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Abstract

:

In the 2000s, advances in cellular micropatterning using microfabrication contributed to the development of cell-based biosensors for the functional evaluation of newly synthesized drugs, resulting in a revolutionary evolution in drug screening. To this end, it is essential to utilize cell patterning to control the morphology of adherent cells and to understand contact and paracrine-mediated interactions between heterogeneous cells. This suggests that the regulation of the cellular environment by means of microfabricated synthetic surfaces is not only a valuable endeavor for basic research in biology and histology, but is also highly useful to engineer artificial cell scaffolds for tissue regeneration. This review particularly focuses on surface engineering techniques for the cellular micropatterning of three-dimensional (3D) spheroids. To establish cell microarrays, composed of a cell adhesive region surrounded by a cell non-adherent surface, it is quite important to control a protein-repellent surface in the micro-scale. Thus, this review is focused on the surface chemistries of the biologically inspired micropatterning of two-dimensional non-fouling characters. As cells are formed into spheroids, their survival, functions, and engraftment in the transplanted site are significantly improved compared to single-cell transplantation. To improve the therapeutic effect of cell spheroids even further, various biomaterials (e.g., fibers and hydrogels) have been developed for spheroid engineering. These biomaterials not only can control the overall spheroid formation (e.g., size, shape, aggregation speed, and degree of compaction), but also can regulate cell-to-cell and cell-to-matrix interactions in spheroids. These important approaches to cell engineering result in their applications to tissue regeneration, where the cell-biomaterial composite is injected into diseased area. This approach allows the operating surgeon to implant the cell and polymer combinations with minimum invasiveness. The polymers utilized in hydrogels are structurally similar to components of the extracellular matrix in vivo, and are considered biocompatible. This review will provide an overview of the critical design to make hydrogels when used as cell scaffolds for tissue engineering. In addition, the new strategy of injectable hydrogel will be discussed as future directions.
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1. Introduction


Drug screening requires in vivo work. This is because in vivo experiments have an advantage over in vitro experiment, in that the entire biological response can be taken into account when determining the time-dependent response to a new drug candidate. However, in vivo toxicity testing using human bodies often presents problems. Therefore, the development of microscale cell culture systems, using microfabrication and cell culture technologies as in vitro human surrogates, will contribute to a safe and much-awaited screening method. Recent advances of cell culture at the microscale have made it possible to analyze and detect the function of newly synthesized drugs and unknown toxicants [1,2,3,4,5,6,7,8,9].



On the other hand, two-dimensional cell culture methods are the global standard, but definitely do not reflect physiological conditions, and, therefore, do not reproduce tissue anatomy or physiology useful for research or industrial applications. Performing a three-dimensional culture of cells is an appropriate idea for studying physiological cellular functions, but it requires a multidisciplinary approach and expertise. Three-dimensional (3D) culture requires consideration of the design of scaffolds that guide cell organization, and the introduction of bioreactors that control the exchange of oxygen, nutrients, and waste products. A 3D culture was established by several methods, including the use of biopolymer scaffolds, hydrogels, cell sheets, bioreactors with perfusion, microfluidics, and hanging drops. As 3D culture systems become more developed and able to mimic human and animal tissue function, the design and introduction of co-cultures will make stem cell utilization highly possible. Cell spheroids are also three-dimensional models that do not require cell scaffold material, they can be generated from a variety of cell types, and they are formed from adherent cells to aggregate via intercellular adhesion. Spheroids are usually produced by monoculture or co-culture techniques, and their cell morphologies and functions can be easily imaged by fluorescence or confocal laser scanning microscopy (CLSM). As a result, spheroids have been used for high-throughput screening, for example, in solid tumor growth model studies and drug discovery research. This review summarizes a general overview and the useful techniques for constructing 3D culture models. Particular focus is paid to surface engineering techniques, used in cellular micropatterning [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30] as important tools to obtain spheroid micropatterns [31,32,33,34,35]. To develop 3D cell microarrays, provided by a cell’s non-adherent surface and a cell-adhesive region, it is important to microfabricate a protein-repellent surface, because cellular adhesion and proliferation are regulated by protein adsorption.



