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Abstract

:

The activity of stem cell processes is regulated by internal and external signals of the cell “niche”. In general, the niche of stem cells can be represented as the microenvironment of the cells, providing a signal complex, determining the properties of the cells. At the same time, the “niche” concept implies feedback. Cells can modify their microenvironment, supporting homeostasis or remodeling the composition and structure of the extracellular matrix. To ensure the regenerative potential of tissue engineering products the “niche” concept should be taken into account. To investigate interactions in an experimental niche, an original hydrogel biopolymer scaffold with encapsulated mesenchymal adipose-derived stem cells (ASCs) was used in this study. The scaffold provides for cell adhesion, active cell growth, and proliferative activity. Cells cultured within a scaffold are distinguished by the presence of a developed cytoskeleton and they form a cellular network. ASCs cultured within a scaffold change their microenvironment by secreting VEGF-A and remodeling the scaffold structure. Scaffold biodegradation processes were evaluated after previous culturing of the ASCs in the scaffolds for periods of either 24 h or six days. The revealed differences confirmed that changes had occurred in the properties of scaffolds remodeled by cells during cultivation. The mechanisms of the identified changes and the possibility of considering the presented scaffold as an appropriate artificial niche for ASCs are discussed.
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1. Introduction


The high regenerative potential of mesenchymal stem cells (MSCs) has made them a mainstream cellular material for the treatment of various diseases and for tissue engineering [1,2,3,4,5]. The FDA has already registered more than 980 studies using MSCs, involving more than 10,000 patients [6,7,8]. However, the study results have not always confirmed the effectiveness of MSCs and results have often fallen short of expectations. What could be the reason? It is known that when moving outside their niche, stem cells can quickly lose their regenerative potential and die, and this severely limits their clinical use. This is often associated with the phenomenon of anoikis (anoikis—from the Greek “homelessness”) [9]. So, in vivo, stem cells regulate their behavior, guided by external signals that they receive from their local niche [10,11]. These signals are extremely diverse in nature: resulting from the local extracellular matrix (ECM), from junctions with neighboring cells, and signals from growth factors, hormones, etc. [12,13]. When MSCs are isolated from their local niche and transplanted, the cells enter an alien microenvironment in which the necessary signals are absent, and which, ultimately, can bring the expected regenerative effect to naught [14]. The solution to the problem is to create an artificial niche, providing a sufficient level of appropriate signals for the cells. It is this very approach that is determining the dynamic development of the elaboration of systems for the delivery of cells and scaffolds based on biomaterials in combination with stem cells [15].



In 2019, in the book “Definitions of Biomaterials for the Twenty-first Century”, a scaffold was defined as “a biomaterial structure that serves as a substrate and a guide for tissue repair and regeneration” [16]. This concept includes a rather extensive concept of scaffolds includes more specific formulations, for example, the concept of scaffolds “as products of tissue engineering, which are three-dimensional structures based on natural and/or synthetic materials and having certain characteristics of size, shape, mechanical, physical and chemical, and biological properties necessary for tissue repair” [17]. This new definition of a scaffold includes the “niche” concept. If a scaffold does not form an appropriate “niche” for the cells encapsulated in it in vitro or recruited from surrounding tissues after implantation in vivo, then it will not be able to provide for the anticipated tissue repair and regeneration. A scaffold, as an artificial extracellular matrix, can influence stem cell choices, such as rest or self-renewal, migration, proliferation, phenotype maintenance, differentiation, or apoptosis [18,19]. Therefore, the concept of a scaffold, as an artificial niche, involves not just maintaining cell viability, but the development of various cellular events depending on the signals received from the scaffold, both mechanical and biochemical [20,21]. At the same time, cells in vivo can influence their local niche by maintaining its homeostasis and transforming their niche by changing its microenvironment and regulating cellular processes using feedback mechanisms [22,23]. Cells can transform their microenvironment in a way that can largely determine their regenerative effect [24]. To that end, it is important that the scaffold used should enable the cells to transform their microenvironment, for example, by the secretion of various proteins, or by causing changes in the structure of the scaffold, and its properties. We can assume that only with the above-mentioned properties, can scaffolds be considered an artificially created specific tissue-like microenvironment for the cells or an artificial biomimetic cell niche [25,26]. Understanding scaffolds as an artificial niche may be key to developing tissue-engineering products with high regenerative potential.



