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Editorial on the Research Topic 
Insights in biomaterials 2022 / 2023—novel developments, current challenges, and future perspectives


We are now entering the third decade of the 21st century, and, especially in the last few years, the achievements made by scientists have been exceptional, leading to major advancements in the rapidly growing fields of bioengineering and biotechnology. New biomaterials designed with advanced features have been the driving force behind the applications in bioengineering and biotechnology fields. This annual Research Topic, which highlights article submissions typically from our Editorial Board members, looks to explore new insights, novel developments, current challenges, latest discoveries, recent advances, and future perspectives in the field of Biomaterials. This Research Topic solicited brief, forward-looking contributions that describe the state of the art, outlining recent developments and major accomplishments that have been achieved and that need to occur to move the field forward. We wanted to shed light on the progress made in the past decade in the biomaterials field, and on its future challenges, to provide a thorough overview of the field. This article Research Topic is intended to inspire, inform and provide direction and guidance to researchers in the field. Eleven articles have been finally accepted for this Research Topic which were a mixture of review papers and technical articles.
The review paper by Tiemeijer and Tel summarized the current state of affairs in utilization of hydrogels for single cell microgel production. Hydrogels, with their high-water content and being readily tunable for physicochemical features, offer an opportunity to create suitable microenvironments for cell cultivation at microscale so as to foster selection of individual cells (or clones) for selection for a variety of reasons. While microdrop production has been used for cell encapsulation since 1980s, using microfluidics devices that emerged in the last decade provides exquisite control over the hydrogel features at the micro scale. Common materials used for microgel production was reviewed as well as a survey of applications including sequencing, biosensing using entrapped cells and enhanced cultivation for various purposes, including therapy. The technology is bound to yield novel diagnostic and therapeutic approaches based on cellular cultivation. The review article by Cassenellas et al. have focussed on recent advances in engineering nanotopographic substrates for cell studies. As in engineered microgels above, ‘nano-engineered’ surfaces could provide unique and improved features for cultivation of cells intended for a variety of reasons. The authors briefly summarized the mechanistic effects of nano-engineered topography on cellular processes, while providing a summary of main fabrication techniques to achieve the desired nanotopographies. Various biological applications were summarized in this context, and the authors briefly commented on the ‘stimuli-responsive’ nanotopographies to present fruitful opportunities in the future.
The nano-structured particles, as in surfaces, have also found widespread use in medicine. The early host response to such nanoparticles following the initial opsonization is typically the cytokine secretion, which has important implications on host physiology as well as the compatibility of the nanoparticles in the long run. Nasrullah et al. summarized the most recent literature on cytokine responses to nanoparticulate systems and identified the main factors of nanoparticles affecting this response. For diseases arising from the altered cytokine pathophysiology, attempts to silence the individual components of cytokine response are summarized, and the roles of nanoparticle features in this respect were presented. The authors provide their perspective on the possibility of engineering nanoparticle delivery systems with controlled cytokine responses as the basis of new therapeutic modalities.
In an original article, Cervello et al. probed the protease-degradable hydrogels with multifunctional biomimetic peptides for bone tissue engineering. Integrin-binding and osteogenic Bone Morphogenetic Protein-2 (BMP-2) derived peptides were used to functionalize hydrogels, leading to successful cultivation of mesenchymal stem cells (MSCs) and significantly improving their osteogenic differentiation. Such biomimetic materials can find application in tissue engineering efforts when constructing functional tissues ex vivo as well as in regenerative medicine to stimulate innate bone regeneration in situ. The design principles emanating from such exquisitely-engineered biomaterials are bound to be applicable to other scaffolds intended for other types of tissues as well. The perspective article by Jennissen on one of the first morphogens discovered, BMP-2, keeps the light shining on this enigmatic protein; the author describes experimental systems composed of BMP-2 and electrospun poly (L-lactide) nanofibers that point out new mechanisms of action for BMP-2 (pro- and anti-angiogenic functions) at picomolar range, which is substantially lower than typical doses used in clinical setting (mg/mL) and small preclinical animal models (μg/mL). Careful considerations and better understanding of physiochemical features and in situ levels of the protein is bound to guide better design of devices incorporating tissue-inducing morphogens, aiming for more physiological tissue repair.
The compiled Research Topic provided valuable perspectives on specific types of biomaterials utilized in biotechnological and medical applications. Cellulose, one of the most abundant materials in nature, is a versatile biomaterial that has been explored for numerous applications to improve human health. Its modification is continually attempted to finetune the physicochemical properties for new applications. Fatema et al. summarized recent developments in modified celluloses, summarizing physical and chemical means to undertake the desired modifications. The range of applications pursued with cellulose are presented with a keen eye on possible future developments. Focus on nanoscale features are particularly emphasized as the next frontier in celluloses’ use as a biomaterial. With respect to a specific biomaterial for a target application, Chen et al. highlighted the current state of three-dimensional printing of polyetheretherketone (PEEK) and its multifunctional modification for dental implants. PEEK is an attractive polymer that can be engineered to display an elastic modulus close to that of the mineralized tissues. That makes it suitable for implantation at such sites from a mechanical perspective but its other features pose severe barriers for full histocompatibility. The authors reviewed the recent attempts to modify the material and deploy it in 3D-printing processes to create the ideal dental implant. The experience gained by the PEEK could illuminate the path for new generation of synthetic polymers as biomedical implants. In a review article, Noh et al. explored the technology of stimuli-responsive elastin-like polypeptides (ELPs) for biomedicine and beyond, especially their potential application as programmable soft actuators. A summary of stimuli-response biomaterials has been presented as the foundation of biomedical actuators, driven by electrical, thermal, pH and light responsive elements. The ELPs stand out as thermoresponsive materials; the authors presented a spectrum of uses for ELPs and provided differentiated features of ELPs as compared to other thermoresponsive materials. Recent developments in the field have been summarized in detail while the critical next-steps to move ELP towards actuators has been briefly outlined.
Two articles in this described devices intended for targeted applications. Zhang et al. reviewed recent developments in interventional devices for mitral valve repair with implantation of artificial chords. The article focussed on mitral regurgitation and its repair, outlining several approaches to surgical repair and highlighting currently used devices in a clinical setting. The use of one of the first synthetic polymers in modern medicine, namely, expanded polytetrafluoroethylene (ePTFE), has been highlighted in this application. More importantly, factors contributing to the failure of artificial chords have been probed. This is critical to develop the next-generation materials (or surgical approaches) to improve mitral interventions. The authors highlight the expected evolution of the field in the direction of interventional transcatheter chordae repair devices. On the other hand, Veit et al. report an original study on a versatile, bioengineered skin reconstruction device designed for use in austere environments. Silk fibroin with an antioxidant hyaluronic acid derivative were formulated into a skin compliant device with controlled drug delivery and self-adherent features. This engineered device performed well in an in vitro model with good integration into the tissue by allowing cellular migration into and above the device. The prototype described in this study will illuminate the path for simple-yet-functional regenerative devices where limited medical resources are available.
Finally, a review article by Sun et al. describes the past experience with biodegradable films for soil by conducting a 30-year systematic review. Polymer science has increasingly provided the foundation and the materials for biodegradable films with minimal environmental footprint. Although the focus is not biomedical use of materials, the analytical methodology on published literature described in this paper as well as the mechanistic insight into biodegradation mechanism(s) may pave ways for development of new materials in biomedical enterprise. The environmental considerations and clinical perspective both recognize the biodegradation as ideal to reduce waste and to leave a minimal footprint in the host. This philosophy could promote ecologically sustainable development, and this article may further sensitize biomedical engineers and scientists in this regard.
The Research Topic of articles provides important additions to biomedical literature where traditional, mechanically oriented and inert biomaterials as well as more recent biomimetic regenerative biomaterials are formulated for various applications. Emphasis on application-oriented contributions emphasize the need to design, manufacture and optimize the biomaterial and device features for the intended applications. Our imagination and a plethora of state-of-the-art tools drive this venture. Transdisciplinary scientific and engineering pursuits are evident in the collected papers where the traditional silos are routinely crossed to yield effective interventions for the benefit of patients.
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Single-cell techniques have become more and more incorporated in cell biological research over the past decades. Various approaches have been proposed to isolate, culture, sort, and analyze individual cells to understand cellular heterogeneity, which is at the foundation of every systematic cellular response in the human body. Microfluidics is undoubtedly the most suitable method of manipulating cells, due to its small scale, high degree of control, and gentle nature toward vulnerable cells. More specifically, the technique of microfluidic droplet production has proven to provide reproducible single-cell encapsulation with high throughput. Various in-droplet applications have been explored, ranging from immunoassays, cytotoxicity assays, and single-cell sequencing. All rely on the theoretically unlimited throughput that can be achieved and the monodispersity of each individual droplet. To make these platforms more suitable for adherent cells or to maintain spatial control after de-emulsification, hydrogels can be included during droplet production to obtain “microgels.” Over the past years, a multitude of research has focused on the possibilities these can provide. Also, as the technique matures, it is becoming clear that it will result in advantages over conventional droplet approaches. In this review, we provide a comprehensive overview on how various types of hydrogels can be incorporated into different droplet-based approaches and provide novel and more robust analytic and screening applications. We will further focus on a wide range of recently published applications for microgels and how these can be applied in cell biological research at the single- to multicell scale.
Keywords: single cell, hydrogel, droplet, microfluidics, microgel, immunology, pairing
INTRODUCTION
The vast complexity of the human body is gradually being unraveled. However, the more we discover about various types and sub-populations of cells, the more questions are often raised. Furthermore, the complex web of intercellular interactions they maintain makes fully understanding the depth of biological processes and regulators challenging. Over the years, research has downsized by moving from a tissue, to cell population, and to single-cell resolution, in order to grasp the most basic interactions underlying systemic responses (Altschuler and Wu, 2010; Satija and Shalek, 2014). This miniaturization has not only allowed the reduction of noise in measuring systems but also allowed more precise measurement, smaller sample sizes, and less reagent consumption. In addition, it has broadened the view on how homogenous, cellular behavior within well-defined populations of cells, really is. As technology advanced and cell behavior was studied at a smaller and smaller level, it became clear that cell populations displayed much more heterogenous behavior than previously thought (Woodland and Dutton, 2003a; Gordon and Taylor, 2005; Villani et al., 2017). This allowed for characterization of vast amounts of sub-populations of cells with specific specializations. By looking at individual cells instead of populations, the masking cloud of averaged measurements could be elevated, showing that some cells are more potent at specific tasks than others (Dueck et al., 2016). This way of looking at cellular heterogeneity could explain the fact that cell-therapies are often less effective in vivo as they are predicted to be in vitro, and often vary immensely between subjects (Chattopadhyay et al., 2014; Satija and Shalek, 2014). To fully dissect the complexity of cellular heterogeneity and cell–cell interactions, reliable methods of high-throughput single-cell research must be developed. The developments in the field of microsystems and microfluidics have proven to be a valuable tool in establishing such novel approaches.
Since the rise of soft lithography (Xia and Whitesides, 1998), microfluidics has been making major leaps forward with increasingly complex device designs (Murphy et al., 2017; Shinde et al., 2018; Jammes and Maerkl, 2020). Generally, these have consisted of intriguing labyrinths of channels connected to low-volume fluidic pumps. These designs allow for very low sample sizes but high precision experimental setups, which efficiently scales down but improves experimental control. More importantly, the micrometer scale is ideal for physical manipulation of cells using fluidics (Sims and Allbritton, 2007; Shinde et al., 2018; Luo et al., 2019; Yeh and Hsu, 2019). The relatively gentle nature of moving cells around with fluids puts it at a high advantage over mechanical approaches. Nevertheless, the production of these conventional microfluidic devices with various capture chambers, wells, and often multilayered channels can be tedious and generally the throughput is limited by the device dimensions.
Droplet-based microfluidics uses relatively simple device designs in which laminar flow under low Reynolds number allows for fast, reliable, and reproducible droplet production (Shang et al., 2017). These droplets, ranging from sizes in the pico-to nanoliter scale can be used as a tool to encapsulate and thus spatially control cells, similar to what capture chambers and wells aim to do in conventional microfluidic devices. In droplets however, the number of processed cells is only limited by the available amount of reagent, as samples are continuously flushed through the microfluidic device. This potential for theoretically unlimited throughput together with flexibility and a huge range of applications has allowed droplet-based microfluidics to rapidly become a discipline of its own (Shembekar et al., 2016; Sinha et al., 2018).
Even though variations exist, typical droplet-based approaches for cell encapsulation utilize two phases of fluids. The dispersed phase is a water-based cell suspension, and the continuous phase is an oil. This approach has gained much interest as the focus of cell biological research has shifted from studying cell populations to conducting experiments with single-cell resolution (Matuła et al., 2020). Droplet microfluidics has proven suitable to encapsulate these single cells, bringing them from a “bulk” cell suspension to a “single-cell” suspension where cells are separated by water–oil interfaces. However, capturing cells in oil also makes it very difficult to further influence, manipulate, measure, or process them without breaking the emulsion and returning to the “bulk” cell suspension (Luo et al., 2019).
Over recent years, the combination of hydrogel and microfluidic droplets has been applied to maintain spatial control over cells after de-emulsification or to provide cells with a solid droplet environment (Zhu and Yang, 2017; Kamperman et al., 2018; Mohamed et al., 2020). Various hydrogels, gelation methods, droplet production techniques, and cell types gave rise to large amounts of unique research (Goy et al., 2019). This strong combination is utilized for a variety of innovative single cell techniques, which can be applied to in vitro analytical approaches (Figure 1). Here, we will discuss the current state-of-the-art of single- and multicell droplet techniques, and how these can be complemented with the use of hydrogel. We will start with discussing the basic principles of microfluidics and droplet formation and how commonly used hydrogels can be integrated into this approach. We will then discuss various microgel applications, starting with a single-cell analysis and single-cell pairing and how these can benefit from microgels, followed by the application of semi-permeable hydrogel shells, and finishing with microgel coculture. We believe recent advances in this field demonstrate that this multifaceted combination will allow for promising new applications, facilitate a high-throughput droplets analysis, or provide more suitable culture conditions for adherent cells.
[image: Figure 1]FIGURE 1 | Hydrogel microfluidic droplets: applications. From top-left clockwise: single-cell sequencing, pairing for cell interaction, pairing for cytotoxicity, coculture, changing and measurement of mechanical properties, and selectively permeable hydrogel shells. Figure created using Biorender.
HYDROGEL DROPLETS
Microfluidics
Microfluidic devices for droplet production are commonly produced using soft lithography of polydimethylsiloxane (PDMS) (Xia and Whitesides, 1998). The technique has persisted and remained relevant over years of research due to its ease of use, low cost, and precision, which together allow for fast prototyping of novel microfluidic designs. Such prototyping has mostly been an advantage for complex microfluidic systems, whereas for droplet production, the basics of device designs have remained mostly the same. A generic droplet device consists of two inlets for the continuous and the dispersed phase followed by an outlet for collecting the produced emulsion (Figure 2A). Inside the device, co-flow, flow-focusing, or T-junction geometries ensure the controlled mixing of the two immiscible fluids, which due to laminar flow produces highly homogenous droplet sizes. The distribution of cells in the dispersed phase follows a Poisson distribution (Collins et al., 2015), allowing droplets to be tuned to contain multiple cells or approach single-cell encapsulation. The concepts behind the fluid dynamics of droplet formation have been extensively described previously (Cubaud and Mason, 2008; Shembekar et al., 2016; Tawfik, Griffiths; Zhu and Wang, 2017), and will therefore not be discussed in detail.
[image: Figure 2]FIGURE 2 | Microfluidic droplet formation. (A) Generic emulsification device, two inlets for the continuous and dispersed phases which mix at the channel intersection (pop-out), droplets then continue flowing toward collection from outlet. (B) Transfer of alginate solution from a double-emulsion toward a CaCl2 solution causes gelation within 100 ms (Martinez et al., 2012). (C) Microfluidic design utilizing pico-injection of CaCl2 after droplet formation point to prevent premature gelation of alginate solution (Ahmed et al., 2021).
When droplet volume and cell concentration are tuned correctly, this can result in a cell distribution, which closely approaches single-cell encapsulation. Deviation from this optimized point will result in either more empty droplets, or more multicell droplets, as in compliance with Poisson distribution (Collins et al., 2015). Single-cell research is commonly used to deprive cells from cell–cell interactions and discover their innate capabilities and potential for responding to specific stimuli. When comparing droplet-based approaches to well- or trap-based applications, the main advantage is the potential for high-throughput, which is indispensable when screening for rare cell behavior or sub-populations. In addition, the oil–water interface ensures complete isolation between cells, while in some well/trap-based microfluidic approaches paracrine signaling cannot be ruled out (Guldevall et al., 2016; Zhou et al., 2020). However, the absence of cellular adhesion and the difficulty to manipulate cells when in oil–water emulsion are inherent challenges of single-cell droplet encapsulation. The addition of hydrogel in droplets to produce microgels proves a double-edged sword, providing solutions to both problems. Cellular adherence and mechanical cues can be provided via biocompatible hydrogels providing a semi-solid extracellular matrix-like environment (Dumbleton et al., 2016; Hasturk and Kaplan, 2019; Tiemeijer et al., 2021). On the other hand, the hydrogel can maintain spatial control over cells after de-emulsification while allowing for diffusion and downstream processing using analytes or other reagents (Leonaviciene et al., 2020; di Girolamo et al., 2020; Yanakieva et al., 2020; Chokkalingam et al., 2013).
Some variations of the basic droplet production approach are needed when hydrogel is added to the dispersed water phase. The implementation strongly depends on the type of hydrogel and method of cross-linking. Droplet breakoff is dictated by the ratio of viscosity between the continuous and dispersed phases (Günther and Jensen, 2006). Thus, premature hydrogel gelation, resulting in increased viscosity of the dispersed phase, is detrimental for a consistent droplet size. Therefore, the type of crosslinking dictates droplet formation and adjustments that need to be made to device design. Commonly used types are ionic cross-linking (Choi et al., 2007; Workman et al., 2007; Utech et al., 2015; Ahmed and Stokke, 2021), photo-cross-linking (Zhao et al., 2016; Mohamed et al., 2019; Nan et al., 2019), and thermo-responsive cross-linking (Dolega et al., 2015; Yanakieva et al., 2020; Tiemeijer et al., 2021; Zhang et al., 2021). By design, the latter two do not require on-chip mixing of different aqueous phases and can still be used in conventional device designs. However, the first might require gelators to be mixed in, which means an extra dispersed phase inlet is required for on-chip mixing, just prior to or right after, droplet formation (figure of various designs). Various types of hydrogels have been used in droplet microfluidics, which can roughly be divided into natural polymers and synthetic polymers (Table 1).
TABLE 1 | List of recently published research using various types of natural and synthetic hydrogels for innovative single-cell microgel techniques.
[image: Table 1]Hydrogels and Cross Linking
Natural Hydrogels
Natural polymers have the advantage of being natively biocompatible and are generally cross-linked via relatively mild gelation processes increasing cell survival. They form structures that are very comparable to mammalian extracellular matrix and thus ideal for harboring cells (Gasperini et al., 2014).
Alginate is potentially the most used natural polymer to produce microfluidic hydrogel droplets with. The brown algae–derived polysaccharide has been favored due to its biocompatibility (Lee and Mooney, 2012) and various strategies for cross-linking. The polymer forms a hydrogel either due to lowering of pH or in the presence of divalent cations due to ionic interactions (Gurikov and Smirnova, 2018). These ionic interactions allow the alginate fibers to form a supramolecular “Egg-box” structure (Braccini and Pérez, 2001). In droplet applications, the latter is by far more commonly used and often calcium is used for this as released in a CaCl2 solution. This will result in extremely fast gelation, and although it has been demonstrated that droplets can be produced by on-chip mixing (Choi et al., 2007), this will generally result in instant and uncontrolled gelation. Illustrative for this instant gelation was the formation of “rain-droplet” shaped hydrogels when alginate was retrieved from double-emulsions into a CaCl2 solution (Figure 2B) (Martinez et al., 2012). Therefore, other strategies can be needed for on-chip droplet formation to ensure constant low viscosity during droplet production. Recently, Ahmed et al. demonstrated a unique device design which produced alginate droplets following a conventional approach but used on-chip pico-injection of CaCl2 solution to prevent problems with premature gelation and obtain monodisperse hydrogel droplets (Figure 2C) (Ahmed and Stokke, 2021). Alternatives to CaCl2 are partially soluble or insoluble calcium salts such as calcium sulfate (Kong et al., 2003) and calcium carbonate (Tan and Takeuchi, 2007; Workman et al., 2007), respectively. As these have lower solubility in water compared to calcium chloride, gelation occurs slower, although this still proves challenging to control (Kuo and Ma, 2001). A promising approach comes in the triggered release of Ca ions from strong chelators such as EDTA. Calcium–chelator complexes are mixed with alginate solutions where the high chelator affinity prevents direct gelation. By decreasing pH, calcium is released which allows cross-linking. This approach proved suitable to maintain stability of droplet formation while triggering gelation directly on-chip (Shao et al., 2020), or at a later time point by acidifying the continuous oil phase off-chip (Utech et al., 2015). Adaptations of this approach utilize competitive chelator kinetics (Bassett et al., 2016), aiming to have more control over gelation dynamics and improved cell viability (Håti et al., 2016). Alginate has a large pore-size of 5–150 nm (Martinsen et al., 1989), which is dictated by the calcium concentration used for cross linking. Although small molecules can diffuse in, large protein diffusion can be limited (Tanaka et al., 1984), which is most likely due to a combination of a non-homogenous pore size on gelation surface, and protein charge at neutral pH (Smidsrød and Skjåk-Bræk, 1990). This should be considered when designing cell studies in alginate droplets. Although perfectly biocompatible, alginate does not provide cells with adherence and will, thus, have to be functionalized with, for example, Arg-Gly-Asp (RGD) motifs (Yu et al., 2009), or be used in a composite with adherent polymers (Xu et al., 2007; Dixon et al., 2014).
Another commonly used natural polymer is agarose, which is like alginate derived from specific types of algae. Unlike alginate it cross-links due to temperature changes and exhibits hysteresis (Indovina et al., 1979). The polysaccharide dissolves at temperatures around 90°C and cross-links due to hydrogen bonds when cooled to around 35–50°C depending on which type of algae was the source. The polymer chains form helical fibers which aggregate into a 3D supramolecular structure (Xiong et al., 2005). Although these transition temperatures are not suitable for cell applications, agarose can be methylated to lower gelling temperature (Gu et al., 2017). Therefore, ultralow gelling point agarose has proven very suitable for hydrogel droplet encapsulation of cells (Chokkalingam et al., 2013; Sinha et al., 2019; Yanakieva et al., 2020). With a gelling temperature of 8°–17°C, it can be dissolved at high temperatures but used to encapsulate cells safely at much lower biological compatible temperatures, without premature gelation. Gelation can easily be triggered by cooling down anywhere between droplet production and droplet-demulsification. Agarose droplets are especially useful for cell processing after de-emulsification due to their stability and relatively large pore-size, which is partially dependent on polymer concentration (Narayanan et al., 2006). Their pore size within the range of 100–600 nm facilitates diffusion of virtually any soluble molecule including antibodies (∼10 nm (Reth, 2013)), which allows inflow of nutrients or fluorescent markers for analysis. This property combined with their stability at lower temperatures has facilitated a whole-droplet flow cytometric analysis (Chokkalingam et al., 2013), and even sorting (Fang et al., 2017; Yanakieva et al., 2020). Agarose is inherently non-adherent to cells, and thus needs functionalization with extracellular matrix molecules to obtain cellular attachment in droplets (Karoubi et al., 2009). Furthermore, agarose is non-degradable by mammalian cells, and thus bacteria-derived agarose (Fu and Kim, 2010), or production of degradable composite hydrogels (Zhang et al., 2012), is needed to retrieve cells. This can be a limiting factor when downstream cell recovery is required as reheating to above the melting point will kill cells and destroy proteins of interest.
Although alginate and agarose are frequently used and offer several desirable characteristics, they are not inherently cell-adherent. Therefore, an alternative can be connective tissue–derived hydrogels which contain peptide motifs facilitating cell attachment. Collagen (Antoine et al., 2014) and its derivative gelatin (Jaipan et al., 2017) are arguably the most commonly used. Gelatin is obtained by breaking collagen down to single-strain molecules (Kuijpers et al., 1999). Both yield thermo-reversible hydrogels with transition temperatures within biocompatible ranges. Uniquely, collagen will cross-link when heated to physiological temperature (Xu et al., 2009), whereas gelatin will cross-link when it is cooled below 35°C (Hellio and Djabourov, 2006). As collagen is the main component of extracellular matrix, these hydrogels are highly biomimetic and often used in tissue engineering approach due to their biodegradability (Antoine et al., 2014; Tondera et al., 2016). In droplet microfluidics, Matrigel® is a commonly used commercially available collagen-based hydrogel (Dolega et al., 2015; Zhang et al., 2021). Below room temperature allows droplet formation, and by simply bringing droplets to culturing temperature, cross-linking occurs. This process is fully reversible, allowing for cell retrieval. As gelatin-based hydrogels will return to the liquid phase at culture temperatures, these have routinely been chemically modified. A commercially available gelatin-based hydrogel is GelMA, which is enriched with methacrylate groups to facilitate UV-triggered cross-linking (van den Bulcke et al., 2000; Sun et al., 2018). These have allowed for both on-chip (Mohamed et al., 2019; Nan et al., 2019) and off-chip (Zhao et al., 2016) gelation and production of microfluidic droplets. A major downside of collagen and gelatin-based hydrogel droplets is their tendency to merge and aggregate after de-emulsification, as was observed for both Matrigel® and GelMA. This makes downstream processing after removal of the continuous phase very challenging.
Synthetic Hydrogels
Examples of synthetic polymers used in production of hydrogel droplet microfluidics are poly(ethylene glycol) (PEG), poly(acrylic acid), poly(vinyl alcohol) (PVA), poly(acrylamide), and their derivatives (Wan, 2012). The main advantages of synthetic over natural polymers are their reproducibility of synthesis and the possibility for chemical modification (Hern and Hubbell, 1998). They are inherently non-adhesive to cells and unless modified they are non-biodegradable. Functionalization with molecules such as Arg-Gly-Asp (RGD) motifs (Sionkowska, 2011; Kim et al., 2019), or mixing of natural and synthetic polymers (Krutkramelis et al., 2016), is therefore required for many cellular applications. Alterations of these polymers can be used to provide useful cross-linking approaches such as photopolymerization as demonstrated in PEG (Young et al., 2013; Xia et al., 2017) and PVA (Zhao et al., 2010). Similarly, combinations of natural and synthetic polymers can be combined with temperature responsive moieties to obtain hydrogels with unique swelling and gelling properties (Jiang et al., 2019a). Such composite hydrogels can also allow for fine-tuning of hydrogel degradation (Benavente Babace et al., 2019; Neubauer et al., 2019), which offers lots of potential for in vivo applications. In addition, alterations can facilitate complex techniques that would be extremely difficult or impossible with natural hydrogels. Some examples are detection of cell forces (Allazetta et al., 2017), tuning hydrogel stiffness (Rahimian et al., 2019), and controlling diffusion (Zhu, 2010; Leonaviciene et al., 2020). The possibilities for adaptations to synthetic hydrogels are too wide to be covered in this review, but its applications for tissue engineering purposes are very adequately discussed in a review by Jumnin Zhu (White et al., 2021).
Recovery of Microgels
A hydrogel in oil emulsification using microfluidics is praised for its production of highly monodisperse microgels in a high-throughput fashion. To recover the microgels for downstream applications, the emulsion must be broken to separate the water and oil phases. Generally, this separation can be achieved using chemical breaking, electrostatic displacement, or washing. All three can be performed either on-chip or in bulk after droplet collection. For off-chip chemical breaking, destabilizing of droplet surface tension using 1H,1H,2H,2H-perfluoro-1-octanol (PFO) is very common practice for fluorinated oils (Karbaschi et al., 2017). This chemical displaces the surfactants in the oil forcing the droplets to coalesce, with the advantages of being quick and easy. As a downside, the approach is generally regarded to affect viability of vulnerable cells. Therefore, a chemical-free alternative can be washing (Chokkalingam et al., 2013) or the use of electrostatics to be gentler on cells (Chokkalingam et al., 2014). On-chip recovery of microgels can also be achieved using PFO (Shao et al., 2020) and electrostatic manipulation to allow direct recovery of microgels in water. The electrostatic approach can either be used to force droplets to coalesce (Huang et al., 2015) or the charge difference can be used to push/pull hydrogels across an oil–water interface (Huang and He, 2014). The latter technique has recently been demonstrated by White et al. as an automated method to selectively sort cell-containing microgels from empty microgels (Wang et al., 2021), thus increasing downstream efficiency and avoiding empty droplets. For washing, on-chip designs have been proposed to get microgels from the oil phase into the water phase. Passive methods use the interfacial tension of the water–oil droplets to allow microgels to merge into a parallel flowing extraction aqueous phase (Wong et al., 2009; Deng et al., 2011). More active approaches use filtering (Bavli et al., 2021) or slow infusion of the aqueous phase (Tang et al., 2009).
HYDROGEL DROPLET SINGLE-CELL APPLICATIONS AND ANALYSIS
The interest in single-cell analysis has spiked over the past years because of highly heterogenous cell populations being discovered and proving their importance (Altschuler and Wu, 2010; Satija and Shalek, 2014). Droplet microfluidics allow for a high-throughput approach for single-cell encapsulation and thus isolation, creating reproductive nano-bioreactors facilitating, for example, single-cell sequencing. Furthermore, incorporation of hydrogels allowed control over mechanical properties at single-cell resolution.
Single-Cell Sequencing
Being able to discern which RNA molecules originate from which cell, while maintaining high throughput, has likely been the biggest challenge in performing single-cell RNA (scRNA) sequencing. Lysis of cell suspensions will result in an indiscernible mixture of nucleic acids. Therefore, the first published case of scRNA sequencing performed lysis of just 1 cell within just one tube (Islam et al., 2011). To increase throughput, this was followed up by parallel processing in well plates (Klein et al., 2015). Labeling of RNA strands in wells allowed for bulk polymerase chain reaction (PCR) and retracing cell identity after sequencing. However, this approach was still physically limited by wells’ plate size. In 2015, two separate publications described the application of microfluidics droplet encapsulation to process single-cells with high througput (Leng et al., 2010; Macosko et al., 2015). Co-encapsulation of cells and functional beads allowed for cell lysis, labeling of strands, and reverse transcription inside the droplets, before amplifying the transcripts with PCR in bulk. These applications used droplets for labeling purposes only and performed PCR afterward. To perform PCR in droplets, agarose droplets have been proposed to entrap large molecules of nucleic acid. Such techniques were reported for applications like single-cell molecule amplification (Novak et al., 2011), single-cell DNA trapping (Zhu et al., 2012), or rare pathogen detection (Zilionis et al., 2016). A more recent application of RNA sequencing using hydrogel presented “CloneSeq”, which utilizes in-droplet labeling but with hydrogel droplet pre-cultured single-cell clones to improve sequencing sensitivity (Zhao et al., 2021). Bavli et al. performed a first round of single-cell encapsulation of barcoded cells in PEGDT-Maldex hydrogel droplets, followed by a period of expansion to obtain a clump of clone cells from a single mother cell. The clone-cell clump is then re-encapsulated along with a barcoded bead as in the InDrops protocol (Kumachev et al., 2011) (Figure 3A). Their approach exploits the fact that clonal daughter cells maintain transcriptional similarities, to obtain a 10-fold larger library of unique RNA transcripts allowing for an increased sensitivity. This allowed them to prove that 3D culturing in these microgels maintains more cellular stemness compared to bulk 2D culturing. In addition, they showed that in a mouse model of embryonic stem cells, CloneSeq was much more capable of discerning endo-, ecto-, and mesoderm differentiation states compared to conventional scRNA sequencing (Figure 3B). Also, in the detected differentiation states much more significantly enriched early differentiation genes were measured. In this approach, the implementation of hydrogel facilitates the expansion and spatial control of single-cell clones while allowing re-encapsulation with barcoded beads for sequencing with improved sensitivity. It underlines the potential for hydrogel droplets to improve similar novel techniques while providing suitable culture conditions for cells.
[image: Figure 3]FIGURE 3 | Single-cell applications. (A) CloneSeq platform: single-cells are encapsulated in a hydrogel droplet and cultured to form a population of clones. This population is sequenced using an adapted sequencing protocol. (B) CloneSeq protocol exhibits improved separation of different stem cell differentiation states compared to conventional single-cell RNA sequencing (Bavli et al., 2021). (C) Microfluidic device for production of a library of droplets with unique mechanical and functionalization properties, which can be detected based on fluorescent signature. Adjusting the ratios of branched PEGs and the fluorophore channels allows tuning of droplet properties during production (Allazetta et al., 2017). (D) PEG-based hydrogel droplets incorporated with FRET pairs display fluorescence as a result of deformation, creating the potential to measure cell-exerted forces in-droplet (Neubauer et al., 2019). (E) Hydrogel droplets with attached cells are re-encapsulated in droplets along with FRET sensors which become fluorescent when bound by various proteases. This platform allows the single-cell measurement of proteases on different types of tumor cells to probe their metastatic behavior (Wang et al., 2021).
Tuning Hydrogel Mechanical Properties for Screening of Cellular Responses
Incorporation of hydrogels in microfluidic droplets has allowed for control over an extra parameter: mechanical properties. Tuning of hydrogel stiffness and elasticity is achieved by varying polymeric components and has been previously performed in droplets (Rahimian et al., 2019; Dagogo-Jack and Shaw, 2017). This allows for several directions of analytic tools, from testing individual cell forces (Allazetta et al., 2017), to screening gradients of hydrogel stiffness (Zhao et al., 2016), and the resulting cell responses (Nan et al., 2019). Apart from creating separate batches of hydrogels with varying properties, within a batch gradients of hydrogel stiffness can be screened. By including an extra dispersed phase inlet for different polymeric components and adjusting ratios, hydrogels can be obtained within a wide spectrum of mechanical properties. Kumachev et al. demonstrated this technique in 2011 by combining two streams of different agarose concentrations to create microgels with varying stiffness, suitable for cell encapsulation (Dagogo-Jack and Shaw, 2017). Allazetta et al. adapted the approach by using separate inlets for 4-armed PEG macromers and 8-armed PEG macromers plus a third inlet for red fluorescent maleimide groups (Rahimian et al., 2019). By changing the flow speed ratio between the PEG channels and the fluorescent channel, hydrogels with varying Young’s moduli and reversely correlated fluorescent intensity could be created. These values were shown to correlate linearly allowing for a direct readout of the stiffnesses per individual microgel. Furthermore, by adding two extra dispersed phase inlets, one for buffer and one for green-fluorescent RGD molecules, microgels with tunable and detectable amounts of RGD, covalently build into the polymer structure, could be produced. In a final more complex microfluidic design, this allowed for independent programming of microgel stiffness and RGD-bioactivity along with direct fluorescent readout of exact microgel properties (Figure 3C). In addition, they demonstrated the potency of their platform by producing 100 unique microgel compositions with different functionalization and stiffness. Such tunable libraries of droplets with unique mechanical and chemical characteristics are a potential asset for screening of cell responses to different materials. Other recent research shows potential for in-droplet measurement of such cellular behavior. Neubauer et al. developed an interesting approach to a construct in which direct measurement of exerted forces by single cells can be possible (Allazetta et al., 2017). Their PEG-based hydrogel droplets were incorporated with Alexa488 and Alexa555 as Förster resonance energy transfer (FRET) pairs. These molecules will undergo a fluorescence shift when they are moved into closer proximity. Therefore, deformation of the hydrogel droplets will results in a fluorescent readout (Figure 3D). Although only tested with atomic force microscopy indention, the technique holds promise for real-time visualization of cell forces as the polymers are easily functionalized with cell-binding sites. A recent work by Wang et al. also utilizes FRET signals to detect single-cell responses to differences in mechanical properties of droplets. They produced gelatin beads onto which single cells were allowed to adhere. After adherence, the beads are re-encapsulated in microfluidic droplets along with FRET sensors. These sensors consist of a FRET pair which can be cleaved by specific cell-secreted proteases causing a fluorescent shift. They report on the effects ECM stiffness has on single tumor cells and their production of metastasis-related proteases (Nan et al., 2019). They created gelatin microgels with tunable stiffness onto which three types of human breast cells could adhere: non-tumorigenic cells, non-metastatic cancer cells, and metastatic cancer cells. By re-encapsulating these along with the FRET sensors, the single-cell expression of MMP2, MMP3, MMP9, and ADAM8 could be measured based on droplet fluorescence (Figure 3E). This gave insight into heterogenous cell responses to substrate stiffness correlating to metastatic or non-metastatic behavior. Such research is of high value as therapy resistance is generally attributed to tumor heterogeneity (Meacham and Morrison, 2013; Xi et al., 2017).
HYDROGEL DROPLETS FOR CELL PAIRING APPLICATIONS AND ANALYSIS
Just like with trap- or well-based microfluidics, droplet-based microfluidics can be utilized to pair cells in close confinement. This relatively untapped category of applications is specifically promising in combination with hydrogels as it allows permanent spatial control, independent of emulsion integrity. This enables delivery of cell nutrients, allows for downstream processing, or co-analysis, all at a high throughput.
Co-Encapsulation Efficiency and Deterministic Encapsulation
When co-encapsulating a pair of heterotypic particles, the Poisson distribution proves a difficult hurdle (Collins et al., 2015), forcing a trade-off between either too few heterotypic pairs or too many droplets containing homotypic particles. In random encapsulation with a mixture of particles only a small fraction of droplets will contain exactly one particle of each type, which can only be optimized to a certain extent based on concentration and droplet size. Droplets containing the desired number of particles can be sorted on-chip (Hu et al., 2015; Segre and Silberg, 1961), but this will only improve purity and not increase production rate. Therefore, advances have been made in deterministic encapsulation of particles in droplets to skew the Poisson distribution into a desired direction. To achieve this, spatial control of particles inside microfluidic channels is required, which can be achieved via inertial focusing through radial particle displacement in long channels (Dean, 2009) (Figure 4A), or Deans flow in spiral-shaped channels (Russom et al., 2009; Kemna et al., 2012) (Figure 4B). Both will result in ordering in an equally spaced train of particles, and when spacing is matched with frequency of droplet production, this can double the efficiency of single particle encapsulation compared to random Poisson encapsulation (Lagus and Edd, 2012; Lagus and Edd, 2013). When ordering is performed on particles in two different inlets, the encapsulation efficiency of two unique particles can be increased to around five times the efficiency of random Poisson encapsulation (Yaghoobi et al., 20202020; Duchamp et al., 2021). Performing such inertial ordering requires relatively simple device designs while maintaining the high-throughput nature characteristic to droplet microfluidics. Other more complex approaches utilize droplet merging to obtain cell pairs more efficiently. These can be performed either using traps (Schoeman et al., 2014; Chung et al., 2017) or by merging droplets inside the device channels (Wimmers et al., 2018). However, results from these efforts have been limited by on-chip capacity or efficiency and, thus, fall short compared to deterministic encapsulation.
[image: Figure 4]FIGURE 4 | Deterministic encapsulation. (A) Radial displacement leading to a particle train which can be synced with frequency of production rate to obtain increased cell-pairing efficiency (Lagus et al., 2013). (B) Deans flow in spiral shaped channels can form particle trains on the inner wall, which can be used to obtain deterministic encapsulation (Kemna et al., 2012).
Pairing for Single-Cell Immune Assays
Cell–Cell Pairing
The ability of microfluidic droplets to bring two heterotypic cells in confined proximity finds an ideal application in fundamental immunological research. Many immune responses are heavily dependent on cells being adjacent for paracrine signaling or even connecting for juxtacrine signaling. High-throughput droplet encapsulation was readily proven an ideal method to screen immune cell heterogeneity in response to paracrine ques, as modeled by co-encapsulation of various stimuli (Tiemeijer et al., 2021; Konry et al., 2011; van Eyndhoven et al., 2021; Konry et al., 2013). Co-encapsulation allows similar setups for investigating contact-dependent juxtacrine interactions referred to as immune synapses. These have been readily investigated at single-cell level in context of contact-dependent activation (Sarkar et al., 2015; Antona et al., 2020b), and contact-dependent cytotoxicity (Subedi et al., 2021; Sarkar et al., 2017; Dik et al., 2005). The first of the two arises primarily between antigen-presenting cells and lymphoid cells to initiate the adaptive immune response. When dendritic cells (DCs) use the immune synapse to present T cells with antigens, T cells are activated, start proliferating, and become potent killers of virus-infected cells or tumor cells. Not only due to the immense T-cell receptor variation (stPaul and Ohashi, 2020) but also because of the high degree of T-cell heterogeneity (Woodland and Dutton, 2003b; Dura et al., 2015; Ma et al., 2021), this can be a very heterogenous process, in which droplet-based single-cell approaches could improve fundamental research greatly and pave the way for high-throughput screening for therapeutic applications (Hondowicz et al., 2012; Shahi et al., 2017; Sarkar et al., 2016). Konry et al. co-encapsulated mouse DCs and T cells and visualized them in droplets, where they could observe formation of immune synapses based on tubulin localization (Sarkar et al., 2015) (Figure 5A), demonstrating that these cellular interactions can be monitored real-time using microscopy in droplet confinement. Later, in-droplet research included detection of synapse-based activation via dynamic calcium signals (Antona et al., 2020b) and demonstrated that synapse duration is dependent on antigen presence (Vanherberghen et al., 2013). In addition, they showed contact-dependent T cell–mediated tumor cell cytotoxicity in droplets, which they were able to boost or inhibit via added stimuli or cytokine inhibition, respectively (Vanherberghen et al., 2013). In addition to T cells, natural killer (NK) cells are very potent cytotoxic cells, which on contact with a target cell exhibit antigen-independent killing demonstrate serial killing and have been shown to behave with a highly heterogenous nature (Guldevall et al., 2016; Antona et al., 2020b). The immune synapses via which their cytotoxicity is elicited are varying in duration and can occur several times for a single target cell or several target cells resulting in serial killing. These repeated killing synapses were studied in droplets between NK cells and different types of tumor cells by Antona et al. (2020a). They encapsulated varying numbers or target cells in droplets of different sizes and showed that serial killing was controlled by both variables. In a different application, they complemented the cytotoxicity assay with monitoring of IFN-γ secretion by NK cells (Sarkar et al., 2020) (Figure 5B), which allowed them to show that only about half of the NK cells killing K562 tumor cells produces IFN-γ in the process, underlining their heterogenous nature. As these assays are all monitored using microscopy over time, manual analysis is tedious and can potentially be biased. Subedi et al. developed an automated real-time analysis script which allows for these killing assays to be performed in an unbiased manner (Sarkar et al., 2017). In addition, they showed the suitability for this platform for killing by primary isolated human NK cells (Figure 5C). These droplet techniques for analysis of immune synapses have proven valuable in progressing of basic knowledge of immune cell interaction. They have underlined its potential for elucidating heterogeneity and proven their usefulness in finding sub-populations of therapeutic interest. Nevertheless, in terms of the high-throughput potential droplet-microfluidics natively has, there is still much progress to be made. These techniques rely on microscopic visualization in observation wells and chambers for the analysis of pairs which allows measurement of several hundred (Scanlon et al., 2014; Antona et al., 2020a) to few thousand events (Sarkar et al., 2017), respectively, but are thereby inherently limited in its throughput to the size of the microfluidic device. This is where application of hydrogel in droplets can allow for upscaling to achieve not only very high throughput but also recovery of droplets from the experimental setup and maintaining the spatial bond between cell pairs after de-emulsification of droplets. This has been previously performed in screening of bacterial colonies. Scanlon et al. co-encapsulated antibiotic expressing E. coli in agarose droplets along with S. aureus and a fluorescent viability marker (Kitaeva et al., 2020). The combination of production rates up to 3,000 drops/s and off-chip collection in centrifuge tubes allowed theoretical unlimited flow through. An analysis was performed by gelation of the agarose droplet, de-emulsification, and whole droplets measurement of S. aureus viability using flow cytometry. This ultrahigh-throughput allowed for the detection and sorting of up to five million clones/day to screen for potential novel antibiotics. Such upscaling is expected to greatly benefit the field of immune therapy by allowing ultrahigh-throughput of cell pairs and their immune synapses, which will improve drug testing (Jiang et al., 2019b) and help in the discovery of tumor neoantigens (Heo et al., 2020) and specialized cell populations (Altschuler and Wu, 2010).
[image: Figure 5]FIGURE 5 | Cell–cell pairing for single-cell immune interactions. (A) Microscopic visualization of DC/T-cell interactions. Tubulin localization indicates presence of immune synapses present at different ratios of cells (Konry et al., 2013). (B) Monitoring of IFN-γ secretion during NK/tumor cells killing interaction (Antona et al., 2020). (C) Primary NK cells killing tumor cells in droplets (Subedi et al., 2021).
Cell–Reporter Pairing
In addition to using pairing of heterotypic cells in droplets to measure their interactions, a cell of interest can also be encapsulated alongside a “reporter” particle or cell. After periods of culture/stimulation fluorescent signal can be measured on the reporter cell either due to translocation of co-encapsulated markers (Fang et al., 2017; Sarkar et al., 2020; Bounab et al., 2020; Gérard et al., 2020; Garti and Bisperink, 1998) or by direct staining after de-emulsification (Yanakieva et al., 2020; Chokkalingam et al., 2013). The main advantage of co-encapsulation of fluorescent markers is that microscopic imaging allows continuous measurement to obtain temporal information. For staining after de-emulsification, a hydrogel is indispensable as it maintains the spatial coupling of the interrogated cell and reporter particle. This latter approach was demonstrated in research by Chokkalingam et al. where Jurkat T cells were co-encapsulated with functionalized cytokine capture beads (Chokkalingam et al., 2013) (Figure 6A). Beads contained antibodies specific for IL-2, TNF-α, and IFN-γ so that cytokines secreted by co-encapsulated cells would be captured on the beads during incubation in the droplets. As they co-encapsulated a solution of low melting-point agarose, simple cooling of the droplets after culturing allowed spatial linking of the Jurkat T cells with the capture beads allowing for flow cytometric detection of cytokines for each individual cell. This revealed heterogenous secretion behavior and distinct secretion profiles (Figure 6B). Since analysis for such experiments is performed using flow cytometry, it has the potential to immediately sort cells of interest, as was demonstrated for bacteria by Scanlon et al. Another recently published protocol by Bounab et al. cleverly utilizes fluorescent translocation to monitor timing of cytokine secretion by monocytes and T cells or IgG production by B cells, at a single-cell level (Gérard et al., 2020). In addition, they were able to cheat the Poisson distribution hurdle by co-encapsulating with a high concentration of nanometer-sized magnetic particles. After droplet capture these form a “beadline” in response to a magnetic field, and they will be present in every droplet due to the high concentration of particles (Figure 6C). The magnetic particles are functionalized with cytokine-specific capture antibodies and fluorescent detection antibodies are co-encapsulated in the droplets. Cytokine secretion by encapsulated cells will therefore result in a real-time observable antibody-cytokine sandwich which can be visualized by fluorescent translocation to the beadline (Figures 6D,E). Although the throughput is limited by the size of their observation chamber, the approach still allows for analysis of up to 300,000 single cells per experiment. The versatility of this technique was demonstrated by immobilization of heat killed bacteria on the beadline (Bounab et al., 2020). This “Bactoline” allowed screening of IgG and IgM production by mice B cells before and after immunization, which provided valuable insights into single-cell heterogeneity of antibody specificity, affinity, and cross-reactivity. Apart from beadline measurement in observation chambers, translocation of fluorophores can also be measured in droplets flow on-chip (Garti and Bisperink, 1998). This allowed for direct sorting of B cells producing antibodies to co-encapsulated antigens and sequencing of their IgG sequences. The method was further shown to be suitable for screening of ex vivo stimulated human peripheral memory B cells, indicating the potential for these types of techniques to contribute to development of immune techniques.
[image: Figure 6]FIGURE 6 | Cell-reporter pairing for immune assays. (A) Capture beads specific for three different cytokines are co-encapsulated in hydrogel droplets, after gelation and emulsion breaking the whole droplet can be stained for captured cytokines and measured using flow cytometry. (B) Secretional heterogeneity of Jurkat T cells can be detected using this method of multiparameter single-cell cytokine detection (Chokkalingam et al., 2013). (C) Bead-line encapsulation evades the Poisson distribution as every droplet will contain around 1,000 nm-sized capture beads. (D) Cellular cytokine secretion can be observed and (E) quantified over time by measuring translocation of co-encapsulated fluorescent antibodies (Bounab et al., 2020). (F) Yeast cells are co-encapsulated with murine IL-3 reporter cells. Gelation of droplets and de-emulsification allows flow cytometric sorting of IL-3 producing yeast cells. Expansion and repeating of procedure allows enrichment of secreting yeast cells (Yanakieva et al., 2020).
In addition to reporter particles, several applications have been demonstrated using reporter cells (Garti and Bisperink, 1998; Fang et al., 2017; Yanakieva et al., 2020). Fang et al. used hydrogel droplet sorting to enrich rare antibody clones as produced by transfected yeast cells. They co-encapsulated antibody producing yeast cells with A431 tumor cells expressing the relative antigen. Gelation of the agarose droplets before de-emulsification spatially bound the producer and reporter cell. After de-emulsification pairs of yeast and A431 cells in hydrogel droplet were washed to get rid of non-specific IgG`s and stained using fluorescent anti-human IgG to visualize A431 bound antibodies. During flow cytometric sorting these A431 could be detected based on fluorescence and sorted out. As they were spatially confined to the corresponding yeast cells, these were collected as well, thus increasing purity of yeast cells of interest. More recently, a similar approach using agarose droplets was demonstrated for enrichment of cytokine secreting yeast by Yanakieva et al. (2020) (Figure 6D) Here, however, no additional fluorescent staining was required as they used mCherry positive murine IL-3 secreting yeast cells in combination with murine reporter cells, which expressed green fluorescent protein (GFP) upon stimulation with IL-3. Co-encapsulation of both cells would therefore result in a double positive signal for mCherry and GFP. By flow cytometric sorting of double positive droplets, IL-3 producers could be enriched and expanded before additional rounds of encapsulation with reporter cells. This allowed them to enrich yeast that produced functional IL-3 from yeast producing inactive IL-3 from a 1:10,000 mixture by 70-fold with only two rounds of sorting. This technique of repeated enrichment combined with unlimited throughput proves suitable for efficient selection of yeast clones secreting biorelevant proteins.
SEMI-PERMEABLE HYDROGEL SHELLS
The production of double emulsions of water and oil has been investigated for a few decades (Chong et al., 2015), but the rise of droplet microfluidics has enabled stable and high-throughput production (Huang et al., 2017). Adding hydrogel into the “shell” has resulted in the facile production of semi-permeable particles suitable for cell analytical procedures (Choi et al., 2016). Shells can be obtained by direct on-chip formation of hydrogel layers (Cai et al., 2019; Mak et al., 2008), deposition of silica (Mazutis et al., 2013), or polyelectrolytes (Fischlechner et al., 2014; Ferreira et al., 2013) after droplet production. The latter is used to drastically decrease permeability to selectively retain macromolecules but allow diffusion of small molecules. di Girolamo et al. (2020) utilized the technique to further increase the selectivity of their chitosan-shell alginate-core droplets, which allowed for retention of ∼30 kDa molecules and diffusion of ∼1 kDa molecules. First, they produced alginate beads using common microfluidic techniques that allowed for cell encapsulation. These microgels could then be coated with chitosan, after which the alginate core was dissolved using sodium citrate. These hollow core chitosan–alginate capsules could then be coated with subsequent layers of poly(styrene sulfonate) and poly(allylamine hydro-chloride) to control permeability (Figure 7A). Their particles were suitable for encapsulation and cultivation of E. Coli and by culturing these from single-cells to over two million per capsule, they demonstrated the shell did not prevent diffusion of nutrients and oxygen. Subsequently lysis buffer could be washed in to digest the cells, after which cellular large proteins and DNA were retained by the coating. Fluorescent probes specific for enzymes of interest could be washed in to detect which droplets contained cells producing these enzymes. Such an approach can be combined with fluorescence-based sorting techniques to facilitate directed evolution (Figure 7B). Hydrogel shells without polyelectrolyte generally have larger pore size and are thus selective to a different range of molecular sizes. A dextran-core PEGDA-shell particle was designed by Leonaviciene et al. which they approximated to have a pore size of around 30 nm, thus successfully retaining DNA fragments of around 340 kDa and higher (Leonaviciene et al., 2020). This allowed them to wash lysis buffer and genome amplification reagents in and out of the particles in a multistep process. As the amount of reagent was not dependent on the droplet volume, this resulted in a 2-fold higher yield of DNA macromolecules compared to conventional water-in-oil droplets, in which supply of reagent is limited by what is initially encapsulated. By using their approach to cultivate biodegradable plastic producing bacteria, they demonstrated detection of functional products as a readout, in addition to amplification of genomic contents. An opposite approach of such semi-permeable shells is to prohibit cells from entering the core but allowing specific analytes in. Rahimian et al. applied this concept in an immunoassay for the ex vivo analysis of whole blood for specific secreted factors (Zhu, 2010). A thin PEG shell was produced surrounding a 400-μm size particle containing antibody-coated beads specific for both TNFa and IFNy, which are important pro-inflammatory markers. The coating prevented leukocyte interactions with the detection beads while secreted cytokines could enter and bind the beads (Figure 7C). Retrieval of beads by simple filtering, followed by addition of fluorescent detection antibodies allowed for cytokine analysis without preceding cell-separation steps. They demonstrated the feasibility of the platform by detection of IFNy in blood of patients with a latent tuberculosis infection (Figure 7D). Comparison to the current gold standard method resulted in 11 out of 14 patients getting the correct diagnosis, and the three incorrect diagnoses were false-negatives. Although most of the aforementioned methods are executed with bacteria, these can easily be translated to mammalian cells. Such approaches would yield unique opportunities for prolonged single-cell cultures or single-cell cloning due to unlimited inflow of cell nutrients. In addition, hydrogel-shell particles can be utilized as miniaturized bioreactors for chemical reactions such as PCR.
[image: Figure 7]FIGURE 7 | Semi-permeable hydrogel shells. (A) Hydrogel shell droplets are coated with polyelectrolytes to decrease permeability. This successfully allows the diffusion of nutrients and lysis buffer, but keeps DNA inside after lysis. (B) Particles can be analyzed and sorted based on fluorescence in a large particle sorter (di Girolamo et al., 2020). (C) Selectively permeable hydrogel shell particles used as sensors preventing cells to reach the microbeads but letting cytokine and detection antibodies diffuse in. (D) Sensor particles submerged in whole blood and after washing and incubation with detection antibodies. IFN-γ specific particles are green, and TNF-α specific particles are red (Rahimian et al., 2019).
HYDROGEL DROPLETS FOR COCULTURES
Although exact cell pairing efficiency remains a challenging hurdle, various efforts have been made to utilize hydrogel droplets for cellular coculture with multiple cells. As cellular interactions are fundamental in biology, downscaling can help understand them at the most basic level. Hydrogel droplets facilitate this type of research by bringing few-cells in tight proximity and keeping them there after de-emulsification. As this allows inflow of nutrients these cocultures can be maintained over a much longer period (Tumarkin et al., 2011) to study cell–cell effects (Kmiec, 2001). A great example is the effect of cocultures of liver cells on activity and viability of hepatocytes, as such interactions have proven complex (Kmiec, 2001) and hepatocytes alone display very little liver specific functions (van Poll et al., 2006; Cho et al., 2010). These cocultures were demonstrated in organoids previously (Darakhshan et al., 2020), but for further downscaling and increased throughput, droplet microfluidics was applied. Cocultures of hepatocytes were produced as spheroids (Chan et al., 2016) or in a core-shell orientation (Lu et al., 2015; Chen et al., 2016). Chan et al. used a coculture of endothelial progenitor cells and hepatocytes in hydrogel droplets with a mix of alginate and collagen type I172. They utilized alginate-in-oil-in-water double emulsions to produce droplets and eliminated the oil phase in the presence of calcium ions to gelate the droplets. They showed that even at these miniature scales of only several cells, coculture effect was observed in increased production of several functional liver metabolites. Furthermore, tuning composition of alginate and collagen hydrogel in droplets proved to outperform the golden standard for 2D hepatocyte culture in terms of metabolite production (Dunn et al., 1991; Chan et al., 2016). In research by Chen et al., it was shown that in shell-core hydrogel droplets coculture different types of cells could be confined to either encapsulation in the core or shell part of the droplets (Chen et al., 2016). They were able to achieve this distribution by quick on-chip gelation of the alginate shell by acidification of calcium–EDTA complexes using a 4-inlet microfluidic device. In addition, they showed that cell viability was unaffected, and that coculture resulted in increased secretion of liver specific metabolites albumin and urea. Such miniaturized in vitro coculture models prove a valuable tool for understanding basic biology, high-throughput drug screening (Darakhshan et al., 2020) or potentially therapeutic applications.
CONCLUDING REMARKS
Single-cell technologies are increasingly more integrated into modern cell biological research. As this leads to discovery of more heterogeneity and rare subpopulations the need for robust high-throughput platforms becomes clearer. The role of microfluidics in achieving single-cell resolution has been cut out for almost 2 decades due to its possibilities to physically manipulate single cells using fluids. Droplet-based microfluidics has obtained its own prominent seat within this field due to the high-throughput and reproducible nature of the resulting micro-scale emulsions. An impressive resume of single-cell applications (Klein et al., 2015; Macosko et al., 2015; Wimmers et al., 2018; Antona et al., 2020b; Bounab et al., 2020; Gérard et al., 2020; Subedi et al., 2021; van Eyndhoven et al., 2021) predicts that droplet encapsulation will continue to play an important role in isolation of individual cells over years to come. A promising addition to the field is the application of hydrogel to produce microgels for single-cell encapsulation. This allows the development of various novel techniques, has the potential to greatly increase throughput, provides improved spatial control, and gives encapsulated cells a mechanically active environment.
Encapsulation of cells in aqueous droplets will result in cells being in forced suspension. This is fine for non-adherent cells but might affect the viability and phenotype of adherent cells that require mechanical stimuli and attachment molecules (Gilmore, 2005; Taddei et al., 2012; Tiemeijer et al., 2021). As hydrogels often mimic the stiffness of extracellular matrix and can be functionalized to facilitate adherence, production of microgels can open the technology to a broader range of cell applications. Current research is still based on proof-of-principle experiments to explore possibilities for adherent cells. But future work can include more complex experimental setups including tunable mechanical properties (Allazetta et al., 2017) and screening of resulting cellular responses (Neubauer et al., 2019; Wang et al., 2021). Such experiments can gain invaluable insights in the fundamentals of cell interactions with their environment and their responses to stiffness, which will be especially usefully for development of tissue engineering approaches (Liebschner et al., 2005; Kurazumi et al., 2011; Wissing et al., 2017).
Although still limited by the Poisson distribution, cell pairing in droplets has been applied previously to bring two types of cells in isolated proximity (Hondroulis et al., 2017; Antona et al., 2020b; Gérard et al., 2020; Subedi et al., 2021). In conventional aqueous droplets, this pairing can only be maintained if droplets are kept in emulsion; however, this will limit downstream processing and prohibits diffusion of nutrients and additional reagents. Pairing of cells in microgels will result in maintained spatial control after de-emulsification. Continuing the culture of cells in microgels after emulsion breaking allows for paracrine cell communication between droplets and should, therefore, be used with caution. However, the most promising microgel pairing application will be the downstream analysis of cell pairs. Especially in the field of immunology, this will create many new experimental opportunities, as immune synapses are the key to the onset and progression of immune responses. Performing single-cell pairing experiments at a high-throughput scale is therefore indispensable to obtain fundamental knowledge required for designing immune therapeutic techniques.
In conclusion, the field of single-cell droplet-based microfluidics will greatly benefit from incorporation of various types of hydrogels. The addition of these “solids” in microfluidics will improve control and robustness, thereby paving the way for standardized high-throughput screening techniques and immune assays. Although until now most applications have been proof-of-principles and focused on finding possibilities, once matured, these technologies will be highly compatible with the future of cell biological research and immunotherapy.
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Cells sense their environment through the cell membrane receptors. Interaction with extracellular ligands induces receptor clustering at the nanoscale, assembly of the signaling complexes in the cytosol and activation of downstream signaling pathways, regulating cell response. Nanoclusters of receptors can be further organized hierarchically in the cell membrane at the meso- and micro-levels to exert different biological functions. To study and guide cell response, cell culture substrates have been engineered with features that can interact with the cells at different scales, eliciting controlled cell responses. In particular, nanoscale features of 1–100 nm in size allow direct interaction between the material and single cell receptors and their nanoclusters. Since the first “contact guidance” experiments on parallel microstructures, many other studies followed with increasing feature resolution and biological complexity. Here we present an overview of the advances in the field summarizing the biological scenario, substrate fabrication techniques and applications, highlighting the most recent developments.
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1 INTRODUCTION
The compartmentalization of cellular functions is a ubiquitous strategy to increase efficiency, providing spatio-temporally discrete domains for dynamic processes to take place simultaneously, in close vicinity, and without interfering with each other. The plasma membrane is generally accepted as being compartmentalized (Garcia-Parajo et al., 2014; Nicolson, 2014). This characteristic emerges from the temporary limitation of lateral diffusion, promoting confinement and allowing lipids and proteins to be organized in specific locations of variable size and composition (Kusumi et al., 1993; Jacobson et al., 2019). Restrictions in lateral diffusion of membrane components have been mainly attributed to their association to the underlying cytoskeleton as described by the “membrane skeleton fence model”, in which fences or corrals are defined by transmembrane proteins acting as posts linked to the cytoskeletal structures (Kusumi and Sako, 1996; Kusumi et al., 2012). Also, the presence of extracellular lattices (Lajoie et al., 2009), or specific lipid domains or “lipid rafts” (van Meer et al., 1987) can create regions of restricted lateral diffusion in the plasma membrane. This compartmentalization is hierarchically organized from small nanoclusters of dynamic small protein oligomers (of 3–10 nm diameter) and lipid rafts (2–20 nm) to actin-cytoskeletal fence domains (40–300 nm) up to bigger domains of several micrometers, thereby allowing the multiscale regulation of the membrane protein function (Kusumi et al., 2011) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Hierarchical organization of cell membrane compartments. Reprinted with permission from Kusumi et al., 2011. Copyright 2011 Elsevier. (B) Receptor nanoclustering: Ligand-mediated integrin clustering initiates the recruitment of adaptor proteins at FAs, leading to cytoskeleton engagement, force transmission and downstream signaling activation. Adapted with permission from Kechagia et al., 2019. Copyright 2019 Springer Nature. (C) Osteoprogenitor differentiation (osteopontin (OCP) and osteocalcin (OCN) expression, and bone nodule formation (white arrows)) on nanotopographies with different levels of disorder, fabricated by EBL. Reprinted with permission from Dalby et al., 2007b. Copyright 2007 Springer Nature. (D) BCML combined with photolithography were used to create micro- and nanopatterned surfaces of the cell adhesive ligand cyclic-(RGDfK). The development of stable FAs, number, size and adhesion strength is more influenced by local than global ligand density. Adapted with permission from Deeg et al., 2011. Copyright 2011 American Chemical Society. (E) The nanopatterning of RGD functionalized dendrimers revealed a threshold nanopattern configuration to induce cell response promoting chondrogenic differentiation and enhancing GJIC. Adapted from Casanellas et al., 2020 and Reprinted with permission Casanellas et al., 2022. Copyright 2022 Future Medicine Ltd.
The cellular microenvironment is also organized at the nanoscale, as seen for collagen, the main structural protein in the extracellular matrix (ECM). Collagen I is assembled by three peptide chains of collagen that conform a helical structure of around 1.5 nm diameter and 300 nm length, which then organize into microfibrils with a cross-section of around 3 × 5 nm (Jiang et al., 2004). The ECM protein fibronectin forms bundles of fibrils, in which the average span of a fibronectin molecule (a dimer of two polynucleotides) in each fibronectin fibril is ∼92 nm (Früh et al., 2015). This favors ligand interaction with the receptors at the cell membrane in a particular configuration that is confined to the nanometer scale.
Therefore, nanotopography represents an effective physical approach for studies on cell behavior mediated by cell-cell environment interactions. Nanotopographies (1–100 nm) lie in the same scale range as many ECM proteins, allowing the direct interaction of the material with single cell receptors and their nanoclusters. Nanoscale surface topography affects cellular and tissue responses, including adhesion, migration, growth, morphogenesis, and differentiation (Martínez et al., 2009; Luo et al., 2022).
2 RECEPTOR NANOCLUSTERING
Specific protein-protein and protein-lipid interactions promote oligomerization, aiding the formation of signaling complexes at the cell membrane. Glycosylphosphatidyl-anchored proteins (GPI-APs) are a class of soluble proteins attached to the external side of the plasma membrane. They form small clusters of up to four molecules (<5 nm) stabilized in sphingolipid- and cholesterol-dependent domains or rafts. These lipid rafts act as sorting platforms for the GPI-APs selective delivery to the apical membrane in polarized epithelial cells, where they exert specialized functions (Zurzolo and Simons, 2016). Besides lipid-linked proteins, many transmembrane proteins also cluster to exert their functions.
The clustering of transmembrane receptors is common among different types of immune cells (Dustin and Groves, 2012; Li and Yu, 2021). T cell receptors (TCRs) on resting T cells can be found as monomers and as cholesterol- and sphingomyelin-stabilized nanoclusters (<10%) containing 2–30 TCRs each (Molnár et al., 2012). Upon activation of TCRs, they assemble into larger clusters of ten up to hundreds of receptors, which recruit kinases and adaptor proteins including Lck, ZAP-70, Lat, and SLP76. These microclusters initiate and sustain TCR signaling at the immunological synapse. Moreover, TCR microclusters associate and are transported by cortical F-actin flows over micrometer distances along the synapse (Dustin and Groves, 2012; Yi et al., 2019; Balagopalan et al., 2021). The enrichment of oligomeric TCRs has been reported to increase the sensitivity of memory T cells compared to naïve T cells (Kumar et al., 2011). A similar hierarchical organization has been described for integrin receptors. Integrins are transmembrane receptors that mediate cell-cell and cell-extracellular matrix (ECM) adhesion (Kechagia et al., 2019). However, integrin binding alone is insufficient to elicit full adhesion. Instead, upon ligand binding, integrin receptors arrange into nanoclusters that build tension through the recruitment of adaptor proteins such as paxillin, vinculin, talin, FAK or SRC, cytoskeletal engagement into focal adhesions (FAs) and downstream signaling activation (Hu et al., 2015; Kechagia et al., 2019) (Figure 1B). Remarkably, within FAs, active and inactive β1 integrins segregate into different nanoclusters, thus suggesting integrin activity is not only regulated at the monomeric level but is subjected to collective or coordinate regulation at the level of the nanoclusters (Spiess et al., 2018). As integrins, Eph tyrosine kinase receptors cluster upon the interaction with their ligand, ephrin, which is presented on the surface of neighboring cell membranes. During development, Eph receptors act as positional cues in tissue patterning by regulating cell adhesion and repulsion. Ephrin ligands presented as concentration gradients guide axonal patterning in retinotectal mapping and stem cell migration in the developing intestines (Klein, 2012). Activation of Eph receptors occurs immediately after ligand interaction, inducing receptor polymerization. Maximum receptor activation is reached on clusters of five to eight receptors, after which oligomers cannot grow further by recruiting more monomers and instead, they grow through the condensation of oligomers into larger complexes that dampen the signaling. These polymerization–condensation dynamics provide a framework for the mechanism by which cells properly respond to variable concentrations and gradients of the ephrin ligand (Ojosnegros et al., 2017).
3 NANOFABRICATION
From the first contact guidance experiments (Curtis and Varde, 1964), microfabrication techniques first developed for the electronics industry came into use to produce micro- and nanopatterned surfaces for cell studies, with high feature resolution and increased biological complexity. Fabrication methods to produce controlled nanotopographies on cell culture substrates mainly rely on the use of lithographic techniques, which in general require specialized equipment and skilled personnel, thus limiting their widespread application. The later introduction of the directed self-assembly techniques to produce nanostructured surfaces greatly facilitated the implementation of nanotopography production in general wet labs. Here we summarize the main fabrication techniques used to generate nanotopographical substrates, and their characteristics.
3.1 Photolithography
Photolithography or optical lithography is a patterning technique in which a light-sensitive chemical (photoresist) coated on the substrate is selectively exposed to light through a mask. The photoresist either collapses or hardens in the regions exposed to light and the pattern emerges on the substrate by dissolving the softer parts of the coating, which can subsequently be transferred to the substrate material. The wavelength of the light used determines the minimum feature size that can be impressed on the photoresist: The use of incoherent, vacuum ultraviolet (VUV) radiation of 172 nm allowed the production of nanoscale features with a minimum lateral feature size of 350 nm (Mironov et al., 2020). To overcome the resolution limitations, surface plasmon polaritons (SPPs), able to surpass the diffraction-limits, have been used for the fabrication of nanopatterns with a half-pitch resolution of less than 15 nm (Luo and Ishihara, 2004; Dong et al., 2014).
3.2 Electron beam lithography and ion beam lithography
In electron beam lithography or e-beam lithography (EBL), a focused beam of electrons is applied (direct-writing) on an electron sensitive coating on a substrate (Lercel et al., 1994). This is a maskless lithography technique in which custom nanopatterns can be transferred to a substrate with up to 3–5 nm resolution (Ermis et al., 2018). Like photolithography, the coating is degraded or crosslinked upon exposure and after a development process, patterns are revealed. While conventional lithography mostly relies on flat wafer-base processing, EBL can be applied on curved surfaces (Lee et al., 2019). However, compared to photolithography, only small areas can be patterned at a time and the equipment manipulation is tough, which makes the whole process significantly slower. Ion beam lithography (IBL) or focused ion beam lithography (FIBL) uses a narrow scanning ion beam source (typically of gallium ions) instead of a focused beam of electrons to pattern a resist. Compared to EBL, IBL offers higher resolution due to ions have much heavier mass than electrons and more momentum, thus leading to smaller wavelengths and reducing diffraction, but also minimizing the back scattering and radiation towards sensitive resists (Joshi-Imre and Bauerdick, 2014; Li et al., 2021).
3.3 Scanning probe lithography approaches
SPL approaches are a set of maskless nanolithographic techniques based on the ability of scanning probe microscopy to create variable surface patterns either by adsorption, nanoshaving and/or nanografting (Rosa and Liang, 2009). They include dip-pen nanolithography (DPN), fluidic force microscopy (FluidFM), and polymer pen lithography (PPL), among others. DPN was pioneered by the group of Prof. Mirkin (Piner et al., 1999; Salaita et al., 2007), where an AFM tip is used to create patterns of 15–100 nm by direct writing on the substrate. A molecular ink is transferred from the atomic force microscope (AFM) tip to the substrate by the spontaneous formation of a water meniscus, which is facilitated by the ambient conditions. DPN can work in sequential or parallel modes (multiplexed DPN), where parallel DPN tip arrays are scanned on the substrate simultaneously, thus significantly improving the throughput limitations of the technique (Ma et al., 2018). FluidFM introduces microfluidic channels (300 nm-8 µm) into the AFM probes allowing to dispense volumes of fluid that can be below the femtoliter range. The patterns are created when the nanopipette contacts the surface and the ink is released from the probe with a short pressure pulse (few hPa) (Zambelli et al., 2018). Alternatively, a cantilever-free scanning probe molecular printing technology referred as polymer pen nanolithography (PPL) was introduced to overcome the throughput issues and the use of complicated pen arrays (Huo et al., 2008). Since the SPL techniques work under mild conditions, they allow patterning sensitive compounds such as DNA, proteins, lipids, viruses and even polymers for 3D additive manufacturing (Liu et al., 2022).
3.4 Nanoimprint lithography
Nanoimprint lithography (NIL) is a simple and low-cost lithography technique in which a pattern is transferred by mechanical deformation of a polymer resist from a previously nanostructured mold (created by photolithography or EBL). The transfer of the nanopattern can be conducted in several ways: by thermocompression using high temperatures to soften the polymer resist while pressing it with the stamp, also known as hot embossing lithography, or by using UV light to cross-link and harden a soft polymer resist during the imprint (UV-NIL). UV-NIL requires the substrate and/or stamp to be transparent to UV wavelengths (Modaresialam et al., 2021).
3.5 Soft lithography
First introduced by Bain and Whitesides in 1989 (Bain and Whitesides, 1989), soft lithography refers to a number of techniques that use elastomeric stamps (typically of polydimethylsiloxane (PDMS)) previously cast on a master, to transfer micro- or nanopatterns to a substrate. It includes replica molding, microcontact printing, micromolding in microcapillaries, microtransfer molding, and solvent-assisted micromolding. Soft lithography is a low-cost technique that does not require stringent control over the environment (such as a clean-room facilities), thus being accessible to general wet labs (Qin et al., 2010).
3.6 Directed self-assembly of nanostructures
Supramolecular chemistry can be used as a bottom-up approach to achieve nanopatterned surfaces based on the self-organization of molecular scale architectures, allowing precision on the nanofeature position. Compared to the self-assembly of small molecules, polymers offer higher stability and durability due to their mechanical and physical properties. Self-assembly of block copolymers (BCPs) has attracted considerable attention in nanoscience due to its ability to self-assemble both in bulk and in solution into different types of nanostructures through the repulsion of their immiscible blocks (Mai and Eisenberg, 2012). BCP micelle nanolithography (BCML) has been extensively used to generate ordered and disordered nanopatterns of gold nanoclusters on surfaces with well-controlled interparticle distances (Glass et al., 2003). Dendrimers, presenting a highly branched and easily tunable size and chemical structure, have been used to create nanopatterns with a liquid-like order on low charged surfaces (Lagunas et al., 2014), and DNA and peptides have been used to build nanostructures presenting multiple epitopes with nanoscale spatial control (Stephanopoulos et al., 2015; Wang et al., 2021).
4 BIOLOGICAL APPLICATIONS
The first visible phenomena of nanostructures-cell interaction are the changes in cell adhesion, spreading and morphology, which provide cues to predict cellular functions. Studies have explored the influence of different nanotopographies on the adhesive/spreading behavior of various cell types, some of them summarized in Table 1. Nanotopography has been vastly employed to control cell differentiation with especial emphasis on enhancing tissue integration in bone implants (Chen et al., 2018). Due to the easy manufacturing, first attempts were conducted by using the surface roughness strategy. However, the lack of control in the produced structures, and poor reproducibility, prompted the use of lithographic techniques to fabricate nanostructured biocompatible materials that promote osteointegration (Figure 1C and Table 1).
TABLE 1 | Influence of nanotopographies on cell response.
[image: Table 1]In many cases, the assembly of membrane receptors into fully functional microcomplexes requires of both ligand occupancy and receptor clustering. Spatz and coworkers used BCML to create ordered gold nanopatterns coated with the integrin receptor ligand arginine-glycine-aspartic acid (RGD), present in many ECM proteins. The gold nanodots, of less than 8 nm in diameter, allowed the binding of one integrin per dot and were positioned at different interdot spacings on a non-fouling substrate. Authors observed that a ligand spacing of more than 73 nm impairs integrin clustering, cell adhesion and spreading, and dramatically reduces the formation of FAs and actin stress fibers (Arnold et al., 2004). Since this seminal work, BCML has been used in a number of cell studies, showing the prevalence of local over global ligand density (Deeg et al., 2011) (Figure 1D and Table 1), and that integrin clustering influences many aspects of cell behavior, including cell differentiation (Table 1). More recently, Roca-Cusachs and coworkers used BCML to create cell adhesive nanopatterns on substrates of different rigidity, and they found that the optimal ligand spacing for cell adhesion increases as substrate stiffness decreases (Oria et al., 2017) (Table1).
The multivalent interactions between ligand and receptors, in which the simultaneous binding of multiple ligands on receptor complexes takes place (Kiessling et al., 2006), have been extensively used to study receptor clustering and the downstream signaling in cells. Self-assembled diblock copolymers of polystyrene-blockpoly(methyl methacrylate) (PS-b-PMMA) were used to produce nanopatterned substrates able to establish multivalent interactions between surface-bound ephrinB1 ligands and membrane EphB2 receptors. The preclustering of ephrinB1 ligands in the nanopatterns resulted in a more efficient and faster receptor oligomerization kinetics compared to the traditional cross-linked ligand presentation (Hortigüela et al., 2018). Also, dendrimer nanopatterning of RGD-functionalized dendrimers was used to study the effects of the local RGD ligand density on the adhesion, differentiation, and gap junction intercellular communication (GJIC) of mesenchymal stem cells (Lagunas et al., 2017; Casanellas et al., 2020; Casanellas et al., 2022) (Figure 1E).
5 CONCLUSIONS AND PERSPECTIVES
Nanoscale cell-environmental interactions regulate cell behavior. Nanotopography produced by lithographic techniques and/or by the self-assembly of molecular scale architectures effectively mimics those interactions, helping to direct particular cell responses and providing information about the underlying mechanisms. We expect that further advances in the field by including stimuli-responsive materials, combined with super-resolution microscopies, will bring more detailed information on the molecular mechanisms that direct cell function, unveiling traits that are normally hidden by the ensemble average in bulk experiments. This will provide an otherwise unavailable insight on the cell interactions at the nanoscale so that they can be used to systematically drive cell responses by fabricating the appropriate nanotopographical substrates, with potential applications in translational medicine.
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Based on the Web of Science Core Collection (WOSCC) database, the academic works published in the past 30 years on biodegradable films for soil were analyzed. In order to ensure the rigor of this experiment, this paper is based on the mathematical double matrix model VOS Viewer software and CiteSpace software. This work shows that publications of biodegradable films for soil are increasing year by year; polymer science is the hottest subject in the field of biodegradable films for soil; China and the United States are the countries with the most significant number of publications in this field, has an important position; Washington State University is the most published institution. This study further identifies and reveals the essential characteristics, research strength, knowledge structure, main research fields, and research hotspots in the late stage of the field of biodegradable films for soil and introduces the Activity Index (AI) and the Attractive Index (AAI), thereby assessing trends and performance in different countries. The paper also further illustrates the importance of biodegradable films by presenting field trials using biodegradable films on different plants. The research in the field of biodegradable films for soil is divided into four categories: “The research field of degradation,” “The effect of biodegradable film on soil,” “Performance and mechanism of the biodegradable film,” and “Effects of biodegradable film on crop growth and development.”. The study can be seen as a microcosm of the development of biodegradable films for soils, which will help researchers quickly identify their general patterns. Readers can better understand the changes and development trends in this field in the past 30 years and provide references for future research.
Keywords: biodegradable film, soil, quantitative analysis, hot frontiers, knowledge structure
1 INTRODUCTION
With the continuous improvement of the level of global industrialization and urbanization, the world today is undergoing tremendous changes unseen in a century, and the ensuing energy crisis and environmental problems have attracted significant attention from leaders of various countries (Titirici et al., 2015; Luo et al., 2021; Zhang et al., 2021). Soil is a fragile, non-renewable resource whose health and sustainable development are affected by human activities and natural processes (Bouma, 2014; Keesstra et al., 2016). Plastic film is a material applied to or grown on the soil surface (Liang et al., 2002). At the same time, due to the lack of biodegradability of plastic itself and the massive and inappropriate use of human beings, more and more plastic wastes are found in natural ecosystems such as soil, wetlands, rivers, and oceans, bringing a substantial environmental impact to the earth and ecological crisis (Barboza et al., 2018; Deng et al., 2019).
When the soil is covered with film, it will promote the growth and development of annual and perennial crops and increase the yield (Schonbeck and Evanylo, 1998; Weber, 2003; Liu et al., 2014). Today, the most common film for soil is plastic film. Plastic film can effectively improve the field microclimate for crop growth, increase crop yield, and enable crops to develop well in soils with limited moisture (Kader et al., 2017; Lamont, 2005; R. Li R et al., 2021). However, the residues of plastic film will seriously harm the ecological environment and have a series of adverse effects on the soil, such as reducing soil porosity, soil water content, and increasing soil bulk density (Y. L. Qi Y. L et al., 2020). Therefore, to ensure the sustainability of the ecosystem, protect the ecological environment, and alleviate the energy crisis, the development and use of new film materials have become a new trend in the research progress of soil film. To date, various films have been developed that can be degraded by microorganisms in the soil, including paper films (Siwek et al., 2019), oxidatively degradable plastic films (Nagashima et al., 2012), and biodegradable films (Hayes et al., 2017; Saglam et al., 2017; Serrano-Ruiz et al., 2018). Biodegradable materials that can be degraded by microorganisms (bacteria, fungi, or algae), either from renewable or fossil fuel resources or a mixture of both (Vroman and Tighzert, 2009). The products of this decomposition are water, carbon dioxide, or methane (only under anaerobic conditions), with no residues or new organisms (Orgiles-Calpena et al., 2014; Siwek et al., 2019). The biodegradable film is innovative biotechnology designed to maintain traditional plastic film production properties (Siwek et al., 2019). American Society for Testing and Materials (ASTM) (Gueymard et al., 2002) defines the biodegradable film as a material that can degrade from natural microorganisms such as bacteria, fungi, and algae.
Over the past three decades, numerous academic papers have been published on biodegradable films for soil. However, these substantial scientific achievements are not conducive to our quick grasp of hot spots and insight into future directions. To more fully illustrate the importance of biodegradable films to soils, rigorous quantitative analysis and statistical justification based on mathematical models are required. A significant disadvantage of conducting retrospective studies under traditional methods is the reliance on limited publications to create personal biases that can lead to biased and flawed results. In contrast, bibliometric analysis overcomes the subjective factors in traditional reviews. It can quantitatively explore knowledge structures, research hotspots, and insights into specific scientific fields by comprehensively filming all literature in a selected period and omitting crucial literature. New Insights (Yeo et al., 2014). Bibliometric analysis is a new data-driven method that applies statistical methods to scientific results and is widely used in research trend detection, institutional cooperation analysis, national cooperation analysis, changes in subject areas, etc., with knowledge-oriented quantitative functions (Kapanen et al., 2008; Y. Q. Sun et al., 2019; Tan et al., 2021; Zhou et al., 2018). By filtering and processing a large amount of information, the correlation between various data can tap the potential value of knowledge. As mathematics, statistics, and computer science underlie its discipline, bibliometrics can provide intuitive data analysis and accurate insights into the progress of scientific research (Durieux and Gevenois, 2010; Bornmann and Mutz, 2015). The purpose of this paper is to perform bibliometric analysis using the analysis tools that come with Web of Science (WOS), VOS Viewer software, and CiteSpace software (C. M. Chen, 2006; van Eck and Waltman, 2010), and a comprehensive review and in-depth assessment of the research field of biodegradable films for soils, with unique insights into its prospects and opportunities, shed light on current research hotspots and knowledge gaps.
This study is mainly carried out from four perspectives: 1) Understanding the research strength of biodegradable films for soil (publication trends, representative countries, institutions, essential subject areas, citations, and representative journals); 2) Recognize the knowledge structure of this research field; 3) Reveal the changing trend of research topics and research hotspots; 4) Determine future research directions in this field.
2 METHODOLOGY AND DATA
2.1 Data source and retrieval
The critical research work of this study is determined to be 30 years from 1992 to 2021, and related articles on biodegradable films for soil are carried out in the Web of Science Core Collection (ScienceCitation Index Expanded, SCIE) database, and the retrieval time is 2022 April 24. The reason why the WOSCC database is selected for search is that compared with other databases (PubMed and Scopus), it contains more than 10,000 subject fields such as environment, medical care, ecology, agriculture, etc., and has international authority, great influence, high quality and long history of research data (Harzing and Alakangas, 2016; Mongeon and Paul-Hus, 2016; Zhao, 2017). In order to avoid bias due to the daily update of the WOS database, the articles required for the search were conducted within 24 April 2022, and articles published from 1 January 2022, onwards were excluded because, from this period, Any collection from that year will include incomplete bibliometric data for that year. The retrieval parameters for biodegradable membranes for soil are set as (TI = ((“biodegradable*” OR “biological degradation*” OR″biodegradation*” OR″bio degradable*” OR “biodegradability*”) and (“ film*” OR “films*” OR “ film film*” OR” film films*” OR “ film*” OR “ films*” OR “cover*”) and (“soil*” OR “land*” OR “farmland*” OR “cropland*” OR “cultivated land*”))) OR (AB = ((“biodegradable*” OR “biological degradation*” OR″biodegradation*” OR“bio degradable*” OR “biodegradability*”) and (“ film*” OR “films*” OR “ film film*” OR” film films*” OR ″ film*” OR ″ films*”OR"cover*”) and (“soil*” OR “land*” OR “farmland*” OR “cropland*” OR “cultivated land*”))), Search time range: (Time = 1 January 1992—31 December 2021).
The raw data analyzed in this paper is the content of 1222 publications in the field of biodegradable films for soils obtained from the Web of Science Core Collection (ScienceCitation Index Expanded, SCIE) database. Document types include 1086 research papers, 56 proceeding papers, 62 review papers, and 18 other types (meeting abstract, early access, editorial material, and note). These papers come from 200 institutions in 87 countries, covering 90 research directions, 200 published journals, and 200 authors. Most categories belong to the literature subject categories: Polymer Science, Environmental Sciences, Engineering Environmental, Agronomy, and Biotechnology Applied Microbiology.
2.2 Scientometric analysis methods
Referring to previous studies, for example, development trends and hotspots of global forest carbon sinks and natural disaster research (Huang et al., 2020; S. Shen et al., 2018), we employed two indexes, the Activity Index (AI) and the Attractive Index (AAI), to evaluate the relative effort to a research field and the relative impact made by a country in terms of citations of its publications. The AI indicates the relative effort a country puts into a research area, while the AAI shows the relative impact a country has had in attracting citations through its publications.
Activity Index (AI):
[image: image]
Attractive Index (AAI):
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In Eqs 1, 2, [image: image] is the Activity Index of country i in year t; [image: image] is the number of articles about a field published by country i in year t; [image: image] is the total number of a field publications in a country during the publication period; [image: image] is year t of global a field publications; [image: image] is the sum of global a field publications over a period of time. Similarly, [image: image] represents the attractiveness index of country i in year t; [image: image] is the citations of a field publications in country i in year t; [image: image] is the total number of citations of a field publications in country i over a period of time; [image: image] represents year t The global a field citations [image: image] in year t and t refers to the total number of a field citations in the same periodas as that of [image: image] AI = 1 and AAI = 1 represent the average level of global a field research work and academic impact, respectively. AI>1 or AI<1 means a country’s research work is above or below the global average; AAI>1 or AAI<1 means a country attracts citations greater or less than the global average.
In Eq. 3, ρjk represents the number of shortest paths between node j and node k, and ρjk (i) is the number of those paths that pass-through node i. In CiteSpace, nodes whose betweenness centrality exceeds 0.1 are called key nodes. At the documental level, each document’s importance in a co-citing network can be partially evaluated by the indicator of betweenness centrality (Ghisi et al., 2020).
3 RESULTS AND DISCUSSION
3.1 Characteristics of publication outputs
Figure 1 shows the number of articles published on biodegradable membranes used in soil from 1992 to 2021. The period from 1992 to 2000 was the initial stage, with 94 articles and an average annual publication of about 10.4. Although the number of articles is small, there are high-quality articles, such as Drumright, RE et al. (Drumright et al., 2000) in 1992, proving that polylactic acid (a biodegradable made of renewable resources, can produce H2O and CO2 after decomposition and hummus) can replace the plastics of petrochemical products and are used in many fields; 2001–2016 was a period of rapid growth, with a total of 542 publications and an average annual publication volume of about 33.9. The research in the field of the biodegradable membrane is more in-depth, and people’s research interest in this field is gradually increasing; 2017–2021 is an explosive growth stage, with a total of 586 papers published, with an average annual publication volume of about 117.2 papers, and in 2021 The number of publications reached its peak at 192.
[image: Figure 1]FIGURE 1 | The distribution of the number of articles published from 1992 to 2021.
3.2 Analysis of subject categories, countries, institutions, authors, and cited journals
3.2.1 Subject categories
The top 10 subject categories in biodegradable films for soil are shown in Table 1, with a 10-year cycle divided into 1992–2001, 2002–2011, and 2012–2021. The field of biodegradable films for soil includes Polymer Science (365 papers, 29.87% of the total); Environmental Sciences (287, 23.49%); Engineering Environmental (173, 14.16%); Agronomy (87, 7.12%); Biotechnology Applied Microbiology (76, 6.22%); Chemistry Applied (75, 6.14%); Engineering Chemical (62, 5.07%); Water Resources (57, 4.66%); Soil Science (56, 4.58%) and Horticulture (53, 4.34%). It is worth noting that Polymer Science and Environmental Sciences fields accounted for more than 50% of the total number of articles, which shows that these two fields are the main research fields of biodegradable films for soil. From 2002 to 2011, publications in Agronomy, Chemistry Applied, and Horticulture increased significantly, with slow growth in other fields. It is worth noting that from 2012 to 2021, the publications in the fields of Agronomy, Chemistry Applied, and Horticulture still increased significantly, which shows that research in these three fields will still become the future research hotspots and trends.
TABLE 1 | Article output in ten subject categories for research on biodegradable films for soil.
[image: Table 1]3.2.2 Country
To date, 87 countries worldwide have contributed to the field of degradable films for soil. Table 2 lists the top 10 most productive countries in this field. Visual analysis and mapping of study countries were performed using WOSCC database statistics and VOS Viewer software (Figure 2). Each node in Figure 2 represents a different country, the node’s size represents the scientific output of that country, and the colors and lines of the nodes represent different clusters based on the co-creation matrix of the corresponding country. The line between the two nodes represents the knowledge cooperation between countries, and the thickness of the line represents the degree of cooperation. The stronger the connection between the two nodes, the deeper the connection and cooperation between the two countries. The VOS Viewer software sets the parameter as the number of national publications greater than or equal to 1.
TABLE 2 | Top ten most productive countries in terms of relevant articles.
[image: Table 2][image: Figure 2]FIGURE 2 | Knowledge map of cooperation between countr (freqiesuency ≥ 1).
In the field of biodegradable films used in soil, China and the United States are the most representative countries, of which China has published 231 papers, accounting for 18.90% of the world; TCa value is 4,592 times, TC/Pb value is 19.88, the h-index value is 32; followed by the United States (230, 18.82%, 11,782, 51.23, 46), the TC/Pb value of the United States is the highest among the top ten countries, at 51.23, and the h-index value is also the highest, at 46. Although the number of publications in the United States is not the highest among the top ten countries, the h-index calculated by the system is the highest due to the highest number of citations. It can be seen that the United States has tremendous academic influence. As shown in Figure 2, the United States and China have the most frequent cooperation, followed by the United States and India and China and India.
Currently, the United States uses about 450,000 tons of agricultural plastics every year, and China uses plastic films, with an estimated 12,500–140,000 tons of film applied annually, covering about 20 million hectares or 12% of China’s arable land (Liu et al., 2014; Tremblay, 2018). It can be seen that the United States and China have strong financial and policy support for the field of biodegradable films for soil. Of course, other countries have also made great efforts and contributions to the development of this field. However, there is still little cooperation between different countries, and more cross-country cooperation among scholars is needed in the future.
3.2.3 Institution
In the same research field, cooperation between institutions can reflect the most productive organizational, professional information, and inter-institutional relationships, and the frequency analysis and bibliographic coupling analysis of institutions are done through bibliometrics. A total of 200 institutions worldwide have contributed to biodegradable films for soil. Table 4 summarizes the top ten institutions in this field regarding publication volume. To further explore the collaboration between institutions, taking into account the impact of citations on the results, the literature coupling method was compared with the co-occurrence analysis (Amirbagheri et al., 2019)can better demonstrate the complex relationship between elements, mine highly consistent unit clusters, and help scholars who are engaged in research in the same field to find potential cooperative units (Boyack and Klavans, 2010). Research institutions in this field conduct literature coupling analysis and mapping through VOS Viewer software. The setting parameters are that the number of papers published by the institution is greater than or equal to 1 (Figure 3).
[image: Figure 3]FIGURE 3 | Knowledge map of cooperation between institutions (frequency ≥ 1).
In the field of biodegradable films for soil, the most representative institution is Washington State University in the United States, which has published 47 papers, accounting for 3.85% of the world; TCa value is 895 times, TC/Pb value is 19.04, the h-index value is 17; followed by the University of Tennessee Knoxville in the United States (36, 2.95%, 806, 22.39, 15). Among them, the Centre National De La Recherche Scientifique CNRS in France has a high TC/Pb value of 40.57, h-index. The value is also the highest at 18, showing that the Centre National De La Recherche Scientifique CNRS has a tremendous academic influence. As shown in Figure 3, the United States and China have the most frequent cooperation, followed by the United States and India and China and India. Among the top ten institutions publishing papers, five institutions (50%) belong to the United States, and two institutions (20%) belong to China, indicating that China and the United States have played a leading role in research in this field, and the United States is more influential. Washington State University is not only the most productive institution in the field but also the most core and cooperative institution in the field. It is worth noting that while India ranks third in the world for research publications in this field, India does not have a single institution in the top ten publications. It can be seen that some of the articles in India are only in quantity, and there are few articles of high quality and value journals.
3.2.4 Cited-journal analysis
Related articles in the field of biodegradable films for soil have been published in a total of 200 journals in the Web of Science Core Collection (ScienceCitation Index Expanded, SCIE) database, and the top 10 journals with published papers (Table 3) and the number of citations Top 10 articles (Table 4). As can be seen from Table 3, JPolymer Degradation and Stability is the most published journal, with a total of 64 related articles, accounting for 5.24% of all articles, and the journal has a total of 27,899 citations; followed by Journal of Polymers and the Environment, published 62 related articles, accounting for 5.07% of all articles, and the journals were cited 6,899 times. Among the top ten journals with published articles, four journals belong to the United States, which shows that the United States has a very high research status in this field. It is worth noting that the top ten journals with published papers are all developed country journals. It can be seen that there are many types of research and articles on environmental protection, energy-saving, and consumption reduction in developed countries. In addition, the impact factor (IF) and JCI of these journals can also measure their value according to their role and status in science communication. Among them, “Carbohydrate Polymers” has the highest JCI of 1.99, which is 99% higher than the average citation impact of similar journals, and the IF value is 8.678, which indicates that the journal has significant international influence. There are seven journals whose citation impact (JCI > 1) and impact factor (IF > 4) are higher than the average citation impact of similar journals, and the remaining six journals are: “Polymer Degradation and Stability,” with a JCI value of 1.11, higher than similar journals The average value is 11%, and the IF value is 5.207; the JCI value of “Science of the Total Environment” is 1.66, which is 66% higher than the average cited the impact of similar journals, and the IF value is 7.842; the JCI value of “Agricultural Water Management” is 1.71. The citation impact is 71% higher than the average citation impact of similar journals, with an IF value of 5.12; the JCI value of the International Journal of Biological Macromolecules is 1.38, which is 38% higher than the average citation impact of similar journals, with an IF value of 6.737; the CI value of Waste Management The JCI value of International Biodeterioration & Biodegradation is 1.02, which is 2% higher than the average citation impact of similar journals, and the IF value is 4.719.
TABLE 3 | Top ten most productive institutions in terms of relevant articles.
[image: Table 3]TABLE 4 | Top ten journals with publication volume.
[image: Table 4]As can be seen from Table 4, two articles in the field of biodegradable films for soil have been cited more than 1000 times, namely “Advanced oxidation processes for organic contaminant destruction based on the Fenton reaction and related chemistry” published in 2006 and “Polylactic acid technology” published in 2000. These two articles are the most representative and have particular reference values and foundations for researchers to engage in research in this field. Pignatello, JJ et al. (Pignatello et al., 2006) published “Advanced oxidation processes for organic contaminant destruction based on the Fenton reaction and related chemistry,” which mainly describes the complex mechanisms of Fenton and Fenton-like reactions and the crucial factors affecting these reactions, in water and soil Applications in processing, with sections devoted to non-classical pathways, by-products, kinetic and process modeling, experimental design methods, soil and aquifer processing, the use of Fenton in conjunction with other advanced oxidation processes or biodegradation. “Polylactic acid technology,” published by Drumright, RE, et al. (Drumright et al., 2000), mainly describes the polylactic acid technology that can replace petrochemical products. Because of its biodegradability as a renewable resource, it can be actively applied in film and packaging, increasing the need for demand for agricultural products such as corn and sugar beets and reducing plastics’ dependence on oil.
3.3 Field experiments with biodegradable films for soil
The difference between the plastic film and biodegradable film used for the soil on tomatoes was explored through field experiments. It was found that compared with bare soil, both of them could increase the soil temperature respectively, and the plastic film was more significant, and the plastic film increased. The soil temperature ranged from 5.9°C to 6.9°C, while the biodegradable film was 5.5°C–5.8°C. Compared with bare soil, the increase in temperature under the film will limit soil microbial activity. Compared with bare soil next to the crop, plastic film, Its soil microbial biomass carbon (SMBC) decreased from 1703 ng g−1 to a minimum of 1005 ng g−1, and its soil organic matter mineralization (SOMM) decreased from 558 μg OM g−1 to a minimum of 451 μg OM g−1 for 15 days−1; while the biodegradable film decreased to a minimum value of 1183 ng g−1 and 499 μg OM g−1 15 days−1, respectively, showing that the negative impact of plastic film on soil microbial characteristics was more significant (Moreno and Moreno, 2008).
Due to plastic films, plastic residues may accumulate in the soil, which poses serious environmental problems for agroecosystems. As an alternative, biodegradable films are expected to reduce plastic debris accumulation and soil pollution. Yueling Qi et al. (Y. Qi Y et al., 2020) found that biodegradable plastic residues significantly affected rhizosphere bacterial communities and rhizosphere volatiles mixture. When harvested at 4 months, compared with the pH value of the blank control of 7.01, the pH values of the plastic film and the biodegradable thin film decreased, and the pH value of the plastic film decreased more significantly. The pH of Ma size and Mi size plastic films was 6.86 and 6.91, respectively, while the pH values of Ma-size and Mi-size biodegradable films were 6.91 and 6.96, respectively. Compared with the blank control C:N of 15.84, Mi-sized plastic film and Mi-sized biodegradable film are more significant, 19.43 and 18.84, respectively.
Biodegradable films are recommended as a viable option for conventional plastic films for winter rapeseed production. Xiao-Bo Gu et al. (Gu et al., 2017), a 3-year field experiment, systematically analyzed and compared conventional plastic films (PM) and biodegradable films (BM) and no plastic film filming (CK) on each index of winter rapeseed due to the degradation of biofilm, the increase of soil temperature and soil water storage in BM at 150 days after sowing was significantly lower than that of PM; The PM depth was 1.7 cm; the mean evapotranspiration (ET) in the BM group was 10.0% higher than that in the PM group and 10.4% lower than that in the CK group. BM’s average yield and water use efficiencies were 5.8% and 14.3% lower than those of PM and 38.4% and 54.5% higher than CK’s. The contents of erucic acid and glucosinolates in BM were lower than those in PM, while the contents of seed oil, protein, and oleic acid in BM and PM were not significantly different.
To determine the optimal biodegradable film for summer maize, Minhua Yin et al. (Yin et al., 2019) combined three biodegradable films (one with a fast degradation rate (BM1), one with a medium degradation rate (BM2), and one with a slow degradation rate (BM3)) were compared with plastic film (PM), and no film was used as a control (CK). Soil temperature and soil water storage increased significantly under BM1 (3.6°C higher at 5 cm and 2.4°C higher at 25 cm) and BM2 (3.7°C higher at 5 cm and 2.3°C higher at 25 cm) compared with CK before the biodegradable film degraded. The soil organic carbon of the CK group was 2.85%, 5.30%, 11.72%, and 15.07% higher than that of BM1, BM2, BM3, and PM, respectively; Average grain yield, water use efficiency, and net revenue in BM2 were 18.40%, 25.10% and 32.97%, 11.90%, 6.62% and 20.46%, 11.43%, 6.82%, and 15.71%, and 32.50%, 45.64% and 41.05% higher than in BM1, BM3, PM, and CK, respectively. The results show that, compared with BM1, BM3, and PM, the biodegradable film of BM2 can improve the soil environment, promote the growth of maize, increase the net income, and reduce the loss of soil organic carbon.
In order to verify the suitability of biodegradable films for peanuts to adjust soil temperature and moisture, improve photosynthesis and yield, Tao Sun et al. (T. Sun et al., 2018) combined four biodegradable films [0% (BM1), 10% (BM2), 15% (BM3) and 20% (BM4)], plastic film (PM), and no film (CK) were compared. The results showed that the soil temperature of the BM3 treatment was higher than that of the other three biodegradable films throughout the growing season. Compared with other treatments, BM3-covered peanuts maintained a higher leaf area index, chlorophyll content, and net photosynthetic rate in later growth stages.
Ning Chen et al. (Chen et al., 2020) investigated the effects of plastic film and biodegradable film on nitrogen absorption, distribution, and leaching in drip irrigation sandy land and found NO3-N concentration, N absorption, and NO3-N leaching under biodegradable film Unevenness increased with increasing nitrogen application rate. In the 0–20 cm soil layer, the NO3-N concentration of the biodegradable film increased by 3.9% compared with the plastic film. In arid areas, the biodegradable film can be used as a good substitute for plastic film to avoid plastic pollution, and In sandy farmland, the application of 210 kg ha−1 nitrogen fertilizer and the biodegradable film is the best solution.
Many scholars have compared plastic films for soil with biodegradable films in field trials, and appropriate film should be selected for different crops and geographical environments. However, the biodegradable film, with its superior characteristics and favorable factors for soil and plants, protects the ecological environment and biodiversity, maintains green and sustainable development, and the biodegradable film for soil has been obtained. More and more scholars supported and recommended and gradually entered the field of biodegradable films and carried out corresponding research.
3.4 Degradation process of biodegradable films
The biodegradation process of biodegradable films used in the soil is mainly divided into three basic steps (Figure 4): 1) Microbial colonization of the surface of biodegradable films by bacteria and fungi in the soil. 2) The biodegradable film fragments undergo enzymatic depolymerization by extracellular hydrolases. Moreover, 3) Microorganisms absorb and utilize monomers and short oligomers to release CO2, generate energy, and promote the activity of soil microorganisms and the cycle of nutrients (Sander, 2019).
[image: Figure 4]FIGURE 4 | Main degradation processes of biodegradable films for soil.
3.5 Analysis of the activity index and the Attractive Index
In this part, we use the Activity Index (AI) and the Attractive Index (AAI) to evaluate the temporal changes in research and academic impact for selected countries. Considering there is usually a lag between when an article is published and cited, we set the time horizon for the attraction index to be 2 years later than the activity index. The starting year of the Activity Index for a given country is when the country first published an article in the field. Therefore, the activity and Attractive Index’s time horizons are set as 1992 to 2019 and 1994 to 2021, respectively. The Activity Index (AI) and Attractive Index (AAI) of the top 10 countries with the most publications were calculated (Supplementary Tables S1, S2) and presented in a quadrant diagram (Figure 5). The reference line (y = x) reflects how a country’s research efforts are balanced against the impact it cites in field research. These selected countries have undergone four types of evolution. Quadrants 1-4 in Figure 5 represent four different situations, respectively. The points in the first quadrant represent the years in which the country’s Activity Index (AI) and Attractive Index (AAI) are both higher than the global average; Dots represent years in which the country’s Attractive Index (AAI) is higher than the global average, and the Activity Index (AI) is lower than the global average; the dots in the third quadrant represent the country’s Activity Index (AI) and Attractive Index (AAI) are both low Years in which the country’s Activity Index (AI) is above the global average. The Attractive Index (AAI) is below the global average.
[image: Figure 5]FIGURE 5 | Relational chart of AI and AAI from 1992 to 2021 for 10 countries/regions.
Comparing country performance using the Activity Index (AI) and the Attractive Index (AAI) shows that, in most years, the United States, Italy, Japan, and France have higher research effort and academic influence than the global average; China, India, Malaysia, Brazil Research effort and academic impact in, Poland and Spain are below the global average in most years. But developing countries (China, India, Malaysia, Poland, and Brazil) have surpassed the global average since 2019, which means research, technology, and economies in developing countries are starting to improve; developed countries (US, Italy, Japan, France and Spain) research effort and impact declined relatively over the same period. However, developed countries still significantly influence and status on the research of biodegradable films for soil. Furthermore, China and Poland are relatively close to the reference line in terms of the distance between the points representing a particular country and the reference line, which means that their research efforts are balanced against the impact of citations.
3.6 Keywords in different countries
This field has been extensively studied worldwide based on biodegradable films for soil. However, the subjects studied vary from region to region due to differences in geographical features, history, and economic and climatic conditions. Figure 6 provides the five most frequently used keywords in the ten most influential countries. Keywords vary from country to country. For example, from 1992 to 2021, the most frequently used keywords in China are “degradation” (34 times, centrality is 0.62), “water use efficiency” (34 times, centrality is 0.05), “temperature” (21 times, centrality 0.06), while the most frequently used keywords in the United States are “degradation” (33 times, centrality 0.46), “film” (22 times, centrality 0.2), and “soil” (21 times, centrality 0.22). It is worth noting that, as seen from Figure 6, among the keywords of 10 countries, the betweenness centrality of the keyword “degradation” is more significant than 0.1, which shows that it is used as a critical node in different countries. Other keywords play an excellent role in mediating connections.
[image: Figure 6]FIGURE 6 | The 10 most frequently used keywords in the 10 most influential countries. Note: In the picture, China includes mainland China only.
3.7 Knowledge structure and sub-fields
As the core of a document, keywords are words with substantive meaning condensed from the document’s leading content and have a high guiding role for academic research in a field. Keyword co-occurrence is to mine the relationship between high-frequency keywords. If a particular keyword appears in different documents with high frequency simultaneously, their correlation is very close, representing the hot research in this field. Only considering the relationship of the keyword dimension for clustering has certain limitations, ignoring the influence of cooperative relationships (such as countries, authors, institutions, and journals), and it is not easy to deeply interpret the Frontier fields in terms of classification. Therefore, this study constructed a bimodal matrix, that is, systematic clustering analysis of high-frequency keywords. Citespace software has diversified, time-sharing, and dynamic citation visualization analysis, allowing readers to understand a topic’s knowledge domain through visualization (C. M. Chen et al., 2010; Xie, 2015). The keywords in the field of biodegradable films for soil were visualized and analyzed by VOS Viewer software (Figure 7A); Visualize the data to draw a graph of keyword co-occurrence (Figure 7B) and a graph of keyword clusters (Figure 7C). In Figure 7A, blue, red, green, and yellow represent four clusters; the color of the section in Figure 7B represents the year, the size of the node represents the number or frequency, the larger the node, the more the number or frequency; The line between them represents the strength of the association, and the color of the line represents the change in the years of cooperation. In addition, the thicker the node ring, the higher the frequency of terms, and the thicker the line between nodes, the closer the distance between them (Ping et al., 2017); Figure 7C performs a top ten systematic clustering of all related keywords.
[image: Figure 7]FIGURE 7 | Keyword co-occurrence and clustering knowledge graph.(A)Based on VOS Viewer software.(B)Based on CiteSpace software.(C)Based on CiteSpace software.
As can be seen from Figure 7A, the keywords are clustered into 4 clusters, which are the yellow clusters represented by “biodegradation,” “polymers,” and “polyethylene”; the yellow clusters represented by “soi,” “water,” and “bacteria” Red clusters; green clusters represented by “biodegradability,” “films” and “starch”; and blue clusters represented by “growth,” “yield” and “film.” It can be seen from Figure 7B that the node with the keyword “degradation” is the most significant, indicating the highest frequency of occurrence, followed by the keywords “mechanical property,” “soil,” “biodegradation,” “film,” and “blend.” Through keyword clustering, the keywords are systematically clustered into 10 clusters such as “food packaging,” “degradation,” and “aliphatic polyester."Using CiteSpace software, 1222 articles about the field of biodegradable films for soil were analyzed by time-segment keyword, as shown in Table 5. The keyword “degradation,” the most critical node, has the most significant number and the highest betweenness centrality in the first two periods. It is worth noting that although the number of this node has been increasing in the three periods, the betweenness centrality is decreased from 0.45 in 1992–2001 to 0.18 in 2012–2021, indicating that its ability to act as a medium began to decline; at the same time, the betweenness centrality of the keyword “biodegradation” reached 2012–2021. The highest value is 0.19, which exceeds “degradation.” It can be seen that the research on biodegradation has gradually replaced the research on degradation, and biodegradation will continue to be a hot research direction for researchers in the future.
TABLE 5 | Top ten cited articles and journals.
[image: Table 5]In summary, the research on biodegradable membranes for soil can be divided into four main categories of knowledge structures (Figure 8): The research field of degradation, The effect of biodegradable film on soil, the Performance and mechanism of biodegradable film, and the Effects of biodegradable film on crop growth and development.
[image: Figure 8]FIGURE 8 | A map of knowledge structures for biodegradable film for soil.
3.7.1 The research field of degradation
Synthetic polymers are mainly derived from petrochemical raw materials (crude oil, natural gas) and have a very long period of self-degradation, which can last for decades or even hundreds of years. According to statistics, synthetic polymers account for nearly 98% of the polymer materials currently produced, of which more than 80% are produced by petrochemicals (Song et al., 2009; Galizia and Bye, 2018). Plastics are resistant to microorganisms, and due to their short existence in natural evolution, it is impossible to design new enzymatic structures capable of degrading synthetic polymers (Mueller, 2006). The dramatic increase in production and lack of biodegradability of some polymers, such as plastic films for packaging, industry, agriculture, etc., has drawn public attention to the enormous environmental accumulation and pollution problems that may persist for decades or even centuries (Malizia and Monmany-Garzia, 2019). Biodegradable materials can degrade and have faster degradation rates in municipal and industrial biological waste treatment facilities, opening the way for the development and innovation of waste management strategies (Witt et al., 1997; Raddadi and Fava, 2019). Therefore, the research and development, promotion, and use of biodegradable materials have become the general trend in the future.
3.7.2 The effect of biodegradable film on soil
Nowadays, biodegradable materials are gradually accepted by society, and after they are used in soil, they can be decomposed by bacteria in the soil environment (Purahong et al., 2021; Tanunchai et al., 2021). However, the impact of these natural degradation processes on soil bacteria is unclear, and it is feared that the decomposition of the biodegradable film by bacteria will disrupt the soil bacterial community structure (Breza-Boruta et al., 2016). Several studies have shown that biodegradable film results in increased microbial biomass and enzymatic activity in soil (Bonanomi et al., 2008; Yamamoto-Tamura et al., 2015), increased soil fungal abundance (Rychter et al., 2006; Ma et al., 2016), and altered soil microbial community structure (C. H. Li et al., 2014; Muroi et al., 2016), ultimately altering carbon cycling and storage in soils. Masui A et al. (Masui et al., 2011)proved that if the biodegradable film is used in the farmland in the usual way and frequency and then plowed into the farmland, there is almost no pressure on the soil environment, but it has a significant impact on the soil environment such as the soil bacterial community. Rong Li et al. (R. Li et al., 2016)used polyethylene film (PM), biodegradable polymer film (BM), corn stover (MM), liquid film (LM), and uncovered film in a field experiment on the Loess Plateau of China over 3 years. Comparing the control (CK), five film treatments verified that the biodegradable film could significantly improve the soil moisture and temperature conditions in the semi-arid Loess Plateau and reduce soil environmental pollution compared with other treatments. Biodegradable film fragments added to soil are generally considered safe from a toxicological standpoint. For example, Sforzini S et al. (Sforzini et al., 2016) tested a starch copolyester blend, Mater-Bi R, showing no ecotoxicity effects, and Ardisson GB et al. (Ardisson et al., 2014)verified experimentally that biodegradable film fragments did not negatively affect nitrification potential effect.
3.7.3 Performance and mechanism of biodegradable film
The biodegradable film is a biodegradable aliphatic-aromatic copolymer with excellent tensile strength and toughness (Raquez et al., 2008). Although the degradation of these biodegradable films facilitates their export management, the various properties of the films (water vapor permeability, mechanical and radiation properties) also gradually decline over time (Briassoulis, 2007; Bilck et al., 2010). In addition to self-aging, degradable thin films undergo biodegradation mechanisms by soil bacteria (W. Wang et al., 2021), fungi (Kessler et al., 2014), microbial enzymes (Bhardwaj et al., 2013), and other factors (animals, earthworms, ants). Biodegradable films can also be blended with biodegradable polymers to improve processability and mechanical properties. Touchaleaume F et al. (Touchaleaume et al., 2018), by comparing the field experiments of biodegradable film mixtures (PBAT/PLA, PBAT/PPC, and PBAT/starch), verified the degradation status of the biodegradable film and the location of the material, soil burial The different aging mechanisms occurred at the site and the upper part of the soil, and although the mechanical properties decreased due to factors such as ultraviolet rays, the biodegradability of the material did not change even after 18 months of field aging (Xiang et al., 2021), verified that the inhibitory effect of heavy soil metals on biodegradability combined with three-dimensional cross-linked superabsorbent polymers can effectively reduce the nutrient release of the biodegradable film. Javadi et al. (Javadi et al., 2010), blended the polyhydroxyalkanoate copolymer poly (3-hydroxybutyrate-co-3-hydroxy valerate) with a biodegradable film by microporous and conventional injection molding, significantly improving its toughness. Biodegradable materials can be combined with organic materials, such as food, vegetable waste, and manure, to generate carbon-rich composts (Mujtaba et al., 2021), which must maintain their physical and mechanical properties at the time of use, but also at the end of use. Composted or biodegraded by microorganisms (Abu Qdais and Hamoda, 2004). Most ecotoxicity studies have been performed after the biodegradable film has degraded in soil or compost (Kapanen et al., 2008; Ardisson et al., 2014). In contrast, the biodegradable film may be abiotically degraded in contact with the natural environment before entering soil (such as hydrolysis) (Kapanen et al., 2008). H. Serrano-Ruíz et al. (Serrano-Ruiz et al., 2020) found that BDP releases compounds in the aqueous environment before biodegradation begins. Fertilizer coating is a general controlled release method. The coating material insulates the fertilizer from the soil and slowly dissolves into the soil—the role of proportionality (Ge et al., 2002). Lu P et al. (Lu et al., 2016) studies have shown that polymer-coated urea (PCU), a new type of controlled-release fertilizer, is biodegradable in soil compared to conventional starch coatings and is more efficient in water and soil. They have a reduced nitrogen release rate. For some dry regions worldwide, superabsorbent polymers as coating materials can add moisture retention to fertilizers (Bao et al., 2015). Sarmah D et al. (Sarmah and Karak, 2020)conducted experiments on the superabsorbent hydrogel of starch-modified polyacrylic acid and found that it can be used as a controlled release carrier and water retention agent in different fields.
3.7.4 Effects of biodegradable film on crop growth and development
Covering the soil with the plastic film will promote the growth and development of annual and perennial crops and increase the yield. Film can effectively improve the field microclimate for crop growth, increase crop yield, and enable crops to develop well in soils with little water (Lamont, 2005; R. Li R et al., 2021). Experiments have shown that the application of biodegradable film in the soil can promote the growth and development of crops such as pepper (Mari et al., 2020), tomato (Cirujeda et al., 2012; Abduwaiti et al., 2021), corn (N. Chen et al., 2021), and cotton (L. X. Shen et al., 2019; Z. H. Wang et al., 2019). The utilization rate of water is conducive to increasing temperature and moisture, promoting the increase of output and bringing more excellent economic benefits. Biodegradable film can eventually be integrated directly into the soil, where soil microbes convert carbon dioxide or methane, water, and biomass for uptake by some crops (Immirzi et al., 2003). Caruso G et al. (Caruso et al., 2019) validated that the use of biodegradable film in soil resulted in a 17.4% higher Phytoanalytical Development (SPAD) index of growing leaves and a significant improvement in Perennial wall rockets’ leaf quality.
3.8 Research Frontier identification
Using CiteSpace software for explosive detection of literature, Table 6 shows the top 25 explosive keywords. From the most intense keywords, we can determine the development of keywords and potential research topics (Y. N. Li Y. N et al., 2021), which can be clearly defined. See when keywords appear, when they end, keyword strength, and predict future research trends in hot areas. As shown in Table 6, the earliest and longest-lasting keyword was “bacteria” in 1998, with a burst intensity of 3.74, lasting 17 years. The keyword “poly (3 hydroxybutyrates)” had the highest burst strength of 5.63. In addition, we can see that 8 explosive keywords such as “impact”, “nanocomposite”, “quality”, “water use efficiency”, “crop”, “moisture”, “chitosan” and “carbon” have been emerging in recent years. It will continue to explode in 2021, so it can be speculated that these keywords will still become the hot research direction of scholars and institutions in this field. From these eight keywords, it can be concluded that in the future, scholars and institutions in the field of biodegradable soil films will shift from single research to more diversified research, focusing on the ecological and environmental protection of biodegradable films, crop growth, and development, and research on soil traits.
TABLE 6 | Related keywords of biodegradable films for soil in different periods from 1992 to 2021.
[image: Table 6]Combined with the analysis results of keyword clustering analysis, the emerging research fronts of biodegradable films for soil are summarized as follows: removal and disposal of traditional polyethylene film remain significant agronomic, economic, and environmental constraints; biodegradable plastic films transform soil carbon dioxide, water, and natural matter through microbial activity, contributing to microclimate change, soil biota, soil fertility, and crop yield. It has positive effects; biodegradable films are widely used in agriculture to increase crop yield, soil moisture, and increase soil temperature by suppressing weeds and protecting crops; microplastics may interact with soil physicochemical properties and organisms, negatively affecting plant growth Impact, to mitigate environmental plastic pollution, biodegradable films are replacing non-biodegradable polymers; excess plastic residue soils lead to soil pollution, vegetation destruction in horticulture and agriculture. Biodegradable films are considered ideal substitutes for traditional plastics due to their biodegradable properties to reduce plastic waste and promote ecologically sustainable development; chitosan, as new film material, can be exceptional. The biodegradability of the enhanced film, its co-use with other materials, and its contribution to the ecological soil environment system needs to be further studied. Table 7.
TABLE 7 | Top 20 keywords with strongest citation bursts.
[image: Table 7]4 CONCLUSION
This paper presents a retrospective evaluation of the field of biodegradable films used in soils over the past three decades from a bibliometric perspective. Through quantitative analysis and network mapping, we identified the most influential subject categories/countries/institutions/journals, understood collaborative networks, and visualized the evolution of keyword co-occurrence networks.
Many scholars have compared the best choices of different plants for soil plastic films and biodegradable films in field experiments. The results show that biodegradable soil films are supported and recommended by more and more scholars due to their superior characteristics. Moreover, it gradually entered the field of biodegradable films and carried out corresponding research.
Comparing country performance using the Activity Index (AI) and Attractive Index (AAI) shows that developing countries (China, India, Malaysia, Poland, and Brazil) have surpassed the global average since 2019, meaning that research in developing countries, technology, and the economy began to improve; however, developed countries still have a significant influence and position in the research of biodegradable films for soil. Furthermore, China and Poland are relatively close to the reference line in terms of the distance between the points representing a particular country and the reference line, which means that their research efforts are balanced against the impact of citations.
As the concepts of environmental protection, energy saving, low carbon, emission reduction, and sustainable development are highly praised worldwide, the research on biodegradable films will continue to increase. Transforming biodegradable membranes will become a research hotspot and research trend for membranes used in soil, and future research trends in this field will be diversified in many countries. Scholars and institutions engaged in biodegradable soil film will shift from single research to diversified research, focusing on the research field of degradation, the effect of biodegradable film on soil, performance, and mechanism of biodegradable film, and the effects of biodegradable film on crop growth and development.
This study can be seen as a microcosm of the field of biodegradable soil membranes, and it will help researchers quickly identify their general patterns. Readers can gain exciting information from the rich bibliometric data. There are still some limitations of this study; the data in this paper are only from the Web of Science Core Collection (ScienceCitation Index Expanded, SCIE) database and may not include other citation information. Despite the above limitations, this paper can provide suggestions for scholars interested in identity recognition to help them understand development trajectories and statistical models more quickly.
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Cellulose is one of the most abundant organic compounds in nature and is available from diverse sources. Cellulose features tunable properties, making it a promising substrate for biomaterial development. In this review, we highlight advances in the physical processes and chemical modifications of cellulose that enhance its properties for use as a biomaterial. Three cellulosic products are discussed, including nanofibrillated, nanocrystalline, and bacterial cellulose, with a focus on how each may serve as a platform for the development of advanced cellulose-based biomaterials for Biomedical applications. In addition to associating mechanical and chemical properties of cellulosic materials to specific applications, a prospectus is offered for the future development of cellulose-based biomaterials for biomedicine.
Keywords: cellulose, nanocellulose, hydrogel, biomaterial, biomedicine
INTRODUCTION
Cellulose is the most abundant, broadly-distributed natural polymer in the world (Moon et al., 2011). It is composed of glucose residues linked by β-1,4-glycosidic bonds. Natural fibers from cellulosic feedstock and synthetic cellulose are used in textiles, food, construction, and many other industries (Zhu et al., 2016; Yang et al., 2021). The biocompatibility, biodegradability, water-retention capacity, renewability, and tunability of cellulose make it an ideal biopolymer for use as a biomaterial (Bhaladhare and Das, 2022). In general, cellulosic materials are considered to be environment-friendly and are low-cost when compared to other conventional synthetic materials (Hickey and Pelling, 2019). Cellulose polymers for biomaterials may be produced either by chemical synthesis or biosynthesis. Feedstock from a variety of sources (e.g., plants, animals, and microbes) serve as substrates to produce cellulose-based materials (He et al., 2016; Okeyoshi et al., 2018).
Over the past decade, there has been renewed interest in the use of cellulosic feedstocks to produce biofuels as fuel prices fluctuate erratically and use of fossil fuels continue to contribute to geopolitical instability and climate change (Ceballos, 2017; Kumar et al., 2020; Saravanan et al., 2022). In addition, other research has focused on the physical and chemical properties of cellulose for the development of cellulose-based biomaterials (Habibi, 2014; Agarwal and Csóka, 2019; Tarrahi et al., 2022). It has been shown that cellulose fibers produce elongated fibrillary structures or intact rod-like crystalline particles in the nanoscale range when subjected to mechanical shearing or controlled acid hydrolysis (Klemm et al., 2011). This is advantageous because it permits useful modifications to the macromolecular structure of cellulose (through a variety of chemistries) with nanoscale tunability for a myriad of sophisticated applications (Habibi, 2014).
Several reviews are published on using nanoscale, structured cellulosic substrates (i.e., nanocellulose) in biomaterials. These are mainly focused on sourcing, isolation, fabrication, and surface modifications to cellulose (Hickey and Pelling, 2019; Moohan et al., 2020; Sood et al., 2021; Mali and Sherje, 2022). Although these reports offer details regarding synthesis of cellulosic materials, forming composites, and current applications for cellulosic biomaterials (Agarwal and Csóka, 2019; Tarrahi et al., 2022), few is focused on the compatibility between particular physical processes and chemical properties and the suitability of the resulting nanocellulose-based materials for specific biomedical applications. Here, we aim to connect the features of cellulose-based materials based on their physical and chemical properties to biomedical applications. This review addresses different types of cellulose-based substrates (e.g., nanofibrillated, nanocrystalline, and bacterial cellulose) and the benefits of selected chemical and physical treatments that are amenable for biomedical applications of cellulose-based materials.
MODIFICATIONS IN THE SYNTHESIS OF CELLULOSE-BASED BIOMATERIALS
Over the last decade, improvements for the use of cellulose as a biomaterial have included modifying surface properties and constructing cellulose-based composites to serve a wider range of applications (Habibi, 2014; Jorfi and Foster, 2015). Structured cellulose with nanoscale features (i.e., nanocellulose) that include a high aspect (i.e., length-to-width) ratio and a large (micro- to macroscopic) surface area (Agarwal and Csóka, 2019) can be broadly classified as either nanofibrillated cellulose (NFC), nanocrystalline cellulose (NCC), or bacterial cellulose (BC) depending upon its source and properties (Lin and Dufresne, 2014). Functionality of cellulosic materials can be modified surface alterations, including physical adsorption of molecules, attachment of chemical moieties, and derivatization by one or more functional groups (Figure 1).
[image: Figure 1]FIGURE 1 | Modifications in the synthesis of cellulose-based biomaterials.
Modifications by physical or mechanical processes
Mechanical shearing laterally disintegrates cellulose fibers into sub-structural nanoscale units, called nanofibrils, resulting in nanofibrillated cellulose (NFC) (Habibi, 2014). Rigorous mechanical disruption produces NFC, which features fibrils on the order of several microns (Orlando et al., 2020). Three main technologies, homogenization, microfluidization, and microgrinding, are widely used for mechanical treatment of substrate leading to NFC. For example, a high-pressure homogenization method, which combines a homogenizer and a microfluidizer, is one of the most common substrate treatments due high defibrillation efficiency and relatively short isolation times compared to other methods. During high-pressure homogenization, high shear forces produce defibrillated cellulose fibers from both crystalline and amorphous domains of the cellulose substrate (Kose et al., 2011; Habibi, 2014). Another method to produce NFC is emulsification in which agitation of a multi-phase mixture yields small aqueous droplets of hydrogel precursors in a hydrophobic medium (i.e., oil or organic solvent). This is a proven strategy to produce of nano- or micro-sphere gels (El-Sherbiny and Yacoub, 2013).
NFC may also be produce by other methods including cryocrushing, ultrasonication, and steam explosion (Uetani and Yano, 2011). Cryocrushing involves a combination of severe shearing of cellulose in a refiner, followed by high-impact crushing under liquid nitrogen. Resulting microfibrils are useful in the production of high strength and high stiffness composites for high-performance applications like bone tissue and prosthetics engineering (Chakraborty et al., 2005). In ultrasonication, purified cellulose is soaked in deionized water and then subjected to ultrasonic fibrillation to isolate nanofibers. The process can be performed at a different frequencies and output power levels depending upon the purpose of the process (Xie et al., 2016). Ultrasonication yields nanofibers with desired properties, such as high crystallinity and thermal resistance (Chen et al., 2011), which are used as nanocomposites, filtration media, or films that feature optical transparency (Chakraborty et al., 2005; Chen et al., 2011). Steam explosion is another alternative process for NFC production, in which saturated steam is used to treat cellulosic feedstock. NFC derived from steam explosion exhibits a notable increase in tensile strength as well as improvement in other properties, such as reduced lignin content (Chakraborty et al., 2005).
For BC, silver has been integrated into cellulose by soaking feedstock with various substances, including silver salts (Chen et al., 2019), silver sulfadiazine (Aris et al., 2019), and silver-based fluorescent complexes (deBoer et al., 2015). Other metals such as titanium oxide (Ullah M. W. et al., 2016b), zinc or zinc oxide (Wahid et al., 2019; Dharmalingam and Anandalakshmi, 2020; Dinca et al., 2020), and zeolites or montmorillonite (Horue et al., 2020) have also been integrated into BC biomaterials. BC acts as stabilizing agent to control particle nucleation. Therefore, integration of metal nanoparticles into BC is promising strategy homogeneously incorporating metal nanoparticles and controlling particle formation. In general, the biocompatibility, high specific surface area, and non-toxicity of BC are properties that have prompted rapid development of BC-based biomaterials (Sureshkumar et al., 2010).
Modifications by chemical alteration
In addition to physical processes, chemical modifications have also been used to develop cellulose-based biomaterials for specific applications. For example, sulfation introduces highly negative sulfate esters on the surface of NCC. This, in turn, can enhance adsorption of select biomolecules such as enzymes (Chen et al., 2013). The 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation of cellulose is a widely used method to change the hydroxymethyl groups of cellulose to carboxylic forms while conserving secondary hydroxyls (Besbes et al., 2011; Isogai et al., 2011). Cellulose has also been explored as a substrate for carrying out reactions by click chemistry. Click chemistry produces a group of reactions that are fast, simple to use, easy to purify, versatile, regiospecific, and give high product yields (Hein et al., 2008). For example, porphyrin was covalently immobilized to NCC via a 1,3-dipolar cycloaddition catalyzed by Cu(I), which resulted in photodynamic inactivation of Mycobacterium smegmatis and Staphylococcus aureus. Escherichia coli was also inactivated but at lower efficacy (Feese et al., 2011). Etherification has been used as a cost effective and highly efficient chemical treatment step to facilitate the defibrillation of the fibers (Hasani et al., 2008; Eyholzer et al., 2012). Etherification of cellulose by aqueous sodium hydroxide may be followed by cationic surface functionalization of NCC or NFC with ammonium groups via the addition of a nucleophile. Surface modifications to NCC or NFC have also been done through silylation with alkyldimethylchlorosilanes followed by isocyanate treatment (Gousse et al., 2002; Andresen et al., 2007). Either NCC or NFC can be treated with isocyanate, which results in urethane linkages via urethanization or carbamylation. This enhances the molecular hydrophobicity of the material (Siqueira et al., 2013).
Chemical modification of a cellulose substrate either alone or in conjunction with mechanical or physical treatment may endow the emerging cellulose-based material with a unique set of properties. Selection of manufacturing processes yields biomaterial with desired thermal stability, tensile strength, crystallinity, and other factors. Different material profiles can be matched to compatible applications.
MODIFICATIONS OF CELLULOSE-BASED BIOMATERIALS FOR BIOMEDICAL APPLICATIONS
The use of cellulose as a biomaterial has a long history. Physical processes or chemical modifications of cellulose (Orlando et al., 2020), derivatization of cellulose (Yang et al., 2021), or mixing cellulose with other materials to produce composites (Aris et al., 2019; Wahid et al., 2019) have all resulted in the development of innovative and useful biomaterials. These cellulose-based materials are becoming increasingly useful in biomedicine, including diagnosis, treatment, prevention, and analysis of disease and disease progression (Figure 2).
[image: Figure 2]FIGURE 2 | Biomedical applications and advantages of cellulose-based materials.
Drug delivery
Cellulose and nanocellulose have been used in the form of gels, membranes, spheres, and crystals as excipients for a wide range of drugs (Agarwal and Csóka, 2019). Early literature reports that periodate-oxidized cellulose can be used to immobilize insulin or p-amino salicylic acid for prolonged drug delivery (Singh et al., 1981; Bala et al., 1982). In addition, by copolymerizing methacrylic acid, N-isopropyl acrylamide, or ethylene glycol dimethacrylate and employing silica microspheres modified by 3-methacryloxypropyltrimethoxysilane as a template, cellulose-coated hollow microspheres have been engineered to enable prolonged (i.e., slow release) drug delivery (Agarwal and Csóka, 2019). In contrast, for a rapid and controlled drug delivery, oxidized cellulose beads have been developed. Specifically, TEMPO-mediated oxidation provides a pH-responsive system for drug release from beads cellulose beads, which can be tuned to retain drug at pH 1.2 and release drug at pH 7.0 (Xie et al., 2021). The release rate is controlled by changes in oxidation state, allowing drug release at different locations with strategic timing (Xie et al., 2021). Cellulose beads can also be derived from BC. For example, a high-absorbance BC membrane was developed for sustained release of the anti-inflammatory drug diclofenac in transdermal systems (Silva et al., 2014). Using glycerol to facilitate drug absorption and enhance membrane malleability, diclofenac was more readily absorbed (Agarwal and Csóka, 2019). In another report, benzalkonium chloride-treated BC dry films were found to have high drug-loading capacity and enhanced drug efficacy for at least 24 h against Staphylococcus aureus and Bacillus subtilis when applied to wounds (Ullah H. et al., 2016a).
Skin and wound dressings
Cellulose-based materials have been used in wound healing to mimic skin, facilitate rapid regeneration of skin cells, and minimize scarring (Hickey and Pelling, 2019). Among the most advanced materials used in wound dressings are those produced via bioprinting. Nanocellulose can be an ideal component of bio-ink. For example, nanocellulose fibrils derived from TEMPO-mediated oxidation reduce viscosity in bioprinting yielding advantageous rheological properties (Rees et al., 2015). Bioprinting with nanocellulose-based bio-ink also permits the construction of porous nanostructures to stabilize functionalized molecules. For example, carboxymethylated-periodate nanocellulose has been used in bioprinting to produce 3D porous structures with the capacity to carry and launch microbicides (Rees et al., 2015). Electrospinning is a useful method for the production of 3D porous matrices that mimic the natural structures of layers within skin. Mixtures of cellulose acetate and hydrogel (e.g., gelatin and poly urethane) have been used in electrospinning processes to form scaffolds (Vatankhah et al., 2014). By varying the ratio of nanocellulose-to-hydrogel, parameters such as porosity, stiffness, hydrophobicity, absorption, and surface area can be tuned to improve efficiency in wound healing applications (Liu et al., 2012). The high specific surface area and hydrophilicity of NFC allows it to hold large amounts of water (relative to its dry mass). When dispersed in water, NFC yields a hydrogel that can be modified for a variety of purposes including the production of wound dressing products. It has been shown that functionalized cellulose dressings are superior to existing commercial products such as Suprathel (Hakkarainen et al., 2016).
Bone tissue engineering
Cellulose has been used in bone tissue engineering because cellulose fibers resemble the collagen fibers of bone tissue and are compatible with the stiff, mechanical environment found in bone systems (Torgbo and Sukyai, 2018; Vallejo et al., 2021). Because the mechanical properties of hydrogels cannot withstand mechanical stresses seen on bone, they are often reinforced with nanocellulose (e.g., NFC). Cellulose nanocrystals (e.g., NCC) serve as support in electrospun matrices of polylactic acid (PLA) or polyvinyl alcohol (PVA) hydrogels (Chalal et al., 2014; Rescignano et al., 2014; Zhang et al., 2015). It has been demonstrated that adhesion between PLA and cellulose in electrospinning can be enhanced by maleic anhydride grafting, polyethylene glycol grafting (PEG), and sodium dodecyl sulfate (SDS). This process modifies the nanocrystals to produce matrices with smaller diameters and polydispersity (Zhou et al., 2013). It also increases mechanical and thermal stability. For example, it has been reported that PLA-cellulose scaffolds can exhibit tensile strengths greater than 10 MPa (Zhang et al., 2015). Fibrous nanocellulose has been used with bioactive glass to coat metal implants resulting in rapid mineralization (e.g., hydroxyapatite formation) to facilitate cell attachment and proliferation around the implants (Chen et al., 2015). Thus, high mechanical strength cellulose and cellulose composites are being successfully implemented in bone tissue regeneration applications.
Nerve tissue repair and growth factor delivery
Cellulosic materials have been used as scaffolds for nerve cell and stem cell culturing as well as for the delivery of growth factors into tissues of the nervous system (Wang et al., 2013; Du et al., 2014; Kuzmenko et al., 2016). For example, cellulose-based biomaterials have been shown to promote the regeneration of neurons after spinal cord injury. NFC scaffolds are used in research to promote in vitro neural stem cell differentiation. In vivo, the tunable porosity of NFC scaffolds can facilitate optimal release of growth factors into injured spinal cord regions (Tsai et al., 2006; Hackett et al., 2010). For targeted delivery into micro-environments surrounding neural stem cells, cellulose-based scaffolds have been used to transport and release growth factors. This is useful for heterogeneous neural differentiation of large populations of stem cells and for repairing damaged nerve tissues (Wang et al., 2013).
Ophthalmic tissue repair
Cellulose-based materials have been developed for several ophthalmic applications. For example, BC/polyvinyl alcohol (PVA) composites are being developed to mimic properties of the natural cornea, which offers a transparent structure with high light transmittance, flexibility but with mechanical strength, and desirable thermal properties (Wang et al., 2010). BC-based contact lens and lens components can be doped with antibiotics, such as ciprofloxacin/γ-cyclodextrin to prevent infection or to treat active bacterial infections (Cavicchioli et al., 2015). BC biomaterials that are modified with chitosan and carboxymethyl cellulose to maximize hydrophilicity have been shown to facilitate enhances propagation of retinal pigment epithelial cells (Goncalves et al., 2015). This offers new prospects in the treatment of multiple eyes diseases including age-related macular degeneration.
Oral tissue repair
Nanocellulose-based materials have also been developed for oral tissue repair and post-surgical recovery. For example, a blend of BC with calcium chloride and sodium alginate has resulted in the construction of a cellulosic “sponge”. This material has been shown to promote the proliferation of gingival fibroblast cells (Chiaoprakobkij et al., 2011). Similar BC-based materials have shown utility in recovery regimens in root canal surgeries. Specifically, BC biomaterials for plugging cavities from dental root canals showed the ability to expand and cover the entire canal space with the added benefit of sterilizing and removing residue from the canal space (Yoshino et al., 2013).
Artificial blood vessels
Cellulosic biomaterials have also been used in the regeneration and replacement of vasculature. BC can be molded to very different shapes during its synthesis to generate substrates optimized for enhancing cell attachment and proliferation (Mohite and Patil, 2014; Picheth et al., 2017). Studies have demonstrated that in vascular grafting, materials made with BC induce a reduction in thrombin at target surfaces thus inhibiting clot formation (Fink et al., 2010). This is a notable advantage over other commonly materials commonly used for vascular grafting (e.g., PET and PTFE). In addition, BC-derived composites have emerged as a major alternative in the replacement of atherosclerotic blood vessels. For example, blending BC nanocrystals with PVA (Polyvinyl alcohol) results in an artificial vessel with high tensile strength, low cytotoxicity, and enhanced suture retention profile (Tang et al., 2015). A key issue in implants is optimizing cell adhesion. The development of hydrophilic BC-based biomaterials with polyethylene glycol (PEG) grafted into the cellulosic base have shown favorable compatibility for cell proliferation and adhesion (e.g., fibroblasts), reduced propensity for complement activation, and resistance to bacterial adhesion (da Silva et al., 2016). The development of such hydrophilic BC composites offers notable advances in the development of novel artificial blood vessels implants, coatings for cardiovascular stents (resistant to bacterial adhesion), and the replacement heart valves.
PROSPECTUS
Development of nanocellulose-based biomaterials is a robust area of current research and engineering. From feedstock choice to defining properties of different cellulosic substrates and matching pretreatment and manufacturing processes to specific applications, the diversity and number of cellulosic biomaterials is growing. In this review, we have summarized general properties of three common cellulosic materials (i.e., NCC, NFC, BC) and discussed physical and chemical processes used to produce or modify each. We have provided examples of how these starting materials are being used in different biomedical applications and why the unique properties of each cellulose substrate are suitable to each application. Due to the sensitivity of biological systems to foreign materials and the tunability of cellulosic substrates, the use of cellulose-based biomaterials for biomedical applications is a robust area of research and development. The shear abundance of cellulose as a raw material and its status as a sustainable resource make cellulosic materials even more attractive. Efforts to understand the limitations of cellulosic biomaterials in biomedicine, such as the potential for immunological rejection, facilitating disease transmission, and enhancing risks for future malignancies are valuable as cellulose-based products become more widely used in biomedicine (Savoji et al., 2018). The potential is great, indeed. Cellulose is being used in bio-ink that serves to produce scaffolds for the regeneration of tissues or entire organs (Weng et al., 2021). Cellulose matrices are being used to stabilize differentiating stem cells and in tissue engineering. Cellulose-based drug delivery systems (e.g., cellulose microspheres and nanobeads) are used to regulate the controlled release of medications and growth factors with high resolution and specificity. Thus, despite some limitations such as production costs for advanced cellulosic substrates (Tornello et al., 2016) and special transportation/storage conditions (Guan et al., 2020), the future looks promising for the use of cellulose-based biomaterials in biomedicine.
AUTHOR CONTRIBUTIONS
NF, RC, and CF wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This work was funded by the National Institutes of Health (R15GM140433 to CF and P20GM139768 to CF) and the National Science Foundation (MCB 1818346 to RC).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agarwal, C., and Csóka, L. (2019). “Chapter 6 - surface-modified cellulose in biomedical engineering,” in Materials for biomedical engineering ed . Editors V. Grumezescu, and A. M. Grumezescu ( Elsevier), Amsterdam, Netherlands215–261. doi:10.1016/B978-0-12-818431-8.00007-6
 Andresen, M., Stenstad, P., Moretro, T., Langsrud, S., Syverud, K., Johansson, L. S., et al. (2007). Nonleaching antimicrobial films prepared from surface-modified microfibrillated cellulose. Biomacromolecules 8 (7), 2149–2155. doi:10.1021/bm070304e
 Aris, F. A. F., Fauzi, F., Tong, W. Y., and Abdullah, S. S. S. (2019). Interaction of silver sulfadiazine with bacterial cellulose via ex-situ modification method as an alternative diabetic wound healing. Biocatal. Agric. Biotechnol. 21, 101332. doi:10.1016/j.bcab.2019.101332
 Bala, K., Guha, S. K., and Vasudevan, P. (1982). p-Amino salicylic acid — oxidized cellulose system: a model for long term drug delivery. Biomaterials 3 (2), 97–100. doi:10.1016/0142-9612(82)90041-2
 Besbes, I., Alila, S., and Boufi, S. (2011). Nanofibrillated cellulose from TEMPO-oxidized eucalyptus fibres: Effect of the carboxyl content. Carbohydr. Polym. 84 (3), 975–983. doi:10.1016/j.carbpol.2010.12.052
 Bhaladhare, S., and Das, D. (2022). Cellulose: A fascinating biopolymer for hydrogel synthesis. J. Mat. Chem. B 10, 1923–1945. doi:10.1039/d1tb02848k
 Cavicchioli, M., Corso, C. T., Coelho, F., Mendes, L., Saska, S., Soares, C. P., et al. (2015). Characterization and cytotoxic, genotoxic and mutagenic evaluations of bacterial cellulose membranes incorporated with ciprofloxacin: A potential material for use as therapeutic contact lens. World J. Pharm. Pharm. Sci. 4, 1626–1647. 
 Ceballos, R. M. (2017). Bioethanol and natural resources: Substrates, chemistry and engineered systems. Boca Raton, FL: CRC Press. doi:10.1201/9781315154299
 Chakraborty, A., Sain, M., and Kortschot, M. (2005). Cellulose microfibrils: A novel method of preparation using high shear refining and cryocrushing. Holzforschung 59 (1), 102–107. doi:10.1515/hf.2005.016
 Chalal, S., Hussain, F. S. J., and Yusoff, M. B. M. (2014). Biomimetic growth of bone-like apatite via simulated body fluid on hydroxyethyl cellulose/polyvinyl alcohol electrospun nanofibers. Biomed. Mat. Eng. 24 (1), 799–806. doi:10.3233/bme-130871
 Chen, G., Zhang, B., Zhao, J., and Chen, H. W. (2013). Improved process for the production of cellulose sulfate using sulfuric acid/ethanol solution. Carbohydr. Polym. 95 (1), 332–337. doi:10.1016/j.carbpol.2013.03.003
 Chen, H., Cheng, R. Y., Zhao, X., Zhang, Y. H., Tam, A., Yan, Y. F., et al. (2019). An injectable self-healing coordinative hydrogel with antibacterial and angiogenic properties for diabetic skin wound repair. NPG Asia Mat. 11, 3. doi:10.1038/s41427-018-0103-9
 Chen, Q., Garcia, R. P., Munoz, J., de Larraya, U. P., Garmendia, N., Yao, Q. Q., et al. (2015). Cellulose nanocrystals-bioactive glass hybrid coating as bone substitutes by electrophoretic Co-deposition: In situ control of mineralization of bioactive glass and enhancement of osteoblastic performance. ACS Appl. Mat. Interfaces 7 (44), 24715–24725. doi:10.1021/acsami.5b07294
 Chen, W. S., Yu, H. P., Liu, Y. X., Hai, Y. F., Zhang, M. X., and Chen, P. (2011). Isolation and characterization of cellulose nanofibers from four plant cellulose fibers using a chemical-ultrasonic process. Cellulose 18 (2), 433–442. doi:10.1007/s10570-011-9497-z
 Chiaoprakobkij, N., Sanchavanakit, N., Subbalekha, K., Pavasant, P., and Phisalaphong, M. (2011). Characterization and biocompatibility of bacterial cellulose/alginate composite sponges with human keratinocytes and gingival fibroblasts. Carbohydr. Polym. 85 (3), 548–553. doi:10.1016/j.carbpol.2011.03.011
 da Silva, R., Sierakowski, M. R., Bassani, H. P., Zawadzki, S. F., Pirich, C. L., Ono, L., et al. (2016). Hydrophilicity improvement of mercerized bacterial cellulose films by polyethylene glycol graft. Int. J. Biol. Macromol. 86, 599–605. doi:10.1016/j.ijbiomac.2016.01.115
 deBoer, T. R., Chakraborty, I., and Mascharak, P. K. (2015). Design and construction of a silver(I)-loaded cellulose-based wound dressing: Trackable and sustained release of silver for controlled therapeutic delivery to wound sites. J. Mater. Science-Materials Med. 26 (10), 9. doi:10.1007/s10856-015-5577-1
 Dharmalingam, K., and Anandalakshmi, R. (2020). Functionalization of cellulose-based nanocomposite hydrogel films with zinc oxide complex and grapefruit seed extract for potential applications in treating chronic wounds. Polymer 202, 122620. doi:10.1016/j.polymer.2020.122620
 Dinca, V., Mocanu, A., Isopencu, G., Busuioc, C., Brajnicov, S., Vlad, A., et al. (2020). Biocompatible pure ZnO nanoparticles-3D bacterial cellulose biointerfaces with antibacterial properties. Arabian J. Chem. 13 (1), 3521–3533. doi:10.1016/j.arabjc.2018.12.003
 Du, J., Tan, E., Kim, H. J., Zhang, A., Bhattacharya, R., and Yarema, K. J. (2014). Comparative evaluation of chitosan, cellulose acetate, and polyethersulfone nanofiber scaffolds for neural differentiation. Carbohydr. Polym. 99, 483–490. doi:10.1016/j.carbpol.2013.08.050
 El-Sherbiny, I. M., and Yacoub, M. H. (2013). Hydrogel scaffolds for tissue engineering: Progress and challenges. Glob. Cardiol. Sci. Pract. 2013 (3), 38–342. doi:10.5339/gcsp.2013.38
 Eyholzer, C., Tingaut, P., Zimmermann, T., and Oksman, K. (2012). Dispersion and reinforcing potential of carboxymethylated nanofibrillated cellulose powders modified with 1-hexanol in extruded poly(lactic acid) (PLA) composites. J. Polym. Environ. 20 (4), 1052–1062. doi:10.1007/s10924-012-0508-4
 Feese, E., Sadeghifar, H., Gracz, H. S., Argyropoulos, D. S., and Ghiladi, R. A. (2011). Photobactericidal porphyrin-cellulose nanocrystals: Synthesis, characterization, and antimicrobial properties. Biomacromolecules 12 (10), 3528–3539. doi:10.1021/bm200718s
 Fink, H., Faxalv, L., Molnar, G. F., Drotz, K., Risberg, B., Lindahl, T. L., et al. (2010). Real-time measurements of coagulation on bacterial cellulose and conventional vascular graft materials. Acta Biomater. 6 (3), 1125–1130. doi:10.1016/j.actbio.2009.09.019
 Goncalves, S., Padrao, J., Rodrigues, I. P., Silva, J. P., Sencadas, V., Lanceros-Mendez, S., et al. (2015). Bacterial cellulose as a support for the growth of retinal pigment epithelium. Biomacromolecules 16 (4), 1341–1351. doi:10.1021/acs.biomac.5b00129
 Gousse, C., Chanzy, H., Excoffier, G., Soubeyrand, L., and Fleury, E. (2002). Stable suspensions of partially silylated cellulose whiskers dispersed in organic solvents. Polymer 43 (9), 2645–2651. doi:10.1016/s0032-3861(02)00051-4
 Guan, N., Liu, Z. H., Zhao, Y. H., Li, Q., and Wang, Y. T. (2020). Engineered biomaterial strategies for controlling growth factors in tissue engineering. Drug Deliv. 27 (1), 1438–1451. doi:10.1080/10717544.2020.1831104
 Habibi, Y. (2014). Key advances in the chemical modification of nanocelluloses. Chem. Soc. Rev. 43 (5), 1519–1542. doi:10.1039/c3cs60204d
 Hackett, J. M., Dang, T. T., Tsai, E. C., and Cao, X. D. (2010). Electrospun biocomposite polycaprolactone/collagen tubes as scaffolds for neural stem cell differentiation. Materials 3 (6), 3714–3728. doi:10.3390/ma3063714
 Hakkarainen, T., Koivuniemi, R., Kosonen, M., Escobedo-Lucea, C., Sanz-Garcia, A., Vuola, J., et al. (2016). Nanofibrillar cellulose wound dressing in skin graft donor site treatment. J. Control. Release 244, 292–301. doi:10.1016/j.jconrel.2016.07.053
 Hasani, M., Cranston, E. D., Westman, G., and Gray, D. G. (2008). Cationic surface functionalization of cellulose nanocrystals. Soft Matter 4 (11), 2238–2244. doi:10.1039/b806789a
 He, S. D., Wang, X., Zhang, Y., Wang, J., Sun, H. J., Wang, J. H., et al. (2016). Isolation and prebiotic activity of water-soluble polysaccharides fractions from the bamboo shoots (Phyllostachys praecox). Carbohydr. Polym. 151, 295–304. doi:10.1016/j.carbpol.2016.05.072
 Hein, C. D., Liu, X. M., and Wang, D. (2008). Click chemistry, a powerful tool for pharmaceutical sciences. Pharm. Res. 25 (10), 2216–2230. doi:10.1007/s11095-008-9616-1
 Hickey, R. J., and Pelling, A. E. (2019). Cellulose biomaterials for tissue engineering. Front. Bioeng. Biotechnol. 7, 45. doi:10.3389/fbioe.2019.00045
 Horue, M., Cacicedo, M. L., Fernandez, M. A., Rodenak-Kladniew, B., Sanchez, R. T. M., and Castro, G. R. (2020). Antimicrobial activities of bacterial cellulose - silver montmorillonite nanocomposites for wound healing. Mater. Sci. Eng. C 116, 111152. doi:10.1016/j.msec.2020.111152
 Isogai, A., Saito, T., and Fukuzumi, H. (2011). TEMPO-oxidized cellulose nanofibers. Nanoscale 3 (1), 71–85. doi:10.1039/c0nr00583e
 Jorfi, M., and Foster, E. J. (2015). Recent advances in nanocellulose for biomedical applications. J. Appl. Polym. Sci. 132 (14), 19. doi:10.1002/app.41719
 Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D., et al. (2011). Nanocelluloses: A new family of nature-based materials. Angew. Chem. Int. Ed. 50 (24), 5438–5466. doi:10.1002/anie.201001273
 Kose, R., Mitani, I., Kasai, W., and Kondo, T. (2011). Nanocellulose" as a single nanofiber prepared from pellicle secreted by gluconacetobacter xylinus using aqueous counter collision. Biomacromolecules 12 (3), 716–720. doi:10.1021/bm1013469
 Kumar, M., Sun, Y. Q., Rathour, R., Pandey, A., Thakur, I. S., and Tsang, D. C. W. (2020). Algae as potential feedstock for the production of biofuels and value-added products: Opportunities and challenges. Sci. Total Environ. 716, 137116. doi:10.1016/j.scitotenv.2020.137116
 Kuzmenko, V., Kalogeropoulos, T., Thunberg, J., Johannesson, S., Hagg, D., Enoksson, P., et al. (2016). Enhanced growth of neural networks on conductive cellulose-derived nanofibrous scaffolds. Mater. Sci. Eng. C 58, 14–23. doi:10.1016/j.msec.2015.08.012
 Lin, N., and Dufresne, A. (2014). Nanocellulose in biomedicine: Current status and future prospect. Eur. Polym. J. 59, 302–325. doi:10.1016/j.eurpolymj.2014.07.025
 Liu, X., Lin, T., Gao, Y., Xu, Z. G., Huang, C., Yao, G., et al. (2012). Antimicrobial electrospun nanofibers of cellulose acetate and polyester urethane composite for wound dressing. J. Biomed. Mat. Res. 100B (6), 1556–1565. doi:10.1002/jbm.b.32724
 Mali, P., and Sherje, A. P. (2022). Cellulose nanocrystals: Fundamentals and biomedical applications. Carbohydr. Polym. 275, 118668. doi:10.1016/j.carbpol.2021.118668
 Mohite, B. V., and Patil, S. V. (2014). A novel biomaterial: Bacterial cellulose and its new era applications. Biotechnol. Appl. Biochem. 61 (2), 101–110. doi:10.1002/bab.1148
 Moohan, J., Stewart, S. A., Espinosa, E., Rosal, A., Rodriguez, A., Larraneta, E., et al. (2020). Cellulose nanofibers and other biopolymers for biomedical applications. A review. Appl. Sci. (Basel). 10 (1), 65. doi:10.3390/app10010065
 Moon, R. J., Martini, A., Nairn, J., Simonsen, J., and Youngblood, J. (2011). Cellulose nanomaterials review: Structure, properties and nanocomposites. Chem. Soc. Rev. 40 (7), 3941–3994. doi:10.1039/c0cs00108b
 Okeyoshi, K., Joshi, G., Okajima, M. K., and Kaneko, T. (2018). Formation of polysaccharide membranes by splitting of evaporative air-LC interface. Adv. Mat. Interfaces 5 (3), 1701219. doi:10.1002/admi.201701219
 Orlando, I., Basnett, P., Nigmatullin, R., Wang, W. X., Knowles, J. C., and Roy, I. (2020). Chemical modification of bacterial cellulose for the development of an antibacterial wound dressing. Front. Bioeng. Biotechnol. 8, 557885. doi:10.3389/fbioe.2020.557885
 Picheth, G. F., Pirich, C. L., Sierakowski, M. R., Woehl, M. A., Sakakibara, C. N., de Souza, C. F., et al. (2017). Bacterial cellulose in biomedical applications: A review. Int. J. Biol. Macromol. 104, 97–106. doi:10.1016/j.ijbiomac.2017.05.171
 Rees, A., Powell, L. C., Chinga-Carrasco, G., Gethin, D. T., Syverud, K., Hill, K. E., et al. (2015). 3D bioprinting of carboxymethylated-periodate oxidized nanocellulose constructs for wound dressing applications. Biomed Res. Int. 7, 1–7. doi:10.1155/2015/925757
 Rescignano, N., Fortunati, E., Montesano, S., Emiliani, C., Kenny, J. M., Martino, S., et al. (2014). PVA bio-nanocomposites: A new take-off using cellulose nanocrystals and plga nanoparticles. Carbohydr. Polym. 99, 47–58. doi:10.1016/j.carbpol.2013.08.061
 Saravanan, A., Kumar, P. S., Jeevanantham, S., Karishma, S., and Vo, D. V. N. (2022). Recent advances and sustainable development of biofuels production from lignocellulosic biomass. Bioresour. Technol. 344, 126203. doi:10.1016/j.biortech.2021.126203
 Savoji, H., Godau, B., Hassani, M. S., and Akbari, M. (2018). Skin tissue substitutes and biomaterial risk assessment and testing. Front. Bioeng. Biotechnol. 6, 86. doi:10.3389/fbioe.2018.00086
 Silva, N. H., Rodrigues, A. F., Almeida, I. F., Costa, P. C., Rosado, C., Neto, C. P., et al. (2014). Bacterial cellulose membranes as transdermal delivery systems for diclofenac: In vitro dissolution and permeation studies. Carbohydr. Polym. 106, 264–269. doi:10.1016/j.carbpol.2014.02.014
 Singh, M., Vasudevan, P., Sinha, T. J. M., Ray, A. R., Misro, M. M., and Guha, K. (1981). AN insulin delivery system from oxidized cellulose. J. Biomed. Mat. Res. 15 (5), 655–661. doi:10.1002/jbm.820150504
 Siqueira, G., Bras, J., Follain, N., Belbekhouche, S., Marais, S., and Dufresne, A. (2013). Thermal and mechanical properties of bio-nanocomposites reinforced by Luffa cylindrica cellulose nanocrystals. Carbohydr. Polym. 91 (2), 711–717. doi:10.1016/j.carbpol.2012.08.057
 Sood, A., Gupta, A., and Agrawal, G. (2021). Recent advances in polysaccharides based biomaterials for drug delivery and tissue engineering applications. Carbohydr. Polym. Technol. Appl. 2, 100067. doi:10.1016/j.carpta.2021.100067
 Sureshkumar, M., Siswanto, D. Y., and Lee, C. K. (2010). Magnetic antimicrobial nanocomposite based on bacterial cellulose and silver nanoparticles. J. Mat. Chem. 20 (33), 6948–6955. doi:10.1039/c0jm00565g
 Tang, J. Y., Bao, L. H., Li, X., Chen, L., and Hong, F. F. (2015). Potential of PVA-doped bacterial nano-cellulose tubular composites for artificial blood vessels. J. Mat. Chem. B 3 (43), 8537–8547. doi:10.1039/c5tb01144b
 Tarrahi, R., Khataee, A., Karimi, A., and Yoon, Y. (2022). The latest achievements in plant cellulose-based biomaterials for tissue engineering focusing on skin repair. Chemosphere 288, 132529. doi:10.1016/j.chemosphere.2021.132529
 Torgbo, S., and Sukyai, P. (2018). Bacterial cellulose-based scaffold materials for bone tissue engineering. Appl. Mater. Today 11, 34–49. doi:10.1016/j.apmt.2018.01.004
 Tornello, P. R. C., Ballarin, F. M., Caracciolo, P. C., and Abraham, G. A. (2016). Micro/nanofiber-based scaffolds for soft tissue engineering applications: Potential and current challenges. Nanobiomaterials soft tissue Eng. ,5201–229. doi:10.1016/B978-0-323-42865-1.00008-8
 Tsai, E. C., Dalton, P. D., Shoichet, M. S., and Tator, C. H. (2006). Matrix inclusion within synthetic hydrogel guidance channels improves specific supraspinal and local axonal regeneration after complete spinal cord transection. Biomaterials 27 (3), 519–533. doi:10.1016/j.biomaterials.2005.07.025
 Uetani, K., and Yano, H. (2011). Nanofibrillation of wood pulp using a high-speed blender. Biomacromolecules 12 (2), 348–353. doi:10.1021/bm101103p
 Ullah, H., Santos, H. A., and Khan, T. (2016a). Applications of bacterial cellulose in food, cosmetics and drug delivery. Cellulose 23 (4), 2291–2314. doi:10.1007/s10570-016-0986-y
 Ullah, M. W., Ul-Islam, M., Khan, S., Kim, Y., Jang, J. H., and Park, J. K. (2016b). In situ synthesis of a bio-cellulose/titanium dioxide nanocomposite by using a cell-free system. RSC Adv. 6 (27), 22424–22435. doi:10.1039/c5ra26704h
 Vallejo, M., Cordeiro, R., Dias, P. A. N., Moura, C., Henriques, M., Seabra, I. J., et al. (2021). Recovery and evaluation of cellulose from agroindustrial residues of corn, grape, pomegranate, strawberry-tree fruit and fava. Bioresour. Bioprocess. 8 (1), 25. doi:10.1186/s40643-021-00377-3
 Vatankhah, E., Prabhakaran, M. P., Jin, G. R., Mobarakeh, L. G., and Ramakrishna, S. (2014). Development of nanofibrous cellulose acetate/gelatin skin substitutes for variety wound treatment applications. J. Biomater. Appl. 28 (6), 909–921. doi:10.1177/0885328213486527
 Wahid, F., Duan, Y. X., Hu, X. H., Chu, L. Q., Jia, S. R., Cui, J. D., et al. (2019). A facile construction of bacterial cellulose/ZnO nanocomposite films and their photocatalytic and antibacterial properties. Int. J. Biol. Macromol. 132, 692–700. doi:10.1016/j.ijbiomac.2019.03.240
 Wang, J. H., Gao, C., Zhang, Y. S., and Wan, Y. Z. (2010). Preparation and in vitro characterization of BC/PVA hydrogel composite for its potential use as artificial cornea biomaterial. Mater. Sci. Eng. C 30 (1), 214–218. doi:10.1016/j.msec.2009.10.006
 Wang, Y. F., Cooke, M. J., Sachewsky, N., Morshead, C. M., and Shoichet, M. S. (2013). Bioengineered sequential growth factor delivery stimulates brain tissue regeneration after stroke. J. Control. Release 172 (1), 1–11. doi:10.1016/j.jconrel.2013.07.032
 Weng, T. T., Zhang, W., Xia, Y. L., Wu, P., Yang, M., Jin, R. H., et al. (2021). 3D bioprinting for skin tissue engineering: Current status and perspectives. J. Tissue Eng. 12, 204173142110285. doi:10.1177/20417314211028574
 Xie, F., De Wever, P., Fardim, P., and van den Mooter, G. (2021). TEMPO-oxidized cellulose beads as potential pH-responsive carriers for site-specific drug delivery in the gastrointestinal tract. Molecules 26 (4), 1030. doi:10.3390/molecules26041030
 Xie, J. L., Hse, C. Y., De Hoop, C. F., Hu, T. X., Qi, J. Q., and Shupe, T. F. (2016). Isolation and characterization of cellulose nanofibers from bamboo using microwave liquefaction combined with chemical treatment and ultrasonication. Carbohydr. Polym. 151, 725–734. doi:10.1016/j.carbpol.2016.06.011
 Yang, Y., Lu, Y. T., Zeng, K., Heinze, T., Groth, T., and Zhang, K. (2021). Recent progress on cellulose-based ionic compounds for biomaterials. Adv. Mat. 33 (28), 2000717. doi:10.1002/adma.202000717
 Yoshino, A., Tabuchi, M., Uo, M., Tatsumi, H., Hideshima, K., Kondo, S., et al. (2013). Applicability of bacterial cellulose as an alternative to paper points in endodontic treatment. Acta Biomater. 9 (4), 6116–6122. doi:10.1016/j.actbio.2012.12.022
 Zhang, C. M., Salick, M. R., Cordie, T. M., Effingham, T., Dan, Y., and Turng, L. S. (2015). Incorporation of poly(ethylene glycol) grafted cellulose nanocrystals in poly(lactic acid) electrospun nanocomposite fibers as potential scaffolds for bone tissue engineering. Mater. Sci. Eng. C 49, 463–471. doi:10.1016/j.msec.2015.01.024
 Zhou, C. J., Shi, Q. F., Guo, W. H., Terrell, L., Qureshi, A. T., Hayes, D. J., et al. (2013). Electrospun bio-nanocomposite scaffolds for bone tissue engineering by cellulose nanocrystals reinforcing maleic anhydride grafted PLA. ACS Appl. Mat. Interfaces 5 (9), 3847–3854. doi:10.1021/am4005072
 Zhu, H. L., Luo, W., Ciesielski, P. N., Fang, Z. Q., Zhu, J. Y., Henriksson, G., et al. (2016). Wood-derived materials for green electronics, biological devices, and energy applications. Chem. Rev. 116 (16), 9305–9374. doi:10.1021/acs.chemrev.6b00225
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Fatema, Ceballos and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 01 June 2023
doi: 10.3389/fbioe.2023.1192436