Cell therapies offer a tailorable, personalized treatment for use in tissue engineering, to address defects arising from trauma, inefficient wound repair, or congenital malformation. However, most cell therapies have achieved limited success to date. Typically injected in solution as monodispersed cells, transplanted cells exhibit rapid cell death or insufficient retention at the site, thereby limiting their intended effects to only a few days. Spheroids, which are dense, three-dimensional (3D) aggregates of cells, enhance the beneficial effects of cell therapies by increasing and prolonging cell–cell and cell–matrix signaling. The use of spheroids is currently under investigation for many cell types. To improve the therapeutic effect of cell spheroids even further, various biomaterials (e.g., fibers and hydrogels) have been developed for spheroid engineering [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59]. Note that hydrogels, as artificial 3D cell scaffolds, have attracted great attention in recent years because of their ability to reproduce the biological environment, with their inherent biochemical and physicochemical properties, such as cell adhesion, degradation, and viscoelasticity (Figure 1) [1]. Hydrogels can mimic the characteristics of the extracellular matrix (ECM) of many tissues, and various molecular designs have been proposed to tune the mechanical strength and degradation speed of hydrogels, resulting in significant advances in their biomedical applications. The cross-linking methods for forming networks consisting of biopolymers and synthetic polymers are described in detail, and are classified into (i) covalent cross-linking, (ii) dynamic covalent cross-linking, and (iii) physical crosslinking. Finally, recent progresses in molecularly improved biopolymer hydrogels and interpenetration network hydrogel formation will be presented for their applications as tissue scaffolds.




2. Cell-Patterning Techniques


Microfabrication techniques are used to form patterned cells, or spheroids, on cell culture substrates. This cell patterning is a necessary component of basic research in biosensors, tissue engineering, viral infection, and other areas that utilize the functional responses of cells. We have perfected dry-etching (or plasma-etching) techniques for creating micro-patterned cells. Photolithography technology, a commonly used semiconductor technology, is also very well-developed, and has been widely utilized in cell patterning. However, this photo-processing technology has disadvantages in applications for analyzing specific biological activities the biocompatibility of cells, due to cytotoxicity. Therefore, microcontact printing, microfluidic patterning using microfluidic channels, and laminar flow patterning have been developed one after another as alternative techniques to animal experiments, for the comprehensive analysis of biological functions. This paper outlines dry etching as a cell-patterning method that can be formed by a particularly simple procedure.



2.1. 2D Cell Patterning


Atypical cell–cell interactions between hepatic parenchymal and nonparenchymal cells have been reported to induce cell growth, migration, and differentiation. In vitro, co-cultures of hepatic parenchymal and nonparenchymal cells have been used to maintain and regulate the hepatocyte phenotype. Toner et al. [13]. have performed pioneering research in this field by utilizing microfabrication techniques, allowing for a more precise control of cell–cell interactions through “cellular patterning” or “micropatterning”.



Recent advances in microfabrication techniques have made possible new studies that allow us to freely control the role of interfaces, formed by heterogeneous cell populations and the ratio of cell populations, and have provided some new insights into the complex modes of intercellular communication in these co-cultures. In the future, improved microfabrication techniques will enable the development of a wide range of materials with spatial resolution in the nano-scale range, such as various biomolecules, as well as the tailoring of these cell array techniques to test specific biological hypotheses. The introduction of cocultures into bioreactors will be useful for the construction of bioreactors for clinical support. In addition, cell culture would be applied to both basic research in cell communication, organogenesis, and physiology, as well as in the development of functional tissue constructs for medical applications. Below is an overview of typical cellular micropatterning methods.




2.2. Dry Etching (Plasma Etching)


Folch et al. [14] reported a new method for cell patterning at the micro-scale, using oxygen plasma. The technique (1) equably grafts glass substrates with an interpenetrating polymer network (IPN) [P(AAm-co-EG)] of poly(acrylamide) and poly(ethylene glycol) to create a protein-rejecting surface, and (2) uses oxygen plasma to remove this coating in a position-selective manner. They propose elastomeric stencils (i.e., self-sealing membranes with through-holes, Figure 2A) and microchannels (Figure 2B) as removable masks that allow for the selective removal of IPN regions unprotected by the mask by oxygen plasma etching. When the stencil or microchannels are removed after plasma etching, cell-adhesive regions appear, separated by the non-adhesive regions of cells.




