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Abstract

:

While many natural instances of adhesion between cells and biological macromolecules have been elucidated, understanding how to mimic these adhesion events remains to be a challenge. Discovering new biointerface materials that can provide an appropriate environment, and in some cases, also providing function similar to the body’s own extracellular matrix, would be highly beneficial to multiple existing applications in biomedical and biological engineering, and provide the necessary insight for the advancement of new technology. Such examples of current applications that would benefit include biosensors, high-throughput screening and tissue engineering. From a mechanical perspective, these biointerfaces would function as bioactuators that apply focal adhesion points onto cells, allowing them to move and migrate along a surface, making biointerfaces a very relevant application in the field of actuators. While it is evident that great strides in progress have been made in the area of synthetic biointerfaces, we must also acknowledge their current limitations as described in the literature, leading to an inability to completely function and dynamically respond like natural biointerfaces. In this review, we discuss the methods, materials and, possible applications of biointerface materials used in the current literature, and the trends for future research in this area.
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1. Introduction


Attachment is a fundamental process observed across nature, from the macroscopic burrs of burdock plants hooking onto passing animals, down to the proteins which mediate cell–cell attachment. Evident across the multitude of scales in biology, many biological processes rely on the state of attachment onto another surface in order to proceed with the actions of normal physiology. In particular, processes including, but not limited to, cell differentiation, cell cycle control, cell migration, and cell survival are all tightly regulated by the current state of attachment of the cell [1], supporting the belief that cellular fate mechanisms are due, at least in part, to the properties of the cell’s surroundings, which may be other organic materials such as cells, inorganic materials such as chemicals, or even physical properties such as the underlying substrate texture. In the native context of the cellular environment, the extracellular matrix (ECM) is the natural scaffolding of the cells, providing a suitable substrate for cellular adhesion, structural support for the three-dimensional shape for the collective cells in forming the tissue, and even providing biochemical support by being a sink for various signaling proteins and hormones [2]. These properties of the ECM provide key considerations to us when selecting or designing biointerfaces that can enhance cellular adhesion, and function as effective mediators of biological actuation.



While adhesion and actuation are different physical features, their relation to each other is not to be overlooked, and situations where both are apparent are especially significant in the context of biological cells. Cell-substrate interactions are critical for cellular adhesion onto surfaces and the mechanics of materials that interface the cells have to be considered in order to comprehensively select or design new biointerfaces or ECM mimetics. The beating heart is a noteworthy example where the mechanics the cellular substrates are not just simply involved in organ-level structure but are also essential for the proper functioning of the organ [3]. At the cellular scale, cardiac muscle contractions can be thought of as cellular adhesion and actuation atop an underlying substrate. Mechanotransduction, the conversion of mechanical signals into electrochemical signals, is another biological process that is dependent on cellular actuation. In instances of mechanotransduction, mechanical forces applied to the cell through focal adhesion points can modulate cellular behavior [4]. Actuation of the joints between bones are a biological instance where mechanotransduction can be observed. The articular cartilage found in joints is subject to a variety of mechanical forces such as shear, compression and tension and these mechanical forces are absorbed by the ECM surrounding the cartilage. The ECM is then able to dissipate and transmit the mechanical forces to ECM-adhering chondrocytes, which then convert the mechanical forces into various biochemical signals, including those that then direct either the formation or degradation of the cartilage matrix [5,6]. With these concepts in mind, it should be clear that biointerfaces with adhesion-enhancing features are a key contributor to the mechanical properties of the cell, including cellular motion and actuation, and their proper functioning.



In cell–cell or cell–ECM binding, adhesion is typically facilitated by an interaction between the cell adhesion molecules (CAMs) on the surface of the cell and the partner cell or ECM. However, in biomaterials, these CAMs may not be natively present. Integration of adhesion-facilitating proteins into biomaterial surfaces has been used, but this requires careful consideration of the chemical properties. For example, one important chemical aspect is the hydrophilicity of the biointerface material. Biomaterials with a surface that is very hydrophobic will have more protein adhesion onto the surface, but also more protein denaturation, and biomaterials with a surface that is very hydrophilic will have poor adhesion of proteins onto the surface [7,8]. Indeed, having robust protein adhesion and absorption into the surface of biomaterial and the maintenance of protein conformation requires a careful balance between making the surface either too hydrophobic or too hydrophilic. Considering physical properties, substrate stiffness is a property that has been thoroughly investigated and known to alter the adhesive ability of cells. Prior works have observed that cells on soft substrates show high levels of adhesion, greater spreading and the establishment of focal adhesion points between the cell and the substrates, and that cells on rigid substrates show lower levels of adhesion and less spreading [9,10,11]. These are examples some of the classical methods that biointerface materials have used to modulate cell adhesion. Further examples in this paper will address more modern approaches.



Recent advances in areas of bioengineering, such as biosensors, high-throughput screening (HTS), and tissue engineering have benefited from the current selection of biointerface materials and technologies; however, many of these materials are still imperfect, and do not provide all of the benefits that are imparted by a natural ECM. Indeed, it must be recognized that progress in the areas of biomaterials and biointerfaces are dependent on, and perhaps even limited by, the current knowledge available in related fields, and the materials available at our disposal. As an example, the discovery of the Arg–Gly–Asp tripeptide, or RGD motif, within the amino acid sequence of the ECM-bound protein, fibronectin, in 1984 had provided sparkling insight into a key mediator for cellular attachment [12,13,14,15], and while the potential for incorporation of the RGD motif into biomaterials had initially been predicted by as early as 1990 [16], it took more than a decade from the initial report of the RGD motif for successes in incorporating the key tripeptide into common biomaterials to be reported [17,18,19,20]. Therefore, while it is important to identify what features of biological systems we would like to have when selecting or designing new biomaterials and biointerfaces, a prerequisite step is that we must first identify the aspects of the natural environment of the biological system which gives rise to these desirable features. Consequently, by depending on the progress of discovery in other fields, such as cell biology and materials science, in order to identify and incorporate these key environmental aspects into our synthetic materials, it will appear as though developments in biomaterials and biointerface design has kept out of pace with current innovation; however, accounting for the interdisciplinary aspect of this field, we must consider this delay in the translation of knowledge to be an inevitable part of the process.



