoprotective properties. Similar cryoprotective properties have been demonstrated for hydrogels based on trehalose; D. Diaz-Dussan et al. [18] showed that trehalose-based scaffolds can act as cryoprotective agents by being able to mitigate physical damage to the cells during freezing and thawing through their influence on the formation and growth of ice crystals. In a work by P. F. Costa et al. [19], it was shown that the structure of a starch–polycaprolactone scaffold determined the content of the cellular material retained by the TECs after cryopreservation and thus the viability of the MSCs; in porous scaffolds, both the amount of DNA and the viability of the MSCs were almost three times higher than in non-porous disks of the same composition. The influence of the internal architecture of scaffolds on the success of cryopreservation was demonstrated in the work of O. Batnyam et al. [20]. Here, in polyurethane scaffolds consisting of randomly oriented nanofibers, the cell viability after cryopreservation was significantly higher than that in scaffolds with highly ordered nanofibers.



A rather difficult issue in TEC cryopreservation is the standardization of cryopreservation protocols. As a rule, typical TEC cryopreservation protocols are based on cell suspensions and include several stages:




	
Preparatory stage—replacing the growth medium with a cryopreservation medium containing the cryoprotector, followed by incubation at positive temperatures (to allow penetration of the structure with the cryoprotector before freezing);



	
Freezing stage—at this stage, the choice of freezing speed (vitrification or gradual decrease in temperature) is critical;



	
Cryostorage stage—the choice of an optimal temperature regimen for this stage and its stability can determine the maximum duration of successful cryostorage;



	
Thawing stage—it is important to ensure thawing of the sample without allowing recrystallization of the liquid. This stage also includes the subsequent washing of the cryopreservative from the sample;



	
Acclimatization stage—not used in all protocols, this stage includes incubation of the product in order to restore the functional activity of its cellular component [21].








Almost all stages of the different protocols involve significant differences, so cryopreservation protocols require careful preparation, since their effectiveness depends on many parameters: the cells’ cryosensitivity, the scaffold architecture, the cells’ culture conditions before freezing, the different cryoprotectant compositions, etc. [13,22].



The most important aspect of TEC cryopreservation is the evaluation of its effectiveness. In the vast majority of studies, the authors focus on cell viability as the key evaluation criterion [20,23,24,25]. However, there is no consensus on what level of cell viability is sufficient. Thus, restoration of about 50% of the cells is commonly used, as described in a number of works [12,20,26]. Unfortunately, this level is unlikely to be sufficient to achieve a significant clinical effect. This view is supported by the evidence that for human MSC products, the clinical acceptance limit for post-thaw cell viability is at least 70% [27,28]. It is also undeniable that the clinical effectiveness of a TEC is determined not only by its cell viability, but also, importantly, by the cells’ functional activity. Depending on the type of cell, this can include their proliferative and secretory activity, adhesion ability, and differentiation potential [18,29]. It is also important not to forget the need to preserve the properties of the scaffold carrier after cryopreservation. For example, cryopreservation can be accompanied by the formation of microcracks that arise due to the expansion of ice in the pores of the structure [14].



In general, the complexity and diversity of TECs make it impossible to use just a single cryopreservation and evaluation protocol for the different types. In turn, having to develop a separate protocol for each specific product greatly complicates standardization. Therefore, currently, we are essentially still at the stage of accumulating knowledge about the cryopreservation of TECs and developing criteria for evaluating the effectiveness of different techniques.



We previously developed a hydrogel polymer scaffold capable of acting as an artificial cell niche for adipose-derived stem cells (ASCs). We have also shown the in-principle possibility of its cryopreservation for three months, whilst still retaining the viability and proliferative activity of the ASCs it contains [30,31]. We anticipate that in the future, the TEC we have developed will be appropriate for use with skin equivalents, including those intended for the restoration of wounds in patients with burns. The latter situation requires rapid product availability “as needed”, which can be achieved through effective cryopreservation. The purpose of the current work was to study the effects of TEC cryopreservation on the functionality of ASCs encapsulated within such scaffolds when using various different cryopreservation protocols.




2. Materials and Methods


2.1. Obtaining the ASC Cell Culture


The study used mesenchymal stem cells of passage 4 isolated from human adipose tissue (ASCs). The starting material for the ASC culture was adipose tissue obtained after cosmetic plastic surgery. Voluntary, informed consent was obtained from each donor. The research protocol was approved by the FSBEI HE PRMU MOH local ethics committee (protocol No. 5 of 10 March 2021; protocol No. 9 of 30 June 2023).



Adipose tissue collected in the operating room was placed in a vial with transport medium and taken to the biotechnology laboratory of the FSBEI HE PRMU MOH University Clinic. Subsequent work was run in vertical laminar flow under sterile conditions. The cells were extracted using enzymatic processing with collagenase type I (Stemcell Technologies, Vancouver, BC, Canada) for an hour at +37 °C and cultivated in complete growth medium at absolute humidity, +37 °C, and 5% CO2. The complete growth medium had the following composition: MesenCult™ MSC Basal Medium (Human), MesenCult™ MSC Stimulatory Supplement (Human), glutamine, and penicillin/streptomycin antibiotics. The media and reagents were sourced from Stemcell Technologies (Vancouver, BC, Canada), and the plastic consumables were those supplied by Costar (Washington, DC, USA). After reaching a subconfluent (60–70%) monolayer, the cultures were re-plated (at a density of 5 × 103/cm2). Cultures from the third such passage were used for the experiments. The resulting cell suspension was seeded into culture vials (Corning, NY, USA) for further cultivation. The cells were cultured in CO2 incubator conditions (5% CO2, +37 °C, absolute humidity), changing the medium twice a week. Before use in the experiment, the cell cultures were tested for sterility and contamination with mycoplasmas and viruses.



Thus, the cells used for the formation of the scaffolds met the criteria specified for mesenchymal cells by the International Society for Cellular Therapy [32]. These cells expressed CD 105+, CD 90+, CD 44+, and CD 73+ and did not express CD 14-, CD 45-, or HLA DR-. For the experiments, we used the monoclonal antibodies CD 105 PE (cat: B76299), CD 90 FITC (cat: IM1839U), CD 44 FITC (cat: IM1219U), CD 73 PE (cat: 550257), CD 14 PC5 (cat: A07765), CD 45 PC5 (cat: A07785), and HLA-DR PC7 (cat: A40579) (all from Becton Dickinson, Franklin Lakes, NJ, USA) with the corresponding isotypic controls (cat: A07795, A09142, A07798, 737662), in a BD FACS CANTO II flow cytometer system (Becton Dickinson, Franklin Lakes, NJ, USA), with the monoclonal antibodies being used at a concentration of 1%. The cells used also spread well on plastic surfaces and were capable of differentiating in any of three directions, being adipogenic, osteogenic, and chondrogenic, as demonstrated using the Hyman Mesenchymal Stem Cell Functional Identification Kit (R and D systems, Minneapolis, MN, USA). Prior to introduction into the scaffold composition, the cells had a viability of 98–99%.