2.3. Patterning of Spheroids as 3D-Microorganized Cells


The dry-etching technique we have studied involves the irradiation of ions (usually nitrogen, chlorine, or boron trichloride plasma) through a metal mask pattern to remove a portion of the material from the polymer surface to be patterned. Usually, dry etching is done in the linear or anisotropic direction, unlike many chemical-etching methods used in wet etching. By employing this dry etching, two-dimensional microarrays of 10,000 hepatocyte heterogeneous spheroids (100 × 100) underlaid with endothelial cells as feeder cells were precisely formed on microfabricated glass substrates, coated with polyethylene glycol (PEG) brushes at 100 μm intervals in a of 20 × 20 mm area [30]. The co-culture of hepatocytes and endothelial cells is essential for long-term hepatocyte viability and liver-specific function, yielding hepatocyte spheroids with 100 μm in diameter that function as miniaturized, albumin-secreting livers for at least 3 weeks.



Spin-coating of polylactic acid (PLA) and α-lactosyl polyethylene glycol (PEG)/PLA block copolymers sequentially onto glass slides, which were hydrophobized by silane coupling treatment and then plasma etching, using a metal mask pattern with circular holes, was performed to fabricate micropatterned PEG substrates with two-dimensional arrays of plasma-etched holes (ϕ100-μm) (Figure 3a). Bovine aortic endothelial cells (BAECs) at passage 13 were then cultured on the micro-patterned surfaces at 37 °C for 24 h in a 10% fetal bovine serum medium (Figure 3a). As shown, the BAECs adhered only onto the circular holes, exposing a plasma-etched glass region (Figure 3b). Preferentially adsorbed serum proteins, including cell adhesion proteins such as fibronectin, on the glass regions may promote the glass-affinity of anchorage-dependent BAECs, leading to adhesion. Rat primary hepatocytes in a culture medium were then seeded onto the patterned dishes with cultured endothelial cells. Primary rat hepatocytes generated three-dimensional aggregates of cells within 24 h, only on the circular pattern of previously attached BAECs, forming a two-dimensional array structure of the hepatocyte heterogeneous spheroids (Figure 3c). On the other hand, on the same patterned α-lactosyl-PEG/PLA surface without previously seeded BAECs, hepatocytes adhered to and spread over the entire cell culture substrate, but no spheroids were formed (Figure 3d). These results indicate that BAECs play an important role as a feeder layer for hepatocyte spheroid formation, and that cell activity was well retained in the spheroid by biologically communicating with the underlying BAEC.



Heterogeneous hepatocyte spheroids co-cultured with BAECs were evaluated by an immuno-histochemical double staining. In situ fluorescent staining was performed with an anti-rat albumin antibody, to determine characteristic hepatocyte phenotype of albumin synthesis, and a rhodamine-conjugated phalloidin to visualize F-actin. As shown in Figure 4, a multicellular spheroid of hepatocytes in contact with BAECs as a feeder cell is demonstrated by a three-dimensional view. This was reconstructed by overlaying image volumes sliced in two dimensions. Note that the spheroids show strong green fluorescence compared to normal cell monolayers, indicating that they significantly express stable levels of liver-specific function (albumin secretion) even after 3 weeks. It should be noted that these albumin secretions, cytoskeletons, and intercellular junctions remain intact within the spheroid. This is probably due to heterogeneous cell-to-cell interactions through hepatocyte–BAEC contact [60,61,62,63].



To investigate a drug-induced hepatic lesion, in vitro models incorporating primary hepatocytes have been suggested to be more predictable than culture systems relying on liver microsomes. Methods to phenotypically stabilize primary hepatocytes in vitro often depend on the mimesis of the hepatic microenvironment, such as cell-to-cell interactions and cell-to-ECM interactions. In one study, Bhatia et al. [64] incorporated stable hepatocytes into 3D spheroids, which, in turn, could be useful in drug-screening devices such as multi-well plates and a variety of organs-on-a-chip. They first used the micropatterning of rat primary hepatocytes on cell adhesive collagen I, in order to control cell–cell adhesion in two dimensions, then digested the sample by collagenase to produce well-controlled aggregates for 3D encapsulation in the hydrogel, formulated by polyethylene glycol (PEG) diacrylate.