In our work, we present a hydrogel biopolymer scaffold, formed from a cryoprecipitate of blood plasma and collagen under conditions of enzymatic hydrolysis, including encapsulated ASCs. We also review the biopolymer hydrogel scaffold as an artificial niche for mesenchymal stem cells. The scaffold has been shown to provide for the three-dimensional growth of the ASCs, allowing them to maintain high viability and proliferative and secretory activity. During the cultivation of the scaffold, changes in the structure of the scaffold and features of its biodegradation have been observed. The revealed changes are similar to the natural processes of "dynamic reciprocity", which is characteristic of a cell niche.




2. Materials and Methods


The study protocol was approved by the Local ethical committee of the FSBEI HE PRMU MOH (Nizhny Novgorod, Russia) and confirmed by its Academic Board (State assignment No. АААА-А18-118052190095-5, approved by the local ethics committee on 27 June 2017, protocol No. 8). Each person included in the study provided voluntary informed consent for the specified, following manipulations.



All manipulations with blood and its derivatives and the extraction and cultivation of cells regarding the formation and cultivation of hydrogel scaffolds were carried out under sterile laminar conditions (class A) in the biotechnologies laboratory of the FSBEI HE PRMU MOH (Nizhny Novgorod, Russia). At all stages of the study, the sterility of the materials the media used was controlled. Sterility control was carried out by examining samples for the presence of mycoplasmas, viruses, bacteria, and fungal microflora using both the PCR method and bacterial studies.



2.1. Blood Plasma


Blood plasma was obtained from the GBUZ NO blood center (Nizhny Novgorod, Russia) "Nizhny Novgorod Regional Blood Center named after N.Ya. Klimova". All donors were examined by specialists and examined for vector-borne infections. The resulting plasma was stored at a temperature of −40 °C. Blood plasma was defrosted at 2 °C and centrifuged at 4 °C for 15 min at 1500 rpm to separate the cryoprecipitate. Eighty-five percent of the supernatant was removed from the initial volume of frozen blood plasma. The isolated cryoprecipitate was then maintained at 37 °C until it was completely dissolved. The cryoprecipitate was standardized by the amount of fibrinogen to a final concentration of 6 g/L [27]. While carrying out the experiment we used a pool of cryoprecipitate obtained from eight donors.




2.2. Cell Cultures


Fat tissue obtained during cosmetic operations (three women; aged from 20 to 34 years) in the Department of Reconstructive and Plastic Surgery at the University Hospital of the FSBEI HE PRMU MOH was used as the initial material from which to obtain mesenchymal stem cells.



Adipose stem cells (ASCs) were isolated from this adipose tissue obtained while conducting plastic surgery operations. The cells were extracted using heat enzymatic processing with collagenase (Sigma-Aldrich, Darmstadt, Germany) and cultivated in complete growth medium (20% fetal bovine serum (FBS), α-MEM, glutamine, antibiotics (LLC PanEco, Moscow, Russia)) at 37 °C in a humid atmosphere with 5% CO2. Cultures from the third passage were used for the experiments. ASCs with confirmed differentiation potential were used in the research. The differentiation potential of the cells was evaluated on cultures of the third passage [27]. Before starting the experiment, we defined the cell phenotypes. The immunophenotype of the cells was characteristic of ASCs: the cells expressed CD90+, CD105+, CD 73+, and CD 44+ and did not express CD 45−, CD 14−, CD 34−, HLA DR-, and this corresponded to the criteria defined by the International Society for Cellular Therapy for Mesenchymal Cells [28].




2.3. Hydrogel Scaffold Formation


For the formation of scaffolds, blood plasma cryoprecipitate obtained from healthy donors was used [27,29]. The plasma cryoprecipitate was PEGylated using PEG-NHS (Sigma-Aldrich, Darmstadt, Germany). Then a 2% collagen solution was added (PH = 7.4). In our research, type I collagen isolated from cod skins was used [30,31]. The resulting composite was injected with a cell suspension in phosphate buffer. The concentration of cells per 1 mL of the composite was 1.2 × 105. The formation of scaffolds took place under the conditions of an enzymatic hydrolysis reaction. The composite was injected with a thrombin-calcium mixture: 80 IU/mL of human thrombin (NPO RENAM, Moscow, Russia) in 1% CaCL2 solution. Scaffolds were formed within 20 min at a temperature of 22 to 25 °C. The scaffolds were then transferred to a plastic Petri dish. The scaffolds were cultured in complete growth medium. The cultivation was carried out in a CO2 incubator at 37 °C, with a humidified atmosphere, and 5% CO2 content.



The resulting scaffolds were dimensionally stable and transparent (Figure 1A). The internal structure of the scaffolds was characterized by their heterogeneous porosity (Figure 1B).




