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Editorial on the Research Topic 
Biological and functional restoration of mechano-and electro conductive tissues and organs: A regenerative approach

The primary mission of tissue engineering and regenerative medicine (TERM) is to mimic the architectural and functional nature of impaired tissues (Berthiaume et al., 2011). TERM has made up significantly for the shortage of organs and tissues after severe trauma or terminal illness. Nevertheless, the complete functional and biological recovery of tissues and organs is still limited due to failure to restore in vitro and in vivo biomimetic scenarios based on tissue engineering. Among various regenerative cues, including chemical, biological, optical, magnetic and mechanical factors, the implementation of advanced pharmacological approaches, electrical and mechanical stimuli have long been underestimated in regard to their potential for the development and improvement of bioengineered and biological tissues, such as the bone, cartilage, muscle, heart, and nerve.
Mechanical and electrical activities play a crucial role in a series of physiological phenomena in the living body and are important for the functionality of mechano- and electro-active tissues, such as bone, cartilage, muscle, heart, brain, spinal cord, and peripheral nerve. Therefore, it is vital to focus on the application of conductive scaffolds and their regulation on endogenous electrical activities in the process of tissue regeneration, with or without exogenous mechanical and electrical stimuli of different paradigms (e.g., intensity, frequency, and wave type). Positive outcomes have been reported in previous literature, but it is poorly understood how electrical phenomena affect cell physiological function-behavior, metabolism, signaling transduction, and gene expression, or how the combination of engineered conductive scaffolds with the specific delivery of therapeutic drugs boosts the regenerative capacity of tissues. For instance, the inter-cellular communication between neurons or glial cells influenced by electrically conductive scaffolds is not well elucidated in nerve tissue engineering. Some preliminary findings were obtained from in vitro studies. Long-term evaluation on the reparative potential of mechanically and electrically conductive biomaterials is the key to identifying a translational approach to advance the field of mechano- and electro-active tissue regeneration therapies.
In this Research Topic, we have covered the latest advances in the modulation of electrophysiological activities of cells, tissues, and organs by conductive biomaterials and their regenerative signaling mechanisms. This has ultimately led to a comprehensive display of papers (10 articles from China, the United Kingdom, Germany, and Australia).
Some papers focused on physiological and metabolic response of excitable and non-excitable cells and tissues on electrically active substrates under mechanical and electrical stimuli in normal and tissue injury environments. Liu et al. stressed the involvement of osteoclasts and osteoblasts in the activation of various mechanical transduction pathways and discussed changes in the differentiation, formation, and functional mechanisms under multiple forms of mechanical stress to bone tissues. Mei et al. designed a mesoporous bioactive glass biomimetic scaffold to enhance cellular adhesion and to improve osteogenic/cementogenic differentiation in human periodontal ligament cells.
Wang F et al. proposed a conductive adhesive and anti-bacterial Zwitterionic hydrogel dressing to repair full-thickness skin wounds. In their study, modulation of electrical paradigms facilitated intercellular communication and transcriptional signaling, mechanical stimulation for angiogenesis and skin development and function supported by conductive scaffolds. Tian Y et al. claimed pro-healing effects of mechanically conductive tissue engineering strategy with bardoxolone methyl on nucleus pulposus cells and tissues by inhibiting extracellular matrix (ECM) catabolism and promoting ECM anabolism. In addition to traditional electrical stimuli, in vitro and in vivo evaluation of wound healing and tissue regeneration technologies of combined electrical stimulation and smart materials also yielded some promising results, including novel electroactive scaffold design and user-friendly application (Nan et al.; Xiong et al.).
Jiang Y et al. reported the Netrin-1 modified adipose-derived stem cells and the combined application of such in vitro and in vivo tissue engineering strategies to accelerate or improve the development and function of bioengineered endovascular tissues. In addition, there are some research papers concerning novel biomaterial design, fabrication and application for mechanobiology/electrobiology and interfacial characterization of these biomedical materials in bone and nerve regeneration (Liu et al.; Yan et al.; Gao et al.).
The improvement in tissue regeneration, either in functionality or morphology, largely depends on the increasing knowledge of the properties of mechano- and electro conductive tissues and organs. The purpose of physical stimulation is generally to simulate the nature of the living tissue and organ itself. For instance, microenvironmental remodeling in nerve repair is essential and influenced by the spatial and temporal changes after nerve injury. This also greatly affects the scaffold design and physiochemical factors of the nano- and micro-scale biomaterials (Qian et al., 2021). The recent progress from this Research Topic provides novel insights into the regenerative approach from a physical or mechanical perspective for various cells and tissues. Some of the exciting techniques and advanced concepts may be valuable for inspiring more applications for potential clinical translation in the near future.
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For achieving early intervention treatment to help patients delay or avoid joint replacement surgery, a personalized scaffold should be designed coupling the effects of mechanical, fluid mechanical, chemical, and biological factors on tissue regeneration, which results in time- and cost-consuming trial-and-error analyses to investigate the in vivo test and related experimental tests. To optimize the fluid mechanical and material properties to predict osteogenesis and cartilage regeneration for the in vivo and clinical trial, a simulation approach is developed for scaffold design, which is composed of a volume of a fluid model for simulating the bone marrow filling process of the bone marrow and air, as well as a discrete phase model and a cell impingement model for tracking cell movement during bone marrow fillings. The bone marrow is treated as a non-Newtonian fluid, rather than a Newtonian fluid, because of its viscoelastic property. The simulation results indicated that the biofunctional bionic scaffold with a dense layer to prevent the bone marrow flow to the cartilage layer and synovia to flow into the trabecular bone area guarantee good osteogenesis and cartilage regeneration, which leads to high-accuracy in vivo tests in sheep . This approach not only predicts the final bioperformance of the scaffold but also could optimize the scaffold structure and materials by their biochemical, biological, and biomechanical properties.
Keywords: osteochondral scaffold, gradient design, volume of fluid model, discrete phase model, cell adhesion
INTRODUCTION
Knee osteoarthritis is a common and frequently occurring disease in the middle-aged and elderly population, including cartilage destruction and subchondral bone thickening (Peat et al., 2001). It ranks first in causing disability in the elderly and seriously affects the quality of life. Large-area cartilage defects can only be treated by joint replacement surgery. In the tissue engineering field, scaffolds play a pivotal role in tissue engineering, which provide a three-dimensional template for cell seeding, temporary mechanical function, and an extracellular matrix environment for tissue regeneration (Karageorgiou and Kaplan, 2005; Hollister, 2006). Osteochondral scaffolds act as an osteoconductive part and serve as delivery vehicles for cytokines like bone morphogenetic proteins (BMPs), thus providing osteoinduction (Groeneveld et al., 1999). Osteogenesis and bone mesenchymal stem cell (BMSC) attachment occur after the implantation of the scaffolds.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | 
Aiming for osteogenesis and cartilage regeneration, an ideal scaffold is needed to provide suitable biomimetic mechanical and biological environments having similar morphology and function like natural osteochondral bone which could optimize integration into neighboring tissues (Healy, 1999; Hubbell, 1999; Sakiyama-Elbert and Hubbell, 2001; Lin et al., 2004; Karageorgiou and Kaplan, 2005; Wu et al., 2017). In general, in vitro and in vivo tests are used to evaluate scaffold bioperformance with high funding cost. An ethical and economical method is needed to evaluate scaffold bioperformance which considers the influence of the material (surface tension and material kinds) and its geometry (pore size, porosity, geometry, and surface area).
Computational analysis is seen as a promising method for scaffold evaluation. Sanz-Herrera et al. analyzed bone growth and formation in a two-dimensional (2D) scaffold by bone remodeling theories which assumed that it is driven by a mechanical stimulus (Beaupré et al., 1990; Adachi et al., 2001; Sanz-Herrera et al., 2008). With the same assumption, Adachi et al. also used the bone remodeling theory with uniform stress hypothesis to express how new bone tissues formed (Cowin, 1993; Adachi et al., 1998; Adachi et al., 2006). However, neither of them involved fluid stimuli in the simulation, which plays an important role in bone tissue regeneration when using an osteochondral scaffold. Moreover, recruiting BMSCs, as the first step of tissue engineering, and simulating BMSC attachment on the scaffold and their distribution is a really significant step in predicting the final bioperformance (Byrne et al., 2007).
Prendergast et al. proposed a theory that mechanical and fluid mechanical stimuli caused stem cell differentiation (Prendergast et al., 1996). And this mechano-regulation method successfully validated tissue differentiation by experimentally surrounding implants (Huiskes et al., 1997). Damian P.B. et al. explored various design parameters of the scaffold in tissue regeneration, and by this method modeling, cell proliferation, migration, and differentiation, he assumed that cells were randomly seeded on the lattice scaffold. However, cells distributed on the scaffold are not random, and it is determined by a lot of complex influence factors—material, surface roughness, geometry, and bone marrow flow speed. After recruiting the scaffold, BMSCs would start proliferating and migrating until they are mature enough to undergo differentiation. The position of cells would finally influence the final tissue formation (Wendt et al., 2006; Santoro et al., 2010). Till now, few researchers have studied cell distribution in the scaffold at the initial stage of the tissue engineering process after surgery since it is impossible to sacrifice animals at the initial stage to observe cell distribution ethically and economically. In that case, computational analysis provided an important solution to investigate this postsurgery process. As it is impossible to observe cell distribution using in vivo tests to validate simulation results, our previous work (Liu et al., 2020) used a numerical cell attachment model with a volume of fluid (VOF) model and discrete phase model (DPM) to investigate the cell seeding process and validated using in vitro tests.
To explore the relationship between BMSC distribution at the postsurgery initial stage and bone formation on the scaffold, the novel model is developed in a more real environment for cell attachment. The bone marrow is set as non-Newtonian fluid calculated by the power law for non-Newtonian viscosity, rather than normal Newtonian fluid like the solution for cell seeding. The model is validated by using in vivo tests in which bone formation and distribution are quantified by a self-designed MATLAB program by analyzing the Micro-CT–scanned image by threshold-based operation. The information of osteogenesis could be obtained not only on the outside of the scaffold but also within the pores of the scaffold. This model is aiming to decrease both in vivo and in vitro tests for optimizing the scaffold design and material properties which could avoid unnecessary time and money investment.
MATERIALS AND METHODS
Bionic Scaffold and Manufacturing
The bionic scaffold has 3 layers shown in Figure 1. The top layer is produced by 10% poly(lactic-co-glycolic acid) (PLGA) solutions in acetone pipetted into 90% freeze-dried collagen scaffold which is called AX-10. The cone structure is combined with an 8.5-mm-diameter and 1.2-mm-height spherical cap on the top and an 8.5-mm-diameter and 1.5-mm-height column at the bottom. The medium layer is 3D-printed with polylactic acid (PLA) composited by one solid dense layer at the bottom and one high porosity truncated cone structure. The high-porosity structure has 4 small layers, and each layer’s column beam has the same direction but perpendicular to the close layer’s beam direction. The column size is 0.5 mm diameter. The PLA scaffold was plasma-treated at 50–60 Hz frequency and with 60% power-oxygen for 3 min on two sides (top and bottom). The samples were then sterilized with 70% ethanol for 15 min. The bottom layer with a high-porosity and high interconnected pore network was printed by an EOS M270 machine with titanium powder. The high-porosity and interconnected structure aims to provide enough routes for nutrient transport like porous trabecular bones.
[image: Figure 1]FIGURE 1 | Biomimetic multi-layer gradient osteochondral scaffold (left: real structure; right: schematic structure).
For large osteochondral defect repair, the PLGA layer is a column design with 8.5 diameter and 1.5 mm height. Below the porous structure, the dense PLA layer is designed as a 0.5-mm-height column with 8 mm diameter. The Ti layer is designed as a truncated cone with 8 mm diameter on the top surface and 5.9 mm on the bottom surface manufactured by an EOS 290 3D printer. To combine three layers together, the PLA layer was melted and pressed into a titanium matrix and fused together by hot fusion. And then, these two layers were submerged into the cross-linked collagen suspension and then freeze-dried.
In Vivo Test
Ethical Aspects and Animals
Five young female sheep with a mean weight of 81.6 ± 6.4 kg were operated in the Royal Veterinary College (RVC). All sheep were treated according to Animals (Scientific Procedures) Act (ASPA). Animal examinations, housing, feeding, and veterinary care were conducted using established procedures. The sheep were housed in a free land with sufficient food and water. Furthermore, sheep can freely move in the outside during the research period.
Surgical Procedure
Under anesthetics, the sheep were bedded carefully on their right side, exposing their left knee. A truncated critical-sized osteochondral defect of 9 mm diameter was created using two surgical drills on the load-bearing area medial to the femoral condyle up to a depth of 10 mm.
According to the surgical operation procedure (Figure 2), first, a small hole was created by using a drill sleeve on the load-bearing area medial to the femoral condyle, and then a nail guide was put into the bone with a 9.3-mm-deep hole. After that, the cartilage of 9.45 mm diameter was removed using a circular cylindrical cutter. Then, a critical-sized, truncated cone-shaped osteochondral defect was drilled up to 8.8 mm depth by using two surgical drills . The truncated cone defect was scoured by water until the biomimic multi-layer gradient scaffold was inserted into the defect.
[image: Figure 2]FIGURE 2 | Presurgical operation procedure: 1–3. Drill the small hole located by a drill sleeve and insert a pin guide into the hole; 4–5. Access the driller bite to create a larger hole, and use special design roam to create a truncated cone hole; and 6. Place the mountain scaffold into the osteochondral defect.
After the surgery, they were housed in individual places for five days restricting their activities at the initial stage of the healing process. In these five postsurgery days, they were treated with analgesia (carprofen 5 mg/kg) and antibiotics (enrofloxacin 10 mg/kg) subcutaneously twice daily. After 3 months, the animals were euthanized under anesthesia. Both legs’ condyles were fixed with paraformaldehyde at room temperature for further analysis.
Micro-Computed Tomography (Micro-CT) and X-Ray Analysis
The X-ray micrographs of limbs were used to look at the stability of scaffolds in the joint. The X-ray scan of pre-euthanized and the postoperative tissue scaffold was performed by using a Nikon XT H 225 machine which offers a powerful 225 kV micro-focus source with real-time X-ray visualization. And the tissue with the scaffold inside was scanned in a small-scale slice-by-slice manner with great resolution. Three-dimensional reconstruction was solved by CTvox and CTan (Bruker, United States) software. The knee joint of the animal was scanned using X-ray immediately after euthanasia to look at the position of the scaffolds within the joint after 3 months.
X-Ray–Based Bone Analysis for Quantification of Osteogenesis and Bone–Scaffold Interaction
2D images from X-ray–scanned objects were utilized to determine the amount of the newly formed bone in the scaffold and bone–scaffold surface interaction values. Due to the high resolution of the scanner, the information within the pores of the scaffolds could be obtained with certainty. Thus, not only the outer but also the inner regions of the scaffolds were taken into account for the determination of osteogenesis.
MATLAB R2017a is used to translate images to binary images at first and then to divide images into the same length grids (Figure 3). As binary images store an unsigned one-byte integer to describe the area between 0 (representing black) and 255 (maximum value—representing white), we defined three threshold values to identify the scaffold and bone structure. As the images are composed of pixels, 10 pixels of the bone and scaffold were selected to define the pixel’s threshold range in the program. To define both ranges accurately, scaffold thresholds are calculated by selecting 10 pixels on the edge of the image (white area) as the pixel in the middle of the scaffold threshold is definitely larger than that in the edge. As for bone threshold definition, 5 pixels with dim color that represent the bone tissue were selected to find the lowest value, and 5 pixels with the lightest color were selected to find the highest value. After careful selection, the thresholds of the scaffold which were seen as white are all beyond 250. And the threshold of the bone could be set between 60 and 180. The thresholding operation is defined as follows:
[image: image]
[image: Figure 3]FIGURE 3 | MATLAB program image analysis of osteogenesis.