2.2. Formation of Scaffolds with Encapsulated ASCs


To form a scaffold with encapsulated ASCs, we used the technique we have described previously [33]. The composite used to form the hydrogel scaffold contained PEGylated human plasma, cryoprecipitate proteins, and type I collagen. To encapsulate the cells within the scaffold, a suspension of the ASCs in phosphate buffer (PBS) was introduced into the composite. The cell concentration was 1.2 × 105/1 mL of the composite. The scaffolds were formed under conditions of enzymatic hydrolysis through the addition of a thrombin–calcium mixture to the composite. The resulting scaffolds were cultured, immersed in α-MEM complete growth medium in a CO2 incubator (conditions: +37 °C; 5% CO2 content; absolute humidity).




2.3. Cryopreservation and Scaffold Recovery Procedures


On the third day of cultivation, the cell scaffolds were cut into equal-sized fragments using a circular template with a diameter of 1 cm. Some of the fragments continued to be cultured for another 72 h (up to the sixth day), while the others were cryopreserved. For this, the scaffold fragments were placed in cryoprobes with a cryoprotective medium containing 10% DMSO (Sigma-Aldrich, Darmstadt, Germany). To ensure slow cooling, the cryoprobes were placed into cryocontainers of types typically used for the freezing and cryopreservation of cell cultures. Two types of cryocontainers were used. Cryocontainers of type No. 1 were made of polyethylene foam with a thermally conductive semiconductor core to stabilize the cooling temperature. Cryocontainers of type No. 2 were plastic foam containers with no core. The cryocontainers of each type containing scaffold samples were placed into freezers, either at −80 °C or at −40 °C (Nuve DF 290, Nuve FR 290 Sanayi Malzemeleri ve Ticaret A.S., Turkey). After 1 month, the scaffolds were removed from cryopreservation and returned to a temperature of +37 °C. The thawed samples were washed with phosphate buffer, covered with complete growth medium, and cultured under standard CO2 incubator conditions.




2.4. Comparative Characteristics of the Scaffold Cellular Component before and after Cryopreservation


ASCs located in the scaffold structure were compared on the 3rd (72 h) and 6th (144 h) days of cultivation without cryopreservation and after 24 and 96 h of cultivation following cryopreservation under different temperature regimens.



2.4.1. Microscopic Assessment of Cell State in Scaffold Structure


To visualize the cells using light microscopy, a Leica DMIL LED (Leica Microsystems, Wetzlar, Germany) microscope equipped with a video camera was used along with Leica LAS V4.13 image visualization software.




2.4.2. Evaluation of the Number and Viability of Cells in the Scaffold Structure


The state of cells carrying out vital activity within the scaffold structure was evaluated using fluorescence microscopy on a multifunctional imager, the Cytation 5 with Gen 5 Image+ software; (BioTek, Winooski, VE, USA) using the fluorochromes Hoechst 33342 (BD, Franklin Lakes, NJ, USA) and TO-PRO3 Ready Flow Reagent (Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA).



This method is based on the use of intravital staining of nuclei with the Hoechst 33342 fluorochrome that is highly specific for double-stranded DNA molecules (377 nm excitation wavelength and 447 nm emission wavelength), followed by counting the cells in 10 visual fields and using the Z-stack function. The total number of cells was estimated per 1 mm3 of scaffold.



To mark and estimate the number of dead cells in the scaffold structure during cultivation and after cryopreservation, the fluorochrome TO-PRO™3 Ready Flow™ Reagent Invitrogen™ was used as it stains the nuclei of dead cells (586 nm excitation wavelength, 647 nm emission wavelength). The difference results from this fluorochrome being unable to penetrate the cytoplasm of viable cells, although it too has specificity for double-stranded DNA molecules.



For staining, the scaffold fragment was placed in the well of a 24-well tablet, and 2 mL of culture medium and 1 mL of Hoechst 33342 solution at a concentration of 10 µg/mL were added. The sample was placed in a thermostat and incubated for 15 min at 37 °C. Then, one drop of fluorochrome TO-PRO™3 Ready Flow™ was added to the well and incubated at room temperature in the dark for 15 min. After incubation, the scaffold fragment was washed twice with a phosphate buffer.



The combination of the two fluorochromes, Hoechst 33342 and TO-PRO™3 Ready Flow™ Reagent Invitrogen, allows for estimation of the ratio of living and dead cells. The number of dead cells was expressed as a percentage of the total number of cells.




2.4.3. Assessment of Secretory Activity of ASCs in Scaffolds


The secretory activity of the ASCs in each scaffold sample was assessed by means of the levels of VEGF and IL-8 accumulated in the conditioned medium during scaffold cultivation. Fragments of scaffolds before and after cryopreservation were cultured in the wells of a culture tablet, each fragment in 2 mL of medium. Sampling was carried out within the control periods: 3 days after separation into fragments, 24 h after defrosting, 96 h after defrosting. The selected aliquots were frozen and stored at −40 °C for no more than 2 months. The amounts of VEGF and IL-8 in the medium were measured using enzyme immunoassay (EIA). The analysis was carried out in accordance with the manufacturer’s protocol. The amount of detectable protein of each type was measured in pg/mL in accordance with calibration curves constructed from the optical densities of VEGF standards using the VEGF-ELISA-BEST kit (cat. DVE00, R&D Systems, Bio-Techne®, Minneapolis, Minnesota, USA) and the IL-8 standards from the Human IL-8 ELISA Kit (cat. BMS204-3 Thermo Fisher Scientific, Waltham, MA, USA). When setting up the EIA, the optical density was measured using an INFINITE F50 microplate reader (Tecan Austria GmbH, Grödig, Austria) at 450 nm. Measurements were run according to the manufacturer’s protocol.





2.5. Estimation of Cooling Rate in Cryocontainers during Freezing


The cooling rate in cryocontainer types No. 1 and No. 2 during freezing was assessed using a LogTag® TREL30-16 (LogTag Recorders Limited, Rosedale, Auckland, New Zealand) temperature recorder with a remote sensor. To adjust the temperature recorder, LogTag Analyzer 3 software was used. The following parameters were configured: measurement start on pressing the “Start” button; measurement stop by pressing the “Stop” button; 5 min recording intervals with no limits set for overall recording duration; °C temperature units. After setting up, the temperature recorder sensor was placed into the relevant cryocontainer (No. 1 or No. 2). Then, after pressing the “Start” button, the cryocontainer movements were reproduced as the scaffold samples were frozen. After reaching the appropriate cryopreservation temperature, the cryocontainer with the thermal sensor was removed from the freezer and measurement recording was stopped. Measurements of data from each cryocontainer type were repeated four times for each temperature regimen (−40 °C and −80 °C).




2.6. Statistical Analysis


Statistical analysis was performed using the STATISTICA 6.0 (Dell Technologies Inc., Round Rock, TX, USA) software package. The research results were processed with nonparametric statistical methods, using the Wilcoxon paired comparison test. The results are presented as the mean (M) ± m. The level of significance was set as follows: p < 0.05; p < 0.01; p < 0.001. Statistical significance of the results was judged at p < 0.05. The result was judged as a higher or extremely significant difference at p < 0.01 and p < 0.001.