To determine whether the pre-aggregation of hepatocytes into pucks improved liver function after encapsulation in 3D hydrogels, albumin secretion by cells in PEG gels was measured as an indicator of liver phenotype and viability. As a comparison, hepatocytes were randomly seeded on collagen-coated, but unpatterned, six-well plates at a cell density of 600,000 cells/well. This was selected to match the theoretical cell number seeded in wells with a 50 μm island patter, assuming five to six hepatocytes per island. Hepatocytes were randomly seeded in six-well plates (‘‘no pattern’’) or were micropatterned using collagen coated-islands, detached with collagenase, resuspended in hydrogel prepolymer, and photopolymerized into 14 μL disc-shaped samples. Live/dead staining, with calcein AM and ethidium homodimer, of gels encapsulating pucks with spheroid-like cell aggregation structures showed >80% viability after 3 h, indicating that the polymerization process itself was not cytotoxic to the viability (~80%) of the liver cell pucks before post-stripping encapsulation. Secreted albumin in hydrogels containing pucks showed an increasing secretion of albumin for the first week after encapsulation, in comparison with control hydrogels, containing randomly seeded hepatocytes at 8 days. These results indicate that micropatterned hepatocytes forming liver pucks before encapsulation stabilize the phenotype of hepatocytes after encapsulation in a 3D hydrogel.



In addition, in order to help maintain primary hepatocyte function, it has been reported that co-culturing hepatocytes with a second cell type [65,66] and culturing them on surfaces where the adhesion proteins or peptides such as RGDS [67,68] are present is favorable. Therefore, we investigated the incorporation of heterotypic cell–cell interactions and ECM-derived adhesion sites into 3D gels. To achieve co-culture, cell suspensions of J2-3T3 fibroblasts were encapsulated in PEG prepolymer along with hepatocyte pucks. In the resulting gel, J2-3T3 fibroblasts (shown in blue) and hepatocytes were distributed over the entire volume of the gel on a length scale (<100 μm from the nearest hepatocyte), for which previous studies have shown to allow paracrine signaling by soluble factors [69]. Acrylate-functionalized RGDS peptides were covalently attached to the hydrogel network to incorporate cell-adhesive moieties into the gel. A 3D co-culture of fibroblasts and hepatocyte pucks increased albumin secretion more than two-fold when compared to hepatocyte-only controls. It is important to note that the maintenance of albumin secretion over time was prolonged with the cocultivation of fibroblasts. Conversely, adhesion peptides had no significant effect on the albumin generation curve in gels containing RGDS, compared to controls without RGDS, neither in gels containing only hepatocyte pucks nor in hepatocyte pucks containing fibroblasts. These results indicate that supportive signals from J2-3T3 fibroblasts, but not the function of RGDS adhesion peptides, are important for the long-term survival of hepatocytes.



The spheroid formation-based TBB and CBB (tissue- and cell-based biosensors) presented here are expected to be able to respond to environmental disturbances such as toxins and pathogens, in physiologically relevant ways. This miniaturized engineered tissue-like microarray has the ability to rapidly assess the potential health risks of drugs and environmental perturbations, and to predict the effects of exposure. In addition, new techniques for detaching and retrieving arrays of cell-organized structures, such as surface-patterned spheroids, may be particularly important when spheroids are seeded onto 3D scaffolds in order to construct tissue-engineered livers. It is also an effective means of gaining insights into the mechanisms of cell–cell interactions, a central research topic in cell biology. Because cell spheroids offer cell-to-cell interactions and show advantages in terms of their paracrine effects, which can be used to solve clinical and biomedical inquiries, ranging from tissue engineering to disease pathophysiology, they are recently reported to be ideal vehicles for gene delivery. Genetically modified spheroids can enhance specific gene expression to promote tissue regeneration [70,71,72,73,74,75]. Gene deliveries to cell spheroids are achieved via viral vectors or non-viral vectors. It has been shown that genetically modified cell spheroids have the potential to differentiate into bone [76,77,78,79,80,81], cartilage [82,83], vascular tissue, nerve tissue, cardiomyocytes [84,85], skin [86], and skeletal muscle, as well as organs such as the liver [87], in order to replace the diseased organ, as observed in animal and preclinical trials.