The pixel is seen as bone if the intensity is larger than 60 and smaller than 180. As for the scaffold area percentage, the intensity should be greater than 250. The percentage is defined as follows:
[image: image]
where Pb represents the bone percentage of each grid, Sall is the whole image area of each grid, and Sbone and Ss are defined as the bone and scaffold area occupied in each grid, respectively.
There are two different conventions that are used to decide whether pixels (titanium scaffold and bone tissue) are connected or not in two-dimensional images—4-connected and 8-connected neighborhoods. As for the 4-connected neighborhood, pixels are seen as connected when their edges touch. In other words, the pixels, which are along the diagonals, are not considered connected. As for the 8-connected neighborhood, adjoining pixels are connected along not only horizontal and vertical directions but also the diagonal direction. Both are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Pixel neighborhood analysis for bone-scaffold connection percentage ((A) 4-connected neighborhood; (B) 8-connected neighborhood). Simulation of scaffold recruitment for bone marrow mesenchymal stem cells.
Physical Model and Computational Framework
A column model with a truncated cone hole in the bulk was developed to simulate the scaffold as the same geometry as the osteochondral defect. The osteochondral defect was set as 8.2 mm diameter on the top and 5.88 mm diameter at the bottom which could just fit the bottom of the scaffold but little bit larger than the scaffold's top surface size (8 mm) because this 0.1-mm hole is used for air outlet after the bone marrow flowed into the void space of the defect. To further investigate the relationship between osteogenesis in the scaffold and simulation results of cell distribution, only the titanium scaffold layer is set as a physical model for recruiting BMSCs. This is because only in the titanium layer osteogenesis occurs.
The bone marrow is considered as a continuity fluid, which could carry BMSCs to attach on the scaffold. The volume of fluid (VOF) model is used to control the movements of these two immiscible fluids. Considering BMSCs as discrete particles, cell attachment is governed by the discrete phase model (DPM) with the Stanton–Rutland model through the Eularian–Lagrangian approach. The interaction of the cell with the scaffold is simulated by the cell impingement model (CIM), which is governed not only by cell physical properties (viscosity, surface tension, and density) but also by the impingement conditions (cells velocity and diameter).
In the DPM, discrete particles representing the BMSCs were carried by the fluid phase, and trajectories of cells were predicted by integrating the force balance on the cell written in a Lagrangian reference frame. All particles (BMSCs) are set as non-rotating. Particle impingement causes energy loss because of the inelastic collision.
In the CIM, the cell impingement model for simulating cell adhesion on the scaffold is defined as three regimes, including stick, rebound, and spread, when cells impinge the scaffold wall. The detailed descriptions are in our previous article.
In VOF model, the bone marrow is seen as a non-Newtonian fluid, which was chosen to simulate the fluid of the bone marrow. Air and the bone marrow are governed by the continuity equation and Navier–Stokes equations as follows:
[image: image]
[image: image]
Non-Newtonian fluids will be calculated by the power law for non-Newtonian viscosity as follows:
[image: image]
where [image: image] is defined as the shear stress rate-of-deformation tensor [image: image]:
[image: image]
[image: image]
H(T), known as the Arrhenius law (Wendt et al., 2006; Santoro et al., 2010), is temperature-dependent. As the bone marrow is non-isothermal, H(T) is set to 1.
[image: image]
BMSCs were treated as spherical particles with non-rotating movement during the calculation and carried by fluid phase (bone marrow). Trajectories of particles were predicted by intergrating force balance on the particles through the Lagrangian frame.
Solving Process and Boundary Conditions
As the scaffold was pushed into the defect after the osteochondral defect was continuously washed, the simulation process is set as the bone marrow starts to flow into the defect when the scaffold is already stably put into the defect (Figure 5). In this model, as the scaffold roughness height is in the micro scale, the roughness height is set as 0. Nonslip and non-adherence conditions occurred on the wall and scaffold. Furthermore, as the scaffold manufacturing process is the same as our previous work, the surface and material settings are the same as the previous simulation model (Liu et al., 2020). To validate the cell distribution simulation by the in vivo test (osteogenesis on the scaffold), in this simulation, we assumed that BMSCs prefer to proliferate and differentiate on the scaffold surface.
[image: Figure 5]FIGURE 5 | Boundary conditions of simulation (the bone marrow injected from the surrounding and bottom faces).
This process is simplified to simulate the attaching process in which the bone marrow was set as coming from the surrounding and bottom faces for 2.5 s for filling the empty space. After that, two simulation working conditions are set to discover which boundary condition is more suitable for predicting cell attachment. One is that the scaffold starts to absorb cells after 2.5 s, and no more cells would be injected from the sides. The other one is to set at 1 mm/s injection speed of cells after 2.5 s.
The bone marrow is set as a non-Newtonian fluid governed by non-Newtonian power law. Consistency and power law index are set at k = 0.017 and n = 0.708, respectively, with 0.01 and 0.001 as their maximum and minimum viscosity limits. The bone marrow flowing speed is set at 1 mm/s, and the density is 1050 kg/m3. 50,000 spherical cells of 25 μm diameter are injected to the system for 2.5 s uniformly with 1,000 kg/m3 density and 0.03 N/s surface tension. Furthermore, cells could be attached on the boundary faces during the whole calculation period.
RESULTS
Bionic Structural and Mechanical Performance of the Osteochondral Scaffold
As normal joints are formed by three parts, namely, the cartilage, subchondral bone plate, and trabecular bone, scaffolds were designed to mimic three layers of the bone in compliance with structural and mechanical properties. Considering only osteogenesis of the scaffold, the layer made by PLGA for cartilage regeneration would not be well-discussed in this article.
The bionic scaffold is designed with the PLA dense layer on the top and the titanium layer at the bottom which aims to mimic the osteochondral bone structure and mechanical property. The PLA dense layer plays the same role like the subchondral bone which could not only separate the synovial fluid and bone marrow but also connect the trabecular bone (the titanium layer of the scaffold). With high-porosity and interconnected holes, the titanium layer provides a structure for the tissue to attach and proliferate. Moreover, this 3D-printed titanium scaffold is characterized by a flexible design to match the requirement of the pore size, porosity, and surface area, which is used for supporting the mechanical loading from the sheep and provide a spatial structure for bone growth. The pore sizes larger than 100 μm are good for osteogenesis (Karageorgiou and Kaplan, 2005), and 100–400 μm are optimal for bone tissue regeneration (Hulbert et al., 1970; Schliephake et al., 1991; Bloebaum et al., 1994; Hofmann et al., 1997). According to a 3D printing machine’s accuracy and the residual stress after the printing, the beams of the scaffold were set at 0.5 mm in diameter, and pore sizes were set at 1 mm2.
The characterizations of the scaffold and bone are listed as follows (Table 1): To combine the PLA layer and titanium layer together, heat treatment was used to make these two layers stick together stably. As BMSC regeneration is hard to control in vivo or even the clinical trial and subchondral bone plate is hard to form as prospect, we believe that a dense layer of PLA could substitute biological and mechanical functions of the subchondral bone plate.
TABLE 1 | Characterization of the scaffold and bone.
[image: Table 1]The layer for osteogenesis could not achieve the trabecular bone tissue structure as this kind of structure lacks mechanical properties and is easy to break. This layer is made of 3D-printed titanium layer cross-section. As some researchers mentioned that the synovial fluid inhibits bone formation (Andrish and Holmes, 1979; Hazelton et al., 1990), the biofunctional design that uses a PLA dense layer to avoid the synovial fluid flow into the trabecular bone section provides a reliable design for tissue regeneration.
In Vivo Test
After being implanted into the sheep condyle, the bioperformance of the bionic osteochondral scaffold has been evaluated by consequent osteogenesis and tissue quality.
Quantification of Bone–Scaffold Contact
During the in vivo test, the 3D scaffold will be affected as the fixation becomes weakening by loading. Such weakening would sometimes occur during the implantation procedure (Knecht et al., 2007). After the surgery, four sheep gaits were normal, and only one sheep had a slight limping, but it recovered after several days. After a 3-month recovery period, all five sheep recovered well, and no postoperative complications were found during this period. The X-ray micrographs of the sheep condyle (Figure 6. left) showed that scaffold’s surrounding tissue connected well with the scaffold, and no loosening was seen in the image. According to the scanning electron microscope (SEM) image, it clearly illustrated that regenerated bone growth based on the metal surface connected well. To quantify and qualify the mechanical fixation, one of the most important things is to investigate tissue–scaffold interactions. Higher tissue–scaffold connection could provide higher skeletal integrity. It is shown that all the sheep's tissue–scaffold connections reached 50% and more after the 3-month healing process using the scaffold. One of them even nearly reached 70%. Because of the high-resolution X-ray image, some printing defects on the scaffold edge (powder with air) were identified, but it is hard to define whether it is the bone or scaffold. To make data more convincible, the real value of the connection of the bone and scaffold should be larger than it is shown in Figure 7.
[image: Figure 6]FIGURE 6 | PQCT analysis of the trabecular and cortical BMD of the scaffold and healthy sheep condyle (left: each sheep; right: in total).
[image: Figure 7]FIGURE 7 | X-ray micrographs of the scaffold in the sheep condyle (top left); an SEM image of scaffold–bone tissue connection (top right; M represents the metal alloy scaffold; B represents regenerated bone); the scaffold edge is identified by the green line (medium left); bone–scaffold connection is identified by the red line (medium right); percentage of scaffold–bone tissue connection (bottom).
According to the image analysis, we found that new bone tissues prefer to regenerate on the scaffold surface. Similar to the simulation boundary condition, the assumption has been proved by this analysis as the cells and tissues grew based on the scaffold surface.
Quantification of Osteogenesis
To analyze the bone growth preference position in the scaffold, the grids were combined together as columns (horizontal) or rows (vertical). According to the results from the micro-CT and X-ray image analysis (Figure 8), in horizontal, compared with column groups 2 and 4, the side edge of the scaffold column group has more bone ingrowths (p1-2 = 0.457; p5-4 = 0.122). Also, the sub-mid area of column groups 2 and 4 is significantly larger than the middle area, with p values 0.247 and 0.452, respectively. No significant difference was found between columns 1–5 and 2–4. In the middle, more than 30% of the void space was occupied by the new regenerative bone tissue; around 40% on the subside of the scaffold and more than 50% of regenerative bone tissue occupied the space. Although the trabecular bone was regenerated more on the side of the scaffold than in the middle, it is believed that the decreasing trend from the side to middle is very slight. Vertically, a slightly decreasing trend was observed from the bottom to top surface. Nearly no difference of the regenerative bone formation was observed between two middle rows. Although the regenerated bone tissue showed a gradual growth trend from the scaffold edge to the middle, the growth rate in the scaffold middle is considerable.
[image: Figure 8]FIGURE 8 | Osteogenesis of scaffold vertical and horizontal analysis.
Bone Mineral Density
At 3 months, bone mineral density (BMD) of the cortical bone for the scaffold group and healthy group was 835.04 ± 87.46 and 784.98 ± 72.32 mg/cm3, respectively. The trabecular bone density of the scaffold and healthy groups was 734.44 ± 131.01 and 740.18 ± 81.98 mg/cm3, respectively, as shown in Figure 6. There were no significant interactions between scaffold and healthy groups’ BMD on either the trabecular bone or cortical bone density. Mean trabecular BMD was not significantly different between the healthy knee and experimental knee (p = 0.92). And also, no significant difference was found in mean cortical and subcortical BMD (p = 0.24).
Simulation of Bone Mesenchymal Stem Cell Attachment on the Scaffold
This simulation aims to investigate the cell attachment process and the final cell distribution after scaffolds are put into the defect, and the bone marrow flows into the defect void space through combining DPM and VOF model. According to the boundary conditions, cells are not attached to the scaffold at the first 2.5 s to mimic the real circumstance of the in vivo test. Then, the cell attachment mass counts every integer time from 3 to 5 s. For the whole osteochondral defect system, cell density of scaffolds in two boundary conditions with or without cell inlet after 2.5 s showed a steady increase (Figure 9 top left). However, as for boundary faces’ (trabecular bone) cell density, it showed a rapid growth when cells were still coming to the system after 2.5 s. At 5 s, the cell density of surroundings even reached the same value as the scaffold.
[image: Figure 9]FIGURE 9 | Two different boundary conditions of cells attached to a mass of scaffold and boundary wall (top left); cell (density) distribution in the scaffold from the edge to the middle (top right); simulation of cell attachment at 3 s—boundary conditions: no cells injection (bottom).
To validate the in vivo test more accurately, the scaffold is separated to five parts from one side to the other. Cell attached mass is accounted by averaging the mass on each beam. It is found that from the external to the middle of the scaffold, the cell attached mass showed a decreasing trend (Figure 9 top right). Compared to the external’s cell density which increased rapidly when time goes by, only a little increase in cell density for the internal and middle areas is shown in the graph.
Separating into five parts to investigate cell distribution thoroughly (Figure 9 bottom), it is found that fewer cells attached at the bottom beam even though they were closer to the bottom injection face. Moreover, sub-closer to edge parts 2 and 4 have more cells attached than 1 and 5.
DISCUSSION
In recent years, cell-based repairing therapeutics has been proved not successful enough for patients who have OA or cartilage defects (Fellows et al., 2016). Lack of blood vessels, low chondrocyte density, and migration ability make cartilage hard to repair (Henrotin et al., 2005). Compared to the autologous chondrocyte implantation (ACI) technology, using scaffolds to recruit BM-MSCs is seen as an effective way for cartilage regeneration and repair.
An ideal three-dimensional scaffold needs to have the same geometrical, mechanical, and biological properties with the host tissue. Our novel bionic osteochondral scaffold is designed by mimicking three main parts of the osteochondral bone which are cartilage, subchondral bone plate, and trabecular bone (Burr and Gallant, 2012). To mimic cartilage’s mechanical and biofunctional properties, we combined PLGA and collagen together with a 1–2 MPa elastic modulus. Although the peak stresses in vivo could be reached 18 MPa in joints during dynamic loads (Hodge et al., 1986), the elastic modulus is typically 0.3–1.5 MPa (Mow et al., 1984; Jurvelin et al., 1988; Arokoski et al., 1999; Nieminen et al., 2000).This phenomenon is caused by highly pressurized interstitial water during dynamic loading as it cannot be squeezed out during the loading process, which could cause high physiological stresses (Jurvelin et al., 1997; Laasanen et al., 2003). The high-porosity inner structure could also achieve the same function. As for the subchondral plate, it plays an important role in supporting the cartilage and also separating the synovial fluid and trabecular bone because osteogenesis could be inhibited by the synovial fluid (Andrish and Holmes, 1979; Hazelton et al., 1990). The PLA layer design is able to prevent the synovial fluid flow into the trabecular bone defect during the surgery and healing process and also provide sufficient mechanical support. The bottom layer mimicking the trabecular bone is made by 3D-printed titanium which is widely used for trabecular bone regeneration because of its excellent biocompability, mechanical property, chemical stability, and suitability to mimic the biomimetic geometry (Long and Rack, 1998). The trabecular bone, with lower resistance to stress (50 MPa) and high resistance to strain (50%), has 50–90% porosity (Kaplan et al., 1994) and 1 mm diameter pore size (Keaveny et al., 2001). As 100–400 μm pore size is seen as optimal for bone regeneration (Hulbert et al., 1970; Schliephake et al., 1991; Bloebaum et al., 1994; Hofmann et al., 1997), a scaffold with 78.6% porosity and nearly 500 μm is designed.
As the porous design could result in diminished mechanical properties, the design needs to have an adequate mechanical stability to enable initial fixation with the host tissue during implantation as well as surface loading after surgery (Knecht et al., 2007). If the implantation detached partially or even completely fails in vivo, patients would feel serious locking or catching at the target area (Nehrer et al., 1999; Peterson et al., 2000). According to the in vivo test analysis by X-ray and SEM, it is found that new regenerated tissue connected to the scaffold with high porosity with similar mechanical property to natural bone tissue is really stable.