2.4. Scanning Electronic Microscopy


The investigation of the scaffold samples (n = 3) was carried out with a JSM-IT300 (JEOL Ltd., Tokyo, Japan) scanning electron microscope. Samples of dehydrated scaffolds were visualized and the dehydration of the samples was performed in the chamber of the JSM-IT300 under a low vacuum.




2.5. Comparative Characteristics of the Porosity of the Structure of Scaffolds


To carry out a comparative characterization of the porous scaffold structure (n = 3), microphotographs obtained by electron transmission microscopy (14,000×) were used. The scaffolds were cultured for 10 days under standard conditions. The control period (1, 3, 6, and 10 days) fragments, which were prepared for transmission microscopy, were removed from the scaffolds. The preparation of these samples and their study were carried out according to standard methods. Samples were fixed in a 2.5% solution of glutaraldehyde in phosphate buffer (pH = 7.4) and in a 1% solution of osmium tetroxide, before being dehydrated in alcohols of ascending concentration (from 50 to 100%) and acetone (100%). Then they were kept in a mixture of 50% embedding medium and 50% acetone, followed by further embedding in a mixture of Epona with Araldite. After polymerization, we obtained ultrathin slices 75 to 80 nm thick on a UC7 (Leica Microsystems, Wetzlar, Germany) ultratome and observed them with a Morgagni 268D transmission electron microscope (FEI, Hillsboro, OR, USA). Microphotographs (n = 20 for each sample point) were processed using ImageJ software (version 1.50i, Wisconsin, National Institutes of Health, Bethesda, MA, USA). When analyzing microphotographs, the threshold binarization procedure was used to distinguish the area of interest (the biopolymer part of the scaffold) and the background image (pore lumen). Following scanning of the entire image field, taken as 100%, the percentages of the biopolymer part of the scaffold and the pore lumen in the structure of the scaffold were calculated.




2.6. Fluorescence Microscopy


To visualize the cells, confirm their viability, and to characterize the cytoskeleton of the cells cultured within the structure of scaffolds (n = 5), we used fluorescence microscopy carried out on a Cytation 5 (BioTek, Winooski, VE, USA) multifunctional imager. For the visualization of viable cells, Calcein AM (catalog No. 564061, BD, Franklin Lakes, NJ, USA) was used (excitation wavelength of 477 nm and emission wavelength of 525 nm). Staining was carried out in accordance with the manufacturer’s protocol. Invitrogen ™ Alexa Fluor™ 594 Phalloidin (catalog No. 12381, Thermo Fisher, Waltham, MA, USA; excitation wavelength 586 nm and emission wavelength 647 nm) was used to visualize the cytoskeleton. When carrying out a quantitative analysis of the cells, fluorochrome staining of the cell nuclei was used: for the total number of cells—Hoechst 3334 (catalog No. 561908, BD, Franklin Lakes, NJ, USA; excitation wavelength of 377 nm and emission wavelength of 477 nm); number of dead cells—NucGreenTM Dead 488 (catalog No. R37109, Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA; excitation wavelength of 477 nm and emission wavelength of 525 nm).




2.7. Quantitative Analysis of Cells in Scaffolds


To characterize the numbers of cells within the structure of the hydrogel scaffolds and to evaluate their proliferative activity during cultivation, fragments with an area of 0.64 cm2 were separated from the test samples taken after the relevant incubation period using a template. The number of cells was determined by counting the nuclei in the selected fragment [32]. We analyzed micrographs taken from several fields of view at arbitrary regions within the thickness of the samples. Fluorescence microscopy was performed using the Z-stack function. The following objects were recorded: nuclei of all cells (staining with Hoechst 3334; magnification: 4× objective, 10× eyepiece; depth of the analyzed layer along the Z-axis 530 µM), as well as the nuclei of dead cells (staining with NucGreenTM Dead 488; magnification: 10× objective, 10× eyepiece; depth of the analyzed layer along the Z-axis 300 µM). Quantitative analysis was carried out using cross-linked Z-stack micrographs. The number of cell nuclei was counted and subsequently converted to the number of cells per 1 mm3.




2.8. Quantification of VEGF in the Growth Medium


To determine the secretory activity of the ASCs cultured in the scaffolds, their ability to produce the VEGF-A factor, one of the vascular endothelial growth factor (VEGF) family, was studied. Scaffolds (n = 6) were cultured under standard conditions for seven days without changing the growth medium. Samples of the research medium were taken, and a quantitative analysis of the cells was performed at three to seven days from the moment of scaffold formation and the beginning of its cultivation (day zero). The growth medium samples taken prior to the start of research were subject to obligatory control. To quantify the content of VEGF-A (“eBioscience”, Thermo Fisher, Waltham, MA, USA) reagent kits were used. The optical density value was recorded on a Tecan analyzer (Tecan Group Ltd., Männedorf, Switzerland) using the Magellan program.