[image: image2]
Protease-degradable hydrogels with multifunctional biomimetic peptides for bone tissue engineering
Lluís Oliver-Cervelló1,2, Helena Martin-Gómez1,2, Cristina Gonzalez-Garcia3, Manuel Salmeron-Sanchez3, Maria-Pau Ginebra1,2,4 and Carlos Mas-Moruno1,2*
1Biomaterials, Biomechanics and Tissue Engineering Group, Department of Materials Science and Engineering, Universitat Politècnica de Catalunya (UPC), Barcelona, Spain
2Barcelona Research Center in Multiscale Science and Engineering, UPC, Barcelona, Spain
3Centre for the Cellular Microenvironment, Advanced Research Centre, University of Glasgow, Glasgow, United Kingdom
4Institute for Bioengineering of Catalonia (IBEC), Barcelona Institute of Science and Technology (BIST), Barcelona, Spain
Edited by:
Candan Tamerler, University of Kansas, United States
Reviewed by:
Geert-Jan W. Graulus, University of Hasselt, Belgium
Silvia Joana Bidarra, Universidade do Porto, Portugal
* Correspondence: Carlos Mas-Moruno, carles.mas.moruno@upc.edu
Received: 23 March 2023
Accepted: 23 May 2023
Published: 01 June 2023
Citation: Oliver-Cervelló L, Martin-Gómez H, Gonzalez-Garcia C, Salmeron-Sanchez M, Ginebra M-P and Mas-Moruno C (2023) Protease-degradable hydrogels with multifunctional biomimetic peptides for bone tissue engineering. Front. Bioeng. Biotechnol. 11:1192436. doi: 10.3389/fbioe.2023.1192436