While it is still an evolving area of study, great strides in progress have taken place in the development of biointerfaces, as evident by the recent literature. Novel materials show promise in many areas of application, especially in applications pertaining to medical therapeutics and diagnostics, collectively known as theranostics [21,22,23]. Focusing on the ability of these biointerfaces to provide appropriate cell-substrate interactions or biomolecule–substrate interactions would be a wise first step when developing tools for use either inside or outside of the laboratory. This is especially evident when considering both the current trends in bioengineering aiming to miniaturize standard biomedical instrumentation tools down into so called labs-on-a-chip (LOCs) or micro total analysis systems (µTASs), and the push to have these tools integrated into consumer electronics, such as smartphones or smartwatches [24]. Thinking about how the biointerfaces of these tools should act to immobilize and detect biological elements and their respective signals is a current issue of great interest. Therefore, our review shall focus on the biointerfaces used in the current literature, with an explicit focus on biointerfaces which enhance cellular adhesion, and the future direction of biointerface design and its applications.




2. Biointerfaces for Non-Specific Cell Type Adhesion


The most traditional use of biointerfaces for non-specific cell adhesion is in cell culturing applications. While glass was the initial substrate for cell cultures, being used in landmark experiments on culturing cells in vitro [25,26], in the modern lab, most instances of cell culturing utilize polystyrene plates. Polystyrene plates have numerous benefits, such as its optical clarity, ease of molding and ability to withstand sterilization by irradiation, and additionally, its disposability and low cost make it attractive in applications where concerns of contaminant residues from reused glassware could interfere with results, and so a fresh dish would avoid this possibility. However, the surface chemistry of untreated polystyrene is hydrophobic, making it an unsuitable surface for cellular adhesion and consequently, also unsuitable for applications requiring cell culture of adherent cells [27]. To rectify this, several different methods have previously attempted to improve tissue culturing the ability of polystyrene, including oxidation of the plate surface by sulfuric acid, etching by gamma irradiation, treatment by gas plasma under vacuum and treatment by corona discharge under atmospheric conditions [28,29,30,31], with the latter two methods forming highly energetic oxygen ions which bind to the surface, forming polar, hydrophilic groups on the plate surface. While these methods were able to improve the ability of the cells to adhere to the polystyrene-based plates, they still fell short of natural cellular substrates, such as the ECM, and do not permit cell cultures that function like cells in vivo. To overcome this, a variety of biointerface materials have been developed and evaluated, incorporating natural and synthetic materials to make hybrid biointerface materials.



In our survey of the current literature, many different biointerface materials are evident, with each presenting their own advantages and disadvantages. Some may be used alone or blended with another substrate material as a composite mixture. A summary of base substrate materials, with examples from the literature, is presented in Table 1. We note that even though specific cell types are listed within the table, there is no indication in the referenced literature that these biointerface materials are tailored exclusively for one cell type. Given that biological tissue is composed of multiple cell types which interact with each other, the inclusion of non-specific biointerfaces in new technologies should be able to more accurately model tissue composition in vivo, as opposed to biointerfaces tailored for cell type-specific binding, permitting applications where multiple cell types are used, such as in co-cultures. There is a wide range in the variety of biointerface materials, and one of the simplest ways to categorize these materials is by whether they are naturally derived or synthetic. Naturally derived biointerface materials (e.g., alginate, collagen and corn starch) are noted to be inherently biocompatible, but with any natural product, there may be batch-to-batch variations, undefined matrix compositions (including possible natural impurities) and restricted possibilities to modify these materials, all of which could hinder its ability to function in many applications [32].



2.1. Current Trends in Biointerface Materials for Non-Specific Cell Type Adhesion


From the current literature, three common trends are evident when evaluating novel biointerface materials, (1) multiple materials and processes that were previously used alone are now being used in conjunction to create new, hybrid materials and processes, (2) there is extensive use of the ECM and ECM-derived components, such as proteins and proteoglycans and (3) the recent growth in the pace of published papers describing three-dimensional biointerface materials and three-dimensional applications for these materials.



2.1.1. Utilization of Multiple Materials and Processes for Novel Biointerface Material Properties


In many instances, a variety of different materials and processes can be blended to create hybrid materials that carry features of multiple materials and processes. Several such papers have already been discussed in this review that combines multiple materials to create hybrid materials that have new properties that are suitable for biological applications, typically biological elements incorporated into a hydrogel; however, recent work has also demonstrated that there is a benefit to the incorporation of inorganic materials into biointerface materials as well. Here, we present work by Ahadian and colleagues which incorporated vertically aligned carbon nanotubes (CNTs) into a methacrylated gelatin (GelMA) hydrogel (Figure 1) to create a biological scaffold with tunable electrical and mechanical properties [50]. They observed numerous physical advantages with their hybrid hydrogel system, including anisotropic electrical conductivity and superior mechanical strength as compared to GelMA hydrogels with either no CNTs, or with randomly distributed CNTs. Additionally, they tested their hybrid GelMA-CNT hydrogel’s ability to culture skeletal muscle cells and observed an increase in the number of functional myofibers yielded as compared to skeletal muscle cells cultured on GelMA hydrogels with either no CNTs, or with randomly distributed CNTs, and were able to increase myogenic gene and protein expression by applying electrical stimulation (ES) along the direction of the aligned CNTs. This work demonstrates the incorporation of ES into these novel biointerface materials to alter its properties, and along with other recent works, also demonstrates the possibility of creating dynamic biointerface materials that are manipulatable by external factors, such as magnetic field [51], mechanical force [52], temperature [53], pH, and light [54]. The development of useful, dynamic and manipulatable biointerface surfaces using a variety of different stimuli has been demonstrated, as evident from the surveyed literature, and many of these have shown incredible abilities that can be altered even while in use.




2.1.2. Biointerface Materials with Integrated ECM and ECM-Related Elements


The ECM is the natural scaffolding of cells, and so, being able to have cells grow on an ECM would be ideal for mimicking the in vivo environment. While it is possible to produce an ECM by tissue decellularization [55], it is not a simple process. Instead, as an alternative, select components from the ECM can be incorporated into biomaterials, improving the biocompatibility and ECM-like properties [56,57], while not going through the challenges of decellularizing and adapting an ECM for a specific use.