Interestingly, we found that even the regenerated bone tissue does not fill the void space of the bone defect after 3 months; more than 50% of the scaffolds’ whole structure is surrounded by new bone tissue, and there is only a slight decrease in osteogenesis from the side to the middle. This phenomenon illustrates that tissues and cells grow based on the scaffold surface which also points out that cell and tissue distribution is really important as good osteogenesis provides high-quality cartilage.
To further investigate cell distribution in the scaffold for in vivo tests, as it is impossible to sacrifice animals at the initial stage (Keaveny et al., 2001), a novel numerical model has been developed to predict cell distribution after the surgery process. For validating the model, we compared the cell distribution results from simulation in 5 s and the regenerated bone distribution of the sheep after 3 months together. According to previous research of Byrne et al., cell proliferation, differentiation, and migration just occur in neighboring areas (Keaveny et al., 2001), and it is found that cell migration does not influence a lot in cell distribution, especially in macroscale (Keaveny et al., 2001). In that case, it is believed that cell distribution at the initial stage is really related to the final bioperformance—regenerated tissue distribution (Keaveny et al., 2001). In other words, it is found that cells remain in their position on the scaffold when they work together and form tissues, as shown in Figure 10. As for the bone tissue distribution, horizontally, the trabecular bone occupied more percentage of the void volume at an external place than in the middle, which showed a same trend as external beams have more cell density after cell attachment. But the simulation results did not show that all external areas have really high cell density as in vivo tests showed. The reason is that cells attaching to the previous defect hole surfaces cannot be avoided. The cells attaching on the surroundings would proliferate and differentiate to build up the tissues. That is why the external place showed a more intensive cell density. In addition, comparing the cell distribution vertically between the experiment and simulation did not show that the bottom area has higher trabecular bone growth than the top. However, the cell density of the simulation only shows the same trend of the experiment results after the second titanium junction layer. It is clearly seen that not many cells were attached to the lower beam during the attaching process. But, a lot of cells were attached to the bottom surface of the hole. The bone percentage of the bottom is larger than that of the top because the bottom surface has much cell attachment, and they can absorb nutrients more easily as their position is much more close to the bottom and surrounding surfaces (nutrients injection position). In that case, the boundary condition that cells still come to the system after the bone marrow fills the void volume is more accurate to simulate the initial stage of tissue engineering—recruiting cells.
[image: Figure 10]FIGURE 10 | Simulation results of cell distribution in a 3D structure (left); 3D-reconstructed image of the scaffold and bone tissue ingrowth (right).
After validation and finding the best boundary condition to simulate the cell attachment process, we found that during the whole attachment process, the external area’s cell density was increasing rapidly, but the cell density of internal and middle areas increased extremely slowly. The reason is that initially (first 2.5 s), cells distribute more uniformly as the bone marrow already fills the void space and become steady at that time. When the scaffold starts to absorb cells (after 2.5 s), at the beginning, the cells attaches to the scaffold uniformly. After that, the balance of the cell density in the fluid breaks down, and cells start to move. As there are many beams in the middle providing drags for cells to move in, cells prefer to move outside to somewhere with less drags. That is why the cell density at external beams increases quicker than in the middle.
This novel numerical method for predicting tissue distribution is also available to provide rehabilitation guidance for patients after the surgery as the inner environment of the knee joint like flow speed and temperature could be influenced by rehabilitation devices. By this model, the optimized flow speed and temperature could be explored, and some special medical device should be designed to achieve this environment.
There are some drawbacks to the experiments. First, it is impossible to recognize whether the surrounding areas’ bone tissue is a new regenerate bone tissue or old ones according to the X-ray images. Although the external bone tissue growth is well, we cannot identify whether its growth is mainly based on the scaffold influence or it is just the surrounding bones’ remodeling and regeneration.
Although we could only ensure that the bone tissue in the internal scaffold’s pores are the new tissues, the biomimic scaffold still showed good-quality bioperformance. Second, during the drilling osteochondral defect process, it is unavoidable that the old bone’s powder created by the driller in the surroundings may be pushed into the bottom when the scaffold is pushed into the hole. In that case, the bone percentage in the bottom is higher than the other areas, which may not only be influenced by the cell attachment. Bone resorption and remodeling would also affect the final results.
CONCLUSION
This study develops a numerical model which could help researchers to optimize scaffold material property and geometry and could also avoid unnecessary in vivo and in vitro tests. As the initial healing process of the sheep could not be observed accurately, this model provides an opportunity for researchers to understand how the cell attached and distributed influenced by the scaffold structure and a proper mechanical and biological environment. The simulation results of cell distribution in the scaffold matched well with the regenerated bone tissue distribution in the in vivo test. The regenerated bone tissue on the surroundings (scaffold–material interface) is only around 15% more than that in the inner structure. This model could achieve an application to design a personalized scaffold and provide a proper mechanical and biological environment for recovery. It is also useful to help surgeons provide rehabilitation guidance for patients after implantation considering their knee joint inner environment.
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Peripheral nerve tissues possess the ability to regenerate within artificial nerve scaffolds, however, despite the advance of biomaterials that support nerve regeneration, the functional nerve recovery remains unsatisfactory. Importantly, the incorporation of two-dimensional nanomaterials has shown to significantly improve the therapeutic effect of conventional nerve scaffolds. In this review, we examine whether two-dimensional nanomaterials facilitate angiogenesis and thereby promote peripheral nerve regeneration. First, we summarize the major events occurring after peripheral nerve injury. Second, we discuss that the application of two-dimensional nanomaterials for peripheral nerve regeneration strategies by facilitating the formation of new vessels. Then, we analyze the mechanism that the newly-formed capillaries directionally and metabolically support neuronal regeneration. Finally, we prospect that the two-dimensional nanomaterials should be a potential solution to long range peripheral nerve defect. To further enhance the therapeutic effects of two-dimensional nanomaterial, strategies which help remedy the energy deficiency after peripheral nerve injury could be a viable solution.
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TWO-DIMENSIONAL NANOMATERIALS AND PERIPHERAL NERVE ENGINEERING
Two-dimensional (2D) nanomaterials have received great interest by the whole research community due to their exceptional electrochemical properties, based on the special character of atom-scale thickness, which allows for the free transfer of electrons on the material surface. Furthermore, 2D nanomaterials exhibit enhanced and tunable electronic, physical and chemical properties due to their distinctive phase, crystallinity, degree of exfoliation, stability and fundamental limitation of thickness (Rohaizad et al., 2021). In addition, as it is the case for the well-known electroactive nature of peripheral nerve tissue (Yao et al., 2021), 2D nanomaterials possess remarkable electrical properties making them ideal candidates for improving the outcomes of peripheral nerve injuries (PNI) (Qian et al., 2019d). Although there are several exciting studies demonstrating that the 2D nanomaterial-based neural regeneration devices could improve the efficiency of peripheral nerve regeneration (PNR) (Table 1) the exact mechanisms underlying this phenomenon remains elusive.
TABLE 1 | Therapeutic effects of the 2D nanomaterial functionalized nerve scaffold in vivo.
[image: Table 1]In this review, we summarize the applications of 2D nanomaterials in aiding PNR and focus on the mechanism of new-vessel guided regeneration. First, we summarize the major physiological events occurring after PNI. Second, we describe the application of 2D nanomaterials in peripheral nerve engineering and the corresponding therapeutic effects. Third, we analyze the mechanism by that the newly-formed capillaries provide directionality and metabolic support for neural regeneration. Finally, we discuss the use of 2D nanomaterial-based neural regeneration devices as a potential biomedical strategy to improve long range peripheral nerve defects, and how that could help to remedy the energy deficiency after PNI.
PERIPHERAL NERVE DAMAGE AND REGENERATION
The peripheral nerve acts as a real-time information transmitter between human brain and the rest body. Compared to the well-protected brain and spinal cord in the central nervous system by the skull and vertebrates, peripheral nerves are not surrounded by hard structures, making them extremely vulnerable to different physical damage. Normally, PNIs result in numbness, locomotor dysfunction and even life-long disabilities for individuals (Figure 1A), causing huge social and economic burdens (Taylor et al., 2008). The gold standard treatment to PNI (anastomosis and autograft transplanting) have intrinsic limitations such as donor site morbidity and size mismatch (Ray and Mackinnon, 2010). Despite researchers have developed various neural regeneration devices as alternative therapies to PNIs, these products fail to guarantee satisfactory functional nerve recovery.
[image: Figure 1]FIGURE 1 | Schematic illustration of the 2D nanomaterial mediated PNR. (A) PNI causes sensory and locomotor dysfunction. (B) Two-dimensional nanomaterials convert mechanical energy to electrical currents and thereby stimulate PNR. (C) Two-dimensional nanomaterials help rebuild the micro-vessels and guide the regenerating nerves back to their original targets. (D) Glucose in the reconstructed capillaries get transported to the Schwann cells and then get processed into pyruvate and lactate. The pyruvate and lactate get transported to the regenerating axons and serve as metabolic substrate. The mitochondria accumulate at the axonal growth cone and consume pyruvate and lactate to produce ATP which could be directly used as cellular energy.
The peripheral nervous system (PNS) is among the very few tissues in adult mammals which possess remarkable regeneration capabilities after injury. After PNI, Schwann cells–the myelin forming cells in the PNS–dedifferentiate and transform into a repair phenotype that play key roles in the nerve regeneration process (Jessen and Mirsky, 2016; Clements et al., 2017). However, such regeneration process is often mistakenly thought to occur robustly and successfully (Scheib and Höke, 2013). Hence, the complex biological events induced by the injury lead to changes in the biochemical and mechanical properties of the nerve tissue microenvironment, impairing the restoration of nerve function (Yan and Qian, 2020; Qian et al., 2021c). Therefore, it is of tremendous biomedical interest to improve current strategies to regenerate peripheral nerves more efficiently, especially in nerve defect models.
PNIs are characterized by the retraction of two nerve stumps or the direct loss of a nerve segment. During the regeneration process, a natural bridge forms between the two nerve stumps (Min et al., 2021) where damaged axons need to grow through in order to reach the distal nerve trunk and their designated target effectors. The distal trunk, usually referred to as Bands of Büngner, provides a pro-regenerative environment for the outgrowth of axons across the lesion site. However, the environment within the nerve bridge is rather hostile for Schwann cell and axons to travel through. Endothelial cells, which help form new vessels, help remodel the hostile environment and play an essential and inevitable role in the regeneration process (Cattin and Lloyd, 2016). The degree of vascularization determines the success of PNR, i.e., the higher degree of vascularization within the nerve bridge contributes to better PNI outcomes while the inhibition of vascularization destroys normal PNR.
APPLICATIONS OF 2D NANOMATERIALS IN PNR AND THE UNDERLYING MECHANISMS
In this subsection, we update the applications of 2D nanomaterials for the fabrication of nerve scaffolds, and focus on the mechanism that the 2D nanomaterials could facilitate the formation of new blood-vessels and discuss their pro-regenerative effects for PNR (Figure 1B).
Graphene
Graphene is the most representative material of the 2D nanomaterial family. The unique nano-scale honeycomb planar structure formed by carbon sp2 hybridization, provides graphene with outstanding electrical conductivity, surface area and mechanical properties (Qian et al., 2018c). Convertino et al. observed that dorsal root ganglion (DRG) neurons elongate more when cultured on graphene surfaces compared to glass in vitro (Convertino et al., 2020). The authors attribute this effect to the decreased retrograde transport of nerve growth factor (NGF), and suggested that the increased NGF concentration in axons cultured on graphene is responsible for the improved regenerative capacity of peripheral neurons. Furthermore, when encountered with graphene, neurons show hyperpolarized resting membrane potentials detected by patch-clamp technology, indicating that graphene is able to modulate neuron excitability. Furthermore, the decreased neuron membrane charge could be due to the increase of the local hole doping of graphene. An independent study presented by Pampaloni et al. also supports the notion that single-layered graphene could modulate neuron behavior by influencing membrane functions (Pampaloni et al., 2018). Our group fabricated a graphene-based nerve guide to repair a lengthy peripheral nerve gap (Qian et al., 2021a). Results obtained from in vivo measurement showed that the vascular endothelial growth factor (VEGF) protein expression within the graphene-based scaffold was higher when compared to the autograft transplantation 18 months after PNI. Interestingly, the robustly formed capillaries provide the regenerating axons with a microenvironment rich in nutrients. The cell soma of peripheral axons resides in spinal cords and DRGs, so we dissected the spinal cords and DRGs of the rats implanted with graphene-based scaffolds 18 months after injury. We found that the expression level of nestin, a protein specifically expressed in neural stem cells that plays essential roles in neural stem cell differentiation, were upregulated. These results indicate that the presence of graphene accelerates axonal regrowth by creating a pro-angiogenesis microenvironment and increase the stemness of neurons. Interestingly, the high VEGF concentration within the graphene scaffold chamber is also responsible for the increased neuronal activity after PNI. The receptors of VEGF are not only expressed on endothelial cells but also present on the axons and growth cones. The conditional knockdown of hypoxia-inducible factor 1a (HIF-1a) in mice DRG leads to impaired neuronal regenerative ability and the local administration of VEGF could partly remedy this (Cho et al., 2015). Sondell et al. also pointed out VEGF stimulates PNR by acting both on the growing axons and cell bodies (Sondell et al., 2000). Therefore, the graphene induced VEGF expression is responsible for both local angiogenesis and neuronal regeneration.
Graphene Oxide
The incorporation of graphene oxide, an extremely oxidized graphene derivative, elevated the electrical conductivity of a polymeric conduit to 4.55 × 104 S cm−1 while the non-oxidized single-layered graphene conduit is 8.92 × 10−3 S cm−1. We have tested the neural functional recovery from the aspect of electrophysical regain, remyelination degree and morphological regeneration at 6, 12, 18 weeks after implantation (Qian et al., 2018a). Interestingly, the graphene oxide embedded nerve guide shows superior regenerative potential compared to the polymeric counterparts at various time points. Of note, after 18 weeks, the regeneration outcome of graphene oxide containing scaffold was similar to that of the clinical “gold standard” autograft transplantation. Then we proposed that this phenomenon could be due to the pro-angiogenesis effects of graphene oxide. As expected, the micro-vessel density and vessel-like structure area significantly elevated in the graphene oxide containing conduit. Further, the CD34, a transmembrane phosphor-glycoprotein, widely used as biomarker of hematopoietic progenitor cells, significantly increased by the controlled release of graphene oxide (Sidney et al., 2014). Additional results showed that AKT-eNOS-VEGF signaling pathway involved in the increase in endothelial cell proliferation may provide new insights for the underlying physiological mechanisms of graphene function in nerve regeneration.
Black Phosphorus
Another promising 2D nanomaterials that has recently received tremendous attention is the black phosphorus for its thickness-dependent bandgap, high charge-carrier mobility, in-plane anisotropic structure, and biodegradable properties (Tao et al., 2015). As a new star of the 2D materials family, black phosphorus exhibited huge potential in aiding peripheral nerve regrowth. For example, the incorporation of 0.5% black phosphorus into polymers elevates the electrical conductivity to 9.81 × 10−3 S cm−1. Hence, a black phosphorus containing nerve scaffold restores the bioelectrical continuity of damaged nerves and promotes the expression of VEGF, thereby contributing to successful formation of new vessels (Qian et al., 2019b). VEGF, as described above, specifically targets endothelial cells and is essential for vasculogenesis. In a rat long-range nerve defect model (20 mm), the incorporation of black phosphorus into a nerve guide has shown to successfully enhance the formation of vessels compared to the polymeric counterparts. The elevated vessel density is responsible for faster neural regeneration. Therefore, the function of target muscle measured by the distal compound motor action potential (DCMAP) increased from 10.1 to 22.1 mV in the polymer group compared to the black phosphorus group 4 months after implantation.