2.4. Cell Aggregates for Tissue Engineering


Artificial microtissues can also be fabricated by inducing the aggregation of one or more cell type [88]. These microtissues and arrays may be useful for studies such as tissue engineering of the pancreatic, liver, vascular, and cardiac tissues, as well as comprehensive drug screening. Cell stacking has been used for cardiac tissue engineering by assembling multiple sheets of cardiomyocytes [89], as well as vascular engineering by fabricating cylindrically rolled sheets of endothelial cells [90]. Such an approach may satisfy certain tissue engineering applications, but lacks the tissue formation that can reproduce more complicated organ structures. Microscale efforts may provide a novel culture system for this challenge, by serving as templates for the reproducible creation of complex microtissues. For example, hepatocyte spheroids have been formed by combining microcontact printing and micromachining [91]. Recently, microwells made of nonadherent PEG have been used as templates for the formation of various types of cell assemblies, including ES cells [92]. This approach aims to overcome the drawbacks faced by hanging drop and suspension culture methods [88], by controlling the size, shape, and other characteristics of cell assemblies in a scalable manner. Th controlled aggregation of embryoid bodies can induce the differentiation of ES cells, which may also be used as a novel technique in order to generate more homogeneous cultures. Furthermore, the template-based assembly of cells may allow for the organization of multiple cell types into specific shapes relative to each other in these cohesive tissue sections. Combining such methodologies with biomaterials such as crosslinked polymer hydrogels and μ-TAS may allow for the creation of more complex therapeutic tissue organizations.



In tissue engineering applications, after the spheroid cells are retrieved from the culture substrate, they are subsequently incorporated into three-dimensional polymer scaffolds that act similarly to the natural extracellular matrices that make up tissues. These scaffolds safely deliver cells to the site of injury in the patient’s body, provide a space for new tissue formation, and have the potential to control the formation and function of engineered tissues [93,94]. In light of previous tissue engineering approaches, an important element is the polymeric scaffold, which serves as an extracellular matrix. This artificial extracellular matrix is composed of various amino acid- and sugar-based macromolecules that organize cells, control tissue structure, regulate cellular function, and allow the diffusion of nutrients, metabolites, and growth factors that control cell-to-cell communication [95]. Various types of polymers have been three-dimensionally formulated to be utilized as suitable cell scaffolds [96]. Among them, hydrogels have found numerous applications in tissue engineering, because they have structural similarity to the macromolecular-based components in the body and are considered biocompatible [97]. Hydrogels, whose development is currently expected in the field of tissue engineering, are classified into two categories, depending on whether they are naturally or synthetically derived. Hydrogels derived from natural polymers tend to have strong interactions with cells, along with suitable cell proliferation and differentiation. However, hydrogels from natural polymers have limitations in supporting the reproduction of tissue function, and approaches have been taken to modify natural polymers or supplement their structure with various synthetic polymers. Various synthetic polymers have molecular properties that allow for the fine-tuning of their chemical and physical properties, for their use in such applications.



Here, we will discuss typical natural polymers, divided into polysaccharides and polypeptides, and synthetic polymers, which have been widely used for hydrogel formation, as well as their properties and applications.





3. Hydrogels as Three-Dimensional Cell Scaffolds


3.1. Synthetic Polymers


The specific applications of polymer scaffold materials to targeted tissue regeneration require certain modifications to the polymer structure. This reorganization is quite difficult with natural polymers, and hence, synthetic polymers, such as aliphatic polyesters, including poly(glycolic acid) (PGA), poly(lactic acid) (PLA), their copolymers (PLGA), and ε-polycaprolactone (PCL), are widely used in tissue engineering. PCL is a relatively low-cost, resilient, biodegradable synthetic polymer, and is approved by the USA Food and Drug Administration (FDA). PLGA is another FDA-approved synthetic biopolymer widely applied in tissue regeneration. The distinctive advantages of PLGA are its biocompatibility and degradability, which can be fine-tuned to express the desired regenerative tissue properties.




3.2. Biopolymers


In tissue engineering, biocompatible and biodegradable natural materials of biological origin are used as cell scaffolds in order to provide the appropriate bioactive environment and necessary mechanical support to the diseased site, to promote new tissue growth. Because of its excellent biocompatibility and low immunological infectious effects, natural biopolymers, including polysaccharides and polypeptides such as collagen, chitosan, alginate, silk, fucoidan, elastin, gelatin, hyaluronic acid, are extensively used in regenerative medicine.



3.2.1. Polysaccharides


Polysaccharides are substances composed of a number of monosaccharide molecules joined by glycosidic bonds, and are composed of repeating units of monosaccharides or disaccharides, providing important structural and biological functionality in living organisms (Figure 5). Polysaccharides are obtained as biosynthetic products by living organisms, and are often isolated from renewable resources, such as plants and microorganisms. Hydrogels with a wide range of functions have been developed by the cross-linking of chemically modified polysaccharides.