2.1.3. Biointerface Materials for Three-Dimensional Applications


Research in the areas of tissue engineering and regenerative medicine have all grown in popularity in the last few decades, as their success in the lab would imply a range of new possibilities in the area of medical treatments [58,59]. The common factor between these areas is that they all involve the increasing utilization of three-dimensional cell scaffolds [60]. Three-dimensional cell scaffolds have been established as a means by which cells can adhere to in order to be structurally supported in a three-dimensional configuration while also maintaining regular function. Three-dimensional scaffolds have even been developed on the microscale, where their versatility in the study of basic cell biology has been noted [61]. Several methods are currently in use to produce three-dimensional cell scaffolds in the laboratory and a small sample of these are summarized, with examples from the literature, and presented in Table 2. We highlight two significant works that take different approaches in order to achieve production of three-dimensional scaffolds. Work by Rajzer and colleagues developed a three-dimensional scaffold using two different three-dimensional fabrication techniques, 3D printing and electrospinning, with the goal of developing a scaffold to reconstruct nasal cartilage and subchondral bone [62]. In 3D printing (using the Fused Deposition Modelling, or FDM, method), solidified filaments of the material are extruded from a heated nozzle onto a platform where it cools and hardens. The nozzle moves around the platform, forming the shape of the printed object, layer-by-layer. In the electrospinning method, the nozzle is connected to a high voltage source which charges the material, and by electrostatic repulsion, the material stretches out into a thin stream, with a diameter on the nanometer scale. The material then dries and solidifies while in flight, collecting on a grounded plate. Rajzer and colleagues had 3D printed a poly (l-lactic acid) scaffold with large pores and electrospun a gelatin scaffold on top of the poly (l-lactic acid) scaffold. They noted that the large pores allowed cells to easily grow into the scaffold, while the gelatin provided binding sites for integrin adhesion, while osteogenon added to the gelatin improved mineralization of the scaffold at the cartilage/bone interface. Using both of these techniques in conjunction allows imparts an improved ability for the scaffold to integrate into the surrounding tissue and also remain structurally supported.



While most methods of producing a three-dimensional scaffold discussed in this review require making a synthetic surface for the cells to adhere to, tissue decellularization involves isolation of a 3D ECM by breaking the cell membranes and washing away the cells on a piece of tissue. The resulting product is a decellularized ECM that can be reseeded with new cells. The clear advantage with tissue decellularization is that the complex structure of the tissue pre-decellularization can be maintained, eliminating the need to direct cell growth into a specific shape to form tissue or even entire organs. Perhaps the most notable potential application for decellularized tissue is in its potential for organ transplantation, where a donor organ can be decellularized and reseeded with cells from the recipient [63], greatly reducing or even eliminating the risk of organ rejection and the need for immunosuppressant drugs. The disadvantages to this method are that it still requires a donor organ and that the recipient must have healthy cells that can be used to reseed the donor ECM, although studies have demonstrated that it is possible to use the ECM from other animals, and especially porcine ECM, for recellularization with human cells allowing for the possibility of xenografts [64,65], and that the collected cells used for reseeding of the ECM do not have to be of the same type of cell as the original cells on the decellularized ECM, as other cell types can first be transformed into induced pluripotent stem cells then into the desired cell type, allowing for de novo organ genesis even if the recipient had no cells of the desired type available [66,67]. Recent works have focused on combining both ECM from other animals and human induced pluripotent stem cells [67,68,69,70]. Research in this area has strong implications for both artificial organ creation and in laboratory applications involving three-dimensional cells, such as on organs-on-a-chip. Although with this growth in described three-dimensional materials, we also have to acknowledge that the rapid progress in two-dimensional materials has not slowed down. The recent advances in two-dimensional interface models have made significant contributions to understanding the mechanism of cellular adhesion [71], and cellular impact of extracellular stimulation, such as substrate roughness and stiffness [72,73,74]. These advances in two-dimensional biointerface materials are likely to be able to trickle into three-dimensional biointerface materials and be further studied in three-dimensional models.
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Table 2. Examples of three-dimensional cell culturing methods from recent literature.






Table 2. Examples of three-dimensional cell culturing methods from recent literature.





	Method
	Base Scaffold Material
	Scaffold Shape
	Cell Type
	Described 1 Potential Applications
	Ref.





	Molded
	Hydrogel (cellulose)
	Custom
	Mouse fibroblast
	Drug delivery and tissue engineering
	[75]



	3D printed
	Hydrogel (polyHIPEs)
	Custom
	Human MSC
	Synthetic bone graft and tissue engineering
	[76]



	Electrospun
	Hydrogel (GelMA)
	Thread
	Human fibroblast
	Synthetic skin graft, tissue engineering and wound dressing
	[77]



	Hanging droplet
	Hydrogel (alginate)
	Spherical
	Human colon cells and human liver cells
	Drug screening
	[78]



	Decellularized tissue
	ECM
	Originating tissue
	Human liver cells
	Artificial organ, disease modelling, drug screening and tissue engineering
	[79]



	Direct laser writing
	Protein-functionalized photoresist
	Custom
	Human lung adenocarcenoma and mouse embryo fibroblast
	Tissue engineering and regenerative medicine
	[80]







1 “Described” indicates the use or possible use of the material, as stated by the authors in the referenced literature. GelMA = gelatin methacryloyl, MSC = mesenchymal stem cell, polyHIPEs = polymerized high internal phase emulsions.














3. Biointerfaces for Cell Type-Specific Adhesion


Cell type-specific methods are one of the most crucial methods used in the laboratory. Considering instances of cell-specific events in nature, it is known that in order to selectively identify or isolate cells of a specific type, we must exploit cellular characteristics that are possessed by that cell type, and not by others. While cell identification has classically been performed manually by microscopy. Automation of these processes has led to machinery that can both quickly and accurately detect cellular characteristics and even sort cells. Flow cytometry and flow-assisted cell sorting (FACS) are the gold standard for automated cell identification and sorting; however, the equipment required for this takes up space, the cost of the machinery may be prohibitive to research groups and it requires training on the use and interpretation of results. Given these constraints, Hou and colleagues had developed a microfluidic system that can isolate neutrophils from blood, using a method called Dean Flow Fractionation [81]. In their method, the unpurified blood sample flows through a spiral microchannel, experiencing centrifugal acceleration directed radially outwards, and at the end of the microchannel are four outlets. With careful tuning of the centrifugal acceleration experienced by the cells, the neutrophils can be directed to one of the specific outlets (Figure 2). Evidently, this method exploits the differences in the sizes of the cells, and therefore, would be challenging to use in applications where the differences in size between the desired cell type group and the undesired cell type group are minimal, requiring precise tuning of the system. Similarly, other methods also exist which do not require identifying the cell type of each individual cell prior to isolation, such as density gradient centrifugation or magnetic-activated cell sorting (MACS); however, with these methods, there is still a requirement to know what cells are present in the population, or rather, the densities of the cells and what antigens may be present on the cell surface, respectively.