Moreover, mounting evidence suggest that 2D nanomaterials could facilitate PNR by generating electrical currents. Conversely, the process of angiogenesis has also been linked to these 2D materials. Electrical currents that enhance axonal growth combined with the formation of new vessels are two promising outcomes with tremendous potential for the advancement of nerve regeneration strategies. Electrical stimulation has long been proved to be a valid therapeutic strategy for accelerating nerve regrowth (Qian et al., 2019a) and researchers have developed artificial electrical stimulators to facilitate nerve regeneration (Koo et al., 2018). However, such equipment is usually cumbersome to use because it requires external power sources and the implantation of electrodes is also prone to trigger neuroinflammation and gliosis (Cheng et al., 2020). Back in 1991, Fine et al. proposed the application of vinylidenefluoride-trifluoroethylene, a conventional piezoelectrical active material utilized in the engineering of neural regeneration devices (Fine et al., 1991). The piezoelectrical active material possesses the ability to transform the mechanic energy into electrical stimulation. Basically, when the piezoelectrical active neural scaffold gets mechanically deformed by an internal stimulation (e.g., muscle compression) or an external stimulation (e.g., ultrasound), the electrical currents are generated on the scaffold’s surface, thereby providing a wireless and self-powered nerve electrical stimulation therapy. Unfortunately, this innovative experiment encountered some difficulties. The polymeric piezoelectric material was hard to degrade in vivo and some fibrous capsules formed around the scaffold (Reis et al., 2012). From a crystallography point of view, except for the cubic class 432, all non-centrosymmetric point groups possess the piezoelectric effect. With the fast development of 2D material synthesis technology, the reduced 2D dimensionality embodies spontaneous breakdown of three-dimensional (3D) symmetry. Therefore, some non-piezoelectric bulk materials may become piezoelectric when thinned to single atomic layer (Lin et al., 2018). In addition, the 2D piezoelectric nanomaterials have the advantage of possessing ultra-high piezoelectric coefficients and the ability to degraded by human enzymes (Fei et al., 2015; Lin et al., 2017).
Zinc Oxide
Interestingly, it has been shown that the incorporation of 2D zinc oxide embedded in a polymeric conduit is able to bridge a sciatic nerve defect (Qian et al., 2020a). Qian and colleagues took advantage of a treadmill to trigger electrical activity of the zinc oxide nerve implants in rats. Results from these experiments showed that after 30 min running exercise per day during 18 weeks, the zinc oxide group showed significantly improved nerve regeneration outcomes compared to controls animals. Hence, the zinc oxide nerve scaffold promoted the expression of S100 and myelin basic protein (MBP) in regenerated nerve tissues, indicating a higher number of Schwann cells and myelinated axons. In addition, the β3-tubulin and NF160 levels were also elevated, indicating an increased density of regrowing axons. The cellular and molecular mechanisms underlying nerve regeneration in zinc oxide nerve implants remains still poorly understood. However, an in vitro study showed that the ultrasonic activated piezoelectric scaffold increased the VEGF secretion in Schwann cells. On the other hand, an in vivo study demonstrated that the exercise activated piezoelectric therapy up-regulates the VEGF and CD34 expression levels within the scaffold chamber (Qian et al., 2020).
Boron Nitride
The incorporation of 2D boron nitride into nerve scaffolds has also shown promising results for the treatment of PNIs. Structured boron nitride possesses unique properties, such as an atomically flat surface, free of dangling bonds, charged impurities, highly chemical stability, superior elastic modulus and outstanding mechanical flexibility (Zhang et al., 2021). Owing to the polarization of the B–N chemical bond, the 2D boron nitride exhibits piezoelectrical activity. Qian et al. incorporated boron nitride into a nerve scaffold to test the neuronal regeneration ability of this 2D nanomaterial (Qian et al., 2021b). The authors first validated that the 2D boron nitride scaffold possessed excellent piezoelectric property measured by piezo-response force microscopy. Then, they applied a treadmill running protocol to induce mechanical deformation on the 2D boron nitride scaffold, thereby generated electrical currents. 18 weeks post implantation, the morphology of regenerated nerve tissues was analyzed by transmission electron microscopy and found a fully regenerated peripheral nerve comprised of axons and myelin sheaths. Specifically, the axons inside the 2D boron nitride scaffold showed an increase of axonal areas, myelin sheath thickness, diameter of myelinated axons, and number of myelinated axons. Furthermore, the locomotor function restoration measured by walking track analysis and DCMAP was improved. The motor function restoration is a challenge for artificial nerve scaffold due to the denervation induced muscle atrophy. The 2D boron nitride scaffold preserved the endplate function and promoted the muscle fiber phenotype shift from slow muscle fiber to fast muscle fiber. The faster axonal regeneration was responsible for this phenomenon and as the micro vessel-reconstruction was the premise for axonal regeneration. As expected, CD34, the indicator of neo-vessel formation, was significantly increased in the 2D boron nitride scaffold group.
2D NANOMATERIALS FACILITATE MICRO-VESSEL FORMATION AND PROVIDE GUIDANCE FOR MIGRATING SCHWANN CELLS
It remains controversial whether 2D nanomaterials could enhance the angiogenesis ability of endothelial cells. Cibecchini et al. reported that the 2D graphene oxide compromised the angiogenic potential of primary human endothelial cells in vitro when administered at high concentration (50 μg ml−1) (Cibecchini et al., 2020). The excessive amount of graphene oxide internalized into the cells forms aggregates and affects the consumption of niacinamide. Excessive graphene oxide hindered angiogenesis of human endothelial cells by altering the distribution of mitochondria and disturbing several metabolic pathways. Contrary to in vitro results, in vivo data showed that 2D nanomaterials stimulate the formation new vessels in different disease models (Qian et al., 2019d; Norahan et al., 2019; Wierzbicki et al., 2020). One possible explanation for this phenomenon could be that in vivo studies utilized scaffolds which allow for the controlled release of 2D nanomaterials. But more importantly, in vivo environment possesses the multi-cellular complexity. Macrophages, as the important line of defense in human body, are extremely sensitive to foreign implants such as 2D nanomaterials. Xue et al. pointed out that 2D graphene oxide nanosheets could be phagocytosed by macrophages and activate the toll-like receptors (TLR)/myeloid differentiation factor 88 (MyD88)/nuclear factor kappa-B (NF-κB) pathway, thereby excrete VEGF (Xue et al., 2018). The human umbilical vein endothelial cells (HUVEC) treated with graphene oxide conditioned macrophage culture supernatant exhibited enhanced tube formation ability. Overall, the incorporation of 2D nanomaterials could increase new vessel formation in vivo. In the following section we discuss the mechanism behind the micro-vessel mediated PNR.
Back in the 1990s, researchers started to observe the relevance between capillary number and nerve regeneration outcomes. Hobson et al. visualized the interactions between RECA-1 positive endothelial cells, S100 positive Schwann cells and axons at different time points after PNI (Hobson et al., 1997). They found first the sprouted of newly formed blood vessels, followed by the migration of Schwann cells and regenerating axons. Of note, the position of Schwann cells and axons within the nerve bridge never exceed the sprouting vessels. In a different work, the incorporation of the proliferative marker EdU in endothelial cells has been used to prove that the vessels are newly formed (Cattin et al., 2015) and observed that the EdU positive endothelial cells only existed within the regenerating nerves.
How does the endothelial cells respond to the nerve injury? In intact nerve tissues, blood vessels go along with nerve fascicles and supply oxygen and nutrients to maintain the normal physiology of nerve function. However, after traumatic nerve injury, both the nerves and the accompanied blood vessels are severely damaged and eventually completely transected causing a hypoxic microenvironment within the injured site. 2 days after nerve dissection, the injury site undergoes severe hypoxia (Cattin et al., 2015). Interestingly, among the diverse cell components of peripheral nerves, macrophages are extremely sensitive to hypoxia. Over 98% hypooxyprobe-1 positive cells are macrophages and over 80% macrophages are hypoxic. Then, the hypoxic microenvironment stabilizes transcriptional factor HIF-1α and initiates the expression of downstream protein VEGF. The VEGF binds to its receptor on endothelial cells and stimulates endothelial cell proliferation which triggers the formation of new vessels and sprouts from the two ends of dissected nerves to form a vessel bridge.
What is the cellular mechanism behind the blood vessel guided nerve regeneration? Schwann cells, a key cell type that plays a major role in the orchestration of PNR, get attracted by the vessel bridge (Clements et al., 2017). The Schwann cells directly migrate along the vessel bridge in an amoeboid-like mode. The actomyosin cytoskeleton is responsible for this behavior, which is impaired by the application of Rho-kinase inhibitor. Besides, the aligned blood vessels provide directionality for Schwann cell migration and intentionally misdirection (implantation of VEGF releasing beads into the surrounding muscle beds) of endothelial cells results in completely failed PNR. Schwann cells follow the vessel track to form a permissive corridor for regenerating axons to travel through (Cattin et al., 2015). It has been shown that Netrin1/DCC signal acts as a critical cue for regenerating axons to grow alongside the migrating Schwann cells (Webber et al., 2011). Only after the regenerating axons reach their final targets, the peripheral nerve damage could be repaired and the denervation induced atrophy of target organs could be remedied.
Where are the newly formed vessels from? Cattin et al. suggested that the new vessels originate from both the proximal and distal nerve stumps, whereas Hobson et al. pointed out that new vessels originate from the adjacent muscle beds (Hobson et al., 1997; Cattin et al., 2015). The differences in the origin of vessels’ formation could be explained by the different injury models utilized. Cattin et al. used the simple nerve dissection surgery while Hobson et al. implanted a 10 mm fibronectin graft.
In summary, newly formed vessel is the premise for successful PNR. The capillaries directly guide Schwann cell migration and indirectly contribute to axonal regeneration. The ability of angiogenesis modulation should be taken into account when designing a neural regeneration device (Figure 1C).
THE 2D NANOMATERIAL FACILITATED MICRO-VESSEL FORMATION PROVIDES ENERGY FOR PROLIFERATING SCHWANN CELLS
It remains an open question whether 2D nanomaterials facilitate micro-vessel formation and guidance to migrating Schwann cells. In this subsection, we propose a new mechanism which suggests that the newly-formed capillaries may provide nutrients necessary for the proliferation Schwann cells, and metabolically support neuronal regeneration.
Tissue regeneration is a highly energy-demanding process and energy deficiency happens during PNR as well (Han et al., 2016). In response to injury, the PNS adapts a series of metabolic changes to initiate the regeneration process. Recent studies revealed bioenergetically compensatory processes in neuronal axons and Schwann cells. Mitochondria, the cell power-house in mammalian cells, accumulate at the site of injury in axons by microtubule-based mitochondrial transport from the neuronal soma (Han et al., 2016; Patrón and Zinsmaier, 2016). On the other hand, after nerve injury Schwann cells undergo a glycolysis shift to synthesize excessive amount of pyruvate and lactate (Babetto et al., 2020; Trimarco and Taveggia, 2020). The pyruvate and lactate get transferred to the injured axons, serving as metabolic substrate to support the mitochondrial ATP synthesis (Patrón and Zinsmaier, 2016; Trimarco and Taveggia, 2020). In short, Schwann cells metabolically support axonal regeneration, however, where do Schwann cells get metabolic substrate is not completely understood A similar phenomenon occurs in the central nervous system (CNS) where astrocytes and oligodendrocytes - the glial cells in CNS - transfer lactate to neuronal axons and the lactate is used to generate metabolic energy in the form of ATP, thereby supporting the high energy consumption of neuronal axons (Lee et al., 2012; Rinholm and Bergersen, 2012). Of note, the astrocytes and oligodendrocytes break up blood glucose to generate lactate. In other words, blood vessels energetically support axons through glial cells. As mentioned in 2D Nanomaterials Facilitate Micro-Vessel Formation and Provide Guidance for Migrating Schwann Cells, the newly formed blood vessel is the premise for neural regeneration in PNS where the capillaries serve as tracks for Schwann cells to migrate along and indirectly guide axonal regeneration (Cattin et al., 2015). It remains open whether the newly formed vessels support axonal regeneration in other ways, for instance, by directly providing energy necessary for axonal regeneration. The latter t is highly possible if we consider that the expression levels of glucose transporter 1 (GLUT1) is upregulated during the glycolysis shift in Schwann cells after PNI (Babetto et al., 2020). The GLUT1 is widely accepted as a protein that help glucose transfer between blood vessels and organs (Veys et al., 2020). Thus, the metabolic substrate Schwann cells use may possibly originated from the nearby blood vessels and angiogenesis supports neurogenesis not only by providing directionality but also by supplying nutrients (Figure 1D).
Therefore, apart from angiogenesis, attention should also be paid upon the metabolic process during PNR. However, several studies pointed out that the 2D nanomaterials pose threat on endothelial cells by disturbing the metabolic pathways. In this regard, Chen et al. performed transcriptional sequencing on 2D black phosphorus exposed aortic artery and identified metabolic disturbance (Chen et al., 2021). Furthermore, Luo et al. also reported that 2D graphene oxide impaired HUVEC viability by compromising lipid droplet biogenesis (Luo et al., 2021). Lipid, as an integral part of cellular membrane, is essential for endothelial cell proliferation. Importantly, the researchers found the addition of oleic acid and α-linolenic acid, metabolic substrate in lipid biosynthesis, could alleviate the 2D graphene oxide induced cytotoxicity in HUVEC and restore the lipid biosynthesis. Overall, 2D nanomaterials facilitate angiogenesis, the newly formed vessels nourish sprouting axons via Schwann cells. However, the 2D nanomaterial itself potentially harms the cellular metabolism, while the incorporation of a bio-metabolic active substrate could remedy this and further enhance the therapeutic effects of 2D nanomaterials.
FINAL REMARKS
Artificial nerve scaffolds hold great promise for the biomedical treatment of injured nerves by connecting the damaged stumps and new nerve tissues form within the scaffold chamber (Liu et al., 2019; Jiang et al., 2020; Yan et al., 2020; Li et al., 2021). However, the functional restoration of PNIs still remains unsatisfactory (Qian et al., 2018b; Qian et al., 2019b; Qian et al., 2019c). The formation of new vessels is the premise for successful PNR, and augmentation of angiogenesis could significantly advance the quality of regenerated nerves and nerve repair strategies. 2D nanomaterials exhibit huge potential in aiding PNR. They not only promote axonal growth via electric stimulation, but also facilitate angiogenesis within the regenerating nerve tissue, which directly stimulates Schwann cell proliferation and enhance axonal outgrowth. In this review, we summarize the updates on the mechanism underlying this phenomenon and point out that the 2D nanomaterial promotes PNR via facilitating angiogenesis.
Despite there are strong evidences to support that 2D nanomaterials modulate the angiogenesis ability to aid PNR, there are still questions to be answered. What is the target cell of 2D nanomaterials? Whether the 2D nanomaterials directly interact with endothelial cells to drive the proliferation and capillary-forming responses? Or macrophages internalize the 2D nanomaterials to initiate the HIF-1α/VEGF signaling axis, and thereby attract endothelial cell migration? Whether the 2D nanomaterials need to be released from the scaffold to facilitate angiogenesis, or do they take effect in situ? Whether the protein within the regeneration microenvironment envelop the 2D nanomaterials to form the “protein corona” and whether the protein-adsorbed nanomaterials change their original biological activities (Wan et al., 2015)?
Moreover, the concentration of 2D nanomaterials should be taken into consideration when fabricating artificial nerve scaffolds. Many nanostructures can facilitate angiogenesis when administered at low dose, but at high dose, they will inhibit new vessel formation (Kargozar et al., 2020). This bimodal effect could be explained by that the low dose nanomaterial triggers moderate level of reactive oxygen species and thereby activates the downstream pro-angiogenesis signaling. However, high dose nanomaterial causes cytotoxicity and compromises cell activity, thereby contributes to the anti-angiogenesis effects.
PERSPECTIVE
Although researchers developed various neural regeneration devices to treat PNI, long-range nerve defect remains a huge challenge (Qian et al., 2018a; Zhao et al., 2018; Chen et al., 2020; Qian et al., 2020b; Yan et al., 2021). The possibility for axons to travel through the chamber of a non-functionalized nerve scaffold is under 50% when the nerve defect exceeds 1 cm in rodents (Wieringa et al., 2018). Insufficient vascularization is observed in the long-range nerve defect model and it contributes to poor regeneration outcomes (Farber et al., 2016). With the development of 2D nanomaterials, the compromised vasculature formation could be remedied. Thus, 2D nanomaterials serve as a potential solution to long-range nerve defects.