2.9. Scaffold Biodegradation Study


The biodegradation of scaffolds was studied in two types of solutions: of phosphate buffer solution—passive biodegradation and 0.25% trypsin solution in Versen’s solution (LLC PanEco, Moscow, Russia)—biodegradation under the action of a hydrolytic enzyme. Samples with a diameter of 8 mm were isolated from scaffolds with the use of a template and placed in 24-well plates. For the study, scaffold samples were used that had previously been cultured with the ASCs under standard conditions for different periods: 24 h of cultivation (n = 14) and six days (n = 14). One milliliter of PBS or 1 mL of trypsin solution was added to the wells with the scaffold samples. The sample plates were placed in a CO2 incubator and incubated at 37 °C, with a humidified atmosphere and 5% CO2. At sample times of 2, 4, 6, 24, 48, 120, 480, 720, 840, and 1008 h, a sample of 100 μL in an Eppendorf tube was taken from each well and frozen at a temperature of −80 °C for subsequent examination. After sampling, the volume of liquid in each well was replenished with 100 μL of the appropriate solution. The degree of biodegradation was estimated by the total amount of free protein identified in the samples. For this, the samples were defrosted at room temperature for 24 h, then the protein concentration in the samples was assessed on an IRF-456 refractometer (KARAT MT, Moscow, Russia) in accordance with a calibration graph. This calibration graph had been generated using samples of human serum albumin (Baxter AG, Vienna, Austria) of known concentration [33].




2.10. Statistical Analysis


The results of the investigations were processed using non-parametric statistics methods and a Wilcoxon’s paired-comparison test and Spearman correlation analysis—RS (STATISTICA (data analysis software system) version 6.0; Dell Technologies Inc., Round Rock, TX, USA).





3. Results


Hydrogel scaffolds formed according to the above method with encapsulated ASCs were cultured in vitro (37 °C, in a humidified atmosphere and 5% CO2) with a change in growth medium twice a week. While in scaffold cultivation, the ASCs exhibited matrix–cell adhesion (Figure 2A,B), but ASCs are surface dependent cells, and in the free state (detached) they are spherical without processes. Only after adhesion to the surface do the ASCs form outgrowths. In Figure 2B, there are clearly visible cells with multiple processes, indicating their adhesion to the structural elements of the scaffold. During subsequent cultivation, the ASCs showed three-dimensional growth and formed intercellular contacts (Figure 2C,D). On the sixth day, a developed cellular network could be observed in the scaffolds (Figure 2E,F,H). Also, staining of the cells with Calcein AM demonstrated the viability of the ASCs cultured in the scaffolds (Figure 2C,D,F). The percentage of viable cells in scaffolds during cultivation was more than 95% (Table 1). During the cultivation of the scaffolds as described, the ASCs had developed an organized cytoskeleton that was easily visualized when stained with a specific fluorochrome (Figure 2G,H).



During their cultivation in the scaffolds, the functional activity of the ASCs was evaluated by their ability to secrete VEGF-A. It was found that ASCs cultured in scaffolds for seven days actively secreted VEGF-A, this being detected in the culture medium from the third to the seventh day (Figure 3A). In the same series of scaffold samples (n = 3), cultivated in parallel under the same conditions, the number of cells per 1 mm3 of the scaffold was analyzed (using n = 11 analyzed fields of view from each scaffold for each sample period). It was demonstrated that a statistically significant increase in the number of cell nuclei per 1 mm3 of the scaffold could be observed with an increase in cultivation time (Figure 3B). This indicated the maintenance of pronounced proliferative activity of the ASCs cultured in the scaffolds. An analysis of the correlation of the number of cells per 1 mm3 of scaffold and the VEGF-A content in the culture medium of each confirmed the presence of a positive correlation between the analyzed parameters (RS = 0.844; p = 0.000000).



The change in the structural characteristics of the cellular scaffolds during their cultivation was assessed. It was found that, over time, there was a compaction of the scaffold structure (Figure 4). By day six, the percentage of the biopolymer portion of the scaffolds had increased by 9% compared to day one (Figure 5A). With the cultivation of the scaffolds for a further day, even more pronounced changes were observed. On the 10th day, the percentage of the biopolymer part of the scaffold was 15% higher than on the first day. In the same series of scaffolds (n = 3), cultivated in parallel under the same conditions, we analyzed the number of cells per 1 mm3 of the scaffold (using n = 15 analyzed visual fields from each scaffold sample from each sample time). It was shown that there was an increase in the number of cell nuclei per 1 mm3 of scaffold over the cultivation time (Figure 5B). Correlation analysis of the percentage of the scaffold biopolymer part and the number of cells per 1 mm3 confirmed the presence of a positive correlation between the analyzed parameters (RS = 0.776; p = 0.000000).