Mimicking bone extracellular matrix (ECM) is paramount to develop novel biomaterials for bone tissue engineering. In this regard, the combination of integrin-binding ligands together with osteogenic peptides represents a powerful approach to recapitulate the healing microenvironment of bone. In the present work, we designed polyethylene glycol (PEG)-based hydrogels functionalized with cell instructive multifunctional biomimetic peptides (either with cyclic RGD-DWIVA or cyclic RGD-cyclic DWIVA) and cross-linked with matrix metalloproteinases (MMPs)-degradable sequences to enable dynamic enzymatic biodegradation and cell spreading and differentiation. The analysis of the intrinsic properties of the hydrogel revealed relevant mechanical properties, porosity, swelling and degradability to engineer hydrogels for bone tissue engineering. Moreover, the engineered hydrogels were able to promote human mesenchymal stem cells (MSCs) spreading and significantly improve their osteogenic differentiation. Thus, these novel hydrogels could be a promising candidate for applications in bone tissue engineering, such as acellular systems to be implanted and regenerate bone or in stem cells therapy.
Keywords: biomimetic peptides, DWIVA, hydrogel, functionalization, osteogenic differentiation, multifunctionality
1 INTRODUCTION
Stem cells have the capacity to differentiate into multiple cell types, which makes stem-cell-based therapies a promising approach to treat degenerative diseases and injuries as well as to promote tissue regeneration. Nonetheless, these therapies present a major drawback associated to the low cell retention and survival rate of the cells at the administration site, decreasing the effectivity of the treatment (Zhang, Gupte, and Ma, 2013; Zhao, Cui, and Li, 2019). A powerful solution to overcome such shortcomings may be the combination of stem cells with material-based approaches. In this way, it is possible to regulate the administration of the cells through a supporting material with well-defined biophysical and biomechanical properties, thus allowing a better control of the cell behavior. In addition, recreating the in vivo microenvironment of stem cells is paramount to differentiate them into a particular lineage. In this regard, the use of biomaterials is a potential tool to mimic and to reproduce the extracellular matrix (ECM) of stem cells, triggering the desired cell response (Lutolf and Hubbell, 2005; Hussey et al., 2018).
Although autografts and allografts are still the most used strategies to repair bone, they both present disadvantages that limit their use. For instance, autografts are subjected to inflammation and pain at the extraction site and there are constrains in the obtainable quantities, whereas in the case of allografts, there is a risk of disease transmission and immunogenic response (Habibovic, 2017; Iaquinta et al., 2019).
Synthetic hydrogels are a promising alternative in bone regenerative medicine, as they are easily produced by chemical methods and can be fine-tuned, allowing to provide the material with the desired mechanical properties and biochemical signals. Furthermore, they are cytocompatible, versatile and may be injected into the defect site (Catoira et al., 2019; Clark et al., 2020). Nonetheless, most synthetic hydrogels lack bioactivity, meaning that they do not have the capacity to actively modulate cell fate. Consequently, hydrogels have to be equipped with biochemical cues. The incorporation of such biologically active molecules, together with the intrinsic characteristics of synthetic hydrogels, makes them potential candidates for mimicking bone ECM and, thus, not only serving as scaffolds for stem cells, but also to trigger osteogenic differentiation and inducing bone regeneration (Lo et al., 2012; Brown and Anseth, 2017).
In this regard, growth factors (GFs) can be used in combination with hydrogels and other materials (Mitchell et al., 2016). A clear example is the use of bone morphogenetic protein 2 (BMP-2) to induce osteogenic differentiation. For instance, absorbable collagen sponges or calcium phosphate scaffolds have been used as carriers for BMP-2 (Krishnan et al., 2017; Han et al., 2021). Nonetheless, the low affinity of such biomaterials to adsorb BMP-2, together with the burst release of the protein upon implantation, greatly limit their use. Alternatively, it is possible to immobilize BMP-2 to the hydrogel, allowing a better control of its release (Chen Xin et al., 2021). In this regard, Park et al. developed a hydrogel of methoxy poly (ethylene glycol)-poly (caprolactone) block copolymers, in which BMP-2 was covalently immobilized. Such system had the capacity to promote osteogenic differentiation of human periodontal ligament stem cells in vivo, as shown by the high mineralization and overexpression of osteogenic genes in comparison to the hydrogels that did not present BMP-2 (Park et al., 2017). BMP-2 has also been combined with platelet derived growth factor BB (PDGF-BB) in smart PEG hydrogels. The fast release of PDGF-BB allowed the recruitment of mesenchymal progenitor cells, while the sustained delivery of BMP-2 promoted the healing of bone defects (Lienemann et al., 2020).
Despite the extensive use of GFs together with biomaterials and, in particular, with hydrogels, GFs still have to be administrated at supra-physiological doses due to their short half-life and quick clearance in vivo, causing some adverse effects in the patient, like inflammation, ectopic bone formation, cancer or in severe cases death (James et al., 2016). A feasible alternative to mimic bone ECM is the combination of peptides derived from its ECM. Indeed, it has been observed that BMP-2 receptors may synergistically crosstalk with integrins (Dalby et al., 2018). Consequently, the incorporation of BMP-2-derived peptides together with cell adhesive sequences (mainly RGD) in a well-defined manner is a promising approach to provide hydrogels with osteogenic activity (Oliver-Cervelló et al., 2021). In this regard, we recently developed a multifunctional biomimetic peptide incorporating the RGD and DWIVA (a sequence derived from the wrist epitope of BMP-2) peptides with the capacity to synergistically promote cell adhesion and osteogenic differentiation on model 2D materials in vitro and promote new bone formation on titanium implants in vivo (Oliver-Cervelló et al., 2021; Oliver-Cervelló et al., 2022).
In addition to endowing cell instructive properties, another challenge when designing hydrogels for cell differentiation is to understand the influence of the intrinsic hydrogel properties in stem cell behavior in comparison to 2D systems. Although these systems are very useful for understanding fundamental biological processes, the employed culturing conditions differ from 3D environments. For instance, on flat surfaces, cells do not have any constrain and can easily establish cell-cell interactions (Carletti et al., 2011). Moreover, relatively stiff surfaces (more than 20 kPa) are known to promote osteogenic differentiation through the mechanotransduction phenomenon, in which cells are able to sense mechanical stimuli and transduce them into biochemical signals that mediate gene expression (Monteiro et al., 2018). On the contrary, in 3D-stiff hydrogels, cell movement is restricted and thus, osteogenic differentiation may be hindered as there may not be enough physical space for cell growth, migration and proliferation (Thiele et al., 2014; Liu et al., 2018).
Such steric hindrance may be overcome with the incorporation of biodegradable sequences on the engineered hydrogels. This is crucial in tissue engineering to allow for timely degradation of the hydrogels during the process of cell differentiation. Of note, such events should be synchronized to ensure that the differentiated cells have sufficient space to proliferate and migrate but also a matrix supporting them (Khetan et al., 2013; Bao et al., 2017). In this regard, the use of matrix metalloproteinases (MMP)-degradable sequences allows the controlled degradation of the hydrogels as cells differentiate. For instance, Wei et al. developed degradable and soft PEG hydrogels incorporating MMP-cleavage sites, the cell adhesive RGD sequence and the osteodifferentiation promoter BMP-2. Such soft hydrogels triggered mesenchymal stem cells (MSCs) spreading and proliferation, and once the hydrogels were degraded and the cells released to a stiff surface, they differentiated towards the osteogenic lineage (Wei et al., 2020). Similarly, the group of Salmeron-Sanchez also engineered degradable PEG-based hydrogels with high affinity for BMP-2, being able to reproduce bone tissue microenvironments with the required biological and mechanical properties to promote MSCs osteogenic differentiation (Trujillo et al., 2020; Dobre et al., 2021).
Nevertheless, finding the optimal proportion of all the elements of the hydrogel (i.e., bioactive cues, degradation sequences and the material itself) to ensure degradation while triggering differentiation and to maintain the required mechanical and chemical properties is not trivial.
In the present work, we engineered a PEG-based hydrogel with the capacity to promote human MSCs spreading and osteogenic differentiation. In detail, the hydrogel was composed of 4-arm poly (ethylene glycol)-maleimide (PEG-4Mal), which was functionalized with a biomimetic peptide recently developed by us containing the cyclic RGD cell adhesive motif (cRGD) and a BMP-2 derived peptide (DWIVA or its cyclic variant cDWIVA) in a chemically-defined manner (Oliver-Cervelló et al., 2022). Moreover, the hydrogels also incorporated MMP-degradable sequences to allow for a cell-mediated degradation to direct cell differentiation. In vitro results demonstrated the capacity of such hydrogel to support cell growth and spreading and to trigger human MSCs osteodifferentiation. This hydrogel may be a promising candidate for stem cell therapies in the field of bone regeneration as well as an implant to promote osteogenic differentiation of bone host cells.
2 MATERIALS AND METHODS
2.1 Peptide synthesis
The synthesis of the cRGD-DWIVA {[(cyclic(Arg-Gly-Asp-D-Phe-Glu)-Ahx-Ahx) (Ac-Asp-Trp-Ile-Val-Ala-Ahx-Ahx)]-Lys-βAla-Cys-NH2} and cRGD-cDWIVA {[(cyclic(Arg-Gly-Asp-D-Phe-Glu)-Ahx-Ahx) (cyclic(Asp-Trp-Ile-Val-Ala-Glu)-Ahx-Ahx)]-Lys-βAla-Cys-NH2} biomimetic peptides was performed by solid-phase peptide synthesis (SPPS). Fmoc-Rink Amide MBHA resin (164 mg, 0.4 mmol/g for the cRGD-DWIVA, and 150 mg, 0.04 mmol/g for the cRGD/cDWIVA) was used as a solid support. After placing the resin in a propylene syringe, the Fmoc group was removed with piperidine (20% piperidine in DMF, v/v) (1 × 1 min, 1 × 5 min and 1 × 10 min), followed by the addition of Fmoc-Cys (Trt)-OH (0.5 eq.), using OxymaPure (0.5 eq.) and DIC (0.5 eq.) for 90 min in DMF. The excess of reactive positions of the resin were capped with 31 µL of Ac2O and 57 µL DIEA in DMF for 30 min. Subsequently, the building block (Fmoc-Ahx-Ahx-Lys (Alloc)-βAla) was incorporated stepwise using standard Fmoc/tBu chemistry (5 eq. of each Fmoc-protected amino acid) and OxymaPure/DIC as coupling reagents (5 eq. each).
In the case of the cRGD-DWIVA peptide, the partially protected cyclic RGD peptide {cyclic [R(Pbf)GD(OtBu)fE], 2.5 eq.—its synthesis and characterization were already published in (Oliver-Cervelló et al., 2022)} was incorporated using PyBOP (4 eq.), HOAt (4 eq.) and DIEA (8 eq.) at pH = 8 for 1 h in DMF. To ensure a quantitative yield, this reaction was followed by a resin washing and a re-coupling of the cyclic peptide [PyBOP (2 eq.), HOAt (2 eq.) and DIEA (4 eq.)]. The Alloc group of the Lys was then removed using catalytic amounts of palladium and two units of Fmoc-Ahx-OH were sequentially coupled to build the second peptidic branch. Finally, the DWIVA sequence was elongated using standard Fmoc/tBu chemistry and the N-terminus acetylated by treatment with Ac2O/DIEA/DMF (1:2:7, v/v/v) (1 × 5, 2 × 10 min). Cleavage and side-chain deprotection of the peptide were done with TFA/TIS/H2O (95:2.5:2.5, v/v/v) for 90 min. The obtained crude was dissolved in H2O/ACN (1:1, v/v) and lyophilized to yield 96.2 mg of crude peptide. The peptide was purified by semipreparative HPLC.
For the cRGD-cDWIVA peptide, the coupling of cyclic RGD, Alloc removal and the insertion of Fmoc-Ahx-OH residues was performed as described for cRGD-DWIVA above. Next, 3 eq. of the partially protected cyclic [D(OtBu)W(Boc)IVAE] [details published elsewhere (Oliver-Cervelló et al., 2022)] were coupled to the peptidyl-resin using PyBOP (4 eq.), HOAt (4 eq.) and DIEA (8 eq) in DMF for 90 min. A recoupling of the cyclic peptide using the same conditions was performed to ensure the reaction completion. Finally, the cleavage of the peptide was carried out as previously described yielding 76.6 mg of the crude peptide, which was purified by semipreparative HPLC.
2.1.1 Characterization of the peptides
Matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) was performed on an Applied Biosystems/MDS SCIEX 4800 Plus with a N2 laser of 337 nm using α-cyano-4-hydroxycinnamic acid (ACH) matrix (10 mg/mL of ACH in ACN-H2O (1:1, v/v) containing 0.1% TFA). Sample preparation: 1 μL of sample solution mixed with 1 μL matrix were seeded on the MALDI-TOF plate and air-dried.
2.1.2 cRGD-DWIVA
RP-HPLC (linear gradient from 20:100 [0.036% TFA in ACN/0.045% TFA in H2O] in 8 min: tR = 6.118 min, >99% purity). MALDI-TOF (m/z): [M + H]+ Calcd. For C93H145N23O23S 1985.38, found 1985.02.
2.1.3 cRGD-cDWIVA
RP-HPLC (linear gradient from 30:90 [0.036% TFA in ACN/0.045% TFA in H2O] in 8 min: tR = 5.253 min, 95% purity). MALDI-TOF (m/z): [M + H]+ Calcd. For C96H148N24O24S 2054.44, found 2054.06.
The chemical structures of the two peptides are shown in Figures 1B, C. Their MALDI-TOF spectra and HPLC chromatograms can be found in the Supplementary Material (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | (A) Schematic representation of the functionalization and cross-linking of PEG hydrogels: PEG-4Mal molecules are first modified with the biomimetic peptide (either with cRGD-DWIVA or cRGD-cDWIVA) and then, mixed with the cells. Simultaneously, the cross-linking solution is prepared by mixing PEG-diSH and VPM peptide at 50:50 molar concentration. Finally, both solutions are mixed, and after 30 min incubation, cell-laden hydrogels are formed. (B) Chemical structure of the cRGD-DWIVA and (C) cRGD-cDWIVA biomimetic peptides. The different parts of the multifunctional peptides are highlighted in different colors. Blue represents the anchoring unit, i.e., a thiol group required to functionalize the PEG-4Mal chains. The branching unit (Lys) is highlighted in orange. Two aminohexanoic (Ahx) units in each arm (colored in grey) serve as spacers. Finally, cyclic RGD is highlighted in purple, while DWIVA/cyclic DWIVA are shown in green. Cyclic peptides incorporate a glutamic acid (red) to allow for their conjugation.
2.2 PEG hydrogel preparation and functionalization
PEG hydrogels were fabricated by Michael-type addition reaction between maleimide-functionalized 4-arm PEG (PEG-4Mal) and dithiol cross-linkers, following a modified protocol described elsewhere (Trujillo et al., 2020). In detail, the required amount of PEG-4Mal (20 kDa, Biochempeg, United States) was weighted and dissolved in phosphate buffered saline (PBS) to have a final hydrogel concentration of 5% (w/v). Then, the corresponding amount of either cRGD-DWIVA or cRGD-cDWIVA biomimetic peptides was added to the PEG-4Mal solution to have a final concentration of 1 mM of peptide in the hydrogel. The functionalized PEG-4Mal solution was quickly mixed and incubated during 15 min at room temperature (RT) to ensure the peptide-maleimide reaction. Simultaneously, cross-linking solutions of PEG-diSH (3.4 kDa, CreativePEGWorks, United States) or mixtures of 50:50 molar ratio of PEG-diSH and a protease-degradable peptide (VPM peptide, GCRDVPMSMRGGDRCG, purity 95.5%, 1,696.96 g/mol, GenScript, United States) were prepared. Afterwards, 50 μL hydrogels (or 400 μL hydrogels for rheological measurements) were produced by mixing PEG-4 Mal or functionalized PEG-4Mal with the cross-linking solutions to have a 1:1 molar ratio between thiols and maleimide groups. After adding the cross-linkers, hydrogels were allowed to gel during 30 min at RT. For biological assays, cells were always mixed with the PEG-4Mal-peptide before adding the cross-linker at a density of 30,000 cells/hydrogel (600,000 cells/mL). Biomimetic hydrogels, i.e., hydrogels functionalized with either the cRGD-DWIVA or the cRGD-cDWIVA, were always cross-linked at 50:50 molar ratio PEG-diSH:VPM. As negative controls, non-functionalized but protease-degradable PEG hydrogels at 50:50 molar ratio PEG-diSH:VPM (PEG-50 condition), and PEG-only hydrogels (without VPM nor peptides, PEG-0 condition) were also designed. Of note, all hydrogel conditions were designed to present the same degree of cross-linking. Table 1 summarizes all the hydrogel conditions used in the present study.
TABLE 1 | Hydrogel compositions, considering PEG density, peptide concentration and the PEG-diSH:VPM molar ratio.
[image: Table 1]2.3 Physicochemical characterization of PEG hydrogels
2.3.1 Hydrogel porosity and structure
Porosity of hydrogels was calculated by measuring the dry weight of the samples and the wet weight after overnight incubation with PBS as follows:
[image: image]
Where [image: image] is the mass of the hydrogel after overnight incubation (swelling equilibrium) and [image: image] is the dry mass of the hydrogel.
Afterwards, samples were frozen with liquid nitrogen and lyophilized (Lyobench-85, Noxair, Spain). Then, samples were coated with carbon and the structure of the hydrogels examined by scanning electron microscopy (SEM) (Phenom XL Desktop SEM, PhenomWorld, Netherlands).
2.3.2 Rheological behaviour
Rheological analysis of hydrogels was performed using a Rheometer Discovery RH-2 (TA Instruments, United States) and with samples of 400 μL volume, which were overnight incubated at 37°C with PBS prior to the measurements to ensure total hydration. The rheometer was equipped with a rough parallel plate geometry (upper plate diameter 20 mm) and measurements were carried out at 37°C. To ensure the hydration of the hydrogels during the measurements, PBS was added to the outer part of the samples. Prior to the measurements, a frequency sweep was performed to determine the angular frequency (ω) range in which the storage modulus (G’) was stable, i.e., in the linear viscoelastic region (LVR). Subsequently, strain sweeps from 0.1% to 10% with an angular frequency of 10 rad/s were performed. The gap between the geometry plate and the rheometer base was set in the way that the applied normal force to the hydrogel was always 0.5 N.
2.3.3 Hydrogel swelling
Hydrogels were weighted an incubated with distilled water during 24 h to study the swelling of the hydrogels. The mass of the hydrogels was measured at 5, 10, 20, 90, 240, and 1,440 min and their swelling capacity calculated as:
[image: image]
Where [image: image] is the swelling ratio in percentage, [image: image] is the mass of the hydrogel at each time point (after removing the liquid excess) and [image: image] is the initial mass of the hydrogel previous to the swelling.
2.3.4 Mesh size calculations
The mesh size ([image: image], linear distance between two adjacent cross-links) of the hydrogels was calculated following two different methods. The first one was based on the rubber elasticity theory (Welzel et al., 2011) and the G’ obtained from the rheological measurements, and was calculated following the next equation:
[image: image]
Where [image: image] is the Avogadros’s number, [image: image] the molar gas constant and [image: image] the temperature at which the rheological measurements were performed.
The second method considered the swelling measurements together with the Flory-Rehner theory and the following equations modified by Peppas and Merrill (Canal and Peppas, 1989):
[image: image]
Where [image: image] is the polymer fraction after swelling and the [image: image] is the unperturbed mean-square end-to-end distance of the PEG, calculated as:
[image: image]
Where [image: image] is the average bond length between C-C and C-O bonds in the repeat unit of PEG [-O-CH2-CH2-], [image: image] is the PEG repeating unit molecular mass, [image: image] is the characteristic ratio of the PEG polymer and [image: image] is the average molecular mass between the cross-links in the network, which can be calculated by:
[image: image]
Where [image: image] is the molecular mass of the PEG polymer, [image: image] is the specific PEG volume ([image: image]), [image: image] is the molar volume of the water, [image: image] is the Flory PEG-water interaction parameter, and [image: image] is the polymer volume fraction before swelling. All the characteristic parameters for the calculations are included in Table 2.
TABLE 2 | Characteristic parameters used for the calculations of the mesh size of the hydrogels.
[image: Table 2]2.3.5 Hydrogel degradation
After hydrogel formation, hydrogels were incubated with PBS overnight at 37°C to allow them to swell and reach equilibrium. Prior to the degradation assay, all samples were weighted and then, hydrogels were incubated with collagenase at 1 mg/mL (Roche, Switzerland) in PBS. At each time point (1, 2, 4, 8, 24, 48, 72, and 144 h), the liquid excess was removed, and hydrogels were weighted. Afterwards, samples were placed in a new container and fresh collagenase solution was added. The mass loss of the samples was calculated as:
[image: image]
Where [image: image] is the percentage of mass lost, [image: image] is the mass of the hydrogel after the overnight swelling and [image: image] is the mass of the hydrogel at each time point.
2.4 Biological characterization of PEG hydrogels
2.4.1 Cell culture
Human MSCs (ATTC, United States) were cultured in Advanced DMEM with D-glucose, non-essential amino acids, sodium pyruvate, and supplemented with 10% FBS, 20 mM HEPES, 2 mM L-glutamine and penicillin/streptomycin (50 U/mL and 50 μg/mL, respectively). When cells reached 80% confluence, they were detached with trypsin-EDTA and plated in new flasks. MSCs were used between passage 4 and 6. Human aortic smooth muscle cells (AoSMCs) were cultured in Growth Medium ready to use (Cell applications, United States). When AoSMCs reached 60%–70% confluence, they were detached following the same steps as in MSCs. AoSMCs were used at passage 11. Cells were maintained at 37°C in a humidified atmosphere with 5% of CO2. Culture medium was replaced every 2 days.
2.4.2 Viability studies
Human MSCs (30,000 cells/hydrogel) were embedded on the hydrogels and cultured for 1, 3, 7, and 14 days on standard conditions. At each time point, hydrogels were stained for Calcein-AM (3 μM) (Santa Cruz Biotechnology, United States) for live MSCs and propidium iodide (4 μM) (PI, Sigma-Aldrich, United States) for dead cells. Human MSC-laden hydrogels were incubated for 30 min and afterwards gels were imaged using a fluorescent microscope (Carl ZEISS LSM 800, Germany). Fiji/ImageJ was used to quantify the number of viable cells in relation to the total number of cells (Schindelin et al., 2012).
2.4.3 Cell morphology
After 7 or 14 days in culture, hydrogels loaded with human MSCs were washed with PBS for 15 min at 37°C. Then, cells were fixed with 4% PFA in PBS (v/v) for 60 min and permeabilized with 0.05% Triton X-100 in PBS for 30 min. Afterwards, cells were blocked with 1% BSA in PBS for 60 min. Cytoskeletal actin filament (F-actin) were stained with phalloidin-Alexa Fluor 546 (1:400) in permeabilization buffer for 1 h and nuclei were staining with DAPI (1:1,000) in PBS-Glycine for 15 min. Washing between treatments were done with PBS-Glycine (two times for 7.5 min each). Samples were finally imaged with a fluorescent microscope (Carl ZEISS LSM 800, Germany) and analyzed with Fiji/ImageJ.
2.4.4 Myosin expression
After 7 days in culture, hydrogels loaded with human MSCs were stained with myosin heavy chain (MHC) staining to analyze the differentiation of the cells towards the myogenic lineage. The procedure was similar as previously explained (section 2.4.3), but in this case, myotubes were stained with monoclonal anti-MHC (1:250) primary antibody in BSA 1% for 2 h, followed by Alexa 488 anti-mouse IgG antibody (1:2000) in 0.05% Triton for 1 h.
2.4.5 Alkaline phosphatase (ALP) activity
After incubating the cells 14 days, hydrogels were washed with PBS for 15 min at 37°C. Then, hydrogels were transferred to an Eppendorf and frozen at −20°C until their use. Hydrogels were thawed and M-PER (Thermo Fisher Scientific, United States) was added to obtain the cell lysis and incubated for 30 min at RT. Afterwards to ensure a total extraction of the cell lysis from the hydrogels, samples were destroyed by passing them 10 times through a needle. Then, the lysate was filtered through a column with a filter (GeneMATRIX Universal RNA Purification kit, EURx, Poland) to remove the hydrogel. ALP activity was then quantified using the SensoLyte pNPP Alkaline Phosphatase Activity Kit (AnaSpech Inc., United States). In brief, cells were incubated for 60 min at 37°C with the reagents described in the kit protocol. After stopping the reaction, ALP levels were obtained by measuring the absorbance at 405 nm using a Synergy HTX multimode reader (Bio-Tek, United States). For each condition, ALP activity was normalized to cell number, which was measured by quantifying the released LDH using the Cytotoxicity Detection kitPLUS (Roche, United States). After 7 min incubation at RT with the kit reagents, absorbance values at 492 nm were measured with a microplate reader (Infinite M200 PRO, Tecan Group Ltd., Switzerland).
2.4.6 Gene expression
After incubating the cells during 7 or 14 days, gene expression of osteogenic markers was evaluated by RT-qPCR. At each time point, samples were washed with PBS for 15 min at 37°C and then samples were transferred to an Eppendorf. RNA was extracted using TRIzol Reagent (Invitrogen, United States), following the manufacturer’s protocol, with some modifications. In detail, 1 mL of TRIzol was added to the samples and incubated for 20 min at RT. Then, TRIzol was transferred to a new Eppendorf and RNA isolation was performed adding 0.2 mL of chloroform per mL of TRIzol. The solution was mixed thoroughly by shaking it and incubated for 15 min at RT. Afterwards, samples were centrifuged for 15 min at 12,000 g at 4°C. The obtained aqueous phase containing the RNA was transferred to a new Eppendorf and 1 mL of EtOH 70% was added. To complete RNA isolation, RNA samples were purified using the RNeasy Mini Kit columns (Qiagen, Germany). RNA quantification was performed using a Take3 micro-volume plate (Bio-Tek, United States). cDNA synthesis was obtained using the QuantiTect Reverse Transcription kit (Bio Molecular Systems, Australia). RT-qPCR was carried out on a Mic real time PCR cycler (Bio Molecular Systems, Australia) and gene expression was assessed by QuantiFast SYBR Green PCR Kit (Qiagen, Germany). GAPDH was used as a housekeeping gene and the relative gene expression levels were evaluated using the 2ΔΔ−Ct method. Primer sequences are shown in Table 3.
TABLE 3 | List of primer sequences used in RT-qPCR.
[image: Table 3]2.5 Statistical analysis
All data presented in this work are given as mean values ± standard deviation. SPSS Statistics 24.0 software (IBM, United States) was used for statistical analysis. When normal distribution was satisfied, one-way ANOVA test with a post hoc pairwise comparison using Tukey’s (for homogeneous variances) or Tamhane test (for non-homogeneous variances) was performed. Otherwise, the non-parametric Kruskal–Wallis test was used. p values were considered significant if p < 0.05. For physicochemical characterization three (n = 3) samples per condition were used, while for biological characterization, each condition was replicated in triplets in each experiment (n = 3) and, for quantification, five pictures per sample were used to calculate cell area and viability.
3 RESULTS AND DISCUSSION
3.1 Design, synthesis and physicochemical properties of the biomimetic hydrogels
Protease-degradable PEG hydrogels were designed with the main objective of recreating the 3D microenvironment of bone ECM. To this end, the hydrogels incorporated i) cell instructive peptides combining the integrin binding peptide RGD and the BMP-2-derived peptide DWIVA, previously shown by us to promote synergistic integrin-growth factor signaling (Oliver-Cervelló et al., 2021); and ii) the MMP-degradable sequence VPM (Turk et al., 2001). Thus, in order to produce the hydrogels, PEG-4Mal was first modified with the thiolated multifunctional biomimetic peptides (either with cRGD-DWIVA or cRGD-cDWIVA, Figure 1). Of note the use of the individual peptides (either RGD or DWIVA) or their combination as a mixture, without controlling their geometrical disposition, failed to support synergistic signaling (Oliver-Cervelló et al., 2021; Oliver-Cervelló et al., 2022), and thus these peptides were not included in the present study. The rationale for using cyclic peptides relies on the fact that conformational restriction is known to enhance the peptide’s receptor affinity and provide higher biological potential. Indeed, cyclization of RGD has been demonstrated to enhance the selectivity of this peptide towards integrins involved in cell adhesion and osteodifferentiation, such as αvβ3 (Mas-Moruno et al., 2016). On the other hand, cyclization of the BMP-2-derived DWIVA was shown to retain or even enhance the potential of the linear counterpart, although the exact effect of the conformation in its binding to BMP receptors has not been elucidated (Oliver-Cervelló et al., 2022). The peptide-functionalized PEG-4Mal was then cross-linked with dithiolated cross-linkers (PEG-diSH and/or VPM peptide—Figure 1A) according to a recently published protocol (Trujillo et al., 2020), to allow hydrogel formation and endow the system with protease-degradable properties. It should be mentioned that biodegradable hydrogels were always fabricated at a 50:50 molar ratio between the PEG-diSH and VPM cross-linkers. Non-degradable PEG hydrogels (PEG-0) were also used as negative (non-degradable) controls with the same degree of cross-linking as the functionalized hydrogels. Moreover, non-functionalized but biodegradable PEG hydrogels, i.e., with the VPM sequence (PEG-50), were also included as controls. It is important to remark that all hydrogels were always formed using the same concentration of cross-linkers, ensuring both the same degree of cross-linking for all hydrogel conditions and a stoichiometric balance between the free thiols present in the cross-linkers and the remaining free maleimide groups (unreacted) on the PEG-functionalized molecules. PEG hydrogels were formed by Michael-type addition, which is considered a very efficient reaction (Darling et al., 2016; Martínez-Jothar et al., 2018; Ravasco et al., 2019). In this regard, the thiol-maleimide conjugation is a click reaction, being fast, straight forward and easily controlled by pH modification (Darling et al., 2016; Martínez-Jothar et al., 2018; Ravasco et al., 2019). Interestingly, such Michael-type addition has been previously used in PEG-based hydrogels without having any detrimental effect in the bioactivity, compatibility and cell viability, mainly, because the reaction takes place under physiological conditions, without generating any by-products and with no requirements of adding initiating chemicals (which may be toxic) to control the reaction (Nair et al., 2014; Kim et al., 2016; Jansen et al., 2018). The high efficiency of the Michael reaction allows the control of the hydrogel stiffness, resulting in broader stiffness ranges compared to other cross-linking reactions (Phelps et al., 2012). It should also be mentioned that the thiol-maleimide reaction is not only used to cross-link the hydrogels, but also to functionalize them (as in the present study). Thus, cysteine-containing molecules, i.e., proteins, peptides or GFs, have commonly been used to modify the bulk PEG structure, providing hydrogels with high bioactivity (Lutolf and Hubbell, 2003; Cambria et al., 2015). In this regard, functionalized PEG hydrogels have been widely employed in biomedical applications, including drug delivery, regenerative strategies or surface modifications (Peyton et al., 2006; Zhu, 2010; Li et al., 2018; Jansen et al., 2022). For instance, VEGF-loaded-PEG hydrogels were engineered as a release platform to promote pancreatic islet vascularization (Phelps et al., 2015), while PEG-based systems modified with chitosan, enhanced proliferation and differentiation of neurospheres-like progenitors cultured in the self-healing hydrogels (Tseng et al., 2015). Furthermore, PEG is characterized by its high biocompatibility, easily tunable mechanical properties, resistance to protein adsorption and non-immunogenic reactions, which makes it an ideal candidate for tissue engineering (Alcantar et al., 2000; Zhu and Marchant, 2011; Chang et al., 2019; Mandal et al., 2020).
Physicochemical properties of the engineered hydrogels were first evaluated by SEM (Figure 2A). It is worth noting that the porosity values obtained from SEM images do not probably correspond to the actual porosity of the samples in the hydrated state due to the freeze-drying of hydrogels. However, SEM images allowed us to compare the internal structure and pore sizes in the different hydrogel conditions. The four hydrogels showed similar structural morphology with interconnectivity between different pores, indicating that neither the functionalization of the PEG with the biomimetic peptides nor the addition of the VPM during the cross-linking process had any significant effect in terms of structural morphology. Furthermore, the hydrogels were highly porous, with values about 98% of bulk porosity (Figure 2A). These results ensure that the possible different cellular behavior observed in the functionalized hydrogels can be attributed to the presence of the biomimetic peptides and not to their structure or porosity.
[image: Figure 2]FIGURE 2 | Physicochemical and mechanical characterization of the hydrogels. (A) Porosity and structural morphology of the hydrogels obtained by SEM analysis, showing the general structure (scale bar = 100 μm) and a higher magnification area (scale bar = 30 μm) for each condition. (B) Storage modulus (G’) and (C) damping factor (tan δ) of the four hydrogel conditions obtained by strain sweeps in the range of 0.1%–10% strain. Statistically significant differences (p < 0.05) were not observed between any of the conditions.
Rheological measurements were next performed to assess the viscoelastic properties of the hydrogels (Figures 2B, C). Such viscoelasticity is characteristic of this kind of materials, due to the intrinsic properties of the polymer and the great amount of water entrapped in its network. Having systems with viscoelastic properties may be a great advantage, as it has been demonstrated that many soft tissues and ECMs in the human body present this type of mechanical behavior (Chaudhuri et al., 2016; 2020; Chaudhuri, 2017). Thus, strain sweep measurements in the LVR were performed, showing that bulk non-degradable PEG hydrogels without functionalization exhibited a G’ of about 200 Pa (Figure 2B), which corresponds to a stiffness of about 600 Pa. Similar values were obtained when adding the biodegradable cross-linker and/or the biomimetic peptides in the hydrogels, indicating that none of both components had any significant effect in the G’ values. This value of stiffness may seem rather low for designing hydrogels for bone tissue engineering. Indeed, hydrogel stiffnesses for bone regeneration have been traditionally set in the range of >20 kPa, with values much more similar to the ones presented by osteoid tissues (Sen et al., 2009; Huebsch et al., 2015). Although such values may have a positive effect in the mechanotransduction phenomenon, at such range of stiffness, the ability of the cells to spread, grow and initiate osteodifferentiation through biochemical cues may be hindered. (Bao et al., 2017; Major et al., 2019). Furthermore, such difference in stiffness between our hydrogels (G’≈ 200 Pa) and the traditional ones for bone regeneration (G’ > 20 kPa) is probably translated in differences in degradability and structure of the systems, both having an important effect in cell traction forces developed during hydrogel degradation and the remodeling process of the cells. These cellular tractions have been demonstrated to be crucial in MSCs osteogenic differentiation, being mediated by the cell degradation process of the matrices and, more important, being independent of matrix mechanics (Khetan et al., 2013; Clark et al., 2020). Of note, finding the best approach depending on the application is paramount to ensure the successful performance of the hydrogel. Another interesting feature derived from the rheological measurements, is the similar damping factor presented by the different hydrogels (Figure 2C), indicating that the ratio between G” and G’ for all the conditions was very similar, without observing statistically significant differences. Thus, the viscoelastic properties of the four conditions were comparable, obtaining G” values of about 5 Pa for the four conditions.
The swelling ratio of the hydrogels was also measured (Figure 3A). This parameter is important to shed light on the hydrogel network structure as well as on how the distance between cross-linking affects the structure. In our system, the four hydrogels presented a similar swelling behavior, reaching values of 600%–650% at 24 h, with no statistically significant differences between conditions. In general, longer cross-linkers (PEG-diSH) will restrain less the swelling capacity of the hydrogels in comparison to shorter chains (VPM). Hence, degradable hydrogels (PEG-50, cRGD-DWIVA and cRGD-cDWIVA) would be expected to swell less than the PEG-0; however, this was not the case. On one hand, this could be explained by the fact that the differences in molecular weight between cross-linkers are not large enough to be reflected on the swelling of the hydrogels. In addition, the VPM peptide is slightly positive charged, which may enhance the affinity for water molecules in comparison to the PEG-diSH. Nonetheless, the swelling ratios obtained in this study are in the same order of magnitude than the ones found in the literature working with PEG-4Mal networks with similar concentrations as ours (Clark et al., 2020; Wei et al., 2020).
[image: Figure 3]FIGURE 3 | Physicochemical characterization of the hydrogels. (A) Swelling behavior of the hydrogels at different time points (left) and magnification for the first 20 min of swelling (right). (B) Mass loss of the non-cell-loaded hydrogels when incubated in a collagenase solution during 6 days (left) and magnification of the first time points (from 0 to 15 h) of the degradation assay (right). (*) represents statistically significant differences regarding PEG-0 (p < 0.05) and (#) indicates statistically significant differences with regards to PEG-50 (p < 0.05) at the last time point.
Moreover, mesh size of the hydrogels was also calculated either by applying the rubber elasticity theory combined with the G’ values from rheology or by the Flory-Rehner equations and the [image: image] values (either theoretical or experimental—obtained from swelling assays). The results are summarized in Table 4. Mesh sizes calculated by the rubber elasticity theory were of ≈27–29 nm for all the conditions, with no differences between them. Interestingly, from the Flory-Rehner equation, slightly bigger mesh sizes for each condition were obtained using the theoretical [image: image] in comparison to the experimental one. Nonetheless, the mesh size obtained by the three different approaches were very similar, indicating a good correlation between the assays. Of note, the mesh size of the hydrogels is in accordance with other works (Clark et al., 2020; Dobre et al., 2021). Such mesh sizes would allow the diffusion of nutrients and oxygen through the hydrogels and thus, support cell growth.
TABLE 4 | Mesh size ([image: image]) calculations for the different hydrogel conditions.a Mesh size calculated by rubber elasticity theory and with G’ from rheology.b Mesh size calculated by Flory-Rehner equations using theoretical [image: image].c Mesh size calculated by Flory-Rehner equations using experimental [image: image] from swelling experiments.
[image: Table 4]In addition, degradability of the hydrogels was studied by incubating them in a collagenase type I solution (Figure 3B). The degradation assay was initiated when hydrogels reached swelling equilibrium (after overnight incubation), considering the mass of the swollen hydrogels as the initial mass for the experiment. As expected, non-degradable hydrogels (PEG-0) were stable during 6 days of incubation. However, when introducing the VPM cross-linker, which is a protease-degradable sequence, hydrogels (PEG-50, cRGD-DWIVA and cRGD-cDWIVA) began to degrade, reaching a plateau at 72 h. After 2 h, the degradation rate was already noticeable, and PEG-50 hydrogels exhibited about 8% of mass loss, whereas cRGD-DWIVA and cRGD-cDWIVA hydrogels presented a higher, 15% of degradation. Of note, the differences observed in the degradation rate between PEG-50 and the biomimetic hydrogels (cRGD-DWIVA and cRGD-cDWIVA) were more evident with increasing incubation times, and, for instance, at 8 h, PEG-50 had a ≈25% of mass loss in contrast to the ≈55% of the biomimetic hydrogels, being twice faster their degradation behavior. Indeed, after 6 days, PEG-50 exhibited about 50% of mass loss, while the biomimetic hydrogels showed about 80% degradation. More insights would be required to better understand such differences in degradability; nonetheless, similar degradation rates have been observed in PEG hydrogels modified with biological cues and cross-linked with the VPM sequence (Trujillo et al., 2020).
Together, the data obtained from the physicochemical characterization of the hydrogels demonstrated the capacity to modify the intrinsic properties of the systems to control their stiffness, swelling and degradation rates. Of note, the similar properties, i.e., swelling, porosity and stiffness, shown in the different hydrogel conditions ensure that the possible changes observed in the biological characterization can be attributed to the presence of the protease-degradable sequences as well as the biomimetic peptides, and not to the physicochemical properties of the hydrogels.
3.2 Biomimetic hydrogels support cell viability and spreading
After the physicochemical characterization, hydrogels laden with human MSCs were produced and their biocompatibility was assessed by cell viability studies (Figure 4). The hydrogels were prepared similarly to the ones for physicochemical assays, but in this case, cells were mixed directly in the PEG-4Mal solution (already functionalized with the biomimetic peptides) previous to cross-linking (see section 2.2 for details). Notably, the encapsulation of the cells in the hydrogels did not have any effect in the cross-linking process. Then, live/dead staining (live cells in green and dead cells in red) at 1, 3, 7, and 14 days was performed (Figure 4A). At each time point, most of the cells were alive, indicating the great biocompatibility of PEG. The highest number of dead cells was observed at day 1, which was associated to the fabrication process of the hydrogels, in which cells were subjected to high stress. On one hand, gelation of the hydrogels was allowed during 30 min at RT, and additionally, cells were thoroughly mixed with the PEG-4Mal solutions to achieve homogeneous distribution of the cells in the loaded hydrogels, both processes decreasing cell viability. For quantification purposes, cell viability was calculated as the ratio between live cells and the total number of cells within the hydrogel (Figure 4B). As expected, the lowest cell viability was observed at day 1, with values of about 80% for all the conditions. Nevertheless, cell viability improved over time, reaching values higher than 95% after 14 days in culture, with no significant differences observed between conditions. Furthermore, in PEG-0 hydrogels (not degradable nor biomimetic) cells presented a roundish-like morphology, characteristic of 3D microenvironments where physical constraints due to the polymeric dense matrix do not allow cell spreading (Major et al., 2019). However, from day 3 onwards, biomimetic hydrogels, i.e., cRGD-DWIVA and cRGD-cDWIVA, exhibited cell spreading, especially at 7 and 14 days (Figure 4C). Also, PEG-50 at day 7 started to present some spread cells, although to a lower extent in comparison to the biomimetic peptides, which confirms the importance of installing both biodegradability and bioactivity in the hydrogels to promote cell spreading.
[image: Figure 4]FIGURE 4 | Cell viability on the hydrogels. (A) Live/dead staining (live in green and dead in red) at 1, 3, 7, and 14 days in culture (scale bar = 200 μm). (B) Quantification of cell viability expressed by the ratio of live cells respect to the total number of cells. Different symbols denote statistically significant differences between conditions for each time point (p < 0.05). (C) Schematic representation of cell behavior over time in the presence of VPM and the biomimetic peptides (figure created with BioRender).
To further study cell morphology, actin staining was performed at day 7 and 14 (Figure 5A). Cytoskeletal actin labeling confirmed the capacity of the cRGD-DWIVA and cRGD-cDWIVA biomimetic peptides to promote cell spreading due to the degradation of the hydrogel as well as the stimulation of the cells, showing well-defined actin fibers. On the contrary, cells embedded in PEG-0 were totally round. Although at 7 days PEG-50 hydrogels presented some spread cells, degradability alone was not enough to promote cell spreading and it was only when combined with the biomimetic peptides that cells were able to effectively spread. Indeed, quantification of cell morphology at day 7 (Figure 5B) showed that both biomimetic peptides promoted the highest cell spreading, reaching cell area values of about two times bigger than the PEG-50 control. Notably, no significant differences were observed between PEG-0 and PEG-50, verifying that degradability is not enough to support cell spreading if bioactive cues are not present in the systems. Moreover, cells were classified as round, spread and super spread depending on their area at day 7, considering a round cell every cell with smaller area than the biggest one in the PEG-0 condition (Figure 5C). Such classification showed that introducing degradability alone increased up to 33% the number of spread cells. Interestingly, when functionalizing the hydrogels with the cRGD-DWIVA all the cells were classified as spread, while the modification with the cRGD-cDWIVA resulted in 40% of spread cells and 60% of super spread cells, indicating a positive effect in cell area by the cyclization of DWIVA.
[image: Figure 5]FIGURE 5 | Cell morphology on the hydrogels. (A) Actin staining of the embedded human MSCs after 7 and 14 days in culture (scale bar = 200 μm) together with a high magnification image showing cell morphology (scale bar = 50 μm). (B) Quantification of cell spreading after culturing the cells 7 days inside the hydrogel. (C) Cell area classification in round, spread and super spread after 7 days in culture. A round cell was considered every cell with smaller area than the biggest one in the PEG-0 condition (409.2 μm2). All cells between the biggest area of the cells in the PEG-0 condition but smaller than twice that area (818.4 μm2) were considered spread, while the super spread cells were the ones bigger than 818.4 μm2. Different symbols denote statistically significant differences between conditions (p < 0.05).
Interestingly, higher magnification of the embedded cells in the biomimetic conditions showed the characteristic morphology of osteoblasts, which is an initial indicator of the successful differentiation of the human MSCs towards the osteogenic lineage. Such cell morphologies have been also observed in PEG hydrogels loaded with MSCs with comparable stiffness values to our systems and presenting osteogenic differentiation cues (Shekaran et al., 2014; Clark et al., 2020; Nasello et al., 2020). Of note, only in the biomimetic hydrogels, MSCs were able to form “cell branches,” a characteristic phenomenon that has been also observed in other soft hydrogels for bone tissue engineering (Campos et al., 2016). We hypothesize that such “cell branches” may be related with the mesh size of the hydrogels, which was of ≈24–30 nm. This mesh size is not big enough to initially allow cell migration around the hydrogel. However, cell protrusions may be generated through the mesh due to the degradation process of the hydrogels (in which mesh size will progressively become bigger) and the presence of the biomimetic peptides.
3.3 Biomimetic hydrogels promote human MSCs osteogenic differentiation
The osteogenic lineage commitment of human MSCs was first evaluated by studying osteospecific gene expression at 7 and 14 days by means of RT-qPCR. In detail, Runx2, COL1A1, ALP, Osterix and OCN genes were measured (Figure 6A). At day 7, an overexpression of COL1A1, ALP, Osterix and OCN genes was observed for the cRGD-DWIVA condition in comparison to the negative PEG-0 control. Such differences were also statistically significant in comparison to the biodegradable hydrogels without peptides (PEG-50), except for the Osterix gene, which was also overexpressed in PEG-50, reaching similar values to the cRGD-DWIVA. Nonetheless, the overexpression of Osterix in PEG-50 hydrogels was not surprising, as some studies have related the overexpression of such gene with the activation of some MMPs, such as MMP13, MMP9 or MMP2, the last two highly involved in matrix remodeling (Dai et al., 2015; Liu et al., 2020; Nishimura et al., 2012). On the other hand, only ALP and OCN genes were overexpressed for cRGD-cDWIVA, indicating that cyclization of the DWIVA motif may have a detrimental effect (at least at 7 days) on the osteogenic capacity of the biomimetic peptide. The highest osteogenic expression at day 7 was observed for the ALP gene, for both cRGD-DWIVA (with almost a 7-fold increase compared to PEG-0) and cRGD-cDWIVA (with a 5-fold change). Remarkably, Runx2 was not expressed in any of the conditions at 7 days, although at day 14, it was observed an 8-fold increase for the cRGD-DWIVA and 2-fold for cRGD-cDWIVA, both showing a significant increase in comparison to PEG-0 and PEG-50. Noteworthy, at day 14, cRGD-DWIVA promoted a high expression of all the characteristic osteogenic genes, reaching values of 50-fold change for COL1A1. These results demonstrate the osteogenic capacity of the cRGD-DWIVA biomimetic peptide. However, the cRGD-cDWIVA was only able to express Runx2 at day 14, confirming the previous observation at day 7, in which the cDWIVA lost its bioactivity in terms of osteodifferentiation. We previously reported that in 2D (Oliver-Cervelló et al., 2022), the cRGD-cDWIVA peptide was able to maintain the osteogenic differentiation capacity in comparison to cRGD-DWIVA and, in some cases, even improve it. Such discrepancies reflect how critical is the translation of in vitro testing from 2D to 3D environments, in which cell behavior may substantially vary (Duval et al., 2017; Mirbagheri et al., 2019; Jensen and Teng, 2020).
[image: Figure 6]FIGURE 6 | Osteogenic differentiation of human MSCs in the laden hydrogels. (A) Expression of Runx2, COL1A1, ALP, Osterix, OCN and MMP2 genes obtained by RT-qPCR analysis at 7 and 14 days (*) represents statistically significant differences regarding PEG-0, (#) expresses statistically significant differences with respect to PEG-50, and ($) indicates statistically significant differences with regards to cRGD-DWIVA (p < 0.05). (B) Heatmap of the studied genes, summarizing the expression of each gene, condition and time point. (C) ALP activity after 14 days in culture of the different hydrogel conditions. Different symbols denote statistical significance difference between conditions (p < 0.05).
Moreover, the overexpression of ALP and Osterix genes is paramount in our system, as they are involved in the Smad-independent pathway (Wei et al., 2015; Sano et al., 2017) [pathway triggered by our biomimetic peptides (Oliver-Cervelló et al., 2021)]. This is in agreement with the high expression of ALP at day 7 and Osterix at day 14 for the cRGD-DWIVA. Interestingly, PEG-50 hydrogels (incorporating the biodegradable cross-linker but not the biomimetic peptides), were also able to promote ALP expression, especially at day 7, which could be explained by the fact that such gene has been demonstrated to be involved in the formation of the organic phase of bone ECM. In this regard, COL1A1 and OCN genes are also influenced by bone ECM formation, which contributes to the high expression of both genes for the cRGD-DWIVA condition at day 14 (Frank et al., 2002; Granéli et al., 2014; Viti et al., 2016).
As biodegradable hydrogels containing the VPM sequence were engineered in this study, MMPs expression was also assessed. The full degradable sequence incorporated in the hydrogels was the GCRDVPMS↓MRGGDRCG peptide, the ↓ indicating the cleavable site for MMPs. Among the MMP family, MMP2 and MMP9 have been reported for being highly sensitive to the VPM cleavable site (Jha et al., 2016; Chen Weikai et al., 2021). Thus, MMP2 gene expression was also analyzed by RT-qPCR. In this regard, no expression of MMP2 was observed after 7 days in culture, which could be explained by the fact that cells did not have enough time to degrade the hydrogel network and produce new ECM. Indeed, at day 7, hydrogels still presented a good consistency. On the contrary, at day 14, PEG-50 hydrogels showed a 3-fold expression in comparison to PEG-0 (which did not include the degradable sequence), suggesting the activation of MMP2 and ultimately leading to VPM cleavage. More relevantly, the incorporation of both biomimetic peptides, either cRGD-DWIVA or cRGD-cDWIVA, significantly increased the MMP2 gene expression, highlighting the importance of adding biologically active cues, i.e., cRGD and DWIVA/cDWIVA, to stimulate cell behavior. These results are in accordance with the cell spreading data (Figure 5), in which it was shown that the degradation of the hydrogel (and consequently decreasing the physical restriction for the cells) was not enough to promote full cell spreading and that the presence of the biomimetic peptides was paramount to orchestrate cell behavior. However, the 3-fold expression of MMP2 observed in the PEG-50 at 14 days (as well as the 5-fold change expression of COL1A1) could be an indication of nascent protein secretion by the cells due to the presence of the VPM sequence, as both genes are involved in the remodeling of ECM and the production of proteins, which could contribute (together with the degradation—and thus the softening of the hydrogel) to the spreading of some cells in that condition (Figure 5). Of note, MMPs are transcriptional targets of Runx2 (Wessely et al., 2019). Hence, MMP2 expression may be dependent on Runx2 expression, as observed at day 14. Moreover, at that time point, cells have been able to degrade to a higher extent the hydrogels and thus, produce more ECM, contributing to the higher expression of MMP2, especially in the biomimetic conditions.
Gene expression results were summarized in a heatmap (Figure 6B), clearly showing the activation of a higher number of genes for the cRGD-DWIVA and cRGD-cDWIVA conditions, especially for the former at day 14.
To further verify the osteogenic differentiation as well as to correlate the change of the cell genotype with a modification of its phenotype, ALP activity was measured at 14 days (Figure 6C). The biomimetic peptides significantly enhanced ALP activity with regards to PEG-0. However, PEG-50 also expressed ALP activity, although to a lower extent compared to the biomimetic conditions. cRGD-DWIVA and cRGD-cDWIVA exhibited the highest ALP activity values, both presenting statistically significant differences in comparison to PEG-50. These ALP activity results are in accordance with the ones from RT-qPCR.
The results presented here differ from the work of Madl et al., where alginate hydrogels functionalized with an RGD and DWIVA mixture were not able to promote ALP activity (Madl et al., 2014). However, in their work, the spatial disposition between both motifs was not controlled, which seemed to be a key factor to promote synergistic signaling between both peptides, as we recently demonstrated (Oliver-Cervelló et al., 2021). Moreover, the biomaterial employed to produce the hydrogels was also different, which may influence cell behavior as well.
Very recent studies have demonstrated the importance of installing biodegradability in hydrogels for bone tissue engineering, being such parameter even more critical than the material stiffness to regulate osteogenesis (Sun et al., 2022). In this regard, Peng et al. showed that fast degradation of soft PEG hydrogels was essential to stimulate MSCs and to further trigger their osteogenic commitment (Peng et al., 2018). Similarly, Lutolf et al. demonstrated that bone remodeling in a critical defect in rat cranium was totally dependent on the proteolytic sensitivity of the gels (Lutolf et al., 2003). Moreover, the degradation of the hydrogels facilitated cell spreading and cellular traction, which contributed to the human MSCs osteogenic differentiation (Khetan et al., 2013). Such findings have not only been observed in bone regeneration but also in neurogenesis, where neural progenitor cell stemness was strongly related to the hydrogel biodegradability rather than the matrix stiffness, revealing that degradability may enhance cell-mediated matrix remodeling and thus, influence cell mechanoresponse (Madl et al., 2017). All these examples support our findings, in which, with low stiffness hydrogels, osteogenic differentiation is possible due to both the presence of the biomimetic peptides (that act as biochemical cues for the cells) and degradability (that allows cell spreading and induces cellular traction). Indeed, other hydrogels with soft properties have also shown the capacity to differentiate cells towards the osteogenic lineage (Mullen et al., 2013; Jha et al., 2014; Clark et al., 2020; Wei et al., 2020; Sun et al., 2022).
On the whole, our PCR data and the values of ALP activity clearly indicate the osteogenic commitment of MSCs on the functionalized hydrogels; nonetheless, taking into account that MSCs showed a notable elongated morphology and numerous cell-cell contacts, we wanted to exclude any possible (partial) differentiation towards the myogenic lineage. Thus, characteristic myogenic markers, namely, MHC staining and MyOD and Desmin gene expression, were also studied (Figure 7) (Xu et al., 2015; Yi et al., 2017). Human AoSMCs cultured on glass were used as positive control. MHC staining of the cells demonstrated that only the AoSMCs cultured on glass exhibited myosin, while the biomimetic hydrogels functionalized with either the cRGD-DWIVA or the cRGD-cDWIVA did not present any. The expression of the characteristic myogenic genes MyOD and Desmin was also investigated. Interestingly, none of the biomimetic hydrogels expressed these myogenic genes. Similar results were obtained by Wei et al., in which soft PEG hydrogels containing osteogenic cues, i.e., BMP-2, did not express myogenic markers (Wei et al., 2020).
[image: Figure 7]FIGURE 7 | Myogenic differentiation of the human MSCs embedded in the PEG hydrogels. (A) Actin and myosin heavy chain staining at 7 days. Human AoSMCs cultured on glass were used as positive controls (scale bar = 200 μm). (B) Heatmap representing the expression of characteristic genes of myogenesis (MyOD and Desmin) at 1 and 7 days. The mRNA expression levels were normalized to the housekeeping gene GAPDH.
All in all, these biological results demonstrate the capacity of the protease-degradable and biomimetic PEG hydrogels to promote cell spreading and human MSCs osteogenic differentiation.
4 CONCLUSION
In conclusion, the functionalization of PEG hydrogels with biomimetic peptides combining the cRGD sequence with BMP-2-derived motifs (DWIVA or cDWIVA) in a chemically-defined manner resulted in a novel class of 3D biomaterials with unique features: i) fine-control of the physicochemical properties; ii) protease-dependent degradability; and iii) presentation of biochemical cues to recreate bone ECM. In particular, the hydrogels functionalized with cRGD-DWIVA were able to significantly trigger human MSCs spreading and osteogenic differentiation. Recently, we demonstrated the capacity of these two peptides to promote integrin and BMPR synergistic signaling on 2D materials, notably only when presented in a geometrically controlled fashion, but not when exposed individually or as mixture (Oliver-Cervelló et al., 2021; Oliver-Cervelló et al., 2022) In this work, such spatially-tuned signaling is translated to 3D matrices and coupled with protease-sensitive linkers allowing for a timely degradation of the hydrogels during the process of cell differentiation. Thus, these hydrogels stand out as novel systems to reproduce bone ECM in vitro, with potential to be used as alternative to current stem cell therapies or as implantable 3D matrices to stimulate the osteogenic differentiation of host human MSCs in damaged bone.
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Mitral regurgitation (MR) was the most common heart valve disease. Surgical repair with artificial chordal replacement had become one of the standard treatments for mitral regurgitation. Expanded polytetrafluoroethylene (ePTFE) was currently the most commonly used artificial chordae material due to its unique physicochemical and biocompatible properties. Interventional artificial chordal implantation techniques had emerged as an alternative treatment option for physicians and patients in treating mitral regurgitation. Using either a transapical or a transcatheter approach with interventional devices, a chordal replacement could be performed transcatheter in the beating heart without cardiopulmonary bypass, and the acute effect on the resolution of mitral regurgitation could be monitored in real-time by transesophageal echo imaging during the procedure. Despite the in vitro durability of the expanded polytetrafluoroethylene material, artificial chordal rupture occasionally occurred. In this article, we reviewed the development and therapeutic results of interventional devices for chordal implantation and discuss the possible clinical factors responsible for the rupture of the artificial chordal material.
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1 INTRODUCTION
Mitral regurgitation (MR) was a common heart valve disease in clinical practice and was characterized by the backflow of blood from the left ventricle to the left atrium during diastole (Enriquez-Sarano et al., 2009; Xu et al., 2022). A large number of patients require urgent treatment (Li et al., 2016). The mitral apparatus consisted of the mitral annulus, leaflets, commissures, chordae tendineae, posterior left atrium, LV free wall, and papillary muscles; dysfunction of any of these components may lead to mitral valve pathology, including MR (Figure 1A, Figure 1B) (Ali et al., 2020). Among them, degenerative MR (DMR) caused by structural lesions of the valve itself, such as mitral valve stenosis or prolapse due to redundancy or chordal rupture, was one of the main etiologies of MR (Soulat-Dufour and Addetia, 2020). Different treatment modalities were chosen clinically depending on the etiology of MR, which was divided into mitral valve replacement and repair. With better long-term outcomes, fewer valve-related complications, and lower mortality (Gillinov et al., 2008), mitral valve repair has emerged as a treatment option for patients with DMR.
[image: Figure 1]FIGURE 1 | (A) Atrial and sagittal views of mitral valve. Left, P1-A1 was anterolateral, P3-A3 was posteromedial. Right, Sagittal view showing subvalvular supporting structures. A indicates anterior; P, posterior; and PM, papillary muscle (Ali et al., 2020). (B) Mitral Valve Anatomical Map. (C) Comparison of artificial and native chordae, reoperation after 12 years (Salvador et al., 2008).
Mitral valve repair mainly consists of annuloplasty (96.1%), leaflet resection (58.9%), and prosthetic chordae repair (29.2%) (Gammie et al., 2018b). With the development of technology, “preservation without resection” was the principle of mitral valve repair surgery. This allows complete preservation of lobular tissue and subvalvular structure to better preserve left ventricular function. A meta-analysis of 6,046 patients in 17 studies of mitral valve repair by Ibrahim et al. (2012) showed that the “preserved method” was superior to the “resected method.”
Artificial chordae surgery repairs mitral prolapse or flail leaflets by replacing the diseased chords with a string-like material. This approach does not affect the surrounding valve structure and was more in keeping with the physiological anatomy of the valve. It has become the standard of care for DMR (Bortolotti et al., 2012b).
Although surgical mitral valve repair has a good long-term therapeutic effect, it must be performed under the conditions of thoracotomy and extracorporeal circulation, which were more invasive. Compared with surgical thoracotomy, minimally invasive interventional repair devices can be performed under non-extracorporeal circulation and continous heartbeat, with the advantages of less trauma and faster postoperative recovery (Ahmed et al., 2021).
The artificial chord intervention instrument was a minimally invasive interventional technique based on surgical mitral valve chordal repair, which may be divided into transapical chordal repair and transcatheter chordal repair according to the surgical approach. It could capture the prolapsed or tethered leaflet under ultrasound and/or x-ray guidance and implant the prosthetic chordae. It could also be readjusted to the appropriate length to restore leaflet alignment and reduce or eliminate MR (Fiocco et al., 2019). Many artificial chordae interventional devices have been developed based on this principle (Maisano et al., 2013), and some of them have entered the clinical or commercial application stage.
This review reports the development of artificial chordae materials, the principles of two routes of artificial chordae intervention devices, implantation methods, force differentials, and their clinical application effects and failure modes.
2 DEVELOPMENT HISTORY OF ARTIFICIAL CHORDAE MATERIALS
The selection of materials was particularly critical for chordal replacement. The selection and research of artificial chordal materials began as early as the mid-20th century (David, 2004). To have a stable function under the complex physiological environment and long-term stress conditions in vivo, the ideal material should have the following properties: 1) High tensile strength and inelasticity to avoid fracture or deformation under the action of stress. 2) Resistance to calcification and mineral deposition to prevent hardening or fracture of the artificial chord after calcification. 3) Good fatigue properties, resistant to creep or fracture. 4) Fine, pliable, and capable of retaining this property long after implantation. 5) Porous structure that allows tissue growth to form a stable fibrous envelope and endothelial layer. 6) Good biocompatibility, resulting in producing an acceptable inflammatory response and resistance to thrombosis (Kunzelman and Cochran, 1990; David, 2004; Casado et al., 2012).
Initially, silk sutures, polyester sutures, polypropylene sutures, and pericardium were used to be artificial chords; however, they all had certain limitations and were abandoned due to changes in length and thrombosis after implant (January et al., 1962; Kay and Egerton, 1963; Morris et al., 1964; David, 2004). Among the pericardial materials, thickening, and stiffening, and contracture were found early after implantation of the autologous pericardium (Rittenhouse et al., 1978); while for allogeneic pericardial materials, a certain degree of flexibility was maintained in the early stage of implantation, but they showed insufficient long-term effects with fibrous hyperplasia, calcification, thickening and stiffness 3 years later (Frater et al., 1983). These materials must experience more than hundreds of millions of cardiac contractions. Because they had less flexibility, tensile strength, histocompatibility, and durability, they were difficult to fully meet the application requirements, so they have not been used and commercialized in large-scale clinical applications.
It was reported that expanded polytetrafluoroethylene (ePTFE) sutures were the gold standard in current clinical practice for the use of artificial chordae (David, 2022). The ePTFE suture was a microporous, non-absorbable monofilament suture made of PTFE that can stretch and expand, and also had many other unique properties. The molecular formula of ePTFE was the same as PTFE. Its chemical structure was very stable and resistant to hydrolysis and aging. The expanded and stretched ePTFE suture had good flexibility and tensile strength. It also had good biocompatibility and carries negative surface charges consistent with endothelial cells, making it less prone to thrombosis (Wang G. et al., 2022). The surface of the microporous structure was conducive to tissue growth, and the degree of inflammation was lower than that of the multifilament braided sutures (Nistal et al., 1990).
Gore’s GORE-TEX® ePTFE product was commercially used in clinical practice and was approved by the FDA in 1985. Two major sizes were shown in Table 1.
TABLE 1 | GORE-TEX® ePTFE suture.
[image: Table 1]When ePTFE was used for artificial tendons, it was found that after a few months of implantation, the surface was covered with fibers and endothelial tissue. This discovery was a major stimulus for ePTFE research. The two pioneers who extensively tested ePTFE on animals were Frater and Revuelta (Pomar et al., 2013). Revuelta et al. (1989) used ePTFE sutures as artificial chordae to replace the chordae of the ovine mitral valve. They resected one or two marginal chordae of the anterior leaflet of the mitral valve in 35 sheep and replaced them with a double-armed, pledget-supported, expanded polytetrafluoroethylene suture. The 30 surviving animals were hemodynamically studied and euthanized 3, 6, 9, 18, and 24 months after surgery. None of the sheep experienced mitral insufficiency. All specimens had normal mitral valves without thrombosis. The polytetrafluoroethylene suture remained pliable and was incorporated into the anterior leaflet and papillary muscle. Scanning and transmission electron microscopy showed that the suture was completely covered by a sheath of tissue with a collagen structure remarkably similar to that of native chordae. There was no evidence of calcification in the new chordae. This reproducible and safe technique may greatly simplify the difficult repair of chordae anomalies. This result was also confirmed in an authoritative article on chordal replacement published by Zussa (1996). Based on discussions with Frater, David began using the ePTFE suture as an artificial chord in the clinical treatment of DMR patients in 1989, and has done so for over 30 years (David, 1989). David et al. (2013) reviewed the long-term outcomes of 606 patients with ePTFE artificial chordal between 1986 and 2004. During the 18-year follow-up period, the cardiogenic mortality rate related to valvular disease was 8.5%. The reoperation rates at 1 year, 10 years, and 18 years were 1.4%, 5.3%, and 9.8%, respectively, and recurrent moderate/severe MR was 1.5%, 12.2%, and 32.5%. Hata et al. (2014) also reported on the long-term outcomes of 224 patients who received ePTFE artificial chordae between 1988 and 2013. Over 20 years, the mortality rate related to cardiac and valvular disease was 3.1%. The reoperation rates at 1, 10, and 20 years were 7%, 16%, and 26%, respectively, and recurrent moderate/severe MR were 9%, 18%, and 41%. These studies demonstrated that the clinical efficacy of early and long-term use of ePTFE suture as an artificial chord to repair DMR valve prolapse was effective.
The long-term durability of ePTFE artificial chordae was closely related to their biocompatibility. This has been confirmed by the histopathology of many ePTFE chordae taken removed during reoperations. The ePTFE sutures implanted in vivo remained macroscopically smooth and pliable, with a morphology close to that of native chordae (Figure 1C) (Salvador et al., 2008). Histopathologic examination showed that protein infiltrated into the internal microporous structure of ePTFE, and the surface was covered with fibrous tissue and endothelium by histopathological examination. These tissue-material composite artificial chordae were formed by the interaction between the material and the organism. It improved the suture and reduced the inflammatory response and thrombosis, ensuring its long-term stability in the body (Hata et al., 2014).
3 IMPLANTATION METHODS AND DIFFERENCES BETWEEN ARTIFICIAL CHORDS
ePTFE sutures have been used as artificial chordae for more than 35 years with proven durability and clinical efficacy. Currently, ePTFE sutures were used in both surgical and minimally invasive interventional devices. There were three methods of implantation: 1) surgical thoracotomy; 2) minimally invasive transapical implantation; and 3) transfemoral vein/atrial septal implantation (David, 2004; Fiocco et al., 2019). The advantages and disadvantages of the above repair techniques were listed in Table 2 and Figure 2 summarized the development process of artificial chordae implantation technology and various representative devices.
TABLE 2 | Advantages and disadvantages of the interventional repair techniques.
[image: Table 2][image: Figure 2]FIGURE 2 | The development process of artificial chorda implantation technology.
3.1 Surgical thoracotomy implantation
The surgical method of artificial chordae implantation was to stop the heart beating with the support of extracorporeal circulation, then fully exposed the heart through a median sternotomy. The mitral valve was exposed through the right atrium-atrial septal incision or a combined right atrium-atrial septal-left atrial apex incision, and artificial chordae were implanted under direct visualization (Figure 3) (Morris et al., 1964).
[image: Figure 3]FIGURE 3 | (A) Regurgitant jet produced by chordal rupture attached to posterior leaflet as seen from right thoracotomy. (B) Prosthetic chorda attached to flailing leaflet. (C) Pulley stitch completed in the ventricular wall. Tension adjusted on chorda, restoring leaflet position. (D) Prosthetic chorda anchored at the atrial wall and excess length excised (Morris et al., 1964).
Due to cardiac arrest, the suture length cannot be adjusted in real time to determine whether to eliminate regurgitation, and the smoothness of the ePTFE suture made tying the knot difficult, Therefore, surgeon experience was very important (Madhurapantula et al., 2020). The position of the chordae anchor was at the edge of the valve leaflet and the papillary muscle, which corresponded to the physiological and anatomical structure and had a good long-term effect. However, it was very traumatic for patients, and the postoperative recovery period could be as long as 6 weeks (Oh et al., 2020). A study of 449 patients who underwent mitral valve surgery from January 1995 to December 1999 showed that the operative mortality rate was 4.4%. Therefore, it may not applied to many patiens at high surgical risk patients due to poor cardiac function, high comorbidity, advanced age, and other factors (Bech-Hanssen et al., 2003).
3.2 Minimally invasive transapical implantation
Minimally invasive apical implantation was the implantation of ePTFE artificial chordae under 2D and 3D transesophageal echocardiographic (TEE) guidance without cardiopulmonary bypass while the heart continued to beat. In this method, only a small incision of approximately 4 cm was made in the fifth or sixth intercostal space to expose the cardiac apex of the heart, followed by deployment of the apical load and a ventriculotomy to establish the apical access (Figure 4) (Colli et al., 2018a). The artificial chordae were implanted and anchored to the edge/root of the leaflets and the apical part of the epicardium, guided by TEE. As the heart beats continuosly during the procedure, the suture length can be adjusted in real-time to determine the optimal length. Because the access of the transapical minimally invasive repair device was short, it had advantages such as short operation time, easy operation and high success rate. Although this approach was less traumatic for patients than surgical thoracotomy, it was prone to complications such as pericardial adhesions or left ventricular rupture due to damage to the apical and pericardial tissues (Blumenstein et al., 2012; Simões Costa et al., 2021).
[image: Figure 4]FIGURE 4 | Transapical NeoChord mitral valve repair (Colli et al., 2018a).
3.3 Transcatheter implantation
Transcatheter implantation meant that the device entered through the femoral vein, punctures the interatrial septum, and then entered the left atrium and ventricle to complete the implantation of artificial chordae anchored at the edge of the valve leaflets and the papillary muscle under the guidance of echocardiography and digital subtraction techniques (Figure 5) (Rogers and Bolling, 2021; Weber et al., 2021). This approach allowed real-time adjustment of chordal length without the need for cardiac arrest or extracorporeal circulatory support. It also required no thoracic or cardiac incision, which was minimally traumatic for the patient, who recovered quickly and was discharged 2–3 days postoperatively (Oh et al., 2020).
[image: Figure 5]FIGURE 5 | ChordArt implant. There were nitinol leaflets and papillary muscle anchors with an ePTFE chord (Rogers and Bolling, 2021; Weber et al., 2021).
However, the success rate of transcatheter chordae implantation was low due to the length of the approach, the complexity of the mitral valve anatomy, the difficulty of the technique, and the narrow indication. It was currently in the early stages of development.
3.4 Differences of surgical, transapical and transcatheter repair
3.4.1 How many and where to place the artificial chordae
Depending on the extent and location of the prolapsed area, the number and placement of the artificial chordae may vary. One study found that the artificial chordae tendineae technology could preserve the effective opening area of the valve leaflet to the maximum extent, and could effectively cope with large-scale pathological changes by inserting a plurality of artificial chordae tendineae, better preserving the systolic and diastolic function of the left ventricle (Perier et al., 2008). A few studies have reported outcomes after mitral valve repair with artificial chordae including surgical repair and transapical repair (Table 3).
TABLE 3 | Differences of mitral valve repair therapeutic strategy.
[image: Table 3]3.4.2 The position of the artificial chordae tendineae fixation
Surgical implantation of artificial chordae was a technique that was gaining acceptance. This technique involved suturing one or more artificial chordae to the head of a papillary muscle and the other end of the artificial chordae to the prolapsed leaflet (Aubert and Flecher, 2010). The length of the artificial chordae was appropriately adjusted to maintain the free edge of the anterior mitral leaflet at the same level as the free edge of the posterior leaflet below the annular plane to obtain an adequate area of apposition (Zussa et al., 1997). All chords attached directly to the papillary muscle (PM). The posteromedial PM gave chords to the medial half of both leaflets (i.e., posteromedial commissure, P3, A3 and half of P2 and A2) (Figure 1A). Similarly, the anterolateral PM chords attached to the lateral half of the MV leaflets (i.e., anterolateral commissure, A1, P1 and half of P2 and A2). During surgical mitral valve repair, the physician arrached another segment of the artificial chordae tendineae to the papillary muscle following the normal anatomy.
In minimally invasive apical implantation, ePTFE artificial chordae were implanted on the leaflet and the chordae were stretched until adequate leaflet coaptation was achieved and then all chordae free ends were secured to the LV wall (Colli et al., 2018a). Annabel M et al. performed an in vivo biomechanical study of apical versus papillary neochordal anchoring for mitral regurgitation. Force tracings were compiled for each class of chordae at baseline, after prolapse, and after both repair techniques. Baseline forces were recorded for primary (0.18 N ± 0.08 N) and secondary (0.94 N ± 0.31 N). Echocardiographic and hemodynamic data confirmed that the repairs restored physiological hemodynamics. Forces on the chordae and neochord were lower with papillary fixation than with apical fixation (p = 0.003). In addition, the maximum rate of change of force on the chordae and neochordae was higher for apical fixation than for papillary fixation (mean difference of 4.7 N/s, p = 0.028). Annabel M highlighted the impact of the anchoring position of artificial neochordae and might help guide strategies to increase durability. Although the development of minimally invasive and percutaneous devices for mitral valve repair was benefiting patients by providing superior survival and freedom from reoperation, adjustments to reduce leaflet stress were essential to fully utilize these new devices.
3.4.3 Chordal replacement in combination with partial leaflet resection
Chordal replacement with ePTFE strings to correct leaflet prolapse in patients with DMR was initially used for prolapse of the anterior leaflet, but over the years it was been used to correct prolapse of all segments of the MV. The use of Gore-Tex sutures as artificial chords to replace native chordal has largely been used to correct prolapse of the anterior leaflet, commissural areas, and posterior leaflet with heights of 20 mm or less. However, large, voluminous posterior leaflets with prolapse must first be treated with partial resection followed by chordal replacement. Patients with advanced myxomatous degeneration often had large posterior leaflets and associated posterior displacement of the posterior mitral annulus. In these cases, the posterior leaflet was usually trimmed to a height of 15–18 mm, and the posterior leaflet was sutured back to the endocardium of the left ventricle with running 4-0 polypropylene sutures (David et al., 2020). In David’s study, isolated chordal replacement was used to correct prolapse in 186 (24.9%) patients and combined with leaflet resection in 560 (75.1%) patients. In their practice, chordal replacement with ePTFE sutures did not provide better results than MV repair using the established techniques of leaflet resection and chordal transfer, but it has dramatically increased the likelihood of MV repair in patients with MR due to leaflet prolapse.
Finite element results (Choi et al., 2017) showed that both repair techniques revealed reduced leaflet prolapse, decreased stress concentration, and restored leaflet coaptation. While neochordoplasty demonstrated further improved leaflet coaptation and superior posterior leaflet mobility, leaflet resection showed more uniform leaflet stress distributions. Virtual MV repair simulation has the ability to predict and quantify biomechanical and functional improvement after MV repair.
It could be said that chordal replacement with ePTFE sutures to correct mitral valve leaflet prolapse, either alone or in combination with leaflet resection all allowed a low probability of mitral valve reoperation and recurrent mitral regurgitation.
3.4.4 Concomitant combination therapy (COMBO)
A cohort of 595 (278 women, mean age 65 ± 16 years) consecutive patients with isolated mitral valve prolapse, with comprehensive clinical, rhythmic, Doppler echocardiographic, and consistent mitral annular disjunction assessment. The presence of mitral annular disjunction was common [n = 186 (31%)] in patients with mitral valve prolapse, generally in younger patients, and was not random but was independently associated with severe myxomatous disease with bileaflet mitral valve prolapse and marked leaflet redundancy (Essayagh et al., 2021). Javier G reported that 744 consecutive patients with degenerative mitral regurgitation and prolapse underwent mitral valve surgery from January 2002 to December 2010 (Castillo et al., 2012). All patients underwent mitral valve repair with concomitant annuloplasty with a median ring size of 32 mm, and 175 patients (23.5%) underwent PTFE chordoplasty. Mitral ring annuloplasty could reverse annular dilation and restored the zone of coaptation in appropriately selected patients (Yap et al., 2021). If neochordae were implanted, concomitant annular reduction might help restore better systolic leaflet coaptation and reduced neochord forces. For transapical and transcatheter devices, there were several types of transcatheter mitral valve repair (TMVr) that tareted the leaflets, annulus and chordae. Concomitant combination (COMBO) therapy of TMVrs was rarely used as a treatment and there were very few publications about this therapeutic strategy (Yokoyama et al., 2023), only transcatheter edge-to-edge repair has been combined with other interventional repair methods to treat mitral regurgitation. One could speculate that the COMBO approach might be a better option for patients suffering from severe MR with a selected anatomy where the combined devices could best play out their advantages, simultaneous mitral ring annuloplasty and PTFE chordoplasty as in surgical treatments.
4 ARTIFICIAL CHORDAE INTERVENTIONAL IMPLANTATION DEVICES
Artificial chordae interventional repair was based on the proven chordae implantation technique, which used special devices to repair the valve while the heart was beating. The following section described the principle, implantation methods, force differences, and therapeutic effects of the artificial chordae interventional devices.
4.1 Transapical artificial chordal intervention implantation devices
At present, the apical chordae repair devices that have entered the clinical stage included NeoChord DS1000 (NeoChord, United States), Harpoon TSD-5 (Edwards Life Science, United States), MitralStitch (Hangzhou Valgen Medtech Co., Ltd., China), and other products. The technical difference was mainly in the method of anchoring the chordae. NeoChord and Harpoon have received CE certification (Savic et al., 2018).
4.1.1 Neochord DS1000 system
The Neochord DS1000 system was the first CE-marked transapical minimally invasive chordae repair product with over 1,700 patients implantated and was currently in FDA pivotal clinical trials. The system consisted of the Gore-Tex CV-4 size ePTFE suture. The conveyor has the following functions: valve leaf capture, optical fiber sensor detection of valve leaf capture, and artificial chordal anchor valve leaf (Figure 6A) (Rucinskas et al., 2014; Fernando et al., 2020). The procedure consisted of entering the left ventricle through the apical channel, crossing the mitral valve into the left atrium under TEE guidance, and then opening the collet to capture the leaflet. After the fiber optic sensor confirmed the capture, the leaflet was punctured and one end of the artificial chord was anchored to the leaflet edge, and the other end was withdrawn from the heart and fixed apically after real-time adjustment of the chord length to eliminate regurgitation under TEE guidance (Rucinskas et al., 2014).
[image: Figure 6]FIGURE 6 | (A) The NeoChord DS 1000 system (Rucinskas et al., 2014; Fernando et al., 2020), (B) The Harpoon TSD-5 system (Gammie et al., 2016), (C) The MitralStitch system (Wang et al., 2018). Courtesy of (http://www.dinovamedtech.com).
Gerosa et al. (2021) reported a 3-year follow-up experience of a patients who underwent NeoChord DS1000 surgery for severe DMR due to single/bipartite leaflet mitral valve prolapse or flail between November 2013 and June 2019. The study enrolled 203 patients with severe DMR, of whom 200 (99%) had successful surgery (implantation of ≥2 pairs of chords and MR ≤ 1); patient survival rates and primary endpoints (successful surgery, MR ≤ 2+ and no major adverse events) were 91.2%, 89.7%, and 81.2% at 1, 2, and 3 years, respectively. Survival and re-intervention rates at 3 years were 94.0% and 6.4%, respectively. This suggested that the NeoChord DS1000 system for minimally invasive repair early to mid-term DMR was safe, effective, and reproducible. Early clinical and echocardiographic results showed reduction in MR and significant improvement in symptoms with good left ventricular remodeling and low reintervention rates. However, the long-term effects needed to be confirmed with more clinical data and longer follow-up. The authors also examined the effect of different anatomic types (type A, isolated central posterior leaflet prolapse and/or flail; type B, posterior multisegmental prolapse; type C, anterior and/or bi-leaflet prolapse; and type D, paracommissural prolapse and/or flail and/or significant leaflet and/or annular calcifications) on repair outcomes, with probabilities of achieving effective end points of 88%, 83%, 72%, and 57%, respectively. This suggested that transapical chordal repair might be more appropriate for patients with posterior leaflet prolapse.
D'Onofrio et al. (2022) reviewed the treatment outcomes comparing the NeoChord DS1000 device group to the surgical group. A propensity analysis selected 88 matched pairs. Kaplan–Meier analysis showed similar 5-year survival in the 2 groups. The ratio of moderate/severe MR in patients who underwent instrumentation versus surgery was: MR > 2+ (42.4% vs. 15.4%) and MR ≥ 3+ (21.6% vs. 10.3%), respectively; the reoperation rate was 21.1% vs. 8%, with a significant difference. However, in type A patients, moderate/severe MR (63.9% vs. 74.6% and 79.3% vs. 79%) and reoperation rates (79.7% vs. 85%) were close with no significant difference. Demonstrating that transapical beating-heart mitral valve chordae implantation can be considered as an alternative treatment for degenerative mitral regurgitation, especially in patients with isolated P2 (central posterior leaflet) region prolapse.
4.1.2 Harpoon system
The Harpoon system was another transapical chordal repair device (Figure 6B) (Gammie et al., 2016) that differed from the Neochord DS1000 in that the chord was anchored to the root of the valve leaflet. The Harpoon system (Edwards Lifesciences, Irvine, CA, United States) was a 14-Fr, echo-guided, transapical chordal replacement device that allowed for the implantation of multiple and adjustable PTFE chordae. The Harpoon device was inserted and precisely navigated to the target. The prolapsed segment was punctured and an ePTFE chord was knotted on the atrial side of the prolapsed segment. The cord was externalized through the introducer (Gackowski et al., 2022). Safety and feasibility were demonstrated in the initial feasibility study in 30 patients with severe degenerative MR. At 1 month, MR was mild or less in 89% of patients and moderate in 11% of patients. At 6 months, MR was mild or less in 85% of patients, moderate in 8% of patients, and severe in 8% of patients (Gammie et al., 2021). Gammie et al. (2021) reported the results of a 1-year CE Mark clinical trial of the Harpoon system, mean study follow-up 1.4 ± 0.6 years, 1-year clinical follow-up was 100%, 1-year echo core lab follow-up for 52 patients at 1 year was 100%. 65 patients were enrolled and 62 (95%) achieved procedural success. Only two patients required conversion to surgery and one patient discontinued the procedure. Total procedure time was 126 ± 36 (72–222) min, and the introducer time was 42 ± 18 (18–126) min. Intraoperative blood loss was 272 ± 182 (50–949) ml and this data was collected for TRACER CE Mark study only (n = 51). The number of chords implanted was 4.0 ± 1.1 (0–7). During the perioperative period (from procedure to discharge), the rate of mortality, stroke rate, renal failure, and atrial fibrillation rate were 0%, 0%, 0%, and 18%, respectively. Atrial fibrillation was pooled only for those without baseline atrial fibrillation (n = 50). At 1 year, 2 of the 62 patients died (3%) and 8 (13%) others required reoperation. At 1 year, 98% of patients with Harpoon cords were in New York Heart Association class I or II, and mitral regurgitation was none/trace in 52% (n = 27), mild in 23% (n = 12), moderate in 23% (n = 12), and severe in 2% (n = 1). Favorable cardiac remodeling outcomed at 1 year included decreased end-diastolic left ventricular volume (153 ± 41 to 119 ± 28 ml) and diameter (53 ± 5 to 47 ± 6 mm), and a mean transmitral gradient of 1.4 ± 0.7 mmHg. This early clinical experience with the Harpoon beating heart mitral valve repair system demonstrated encouraging early safety and performance.
4.1.3 MitralStitch system
MitralStitch was the first product to offer both edge-to-edge repair and chordae repair. For edge-to-edge repair, a pair of chordae was implanted in each anterior and posterior leaflet, and the two chordae were locked together with titanium staples, resulting in a double-hole structure in the anterior and posterior leaflets (Figure 6C) (Wang et al., 2018). It was similar to Neochord for chordae repair (Figure 7A). The chord was implanted at the edge of the leaflet and anchored to the apex of the heart (Figure 7B). Wang S. et al. (2022) reported the first-in-human (FIH) experience with MitralStitch, which was successful in all 10 patients with severe MR, including 9 patients who underwent chordae repair, and 1 patient who received chordae repair and edge-to-edge repair. At discharge, MR decreased from severe to trace in 5 patients and was mild in the other 5 patients (Figure 7C).
[image: Figure 7]FIGURE 7 | (A) The MitralStitch™ system device, Valve Stitcher and Sutures Knotter. The suture and pledget were preloaded in the head of the Valve Stitcher. (B) Mechanism of artificial chordae implantation by Valve Stitcher. (C) (Left) Intraprocedural two dimensional and color TEE image showing severe MR due to P2 region leaflet prolapse. (right) TTE view showing the implanted artificial chordae (arrow) (Wang S. et al., 2022).
In conclusion, the transcatheter apical chordae repair device was easy to operate and had a high technical success rate. Theoretically, this technique can treat not only high-risk patients who were ineligible for surgery but also young patients with low surgical risk, Which could largely replace traditional surgery and has a promising application prospect. Appropriate patient inclusion criteria were also a key factor in achieving the best results. In some complex MR anatomies, surgical repair was superior. In type A patients with isolated P2 prolapse/flail, minimally invasive implantation via the apical approach was close to the early and mid-term results of surgery. Therefore, it was an ideal entry point for transapical chordal implantation as an adjunct to surgery. However, the transcatheter approach remained the ultimate approach for artificial chordae, as the apical approach was still traumatic and carried the risk of long-term pericardial adhesion.
4.2 Transcatheter intervention artificial chordae repair devices
Transcatheter chordae repair devices had attracted much attention due to their lower trauma and better compliance with the physiological and anatomical structure. However, due to their technical difficulties, the products were currently in animal experiments or early clinical stages, including NeoChord NeXuS (NeoChord, United States), CardioMech (CardioMech, Norway) (Figure 8A) (Rogers and Bolling, 2021), and Pipeline (Gore, USA) (Figure 8B) (Fiocco et al., 2019), which have performed animal experiments and early clinical experiments. The transcatheter chordae repair device was composed of implants and a delivery system. The implants included ePTFE sutures (artificial chordae), papillary muscle anchor pieces, and leaflet anchor pieces connected at both ends. The delivery system included the large sheath for spacer puncture, the adjustable curved middle sheath, and the chordae implantation components (leaflet suture device, papillary muscle anchor device, chordae length adjustment, locking and cut-off devices, etc.). In addition, stents were included to assist in device stabilization procedures.
[image: Figure 8]FIGURE 8 | (A) The CardioMech Device. Courtesy of (CardioMech, Oslo, Norway) (Rogers and Bolling, 2021). (B) The Pipeline Device. Courtesy of (Pipeline Medical Technologies, Inc. a wholly-owned subsidiary of W.L. Gore & Associates, Inc., Santa Rosa, California) (Fiocco et al., 2019). (C) The Valtech V-Chordal Device. Courtesy of (Valtech, Or Yehuda, Israel) (Maisano et al., 2011).
Unlike transapical artificial chordae devices, transcatheter devices required the implantation of metal anchors to hold sutures to the papillary muscle, which may carry the risk of damaging the papillary muscle. Animal studies of the Neochord NeXuS system reported at the Transcatheter Cardiovascular Therapeutics (TCT) conference showed that the anchor nail on the papillary muscle was covered by fibrous tissue and endothelium at 90 days. Overall, the papillary muscle healed well overall and no obvious necrosis was observed. Maisano et al. (2011) compared the healing difference between metal screw anchors and surgical sutures anchoring the papillary muscle in the V-chordal system (Figure 8C) through in vivo experiments in sheep, and both showed good healing of at 90 days. Animal experiments with the Pipeline system also confirmed that the metal anchors did not damage the papillary muscle. These experiments provided preliminary confirmation of the in vivo safety of metal anchors for anchoring the papillary muscle.
Transcatheter chordae repair devices were still in the early stages of development due to their technical difficulty, and only a few clinical trials were reported. Rogers et al. (2020) reported in 2020 the first human trial of the Pipeline system (Figure 8B) in a 56-year-old male patient with severe MR due to prolapse in the P2 region, in which two artificial chords were successfully implanted transcatheterly and attached to a papillary muscle base anchor, eliminating MR intraoperatively. However, the papillary muscle anchor was found to be dislodged prior to discharge, resulting in recurrent MR, and the patient ultimately underwent mitral valve replacement. The authors concluded that the anchor nail displacement was related to the device technique and planned to reopen the clinical trial.
Unlike other solutions, the CardioMech system (Figure 8C) protocol implanted only a piece of chordal to treat MR, with metal pieces connected at both ends of the suture to anchor the leaflet and papillary muscle. Rinaldi reported three clinical trials of the CardioMech system at the TCT 2021 conference, and all three patients with P2 region prolapse had a reduction in MR from 4+ to <2+ after successful implantation of one chord, with no serious adverse events occurring during the operation. However, postoperative dislodgement of the leaflet anchor nail occurred in all three patients and was ultimately unsuccessful.
The Neochord NeXuS system was a product based on the DS1000 for transfemoral/interatrial septal access that accessed the left atrium through a large 28F sheath via the femoral vein, captured the leaflet under the guidance of TEE and confirmed by a fiber optic sensor, and finally achieved multiple chords attached to a papillary muscle metal screw anchor. Currently, Latib et al. (2022) completed the FIH clinical trial with the Neochord NeXuS system in 2021 and reported 6-month follow-up results. Two pairs of artificial chords implanted in the leaflet and anchored to the anterior papillary muscle in a 55-year-old patient with prolapsed MR in the P2 region successfully reduced MR and maintained mild or trace MR at 1/3/6 months with firm anchoring of the papillary muscles without displacement.
Transcatheter chordae repair devices might be a viable and feasible option for the treatment of isolated single-leaflet prolapse in the future, with a good risk-benefit ratio. However, the technique and procedures were more complex with many steps and were still in the early stages of development, requiring stable devices, long-term follow-up, and more cases to confirm these preliminary results.
5 ARTIFICIAL CHORDAE RUPTURE CASES AND FAILURE FACTORS
Transapical implantation of ePTFE chordae under beating heart condition was a minimally invasive interventional therapy with a very low rupture rate and proven durability and long-term results in a 25-year study published in 2013 (David et al., 2013), showing a bright prospect for the treatment of DMR. However, in early clinical trials, there were still reports of artificial chordae rupture cases, whether in traditional surgery or intervention, (Mori et al., 2017). Although rare, the rupture of the artificial chordae might cause recurrent mitral regurgitation, endangering patients’ health. We reviewed the cases of recurrent MR caused by rupture of ePTFE artificial chordae and discussed the possible causes of rupture.
Heuts et al. (2019) reported in 2019 that a female patient’s implanted artificial chordae ruptured at the top of the apex knot (Figure 9A) during cycling 5 months after NeoChord treatment, resulting in acute MR. Grinberg et al. (2019a) reported two cases of chordae ruptured 1 year and 3 year after the implantation of the NeoChord DS1000 system in 2019. Both of them underwent second surgeries (Figure 9B). Bortolotti presented one patient with 2 pairs of CV-5 ePTFE implanted in the anterior leaflet that ruptured after 11 years postoperatively. In one case, only minimal calcification was observed, and the chordal rupture was therefore considered to be most likely related to weakening of the ePTFE by collagen infiltration and fatigue-induced lesions (Bortolotti et al., 2012a).
[image: Figure 9]FIGURE 9 | (A) A rupture in an implanted NeoChord below the knot and the pledget (Heuts et al., 2019). (B) Surgical view and histologic analysis of the resected ruptured neochords (Grinberg et al., 2019a).
The long-term durability of transapical artificial chordae implantation was still unknown, so it was very important to understand the potential mechanism of chordal rupture.
5.1 Analysis of the force difference of artificial chordae between different anchorage positions
The durability and long-term effects of artificial chordae were closely related to the amount of force applied to them, and excessive force could lead to chordae rupture. The anchoring position and the length of the artificial chordae influenced their force. Surgical thoracotomy and transcatheter artificial chordae tended to be anchored to the leaflet and papillary muscles, whereas transapical chordae implantations tended to be leaflet and the apex. Since artificial chordae implantation led to post-reconstruction shrinkage of the left ventricle, the length of the artificial chordae was often shortened somewhat from the optimal length to avoid recurrent MR (Bortolotti et al., 2012b). For apical anchoring, it was often clinically tightened by 5% from the optimal length; for papillary muscle-anchored chordae, it was shortened by 1–2 mm (Kasegawa et al., 1994).
Caballero et al. (2020) analyzed the effect of transapical anterolateral and posterolateral approaches and length on the force of artificial chordae through computer simulation. Their results showed that the forces on the artificial chordae with the anchoring position in the anterolateral apical region were generally greater than those in the posterolateral region, reaching more than 80% at the peak systolic period. Therefore, the postero-lateral approach was preferred for transapical minimally invasive instrumentation. Four artificial chordae were implanted in a model of severe MR due to prolapse the P2 region, and the total force was 2.68 N when the chordae were at their optimal length, which increased significantly with 5% tension, reaching a maximum total force of 12.2 N and a maximum force of 4.2 N for a single chord. Sturla et al. (2015) investigated the effect of the length of the artificial chords anchored to the papillary muscles on their force. The optimal length and the maximum force of 2 mm tightening were 1.31 and 1.62 N, respectively; when two artificial chordae were implanted, the maximum total force was 1.54 N for the optimal length and 1.92 N for the 2 mm tightening. According to the simulation force analysis, the force of the artificial chordae anchored at the apex was significantly higher than that of the papillary muscle, which might pose a challenge for the long-term durability of the artificial chordae implanted by transapical devices. Grinberg et al. (2019b) measured forces on the neochordae when implanted apically using the DS1000 system in humans. After all the neochordae were implantated, tracked the neochordae respectively. First, the neochordae implanted in the ideal location (in the middle of the prolapse) were tracked alone until the best TEE control was obtained. The tension was measured at between 0.7 and 0.9 N, and the oscillation in the amplitude of tension of about 13% that followed the respiratory cycles; second, the other neochordae were then tracked one by one with a single screw to achieve an equivalent tension on all neochordae, the tension of the neochordae tracked first was reduced from 0.8 N to 0.2–0.3 N when 4 neochordae were put in tension. The tension (F = 0.98 ± 0.08 N) of all neochordae was higher than the previous tension (F = 0.8 N) of the tracked neochordae; then all neochordae were tracked together under TEE control until the optimal condition was reached. When the optimal TEE results were obtained, the tension of all neochordae was reduced to 0.87 ± 0.07 N, about 12% ± 2% decrease; and finally all the neochordae were fixed at the apex of the left ventricle at the optimal length. During all the steps, neochordae tension, electrocardiogram, radial blood pressure, 3-D TEE, and surgical view were recorded. The author said in the section of study limitation that relative to the resistance, the length and direction of tension of the neochordae (from the leaflet free edge to the apex) were more important, which were different from those of the native chordae.
5.2 Differences in chordae implantation techniques in the leaflet