It may perhaps be more practical to eliminate the necessity of having to first isolate the desired cell type before it is detected, as doing so would eliminate a step that could otherwise consume additional time or materials, while also balancing the need of keeping such a process true to its intended purpose. A solution to this challenge would be to employ a method that selectively interacts with only the desired cell type, even in the presence of undesired cell types or other unwanted particulates. This can be achieved by using biointerfaces that selectively promote cellular adhesion for only the certain cells of interest. A selection of current interfaces used in the literature is presented in Table 3.



Previously, the prominent method of facilitating cell type-specific adhesion had focused on the use of peptide fragments, such as Arg–Gly–Asp (RGD), Arg–Gly–Asp–Ser (RGDS), Leu–Asp–Val (LDV) and others [14,15,92,93]. Currently, the most used methods of cell type-specific adhesion onto a surface rely primarily on the immobilization of antibodies onto a substrate, binding to cells that possess the complementary antigen molecule on the cell surface. For example, Kimura and colleagues had described two different ways to immobilize antibodies to capture specific cell types [94]. In one method, the antibodies were immobilized onto a surface by desthiobiotin–avidin interaction, and once the target cells were captured, the antibody with the bound cell could be released from the surface by the addition of biotin-modified polymer which exchanges places with desthiobiotin. In the other method, the antibodies were immobilized by double-stranded DNA, and when the target cells were captured, the antibody with the bound cell could be released from the surface by the addition of DNase. A general representation of this process is shown in Figure 3.



3.1. Current Trends in Biointerface Materials for Cell Type-Specific Adhesion


From our survey of the literature, it appears as though the rate of innovation in producing novel cell type-specific biointerfaces that promote adhesion is lower than that of non-specific cell type biointerfaces. The likely rationale for this is that there already exists a variety of methods for the isolation of specific cell types, using machines or other laboratory techniques, such as FACS, density gradient centrifugation or MACS, as mentioned previously, and in many cases, it is feasible to use these techniques when specific cell types are required. Additionally, the need for material surfaces that promote adhesion for only a specific cell type had not been previously recognized. However, personalized medicine has increasingly become both a popular research focus and a cultural phenomenon, inspiring the commercialization of many consumer devices designed to monitor biomedical signals while integrated into our personal electronic devices, such as our smartphones and smartwatches. We see two avenues where research in cell type-specific biointerfaces will go: (1) precise and portable medical diagnostics and (2) biocompatible and implantable materials.



3.1.1. Precise and Portable Medical Diagnostics


The creation of cell type-specific biointerfaces permits the possibility of developing precise and portable medical diagnostic tools. Our bodily fluids contain an abundant number of cells and other biomolecules that are indicative of our overall health and can provide us with the information necessary for the early detection of disease. Regrettably, the accessibility to this information seems to be prohibitive to those who cannot afford the time commitment or cost to see a physician or lack the appropriate testing facilities in their area. This issue is even worse in under-developed nations, where infectious diseases are even more prevalent, and so, there is an urgent need for solutions where it is feasible to test patient samples at the point-of-care environment. Laksanasopin and colleagues had written on the development and use of a microfluidic smartphone dongle that can diagnose HIV and syphilis and display the results on the screen of the device in under 15 min [95]. Their solution was based on the enzyme-linked immunosorbent assay (ELISA) and used a finger prick in order to obtain the 2 μL of blood required for the test. Striebel and colleagues sought to capture the macrophages in blood, using patterned antifouling polymer brushes for controlled surface adhesion [96]. Knowlton and colleagues described their 3D-printed smartphone-based point-of-care tool which can sort cells, and it does so by combining magnetic focusing and fluorescence imaging of fluorescently stained cells [97]. Similarly, Tran and colleagues described their smartphone-based device which also used magnetics and fluorescent imaging; however, their method used magnetic iron oxide nanoparticles surrounded by luminescent quantum dots [98]. Clearly, these reports demonstrate that laboratory methods are emerging as techniques that can be taken out of the lab and become more integrated with our everyday electronics.



While one front of precise and portable medical diagnostics involves the increased accessibility of bioanalysis tools into our lives, another aspect is that better biointerfaces will allow for the detection of disease markers which were previously difficult to detect, most markedly mentioned in the recent literature is the circulating tumor cell (CTC). CTCs occur in very low concentrations in the bloodstream, and have been referred to as a problem that is analogous to looking for a needle in a haystack [99]; however, given that CTCs are present in patients suffering from all of the major carcinomas [100], they are a very attractive target for early detection of cancer. Currently, the FDA has only approved one method for CTC isolation from blood, CellSearch®, which utilizes magnetic beads coated with anti-epithelial cell adhesion molecule (EpCAM) antibodies [100]; however, the cells isolated by this method cannot maintain viability, impacting the ability to study these cells and tailor treatment in a personalized medicine fashion. Myung and colleagues demonstrated the use of poly(amidoamine) (PAMAM) dendrimers on a glass surface to immobilize antihuman epidermal growth factor receptor (EGFR) antibodies (Figure 4), aiming to capture non-small-cell lung carcinoma CTCs which express EGFR in a majority of patients [85]. Mitchell and colleagues used sodium dodecanoate to immobilize E-selectin onto halloysite nanotubes, demonstrating the ability to capture CTCs without antibodies [91]. Yan and colleagues immobilized biotinylated antibodies onto gold-plated polydimethylsiloxane (PDMS) by using thiol-DNA-biotin-avidin as intermediary coupling molecules and had this system on a microchip, demonstrating an ability to capture CTCs using common PDMS-based microfluidics [89]. Brinkmann and colleagues and Liu and colleagues had demonstrated the compatibility of ELISA in a PDMS-based microfluidic platform in order to capture CTCs [101,102]. These works represent the future direction of biomaterials as tools to interact with and capture specific biomolecules and cells for medical applications, such as disease diagnosis or early disease detection.