A study of the passive (in PBS solution) and enzymatic hydrolytic biodegradation (in trypsin solution) of the hydrogel scaffolds was conducted at various stages of cultivation. It was demonstrated that the scaffolds used in the experiment, under the action of the enzyme degraded much more actively than in PBS solution at each stage of cultivation (Figure 6). However, depending on the stage of cultivation, certain differences in the biodegradation of the scaffolds were revealed. Thus, after 24 h of cultivation, the scaffolds were more exposed to passive degradation (Figure 6, series A—passive degradation in PBS of the 24 h scaffold cultures). Even after 2 h, the protein concentration determined in the medium in which the scaffolds were incubated in series A was 2.67 times higher than in series C (passive degradation in PBS of the six-day scaffold cultures). The dynamics indicated a gradual increase in the amount of protein released during the biodegradation of the series A scaffolds over 480 h, with some statistically insignificant fluctuations, for example, at 24 h. At later times (720 to 1008 h), a sharp increase in the amount of protein in the medium was observed, indicating a more marked decomposition of the scaffolds. So, in the period from 480 h to the end of the experiment (1008 h), the amount of protein increased 2.26-fold. Compared with the beginning of the experiment (2 h), the amount of protein in the medium by the end of the experiment had increased more than three-fold. A different pattern was observed with the passive biodegradation of the series C scaffolds. So, starting from two h until the end of the experiment, the protein concentration gradually increased and reached a plateau after 840 h. Compared with the beginning of the experiment (two hours), the amount of protein in the medium by the end of the experiment had increased 2.75-fold. At the final point, the protein concentration in the medium from the series C scaffolds was 68.86% lower than that in series A.



When assessing the biodegradation of the corresponding scaffolds under conditions of enzymatic hydrolysis, it was revealed that scaffolds with preliminary cultivation for 24 h (series B) degraded more rapidly than scaffolds with preliminary cultivation for six days (series D) (Figure 6). The key points in biodegradation of the scaffolds under the action of the enzyme were similar to those that we observed in the passive biodegradation of the scaffolds. So, after two hours, a sharp increase in the protein concentration was recorded compared with the zero point (trypsin solution). The protein concentration, at two hours, in the medium from the series B scaffolds was 12.9 mg/mL, and that of series D was 12.3 mg/mL, with there being no statistically significant differences between the series. In group B, from 2 to 120 h inclusive, an increase in the amount of protein in the medium, with small fluctuations, was observed. In samples of the medium taken 480 h after the start of the experiment, there was an increase in the amount of protein (5.8%) compared with the samples taken after 120 h. After this, and until the end of the experiment, the protein concentration increased sharply. By the end of the experiment (1008 h), the amount of protein in series B (24-hour pre-cultivation) had increased by 43% compared to 120 h and by 54% compared to 2 h. The series D (six-day pre-cultivation) scaffolds showed different biodegradation dynamics in the enzyme solution from series B. The amount of protein in the samples gradually increased over time (up to 840 h inclusive), and, starting from six hours, these changes were statistically significant. At the end of the experiment (1008 h), a decrease in protein concentration was observed. This outcome appears to be a result of the methodology that involved replenishing the amount of liquid in the well with the incubated sample with the same volume of liquid as had been taken in the sample (100 μL). Thus, if protein release had ceased or was extremely small, a dilution effect would be observed. Based on the results, we can conclude that the biodegradation of series D scaffolds was completed by 35 days (840 h). The amount of protein in the period from 2 to 840 h increased by 9.7%. It should be noted that the maximum protein concentration in series B (1008 h) was 47% higher than that in series D (840 h).



In the study of the correlation between the series A and B scaffolds, the presence of a very high positive correlation RS = 0.917 (p = 0.000000) was confirmed. The correlation between series C and D was 16% lower and amounted to RS = 0.778 (p = 0.000000). The presence of a positive correlation was also confirmed between series B and D—RS = 0.789 (p = 0.000000) and between series A and C—RS = 0.815 (p = 0.000000).



The data obtained corresponded to a visual assessment of the state of the scaffolds. So, the samples of series A and series C in PBS solution at the end of the experiment (1008 h) still clearly showed the scaffold retaining its initial oval shape (Figure 7A,C). The scaffolds in the series B samples in the trypsin solution could not be visualized at the end of the experiment, and no fragments could be observed (Figure 7B). Residual fragments of scaffolds were observed in the wells with the series D samples and were clearly visible by visual inspection of the wells with samples (Figure 7D).