Differences in chordae implantation techniques might have a significant impact on the durability of the ePTFE artificial chordae. We found several cases of chordae rupture in the “loop” implantation technique (Figure 10A) (Duran and Pekar, 2003; Kudo et al., 2014), probably due to frictional damage to the suture caused by the relative motion of the two loops during the cardiac cycle. This frictional rupture often occured in the early and middle stages. Castillo described a case in which the “loop” technology was used for repair. Ultimately, the CV-5 ePTFE suture ruptured, which was analyzed by scanning electron microscopy (SEM) and found to be weakened at the point of contact between the two suture rings, which the author believed was caused by relative friction (Figure 10B) (Castillo et al., 2013). Kudo reported a case of CV-5 ePTFE suture loop rupture, which was found to be thinning by SEM, with a rupture time of 3 years, also using the “loop” technique (Figure 10C) (Kudo et al., 2014). Yamashita and Skarsgard (2011) reported two cases of early CV-5 ePTFE rupture at 14 and 2 months postoperatively, respectively, using the “loop” technique in both patients.
[image: Figure 10]FIGURE 10 | (A) The “loop” artificial chordal Implantation Technology (Duran and Pekar, 2003; Kudo et al., 2014), (B,C) Macro and SEM images of the partial fracture of the ePTFE loop (Castillo et al., 2013; Kudo et al., 2014).
5.3 Calcification
Calcification might be one of the causes of the late rupture of ePTFE artificial chordae. Butany et al. (2004) reported a case of rupture after 14 years postoperatively. Histopathology showed that the ePTFE sutures ruptured due to calcification, but no inflammatory cells were found inside and around the sutures (Figure 11). Luthra et al. (2022) reported a 76-year-old woman who presented with severe mitral regurgitation 6 years after Neochord artificial chordae repair with Gore-Tex, the explanted sutures were found to be ruptured and stiff. Electron microscopy revealed microstructural disruption with extensive calcium infiltration at the site of rupture. Farivar et al. (2009) reported a case of rupture of two pairs of CV-5 chords after 11 years after the implantation in which the ePTFE was thickened and hardened. Coutinho et al. (2007) reported two cases of rupture; one patient had two pairs of CV-5 sutures implanted with a rupture time of 6 years and an unknown cause of rupture; the other patient also had two pairs of CV-5 sutures implanted with 1 pair of chords ruptured after 11 years due to calcification.
[image: Figure 11]FIGURE 11 | The anterior leaflets showed thickening chordae tendineae (white arrows). Longitudinal sections through the ruptured ePTFE suture. Large areas of mineralization were seen within the graft interstices and in the areas surrounding the graft (asterisk) (stain: hematoxylin and eosin, tissue viewed with polarized light, original magnification = ×1.6) (Butany et al., 2004).
5.4 Specification of sutures
The rupture of the ePTFE artificial chordae might also be related to the suture specification. First, in all of the above cases, the sutures that ruptured were mainly CV-5 ePTFE sutures. Mutsuga reviewed the failure cases of using ePTFE artificial chordae from 2002 to 2020. One (0.5%) of 186 patients using CV-4 ruptured at 78 months. In addition, 6 (3.9%) of 154 patients using CV-5 ruptured at 44–201 months. The durability of CV-4 specification ePTFE suture might be better than CV-5 (Table 4) (Mutsuga et al., 2022). Therefore, there was a growing preference among physicians to use CV-4 with a thicker line diameter and stronger mechanical properties, and to increase the number of sutures to distribute the force on a single suture (David et al., 2020).
TABLE 4 | Distribution of use of expanded polytetrafluoroethylene suture on each mitral valve (Mutsuga et al., 2022).
[image: Table 4]5.5 Other factors
There were also some cases where fracture factors were not described. Nakaoka reported a patient with three pairs of CV-5 ePTFE implanted in the anterior leaflet, in which one pair of ePTFE ruptured after 7 years, and the suture was thickened (Nakaoka et al., 2017). Yeo described a patient with chordal rupture at 4 months postoperatively (Yeo et al., 1998), and Lam reported a case with an unknown rupture time, neither of which mentioned the cause of the rupture (Lam et al., 2004).
6 CONCLUSION AND OUTLOOK
At present, the use of ePTFE artificial chordae to resolve mitral valve prolapse caused by extended or ruptured native chordae has become a mature method with a clinical history of more than 35 years, providing stable valve function and clinical outcomes in most patients with DMR. The long-term durability of ePTFE played a key role, which was closely related to its physicochemical properties and biocompatibility. Although this technology was safe and effective, there were still cases of ePTFE artificial suture rupture occurring due to chordae calcification, friction, surgical injury, and excessive force. Therefore, when performed artificial chordae repair, some measures could be taken to reduce the probability of this adverse event, such as 1) paying attention to chordae implantation and suturing techniques to avoid frictional damage to the sutures; 2) increasing the number of chords to reduce the force distributed on each suture; and 3) using CV-4 instead of CV-5, which had a thicker string diameter and stronger mechanical properties.
Artificial chordae interventional devices had gradually become a substitute therapy for high-risk DMR patients, providing physicians with a variety of options. The two different types of devices had their own advantages and disadvantages. Among them, the transapical chordae repair devices had more clinical data, relatively simple technique and operation, and a high success rate, but it was traumatic, and the force on the chordae was greater than the papillary muscle anchoring. Transcatheter chordae repair devices were in the early investigational phase with limited clinical data. Their advantages include less trauma and anchoring of the chordae to the papillary muscle, which was closer to the physiologic and anatomic structure. However, they had narrow indications and anatomical limitations, and the technique and operation were relatively complex. In the future, clinical studies with larger sample size and longer follow-up are necessary to confirm the long-term outcomes and patient selection criteria.
As an important part of the interventional mitral valve treatment technology, transcatheter chordae repair technology will continue to be a mainstream development direction in the field of interventional mitral valve treatment in the future, which has unparalleled advantages over interventional mitral valve replacement such as:
(1) More physiological.
(2) Less impact on mitral valve hemodynamics.
(3) No interference with future secondary surgical procedures.
(4) Feasibility for low-risk, low-grade patients.
The continued emergence of interventional transcatheter chordae repair devices via the femoral vein also meant that a solid step had been taken in this technical field and that it still had a wild prospective.
For the patients with prolapse but no significant dilatation of the valve ring, whose cardiac function was still good, interventional transcatheter chordae repair devices were the most beneficial for them at that time.
However, in high-risk patients with severe mitral regurgitation leading to the stage of heart failure, the lack of clinical experience with simple interventional artificial chordae repair and the existence of distant recurrent regurgitation risk, which to some extent limits the application of artificial chordae, but we still have reason to believe that with the accumulation of experience and the progress of technology, the complete intervention of mitral valve repair will no longer be an unattainable dream.
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Austere environments in which access to medical facilities, medical personnel, or even water and electricity is limited or unavailable pose unique challenges for medical device product design. Currently existing skin substitutes are severely inadequate for the treatment of severe burns, chronic wounds, battlefield injuries, or work-related injuries in resource-limited settings. For such settings, an ideal device should be biocompatible, bioresorbable, promote tissue healing, not require trained medical personnel for deployment and use, and should enable topical drug delivery. As proof of concept for such a device, silk fibroin and an antioxidant hyaluronic acid derivative were chosen as primary constituents. The final formulation was selected to optimize tensile strength while retaining mechanical compliance and protection from reactive oxygen species (ROS). The ultimate tensile strength of the device was 438.0 KPa. Viability of dermal fibroblasts challenged with ROS-generating menadione decreased to 49.7% of control, which was rescued by pre-treatment with the hyaluronic acid derivative to 85.0% of control. The final device formulation was also tested in a standardized, validated, in vitro skin irritation test which revealed no tissue damage or statistical difference from control. Improved topical drug delivery was achieved via an integrated silk fibroin microneedle array and selective device processing to generate crosslinked/through pores. The final device including these features showed a 223% increase in small molecule epidermal permeation relative to the control. Scaffold porosity and microneedle integrity before and after application were confirmed by electron microscopy. Next, the device was designed to be self-adherent to enable deployment without the need of traditional fixation methods. Device tissue adhesive strength (12.0 MPa) was evaluated and shown to be comparable to a commercial adhesive surgical drape (12.9 MPa) and superior to an over-the-counter liquid bandage (4.1 MPa). Finally, the device’s wound healing potential was assessed in an in vitro full-thickness skin wound model which showed promising device integration into the tissue and cellular migration into and above the device. Overall, these results suggest that this prototype, specifically designed for use in austere environments, is mechanically robust, is cytocompatible, protects from ROS damage, is self-adherent without traditional fixation methods, and promotes tissue repair.
Keywords: austere environment, skin reconstruction device, wound healing, biomaterial, microneedles, silk fibroin, hyaluronic acid
1 INTRODUCTION
Skin functions as our primary barrier to the environment and provides protection from pathogens, allergens, radiation, and mechanical injury. It also plays an important role in metabolism, fluid regulation, and thermal homeostasis. Disruption of the skin’s integrity can be life-threatening and as such, repairing damage from insults such as burns, trauma, medical procedures, and others, is critical. Civilian modern medical facilities or military tertiary care facilities are well equipped to successfully handle such procedures. However, wound repair and skin reconstruction in resource-limited settings poses unique challenges and drastically changes design requirements for adequate solutions. As an example, in combat areas, repair and reconstructive care is typically delayed until transfer to adequately equipped tertiary care centers rather than being addressed in primary or secondary care centers. This delayed care can lead to severe wound deterioration and is associated with increased morbidity and mortality (Bhandari et al., 2012; Driscoll et al., 2018). Within a civilian context, rural areas and communities of lower socioeconomic status report a higher incidence and severity of burn injuries than wealthy or urban areas, which is exacerbated by a lack of specialized care centers and trained medical personnel (Vidal-Trecan et al., 2000; Chamania, 2010). The World Health Organization reports that 180,000 deaths occur every year due to burns, primarily in low- and middle-income countries, and burns are a leading cause of disability-adjusted life-years in these areas (World Health Organization, 2018). Regarding chronic wounds, a similar disparity is observed in these underserved populations in which the risk of major amputation associated with chronic wounds is 50% higher in rural patients when compared to their urban counterparts, which is further accentuated in low-income countries by ulcerative skin diseases and neglected tropical diseases (Sutherland et al., 2020; Sen, 2021; Toppino et al., 2022). These facts clearly underline the need for products and wound care mitigation strategies specific to austere, resource-limited settings, while producing optimal therapeutic outcomes.
Although there are numerous wound healing products on the market today, none are suitable as critical care products for use in resource-limited settings (Jeschke et al., 2018; Snyder et al., 2020). Allografts, autografts, synthetic, and semi-synthetic devices are commercially available, but all require application and use in a properly equipped medical facility by highly trained medical personnel. Additionally, many of them require multiple surgical steps which are unfeasible in resource-limited settings.
We sought to develop a skin reconstruction device which acts as a protective barrier upon application while promoting concurrent tissue healing and device biodegradation to allow autologous remodeling of wounded tissue. Designed specifically for resource-limited settings, the device aims to simplify deployment, increase user-friendliness by removing requirements for sutures or other traditional fixation methods, allow patient-specific topical drug application, facilitate biointegration into healing tissue to reduce the need for sequential surgical procedures, and allow for use by any first responder or care provider.
For the device formulation, we chose well-characterized biodegradable natural polymers with good environmental stability, specifically silk fibroin (SF) and hyaluronic acid (HA) for optimal tissue integration, therapeutic outcome, and cold-chain independence (Holland et al., 2019). We also used another well-characterized material, polyvinyl alcohol (PVA), as a transient structural stabilizer and porogen. To ensure accelerated tissue healing, we tailored the properties of HA via chemical conjugation with D-methionine (Dmet) to yield an HA-methionine conjugate (HAM) capable of mitigating oxidative stress, which often is associated with inflammation and delayed wound healing (Deng et al., 2021; Wang et al., 2023). To enable topical drug delivery, the device scaffold was processed to be macro- and micro-porous, and was equipped with an integrated microneedle array for profound tissue access. This prototype was intentionally designed drug-free to allow for user and patient-specific drug selection, which translates to increased versatility within austere environments by avoiding the need to possess multiple formulations of the device. Moreover, from a product perspective, the drug-free design would be regulated by the US Food and Drug Administration as a biomedical device rather than a combination product (Serban, 2016). Finally, to maximize user-friendliness and ease of deployment, the device was rendered self-adherent upon contact with the wound and can be easily set in place without the need for traditional fixation systems.
To optimize this concept’s utility for resource-limited settings, the formulation and assembly processes were intended to be simple, efficient, and effective, thus ensuring downstream cost-efficiency, easy scalability and, ideally, cold-chain independence, although this was not evaluated in the current study. The data presented here serves as proof of concept for a unique skin reconstruction device purposely designed to address the unique unmet needs of critical wound care and skin reconstruction in settings where currently existing products and technologies are irrelevant.
2 MATERIALS AND METHODS
2.1 Chemicals and antibodies
The following chemicals were used in this study: polydimethylsiloxane (PDMS) (Dow Silicones Corporation, Sylgard 184); polyethylene glycol (PEG) 10 kDa (Sigma-Aldrich, 81280); Anhydrous Sodium Carbonate (EMD, SX0395-1); polyvinyl alcohol (PVA) 146–186 kDa (Acros Organics, 183160010); anhydrous lithium bromide (Acros Organics, 453980010); Dulbecco’s phosphate buffered saline (Corning, 21-031-CV); fluorescein disodium (Alfa Aesar, J61549.22); D-methionine (Alfa Aesar, B21213); hyaluronic acid (Lifecore, HA1M-5); iodoacetic acid (Acros Organics, 122280250); BupH MES buffered saline (Thermo, 28390); 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Thermo, 22980); (3-4,5-dimethyl thiazole 2-yl) 2,5-diphenyltetrazoliumbromide (MTT); Mowiol 4-88 (EMD Millipore, 475904). glycerol (Fisherbrand, G33-500); 1,4-diazobicyclo-[2.2.2]-octane (Alfa Aesar, A14003); O-phthalaldehyde (OPA) (TCI, P0280); mercaptoacetic acid (Fisherbrand, AC125430010); 1-heptanesulfonate monohydrate (Fisherbrand, AA1521418).
The following antibodies were used in this study: mouse anti-human keratin 14 (Abcam, ab7800, RRID:AB_306091) was diluted 1:1000; rabbit anti-human vimentin (Abcam, ab92547, RRID:AB_10562134) was diluted 1:250; both secondary antibodies, donkey anti-rabbit Alexa Fluor Plus 555 (Invitrogen, A32794, RRID:AB_2762834) and goat anti-mouse Alexa Fluor 647 (Abcam, ab150115, RRID:AB_2687948), were diluted 1:1000; DAPI (Thermo Scientific, 62248) was diluted 1:1000.
2.2 Silk isolation
Silk fibroin (SF) was extracted from Bombyx mori silk yarn (Bratac, Brazil) as previously described (Rockwood et al., 2011; Johnston et al., 2018). Briefly, yarn was boiled for 30 min in sodium carbonate (0.02 M) to remove sericin, then rinsed and dried. Extracted SF was then dissolved in lithium bromide (9.3 M) at 20% w/v for 4 h at 60°C. This was then transferred to a Slide-A-Lyzer G2 3.5k MWCO dialysis cassette (Thermo Scientific, 87725) and dialyzed against deionized water (3–4 L) for 48 h (8-10 water changes) to yield 6%–8% (w/v) SF. To further concentrate, the cassette was then transferred to a solution of 10 kDa PEG (20% w/v) in deionized water until the desired concentration (14%–15% SF) was reached. Any precipitated solids were removed from the solution by centrifugation at 4°C, 3600 RCF for 2 × 20 min and decanting the solution. Concentration was determined by adding SF solution (1.0 mL) into a MJ33 moisture analyzer (Mettler Toledo) and recording the mass of the solid remaining after drying. Concentrated SF solutions were stored at 4°C until use.
2.3 HAM synthesis
Carboxy methyl hyaluronic acid (CMHA) was synthesized as previously described (Arrigali and Serban, 2022) from HA, which increases available carboxy moieties for subsequent d-methionine (Dmet) conjugation. Briefly, HA (0.4 g) was ground into a fine powder in a glass mortar and pestle, then dissolved in sodium hydroxide (4 mL, 45% w/v) with stirring for 2 h at room temperature (RT). Isopropanol (30 mL) was then added followed by iodoacetic acid (0.423 M) in isopropanol (10 mL) and stirred for 2 h at RT. Isopropanol was removed by vacuum filtration. Then, the resulting solid was dissolved in deionized (DI) water (40 mL) and the pH was neutralized (∼7.0) before the solution was dialyzed against DI water for 72 h (12-15 water changes) with a Slide-A-Lyzer 3.5k MWCO dialysis, cassette (Thermo Scientific, 66130). After dialysis, the solution was frozen, lyophilized, and stored at −20°C in an airtight container until use.
Conjugation of Dmet to CMHA (HAM) was done as previously described (Arrigali and Serban, 2022). Briefly, CMHA (50 mg) was dissolved in MES buffer (10 mL). Dmet (220 mg) was then added, followed by EDC (100 mg). This mixture was allowed to react overnight with stirring at RT, then was neutralized with NaOH (1 M) and dialyzed against DI water for 72 h. After dialysis, the HAM solution was frozen, lyophilized, and stored at −20°C in an airtight container until use.
Modification of CMHA and HAM was confirmed by 1H-NMR on a Bruker 400 MHz using product in deuterated water (10 mg mL−1). Carboxymethylation efficiency was determined using quantitative 1H-NMR to normalize the three carboxymethyl methylene protons (4.1 ppm) to the two methyl protons of the N-acetylglucosamine of HA (1.95 ppm) (Supplementary Figure S1).
2.4 Scaffold casting
Varying concentrations of SF and HAM were combined in conical tubes by gently pipetting up and down followed by brief immersion in a sonicating water bath to homogenize. A 32 × 32 × 1 mm (or 32 × 32 × 0.5 mm) deep well was cast in PDMS from a simple template made in Fusion 360 software and printed on a Form 3 (Formlabs) SLA 3D printer using Clear V4 photopolymer ink. These PDMS molds were pre-chilled, then used to cast 1 mm (or 0.5 mm for wound healing) thick SF/HAM scaffolds. The scaffolds were frozen in a −80°C freezer overnight, then lyophilized for 24 h. Following lyophilization, the SF was made water insoluble by inducing physical crosslinking via β-sheet formation by soaking in 90% ethanol for 1 h (scaffolds used for tension testing were soaked overnight to match ethanol treatment of final device). β-sheet formation (Chen et al., 2009; Love et al., 2019) indicated by the amide I peak at 1620 cm-1 was confirmed by FTIR using a Nicolet iS50 FTIR with ATR (Supplementary Figure S2).
2.5 Microneedle array
A microneedle (MN) array template was designed using Fusion 360 software (Autodesk). The 21 × 36 MN array consisted of 400 µm tall conical MNs with a base diameter of 120 µm and pitch of 600 µm. The needle profile consists of 3 facets: the first 110 µm from the tip has walls angled at 15° from vertical to allow for a sharp, low-penetration force tip; this transitions to a main shaft with more gradually sloped sides, 6° from vertical, to provide increased compressive support and lateral rigidity; finally, a 25 µm radius fillet was placed at the intersection of the MN shaft and the base to prevent stress concentrations. This design was sent to the University of Utah Nanofabrication Lab (Salt Lake City, UT) for two-photon polymerization (2PP) 3D printing on a Photonic Pro GT2 (Nanoscribe) using IP-S resin and a ×10 objective. Following printing, a negative of the MN array was cast using Sylgard 184 polydimethylsiloxane (PDMS) as per manufacturer’s recommendation and allowed to fully cure overnight at 35°C before separating from the MN template.
PVA was dissolved at 8% (w/v) in nanopure water and stirred at 90°C until solubilized. Concentrated SF was diluted to 8% and combined with PVA at a 7:3 (SF:PVA) ratio by volume, pipetted to mix, then submerged 15–20 s in sonicating water bath to emulsify and degas the mixture. This SF:PVA solution was then cast into the PDMS MN negative mold and centrifuged at 3600 RCF for 5 min to completely fill the MN negative mold and remove any trapped air. This was then allowed to air dry overnight to form a film.
Characterization of MN and MN equipped devices was performed by scanning electron microscopy (SEM) on a Thermo Scientific Phenom ProX SEM with SED/EDS. Some SEM samples were coated in 5 nm gold by plasma deposition in air using a LUXOR Goldcoater to improve image resolution. Uncoated samples were also imaged to confirm that no changes were induced by gold coating.
2.6 Device assembly
SF scaffolds were lightly brushed with a solution of SF (6%–8% w/v) on one side, placed on the backside of the MN film still within the PDMS mold, then pressed with a glass coverslip (to provide even pressure) and a 30 g weight while it dries. After drying, the entire assembly is submerged in 90% ethanol overnight to induce β-sheet formation. The device is then allowed to air dry completely. A final thin layer of tissue adhesive aerosolized SF was applied to the surface of the MN using a TLC reagent sprayer (Kimble, 422530-0025) loaded with a SF solution (6%–8% w/v), then allowed to air dry. This random coil-abundant, water soluble layer of SF reactivates when exposed to moisture and acts as an adhesive, as has been previously demonstrated (Johnston et al., 2018), to secure the device.
2.7 Tensile strength testing
Scaffolds or assembled devices were cut into 10 × 30 × 1 mm dog bone-shaped sheets for tension testing using a hobby knife and custom 3D-printed stencil. Samples were soaked for 30 min in PBS, lightly pressed between two lab tissues to remove all excess liquid, then the sample was clamped into the tension fixture (Supplementary Figure S3A) of a Discovery HR-2 hybrid rheometer (TA Instruments, New Castle, DE). Tensile force was evaluated at room temperature with a constant linear rate of 166.67 μm s−1 until failure. Any samples which failed at the fixture interface were considered invalid and removed from the data. Ultimate tensile strength (UTS) testing was performed on eight distinct sample replicates.
2.8 Reactive oxygen species protection assay
Primary neonatal fibroblasts were purchased from ATCC (PCS-201-010) and cultured in fibroblast basal medium supplemented with low-serum fibroblast growth kit and 0.5% penicillin-streptomycin-amphotericin B (ATCC: PCS-201-030, PCS-201-041, PCS-999-002, respectively) using manufacturer’s protocols. After trypsinization and counting using a Countess automated cell counter (Thermo Scientific), fibroblasts were seeded at 6.0 × 103 cells per well into a 96-well plate, incubated in a 37°C, 5% CO2 humidified incubator for 24 h before beginning treating with appropriate treatment for 24 h. After 24 h, the treatment was replaced with menadione (10 µM), or vehicle (0.1% ethanol in media) in control group, and returned to incubator for 5 h. Wells were rinsed with growth media then the Cell-titer 96 Aqueous One Solution Cell Proliferation Assay kit (Promega, G3580) was run using manufacturer’s protocol and absorbance at 490 nm was read on a Cytation 5 microplate reader (Biotek). Reactive oxygen species (ROS) protection assay was performed in biological quadruplicates measured in technical duplicates.
2.9 Skin irritation testing
Skin irritation testing (SIT) was performed following OECD TG439 protocols and using in vitro EpiDerm tissues (Mattek Corporation, EPI-200-SIT). Briefly, complete devices were frozen in liquid nitrogen, then ground into a fine powder using a glass mortar and pestle. A drop of DPBS (25 µL) was placed on the epidermal surface of each test tissue, followed by 25 mg of the powdered device. Tissues were exposed to a negative control (DPBS), positive control (5% SDS solution), or the test substance for 60 ± 1 min, thoroughly washed, then further incubated for 42 h. Cell viability was then determined by reduction of MTT using absorbance at 570 nm on a Cytation5 microplate reader. SIT was performed as directed by the standardized protocol in biological triplicates measured in technical duplicates.
2.10 Fibroblast migration
Scaffolds (1 mm thickness) were prepared from a solution of SF (12% w/v) with HAM (0.2% w/v), frozen and lyophilized as described above, then rendered insoluble in 90% ethanol. Disks (8 mm diameter) were punched from the scaffolds, then transferred to sterile 24-well plates in a laminar flow cell culture hood where they were allowed to completely dry in sterile conditions for 3 days. The scaffolds were pre-soaked in fibroblast growth media for 1 h and placed in cell culture inserts (Millipore PIHP01250) to keep the scaffold surface above the surface of the media. A 5 µL drop containing 4.0 × 105 fibroblasts was gently pipetted onto the center of the scaffold. These were placed in a 37°C, 5% CO2 humidified incubator overnight to allow cells to properly adhere, then additional media was added to each well to fully submerge the scaffolds. Growth media was subsequently changed every 2 days. Scaffolds were collected on day 2 and day 7 after initial seeding, fixed, then immuno-labeled for confocal imaging (see below). Fibroblast migration was performed on four distinct samples for each collection day.
2.11 Adhesive testing
Complete devices were prepared as indicated before. Circular 8 mm diameter patches of the devices or Steri-DrapeTM (3M Healthcare, St. Paul, MN) were cut out with a biopsy punch (Accuderm, Fort Lauderdale, FL). A small square of natural sheep chamois leather (Amazon, Seattle, WA) was cut out, moistened, then all extra water was squeezed out with a lab tissue. The samples were then placed onto the leather with the adhesive against the leather and a ∼30 g weight was placed onto the device to provide downward pressure as it dried overnight. The following day, a small drop of cyanoacrylate glue (Gorilla Glue Company, Cincinnati, OH) was placed onto a custom 3D printed adapter (Supplementary Figure S3B) and stuck to the top of the adhered sample. For the New-SkinTM liquid bandage (Advantice Health, Cedar Knolls, NJ) samples, a thin coating of liquid bandage was applied directly to the 3D printed adapter, which was then pressed onto a square of chamois leather and allowed to dry for the manufacturer-recommended 5 min. The samples were clamped into the top of the tension fixture of the DHR-2, then a small drop of glue was placed onto a similar 3D printed adapter clamped to the bottom of the tension fixture. The fixture was automatically lowered until the glue contacted the chamois leather. This was then held at a constant force of 0.5 N for 15 min to allow the glue to dry. After 15 min, the tension fixtures began to separate at a rate of 100 μm s-1 until the device had completely separated from the leather. All samples were only considered valid if the separation occurred at the interface of the adhesive and the leather (this was true for all device samples tested; none failed at any other location). The absolute value of the peak tension (N) experienced before failure was divided by the adhesive surface area of the device (m2) to calculate the tensile strength (in Pa) of the adhesive. Adhesive testing was performed on six distinct sample replicates.
2.12 Drug permeation in vitro reconstructed human epidermis
Reconstructed human epidermis (RHE) were grown in vitro and cultured at air-liquid interface for 11 days as previously described in detail (Veit et al., 2021a; Veit et al., 2021b) using primary neonatal epidermal keratinocytes (Gibco, C-001–5C). The fully developed RHE were transferred to a 12-well plate containing 600 µL DPBS per well. A 4 mm diameter device was placed into the center of the RHE and gently pressed down with a cotton tipped swab to puncture the skin with the MN. The MN-free scaffold group was also pressed with a cotton swab with equal force to control for any non-MN associated damage affecting drug permeation. Fluorescein disodium (1 mM) in DPBS (10 µL) was applied onto the top of each scaffold and the tissues were incubated between timepoints in a dark, humidified, 37°C incubator. At each timepoint, the RHE were transferred to a new well containing fresh DPBS. The previous timepoint was collected in a microcentrifuge tube and stored at −20°C until analysis. When necessary, samples were diluted to within the linear range of the standard curve and the total fluorescein permeated was determined by fluorescence on a Cytation5 (Biotek) microplate reader (ex. 490 nm; em. 515 nm). Drug permeation assay was performed in biological quadruplicates measured in technical duplicates.
2.13 Full-thickness in vitro skin wound healing assay
Complete devices were punched into 3 mm diameter disks during the 90% EtOH soaking step of production, then transferred into a covered, sterile TC plate in a flowing tissue culture hood to dry overnight.
EpiDerm full-thickness (EFT) in vitro skin models were purchased from Mattek Corporation (EFT-412). Following the manufacturer’s recommended overnight equilibration period in a 37°C, 5% CO2 humidified incubator, tissues were wounded using a 3 mm biopsy punch (Accuderm, Fort Lauderdale, FL) and the resulting tissue plug was removed with fine-tipped sterile tweezers. The prepared sterile 3 mm devices were briefly soaked in DPBS, then gently placed into the induced EFT wounds.
These tissues were allowed to grow for 20 days, with media changes every 1–2 days using the supplied manufacturer’s media. The tissues were then fixed and processed for histological analysis (see below).
2.14 Histology and immuno-labeling of tissues
RHE and EFT tissues were fixed overnight (4% formaldehyde with 1% acetic acid in DPBS), transferred to histology cassettes, then processed for paraffin embedding in an ASP300S tissue processor (Leica Biosystems, Deer Park, IL). Paraffin embedded tissues were cut down on a microtome until the device was just exposed, then an additional 1.0 mm was removed to allow for a series of 6–10 µm sections to be made in the approximate center of the applied device. The slide-mounted sections were then either stained with hematoxylin and eosin (H&E) or deparaffinized and rehydrated for immuno-labeling using an Autostainer XL (Leica) robot. All tissue processing and sectioning equipment was provided by the Center for Environmental Health Sciences Molecular Histology and Fluorescent Imaging Core at the University of Montana.
Antigen retrieval of deparaffinized sections was done by placing slides in pH 6.0 citric acid (2.2 g L-1) within a double boiler for 20 min. Slides were rinsed in PBS, then blocked for 1 h in a buffer containing glycine (0.1 M), bovine serum albumin (BSA) (1% w/v), and triton X-100 (0.02% v/v), in PBS. Primary antibodies were diluted in BSA (0.2%) and triton X-100 (0.02%) in PBS (PBT buffer) and applied to the slides for overnight incubation at 4°C in a humidity chamber. The following day, slides were rinsed 3 × 3 min in PBT buffer with gentle orbital shaking. Secondary antibodies diluted in PBT buffer were incubated for 1 h at room temperature in a humidity chamber. Slides were again rinsed 3 × 3 min in PBT buffer, then incubated for 10 min with DAPI in PBT buffer before a final 3 × 5 min rise in PBS. Coverslips were mounted with Mowiol + DABCO mounting media (10% w/v Mowiol 4-88, 25% w/v glycerol, 0.1 M Tris (pH 8.5), and 2.5% w/v 1,4-diazobicyclo-[2.2.2]-octane).
H&E stained tissues were imaged on a DMI3000B (Leica Microsystems, Deerfield, IL) inverted widefield microscope with a Leica DFC450C camera. Immuno-labeled samples were imaged on a Leica Stellaris 5 confocal microscope.
2.15 Statistical analysis
Statistical analysis was performed as described in respective figure captions using GraphPad Prism software (v9.4.1). Sample sizes in figure captions refer to the number of distinct sample replicates and do not include technical replicates. Technical replicates were combined prior to statistical analysis.
3 RESULTS
3.1 Device design and production
The complete device formulation consists of SF as the main structural component, HAM as the main bioactive component, and PVA for transient structural stability and porosity. Physical and biological properties of HAM can be found in Supplementary Materials (Supplementary Figures S4, S5).
As a first step in creating a complete device, a negative mold of conical MNs was designed and manufactured as described in Section 2.5 from a micron-scale 3D printed template (Figure 1). Next, a mixture of SF and PVA was cast into a negative MN mold and allowed to dry into a film of sharp MNs with a tip radius of ∼2 µm (Figure 2A, Supplementary Figure S6). Separately, a porous scaffold (Figure 2B) was generated by freezing and lyophilizing a solution of SF and HAM placed in a 1 mm deep cuboidal negative mold. This scaffold was subsequently adhered to the dried MN array with SF adhesive, rendered water-insoluble by ethanol-induced β-sheet formation (confirmed by FTIR, Supplementary Figure S2), then coated with a thin layer of aerosolized SF tissue adhesive. This three-component complete device (scaffold, bonded MN array, and aerosolized SF adhesive) is stored dry until ready for use when it can be quickly activated by rehydration. For the purposes of this study, “complete device” (Figure 2C), refers to the final selected formulation of the device which consists of a scaffold made from a solution of 12% (w/v) SF and 0.2% (w/v) HAM which is adhered to a MN array containing a 7:3 mass ratio of SF to PVA, which has been rendered water insoluble then coated in SF adhesive. Interestingly, once hydrated, the complete device appears translucent and capable of adopting any underlying colors (Figure 2D).
[image: Figure 1]FIGURE 1 | Infographic of the device assembly procedure. MN array template was manufactured with photopolymer resin on a 2PP 3D printer. A PDMS negative mold of this template was cast and used cast SF/PVA MN arrays. Separately, a SF/HAM solution is frozen and lyophilized to form a 1 mm thick scaffold. The scaffold and MN array are bonded together, then this assembly is rendered water insoluble by inducing β-sheets in SF. Finally, SF adhesive is aerosol coated onto the surface of the MNs.
[image: Figure 2]FIGURE 2 | (A) SEM micrograph of SF/PVA MN array. (B) SEM micrograph of SF/HAM scaffold surface and partial cross section. (C) Photograph of hydrated device showing MN surface and (D) demonstrating the devices’ translucent property allowing it to inherit the underlying colors.
3.2 Device characterization
3.2.1 Mechanical properties
To determine the best balance between tensile strength, porosity, and HAM content, while retaining a compliant, skin-like feel (Supplementary Video S1), scaffolds were made with solutions containing varying concentrations of SF and HAM. For the scaffolds, both a decrease in SF (Figure 3A) and an increase in HAM (Figure 3B) content resulted in decreased UTS. The elongation at break for the final scaffold formation (12% SF + 0.2% HAM) was 78.3% ± 10.3% (mean ± SD), and there were no statistically significant differences in elongation at break from varying SF or HAM content in the scaffold (Supplementary Figures S7A, B). The complete device showed a significant increase in UTS (438.0 ± 91.5 KPa; mean ± SD) compared to the scaffold alone (149.9 ± 17.0 KPa) (Figure 3C) and displayed a steeper rise in the stress-strain curve, indicating a larger elastic modulus (Figure 3D) due to the additional components (MN array film and SF adhesive). Compared to the scaffold only, the elongation at break of the complete device was 42.9% ± 12.5% (Supplementary Figure S7C), likely due to the lower elasticity of the MN film.
[image: Figure 3]FIGURE 3 | Mechanical properties of scaffold and device. (A) UTS of scaffold made from solutions containing varying concentrations of SF with 0.2% HAM. (B) UTS of scaffold from solutions containing 12% SF and varying concentrations of HAM. (C) UTS of the final formations of the scaffold only (black) compared to the complete device (pink). (D) Representative stress-strain curve for scaffold only (black) compared to the complete device (pink). (A,B) n = 8; one-way ANOVA with Dunnett’s correction for multiple comparisons; *p < 0.05, ***p < 0.001, ****p < 0.0001. (C) n = 8; 2-sided t-test; ****p < 0.0001. NS, not significant.
3.2.2 ROS protection, cytocompatibility, and skin irritation testing
The ability of HAM to protect against ROS was evaluated using an MTS colorimetric assay, which measures metabolic activity and is reflective of cell viability. Primary human fibroblasts were pretreated with the indicated material or a vehicle control, then challenged by treatment with ROS-generating menadione. The menadione-challenged positive control (PC) significantly reduced fibroblast activity relative to the negative control (NC). This reduced activity was reversed and no longer significantly different than NC in the cells pre-treated with either 2 or 1 mg mL-1 HAM (Figure 4A, Supplementary Figures S5B). CMHA-alone, Dmet-alone, and a non-conjugated blend of the two, all in HAM-equivalent concentrations (based on mass ratio of CMHA to Dmet in HAM), were found to have no significant protective effect, highlighting the importance of chemical conjugation between HA and Dmet.
[image: Figure 4]FIGURE 4 | (A) ROS protection of fibroblasts by treatment with 2 mg mL-1 HAM or equivalent concentrations of CMHA alone, Dmet alone, or a blend of CMHA + Dmet. Followed by treatment with ROS-generating menadione (indicated by grey fill). n = 4. (B) Skin irritation test of NC (vehicle), PC (5% SDS), and final device formulation (25 mg, powdered) performed in 3D in vitro human epidermis. Dotted line shows cutoff threshold indicating whether test compound is considered a possible irritant. n = 3. (A,B) Mean +SD; one-way ANOVA with Tukey’s correction for multiple comparisons vs. NC (blue) or PC (red); **p < 0.01, ***p < 0.001, ****p < 0.0001. NC, negative control; NS, not significant; PC, positive control; SDS, sodium dodecyl sulfate.
Next, SIT was performed according to validated protocols (OECD TG439) using 25 mg of the complete device in powdered form. No evidence of skin irritation was found, nor was any statistically significant change in cell viability detected relative to the untreated control (Figure 4B).
In addition, the device’s ability to support fibroblast proliferation and migration was also tested by seeding an 8 mm diameter, 1 mm thick scaffold made from a solution of 12% (w/v) SF and 0.2% (w/v) HAM, with a 5 µL drop of primary fibroblasts placed into the center of the scaffold top. Scaffolds were collected 2 and 7 days after seeding and immuno-stained with anti-vimentin to visualize fibroblasts (Figure 5, Supplementary Figure S8). On day 2, only a small number of fibroblasts have begun to migrate away from the initial seeding area. However, by day 7, nearly the entire top and bottom of the scaffold is fully covered in fibroblasts.
[image: Figure 5]FIGURE 5 | Fibroblast migration in SF/HAM scaffold. Representative immunofluorescent confocal micrographs of SF/HAM scaffolds cultured for 2 (top row) or 7 (bottom row) days following initial seeding with a 5 µL drop of primary fibroblasts directly onto the top center surface of the scaffold. Red circle shows approximate initial seeding area to illustrate extent of migration. Scale bar applies to all images. DAPI and auto-fluorescent SF (blue); vimentin staining identifies fibroblasts (green).
3.2.3 Device Adherence
To test the adhesive strength of the device, 8 mm diameter complete devices, which included the tissue adhesive SF coated MNs, were adhered to chamois leather (as a skin analog) and pulled apart on a tensile testing fixture. The device demonstrated bonding of complete device to the skin analog in the MPa range, which was nearly identical to the adhesive strength of a commercially available adhesive surgical drape and significantly stronger than an over-the-counter liquid bandage formulation (Figure 6).
[image: Figure 6]FIGURE 6 | Device adhesive strength. Adhesive tensile strength of SF adhesive-coated complete device compared to a commercial surgical isolation drape and liquid bandage bonded to chamois leather (as skin analog) and pulled apart perpendicularly. n = 6; Mean ± SD; one-way ANOVA with Dunnett’s correction for multiple comparisons; **p < 0.01.
3.2.4 Drug delivery capabilities
To assess the skin penetration performance and drug permeability of the devices, 4 mm diameter complete devices were applied onto the surface of in vitro human epidermis models with gentle pressure from a sterile cotton swab. The MNs were found to easily penetrate the epidermis in a pattern consistent with the designed MN array (Figures 7A,B). After 24 h in situ residence in the human epidermis models, the water-soluble PVA in the MN array film surface appears to have dissolved away from the SF structure, as evidenced by the appearance of abundant pores (Figures 7C,D). To test the topical drug delivery effectiveness of the complete devices, fluorescein disodium was applied onto scaffolds containing scaffold only (S), scaffold with MNs (S + MN), and scaffold with MNs and the SF adhesive coating (complete device, S + MN + A). Relative to S alone, S + MN and S + MN + A both significantly increased topical drug permeation (Figures 7E,F).
[image: Figure 7]FIGURE 7 | Microneedle skin penetration, drug permeability, and porosity. (A) Cross-sectional micrograph of RHE penetrated by SF/PVA MNs. (B) SEM micrograph mosaic of RHE surface following MN insertion and removal. Red circles highlight perforations caused by microneedle array; yellow inlay zooms in on a single perforation. SEM micrograph of SF/PVA MN film surface before (C) and after (D) being inserted in RHE for 24 h. (E) Cumulative permeated FDS at each timepoint and (F) percent of total applied FDS permeated over 24 h after application to the surface of each sample consisting of scaffold only (S; blue), scaffold with MN (S + MN; red), or scaffold with MN and SF adhesive coating (S + MN + A; green), which had been applied to the surface of an RHE. n = 4; one-way ANOVA with Tukey’s correction for multiple comparisons; *p < 0.05; ***p < 0.001. FDS, fluorescein disodium; NS, not significant.
3.3 Wound healing
To investigate the device’s effect on wound healing, in vitro full-thickness human skin equivalents were wounded with a 3 mm biopsy punch and a 3 mm diameter complete device was placed into the wound (Figure 8A), which was then allowed to heal for 20 days. The control tissue which was not treated with a device showed migration of epidermal keratinocytes across the base of the cell culture insert, but there remained an obvious tissue gap in the dermis which could not heal naturally (Figure 8B). The tissues treated with the devices provided a dermal scaffold and appeared to integrate well into the healing wound (Figure 8C). Epidermal keratinocytes (red) are seen forming a continuous epidermis across a majority of the device surface (blue) and fibroblasts (green) are observed migrating deep into the scaffold of the device (Figure 8D).
[image: Figure 8]FIGURE 8 | Device wound healing in vitro skin model. (A) Photograph of wounded human skin equivalents (3 mm full-thickness wound) treated with reconstruction devices at the start of the wound healing experiment (day 0). Micrographs of sectioned and hematoxylin and eosin stained full-thickness human skin equivalent which was wounded with a 3 mm biopsy punch, then left untreated as a control (B) or treated with a skin reconstruction device (C), and allowed to heal for 20 days. (D) Immunofluorescent micrograph of wounded human skin equivalent treated with skin reconstruction device. DAPI and auto-fluorescent SF (blue); vimentin staining identifies fibroblasts (green); keratin 14 staining identifies keratinocytes (red).
4 DISCUSSION
With the deliberate intent to design a skin regeneration device for austere, resource-limited settings, each component was carefully considered and selected for incorporation into the final formulation. SF, a well-characterized, natural polymeric protein which is widely employed in biomedical applications, was chosen as the primary structural component for both the scaffold and MN array due to its biocompatibility, biodegradability, environmental stability, and the ease of tailoring its mechanical properties via structural changes (Vepari and Kaplan, 2007; Holland et al., 2019). PVA, a biocompatible, water-soluble synthetic polymer was added to the MN film to increase device porosity while transiently maintaining the initial mechanical robustness of the MN. Specifically, the microneedles are non-porous at the time of deployment but reveal micropores within 24 h as the PVA microdroplets dissolve out of the MN array. Although not tested in our studies, previous reports suggest that the addition of PVA to SF may also improve cytocompatibility relative to SF alone (Ulloa Rojas et al., 2022).
The final component of the complete device, HAM, is a hyaluronan-conjugate previously developed by our group and shown to decrease oxidative stress (Arrigali and Serban, 2022). HAM builds on HA’s excellent intrinsic biocompatibility and ease of chemical modification (Serban and Skardal, 2019; Graça et al., 2020; Marinho et al., 2021). HA, a natural polymeric glycosaminoglycan, has been extensively characterized for its role in wound healing (Chen and Abatangelo, 1999; Schanté et al., 2011; Neuman et al., 2015). Endogenous HA is known to have size-dependent biological effects on wound healing processes, with high molecular weight HA having been reported to be anti-inflammatory, anti-angiogenic, and anti-proliferative, while low molecular weight HA has been found to be pro-inflammatory, pro-angiogenic, and pro-wound healing (Chen and Abatangelo, 1999; Aya and Stern, 2014; Neuman et al., 2015). Interestingly, each of these extremes possess both desirable and undesirable properties in the context of skin reconstruction. While the exact range of what is considered high- and low-molecular weight HA varies across studies, our HAM characterization data indicates that the conjugate’s molecular weight (192 KDa) appears to fall consistently between the two groups, which may reduce the risk of significant detrimental effects seen at each extreme, and in our experiments showed beneficial biological effects. However, if pertinent, adaptation of HAM synthesis to generate significantly higher or lower molecular weight forms could be explored in future iterations to target the various biological effects as needed.
The overall assembly of the skin reconstruction device follows a deconstructed and easily scalable method which separately produces a porous SF/HAM scaffold adhered to a MN array made from a SF/PVA blend. The assembled device is rendered water insoluble via a simple physical cross-linking process, dried, then a thin coating of adhesive SF (Johnston et al., 2018) is sprayed onto the surface of the MNs and allowed to dry. Upon MN insertion into tissue, the adhesive is rehydrated by physiological moisture, forming a strong bond between the device and tissue surface. In contrast to traditional grafts and skin reconstruction systems, the self-adherent nature of this device eliminates the need for sutures or traditional invasive fixation methods and can be deployed without the need for trained medical personnel. Our comparison with a commercially available adhesive surgical drape and an over-the-counter liquid bandage formulation offers some insight into the adhesiveness of our device and suggests it should provide adequate adhesion in situ. Although this study did not investigate shorter adhesion times, our previously published work (Johnston et al., 2018) investigated the properties of this SF adhesive given shorter setting times. This work assessed both wet adhesive (60 s equilibration) and partially dried adhesive (3 h equilibration) strength, which could be used to extrapolate some level of confidence in the time-dependent adhesive potential of the device.
Our mechanical characterization data indicate that a device formulation comprising of 12% (w/v) SF and 0.2% (w/v) HAM provides the ideal balance between mechanical strength and ROS protection. It is important to underline that our device design was focused on the development of a robust, easy-to-handle system that would provide a sufficient mechanical barrier during handling and wound healing, while facilitating tissue-mediated device degradation and resorption, and a match of the exact mechanical properties of native skin was not deemed relevant. As is, the device provides a sufficiently strong protective barrier which allows for reasonable flexibility and ease of motion of wounded tissue throughout the device handling and healing process. Although we did not investigate this in our study, the device composition leads us to expect device degradation as the wound heals and subsequent studies will be focused on assessing the exact timeline of this process.
Based on the well-understood properties and previous studies of the constituent materials, our devices are expected to be fully biocompatible, although this will also need to be confirmed in subsequent preclinical studies. The data presented herein supports our expectations as standardized skin irritation tests following OECD TG439 guidelines showed that exposure to neither the device nor excess HAM resulted in any decrease in epidermal tissue viability relative to control. This in vitro organotypic test is considered equivalent to traditional in vivo preclinical models and has been shown to be accurately predictive of in vivo performance (OECD, 2021).
The antioxidant effects of HAM, and its ability to improve Dmet cellular internalization over unconjugated Dmet, have been previously described by our group in cochlear cells (Arrigali and Serban, 2022). Although Dmet is intrinsically antioxidant, it is not readily internalized by cells in efficacious concentrations. By conjugating Dmet to HA, we can leverage HA-receptor mediated internalization to increase intracellular Dmet. This effect is clearly demonstrated in this study, which shows ROS protecting effects by HAM but not by equivalent concentrations of unconjugated Dmet. As literature reported in vivo data indicates that elevated and sustained ROS levels are detrimental to wound healing (Dunnill et al., 2017), we evaluated the effect of HAM on primary human fibroblasts treated with menadione, a compound which strongly induces cellular production of ROS (Singh and Husain, 2018), then quantified cellular metabolic activity by MTS reduction assay, which is commonly used as a cell viability assay. The results indicate that HAM strongly protects against cellular damage by ROS, while equivalent amounts of CMHA, Dmet, or a blend of the two in the unconjugated form, do not.
Next, since fibroblast migration and proliferation are critical steps in proper wound healing (Saghazadeh et al., 2018), we sought to evaluate these processes in our devices. Our data show that the SF/HAM scaffold facilitates generous fibroblast migration and proliferation in vitro. We also show that the skin reconstruction device is able to integrate into in vitro human skin equivalents following full-thickness (epidermis and dermis) wounding. Due to the thinness of the in vitro human skin equivalent used, a device made from 0.5 mm thick scaffold was used in place of the 1.0 mm thick scaffold used in the rest of the study. This was needed to allow the adjacent epidermal keratinocytes to migrate over the device in a manner more representative of the real-world conditions expected in deeper in vivo wounds. This preliminary data showed that, despite the lack of underlying tissue in this in vitro model (relative to in vivo skin), within 20 days the device was able to integrate into the tissue to act as a dermal scaffold within the wound. Epidermal keratinocytes migrated across the surface and continued to produce a protective stratum corneum, while fibroblasts had begun to migrate deep into the scaffold. We anticipate that, in an extended form of this study, the wound healing response will overlap with proteolytic degradation (Holland et al., 2019) of the device. This process should involve the device being increasingly replaced by the endogenous extracellular matrix components, such as collagen and elastin which are secreted by the native fibroblasts, and we hope to investigate these device integration aspects in subsequent studies. Within austere environments, existing skin substitutes, if available, would likely only be applied days after the initial wounding once the patient reaches a properly equipped medical facility. Given that the device detailed in this study is intended to offer a rapid, more immediate treatment option than currently exists in austere environments, we opted to compare this device’s in vitro wound healing performance relative to a control wound which received no treatment as opposed to an existing skin reconstruction product. We postulate this comparison to be more representative of the actual outcomes which would be seen in the field.
Another essential consideration for the device design was its ability to enable topical drug delivery. This feature is intended to allow patient/situationally-specific antibiotics, local anesthetics, or any other therapeutics deemed appropriate for care, to be simply applied to the surface of the device to directly treat the targeted tissue, thus reducing or eliminating the adverse effects associated with systemic treatments (Holtman and Jellish, 2012; Carmichael et al., 2018; Negut et al., 2018). Previous studies have also suggested that MNs, in addition to enhancing drug permeation, may also inherently aid wound healing by stabilizing the wound or mechanically promoting debridement and cell proliferation (Barnum et al., 2020). Our approach to facilitating topical drug treatments was to incorporate a dense MN array as well as macro- and micro-pores into the device design. The results of this study show that our custom MN arrays can fully and efficiently penetrate the tough epidermis and even break though the underlying polycarbonate membrane of the cell culture inserts used in the in vitro epidermis model. Although this study utilized in vitro epidermis models commonly used for preliminary drug permeation and skin barrier assessments (Agonia et al., 2022) and SF MN have been previously shown to be effective in animal models (Tsioris et al., 2012; Stinson et al., 2017), future in vivo or skin explant studies are required to confirm efficacy of this device’s MN array. We also show that the MN array with adhesive coating more than doubles drug delivery across the epidermis relative to the scaffold alone. Although only about 8% of the total drug applied permeated over the initial 24-h period, we suspect that a significant portion of the drug was absorbed into the scaffold and, upon saturation, subsequent doses applied to the device would likely result in significantly more drug permeating more rapidly. The results also indicate that within 24 h of being inserted into a tissue, the PVA component of the MN film dissipates leaving the insoluble SF film with sufficient porosity to facilitate drug permeation and cellular infiltration.
Of note, in line with the Food and Drug Administration’s initiative to reduce animal testing and promote the use of qualified alternative methods for product testing (FDA, 2023), this study employed validated, standardized in vitro testing methods for the initial assessments of cytocompatibility, tissue interaction, and wound healing efficiency. Our data now positions these devices to be confidently advanced to subsequent targeted preclinical studies that would seek to address their biodegradation, bioresorption, and overall in vivo performance.
5 CONCLUSION
Altogether, this study describes the conceptualization, development, and proof of concept of a unique, user-friendly, effective, biomaterial-based skin reconstruction system specifically targeting the needs of patients in resource-limited settings. We demonstrated that this device is cytocompatible and non-irritant, displays favorable mechanical properties, protects cells from ROS damage, facilitates cell migration and wound healing in vitro, and improves topical drug permeability. The device formulation is expected to translate into a biocompatible, highly stable, cold-chain independent product, although these aspects will be specifically addressed in subsequent studies. Future iterations of the device concept presented herein will seek to address the issue of eschar and wound debridement via similar minimalist approaches. However, in its current form, the device appears to represent a viable option for secondary care centers and rural clinics. Overall, this work highlights the unique considerations associated with the generation of treatment options for austere environments where minimalist but versatile designs may be better suited than traditionally innovated concepts.
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Synthetic nanoparticles (NPs) are non-viral equivalents of viral gene delivery systems that are actively explored to deliver a spectrum of nucleic acids for diverse range of therapies. The success of the nanoparticulate delivery systems, in the form of efficacy and safety, depends on various factors related to the physicochemical features of the NPs, as well as their ability to remain “stealth” in the host environment. The initial cytokine response upon exposure to nucleic acid bearing NPs is a critical component of the host response and, unless desired, should be minimized to prevent the unintended consequences of NP administration. In this review article, we will summarize the most recent literature on cytokine responses to nanoparticulate delivery systems and identify the main factors affecting this response. The NP features responsible for eliciting the cytokine response are articulated along with other factors related to the mode of therapeutic administration. For diseases arising from altered cytokine pathophysiology, attempts to silence the individual components of cytokine response are summarized in the context of different diseases, and the roles of NP features on this respect are presented. We finish with the authors’ perspective on the possibility of engineering NP systems with controlled cytokine responses. This review is intended to sensitize the reader with important issues related to cytokine elicitation of non-viral NPs and the means of controlling them to design improved interventions in the clinical setting.
Keywords: cytokine response, nanoparticle, inflammatory response, non-viral delivery, biocompatibility
1 INTRODUCTION
Nucleic acid-based therapies utilize a range of endogenous and altered nucleic acids derived from DNA and RNA to target specific genes and modify their expression or activity, which lead to therapeutic benefits. A handful of nucleic acid therapies have gained entry into the clinical practice while a large range of nucleic acids are now undergoing clinical testing for regulatory approval. They offer several advantages over conventional drugs (i.e., small organic molecules) and provide activities that cannot be matched by such drugs. They can be designed to be highly specific, avoiding off-target effects that can occur with the current drugs. Rather than simply suppressing the symptoms, these therapies have the potential to treat diseases at the genetic level by altering the root-cause of the disease with long-lasting effects, allowing targeted and precise treatments (Kulkarni et al., 2021). Nucleic acid-based therapies derived from plasmid DNA (pDNA), messenger RNA (mRNA), small interfering RNA (siRNA), and antisense oligonucleotides (ASOs), have shown promise in treating a range of diseases, including those that are currently considered “incurable”. The siRNA-based drug Vutrisiran, to treat the rare genetic disease polyneuropathy of hereditary transthyretin-mediated amyloidosis (Mullard, 2022) and the mRNA-based COVID-19 vaccines (Watson et al., 2022) are leading examples of nucleic acid therapies.
With the help of recent technological advancements, nucleic acid therapies have become progressively feasible in terms of both production and accessibility, hence, they are explored in clinics for many indications. A critical challenge in exploring new indications lies in the efficiency of the delivery system (Uludag et al., 2019). Administering nucleic acids without a carrier or delivery system is not desirable since they cannot enter cells on their own (at least without significant chemical modifications). These nucleic acids are also prone to undergo rapid degradation due to systemic nucleases, and elicit immune responses due to similarities with the genetic make-up of foreign entities. Nanoparticles (NPs), i.e., delivery vesicles structured at the nm-scale, have emerged as the most promising candidates for delivering nucleic acid-based drugs to overcome such challenges. Their success depends on their ability to efficiently reach the target cells and release their payload without inducing significant toxicity. The NPs are non-viral in nature, but they could still interact with the immune system and subsequently trigger immune responses that can lead to adverse effects. Cytokine response is considered as one of the key immune responses to the NPs (Zolnik et al., 2010) and it is imperative for NPs to remain in “stealth” model when it comes to cytokine response upon administration in a host.
Cytokines are a class of proteins with essential functions in immunity, and other physiological processes such as cellular proliferation, differentiation, apoptosis and inflammatory reactions. They are produced and secreted by various cells in the body, including immune cells and endothelial cells in response to a variety of physiological events and pathological processes. They act as chemical messengers, which bind to specific receptors on the surface of target cells, triggering a range of downstream signaling pathways, and facilitating communications between cells of the immune system, as well as other cells in the body. Cytokines can be broadly classified into several categories, including growth factors, interleukins (ILs), interferons (IFNs), tumor necrosis factors (TNFs), and chemokines (Deckers et al., 2023). Abnormal cytokines levels can trigger a pro-inflammatory or anti-inflammatory response and are associated with a wide range of diseases. Excessive secretion of certain cytokines has been linked to the development of autoimmune diseases such as rheumatoid arthritis, lupus, and multiple sclerosis, in which the body’s immune system erroneously targets healthy cells and tissues (Moudgil and Choubey, 2011). Sepsis is induced by overproduction of cytokines in response to foreign invaders and can lead to death if uncontrolled. Certain cytokines, such as IL-15 and M-CSF may promote tumorigenesis, whereas others, such as IFN-γ, may inhibit it (Dranoff, 2004). Cytokines can typically display multiple roles, such as TNF-α and IFN-γ, which can either promote tumor growth or suppress it (Wang and Lin, 2008). Cytokine alterations are also the root-cause of certain chronic inflammatory disorders such as ulcerative colitis, Crohn’s disease, and inflammatory bowel disease. Depression and other mood disorders have been linked to elevated levels of pro-inflammatory cytokines (Raison et al., 2006).
When NPs enter the body bearing nucleic acids, they can be recognized by the immune system as foreign invaders like viruses, which can activate monocytes, macrophages, and dendritic cells to release defensive cytokines. Several factors related to the physicochemical features of the NPs, the nucleic acid cargo, administration regimen (location, dose, etc.) and patients’ genetic profile can influence the nature and the intensity of the cytokine response (Gonçalves et al., 2020; Bila et al., 2021; Gu et al., 2021). In extreme cases, a cytokine storm, also known as cytokine release storm (Fajgenbaum and June, 2020) may be triggered. On the other hand, a controlled cytokine response with modulation of desired cytokines, can be beneficial by enhancing immune responses against tumors or pathogens, which leads to better therapeutic outcomes. Hence, understanding the cytokine response to NPs is essential to investigate the safety and efficacy of nucleic acid-based drugs.
In this report, we cover the latest developments in the cytokine response to NP-based non-viral delivery systems. We provide a brief insight into the premises behind different NP formulations, highlight their technological features that make them promising for clinical translation and survey the information on their cytokine response. We discuss ideas that may pave the way to interfere specifically with abnormal cytokine physiology and develop improved formulations with minimal adverse effects.
2 NANOPARTICLE-BASED NUCLEIC ACID DELIVERY SYSTEMS
A diverse range of materials has been explored as the foundation for NP fabrication in delivery of nucleic acids (Figure 1). These include peptide/protein derived natural or synthetic biomolecules, lipid-based compounds (natural and synthetic), polymeric and dendrimeric materials, inorganic frameworks (Paunovska et al., 2022), and more recently exosomes (El-Andaloussi et al., 2012). Cationic biomaterials are used to take advantage of the anionic nature of the nucleic acids to form ionic complexes for NP formation and/or entrapment, while the neutral biomaterials have been used for simple entrapment or encapsulation of nucleic acids. Some NPs are derived from a single (homogenous) component, which allows a simple fabrication process but may limit functional features of the NPs. On the other hand, the leading NP formulation, lipid NPs (LNPs) that formed the basis of the recent SARS-CoV-2 vaccines, are formed from a cocktail of lipids: a neutral lipid (e.g., distearoylphosphatidylcholine, DSPC) for nucleic acid entrapment, cholesterol for structure integrity, PEGylated lipid (DSPE-PEG) to create a hydrophilic, non-opsonizing surface, and an ionizable lipid (e.g., DLin MC3-DMA) for membrane fusion (Verbeke et al., 2019; Wang et al., 2023). Having multiple components enhances the functionality of NPs but may require specialized fabrication techniques not readily amenable for scale-up. Advanced polymers may incorporate some of these features into a single component, such as cationic and PEG moieties, lipidic side-groups and bioactive peptides capable of controlling intracellular trafficking (Suk et al., 2016), so that NPs formulations can be conveniently prepared as long as the single component polymer is fabricated in a reproducible manner.
[image: Figure 1]FIGURE 1 | A schematic representation of various constituents of a NP. The NPs are constructed from several types of building blocks with, if necessary, targeting moieties (for active targeting to a cell/site), coating groups (to reduce opsonization and/or non-specific interactions) and nuclear localization signals (for cell nucleus targeting). The lipid constituents of the NP could further facilitate membrane fusion and/or destabilization of endosomal membranes to prevent endosomal entrapment of the cargo.
Irrespective of the building block, the NPs can facilitate nucleic acid delivery into cells through various uptake mechanisms, including cell membrane penetration and receptor-mediated internalization, and further binding to nucleic acids to protect them from degradation in the extracellular environment. Where necessary, cell/tissue/organ trophy can be built into the NPs by selective binding ligands that include biosynthetic antibodies against desired molecules (e.g., Her2), particular receptor ligands (e.g., folate) (Xu et al., 2017) or aptamers, to name a few. Such targeted systems aim to concentrate the nucleic acids at sites of action, and are expected to elicit minimal host response that can prevent the NPs from functioning.
Since endosomal membranes pose a significant barrier to the transport and release of the nucleic acids, NPs with endosomal escape mechanisms are preferred in the design of the carriers. Several strategies have been utilized to this end; if possible, endosomal entrapment could be avoided by using “fusogenic” NPs that can fuse with the cell membrane and release their cargo into the cytoplasm (Chen et al., 2013; Joubert et al., 2023). Lipid NPs (LNPs), in particular, can fuse with cell membranes to release their cargo into the cytoplasm directly. However, all NPs are likely to undergo some extent of endosomal uptake and the primary approach to overcome this barrier is to incorporate specific signals that facilitate endosomal escape such as the fusogenic peptides (Samec et al., 2022; Joubert et al., 2023), or lipids that disrupt the endosomal membrane order (Lam et al., 2023). Alternatively, some polymers can display “proton sponge” effect, in which the cationic moieties absorbs H+ and produces osmotic swelling of the endosomes, resulting in rupture and discharge of the nucleic acids into the cytoplasm (Pei and Buyanova, 2019). The release of the cargo from endosomes might be sufficient for nucleic acids that function in cytoplasm, for example, mRNA and non-coding RNAs such as short interfering RNA (siRNA), but additional measures might be needed to enhance the nuclear uptake of the nucleic acid. The nuclear uptake can be facilitated with lysine-arginine rich synthetic polypeptides (Li et al., 2022), viral-derived TAT peptides, ionizable lipids or lipophilic polymers whose mechanism of nuclear uptake remains to be elucidated can function along the same lines and increase nucleic acid uptake into cells.
3 CYTOKINE RESPONSE TO NANOPARTICLES
The ability of a host to mount a significant cytokine release in response to administered nucleic acids with various delivery platforms has been appreciated. The most common clinical approach to circumvent immune response is through the administration of immunosuppressive agents to block immune cell interaction (Zhang C et al., 2021). Figure 2 provides a summary of various pharmacological approaches to interfere with the cytokine response in a clinical setting, not necessarily tailored for the NP systems. Some of the utilized agents are broad acting such as the use of corticosteroids, while others are quite specific such as the use of AnakinraTM to inhibit IL-1β activity. Early clinical studies using viral delivery of gene medicines indicated the cytokine response to be significant; following an adenovirus-based infusion protocol into the right hepatic artery for the treatment of ornithine transcarbamylase deficiency, 1 patient (out of 19) exhibited peak levels of IL-6 (∼4,500 pg/mL) at 8 h post injection that remained high until the passing of the patient (Chatenoud et al., 1989; Raper et al., 2003). Although one other patient also exhibited high IL-6 level, it subsequently dropped helping in complete recovery. Another study with an adenovirus vector in 2009 carrying human hepatocyte growth factor (Ad-HGF) proved successful involving 21 patients with severe coronary artery disease. While IL-4 levels remained unaffected by the treatment, IL-10 was upregulated in the first 24 h, but later decreasing to control levels (Yang et al., 2009). To improve the safety, a non-viral approach was employed for cystic fibrosis correction with lipid (DOPE:DMPE–PEG5000)/DNA complexes in an aerosolized form; 4 out of 8 patients experienced fever, muscle, and joint aches along with myalgias and arthralgia in some of them. Serum IL-6 levels were elevated in all patients ranging between ∼10 and ∼50 pg/mL although no causality was reported, while IL-1, IL-8, TNFα and IFN-γ levels were unaltered (Ruiz et al., 2001). A polymeric NP, CALAA-01 consisting of i) a cationic cyclodextrin, ii) a hydrophilic stabilizer adamantane-PEG and iii) a targeting ligand for human transferrin receptor, was used to carry an siRNA against an anti-cancer target, ribonucleotide reductase M2 subunit (RRM2). The serum cytokine studies in primates recorded an upregulation of IL-6, IL-12 and IFN-γ levels which correlated with patient clinical trials (n = 24). The cytokine levels peaked mostly between 2 and 6 h post injection with IL-6 and IL-10 reaching ∼600 pg/mL, TNFα ∼200 pg/mL and IFN-γ ∼50 pg/mL, but the levels dropped back to normal/baseline in 24 h. It was evident that the polymeric CALAA-01 induced an inflammatory response but was tolerated to some extent by the patients (Zuckerman et al., 2014).
[image: Figure 2]FIGURE 2 | Main pharmacological agents employed to control cytokine storm in a clinical setting. The mediators targeted by the pharmacological agent is shown in parenthesis. The immunosuppressive properties of the corticosteroids are attributed to their ability to bind glucocorticoid receptors to block various signaling pathways affecting cytokine production in immune cells. The humanized antibody Tocilizumab predominantly used in treating rheumatoid arthritis also received approval to address cytokine release syndrome (CRS) following a CAR-T therapy based on AAV (Le et al., 2018). The kinase inhibitors with indicated target enzyme displayed immuno suppressive properties, including suppression of CRS, some of which are being investigated in T-cell therapies (Fraietta et al., 2016; Huarte et al., 2020; Xiang et al., 2022). Etanercept and Anakinra was successfully used to address CRS in patients without altering the therapeutic effect of CAR-T therapy in treatment of multiple myeloma (Zhang L et al., 2021) and B-cell lymphoma (Strati et al., 2020), respectively. Other molecules such as cyclosporin and tacrolimus, which inhibit the phosphatase calcineurin, can downregulate the IL-2 cytokine levels (Chu and Ng, 2021).
Recent studies in preclinical models have provided alternative, non-pharmacological approaches to control the cytokine response to non-viral carriers. Dose is an important contributing factor as higher doses correlate with higher cytokine induction in several models. Although no major cytokine upregulation was reported with cell penetrating peptides (CPPs), a slight upregulation could be seen in TNF-α levels between 1 and 5 mg/kg doses of CPPs TP10, stearyl-(RxR)4, PF3 and PF4 in vivo (Suhorutsenko et al., 2011). Similarly, the levels of IL-1β/-6/-8 secretion from keratinocytes/fibroblasts increased with increase in the dose of PAMAM in vitro (Czarnomysy et al., 2019) as well as cytokine secretion (MIP-2, TNF-α and IL-6) from macrophage cells to G4-G6 PAMAMs (Naha et al., 2010). Among 7 different lipid-modified LMW bPEI, one polymer showed increased IL-6/TNF-α secretion at higher polymer dose (∼20 pg/mL vs. < 5 pg/mL) (Meenakshi Sundaram et al., 2022).
Increase in pDNA dose from 30 μg to 80 µg increased the serum TNF-α levels from ∼5 to ∼40 pg/mL (Kawakami et al., 2006). Similar observations were reported with oligodeoxynucleotides having CpG motifs as the levels of IL-6 and IFN-α increased from ∼500 to ∼1,250 pg/mL and ∼80–∼180 pg/mL, respectively, with increase in the concentration of the oligodeoxynucleotides delivered by a 1.8 kDa PEI (Cheng et al., 2018). Such a dose-dependent increase in cytokine levels was also seen with CALAA-01 NPs, as patients treated with 10 mg/m2 (dose of siRNA) displayed negligible cytokine response, while with 20–30 mg/m2 dose, there was a maximum increase of 200-fold for IL-6, 100-fold for IL-10, 15-fold for TNF-α and 20-fold for IFN-γ (Brockstedt et al., 1999; Zuckerman et al., 2014). Use of a low dose should be a key consideration irrespective of the therapy and should be implemented even at the earliest stages of discovery and validation studies in in vitro and in vivo bioassays.
Selection of administration route is normally dependent on the type of therapeutic intervention in addition to the anatomical site being targeted. Local routes would be more beneficial to confine the NPs, thereby avoiding unwanted systemic side effects. Commonly utilized IV route has the advantage of targeting systemic diseases as it can reach various organs. The influence of administration route on immune response was recognized early when using recombinant adeno-associated viral vectors (AAV) in C57BL/6 mice for ovalbumin delivery. The immune response following IM injection showed the lowest response through the development of cytotoxic T lymphocytes (CTL) (Brockstedt DG et al., 1999), while contrasting effects were observed in other studies where IM route triggered a high immune response compared to other routes of administration. Additional studies on the difference in immune responses upon different routes of administration (oral, IV and IM) have been reported with AAV through CTL (Sun et al., 2003; Shirley et al., 2020). Relatively fewer studies could be found with non-viral gene delivery systems. Routes such as IM, intradermal (ID), intralymphatic (ILy), and SC were compared in BALB/c mice with a model antigen (ovalbumin). All systems showed an antibody response with ILy administration. The ID and IM routes induced a moderate response, whereas the SC route did not elicit any response with T-helper (Th) cells being a major player in this study. Re-stimulation of the mice splenocytes (in vitro) was performed to better understand the cellular response based on IFN-γ, IL-4 and IL-10 cytokine secretion. With liposomes, the ILy route showed an elevated IFN-γ secretion compared to the SC, ID and IM routes. The chitosan and PLGA NPs did not show any major differences between the route of administrations and IFN-γ/IL-10 induction, while the route of administration was important for chitosan NPs for the IL-4 secretion (IM < SC < ID < ILy) (Mohanan et al., 2010). Although this was a vaccination study, the findings could be extrapolated to gain an insight on the immunogenicity of non-viral NPs. With PEI-based vectors, several animal studies were reported for nucleic acid NPs derived from this carrier (Figure 3) and different routes did not appear to make a significant difference in the elicited response in this case. Within this limited data set, i) some cytokines (IFN-γ) appeared to be more stimulated with this particular carrier, and ii) the cytokine response appeared to be similar in normal vs. disease models. Different types of NPs other than LNPs and polymeric systems also found to contribute to cytokine responses (Table 1).
[image: Figure 3]FIGURE 3 | Cytokine response to various formulations of PEI in preclinical animal models. The specific cytokine investigated, the administration route (IV, IP, AER; intravenous, intraperitoneal and aerosolized, respectively) and the normal/disease model employed are indicated for each study. L: Linear PEI, B: Branched PEI. The numbers on the horizontal axis indicate the molecular weight (kDa) of the PEI used. The nature of the nucleic acid cargo, the dose administered and the N:P ratio employed in the formulations were variable; this information is provided below the graph and numbered according to the bar number from left to right. References for the studies are: [1]: Zhang et al., 2013, [2]: Kawakami et al., 2006, [3]: Gautam et al., 2001, [4]: Bonnet et al., 2008, [5]: Cheng et al., 2018.
TABLE 1 | Cytokines responses by NPs with/without cargos other LNPs and polymeric systems.
[image: Table 1]With viral delivery systems, pre-exposure to viruses could explain the stronger cytokines responses in some individuals, but this should not be an issue with NPs. In Phase Ia/Ib studies with CALAA-01, 19 (M) Phase Ia patients had good tolerance to dose escalation, while 3 (F) out of 5 (F) Phase Ib patients experienced dose-limiting toxic events (DLTs) along with grade 3 toxicities. Some patients exhibited slight cytokine response mediated by Th2 cells. (Zuckerman et al., 2014). Substantial variation in cytokine induction was observed among 307 participants (children) towards virus and bacterial infection with differences as high as 1000-fold. Twenty-eight separate cytokines were evaluated against 15 different stimuli including various pathogens using peripheral blood mononuclear cells (PBMC) isolated from 307 participants. The reason(s) for the difference could be due to i) different receptors being recognized among the participants, ii) failure to determine the specific cell type present in PBMCs before undertaking the study, iii) use of PBMCs stored in liquid nitrogen and iv) the difference in the time of sample collection along with genetic differences among the cells (Lin et al., 2022). We also noted such differences in vitro studies performed with PBMC obtained from otherwise healthy individuals (i.e., blood donors) (Figure 4); only 3 out of 6 donor PBMC exhibited very high levels with the “stimulatory” treatment of PMA/IO (phorbol 12-myristate 13-acetate/ionomycin).
[image: Figure 4]FIGURE 4 | Secretion of inflammatory cytokines (TNF-α, IL-6 and IFN-γ) from PBMCs obtained from 6 separate, healthy donors in culture. The cells were treated with PMA/IO combinations at indicated concentrations and cytokine secretion was determined 3 days afterwards (by specific ELISAs). Untreated cells served as the reference. Note that some PBMCs were unresponsive to the stimulation (especially in IL-6 and TNF-α secretion) while other PBMCs were hyper-sensitive to the stimulation. Significant donor-to-donor variation was evident among the PBMCs when it comes to cytokine secretion upon the stimulation (Meenakshi Sundaram et al., 2022).
4 MANAGEMENT OF CYTOKINE RESPONSE: POSSIBILITY OF PRECISION INTERVENTION
Novel approaches are being explored to formulate minimally immunogenic NP carriers and for therapeutic purpose in diseases involving cytokine dis-regulation. The collective effort is paving the way for a personalized approach to cytokine therapy whereby very specific interventions, mainly based on RNA Interference (RNAi), are beginning to be employed to control the upregulation of specific cytokines. Short interfering RNA (siRNA), as the pharmacological mediator of RNAi, has gained approval for several clinical indications now (Table 2). Figure 5 summarizes various RNAi approaches to target cytokine mediators in different diseases. The versatility of the RNAi approach through the design of siRNA from a core blueprint is allowing rapid adaptation of this technology for diverse diseases, made possible by conveniently targeting different cytokine mediators suspected to be involved in each particular disease.
TABLE 2 | Clinically approved siRNAs, their formulation details and administration doses.
[image: Table 2][image: Figure 5]FIGURE 5 | Attempts to implement RNAi in various disease models involving cytokine mediators. The specific siRNA target and the delivery system used are indicated. The references to the specific study are numbered as follows: 1: (Azzam, El Safy, et al., 2020). 2: (Bai et al., 2022). 3: (Cardoso et al., 2010). 4: (Chen et al., 2013). 5: (Diao et al., 2019). 6: (Fihurka et al., 2022). 7: (Frede et al., 2016). 8: (Frede et al., 2017. 9: (Heo et al., 2015). 10: (Herman et al., 2015). 11: (Jiang et al., 2018). 12: (Khoury et al., 2008). 13: (Kim and Kim, 2007). 14: (Kim et al., 2010). 15: (Lee et al., 2021). 16: (Lian et al., 2019). 17: (Okuda et al., 2018). 18: (Pandi et al., 2018). 19: (Peer et al., 2008). 20: (Rudd et al., 2020). 21: (Kim et al., 2011). 22: (Shi et al., 2018). 23: (Shin et al., 2020). 24: (Tang et al., 2022). 25: (Wu et al., 2018). 26: (Wu et al., 2021). 27: (Xiao et al., 2014). 28: (Xiao et al., 2016). 29: (Xiao et al., 2017). 30: (Yan et al., 2019). 31: (Yang et al., 2022). 32: (Jiang et al., 2018). 33: (Yoon et al., 2016).
Numerous NP systems have been employed to this end (Figure 5) and the exact contribution(s) of the NP features on the obtained response, especially their intrinsic activity to modulate immune response, are not always known. Nevertheless, NP design and engineering are gaining momentum to better fine-tune the cytokine response in a host. Large NPs with complex surface chemistry tend to induce stronger cytokine responses than those with smaller and simpler surface chemistry (Elsabahy and Wooley, 2013; Weiss et al., 2021). With peptide-based carriers, the resultant size and charge of the carrier can significantly influence the cytokine release (Tsai et al., 2020). The CPPs were generally found to be well tolerated, based on a range of in vitro and murine models (Carter et al., 2013). The type of dendrimer used for nucleic acid delivery can also affect cytokine release, especially with their high density of regularly spaced charges (presenting a clearly artificial surface to the host). Cationic dendrimers have been reported to stimulate cytokine release more strongly than the anionic or neutral dendrimers (Moreira et al., 2023). Surface modification of dendrimers with certain functional groups or coatings can decrease cytokine release (Santos et al., 2020). With LNPs, special lipid compositions are being developed to minimize the immunogenicity (Tahtinen et al., 2022). The size of LNPs can also impact cytokine release, possibly due to differences in cellular uptake or intracellular processing. Hassett and others investigated the impact of a variety of physicochemical parameters on the immunogenicity of LNPs encapsulating mRNA expressing cytomegalovirus (CMV) pentamer, where CMV pentamer titers are known to manipulate cytokine production. The immunogenicity was assessed by antibody titers after prime (day 1) and booster (day 22) doses. The size of the LNP showed the best correlation with immunogenicity in the BALB/c mice model compared to other parameters. After the prime dose, anti-pentamer titers were increased with a particle size up to 105 nm, but subsequently reduced when the particle sizes increased. Following the boost, this correlation was found to be considerably more pronounced for LNPs with a particle size of less than 85 nm. (Hassett et al., 2021). The cytokine response to pDNA-incorporating cationic (DOTMA/Chol) liposomes were shown to be significant, but controllable to some degree by pre-treatment with gadolinium chloride (GdCl3) (Sakurai et al., 2002). Cationic polymeric carriers, analogues to dendrimers, can also elicit significant inflammatory cytokines and care is needed in polymer design to reduce reactive species (Beyerle et al., 2010), beyond simple PEGylation. Low MW PEIs (<2 kDa), either in native form or modified with various lipids, seems to be relatively free from cytokine elicitation (Meenakshi Sundaram et al., 2022). With a high MW (22 kDa) PEIs tested in a murine model, blood cytokine levels were elevated to between ∼4 and ∼103 pg/mL with different batches of polymers, indicating the importance of a reproducible manufacturing process for the NP materials (Bonnet et al., 2008).
A close inspection of the reported RNAi studies in cytokine disorders indicated a significant variation in the administered dose (Figure 6). We expect a dose of ∼1 mg/kg in preclinical (animal) models to be reasonable for clinical translation to human patients. The doses used in most animal models are <5 mg/kg, with cationic polymers as well as lipids being effective at the lower dose of the spectrum. It is obviously not possible to directly assign the observed potencies (given by effective doses summarized in Figure 6) to the efficiency of the delivery system, since the target characteristics as well as the intrinsic potency of the siRNA to silence the intended target contribute to the overall potency. Head-to-head comparison are missing in most studies since the focus is to demonstrate the feasibility of a particulate nanoparticulate system in the intended indication. Dose response studies is a must in this regard, but admittedly as in our work, the feasibility of the therapeutic approach is commonly explored at a single “efficacious” dose rather than a dose range. It is noteworthy that the most efficacious systems (given by single and total doses administered) are polymeric chitosan and poly(lactide-co-glycolide), Transferrin-decorated and EpCAM (epithelial cell adhesion molecule)-decorated cationic liposomes, calcium phosphate, and arginine-functionalized AuNP (Cardoso et al., 2010; Chen et al., 2013; Frede et al., 2017; Jiang et al., 2018; Lian et al., 2019; Wu et al., 2021) indicating no preferential delivery system emerging among the effective systems. It appears that NPs of diverse compositions could be made to implement RNAi in preclinical models of cytokine disorders. Among these apparently more efficacious systems, the majority of the delivery systems were applied locally (Cardoso et al., 2010; Chen et al., 2013; Frede et al., 2017; Wu et al., 2021) that justified the relatively low dose, but some systemically (intravenous) as well (Jiang et al., 2018; Lian et al., 2019), making them promising for systems disorders.
[image: Figure 6]FIGURE 6 | The doses of siRNA treatments used in preclinical models of inflammatory diseases. (A) The dose of individual siRNA injections. (B) Total dose injected based on the individual injection dose and the numbers of injections undertaken. The data is from studies summarized in Figure 5, excluding in vitro/cell culture studies. The numbers refer to the study references shown in the legend of Figure 5. The nature of delivery system used was classidied as polymeric (blue), lipid (orange) and others (green).
5 INTERPERSONAL DIFFERENCES IN IMMUNE RESPONSE
Inter-individual variations in human immune response, even among those considered as healthy, are widely accepted (as evident by differential responses in clinical studies), yet to which extent and for what reasons, not much is known. Using a systems-level analysis of 210 healthy twins between 8 and 82 years old, homeostatic cytokines such as IL-2 and IL-7 (crucial in T-cell proliferation) were found to be highly heritable whereas most signaling cytokines such as IL-6 and IL-21 were highly non-heritable (Brodin et al., 2015). This is in alignment with prior studies that demonstrated the low impact of heritability on variation in inter-individual T-cells and dendritic cell responses (Brodin and Davis, 2017). With age, genetic similarity in immune responses also decreased even in identical twins, with non-heritable influences contributing more to the variations (Brodin et al., 2015). These non-heritable impacts include environmental exposure (e.g., vaccines, infections, pollution, etc.), but can also extend to effects by pathogens, symbiotic microbiome and de novo mutations (Brodin and Davis, 2017). For example, a common environmental risk factor is cigarette smoke, which has been shown to correlate to higher autoantibodies as well as lower immunoglobulins and NK-cell functional activity (Brodin and Davis, 2017). Given the cross-talk between immune cell populations, a recent study has proposed a framework to view human immune systems in terms of immunotypes categorized based on key combinations of immune cell composition (Kaczorowski et al., 2017). The study found that variation in human immune systems is more continuous than discrete, and suggested that certain combinations of immune cell populations can predict functional responses to different stimuli (Kaczorowski et al., 2017). However, it should be noted that these analyses were limited to blood cell types, thus, an expansion of the measurements including serum cytokines and chemokines are necessary to validate and improve their predictive capacities (Kaczorowski et al., 2017).
The human immune responses to adenoviruses (AVs) were considered stereotypical, short-lasting and non-threatening, however, they manifest in a spectrum with diverse levels of length and severity (Atasheva and Shayakhmetov, 2022). Not surprisingly, patients with more severe diseases would exhibit more serious immune reactions after exposure to natural AV infections. Upon administration of AV therapies, IL-1 elevation was noted only 3 h after IV-administration, while early response cytokines such as IL-6, TNF-α, and IFN-γ and the CCL2 chemokine would show maximal levels at 6 h, with a return to baseline levels within 24 h. The presence of AV-specific antibodies can heighten the immune response by enabling viruses to gain entry into dendritic cells, which causes release of inflammatory cytokines (Atasheva and Shayakhmetov, 2022). It was the elevation of AV-specific antibodies that was suggested to potentially contribute to the lethal immune response in a patient after virus administration (Somanathan et al., 2020).
Regarding immune responses triggered by non-viral therapies, de Braganca and others have outlined both acute and long-term effects of the NP systems in the lung tissue (De Braganca, 2021). These effects can manifest locally such as edema and inflammation, but can also spread to organs beyond the pulmonary system. Immune side effects vary depending on the NP features such as size, geometry, stiffness, and hydrophobicity. Interestingly, higher toxicity is associated with smaller particles due to higher surface-volume ratio enabling more opportunities to interact with the immune system (De Braganca, 2021). Cationic NPs have been shown to trigger dendritic cell-activated release of pro-inflammatory factors such as IL-1β, IL-6, MCP-1, MIP-1α and TNF-α (Barillet et al., 2019), potentially due to interactions with the negative charges on the cell surface (De Braganca, 2021). Silica NPs also displayed immunotoxicity both in vitro and in vivo; genotoxicity and cytotoxicity were observed in RAW 264.7 cells upon exposure to such NPs at 200 μg/mL (Chen et al., 2018). Silica NP exposure also triggers size-independent injuries in mouse lung tissues as well as oxidative stress and cardiac inflammation in zebrafish embryos (Chen et al., 2018). Another reason behind adverse immunological side effects lies in the mechanism of NP administration. Commonly administered through inhalation, NPs can activate dendritic cells, whose pattern recognition receptors recognize the nucleic acid in the NPs as foreign (De Braganca, 2021). This triggers release of pro-inflammatory cytokines and chemokines and can cause cellular and organ damage (De Braganca, 2021). Non-viral gene therapeutics have been also shown to trigger immune responses in the ocular space. A recent review article by Ren and coworkers summarizes clinical findings that demonstrate even the widely considered immune-privileged ocular space is still subject to unwanted inflammatory effects elicited by retinal gene editing tools (Ren et al., 2022). Non-viral vectors such as chitosan showed inflammation and retinal damage while PCEP (poly(((cholesteryloxocarbonylamidoethyl) methylbis(ethylene) ammonium iodide) ethyl phosphate)) showed 15% retinal degeneration in rabbits (Ren et al., 2022). Similarly, lipoplexes carrying high amount of ribonucleoprotein showed toxicity in mice via subretinal delivery (Ren et al., 2022).
6 CONCLUSION AND PERSPECTIVES
The concerns related to cytokine release syndrome have been well appreciated in early gene therapy work with viral vectors, but this issue is also critical when it comes to non-viral systems. Although it has been possible to fine-tune this response and minimize it at times (Cron et al., 2023), it is still a concern with some non-viral NP systems. Non-viral NPs have lagged viral systems for clinical entry, and this is likely due to lower efficacy issues rather than the immunological reactions. Relatively minor measures can be taken to adjust the dose, administration route and especially to pre-screen patients to cytokine sensitivity, which will ultimately help with the host response. It may be possible to intervene with the cytokine responses very precisely, by relying on transient suppression of gene expression by using RNAi or more permanent measures such as CRISPR/Cas9 system (Ottaviano et al., 2022). Transient expression may be sufficient for controlling initial host response, which tends to subside if not life-threatening. A permanent stoppage of any cytokine response may give additional complications on the long term in managing host response to foreign invaders and/or other physiological and pathological events. RNAi can make it possible to intervene with a spectrum of cytokines in a convenient way, by using a mixture of specific siRNAs (early attempts have been made as noted in Figure 5). Considering the spectrum of attempts undertaken in several disease models, it is clear that there is a wide range of inflammatory and cytokine-associated diseases that will directly benefit from the RNAi approach. Where localized application is feasible (e.g., colitis with defined anatomical involvement), it may be safer to utilize nanoparticulate systems to locally deliver the cytokine interfering agents. Where systemic intervention might be required (e.g., sepsis), it is preferred to utilize “stealth” nanoparticulate systems that do not exasperate the disease any further. While PEG incorporation into NPs (or NP building blocks) has been the “go-to” approach for this end, this modification typically reduced the efficacy of NPs and needs to be implemented in a way that the dose administered are not compromised due to lower efficacy. The PEG itself, within the 2–10 kDa region, did not appear to induce proinflammatory cytokines with silica NP incubated primary murine macrophages and dendritic cells (Storjohann et al., 2023). However, other types of NPs and/or dose used were reported to significantly affect this response (Tehrani et al., 2022; Zamorina et al., 2023). Coating the surface of NPs or including additives that change the zeta-potential (from highly cationic surface to neutral surface, in our hands) could be a simpler measure to reduce inflammatory cytokine response (Meenakshi Sundaram et al., 2022). The exact role of NP features when attempting to modulate cytokine secretion needs to be better controlled. Clearly, the collective experience in various preclinical models indicated that the cytokine response is a significant issue with all of the NP delivery systems (Godinho et al., 2014). When RNAi is attempted to be implemented, the NP delivery system should not be viewed as a simple ‘passive’ carrier; it may elicit or help to reduce cytokine levels independently. It is likely that particular NPs in the spectrum of NPs used (Figure 5) will be more suitable for certain applications. Efforts to elucidate this relationship is worthwhile since it will critically impact the efficacy and the course of pharmacodynamic response in the investigated pathophysiology.
Using human PBMCs rather than animal models is important in assessing the cytokine response. We found cells lines such as Jurkat T-cells to be much more sensitive than the primary PBMC, which may lead to an erroneous assessment of the cytokine response if used routinely. Individual variations in cytokine response are obviously better modeled by the use of PBMC in culture (Figure 3). It will be important to tackle this with a representative sampling of PBMCs to estimate the true potential of delivery systems to induce inflammatory cytokines. Ultimately, this will save much effort to select minimally reactive delivery systems, where the clinical safety is utmost important.
While a great deal of efforts have been placed on minimizing cytokine response, it may be useful in certain indications to utilize NPs that can elicit a specific cytokine response. As eluted in experimental cancer applications above, induction of cytokine response can aid in therapeutic effects for certain kinds of cancers, as in the case of sensitizing malignant cells to chemotherapy. In that way, better understanding of structural features of the NPs that can elicit a strong and/or selective cytokine response will help to design novel systems for therapy. Induction of a certain cytokine cocktail has the potential to alter the physiology of local immune cells so that the effects might be long lasting and more potent upon such an ‘engineered’ cytokine response. For example, with lipid-substituted PEI polymers, we have observed that cytotoxicity, hemocompatibility (i.e., RBC lysis potency) and inflammatory cytokine (TNF-α, IL-6 and IFN-γ) secretion was differentially dependent on the nature of the lipid substituted on the PEI (Meenakshi Sundaram et al., 2022). Hence it may be possible to fine-tune these properties independent of each other. While these cytokines are lumped as inflammatory cytokines, we also saw differential upregulation of the cytokines in response to non-viral carrier exposure, in that one or more of this class of cytokines could be selectively stimulated, so that it may be possible to fine tune the response among a physiologically similar group of cytokines as a function of carrier features. Individual variations in cytokine response and its determinants constitute another aspect of NP technology that will require more attention to develop personalized therapies and optimize NPs for gene delivery, so that research efforts need to continue to shed more light on this important issue.
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The constant release of human bone morphogenetic protein 2 (rhBMP-2) in the picomolar range (Pico-Stat) from PDLLA-biohybrids led to the detection of intrinsic novel pro- and anti-angiogenic functions of this cytokine. As integrant part in this perspective of previous work, first evidence for the binding of rhBMP-2, as an inverse agonist, to allosteric angiogenic receptors in cocultures of human endothelial cells is reported.
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1 INTRODUCTION
BMP-2 initiates osteogenesis requiring angiogenesis, with the ingrowth of mesenchymal stem cells and osteoblasts. The global market size (MRI, 2023) of the recombinant form (rhBMP-2) [INFUSE® Bone Graft (Food and Drug Administration, 2004)] reached USD 498.1 million in 2021 (MRI, 2023). This protein, rhBMP-2CHO, is produced by a genetically engineered Chinese hamster ovary cell line, as a disulfide-linked heterodimeric protein mixture of two different polypeptide chains of 114 and 131 amino acids. Each chain is glycosylated at one site with high-mannose-type glycans (Food and Drug Administration, 2004; Committee for Medicinal Products for Human use, 2014; Kenley et al., 1993). As applied, BMP-2CHO comprises a microheterogenous mixture of three different BMP-2 isoforms and up to 15 additional different glycoforms (Kenley et al., 1993).
In contrast, the non-glycosylated rhBMP-2COL second species (Schlüter et al., 2009) from E. coli (Figure 1) is homodimeric and displays no microheterogeneity (Jennissen et al., 1999; Laub et al., 2007). The molecular masses of the commercial glycosylated (rhBMP-2CHO) and the non-glycosylated rhBMP-2 species (rhBMP-2COL) correspond to 33–36 kDa for the former and 26 kDa for the latter, respectively (Laub et al., 2007). In humans, 12 mg of rhBMP-2CHO must be applied for osteoinduction in a concentration of 1.5 mg/mL (∼ 44 µM) in an absorbable collagen sponge (ACS). After intravenous injection, rhBMP-2 is eliminated with a half-life of t1/2 = 6.7 min in nonhuman primates (Food and Drug Administration, 2004). Physiological serum levels of BMP-2 in healthy human controls are reported to be 17.1 ± 0.6 pg/mL (= 4.8 × 10−13 M) (Kercheva et al., 2020).
[image: Figure 1]FIGURE 1 | Structures of rhBMP-2COL. (A) Ribbon structure of 2 identical polypeptides; (B) solvent-accessible surface structure with blue hydrophobic and white hydrophilic patches; (C) Primary structure with N56 glycosylation site [see (Laub et al., 2001; Chatzinikolaidou et al., 2002)].
In receptor-binding studies, the binding function (θ) and the state function (r) are distinguished (Laub et al., 2007). The binding function (θ) of rhBMP-2 is a direct measure of receptor occupation by the ligand with KθD in the range of ∼0.45 nM (Mayer et al., 1996). The state function (r) (Wiemann et al., 2001; Laub et al., 2007) of rhBMP-2 correlates with the receptor activity state by monitoring downstream products (e.g., alkaline phosphatase) in activity tests in MC3T3-E1 cell cultures, with both species of rhBMP-2CHO and rhBMP-2COL having indistinguishable biological activities of nanomolar affinities (Kr′D ∼ 2–10 nM (Laub et al., 2007)). BMP-2 also specifically binds to its prodomain for ECM targeting, presumably with a similar affinity constant (K′D ∼ 4–8 nM) as BMP-7 (Spanou et al., 2023). RhBMP-2 is known to indirectly initiate angiogenesis in the nanomolar range (0.38–3.8 nM) (Deckers et al., 2002) by activating paracrine VEGF-mediated osteoblast-endothelial cell cross-talk (Kulikauskas and Bautch, 2022). The combination of biomolecular materials, such as rhBMP-2, with the other biomaterial classes such as metals, polymers, or ceramics, forms a biohybrid material [see (Jennissen, 2019)]. In protein immobilization, we distinguish adsorbates (adsorption), covalates (covalent binding), and inclusates (encapsulated biohybrids) (Jennissen, 2019). A biohybrid is classed as bioactive if it has been “designed to induce a specific biological activity” (Williams et al., 1987). A paracrine biohybrid is, e.g., a growth factor releasing biomaterial. Recently, we reported the first evidence of a direct influence of rhBMP-2COL on angiogenesis in co-cultures at picomolar concentrations (Dohle et al., 2021). Applications of rhBMP-2 in solute and PDLLA solid-phase forms are described.
2 METHODS