3.2.2. Polypeptide


A polypeptide is a biopolymer consisting of linear repeating chains of amino acids; if it consists of more than 50 amino acids, it is defined as a protein (Figure 6). Hydrogels made from polypeptides have many cell interaction sites and can mimic the function of the extracellular matrix, making them suitable for biomedical applications. Polypeptides can be isolated from animal or plant sources or synthetically biomanufactured using peptide synthesizers, or recombinant protein production, as a function of total host cell biomass synthetic capacity.





3.3. Methodologies of Cross-Linking


Gelation is caused by crosslinking of polymers to form a polymer network with an internal solvent. There are two main types of crosslinking: chemical crosslinking and physical crosslinking. Chemical crosslinking is formed by covalent bonding of functional groups within the biopolymer or synthetic polymer, and is generally strong and stable. In contrast, physical cross-linking is formed by non-covalent bonding, such as hydrogen bonding, between polar polymer chains. Although the mechanical strength may be low, gels with self-healing and shear-thinning properties are often obtained due to the reversibility of the physical interaction. These typical methods are described below.



3.3.1. Chemical Cross-Linking


In general, covalent bonds are stable and enable the synthesis of hydrogels with high mechanical strengths. Among covalent bonds, the introduction of dynamic covalent bonds, which are reversible reactions, makes it possible to give gels self-healing properties, while maintaining their high mechanical strength. In addition, the gelation and degradation behavior may be controlled in a stimulus-responsive manner. Because of these advantages, dynamic covalent gels have been considered for many applications, such as scaffold materials in tissue engineering and drug-delivery systems. In this section, we will discuss the covalent click chemistry, active-ester reaction and dynamic covalent Schiff bases, as representative examples.



Click Chemistry


Click chemistry was proposed by K.B. Sharpless as a versatile, substrate-specific reaction to proceed at a high yield and without by-products. The advantages of click chemistry are that it is simple to operate, and the substrates and products are stable in water and oxygen and proceed under a wide variety of reaction conditions. Because of its biocompatibility, reliability, and bio-orthogonal specificity, it is widely used in biomedical applications, such as biomaterial engineering and drug discovery. Typical click chemistry methods used for hydrogel cross-linking include the thiol-ene Michael addition reaction, thiol-ene radical addition reaction, azide–alkyne reaction, and tetrazine–norbornene cycloaddition.




Active-Ester Reaction


When forming hydrogels, it is common to use active esters of carboxylic acids for milder cross-linking that does not lead to cytotoxicity. After converting the carboxylic acids in the polymer to N-hydroxy succinimide (NHS) esters, these esters are readily attacked when mixed with free amine groups, which are then converted into stable amide bonds. The disadvantage of this cross-linking is that the NHS-functionalized polymer must be thoroughly mixed with the amino-group-containing polymer immediately prior to use when used in water, because of the rapid hydrolysis rate of the NHS functional group.




Schiff Bases


A Schiff base is a bond formed by the condensation reaction of a carbonyl group with a primary amine, and is represented by the general formula R1R2C = NR3. Only water is produced as a byproduct. The reversible reaction of Schiff base formation proceeds under mild conditions and is pH-dependent. In the biomaterials field, hydrogels are formed by mixing aldehyde-functionalized and amine-functionalized polymers. It is also known that the neighboring atoms of primary amines used for Schiff base formation affect the stability of cross-linking. A Schiff base with a nitrogen atom next to the primary amine is called a hydrazone bond, which can form a more stable hydrogel than a normal Schiff base [99].





3.3.2. Physical Cross-Linking


Physical cross-links are formed by physical interactions between biomacromolecules, such as hydrogen bonding, hydrophobic interactions, and electrostatic attraction. Although mechanical strength may be lower than for gels cross-linked by chemical cross-linking, physical cross-linking can be used to enhance the cell migration and diffusion of cells [99]. In addition, physical interactions are reversible and can impart self-healing properties to hydrogels. Physical cross-linking is usually formed by the one-pot mixing of two or more components, without the need for an external catalyst or initiator.