Apart from angiogenesis, emphasis should also be placed upon the metabolic disturbance after peripheral nerve injury. Recent studies revealed the metabolically regulatory effects of certain biomaterials and the bioenergetic-active materials substantially accelerated tissue regeneration (Liu et al., 2020; Ma et al., 2019). Thus, the incorporation of bioenergetic active substrate into 2D nanomaterial nerve scaffold is poised to be an efficient and effective way to enhance the performance of conventional nerve scaffolds.
PNIs result in over 8.5 million restricted activity days and almost five million bed or disability days per year. In the US alone, over 200,000 peripheral nerve repair procedures are performed annually (Kehoe et al., 2012). So there is a great need for nerve regeneration devices. Since the mid-1980s, the FDA have approved several devices based on natural and synthetic materials to repair nerve defects, however, the therapeutic efficiency remains unsatisfactory. A preclinical assessment was carried out to examine the long-term biosafety and pro-regeneration effects of the graphene loaded nerve conduits (Qian et al., 2021a). The successful translation of these functionalized nerve conduits can meet the huge clinical demand and indirectly relieve the social and economic burden caused by PNIs.
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Intervertebral disc degeneration (IDD) is the main cause of low back pain, and little is known about its molecular and pathological mechanisms. According to reports, excessive compression is a high-risk factor for IDD; compressive stress can induce oxidative stress in nucleus pulposus (NP) cells during IDD progression that, in turn, promotes cell apoptosis and extracellular matrix (ECM) degradation. Currently, NP tissue engineering is considered a potential method for IDD treatment. However, after transplantation, NP cells may experience oxidative stress and induce apoptosis and ECM degradation due to compressive stress. Therefore, the development of strategies to protect NP cells under excessive compressive stress, including pretreatment of NP cells with antioxidants, has important clinical significance. Among the various antioxidants, bardoxolone methyl (BARD) is used to protect NP cells from damage caused by compressive stress. Our results showed that BARD can protect the viability of NP cells under compression. BARD inhibits compression-induced oxidative stress in NP cells by reducing compression-induced overproduction of reactive oxygen species (ROS) and malondialdehyde. Thus, BARD has a protective effect on the compression-induced apoptosis of NP cells. This is also supported by changes in the expression levels of proteins related to the mitochondrial apoptosis pathway. In addition, BARD can inhibit ECM catabolism and promote ECM anabolism in NP cells. Finally, the experimental results of the mechanism show that the activation of the Nrf2 signaling pathway participates in the protection induced by BARD in compressed NP cells. Therefore, to improve the viability and biological functions of NP cells under compression, BARD should be used during transplantation.
Keywords: intervertebral disc degeneration, tissue engineering, compression, oxidative stress, bardoxolone methyl, Nrf2
INTRODUCTION
The main cause of low back pain (LBP) is intervertebral disc (IVD) degeneration (IDD) (Anderson et al., 2005). LBP is a common, chronic, and expensive musculoskeletal disease that places a huge economic burden on the world (Maniadakis and Gray, 2000). Nucleus pulposus (NP), cartilage endplate, and annulus fibrosus (AF) are interconnected to form IVDs (Fernandez-Moure et al., 2018). The central NP tissue is an important unit for the normal physiological function of the IVD that allows the IVD to maintain a high water content to withstand mechanical stress from all directions (Hutton et al., 1997). There is still no clear explanation for the molecular mechanism of IDD. Many researchers have found that in the harsh environment of IDD, oxidative stress can cause excessive apoptosis of NP cells and disorder of NP extracellular matrix (ECM) metabolism, induce the destruction of normal IVD physiological function and structure, and, finally, lead to the development of IDD (Roughley, 2004; Zhang et al., 2020). Therefore, inhibiting NP cell apoptosis and ECM degradation induced by oxidative stress is of great significance for the treatment of IDD.
At present, the treatment of IDD generally involves discectomy combined with spinal fusion, which can only alleviate the clinical symptoms to a certain extent and cannot completely restore the biological function of IVD. Following the procedure, patients eventually experience recurrence or symptom aggravation (Iatridis et al., 2013). In recent years, NP tissue engineering technology has become a new method for repairing degenerative IVD (Yang and Li, 2009). The goal of NP tissue engineering is to reconstruct the complex structure, including materials and cells, and to replace the degenerative NP tissue. The survival of cells in the harsh environment of IDD is very important (Nomura et al., 2001). In daily life, the spine is subjected to varying degrees of mechanical pressure, and the excessive compression of the IVD, the load-absorbing structure of the spine, is a major cause of IDD (Kang et al., 2020). Therefore, IDD compression models allow investigators to study the pathogenesis of IDD. In the degenerative disc environment, NP cell survival needs to overcome compression-induced injury (Wang et al., 2020c). A previous study has shown that when the pressure reaches 1.0 MPa, mitochondrial dysfunction, excessive ROS production, and apoptosis are observed NP cells (Hutton et al., 1999).
Bardoxolone methyl (BARD) is a synthetic triterpenoid. In studies of diabetic nephropathy and acute lung injury, it has been confirmed that BARD can exert an antioxidant effect by activating the Nrf2/ARE pathway (Nagasu et al., 2019; Pei et al., 2019; Rossing et al., 2019; Kanda and Yamawaki, 2020). However, it is unclear whether BARD can inhibit compression-induced oxidative stress, apoptosis, and ECM degradation in NP cells. Therefore, we investigated the effect of BARD on NP cell injury induced by compression and the underlying molecular mechanism. This experiment is of great significance for optimizing the application of NP tissue engineering in the treatment of IDD.
MATERIALS AND METHODS
Human NP Cell Acquisition and Culture
Human NP cells, derived from human IVD NP, were purchased from ScienCell Research Laboratory (ScienCell). NP cells were cultured as described below (Kang et al., 2017). Briefly, NP cells were maintained in a mixed medium containing DMEM/F12 (Gibco), supplemented with 15% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Invitrogen), and placed in a 5% CO2 incubator at 37°C. In order to keep the phenotype stable, we used second-generation cells for the experiments.
Cell Viability Assay
According to the manufacturer’s instructions, a cell counting kit (CCK-8; Biosharp) was used for cell viability analysis. Briefly, after treatment with different concentrations of BARD (MCE; 99.72%) treatment or compression treatment, the cells were seeded in a 96-well plate and subjected to different conditions. Then, 10 μl of CCK-8 solution was added, and the samples were incubated at 37°C for 2 h. Finally, a spectrophotometer was used to measure absorbance at 450 nm.
Compression Treatment
The tissue or cells were placed, in cell culture plates, at the bottom of the compression device, which was then placed in a 37°C incubator. The compression device is pressurized until the pressure reaches 1.0 MPa (Kang et al., 2020). The control samples were not placed in the compression device during culture. The specific operation was performed as described previously (Iatridis et al., 2013).
Western Blotting
According to the manufacturer’s instructions, a nuclear and cytoplasmic protein extraction kit (Beyotime) was used to extract total protein, cytoplasmic protein, and nuclear protein from NP cells and tissues. The BCA protein analysis kit (Beyotime) was used to determine the protein concentration. Equal amounts of protein from each sample were separated using SDS-PAGE and transferred to a PVDF membrane. Non-fat milk (5%) was used to block the membranes at room temperature for 2 h. Then, the membranes were incubated overnight at 4°C with the following primary antibodies: Bax (Abcam), Bcl-2 (Abcam), cleaved caspase-9 (Abcam), cleaved caspase-3 (Cell Signaling Technology), cytochrome c (Abcam), collagen II (Abcam), MMP-13 (Thermo Fisher), Nrf2 (Abcam), and HO-1 (Proteintech). Histone (Abcam) and GAPDH (Cell Signaling Technology) were used as the internal controls. Subsequently, the membrane was washed with TBST and incubated with the respective secondary antibodies (Abcam) for 1 h at room temperature, and then, the membranes were washed with TBST again. Protein bands were observed by enhanced chemiluminescence (Thermo Fisher) according to the manufacturer’s instructions. ImageJ software (NIH) was used to quantify band intensity.
Flow Cytometry
The cells were digested with trypsin (Solarbio) without EDTA, washed twice with PBS, and stained with Annexin V–FITC and PI for 20 min (Keygen, China). Then, they were immediately analyzed using a FACSCalibur flow cytometer (BD Biosciences).
Measurements of ROS and Malondialdehyde Levels
The cells were processed according to the experimental design using ROS (Beyotime) and MDA (Beyotime) kits to determine the content of ROS and MDA, respectively, in human NPCs according to the manufacturer’s instructions.
Immunofluorescence
The immunofluorescence assay was performed following different cells, according to a previously described procedure. The assay was performed through incubating the samples with antibodies against MMP-13 (Thermo Fisher) overnight at 4°C, followed by incubation with Alexa Fluor® 488-conjugated secondary antibodies for 1 h at 37°C. The nuclei were stained with 4′,6-diamidino-2-phenylindole (Beyotime). Finally, each slide was observed under a fluorescence microscope, and the fluorescence intensity was quantified using ImageJ software.
siRNA Transfection
Small interfering RNA (siRNA) that was against Nrf2 (si-Nrf2) mRNA was produced by Gene Pharma. According to the manufacturer’s instructions, Lipofectamine® 2000 (Invitrogen) was used to transfect NP cells with 100 nmol/L of each siRNA for 6 h. After 48 h, the cells were used for the experiments.
Ex Vivo IVD Organ Culture
12-week-old Sprague–Dawley (SD) rats were used for the IVD. The tail disc was separated and cultivated with a complete endplate structure in DMEM containing 15% FBS (Gibco) and 1% P/S (Invitrogen). The specific operation was as described previously (Wu et al., 2019).
Assessments of the Ex Vivo IVD Compression Model
After treatment, the IVD tissues of SD rats were fixed in formaldehyde, decalcified, dehydrated, embedded in paraffin, and cut into slices, with a thickness of 4 μm. These sections were stained with hematoxylin and eosin (HE) and safranin O-fast green (SO). According to previously described methods, the histological score was used to assess the degree of IVD injury (Han et al., 2008). For immunohistochemical analysis, sections were incubated with Nrf2 primary antibodies at 4°C overnight and then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies and counterstained with hematoxylin. Images were captured using an optical microscope (Olympus).
Statistical Analyses
The results are expressed as mean ± standard deviation (SD). At least three independent experiments were performed for each test. SPSS software (version 20.0; IBM Corporation) was used to analyze the data. Student’s t-test or analysis of variance was used, followed by Tukey’s test, to assess the differences between the results of each group. Statistical significance was set at p < 0.05.
RESULTS
The Protective Effect of BARD on the Viability of NP Cells Induced by Compression
Compression (Com) was used to establish an IDD model in vitro. Figure 1A shows the BARD structural formula. The results of the CCK-8 assay showed that at ≤50 nM, BARD was not cytotoxic to human NP cells for 24 and 48 h treatment times (Figures 1B,C). Subsequently, we observed that under compression conditions, 50 nM BARD showed the best cytoprotective effect (Figure 1D). Therefore, BARD was used at a dose of 50 nM in subsequent experiments.
[image: Figure 1]FIGURE 1 | The effect of BARD on NP cell viability. (A) Molecular structure of BARD. CCK-8 assay is used to detect changes in the viability of NP cells treated with different concentrations of BARD for 24 h (B) and 48 h (C). (D) 50 and 75 nM BARD significantly improve NP cell viability under compression. Data are expressed as mean ± SD. ***p < 0.001, **p < 0.01, n = 3.
The Protective Effect of BARD on Compression-Induced Oxidative Stress in NP Cells
To assess the level of oxidative damage, we tested the levels of ROS and MDA, which are commonly used indicators of oxidative stress. Compression increased the levels of ROS and MDA in NP cells compared to the control (Con) group (Figures 2A,B). Compared with compression treatment alone, BARD treatment significantly reduced ROS and MDA levels, which suggests that BARD protects NP cells from oxidative stress.
[image: Figure 2]FIGURE 2 | The effect of BARD ROS and MDA accumulation in NP cells caused by compression. (A–B) The ROS and MDA contents of NP cells were detected with a fluorescence microplate reader. Data are expressed as mean ± SD. *** indicates p < 0.001 when data are compared to those for the control (Con) group. ### indicates p < 0.001 when data are compared to those for the compression (Com) group. n = 3.
The Protective Effect of BARD on Compression-Induced Apoptosis in NP Cells
Western blotting was used to detect changes in apoptosis-related proteins in the mitochondrial pathway after BARD treatment (Figure 3A). The results showed that after BARD treatment, the expression of the anti-apoptotic protein Bcl-2 increased, while that of the pro-apoptotic protein Bax decreased (Figures 3B,C). In addition, the expression of cleaved caspase-3 and cleaved caspase-9 in the BARD treatment group was lower than that in the compression group (Figures 3D,E). In addition, the level of cytochrome c in the cytoplasm changed significantly due to BARD treatment (Figures 3F,G). As shown in Figures 3H,I, we used Annexin V–FITC/PI staining to detect the apoptosis of NP cells. The flow cytometry results showed that compression significantly increased the number of apoptotic NP cells. However, BARD treatment significantly alleviated this trend.
[image: Figure 3]FIGURE 3 | BARD prevents nucleus pulposus cell apoptosis caused by compression. (A–E) The expression of BCL2, BAX, cleaved caspase-3, and cleaved caspase-9 in NP cells after BARD treatment was detected by Western blotting. (F–G) The expression of cytochrome c (cyt c) in the cytoplasm decreased after BARD treatment, indicating that BARD relieves NP cell apoptosis through the mitochondrial apoptotic pathway. (H–I) Flow cytometry results show the apoptosis rate of NP cells. Data are expressed as mean ± SD. *** indicates p < 0.001 when data are compared to those for the control (Con) group. ### indicates p < 0.001 when data are compared to those for the compression (Com) group. n = 3.
The Protective Effect of BARD on Compression-Induced ECM Degradation in NP Cells
Because the imbalance between ECM synthesis and degradation is also an important feature of IDD, we evaluated collagen II (main ECM component) and MMP-13 (ECM catabolism factor) protein expression levels. As shown in Figures 4A–C, compression treatment decreased collagen II and increased MMP-13 protein levels, and these compression-induced alterations were significantly ameliorated by BARD pretreatment. The immunofluorescence staining results showed that MMP-13 levels significantly increased under compression and BARD ameliorated this trend (Figures 4D,E). These results suggest that BARD protects against compression-induced ECM degeneration.
[image: Figure 4]FIGURE 4 | BARD prevents nucleus pulposus cell ECM degeneration caused by compression. (A–C) Western blotting was used to detect collagen II and MMP-13 expression. (D–E) Immunofluorescence was used to observe the expression of MMP-13. Data are expressed as mean ± SD. *** indicates p < 0.001 when data are compared to those for the control (Con) group. ### indicates p < 0.001 when data are compared to those for the compression (Com) group. n = 3.
The Protective Effect of BARD on the Nrf2 Pathway in Compression-Treated NP Cells
As shown in the above results, oxidative stress, apoptosis, and ECM degeneration in NP cells caused by compression were all significantly alleviated after BARD treatment. BARD has been found to activate the Nrf2 pathway in many studies, and as a classic antioxidative stress-related pathway, the Nrf2 pathway plays an important role in compression-induced NP cell damage. Therefore, it is reasonable to assume that the Nrf2 pathway is involved in the protection of BARD against compression-induced NP cell damage. To verify our hypothesis, we evaluated Nrf2 signaling pathway activation under different processing conditions. Compression increased Nrf2 expression (Figures 5A,B) and nuclear translocation of Nrf2 (Figures 5C,D), and the expression of its downstream target protein HO-1 also increased (Figures 5E,F). BARD treatment further increased Nrf2 pathway activation in NP cells induced by compression. Thus, the Nrf2 pathway is implicated in the protective effect of BARD on NP cells.