RhBMP-2COL from E. coli (Morphoplant GmbH Bochum, D) and rhBMP-2CHO from CHO-cells (InductOs®, Medtronic BioPharma B.V., Heerlen, NL) were employed (Laub et al., 2007). The dose–response derived biological equivalent activity equals K'D ∼ 5–15 nM for both species of rhBMP-2 (Laub et al., 2007). The for many weeks stable PDLLA nanofiber fleece preparation is described in (Sowislok and Jennissen, 2022). Labeled 125I-rhBMP-2 (Dohle et al., 2021) was for the analytical preparation of adsorbate PDLLA biohybrids. Non-isotope biohybrids were made in parallel for the other experiments. In a 24-well cell culture plate, the single well volume corresponds to 0.5–1.0 mL. Human outgrowth endothelial cells (OECs) and human primary osteoblasts (pOBs) were prepared as described (Dohle et al., 2021). Cocultures consisted of endothelial cells (130.000/well) and primary osteoblasts (20.000/well). Relative gene expressions (RQ) of mRNA for various proteins are described in (Dohle et al., 2021). In dose-response experiments, rhBMP-2COL was added in defined concentrations to the OEC/pOB co-culture system and harvested after 7 days of incubation for fluorescence microcopy and quantitative Nikon NIS image processing as described (Dohle et al., 2021). The pixel values were converted to length according to 1 pixel = 0.46 µm. Cell viability was tested by the LDH cytotoxicity assay CyQUANT™ as described (Dohle et al., 2021). In desorption experiments, 1 cm2 (1 mg) fleeces with an rhBMP-2COL loads of ∼ 6.98 mg/g PDLLA were placed in 1.5 mL flow-through chambers (Sänger et al., 2014). They were perfused with sterile phosphate-buffered saline (PBS) pH 7.4 at a flow rate of 10 mL/h in a 16-channel Watson-Marlow peristaltic pump for 22 days at ca. 22°C-26°C. Statistical calculations were done with the PC program GraphPad Prism 4/5 (La Jolla, CA). Prism software fails in exponential decays with r2-values of <0.2 when decays parallel the abscissa at t1/2 > 100–200 days (slope ∼ zero). Kinetic and thermodynamic constants under non-standard conditions are termed “apparent” (K′, k′). Equilibrium dissociation constants (KD, K0.5) represent affinity constants (Landry et al., 2015).
3 RESULTS
3.1 Pico-paracrine biohybrids
In preparing solid-state paracrine adsorbate biohybrids, rhBMP-2COL was adsorbed to the surface of a non-woven fleece composed of PDLLA nanofibers (∅ = ∼ 100 nm), prepared by electrospinning (Dohle et al., 2021; Sowislok and Jennissen, 2022) (see Table 1).
TABLE 1 | Preparation of rhBMP-2-PDLLA-adsorbate biohybrids.
[image: Table 1]Decisive is the 22-day rhBMP-2COL adsorbate release kinetics from biohybrids loaded with ∼8.9 mg/g Table 2. The two-phase exponential decay function displays a half-life of 3–4 h for the burst phase (K′D = 8.2 nM) and a half-life of 208 days for sustained high-affinity release (K′D = k−2/k+1 = 0.59 × 10−12 M; = pico paracrine biohybrid). Such rhBMP-2COL adsorbate PDLLA biohybrids (Table 1) were incubated in OEC/pOB co-cultures for 14 days and led to large numbers of capillary–like microvessels with no VEGF-A gene activation (Dohle et al., 2021) (Figure 2A; 0.33 mg/g). Fewer microvessels, but more than in controls, form at an 8-fold higher rhBMP-2COL adsorbate load (Figure 2B).
TABLE 2 | 125I-rhBMP-2COL release kinetics from biohybrids (Table 1).
[image: Table 2][image: Figure 2]FIGURE 2 | Angioinduction by paracrine rhBMP-2 PDLLA-nanofiber adsorbate biohybrids. (A) at low and (B) at high adsorbate load after 14 days in OEC/pOB co-culture system (magn. x10). Endothelial cells were immunofluorescently stained for load and CD31. For load (1.0 mg/g = 1.8 μg/cm2), and intrinsic activity of fleeces, see Tables 1, 3, scale: 300 μm; [from (Dohle et al., 2021)].
In contrast to the pro-angiogenic activities of rhBMP-2COL, the glycosylated species rhBMP-2CHO was anti-angiogenic, fully inhibiting control angiogenesis (Dohle et al., 2021) and forming instead a cobblestone layer of endothelial cells [not shown, see (Dohle et al., 2021)].
These results were confirmed in Table 3. At a low rhBMP-2COL, adsorbate loads of 0.33 mg/g and a total length of microvessels of 23.9 ± 5.1 mm formed without an increased expression of VEGF-A (Dohle et al., 2021). At high adsorbate loads of 2.6 mg/g, the total length decreased 5-fold to 4.7 ± 0.44 mm, and in controls lacking adsorbate down 10-fold to intrinsic 2.4 ± 0.046 mm. The knots in the microvessel mesh paralleled the length changes. At low concentrations of rhBMP-2COL, they totaled a high of 51.9 ± 11.5 knots, decreasing 4.3-fold to 12.2 ± 0.6 at higher concentrations and 12-fold less in controls of 4.3 ± 1.1 knots. These changes were statistically significant (Table 3).
TABLE 3 | Length and knot data of capillary-like structures induced by rhBMP-2COL adsorbate biohybrids after 14 days in co-culture*.
[image: Table 3]3.2 Solution studies
In the following, concentration-response experiments in solution are shown. Instead of correlating with rising concentrations, the pro-angiogenic microvessel response increased as a function of factor-10 graded dilutions of rhBMP-2COL (Table 4). Microvessel formation thus followed an inverse concentration gradient, exposing a hitherto unseen angiogenic activity by rhBMP-2COL in the picomolar range, confirming results in Figure 2 and Table 3. Anti-angiogenic concentrations of rhBMP-2COL >10 pM fully abolished pro-angiogenic responses.
TABLE 4 | Dose-response angioinduction in OEC/pOB co-cultures after 7 days by decreasing concentrations of rhBMP-2COL in solution.
[image: Table 4]The data of Table 4 are plotted in Figure 3 down to concentrations of 10−16 M for a classical receptor type. Inhibition increases with the concentration of rhBMP-2COL. The apparent half-saturation constant is not a classical affinity constant but an “autoinhibition” constant (K′I0.5) with a value of 3.2 pM. The hypothetical (see dotted line) dissociation constant (K′D) for the presumed association of rhBMP-2COL to endothelial cell receptors lies in the subpicomolar range ∼10−14 M. The anti-angiogenic regulation by rhBMP-2COL prevents too many blood vessels from being formed as a “high concentration cut-off regulation”, in which an apparent agonist turns into an antagonist at high concentrations.
[image: Figure 3]FIGURE 3 | Dose-response-curve of angioinduction by rhBMP-2COL after 7 days in OEC/pOB co-cultures. Inverse concentration dependence, half-maximal autoinhibition constant KI0.5, and a hypothetical K′D on a hypothetical dotted association line are shown (see Table 4).
Figure 4 shows a compound extended dose-response plot comprising the data of Table 4 on inverse related angioinduction (Dohle et al., 2021) together with data on direct related osteoinduction [derived from activity measurements with MC3T3-E1 cells in culture (Laub et al., 2007)] and their respective affinity constants. The inverse angiogenic branch saturates at ca. 15 mm and the direct osteogenic branch at 1.2 OD units. The apparent half-saturation autoinhibition constant (KI0.5) can now be termed as an inverse-related affinity constant (K′DI-R) for angiogenesis with a value of 3.2 pM which contrasts with the direct-related affinity constant (K′D) for osteoinduction at 7.3 nM. Since the constants of the two activities are separated by three and more orders of magnitude, identical receptors, shared, cross-reactive receptors and homologous desensitization (Popovic and Wilson, 2010) of receptors are improbable, strongly indicating an angiogenic receptor with constitutive activity (Berg and Clarke, 2018) (see saturation in Figure 4) and rhBMP-2COL as a full inverse agonist in a typical dose response curve in Figure 4.
[image: Figure 4]FIGURE 4 | Dose-response curves of rhBMP-2COL for the induction of angiogenic (inverse agonist) and osteogenic activities. Cocultures of OEC/pOB cells (Dohle et al., 2021) and mono-cultures of MC3T3-E1 cells (Laub et al., 2007) were employed respectively with corresponding affinity constants K′ID (see also legends to Table 4 and Figure 3).
Control of local picomolar concentrations of rhBMP-2COL in solute form (Table 4) are short-term and difficult, but via solid-state technology, e.g., as rhBMP-2COL-PDLLA biohybrids (Figure 2; Table 3), are simple and long-term by sustained release (Table 2), comparable to a pH-Stat. In this study, not the pH but the growth factor concentration in the pico- or subpicomolar range is maintained as constant and guaranteed by high-affinity dissociation constants K′D (= Pico-Stat) (Jennissen, 2023).
3.3 rhBMP-2 an angiogenesis inhibitor
As shown, the microvessel control values in the absence of rhBMP-2 (experiments of Tables 3, 4) are not zero but exhibit a significant spontaneous, endogenous pro-angiogenic control activity in the OEC/pOB cultures by VEGF-A (Dohle et al., 2021). This endogenous activity is inhibited by both species of rhBMP-2 (Dohle et al., 2021), for rhBMP-2COL by concentrations above 10–20 pM (see Figures 3, 4). Thus it could be argued that the observed proangiogenic activity of rhBMP-2COL (Figures 2, 3) is not of a stimulatory but only of a deinhibitory nature on dilution. However such a “deinhibition” neither accounts for a 9-fold net higher angiogenic biohybrid activity in vitro (Table 3) nor for a severalfold net higher vessel density in vivo (21 days, rats) in low versus high load comparison (Al-Maawi et al., 2023) (see Tables 1, 3). The above paradox angiogenic activity agrees with the evidence of rhBMP-2COL being a full inverse agonist of a novel allosteric receptor complex together with an as yet unknown orthosteric agonist (see: Berg and Clarke, 2018; de Vries et al., 2021).
4 CONCLUSION
Adsorbate load-dependent pro- and anti-angiogenic functions of the considered inverse agonist rh-BMP-2COL on endothelial cells, has been determined by the novel method of solid-state biohybrids as nano- or pico-stats.
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Polyetheretherketone (PEEK) is a high-performance thermoplastic polymer with an elastic modulus close to that of the jawbone. PEEK has the potential to become a new dental implant material for special patients due to its radiolucency, chemical stability, color similarity to teeth, and low allergy rate. However, the aromatic main chain and lack of surface charge and chemical functional groups make PEEK hydrophobic and biologically inert, which hinders subsequent protein adsorption and osteoblast adhesion and differentiation. This will be detrimental to the deposition and mineralization of apatite on the surface of PEEK and limit its clinical application. Researchers have explored different modification methods to effectively improve the biomechanical, antibacterial, immunomodulatory, angiogenic, antioxidative, osteogenic and anti-osteoclastogenic, and soft tissue adhesion properties. This review comprehensively summarizes the latest research progress in material property advantages, three-dimensional printing synthesis, and functional modification of PEEK in the fields of implant dentistry and provides solutions for existing difficulties. We confirm the broad prospects of PEEK as a dental implant material to promote the clinical conversion of PEEK-based dental implants.
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1 INTRODUCTION
In the field of dentistry, the primary goal is to reconstruct missing teeth to restore original function and maximize esthetic performance. With the rapid development of social economy and the improvement in esthetic concepts, dental implants—the rebirth of teeth—have become the most eye-catching repair option in stomatology. The superiority of dental implants has led to a mushroomed increase in their demand worldwide. It has been reported that the number of dental implants being used exceeded a million per year over a decade ago, and the global dental implant market is expected to reach $6.81 billion by 2024 (Jiang et al., 2020). The enormous demand of society and the limitations of existing materials have greatly promoted the interest in developing alternative materials for dental implants. Polyetheretherketone (PEEK) is a widely used standard biopolymer material for implantation. It has excellent esthetic properties, and the elastic modulus of reinforced PEEK can be comparable to that of human bones. A British scientist first produced PEEK in 1978, and in the 1980s, PEEK was approved by the US Food and Drug Administration (FDA) as an in vivo implantable material. It was also during this period that the role of material surface properties in osseointegration was revealed and recognized. Until April 1998, Thornton Cleveleys first proposed the use of implantable PEEK as a commercial biomaterial. Since then, the application of PEEK in biomedicine has grown exponentially, becoming a substitute for metal implants and the preferred material in plastic and trauma surgery (Mishra and Chowdhary, 2019; AlOtaibi et al., 2020; He et al., 2021; Ma et al., 2023). At present, PEEK is developed to be used not only as dental implants but also in the fields of maxillofacial/cranial implants, general orthopedic surgery, spinal surgery, and cardiac surgery (Panayotov et al., 2016).
The key factor for successful dental implantation is excellent osseointegration with surrounding bone tissues. Osseointegration, proposed by R. Branemark, refers to the direct contact and mechanical bonding between dental implants and the jawbone without any interference from fibers or connective tissue (Kadambi et al., 2021). Clinically, osseointegration is defined as the asymptomatic rigid fixation of allograft implants in bone under functional load. In 2017, a study described osseointegration as a response to isolating foreign implants (AlOtaibi et al., 2020). By dividing molecular and cellular communication of post-implantation, osseointegration is divided into four stages: homeostasis, the inflammatory phase, the proliferative phase, and the remodeling phase (Pidhatika et al., 2022). Effective osseointegration provides support and structural stability for dental implants. However, as PEEK does not have bone induction ability in essence, it lacks the capacity to induce osteogenic differentiation and stimulate new bone formation, which affects osseointegration between PEEK implants and the surrounding alveolar bone. Therefore, PEEK urgently requires modification methods to improve its biological activity to achieve osseointegration.
This paper provides a detailed comparison of traditional metal implant materials and PEEK in terms of physical, chemical, and biological properties for the first time. Three-dimensional finite element analysis (FEA) also indicates the mechanical advantages of PEEK at the implant–bone interface. The aforementioned points confirm the feasibility and reasons of PEEK being used as a novel implant substitute material. Second, we introduce the most suitable method for manufacturing PEEK dental implants—3D printing—and discuss methods to solve existing research hotspots in 3D printing, such as the research progress in improving the interlayer adhesion of 3D-printed PEEK. In addition, as an important aspect, we comprehensively summarize different modification strategies for improving the biomechanical properties, antibacterial properties, soft tissue adhesion ability, immunoregulation ability, and antioxidative, osteogenic and anti-osteoclastogenic, and angiogenic properties of PEEK. This review aims to comprehensively analyze in detail the clinical application potential of PEEK-based dental implant materials and summarize the latest progress in improving their different activities from a functional perspective. Figure 1 summarizes the article content.
[image: Figure 1]FIGURE 1 | PEEK property, manufacture, and modification.
2 PROPERTY ADVANTAGES OF PEEK
2.1 Limitations of metal implants
Currently, the vast majority of dental implants are made of metals, such as titanium (Ti) and Ti alloys (principally Ti6Al4V)—the current gold standard in dentistry. However, the high elastic modulus of Ti affects the stress adjustment of bone tissue and a series of problems, which eventually cause stress shielding (Sumner, 2015). Since the elastic modulus of a Ti implant is more than five times that of cortical bone (14 GPa), most of the pressure will be transferred to the implant and reduce the load of cortical bone; according to Wolff’s law, there is a positive correlation between the load and bone growth, so it will gradually lead to the decrease in bone mineral density and chronic osteoporosis (Liu et al., 2021a; Kruse et al., 2021; Manzoor et al., 2021). Marginal bone loss of Ti implants can reach a certain extent after the first year of stress (Najeeb et al., 2016b). Therefore, the mechanical binding of the bone–implant interface is affected, and the implant becomes loose, leading to implantation failure (Nagels et al., 2003). Some other limitations of Ti have been found in clinical use and manufacturing, as given in Table 1.
TABLE 1 | Limitations of Ti.
[image: Table 1]2.2 Property advantages of PEEK as an implant
Because of the defects of metal and ceramic-based materials, there is an urgent need for a new implant alternative multifunctional material to adapt to the rapid development of material and oral medical systems. Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene), abbreviated as PEEK, combines excellent physical, chemical, and biological properties (Searle and Pfeiffer, 1985). PEEK is a leading high-performance thermoplastic polymer in the polyaryl-ether-ketone (PAEK) family used in dental biomedical sciences (Jung et al., 2019; Araújo Nobre et al., 2021). Compared with traditional thermosets such as epoxy, thermoplastics not only have equivalent mechanical properties but also have low manufacturing time and cost, high toughness, less crosslinks, easier repair and recycling, and easily undergo secondary processing through melting and reconsolidation (Boon et al., 2021; Chen et al., 2021). The sequence and proportion of phenylene rings (aryl), carbonyl sets (R-CO-R), and ether bonds (R-O-R) in the molecular backbone of the PAEK family are different. Flexibility and rigidity are provided by R-O-R and R-CO-R, respectively, which enhance the inter-molecular interactions and aryl (Toth et al., 2006; Alqurashi et al., 2021). The main chain of PEEK is composed of repeating units of a single ketone bond and double ether bonds (Figure 2). As we all know, structure determines property. The structure of PEEK not only makes it the only polymer material that can support repetitive loading without plastic deformation and fracture (Yakufu et al., 2020) but also makes it highly hydrophobic (Lee et al., 2012).
[image: Figure 2]FIGURE 2 | Molecular structure of PEEK (Ma et al., 2020).
As a special organic plastic, it is tooth-colored, which meets esthetic requirements, and overcomes the problem of gingival staining caused by alloys (Najeeb et al., 2016b; Benli et al., 2020). When the implant is screwed into bone tissue or subjected to complex occlusion force, it experiences wear and tear, and excellent abrasion resistance can reduce the production of fragments that stimulate surrounding tissues and cause inflammation. Chen et al. (2020b) prepared PEEK coating on a central screw thread through thermal spraying and measured the friction coefficient and clamping force of the screw thread pair. It turned out that PEEK coating could reduce the friction coefficient and increase clamping force and preload under large-scale sliding, improving anti-loosening performance of screws under dynamic load. The aforementioned results show that PEEK has good abrasion resistance. PEEK is radiolucent and does not affect the nuclear magnetic resonance imaging (MRI) examination, so the healing of soft and hard tissues around the implant can be clearly observed (Korn et al., 2015). Köse et al. (2021) produced a polymethylmethacrylate phantom and placed prosthetic material cylinders (Co-Cr, Ti, zirconia, and PEEK) into a hole to compare artifacts in cone beam computed tomography (CBCT) images. They evaluated the presence of artifacts by calculating the standard deviation (SD) of grayscale values in regions of interest (ROIs) around each material. Since PEEK has the lowest density and atomic number, it absorbs the least radiation. The experimental result proved that the artifacts of PEEK are similar to the empty phantom (control group), which are significantly lower than those of the zirconia, Co-Cr, and Ti groups (p < .05). From the perspective of precise radiographic images, PEEK is the preferred dental implant material. Natural periodontal ligament has shock absorption function, and there is a lack of similar tissue around the implant and direct contact with bone tissue. After absorbing the occlusion force received, PEEK gently and smoothly transmits it to the surrounding bone tissue, thereby achieving shock absorption and protecting bone tissue from heavy loads to avoid implant failure, which can extend the lifespan of the implant (Anguiano-Sanchez et al., 2016; Zhao et al., 2020). Significantly, the long-term success rate of implants depends on whether they can minimize marginal bone loss after functional loading. According to Hooke’s law, similar mechanical properties of PEEK and bone distribute stress evenly and they share a similar amount of modulus to minimize disuse bone resorption caused by stress shielding, which also improves implant stability by enhancing the bond between implants and bone (Steenberghe et al., 2001; Chen et al., 2012; Jiang et al., 2020). Interestingly, a similar elastic modulus can also be used to provide a damping effect for PEEK restorations (Papathanasiou et al., 2020). Research has shown that carbon fiber-reinforced PEEK (CFR-PEEK) can withstand maximum chewing pressure (306 N) under oral physiological conditions (Wang et al., 2023). The specific strength (strength-to-weight ratio) of pure PEEK also gives it excellent mechanical strength (Marin et al., 2020). PEEK also has excellent chemical stability, thermal stability, and biocompatibility, which can be proved by resisting all chemical reagents except 98% sulfuric acid, and long-term stable mechanical performance in a 120 °C environment (Kurtz and Devine, 2007). In a previous study, PEEK resisted in vivo degradation and damage simulated by lipid exposure (AlOtaibi et al., 2020). In addition, during the initial healing phase, a clinical controlled trial using Ti and polymer abutments did not show an increasing risk of marginal bone resorption or soft tissue decline (Koutouzis et al., 2011). These properties are shown in Table 2. In addition, creep resistance, nonmagnetic property, high bending and compression resistance, no exothermic reaction, low solubility and water absorption, and self-lubrication also make it an attractive biological engineering material (Wang et al., 2023).
TABLE 2 | Chemical and biological properties of PEEK.
[image: Table 2]Due to the continuous and irreversible impact of stress and strain on the microstructure of alveolar bone, osseointegration is strongly influenced by the stress and strain distribution of the implant–bone interface, which is a key factor for long-term success in implantation (Bins-Ely et al., 2020). FEA is a method used to predict stress and strain at any point in any given geometric shape via theoretical models (Chokaree et al., 2022). In the field of stomatology, FEA has been recognized as a well-established research method for predicting the von Mises equivalent stress and strain, compressive/tensile stress, and strain energy density (SED) of various dental implants and peri-implant alveolar bone (Frost, 2004). Implant prosthesis repair of mandibular edentulous patients is usually a mixed-support All-on-4 treatment, consisting of a bar, top cap and four implants, screws, and abutments (Maló et al., 2003). Shash et al. (2022) found that the stress and strain changes in PEEK implants and surrounding bone tissue were smaller than those in Ti, so the chewing force on mixed-support dentures could be transferred to acrylic dentures and mucosa. The maximum von Mises stress (σM) also did not exceed the pain threshold (0.63–1.2 MPa) and yield strength (140–170 MPa), which would not cause part breakage and mucosal pain. Therefore, PEEK is more suitable for use as an All-on-4 implant, which can reduce the burden on the implant and alveolar bone, especially in the cases of poor bone quality. For the impact of the implant itself, the von Mises in CFR-PEEK implants will not exceed its ultimate strength, so there is no risk of fracture or yielding (Al-Mortadi et al., 2022). In addition, von Mises stresses of Ti implants are prone to concentrate in the neck, which may lead to postoperative fracture, while CFR-PEEK with Young’s modulus 19 GPa can avoid such problems (Sarot et al., 2010). For the implant–bone interface, Lee et al. (2012) found that 5*0.5 mm2 PEEK coating could increase the SED level of bone tissue around the implant, thus having a smaller stress-shielding effect compared to Ti and zirconium.
In summary, PEEK is a new implant material that can potentially replace Ti and zirconia, with reasons including improving aesthetics, reducing risks caused by mechanical properties, higher design freedom, reducing system costs, and more optional manufacturing methods (Shash et al., 2022). Although Ti and zirconia are the best known implant materials in dental applications among the biomedical alloys, PEEK takes it to the next level in some special circumstances, such as bruxism, metal allergy, and higher esthetic requirement (Lijnev et al., 2022).
3 MANUFACTURE OF PEEK IMPLANTS—3D PRINTING
In order to further improve the bioactivity and performance of implants, scholars start from the manufacturing process to search for suitable methods and parameters. Aiming to improve the efficiency of manufacturing oral restoration and the size accuracy of implants, while reducing the workload of dentists, a fully digital product manufacturing process—additive manufacturing (AM) technology (also known as 3D printing technology)—was created (Barazanchi et al., 2017). Such a digital procedure uses data flow to integrate disease diagnosis, treatment planning, and prosthesis production (Salmi, 2021). The working principle of AM is discrete stacking. The continuous superposition of a discrete process is transformed into a 3D digital model of a two-dimensional sheet model, and the entire process is sequentially stacked layer by layer by a computer program (Kessler et al., 2020). AM is not a type but a class of technology, and seven 3D printing categories are included in the American Society for Testing and Materials classification standard. Traditional subtractive machining technology (also known as numerical control processing technology, NC) of PEEK includes injection molding, thermal compression molding, and computer-aided design and computer-aided manufacturing (CAD/CAM) milling. Injection molding injects PEEK and/or its composites into a pre-designed mold under highly evaluated temperature and shear force to form a product with customized geometry. As for thermal compression molding, heat and pressure are applied to the molten state of PEEK in a platen mold of a given thickness to form products (He et al., 2021). Compared with NC, AM is suitable for the mass production of complex implants in a short period of time and can also reuse unformed raw materials to reduce costs (Tian et al., 2021). Among AM, commonly used methods in the field of PEEK oral implants include selective laser sintering (SLS) and fused filament fabrication (FFF) or fused deposition modeling (FDM) (Huang et al., 2023). SLS has the longest using time and the greatest potential for large-scale production (Luo et al., 2023). It selectively melts PEEK powder at high temperatures (i.e., > Tm of PEEK) generated by laser or electron beam irradiation, and the solid structure is fused together in a layer-by-layer manner (Ligon et al., 2017). Nevertheless, SLS wastes a large amount of PEEK powder, which may be potentially contaminated and cannot be reused as raw material. It also requires additional safety measures (Rodzeń et al., 2021b). Due to minimal waste and easy operation, FDM is considered the best printing method for PEEK. In FDM, PEEK powders are spun into filaments as raw material by FFF, and then, the molten filaments are extruded through the orifice of the nozzle and merged with the previously deposited material to form predetermined 3D porous scaffolds (Yang et al., 2017). Unfortunately, the PEEK scaffold generated by FDM has weak interior bonding strength and mechanical properties. The solutions are introduced in the following.
3.1 Solutions to enhance mechanical properties
The unique porous structure on the surface of the 3D-printed scaffold provides high roughness and a large usable surface area, thereby increasing the accumulation of cells in these grooves, which may promote intercellular contact and improve cell viability (Yu et al., 2022). However, the internal pore of the implant reduces its mechanical properties. To balance the mechanical and osseointegration properties of PEEK, Li et al. (2021) designed a surface porous PEEK (SP-PEEK) structure with a solid interior by FDM (Figure 3). It has a variable porous layer number and pore diameter (m = 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm). When the pore layer number varied from 2 to 8, SP-PEEK retained the modulus of solid PEEK from 96.78% to 45.59%. When the pore diameter varied from 0.4 to 1.0 mm, SP-PEEK retained the modulus of solid PEEK from 91.58% to 48.00%. In addition to retaining most of the mechanical properties of PEEK, SP-PEEK also exhibited excellent in vitro osteogenic behavior. The authors found that the group with m = 0.6 mm had the highest osteogenic activity (p ≤ 0.05). It is reported that printing parameters such as nozzle temperature, plate temperature, layer thickness, printing speed, infill ratio, and raster angle also affect the mechanical properties of a 3D-printed material significantly (Wang et al., 2020). Therefore, changing the printing parameters is one of the methods to solve the problem of insufficient mechanical properties of materials. The optimal set of printing parameters for achieving the best mechanical performance has not yet been found. Wang et al. (2021c) designed a three-factor experiment based on the Box–Behnken design and used the response surface methodology (RSM) to find the optimal printing parameters. Among the parameters involved in the experiment, the nozzle diameter had the greatest impact on the mechanical properties of 3D-printed material, followed by printing speed and nozzle temperature. In addition, the authors also proposed a set of parameters that are meaningful for the application of dental implants: the parameter combination of a nozzle diameter of 0.5 mm, a nozzle temperature of 420 C, and a printing speed of 5 mm/s tends to form the best bending strength and elastic modulus simultaneously. A compression test showed that the larger the nozzle diameter (>0.6 mm), the better the compression performance of the 3D-printed material. Sonaye et al. (2022) also found a set of suitable processing conditions to produce FFF-based PEEK with excellent mechanical properties: bedplate temperature 150°C, nozzle temperature 450°C, chamber temperature 90°C, layer thickness 0.1 mm, and printing speed 30 mm/s. They also used an autoclave at 134°C for 15 h (134°C for 1 h in the autoclave is equivalent to 37°C for 1–4 years) to conduct an accelerated aging test. The average fatigue strength of aged PEEK and non-aged PEEK is 27.86 MPa and 32.09 MPa, respectively, so they both can withstand force greater than the maximum oral masticatory force (306 N). This study breaks through the shortcoming of FFF in manufacturing small but robust implants and demonstrates their long-term mechanical durability. In terms of PEEK composites, both printing temperature and composite content can affect the mechanical properties of the printed product. Wang et al. (2021b) found that the tensile and flexural strengths of 5 wt% of CF-reinforced PEEK (CFR-PEEK) in FDM increased with the rise in nozzle and platform temperatures. However, as the introduction of fibers increased, the impact strength of PEEK composites decreased. The aforementioned phenomenon can be explained as the printing material has better melt flow and formability at higher temperatures. In addition, higher temperature provides more energy to increase penetration and diffusion between the filaments and interlayer. The increase in fiber content leads to the formation of pores and the degradation of molecular chain properties during filament preparation. However, temperature requirements for the chamber, print bed, and hot end of FDM-printed PEEK are higher than those for most available commercial FFF printers. Rodzeń et al. (2021b) successfully printed PEEK/hydroxyapatite (PEEK/HA) composites (up to 30 wt% HA) by using a custom-modified commercial printer Ultimaker 2+ (UM2+) with high-temperature capabilities. X-ray diffraction (XRD) showed crystallinity up to 50%, and crystalline domains can be clearly observed using a scanning electron microscope (SEM) and by high-resolution transmission electron microscopy (HR-TEM) analyses. Such high crystallinity significantly enhanced the mechanical properties of 3D-printed samples through delivering continuous crystalline domains in all directions.
[image: Figure 3]FIGURE 3 | Surface porous PEEK structure with a solid interior by FDM. (A) Left view. (B) Front view. (C) Top view. (D) Isometric view.
3.2 Strategies for increasing interlayer adhesion
Compared to injection molding and milling, molecular chains between layers of FDM-based PEEK are less crosslinked and entangled, leading to only small interlayer forces (Guo et al., 2022a). In addition, PEEK has a large melt viscosity and a high melting temperature, which makes interlaminar interface cracking or delamination become one of the most common failure types during clinical use (Lv et al., 2022). Therefore, increasing the fluidity is a key step in improving interlayer adhesion. Nevertheless, the raw materials for FDM are usually PEEK–fiber composites, which are added to enhance the mechanical properties of the scaffold. Rigid fibers such as glass fibers have high hardness, coupled with nozzle size limitations, resulting in an orientation distribution parallel to the interlayer interface rather than a directional distribution, making it impossible to bridge the indirect interface of the printed layer. In addition, adding fibers can further reduce the fluidity of the slurry and reduce interlayer adhesion (Lv et al., 2022). However, if flexible fibers are added, interlayer bridging can be achieved. Adding inorganic fullerene tungsten sulfide (IF-WS) nanoparticles during the production of the fusion filament can reduce the melt viscosity of the polymer by 25% (Golbang et al., 2020). Similar to the layer-by-layer laying process of FDM, Wu et al. (2022) generated CFR-PEEK laminates via laser-assisted forming with a repass treatment. Because of the repass treatment on the top surface of the laminate through laser heating and roller compaction, percolation flow and squeeze flow of the resin and reheating of the laminate body were generated. The interlaminar shear strength (ILSS) of laminates, which had less voids and a higher degree of crystallinity, was improved by 32.87% more than that of the laminates without repass treatment. Post-heat treatment is also suitable for increasing the interlayer mechanical strength of FDM 3D-printed PEEK composites by increasing crystallinity and interfacial bonding properties. Treatment at 250°C for 6 h reduces inter-fiber drawbacks and at 230°C potentially increases the interlaminar tensile strength from 6.96 MPa to 36.28 MPa (Rodzeń et al., 2021a). Since printing parameters can improve the mechanical properties of 3D-printed PEEK, perhaps its mechanism is to increase interlayer adhesion. Basgul et al. (2021) developed a one-dimensional (1D) transient heat transfer-based non-isothermal polymer healing model to predict the interlayer strength of FFF-based PEEK. According to the model, they found an association between nozzle temperature, bed temperature, and environment temperature (TN, TB, and TC, respectively) and the interlayer strength in FDM. The most significant impact on interlayer healing was TN. Decreasing the TN by 20°C–465°C almost halved completely healed layers (47% less), and below 445°C (TN), none of the layers could achieve 100% healing. Increasing TB could increase the number of healing layers by 100%. Although TC had little effect on the lower area near the printing bed, it increased the number of 100% healed layers by heating up. In order to solve the layer delamination and the mechanical performance shortage caused by FDM-based 3D printing and promote its deeper and wider development in the medical field, we should continuously try other methods such as proper material formulation, improving printing parameters, improving compactness of the layer interface and adjustment of the printing interval, and optimization of the printing path (Lv et al., 2022).
Although 3D printing technology has been able to produce customized scaffolds with a complex intrinsic porous structure and different surface roughness, its high cost and low productivity limit its application in large-scale production. The resolution achievable to date also poses a challenge when applying 3D printing to dental implants with a diameter less than 5 mm (He et al., 2021). More importantly, the impact of AM technology and the post-treatment process on crystallinity is difficult to control. Low crystallinity may be due to the insufficient mechanical strength of the material, while high crystallinity can cause deformation of the material (Yi et al., 2021). In the future, we should focus on finding a new manufacturing method that simultaneously improves stiffness and ductility that 3D printing cannot achieve. A solid-state pressure-induced flow (PIF) process uses a mold to apply pressure to a solid material and forces the sample to flow in one direction within the confinement of both sides. PIF can prepare a bioinspired nacre-like PEEK material which has high stiffness and excellent ductility at the same time (Luo et al., 2023).
4 MODIFICATION FOR ENHANCED BIOPROPERTIES
The aromatic main chain and lack of surface charge and chemical functional groups make pure PEEK exhibit hydrophobicity, low surface energy, and biological inertness. Poor adhesion and proliferation of cells, as well as weak absorption of protein on such an inset surface, lead to reduced osteogenic differentiation of progenitor cells and the production of inflammatory environments which tend to generate apoptosis and necrosis. Finally, fibrous tissue wrapping the implant hinders bone integration, which manifests implantation failure (Olivares-Navarrete et al., 2015; Wan et al., 2020). In recent years, scholars have spared no effort in researching PEEK modification and made it a hot topic, especially for the methods of comprehensive biological response related to bone reconstruction after implantation, including biocompatibility, bacterial resistance, immunoregulation, angiogenesis, antioxidation, osteogenesis and anti-osteoclastogenesis, and soft tissue adhesion. Biocompatibility of dental implants is the basis for affecting protein adsorption and osteoblast adhesion and differentiation. However, insufficient antibacterial activity of the material can lead to the formation of dental plaque on its surface, which, in turn, reduces the biocompatibility of the material surface (Renvert et al., 2008). In addition, bacterial infections around implants can cause bone resorption. Materials prevent inflammation by regulating the body’s immune response, thereby affecting bone remodeling and absorption (Takayanagi, 2007). The unique periodontal soft tissue sealing of dental implants is the first line of defense against external stimuli. During bone regeneration around the implant, it is essential to generate blood vessels. Vascular regeneration ability and blood supply ensure sufficient nutrient supply during osseointegration, which is also a prerequisite for the formation of osseointegration by pre-osteoblasts and mesenchymal stem cells (Ding et al., 2021). It is worth noting that early inflammation caused by implants is beneficial for early angiogenesis and tissue regeneration, while subsequent controlled inflammation can promote bone regeneration (Kargozar et al., 2020). This section comprehensively analyzes and discusses innovative modification methods to achieve separate or simultaneous enhancement of the aforementioned activities, promoting the feasibility and long-term stability of PEEK application in human oral environment.
4.1 Biomechanical property
Plasma is an ionized gas with an equal density of positive and negative charges, commonly known as the fourth state substance. They exist in a high-energy state, including electrons, ions, free radicals, and excited species (Wang et al., 2019). Plasma immersion ion implantation (PIII) treatment usually uses high-voltage electricity to accelerate plasma particles and implant them onto the surface of the materials. Such bombardment of the surface can locally heat up at the nano-scale and activate chemical reactions (Comyn et al., 1996). At a more detailed molecular level, strike not only damages the polymer chains on the surface of materials but also leads to microetching, removal of organic residues, and cross-linking. Differences in functional groups and activities introduced by various plasmas attract researchers’ attention. Fu et al. (2021b) found that oxygen plasma-treated PEEK took 5 min to reduce the contact angle of PEEK to 3°, while hydrogen/oxygen-treated PEEK only took 1 min, indicating that H/O plasma worked fastest to achieve the same effects. The author believed it was related to the differences in fracture sites and reformation of functional groups (Figure 4A). During hydrogen plasma treatment, the C–O–C bond and C=O bond of PEEK fractured to form C–OH, and there was a small amount of benzene rings cleaved and volatilized, which were the reasons for hydrophilicity improvement. In oxygen plasma treatment, after the cleavage of C–O–C bonds, an O atom/radical was added to form C–O–O–C, and a benzene ring and the C=O group broke to form unstable O=C–O• and C–O• which reacted with the humidity of air to form O=C–OH and C–OH finally. The generation of these functional polar groups resulted in a smaller contact angle for oxygen plasma treatment compared to hydrogen plasma treatment. The H/O-PEEK group combined the advantages of the aforementioned two types of plasma to produce the fastest working speed. However, the mixture of hydrogen and oxygen was theoretically explosive. The low pressure under study and the safety valves in the system perfectly ensured safety. However, the study did not include the gold implant material standard, Ti, as a control. Other research studies found that ammonia or N2 plasma treatment produces nitrogen-containing functional groups, while water plasma treatment produces OH groups (Yu et al., 2022). Although plasma treatment has been proven to optimize the properties of PEEK, the time taken for plasma treatment to generate maximum surface crystallinity, whether it can resist implantation process wear by increasing surface hardness, and the role of bone integration in vivo are still a significant focus of future research (Delgado-Ruiz and Romanos, 2018).
[image: Figure 4]FIGURE 4 | (A) Changes in PEEK chemical bonds after different plasma treatments (Fu et al., 2021a). (B) Bending (a) and tensile (b) strength tests of 30 wt% short CF-reinforced PEEK and 60 wt% continuous CF-reinforced PEEK (Zhou et al., 2022). (C) π–π* conjugations between PEEK and GO (He et al., 2019).
In recent years, many studies have focused on synthesizing composite materials of PEEK and fillers. Fillers dispersed in PEEK matrices can significantly improve their mechanical properties, such as elastic modulus, bending strength, and micro-hardness (Zhong et al., 2021). The type and content of fillers determine the characteristics of composite materials. Due to high mechanical performance and low density, carbon fiber (CF) became the most commonly used reinforcing fiber for PEEK (Chua et al., 2021). Different length, thickness, and weight fractions of CF added to PEEK can produce CFR-PEEK with different elastic moduli, which are within the elastic modulus range of human bones (Guo et al., 2022c). Zhou et al. (2022) proposed that the bending and tensile strength and elastic modulus of 30 wt% short CF-reinforced PEEK were close to those of human bones, while the bending strength of 60 wt% continuous CF-reinforced PEEK was 644 MPa (Figure 4B), which is even higher than that of pure Ti. Therefore, such materials with high strength and appropriate elastic modulus are suitable for use as oral implants. The type of CF should be selected based on the application and process. Short CF increases the wear resistance of PEEK but reduces ductility (Ji et al., 2020). Long CFs have strong mechanical properties and can be braided in various ways (Zhao et al., 2021). Continuous CF has the best performance and low cost, but its processing efficiency is low (Chang et al., 2020). However, the cytotoxicity of CFR-PEEK is controversial. Some studies have found that CFR-PEEK has mild cytotoxicity and increases with the increase in CF content (Qin et al., 2019). The differences in manufacturing technology may be the reason for the inconsistent cytotoxicity of CFR-PEEK; therefore, more in vivo experiments are needed to determine the biocompatibility of CFR-PEEK.
It is worth noting that when PEEK is reinforced or functionally modified, its mechanical strengths, such as stiffness, tensile strength, flexural strength, and hardness, increase, but its toughness is difficult to balance. Researchers usually functionalize fillers on the surface to evenly disperse or increase interfacial bonding strength in the PEEK matrix, which can promote load transfer but may confine the motion of interfacial polymer segments and lead to a substantial decrease in ductility (He et al., 2019). Graphene (G) and graphene oxide (GO) are low-dimensional nanomaterials which are widely used as reinforcing fillers for polymers. He et al. (2021) manufactured GO-reinforced PEEK (GO/PEEK) nanocomposites with different GO loading through injection molding. The compressive modulus of all composites reached a level similar to that of natural cancellous bone. The 0.5% GO loading had the maximum increase in elongation at break (increased by 86.32% compared to PEEK) and remarkable toughness (increased by 127.20% compared to PEEK). The adhesion and spreading of bone marrow stromal stem cells were also enhanced by the addition of GO. This might be attributed to the structural similarity between PEEK and GO, which enabled them to achieve strong interaction through the formation of π–π* conjugations (Figure 4C). They provided uniform dispersion of GO in the PEEK matrix, nucleation sites for the oriented crystallization zone of PEEK, and increased molecular chain alignment along the GO plane.
4.2 Antibacterial property
Currently, about 20% failed implantation surgeries are caused by infections (Deng et al., 2017). Collagen fiber degradation and marginal bone resorption in peri-implantitis are caused by host overreaction and the direct action of bacteria (Abranches et al., 2018). Therefore, the influence of PEEK as a dental implant material on bacterial adhesion and biofilm formation as well as its bactericidal ability is very important. Although many studies have shown that PEEK has an excellent antibacterial rate of about 50%, which is better than that of Ti, bacteria still adhere to the surface of PEEK under SEM observation, and the number increases over time. Therefore, the antibacterial performance of PEEK itself is not sufficient to resist infection, which can cause inflammatory fibrous tissue to wrap around PEEK and hinder bone integration (Najeeb et al., 2016a), affecting the stability and functional load of the dental implant. The following introduces novel antibacterial modification methods of PEEK.
Subgingival plaque is composed of Streptococcus sanguinis (S. sanguinis) and Porphyromonas gingivalis (P. gingivalis) and is the initiating factor of peri-implantitis. They are the early and late colonized bacteria in the dental plaque biofilm, respectively (Periasamy and Kolenbrander, 2010). Some metal cations can inhibit pathogenic bacteria of peri-implantitis, such as silver (Ag+), zinc (Zn2+), magnesium (Mg2+), and copper (Cu2+) ions. However, the potential toxicity of metal ions and the antibiotic resistance mutations of bacteria no longer make them perfect antibacterial agents, and people are increasingly in urgent need of antibacterial agents with strong antibacterial effects, few side effects, and no drug resistance. Efficient and aggressive antimicrobial peptides (AMPs) have become a new kind of antibacterial agents because of their biogenic nature (Jiang et al., 2021). AMPs not only exert bactericidal effects by targeting bacterial cytoplasmic membranes and dislocating the adhesion of mussel-like molecules to PEEK but also left azide groups that could undergo orthogonal reactions (Wenzel et al., 2014; Chen et al., 2020a). Li et al. (2022a) bio-orthogonally clicked AMP and an osteogenic growth peptide (OGP) on azide-modified PEEK (DBCO-AMP and DBCO-OGP) in different and accurate feeding molar ratios to achieve dual functions of defense and repair (Figure 5A). In vitro and in vivo experiments had shown that the AMP-containing group could degrade Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) and integrated better with surrounding tissues, even synergistically enhancing bone integration in the case of postoperative infection. The study drew heatmaps with various standardized performances and found that PEEK–A2O2 (the feeding molar ratio of AMP/OGP was 2:2) had the best dual activity. Due to the limited active site on the surface of PEEK, antibacterial and osteogenic modifications are contradictory in most cases (Yakufu et al., 2020), so it is important to find a balance between them. Simply increasing the content of osteogenic-inducing active substances does not significantly enhance the bone integration effect in vivo as antibacterial activity is a prerequisite for osteogenesis. This study may be a promising solution in the field of surface bioengineering modification of inert dental implants. Yuan et al. (2019) decorated mouse beta-defensin-14 (MBD-14) on porous PEEK via lyophilization, and the modified PEEK was verified to have broad-spectrum antibacterial ability through in vitro and in vivo experiments. Proliferation and osteogenic differentiation of bone mesenchymal stem cells were also enhanced. Although antibiotics are one of the most commonly used antibacterial agents, one in every 15 people is allergic. Furthermore, the form of dental bacterial biofilm has antibiotic resistance which is 1,000–1,500 times greater than that of planktonic bacteria. Photodynamic therapy (PDT) is a light-based alternative therapy for peri-implantitis and peri-implant mucositis, especially when patients are allergic to antibiotics (Sibata et al., 2000). PDT uses photosensitizers that can be activated when exposed to specific wavelengths of light in the presence of oxygen (typically using visible red light at 620–690 nm). Focusing the light on the infected lesion, the photosensitizer transfers energy to oxygen molecules, converting them into strongly oxidizing singlet oxygen. Ultimately, the production of reactive oxygen species (ROS) leads to bacterial death (Robertson et al., 2009; Azizi et al., 2018; Ren et al., 2020b; Hou et al., 2020). Peng et al. (2021a) compared the antibacterial effects of PDT and ampicillin through biofilm removal assay. Different concentrations of temoporfin were selected as photosensitizers. The results showed that both the PDT and ampicillin groups had good removal effects on Streptococcus mutans (S. mutans) and actinomycetes (p < 0.05), with high doses of temoporfin having better biofilm removal effects (p < 0.01). The osteoblast activity of PEEK was comparable to that of other groups. Deng et al. (2020) prepared a coating consisting of a PDA nanolayer, GO nanosheets, and adiponectin (APN) protein on the surface of sulfonated PEEK using π–π interaction (Figure 5B). After irradiation with 808-nm NIR light, the coated PEEK produced antibacterial rates of 99.49% and 92.4% for S. aureus and E. coli, respectively. However, the damage of high temperature and ROS to surrounding tissues and cells limits its clinical application (Ren et al., 2020b). In the future, how to improve the absorption rate and penetration ability of photosensitizers and develop light sources that can reduce irradiation time are urgent issues that need to be solved.
[image: Figure 5]FIGURE 5 | (A) PEEK was soaked in a mussel foot protein (Mfp)-mimic peptide with a clickable azido terminal and bio-orthogonally clicked AMP and OGP on azide-modified PEEK in different feeding molar ratios to achieve dual functions of antibacterial property and repair. (B) (a) The coating consists of a PDA nanolayer, GO nanosheets, and APN protein. (b) Verification of triple activity (Deng et al., 2020). (C) Mechanism of UV photoinsertion (Buwalda et al., 2020).
It is reasonable to achieve antibacterial performance by changing the PEEK surface (morphology and chemical composition). The rigid cell walls of bacteria limit their deformability. When the nanopore size of the porous morphology formed on the surface of PEEK is smaller than bacteria, they cannot stick, while combining other modification methods can kill bacteria with smaller pore sizes. In addition, nanoprotrusion structures can damage bacterial cell membranes (Wang et al., 2017; Wang et al., 2018; Yang et al., 2021). In order to improve the competitive adhesion of cells against bacteria, it is important to comprehensively consider the structure and morphology of bacteria and cells, as well as the properties of materials. Changes in chemical composition usually refer to the combination of PEEK with antibacterial chemicals. The diphenylketone groups on the PEEK main chain are converted to semi-benzopinacol radicals under ultraviolet (UV) irradiation, and then, antibacterial monomers can be grafted spontaneously onto the free radicals (Kyomoto and Ishihara, 2009). There are usually two methods for endowing PEEK with antibacterial activity: (1) reducing bacterial adhesion and (2) killing bacteria. Buwalda et al. (2020) achieved the aforementioned two aspects simultaneously through a one-step approach. They covalently grafted bactericidal quaternized poly(dimethylaminoethyl acrylate) (P (qDMAEMA)) polymers and aryl–azide-containing modified anti-fouling PEG onto the surface of PEEK through via UV photoinsertion (Figure 5C). Although such functionalized PEEK had no obvious effect on Gram-negative E. coli, it had a good inhibitory effect on Gram-positive S. aureus, which increased with PEG chain length. It is worth noting that only when the lengths of PEG and P (qDMAEMA) were roughly equal could they exert a synergistic effect. The method of inserting aryl–azide groups through UV photoinsertion had “spectral significance” because most polymer substrates with carbon–hydrogen bonds could form covalent bonds with reactive nitrene intermediates. Therefore, this chemical method can be extended to other polymer implants. Positive antibacterial groups, such as -SO3H, -OH, and -COOH, can also be introduced on the surface of PEEK, which can cause electrostatic repulsion and negatively charged bacterial cell membranes to generate a zeta potential difference (Liu et al., 2021a; Zhang et al., 2022). However, the introduction of these functional groups lacks long-term in vivo experimental verification.
In addition to changing the surface properties of PEEK, blending modification can enhance its antibacterial activity. Studies have confirmed that functionalized ceramic nanoparticles such as titanium dioxide (T-NPs) and silicon dioxide (S-NPs) had antibacterial activity under UV and dark conditions (Bokare et al., 2013). In the absence of UV irradiation, ceramic particles can produce exogenous ROS to exert bactericidal effects (Díez-Pascual and Díez-Vicente, 2015). Muthusamy Subramanian and Thanigachalam, (2022) used T-NP- and S-NP-reinforced PEEK (T/PEEK and S/PEEK) with good compressive strength and hardness values to test antibacterial activity in vitro. The average diameter of the inhibitory zone of 16 wt% T/PEEK, 12 wt% S/PEEK, and 16 wt% TS/PEEK on E. coli was 10.5, 11.9, and 18.299 mm, respectively, and the average diameter of the inhibitory zone on Bacillus subtilis was 12.25, 13.65, and 16.125 mm, respectively. The inhibitory zone diameters of pure PEEK were 9.213 mm and 10.452 mm, respectively. Therefore, it was confirmed that even without UV irradiation, the antibacterial ability of T-NP- and S-NP-reinforced PEEK composites can be significantly improved. Pezzotti et al. (2018) mixed silicon nitride (Si3N4) of three phases and PEEK by high-temperature melting. In vitro experiments found that PEEK/β-Si3N4 had the best antibacterial effect against Staphylococcus epidermidis (S. epidermidis), while there was no obvious difference in the performance of PEEK/α-Si3N4 compared to pure PEEK. The authors explained that the eluted NH3+ increased the pH value around the implant and damaged the bacterial cell membrane. Although antibacterial fillers can avoid the uncertain long-term bonding stability of coatings, they can alter the overall mechanical properties of the composite material. In addition, there is also a problem of weak bonding between the filler and PEEK interface. It is necessary to evaluate the functional loading of PEEK composite materials after implantation in vivo, and finding suitable filler dosage and size is also a key research point.
Most modification strategies of PEEK are to increase its activity by improving hydrophilicity, but as hydrophilicity increases, bacterial adhesion to its surface increases subsequently. Lijnev et al. (2022) incubated PEEK in 10 M sodium hydroxide for 24 h at 37°C. As expected, the enriched -OH increased the hydrophilicity of PEEK, thereby increasing its protein adsorption, mineral deposition, and human bone mesenchymal stem cell (hBMSC) adhesion. However, the disc diffusion method and in vitro bacterial attachment assay results showed a surprisingly significant decrease in the antibacterial activity of PEEK against S. aureus strains after the coating treatment. Thus, in order to find better ways to improve the antibacterial performance of dental implants, it is necessary to first understand the mechanism of infection, then evaluate the overall performance of the modification method, and finally, conduct animal and clinical experiments.
4.3 Immunoregulation
Inflammation begins with bacterial infection, followed by an excessive immune response mediated by autoimmune cells. When dental implants are screwed into the maxilla and (or) mandible, macrophages play a core regulatory role in mediating the immune response of the host and releasing cytokines and growth factors, leading to the formation of a pro-inflammatory M1 phenotype or anti-inflammatory M2 phenotype through polarization (Brown et al., 2012; Klopfleisch, 2016). The M1 phenotype enhances inflammatory response in the early stage to control infection, while the M2 phenotype promotes tissue regeneration and repair in the later stage (Shen et al., 2021). For the surface of PEEK, macrophages typically polarize toward the pro-inflammatory M1 phenotype and fuse into multinucleated giant cells, releasing fibrosis-enhancing cytokines, ultimately blocking osseointegration by fiber encapsulation (Sridharan et al., 2015). Therefore, PEEK is extremely desirable to be endowed with immunomodulatory ability, enabling it to transition from transient M1 polarization to an anti-inflammatory M2 phenotype in a timely manner, which can release chemokines to recruit osteoprogenitor cells and activate osseointegration (Chen et al., 2016). Based on the aforementioned mechanism, some studies loaded interleukin-4 (IL-4) on the implant surface to polarize macrophages to the M2 phenotype (Spiller et al., 2015) or used covalent modification of clusters of differentiation 47 (CD47) protein to “camouflage” which could not be identified by the autoimmune system (Gao et al., 2017). However, these expensive, short-life, and complex preparation processes of growth factor proteins are not easy to come by. Enabling dental implant materials to induce M2 phenotype macrophage polarization and creating a suitable osteogenic microenvironment have attracted extensive interest recently.
As a cost-effective technology, layer-by-layer (LBL) self-assembly can form films with specific structure and composition on the surface of materials by continuously dipping in polyelectrolytes with opposite charges (Costa and Mano, 2014). The films formed on the surface of PEEK through electrostatic interactions change its surface morphology, which can not only induce hBMSCs to differentiate into osteogenic lineage but also selectively polarize macrophages to reduce the secretion of pro-inflammatory cytokines, endowing PEEK with immunomodulatory ability (Gao et al., 2020). Gao et al. (2020) repeatedly immersed negatively charged PEEK into 2-mercaptoethanol, phorbol-12-myristate-13-acetate (PAH), and poly(acrylic acid) (PAA) weak polyelectrolyte solutions. The cation NH4+ of the PAH chain and the anion COO− of the PAA chain were electrostatically attracted and self-assembled. The study found that the expression of integrin (ITG) subunits (α4, α5, αM, αX, αD, β2, and β7) and adhesion complexes (actinin, filamin, and paxillin) on pH 1.8 was lower, leading to a decrease in focal adhesion of macrophages. The expression of lymphocyte antigen 96 (MD-2) was inhibited, resulting in the negative regulation of the Toll-like receptor (TLR) signaling pathway as well as downstream signaling cascades. The activation of receptor-interacting protein 2 (RIP2) was weakened, leading to a downregulation of the nucleotide-binding and oligomerization domain-like receptor (NLR) signaling pathway. The aforementioned effects ultimately led to a decrease in the transcription of inflammation-related genes, especially the instantaneous activation and secretion of pro-inflammatory cytokines TNF-α (the aforementioned key signaling transduction cascades are shown in Figure 6A) which was confirmed by enzyme-linked immunosorbent assay (ELISA). This meant that pH 1.8 caused macrophages to enter a weakened feedback loop, silencing acute inflammation and upregulating osteogenic-related genes by polarizing to the M2 phenotype.
[image: Figure 6]FIGURE 6 | (A) Key signaling transduction cascades induced by pH 1.8 (Gao et al., 2020). (B) Concentration of iNOs and NO. (b) Expression of osteogenic-related genes. (c) Interaction of materials, macrophages, and mBMSCs (Liu et al., 2022). (C) Under the presence of bacteria, the production of ROS increases SB content and macrophage activity. SB mainly induces macrophage polarization toward M2 and promotes osteogenesis (Yue et al., 2018).
Excluding coatings, changing the physical and chemical properties of the PEEK surface, such as morphology (Lee et al., 2018), functional group types (Vassey et al., 2020), and elemental composition (Guo et al., 2021b), can endow PEEK with unique characteristics and improve its hydrophilicity. Subsequently, the polarization of adherent immune cells will be directly affected, which regulates the host immune response (Qin et al., 2020). Designing micro/nano-morphological structures of PEEK is one of the most commonly used and valuable strategies for improving immune regulatory ability. Surface physical structure and chemical composition modification of PEEK definitely exhibit better synergistic effects than single modification. Liu et al. (2022) sulfonated PEEK/hydroxyapatite (HA) (SPHA) composites to obtain both 3D porous physical and Ca2+ chemical signal surfaces. High concentration of extracellular calcium could reduce inflammation via activating the calcium-sensing receptor signal cascade to inhibit tumor necrosis factor alpha (TNF-α) expression and the wingless type 5a/receptor tyrosine kinase-like orphan receptor 2 (Wnt5a/Ror2) signaling pathway (Chen et al., 2016). Therefore, the high Ca2+ concentration and hydrophilicity of sulfonated PEEK/HA resulted in a low M1 phenotype–macrophage ratio. In addition, SPHA downregulated the expression of the inducible nitric oxide synthase (iNOS) protein, resulting in a nitric oxide (NO) concentration decrease (Zhou et al., 2021). In the co-culture medium of SPHA and mouse bone marrow mesenchymal stem cells (mBMSCs), due to low NO concentration, the expression of osteogenic-related osterix (OSX, the downstream gene of runt-related transcription factor 2 (IRUNX2)) and alkaline phosphatase (ALP) genes was increased in 4 days (Figure 6B) through the cyclic adenosine monophosphate–protein kinase A (cAMP-PKA) pathway (Kim et al., 2021), while the expression of osteoclast-related matrix metalloproteinase-9 (MMP-9) and MMP-13 (MMPs degrading the mineralized matrix) genes was reduced in 7 days. Some studies combine porous surfaces with the direct loading of immunomodulatory bioactive molecules or substances. BMSCs play a strong role in osteoimmunomodulation because of BMSC-derived exosomes (Exos) which carry biosignal molecules in paracrine secretion (Li et al., 2020). Exos regulate the transformation of macrophages from the M1 phenotype to M2 phenotype after binding to target cells. In addition, Exos carry a variety of miRNAs related to regulating osteogenesis, which can directly induce internal and external osteogenesis in the absence of cells (Zhai et al., 2020). Fan et al. (2021) bridged BMSC-derived Exos coating onto 3D porous PEEK via tannic acid (TA). RT-PCR and immunofluorescence results showed that the Exo-coated TA-SPEEK group could inhibit the expression of M1 surface markers (TNF-α and iNOS) and promoted the expression of M2 surface markers (Arg-1 and IL-10). The study also found that compared with other groups, the expression of activator phosphorylated IκB (p-IκB) of nuclear factor-kappa B (NF-κB) and the protein phosphorylation degree of downstream factor NF-κB p65 in the Exo-loaded TA-SPEEK group were significantly downregulated, which fully proved that Exo-loaded TA-SPEEK promoted the anti-inflammatory M2 polarization of macrophages through the negative regulation of the NF-κB pathway. Gut microbiota (GM) is crucial in regulating systemic health as its fermentation metabolite short-chain fatty acids (SCFAs) contain butyrate, which is known to have anti-inflammatory and immunomodulatory effects (Geva-Zatorsky et al., 2017). Yue et al. (2018) loaded sodium butyrate (SB) on the surface of SPEEK to study its regulation on macrophages under different stimuli. In vitro macrophage polarization assay showed that SB-SPEEK at low concentrations (≤1.0 mM) could increase the expression of M2 phenotype-related cytokines IL-4, IL-10, bone morphogenetic protein-2 (BMP-2), and VEGF (immunomodulatory mechanisms are shown in Figure 6C). However, it is important to pay attention to the potential cytotoxicity hazards of high SB concentrations.
Although there have been many studies on macrophage polarization, the mechanism is too complex and difficult to figure out, including M1/M2 phenotype interconversion, promotion or inhibition of the M1/M2 phenotype, and change in macrophage activity (Murray, 2017). It is worth noting that specific directional polarization M2 phenotype macrophages contain many subtypes, including M2a, M2b, M2c and M2d, and M2a, among which M2c can cause fibrous tissue proliferation (Lescoat et al., 2020). Therefore, in the future, we should find a new regulatory cellular signaling pathway and deeply explore the mechanism of macrophage polarization. Changing the host immune response to materials can determine the fate of dental implants and the outcome of bone integration.
4.4 Antioxidative property
Our biological system produces highly active molecules such as ROS and reactive nitrogen species (RNS) during fatty acid metabolism, aerobic metabolism, and when encountering environmental stimuli (Yu and Wang, 2022). The implantation inevitably leads to the release of ROS, such as hydroxyl radical (OH), hydrogen peroxide (H2O2), and superoxide anion (O2−), thereby clearing aging cell debris, resisting pathogens, and protecting body homeostasis (Li et al., 2023). The human body’s self-antioxidant defense system can maintain a balance between the oxidative and antioxidative modes by timely removing oxidation–reduction products but lacks the ability to reverse imbalance. Once factors cause imbalance, such as diabetes mellitus (DM), it will cause oxidative stress (OS) in the bone microenvironment around the implants. The excessive ROS produced by OS not only inhibits cell proliferation and differentiation, resulting in tissue damage, but also suppresses the release of VEGF, resulting in impaired capillary formation. In more severe cases, it can damage proteins and DNA (Wang et al., 2021a). Therefore, endowing PEEK dental implants with antioxidative capacity, reducing the impact of OS on nutrient supply, and providing a stable microenvironment for bone integration are as important as osteogenic induction.
Chitosan (CS) has been proven to have antioxidant property that can quench hydroxyl and superoxide radicals (Li et al., 2012). Borgolte et al. (2022) proposed that coating CS with a 30% degree of substitution of benzophenone (30%BP-CS) on PEEK had the best free radical-quenching effect, which could increase the quenching of OH by three times compared to the control group. Furthermore, the quenching effect of 30%BP-CS was 1.5 times higher than that of CS (Figure 7A). The study found that the oxidation resistance of 30%BP-CS coating was not a good solution because the free radical quenching active surface of the coating was relatively smaller. Bone integration includes three synergistic and sequential processes: macrophage-mediated immune response, EC-induced angiogenesis, and osteoblast-induced osteogenesis (Patel et al., 2020). CS can control the multi-stage release of Zn2+ and match it with various steps of bone integration. A covalently grafted multifunctional sustained-release coating composed of carboxylated graphene oxide (GC), Zn2+, and CS on the surface of CFR-PEEK (CP/GC@Zn/CS) was achieved by Zhao et al. (2023), which completed the rapid release of Zn2+ in the initial stage, sustained release of Zn2+ in the middle stage, and slow release of Zn2+ in the late stage. The coating played a role in immune regulation, angiogenesis, and osteogenesis in stages. The study found that the levels of ROS and RNS in macrophages of CP/GC@Zn/CS were the lowest, thus confirming that the coating can effectively inhibit OS in macrophages. During the removal of H2O2, cerium dioxide nanoparticles (CeO2NPs) have been confirmed to have catalase-like activity and co-act as an oxygen buffer. Li et al. (2023) uniformly doped CeO2NPs in PEEK, and its ability to significantly reduce ROS levels in osteoblasts in vitro (Figure 7B shows antioxidant capacity tests) and better induce osteogenesis in vivo was verified. DM is an extremely common chronic disease, and the mitochondrial dynamics in the microenvironment surrounding the implant are imbalanced due to its sustained hyperglycemia and excessive ROS production (Willems et al., 2015). Therefore, the antioxidant activity of dental implants in DM patients is particularly important. Under high-glucose conditions, dynamin-related protein 1 (Drp1) produces excessive ROS and mitochondrial breakage, while the balance of mitochondrial membrane potential (MMP) resurgence protects the mitochondrial ultrastructure. Based on mitochondrial dynamics and DM osteogenesis, Wang et al. (2021a) loaded ZnO and Sr(OH)2 on SPEEK. The study proposed for the first time that the release of Zn and Sr downregulated the DrP1 gene, restored MMP, eliminated ROS, and enhanced bone integration in vivo under DM conditions (Figures 7C, D show the mechanisms). Such a development of new PEEK implants targeting the mitochondrial regulatory ability of DM patients is of great significance.
[image: Figure 7]FIGURE 7 | (A) Quenching of OH radicals by 30%BP-CS solutions (left) and coatings (right) (Borgolte et al., 2022). (B) Under OS conditions: (a) Cell viability, (b) ROS in cells, (c) cell morphology staining, and (d) average cell area (Li et al., 2023). (C) Material preparation and in vivo bone integration (Wang et al., 2021a). (D) Mechanism of tissue damage and targeting mitochondria to promote osteogenesis in DM (Wang et al., 2021b).
In summary, reducing the degree of intracellular OS through PEEK modification is crucial for creating a favorable bone integration microenvironment. The production of ROS not only directly damages periodontal tissue but also releases chemokines that affect macrophage polarization and activate inflammatory response. Some studies suggest that the reduction of ROS can inhibit the M1 phenotype and promote the M2 phenotype (Yu and Wang, 2022). Therefore, regulating the body immune response by controlling the ROS level is worth further exploration. In addition, antioxidant activity is particularly important in some special patients, such as elderly patients with high OS in the bone microenvironment and DM patients with mitochondrial dynamic imbalance.
4.5 Osteogenesis and anti-osteoclastogenesis
Targeting the recruitment of BMSCs around dental implants, promoting cell migration, adhesion, proliferation, and differentiation, and further promoting extracellular matrix (ECM) mineralization are eternal topics and the ultimate goal of dental implant materials. During bone integration, the formation of mineralized bone and the absorption and degradation of the bone matrix are inseparable factors that always work together. The modification of PEEK implants should not only focus on inducing direct osteogenesis or anti-osteoclastogenesis but also on the immune inflammatory response mediated by macrophages that occurs early after implantation. The cross-regulation between the skeletal and immune systems is crucial for the dynamic balance between bone formation and bone resorption which guides successful bone integration (Chen et al., 2016). Therefore, this section introduces PEEK implant modification methods from the perspective of bone immunology that can simultaneously promote osteogenesis and anti-osteoclastogenesis.
The unique surface characteristics of implants have a direct impact on the proliferation and differentiation behavior of BMSCs. Yang et al. (2022) constructed a titanate nano-network structure on the PEEK surface (PEEK-TNS) by plasma sputtering and alkali treatment. PEEK-TNS significantly downregulated pro-inflammatory genes (TNF-α and IL-6) and upregulated anti-inflammatory genes (IL-10 and Arg-1), inducing the macrophages transformation from M1 to M2. While the expression of osteogenic-related genes (BMP-6 and OSM) was enhanced, osteoclast-related genes (MSCF and RANKL) were inhibited over time. The loading of osteoporosis (OP) treatment drugs can achieve bone immune regulation of implants. Icariin (ICA) is a natural herbal medicine widely used in the treatment of inflammatory diseases. To avoid the premature release and degradation of ICA, Chai et al. (2022) firmly adhered ICA to SPEEK through PDA (ICA-PDA@SPEEK). The upregulation of BMP-2 and VEGF gene expression in macrophages of ICA-PDA@SPEEK could promote osteogenesis by activating the BMP signaling pathway. Osteoclast-related genes (TRAP, CSTK, and NFATc1) were inhibited. This may be related to the inhibition of the NF-kB signaling pathway (Lecaille et al., 2020). According to reports, enoxacin (ENX) can inhibit RANKL-induced JNK signaling to reduce osteoclast generation. Bai et al. (2023) used polyvinyl butyral (PVB) as the coating medium to modify SPEEK with ENX (SPEEK/PVB-ENX*3). The research found that SPEEK/PVB-ENX*3 can weaken the ability of macrophages co-cultured with the RANKL-inducing factor to fuse into multinucleated osteoclasts. The implantation experiment in rats also demonstrated the function of SPEEK/PVB-ENX*3 in promoting mineralization and osteogenesis. Among the bone resorption inhibitors of OP, sodium alendronate (ALN) is considered to have the best effect. Zhao et al. (2022) doped ALN and Sr2+-doped bioactive glasses (SrBGs) into the PEEK matrix. Sr has a dual nature of promoting osteogenic differentiation and osteoclast differentiation. As SrBG gradually degrades, Sr2+, Ca2+, and ALN exert a synergistic effect. This study observed an increase in the ratio of OGP/RANKL, enhanced osteogenic activity, and inhibition of osteoclasts. Zheng et al. (2022) co-loaded ALN, poly(lactide-co-glycolide) (PLGA), and IL-4 onto the surface of PEEK to programmatically regulate immune response and bone regeneration (Figure 8A). IL-4 rapidly released 90% within 3 days after implantation, promoting the transformation of M1 phenotype macrophages into the M2 phenotype, thereby creating a favorable immune microenvironment. ALN and Ca2+ were subsequently released for up to 98 days, promoting bone regeneration and inhibiting bone resorption (Figure 8B). Most interestingly, the study revealed that autophagy, which had immune detection effects, was promoted in the early stages to be anti-inflammatory while being suppressed in the later stages to reduce bone resorption (Figures 8C, D).
[image: Figure 8]FIGURE 8 | (A) Schematic diagram of the programmed regulation of early anti-inflammatory and late osteogenesis. (B) In vitro release assay. (C) Expression of autophagy-related genes after cultivating for 3 days. (D) Expression of autophagy-related genes after inducing for 9 days (Zheng et al., 2022).
Bone integration is a delicate balance between bone resorption and bone regeneration. The improvement in the bone integration ability of PEEK dental implants should involve both osteogenesis and osteoclasis. Osteoclasts are produced by the monocyte macrophage system, so modification strategies targeting the immune system can affect bone remodeling around implants. Such a modification strategy is particularly effective for OP patients as OP typically manifests as overactive osteoclast bone resorption (Zhao et al., 2022).
4.6 Angiogenesis
If an appropriate inflammatory response of the implant is a prerequisite for successful osseointegration, then angiogenesis is a concurrent event that assists osseointegration (Kusumbe et al., 2014). Being one of the key factors in osseointegration, angiogenesis is the process of vascular endothelial cell (EC) proliferation in pre-existing vessels to form sufficient blood vessels (Wang et al., 2013). As transportation pipelines, these new blood vessels deliver various nutrients, oxygen, stem cells, and even osteoinductive factors required for the new bone around the implant (Ito et al., 2006; Hutton and Grayson, 2014). However, research studies on PEEK modification methods dedicated to enhancing its angiogenetic ability currently are not as extensive as inducing osteogenic differentiation.
Currently, the effects of most PEEK angiogenic modification methods are significant, but they do not take into account the basic health status of the host. It is well known that the successful rate of bone defect implantation in diabetes mellitus is low, partly due to the relatively high possibility of infection in the diabetes microenvironment (Mangialardi et al., 2019). Another important reason is that patients with diabetes usually produce excessive ROS, resulting in oxidative stress in the microenvironment around the implant (Rendra et al., 2019). This phenomenon can have a negative impact on the release of VEGF from ECs, thereby affecting angiogenesis and nutrient supply around the implant, ultimately resulting in failed osseointegration and implant loosening. Therefore, loading antioxidants on the PEEK surface is an important means to promote angiogenesis in diabetes patients. Huang et al. (2022) first loaded TA, Pluronic F127 (PF127), and gentamicin sulfate (GS) on sulfonated PEEK (SP@ (TA-GS/PF)*3) by LBL. TA is a natural antioxidant with five diethylene glycol ester groups, which not only has high stability and activity but also has been proven to be an effective drug therapy for clearing ROS (Wu et al., 2021). The results obtained by Huang showed that H2O2 in the SP@ (TA-GS/PF)*3 group caused the weakest damage to human umbilical vein endothelial cells (HUVECs) and promoted the secretion of VEGF by HUVECs after injury. Immunohistochemical staining and analysis further revealed that SP@ (TA-GS/PF)*3 exhibited excellent angiogenesis-promoting ability by enhancing the expression of angiogenic-related cytokines (CD31 and vWF). In addition, osteoblast differentiation was also enhanced, which was beneficial to osseointegration under diabetic conditions. For patients with hypercholesterolemia or cardiovascular disease, stable and easily available small-molecule statins are widely used because of their function of protecting ECs. In recent years, it has been proven that statins can regulate angiogenesis and osteogenesis through miRNAs (Li et al., 2016). Sun et al. (2022) loaded simvastatin on SPEEK (concentrations 0.55, 1.1, and 2.2 mg/mL, groups SP-SimL, SP-SimM, and SP-SimH, respectively). The porous structure of sulfonated PEEK can achieve the sustained release of drugs, and this local drug delivery platform can suppress the systemic side effects of high-dose statins (such as hepatotoxicity and nephrotoxicity) and improve bioavailability (Liao, 2019). The drug release depended on the content and superficial area (Grassi et al., 2003), which was confirmed by the highest drug release rate of SP-SimM measured in the study. The drug concentration of SP-SimM was higher than that of SP-SimL, and the surface area was larger than SP-SimH. SP-SimM also had the strongest promoting effect on the formation of type-H vessels that regulated angiogenic–osteogenic coupling, which was contrary to the results of the miRNA–29cb2 knockout (miR29cb2−/−) mouse implantation experiment in vivo. This result provided direct evidence for the mechanism of simvastatin enhancing vascular regeneration. Previous studies by the author have shown that miRNA–29cb2 regulates type-H vessels to achieve angiogenesis and bone regeneration by targeting hypoxia-inducible factor-3α (HIF-3α), while other studies have suggested that HIF-3α and hypoxia-inducible factor-1β (HIF-1β) are in a competitively binding relationship. The hypoxic environment can stimulate the binding of hypoxia response elements (HREs) of HIF-1β and the promoter regions of angiogenic-related genes (VEGF and collagen-2α (Col-2α)) which can promote neovascularization (Duan, 2016; Zhang and Kong, 2023). In this study, SP and SP-SimM were implanted into WT and miR29cb2−/− mice, and quantitative analysis of HIF-3α and HIF-1β around implants revealed that miR29cb2 knockout mice impaired the decreased HIF-3α expression in WT mice induced by simvastatin (Figure 9A). However, the mechanism of simvastatin on miRNA–29cb2 is very complex; thus, more analysis factors and observation time are needed to obtain more reliable evidence. The implant adjustment strategies for other common systemic diseases are worth in-depth research, which will provide great convenience for mixing with other systemic disease patients and broaden the indications for dental implants.
[image: Figure 9]FIGURE 9 | (A) Expression and quantification of HIP-3α in wild-type mice (a and b). Expression and quantification of HIF-1β in wild-type mice (c and d). Expression and quantification of HIP-3α in 29cb2−/− mice (e and f). Expression and quantification of HIF-1β in 29cb2−/− mice (g and h) (Huang et al., 2022). (B) Silver nanoparticles (nAg) are coated onto copper oxide microspheres (μCuO) through PDA; then, μCuO/nAg was loaded onto silk fibroin (SF) and spun onto the surface of SPEEK with polymerized PDA (SP-CuO/Ag) (Yan et al., 2020). (C) Schematic diagram of material synthesis and evaluation (Lyu, 2022). (D) Mechanism of Mg2+-PEEK scaffold osteogenesis and angiogenesis (Wei et al., 2023).
Drugs for systemic diseases usually have low stability, less amount of active drugs reaching the implant area after first-pass elimination, and damage to the liver and kidney. Therefore, topical modified implants can suppress their controversy in bone healing.
Bioactive metal elements (Cu and Mg) have multiple functions such as antibacterial activity, promoting angiogenesis, and enhancing bone regeneration. It is a novel modification method to assemble metal and catecholamine on the surface of PEEK. As a member of catecholamine, PDA can respond to pH by changing charge and degradation, so it can mediate the controlled release of metal elements (Yan et al., 2021). This on-demand release avoids high doses and premature elution of metal ions, thereby alleviating concerns about metal toxicity and bacterial drug resistance (Yan et al., 2020). The PDA structure contains abundant hydrophilic groups, such as amino, imino, and carboxyl groups, which can not only reduce the contact angle of PEEK but also serve as a bridge to bond the coating of metal ions (Wei et al., 2023). Most importantly, when the pH changes, amino groups in the PDA are protonated, which weakens its internal force, and the grafted metal elements are released and eluted (Yan et al., 2021). Therefore, PDA is an excellent adhesive candidate for binding metal elements. Cu has been proven to maintain the stability of the hypoxia-inducible factor-1α (HIF-1α) structure, which can simulate a hypoxia stimulate and then increase VEGF secretion and activate endothelial nitric oxide synthase (eNOS) to release NO which can accelerate the maturation of ECs (Murohara and Asahara, 2002; Urso and Maffia, 2015). Yan et al. (2020) coated silver nanoparticles (nAg) onto copper oxide microspheres (μCuO) through PDA; then, μCuO/nAg was spun onto the surface of SPEEK (Figures 9B). The study measured the production of NO, and the NO content of SP-CuO/Ag was more than twice that of the PEEK group, and the proliferation activity of HUVEC by the MTT method could also surpass that of the PEEK group on day 3. Furthermore, micro-computed tomography (micro-CT) showed that the coating was strong enough to withstand the stress generated by mechanical motion because there was no detachment after 12 weeks of implantation in the rabbit tibia. The author also invented another pH-responsive coating PDA-mediated co-deposition of citrate–copper nanoclusters (CCuNs) (Yan et al., 2021). It was unique in that the pH responsiveness was provided by PDA, and citrate also can induce angiogenesis, which could synergistically interact with Cu. The study found that the expression levels of HIF-1α, NO, VEGF, and iNOS in CCuNs were twice as high as those in Cu-loaded only samples, which might be related to the doubling of intracellular Cu levels caused by citrate (Finney et al., 2008). Due to angiogenesis and bone regeneration being coupled, there must be communication and crosstalk between ECs and osteoblastic cells (OBs) (Ramasamy et al., 2016). A co-culture system of adipose-derived mesenchymal stem cells (Ad-MSCs) and HUVECs simulating the real in vivo environment was established to evaluate the effect of CCuN-SPEEK on cell crosstalk. Compared with the single culture of Ad-MSCs, the secretion of ALP activity and collagen in the co-culture system increased by 20 times, while there was no calcium deposition on the surface of CCuN-PEEK. There is also a simple and efficient “one-pot” method for assembling Cu and DOPA on the surface of PEEK. Lyu (2022) directly coated a layer of PDA and CuII coordination complexes on the surface of PEEK (Figures 9C). If the concentration of metal ions exceeds a specific value, it will have cytotoxicity, and the critical concentration varies for different types of cells. The inductively coupled plasma–mass spectrometry (ICP-MS) results in the study showed that the highest concentration of Cu released by DA-CuII-coated PEEK was 0.2 ppm (not exceeding the toxicity level of most cells) (Kaplan and Maryon, 2016; Ning et al., 2016). In addition, all samples could promote the formation of tubes in vitro and the expression of angiogenic-related genes (VEGF, VEGF-A, and platelet-derived growth factor). There is increasing evidence that Mg2+, which is the fourth most abundant cation in the human body, can induce angiogenesis (Stegen et al., 2015). Wei et al. (2023) deposited Mg2+ on the surface of FDM-based PEEK using PDA as an adhesive. The pore size of PEEK scaffolds was 429 ± 37 μm, within the range of 300–500 μm, which was fully in favor of capillary ingrowth and substance exchange (Hutmacher, 2000). Type-H vessel is a special subtype of capillaries that couple angiogenesis and osteogenesis at both time and space levels in a bone homeostasis environment (Peng et al., 2020). High expression levels of CD31 and endomucin (CD31hiEMCNhi) are their characteristics (Xu et al., 2018). The study found that Mg2+-PDA PEEK significantly upregulated the expression of CD31 and endomucin (EMCN) compared to uncoated PEEK. More importantly, micro-CT of rabbit femoral condyles implanted with scaffolds showed that the diameter and volume fraction of blood vessels were the highest at all detection time points in the Mg2+-PDA PEEK group. The results of observing the number, thickness, and morphology of blood vessels in hard tissue sectioning under the microscope were consistent with these (Figure 9D demonstrates the mechanism of sample osteogenesis and angiogenesis). In recent years, PDA has been widely used for the functional modification of material surfaces due to its good biocompatibility and simple production process. Even though the material substrate has a complex shape with 3D pores, the dense coating of the PDA film will not be affected. The metal ions grafted on the surface of PDA promote angiogenesis at low concentrations and play a bactericidal role at high concentrations. Therefore, strictly controlling the critical concentration of metal ions is of utmost importance. The development of a coating on the surface of PEEK that releases appropriate concentrations will effectively avoid problems of bacterial resistance and metal toxicity.
Vascular regeneration is one of the prerequisite steps to promote the initial stability of osseointegration, and the cortical intraductal network within the cortical bone is composed of transversal Volkmann’s canals and longitudinal Haversian canals, which are intertwined with capillaries (Xie et al., 2014). Therefore, providing PEEK implants with the ability to generate blood vessels is crucial. Nevertheless, the chemical inertness of PEEK limits the reactive activity of ECs. At present, there are two main chains to enhance functional angiogenic response to PEEK implants: loading angiogenesis-related cytokines and stimulating endothelial cell autocrine VEGF. Obviously, the latter is a more advanced strategy because the loaded protein or polypeptide is easy to denature and inactivate after entering the complex internal environment and may also lead to ectopic vascularization. In addition, by combining modification methods to enhance the ability of angiogenesis and osteogenesis, solutions to the clinical application challenges of PEEK implants can be achieved, twice the result with half the effort.
4.7 Soft tissue adhesion
The long-term stability of dental implants is achieved not only by combining with bone tissue but also by adhering to periodontal soft tissue to achieve biological sealing. The epithelial junction is the first barrier of tissue around the implant (the histological structure of the periodontal tissue around the implant is shown in Figures 10A, B), which can effectively prevent bacterial invasion and prevent the occurrence of implantitis. Peng et al. (2021b) compared the adhesion of human oral fibroblast (HOF) cells on the surface of CAD-CAM bare PEEK and traditional implant materials Ti6Al4V and Y-TZP. The pseudopodium structures of HOF cells were apparent on the surface of PEEK, which showed significant affinity. This is because the oxygen atoms with non-bonding pairs in the ether molecules of PEEK provide high polarity to increase the adhesion of cell receptors (integrins) on the cell membrane through adhesion proteins (fibronectin and collagen) (Ivanovski and Lee, 2018; Gheisarifar et al., 2021). However, due to the lack of biological activity of pure PEEK, which cannot be directly applied, scientists have explored many modification methods that can simultaneously improve the ability of osteogenesis and soft tissue adhesion.
[image: Figure 10]FIGURE 10 | (A) Cross-section of the buccal and coronal part of the tooth and implant. Similar anatomical components (sulcular epithelium, junctional epithelium, and connective tissue) can be seen (Gheisarifar et al., 2021). (B) Histological sections of the peri-implant mucosa after 8 weeks of healing. (a) Sulcular epithelium. (b) Barrier epithelium. (c) Connective tissue (d). Epithelial layer. (e) Connective tissue (Ivanovski and Lee, 2018). (C) (a) Ra of Ti and PEEK samples before (gray) and after (light gray) air-plasma treatment. (b) Wettability of samples before (dark gray) and after (light gray) air-plasma treatment. (c) Cell adhesion of NIH-3T3 cells. (d) Proliferation of NIH-3T3 cells ((-P_S; -P_S; black dot-Ti_S; ◦-Ti_S; black triangle-Ti_L; triangle-Ti_L) (Porrelli et al., 2021).
It is known that laser etching, plasma treatment, and sandblasting can alter the surface morphology or introduce functional groups of PEEK and enhance its surface soft tissue cell adhesion. However, the three treatment methods have different effects. Femtosecond laser (FSL) uses a focused laser beam to form periodic features with micro/nano morphology on the material surface with high spatial and temporal resolution. For polymer materials, the maximum inhibition of surface oxidation is the greatest advantage of FSL. Xie et al. (2021) compared the effects of different powers of FSL (80 mW and 160 mW) on the behavior of soft tissue cells. SEM showed that unique submicro-nano structures were formed, and the number, adhesion, and proliferation of gingival epithelial (GE) cells were higher than those of pure PEEK; furthermore, the activity of 160FPK was more enhanced than that of 80FPK. At the same time, the adhesion, proliferation, and osteogenic-related gene expression of osteoblasts were also significantly enhanced. Consequently, laser etching plays an important role in increasing soft tissue sealing and bone regeneration. In order to compare the differences in the effects of laser etching and plasma treatment on human gingival fibroblasts (HGFs), Gheisarifar et al. (2021) treated PEEK with laser (PL), plasma (PP), and laser + plasma (PLP), respectively. It was found that laser etching had a stronger ability to improve HGF adhesion by increasing Ra, while plasma treatment had a better ability to increase HGF proliferation by reducing the water contract angle (WCA). However, some studies have shown that hydrophilicity is not conducive to the adhesion and diffusion of fibroblasts, which has been more clearly confirmed in the study of Porrelli et al. (2021). They proposed that, similar to laser etching, sandblasting also changed surface morphology to increase roughness. The adhesion of mouse embryonic fibroblast cells (NIH-3T3 cells) on the sandblasted PEEK surface was strongest and independent of hydrophilicity, while the proliferation of NIH-3T3 cells on the sandblasted Ti surface was strongest and only slightly dependent on hydrophilicity (Figure 10C). Therefore, roughness can affect the adhesion and proliferation of fibroblasts more than hydrophilicity. However, just as the study found that sandblasting PEEK could not inhibit biofilm formation, rough surfaces were also prone to bacterial adhesion, so multiple modification methods needed to be combined to achieve good bone integration of PEEK. Recently, a novel laser ablation (Synthegra®, Geass s. r. l., Italy) has been applied to Ti, which forms micro particles that can simultaneously promote eukaryotic cell adhesion and inhibit bacterial adhesion (Ionescu et al., 2018). The effect of this treatment on PEEK surface is still unknown. There are also some coating techniques that can promote soft tissue adhesion. Pang et al. (2021) deposited a 400-nm-thick nano-tantalum pentoxide (TP) coating on the surface of PEEK (PKTP) by vacuum evaporation (VE). The bioactive TP coating exhibited a 10-nm irregular protrusion on the surface of PEEK, which provided more sites for cell attachment. This was consistent with the enhanced adhesion and proliferation of HGEs on the PKTP surface. By the enhanced adhesion and proliferation of rBMSC, it could be seen that bone integration is also promoted. In addition to changing the morphology, preparing a tooth protein biomimetic coating can promote the adsorption of ECs. Periodontal tissue sealing is achieved by adhesion of epithelial cells to dentin and cementum. However, hemidesmosomes (HDs) and collagen I in dentin and cementum are in direct contact; furthermore, the basement membrane (BM) protein layer secreted by epithelial cells in HD is actually in direct contact with collagen I (Borradori and Sonnenberg, 1999; Bertassoni et al., 2012). Based on the aforementioned adhesion mechanism, Saad et al. (2022) prepared a layer of biomimetic collagen I coating on the surface of PEEK (Col-COOH-PEEK), with a Ti alloy as the control (Col-COOH-Ti). Through the results of label-free mass spectrometry (proteomics), it was found that the average protein score on Col-COOH-PEEK was five times that of Col-COOH-Ti, and the absorption of all BM proteins (laminin, nidogen, and fibronectin) was improved. Most importantly, laminins are proteins with the highest score and the only one with higher adsorption rates for Col-COOH-PEEK and Col-COOH-Ti than PEEK and Ti, which corresponded to the survival ability of keratinocyte epithelial cells on Col-COOH-PEEK being twice that of PEEK. That is, specific proteins have specific binding sites on collagen, and increasing the adsorption of specific proteins is of great significance for the adhesion of epithelial cells. The method of covalently coupling proteins may increase their long-term applicability. However, in order to ensure its stability, it is worth exploring the protein stability in an enzyme-containing environment. In addition, it will be of great significance to compare the binding strength with physically adsorbed proteins in the future.
All together, we provided a comprehensive introduction to the modification methods of biomechanical, anti-inflammatory, antibacterial, angiogenic, antioxidant, osteogenic and anti-osteoclastogenic, and soft tissue adhesion properties of PEEK, which can greatly expand the practical clinical application of PEEK. In order to apply it to the human body, we should also further understand the mechanism of implant osseointegration to help explore more strategies to comprehensively improve the biological activity of PEEK, which requires the joint efforts of medicine, chemistry, regenerative medicine, and other disciplines. Future research focuses are as follows: (1) in vitro testing of biocompatibility and chemical stability requires simulating the dynamic environment in vivo; (2) preclinical research should strictly select animal models and try to select large animal models for testing; (3) in order to simulate the natural oral environment, cyclic loading should be added to the stability assessment of bone integration. This can be achieved through three-dimensional finite element analysis mentioned in the following section; and (4) conducting randomized controlled clinical trials.
5 DISCUSSION AND CONCLUSION
At present, a large number of experiments have confirmed that PEEK can overcome the limitations brought about by biological inertness through surface or blending modification. This makes PEEK frequently seen in the biomedical field, such as spinal interbody fusion cages, artificial hip joints, and artificial knee joints in spinal surgery and orthopedics, as well as dental removable partial dentures, fixed dentures, implant abutments, and orthodontic arch wires in stomatology. However, it cannot be ignored that PEEK dental implants discussed in this article seem to be limited to the initial exploration stage and lack effective clinical implantation research and data. In other words, so far, no research has applied modified PEEK to humans, and only a small portion has studied its osseointegration in dog jaws. A considerable number of studies have reported successful cases of PEEK as other jawbone implant materials. EL Morsy et al. (2020) used PEEK as a barrier material for guided bone regeneration, while Li et al. (2022b) used PEEK for the treatment of mandibular segmental bone defects. Due to the excellent biocompatibility, mechanical properties, and processability of PEEK, there were no postoperative complications such as infection or displacement due to bearing chewing power in both studies. In the past decade, only two studies reported the effectiveness of PEEK dental implants. Marya et al. (2011) demonstrated three cases of PEEK dental implants. The author believed that the implants had the potential for osseointegration during the 6-month follow-up period. However, the report had a small number of participants and did not introduce evaluation methods. On the contrary, the report by Khonsari et al. (2014) showed three cases with severe postoperative infections, resulting in failed osseointegration and, ultimately, implant loosening. In summary, it still takes some time to translate the results created in the laboratory into practical clinical treatment, and this process may face many challenges, for example, the stability of surface chemical coating and the activity maintenance in vivo, whether degradable components can be accurately released at the target site, whether implants can play a role in the constantly changing oral environment, and the differences in habits and bones between patients. These issues are both crucial and difficult to solve. Therefore, animal models with strict standards should be established for testing to maximize the homogeneity of preclinical analysis.
Within the scope of this review, it can be concluded that PEEK is expected to replace traditional dental implant materials. Its aesthetics and low stress shielding make it have greater application advantages in special patient groups. In addition, the stress distribution in the bone tissue around PEEK is not inferior to traditional implants and is even more suitable for patients with poor bone conditions. Furthermore, we summarized a series of parameters to optimize the performance of 3D-printed PEEK with complex porous structures. Finally, different functionalization strategies are proposed to enable patients to benefit from non-metallic implants. Currently, PEEK research studies usually lack large-scale animal testing and randomized controlled clinical trials. Combining with the complex specific dynamic environment of the human body, future research should focus on animal experiments and clinical research with cyclic loading and long observation time and combine multidisciplinary efforts to achieve a broader application of PEEK.
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With the emergence of soft robotics, there is a growing need to develop actuator systems that are lightweight, mechanically compliant, stimuli-responsive, and readily programmable for precise and intelligent operation. Therefore, “smart” polymeric materials that can precisely change their physicomechanical properties in response to various external stimuli (e.g., pH, temperature, electromagnetic force) are increasingly investigated. Many different types of polymers demonstrating stimuli-responsiveness and shape memory effect have been developed over the years, but their focus has been mostly placed on controlling their mechanical properties. In order to impart complexity in actuation systems, there is a concerted effort to implement additional desired functionalities. For this purpose, elastin-like polypeptide (ELP), a class of genetically-engineered thermoresponsive polypeptides that have been mostly utilized for biomedical applications, is being increasingly investigated for stimuli-responsive actuation. Herein, unique characteristics and biomedical applications of ELP, and recent progress on utilizing ELP for programmable actuation are introduced.
Keywords: elastin-like polypeptide, biomedicine, stimuli-responsiveness, soft actuator, shape deformation
1 INTRODUCTION
Soft robotics as a scientific field has grown tremendously over the last two decades. Compared to the traditional robotics that involves the design and fabrication of controllable electromechanical parts with hard materials such as metals and hard plastics, soft robotics rely more on flexible and mechanically compliant materials that allow much greater complexity in movement and device fabrication Kim et al. (2013). The importance of soft robotics is tied to the growing need for the robots to adapt and function under dynamic 3D environment (e.g., temperature, humidity, electromagnetic field, and topography) and safely interact with human and other sensitive objects. Coyle et al. (2018) Therefore, flexible polymeric materials whose mechanical properties and stimuli-responsive transformation can be tuned in a wide range are generally selected Shen et al. (2020). In addition, soft robotics are ideal for creating miniaturized devices usually intended for wearable biomedical devices Cianchetti et al. (2018).
More recently, stimuli-responsive and compliant materials are actively investigated for biomedical applications, such as drug delivery, biosensor, and tissue engineering, as they can impart complex control over their functionalities, which are not generally possible for conventional materials. For example, drug release from soft materials, such as hydrogels and nanovesicles as drug delivery systems, is governed by the laws of diffusion. Even though the release rates can be controlled to a certain degree by controlling the mechanics of the materials, the release is continuous and not amenable for “switching on and off” under desired conditions. The stimuli-responsive polymers that undergo reversible phase transition between swollen and collapsed states under aqueous environment in response to changes in external stimuli, such as pH, temperature and ionic strength, have been widely adopted to develop the materials that allow more precisely block or facilitate the drug release at specific conditions Wei et al. (2017). The same stimuli-responsive materials can be used to detect biomarkers, as the binding of the biomarker elicit the change in the degree of stimuli-responsiveness in a scalable manner Shu et al. (2020).