3.1.2. Biocompatible and Implantable Materials


While the collective trend of non-specific cell type biointerfaces was to produce 3D materials that could eventually replace tissue and organs, we observed that the trend in cell type-specific biointerfaces was towards improving the biocompatibility and healing properties of implantable materials. In the surveyed literature, there was a focus on the utilization of cell type-specific biointerfaces to accelerate the endothelization process of stents. Stents are used in a variety of applications, and the insertion of stents are a common treatment for both coronary artery blockages and aneurysms. In both cases, it would be beneficial to restore the structural integrity of the endothelium, and so being able to accelerate the process of forming the endothelial layer would mean a quicker healing process for the patient and possibly better clinical outcomes. Stainless steel is a common material used for the manufacture of stents. Benvenuto and colleagues had written about their method of capturing endothelial progenitor cells (EPC) onto stainless steel stents by using immobilized antibodies directed against an EPC surface receptor [83]. They were able to immobilize the antibodies by using S-(11-Trichlorosilylundecanyl)-benzenethiosulfonate as an intermediary between the stainless steel and the antibodies. Qi and colleagues had also sought to develop a method of capturing EPCs onto stainless steel, although instead of antibodies they had used DNA aptamers, which are noted for their ability to have even a higher affinity to their targets than antibodies [90,103]. Qi and colleagues had deposited a plasma polymerized allylamine film onto the stainless steel in order to immobilize the antibodies. Ultimately, the endothelization of vascular devices remains to be a topic of great importance [104]. The modification or functionalization of the surface of vascular devices and other implantable materials is a direction of application for cell type-specific biointerfaces in the future.






4. Considerations for Selecting Biointerface Materials for Cell Adhesion


Clearly, the selection of the biointerface requires consideration of both material properties and the desired usage. We identify four considerations that must be made when selecting a biointerface material, (1) the required dimensions that cells must be able to occupy (i.e., two dimensions or three dimensions), (2) the target cell(s) of interest, (3) the application that this is to be used for and (4) the method used to detect the cells.



4.1. Dimensions of Cell Occupation


Although cell culturing had traditionally been performed using two-dimensional methods, multiple studies have indicated that two-dimensional cell cultures do not mimic normal cell function in vivo, and because of this, have different genomic and proteomic profiles, respond to drugs differently, and that the three-dimensional cellular environment more closely represents normal cell physiology [105,106,107]; however, the clear disadvantage is the increased difficulty in forming these three-dimensional cell culture systems, and perhaps in many cases, two-dimensions is sufficient for investigating the questions at hand. Upon careful consideration, it must then be asked how we can definitively determine whether a question can be accurately answered using the traditional two-dimensional systems, or whether the use of the three-dimensional system is warranted.



Breslin and O’Driscoll evaluated the response of three breast cancer cell lines (BT474, HCC1954 and EFM192A) when cultured in two-dimensional versus three-dimensional systems, with the three-dimensional system using a poly(2-hydroxyethyl methacrylate)-based hydrogel [108]. They observed significant differences between the two-dimensional and three-dimensional systems in all three cell lines, including differences in cell morphology, viability, the efficacy of anticancer drugs (neratinib and docetaxel), the gene expression profiles for genes involved in cell survival pathways, drug targets and a drug efflux pump, and the activity of a drug-metabolizing enzyme. With this perspective on the many differences between two-dimensional and three-dimensional culture of cancer cells, it may seem beneficial that applications involving cancer use three-dimensional systems for cell culture as it best represents the typical formation of this disease in vivo. These findings have serious implications for the numerous bioinstrumentation devices proposed for cancer modelling, screening for cancer, or the screening of anticancer drugs.




4.2. Target Cell(s) of Interest


Incompatibilities may also exist between the cell culturing biointerface material and the cells. Polylysine is commonly used as a material which increases the adhesion of cultured cells onto the cell culture plates, and it can exist as one out of two possible enantiomers. The poly-L-lysine amino acid precursor occurs naturally, and in some cell lines, proteases that can break down poly-L-lysine are produced [109], therefore preventing the cells from adhering to poly-L-lysine-coated plates. However, poly-D-lysine is made using a synthetic precursor that cannot be broken down by those same proteases, and therefore, would be preferred over poly-L-lysine when culturing those cell lines as the adhesion enhancing properties can be maintained.




4.3. Application-Specific Challenges


The desire for appropriate cell-substrate interactions must also be balanced by consideration of the challenges of the proposed application. Poldervaart and colleagues had developed hydrogel scaffolds containing epithelial progenitor cells for implantation into nude mice, with the goal of creating vascular networks in vivo [110]. The hydrogels were blended Matrigel–alginate mixtures that showed increasing structural rigidity as the proportion of alginate in the blend increased; however, with an increasing proportion of alginate (and a decreasing proportion of Matrigel), the vascular networks that emerged showed less branching, indicating an inverse correlation between the ability to form vascular networks in vivo and the structural strength of the chosen scaffold material. In contrast, Cavo and colleagues also used a Matrigel–alginate hydrogel mixture, with the exception that they had the goal of modelling breast cancer in vitro [111]. They noted the success in accurately modelling human breast cancer processes, including the malignant morphology, spread and invasion abilities. Although both groups used a Matrigel–alginate mixture, their differing applications for this one composite material demonstrated the impact of matching suitable biointerface materials to their proposed application.




4.4. Cell Detection Methods


A majority of surveyed literature has detected cells by using optically based methods, such as fluorescence microscopy, making it a necessity that the biointerface materials used for cell culture provide adequate optical transparency for visualization of the cells. It should be noted that other methods have recently gained traction as suitable cellular detection methods, such as complementary metal–oxide–semiconductor (CMOS) capacitive sensors [112], and micropillar structures [113]. Capacitive sensors rely on cells coming into contact with electrodes and completing the electrical circuit in order to detect the presence of the cells at the location of the electrodes. Micropillars rely on cells pushing down on tiny vertical structures labeled with a fluorescent marker or light scattering particle (Figure 5). As the cells push down and deflect the micropillars, a camera captures the movement of the fluorescent or light scattering particle and computes the force applied by the cell required to deflect the pillars to the extent that the fluorescent/scattered light moved while also accounting for the stiffness of the micropillar, allowing this system to detect the presence of the cells at the location of the pillars and to determine the amount of downward force being applied by the cell.