3.3.3. Injectable IPN Gels as New and Minimally Invasive Applications


Interpenetrating polymer network (IPN) gels have attracted much attention in recent years due to their high utility for many biomedical applications. An IPN is defined by the IUPAC as a “Polymer comprising two or more polymer networks which are at least partially interlaced on a molecular scale, but not covalently bonded to each other and cannot be separated unless chemical bonds are broken” [100]. A simple mixture of two or more different crosslinked polymers is not an interpenetrating polymer network. An IPN is further defined by the reaction mechanism by which it is polymerized. When an IPN is prepared by a mechanism, in which the second component network is synthesized after the first component network is completely polymerized, the IPN is sometimes referred to as a sequential IPN. If an IPN is prepared by a process in which both component networks are polymerized simultaneously, the IPN is referred to as a simultaneous IPN. As shown in Figure 7, the synthesis types of IPN are as follows: (A) sequential IPN, usually done by swelling the single first network in a solution containing a mixture of monomers, initiators and activators, with or without a cross-linker, followed by the formation of a second network; and (B) simultaneous IPN, where both network precursors are mixed, and the two networks are synthesized simultaneously by independent, and non-interfering routes, such as chain and stepwise polymerization. [101,102,103]. The reason for the development of these structures is to combine the favorable properties of each constituent polymer within a new overall hydrogel network, and to modulate the mechanical and biological properties of each constituent. Generally, the resulting hydrogel system possesses enhanced properties, due to synergistic effects. In addition, by using multiple materials and designing gels that take advantage of their characteristics, gels with numerous functions have been developed, such as those with high mechanical strength, affinity to cells, self-healing properties, and chondrogenic differentiation properties. In sequential IPN, gels are usually synthesized through multiple steps: first, polymer network I is synthesized. Then, monomer II, plus the crosslinker and activator, are swollen into network I and polymerized in situ with external stimuli to form the second network. However, those activators and stimuli are likely to be toxic in in situ gels that are injected into the body. Therefore, a new strategy of using injectable hydrogels was devised, in order to synthesize IPN gels in a one-pot, injectable, and time-dependent manner by utilizing two different network-forming driving forces [104]. In the tissue engineering field, an innovative alternative approach to cell delivery is the use of polymers (i.e., hydrogels) that are fluid, to the extent that they can be injected into the body. This approach allows the clinician to transplant the cell and polymer combinations in a minimally invasive manner. Among hydrogels, injectable gels, which form in situ when administered in vivo, are attracting attention as carriers for drug delivery and as scaffolds for tissue engineering. Gels containing cells, therapeutic drugs, growth factors, and other substances can be easily prepared by simply mixing them with a gel precursor polymer solution and injecting them. Ishikawa et al. moderately chemically cross-linked the amino groups of chitosan (CH) with succinimidated poly(ethylene glycol) (NHS-PEG-NHS) gels, followed by addition of the self-aggregating peptide chain RADA16 to form IPNs, which showed high utility and safety in terms of mechanical strength and chondrogenic differentiation properties (Figure 8). This structure is formed by the physical cross-linking of the self-assembling peptide chain RADA16, immediately after the three-component mixture of RADA16, CH, and NHS-PEG-NHS, followed by the chemical cross-linking of chitosan and polyethylene glycol. This one-pot and in situ method of synthesizing IPN gels allows for a wide variety of material combinations, and is expected to be a widely applicable technology, not only in tissue regeneration, but also in drug delivery, diagnosis, etc.



This review highlights the current state of spheroids for clinical use and demonstrates their immense capacity for tissue regeneration. However, the clinical translation of spheroids has lagged behind promising preclinical outcomes, due to hurdles in their formation, instruction, and use that have yet to be overcome. This review will contribute to future clinical medicine in terms of the successful development of methods to accelerate spheroid formation, reliable in situ instructions employing hydrogels as cell scaffolds, and the characterization, control, and utilization of their secreted factors. By establishing these techniques, spheroids may become an advanced cell therapy for regenerative medicine.






4. Conclusions


Many of the techniques used for cell patterning fall into two categories; passive patterning, by random seeding on surfaces modified with high-cell-affinity or cell-exclusive regions, and active deposition, or direct printing, of cells onto surfaces via light or electrical forces. Although only the former category is considered in this paper, we believe that there is a great future potential for combining certain techniques with the goal of solving many of the problems inherent in the long-term culture of active cell arrays.