A crucial factor for developing soft robotic systems is the proper actuation mechanism, which is also directly related to the type of material. El-Atab et al. (2020); Ilami et al. (2021); Li et al. (2022) The actuation of traditional robotics is mostly accomplished by integrating electromechanical and/or hydraulic devices to induce movement, so the type of material is generally not a primary concern. On the other hand, the material itself must act as the actuator for soft robotics, for the sake of developing compact and compliant devices that are able to change their physicomechanical properties in response to external stimuli without the need for separate actuators. For this reason, much of the research effort has been geared towards developing stimuli-responsive polymers, most notably electroactive polymers (EAP) and shape memory polymers (SMP) which undergo physical transformation upon change in temperature and electric field, as “soft actuators” Bar-Cohen, (2005); Lendlein, (2018); Xia et al. (2021); Maksimkin et al. (2022). For biomedical applications, thermoresponsive polymers, such as poly (N-isopropylacrylamide) (PNIPAm) and poloxamers [i.e., block copolymers consisting of poly (ethylene glycol) and poly (propylene glycol) blocks], have been especially popular, as their transition temperatures nearing temperature could be effectively utilized to generate implantable biomedical devices Roy et al. (2013); Bordat et al. (2019).
2 OVERVIEW OF STIMULI-RESPONSIVE POLYMERS AS SOFT ACTUATORS
For the actuator to undergo highly specific changes, the material must be designed so that there is a precise correlation between the amount of stimulation and the degree of shape deformation. In addition, this correlation must be completely reversible for repeated operations. This means it should be possible to “program” their stimuli-responsive physical change, while maintaining their structural integrity and processability.
2.1 Electroactive polymers
EAPs are defined broadly as the materials that can change their physical dimensions in response to externally applied electrical field Bar-Cohen and Anderson, (2019); Maksimkin et al. (2022). EAPs can be categorized into dielectric (“dry”) and ionic (“wet”) types. The electric field applied to a thin dielectric material creates molecular rearrangement and charge polarization. The charge accumulation on opposite ends generates repulsive force, causing the material to deform (Figure 1A). For example, poly (vinylidene fluoride) (PVDF) is a well-known dielectric polymer having piezoelectric and ferroelectric properties. Due to these electromechanical properties, PVDF has been one of the most investigated EAPs for actuators. Dielectric elastomers such as polysiloxane are also widely used because of their flexibility and mechanical compliance allowing larger strain Novelli et al. (2023). For the actuator to deform freely in all directions, the electrode also must be flexible enough to undergo similar shape deformation. In addition, the actuators anchored to stationary or flexible object can undergo different degrees of deformation.
[image: Figure 1]FIGURE 1 | Schematic illustrations of actuators based on electroactive polymers undergoing shape deformation upon external electric field: (A) dielectric elastomer actuators, (B) conducting polymer actuator, and (C) ionic polymer-metal composite actuator. (B,C) are reproduced with permission from Dong et al. (2021), under the Creative Commons Attribution (CC-BY-4.0) license.
Ionic EAPs rely on the mobility of ions embedded in the polymeric material under the electric field Chang et al. (2018); Neuhaus et al. (2020); Dong et al. (2021). For example, a tri-layer actuator consisting of two conductive polymer layers (e.g., polypyrrole) separated by an electrolyte layer undergo oxidation at the anode and reduction at the cathode (Figure 1B). The oxidized conductive polymer attracts counteranions from the electrolyte layer, causing the layer to expand and the entire structure to deform. Ionic polymers have also been explored as actuators, in the form of ionic polymer-metal composites (IPMC) and ionic polymer gels, which also involve asymmetric accumulation of ions (Figure 1C). Ionic EAPs can be operated under low voltage and produce large strain, but the response time is relatively slow, as they involve the diffusion of ions in liquid media. Dielectric EAPs, on the other hand, require relatively high electric field for polarization and the resulting strain is low, but their response time is faster. Regardless of type of materials, EAPs must accompany electrodes to supply electric field, so they are not generally feasible for creating miniaturized devices.
2.2 Thermoresponsive polymers
In addition to electrical field, temperature has been another potent stimulus for inducing physical changes of soft actuators. Tokudome et al. (2016); Agarwal et al. (2019) Temperature change can be induced externally by using electrical heater/cooler systems. Alternatively, natural difference in temperature can be used to drive the actuation, such as bodily temperature for wearable/implantable device. Therefore, thermoresponsive materials that undergo physical change in response to temperature change have also been extensively studied as soft actuators. SMPs are the most widely explored class of programmable materials Ratna and Karger-Kocsis, (2008); Scalet, (2020); Xia et al. (2021). SMPs do not refer to a specific type of polymers, rather the polymers that can be deformed, or “programmed,” to a certain shape at an elevated temperature are induced to revert back to its original shape in response to a stimulus, usually temperature (Figure 2A). For a polymer to demonstrate the shape memory effect, it must have both the “soft” segment that can undergo stress-induced deformation usually above the glass transition temperature (Tg), and the “hard” segment that holds its original position to which the deformed polymer can revert. Therefore, thermoplastic polymers engineered to form physical or chemical crosslinking are generally explored as SMPs. This actuation mechanism of SMP is entropically driven to the original disordered state. The most notable class of SMPs is polyurethane (PU) Huang et al. (2010); Menon et al. (2019). PU is generally synthesized by step-growth polymerization between diisocyanate and diol. The urethane bonds are capable of hydrogen bonding, which provides physical crosslinking. Most diisocyanate monomers, such as 4,4′-methylenedifenil diisocyanate, isophorone diisocyanate, and toluene diisocyanate, are rigid and serve as “hard segment” in PU to provide mechanical strength, while diols (or polyols) serve as “soft segment.” By tailoring their combination, thermoplastic and elastomeric PUs having a wide range of physicomechanical properties can be prepared. However, the shape change is not naturally reversible, and it must be mechanically reprogrammed at the elevated temperature for repeated performance.
[image: Figure 2]FIGURE 2 | Schematic illustrations of the mechanisms of (A) shape memory polymers and (B) thermoresponsive self-assembled nanostructures and reversible swelling and deswelling of hydrogels.
Thermoresponsive polymers that can undergo reversible phase transition at a particular temperature, called lower critical solution temperature (LCST), have received significant research interest (Figure 2B) Zhang et al. (2019). These polymers remain soluble in aqueous media at lower temperature surrounded by water molecules via hydrogen bonding, but strong intermolecular interaction between polymer chain usually via hydrophobic interaction dominates at higher temperature leading to chain collapse, diminished solubility, and the formation of self-assembled nanostructures above a certain concentration. When these polymers are integrated into hydrated structures such as hydrogels, this thermoresponsive phase transition can induce a shape deformation. One of the first and most widely investigated example is PNIPAm, whose thermoresponsive phase transition is driven by hydrophobic isopropyl pendant groups Liu et al. (2022). The LCST of PNIPAm is near bodily temperature (at 32°C), which makes it ideal for biomedical applications. Many structural analogs of PNIPAm, which contains functional groups capable of similar attractive physical interactions, have been developed over the years having a wide range of LCST’s Roy et al. (2013). Block copolymers consisting of hydrophilic and hydrophobic blocks are another class of thermoresponsive polymers that can undergo phase transition via hydrophobic interaction. For example, poloxamers are triblock copolymers consisting of one hydrophobic poly (propylene glycol) midblock and two hydrophilic poly (ethylene glycol) endblocks that also demonstrate reversible phase transition whose LCST’s can be tuned widely Zarrintaj et al. (2018); Zarrintaj et al. (2020). Unlike PNIPAm, block copolymers can form nanostructures or hydrogels by themselves via self-assembly above LCST at different concentrations.
The most important attribute of thermoresponsive polymers is the reversibility of actuation, which is a clear advantage over SMPs that need repeated thermomechanical reprogramming. In addition, because of this innate reversible thermoresponsiveness, these polymers can be easily hybridized with other polymers and nanomaterials to impart the thermoresponsive actuation capability. However, because of the low mechanical strength, it is difficult to fabricate actuators by themselves, and as a consequence, they generally need to be integrated with the existing platform for mechanical reinforcement. Furthermore, the actuation mechanism for the thermoresponsive polymers is mostly based on hydrophobic interaction and hydrogen bonding which are mostly realized under aqueous environment. Therefore, thermoresponsive polymers are ideally suited for materials used for biomedical applications, such as hydrogels, nanofibers, and nanovesicles Wei et al. (2017); Shu et al. (2020).
With the continued maturation of the field of bioengineering, there is a growing trend to develop and adopt new materials having unprecedented functionality. In this regard, materials that can function as soft actuators are extensively investigated to impart biomaterials with controllable properties. In addition to known polymers such as PNIPAm, there is a new class of biopolymers, called elastin-like polypeptide (ELP), which are steadily emerging as a biocompatible, stimuli-responsive material system that possesses similar thermoresponsive properties, while allowing more sophisticated control of their properties via genetic engineering. In the following, the principles of genetic engineering technology to produce ELP and its basic properties are introduced. In addition, the notable examples of implementing ELP as a stimuli-responsive soft actuators for biomedical application are provided with a historical perspective.
2.3 pH and light-responsive polymers
As thermoresponsive polymers relied on the hydrophobic interaction at elevated temperature, there are polymers that can undergo phase transition in response to the changes in pH. For example, polyanions, the polymers containing numerous acidic functional groups such as carboxylic acid and sulfonic acid, can form hydrogen bonds at lower pH leading to chain collapse, while the deprotonation at higher pH leads to ionization and the loss of hydrogen bonding. Polycations, on the other hand, possess amino groups that acquire positive charge upon protonation at lower pH. In addition, these polymers can acquire charge at different pH’s, making them ionic EAP’s that can be actuated via external electrical potential. Olvera Bernal et al. develop a nanofiber-based soft actuator consisting of chitosan, a natural cationic polysaccharide, and poly (vinyl alcohol). Olvera Bernal et al. (2023) The nanofibers developed a net positive charge at lower pH due to the protonation of chitosan, thereby undergoing shape deformation in response to external electrical potential. Zhang et al. created a hybrid hydrogel consisting of cationic poly [2-(N,N′-dimethyl amino) ethyl methacrylate] (PDMAEMA) and anionic poly (acrylic acid) (PAAc) Zhang et al. (2020a). The hydrogels exhibited a wide range of pH-responsive swelling/deswelling based on the concentrations of PDMAEMA and PAAc.
There are photoactive polymers that can change their conformations in response to light at a specific range of wavelength. The most notable example is the polymer containing azobenzene moieties, which undergoes reversible trans-cis transition via UV light, called photoisomerization Mahimwalla et al. (2012); Chen et al. (2020). Compared to other stimuli, light has the advantage of more precise control of actuation by using a focused laser with a narrow wavelength. Xu et al. developed an azobenzene-containing liquid crystalline elastomer that can store the mechanical energy generated by trans-cis photoisomerization of azobenzene Lu et al. (2017). The release of mechanical energy by UV irradiation caused a large shape deformation.
3 ELASTIN-LIKE POLYPEPTIDE (ELP) AS THERMORESPONSIVE BIOPOLYMER
It is truly fascinating to know that soft actuators based on EAP and thermoresponsive polymers are largely inspired based on human physiology. The movement of muscle tissue, contraction and relaxation of myofibers, is governed by the electrical signals relayed via neural network connected by neuromuscular junction, which is essentially the basis for EAPs Hannaford et al. (2001); Cui et al. (2020). A lesser-known fact about thermoresponsive polymer is that several types of bodily tissues also make use of a naturally thermoresponsive, fibrous protein, called elastin, to impart mechanical compliance and elasticity.
3.1 ELP: overview
Elastin is found in many soft connective tissues, such as skin, blood vessel, tendon and ligament, as well as those in larger internal organs such as lung and heart Ozsvar et al. (2021). The common feature among these different tissues is the requirement for mechanical loading and compliance. Elastin is a crosslinked, fibrous network of large polypeptides (around 50–70 kDa) called tropoelastin (TE) (Figure 3A) Almine et al. (2010); Tarakanova et al. (2019); Rodriguez-Cabello et al. (2021). TE has a very characteristic amino acid sequence, consisting of repeats of non-polar, hydrophobic pentapeptide units, a Val-Pro-Gly-X-Gly motif with X being any amino acid residue besides proline. Abundance of proline makes TE demonstrate helical secondary structure. The unique aspect of TE is the abundance of valine containing isopropyl group, which is essentially a structural analog of PNIPAm. Therefore, much like PNIPAm, tropoelastin similarly demonstrates thermoresponsive chain collapse at elevated physiological temperature. These factors allow the tissue containing elastin fibers to undergo substantial mechanical deformation in response to external force without structural damage Ozsvar et al. (2021).
[image: Figure 3]FIGURE 3 | (A) The hierarchical assembly of tropoelastin molecules into crosslinked elastin fibers. Reproduced with permission from Tarakanova et al. (2019) under the Creative Commons Attribution (CC BY-NC 4.0) License. (B) The self-assembly of elastin-like polypeptide (ELP) to form various nanostructures for biomedical applications. Reproduced with permission from Lima et al. (2022) under Creative Commons Attribution (CC BY) License. (C) The construction of the plasmid DNA containing ELP gene by the conventional recursive directional ligation (RDL) or recursive directional ligation by plasmid reconstruction (PRe-RDL). Reproduced with permission from McDaniel et al. (2010). Copyright © 2010 American Chemical Society.
Because of this thermoresponsive properties as well as biocompatibility, there have been significant research efforts to utilize elastin for biomedical applications in addition to basic biochemical research (Figure 3B) Lima et al. (2022). However, it is technically challenging to extract elastin in its native form from biological tissue without structural damage in large quantities. Therefore, the production of TE via recombinant DNA technology has been viewed as a viable alternative. Sequencing of the mRNA and construction of different variations of complementary DNA (cDNA) of TE have been developed over the years Indik et al. (1987); Fazio et al. (1988); Martin et al. (1995). Recombinant tropoelastin (rTE) that retain their characteristic features (e.g., thermoresponsiveness, elasticity, enzymatic crosslinking, and cellular and biomolecular adhesions) could be produced in large quantities using the cDNA to implement recombinant technology Indik et al. (1990); Bedell-Hogan et al. (1993); Wu et al. (1999). More recently, rTE has been increasingly utilized for biomedical applications, including drug delivery and tissue engineering Wise et al. (2009). For example, Annabi et al. developed a mechanically-tough and biocompatible nanocomposite hydrogel consisting of graphene oxide embedded in radically crosslinked rTE hydrogel with methacrylate-functionalized rTD Annabi et al. (2016). The presence of GO improved not only the mechanical strength, but also the electrical conductivity, which provided optimal environment for cardiomyocyte functions.
Despite the recent success in the synthesis and application or rTE, there are several limitations that prevent more efficient production and application of rTE. The biosynthesis of rTE via recombinant technology is often technically challenging, as rTE often becomes degraded by the bacterial host or bacterial membrane, often requiring fusion with other protein using lysogenic host Indik et al. (1990). Since the rTE is mostly based on the native TE genes, it is not amenable to control the molecular weight and introduce other functional groups to modulate the physicomechanical and bioactive properties of resulting materials. Alternatively, more recent research trend of recombinant technology for elastin has shifted its focus to developing polypeptides containing the characteristic pentapeptide moieties, now universally termed elastin-like polypeptide (ELP), rather than its full sequence. The first reported ELP was developed by solid-state peptide synthesis, which is not amenable to generating high molecular weight species with accuracy. Martino et al. (2000) Like rTE, the recombinant technology has become the standard method of producing ELP. Unlike rTE, on the other hand, the ELP expression can be accomplished using a variety of plasmids and transfection hosts, and it does not suffer from premature degradation and remain stable during the purification process Meyer and Chilkoti, (2002).
The advancement in the recombinant technology for ELP was remarkably boosted by a key experimental techniques, called recursive directional ligation (RDL), developed by Chilkoti and co-workers Meyer and Chilkoti, (2002). It is often challenging to ligate a large gene into a plasmid. Because of the repetitive nature of ELP sequence, it is more efficient to construct a plasmid by inserting multiple copies of oligomers by repeated digestion and ligation. In a typical RDL process, one set of the parent plasmid vector containing ELP oligomeric insert is fully digested to obtain the oligomer insert, while the other set is only digested on one side of the oligomer to become a linearized vector (Figure 3C) McDaniel et al. (2010). The insert is then ligated with the linearized vector to reconstruct the plasmid vector with the dimerized gene. This process can be easily repeated to build a larger vector. More recently, a modified version of this technique has been developed, called recursive directional ligation by plasmid reconstruction (PRe-RDL), which could overcome the limitations of RDL McDaniel et al. (2010). Since RDL involves the full digestion and purification of the insert, it is quite time-consuming. Also, the restriction site required for this process could limit the choice of codons. The inserts can also self-ligate, making it difficult to control the number of repeats. In Pre-RDL, instead of utilizing inserts, two sets of parent plasmids are only digested on one side, and thus, without generating the inserts, ligated together. Therefore, the gene length (the number of repeats) can be precise controlled. Also, it can be used to efficiently introduce other genes expressing desired functional peptides. Pre-RDL has been proven highly useful for synthesizing a plasmid having a large, repetitive oligomeric gene McDaniel et al. (2010).
Another advantage of recombinant technology for ELP production is the simple purification process. Because of the thermoresponsiveness, ELP undergoes aggregation at higher temperature above LCST. Therefore, after cell lysis to dissolve the expressed ELP in the aqueous buffer, the temperature is increased above LCST to induce the ELP aggregation which is then collected via centrifugation. This process can be repeated to maximize the yield. This process, called inverse transition cycling, is by far more efficient and less arduous than a typical polyhistidine tagging and liquid chromatography. Meyer and Chilkoti, (1999).
3.2 ELP-based materials for biomedical applications
The most important and distinguishable biological function of elastin is imparting elasticity and mechanical toughness to biological tissues. Naturally, ELP has been often adopted to generate a variety of biomaterials with improved mechanical and thermoresponsive properties for biomedical applications MacEwan and Chilkoti, (2010); Varanko et al. (2020). For example, Zhang et al. demonstrated that ELP hydrogel crosslinked by disulfide bonds of cysteine residues were highly extensible and showed little hysteresis against repeated mechanical stress Zhang et al. (2015). The biocompatibility of the hydrogel was confirmed by the high viability of mesenchymal stem cells (MSCs) and human umbilical vascular endothelial cells (HUVECs) cultured on the hydrogel, as well as the low immunogenic response after implantation into an animal model. ELP can also be hybridized with other polymers to tune the mechanical properties of resulting hydrogels. Wang et al. developed poly (ethylene glycol) (PEG)-ELP hybrid hydrogel by crosslinking amine-functionalized PEG and ELP with tris(hydroxymethyl)phosphine (Figure 4A) Wang et al. (2014). Mechanical stiffness could be controlled by the crosslinking density of PEG and ELP. In order to impart cell adhesion properties to hydrogel, RGD peptide was conjugated to ELP by simply the fusion of RGD gene alongside the ELP gene to the plasmid, which is a clear advantage of recombinant technology. By keeping the RGD-ELP constant, the cell adhesion and mechanical properties of the hydrogel could be independently controlled. Similarly, Lee et al. demonstrated hydrogel formation via Schiff base reaction between lysine-rich ELP and aldehyde-functionalized alginate (Figure 4B) Lee et al. (2022b). Since the reaction occurred spontaneously without additional chemicals, this type of thermoresponsive gelation is ideally suited as a tissue-injectable delivery system, in which biocompatible, thermoresponsive gelation is induced upon injection followed by sustained release of bioactive molecules. Zhu et al. created ELP-hyaluronic acid (HA) hydrogel by Schiff base formation between aldehyde-presenting HA and hydrazine-presenting ELP Zhu et al. (2017). Increasing HA concentration resulted in increased cartilage phenotypes and reduced fibrocartilage phenotypes of encapsulated chondrocytes.
[image: Figure 4]FIGURE 4 | (A) Synthesis of poly(ethylene glycol) (PEG)-ELP hybrid hydrogel by crosslinking amine-functionalized PEG and ELP with tris (hydroxymethyl)phosphine (THP). ELP also contained cell-binding domain (RGD peptide) to utilize the hydrogel for tissue engineering applications. Reproduced with permission from Wang et al. (2014). Copyright © 2014 American Chemical Society. (B) Synthesis of tissue-injectable ELP-alginate hydrogel by Schiff base formation between lysine-rich ELP and aldehyde-presenting alginate. The hydrogel demonstrated hydrophobic phase transition at higher temperature, as evidenced by the decrease in size and increase in turbidity. Reproduced with permission from Lee et al. (2022b). Copyright © 2022 American Chemical Society.
Since ELP is synthesized by recombinant DNA technology, it is feasible to develop fusion protein with other polypeptides and proteins to acquire synergistic properties. López Barreiro et al. (2023) For example, silk fibroin is a natural protein mostly procured from silkworm increasingly used as scaffold material for biomedical applications. Similar to ELP, silk fibroin also contains characteristic peptide repeats (e.g., GAGAX, X: guest residue). Therefore, there have been research efforts to develop the fusion polypeptide, “silk-elastin-like polypeptide (SELP),” via recombinant technology in order to control the physicomechanical properties Huang et al. (2015); Gonzalez-Obeso et al. (2022). A similar strategy has been used to generate “collagen-elastin-like polypeptide” by incorporating the characteristic motif of collagen, glycine-proline-4-hydroxyproline Prhashanna et al. (2019).
Like other biopolymers, ELP can be processed into nanofibers via electrospinning Lee et al. (2011); Putzu et al. (2016). ELP has a unique ability to form nanofibers, in addition to micelles and vesicles, by self-assembly of AB-type ELP block copolymers consisting of hydrophilic and hydrophobic blocks, taking advantage of its thermoresponsive properties and genetic engineering capability Saha et al. (2020). ELP block copolymers could be synthesized by modifying the guest residues of the pentapeptide units with either hydrophobic or hydrophilic amino acids. For example, alanine or glutamic acid having carboxylic acid is introduced as a guest residue to create hydrophilic blocks, while glycine, valine, or phenylalanine is introduced to generate hydrophobic blocks. Depending on the specific sequence and molecular weight, a wide range of nanostructures including nanofibers and micelles could be generated. For example, Dreher et al. developed ELP block copolymers consisting of alanine-rich hydrophilic and valine-rich hydrophobic blocks (Figure 5A) Dreher et al. (2008) This ELP block copolymer could self-assemble to form nanostructures above the body temperature. Interestingly, there were two distinct thermal transitions, which were attributed to the polymer-to-micelle and micelle-to-coacervate transitions. Furthermore, introducing tumor-targeting NGR peptide onto ELP helped facilitate the increased binding of ELP nanostructures to HT-1080 fibrosarcoma cells. McDaniel et al. induced self-assembled nanofiber formation of ELP copolymers by introducing the “assembly domain” to C-terminus of the alanine-rich hydrophilic domain. McDaniel et al. (2014) The assembly domain was a short hydrophobic domain, (XGG)8, where X was tyrosine, phenylalanine or tryptophan. The size of the nanofibers as well as their LCST’s could be effectively controlled by the type of X residue. These ELP-based nanofibers have been utilized as scaffolds for tissue engineering applications. Natsume et al. developed the self-assembled ELP nanofibers presenting cell-adhesive REDV peptide as a scaffold for vascular graft generation Natsume et al. (2023). This REDV-presenting nanofibers demonstrated reduced platelet adhesion, increased bioactivity of endothelial cells and smooth muscle cells.
[image: Figure 5]FIGURE 5 | (A) ELP block copolymer consisting of alanine-rich hydrophilic and valine-rich hydrophobic blocks undergoing self-assembly to form micelles above body temperature. The micelles showed increased binding to tumor cells. Reproduced with permission from Dreher et al. (2008). Copyright © 2008 American Chemical Society. (B) ELP conjugated with a phospholipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), allowed the control of the size of self-assembled nanofibers. Reproduced with permission from Aluri et al. (2012). Copyright © 2012 American Chemical Society. (C) ABA-type triblock ELP copolymer consisting of proline (P)-rich midblock and glycine (G)-rich endblocks undergoing hierarchical assembly from micelles via beta-turn of P-blocks to nanofibers via beta-sheet formation of G-blocks. Reproduced with permission from Le et al. (2013). Copyright © 2013 American Chemical Society.
Another advantage of thermoresponsive self-assembly of ELP nanofibers is the ability to precisely control their length and morphology, which is not generally feasible for electrospun nanofibers. These self-assembled nanofibers have been used to develop drug delivery vehicles and tissue engineering scaffolds. It is also possible to conjugate other polymers or lipids to tune nanofiber dimensions and morphologies. Aluri et al. demonstrated that the size of self-assembled nanofibers could be controlled by conjugating 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), a phospholipid, to ELP (Figure 5B). Aluri et al. (2012) Increasing presence of DOPE provided stronger hydrophobic interaction, and as a result, led to shorter nanofibers. It has also been shown that even without hydrophilic blocks, nanofibers could be generated using ELP consisting of “double-hydrophobic” glycine (G)-rich and proline (P)-rich domains Le et al. (2013); Le et al. (2017). Le et al. demonstrated that the initial self-assembly by P-rich domain results in nanoparticle formation by beta-turn formation, while subsequent increase in b-sheet formation by G-rich domain connect the nanoparticles into a long nanofiber formation with beaded nanofiber morphology (Figure 5C).
ELP block copolymers above a certain critical concentration can form extended network structure via self-assembly to form hydrogels, similar to well-known poloxamers. For example, Lao et al. demonstrated thermoresponsive hydrogel formation of ABA-type triblock ELP consisting of valine (V)-rich hydrophobic endblocks and glutamic acid (E)-rich midblock, [(VPGVG)2VPGEG (VPGVG)2]n above a critical concentration of 6% (w/v) (Figure 6A) Lao et al. (2007). The hydrogel formation was thermally reversible, remaining gel state above room temperature and reverting to sol state upon cooling (4°C). Furthermore, polyhistidine tag on ELP also enhanced the metal ion binding. Ghoorchian et al. demonstrated that the micelle made from AB-type diblock ELP containing zinc-binding motif Ghoorchian et al. (2015). The addition of zinc could induce hydrogel formation. In addition to AB-type diblock copolymers and ABA-type triblock copolymers, Dai et al. developed an ABC-type triblock copolymer consisting of a poly(trimethylene carbonate) (PTMC) block in addition to two ELP blocks having different degrees of hydrophobicity, a methionine and valine-rich block and a isoleucine-rich block (Figure 6B) Dai et al. (2021). Having additional degree of complexity in the ELP block copolymer allowed more intricate, hierarchical control of the morphology of resulting self-assembled structures, in which micelles first formed at low concentrations [0.1%–0.3% (w/v)] became larger coacervates at temperatures above the LCST. With further increase in concentration, the coacervates grew into micrometer-scale particles, which eventually undergo sol-gel transition to become macroscopic hydrogel [4% (w/v)].
[image: Figure 6]FIGURE 6 | (A) Thermoresponsive hydrogel formation via self-assembly above a critical concentration of ABA-type triblock ELP consisting of valine (V)-rich hydrophobic endblocks and glutamic acid (E)-rich midblock (scale bar: 10 µm). Polyhistidine tag on the ELP allowed increased metal ion binding. Reproduced with permission from Lao et al. (2007). Copyright © 2007 American Chemical Society. (B) ABC-type ELP consisting of poly(trimethylene carbonate) (PTMC) block in addition to two ELP blocks, a methionine and valine-rich block and a isoleucine-rich block, resulted in the hierarchical assembly from micelles and larger coacervates to a macroscopic hydrogel. Reproduced with permission from Dai et al. (2021). Copyright © 2020 American Chemical Society.
3.3 Emerging role of ELP as thermoresponsive soft actuators: historical perspective and recent development
Naturally, being a polypeptide, most of the research on ELP has been focused on designing and implementing ELP for biomedical applications. The characteristic thermoresponsive properties are like those of widely explored PNIPAm, while the recombinant technology allows other peptide moieties to be integrated with ELP for added functionalities. This is a clear advantage over synthetic polymers like PNIPAm, which need to be hybridized with other functional materials. As PNIPAm over the recent years has been widely explored as thermoresponsive soft actuators, there has been a rising research trend in adopting ELP for this purpose as well.
Urry and co-workers were one of the first to introduce the possibility of the mechanical actuation of chemically-crosslinked ELP hydrogels Urry, (1988); Urry et al. (1988). The hydrophobicity-driven phase transition of ELP hydrogel, as identified by the changes in mechanics and dimensions, was demonstrated by modulating pH and temperature, which was termed “mechanochemical coupling.” While these earlier attempts at developing ELP hydrogels for soft actuation presented in these studies were fabricated by non-specific radical crosslinking via gamma irradiation, more systematic approaches were taken in subsequent studies to develop ELP hydrogel by taking advantage of presenting specific amino acid sequences. Trabbic-Carlson et al. developed ELP hydrogel demonstrating reversible, thermoresponsive swelling/deswelling by crosslinking lysine-rich ELP (i.e., lysine as the guest residue) with tris-succinimidyl aminotriacetate as the crosslinker Trabbic-Carlson et al. (2003). Controlling the concentration, molecular weight and lysine content of ELP allowed more systematic modulation of the mechanical properties, and subsequent thermoresponsive shape change, of the ELP hydrogels.
While the study by Trabbic-Carlson et al. focused more on the basic mechanical characterization of ELP hydrogels, Valiaev et al. demonstrated the practical potential of ELP to modulate the actuation of microcantilever (Figure 7) Valiaev et al. (2007). The silicon nitride microcantilever used for atomic force microscopy and quartz crystal microbalance was grafted with ELP with varying molecular weights and guest residue compositions. The change in the deflection of the microcantilever in response to various parameters, such as temperature, ionic strength, and pH, could be tuned by ELP’s with varying molecular weights and guest residues. The degree of cantilever deflection was increased at lower pH and higher molecular weight. Even though ELP was only used for surface functionalization, the tunable thermoresponsive nature of ELP alone could effectively control the degree of actuation of existing actuators.
[image: Figure 7]FIGURE 7 | (A) ELP’s having different molecular weights and pentapeptide compositions were prepared and coated on the surface of the cantilever used for atomic force microscopy (AFM). The degree of deflection of the ELP-coated cantilever under different (B) ionic strengths and (C) molecular weights of ELP and pH. (D) The transition temperatures of ELP’s measured at different pH’s. Reproduced with permission from Valiaev et al. (2007). Copyright © 2007 American Chemical Society.
One common method of producing a soft actuator is to attach two layers consisting of stimuli-responsive “active” layer and a non-responsive “passive” layer, so the actuator can bend in one direction upon stimulation in a controlled manner based on the difference in mechanics. Kamada et al. developed a bilayer actuator consisting of polyacrylamide (PAAm)-ELP hydrogel layer and non-crosslinked ELP hydrogel Kamada et al. (2023). The degree of actuation could be controlled by the concentration of ELP and the ionic strength of the medium.
The ELP hydrogels that are structurally robust enough can also function as thermoresponsive soft actuators. Increasing the temperature above LCST to induce the shape deformation can be easily accomplished with a variety of heat sources. However, it is technically challenging to precisely control the thermoresponsive actuation in a localized manner using conventional heat sources. One innovative strategy to accomplish this task is by incorporating reduced graphene oxide (rGO) into the ELP hydrogel. rGO has been shown to display photothermal effect, in which thermal energy is generated upon photoexcitation using near IR (NIR) range. Wang et al. successfully demonstrated that the irradiation of NIR laser upon rGO-ELP nanocomposite hydrogel generated enough heat at the area of the irradiation, causing the hydrogel to display highly coordinated motions (Figure 8) Wang et al. (2013). The degree and speed of actuation could be enhanced by the concentration of ELP and the intensity of NIR laser. The rGO-ELP hydrogel was then used to fabricate soft robots capable of sophisticated light-induced locomotion by selective irradiation.
[image: Figure 8]FIGURE 8 | (A) Schematic illustration of the fabrication of near infrared (NIR)-responsive reduced graphene oxide (rGO)-ELP composite hydrogel actuator. (B) The degree of actuation (bending angle) controlled by the rGO concentration and NIR intensity. (C) The control of bending motions of various rGO-ELP soft actuators. Reproduced with permission from Wang et al. (2013). Copyright © 2013 American Chemical Society.
More recently, Chiang et al. presented a more expansive exploration of rGO-laden ELP hydrogel as a soft actuator mediated by the photothermal effect Chiang et al. (2021). They controlled the composition of tetrakis (hydroxymethyl) phosphonium chloride (TMPC)-crosslinked ELP hydrogels by introducing either graphene oxide (GO) or rGO. In addition, ELP was copolymerized with silk fibroin (SF) to develop hybrid hydrogel. Using this dual approach, more comprehensive control of the mechanical properties was possible. For instance, hybridizing with SF alone increased the rigidity of the hydrogel, but it also became more brittle. Incorporating GO or rGO into the ELP-SF hydrogel led to the significant increase in tensile strength and stretchability. They ultimately created a bilayer actuator consisting of one hydrogel layer containing GO and the other containing rGO. Because of the mechanical anisotropy between the layers, varying the ratio of GO to rGO could modulate bending motion of the bilayer actuator, which was further controlled by the intensity of NIR irradiation. Lo et al. demonstrated that the bioactivity of cardiomyocytes cultured on the rGO-laden ELP-SF hydrogel was well maintained, while being able to undergo the light-induced activation. Lo et al. (2017).
In addition to creating a hybridized network of silk fibroin and ELP by copolymerization, it is also possible to create a fusion protein of silk fibroin and ELP by recombinant DNA technology. While hybridization leads to randomized distribution of silk fibroin and ELP, it can be inferred that the silk fibroin unit directly attached to ELP would have more intimate effect on the thermoresponsive properties of ELP. Wang et al. developed a fusion protein consisting of the characteristic domain (GAGAGS) of silk fibroin and ELP (“SELP”), in which the silk domain provided greater hydrophobicity and mechanical strength (Figure 9) Wang et al. (2020). The thermoresponsive phase transition of SELP hydrogel was shown to be influenced by both temperature and ionic strength. For example, the LCST was lowered to 15°C from 25°C when 1 M NaCl was added to deionized water. Also, the thermoresponsive deswelling became more pronounced in the presence of 1 M NaCl at the same temperature. Using this behavior, the bilayer actuators consisting of the active SELP hydrogel layer and the passive cellulose nanofiber (CNF) layer were developed, which allowed highly sophisticated motions upon the changes in temperature and ionic strength. These findings suggested that providing a functional moiety to ELP via genetic engineering could modulate the degree of actuation in a more refined manner.
[image: Figure 9]FIGURE 9 | (A) Heat flux of silk fibroin-ELP (SELP) hydrogel measured in different ionic strength (deionized water vs. 1 M NaCl) by differential scanning calorimetry. (B) The deswelling ratios of SELP hydrogels measured under varying ionic strengths (up to 1 M NaCl). (C) The shape change of various soft bilayer actuators made of SELP hydrogel and cellulose nanofiber (CNF) membrane by 1 M NaCl. (D) Scanning electron microscopic images of (D1) SELP/CNF bilayer actuators and (D2) SELP hydrogels in swollen states at 4°C DI water, SELP hydrogels in contracted states at (D3) 1 M NaCl solutions at room temperature and (D5) 60°C DI water, respectively, and (D4 and D6) equilibrated back to 4°C DI water of (D3 and D5). Reproduced with permission from Wang et al. (2020). Copyright © 2020 National Academy of Sciences.
ELP has also been used to generate SMPs, in which the ability of ELP to undergo phase transition above LCST and crosslinking could serve as the soft segment. For example, Zhang et al. developed a semi-interpenetrating network hydrogel consisting of chemically crosslinked PAAm and physically-crosslinked ELP (Figure 10) Zhang et al. (2020b). The hydrogel was shown to display higher tensile strength at higher temperature, being able to maintain the structure without fracture and revert back to the original shape after extreme shape deformation. This indicated the strong physical crosslinking of ELP via hydrophobic interaction at higher temperature. In addition, the hydrogel could be programmed to a fixed shape without structural damage at 55°C above LCST, and the shape recovery took place at lower temperature. While synthetic polymers generally used for conventional SMPs have higher Tg, necessitating significant thermomechanical energy for shape deformation, the transition temperature of ELP is much lower and the thermoresponsive deformation occurs naturally at higher temperature, requiring much less external energy for shape programming. It should be noted that it differs from the traditional SMPs in that the deformed hydrogel at higher temperature could not maintain its structure and reverted to its original shape at lower temperature.
[image: Figure 10]FIGURE 10 | (A) Synthesis of semi-interpenetrating network hydrogel consisting of crosslinked polyacrylamide (PAAm) and ELP. ELP was physically incorporated into the PAAm network crosslinked by photoinitiated radical polymerization. Shape memory effect of the hydrogel could be imparted by programming the hydrogel at higher temperature via physical crosslinking between ELP molecules to hold the hydrogel in place. (B) Photographs of hydrogels demonstrating shape memory effect. The hydrogel could maintain the structure even after repeated shape deformations. Reproduced with permission from Zhang et al. (2020a). Copyright © 2020 American Chemical Society.
The biocompatible nature of ELP, being a natural biopolymer, also allows the ELP-based actuators to be used for biomedical applications. For example, the thermoresponsive shape change of ELP could be used as a “switch” to induce conformational changes of nanostructures for drug delivery and biosensing applications. Kim et al. developed a fusion protein consisting of calmodulin (CaM) and ELP via recombinant DNA technology to fuse two genes (Figure 11) Kim and Chilkoti, (2008). CaM module served as the ligand binding domain, in which selective binding of calcium induced to the simultaneous phase transition of ELP module. Without calcium, the CaM-ELP undergoes phase transition above LCST to form self-assembled nanoparticles. With the addition of calcium, the binding of calcium with CaM module caused more extensive phase transition of the ELP module, leading to the formation of larger, micrometer-scale aggregates. This process was shown to be reversible by removing the calcium via chelation. Since many biological processes involve calcium ions, it could be envisioned that this fusion protein as a “control switch” to modulate the processes. Lee et al. synthesized a ABA-triblock copolymer consisting of ELP endblocks and CaM midblock, capable of thermoresponsive hydrogel formation Lee et al. (2022a). The mechanical properties and conformational changes were controlled by the binding of calcium to CaM midblock. The release of trifluoperazine as a co-ligand with calcium from the hydrogel showed significant cytotoxic effect on the cancer cells, demonstrating the potential as a cancer therapy.
[image: Figure 11]FIGURE 11 | (A) Induction of self-assembly of apoCaM-ELP fusion protein to form large coacervates by binding with calcium (Ca2+-CaM-ELP). (B) The self-assembly by calcium and disassociation by removing calcium with chelation could be repeatedly performed. (C) The formation of self-assembled nanostructures was evaluated by the increase in the particle size (hydrodynamic radius). AFM images of (D) apoCaM-ELP and (E) Ca2+-CaM-ELP. Large coacervates were only detected for Ca2+-CaM-ELP. Reproduced with permission from Kim and Chilkoti, (2008). Copyright © 2008 American Chemical S.ociety.
Photocrosslinking is one of the most popular methods to create hydrogels. Like other biopolymers, ELP has been modified with photolabile groups to generate hydrogel via photocrosslinking. Compared to physical crosslinking of ELP copolymers, mechanical properties of photocrosslinked ELP hydrogels can be more efficiently and broadly tuned. Guo et al. developed ELP hydrogel by photocrosslinking methacrylic functionalized ELP (“ELP-MA”) Guo et al. (2022). The mechanical properties and thermoresponsive shape deformation could be controlled by the concentration and the degree of methacrylation of ELP. The hydrogel was demonstrated to be highly effective as a tissue adhesive and tissue engineering scaffolds.
4 CONCLUSION AND PERSPECTIVE
Elastin has long fascinated biomedical researchers for its unique role in tissue physiology; controlling mechanical properties of ECM as well as providing biophysical cues to influence cellular behavior. Especially, elastin is largely responsible for the high mechanical strength and elasticity of biological tissue, which is originated from the coiled secondary structure of tropoelastin polypeptides that are enzymatically crosslinked. The tropoelastin consists of repeated pentapeptide units, rich in valine, glycine and proline that mediates hydrophobic interaction-driven coiled morphology above a certain transition temperature. Due to the difficulty of obtaining pure elastin from natural sources and the advantages of imparting desired functionalities, elastin-like polypeptide (ELP), which contains characteristic pentapeptide repeats and whose specific sequences can be precisely designed and produced by recombinant DNA technology, have been more widely utilized. The thermoresponsive phase transition behavior of ELP has proven to be quite useful for developing biomaterials, such as hydrogels, nanofibers and self-assembled nanostructures for biomedical applications including drug delivery and tissue engineering.
The ability of thermoresponsive polymeric materials to undergo shape deformation, such as widely popular poly(N-isopropylacrylamide) (PNIPAm), is being widely adopted to create actuators for soft robotics and multifunctional biomedical devices. Just as ELP has followed the footsteps of PNIPAm in the field of biomedical engineering, the recent research trend regarding ELP is suggesting that it is also being seriously considered as thermoresponsive soft actuators. The number of published reports is not significant at this point to imply that it is becoming a broad trend, but it is not surprising given that ELP itself has not reached the status of more popular biopolymers, such as alginate, chitosan, and gelatin for biomedical applications, largely due to the fundamental limitation of mass producibility. However, with its unique thermoresponsive properties and precise control of physicochemical properties that other biopolymers do not possess, ELP has found its niche in the field of biomedicine as a stimuli-responsive biomaterial. In the same manner, ELP has the potential to provide the similar attributes to developing soft actuators by providing new functionalities afforded by the genetic engineering.
Even though ELP can be produced in relatively large quantities via recombinant technology, it is still not economically viable enough to develop large-scale actuators solely using ELP. Furthermore, the mechanical strength of ELP is not high enough to develop robust structures required for actuators. Therefore, ELP is more ideally suited as a functional moiety to impart thermoresponsiveness and bioactivity to a known material. As the direction of the research in soft actuators is shifting towards developing multifunctional actuators with different modes of actuation and a diverse array of properties, it is also expected that more hybridization strategies would be utilized to generate ELP-based composite materials. As a burgeoning material system for soft actuators, the ELP-based actuators developed thus far have been mostly geared toward biomedical applications. However, with further maturation, it can be envisioned that the ELP-based soft actuators could also find their place in other areas, such as electronics and environmental engineering.
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Implantable and wearable bioelectronic systems are arising growing interest in the medical field. Linking the microelectronic (electronic conductivity) and biological (ionic conductivity) worlds, the biocompatible conductive materials at the electrode/tissue interface are key components in these systems. We herein focus more particularly on resorbable bioelectronic systems, which can safely degrade in the biological environment once they have completed their purpose, namely, stimulating or sensing biological activity in the tissues. Resorbable conductive materials are also explored in the fields of tissue engineering and 3D cell culture. After a short description of polymer-based substrates and scaffolds, and resorbable electrical conductors, we review how they can be combined to design resorbable conductive materials. Although these materials are still emerging, various medical and biomedical applications are already taking shape that can profoundly modify post-operative and wound healing follow-up. Future challenges and perspectives in the field are proposed.
Keywords: conductive, resorbable, biopolymer, conducting polymers, bioelectronics, implanted sensors, wearable sensors, tissue engineering
1 INTRODUCTION
The current landscape of electronic systems in the medical field is diverse, encompassing wearable and implantable devices tailored to various applications, such as drug delivery, occasional or continuous monitoring, or stimulation. These systems primarily rely on traditional materials like metals, semiconductors, and plastics and conventional processes such as patterning and lithography from the realm of microelectronics. In recent years, much effort has been dedicated to conferring these systems with mechanical properties more suitable for in vivo use, for instance, with the employment of thinned structures, and the development of processes compatible with flexible and stretchable substrates such as elastomers (Palma et al., 2022; Veletić et al., 2022). However, the large majority of presently used medical bioelectronic systems display a fundamental difference with living tissues: they are not resorbable, meaning they are not composed of materials that progressively dissolve in the body or onto the skin, without inducing toxicity or immunogenicity. Long-term implants are required for a set of medical applications that are presently addressed (e.g., cardiac and neural implants such as deep brain stimulation implants for Parkinson’s disease or vagus nerve stimulation devices), or for which it would be highly desirable to prolong the device lifetime (e.g., continuous glucose monitoring sensors, drug delivery pumps, etc.). However, innovative applications could emerge with the advent of resorbable, wearable, or implanted medical bioelectronic systems (Figure 1). Resorbable bioelectronics can be used for the design of microelectrode arrays for transient neuromodulation (brain, spinal cord, and peripheral nerve), on-skin sensors, and heart, skin, muscle, or bone stimulation to promote healing. More prospectively, resorbable sensors can be dedicated to post-surgical follow-up to alert on infection risks or ensure the success of a graft (tissue anastomosis). Resorbable conductive materials are also intensively sought for tissue engineering, in particular in the case of electro-responsive organs such as the heart, nerves, or skin, and for demanding in vitro applications, particularly in the field of 3D cell culture models (Guo et al., 2018; Park et al., 2022b; Tringides et al., 2022).
[image: Figure 1]FIGURE 1 | Examples of applications in the field of medical devices requiring the use of resorbable conductive materials. Bioelectronic systems: brain: reproduced with permission, Copyright 2019, John Wiley and Sons (Xu K. et al., 2019). Heart: adapted with permission, Copyright 2023, the Authors, published by Science Advances (Chen et al., 2023). Skin: reproduced with permission, Copyright 2019, John Wiley and Sons (Wang Q. et al., 2019). Bone: adapted with permission, Copyright 2021, the Authors, published by PNAS (Yao et al., 2021). Muscle: adapted with permission from Huang et al. (2022), Copyright 2022, the American Chemical Society. Peripheral nerve: Copyright 2022, the Authors, published by Science Advances (Lee et al., 2022). Tissue engineering substitutes: Heart: adapted from Xu Y. et al. (2019), Copyright 2019, John Wiley and Sons. Skin: adapted with permission from Huang et al. (2018), Copyright 2018, the American Chemical Society. Spinal cord: adapted from Chen et al. (2022), Copyright 2022, Springer Nature. Bone: reproduced from eSilva et al. (2021), Copyright 2021, Springer Nature. Peripheral nerve: reproduced with permission, Copyright 2020, John Wiley and Sons (Park et al., 2020), created with BioRender.com.
It is noteworthy that material resorbability in the body or onto the skin is more demanding than biodegradability, which may also encompass degradation in the natural environment under a more general definition. In the body, biodegradable materials degrade in smaller fragments that can eventually diffuse from their implantation site but not necessarily be eliminated. Contrarily, resorbable materials are totally eliminated from the body. These are materials that degrade into safe, smaller components when exposed to physiologically relevant conditions like biological fluids and enzymes. These resulting components and by-products are subsequently removed from the body via either metabolic processes or excretion (Eglin et al., 2008; Grosjean et al., 2023). Material resorbability can occur through different mechanisms, i.e., chemical and enzymatic degradations. The main chemical degradation processes occur through the hydrolysis of the polymer backbone bonds. Notably, the kinetics of degradation of commonly used synthetic polyesters such as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and poly(hydroxyalkanoates) (PHA) can be controlled by their molecular composition, polymer molecular weight, and crystallinity (Bano et al., 2018). Natural polymers such as collagen, gelatin, and hyaluronic acid are primarily degraded by proteolytic and glycolytic enzymes.
In addition to biocompatibility, materials employed in designing medical devices must fulfill additional requirements due to their intimate interaction with tissues. Indeed, these tissues can display a wide range of mechanical properties. First, bones, tendons, and nerves can be considered very hard and poorly stretchable tissues, with mechanical stiffness quantified by Young’s modulus in the decreasing order of 12 GPa (Keller et al., 1990), 550 MPa (O’Brien et al., 2010), and 580 kPa (Borschel et al., 2003), respectively. They exhibit high elastic moduli, similar to those of plastic materials (Figure 2). The skin is both relatively tough and stretchable (0.5–1 MPa elastic modulus) (Li et al., 2012), whereas very soft tissues like the brain display very high viscoelastic properties (elastic modulus G′ below 10 kPa, elastic-to-viscous moduli ratio G″/G′ > 0.5) (Hall et al., 2021; Tringides et al., 2022). In any case, tissue mechanical properties are quite different from those of rigid metal, plastics, or elastomers, classically employed in electronic devices (Figure 2) (Sunwoo et al., 2021). Such a mechanical mismatch between these materials and tissues at the intimate cellular level can be responsible for undesired effects, ranging from progressive material encapsulation by tissues, therefore inhibiting the correct functioning of the device, to acute inflammatory reaction and pain (Rivnay et al., 2017; Sunwoo et al., 2020). Another remarkable difference between tissues and materials such as metals, semiconductors, and elastomers presently used in bioelectronics consists in their morphological structure. While tissues display a macroporous/microporous structure, most of these synthetic materials are shaped as solid bulk or thin continuous layers without either no or poor porosity. Very importantly, many tissues are intimately exposed to biological fluids like interstitial fluid and blood, even sometimes with shear flow as in the cardiac and circulatory systems, and many of them, in particular soft tissues, are continuously bathed in these fluids making them an integral part of the tissue itself (Figure 2). By comparison, metals, semiconductors, and synthetic elastomers do not comprise water. For tissue engineering applications, material water content is an important hallmark to allow the necessary perfusion of nutrients, oxygen, and biological cues. In these perspectives, hydrogels—3D cross-linked polymer networks that can absorb large quantities of water—are interesting to explore. Their mechanical properties can be tuned across a wide range of Young’s modulus and viscoelasticity to design scaffolds with mechanical properties similar to those of the different types of tissues, from bone to brain (Figure 2) (Yuk et al., 2022). However, they are not intrinsically electronic conductors (though they can be ionic conductors), and consequently, they cannot be used as such to design electrically conductive materials for medical applications that require moderate to high electronic conductivity (103–105 S cm−1). Therefore, for all the above reasons, it is clear that beyond resorbability, bioelectronics and tissue engineering applications can advantageously benefit from the use of innovative conductive materials that better display the fundamental characteristics of tissues, i.e., hydrogel-based materials.
[image: Figure 2]FIGURE 2 | Quantification and comparison of the mechanical modulus (Pascal, Pa), viscoelasticity (loss modulus/storage modulus, G″/G′), and water content (percentage of weight) of tissues with those of materials classically employed in bioelectronic devices and tissue engineering (i.e., metals, plastic, elastomers, and hydrogels). Data taken from literature. Mechanical modulus: brain (Hall et al., 2021), heart (Jacot et al., 2010), spinal cord (Karimi et al., 2017), nerve (Rosso et al., 2019), skin (Kalra et al., 2016), bone (Morgan et al., 2018), and materials classically employed in bioelectronic devices and tissue engineering (Tringides et al., 2022). Viscoelasticity: adapted from Tringides et al. (2022). Water content: bone (Surowiec et al., 2022), nerve (Anand et al., 1988), spinal cord (Mbori et al., 2016), skin (Téllez-Soto et al., 2021), heart (Eitel et al., 2011), and brain (Gottschalk et al., 2021). Created with Octave (software version 8.2.0) and adapted on BioRender.com.
Passive (i.e., non-conductive) resorbable polymer-based medical devices have been extensively developed for the short-term or prolonged delivery of active ingredients. These drug-delivery implants are mainly based on synthetic polyesters like PLA, PLGA, poly(caprolactone) (PCL), and PHA that are sometimes also referred to as “bioplastics” (Bano et al., 2018) or on resorbable biopolymer-based hydrogels. Though bioplastics and biopolymer-based hydrogels are both resorbable, these materials differ markedly by their mechanical and swelling properties (“tough” and quite hydrophobic materials for bioplastics and “soft” and wet materials for hydrogels). Resorbable synthetic polyesters, such as PLA, PLGA, and PHA, are interesting because they can act as insulating supports or passivation layers in bioelectronic systems, taking advantage of their rather hydrophobic properties. First resorbable elastomers have also been recently reported (Turner et al., 2022). Hydrogels, from their side, are by definition highly hydrophilic materials and not suitable to act as insulating substrates in the design of bioelectronic systems, but they can be combined with conductive moieties to obtain suitable interfaces (for instance, electrodes) with the tissues or for the development of 3D cell cultures or organoids (Caliari et al., 2016; Kozlowski et al., 2021). Silk fibroin is a resorbable natural polymer combining the interesting features of both bioplastics (i.e., mechanical properties) and hydrogels (i.e., porous biopolymer scaffold).
Concerning electrical conductors, the interest in conducting polymers such as poly(pyrrole) (PPy), poly(aniline) (PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) to optimize system/tissue bioelectronic interface was underlined several times due to both their ionic and electronic conductivity (Chen et al., 2021; Han et al., 2022). Indeed, Sansinena et al. (1997) and Kim et al. (2000) first pointed out the interest in such conductive materials, used in conjunction with hydrogels, for the design of artificial muscles exhibiting interesting actuation capabilities. However, other conductive materials of high interest are largely employed in bioelectronics and tissue engineering applications, especially when it is necessary to achieve high material conductivities. There exist a few biocompatible and resorbable metals such as molybdenum, tungsten, and iron. Two-dimensional (2D) transition-metal chalcogenides (e.g., MoS2 sheets) and carbon-based structures and fillers like carbon nanotubes (CNTs) and graphene derivatives are also commonly employed materials.
In this review, we will describe how resorbable substrates and scaffolds such as elastomers, synthetic polyesters, and biopolymer-based hydrogels can be combined with a variety of electrical conductors like metals, micro- and macro-structured fillers, and conducting polymers, to lead to resorbable conductive materials with a wide range of mechanical properties. Some reviews have already discussed related subjects, such as conductive hydrogels (Rogers et al., 2020; Xu et al., 2020; Chen et al., 2021; Xu et al., 2021; Gao et al., 2022; Zhu et al., 2023a), conducive materials for neural interfaces (Fattahi et al., 2014), and conductive materials for tissue engineering (Min et al., 2018; Mostafavi et al., 2020; Rogers et al., 2020; Zhao et al., 2022b; Gao et al., 2022). However, we herein focus specifically on conductive materials that exhibit resorbability, a topic that has received comparatively less attention, especially for bioelectronic systems. As discussed earlier, the resorbability of conductive materials holds significant relevance for both the fields of bioelectronic devices and tissue engineering. It is worth noting that there is a noticeable gap in the existing literature concerning a comprehensive work that effectively merges the domains of soft bioelectronic systems that interact with living tissues and tissue engineering. This review aims to bridge the gap between these two distinct yet interconnected fields, which both rely on similar polymer and electrical components, as well as process methodologies, especially when it comes to resorbable conductive materials. Thus, we aim to provide readers with a review and thorough analysis of various approaches within the context of bioresorbable materials, allowing for an in-depth exploration of specific challenges and opportunities, encompassing both bioelectronics and tissue engineering applications. Special emphasis will also be placed on resorbable hydrogel-based materials. As highlighted earlier, these materials exhibit exceptional properties for replicating the characteristics of living tissues, making them a natural choice for tissue engineering applications. Furthermore, our extensive literature review has unveiled that the utilization of resorbable hydrogels represents a smart and emerging approach to the design of resorbable bioelectronic devices. While this review encompasses resorbable conductive materials and their applications in a broader sense, we will particularly emphasize the role of hydrogel-based systems in this context. Note that although these are closely related domains, we will not review here electronic textiles and refer the reader to other publications in that field (Kim et al., 2019; Alhashmi Alamer et al., 2022; Gong et al., 2022; Zhang et al., 2022; Wei et al., 2023).
Following the examination of various resorbable substrates and scaffolds, we will review the selection of electrical conductors that present resorbability. Subsequently, we will describe the different processes that can be used to combine them into resorbable conductive materials. These processes can impact the resorbability, conductivity, and mechanical properties of the resultant resorbable devices. These innovative resorbable conductive materials have broad applications, such as the development of novel transient bioelectronic systems for monitoring and stimulation, which will not require retrieval surgery after they have served their purpose. Additionally, they hold promise for on-skin electronic applications, 3D cell culture, and tissue engineering, particularly in the context of electro-sensitive organs like the heart, nerves, brain, and skin. They are therefore expected to address emerging applications in the biomedical field.
2 SELECTING COMPONENTS FOR THE DESIGN OF RESORBABLE CONDUCTIVE HYDROGELS
Resorbable conductive materials rely on the combination of a 2D substrate or a 3D scaffold and an electrical conductor. In this section, we will give a short overview of these materials.
2.1 Substrates and scaffolds
The different resorbable materials that can be employed as 2D substrates or 3D scaffolds (Figure 3) do not display similar mechanical properties (Young’s modulus and viscoelasticity), the same hydrophobic/hydrophilic properties, or degradation kinetics and mechanisms (Figure 2) (Tringides et al., 2022). Since it is desirable to select a material whose mechanical properties match as much as possible those of the tissue that it is in contact with to limit discomfort and inflammation, the different types of substrates and scaffolds are used for different applications. Classical substrates for the design of wearable or implantable bioelectronic systems are mainly based on elastomers, such as silicone rubber or poly(urethane)-based films. These materials exhibit high chemical stability and can withstand very large strain rates. Therefore, they are particularly well-suited for seamlessly integrating with tissue movements, such as stretching, bending, and torsion, in particular for their application in skin electronics. They are also good candidates for applications involving tubing or highly flexible structures, such as cuff electrodes. However, the design of resorbable elastomers is still an emerging field (Turner et al., 2022). Therefore, bioplastics such as resorbable polyesters have driven much attention, especially considering that some of them, such as PLGA, PLA, and PHAs, are already approved implant materials by regulatory agencies (the Food and Drug Administration and European Medical Agency) (Nair et al., 2007; Ulery et al., 2011; Bano, 2018; Lu et al., 2023a). Elastomers and bioplastics are mainly employed as 2D thin-film substrates that are assembled with electrical conductors to design multilayer electronic systems. When aiming to create more viscoelastic 3D scaffolds, for instance, for 3D cell culture or tissue engineering applications, biopolymer-based hydrogels are more appropriate. From its natural origin, silk can display both hydrogel resorbability and eventual swellability and bioplastic-like mechanical properties. It is therefore a particularly relevant polymer to use as a resorbable substrate and packaging material in bioelectronics.
[image: Figure 3]FIGURE 3 | Overview of main materials employed for the construction of resorbable substrates and scaffolds at the interface with tissues.
2.1.1 Resorbable elastomers
Recent advancements in the design, synthesis, and medical uses of resorbable elastomers, mainly polyurethanes (PUs), poly(glycerol sebacate), and poly(diol citrate) (Figure 3), have been recently reviewed (Turner et al., 2022). Polyurethanes are a large class of copolymers where at least two organic monomers react to create a carbamate bond. Typically, PUs are produced by the reaction between a diisocyanate and polyol. A judicious choice of reactants makes it possible to confer degradability to the polymer, for instance, by selecting degradable monomers comprising an ester bond (Christenson et al., 2007). PUs are interesting in medical applications for their biocompatibility, the versatility of their chemical structure, and their high stretchability. The addition of poly(urethane) cross-links in an already resorbable bioplastic material can also confer it with elastomeric properties while maintaining its resorbability (Sharma et al., 2018). For instance, Sharma et al. designed a resorbable elastomeric stent based on a network of poly(glycolide-co-caprolactone) chains cross-linked with short polyurethane segments. The material, initially resorbable and stretchable, but without any deformation reversibility, displayed elastomeric behavior after PU cross-linking.
Poly(glycerol sebacate) (PGS) elastomers are polyesters obtained by the polycondensation of FDA-approved glycerol and sebacic acid. Due to their high biocompatibility, elastomeric properties, and biodegradability, PGS elastomers constitute materials of choice for medical applications (Rai et al., 2012). They have been used mainly in tissue engineering, in particular for neural and cardiac tissues, and wound healing. More recently, PGS elastomers have been combined with different conductive materials for the design of smart textiles that include pressure, strain, and temperature sensors (Vogt et al., 2021). Poly(diol citrate) elastomers are also polyesters derived from the condensation of citric acid with polyols during thermal treatment, with potential for tissue engineering applications. Poly(octamethylene maleate (anhydride)) (POMaC) has been combined with PGS to package resorbable strain and pressure sensors made of PLA and magnesium (Boutry et al., 2018). The resorbable device was intended to follow up tendon repair and self-degrade after its service to avoid second retrieval surgery.
Most of the resorbable elastomers described above are not yet commercial, which has limited their use in resorbable medical devices to proof-of-concept studies until now. However, a variety of chemical structures are possible to tune their mechanical and degradation properties. Depending on the materials, compression moduli, tensile strength, and elongation at break have been reported to range from 0.025 to 400 MPa, 0.2 to 2,500 MPa, and 10% to 2,500%, respectively (Turner et al., 2022). These materials typically degrade in a few weeks in water (Turner et al., 2022), due to the hydrolysis of ester bonds in saline media, accelerated in a basic medium, and by the action of endogenous esterases. Resorbable elastomers can also be combined with other materials such as bioplastics (PLA, PLGA, PCL, etc.) to obtain copolymers with intermediate mechanical or degradation properties. Elastomers do not possess the viscoelastic properties of soft tissues (Figure 2). However, they are particularly interesting in interfacing with highly stretchable tissues, such as skin, and are extensively used in the field of wearable bioelectronic systems and “skin electronics” (e-skin) (Park et al., 2022a; Gong et al., 2022; Liu et al., 2023a). Their mechanical toughness makes them also interesting when in contact with moderately “hard” tissues, like the tendons and heart. Therefore, it can be foreseen that resorbable elastomers will attract more and more interest in the coming years.
2.1.2 Synthetic polyesters and other polymers
Thanks to their biocompatibility and well-controlled structure-tunable degradability, synthetic aliphatic polyesters have been extensively developed in medical devices since the 1970s. In particular, they have been used as surgical sutures, drug delivery systems, and tissue-engineering scaffolds. Most employed materials include PLA, poly(glycolic acid) (PGA), PLGA, PCL, and PHA (Figure 3). Because these materials generally display thermoplastic properties and can also serve as alternatives to petro-sourced polymers in other applications such as packaging, they have also been described as “bioplastics” (Bano et al., 2018; Jiang et al., 2022).
PLA is obtained by the poly(condensation) of lactic acid, which can interestingly be obtained by the bacterial fermentation of carbohydrates or synthetically. The L-lactide isomer is naturally produced and leads to PLLA (poly(L-lactide)). PLLA is quite a hydrophobic and slow-degrading crystalline polymer, with a glass transition temperature of 60°C–65°C and melting temperature of 175°C (Nair et al., 2007). It displays a relatively high tensile strength (0.01–5 GPa) (Eglin et al., 2008; Ulery et al., 2011) and a high modulus, with resorption kinetics up to 5 years (Ulery et al., 2011), making it suitable for use in surgical sutures. To increase its kinetics of resorbability, the two isomers, D and L, can be combined to obtain amorphous PLA with less mechanical strength and a lifetime of 12–16 months (Nair et al., 2007). Lactic acid can also be combined with glycolic acid to obtain PLGA. PLGA polymers are extensively used in medical applications since they can be processed with a wide range of different shapes: micro-structured films (Abu Ammar et al., 2021), porous scaffolds (Pan et al., 2012), microspheres and nanoparticles (Lu et al., 2023a), and microfibers (Chor et al., 2020). They can be used for drug delivery and tissue engineering applications or as surgical sutures or substrates for bioelectronics. Indeed, by modulating not only the L/G monomer ratio but also the polymer molecular mass and ending groups, it is possible to fine-tune the thermal, mechanical, and degradation properties of PLGA to make them match with the targeted application (Bano et al., 2018; Lu et al., 2023a). Contrary to PLA and PGA, PLGA are amorphous polymers when the L/G ratio is between 1/3 and 3, with fast kinetics of hydrolysis degradation up to 1–2 months for the 1/1 copolymer (Ulery et al., 2011). PGA is less hydrophobic and resistant against hydrolysis than PLA, but still crystalline and with a high melting temperature (>200°C), as well as displaying very high tensile strength (0.3–0.9 GPa) (Eglin et al., 2008; Ulery et al., 2011), which has made it a relevant material for surgical sutures and tissue engineering.
Poly(caprolactone) (PCL) is a hydrophobic semi-crystalline polymer that is interesting for its low glass transition (−54°C) and melting (approximately 60°C) temperatures, and its high elongation (300%–4,700%) and tensile strength (20–40 MPa) at break (Eglin et al., 2008; Ulery et al., 2011). It displays a very long degradation time (2–4 years). Because of its high permeability, it is mainly used in drug delivery systems and tissue engineering (Bano et al., 2018). PCL is also extensively used in combination with PLLA, PLA, and PLGA.
Poly(hydroxyalkanoates) (PHAs) are a family of polyesters produced by bacterial fermentation or algal bioproduction and presenting a very wide variety of structures and properties. To date, PHAs used in the biomedical field are mainly poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) (Singh et al., 2019; Tebaldi et al., 2019; Ansari et al., 2021). Their biocompatibility, non-immunogenicity, and non-carcinogenic properties have been regularly pointed out. Their mechanical properties can be tuned to match those of very soft (skin) to very hard (bone) tissues. Their kinetics of degradation can be tuned from weeks to several years, for short- or long-term drug delivery or implant use. Present biomedical applications of PHA include resorbable surgical sutures (muscle and skin regeneration) (Piarali et al., 2020), cardiovascular stents, bone and cartilage implants, or nerve repair conduits. In addition to tissue engineering applications, their use as drug delivery systems has also been explored (Koller, 2018; Singh et al., 2019; Tebaldi et al., 2019; Piarali et al., 2020; Ansari et al., 2021).
Bioplastics have been extensively used in resorbable bioelectronic applications, mainly as substrate films, eventually conformable and stretchable, but they can also be processed as fibers. For instance, electrospun PLA or PCL fibers coated with poly(aniline) or gold nanoparticles, eventually assembled in mats, have been used in cardiac tissue engineering (Fleischer et al., 2014; Wang et al., 2017a) and PCL fibers embedded with graphene and carbon nanotubes for nerve reconstruction (Sun et al., 2021). If bioplastics present tunable thermal and mechanical properties, as well as kinetics of resorbability, they remain rather hydrophobic materials. They can be combined with more hydrophilic polymer segments such as poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and polyvinylpyrrolidone (PVP) to create copolymers. PEG, PVA, and PVP are synthetic polymers that can form after chain cross-linking hydrogels, i.e. 3D cross-linked polymer networks that can encapsulate large quantities of water. Because of their important swelling in aqueous buffers and biological fluids, hydrogels constitute ionic conductive materials when wet (Chen et al., 2021). As such, hydrogels also constitute materials of choice to mimic the tissue extracellular matrix (ECM). PEG, PVA, and PVP polymers are resorbable in the sense that they can be excreted through urine when their molecular mass is not too high (Yamaoka et al., 1994; Jensen et al., 2016; Kurakula et al., 2020). However, pure cross-linked PEG networks could present limited resorbability and potential safety concerns (Ulery et al., 2011). PVP and PVA are highly soluble in water and, therefore, are rather used as formulation aids but not often as scaffolds by themselves. If not cross-linked, they dissolve very quickly in water.
2.1.3 Natural polymers
Natural polymers comprise mainly polysaccharides and protein-derived macromolecules.
Polysaccharides have aroused large interest due to their high availability, biocompatibility, variety of structures, and chemical and biological properties that they offer (Yang et al., 2022). In particular, hyaluronic acid (HA) is a highly relevant material for bioelectronics because it is an endogenous glycosaminoglycan of the extracellular matrix (ECM), which is widely available today as it is being produced by controlled bacterial fermentation, is easily processable (high water solubility and functional groups amenable to chemical modification on the polymer backbone), and is already being used in numerous biomedical applications (Knopf-Marques et al., 2016; Kobayashi et al., 2020; Vasvani et al., 2020). HA contributes to maintaining homeostasis and promotes cell migration, adhesion, and differentiation and as such has long been used in drug delivery systems and tissue engineering, in particular when in contact with the brain tissue (Miyata et al., 2017). HA is fully resorbable, with a degradation rate of a few hours to days (according to the body location) when not cross-linked. Other polysaccharides of interest for medical applications are chitosan which presents mucoadhesive properties (Dash et al., 2011), cellulosics (Aghazadeh et al., 2022), and alginate (Zhang et al., 2023). Though they display high biocompatibility and are degradable, only a few of their derivatives, such as oxidized cellulose and oxidized alginate, appear resorbable. Nevertheless, a few alginate-based materials will be described below since they were largely used to develop and illustrate innovative concepts, particularly in the field of dynamic hydrogels (Tringides et al., 2021; Tringides et al., 2023).
Another class of natural polymers is protein-derived macromolecules, such as collagen and its gelatin derivative, fibrin, elastin, elastin-like polypeptides, and silk fibroin. Similar to HA, collagen, fibrin, and elastin are endogenous components of the ECM. This confers to these materials mechanical properties that are very close to that of native tissues and a high biocompatibility although they can also elicit an immune response (Ulery et al., 2011). However, their supply can be limited by their extraction from animal sources and their cost (Wang et al., 2023). Mainly, silk has been explored for the design of resorbable bioelectronic systems, while collagen and gelatin have been used to design conductive hydrogels for tissue engineering.
Silk is a natural material produced by a variety of arthropods; the one extracted from the cocoons of Bombyx mori has been used for centuries and is still the most exploited due to its extraction by simple processes (Ullah et al., 2019). After processing, the major components, silk sericin and silk fibroin, are obtained. Fibroin, a structural protein composed of 18 amino acids, is constituted of crystalline β-sheets that self-assemble through intramolecular and intermolecular interactions (such as H-bonds, van der Waals, and hydrophobic interactions) and of hydrophilic and amorphous random coil domains. Playing with processing conditions that can tune the rearrangement and the ratio of the crystalline and amorphous domains, silk fibroin can be processed as nanofibers, microfibers (that can be converted to yarns and textiles), films, aerogels/cryogels, and hydrogels (Wang et al., 2019a). Its protein nature confers the material with high biocompatibility and programmable degradability and opens the possibility to further genetically engineer the protein (e.g., insert elastin-like sequences to improve elasticity for instance) to match the desired properties (Wang et al., 2021). The proteolytic degradation of silk fibroin films by enzymes such as chymotrypsin, actinase, and carboxylase can be accelerated by reducing the protein β-sheet content through the presence of chaotropic agents or the drying process (Cao et al., 2009; Chatterjee et al., 2019; Ullah et al., 2019). Because of its high biocompatibility and processability, the absence of adverse immune reaction, its resorbability, and outstanding mechanical toughness, silk fibroin has been employed for centuries in biomedical applications, for instance, as surgical sutures, besides its use in the textile industry.
Silk films were identified as early as the late 2000s as resorbable substrates of high interest for the design of soft electronics, particularly in the group of Rogers (Kim et al., 2009; Kim et al., 2010; Hwang et al., 2012; Tao et al., 2014). Transient electrode microarrays were designed by transfer printing very thin silicon patterns onto a casted 5- to 15-µm-thick silk fibroin film (Kim et al., 2009; Kim et al., 2010; Hwang et al., 2012). The very soft material showed high conformability to adapt to brain morphology and resorbability in water of approximately 1 h. Silk was also combined with resorbable magnesium [Mg (conductive) and MgO (insulating)] materials to develop a resorbable implanted system for the on-demand delivery of antibiotics to treat infected surgical wounds (Tao et al., 2014). The high Young’s modulus (5–12 GPa) and low stretchability (20%) of silk fibroin films were modulated by Chen et al. (2018a) in order to obtain stretchable films suitable for on-skin electronics. The authors studied the plasticization of a fibroin film through the addition of CaCl2 and ambient hydration, guided by molecular dynamics simulations of the rearrangement of β-sheets and coil domains into the film structure. After patterned vacuum deposition of gold, electrodes were obtained onto a wrinkled highly stretchable (>400%) film (Young’s modulus 0.1–2 MPa), and the device was tested for skin interfacial impedance measurement.
Silk fibroin can also be used to design resorbable conductive inks. Graphene derivatives and silk fibroin are particularly interesting to combine thanks to hydrogen bonds that can be reversibly created between the two materials (Wang et al., 2021). For instance, Dorishetty et al. (2022) studied the formulation, microstructure, and biocompatibility of a set of extrusion printable silk/graphene inks with different rGO content. An increase in the rGO concentration was shown to decrease the obtained material pore size while increasing its mechanical resistance. A PEDOT-based conductive printable ink was also developed by the addition of photosensitive sericin in an aqueous dispersion of PEDOT:PSS (Pal et al., 2016) (Figure 5). Silk sericin was modified with photosensitive methacrylate groups and mixed with PEDOT:PSS conductive ink. The photosensitive conductive resin was then spin-coated onto the fibroin substrate and UV-exposed through a photomask to create micropatterns after development in water.
The above examples demonstrate the high versatility and processability of silk that make it a real asset in the design of resorbable conductive materials. Similar to bioplastics, silk displays programmable structure-related degradability and mechanical properties and can moreover form optically transparent films for optoelectronic applications. As a natural polymer, silk is also a highly biocompatible and sustainable material, processable in water, and amenable to chemical modifications that can improve its interaction with conductive materials or tissue adhesion.
We have highlighted in this section the wide range of substrates/scaffolds that can be used to design resorbable materials. In the next section, we will focus on the electrical conductors.
2.2 Electrical conductors
Different conductive components can be employed to design resorbable materials for healthcare applications (Figure 4). Metals and semiconductors are the electrical conductors that are usually employed in microelectronics. Therefore, when resorbable, they have been used to design resorbable bioelectronic systems dedicated to wearable or in vivo sensing or stimulation. To address tissue engineering applications and design 3D medical devices, such materials are employed in micro- or nanoparticle forms. Other micro- and nanostructures can also be used, and transition-metal dichalcogenides and carbon-based fillers (carbon nanotubes and graphene derivatives) are very popular in the field, either for the design of bioelectronic systems or tissue engineering. Conducting polymers are also very relevant materials for the bioelectronic system/tissue interface, either for the design of wearable bioelectronic systems or tissue engineering. Their strengths are their mixed ionic/electronic behavior and their polymeric nature, making them both a structuring and conductive material.
[image: Figure 4]FIGURE 4 | Overview of typical resorbable electrical conductors used in the design of bioresorbable conductive materials.
2.2.1 Metals and semiconductors
Classically employed materials for designing conductive patterns in microelectronics are semiconductors or metals. Several are biocompatible (platinum, gold, titanium nitride, silicon, etc.), while some are resorbable (molybdenum, magnesium, tungsten, iron, silicon, germanium, and zinc/zinc oxide) (Chatterjee et al., 2019). Their resorbability is mainly accounted for by the formation of metal hydroxides or oxides that are dissolvable in biofluids. The kinetics of bioresorption of resorbable metals can vary over different orders of magnitude, from 1.7 µm/day at pH 7 at 37°C for Mg to 7 nm/day for Mo (Chatterjee et al., 2019). Silicon hydrolysis depends not only on pH, temperature, and ionic concentration but also on its crystalline form (Hwang et al., 2012). Although these materials are inherently hard in bulk, they can be deposited on a flexible substrate in thin layers, of the order of a hundred nanometers, or can be thinned after deposit to obtain flexible bioelectronic systems. Metals and semiconductors can also be shaped into nanostructures such as nanotubes or nanowires to increase the contact surface with tissues (Duan et al., 2012; Robinson et al., 2012). Combining resorbable polymer substrates and metals, different research groups have started developing resorbable electronic systems since the late 2000s. For instance, the group of Rogers has extensively developed the electronic on-silk concept (Kim et al., 2009; Kim et al., 2010; Hwang et al., 2012; Tao et al., 2014). Huang et al. (2014a) developed a fully printed circuit board using poly(ethylene oxide) and carboxymethyl cellulose as substrate materials combined with magnesium stacks and a paste comprising tungsten microparticles for electrical connections. Still, resorbable polyester substrates such as PLGA films are presently the most employed.
The high interest of semiconductors and metals is their high intrinsic conductivity. However, it could be complicated to combine them in bulk with highly porous and hydrophilic materials such as hydrogels. Choi et al. (2020) described the possibility of combining hydrogels with a liquid metal, an eutectic alloy of 75% gallium and 25% indium (mass ratio). Though the biocompatibility of liquid metal Galinstan, an eutectic mixture of 68% Ga, 22% In, and 10% Sn (mass ratio), has been assessed (Foremny et al., 2021), the use of such materials still remains questionable from the biocompatibility and resorbability points of view. Another possibility to combine metals and other conductive materials to resorbable scaffolds is their use as micro- or nanostructures.
2.2.2 Conductive nanostructures
A large variety of inorganic conductive micro- and nanostructures are available to design conductive materials (Figure 4). Micro- and nanostructures include semiconductor or metallic flakes, nanowires or nanorods, 2D materials like transition metal dichalcogenides (MoS2 and WS2), Xenes (e.g., black phosphorous), MXenes (2D carbides or nitrides), transition metal oxides (e.g., MnO2 and MoO3), and carbon-based structures, such as carbon nanotubes and graphene-based materials. The increased surface/volume ratio facilitates and fastens the material resorption in the body, when possible. We will shortly focus below on the few structures that have been highlighted in literature and for which more solid resorption data exist. Numerous other conductive micro- and nanomaterials are presently under development and could be acknowledged in the near future as suitable for the design of resorbable bioelectronics (Choi et al., 2019).
Concerning metallic nanostructures, because of biocompatibility issues, copper and silver are ruled out for most biomedical applications (Han et al., 2022). The in vivo safety of platinum nanoparticles (Pt NPs) has also been questioned (Czubacka et al., 2019; Gutiérrez de la Rosa et al., 2022). As a highly stable metal in biological fluids, Pt NPs require a very long time for dissolution-based resorption but can possibly be eliminated by urinary excretion. Because of their high biocompatibility and processability, gold nanoparticles, nanocages, nanorods, and nanowires are extensively studied in tissue engineering applications (Yadid et al., 2019), especially cardiac engineering (Saghebasl et al., 2022). However, they are not bioresorbable, even if very recently, small gold-polymer nanostructures (90 nm size, 4.5% w/w gold) were found to be excretable (Cassano et al., 2019), 4–22 nm-diameter gold nanostructures were also found to be degraded and metabolized by cells by similar pathways than gold ions, but into biopersistent products (Balfourier et al., 2020).
Two-dimensional transition-metal dichalcogenides, such as molybdenum disulfide (MoS2) sheets, are very attractive thanks to their 2D electrical conductivity and optical transparency in the visible range that can be used advantageously in optoelectronic systems (Choi et al., 2019). The resorbability of MoS2-isolated crystals and large-area polycrystalline films in representative fluids and cranial environments was studied (Chen et al., 2018b). The polycrystalline MoS2 monolayer (grain size ∼200 nm) dissolved in approximately 2 months in PBS solution at 37°C, and the CVD-grown monolayer inserted in implantable device prototypes was dissolved completely in 1 month. Such implantable bioelectronic systems can be used to monitor pressure, strain, and temperature (Chen et al., 2018b), as well as serve as an image sensor array when implanted in the eye, thanks to their photoabsorption and photocurrent generation performances (Choi et al., 2017).
Pristine graphene is also a 2D material of high interest for bioelectronic applications (Choi et al., 2019). Because of the thickness of individual layers (a few angstroms), graphene can be soft and flexible, yet strain-resistant and optically transparent. Based on a hexagonal honeycomb lattice of carbon atoms, graphene is also biocompatible and can be functionalized easily for better interactions with tissues or other materials though its impact on the immune system is being questioned (Ban G et al., 2023). Endogenous peroxidases such as human myeloperoxidase can degrade graphene in the form of a single or a few layers, in tens of hours to days (Ma et al., 2020). However, pristine graphene is quite hydrophobic and hence poorly compatible with hydrogels (Chen et al., 2021). Graphene oxide (GO), more hydrophilic and dispersible in water, displays poor conductivity because of the damaged conductive network due to the oxidation of the graphene structure. Therefore, reduced graphene oxide (rGO), for which the graphene structure has been partially restored, constitutes a good compromise between conductivity and limited hydrophobicity and is preferred for biomedical applications (Chen et al., 2021). The kinetics of degradation of GO and rGO is related to the oxygen atom content of the structures, and therefore they resorb in the body with faster kinetics than pristine graphene (Ma et al., 2020).
Carbon nanotubes (CNTs) also constitute a hexagonal lattice of carbon atoms rolled up into a tube of 0.5–2 nm diameter for single-walled carbon nanotubes (SWCNTs), with several SWCNTs in a tube-in-tube structure for multi-walled carbon nanotubes (MWCNTs). Like graphene, their carbon atoms can be oxidized and functionalized to confer additional functionalities and hydrophilicity. For instance, Liu et al. (2011) studied in vitro the influence of carbon nanotube surface chemistry (carboxylic acids, amines, and alcohols) on neuron network organization, offering cells a high variety of adhesion orientation and sites. They have been particularly explored in wearable sensor applications (Gandhi et al., 2020; Palumbo et al., 2022) and nerve constructs for tissue engineering (Salehi et al., 2018; Manousiouthakis et al., 2022). Though resorbable, thanks to their degradation by peroxidases (Ma et al., 2020), their biocompatibility is questionable (Mishra et al., 2018). It seems to mostly depend on their synthesis and purification process, as well as their aspect ratio.
2.2.3 Conducting polymers
Electronic conducting polymers (CPs) such as poly(pyrrole) (PPy), polyaniline (PANI), poly(thiophene) (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT) are a class of polymers that possess π-conjugated structures, enabling electron delocalization along their backbone (Guo et al., 2020). Given the aromaticity of the polymer structure, the overlapping of π-orbitals results in a conductive pathway obtained by freely moving delocalized π-electrons (Nezakati et al., 2018). In their pristine state, CPs behave as semiconductor materials exhibiting weak conductivity compared to classical semiconductors. When oxidized (0.25–0.33 charge per monomeric unit) through electrochemical treatments or oxidation/reduction chemical reactions, they gain high electronic conductivity. This (electro)-oxidation process is accompanied by the introduction in the CP films of counter anions that maintain their electroneutrality. Such an ion exchange property is generally referred to as a doping process correlatively to inorganic semiconductors, the counter anions being referred to as the dopant species (Namsheer et al., 2021). As such, conducting polymers are a category of organic materials characterized by distinctive electrical and electrochemical performances. They combine the advantages of a wide range of electrical conductivity (10−5–105 S cm−1) like carbon- or metal-based electrical conductors and of structure tunability, flexibility, and relatively low cost, like polymers. They also feature both ionic (such as tissues) and electronic (such as bioelectronic systems) conductivities, making them ideal interface materials for bioelectronic applications (Fattahi et al., 2014; Onorato et al., 2019; Gao et al., 2022). CP coatings on metallic electrodes can significantly enhance the electrical properties at the interface of tissues as compared to bare electrodes, especially decreasing electrical impedance and increasing charge transfer capacity (Ludwig et al., 2006; Richardson-Burns et al., 2007; Khodagholy et al., 2015). For instance, conducting polymer microstructures (microcups) were obtained by the electrochemical deposition of conducting polymers (PEDOT, PPy) onto the surface of PLLA/PLGA sacrificial microspheres (Antensteiner et al., 2017a; Khorrami et al., 2017). These microstructures deposited on the surface of a metallic electrode enhanced the surface roughness of the CP films by over 90% through the control of both deposition time and applied electrical voltage. The impedance of PPy-modified electrodes was found to decrease by up to 88% in comparison to bare electrodes (Antensteiner et al., 2017b). These neural electrodes improved the cellular response of neurons during chronic stimulation and recording (Antensteiner et al., 2017a; Khorrami et al., 2017). Thanks to these unique combined properties, as well as their ease of preparation and biocompatibility, conducting polymers have attracted significant attention for a wide range of biomedical applications such as the development of (bio)-sensors, actuators, drug delivery systems, and tissue engineering scaffolds. Due to their availability and physiologically relevant electrical conductivity upon intrinsic or external doping, PPy, PANI, PEDOT, and their derivatives, are the most widely used CPs for bio-interfacing applications.
Poly(pyrrole) (PPy) is a heterocyclic polymer that can be easily synthetized in different solvents (such as water) and polymerized via chemical or electrochemical routes of pyrrole oxidation (Mao et al., 2018). Due to its high biocompatibility, ease of preparation, and good conductivity in physiological conditions, it has been widely used at the interface between bioelectronic systems and cells or tissues, for both recording and stimulation purposes (Liu et al., 2023b). Notably, PPy is a suitable substrate in the modulation of different cellular activities (such as cell attachment and proliferation) and possesses excellent biocompatibility in vivo (Huang et al., 2014b). Furthermore, it can be easily chemically modified to allow the conjugation of bioactive molecules such as proteins and enzymes (e.g., glucose oxidase and antibodies), short peptides with specific “recognition sequences” (providing binding sites for cells), nucleic acids, DNA/RNA, or growth factors (which allow the immobilization of cytokines). These bioactive molecules can act as PPy dopants, improving material conductivity and/or further promoting material–tissue integration. Nevertheless, additional polymer modifications are required to overcome issues with water solubility, mechanical rigidity, and poor processability, which significantly limits its use as a standalone material. In addition, PPy is very sensitive to over-oxidation in the presence of radical oxygen species present in biological media or generated by local inflammatory processes (Palmisano et al., 1995). Despite its considerable biocompatibility, at its pristine state, PPy is also poorly degradable. Bioerodible forms of PPy can be prepared via electrochemical polymerization of beta-substituted pyrrole monomers containing hydrolyzable side groups (Zelikin et al., 2002) or by PPy integration in biodegradable polymers, such as PLA or PCL (Boutry et al., 2012).
Polyaniline (PANI) is a phenylene-based polymer offering several advantages in biomedical applications, such as high thermal and environmental stability, high conductivity values (101–102 S cm−1), and inexpensive and easy synthesis processes (Solazzo et al., 2019). It can be synthesized via electrochemical processes, or chemical oxidation of aniline monomer, typically in the presence of ammonium persulfate as the oxidizing agent. Fine control over synthesis conditions, such as pH, the presence of acids, and the choice of solvents and oxidizing levels, greatly influence the physical and electrical properties of the obtained PANI polymers that can be under different forms (i.e., leucoemeraldine, emeraldine, and pernigraniline) that differ by the oxidation level of the backbone (Tran et al., 2022). PANI generally offers several advantages for biomedical applications, such as high thermal and environmental stability, antibacterial properties, inexpensive and easy synthesis processes, and excellent charge transport due to the doping/de-doping process (Beygisangchin et al., 2021). Another major advantage of PANI is its good solubility in a few selected organic solvents, as well as in water, thereby largely improving material processability. Nevertheless, the biocompatibility of both pristine PANI and its derivatives is still controversial. Several studies have reported high in vitro cytotoxicity and chronic inflammation episodes after cell/tissue contact (Wang et al., 1999; Borriello et al., 2011; Zhang et al., 2019), despite a plethora of studies having reported good in vitro and in vivo compatibility of PANI oligomers (pentamers and tetramers) when employed in subcutaneous films or biomimetic sensors for short-term use (Humpolicek et al., 2012; Guo et al., 2018; Pyarasani et al., 2019). Furthermore, similar to the other conducting polymers, PANI used as a standalone material is also non-degradable. As well as for PPy applications, in recent years, numerous studies have focused on combining PANI with other biodegradable synthetic or natural polymers to develop blends or composite systems (Rai et al., 2022). Despite this, in vivo studies assessing the resorbability of PANI-based materials or their long-term presence in the body (eventually in degraded form) have not been extensively carried out.
Poly(3,4-ethylenedioxythiophene) (PEDOT), a thiophene derivative of the less stable and less biocompatible pristine poly(thiophene), is one of the most widely studied CPs in bioelectronics and tissue engineering applications due to its improved chemical and environmental stability and biocompatibility compared to PPy and PANI (Tropp et al., 2021). PEDOT is generally synthetized in the presence of a dopant, typically polystyrene sulfonate (PSS), which plays the role of the counter anion of the positively charged PEDOT (more conductive than the pristine form) and improves polymer solubility and conductivity (Gueye et al., 2020). Although poly(styrene sulfonate) (PSS) is the most widely studied PEDOT dopant to design soft flexible conductive materials for bioelectronics, PSS lacks biocompatibility and degradability (Kayser et al., 2019). Several biomolecules have therefore been investigated to obtain resorbable PEDOT:biomolecule inks to be used for the design of transient implantable electronic devices (Boehler et al., 2019; Leprince et al., 2023a). PEDOT is generally obtained via three polymerization routes: i) oxidative chemical polymerization of EDOT-based monomers using various oxidants, yielding a suspension of PEDOT (or PEDOT:dopant) particles (ink) (Nie et al., 2021; Leprince et al., 2023a), ii) electrochemical polymerization of an EDOT-based monomer onto a conductive substrate in a three-electrode setup yielding a PEDOT coating or a film, and iii) using transition-metal-mediated coupling (Nie et al., 2021). When not electrochemically synthetized onto a substrate or as a self-standing film, PEDOT can be formulated to be further coated, casted, or printed by different processes (spin-coating, dip-coating, spray coating, screen printing, inkjet printing, doctor blading, roll-to-roll printing, etc.). The relative ease of PEDOT (or PEDOT/dopant) processing and the possibility to design it as resorbable using biomolecule-based dopants have led to the widespread use of PEDOT in the development of modified electrodes for tissue interface (Wang et al., 2019b) and tissue engineering applications (Bhat et al., 2021).
Despite CPs promising bioelectrical characteristics and ease of processability, the same intrinsic structure enabling conductivity is also characterized by strong bond dissociation energies, imparting the materials with excessive rigidity and poor degradability, limiting their application as biointerfaces with tissues (Liu et al., 2023b). CPs’ conjugated backbones are indeed hardly cleavable in physiological conditions, unless for small molecular mass, resulting in a poor to null degradation and metabolization in the body. Furthermore, several classical dopants, such as PSS for PEDOT, are not cleavable in the physiological condition as well, further hindering CPs' in vivo employability. Replacing PSS by potentially (bio)degradable molecules, such as alginate (Puiggalí-Jou et al., 2020; Yang et al., 2020), heparin (Xu et al., 2019b), or hyaluronic acid (Guo et al., 2018; Leprince et al., 2023a) is a widely known strategy to increase PEDOT:dopant biocompatibility and degradability, preserving the inherent conductivity of the polymer (Guo et al., 2013). Interestingly, such biopolymer-based dopants can also be used to design the conductive substrate/scaffold part of the conductive material. If resorbable and associated with CP oligomers, resorbable conductive hydrogels can be obtained with high interest in bioelectronics and tissue engineering. A second reported strategy is the integration of cleavable chemical motifs in the CPs' backbone, which allows their partial or complete degradation into smaller products (monomer or oligomer fragments) that can be processed through different physiological mechanisms, such as phagocytosis, metabolization, bioabsorption, or excretion (Feig et al., 2018). Disintegrable organic semiconductors can also be obtained by utilizing degradable or reversible dynamic covalent linkages, for instance, based on Schiff base chemistry, within each conducting polymer repeat unit (Tropp et al., 2021). The use of hydrolyzable linkages within a CP monomer leads to a degradable conducting polymer backbone that affords the design of high-performance transient and biocompatible semiconductors (Lei et al., 2017). In conclusion, extensive and rigorous studies on the mid- and long-term use of CP-based materials in transient implantable devices are still required to solve the pending questions of device biocompatibility and electroconductive stability over time. However, such materials display high structural versatility and offer large possibilities and interest in bioelectronic applications, especially on-skin electronics and tissue engineering.