Both capacitive sensors and micropillar structures rely on cell contact for detection and additionally, also do not require any fluorescent labeling of the cell itself, providing two different means for label-free cell detection. As the capacitive sensor does not rely on any form of light detection, the optical transparency of the cell culturing material is not of concern, allowing for a wider range of possible biointerface materials, including ones that are opaque. However, this requires that the selected cell culture material must not impede the detection of the cells, either by electrically insulating the cells from the contact electrodes or by acting to continually bridge the gap between the electrodes, even in the absence of a cell. These methods have been demonstrated for numerous lab-on-a-chip applications [114,115], and it should be expected that these gain a greater level of adoption into bioinstrumentation devices in the future.





5. Dynamic and Smart Materials for Biological Applications


While this review highlighted the biological and chemical aspects of biointerfaces for cellular adhesion and their use as bioactuators, there are other considerations that may also be made when trying to promote the adhesion of cells onto a surface. Ghafar-Zadeh and colleagues had reviewed the reported literature pertaining to cardiac regeneration from the standpoint of the engineered stem cell microenvironment and noted the role of chemical, structural, microfluidic and mechanical cues on the adhesion ability of the cells [116]. Although these cues are a factor in promoting cellular adhesion, they ultimately remain in a static state in what we consider to be traditional biointerfaces. As we consider the dynamic nature of biological systems and the ultimate goal of producing synthetic materials that can mimic the cellular environment, the natural progression for biointerfaces would be to create dynamic biointerfaces that can change in response to external stimuli.



Gomes and colleagues reviewed the literature in the area of dynamic and functional biointerfaces and noted the recent literature on biointerface materials that can respond to pH, temperature, mechanical forces, light, magnetic fields and electrical potential and electrical fields [117]. The creation of biointerface materials that respond to a variety of stimuli represent functions that are performed by a variety of different tissue types in living systems. These responsive biointerface materials appear to be well-suited for applications in artificial organs, biological sensing, HTS, medical diagnostics, cell separation and sorting and even the creation of lifelike robotics. While these dynamic biointerfaces have been proven in large 2D scaffolds, Hippler and colleagues have also demonstrated a dynamic ability in 3D microstructures, with actuating surfaces controllable by temperature and light [118].



Though given the attractive potential in using these very same biointerface materials in biosensing, Guo and colleagues have reviewed the literature for uses describing smart materials for biosensing applications [119]. Similar to those described for cell adhesion, modern materials for biosensing applications utilize both nanomaterials and hydrogels, and unlike any of the reviewed literature focusing on cell adhesion, there also appears to be the use of photonic crystals for the reflection of light, although works in the previous section did describe the use gold nanospheres in a similar function, as a light source and for positional tracking of the cell. Materials that can dynamically react to stimuli, like an ECM, can be highly efficient substrates for both cell culturing applications and biosensing. In particular, we note areas highlighted by Guo and colleagues that could serve in high-impact biosensing applications, glucose sensing and protein sensing. One highlighted study performed by Zhu and colleagues developed a hydrogel wound dressing for optical monitoring of pH and glucose [120]. This wound dressing protects the wound environment to promote healing but also integrates smart sensing functions that result in color changes of the hydrogel can be analyzed into quantitative information using a smartphone. Another highlighted study by Duan and colleagues created an immunochromatographic strip that can be used for the detection of diseases and tested their system with the Ebola virus [121]. While the creation and use of a lateral flow assay have already been seen for point-of-care diagnosis of pregnancy state, having a rapid assay for virus detection would have strong applications for clinical diagnosis of many diseases. Further development into both dynamic and smart materials provide great benefit for practical applications involving cells or biomolecules.




6. Summary and Conclusions


This review highlights the exciting state of biointerfaces tailored for cellular adhesion, and the use of these biointerfaces as bioactuators in systems in which the mechanical movement of cells would be considered. While there are many different methods reported for cellular adhesion, we see the field as roughly reducible to two categories: biointerfaces for (1) non-specific cell type adhesion and (2) cell type-specific adhesion, though both are not mutually exclusive. While cellular adhesion may be thought of as a biological phenomenon, there are numerous engineered approaches that also contribute to the promotion of cellular adhesion. Ultimately, these biointerface materials are well suited to becoming a basis for a variety of tools within and outside of the lab, and further study is required to fully realize their potential.




7. Future Perspectives


Throughout the review, we have sought to mention the major trends in both non-specific cell type adhesion and cell type-specific adhesion and have made numerous predictions. We reiterate here that we predict non-specific cell type biointerfaces to utilize multiple different materials and processes, integrating controllable and autonomic components to dynamically change their adhesive properties. Parlak and colleagues have created a dynamic bioelectrocatalytic biointerface that is responsive to both light and temperature [122]. In their system, light and temperature function as input signals to control the catalytic ability of their biointerface using Boolean logic, mimicking the output of AND or OR gates. This is a prime example of the interaction between biology and engineering that we expect to see more of in future works. Non-specific cell type biointerfaces are also predicted to contain either more ECM components or have a more refined composition with the goal of developing synthetic cellular environments that can mimic the ECM and even other aspects of the natural cellular environment. While 2D techniques have traditionally been used in the lab when studying cells, we predict that 3D methods will dominate future studies of modelling and screening and that given the diverse composition of cell types in the body, non-specific cell type biointerfaces will be a prime consideration when refining these studies.



With regards to cell type-specific biointerfaces, we see two directions where research will strongly proceed. Precise and portable medical diagnostics are becoming increasingly popular in consumer electronics, and there is consumer interest in having our health information easily accessible and attainable from outside of the physician’s office. Smartphone applications that facilitate the testing and interpretation of diseases have even been developed and studied [123], demonstrating the ability to use our personal communication devices as tools for public health. Additionally, cell type-specific biointerfaces are one of the top contenders for use in the diagnosis of new diseases. With the elucidation of cellular biomarkers from our bodily fluids, cell type-specific biointerfaces could be used as ultra-sensitive tools for disease diagnosis and early disease detection. Biocompatible and implantable materials is also a strong area of application for cell type-specific biointerfaces, where it can be applied to accelerate the process of healing.