3. Results and Discussion


The hydrogel biopolymer scaffolds with encapsulated ASCs were cultured for 6 days (144 h) under standard conditions (+37 °C; 5% CO2 content; absolute humidity). The proliferative activity and viability of the cells in the scaffolds without cryopreservation were evaluated. It was shown that when cultured for 3 (72 h) to 6 days (144 h), the total number of cells increased by more than 1.5 times. The percentage of dead cells before cryopreservation did not exceed 1%, and in general, their number could be characterized as “single or none in the field of vision” (Table 1). This indicated that the cells in the scaffolds before cryopreservation had evident proliferative activity and high viability. Before cryopreservation (by 72 h), the cells had formed outgrowths and intercellular contacts inside the scaffold (Figure 1a,b). When cultured for up to 144 h without cryopreservation, the cells also showed active three-dimensional growth, with the previously formed outgrowths significantly lengthening as the cells formed a cellular network (Figure 1c,d). It was noted that by the sixth day of cultivation, the cellular scaffold samples had become smaller (Figure 4A). Also, the scaffold samples became less transparent and acquired a “whitish” color. We have previously shown that the cells actively growing within a scaffold affect the scaffold itself. They are able to transform their microenvironment, e.g., by secreting various proteins. It was shown that during ASC cultivation, the scaffold structure became compacted [30], presumably causing its external changes.



One month after cryopreservation, the scaffolds were thawed. It is important to note that according to the literature data, a short acclimatization period after cell defrosting contributes to the restoration of the functional potential of the MSCs [34,35,36]. Most often, a 24 h period is specified for such thawed material reactivation [37]. In our study, we therefore also ran a restoration or acclimatization procedure for the thawed scaffolds with encapsulated ASCs, cultivating them under standard CO2 incubator conditions for 24 h before the analysis started.



Analysis of the total number of cells per 1 mm3 of scaffold after cryopreservation and acclimatization (72 h) showed that the number of cells per unit volume had increased compared to their number before cryopreservation. These changes were observed for samples frozen both at −40 °C and at −80 °C (Table 1). In particular, the number of cells in the scaffolds frozen and stored in containers of type No. 1 had increased by 30%, while those in containers of type No. 2 had increased by more than 50%. This cell number increase definitely could not be associated with their proliferative activity because during cryopreservation, they had been in a state of stasis, and the subsequent acclimatization period (24 h) was too short for the cells to be able to increase their number so significantly due to division. It should also be kept in mind that the complete functional activity of the cells is not restored immediately after cryopreservation, but only after a certain period of adaptation. Thus, the cell number per unit volume of scaffold had increased, not due to their proliferative activity, but as a result of scaffold “shrinkage”. We had previously observed the phenomenon of the osmotic shrinkage of hydrogel scaffolds under longer cryopreservation periods from 3 to 12 months. In our publication, the causes and mechanisms of this phenomenon were analyzed in detail [31]. Thus, the cryoprotectant, not being limited by any membranes, replaces a large volume of the liquid in the hydrogel, leading to the “shrinkage” of the hydrogel structure. The macroscopic state of the scaffolds confirmed this “shrinkage” effect. Therefore, when the condition of the samples was assessed visually, it was noted that before freezing (72 h), scaffold fragments created according to the template had 11 mm diameters (Figure 4A), but this diameter decreased to approximately 6–8 mm after freezing and defrosting (Figure 4B). Thus, the scaffold size changes show that the structure’s density also changed. As the number of cells is calculated per scaffold volume unit (in mm3), this explains the increase in cell numbers per unit volume after cryopreservation. It should also be noted that shrinkage of the scaffolds stored in containers of type No. 2 was presumably larger than of those in containers of type No. 1, since the increase in cells numbers in them was more than 20% greater. However, it should be noted that during the visual external evaluation, no differences were evident between samples stored in cryocontainers of types No. 1 and No. 2.



Despite the physical changes in the scaffolds, cell viability remained at a very high level and was at least 95% (Table 1). During microscopic observation, it was noted that after the acclimatization period (24 h), the overall state of the cells was comparable for all the scaffold samples (Figure 2). Both cells with single or several outgrowths and cell spheroids were observed. However, during the microscopy, we noticed that the condition of the scaffolds themselves was somewhat different. Scaffolds stored at −40 °C (containers No. 1 and No. 2) and at −80 °C (container No. 2) had defects on the surface that can be described as oval “shells” of various sizes (Figure 2a,b,d). The described defects were essentially almost absent from samples stored at −80 °C in containers of type No. 1 (Figure 2c).



Further cultivation of the scaffolds for 96 h after thawing showed different results in terms of cell numbers, viability, and their morphology. Thus, analysis of the number of cells per 1 mm3 of scaffold samples stored at −40 °C showed a decrease after 96 h compared to the results of the analysis run 24 h after defrosting (Table 1). The cells’ viability had also changed. The cell viability for scaffolds stored in cryocontainers of type No. 1, although tending to decrease, remained at a fairly high level of about 94%. The viability of cells stored in cryocontainers of type No. 2 was significantly lower, no more than 88%. Upon the microscopic assessment of the state of the cells, similar patterns were observed for the stored scaffolds regardless of their cryocontainer type. A proportion of the cells had formed long outgrowths and intercellular contacts (Figure 3e–g). At the same time, quite a lot of cells had become “cell spheroids”, evidencing that they had either died or were on the verge of death (Figure 3a–d,h). It is known that after cryopreservation, a significant loss of MSCs (up to 20%) occurs against the background of the restoration of viable cells. Apoptotic and necrotic pathways are activated in cells 6 to 48 h after thawing in response to their previous exposure to low temperatures [38], and cryopreserved MSCs have a higher percentage of apoptotic cells than MSCs from fresh live cultures [39]. Considering the condition of the cells, their decreased viability, their range of morphology, and zero increase in numbers, it can be argued that the cells retained no evident proliferative activity. The decrease in the number of cells per unit of scaffold volume after 96 h of cultivation can be explained by the fact that over the time of cultivation, the scaffold, which is a hydrogel, regained its volume of liquid and “thus expanded” after its previous “shrinkage”. This was confirmed by microscopic observation of the scaffold surfaces. Figure 3c,d show a significant increase, i.e., stretching, of the scaffold structure defects described earlier (24 h after defrosting). Thus, against the background of inhibition of the cells’ proliferative activity, “expansion” of the scaffold structure led to the apparent decrease in total cell numbers as calculated per unit volume. However, it should be noted that the increase in volume of the scaffolds was not so significant as to be noticeable visually upon external evaluation (Figure 4).