Only a limited number of electrical conductors inherently exhibit full bioresorbability such as resorbable metals, semiconductors, and MoS2 sheets. However, the functionalization of others (such as graphene, carbon nanotubes, and their derivatives) through the application of organic coatings or the combination of conductive oligomers with bioresorbable polymers has paved the way for enhancing these materials' biocompatibility and resorbability. Consequently, strategies that amalgamate structuring scaffolds with electrical conductors play a pivotal role in achieving resorbable conductive materials.
3 COMBINING STRUCTURING SCAFFOLDS AND ELECTRICAL CONDUCTORS
Based on the large variety of existing chemical structures for both resorbable substrates/scaffolds and electrical conductors, there exist different possibilities to combine them to obtain conductive materials for their use in bioelectronics or tissue engineering. We propose below an insight into the most popular processes encountered in the bibliography. Some of them are illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | Examples of processes and strategies used to obtain resorbable conductive materials for their application in bioelectronics. (A) Interpenetrating networks of scaffolding and conducting polymers: conducting polymer PEDOT is chemically synthetized in a solution of modified hyaluronic acid (HA) polymer. The PEDOT:HA ink can be further photo-cross-linked to achieve non-water soluble resorbable conductive hydrogels (Leprince et al., 2023b). Adapted with permission from Leprince et al. (2023a), Copyright 2023, Elsevier, and Leprince et al. (2023b), Copyright 2023, the Royal Society of Chemistry. (B) Extrusion printing: (i) a bioprintable conductive ink is obtained by mixing thiolated gelatin and defect-rich MoS2 nano-assemblies. This ink can be further extrusion-printed as a stand-alone material to design wearable sensors. ii) Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) images of a transverse cross-section of the hydrogel: gelatin scaffold (top), molybdenum (Mo, middle), and sulfur (S, bottom). Scale bar: 100 µm. Reprinted with permission from Deo et al. (2022), Copyright 2022, the American Chemical Society. (C) Fiber electrospinning and coating: electrospun PCL-collagen fibers coaxially reinforced with MWCNTs. i) Electrospinning parameters were modulated to deposit random or parallel fibers. ii) SEM images of the random (CPR, left) and aligned (CPA, right) MWCNT-reinforced fiber scaffolds. Scale bar: 1 μm. iii) TEM images of scaffolds without (left) and with (right) MWCNT fibers. Scale bar: 200 nm, inset: 100 nm. Adapted with permission from Ghosh et al. (2020), Copyright 2020, the American Chemical Society. (D) Laser sintering: laser sintering process to integrate zinc or iron microparticle inks into hydrogels (i). The microparticle ink (black) was spin-coated onto the hydrogel substrate (blue), and the device was washed in the appropriate solvent after laser sintering to reveal the pattern. ii) Scheme illustrating the sintering process. Scale bar: 10 μm. iii) Examples of Zn patterns obtained on different polymer substrates [PVA, PLGA, PVP, cellulose acetate (CA), and sodium carboxymethyl cellulose (Na-CMC)]. iv and v) Resistance and conductivity of Zn line patterns with different thicknesses (iv) and widths (v) onto PVA substrate. Adapted with permission from Feng et al. (2019), Copyright 2019, the American Chemical Society. (E) Photolithography micro-patterning: i) scheme depicting the microfabrication of silk sericin/PEDOT:PSS patterns onto a silk fibroin substrate. ii) SEM image of a complex resorbable device (ii, scale bar: 100 µm). iii) Conductive AFM image of a 50-μm-thick ink line deposited on a glass surface. Reproduced with permission, Copyright 2015, John Wiley and Sons (Pal et al., 2016). (F) Multiphoton lithography: i) schematics illustrating the composition of the organic semiconductor (OS) resin, featuring PEDOT:PSS, photoinitiator (3-(trimethoxysilyl)propyl methacrylate), dimethyl sulfoxide (DMSO), laminin, glucose oxidase, and the experimental setup for multiphoton lithography, resulting in the formation of 3D OS composite microstructures (OSCM) upon resin removal (depicted in yellow). ii) SEM images showcasing diverse conductive and bioactive complex microstructures. Scale bar: 20 μm. iii) Fluorescent microscopy images depicting laminin-incorporated OS (LM-OS) microstructures in green. Scale bar: 20 μm. iv) Epifluorescence microscopy images showing endothelial cells on LM-OS microstructures after 48 h of culture, stained with DAPI (red, indicating cell nuclei) and phalloidin (green, representing F-actin). Scale bar: 100 µm. Reproduced with permission, Copyright 2022, John Wiley and Sons (Dadras-Toussi et al., 2022). Created with BioRender.com.
3.1 Blending structuring scaffolds/substrates and electrical conductors
Blending is the easiest way to combine synthetic or natural polymer-based substrates/scaffolds with electrical conductors such as metallic or semiconducting nanoparticles, nanorods or nanowires, carbon-based conductive fillers, and conducting polymers. We provide below general examples of blended resorbable conductive materials, preceding a brief section concerning polymer cross-linking that can be used to ensure material infusibility in tissues in contact with biological fluids and place specific enphasis on conducting polymer/hydrogel interpenetrated polymer networks.
3.1.1 Blended resorbable conductive materials
Blending has been used to design several parts of resorbable bioelectronic systems.
Biodegradable conductive pastes were developed by blending tungsten micro-/nanoparticles with natural waxes (issued from bee, soy, myrtle, or candelilla) (Won et al., 2018; Kim et al., 2023a). These hydrophobic pastes, which degrade within days to weeks, can be used to interconnect different electronic components of resorbable bioelectronic systems (Won et al., 2018; Choi et al., 2021).
Resorbable PVA films filled with iron nanoparticles and MWCNT were used to design biodegradable tactile sensors (Karmakar et al., 2022). Wang et al. (2019c) designed a resorbable strain sensor based on a dynamic network of PVA, borate, and GO particles partially reduced during dopamine oxidative self-polymerization. The PVA-PDA-rGO material displayed self-healing features, and the rGO filler acted both as a mechanical stiffener and electrically conductive particles. rGO was also combined with PCL, PU, PEG, gelatin methacrylate (GelMA), collagen, and chitosan for cardiac (Saghebasl et al., 2022) or neural (Manousiouthakis et al., 2022) tissue engineering. Tringides et al. (2021) blended alginate hydrogels with both graphene flakes and carbon nanotubes prior to gelation and freeze drying to obtain macroporous materials. They thoroughly studied the impact of the two types of materials on the structure and conductivity of the obtained conductive hydrogels. They showed that graphene flakes were integrated into the walls of the porous materials, whereas CNT acted as interconnects through the pores, to achieve conductivities as high as 35 S m–1. The conductive alginate hydrogel (100 µm thick) could then be encapsulated between two thin layers (15 µm) of a resorbable viscoelastic elastomer in which openings could be performed with a CO2 laser and to design a resorbable electrode array for the heart or brain electrical recording or stimulation.
In tissue engineering applications, blending conductive fillers or conducting polymers into resorbable hydrogels is the usual method to obtain conductive ECM-like scaffolds. For instance, AuNPs have been integrated with different polymer-based scaffolds (alginate, chitosan, PCL/gelatin, etc.) and shown to improve the mechanical and electrical properties of the matrices and tissue regeneration from stem cells. PEDOT:PSS was mixed with collagen and (3-glycidoxypropyl)trimethoxysilane as a cross-linker to design 3D conductive scaffolds that can be used to measure impedance and monitor cell growth (Inal et al., 2017). In nerve tissue reconstruction, 2D graphene materials have often been combined with carbon nanotubes as polyester or hydrogel fillers (Gupta et al., 2019; Sun et al., 2021; Huang et al., 2023). The objective is to optimize the material conductivity by ensuring the percolation of the conductive domains, while minimizing the impact of these additives on the scaffold biocompatibility and/or mechanical properties.
Nano- and microparticles and 2D materials are interesting to blend with a polymer matrix to obtain resorbable devices for different reasons. Their size and dimensionality make them soft and suitable to be combined with flexible substrates to match the curvilinear shape of the human body and fasten and ease their resorption. In addition to their electrical properties, they can also confer the materials with additional functional properties, such as optical transparency, when at low concentration or present as a thin layer. The increased surface-to-volume ratio can also increase electric signal sensitivity to the adsorption of molecules or biomolecules. Therefore, the use of such materials is a real asset to design resorbable optoelectronic systems and sensors or biosensors. However, we have to consider that the presence of fillers generally modifies the material’s toughness and stretchability (most of the time, the material becomes harder), which can impact its interaction with tissues.
It is also noteworthy that it is necessary to achieve high payloads of electrical conductors within the polymer matrix to ensure high material conductivity, especially when dry materials, i.e., elastomer- or bioplastic-based substrates are concerned. Indeed, in that case, the electrical conductors have to percolate into the by-nature insulating matrix to ensure material conductivity. In this perspective, the blending strategy is particularly interesting to combine electrical conductors and hydrogels. The ionic conductivity of hydrogels and their porous structure potentially facilitating the percolation of electronic conductors, could offer advantages to achieve conductive materials with moderate electrical conductivities.
When synthetic or natural polymers are used as substrates/scaffolds, it is sometimes required that the polymer chains are cross-linked so that the material is resorbable in the mid to long term but remains infusible when in contact with biological fluids during its use. This is particularly true for hydrophilic polymer networks that are hydrogels. Polymer cross-linking strategies will be detailed in the following sections.
3.1.2 Polymer cross-linking
Cross-linking by physical bonds like H-bonding and hydrophobic interactions, or chemical bonds, in particular covalent bonds, can be achieved through thermal, mechanical, or chemical treatments. A variety of functional groups natively present on synthetic or natural polymers can be exploited for chemical cross-linking, such as alcohols (-OH), thiols (-SH), carboxylic acids (-COOH), and amines (-NH2). Other chemical functions (such as alkenes, alkynes, acrylates, methacrylates, azides, hydrazides, hydroxyamines, etc.) can be introduced, notably to further use click chemistry-based cross-linking strategies that can be performed in water and limit the formation of potentially toxic by-products (Hu et al., 2019; Chiulan et al., 2021; Battigelli et al., 2022; Mueller et al., 2022). Popular chemical cross-linking reactions include Michael additions, Diels–Alder reactions, azide–alkyne cycloadditions, thiol-ene photo-reaction, or photo-initiated methacrylate polymerization. By the modulation of the nature of the polymer, polymer and cross-linker concentrations, and eventually the number of chemical groups per polymer chain (degree of substitution), the crosslink density and hence the porosity and the mechanical and swelling properties of obtained materials can be fine-tuned.
More recently, the limitations of purely elastic polymer networks (i.e., cross-linked with static covalent bonds) were underlined, especially in the field of tissue engineering (Chaudhuri et al., 2015; Chaudhuri et al., 2016; Yang et al., 2016; Morgan et al., 2022). Dynamic polymeric networks, especially hydrogels, were described that can offer self-healing behavior, and dynamicity and stress relaxation properties that exist in tissues (Elosegui-Artola, 2021). Dynamic hydrogels are also intensively explored in the field of wearable bioelectronic systems as outstanding reversible adhesives to interface electronics and skin. Hydrogel/tissue interface interactions can rely on electrostatic or hydrophobic interactions, topological adhesion, and irreversible or reversible (i.e., dynamic) covalent bonding (Cong et al., 2022). In particular, bioinspired approaches such as those based on catechol chemistry (mussel-inspired) allow the establishment of stable and high-strength adhesive interfaces using easy polymer modification by functional moieties such as catechol, dopamine, or tannic acid (Zhang et al., 2020). The conductive version of these adhesive hydrogels is of greatest interest as ideal electrode interfaces between electronic systems and tissues. Other typical dynamic linkages are boronic esters, disulfide bonds, and hydrazine and oxime bonds (Zhu et al., 2023b; Grosjean et al., 2023). In particular, hydrogels obtained by mixing fast equilibrium hydrazide cross-links (Keq ≈ 103–104 L mol–1) and slow equilibrium oxime cross-links (Keq ≈ 106–108 L mol–1) have aroused high interest in tissue engineering (Morgan et al., 2022). They can be easily obtained by mixing an aldehyde or a methyl-ketone–modified polysaccharide with a mixture of bis(hydrazine) and bis(oxyamine) cross-linkers, whose ratio can be tuned to obtain a series of hydrogels with a range of elastic and viscoelastic properties (Su et al., 2010; Koivusalo et al., 2019; Baker et al., 2021; Morgan et al., 2022).
Taking advantage of the polymeric structure of both conducting polymers such as PANI, PPy, and PEDOT and hydrogels, the above-described crosslinking strategies can be pushed further to interpenetrate the two polymeric networks (Rogers et al., 2020; Xu et al., 2020; Chen et al., 2021; Xu et al., 2021; Gao et al., 2022; Zhu et al., 2023a).
3.1.3 Interpenetrated networks of conducting polymers and hydrogels
Conducting polymer hydrogels have garnered particular interest because it is possible to uniquely play with the polymer nature of both the CP and hydrogel scaffold to end with original molecular designs where the two networks are interpenetrated. Integrating CPs within the hydrogel matrix allows the generation of conductive hydrogels that combine the tissue–biomimetic characteristics of hydrogels, such as soft mechanical properties and high swelling ratio, minimizing mismatch at the interface with biological tissues, with the peculiar conductivity of CPs (Liu et al., 2023b).
CP/hydrogel interpenetrated networks (IPNs) can be obtained by different strategies (Xu et al., 2020; Liu et al., 2023b). In a one-step strategy, the conductive monomer and the scaffold precursors are mixed, then the in situ redox polymerization of the conductive monomer (for instance, EDOT) is conducted simultaneously to the reticulation/gelation of the polymer matrix. For instance, a PEDOT:alginate hydrogel to support the 3D culture of brown adipose-derived stem cells was obtained by mixing in one pot EDOT, alginate, ammonium persulfate (as EDOT oxidant), and adipic acid dihydrazide (as alginate cross-linker) (Yang et al., 2020). However, the one-step strategy requires that the scaffold precursors and the conductive monomer react simultaneously, or with orthogonal chemistries. In a two-step strategy, the conductive monomer is mixed within the already cross-linked scaffold and then oxidized chemically or electrochemically to obtain the conducting polymer intertwined within the scaffold matrix. EDOT was chemically polymerized in the presence of a chitosan/gelatin cross-linked scaffold for neural tissue engineering (Wang et al., 2017b). Despite that relatively high conductivity was obtained (0.17 S/cm), the authors first swelled the hydrogel for 3 h in ammonium persulfate buffer, before immersing it in an EDOT/hexane solution to perform EDOT polymerization, probably in order to avoid EDOT polymerization that only occurs at the hydrogel interface. Alternatively, scaffold precursors are dispersed in a conducting polymer dispersion (for instance, a PEDOT:PSS ink), and then polymerized or reticulated. A conductive PEDOT:PSS/silk fibroin/tannic acid adhesive hydrogel that could serve as a skin/electrode interface was developed, where the PEDOT:PSS ink was mixed with silk fibroin before polymer cross-linking using Ca2+ and tannic acid (Luo et al., 2020). Interestingly, Ca2+ can form complexes with PSS, establishing strong interactions between the fibroin and PEDOT:PSS networks. This results in highly stretchable (≈300–400%, up to 32,000% for specific formulations) and adhesive materials, with a conductivity of 3 S/cm.
PSS can also be replaced by another biopolymer-based resorbable dopant, whose cross-linking can lead to the hydrogel scaffold, avoiding dilution of the PEDOT conducting moiety into the material. Our group developed a specific biodegradable hyaluronic-based dopant of PEDOT in order to achieve a PEDOT:HA ink with good conductivity (1.6 ± 0.2 S/cm) in comparison to similar PEDOT:biomolecule inks described in the literature (below 0.1 S/cm) (Leprince et al., 2023a). The introduction of both sulfonic acid and aromatic aminophenylboronic groups on the HA polymer backbone to mimic the PSS structure was shown to enhance ink conductivity above the additive effect, by providing, at the same time, charge carrier mobility and intra-/inter-chain charge transport through PEDOT/aminophenylboronic π-stacking interactions (Figure 5). The HA dopant was further functionalized to introduce alkene moieties that could photo-crosslink with a PEG-bis(thiol) linker to obtain a resorbable PEDOT:HA conductive ink. This ink was inkjetted on a flexible PLGA substrate in order to design a bioelectronic system that could resorb within 2 months in physiological conditions (Leprince et al., 2023b).
IPN conductive hydrogels are characterized by good biocompatibility, easy processing, and high processability (Zhu et al., 2023a). Contrary to a blend of carbon/metallic particles that are island-type distributed into the polymer matrix, the CP chains can come into contact with each other, forming a 3D interconnected conducting network, for electron transporting with relatively low resistance (Yao et al., 2017; Onorato et al., 2019). As a consequence, electronic conductivity in bulk electronically conductive hydrogels not only depends on the intrinsic CP electronic conductivity but also, and more particularly, on the inter-chain connectivity of the CPs and therefore on their spatial arrangement and concentration in the 3D matrix (Li et al., 2017; Xu et al., 2018). Still, limitations of such materials can come from the poor degradability of CPs, unless they are used in their oligomer form. However, the tunability of conductive hydrogel structures and properties make them a real asset in the field of bioelectronics.
The resorbable conductive materials obtained by the blending of scaffolds/substrates and electrical conductors are generally used without significant modification in tissue engineering applications. For these applications, they are applied onto the wound/skin, or implanted into the tissue through surgical intervention or injection. However, resorbable conductive materials can also be shaped into fibers. Another possibility is to combine them with specific patterns of the electrical conductor onto the resorbable 2D substrate to obtain wearable or implanted bioelectronic systems.
3.2 Fabricating composite resorbable conductive micro- and nanofibers
Two main strategies have been described to obtain nano- or microfibers of resorbable conductive material (Wei et al., 2023).
The first strategy uses the blending of the polymeric scaffold, selected for its spinning ability (e.g., PLGA, PLLA, PCL, silk, HA, etc.), and the electrical conductor (e.g., CNTs, graphene derivatives, PEDOT:PSS, PANI, PPy, Au nanoparticles, etc.). The blend can then be processed using microfluidics, extrusion printing, wet spinning, or electrospinning to obtain conductive nano- or microfibers, whose diameter (from a few hundreds of nanometers to a few hundreds of micrometers) highly depends on the production method and processing parameters. For instance, Wang et al. (2017) blended PLA and PANI before electrospinning to yield nanofibrous sheets, suitable for cardiomyocyte culture. The thin material sheets could also be rolled up or folded to obtain different shapes. While microfluidics can be used to design core/shell structured fibers, it is worth noting that such a strategy generally results in fibers that consist of the homogeneous blend of the electrical conductor and polymeric scaffold.
On the contrary, the second strategy consists of first fabricating polymer nano- or microfibers using similar techniques as those quoted before (microfluidics, extrusion printing, wet spinning, and electrospinning, with the two last being the more generally used) and subsequently coating them with the conductive material. This strategy results in polymer-based fibers coated with an electrical conductor layer and is largely used for biomedical applications. It should, however, be carefully handled to avoid the issues of delamination or poor adhesion of the conductive layer onto the fiber substrate and is particularly critical whenever the fibers are foreseen to withstand important elongation (Wei et al., 2023). To overcome these issues, the fibers can be coated with the electrical conductor under stretching, or their surface can be nano- or microstructured or functionalized with chemical groups like silanes or dopamine to promote the adhesion of the electrical conductor layer. For instance, electrospun PLLA fibers were coated with carboxylic- and dopamine-modified MWCNTs, rGO, or a mixture of both (Ramasamy et al., 2022). Poly(dopamine) improved not only the adhesion of the conductive materials but also the hydrophilicity and biocompatibility of the fiber-based scaffolds. Zou et al. (2016) prepared an aligned conductive fibrous scaffold of electrospun PLLA fibers that were coated by a PPy layer co-doped with poly(glutamic acid)/dodecyl benzenesulfonic acid by chemical oxidation. Weak polar van der Waals forces between PPy coating and PLLA fibers ensured the coating's mechanical adhesion. Interestingly, Jiang et al. (2019) used the opposite configuration, with the sheathing of PEDOT:PSS wires by silk fibroin in order to design resorbable (within a few weeks), insulated and flexible, connectors for fully organic bioelectronic systems dedicated to ascorbic acid sensing. “Pure” PPy or PEDOT nanotubes (70–175 nm diameter) could also be obtained by the electrochemical deposition of the conducting polymers onto the surface of PLLA/PLGA sacrificial electrospun fibers deposited on the electrode surface of a microelectrode array (Abidian et al., 2008; Abidian et al., 2009; Abidian et al., 2010). Eventually, the fibers could be aligned if the PLLA/PLGA fibers were so templated (Khorrami et al., 2018). The obtained microelectrode arrays were used for chronic neural recording. The PEDOT nanotubes were also filled with dexamethasone, an anti-inflammatory drug, and released the drug upon electrical stimulation (Abidian et al., 2006). These nanotubes that displayed a large electroactive surface were also implemented as mechanical actuators driven by the oxido-reductive incorporation of ions and water in their structures (Eslamian et al., 2021).
Electrospinning is largely employed to fabricate nano- or microfibers dedicated to medical applications. Interestingly, the electrospun fibers can be collected as fiber mats with a fiber anisotropic distribution, typically to design dressings or wearable bioelectronic systems, or alternatively as aligned fibers, particularly interesting for the oriented growth of neural cells or cardiomyocytes. For instance, Ghosh et al. (2020) electrospun a blend of PCL, collagen, and MWCNTs on a rotating mandrel (Figure 5). The alignment of the conductive fibers could be tuned according to the applied voltage and mandrel rotating speed. Random or parallel fibers could be obtained to study the effect of fiber alignment on nerve regeneration. Interestingly, the MWCNTs showed an end-to-end connection insuring electrical conductivity and a coaxial alignment within the PCL-collagen fiber. Zhao et al. (2022a) designed rGO-functionalized electrospun silk patches for post-infarction repair and observed that the anisotropic arrangement of fibers was beneficial to tissue repair in comparison to a random arrangement or the absence of fibers.
If conductive fibers are mainly used in tissue engineering applications, wearable or implanted bioelectronic systems result from the 2D patterning of conductive materials.
3.3 Patterning conductive materials onto 2D substrates
The classic microfabrication processes used in “hard” and “soft” microelectronics (i.e., lithography, etching, printing, etc.) can be used to produce resorbable bioelectronic systems. The major advantages of these microfabrication technologies are their well-proven and established processes, the collective production of a large number of devices, and the possibility to define micrometric and even nanometric scale patterns or roughness.
3.3.1 Usual microelectronic system fabrication techniques
Classic microfabrication techniques are used for working with a “hard” (typically silicon, silicon oxide) or “soft” (polymer or bioplastic sheet) substrate. During the fabrication process, the soft substrate is most of the time attached to a more rigid one, like glass or silicon. To pattern metals or semiconductor tracks/electrodes and insulation layers, the traditional approach involves a series of sequential steps, such as deposition (evaporation or sputtering), and the application of photoresists through methods like spray coating or spin coating to delineate the areas to be etched or protected. Subsequently, a selective etching process is employed, which can be either wet (involving acids or bases) or dry, using free radicals from various gases (SF6, CF4, etc.). These potentially harsh techniques must be adapted to align with the materials used in the construction of resorbable devices while also meeting the peculiar requirements of bioelectronics, such as device flexibility and stretchability.
Kurland et al. (2013) have developed a “silk protein lithography” technique, for which fibroin and sericin proteins are modified by methacrylate groups to obtain photosensitive resists amenable to lithography patterning. The authors blended PEDOT:PSS dispersion with photosensitive sericin in order to obtain a printable PEDOT-based conductive ink. This ink was then spin-coated onto a 50-µm-thick UV-cross-linked fibroin-methacrylate substrate. Subsequently, the coated substrate was exposed to UV light through a mask and developed in water, resulting in devices featuring water-insoluble conductive patterns made of PEDOT:PSS/sericin on the fibroin substrates with a resolution as low as 1 µm (Pal et al., 2016). The conductive tracks could withstand bending without alteration of their resistivity or charge storage capacity.
To step toward device flexibility necessary for bioelectronics, the first strategy consists of building the functional stack on a sacrificial layer, resulting in a thin chip upon transfer or etching. When applied in the context of resorbable bioelectronics, it is necessary to reduce the thickness of resorbable semiconductive and metallic layers to the greatest possible extent and to subsequently transfer or encapsulate them within thin, flexible, and elastomeric resorbable substrates. For instance, Choi et al. (2021) designed a bioresorbable cardiac pacemaker where a tungsten-coated magnesium (W/Mg) (700 nm thick/50 µm) coil antenna and a radiofrequency PIN diode based on a very thin doped silicon nano-membrane (320 nm) were encapsulated into a 50-µm-thick PLGA substrate. Another critical bioelectronic system specification concerns stretchability. If there exists a large choice of materials to design resorbable stretchable substrates such as resorbable synthetic and natural polymers, as described above, this requirement is much more difficult to meet for conductive tracks. To better address the need for stretchability, i.e., elastic limit in elongation, a common approach is to employ zig-zag or serpentine patterns for conductive tracks, where the resulting increase in track length is compensated by an increase in the track cross-sectional area to mitigate the impedance impact. For instance, Held et al. (2022) designed serpentine tracks on resorbable PGS films and compared the device properties with its non-resorbable Ecoflex (silicone) counterpart. The PGS film patterned with serpentine tracks could withstand 130%–350% elongation at the break without any decrease of track conductivity, similar to the non-resorbable bioelectronic system, and be applied for the design of biodegradable (approximately 60% degradation in 3 months) wearable or implanted strain sensors or electronic circuit boards.
Resorbable carbon conductive fillers can also be introduced in bioelectronic systems through the use of microelectronic techniques. Carbon-based structures such as boron-doped diamond (Hébert et al., 2014) or carbon nanotubes (Keefer et al., 2008) are good candidates to boost the effective contact surface of electrodes. Their surface chemistry can also be tuned to improve cell or protein adhesion. Technically, the growth of an oriented or wild forest of carbon nanotubes directly on the electrode array structure requires substrates compatible with high-temperature processes (in the range of 600°C) such as ceramic, quartz, or silicon as performed by Sauter-Starace et al. (2011) on silicon shanks. To circumvent the substrate temperature limit before degradation, carbon nanotubes may be grown at a very high temperature on a mineral substrate and then transferred onto the polymeric flexible film of interest (Roy et al., 2017). The use of graphene-based materials is interesting to obtain transparent electrodes for optical stimulation and characterization. For example, Williams et al. developed, for simultaneous electrophysiology and optical imaging, arrays of transparent neuronal microelectrodes from ultraviolet to infrared wavelengths and displaying a high signal-to-noise ratio (Park et al., 2014a). To achieve this goal, the authors grew graphene flakes on copper blocks and transferred them onto a flexible substrate using a PMMA sheet as the carrier; the copper blocks were then etched using ferric chloride solution, and any remaining residues were removed with a 1:10 HF solution. Afterward, the PMMA sheet carrier was dissolved in acetone, and the graphene layer was patterned to establish a junction with the metal pads and the edge of the transparent part of the design.
Laser sintering processes have been developed to pattern resorbable metals on elastomeric or bioplastic substrates. A layer of metal microparticles or a metallic foil was initially deposited on the substrate. Subsequently, a laser beam was applied to the targeted patterns, causing the metal to melt and penetrate into the first layer of the film. Rahimi et al. (2018) achieved direct integration of Zn conductive patterns onto a stretchable, resorbable, photo-cross-linked acrylamide-based elastomer. In another study, a Zn foil was deposited on a ≈250-µm-thick polymer film subjected to laser cutting. The laser ablation process enabled the metal to penetrate the substrate to a depth of approximately 50 µm. After encapsulation by a second polymer film, the device was used for wireless thermotherapy on the skin. Feng et al. (2019) demonstrated the feasibility of this approach using Mo, Zn, and Fe, creating a set of different transient wearable bioelectronic systems featuring conductive patterns deposited on degradable substrates (composed of cellulose acetate, CMC, PVA, PVP, and polyvinyl acetate) for optical image display and temperature sensing (Figure 5).
Microelectronic patterns are intrinsically made of a stacking of layers on a 2D substrate. However, recent strategies have led to the transition from 2D to 3D bioelectronic systems. For instance, Dadras-Toussi et al. (2022) developed a 3D multiphoton lithography method to obtain 3D patterns on a polymer substrate using a photosensitive resin based on poly(ethylene glycol diacrylate), PEDOT:PSS, and 3-(trimethoxysilyl)propyl methacrylate as the photoinitiator (Figure 5). Liu et al. introduced the concept of three-dimensional macroporous nano-electronic networks, which they called “syringeable electronics” (Liu et al., 2013; Liu et al., 2015). The concept relied on a 2D mesh network of passivated polymer fibers, some of which were coated by conductive nanowires and nanotubes to define electrical connects and contacts of the device. The thinness of the conductive layer and the flexibility of the mesh made it possible to flex it in a 3D conformation and deform it into a syringe restriction for tissue injection. If system resorbability was not targeted (and hence studied) in these publications, the concept could be applied in the future to the minimally invasive injection into the tissues of resorbable medical devices such as sensors. Rogers et al. developed an alternative strategy to obtain 3D electronic systems from 2D layer stacks (Park et al., 2021). The 3D electrode frameworks were created by encapsulating star-shaped patterned chromium/gold (10/200 nm) thin electrodes into a flexible polyimide substrate of the same shape, which was finally attached to a 30% elongated PDMS elastomeric substrate only at specific locations. When the PDMS substrate relaxed, the encapsulated metal electrodes flexed to create a 3D framework, suitable for the encapsulation of a cortical spheroid (Park et al., 2021). Such 3D advanced strategies are still under development and not yet implemented with resorbable metals to the extent of our knowledge. However, they have already paved the way for innovative designs of transient bioelectronics.
3.3.2 Flexible electronics techniques
Another family of microfabrication processes is that used in the field of flexible electronics. These include spin coating, dip coating, coating through metering rods, spray coating, screen printing, inkjet printing, doctor-blading, and stamping, among others. For instance, PEDOT:PSS conductive materials can be processed by these different techniques by tuning the conductive formulation to display different physicochemical properties (surface tension, viscosity, wettability) playing on the pH, concentration, and ionic strength, and the addition of surfactants, viscosity enhancers, or co-solvents, in the dispersion (Glasser et al., 2019). Poorly viscous dispersions (referred to as “inks”) will preferentially be inkjet-printed, while very viscous ones (referred to as “pastes”) will rather be screen printed. Park et al. (2014b, 2017) developed a stamping method to create conducting polymer patterns on the surface of a gold substrate. Agarose hydrogel stamps with desired patterned posts were fabricated from PDMS mold templates. The stamps were then impregnated for approximately 20 min within a CP monomer (EDOT and pyrrole) and dopant (PSS) solution. The impregnated stamps were then applied onto a gold-coated surface and a voltage was applied between the gold electrode and the hydrogel to polymerize the CP film at the post location. The same stamp could be used several times. The thickness of the CP film was controlled by the application time of the stamp and the applied voltage. Interestingly, each post could be further functionalized by specific biomolecules (avidin and laminin peptide sequence) to create specific cell biorecognition patterns. Extrusion printing is also a very popular technique, mostly concerning hydrogel-based formulations. For tissue engineering applications in particular, the development of bioinks combining hydrogels (conductive or not) with cells has appeared as a very active research field during the last decade. In this case, the printability of the material is the key to obtaining printed structures with satisfactory pattern resolution while preserving cell viability (Gillispie et al., 2020). The use of self-healable and dynamic hydrogels is particularly interesting to achieve this goal (Morgan et al., 2022).
Conductive inks and pastes can be developed with different electrical conductors such as gold nanoparticles, carbon nanotubes, graphene derivatives, or MoS2 sheets dispersed in polymer solutions or hydrogels. Deo et al. (2022) developed a conductive and 3D printable ink combining thiolated gelatin and defect-rich 2D MoS2 nanomaterials (Figure 5). Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) evidenced the porous structure of the gelatin scaffold loaded with a homogeneous dispersion of molybdenum in the matrix. Interestingly, MoS2 ensured material conductivity and acted as covalent cross-links for the hydrogel, ensuring its printability and stability. The material displayed sensitivity to strain, and potentially to pH and biological interactions. As such, it is foreseen to be of high interest for wearable electronics, and for the development of conformable implanted sensors that would necessitate minimal intervention, thanks to the injectability of the materials. Kim et al. (2023b) developed a thermoplastic tungsten-based conductive paste (7 105 S cm−1) composed of a mixture of beeswax (as resorbable matrix), tungsten nanoparticles (as electrical conductor, 500 nm–10 µm size), and glycofurol (as formulation aid). The paste can be filled at moderate temperature (approximately 70°C) into molds and screen-printed, and remains stable at body and room temperatures; it gets degraded in PBS buffer in approximately 80 days. To design resorbable bioelectronic systems, both the substrate and conductive ink patterns should be resorbable. Wang et al. (2019d) designed wearable devices based uniquely on graphene and silk. They combined calcium-plasticized fibroin with graphene (Ca/fibroin/graphene) to directly write or print conductive patterns onto a Ca2+/silk stretchable film. Interestingly, the Ca/fibroin/graphene ink displayed self-healing properties that facilitated printing.
Following deposition of the conductive material (ink or paste) onto the substrate, it is often necessary to post-process the material so that the conductive patterns cannot be subsequently washed out or be rapidly dissolved in biological fluids. This post-treatment should, however, not compromise the material functionality, biocompatibility, or resorbability. Depending on the materials, post-processing can include chemistry, light, or heat treatment. Thermal and UV cross-linking are particularly interesting due to their ease of implementation.
This section has evidenced the wide range of processes that can be used to combine scaffolds/substrates and electrical conductors to obtain resorbable conductive materials with a variety of chemical structures, morphologies, properties, and shapes. The next section is dedicated to the description of the applications of such materials in the biomedical field.
4 APPLICATIONS IN THE BIOMEDICAL FIELD
Various applications of resorbable conductive materials are emerging and are foreseen to expand in the near future; they require different specifications and shall comply with different regulations. After a short section dedicated to material biocompatibility requirements, we will review the different domains of applications of resorbable conductive materials.
4.1 Biocompatibility and other requirements
Wearable devices require sufficient biocompatibility to avoid skin irritation and intradermal sensitization (biocompatibility standard ISO 10993-Part 10: Tests for skin sensitization), whereas implantable devices and tissue substitutes may require the full list of biocompatibility tests required by ISO 10993-1, depending on the contact duration and their invasiveness, in particular ISO 10993-6 (Part 6: Tests for local effects after implantation). In the case of biodegradable materials, the identification and safety of degradation products are also of paramount importance. To this aim, the investigator shall refer to ISO 10993-13 and ISO 10993-15, dedicated to the degradation of products from polymer-based medical devices and metal alloys, respectively. Then, according to the risk analysis, the investigator shall evaluate the tolerable intake (TI) based on the maximum amount of substances below the threshold of adverse effects [the no-observed-adverse-effect-limit (NOAEL)] and modifying factors according to ISO 10993-17. Other material requirements, such as mechanical and conductive properties, also strongly depend on the targeted application. Tissue engineering and 3D cell culture applications demand high biocompatibility because of the intimate contact between materials and cells and require suitable mechanical properties (for instance, soft but stable dynamic hydrogels), but do not require high conductivity (Xu et al., 2021; Gao et al., 2022). On the contrary, a highly conductive material like metal should be used to fabricate the electrical tracks of a resorbable bioelectronic system.
4.2 Medical devices for sensing and recording
4.2.1 Wearable bioelectronic systems
In these applications, resorbable conductive materials are essentially obtained by 2D patterning processes on a flexible, sometimes stretchable, substrate (typically an elastomer or polyester film). Wearable bioelectronic systems are mainly dedicated to sensing, display, and stimulation. Electrical stimulation for wound healing will be specifically addressed in the tissue engineering section since the conductive materials employed can serve both as stimulation electrodes and tissue substitutes.
Most of the described resorbable wearable systems concern physical sensing (strain, temperature) and display. For instance, Wang et al. (2019d) designed a Ca/fibroin/graphene ink whose resistivity was sensitive to strain, temperature, and humidity and that could be printed onto Ca2+/silk stretchable films to design wearable devices. The bioelectronic systems were applied onto the skin as sensing tattoos (Figure 6A). A hydrogel dynamic network composed of PVA, borate, and GO particles partially reduced by dopamine oxidative self-polymerization was applied on the skin as a strain-sensing material (Wang et al., 2019c). Held et al. (2022) designed Galinstan serpentine tracks (approximately 2 mm thick) entrapped between two layers of resorbable PGS/PGS-acrylate or gelatin films. Galinstan is a liquid metal, an eutectic mixture of 68% Ga, 22% In, and 10% Sn (mass%), whose biocompatibility has been assessed (Foremny et al., 2021). The high elongation at a break that can withstand the films was used to design strain sensors to monitor elbow bending (Figure 6B). Feng et al. (2019) developed resorbable, temperature-sensitive, and optically transparent Zn electrodes patterned onto PVA films for temperature sensing or wearable heaters. Using the same materials but different patterns obtained by laser sintering, they designed a partially resorbable device for near-field communication and display.
[image: Figure 6]FIGURE 6 | Examples of resorbable wearable sensors. (A) Wearable resorbable tattoo sensors based on silk and graphene materials: i) silk fibroin (SF) was extracted from B. mori cocoons and mixed with Ca2+ and graphene aqueous suspension to obtain a conductive ink that could be used to directly write or mask-print conductive patterns onto a SF/Ca2+ cross-linked membrane. ii) The resistivity of the obtained devices was sensitive to strain, humidity, and temperature, which makes them useful in designing an electrocardiogram (ECG) recording device (a,b), or respiration (c,d) and temperature (e,f) sensors. Interestingly, the materials presented self-healing properties that made it possible to continue signal recording with conductive pattern fracture and healing. Reproduced with permission, Copyright 2019, John Wiley and Sons, (Wang Q. et al., 2019). (B) Strain sensors based on Galistan metal liquid tracks embedded in gelatin or PGS acrylate (PGSA) films: (i) the gelatin-based sensor was then applied on a volunteer subject to monitor elbow bending. (ii) The device withstood important bending without rupture. (iii) The motion could be monitored by recording the resistivity of the conductive track. Reproduced with permission, Copyright 2022, John Wiley and Sons (Held et al., 2022).
Electrochemical-based sensors hold great potential for sensing and biosensing, and if processed as resorbable, can be used as transient devices deposited onto the skin or injected into the dermis. Liang et al. (2014) obtained a 70-µm-thick graphene/silk conductive composite film using the vacuum filtration of a graphene oxide and silk fibers suspension, followed by the chemical reduction of GO. Platinum nanospheres were then grown onto the film by cyclic voltammetry electrodeposition in order to obtain an H2O2 sensor or a glucose biosensor after immobilization of glucose oxidase (GOx) on Pt nanoparticles. Though no resorbability study was reported, the employed sensing materials could be resorbable and serve to design a transient wearable bioelectronic system. Kurland et al. (2013) developed a PEDOT:PSS/sericin ink loaded with glucose oxidase enzyme that they printed onto a UV-cross-linked fibroin-methacrylate substrate in order to obtain highly sensitive and selective glucose electrochemical sensors that could withstand 30° bending and be resorbed in approximately 4 weeks. Devices comprising PEDOT- or PANI-based inks loaded with enzymes and printed on different substrates for the analysis of a few metabolites (glucose, lactate, and cholesterol) extracted from sweat (Bilbao et al., 2023) hold great promises. The use of micro- or nanostructured patterns (nanotubes and microcups) of conducting polymers combined with GOx or laminin cell adhesion peptide could further enhance the sensitivity of the sensors in comparison to plain films by increasing the sensing surface (Yang et al., 2014). 3D-printed patterns of a conductive resin could further enhance the recognition sensitivity of the conductive hydrogel. Dadras-Toussi et al. (2022) developed a photosensitive resin comprising poly(ethylene glycol diacrylate), PEDOT:PSS, a photosensitizer, and GOx or laminin cell adhesion peptide (Figure 5). 3D multiphoton lithography was used to obtain self-standing 3D patterns of cell-adhesion conductive materials or GOx-coated patterned microelectrodes that exhibited high sensitivity and specificity. These electrically conductive resins therefore appeared appealing for the design of biosensors and sensing in organ-on-chip devices.
However, the development of resorbable sensors is still limited by several barriers that are yet to be overcome. A main limitation is the poor conductivity of some materials, especially conducting polymers when combined with resorbable hydrogels. CPs’ conductivity can potentially be improved by combining them with other conductive fillers such as carbon nanotubes or graphene derivatives although it could stiffen the materials and decrease their flexibility and stretchability. When designing ion-selective electrodes, another important limitation is the present use of non-safe and non-degradable materials in the design of the sensing part (Cánovas et al., 2019). Therefore, the design of fully resorbable electrochemical-based wearable sensors still largely remains an unmet challenge.
Although a few examples of resorbable wearable sensors have been described in the literature, the fact that the devices are laid onto the skin and can be easily removed after use limits their applications. However, the development of wearable resorbable devices can appear as the first step and proof-of-concept toward the development of resorbable implanted bioelectronic systems and presents high environmental interest in reducing electronics waste (Feng et al., 2019).
4.2.2 Implanted microelectrode arrays and bioelectronic systems
The field of cardiac or neural tissue recording or stimulation is a good example to describe the evolution of materials and processes used through the last 25 years, with the objective to progress toward softer, more conformable, and flexible bioelectronic systems intended for use in the heart, brain, spinal cord, peripheral nerve, muscle, and skin (Tringides et al., 2021). Ultimately, it has now turned its attention toward device resorbability, particularly for specific applications such as short- to medium-term monitoring for epilepsy seizure (Yu et al., 2016; Xu et al., 2019a), neural stimulation for temporary pain relief (Lee et al., 2022), or intracranial pressure monitoring (Shin et al., 2019).
The first electrode arrays cleared by the FDA were the renowned Utah array (Rousche et al., 1998). These arrays comprised a hundred silicon cones, each covered by an insulator (silicon dioxide and/or parylene), except for their apex. These devices sparked considerable interest as they offered the possibility of concurrent neural recordings from up to a hundred channels, thus initiating the development of implantable devices for brain–computer interfaces (Hochberg et al., 2006). However, the risks of damaging blood vessels and triggering microhemorrhages, along with inflammatory response and the eventual formation of glial scar, remain very high (Kozai et al., 2015). In response to this challenge, Neuralink has developed a specialized sewing machine capable of gently introducing flexible polyimide shanks into the cortex while avoiding blood vessels, with the assistance of medical imaging. Owing to the substantial difference between Young’s modulus of polyimide and the stiffness of the brain tissue, the thickness of the shank was decreased to attain a targeted range of 1 µm (Lycke et al., 2023). However, for insertion into the brain tissue, as the thinned structure was no longer stiff enough to prevent buckling, the authors utilized a 75-μm tungsten wire affixed to the shank via a biodissolvable PEG adhesive.
Alternately, to reduce the mechanical mismatch with the brain tissue, using softer materials that closely resemble it, such as hydrogels, is a viable approach. A transient microarray for the recording of electrophysiological signals from the cortex was designed by the group of Rogers (Yu et al., 2016). It involved the utilization of thin silicon tracks transferred onto a PLGA film and coated with a SiO2 dielectric layer (Yu et al., 2016). More recently, the same research group introduced a bioresorbable device designed for the transient electrostimulation of the sciatic nerve to act as an electronic pain blocker (Figure 7A) (Lee et al., 2022). In this bioelectronic system, fast-resorbable magnesium was used to design tracks in contact with the external connector (kilo-hertz frequency alternating current pulses sent during treatment), whereas slowly degrading Mo was used to make contact with the nerve. Thin strips of Mo were put in contact with Mg strips using a conductive resorbable carbon wax (C-wax) in a woven electrode pattern. The primary objective of this design was to ensure that the rapid resorption of the 50-µm-thick Mg patterns after the electrostimulation treatment (approximately 10 days in phosphate buffer, 2 months when implanted in rodents) did not impose any constraints on the nerve. The nerves were in contact with 700-nm-thick Moelectrodes that were resorbed over a longer time scale (approximately 2 months in phosphate buffer). Note that different substrate materials were also tested and selected for the fabrication of the system to achieve suitable kinetics of bioresorption. Conducting polymers were shown to improve the bioelectronic interface between metals (gold and platinum) and neural tissues, especially by decreasing the electrical impedance and increasing the charge transfer capacity (Ludwig et al., 2006; Richardson-Burns et al., 2007; Khodagholy et al., 2015). CP nanotubes (70–175 nm diameter) (Abidian et al., 2008; Abidian et al., 2009; Abidian et al., 2010) and microstructures (Antensteiner et al., 2017a; Khorrami et al., 2017) advantageously enhanced the surface roughness of the CP films and improved the cellular response of neurons for chronic stimulation and recording. Our group recently developed a resorbable PEDOT:HA ink that can be inkjet-printed and UV-cross-linked on molybdenum tracks patterned onto a flexible PLGA substrate, to serve as a transient recording device of visual stimuli (Leprince et al., 2023b). The conductivity of the tracks and signal recording was maintained for approximately 4 months of implantation on rat cortex, correlated with the system resorption in vivo.
[image: Figure 7]FIGURE 7 | Examples of resorbable implanted medical devices. (A) Bioresorbable nerve cuff as a stimulator to electronically block pain. i) Schematic representation of the device, showing the Mg/Mo woven electrode structure connected through C-wax. ii) Schematic of the process of the nerve conduction block in the cuff-geometry device. iii) Illustration of the functioning and progressive bioresorption of the device through various stages of its lifetime. iv) Illustration of the in vivo implantation: a subcutaneous pathway for the placement of nerve cuffs and wire interconnects (top) and cuffs wrapping around nerves for stimulation, blockage, and recording (bottom). v) Representative compound nerve action potential (CNAP) measurements at days 1, 5, and 9 after implantation, without (w/o) or with electrical stimulation of the pain-blocking device. Copyright 2022, the Authors, published by Science Advances (Lee et al., 2022). (B) Self-powered implant to stimulate and monitor the resorption of bone fracture. i) Representative scheme of the device, showing the two parts: the self-powering generator (top) and the interdigitated electrode dressing for electrical stimulation (bottom). ii) Triboelectric working principle of the self-powering generator part. iii) X-ray photographs of bone fracture healing (right tibia) with time in rodents, when treated with an active device (i.e., implantation of the fully active device, top row), when treated with the inactive device (i.e., implantation of the device for which the self-powering unit has been disconnected from the interdigitated electrode pattern, middle row), when not treated (no device implantation, bottom row). Reproduced with permission, Copyright 2021, the Authors, published by PNAS (Yao et al., 2021). (C) Resorbable microneedle-based device for in-depth and wireless electrotherapy and drug delivery into injured muscle tissue. i) The device is composed of a drug-loaded PLGA microneedle array assembled with a PLGA sheet comprising magnesium coils acting as an antenna for wireless power transmission. ii) Invasive surgical procedure for the implantation of the device in rat muscle injury models. Scale bar: 1 cm. iii) Muscle healing assessment with (+ES) or without (−ES) electrostimulation at days 5 (D5) and 9 (D9) after treatment: representative H&E staining section images (scale bar: 500 µm) and statistical analysis of muscle injury depth. iv) Photographs of microneedle-based devices implanted in rats at different times after therapy (9 days, 2 weeks, 8 weeks, and 12 weeks). Scale bar: 5 mm. Adapted with permission from Huang et al. (2022), Copyright 2022, the American Chemical Society.
Other microelectrode arrays have been designed for various applications, for instance, interacting with bones. Yao et al. (2021) described a bioresorbable and self-powered implant to stimulate and monitor the resorption of bone fracture. The device was composed of two parts: a self-powering generator with micro-pyramid-shaped PLGA structures between two Mg conductive islands and an interdigitated electrode dressing for bone electrical stimulation and healing monitoring (Figure 7B). It can be foreseen that transient electrochemical sensors (for instance, monitoring pH, lactate, and inflammation) can be of high interest in assessing infection risks during the few months following prosthesis implantation (Dai et al., 2023). A thermoresponsive and injectable self-supporting conductive hydrogel made of collagen and polypyrrole was described to detect glucose by amperometry (Ravichandran et al., 2018). The key issue of connectivity was however not addressed or described, and the demonstration of functionality was made in a piece of meat, evidencing the long pathway to human applications.
Microneedle (MN)-based devices to measure or stimulate in a minimally invasive way through the skin have emerged in the last 10 years (Huang et al., 2022; GhavamiNejad et al., 2023). If the benefit of microneedles essentially relies on their skin-anchoring function, which minimizes potential artifacts due to body movements, they still remain invasive systems for microneedle heights above 80 μm, which makes us consider them as implanted devices. If the anchoring function and improvement of measure quality and reliability can counterbalance the regulatory issue due to the invasiveness of such systems, they should expand rapidly for minimally invasive transdermal sensing in the coming years. Microneedles have so far been made mainly from non-resorbable materials, and intended to be removed at the end of their use. For instance, GhavamiNejad et al. (2023) designed an MN patch for glucose sensing based on a blend of hyaluronic acid, dopamine, PEDOT:PSS, Pt nanoparticles, and glucose oxidase. They associated this MN patch as the working electrode with two other patches made of polycarbonate, coated with a Pt layer (counter-electrode) and Ag/AgCl (reference electrode) for glucose transdermal sensing. In the future, the use of long-term (1–2 months) fully resorbable materials can be a real asset to improve the safety of such devices, as well as their disposal after use. In this perspective, Huang et al. (2022) very recently described a resorbable implantable electronic system composed of a drug-loaded PLGA microneedle array (25 MN of 900 µm height) coated by a tungsten layer (1 µm thick), assembled through a conductive paste (mixture of W nanoparticles and candelilla wax) with a PLGA sheet comprising square-shaped magnesium coils (41 µm thick) acting as the antenna for wireless power transmission (Figure 7C). This device was used for the in-depth electrostimulation conjugated to the delivery of anti-inflammatory drugs (aspirin or ibuprofen) into injured muscle tissue. While the Mg coils resorbed in approximately 8 weeks, the degradation of the PLGA material was slower, within 12 weeks. However, the bioelectronic system was not implanted onto the skin surface but directly onto the muscle tissue using an invasive surgery procedure. The microneedle structuration of the device was therefore used for its tissue-anchoring function but not to reduce the invasiveness of the implantation.
4.3 Tissue engineering
Tissue engineering has emerged as a promising therapeutic approach, aiming to replace damaged tissue with a functional one that is generally grown within a biologically functional scaffold. Notably, efforts have been focused on constructing biomaterials-based scaffolds that resemble the extracellular matrix to promote cellular regrowth, differentiation, and tissue regeneration. However, designing scaffolds that achieve optimal cellular responses and integration with the host tissue remains a challenge. Recently, there has been growing interest in incorporating both electroconductive and bioresorbable properties into biomaterials used for tissue engineering. Electroconductive materials can mimic the natural electrical microenvironment of living tissues, facilitating accurate cell responses and tissue development. Meanwhile, bioresorbable materials gradually degrade and are absorbed by the body, reducing the need for invasive procedures and potential complications associated with permanent implants. Therefore, the combination of electroconductive and bioresorbable properties in tissue engineering scaffolds holds promise for tissue regeneration and functional organ restoration. The following section will primarily focus on exploring the latest advancements in electroconductive scaffolds for understanding the fundamental mechanisms underlying in vitro cellular monitoring and stimulation in the presence of electroconductive elements. Subsequently, the latest advancements in electroconductive and biodegradable materials in tissue engineering will be treated, with a particular focus on the functional restoration of four of the major electroactive tissues: the heart, nervous system, skin, and bones.
4.3.1 Engineered in vitro culture systems for cellular monitoring and stimulation
Nowadays, advanced in vitro culture systems have emerged as valuable tools for studying the intricate structure and functionality of human tissues, bridging the gap between in vitro and in vivo investigations. These systems enable the recreation of physiologically relevant microenvironments, in particular the 3D native extracellular matrix (ECM) that serves as a dynamic scaffold that supports cell adhesion, migration, and differentiation. This capability is crucial to accurately recapitulate complex pathophysiological phenomena and support various applications, such as tissue engineering, regenerative medicine, and drug discovery. In this context, the integration of physiologically relevant electroconductivity into 3D in vitro cell culture models adds a new dimension to their capabilities, as several tissues, such as the heart, nerves, skin, and brain, are known to display electrical properties (Xu et al., 2021). By incorporating conductive materials into hydrogel matrices, it becomes possible to develop scaffolds that not only support cell growth but also provide electrical stimulation to mimic the natural electrical cues found in living tissues. This unique combination of physicochemical support and electrical conductivity promotes cell proliferation, differentiation, and tissue regeneration, making electroconductive hydrogels a promising tool for the development of functional, biomimetic tissue constructs (Min et al., 2018).
Electroconductive hydrogels play a significant role in the monitoring of cell growth in vitro. These hydrogels offer the unique capability of integrating electrical monitoring within the 3D culture systems. The electrical properties of the culture, such as impedance, capacitance, and electrical resistance, can be measured and monitored, which can provide insights into cellular behaviors such as proliferation, viability, and metabolism (De León et al., 2020). The electrical monitoring of cell growth in electroconductive hydrogels allows for real-time and non-invasive assessment of cell behavior. Changes in electrical signals can reflect alterations in cell morphology, cell adhesion, and cellular responses to environmental cues. These electrical cues can serve as indicators of cell growth, functionality, and response to external stimuli (Khan et al., 2019). In particular, impedance measurements at the cell–material interface offer non-invasive and real-time monitoring of cellular behavior and allow to correlate and quantify cell viability over time. Inal et al. (2017) developed a conducting polymer scaffold, made of macroporous PEDOT:PSS integrated with collagen and dodecylbenzenesulfonic acid (DBSA) for the growth and monitoring of MDCK-II cells in a 3D system via electrochemical impedance spectroscopy. The presence of collagen provides cells with a biologically supportive, biomimetic environment to grow. On the other hand, the intimate contact of cells with the electroactive material allows a highly efficient signal transduction at the electrode interface, providing valuable, quantitative insights into MDCK-II growth and migration when compared to the bare collagen scaffold condition (Inal et al., 2017). Furthermore, the possibility to create seamless interfaces between cells and tissues and electronics is gaining significant interests in the contexts where intimate and long-lasting contact is required for monitoring complex in vitro systems. Ferlauto et al. (2018) developed a soft electroconductive interface through the selective electrodeposition of a hybrid material made from alginate and PEDOT:PSS onto platinum microelectrodes within a planar microelectrode array (MEA). The integration resulted in a substantial reduction of both mechanical and electrical mismatch at the tissue/electrode interface. Notably, it significantly reduced the electrical noise during recording when iPSC-derived neurospheres were encapsulated within these hydrogels, in contrast to using bare alginate hydrogels. Additionally, it provided a soft, supportive microenvironment for the long-term growth of organoids.
In addition to cell and tissue monitoring, the possibility to electrically stimulate cells in vitro (via endogenous or exogenous routes) has been shown to deeply influence cell behavior and stem cell differentiation, offering a potential strategy for generating tissue-specific cell types in regenerative medicine and tissue engineering applications (Chen et al., 2019). In a seminal study, a biohybrid hydrogel composed of collagen, alginate, and PEDOT:PSS was shown to induce in vitro maturation and beating properties of hiPSCs-derived cardiomyocytes, upon external electrical stimulations (Figure 8A) (Roshanbinfar et al., 2018). Similarly, the in vitro electrical stimulation of neural stem cells (NSCs) embedded in a collagen-based network containing PPy showed NSC proliferation and differentiation into astrocytes, provoking NSC transcriptome alternation, such as genes involved in cell proliferation and synaptic remodeling (Xu et al., 2022).
[image: Figure 8]FIGURE 8 | Cell-conductive material interactions in advanced hydrogels and scaffolds for in vitro 3D culture models. (A) Biohybrid hydrogel composed of collagen, alginate, and PEDOT:PSS for in vitro hiPSCs-derived cardiomyocyte maturation. (i) Schematic of the conductive biohybrid hydrogel formation (eCA-gel). (ii) Maturation of hiPSC-derived cardiomyocytes in the non-conductive hydrogel control (CA-gel) and electroconductive hydrogels (eCA-gel). Confocal images projection of tissue constructs stained for cardiomyocyte-specific markers troponin I, sarcomeric-α-actin, and connexin 43. Scale bars: 25 µm. Adapted with permission, Copyright 2018, John Wiley and Sons (Roshanbinfar et al., 2018). (B) Porous, conductive scaffold made of alginate and carbon nanomaterials (CNTs and carbon flakes) for the electromechanical differentiation of neural progenitor cells (NPCs). (i) Schematic of the porous scaffold and scanning electron microscopy (SEM) images of the internal structure, showing the entrapment of carbon flakes (red) and CNT (blue) into alginate (gray). Scale bar: 1 µm. (ii) 3D reconstruction of NPC micrographs in scaffolds of different mechanical properties (viscoelastic and elastic) and carbon content (%) after 6 weeks in culture. Staining for oligodendrocyte markers TuJ1 (green), myelin basic protein (MBP, magenta), and NPC (red). Scale bars: 180 µm. (iii) Quantification of the length of myelin for different carbon contents (%) and mechanical properties (viscoelastic, elastic) of the scaffolds. Adapted with permission, Copyright 2022, John Wiley and Sons (Tringides et al., 2023). (C) Characteristics of PEDOT:PSS/peptide-PEG conductive dynamic hydrogels. (i) Self-assembling and representative hydrogel formation through reversible and non-covalent interactions. (ii) Transmission electron microscopy (TEM) images of MSCs encapsulated in the PEDOT:PSS/peptide-PEG hydrogel showing the formation of nanofiber bundles around cells. Scale bars: 500 nm (left) and 1 µm right). Adapted with permission from Xu et al. (2018), Copyright 2018, the American Chemical Society.
The molecular mechanisms underlying electrically induce cell growth and differentiation involves intricate cellular signaling pathways and gene expression regulation (Thrivikraman et al., 2018; Chen et al., 2019; Katoh, 2022). Electrical stimulation triggers the activation of specific ion channels and transporters on the cell membrane, leading to changes in intracellular ion concentrations, particularly calcium ions. These changes initiate downstream signaling cascades, such as activation of protein kinases, phosphorylation of transcription factors, and modulation of gene expression. This ultimately regulates cell growth and differentiation by influencing cell cycle progression, proliferation, and the activation of lineage-specific genes. Additionally, electrical stimulation can modulate the activity of growth factors and cytokines, further contributing to cell growth and differentiation processes. It is however worth noting that the specific molecular mechanisms underlying electrically induced cell growth and differentiation are still partially unclear and can greatly vary depending on the cell type and on the specific characteristics of the conductive material in contact with cells.
It is also evident that cellular differentiation in such systems relies on the combination of mechanical and electrical stimulations through a concert of biochemical and mechanobiological pathways (Bielfeldt et al., 2022). The possibility to independently investigate the two stimuli might give further insight into the biological processes underpinning cell type formation and help develop a more accurate platform for regenerative medicine applications. In a recent study, Tringides et al. (2023) developed a porous conductive scaffold by incorporating carbon nanomaterials (CNTs and carbon flakes) into an alginate hydrogel matrix with tunable mechanical and electrical properties in the range of the typical neural tissue values (Figure 8B). By varying the degree of matrix viscoelasticity and CNT content, the authors could study and characterize the ability of encapsulated neural progenitor cells to grow and differentiate under different electrical and mechanical environments. Notably, it was found that the more viscoelastic and conductive scaffolds produced denser neurite networks and differentiated into astrocytes and myelinating oligodendrocytes. These findings were consistent with previous studies examining the influence of matrix viscoelasticity and conductivity associated with carbon nanotubes (CNTs) on the maturation of neural cells (Chaudhuri et al., 2015; Chen et al., 2019; Samanta et al., 2022). Importantly, this study provides novel insights into the individual contributions of each stimulus, shedding light on their independent effects.
Interestingly, the dynamic rearrangement of the internal matrix nanostructure, as a result of the continuous cell–environment interaction, was shown to further alter the endogenous conductivity of the system. This phenomenon was particularly evident upon cell encapsulation in dynamic hydrogel networks. In an electroconductive PEDOT:PSS/peptide-PEG hydrogel, the assembly of peptide-PEG and negatively charged PEDOT:PSS nanostructure resulted in a dynamic non-covalent network, prone to structural rearrangements under cellular action, such as growth and maturation (Figure 8C) (Xu et al., 2018). Despite that the underlying biological and chemical mechanisms remained undetermined, the increase in conductivity after 5 days of mesenchymal stromal cell culture was associated with a simultaneous marked change in the matrix network structure, with the presence of nanofiber bundles around the cells.
In conclusion, the exploration of the underlying biological processes governing cellular differentiation and phenotypic expression in the presence of electroconductive elements is crucial for advancing regenerative medicine applications. Further investigation of these intricate mechanisms offers an opportunity to develop refined and precise platforms that can accurately replicate the complex cellular environments found in vivo. By unraveling the intricacies of cell–biomaterial interactions at a fundamental level, new insights can be gained into cellular fate determination, lineage commitment, and the modulation of cellular functions, thereby enhancing in vitro modeling capabilities and driving the development of innovative therapeutic approaches for tissue engineering applications.
4.3.2 Cardiac tissue engineering
Cardiovascular diseases, such as myocardial infarction, occur with imparted electrical activity and alteration of the heart's mechanical function, which causes severe damage to the heart tissue, such as the loss of cardiomyocytes (CMs). The infarcted myocardial tissue triggers a pro-fibrotic response, which is responsible for the stiffening of the tissue and loss of contractility. Compared to other tissues, the cardiac regenerative capacity is really limited. In this context, cardiac tissue engineering aims at assembling tissue patches, adhesives, or injectable materials, which can intrinsically integrate with the cardiac tissue. Notably, apart from being biocompatible and biodegradable, those scaffolds should match the mechanical and electrical behavior of the myocardium ECM in order to mimic and transduce the heartbeat. Moreover, as the heart has a low inherent regenerative capacity, it is crucial that these systems allow for the maturation and differentiation of implanted cells into conductive and contractile CMs. The conductivity range of native myocardium, which can be used as reference values for designing electroconductive hydrogels for cardiac repair, varies from 5 × 10−5 S cm−1 (transversally) to 0.0016 S cm−1 (longitudinally) (Gao et al., 2022).
The main strategy used in cardiac tissue engineering consists of the addition of carbon nanotubes, gold nanoparticles, and graphene and its derivatives, or conducting polymers such as PPy, PANI, and PEDOT, to hydrogels. The electrically conductive properties of the materials incorporated in ECM-mimic hydrogels have been shown to improve in vivo cardiac function and electrical impulse propagation in the absence of external stimulation (Morsink et al., 2022). On the other side, it is widely accepted that the inclusion of nano- or microstructured materials, regardless of their conductivity, also changes the stiffness and topography of the scaffold, influencing the maturation and irritability of the heart tissue. It has been argued that the incorporation of intrinsic conductive materials results in the formation of tight connections between cell membranes and the scaffold, forming a hybrid conductive network that, in turn, facilitates signal propagation and excitability of heart cells. Furthermore, the presence of nano- or microelectrical conductors has been shown to promote cell attachment and the expression of cardiac-specific markers (e.g., sarcomeric alpha-actin striations and connexin 43 (cx-43) (Morsink et al., 2022). Lee et al. (2019) have characterized the effects of the addition of CNTs, GO, and rGO in gelatin methacrylate (GelMA) hydrogels on cardiomyocytes' function and behavior, underlying the importance of directing cardiac tissue regeneration through mechanical and electrical cues of carbon derivatives. GelMA-CNT and GelMA-rGO scaffolds resembled typical stiffness values of the heart, featured electrophysiological properties, and displayed electrical conductivity. Surprisingly, the different types of carbon functionalization direct different types of in vitro tissue maturation. While GelMA-CNT hydrogels led to ventricular-like tissue, GelMA-GO hydrogels guided to atrial-like tissue. This is likely the result of the integrin-mediated differentiation of the CMs, which was stimulated differently by using different carbon nanoparticles and thus different gel topography.
Injectable electroconductive hydrogels can be deployed into the infarct site and surrounding area to promote myocardial tissue function restoration, providing an effective and minimally invasive method. Once injected into the myocardium, the hydrogel undergoes fast in situ polymerization, not only acting as a structural support for the damaged tissue but also bridging the electrical mismatch between healthy and damaged CMs, promoting cardiac resynchronization (Gao et al., 2022). Liang et al. (2018) developed a series of electroconductive hydrogels by combining PPy with gelatin and PEGDA via a two-step Michael addition reaction. The injectable material was directly painted into the infarcted area in a myocardial infarction rat model, and in situ polymerization occurred in less than 10 s, avoiding any adverse hydrogel leakage and creating a seamless interface between the hydrogel and the tissue. Four weeks post-implantation, the PPy-containing hydrogels were mostly degraded, likely due to enzymatic and hydrolysis degradation, and the cardiac tissue presented a remarkably improved electrophysiological signal restoration and reconstruction. Injectable hydrogels could also load cells, drugs, and biomolecules into the tissues, further boosting myocardial restoration and cardiac function. Bao et al. (2017) developed an injectable PEGDA-melamine/hyaluronan-thiol (HA-SH)/GO hydrogel, where GO interacted with the melamine core through π–π conjugation, and this was loaded with adipose-derived stem cells. The flowable behavior of the hydrogel allowed the safe injection of the cells into the myocardial infarction area in rats, by mitigating the injection-associated shear stress. In vivo results have shown a remarkable improvement in heart function, characterized by an increase in ejection fraction and reduction of the infarcted area together with enhanced angiogenesis (Bao et al., 2017).
Among other electrically conductive nanoparticles, AuNPs are widely employed for cardiac tissue engineering due to the ease of producing particles with different sizes, shapes, and surface properties, allowing for tunable electrical and mechanical properties. Saravanan et al. (2018) incorporated graphene oxide gold nanosheets (GO-Au) into degradable chitosan polymer. In vitro, the scaffold exhibited Go-Au concentration-dependent degradation properties, supported cell attachment and maturation, displayed no cytotoxicity, and increased electrical conductivity and signal propagation. When tested in vivo, in a rat model of myocardial infarction, the cardiac patch showed improved heartbeat, contractility, conductivity, and restoration of the ventricular function. However, despite low levels of inflammation, contrary to the in vitro tests, after 5 weeks post-implantation, the patch was still present in the heart, suggesting the need for more elaborative studies on the long-term fate of this class of implanted scaffolds and their long-term effects on cardiac function (Saravanan et al., 2018). In general, to be clinically relevant, cardiac patches should withstand the continuous, dynamic-stress environment of the heart and should hold great tissue adhesion, enabling tissue restoration while providing mechanical and electrical support to the infarction site. As such, conductive dynamically bonded hydrogels, featuring self-healing behaviors, are the desired materials to mimic the ability of native cardiac tissue to regenerate through the continuous formation of new chemical bonds (Rogers et al., 2020). To further enhance hydrogel wet-adhesion to tissues, conductive dopamine-based materials have been widely employed due to their notable gluing properties. To this end, Jing et al. (2017) developed electroconductive chitosan-based hydrogels functionalized with GO and featuring dynamic, self-healing, and self-adhesive behavior, by the incorporation of poly(dopamine). In vitro cell culture results showed enhanced viability and proliferation of human stem cell-derived fibroblasts and CMs in the conductive chitosan–dopamine/GO hydrogels, as well as faster, spontaneous, and physiologically relevant beating rate when compared to the non-conductive control.
Interestingly, Wu et al. (2020) developed a combined approach therapy, by synthetizing two types of biodegradable and bio-conductive hydrogels for the co-administration of a self-adhesive conductive hydrogel patch and injectable and self-healable hydrogel to the infarcted myocardium (Figure 9A). The dynamic, injectable hydrogel, obtained via Schiff-base hydrazone bonds between oxidized HA and hydrazide-functionalized HA, was first injected at the infarcted area in order to provide mechanical support and promote angiogenesis. Subsequently, the self-adhesive hydrogel patch, obtained by combining gelatin-dopamine and dopamine-modified PPy upon Fe3+ trigger, was painted and rapidly bound to the outermost layer of the beating myocardium in order to provide high hydrogel–tissue integration and homogenous electrical conductivity. These combined hydrogel/patch approaches featured good biodegradability of both materials upon in vivo implantation and a more pronounced improvement of the conductive functions, in terms of electrophysiological, histological, and antigenic outcomes when compared to single-mode systems (cardiac patch or injectable hydrogel) (Wu et al., 2020).
[image: Figure 9]FIGURE 9 | Conductive hydrogels for tissue engineering applications. (A) Co-administration of an injectable hydrogel (HA-CHO/HA-CDH) and an adhesive conductive hydrogel patch (Gel-DA/DA-PPy) to treat myocardial infarction. (i) Schematic depicting the synthesis and co-administration of the two hydrogels. (ii) Masson's trichrome-stained sections showing infarct size and related fibrotic tissue (blue stained infarct scar) of the myocardium for the untreated group (top) and the hydrogels co-administration group (bottom). Scale bars: 1 mm. Adapted with permission from Wu et al. (2020), Copyright 2020, the American Chemical Society. (B) Injectable, conductive, self-healing hydrogel (ICH) scaffold for spinal cord injury repair. (i) Schematic illustration of the hydrogel, based on amino-modified gelatin (NH2-gelatin) and aniline tetramer-grafted oxidized hyaluronic acid (AT-OHA), loaded with exogenous neural stem cells (NSCs) and its administration in a rat model of total spinal cord injury (SCI). (ii) Total spinal cord resection samples 6 weeks after implantation of ICH, NSCs-loaded ICH (ICH-NSCs), and without any treatment (control group). (iii) Semi-quantitative analysis of the proportion of neurofilament 200 (NF200)-positive regions in rats by immunofluorescence staining. Adapted with permission from Liu H. et al. (2023), Copyright 2023, the American Chemical Society. (C) Conductive hydrogels for skin repair and wound dressing. (Top) Trans-epithelial potential and electric field at the wound site before and after the healing process. Reproduced with permission, Copyright 2020, John Wiley and Sons (Korupalli et al., 2021). (Bottom) (i) Diagrammatic sketch of soft hemostatic antioxidant conductive HA-DA/rGO@polydopamine (PDA) hydrogel preparation, macroscopic characteristics, and implantation at the wound site. Scale bar: 5 mm. (ii) Pictures of wounds at days 3, 7, and 14 post-implantation. (iii) Granulation tissue (red arrows) thickness for the different groups on day 14 post-implantation. Scale bar: 500 µm. Tegaderm: commercial film dressing (control); HA-DA/rGO0: HA-DA hydrogel in the absence of rGO, HA-DA/rGO3; HA-DA hydrogel cross-linked with rGO@PDA, HA-DA/rGO3/Doxy: doxycycline-loaded HA-DA/rGO@PDA hydrogel. Adapted with permission, Copyright 2019, John Wiley and Sons (Liang et al., 2019). (D) In vivo study of conductive 3D-printed PCL/MWCNTs scaffolds for bone tissue engineering. (i) Schematic illustration of the experimental setup: synthesis of the conductive scaffolds and their implantation with electrical stimulation (ES) treatment. (ii) Bone defect formation in the animal model and bone tissue formation with and without conductive scaffold after 60 days. (iii) Cross-section histological images of bone tissue formation at the bone defect for all groups (PCL, PCL/MWCNTs 0.75% wt and PCL/MWCNTs 3% wt) after 60 and 120 days, with and without electrical stimulation (ES). Adapted from eSilva et al. (2021), Copyright 2022, Springer Nature.
4.3.3 Nerve tissue engineering
Nerves' regrowth upon injury can be slow and often results in incomplete functional recovery as a consequence of the limited nervous tissue regenerative capacity. Endogenous and external electrical stimulations have been shown to promote nerve growth, enhance axonal regeneration, and guide the direction of nerve growth. Similar to cardiac tissue, recent studies have shown that conductive hydrogels can be used as electrical stimulators and greatly promote neural cell proliferation, elongation, orientation, and neuronal differentiation, making these scaffolds promising for tissue repair (Rogers et al., 2020; Gao et al., 2022). Notably, conductive hydrogels employed as structural and electrical “functional bridges” at the lesion site could stimulate new neurogenesis and subsequent functional neural network formation. Such hydrogels are also the most suitable candidates for delivering stem cells, retaining and protecting cells after injection at the target tissue, and even directing the differentiation of neural stem cells by fine-tuning the modulus and conductivity of hydrogels. Notably, electrical stimulation in the presence of neural stem cells (NSCs) has been demonstrated to enhance their differentiation toward a neuron-like phenotype, as evidenced by a general increase in TuJ1 expression and the development of longer neurites, promoting neuronal differentiation over astrocyte differentiation (lower GFAP levels of expression) (Zhu et al., 2019; Sordini et al., 2021).
Spinal cord injury is a serious and disabling health issue that causes loss of motor functioning and sensing. It causes neural necrosis and axonal disruption with a low to null regenerative capacity. Implantation of injectable conductive hydrogels can restore the spinal cord by providing physiologically relevant electrical signal pathways (estimated to be 8–100 S cm−1 for the spinal cord). The promotion of specific cell proliferation and differentiation at the injured site has been shown to be a promising clinical treatment. Liu et al. (2023) developed injectable, biodegradable, and self-healing hydrogel scaffolds based on aniline tetramer grafted onto oxidized hyaluronic acid and amino-modified gelatin, eventually loaded with NSCs (Figure 9B). The resulting hydrogels displayed electroconductive (134 S cm−1) and mechanical (G′ = 446 Pa) properties that matched the natural spinal cord values. When injected into the back skin tissue of Sprague–Dawley rats, it showed good compatibility and complete degradation after 16 days (aniline tetramer is generally metabolized in physiological environments). Furthermore, when injected in a rat model of total spinal cord resection, the loaded NSCs differentiated into neurons and further grew into new nerve axons. The self-healing properties, together with the good conductivity of the hydrogel scaffold promoted endogenous neurogenesis, by providing continuous tissue electro-activity, which finally led to nerve regeneration and locomotor function recovery. Notably, the controlled degradation rate of the hydrogel allowed the complete axon integration within the tissue, without hindering their prior growth and connection (Liu H. et al., 2023). Similarly, Luo et al. (2022) developed an ECM-mimic hydrogel composed of borax-functionalized oxidized chondroitin sulfate, PPy, and gelatin, featuring injectable, self-healing properties (Schiff-base and borate-diol ester dynamic bonds), as well as physiologically relevant electrical (50 S cm−1 conductivity) and mechanical (G′ = 930 Pa) properties. The injection of such hydrogels into the injury site to fill the lesion cavity promoted endogenous neural stem cells' neurogenesis and induced myelinated axon regeneration into the lesion site, thereby achieving significant locomotor function restoration in rats with spinal cord injury. Hydrogel degradation occurred within 21 days post-implantation (into rat subcutaneous tissue) with no histological damage to major organs (kidney, heart, liver, and spleen) (Luo et al., 2022). Furthermore, external electrical stimulation was proven to enhance recovery of nerve injuries. Zhang et al. (2021) developed a wireless method for spinal cord regeneration by developing magneto-metric Fe3O4 Ba TiO3 NP loaded with biodegradable ECM-like HA/collagen hydrogels and used an external magnetic field to induce electrical stimulation. Transplantation of this scaffold with wireless stimulation in the rat hemi-section spinal cord injury model showed the promotion of neural regeneration and paved the way for non-invasive remote control electrical devices for soft tissue stimulation. Contrary to the central nervous system, the peripheral nervous system has a good regenerative capacity after injury. Nevertheless, the complete restoration of nerve defects remains a big clinical challenge due to the side effects related to the use of autologous grafts as the golden standard, such as donor shortages, rejection, and infection risks. In the framework of tissue engineering, nerve guidance conduits (NGCs) are promising alternatives to nerve auto-grafting (Vijayavenkataraman, 2020). NGCs are generally tubular polymeric scaffolds that act as functional bridges between the injured nerve endings, providing structural and trophic support for the axon reconstruction along the conduit. As such, the requirements for an ideal NGC include suitable mechanical properties and structural support for promoting the longitudinal alignment of the new axons, high porosity, biocompatibility, and electrical conductivity. In this regard, an NGC made of PEDOT NPs incorporated in a tetrapeptide-modified chitin hydrogel was developed (Huang et al., 2021). The incorporation of PEDOT NPs, together with the highly porous structure of the hydrogel film, significantly promoted sciatic nerve regeneration after 20 weeks, featuring gastrocnemius muscle restoration and thickness of myelinated axon, similar to the auto-graft control groups. Despite the promising results, data on the conductive hydrogel degradation rates were reported only for in vitro experiments. Park et al. (2020) developed conductive NGCs by polymerizing in situ a GelMA/GO composite hydrogel using an annulus mold and further chemically reducing it to the r(GO/GelMA) form under mild conditions. The obtained material featured suitable mechanical stability (57 kPa Young’s modulus), permeability, flexibility, and electrical conductivity (90 S cm−1) for nerve restoration. In vitro, the hydrogel at its reduced form r(GO/GelMA) displayed remarkable neurogenesis capacity compared to the non-reduced form and pristine GelMA hydrogel, likely due to the electroactive interaction of rGO within the hydrogel. In vivo studies with a 10-mm peripheral defect model showed that the r(GO/GelMA) material significantly promotes neural regrowth, myelination, and functional regeneration of muscle and nerve tissues within 8 weeks post-implantation, without significant toxicity to other major organs. Nevertheless, at week 8, the r(GO/GelMA) hydrogel was only partially degraded at the implantation site (Pyarasani et al., 2019). Despite encouraging in vitro data on the degradation kinetics of hydrogel, future long-term investigations on material degradation and its systemic toxicity are necessary.
4.3.4 Wound dressing and skin repair
Similar to the myocardium and nerves, the skin also exhibits sensitivity to electrical signals, characterized by a conductivity ranging from 2.6 to 1 × 10−7 S cm−1. In intact skin, the epithelial tissue transports ions to the epidermis to form a transdermal potential (∼10–60 mV). When a wound occurs, the homeostatic balance of the transdermal potential is disrupted, resulting in a potential decrease at the wound site and the formation of positive currents flowing toward the wound center. As a result, the formation of these endogenous electric fields promotes cellular recruitment and proliferation at the wound site, following the electrical gradient (electrotaxis), until complete wound healing is achieved, and the initial transdermal potential is restored (Shaner et al., 2023).
Therefore, to enhance such a regenerative capacity of the skin and accelerate the healing process, conductive hydrogel dressings can be employed. Such materials applied at the wound site should possess multifunctional properties. Notably, conductive dressings should exhibit adhesiveness to secure the dressing, possess antibacterial properties to prevent infections, scavenge radicals to minimize oxidative stress, and have sufficient conductivity and good mechanical properties to support cell migration, proliferation, and tissue regeneration. In this context, a series of soft hemostatic antioxidant conductive hydrogels based on HA-graft-dopamine and rGO have been developed (Liang et al., 2019) (Figure 9C). In vivo, the injected hydrogels showed high tissue adhesive properties, viscoelasticity, conductivity, and hemostatic ability. The hydrogel dressing showed substantial tissue repair after 7 days of treatment in a mouse full-thickness skin defect repair model, accelerating epidermal remodeling and promoting neovascularization at the lesion site. Furthermore, in vitro drug release studies in physiological conditions and zone of inhibition tests of antibiotics-loaded hydrogels showed a promising sustained drug release capacity of these hydrogels (Liang et al., 2019).
Apart from the re-establishment of the skin's endogenous electrical field through conductive dressing, the application of an external electrical field can also improve wound healing. Lei et al. (2021) developed an adaptive conductive hydrogel by incorporating tannic acid and human-like collagen into a polyvinyl alcohol and borax hydrogel dynamic cross-linking network. The dynamicity of the bonds imparted the hydrogel with self-healing and self-adaptive behavior at the wound site, which facilitated cell-to-cell signaling, promoted hemostatic repair, and maintained hydrogel structural and functional capacity. Furthermore, such adaptive behavior allowed endogenous and external current conduction, promoting electrostimulation in wound tissue. The combination of electrostimulation and hydrogel greatly promoted L929 cell migration and proliferation and in vivo wound healing, with subcutaneous tissue (blood vessels and pores) reconstruction. In vivo degradability tests showed gradual and complete hydrolytic degradation of the hydrogel in accordance with wound repair, avoiding any possible secondary damage due to adhesive peeling (Lei et al., 2021). Interestingly, the incorporation of additional characteristics into these electroconductive hydrogels could impart them with superior regenerative capabilities for a broad range of tissue engineering applications. In this context, Li et al. (2020) developed biomechanically active conductive hydrogels that could promote wound healing through the combination of biomechanical and biochemical functions. By combining quaternized chitosan, poly(dopamine)-coated reduction graphene oxide and poly(N-isopropylacrylamide), a series of multifunctional, injectable hydrogels have been developed. While the biochemical characteristics provided the hydrogels with self-healing, antioxidant, and adhesive properties, as well as good conductivity, the self-contraction ability of the poly(N-isopropylacrylamide) in response to temperature changes played a crucial role in wound closure, leading to a significant improvement in tissue restoration in an in vivo full-thickness skin defect (Li et al., 2020).
4.3.5 Bone tissue engineering
Bone has a naturally good regenerative capacity to recover small bone defects; however, larger fractures generally require external intervention to restore the damaged tissue (Schemitsch, 2017). In this context, bone tissue engineering demands the creation of biocompatible, osteogenic scaffolds, which can sustain the dynamic nature and irregular structure of the microenvironment of the bone. These scaffolds should allow bone tissue remodeling and regeneration, providing physicochemical properties for osteoblast attachment, strong mechanical properties, and scaffold mineralization. Bone tissue engineering undergoes a process initiated by the migration and recruitment of bone cells, subsequently followed by proliferation, differentiation, and matrix formation (calcium deposition) (Mostafavi et al., 2020). Electrical stimuli play a key role in a broad spectrum of biological processes involved in bone regeneration, such as angiogenesis, cell division, and signaling. In this context, conductive hydrogels have been shown to effectively stimulate and sustain the effect of endogenous electric fields in bone tissue repair (Arambula-Maldonado et al., 2022).
In order to increase scaffold elastic modulus, roughness, and conductivity, the main strategy consists of the development of functional hybrid hydrogel/fiber composites. Notably, the combination of fibrous PANI in a graphene-containing hydrogel demonstrated that the inclusion of conducting fibers yielded materials that better supported human osteoblast-like cell adhesion, proliferation, and morphology when compared to hydrogel alone (Khorshidi et al., 2018). However, considerations on the in vivo biological toxicity of PANI, especially in the form of fiber, must be taken into account. On the other hand, the introduction of GO to porous hydrogel matrices was shown to significantly improve the efficiency of the mineralization process through electrostatic interactions, which sustained crystal growth and apatite deposition. In another study, β-cyclodextrin (β-CD)-functionalized rGO was used as a conductive component and mixed with GelMA/acryloyl-β-cyclodextrin (Ac-CD)-based photo-cross-linked hydrogel (Li et al., 2022). Such a hydrogel was shown to accelerate the in vivo defect repair in a rat skull defect model by promoting collagen deposition and mineralization. In vitro degradation tests confirmed the ability of the hydrogels to provide adequate mechanical and structural support in the early stages and to subsequently undergo gradual degradation, providing a good foundation for in vivo bone repair (Li et al., 2022).
Recently, conductive scaffolds were also obtained through the incorporation of multi-walled carbon nanotubes (MWCNTs) in a biodegradable PCL hydrogel and cut to fit the bone defect in rat skull models (eSilva et al., 2021) (Figure 9D). Upon exogenous electrical stimulation over a period of 120 days, thicker bone tissue reformation was observed, along with angiogenesis and mineralization. In particular, the combination of conductive hydrogel and electrostimulation was shown to play an important role in bone remodeling, inducing osteoclast formation and functioning.
5 CHALLENGES AND PERSPECTIVES
As shown in this review, the field of resorbable conductive materials applied to biomedical applications is emerging and already fast expanding, giving rise to a growing interest in the community of advanced medical devices and tissue engineering. This is shown by the large number of publications in the domain reported in this review, and their novelty (>75% in the last 5 years, >95% since 2013). The field of resorbable bioelectronic systems is relatively young compared to chronic implantable devices such as pacemakers, deep brain stimulators, neural stimulators, or cochlear implants. However, there exist already several proofs of concept at the in vitro and preclinical (mainly in rodents) stages. The fact that implanted systems may be designed as resorbable is expected to extend their use to non-chronic pathologies requiring transient therapy and/or monitoring. Tissue engineering applications are quite novel in general, and the use of conductive materials will help address important applications (for instance tissue healing and heart and nerve reconstruction) that are still at the proof-of-concept stage. Therefore, it can be foreseen that the requirement for resorbable conductive materials that can optimally interface with tissues or act as tissue substitutes will quickly expand in the coming decades.
Another striking point that appears through this overview is the variety of employed polymer substrates/scaffolds, electrical conductors, and processes, which can be used to obtain resorbable conductive materials. This is largely accounted for by not only the large range of addressed biomedical applications but also the wide panoply of available components (scaffolds and electrical conductors) that allow choosing different strategies to design and fabricate resorbable bioelectronic systems, implants, or tissue substitutes. The variety of proposed approaches in the domain is interesting in order to meet the different challenges yet to be addressed.
Technical challenges concern the fabrication processes, stretchability and conformability of the devices, as well as material conductivity. In addition, communication of the implanted device with the external world has to be adressed in terms of electric and power connectivity, as well as for eventual information transfer. Concerning the fabrication process, the adhesion between different device layers, or at the interface between metals and polymers, for instance, can still be an issue, with poor adhesion or delamination being a source of low electrical contact (and hence low device performance) and/or premature degradation. For certain applications, such as spinal cord stimulation or recording, the stretchability of the device is key. The more stretchable it is, the better it can withstand large displacements and torsions in the spine during movements. In this perspective of high stretchability/conformability to tissues, conducting polymer-based materials, thanks to their mechanical and structural properties, appear very interesting in designing electrical tracks or contact electrodes. However, their electrical conductivity is still several orders of magnitude below the ones of resorbable metals. Therefore, innovative chemical designs are still intensively sought to achieve conductive materials presenting simultaneously features of high conductivity, stretchability, and biocompatibility.
Another challenge concerns the identification of relevant medical applications that will boost scientific and technical developments, in particular in the field of resorbable implanted bioelectronic systems. For instance, if the resorbable pacemaker prototype proposed by the group of Rogers (Choi et al., 2021) is a remarkable technical achievement, doubt can exist concerning its medical relevance. However, relevant applications of resorbable implanted bioelectronic systems are foreseen in the fields of i) minimally invasive transient monitoring (wearable devices and microneedle-based devices), ii) post-surgery transient monitoring and drug delivery [e.g., for the prevention/detection of infections, the follow-up of orthopedic surgery (bone fracture and prosthesis implantation), and the assessment of flaps resection and anastomosis], and iii) electrical stimulation for the healing of the skin or internal tissue wounds, or for muscular recovery and reinforcement. At the present time, the reported studies mainly appear to be supported by technical research groups rather than by medical teams. The technical signs of progress and first preclinical proofs of concept of devices, implants, and tissue substitutes based on resorbable conductive materials will hopefully pique clinicians’ interest and will lead to the emergence of new applications of these materials.
Concerning the clinical translation challenge, in addition to the identification of relevant medical applications that are already emerging, the main task remains the demonstration of the full resorbability of devices or full integration of tissue substitutes, without any acute or long-term side effects, and the safety of the employed materials. The scaffolds/substrates and electrical conductors that have been described in Section 2 of this review have been reported as “biocompatible” and “resorbable,” but it has to be reminded that material safety has to be evaluated according to its dose, its precise preparation process, its location of implantation into the body and its residence time, its metabolization pathway, its degradation products, and possible migration away from its site of implantation. Some of the described materials are highly questionable, such as CNTs (Mishra et al., 2018) and ZnO or Zn (that will oxide in zinc oxide during its degradation process) (Xia et al., 2008; Jin et al., 2021). In presently reported studies, the resorbability of the materials is mainly assessed qualitatively by photographs or/and indirectly by the measurement of physical parameters such as impedance for an electrical contact, or a quality factor for an antenna. Safety evaluations involve the immunostaining and histology of tissue sections that come into contact with the devices or tissue substitutes. If such preliminary results, which already represent a huge amount of work, can be satisfactory in the first stage of the development of a resorbable material or device, further investigations will be required to enable the translation to the clinic. They include i) the evaluation of the dissolution rate of the material and the comparison of the employed dose with the toxicity intake limits given in meta-analysis databases such as https://pubchem.ncbi.nlm.nih.gov/; ii) the study of the metabolization pathways and identification of the degradation products of the conductive material; iii) the assessment of the biodistribution and the clearance of the material components and degradation products with time in the different organs; and iv) the study of potential side effects in the short and long terms. Another consideration to take into account is that the degradation rate of the material should be aligned as best as possible to its targeted use to minimize risks.
In conclusion, resorbable conductive materials already appear to have a bright future in biomedical applications and serve different purposes in the design of tissue substitutes and optimized interfaces between tissues and medical devices. This already very active research field should expand in the coming years, with intensive work to improve the performances of the materials to simultaneously present features of high conductivity, stretchability/conformability, and biocompatibility and to assess their safe use. These are the necessary conditions for their adoption into the clinics.
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Surgical ansapical Transcatheter
Material ePTFE €PTFE €PTFE + metal anchor
Therapy method | Conventional thoracotomy and cardiopulmonary bypass Minimally invasive, beating heart Interventional and transseptal treatment
Risk and The surgical risk was relatively high, and the postoperative | Risk was lower than surgical, and the prognosis | Risk was relatively low, and the prognosis
prognosis prognosis was relatively slow was faster than surgical was relatively fast
Applicable Younger patients with low surgical risk Patients unable to undergo conventional Patients unable to undergo conventional
patients surgical procedures surgical procedures
Location of Posterior leaflet prolapses, anterior leaflet prolapses or Isolated posterior leaflet prolapses Isolated posterior leaflet prolapses
prolapse bileaflet prolapse
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Therapeutic
strategy