Lastly, we wish to highlight the current challenge of culturing hematopoietic stem cells (HSC) ex vivo. HSCs are essential for the establishment and maintenance of our circulatory system, being differentiated into specialized cells such as red blood cells, white blood cells and platelets and replenishing those cells as needed. The ability to take HSCs out of their environment would allow us the ability to better study these cells and possibly use them for medical treatments, such as transplants. However, the viability of HSCs in the body strongly depends on the cellular environment of these cells, called the HSC niche and therefore, extraction of HSCs from the body removes them from this environment which is integral for their continued viability. Although a variety of engineered methods have been proposed for the establishment of the HSC niche ex vivo, there is still no method that can achieve this, and so currently, expansion of HSCs cannot be performed ex vivo [124]. This is a challenge that we believe could be tackled from the standpoint of using appropriate biointerfaces as bioactuators that can mimic the pertinent biological, chemical and physical aspects of the natural environment, and so should be of great interest to researchers in this area.
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Figure 1. Differentiation of C2C12 myoblasts on GelMA−0.3 mg/mL carbon nanotube (CNT) hydrogels and characterization of the C2C12 myotubes obtained under electrical stimulation (ES). (A) Schematic representation of the procedure used to produce and electrically stimulate C2C12 myotubes. (B) Immunostaining of the fast skeletal myosin heavy chain in the C2C12 myotubes fabricated on hybrid methacrylated gelatin (GelMA)-random CNT, GelMA-vertically aligned CNT and GelMA-horizontally aligned CNT hydrogels with and without ES application (indicated as +ES and −ES, respectively) on day 10 of culture. Cell nuclei within the C2C12 myotubes were obvious after the staining procedure. The ES parameters were as follows: a voltage of 8 V, a frequency of 1 Hz and a duration of 10 ms. The scale bars represent 50 μm. (C) Quantification of the myotube coverage area and myotube length of the C2C12 myotubes fabricated on hybrid GelMA-random CNT, GelMA-vertically aligned CNT and GelMA-horizontally aligned CNT hydrogels with and without ES on day 10 of culture. Data in part (C) are presented as mean ± standard deviation obtained from at least 40 myotubes of 2 independent experiments. Asterisks indicate significant differences between samples (* p < 0.05). Reproduced from [50]. 
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Figure 2. Single step and label-free neutrophil sorting using Dean Flow Fractionation (DFF) microfluidic technology. (A) Experimental workflow for neutrophil isolation and phenotyping in type 2 diabetes mellitus (T2DM) patients. Blood samples are lysed and processed using the 2-inlet, 4-outlet spiral microdevice for efficient size-based neutrophil sorting. The purified neutrophils are used for in vitro cell rolling assay in a microchannel functionalized with E-selectin, as well as shape measurement (neutrophil circularity). (B) Schematic illustration of DFF separation principle. Under the influence of Dean vortices, small cellular constituents (platelets and lysed red blood cells (RBCs)) and free haemoglobin migrate laterally towards inner wall and back to outer wall due to Dean drag forces (FD (yellow arrows)). Larger leukocytes experience additional strong inertial lift forces (FL (red arrows)) and due to the strong dependence of FL and FD on cell size, larger neutrophils/monocytes (10–12 μm) focus closer to the inner wall and are sorted into outlet 2 while smaller lymphocytes (~7–8 μm) are collected at outlet 3. Outlet 4 is used for removal of platelets, lysed RBCs, and free haemoglobin. Reproduced from [81]. 
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Figure 3. Representation of cell type-specific capture onto a surface using antibodies. Blue cells represent target cells, red cells represent non-target cells, yellow circle represents the dissociation group. Reproduced from [94]. 
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Figure 4. Development of surfactant-nanotube complexes to fabricate nanostructured biomaterial surfaces for flow-based tumor cell capture assays. (A) Mixing and adsorption of sodium dodecanoate (NaL) surfactant to halloysite nanotubes (HNT) to create surfactant-nanotube complexes (NaL-HNT). (B) Stability of NaL-HNT and HNT dispersions (1.1 wt %) 24-h postmixing and adsorption. (C) Fabrication of nanostructured biomaterial surfaces. Polyurethane (PU) flow device surfaces coated with poly-l-lysine (PLL) to immobilize NaL-HNT and HNT. E-selectin (ES) is then adsorbed to HNT-coated surfaces, and tumor cells are perfused over surfaces at physiologically relevant flow rates to enable tumor cell capture. CTC: circulating tumor cell. Reproduced from [91]. 
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Figure 5. (A) Schematics of a plasmonic micropillar platform for the cell force measurement. Each polymer micropillar tip is embedded with a single gold nanosphere that serves as a strong and point-source-like light source for precision position tracking. (B) Microscopy optical images which show that gold microdisks transformed into gold nanospheres after pulse laser annealing. (C) Scanning electron microscopy (SEM) images show micropillars with transferred gold nanospheres. (D) Focused ion beam (FIB) images show that these transferred gold nanospheres are physically anchored inside the pillar and have an oblate spheroid shape with a long axis of 473 nm and a short axis of 268 nm. Platinum (Pt) coating shown in the images is for FIB imaging and not a part of the original pillar structure. Modified from [113]. 
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Table 1. Examples of non-specific cell type biointerfaces that promote adhesion.






Table 1. Examples of non-specific cell type biointerfaces that promote adhesion.





	Base Adhesion Layer
	Described 1 Dimensions of Growth
	Target Cells
	Cellular Detection Method 2
	Described 1 Potential Applications
	Ref.





	Alginate
	3D
	Mouse MSC
	Fluorescent imaging
	Cell encapsulation, pharmaceutical research, tissue engineering and regenerative medicine
	[33]



	Chondroitin sulfate
	3D
	Porcine AC
	DNA quantification and fluorescent imaging
	Cartilage tissue engineering and regenerative medicine
	[34]



	Collagen
	3D
	Human PCC
	Fluorescence imaging
	Disease modelling and drug screening
	[35]



	Cornstarch
	3D
	Human osteosarcoma
	Fluorescence imaging
	Unspecified
	[36]



	Dextran
	3D
	Rat BMSC and mouse EF
	Fluorescence imaging
	Cell encapsulation
	[32]



	Extracellular matrix
	3D
	Human FH, human FSIC, human GS, human LDC, human SIC, and mouse SIC
	Bright field and fluorescence imaging
	Disease modelling, tissue regeneration and tissue repair
	[37]



	Elastin
	3D
	Rat ASMC
	Fluorescence imaging
	Artificial vascular graft
	[38]



	Fibrinogen
	3D
	Human cardiomyocytes
	Fluorescence imaging and scanning electron microscopy
	Tissue engineering and tissue regeneration
	[39]



	Fibronectin
	3D
	Human BOSC, human CEC, and human FF
	Fluorescence and phase contrast imaging
	Wound dressing
	[40]