A completely different picture was observed when assessing the number and condition of cells after cryopreservation of scaffolds frozen and stored at −80 °C. Thus, in scaffolds stored in container type No. 1, the number of cells during cultivation for 1 (24 h) to 4 (96 h) days after defrosting increased by almost 38% against the background of scaffold “expansion” (Table 1 and Figure 3e,g). This testified that these cells had retained a high proliferative ability. Microscopy showed that they had multiple branching outgrowths and had formed cellular networks comparable to the cellular network formed by cells in a scaffold not subjected to cryopreservation (144 h). It should be noted that a small number of “cell spheroids” was also observed in the microscope field of view. However, cell viability remained at the level observed after acclimatization (24 h), being greater than 96% (Table 1).



The condition of the scaffolds and cells after cryopreservation in container type No. 2 at −80 °C and after subsequent cultivation differed from that of the scaffolds stored using container type No. 1 under the same conditions. Thus, the total cell count in the scaffold samples during the cultivation period after withdrawal from cryopreservation and acclimatization did not change (Table 1). However, the cell viability decreased significantly and became less than 90% (96 h). The microscopic picture of the state of the cells matched the results of the analysis. Most of the cells demonstrated recovery, but to varying degrees. Thus, a number of the cells had multiple and branched outgrowths and had formed intercellular contacts. However, other cells were only just beginning to spread out to form outgrowths. Against the background of the recovering cells, cell spheroids were also observed. Thus, considering the quantitative analysis data and the microscopic appearance of the cells, it can be said that most of the cells had retained their proliferative activity. However, the degree of proliferative activity was reduced compared to that of the samples subjected to cryopreservation in cryocontainer type No. 1. It was, therefore, sufficient to compensate for the scaffold “expansion” but insufficient to cause an increase in cell numbers per unit volume.



The macroscopic picture of the scaffold condition used at all stages of the study after cryopreservation, as assessed visually, was comparable for both types of cryocontainers and both temperature regimens (Figure 4B).



It is known that the regenerative effect in MSCs mainly depends on the cells’ paracrine functions [40,41]. There is no doubt that one of the key factors for the successful application of tissue-engineered constructs will also be fulfilment of the paracrine functions of the cells. In this regard, when assessing TEC quality after cryopreservation, it is important to characterize the secretory activity of the cells. It is known that MSCs secrete a fairly wide range of growth factors, cytokines, and extracellular matrix proteins [42,43,44,45,46,47]. One of the key growth factors secreted by stem cells is VEGF (vascular endothelial growth factor). This growth factor is a mitogen, specific for endothelial cells; an inducer of angiogenicity; and a mediator of vascular permeability [48]. VEGF is directly involved in the process of wound healing and tissue repair [49,50,51].



It was shown that during scaffold cultivation for 3 to 6 days without cryopreservation, the cells actively secreted VEGF, and it accumulated in the conditioned medium (Figure 5, Graph 144 h).



After 24 h of scaffold cultivation following cryopreservation, VEGF levels were evaluated in the conditioned medium of all the studied samples. The highest level of VEGF was observed in the conditioned medium of samples stored in container type No. 1 at −80 °C. The VEGF concentration in the conditioned medium of samples stored at −80 °C in cryocontainer type No. 2 was almost at the same level. In the conditioned medium of samples stored at −40 °C, the evaluated concentration of VEGF was less than that in the conditioned medium of scaffolds stored at −80 °C. When scaffold cultivation was continued for up to 96 h, it was shown that the level of the growth factor that could be determined decreased in the conditioned medium of scaffolds previously stored at −40 °C. A different picture was observed when the VEGF concentration was evaluated in the conditioned medium of samples stored at −80 °C (Figure 5). However, in the medium from scaffolds stored in cryocontainer type No. 2, the VEGF concentration between one (24 h) and four (96 h) days of cultivation after cryopreservation increased slightly (by less than 12%). By contrast, the VEGF concentration increased by almost 80% in the conditioned medium of samples stored in cryocontainer type No. 1 during the same cultivation period. It should be noted that following cryopreservation, the studied factor level did not reach the level observed in the conditioned media of scaffolds not subjected to the cryopreservation procedure.



A comparable pattern was observed when interleukin-8 (IL-8) was evaluated in the conditioned medium. IL-8 is one of the most important components of the MSC secretome (IL-8). It is a pro-inflammatory cytokine with its main function being to attract neutrophils and macrophages to inflammation foci [52]. In addition, IL-8 is involved in the cellular aging processes [53], and it is able to stimulate VEGF production, therefore exhibiting proangiogenic properties [52,54,55]. Hans-Oliver Rennekampff M.D. et al. showed that IL-8 is involved in all stages of the regenerative process during wound healing [56]. The ability to secrete growth factors, including VEGF and IL-8, is quite often used by researchers to assess the quality of the cellular component of tissue-engineered constructs, including after cryopreservation [22,57].



It was shown that without prior cryopreservation, during scaffold cultivation under standard conditions (+37 °C; 5% CO2 content; absolute humidity) for three days (for 72 h to 144 h), IL-8 accumulated in the conditioned medium (Figure 6). After cryopreservation and 24 h of cultivation in a conditioned medium, the levels of IL-8 from all the studied samples were evaluated. While its level was quite low in the conditioned medium from samples stored at −40 °C, it was significantly higher in the medium of samples stored at −80 °C. Furthermore, the IL-8 concentration in the conditioned medium of samples stored in container type No. 1 (−80 °C) was almost 3.5 times higher than that in the samples stored in container type No. 2 (−80 °C).



With the subsequent cultivation of up to 96 h, almost no further changes were observed in the IL-8 concentration in the conditioned medium of samples stored at −40 °C. It should be noted that in the medium of samples stored in cryocontainer type No. 2, a tendency towards decreasing detectable cytokine levels was observed (Figure 6). Completely different dynamics were observed in the conditioned medium of samples stored at −80 °C. Thus, under these conditions, the IL-8 level in the conditioned medium increased by 35% during the three days of cultivation of samples frozen in cryocontainer type No. 1. In the medium of samples stored in cryocontainer type No. 2, the levels of IL-8 also increased, but only by 25% after three days. In addition, the concentration of IL-8 that accumulated in the medium (by 96 h) of samples stored in cryocontainers of type No. 1 was almost four times higher than the evaluated concentration in the medium of samples stored in cryocontainers of type No. 2 (Figure 6). As with the results obtained when evaluating VEGF levels in the conditioned media, in no case did the IL-8 level in the medium of scaffolds that had been cryopreserved reach the level observed in the conditioned medium of scaffolds not subjected to the cryopreservation procedure.



Summarizing the results obtained, it can be seen that the maximum secretory activity retention of ASCs cultured in scaffolds after cryopreservation was observed in samples stored in cryocontainers of type No. 1 at −80 °C. This is consistent with the data described above, demonstrating that these freezing and cryopreservation conditions ensure better retention of cell viability and proliferative activity. The results of the cryopreservation of scaffolds at −40 °C were unsatisfactory. Under this storage regimen, the growth as well as the proliferative and secretory activity were disrupted after such cryopreservation in both types of cryocontainers. However, it should be noted that the samples stored in cryocontainer type No. 1 showed slightly better results compared to the samples stored in cryocontainer type No. 2 in retaining cell viability. By contrast, slightly better results were obtained for samples stored in cryocontainer type No. 2 at −80 °C; however, they were significantly inferior to the results of storage at the same temperature regimen in cryocontainer type No. 1. It is important to note that in the latter case (cryocontainer type No. 2, −80 °C), cell viability significantly decreased during cultivation after cryopreservation (Table 1). Thus, it has been shown that a −40 °C temperature regimen is not applicable for the cryopreservation of the studied hydrogel biopolymer scaffolds with encapsulated ASCs. By contrast, a temperature regimen of −80 °C allows the cells encapsulated in the scaffold to retain high viability, active growth, and high proliferative and secretory activity.