4. Discussion


Stem cells normally operate in a special biologically active extracellular environment that provides regulation of their cellular processes using a variety of signals. Our paper presents a biopolymer hydrogel scaffold formed on the basis of a cryoprecipitate of blood plasma and collagen—biologically active components of natural origin. The main scaffold structure-forming proteins are fibrinogen/fibrin and collagen [27]. These are adhesive peptides that can activate integrin receptors on the surfaces of cells. Integrins are known to be heterodimeric transmembrane receptors capable of binding to extracellular matrix proteins or soluble extracellular ligands and integrating the information obtained from them into a network of signal chains that coordinate cell behavior [34,35]. For example, α2β1 can bind to collagen, and αvβ3 can bind to several ligands, such as fibronectin, vitronectin, and fibrinogen. There are RGD sequences in fibrinogen/fibrin and collagen that interact with the integrin receptors of cells, and thus regulate many cellular processes (viability, adhesion, migration, and proliferation) [36,37,38,39]. Collagen, in its turn, has integrin-recognizing sequences represented by high-affinity GxOGER triple-helical sequences that interact with the cells through β1-containing integrins (α1β1, α2β1, α10β1, and α11β1) [40,41,42]. It should be noted that the binding of integrins to ligated sequences of collagen requires the presence of divalent cations [43]. The presence of blood plasma cations and exogenous calcium used in the formation of the scaffold can promote an increase in the affinity of RGD and the GxOGER collagen ligand with the integrin cell receptors.



It is known that blood plasma, which formed the basis of the presented scaffold composite, contains amino acids necessary for the growth and proliferation of cells, [44] together with proteins, such as fibrinogen and fibronectin—one of the key proteins of the intercellular matrix [45]. According to published data, the concentration of fibrinogen, fibronectin, factor XIII, fibrinolysis inhibitors, and circulating cell adhesion molecules in cryoprecipitate of blood plasma is much higher than in blood plasma [46,47]. In addition to their ability to interact directly with stem cells, extracellular matrices (ECMs) are also able to regulate stem cell activity by presenting “noncanonical” growth factors [10]. Some ECM components can actively bind growth factors, regulating their local availability, and establishing a biochemical gradient [48]. In this case, the ECM can function as a reserve of growth factors. Several studies have demonstrated the ability of the fibrin matrix to act as a natural carrier of contained cellular protein factors, including those found in blood plasma: fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-β), and thrombospondin-1 (TSP1) [49,50,51,52,53]. There is evidence that the fibrin matrix can balance the relative concentrations and affect the controlled mass-dependent release of such factors [54]. The ability of fibrinogen/fibrin to bind and release protein factors can provide long-term regulation of cellular responses within a scaffold. Thus, the development of cellular events (the manifestation of adhesion, maintenance of viability, pronounced proliferative activity of ASCs, etc.) in the presented scaffold can be largely determined by the signals received by the cells from the biologically active scaffold, and then be maintained due to the presence of a complex of protein factors initially present in the cryoprecipitate of blood plasma, and be released over a prolonged period by the biopolymer matrix.



Several studies have demonstrated the direct effect of the microstructure of scaffolds on cell adhesion, migration, and proliferation [55,56]. We have previously demonstrated that the internal structure of the presented scaffolds is formed by sufficiently thick interconnected fibers and has a developed system of interconnected heterogeneous pores [27]. Thus, the three-dimensional structure of such scaffolds promotes the maintaining of the viability and proliferative activity of the ASCs, while providing mechanical support and suitable conditions for the placement and interaction of the cells. The hydrophilic nature of scaffolds, being hydrogels, makes it possible for them to retain a large amount of liquid. This property facilitates the exchange of nutrients and the waste products of the cells, therefore also helping to maintain cellular events.