	Gelatin
	3D
	Mouse SCTF
	Fluorescence imaging
	Drug delivery and tissue engineering
	[41]



	Hyaluronic acid
	3D
	Mouse EF
	Fluorescence imaging
	Regenerative medicine and tissue engineering
	[19]



	Laminin
	2D
	Human PSC-derived neurons
	Fluorescence imaging
	Regenerative medicine
	[42]



	Matrigel
	3D
	Human PC
	Fluorescence and phase contrast imaging
	Disease modelling
	[43]



	Oxygen plasma 3
	2D
	Rat ADSC
	Fluorescence imaging
	Tissue engineering
	[44]



	Poly-D-lysine
	2D
	Human ESC
	Fluorescence imaging
	Disease modelling
	[45]



	Poly-L-lysine
	3D
	Rabbit marrow-derived MSC
	Bright field imaging
	Tissue engineering and tissue regeneration
	[46]



	Poly(ethylene glycol)
	3D
	Human BGC, human DF, rat AGPC, and rat PIC
	Fluorescence imaging
	Cell delivery and tissue engineering
	[20]



	Poly(2-hydroxyethyl methacrylate)
	3D
	Human MSC
	Fluorescence imaging
	Drug delivery and tissue engineering
	[47]



	Poly(N-isopropylacrylamide)
	2D
	Mouse myoblast
	Bright field and fluorescence imaging
	Electronics for cell culture
	[48]



	Poly(vinyl alcohol)
	3D
	Human BOSC
	Fluorescence imaging
	Tissue engineering
	[49]







1 “Described” indicates the use or possible use of the material, as stated by the authors in the referenced literature. 2 The Cellular Detection Method column only includes methods that were performed solely to confirm cell viability, presence or distribution of the cells in/on the base adhesion layer. 3 “Oxygen plasma” is a treatment method applied to the substrate material; cells do not bind directly onto the oxygen plasma. 2D = two-dimensional, 3D = three-dimensional, AC = auricular chondrocyte, ADSC = adipose-tissue-derived stromal cells, AGPC = adrenal gland pheochromocytoma cell, ASMC = aortic smooth muscle cell, BMSC = bone marrow mesenchymal stem cell, BOSC = bone osteosarcoma cell, BGC = brain glioblastoma cell, CEC = cervical epithelial cell, DF = dermal fibroblast, EF = embryo fibroblast, ESC = embryonic stem cell, FF = foreskin fibroblast, FH = fetal hepatocyte, FSIC = fetal small intestinal cell, GS = gastric cell, KF = kidney fibroblast, LDC = liver duct cell, MSC = mesenchymal stem cell, PCC = prostate cancer cell, PC = prostate cell, PIC = pancreas insulinoma cell, PSC = pluripotent stem cell, SCTF = subcutaneous connective tissue fibroblast, SIC = small intestinal cell.
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Table 3. Examples of cell type-specific biointerfaces used for cell capture.
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	Recognition Element Type
	Target Cell(s)
	Described 1 Potential Applications(s)
	Coupling Method/Linker 2
	Substrate
	Cellular Detection Method 3
	Ref.





	Amine plasma polymer
	Bovine EC, human keratinocyte, human SF, mouse myoblasts and rat VSMC
	Regenerative medicine
	N/A
	N/A
	Fluorescence imaging
	[82]



	Antibody
	EPC 4
	Biomedical devices
	S-(11-Trichlorosilylundecanyl)-benzenethiosulfonate
	316L stainless steel
	N/A
	[83]



	Antibody
	Human EC and human VSMC
	Implantable materials
	Polyethylenimie + heparin + chitosan
	Poly(ethylene terephalate)
	Fluorescence imaging
	[84]



	Antibody
	Mouse LC
	Medical diagnostic and prognostic
	Polyethylene glycol + poly(amidoamine) dendrimers
	Epoxy-functionalized glass
	Fluorescence imaging
	[85]



	Antibody
	Mouse BM and mouse spleen
	Cell therapy, immune therapy and regenerative medicine
	Biotin + avidin + desthiobiotin
	Polyethylene film
	Fluorescence imaging
	[86]



	Antibody
	Mouse BM
	Cell therapy
	Single stranded DNA + single stranded DNA
	Polyethylene film
	Fluorescence imaging
	[87]



	Antibody
	Human EK
	Medical diagnostics and implantable materials
	Single stranded DNA + single stranded DNA + streptavidin + biotin
	Cyclic olefin polymer film
	Fluorescence imaging
	[88]



	Antibody
	Human EK
	Medical diagnostics and implantable materials
	Single stranded DNA + single stranded DNA + streptavidin + biotin
	Polycarbonate film
	Fluorescence imaging
	[88]



	Antibody
	Human BCC, human CCC, human HCC, human NSCLCC and human PCC
	Medical diagnostics and monitoring
	Thiol + DNA + biotin + avidin + biotin
	Gold-plated PDMS
	Fluorescence imaging
	[89]



	DNA (aptamer)
	Human SMC, human UVEC and rat MSC-derived EPC
	Implantable materials
	Plasma polymerized allylamine
	316L stainless steel
	Fluorescence imaging and QCM-D
	[90]



	Protein (E-selectin)
	Human BA, human BC, human CA and human LA
	Medical diagnostics
	Sodium dodecanoate
	Halloysite nanotubes
	Fluorescence and non-fluorescence imaging
	[91]







1 “Described” indicates the use or possible use of the material, as stated by the authors in the referenced literature. 2 “Coupling Method/Linker” represents either the intermediary molecule between the substrate and recognition element or the reagents required to produce the intermediary molecule. 3 The Cellular Detection Method column only includes methods that were performed solely to confirm cell viability, presence or distribution of the cells in/on the base adhesion layer. 4 The authors state that their method would be suitable for the capture of EPC, but do not use any cell types in their paper to demonstrate this. BCC = breast cancer cell, CCC = cervical carcinoma cell, BM = bone marrow, EC = endothelial cell, EK = embryonal kidney EPC = endothelial progenitor cell, HCC = hepatocellular carcinoma cells, LC = lung cancer, MSC = mesenchymal stem cell, NSCLCC = non-small-cell lung cancer cells, PCC = prostate cancer cell, PDMS = polydimethylsiloxane, QCM-D = quartz crystal microbalance with dissipation, SF = skin fibroblast, SMC = smooth muscle cell, UVEC = umbilical vein endothelial cell, VSMC = vascular smooth muscle cell.
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