Most often, the cryopreservation of cellular materials is based on slow freezing [21]. When running such freezing protocols, the samples are cooled at a rate of 1 °C/min [58]. A programmable freezer can provide this cooling rate, but this is expensive equipment requiring a qualified operator; moreover, liquid nitrogen is needed for its operation, requiring special conditions for storage and use. It is also worth noting that programmable freezers are not optimal for the cryopreservation of just small numbers of samples. Special-purpose cryocontainers providing a 1 °C/min freezing rate are considered to be an acceptable alternative to programmable freezers [22]. During our research, two types of thermal containers were used for cryopreservation. The thermal containers differed in their manufacturing materials and design. Both of them had to ensure uniform sample cooling at a rate of 1 °C/min. However, the differences we obtained, based on the results of scaffold sample cryopreservation, suggest that the freezing temperature regimens in cryocontainer types No. 1 and No. 2 differed. The performance of the cryocontainers used was tested. Temperature variations were recorded with the help of a thermal sensor during repeated, full cycles of scaffold sample freezing until a stable −40 °C or −80 °C cryopreservation temperature was reached (Figure 7).



The cryopreservation protocol included the samples in their cryocontainers being pre-cooled in a refrigerator (~+5 °C) for 20 min to ensure uniform penetration of the cryoprotectant into the composite structure. The containers were then moved to freezers with the relevant storage temperature. Thus, the temperature change “threshold” is visible on the graph after the 20-min point. It was found that the temperature in cryocontainer type No. 1 changed more smoothly than in cryocontainer type No. 2. So, it took an hour and a half to reach −40 °C and more than 3 h to reach −80 °C in container type No. 1. In cryocontainer type No. 2, these temperatures were reached in just 35 and 55 min, respectively. It is also worth paying attention to the smoother temperature decrease observed after the temperature change “threshold” when samples in cryocontainer type No. 1 were placed into the freezer, as represented by points 3–4 on the graph. Correspondingly, the temperature values for cryocontainer type No. 2 after the “threshold” are displayed on the graph as a straight line. The latter indicates a rather sharp temperature drop in cryocontainer type No. 2 during freezing. Thus, cryocontainer type No. 1 provided a smoother temperature decrease during sample freezing compared to cryocontainer type No. 2, causing better preservation of the cells in the scaffold during cryopreservation.




4. Conclusions


The presented research results demonstrate the possibility that the cryopreservation of complex tissue-engineered constructs can provide retention of both scaffold carrier integrity and of cellular component functional activity (viability, ability to exhibit three-dimensional growth, and proliferative and secretory activity) after the product is withdrawn from cryopreservation. However, the conducted studies show the critical importance of the choice of temperature regimens for freezing such TECs. It was shown that the freezing rate and storage temperature together determine the success of TEC cryopreservation, with other conditions being equal. As with the cryopreservation of cell culture suspensions, where it has been shown that an acclimatization stage increases their regenerative potential, an acclimatization stage is also necessary when removing TECs from cryopreservation. As a result of our studies, it was confirmed that acclimatization also allows for restoration of both the scaffold carrier structure, if it has “shrunk” during freezing, and the functional activity of the contained cells after removal from cryopreservation.



The number of studies dedicated to TEC cryopreservation is currently insignificant. In this regard, no single approach exists for assessing the quality of products exposed to cryopreservation. In addition, most authors have focused only on assessing the viability of the cells immediately after TEC withdrawal from cryopreservation. The results we obtained confirm that assessing the TEC’s cell viability immediately after cryopreservation is not sufficient to assess the usefulness of the tissue-engineered constructs. It was shown that cell death after product cryopreservation may be delayed and could be observed not in the first 24 h after defrosting, but during cultivation at a later stage. It is also important to evaluate not only the retention of the viability of the cells, but also the restoration of their functional activity that allows the TEC to fulfill its regenerative potential. We have therefore shown that to characterize TEC quality, it is advisable to evaluate the real-time proliferative and secretory activity of the product’s cellular component by culturing it for a period following the cryopreservation. It should be noted that the assessment of cell morphology during TEC cultivation after cryopreservation is also an important criterion, allowing for characterization of the restoration of the activity of the cellular component. The presented indicators determined after cryopreservation and compared to the same TEC indicators before cryopreservation allowed for evaluation of the effectiveness of the cryopreservation protocol.



The presented protocols and approaches to assess TEC quality before and after cryopreservation can therefore become a basis for developing cryopreservation protocols for various tissue-engineered products. The latter will make it possible to increase TEC availability for clinical use and for successful commercialization.







Author Contributions


Conceptualization, M.N.E.; methodology, M.N.E., D.D.L. and I.N.C.; software, D.D.L. and E.A.F.; validation, D.D.L. and Y.P.R.; formal analysis, Y.P.R., D.Y.A. and I.N.C.; investigation, M.N.E., D.D.L. and Y.P.R.; resources, M.N.E.; data curation, M.N.E. and D.Y.A.; writing—original draft preparation, M.N.E., D.D.L., Y.P.R. and E.A.F.; writing—review and editing, M.N.E. and D.Y.A.; visualization, D.D.L., Y.P.R. and E.A.F.; supervision, M.N.E. and D.Y.A.; project administration, M.N.E.; funding acquisition, M.N.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Health of the Russian Federation. EGISU registration number: 121022500010-6.




Institutional Review Board Statement


The research protocol was approved by the FSBEI HE PRMU MOH (Nizhny Novgorod, Russia) local ethics committee (protocol No. 5 of 10 March 2021; protocol No. 9 of 30 June 2023). Voluntary, informed consent was obtained from each donor.