During cultivation, the ASCs encapsulated in the scaffolds demonstrated three-dimensional growth with the formation of multiple processes and intercellular connections. This is consistent with other studies on the behavior of mesenchymal stem cells encapsulated in three-dimensional hydrogel scaffolds [57,58]. One of the key characteristics of MSCs is the state of the cytoskeleton. The cytoskeleton acts not only as a scaffold but also plays an important role in the transport of organelles, cell division, migratory activity, and signal transmission [59,60]. Cytoskeletal systems are the main mechanosensors (focal adhesions) and mechanotransmitters (actin fibers and microtubules) of a unique mechanism of mechanotransduction. Mechanical transduction involves a cascade of intracellular molecular processes by which physical signals from the ECM or neighboring cells are converted into biological responses. Mechanotransduction allows cells to adapt promptly to dynamic changes in their microenvironment [61,62]. For example, mechanotransduction is crucial for modulating the stem cell phenotype under conditions of changing the geometric conformation of the ECM, which is directly associated with a change in mechanical stimuli [63,64]. We have previously demonstrated that after the cultivation of ASCs within the structure of the presented scaffold, a significant (from 60 to 80%) decrease in the proportion of cells expressing CD90 can be observed, without changing the proportion of CD73+, CD105+, CD 44+, or other cells [65]. After culturing ASCs isolated from the scaffold for 96 h on plastic, the proportion of cells expressing CD90 was restored to 95 to 96%. The latter corresponded to the phenotype of the cell culture before encapsulation in the scaffold. Thus, three-dimensional cultivation in a scaffold had changed the phenotype of the ASCs, this apparently is associated with the response of the cells to signal changes during the transition from a 2D culture to a scaffold and back to the culture. Several studies have demonstrated that the cytoskeletal system of actin filaments, which is the main component of the cytoskeleton responsible for cell stiffness, undergoes extensive remodeling in the process of differentiation [66,67]. In their normal state, undifferentiated MSCs have elongated fibers that run mostly parallel to the long axis of the cell. Cells cultured in scaffolds had a developed cytoskeleton corresponding to their morphology, specifically attributed to MSCs, which indicated the maintenance of the ASCs in an undifferentiated state.



According to published data, cell adhesion and intercellular junctions are necessary conditions for proper metabolism and protein synthesis [68]. It has been demonstrated that ASCs in scaffolds adhere and form intercellular junctions resulting in a developed cell network. When cultivating ASCs in scaffolds, we confirmed that the cells synthesized actively and secreted VEGF-A. VEGF-A is a key pro-angiogenic factor [69], that, along with other growth factors, is synthesized by MSCs both in vitro and in vivo [70,71]. Cells cultured in scaffolds proliferated actively, and the level of VEGF-A, determined in the culture medium correlated with the number of cells in the scaffolds. Thus, the ASCs in these scaffolds not only maintained viability and specific morphological characteristics but also changed their microenvironment, proliferating, and secreting VEGF-A. Moreover, it was demonstrated that the cells actively changed the structural characteristics of the scaffold, leading to densification of its structure. At the same time, the cells continued to proliferate actively. The presence of a positive correlation between the percentage of the biopolymer part of the scaffold and the number of cells was demonstrated. Thus, not only did the scaffold affect the cells, but we also observed feedback—the cells affected the scaffold. Under the influence of the cells, changes in the biodegradation properties of the scaffolds were observed. It was demonstrated that scaffolds with cells cultured previously for only 24 h degraded more rapidly than scaffolds that had been allowed to be remodeled by cells in culture for six days. A decrease in the correlation coefficient determined between passive and enzymatic degradation in scaffolds cultivated for six days compared to scaffolds cultivated for only 24 h indicated a change in the nature of the biodegradation process. The correlation factors determined between scaffold groups cultured for 24 h and for six days in phosphate buffer (series A and C) and trypsin (series B and D) demonstrated a fairly strong positive relationship. At the same time, the factors were significantly lower than one, which also confirmed the presence of differences in the biodegradation properties of the scaffolds of these groups. The latter could be due both to a change in the structural characteristics of the scaffold and a change in its composition. It is known that MSCs secrete not only VEGF-A but also a range of other proteins. This feature determines their paracrine regenerative potential and allows remodeling of the ECM, maintaining homeostasis, or providing for the restoration of damaged tissues [72]. Thus, natural ECMs are constantly being rounded through a process called “dynamic reciprocity” [24]. The presence of “dynamic reciprocity” between ASCs and an artificial ECM—the scaffold, allows us to consider the presented scaffold as an appropriate artificial biomimetic niche for MSCs.