[image: Figure 5]FIGURE 5 | The effect of BARD on the Nrf2 pathway in compression-exposed NP cells. (A–B) Western blotting was used to detect Nrf2 expression. (C–D) Western blotting was used to detect nuclear Nrf2 (Nu-Nrf2) expression. (E–F) Western blotting was used to detect HO-1 expression. Data are expressed as mean ± SD. *** indicates p < 0.001 and ** indicates p < 0.01 when data are compared to those for the control (Con) group. ### indicates p < 0.001 and ## indicates p < 0.01 when data are compared to those for the compression (Com) group. n = 3.
Nrf2 Activation is Required for BARD-Induced NP Cell Protection Against Compression
The present results show that BARD activates the Nrf2 cascade and protects human NP cells from compression-induced cell injury. We further studied the link between Nrf2 activation and BARD-induced cytoprotection in NP cells. As shown in Figures 6A,B, si-Nrf2 significantly knocked down the expression level of Nrf2 in NP cells. Furthermore, the expression of Nrf2-dependent genes (HO-1) was significantly blocked by Nrf2 knockdown (Figure 6C). Importantly, the protection of BARD against compression-induced oxidative injury in human NP cells was reversed through Nrf2 knockdown, as indicated by collagen II, MMP-13, cleaved caspase-3, apoptosis, and ROS levels (Figures 6D–K). These results suggest that Nrf2 activation is required for BARD-induced cytoprotection in compression-treated NP cells.
[image: Figure 6]FIGURE 6 | Nrf2 signaling plays a role in the BARD antioxidative stress response in compressed-exposed NP cells. (A–C) Western blotting was used to detect the expression of Nrf2 and HO-1. (D–F) Western blotting was used to detect the expression of MMP-13 and collagen II. (G–H) Western blotting was used to detect the expression of cleaved caspase-3. (I–J) Flow cytometry results show the apoptosis rate of NP cells. (K) The ROS content of NP cells was detected with a fluorescence microplate reader. ***p < 0.001, **p < 0.01. n = 3.
BARD Ameliorates NP Tissue Degeneration in an Ex Vivo IDD Model
We used the compressed isolated rat tail disc degeneration model to further confirm the results of the above in vitro experiments. After 2 weeks of compression treatment, the collected disc tissues were stained with HE and SO to evaluate morphological changes (Figure 7A). The compression treatment group showed severe degenerative changes, but the BARD treatment group significantly alleviated this process. The histological score further proved that BARD could prevent the IDD process (Figure 7C). Based on the results of the in vitro studies, ex vivo Nrf2 activation by BARD was further verified. Consistent with the results of the in vitro studies, the immunohistological staining (Figure 7B) and Western blotting (Figures 7D,E) results showed that BARD promoted Nrf2 expression in NP tissues. These results indicate that BARD ameliorated rat tail disc degeneration caused by compression. At the same time, the protective effect of BARD may be mediated by Nrf2 upregulation.
[image: Figure 7]FIGURE 7 | BARD improves the development of IDD in an ex vitro compression model. (A) HE and SO staining of the rat IVD tissues. Scale bar: 1 mm. (B) Immunohistochemical staining showing Nrf2 protein expression in NP tissues. Scale bar: 100 μm. (C) The histological score of SD rat IVD tissue was based on histological grading scale. (D–E) Western blotting was used to detect Nrf2 expression. Data are expressed as mean ± SD. *** indicates p < 0.001 when data are compared to those for the control (Con) group. ### indicates p < 0.001 when data are compared to those for the compression (Com) group. n = 5.
DISCUSSION
Previous studies have shown that excessive compression plays an important role in the development of IDD (Cheng et al., 2021; Lyu et al., 2021). Compression induces oxidative stress, apoptosis, and ECM degradation in NP cells (Li et al., 2018). Oxidative damage can promote apoptosis and ECM degradation, which contribute to the development of IDD (Chen et al., 2019; Xu et al., 2021). Therefore, for the successful application of NP tissue engineering, we focused on preventing compression-induced oxidative stress and subsequent NP cell apoptosis and ECM degradation (Sun et al., 2015). This may be a valuable method for alleviating and reversing IDD progression. Our study showed that BARD effectively increased the viability of NP cells treated with compression. In terms of indicators of oxidative stress, BARD prevented the production of excessive ROS and MDA in NP cells induced by compression. This study also showed that BARD could prevent compression-induced mitochondrial apoptosis in NP cells. In terms of ECM metabolism, BARD can inhibit ECM degradation and promote ECM synthesis. In terms of molecular mechanisms, BARD can promote the nuclear transfer of Nrf2 proteins and the overexpression of Nrf2 target proteins, which may reflect the molecular basis of the antioxidant effect of BARD. The ex vivo compression model also showed that BARD could reduce progressive damage of the IVD structure induced by compression.
Intracellular oxidative stress is precisely regulated and slightly biased toward oxidative processes (Balaban et al., 2005). Due to the transfer of electrons during oxidative phosphorylation, ROS are inevitably produced. As a by-product of aerobic catalysis, ROS levels are often used as an indicator of oxidative stress (Giorgio et al., 2005). The main forms of ROS include hydrogen peroxide (H2O2), superoxide anions (O2−), and free radicals. Lower concentrations of ROS act as signaling molecules to activate specific physiological pathways that control multiple life processes (Finkel and Holbrook, 2000; Quarrie and Riabowol, 2004). When the balance between the production and removal of ROS in the body is disrupted, the increase in ROS levels destroys DNA, proteins, and lipids, eventually triggering oxidative stress and leading to cell damage (Glasauer and Chandel, 2013; Tsukahara, 2007). Recent studies have shown that the occurrence and development of IDD is closely related to ROS and oxidative stress (Dimozi et al., 2015; Hou et al., 2014; Suzuki et al., 2015). Oxidative stress can accelerate the process of IDD in many ways, including through apoptosis, ECM degeneration, senescence, and autophagy (Feng et al., 2017). Many reports have shown that BARD has a strong antioxidative effect (Khurana et al., 2020; Pang et al., 2021; Snijders et al., 2021). However, whether BARD can alleviate IVD degeneration caused by compression has not been studied. This experiment proved that BARD can significantly reduce the increase in ROS and MDA levels caused by compression.
Under normal conditions, apoptosis plays an important role in maintaining tissue homeostasis. Apoptosis is a self-programmed cell destruction process. Its purpose is to remove unwanted cells and remodel development (Zhang et al., 2021). A major cause of IDD is the excessive apoptosis of IVD cells (Ding et al., 2013; Zhang et al., 2021). Excessive ROS increase the permeability of the outer mitochondrial membrane and the release of the pro-apoptotic factor, cytochrome c, which leads to cell apoptosis (Pervaiz et al., 2009). The important physiological function of IVD cells is to secrete ECM components (Tsingas et al., 2020). The ECM surrounds the IVD cells, maintains their normal physiological functions and characteristics, and, ultimately, maintains the normal physiological structure and tissue stability of the IVD. The ECM also provides buffering capacity to resist compressive mechanical loads on the spine from all directions (Li et al., 2021). However, during the IDD process, many factors, such as aging, inflammation, oxidative stress, and abnormal pressure load, lead to imbalances in the synthesis and degradation of the ECM components in the IVD tissue, and eventually, the IVD irreversibly degenerates (Wang et al., 2020b). In particular, the NP tissue is located at the center of the IVD, and compression leads to the destruction of the IVD tissue, which causes the ability of the IVD to withstand mechanical loads to weaken. Furthermore, the physiological stress structure of the spine changes, leading to a series of spinal degenerative diseases (Wang et al., 2020b; Kim et al., 2021; Zhang et al., 2021). Therefore, preventing NP cell apoptosis and ECM degradation induced by oxidative stress may be effective methods for the treatment of IDD.
Nrf2 is a transcription factor that plays an important role in the cell response to oxidative stress. Nrf2 activation represents the initiation of the oxidative stress defense system. In the non-stimulated state, Nrf2 exists in the cytoplasm, and the Nrf2 protein contains two Keap1 protein-binding motifs (Tu et al., 2019). ETGE and DLG enable Nrf2 to bind to the inhibitory protein Keap1 in the cytoplasm. Keap1 functions as an adaptor for cullin 3 (CUL3) E3 ubiquitination ligase-mediated Nrf2 proteasomal degradation. The cysteine residues on Keap1 can be modified by oxidants or electrophiles, which cause the protein to undergo conformational changes, leading to the dissociation of Keap1–Nrf2, the termination of Nrf2 polyubiquitination, and the translocation of Nrf2 into the nucleus (Ferrándiz et al., 2018). Nrf2 combines with the sMaf (small musculoaponeurotic fibrosarcoma) protein to form a heterodimer, which can then combine with antioxidant response elements to initiate the transcription of multiple target genes that are involved in redox balance, metabolic response, inflammatory response, etc. (Alcaraz and Ferrándiz, 2020). The antioxidative stress effect of Nrf2 has been reported in many studies of IDD, and Nrf2 in NP cells can directly act through its downstream target regulated antioxidant proteins (Kang et al., 2020; Wang Y. et al., 2019). On the other hand, the mitochondrion is the body’s energy factory, and it is also the main source of ROS (Fukai and Ushio-Fukai, 2020; Zhang and Wong, 2021). Nrf2 can reduce the production of ROS from the source by maintaining mitochondrial homeostasis, thereby maintaining the redox balance in NP cells (Tang et al., 2019; Wang K. et al., 2019). Various drugs can inhibit IDD by activating the Nrf2 signaling pathway (Gu et al., 2019; Song et al., 2021; Wang K. et al., 2019; Wang et al., 2020a; Zhong et al., 2021). In this study, we confirmed that BARD increased the expression and nuclear translocation of Nrf2 and downstream HO-1 expression also significantly increased. In addition, inhibition of Nrf2 attenuated the protective effect of BARD on oxidative stress damage in NP cells.
There were several limitations associated with our study. It is well known that NP cells are in a hypoxic state in vivo. However, the oxygen concentration of cells cultured in vitro in this experiment was normal, which caused excessive ROS production. Second, this experiment only explored the effect of BARD on Nrf2 activation. Whether BARD affects the activation of other pathways has yet to be determined.
In conclusion, this study provides evidence that BARD protects NP cells from apoptosis and ECM degradation under compression-induced oxidative stress. Its protective effect is, at least partially, mediated by the Nrf2 signaling pathway. Therefore, to improve the effectiveness of NP tissue engineering, BARD has been proposed as a supplement for minimizing the destructive effect of compression on engineered NP tissue.
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Osteoclasts and osteoblasts play a major role in bone tissue homeostasis. The homeostasis and integrity of bone tissue are maintained by ensuring a balance between osteoclastic and osteogenic activities. The remodeling of bone tissue is a continuous ongoing process. Osteoclasts mainly play a role in bone resorption, whereas osteoblasts are mainly involved in bone remodeling processes, such as bone cell formation, mineralization, and secretion. These cell types balance and restrict each other to maintain bone tissue metabolism. Bone tissue is very sensitive to mechanical stress stimulation. Unloading and loading of mechanical stress are closely related to the differentiation and formation of osteoclasts and bone resorption function as well as the differentiation and formation of osteoblasts and bone formation function. Consequently, mechanical stress exerts an important influence on the bone microenvironment and bone metabolism. This review focuses on the effects of different forms of mechanical stress stimulation (including gravity, continuously compressive pressure, tensile strain, and fluid shear stress) on osteoclast and osteoblast function and expression mechanism. This article highlights the involvement of osteoclasts and osteoblasts in activating different mechanical transduction pathways and reports changings in their differentiation, formation, and functional mechanism induced by the application of different types of mechanical stress to bone tissue. This review could provide new ideas for further microscopic studies of bone health, disease, and tissue damage reconstruction.
Keywords: mechanical stress, stimulation, function, expression mechanism, osteoblasts
1 INTRODUCTION
Mechanical forces affect almost every sphere of various life processes of living organisms, such as the perception of external hearing and touch, fluid flow and deformation during embryonic development, changes in cell osmotic pressure, pressure on blood vessel walls, and the movement of individual animals regulated by the earth’s gravitational environment. These forces range from mechanical stress signal generation, induction, and transduction to the final response, which involves the cell membrane, cytoderm, cytoskeleton, and other structures.
Bone tissue is very sensitive to mechanical stress stimulation. Unloading and loading of mechanical stress are closely involved in the differentiation and formation of osteoclasts and osteoblasts, and their bone resorption and formation functions, respectively (Robling and Turner, 2009; Li et al., 2020a). Consequently, mechanical stress exerts an important influence on the bone microenvironment and metabolism. Wolff’s Law points out that the lack of mechanical stress would lead to bone microstructure degeneration, mass loss and metabolism disorders, and would ultimately lead to osteoporosis (Brand, 2010). The absence of mechanical stress, such as with limb casts fixation, bed-rest, reduced exercise, and the weightlessness of astronauts in space, can lead to significant bone loss (Berg et al., 2007; Ragnarsson, 2015). In contrast, the mechanical load caused by exercise can restore bone mass and reverse these effects in most situations (Iura et al., 2015; Suniaga et al., 2018).
Exposure of tissues and cells to external mechanical stress transforms the external mechanical force into local mechanical signals in the body, triggering responses of cellular sensors. Subsequently, cellular mechanical signals are coupled to biochemical signaling molecules such as the nitric oxide produced and prostaglandins (PGs) (Duncan and Turner, 1995; Johnson et al., 1996; Klein-Nulend et al., 1997). Osteoblasts, osteocytes, bone lining cells, osteoclasts, and macrophages can sense mechanical stimulation and respond directly or indirectly (Dong et al., 2021). Mechanical transduction in bone tissue cells is a complex but precise regulatory process between cells and the microenvironment, between adjacent cells, and between mechanical sensors with different functions in a single cell. Ion channels, integrins, gap junction proteins, focal adhesion kinase, the extracellular matrix, the cellular skeletal components (such as intermediate filaments, microtubules, and actin filaments), and primary cilia are mechanical sensors that have been proven to regulate intracellular signaling pathways (Qin et al., 2020).
In vitro studies often use peripheral blood mononuclear cells, monocyte cells, bone marrow derived precursors and RAW264.7 cells induced to exhibit osteoclast formation (Owen and Reilly, 2018; Xiang et al., 2020). Bone mesenchymal stem cells (BMSCs), Human periodontal ligament cells (hPDLCs) and mouse embryo osteoblast precursor (MC3T3-E1) cells were induced to form osteoblasts (Rutkovskiy et al., 2016). The metabolic characteristics and mechanism of bone formation and remodeling have been explored by observing and studying the process of bone differentiation and formation. Osteocytes, osteoclasts and osteoblasts play major roles in bone tissue homeostasis. Bone tissue remodeling is a continuous process in which the role of osteoclasts is mainly in bone resorption, whereas that of osteoblasts is mainly bone remodeling, such as bone cell formation, mineralization, and secretion (Hardy and Fernandez-Patron, 2020). RANKL secreted by osteocytes binds to the receptor RANK on the precursor surface of osteoclasts to promote the differentiation and maturation of osteoclasts. Osteocytes also secrete OPG, which acts as the decoy receptor of RANKL and negatively regulates RANK signal to prevent osteoclast differentiation. When the ratio of RANKL/OPG increases, bone resorption increases; when the ratio of RANKL/OPG decreases, bone formation increases. In addition, osteocytes secrete sclerotin, which is a negative regulator of bone formation (Bonucci, 2009; Prideaux et al., 2016). These cell types balance and restrict each other to maintain bone tissue metabolism and homeostasis.
Previous studies have shown that appropriate mechanical stress stimulation can reduce the number and activity of osteoclasts and inhibit bone resorption, promote the differentiation and osteogenic function of osteoblasts, inhibit the differentiation of BMSCs into adipocytes, and prevent the loss of bone mass (Uzbekov et al., 2012). This effect also critically influences the regulation of bone metabolism signaling pathways (Uzbekov et al., 2012; Kameyama et al., 2013). However, the exact mechanism is not entirely clear. Numerous studies have further investigated the mechanism underlying the effects of mechanical stress on bone metabolism by examining mechanical stress stimulation in osteoclasts and osteoblasts (involving different species such as humans, mice and zebrafish,etc.) (Nomura and Takano-Yamamoto, 2000; Ho et al., 2005; Wittkowske et al., 2016). In this review, we review the mechanisms of mechanical stress stimulation on the function and expression of osteoblasts. Through this review, we attempt to provide a theoretical basis for the microscopic study of bone health, diseases, and injury reconstruction.