Data Availability Statement


The data presented in this study are available in the article.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Zhang, X.; Williams, D.F. Definitions of Biomaterials for the Twenty-First Century. In Proceedings of the Consensus Conference, Chengdu, China, 11–12 June 2018; ISBN 9780128182918. [Google Scholar]

	



Del Bakhshayesh, A.R.; Asadi, N.; Alihemmati, A.; Tayefi Nasrabadi, H.; Montaseri, A.; Davaran, S.; Saghati, S.; Akbarzadeh, A.; Abedelahi, A. An Overview of Advanced Biocompatible and Biomimetic Materials for Creation of Replacement Structures in the Musculoskeletal Systems: Focusing on Cartilage Tissue Engineering. J. Biol. Eng. 2019, 13, 85. [Google Scholar] [CrossRef]

	



Biru, E.I.; Necolau, M.I.; Zainea, A.; Iovu, H. Graphene Oxide–Protein-Based Scaffolds for Tissue Engineering: Recent Advances and Applications. Polymers 2022, 14, 1032. [Google Scholar] [CrossRef] [PubMed]

	



Smith, Q.; Gerecht, S. Extracellular Matrix Regulation of Stem Cell Fate. Curr. Stem Cell Rep. 2018, 4, 13–21. [Google Scholar] [CrossRef]

	



Nie, Y.; Zhang, S.; Liu, N.; Li, Z. Extracellular Matrix Enhances Therapeutic Effects of Stem Cells in Regenerative Medicine. In Composition and Function of the Extracellular Matrix in the Human Body; IntechOpen: London, UK, 2016; pp. 323–340. [Google Scholar]

	



Mansbridge, J. Skin Tissue Engineering. J. Biomater. Sci. Polym. Ed. 2008, 19, 955–968. [Google Scholar] [CrossRef] [PubMed]

	



Roux, S.; Bodivit, G.; Bartis, W.; Lebouvier, A.; Chevallier, N.; Fialaire-Legendre, A.; Bierling, P.; Rouard, H. In Vitro Characterization of Patches of Human Mesenchymal Stromal Cells. Tissue Eng. Part A 2015, 21, 417–425. [Google Scholar] [CrossRef]

	



Krishna, L.; Dhamodaran, K.; Jayadev, C.; Chatterjee, K.; Shetty, R.; Khora, S.S.; Das, D. Nanostructured Scaffold as a Determinant of Stem Cell Fate. Stem Cell Res. Ther. 2016, 7, 188. [Google Scholar] [CrossRef] [PubMed]

	



Akhmanova, M.; Osidak, E.; Domogatsky, S.; Rodin, S.; Domogatskaya, A. Physical, Spatial, and Molecular Aspects of Extracellular Matrix of in Vivo Niches and Artificial Scaffolds Relevant to Stem Cells Research. Stem Cells Int. 2015, 2015, 167025. [Google Scholar] [CrossRef]

	



Roberts, K.J.; Kershner, A.M.; Beachy, P.A. The Stromal Niche for Epithelial Stem Cells: A Template for Regeneration and a Brake on Malignancy. Cancer Cell 2017, 32, 404–410. [Google Scholar] [CrossRef]

	



Sharma, M.; Ross, C.; Srivastava, S. Ally to Adversary: Mesenchymal Stem Cells and Their Transformation in Leukaemia. Cancer Cell Int. 2019, 19, 139. [Google Scholar] [CrossRef]

	



Bissoyi, A.; Pramanik, K.; Panda, N.N.; Sarangi, S.K. Cryopreservation of HMSCs Seeded Silk Nanofibers Based Tissue Engineered Constructs. Cryobiology 2014, 68, 332–342. [Google Scholar] [CrossRef]

	



Arutyunyan, I.; Elchaninov, A.; Sukhikh, G.; Fatkhudinov, T. Cryopreservation of Tissue-Engineered Scaffold-Based Constructs: From Concept to Reality. Stem Cell Rev. Rep. 2022, 18, 1234–1252. [Google Scholar] [CrossRef] [PubMed]

	



Mutsenko, V.; Knaack, S.; Lauterboeck, L.; Tarusin, D.; Sydykov, B.; Cabiscol, R.; Ivnev, D.; Belikan, J.; Beck, A.; Dipresa, D.; et al. Effect of “in Air” Freezing on Post-Thaw Recovery of Callithrix Jacchus Mesenchymal Stromal Cells and Properties of 3D Collagen-Hydroxyapatite Scaffolds. Cryobiology 2020, 92, 215–230. [Google Scholar] [CrossRef]

	



Kofron, M.D.; Opsitnick, N.C.; Attawia, M.A.; Laurencin, C.T. Cryopreservation of Tissue Engineered Constructs for Bone. J. Orthop. Res. 2003, 21, 1005–1010. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, H.; Ehashi, T.; Ohshima, N.; Jagawa, A. Cryopreservation of Fibroblasts Immobilized within a Porous Scaffold: Effects of Preculture and Collagen Coating of Scaffold on Performance of Three-Dimensional Cryopreservation. Artif. Organs 2010, 34, 609–614. [Google Scholar] [CrossRef] [PubMed]

	



Pravdyuk, A.I.; Petrenko, Y.A.; Fuller, B.J.; Petrenko, A.Y. Cryopreservation of Alginate Encapsulated Mesenchymal Stromal Cells. Cryobiology 2013, 66, 215–222. [Google Scholar] [CrossRef]

	



Diaz-Dussan, D.; Peng, Y.-Y.Y.; Sengupta, J.; Zabludowski, R.; Adam, M.K.; Acker, J.P.; Ben, R.N.; Kumar, P.; Narain, R. Trehalose-Based Polyethers for Cryopreservation and Three-Dimensional Cell Scaffolds. Biomacromolecules 2020, 21, 1264–1273. [Google Scholar] [CrossRef]

	



Costa, P.F.; Dias, A.F.; Reis, R.L.; Gomes, M.E. Cryopreservation of Cell/Scaffold Tissue-Engineered Constructs. Tissue Eng. Part C Methods 2012, 18, 852–858. [Google Scholar] [CrossRef]

	



Batnyam, O.; Suye, S.I.; Fujita, S. Direct Cryopreservation of Adherent Cells on an Elastic Nanofiber Sheet Featuring a Low Glass-Transition Temperature. RSC Adv. 2017, 7, 51264–51271. [Google Scholar] [CrossRef]

	



Linkova, D.D.; Rubtsova, Y.P.; Egorikhina, M.N. Cryostorage of Mesenchymal Stem Cells and Biomedical Cell-Based Products. Cells 2022, 11, 2691. [Google Scholar] [CrossRef]

	



Hunt, C. Cryopreservation: Vitrification and Controlled Rate Cooling. Methods Mol. Biol. 2017, 1590, 41–77. [Google Scholar] [CrossRef]

	



Katsen-Globa, A.; Meiser, I.; Petrenko, Y.A.; Ivanov, R.V.; Lozinsky, V.I.; Zimmermann, H.; Petrenko, A.Y. Towards Ready-to-Use 3-D Scaffolds for Regenerative Medicine: Adhesion-Based Cryopreservation of Human Mesenchymal Stem Cells Attached and Spread within Alginate-Gelatin Cryogel Scaffolds. J. Mater. Sci. Mater. Med. 2014, 25, 857–871. [Google Scholar] [CrossRef] [PubMed]

	



Nagao, M.; Sengupta, J.; Diaz-Dussan, D.; Adam, M.; Wu, M.; Acker, J.; Ben, R.; Ishihara, K.; Zeng, H.; Miura, Y.; et al. Synthesis of Highly Biocompatible and Temperature-Responsive Physical Gels for Cryopreservation and 3D Cell Culture. ACS Appl. Bio Mater. 2018, 1, 356–366. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, Y.H.; Kim, U.; Lee, S.G.; Ryu, B.; Kim, J.; Igor, A.; Kim, J.S.; Jung, C.R.; Park, J.H.; Kim, C.Y. Vitrification for Cryopreservation of 2D and 3D Stem Cells Culture Using High Concentration of Cryoprotective Agents. BMC Biotechnol. 2020, 20, 45. [Google Scholar] [CrossRef] [PubMed]