Repair method

Patient
number

Area of lesion

Number of artificial
chordae implanted

EEENES

Surgical Posterior leaflet repair using chordae 192 PML 1-6 Lange et al. (2010)
alone
Double-armed approach using ePTFE 608 PML, AML, Bi-ML 4-8 Salvador et al.
chordae and Carpentier resection (2008)
Loop technique 129 PML 34 Falk et al. (2008)
Simple chordae replacement 74 PML, AML, Bi-ML 2-12 Kobayashi et al.
(2000)
Transapical Neochord Transapical off-pump MVr 10 PML (58.3%), AML 3-6 Kavakli et al.
(26.7%), Bi-ML (25%) (2016)
Transapical off-pump MVr 213 PML (90.6%), AML 3-4 Colli et al. (2018b)
(5.29%), Bi-ML (4.2%)
Transapical off-pump MVr 7 PML 3-4 Grinberg et al.
(2019b)
Transapical off-pump MVr 7 PML 35 Heuts et al. (2018)
Transapical off-pump MVr 6 PML 3or3+ Kiefer et al. (2018)
Transapical off-pump MVr 4 PML 2-3 Wang et al. (2019)
Transapical Harpoon Transapical off-pump MVr 11 PML 35 Gammie et al.
(2016)
Transapical off-pump MVr 5 PML 0-7 Gammie et al.
(2021)

AML, anterior mitral leaflet; PML, poster

‘mitra leaflet;

ML, bilateral mitral leaflet (Figures 1A, B).
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Name

ONPATTRO® (patisiran) lipid complex
injection, for intravenous use

GIVLAARI® (givosiran) injection, for
subcutaneous use

Formulatiol

Sequence: RNA: auggaauacu cuugguuact t

complex with RNA: guaaccaaga guauuccaut t

Aunansts

Administration dose

1V 0f 0.3 mg/kgevery 3 weeks for patients <100 kg; 30 mg/kg every
3 weeks for patients >100 kg

2.5 mg/kg administered once monthly. Dose depends on actual
body weight

OXLUMO® (lumasiran) Injection:
94.5 mg/0.5 mL in a single-dose vial

AMVUTTRA® (vutrisiran) injection, for
subcutaneous use

Loading dose followed by maintenance dose. Dose depends on
actual body weight (loading and maintenance doses of 3-6 mg/kg)

25 mg once every 3 months
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Type of NPs

Carbon nanotube (CN)

Graphene oxide (GO)

Dendrimers

Magnetic
nanoparticle (MNP)

Gold NP (GNP)

Gold NP (GNP)

Silica NP (SNP)

SNP

Calcium phosphate NP
(CaPNP)

Exosome

Composition of NP (=/+) cargo

Multi-wall CN with a mixture of 5.6 wt% ferrocene in toluene
Single-wall CN with amine-functionalized group

GO from Asbury Mills 3061 grade graphite
Vanillin-functionalized NP from a mixture of vanillin with GO
Non-modified native PAMAM dendrimer

MNP prepared by dissolving iron(Ill) acetylacetonate, 1,2-
hexadecanediol, oleic acid, and oleylamine in benzyl ether

Ephedra sinica Stapf extract-capped GNP

Hypericum perforatum extract-capped GNP

Mesoporous SNP

CapNP by incubating BSA and CaCl2 in Dulbecco’s Modified Eagle
Medium

Obtained from adipose-derived mesenchymal stem cells

ytokine and functional response
Induces pro-inflammatory cytokines (Boyles et al., 2015)
Induces TNFa and IL-1p (Gao et al., 2021a)

GO with larger lateral size enhances the production of IL-6, TNFa and IL-
1B (Ma et al,, 2015)

Releases significantly higher level of IL1-B, TNF-a, GM-CSF, IL-6, 1L-8
(Gurunathan et al, 2019)

Triggers secretion of TNFa and IL-1p (Gao et al,, 2021b)

Suppresses chronic inflammatory response and activates acute
inflammatory response (Zhu et al., 2019)

Helped Ephedra sinica Stapf to silence upstream signaling pathways of pro-
inflammatory mediators and cytokines (Park et al., 2019)

Helped Hypericum perforatum to downregulate pro-inflammatory
cytokines (IFN-y, IL-17A and 1L-6) and upregulate anti-inflammatory
cytokines (TGF-p, IL-10 and IL-4) (Mahmoudi et al,, 2022)

Induces the expression pro-inflammatory cytokine genes (IL-1, IL-8 and
TNF-a) (Ghasemi et al,, 2022)

Induces pro-inflammatory cytokines CXCL8 and IL-6 (Lig et al,, 2018)

Facilitated delivery of TNF-stimulated gene 6 knocked mesenchymal stem
cells into liver and silences cytokines (Wang et al., 2020)

Induces higher expression of anti-inflammatory cytokines (Heo et al.,
2020)
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Suture AML AML + PM Other

cv4

Ruptured ePTFE 1 0 0 0

Number 186 238 116 84

patients 45 59 18 17

Rupture rate, % 05 0 0 0
cv-s

Ruptured ePTEE 6 9 0 0

Number 154 394 % 176

patients 4 95 16 2

Rupture rate, % 39 23 0 0
p-value 03 019

AML, anterior mitral leaflet; PML, posterior mitral leaflet.
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Technique

NIL (Hot embossing)

EBL

EBL, Hot embossing

Soft lithography, Hot embossing

DPN

EBL, Hot embossing

BCML with poly-styrene (PS) homopolymer as
an ordering interference reagent

BCML, photolithography
BCML

BCML

BCML, transfer lithography

BCML, photolithography, and transfer

lithography

BCML, with poly-styrene (PS) homopolymer
as an ordering interference reagent, transfer
lithography

Self-assembled diblock copolymers

Dendrimer nanopatterning

Cell type

SMC

Human fibroblasts

Osteoprogenitors from bone marrow
samples, hMSCs

hMSCs

hMSCs

MSCs from bone marrow,
S5a082 osteoblasts.

MC3T3-E1 osteoblasts

REF
HSCs
hMSCs
rMSCs
hMSCs

Human breast myoepithelial cell line,
HUVECs, MEFs, MCF 10A

HEK293T expressing the
EphB?2 receptor fused to the fluorescent
protein mRuby

hASCs

Cell response

Nanopatterned gratings with 350 nm line width,

700 nm pitch, and 350 nm depth in PMMA, produced
cell alignment towards the gratings both of nuclei and
cell body, elongation, polarization of MTOC towards

the axis of cell alignment, and reduced cell proliferation

‘The nanopits (of 100 nm diameter and 100 nm depth
on PMMA) reduced adhesion, spreading and stress

fiber formation. Also reduced the nuclear area and there
was a closer spacing of centrosomes within the nucleus

120 nm diameter, 100 nm depth, 300 nm mean spacing
nanopits in PMMA with different levels of disorder.
Highly ordered nanotopographies produce low to
negligible cellular adhesion and osteoblastic
differentiation

‘The nanopatterned gratings (350 nm line width,
700 nm pitch and 350 nm in depth in PDMS and
TCPS) decreased the expression of integrins and
promote an aligned actin cytoskeleton towards the
gratings. On the rigid TCPs, gratings (500 nm line
width, 1 um pitch and 350 nm in depth) affect the
mechanical properties of the cells

Nanodots with 70 nm diameter, separated by defined
spacings of 140-1,000 nm with different terminal
groups (carboxyl, amino, methyl and hydroxyl).
Spacing and chemistry have different effects on
adhesion and stemness maintenance

Pits of 120 nm diameter, 100 nm depth and a random
displacement of +50 nm, with mean 300 nm pitch in
PCL increase cell adhesion in both cell lines and
promote osteogenic differentiation through adhesion in
MSCs

Integrin clustering depends on the local order of RGD
ligands when the global average ligand spacing is larger
than 70 nm

Cell adhesion more influenced by local (<60 nm ligand
spacing) than global ligand density

32 nm maximum ligand spacing for cell adhesion, and
lipid raft clustering

Maintenance of undifferentiated state favored on
nanopatterns of 68 nm spacing

Large (161 nm) nanospacings favor chondrogenic
differentiation

Adipogenic and osteogenic differentiation favored on
large (95 nm) nanospacings

Integrin clustering and the formation of FAs integrate
the effects of ligand spacing and substrate force loading

Nanopatterns of surface-bound ephrinB1/Fc ligands
accelerate receptor oligomerization (receptor monomer
polymerization was accelerated by 25-30%)

Chondrogenesis and GJIC are enhanced by a
nanopattern configuration in which 90% of the surface
area presents adhesion sites separated <70 nm,
providing an onset for cell signaling

Ref

Yim et al. (2005)

Dalby et al. (2007a)

Dalby et al. (2007b)

Yim et al. (2010)

Curran et al. (2010)

Allan et al. (2018)

Huang et al. (2009)

Deeg et al. (2011)
Altrock et al. (2012)
Medda et al. (2014)
Li et al. (2015)
Wang et al. (2015)

Oria et al. (2017)

Hortigiela et al.
(2018)

(Lagunas et al., 2017;
Casanellas et al., 2022)

SMC: bovine pulmonary artery smooth muscle cells; PMMA: polymethylmethacrylate; MTOC: microtubule organizing centers; hMSCs: human mesenchymal stem cells; PDMS:

polydimethylsiloxane; TCP:
HUVECs: human umbilical ve
I

tissue culture polystyrene; PCL: polycaprolactone; REF: rat embryonic fibroblasts; HSCs: hematopoetic stem cells; rMS
endothelial cells; MEFs: mouse embryonic fibroblasts; MCF, 10A: mammary epi

rat mesenchymal stem cells;
elial cells; HEK293T: human epithelial kidney 293 cells; hASCs: human
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Type Hydrogel

Netural  Alginate

Agarose

Gelatin based

Collagen based

Synthetic  PEG based

Polyisocyanide

Cross linking
Calcium release from EDTA
complex

On-chip picoinjection of CaCl,

On-chip mixing of alginate with Ca
chelators

Competitive ligand exchange
crossinking

Alginate + CaCl; in oil phase
Cooling below 18'C

Cooling on ice and genipin addition
Off-chip UV exposure (GelMA)

On-Chip UV exposure (GelA)

Emulsification in the 37°C oil phase
Heating to 37°C (Matrigel®)

Mixing acrylated PEG with dexiran

Mixing thiolated PEG with PEG-
dimaleimide

Mixing vinylsulfone-PEG with
thiol-PEG

Mixing maleimide-PEG with
dithiotrietol

Mixing of PEGDT with MALDEX

Mixing of thiol-hyaluronic acid with
PEGDA
Heating to above 15°C

Application
Controlled gelation of microgels for cell encapsulation

Picoinjection of CaCl, for controlled gelation of microgels for cell
encapsulation
Testing of different chelators for cell encapsulation in microgels

Cell encapsulation with increased gelation control and improved cell viability

Monodisperse microgels for cell aggregate encapsulation
Pairing of secreting cell with reporter cell and flow cytometric sorting
Pairing of secreting cellwith detection beads for flow cytometric measurement

Encapsulation of cells to monitor cell egress
Moritoring single tumor-cell response to adherence on gelatin microgels
Rapid generation of injectable stem cel-laden microgels fore tissue
engineering

On-chip gelation and retrieval from oi phase for cell encapsulation
On-chip gelation and sorting into agueous medium

On-chip gelation for cell encapsulation

Production of large monodisperse organoids for drug testing

Production of endothelial cell organoids

Production of semi-permeable shell capsuies for multistep processing of arge
biomolecules

Production of hydrogel beads with force-responsive fluorescence

Production of hydrogel beads with tunable stiffness and tunable RGD
functionalization
Production of semi-permeable hydrogel shells for immunoassays

Single-cell encapsulation for culture of clones and subsequent mRNA
sequencing

Monodisperse microgels for cell encapsulation with semi-permeable siica
coating

Prolonged encapsulation of adherent cells for culture with cell retrieval
afterward due to thermoreversibiity

Reference

Utech et al. (2015)

Ahmed and Stokke,
(2021)
Shao et al. (2020)

Héti et al. (2016)

Wang et al. (2021)
Yanakieva et al. (2020)
Chokkalingam et al.
(2013)

Neubauer et al. (2019)
Nan et al. (2019)
Zhao et al. (2016)

Mohamed et al. (2019)
Hong et al. (2012)
Bavii et al. (2021)

Zhang et al. (2021)
Dolega et . (2015)

Leonaviciene et al.
(2020)

Allazetta et al. (2017)
Rahimian et al. (2019)
Zhu, (2010)

Zhao et al. (2021)

Mazutis et al. (2013)

Tiemeiier et al. (2021)
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Limitations

Common metal problems—wear, metal fatigue, and fretting
corrosion

Consequence/mechanism

Affect its service life

References

Guo et al. (2022b)

Metallic heterocurrent

Metal allergy (rate is about 0.6%)

Galvanic corrode

Metallic color and gray appearance

‘When other kinds of metals are around in oral, it is formed

It can cause cellular sensitization; clinical manifestations are
hypersensitivity and anaphylaxis; specific manifestations can be
eczema, urticaria, edema, pruritus of skin, facial erythema,
necrosis, pain, and hyperplastic tissues

It slowly leaks out trace amounts of elements that can be toxic to
humans, such as aluminum and vanadium. At the same time,
the release of Ti ions can upregulate the pro-inflammatory
factor, inhibit the activity of osteoblasts, promote osteoclast
activity, and change the microbial composition of the biofilm
then cause peri-implantitis

It can be seen in thin gingival types or high-smile line patients,
which greatly affects the esthetic effect that has been valued at
present

da Cruz et al. (2021)

Sicilia et al. (2008); Guo et al. (2021a)

Ren et al. (2020a); Kim et al. (2019);
Noronha Oliveira et al. (2018); Alves et al.
(2022)

Azizi et al. (2018); Schwitalla and Miiller
(2013)

Metal design limitations

Density of 4.506 glem®

Poor biological activity, slow healing, porosity, thermal and
electrical conductivity, complex manufacturing processes, and
expensive production costs

Slender central screw used to connect the abutment to the metal
implant is prone to fatigue and fracture when subjected to non-
axial forces and cyclic occlusion. At this time, the rigid Ti
implant cannot drill a hole with a dental drill to remove the
snapped screw

It is about three times the average human bone density

Jiang et al. (2020)

Fu et al. (2021a)

Sagomonyants et al. (2008); Carpenter et al.
(2018); Jovanovi¢ et al. (2021)
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“Microvessels (capillary-like structures) were determined by quantitative histologic staining
(CD31; 1 pixel ~0.46 ym). For further details see Figure 2, (mean + SD, n = 3). [data from
(Dohle et al,, 2021)].
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Knot Analysis 43+ 11 519%115 | 122£06
(dimensionless)

“mean £ SD, n = 4; in t-tests all values of a series differ significantly p < 0.001 from one-
another [see (Dohle et al., 2021) Table 1 and Figure 2].
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PDLLA Nanofiber

BMP-2 [ug/mL] concentration Adsorbed amount [mg/g]

thBMP-2co,  hBMP-2c110

10 (low) 033 £0.06 058 £ 0.10

30 (high) 261 £ 081 340 £ 061

“The adsorbed load (high and low) to the nanofiber fleece from the adsorption solution
(10 and 30 pg/mL) was determined at room temperature after 10-20 h of adsorption by
tracer detection with'?*1-thBMP-2 (Dohle et al., 2021). Mean 3,
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Property advantages

Application significance

ferences

Chemical Resistance to chemical, thermal, and bio-degradation It can be applied to complex oral environments Fu et al. (20212)
properties through various manufacturing methods
Superior processability It enables PEEK to accurately manufacture various | Ma et al. (2020)
complex structures of implants
Resistance to ethylene oxide gas, y radiation, and steam It can withstand repeated sterilization Singh et al. (2019)
Biological PEEK has a two-phase semi-crystalline structure which does not It shows high compatibility with soft and hard tissues | Lethaus et al. (2012); Maloo
properties provide any kind of cytotoxicity or mutagenicity etal. (2022)

Low plaque affinity

Inhibition of peri-implant inflammation

Najeeb et al. (2016b)
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Gene Type Primer (5" — 3')

GAPDH Forward TTGCCATCAATGACCCCTTCA
Reverse CGCCCCACTTGATTTTGGA

RUNX2 Forward AAATGCCTCCGCTGTTATGAA
Reverse GCTCCGGCCCACAAATCT

COL1AL Forward AGGTCCCCCTGGAAAGAA
Reverse | AATCCTCGAGCACCCTGA

ALP Forward ATCTTTGGTCTGGCTCCCATG
Reverse TTTCCCGTTCACCGTCCAC

Osterix Forward TGCTTGAGGAGGAAGTTCAC
Reverse [ AGGTCACTGCCCACAGAGTA

OPN Forward AGCTGGATGACCAGAGTGCT
Reverse | TGAAATTCATGGCTGTGGAA

MMP2 Forward CGGTTTTCTCGAATCCATGA
Reverse GGTATCCATCGCCATGCT

MyoD Forward GGGAAGAGTGCGGCGGTGTCGAG
Reverse TCCGAGAAGGGTGCTGCGTGGAA

Desmin Forward | TCGGCTCTAAGGGCTCCT
Reverse [ CGTGGTCAGAAACTCCTGGTT
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Hydrogel & + SD (nm)® SD (nm &+ SD (nm)
PEG-0 274213 296+05 47207
PEG-50 29420 308+02 260 0.1
CRGD-DWIVA | 293 + 04 [ 302:16 252%17
RGD-cDWIVA | 275 £ 0.7 32001 274£02
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Hydrogel code

Peptide (mM) PM (molar ratio)

PEG-0 0 100:0
PEG-50 0 50:50
CRGD-DWIVA 1 50:50
CRGD-cDWIVA 1 | 50:50
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Parameter

Value (units)

Na 6.022:10% (1/mol)

R 831 (m’ PalK mol)

T )

! 0.146 () (Cruise et al,, 1998)

M, 44 (g/mol) (Merrill et al., 1993)

G 4 (Merrill et al, 1993)

M, 11,800 (g/mol) (Raeber et al., 2005)
M, 20,000 (g/mol)

v 0893

Vi 18 (cm*fmol)

0.4 (Clark et al, 2020)
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1992-2001 2002-2011 2012-2021

Keywords Ps Centrality Keywords Ps Centrality Keywords Ps Centrality
degradation 16 045 degradation 62 041 degradation 158 018
biodegradation 7 0.17 biodegradation 27 028 film 7 0.07
soil 6 o polymer 2 o1 mechanical property 7 0.08
blend 5 0.1 mechanical property 23 014 soil 65 014
polymer 4 0.06 soil 2 023 biodegradation 54 019
polyvinyl alcohol 4 0.02 behavior 19 013 blend 54 0.08
copolymer 3 0.04 blend 18 013 growth 4 005
microorganism 3 0.09 poly (3 hydroxybutyrate) 11 003 polymer 0 007
biodegradability 3 0.02 water 9 002 yield 40 005
film 3 0.03 biodegradable polymer 9 005 water 39 013
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Keywords

bacteria

polymer

poly (3 hydroxybutyrate)
behavior

low density polyethylene
morphology

ldpe

polyester

thermal degradation
wheat

soil

impact

food packaging
nanocomposite

quality

water use efficiency
crop

moisture

chitosan

carbon

Year

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992

1992
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1992

1992
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374
448
5.63
421
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Country (biodegradable
film for
soil)

China
United States
India

Italy

Brazil

Japan

Spain

France
Malaysia
Poland

Ps

231
230
113
82
71
69
56
44
44
40

Percentage (%)

18.90
18.82
925
671
581
565
458
3.60
360
327

TC*

4,592
11,782
2,963
2455
1,085
1,684
1,844
1,726
679
577

TC/P®

19.88
51.23
2622
29.94
1528
2441
3293
39.23
15.43
14.43

h-index

32
46
29
29
19
24
3
22
15
13

Note: Ps: the total number of articles published. TC*: the total citations for a country. TC/P": average number of citations per paper for a country. h-index: according to Hirsch in 2005
(Hirsch, 2005):A scientist has index H if H of his/her Np papers haveat least H citations each, and the other Np-H papers have no more than H citations each, in which Np is the number of
articles published during n years. A higher H-index indicates greater academic impact.
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Institutions (biodegradable Ps Percentage (%) Country TC* TC/P* h-index
film for

soil)

Washington State University 47 385 United States 895 19.04 17
University of Tennessee Knoxville 36 295 United States 806 2239 15
University of Tennessee System 36 295 United States 806 2239 15
Northwest A&F University China 31 254 China 1,085 35 18
Chinese Academy of Sciences 29 237 China 336 1159 11
UT Institute of Agriculture 29 237 United States 723 24.93 14
Centre National De La Recherche Scientifique CNRS 28 235 France 1,136 40.57 18
Consiglio Nazionale Delle Ricerche CNR 24 196 Italy 669 27.88 15
United States Department of Agriculture USDA 24 196 United States 939 39.13 16
Russian Academy of Sciences 19 155 Russia 276 1453 10
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Journal Ps  Percentage (%) Publisher Region Total citations IF  JCI
Polymer Degradation and Stability 64 524 Elsevier SCI Ltd. England 27,899 5207 LI
Journal of Polymers and the Environment 62 507 Springer United States 6,899 353 06

Journal of Applied Polymer Science 41 336 Wiley United States 68,877 2754 07

Science of the Total Environment 29 237 Elsevier Netherlands 210,144 7842 166
Carbohydrate Polymers 2 180 Elsevier SCI Ltd. England 104,570 8678 199
Agricultural Water Management 21 172 Elsevier Netherlands 22,091 512 171
Hortscience 20 164 Amer Soc Horticultural Science  United States 12,336 1617 059
International Journal of Biological Macromolecules 19 155 Elsevier Netherlands 79,247 6737 138
Waste Management 18 147 Pergamon-Elsevier Science Ltd. ~ United States 41,731 7907 116
International Biodeterioration & Biodegradation 17 139 Elsevier SCI Ltd. England 14,127 4719 1.02

Note:JCI:Journal Citation Indicator; IF:
i the average Category Normalized

Journals with a JCI of 1.5 have 50% more citation impact than the average in that category.

-year impact factor, impact factor data from the 2020 edition of Journal Citation Reports® in Web of Science. The Journal Citation Indicator (CI)
tation Impact (CNCI) of citable items (articles and reviews) published by a journal over a recent 3 year period. The average JCI in a category i 1.
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Title Journal Citations Citations Year First author
per
year

Advanced oxidation processes for organic contaminant Critical Reviews in Environmental ~ 2,534 158.38 2006 Pignatello, ]] (Pignatello
destruction based on the Fenton reaction and related chemistry ~ Science and Technology et al,, 2006)
Polylactic acid technology Advanced Materials 1946 88.45 2000  Drumright, RE

(Drumright et al., 2000)
Polyethylene and biodegradable films for agricultural Agronomy for Sustainable 511 5110 2012 Kasirajan, $ (Kasirajan
applications: a review Development and Ngouajio, 2012)
‘White revolution’ to ‘white pollution™-agricultural plastic film  Environmental Research Letters 280 35.00 2014 Liu, EK (Liu et al, 2014)
film in China
Municipal solid waste management from a systems perspective  Journal of Cleaner Production 272 16.00 2005 Eriksson, O (Eriksson

et al., 2005)
Environmental stability of selected petroleum hydrocarbon Environmental Science & 265 10.19 1996 Douglas, GS (Douglas
source and weathering ratios Technology etal., 1996)
Mechanical, barrier, and biodegradability properties of bagasse Industrial Crops and Products 251 2092 2010 Bras, J (Bras et al, 2010)
cellulose whiskers reinforced natural rubber nanocomposites
Macro- and micro- plastics in soil-plant system: Effects of plastic ~ Science of the Total Environment 243 60.75 2018 Qi YL (Qi et al, 2018)
film film residues on wheat (Triticum aestivum) growth
Wood-Based Nanotechnologies toward Sustainability Advanced Materials 226 56.50 2018 Jiang F (Jiangetal, 2018)
Biodegradation behavior of poly (butylene adipate-co- Polymer Testing 223 2478 2013 Weng, YX (Weng et al.,

terephthalate) (PBAT), poly (lactic acid) (PLA), and their blend
under soil conditions

2013)
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Subject category (biodegradable 1992-2001 2002-2011 2012-2021
film for soil)

Polymer Science 41 107 217
Environmental Sciences 24 56 207
Engineering Environmental 19 44 110
Agronomy 2 13 72
Biotechnology Applied Microbiology 15 23 38
Chemistry Applied 3 12 60
Engineering Chemical 6 14 42
Water Resources 11 12 34
Soil Science 3 11 12
Horticulture 1 10 42
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