Microfabrication by dry etching and photolithography is expanding rapidly, and “soft lithography” is finding applications in the biotechnology fields [105]. A number of microfluidic devices have also been developed and are rapidly finding applications in the biomedical and pharmaceutical industries [106]. In particular, the formation of multicellular aggregates as spheroids was suggested to be important in long-term drug screening and tissue engineering. Cirrhosis is an irreversible liver injury, in which healthy tissue is replaced by scar tissue and liver function is impaired. There is no cure, and new treatments are urgently needed, as current therapies only prevent further liver damage. We propose a new and novel approach in which autologous 3D spheroids composed of mesenchymal stem cells (MSCs) or human hepatocytes are injected into the body via an injectable hydrogel. This approach allows clinicians to transplant cell and polymer combinations in a minimally invasive manner. When compared to the surgeon, who makes incisions (cuts) sufficiently large to enable placement of the polymer/cell constructs, MSC spheroids, which are delivered to the body in an injectable hydrogel, offer significant advantages in tissue–structure formation and paracrine factor secretion.
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Figure 1. Schematic outlining pre-formed injectable hydrogels along with different in situ-formed hydrogels, and the possibilities of using them as carriers of cells, drugs, growth factor/biomolecules and fillers. Reprinted with permission from Ref. [1]. Copyright 2015, Elsevier. 
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Figure 2. (A) Schematic illustration (left column) and demonstration (right column) of the procedure for cellular micropatterning based on the use of PDMS stencils. (a) The stencil is placed onto a glass substrate homogeneously grafted with the IPN. A picture of the stencil before (inset) and after application onto the surface is shown on the right. (b) The stencil serves as a mask for selective etching of the IPN in an oxygen plasma. The etching leaves islands of IPN-free glass surrounded by IPN (as shown in the corresponding phase-contrast image on the right). (c) Fluorescently tagged fibronectin (Fn) is adsorbed onto the plasma-etched islands of glass, and the stencil is removed. (d) The fibronectin/IPN-patterned substrate is incubated with a cell suspension. (e) Unattached cel ls are removed by exchanging the medium. The inset shows a fluorescence image of C2C12 myoblasts (blue) attached to the fibronectin islands (green). Scale bars are 100 μm. (B) Schematic illustration (left column) and demonstration (right column) of the procedure for cellular micropatterning based on the use of PDMS microchannels. (a) The PDMS mold is placed onto a glass substrate, homogeneously grafted with the IPN. (b) The IPN is selectively removed after exposure of the surface to oxygen plasma, which leaves lines of IPN-free glass surrounded by IPN (see phase-contrast image on the right). (c,d) Fluorescently tagged fibronectin is injected into the microchannel network. After flushing with PBS, the microchannels are removed, leaving lines of fibronectin surrounded by IPN (see fluorescence image of the adsorbed fibronectin on the right). (e) The fibronectin/IPN-patterned substrate is incubated with a cell suspension and unattached cells are removed by exchanging the medium. Shown on the right is a phase-contrast image of C2C12 myoblasts attached to the lines of fibronectin. Scale bars are 100 μm. Reprinted with permission from Ref. [13]. Copyright 2015, Elsevier. 
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Figure 3. Patterned 3D co-culture of hepatocyte spheroids and endothelial cells (BAECs). (a) Micro-patterned α-lactosyl-PEG/PLA-coated dish with ϕ100 μm circular domains, spaced in 100-μm intervals. (b) Patterned culture of BAECs on the substrate (a) for 24 h at 37 °C. (c) Organized pattern of hepatocyte spheroids underlaid with BAECs. (d) Hepatocytes directly seeded onto substrate (a) without pre-adhered BAECs. Reprinted with permission from Ref. [30]. Copyright 2015, John Wiley and Sons. 
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Figure 4. A 3D view of the spheroids shown in Figure 3c, underlaid with endothelial cells as a feeder layer. Reprinted with permission from Ref. [30]. Copyright 2015, John Wiley and Sons. 
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Figure 5. Polysaccharide-Based Biopolymers a. Reprinted with permission from Ref. [98]. Copyright 2015, American Chemical Society. 
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Figure 6. Polypeptide-Based Biopolymers a. Reprinted with permission from Ref. [98], Copyright 2015, American Chemical Society. 
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Figure 7. Two popular methods of preparing interpenetrating polymer networks. Reprinted with permission from Ref. [101]. Copyright 2015, Elsevier. 
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Figure 8. Schematic illustration of the “One-Pot” synthesis of the CH/PEG/RADA16 injectable hydrogel, with the IPN structure. Reprinted with permission from Ref. [104] Copyright 2015, American Chemical Society. 
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