	



Petrenko, Y.A.; Petrenko, A.Y.; Martin, I.; Wendt, D. Perfusion Bioreactor-Based Cryopreservation of 3D Human Mesenchymal Stromal Cell Tissue Grafts. Cryobiology 2017, 76, 150–153. [Google Scholar] [CrossRef]

	



Council of Europe. 2.7.29. Nucleated Cell Count and Viability. In The European Pharmacopoeia, 9.0 ed.; EDQM: Strasbourg, France, 2017; pp. 3983–4016. [Google Scholar]

	



Guadix, J.A.; López-Beas, J.; Clares, B.; Soriano-Ruiz, J.L.; Zugaza, J.L.; Gálvez-Martín, P. Principal Criteria for Evaluating the Quality, Safety and Efficacy of HMSC-Based Products in Clinical Practice: Current Approaches and Challenges. Pharmaceutics 2019, 11, 552. [Google Scholar] [CrossRef] [PubMed]

	



Cagol, N.; Bonani, W.; Maniglio, D.; Migliaresi, C.; Motta, A. Effect of Cryopreservation on Cell-Laden Hydrogels: Comparison of Different Cryoprotectants. Tissue Eng. Part C Methods 2018, 24, 20–31. [Google Scholar] [CrossRef]

	



Egorikhina, M.N.; Rubtsova, Y.P.; Charykova, I.N.; Bugrova, M.L.; Bronnikova, I.I.; Mukhina, P.A.; Sosnina, L.N.; Aleynik, D.Y. Biopolymer Hydrogel Scaffold as an Artificial Cell Niche for Mesenchymal Stem Cells. Polymers 2020, 12, 2550. [Google Scholar] [CrossRef]

	



Egorikhina, M.N.; Rubtsova, Y.P.; Aleynik, D.Y. Long-Term Cryostorage of Mesenchymal Stem Cell-Containing Hybrid Hydrogel Scaffolds Based on Fibrin and Collagen. Gels 2020, 6, 44. [Google Scholar] [CrossRef]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.; Horwitz, E.M. Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position Statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef]

	



Egorikhina, M.N.; Aleynik, D.Y.; Rubtsova, Y.P.; Levin, G.Y.; Charykova, I.N.; Semenycheva, L.L.; Bugrova, M.L.; Zakharychev, E.A. Hydrogel Scaffolds Based on Blood Plasma Cryoprecipitate and Collagen Derived from Various Sources: Structural, Mechanical and Biological Characteristics. Bioact. Mater. 2019, 4, 334–345. [Google Scholar] [CrossRef]

	



Bahsoun, S.; Coopman, K.; Akam, E.C. Quantitative Assessment of the Impact of Cryopreservation on Human Bone Marrow-Derived Mesenchymal Stem Cells: Up to 24 h Post-Thaw and Beyond. Stem Cell Res. Ther. 2020, 11, 540. [Google Scholar] [CrossRef] [PubMed]

	



Bahsoun, S.; Coopman, K.; Akam, E.C. The Impact of Cryopreservation on Bone Marrow-Derived Mesenchymal Stem Cells: A Systematic Review. J. Transl. Med. 2019, 17, 397. [Google Scholar] [CrossRef] [PubMed]

	



Heng, B.C. Effect of Rho-Associated Kinase (ROCK) Inhibitor Y-27632 on the Post-Thaw Viability of Cryopreserved Human Bone Marrow-Derived Mesenchymal Stem Cells. Tissue Cell 2009, 41, 376–380. [Google Scholar] [CrossRef] [PubMed]

	



Antebi, B.; Asher, A.M.; Rodriguez, L.A.; Moore, R.K.; Mohammadipoor, A.; Cancio, L.C. Cryopreserved Mesenchymal Stem Cells Regain Functional Potency Following a 24-h Acclimation Period. J. Transl. Med. 2019, 17, 297. [Google Scholar] [CrossRef] [PubMed]

	



Baust, J.G.; Gao, D.; Baust, J.M. Cryopreservation: An Emerging Paradigm Change. Organogenesis 2009, 5, 90–96. [Google Scholar] [CrossRef] [PubMed]

	



Marquez-Curtis, L.A.; Janowska-Wieczorek, A.; McGann, L.E.; Elliott, J.A.W. Mesenchymal Stromal Cells Derived from Various Tissues: Biological, Clinical and Cryopreservation Aspects. Cryobiology 2015, 71, 181–197. [Google Scholar] [CrossRef]

	



Qiu, G.; Zheng, G.; Ge, M.; Wang, J.; Huang, R.; Shu, Q.; Xu, J. Functional Proteins of Mesenchymal Stem Cell-Derived Extracellular Vesicles. Stem Cell Res. Ther. 2019, 10, 359. [Google Scholar] [CrossRef]

	



Han, Y.; Yang, J.; Fang, J.; Zhou, Y.; Candi, E.; Wang, J.; Hua, D.; Shao, C.; Shi, Y. The Secretion Profile of Mesenchymal Stem Cells and Potential Applications in Treating Human Diseases. Signal Transduct. Target. Ther. 2022, 7, 92. [Google Scholar] [CrossRef]

	



Wang, M.; Crisostomo, P.R.; Herring, C.; Meldrum, K.K.; Meldrum, D.R. Human Progenitor Cells from Bone Marrow or Adipose Tissue Produce VEGF, HGF, and IGF-I in Response to TNF by a P38 MAPK-Dependent Mechanism. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R880–R884. [Google Scholar] [CrossRef]

	



Heo, J.S.; Choi, Y.; Kim, H.S.; Kim, H.O. Comparison of Molecular Profiles of Human Mesenchymal Stem Cells Derived from Bone Marrow, Umbilical Cord Blood, Placenta and Adipose Tissue. Int. J. Mol. Med. 2016, 37, 115–125. [Google Scholar] [CrossRef]

	



Kilroy, G.E.; Foster, S.J.; Wu, X.; Ruiz, J.; Sherwood, S.; Heifetz, A.; Ludlow, J.W.; Stricker, D.M.; Potiny, S.; Green, P.; et al. Cytokine Profile of Human Adipose-Derived Stem Cells: Expression of Angiogenic, Hematopoietic, and pro-Inflammatory Factors. J. Cell. Physiol. 2007, 212, 702–709. [Google Scholar] [CrossRef] [PubMed]

	



Banas, A.; Teratani, T.; Yamamoto, Y.; Tokuhara, M.; Takeshita, F.; Osaki, M.; Kawamata, M.; Kato, T.; Okochi, H.; Ochiya, T. IFATS Collection: In Vivo Therapeutic Potential of Human Adipose Tissue Mesenchymal Stem Cells After Transplantation into Mice with Liver Injury. Stem Cells 2008, 26, 2705–2712. [Google Scholar] [CrossRef]