5. Conclusions


A hydrogel scaffold based on a cryoprecipitate of blood plasma and collagen with encapsulated ASCs has been presented. In the process of scaffold cultivation with ASCs, the cells showed matrix–cell adhesion, three-dimensional growth with the formation of a cell network, and had a developed cytoskeleton. It can be assumed that successful cellular events were provided for by the biologically active components of the scaffold and its structural characteristics. It was found that ASCs secreted VEGF-A dynamically and changed the structural characteristics of the scaffold. Long-term cultivation of scaffolds with encapsulated ASCs led to a change in the biodegradation properties of the scaffolds. Summarizing the results obtained, we can conclude that the processes that occurred during the cultivation of the scaffold with the ASCs were similar to the natural processes of “dynamic reciprocity”. This enables us to consider the presented scaffold as an appropriate artificial niche for such cells. We hope that the properties of the scaffolds presented in this research, which can match a natural niche for ASCs, will serve as the basis for developing scaffolds with good regenerative potential in the future. The integrated approach presented in this research can also be used to characterize other scaffolds from the perspective of their providing of effective artificial types of cell niche.
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Figure 1. (A) The appearance of the scaffolds. (B) Internal architecture of scaffolds. Cross-section samples of dehydrated scaffolds were visualized using a scanning electronic microscope (JSM-IT300; JEOL Ltd., Japan), and dehydration of the samples was performed in the chamber of the JSM-IT300 under low vacuum. 
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Figure 2. Cultivation of scaffolds with encapsulated ASCs. (A) ASCs adhered within the scaffold structure, after 24 h of cultivation, scanning electronic microscopy; (B) ASCs in the scaffold structure after 48 h of cultivation, here the cells have formed multiple processes. Phase-contrast combined with fluorescence microscopy, cell nuclei stained with Hoechst 3334—blue, (C,D) ASCs in the scaffold structure—third day of cultivation, cells exhibit three-dimensional growth and form intercellular junctions, (E,F) ASCs in the scaffold structure—sixth day of cultivation, cellular network, (G) cells in the scaffold structure—eighth day of cultivation, the well-developed cell cytoskeleton is clearly visualized (H) as a cell network formed by the ASCs with a developed cytoskeleton in the scaffold structure—eighth day of cultivation. (C,D,F) Calcein AM staining confirms cell viability (fluorescence microscopy), (G,H) staining: red—cell cytoskeleton, Invitrogen™ Alexa Fluor™ 594 Phalloidin; blue—cell nuclei, Hoechst 3334 (fluorescence microscopy). 
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Figure 3. Functional and proliferative activity of ASCs cultured in scaffolds. (A) Secretion of VEGF-A by ASCs cultured in scaffolds; (B) number of cell nuclei in the per 1 mm3 scaffold. Note: *—p ˂ 0.05 comparison with day zero, •—comparison with day three, ◊—comparison with day four, □—comparison with day five, ○—comparison with day six, Wilcoxon test. 
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Figure 4. Change in the structure of scaffolds: (A)—first day of cultivation, (B)—10th day of cultivation (transmission electron microscopy). 
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Figure 5. Change in the structure of scaffolds and the number of cells in the scaffolds during cultivation. (A) Changes in the structural characteristics of scaffolds. (B) Changing the number of cells in the scaffolds. Note: *—p ˂ 0.05 comparison with day one, •—comparison with day three, ◊—comparison with day six, Wilcoxon test. 
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Figure 6. Biodegradation of hydrogel scaffolds in vitro. (A,C) Passive biodegradation of scaffolds in a PBS solution. (B,D) Biodegradation of scaffolds by the action of a hydrolytic enzyme—trypsin. (A,B) Biodegradation of scaffolds administered into the experiment after 24 h of cultivation. (C,D) Biodegradation of scaffolds, administered into the experiment after cultivation for six days. Note: The percentage of mistake of the determination was 0.02%. 






Figure 6. Biodegradation of hydrogel scaffolds in vitro. (A,C) Passive biodegradation of scaffolds in a PBS solution. (B,D) Biodegradation of scaffolds by the action of a hydrolytic enzyme—trypsin. (A,B) Biodegradation of scaffolds administered into the experiment after 24 h of cultivation. (C,D) Biodegradation of scaffolds, administered into the experiment after cultivation for six days. Note: The percentage of mistake of the determination was 0.02%.



[image: Polymers 12 02550 g006]







[image: Polymers 12 02550 g007 550] 





Figure 7. Appearance of scaffold samples after 1008 h of biodegradation in vitro: (A)—series A, (B)—series B, (C)—series C, (D)—series D. Arrows indicate scaffolds and their fragments. 






Figure 7. Appearance of scaffold samples after 1008 h of biodegradation in vitro: (A)—series A, (B)—series B, (C)—series C, (D)—series D. Arrows indicate scaffolds and their fragments.



[image: Polymers 12 02550 g007]







[image: Table] 





Table 1. ASC viability in scaffolds.
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	Cultivation
	Total Number of Cell Nuclei per 1 mm3 Scaffold
	Number of Nuclei of Dead Cells per 1 mm3 Scaffold
	% of Nuclei of Dead Cells





	72 h
	292.07 ± 15.51
	2.33 ± 0.31
	0.79



	144 h
	636.79 ± 33.85
	3.60 ± 0.42
	0.56







Note: The study was conducted on nine scaffold samples. Five fields of view were analyzed from each scaffold for each sample period.
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