2 MECHANORECEPTOR
2.1 Ion Channels
Appropriate mechanical stimulation can activate calcium channels on the cell membrane to promote the transport of extracellular calcium into the cell, increasing the intracellular calcium concentration and promoting bone mass increase. Piezo1 and Piezo2 have been identified as important mechanosensitive channels. Piezo1 is a mechanosensitive ion channel through which osteoblasts sense and respond to changes in mechanical load and are required for gene expression changes caused by fluid shear stress (FSS) (Li et al., 2019; Zhou et al., 2020). Piezo1 expression in osteoblasts may also be promoted by mechanical tensile force (Wang et al., 2020a) and its deficiency in osteoblasts promotes bone resorption and contributes to osteoporosis in mice, but does not affect bone mass (Wang et al., 2020b).
Li et al. (Li et al., 2019) reported that the removal of Piezo1 from osteoblasts and bone cells does not completely eliminate the response of bones to mechanical stimuli. Furthermore, Piezo1 is not the only mechanosensor in osteoblasts and bone cells. Although Piezo1 and Piezo2 mRNA expression was detected in bone tissues, Piezo1 expression was significantly higher in bone cells and osteoblasts than that of Piezo2 (Sugisawa et al., 2020). Piezo2 is more involved in the development of the nervous system and the perception of touch and pain, than Piezo 1 is, including through molecules such as Merkel cells, outer hair cells and somatosensory ganglia (Woo et al., 2014). Other channels, such as the transient receptor potential (TRP) vanilloid (TRPV) and certain members of the epithelial Na+ channel (ENaC) protein family, can guide cation influx under a hypertonic environment or membrane tension, converting mechanical force signals into electrical and chemical signals (Gu and Gu, 2014; Kefauver et al., 2020).
2.2 Cytoskeleton
The cytoskeleton is a network structure in cells that is mainly composed of protein fiber (Kounakis and Tavernarakis, 2019), and mainly consists of microtubules, actin fibers, and intermediate filaments (Sandbo et al., 2016). It plays an important role in maintaining cell morphology, bearing external forces, and maintaining the internal cellular structure. The cytoskeletal structure is highly nonlinear, enabling cells to sense deformation and change and the complete cytoskeleton contributes to maintaining tight adhesion between cells and the extracellular matrix (ECM). The integrin glycoprotein family located on the cell membrane senses mechanical signals through interactions between the ECM and intracellular signals (Aisha et al., 2015). Human MSCs (hMSCs) can be gradually remodeled through cell recombination and arrangement and the regulation of smooth muscle cells by the cytoskeleton (Parandakh et al., 2017). Microtubule actin cross-linking factor 1 (MACF1) is a regulator of cytoskeletal dynamics that is necessary for maintaining bone tissue integrity (Wang et al., 2021a), whereas actin in the cytoskeleton is mainly involved in mechanical stress (Zhou et al., 2018). The link between mechanical stimulation, integrin/cytoskeleton/Scr/extracellular signal-regulated protein kinase (ERK) signaling pathway activation, and osteocyte survival provides a mechanical basis for the role of mechanical forces in the bone (Plotkin et al., 2005).
2.3 Integrin
Integrins are heterodimers formed by the non-covalent binding of α and β subunits and presently, mammals are known to express18 α and 8 β subunits, which combine to form 24 integrins (Selvakumarasamy et al., 2019). Integrin senses physical or biochemical stimulation of the ECM by binding to its ligands (including fibonectin, collagen, and laminin) in the extracellular region. Furthermore, through conformational changes, integrin mediates the transmission of signals to cells to induce their adhesion, migration, proliferation, and differentiation. Moreover, intracellular signal changes also affect the conformational changes of integrin, alter the affinity of ligand binding, and affect the biological behavior of cells. This integrin-dependent bidirectional signal transduction mechanism plays an important role in bone remodeling (Uda et al., 2017; Kong et al., 2020; Michael and Parsons, 2020). Recent studies have shown that osteoclasts express integrin α2 and αV and play an important role in bone resorption (Kong et al., 2020). Subsequent studies should focus on further clarifying the important role of integrin in mechanical stimulation and bone metabolism.
2.4 Primary Cilia
Primary cilia is widely found in osteocytes, MC3T3-E1 cells, murine long bone osteocyte-Y4 (MLO-Y4) osteoid cells, cranial osteoblasts, and hMSCs, and it is an important mechanoreceptor that responds to mechanical stimulation and coordinated load induction in these cells (Xiao et al., 2006; Malone et al., 2007; Hoey et al., 2012). However, the existence of primary cilia in osteoclasts has not been reported in existing studies (Yuan et al., 2015). The exposure of osteoblasts and hMSCs to suitable FSS upregulated the expression levels of runt-related transcription factor 2 (RUNX2), bone morphogenetic protein 2 (BMP2), alkaline phosphatase (ALP), and osteopontin (Sonam et al., 2016). In bone cells, primary cilia act as mechanosensors that respond to and flex extracellular fluid impulses generated by the body during walking and running. When primary cilia bend, the increased tension on the membrane opens mechanosensitive ion channels, which leads to intracellular Ca2+ influx, membrane depolarization, and activation of nerve fibers and then, the cell experiences mechanical stimulation (Whitfield, 2003). Studies have shown that a simulated microgravity environment eliminates the formation of primary cilia, inhibits the formation and mineralization of rat skull osteoblasts, and significantly shortens the residual cilia (Shi et al., 2020). However, the specific mechanism underlying the action of primary cilia in the bone under mechanical stress has cannot be fully explained by current studies, and further elucidation is needed in future studies.
3 MECHANICAL STIMULATION WITH OSTEOBLASTS
3.1 Gravity
The force through which objects are attracted to each other on earth is called gravity, which is exerted by the earth, and the direction of gravity is always straight down.
3.1.1 Hypergravity and Osteoblasts
MC3T3-E1 cells as osteoblast precursors are commonly used for mechanical sensing and gravity studies, which often use different methods or stimulatory interventions to observe the effects of osteoblast differentiation. Hypergravity (a force of 5, 10, 20, and 40 × g) was shown to promote the proliferation of MC3T3-E1 and osteoblast-like cells through a PGE2-mediated mechanism in vitro (Miwa et al., 1991), increase ALP activity, and was positively correlated with the duration of hypergravity (Nakajima, 1991). Similarly, hypergravity of 3 × g stimulates bone formation by enhancing the activity of osteopontin and RUNX2 in osteoblasts (Zhou et al., 2015). Kawao et al. (Kawao et al., 2020) found increased mRNA levels of RUNX2, osterix, ALP, and osteocalcin; ALP activity; and mineralization in vivo in osteoblasts from mice exposed to 3 ×g hypergravity. In addition, Woodcock et al. (Woodcock et al., 2019) found that high gravity effectively increased the intracellular viscosity of MC3T3-E1 cells and promoted the maturation and differentiation of osteoblasts, whereas higher levels (10, 15, and 20 × g) had a more significant effect.
3.1.2 Microgravity
The force of gravity in space is one millionth that on earth (9.8 m/s2). Microgravity can lead to osteoblast and osteoclast interaction disorders, resulting in bone loss, muscle relaxation, and the development of osteoporosis. Space microgravity and simulated microgravity (such as in plaster splintage, tail suspension test, sciatic denervation, and hindlimb unloading are commonly used in studies of bone metabolism in vivo and in vitro (Globus and Morey-Holton, 2016).
3.1.2.1 Microgravity and Osteoblasts
In space microgravity and simulated microgravity, sclerostin (SOST) enhances osteoclast formation by decreasing the production of osteoprotegerin (OPG) in osteoblasts and increasing the secretion of receptor activator of nuclear factor (NF)-κB ligand (RANKL) (Saxena et al., 2011; Chatani et al., 2016). Similar studies have shown that microgravity reduced osteoblast production and enhanced that of osteoclasts by decreasing OPG secretion by osteoblasts (increasing the RANKL/OPG ratio) (Rucci et al., 2007). Serum glucocorticoid levels increased significantly on day 3 in an animal model of hindlimb unloading that simulated microgravity. High glucocorticoid levels inhibited the expression of Wnt/β-catenin signaling pathway molecules and upregulated the expression of SOST in bone cells (Yang et al., 2020). Therefore, enhanced secretion of glucocorticoid may be an important factor for bone loss in the hindlimb unloading model (Yang et al., 2020). A recent study showed that the leukemia inhibitory factor (LIF) enhanced signal transducer and activator of transcription 3 (STAT3) phosphorylation in BMSCs and increased the expression of ALP and osteogenic genes. However, in the in vitro microgravity environment, the secretion of LIF by bone cells was inhibited, which weakened the osteogenic effect (Du et al., 2020). Microgravity also increases the level of oxidative damage markers in the body and weakens the total antioxidant capacity.
Reactive oxygen species (ROS) inhibit the function of osteoblasts (Manolagas, 2010; Steller et al., 2018), promote MC3T3-E1 cell apoptosis, and downregulate the expression of MAF BZIP transcription factor G (MafG) (Wang et al., 2021b). Therefore, increased ROS expression in microgravity is also one of the key factors for bone loss. In addition, microRNA (miR)-494 inhibits BMP2-induced osteoblast differentiation by downregulating BMPR2 and RUNX2 under microgravity simulation (Qin et al., 2019). An increasing number of studies have shown that the inhibition of osteogenic differentiation in microgravity can be regulated by multiple non-coding RNAs (ncRNAs) (Wang et al., 2018; Wang et al., 2020c; Cao et al., 2021).
Although resistance training for astronauts can effectively prevent bone loss (Stein, 2013), the adverse effects of the space microgravity environment on the bones of astronauts can last for several years, which highlights the importance of studying bone metabolism under microgravity conditions. The huge cost of in vivo and in vitro experiments on space flight has necessitated the development of a variety of experimental platforms to simulate ground microgravity environments (Bonnefoy et al., 2021; Iordachescu et al., 2021). However, fully replicating the changes induced by space microgravity exposure is challenging and, therefore, the develop of more reliable and accurate ground microgravity simulation environments for in-depth research is necessary.
3.1.3 Continuously Applied Compressive Pressure
The force perpendicular to the surface of a fluid per unit area is called the static pressure of the fluid, and continuous action for a specified period of time is called the continuously applied compressive pressure (CCP) (Xing et al., 2004). As a form of stress stimulated by mechanical stress, CCP is an effective condition for stimulating bone tissue growth. However, when CCP is too high or insufficient, it can reduce bone mass and lead to bone loss.
3.1.3.1 Continuously Applied Compressive Pressure and Osteoblasts
Imamura et al. (Imamura et al., 1990) Found that CCP inhibits osteoblast differentiation of MC3T3-E1 cells through production of PGE2. Their further study found that applying continuous static pressure (3 atm, ATM) to MC3T3-E1 cells inhibited the ALP activity of the osteoblasts and promoted PGE2 secretion. When MC3T3-E1 cells were transferred to a CO2 incubator at 1 ATM, the inhibition of ALP activity was rapidly reversed (Ozawa et al., 1990). Yanagisawa et al. (Yanagisawa et al., 2008) reported that 1.0 g/cm2 compressive stress was the optimal condition for osteoblast differentiation, and the study by Tripuwabhrut et al. (Tripuwabhrut et al., 2013) showed that osteoblast differentiation was enhanced when compressive stress increased from 2.0 g/cm2 to 4.0 g/cm2. Xiaoqing Shen et al. (Shen et al., 2017) showed that compressive stress at the range of 5.0 g/cm2 had no significantly different effects on the survival rate of MC3T3-E1 cells.
These results indicate that CCP has a positive effect on the differentiation of MC3T3-E1 cells and osteoblasts, but the exact dose of CCP for MC3T3-E1 cells and specific effects are currently unclear. Recently, Shu et al. (Somemura et al., 2021) reported that treating osteoblasts in a three-dimensional (3D) cell-collagen sponge construct with 25.5 gf/cm2 (2.5 kPa) for 24 h upregulated glucose transporter1 (Glut1), RUNX2 and ALP, whereas silent mating type information regulation 2 homolog 1 (sirtuin 1, SIRT1) was downregulated in osteoblasts induced by compressive mechanical loading. They hypothesized that the Glut1/SIRT1/RUNX2 pathway in osteoblasts may play a role in mechanical stress-induced bone formation and osteoblast differentiation. In vitro studies have repeatedly confirmed that osteocytes (not only osteoblasts, but also osteoblasts, osteoclasts and their progenitors) do indeed exhibit altered activity at hydrostatic pressures of up to 1 Hz, with amplitudes of tens (to hundreds) of kilopascals. Since in-situ tests are somewhat difficult to achieve, Whether hydrostatic pressure, identified in vitro as mechanical stimulation, actually occurs in vivo is controversial (Duncan and Turner, 1995). With this problem in mind, the multi-scale mechanical biology method and multi-scale mechanical model proposed by Scheiner et al. that connect porous micromechanics and mathematical systems biology provide valuable insights for this problem (Scheiner et al., 2014; Scheiner et al., 2016; Estermann and Scheiner, 2018). In addition, reports of CCP on osteoblast differentiation and osteoclast differentiation regulated by osteoblasts are still being explored (Tripuwabhrut et al., 2013). The effects of CCP strength and duration on osteoblasts will be precisely defined in future studies.
3.1.4 Tensile Strain
Various types of stress can produce relative strain when applied to an object. The ratio of the length, shape, and volume variation of the object before and after the action of tensile stress (single/bidirectional tensile stress) is called tensile strain. Ilizarov (Ilizarov, 1989) was the first to successfully apply traction stress to stimulate bone formation, and proposed the theory of “distraction osteogenesis”. To date, the theory has been successfully applied in strategies for the repair and treatment of bone defects (Kani et al., 2020).
3.1.4.1 Tensile Strain and Osteoblasts
The tensile stress of osteoblasts cultured in vitro was mainly achieved by stretching the culture medium membrane that adhered to the osteoblasts. In applying stretch stress to the culture medium membrane, the strength and duration can be controlled to observe the different responses of osteoblasts to stretch tension under different conditions. Furthermore, this process passively pulls osteoblasts that have adhered to the culture medium membrane, which simulates osteoblast stress in vivo. Chen et al. (Chen et al., 2018) found that mechanical stretching of human jaw bone marrow MSCs using the Flexcell tension system in vitro significantly increased ALP activity and calcium deposition. Moreover, the expression levels of RUNX2 and osterix were significantly upregulated, whereas NF-кB was significantly downregulated. Davidson et al. (Davidson et al., 2013) performed a mandibular osteotomy and pull experiment on Sprague-Dawley rats using a pull osteogenesis technique. The results showed that BMP2, intranuclear SMAD family member 1 (SMAD1) phosphorylation and ALP activity were increased in the traction region, and the osteogenic effect was significantly increased. Wnt1 expression was found to be elevated in alveolar bone cells on the tension side of orthodontic tooth movement (OTM) mouse model for 5 days (Ei Hsu Hlaing et al., 2020).
In addition to mechanical tensile force acting directly on osteoblast precursors and osteoblasts, it can also induce osteogenesis indirectly by affecting other mechanosensitive cells. Dong et al. (Dong et al., 2021) reported that macrophages are exposed to cyclic stretching with a 5% strain at a frequency of 1.0 Hz for up to 12 h using the FX-4000 Flexcell, and the stretched macrophages were co-cultured with BMSCs. The expression of opsin (OPN) and RUNX2 was significantly increased and induced Yes-associated protein (YAP) activation and nuclear translocation, which subsequently regulated downstream BMP2 expression to promote BMSCs osteogenesis (Dong et al., 2021). Li et al.(2020b) induced distraction osteogenesis of osteoblasts, and found that their proliferation was enhanced and mRNA levels of ALP, RUNX2, osteocalcin (OCN), collagen type I, hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF) were significantly increased.