	



Ventura, C.; Cantoni, S.; Bianchi, F.; Lionetti, V.; Cavallini, C.; Scarlata, I.; Foroni, L.; Maioli, M.; Bonsi, L.; Alviano, F.; et al. Hyaluronan Mixed Esters of Butyric and Retinoic Acid Drive Cardiac and Endothelial Fate in Term Placenta Human Mesenchymal Stem Cells and Enhance Cardiac Repair in Infarcted Rat Hearts. J. Biol. Chem. 2007, 282, 14243–14252. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.Y.; Xia, Y.; Kim, W.S.; Kim, M.H.; Kim, T.H.; Kim, K.J.; Park, B.S.; Sung, J.H. Hypoxia-Enhanced Wound-Healing Function of Adipose-Derived Stem Cells: Increase in Stem Cell Proliferation and up-Regulation of VEGF and BFGF. Wound Repair Regen. 2009, 17, 540–547. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, N. The Role of Vascular Endothelial Growth Factor in Pathological Angiogenesis. Breast Cancer Res. Treat. 1995, 36, 127–137. [Google Scholar] [CrossRef] [PubMed]

	



Xin, L.; Lin, X.; Pan, Y.; Zheng, X.; Shi, L.; Zhang, Y.; Ma, L.; Gao, C.; Zhang, S. A Collagen Scaffold Loaded with Human Umbilical Cord-Derived Mesenchymal Stem Cells Facilitates Endometrial Regeneration and Restores Fertility. Acta Biomater. 2019, 92, 160–171. [Google Scholar] [CrossRef] [PubMed]

	



Tomanek, R.J.; Schatteman, G.C. Angiogenesis: New Insights and Therapeutic Potential. Anat. Rec. 2000, 261, 126–135. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, N.; Gerber, H.P. The Role of Vascular Endothelial Growth Factor in Angiogenesis. Acta Haematol. 2001, 106, 148–156. [Google Scholar] [CrossRef]

	



Zhivodernikov, I.V.; Ratushnyy, A.Y.; Buravkova, L.B. Secretory Activity of Mesenchymal Stromal Cells with Different Degree of Commitment under Conditions of Simulated Microgravity. Bull. Exp. Biol. Med. 2021, 170, 560–564. [Google Scholar] [CrossRef]

	



Chou, L.Y.; Ho, C.T.; Hung, S.C. Paracrine Senescence of Mesenchymal Stromal Cells Involves Inflammatory Cytokines and the NF-ΚB Pathway. Cells 2022, 11, 3324. [Google Scholar] [CrossRef]

	



Hou, Y.; Ryu, C.H.; Jun, J.A.; Kim, S.M.; Jeong, C.H.; Jeun, S.S. IL-8 Enhances the Angiogenic Potential of Human Bone Marrow Mesenchymal Stem Cells by Increasing Vascular Endothelial Growth Factor. Cell Biol. Int. 2014, 38, 1050–1059. [Google Scholar] [CrossRef] [PubMed]

	



Dittrich, A.; Grimm, D.; Sahana, J.; Bauer, J.; Kröger, M.; Infanger, M.; Magnusson, N.E. Key Proteins Involved in Spheroid Formation and Angiogenesis in Endothelial Cells After Long-Term Exposure to Simulated Microgravity. Cell. Physiol. Biochem. 2018, 45, 429–445. [Google Scholar] [CrossRef] [PubMed]

	



Rennekampff, H.-O.; Hansbrough, J.F.; Kiessig, V.; Doré, C.; Sticherling, M.; Schröder, J.-M. Bioactive Interleukin-8 Is Expressed in Wounds and Enhances Wound Healing. J. Surg. Res. 2000, 93, 41–54. [Google Scholar] [CrossRef]

	



Kubo, K.; Kuroyanagi, Y. The Possibility of Long-Term Cryopreservation of Cultured Dermal Substitute. Artif. Organs 2005, 29, 800–805. [Google Scholar] [CrossRef] [PubMed]

	



Jang, T.H.; Park, S.C.; Yang, J.H.; Kim, J.Y.; Seok, J.H.; Park, U.S.; Choi, C.W.; Lee, S.R.; Han, J. Cryopreservation and Its Clinical Applications. Integr. Med. Res. 2017, 6, 12–18. [Google Scholar] [CrossRef]








[image: Polymers 16 00247 g001] 





Figure 1. Representative photographs of the state of the cells within the scaffold structure without freezing. (a,b)—72 h of cultivation; (c,d)—144 h of cultivation. 
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Figure 2. Representative photographs of the state of cells inside the skeleton structure 24 h after thawing. (a)-after cryopreservation in cryocontainer No. 1 at −40 °C; (b)-after cryopreservation in cryocontainer No. 2 at −40 °C; (c)-after cryopreservation in cryocontainer No. 1 at −80 °C; (d)-after cryopreservation in cryocontainer No. 2 at −80 °C. 
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Figure 3. Representative photographs of the state of cells inside the skeleton structure 96 h after thawing. (a,c)-after cryopreservation in cryocontainer No. 1 at −40 °C; (b,d)-after cryopreservation in cryocontainer No. 2 at −40 °C; (e,g)-after cryopreservation in cryocontainer No. 1 at −80 °C; (f,h)-after cryopreservation in cryocontainer No. 2 at −80 °C; (a,b,e,f)-scaffold surface; (c,d,g,h)-scaffold interior. 
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Figure 4. Changes of the appearance and size of the scaffold. (A) no cryopreservation. (B) after cryopreservation. 
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Figure 5. VEGF concentration in conditioned medium during scaffold cultivation before and after cryopreservation. 
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Figure 6. IL-8 concentration in conditioned medium during scaffold cultivation before and after cryopreservation. 
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Figure 7. Dynamics of temperature variations in cryocontainer types No. 1 and No. 2 during the repetition of the full cycles of scaffold sample freezing until a stable cryopreservation temperature was reached. 
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Table 1. Assessment of viability and proliferative activity of cells in scaffolds before and after cryopreservation.
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Cryocontainer

	

	
Without Freezing

	
After Freezing




	
72 h

	
144 h

	
−40 °C

	
−80 °C




	
24 h

	
96 h

	
24 h

	
96 h




	
No. 1

	
Total Number of Cell Nuclei per 1 mm3 Scaffold

	
404.16

±11.19



	
643.65

±18.33

**

	
526.28

±9.45

** ●●►

	
444.82

±13.66

* ●●

	
524.09

±15.50

** ●●►

	
722.48

±26.16

** ●




	
Percent of Nuclei of Dead Cells per 1 mm3 Scaffold (%)

	
0.16

±0.04

	
0.35

±0.04

	
4.88

±0.69

	
5.45

±0.52

	
3.57

±0.53

	
3.79

±0.41




	
No. 2

	
Total Number of Cell Nuclei per 1 mm3 Scaffold

	
333.80

±8.42



	
610.22

±16.00