However, in vivo studies showed that locally generated bacterial inflammation inhibited RUNX2 expression and up-regulated c-fos and interleukin (IL)-1β expression levels in osteoblasts induced by tensile strain, and reduced the osteogenesis of osteoblasts under continuous tensile stress (Lacey et al., 2009; Li et al., 2021). Obesity induced by high-fat diet decreases osteoblast activity in alveolar bone of the OTM stretching side (Luo et al., 2021). Therefore, it is necessary to consider several factors to maximize the function of osteoblasts using tensile stress.
3.1.5 Fluid Shear Stress
Fluid shear stress (FSS) is a type of mechanical stress caused by extracellular fluid, such as tissue fluid, flowing through the cell membrane surface, and the theory that FSS is induced by the flow of tissue fluid in the lacunar-canalicular system is widely accepted (Kumar et al., 2021). Applying loads (including mechanical loads, muscle contractions, blood pressure, and lymphatic drainage) to the bones causes the interstitial fluid to flow, which compresses the lacunar-canalicular system, thereby inducing various mechanical stimuli including FSS (Duncan and Turner, 1995; Tanaka et al., 2005; Price et al., 2011). FSS can further induce changes in the biomechanical properties of osteoblasts.
3.1.6 Fluid Shear Stress and Osteoblasts
Previous studies have shown that FSS inhibits tumor necrosis factor (TNF)-α-induced osteoblast apoptosis (Pavalko et al., 2003). More recent studies have shown that FSS can activate the ERK5-serine-threonine protein kinase B (AKT)-forkhead box O3a (FoxO3a)-Bim/FasL signaling pathway, inhibit the activation of caspase 3, and protect osteoblasts from apoptosis induced by TNF-α (Bin et al., 2016). Wang X. et al. (Wang et al., 2021e) found that the expression level of long-coding (RNA) lncRNA taurine up-regulated 1 (TUG1) increased in a time-dependent manner when MC3T3-E1 cells were exposed to 12 dyn/cm2 FSS treatment for 30, 60, and 90 min. LncRNA TUG1 upregulated fibroblast growth factor receptor 1 (FGFR1) expression by sponging miR-34a, which promoted osteoblast proliferation and inhibited osteoblast apoptosis (Wang et al., 2021e).
This study also found that FSS downregulated miR-140-5p and promote osteoblast proliferation by activating the vascular endothelial growth factor-A (VEGFA)/ERK5 signaling pathway (Wang et al., 2021d). FSS increased the expression of Piezo1 in MC3T3-E1 cells, activated the AKT- serine-threonine protein kinase glycogen synthase kinase 3 (GSK3)/β-catenin pathway and upregulated the expression level of RUNX-2 (Song et al., 2020). FSS remodels the cytoskeleton of MC3T3-E1 cell; arranges F-actin proteins in one direction, making them more compact and uniform; and increases the expression level of phospho-paxillin and integrin-α5 (Jin et al., 2020).
Recently, the in-depth study of bone ingrowth between internal fixation materials and bone interface has encouraged the study of material-bone interface-mechanical stimulation as an emerging focus. Lei et al.(2021) reported the effect of FSS on human MG-63 osteoblast-like cells on titanium with different surface modifications, which was particularly evident on the implant-bone interface. This study found that FSS (12 dyn/cm2) significantly induced cell proliferation and upregulated the expression level of focal adhesion kinase (FAK), which the authors speculated that FAK may play a key role in the mechanical transduction of the implant-bone interface (Lei et al., 2021).
FAK is a nonreceptor tyrosine kinase, which plays a key role in integrin-mediated signal transduction and downstream signaling pathways (Tapial Martinez et al., 2020). Wang J. et al. (Wang J. et al., 2021) found that the interface force or adsorption force of protein-material can regulate the organization of the actin cytoskeleton and promote the formation of focal adhesion, and that FSS promotes assembly of the actin cytoskeleton and decomposition of focal adhesions. These emerging studies will contribute to the designing of a harmonious bioreactor and mechanical load to facilitate the comprehensive study of bone tissue regeneration.
4 SIGNAL PATHWAYS MEDIATING EFFECTS OF MECHANICAL STRESS STIMULATION ON OSTEOBLASTS
Mechanical load induces stress stimulation of the bone and transmits the force to the bone cells. The receptors on the cell membrane are activated by binding of specific ligands, which triggers the signal cascade and enhances expression of downstream target genes, playing a role in bone metabolism. Mechanical transduction is a complex process regulated by multiple signal pathways.
4.1 Wnt/β-Catenin Signaling Pathway
The Wnt/β-catenin pathway is one of the most important pathways studied in bone metabolism research. Exposure of the transmembrane co-receptors low-density lipoprotein (LDL) receptor related protein 5 (Lrp5), Lrp6, and Frizzled (FZD) protein family to Wnt, activates the Lrp/FZD receptor complex on the cell surface, which inhibits the degradation activity of β-Catenin through the phosphorylation of downstream protein kinases. Subsequently, the stably accumulated β-catenin in the cytoplasm enters the nucleus and combines with the T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factor family to initiate the transcription of downstream target genes to promote the expression of osteogenic genes (such as OPG) and promote bone formation. Studies have found that mice with Lrp5 deletion mutations continue to show a state of low bone mass (Sawakami et al., 2006; Iwaniec et al., 2007).
More recent studies showed that human patients with Lrp5 missense mutation (A745V) had severe osteoporosis, which may be attributable to the weakening of the anabolic response of bones to mechanical stress (Kiel et al., 2007; Norwitz et al., 2019). Lrp5 and Lrp6 have been shown to be extremely important in bone cell mechanical transduction (Jing et al., 2016). In addition, under mechanical load, heterozygous deletion of β-catenin in a single osteocyte in mice eliminates the bone synthesis response to mechanical load and the ability to form new bone (Javaheri et al., 2014). Numerous studies using in vitro and in vitro models have also demonstrated the involvement of the Wnt pathway in mechanical stress (Bonewald and Johnson, 2008; Duan and Bonewald, 2016; Kang et al., 2016; Fu et al., 2020). However, SOST negatively regulates the Wnt/β -catenin pathway (Choi and Robling, 2021).
Dickkopf-related protein (DKK) 1 and DKK2 are expressed by osteocytes and negatively regulate Wnt/β-catenin. The mechanical load can inhibit the expression of DKK1 in osteocytes and promote the upregulation of Wnt signaling (Holguin et al., 2016). In vivo studies using hypergravity (3 × g) showed significantly reduced DKK2 levels in the serum and DKK2 mRNA levels in the soleus muscle of mice (Kawao et al., 2020). DKK2 was shown to inhibit mRNA levels of RUNX2, osterix, ALP, and osteocalcin and alkaline phosphatase activity and mineralization in osteoblasts, and enhance the phosphorylation of β-catenin in mouse osteoblasts (Kawao et al., 2020). Regulation of the Wnt pathway has a positive effect on compensatory mechanisms for coping with mechanical stress and changing bone mass, but the specific mechanism remains to be further studied.
4.2 Notch Signaling Pathway
The Notch signaling pathway, which is expressed in almost all organ systems, is highly conserved and plays an important role in the occurrence and development of diseases by regulating various cell processes (Andersson et al., 2011). Mammals have multiple Notch receptors, and the common types are Notch 1, Notch 2, Notch 3, and Notch-4. The Notch receptor is a one-way transmembrane protein that consists of the Notch extracellular domain (NECD), Notch transmembrane domain (NTM), and Notch intracellular domain (NICD). In mammalian cells, members of the delta-like ligand (DLL1, DLL3, and DLL4) and Jagged (JAG1 and JAG2) families act as ligands for Notch signaling receptors (Steinbuck and Winandy, 2018). Binding of the specific ligand to the receptor activates the Notch signaling pathway and its downstream target genes [including hes family bHLH transcription factor 1 (Hes1), hes related family bHLH transcription factor with YRPW motif 1 (Hey1), and Hey2] are transcribed. It is worth mentioning that Hes1 is a key factor in bone metabolism (Zanotti et al., 2011).
The role of Notch receptors in bone metabolism has always been controversial. Overexpression of NICD1 in osteocytes reduces bone resorption, leading to an increase in bone mass. Conversely, specific activation of Notch signaling in immature osteoblasts impaired their differentiation, leading to osteopenia (Canalis et al., 2013). Wang L. et al. (Wang et al., 2020a) found that mechanical stretch stress can activate the Notch1 signaling pathway and the expression of ALP, RUNX2, OCN, bone sialoprotein (BSP), and promote the osteogenic differentiation of human periodontal ligament stem cells. Ziouti et al. (Ziouti et al., 2019) found that applying tibial cyclic compression load (216 cycles at 4 Hz, peak strains at a tibial midshaft of +900 με) to wild-type mice induced specific Notch target genes (mRNA expression of Hes1, Hey1, and Hey2). Cyclic stretching of primary human BMSCs increased the gene expression of Notch receptors Notch1 and Notch2 by more than 60-fold and 30-fold, respectively. RUNX2 and mechanical response genes prostaglandin-endoperoxide synthase 2 (PTGS2) and FOS were upregulated. Studies have shown that the Notch pathway is activated and osteogenic gene expression is upregulated in osteoblasts under mechanical stress. However, the exact mechanism of the Notch pathway-related effects in osteoblasts under mechanical stress has not been fully elucidated.
4.3 ERK5 Signaling Pathway
ERK, which belongs to the mitogen-activated protein kinases (MAPKs) family, has strong catalytic activity and plays a key role in upstream signal transduction pathways including mechanical signals in cellular reactions (Fey et al., 2012; Yuan et al., 2020). Studies have shown that loading MC3T3-E1 cells with FSS increases cyclooxygenase (COX)-2 activity, which activates osteoblast-like cell proliferation and anabolic metabolism (Bo et al., 2016; Ding et al., 2019). Knockout of ERK5 using small interfering RNA (siRNA) prevented FSS from upregulating COX-2 and cyclic adenosine monophosphate (cAMP) (Jiang et al., 2015). Wang X. et al. found that FSS-induced downregulation of miR-140-5p regulates ERK5 signal activation through VEGFA and promotes osteoblast proliferation (Wang et al., 2021d). FSS inhibits caspase 3 activation to prevent osteoblast apoptosis by activating the ERK5-AKT-Foxo3a pathway in MC3T3-E1 cells (Bin et al., 2016). Other studies have shown that the effect of mechanical load on ERK5 is an important factor affecting the proliferation of osteoblasts (Li et al., 2012; Zhang et al., 2021).
4.4 RhoA Signaling Pathway
RhoA belongs to the Rho Family of small GTPases, and is a key regulator of actin cytoskeleton. The mammalian genome encodes about 20 kinds of Rho gtpase, and currently the most researched ones are RhoA, Rac1 and Cdc42 (Ridley and Hall, 1992). The activation and inactivation of RhoA is regulated by signals from intracellular and extracellular G protein coupled receptors, integrins and growth factor receptors (Kaneko-Kawano and Suzuki, 2015). Members of the Rho associated protein kinase (ROCK) family, including ROCK1 and ROCK2, are important effectors of RhoA (Arnsdorf et al., 2009). When exogenous forces or forces generated by the cell itself and the cytoskeleton act on the cell (Chen, 2008), cell surface adhesions, cytoskeleton and membrane tension work together to affect mechanosensors and stimulate mechanical responses (Vogel and Sheetz, 2006; Hoffman et al., 2011). Studies have shown that Rho/ROCK converts mechanical stimulation into gene expression changes through the actin-myocardin-related transcription factor (MRTF)-serum response factor (SRF) pathway (Zhao et al., 2007). Dupont et al. (Dupont et al., 2011) found that stretch stimulation can activate the RhoA/ROCK signaling pathway and YAP/transcriptional co-activator with PDZ-binding motif (TAZ), promote bone formation, inhibit adipogenesis, and form actin at the same time. Similarly, RhoA feels high ECM stiffness through focal adhesion, promotes actin polymerization and stress fiber formation, transmits stiffness signals to YAP/TAZ, and regulates the sensitivity of osteoblasts (Wagh et al., 2021). MRTF and YAP/TAZ have been confirmed as transcription factors activated by mechanical induction (Finch-Edmondson and Sudol, 2016; Cai et al., 2021). The activity of ROCK is positively correlated with ECM stiffness. Although stiffness sensing is related to the regulation of multiple signal transductions, RhoA/ROCK pathway is perhaps the most prominent (Selig et al., 2020). Studies have been found that RhoA and its effector protein ROCKII regulate the differentiation of C3H10T1/2 cells induced by oscillatory fluid flow to osteogenic differentiation. At the same time, activated RhoA and fluid flow have an additive effect on the expression of RUNX2 (Arnsdorf et al., 2009). Gardinier et al. (Gardinier et al., 2014) has shown that under the influence of FSS, the mechanical sensitivity of MC3T3-E1 cells is regulated by the activation of P2Y2 receptors through the RhoA/ROCK signal cascade under the influence of FSS. The RhoA signalling pathway is central to mechanotransduction because it plays a key role in regulating the catin cytoskeleton and its response to mechanical force.
In addition, other signaling pathways such as the transforming growth factor-β (TGFβ)-Smad (Zou et al., 2021), NF-κB (Wang et al., 2015), and BMP(da Silva Madaleno et al., 2020; Wei et al., 2020), signaling pathways also have an important role in the responses of osteoblast-like cells under mechanical stimulation, and there is crosstalk between various signaling pathways (Kopf et al., 2014; Grafe et al., 2018; Shuai et al., 2018). Moreover, the effects of mechanical stimulation on the various signal pathways mediated the response of osteoblasts are interactive and related (Table 1). Once mechanical stimulus receptors are affected by mechanical loading and unloading, it is possible to activate multiple biological signaling pathways during the conversion of physical signals into chemical stimulation signals, thus generates positive or negative regulation of osteoblast cells. However, the current research is not thorough, and its mechanism needs to be further elucidated. Future research should continue to focus on clarifying the signal pathways mediating the mechanism underlying the actions of mechanical stimulation on osteoblast-like cells.
TABLE 1 | Signal Pathways Mediating Effects of Mechanical Stress Stimulation on Osteoblast like cells. FSS, fluid shear stress; OPG: osteoprotegerin; DKK, Dickkopf-related protein; RUNX2, Runt-related transcription factor 2; ERK, Extracellular-regulated protein kinase; BMP, Bone Morphogenetic Protein; ALP, alkaline phosphatase; NF-кB, nuclear factor kappa-B; VEGFA, vascular endothelial growth factor-A; YAP, Yes-associated protein; OCN, osteocalcin; ECM, extracellular matrix; COX-2, cyclooxygenase; (MC3T3-E1) cells, mouse embryo osteoblast precursor; TAZ, transcriptional co-activator with PDZ-binding motif; ROCK, Rho associated protein kinase.
[image: Table 1]5 CONCLUSION
Loading and unloading mechanical stress affects the proliferation, differentiation, and function of osteoblast-like cells. Studies have shown that osteoblast-like cells, which are sensitive to mechanical stimulation, are the basic cell model for studying the processes of bone growth, development, and formation (Siddiqui and Partridge, 2016; Thomas and Jaganathan, 2021). The perception of mechanical stress by osteoblasts first involves actions on target genes through various pathways such as Ca2+, Piezo1, ECM-integrin-cytoskeleton, and cell regulatory factors. Mechanoreceptor also regulates the expression of corresponding genes to convert mechanical stimulus signals to chemical stimuli, and then regulates various receptors on the cell membrane, cytoplasm, and nucleus through chemoreceptors to regulate the bone formation mechanism (Steward and Kelly, 2015; Augat et al., 2021). (Figure 1).
[image: Figure 1]FIGURE 1 | The perception of mechanical stress by osteoblasts first involves actions on mechanoreceptors through various pathways. Mechanoreceptors also regulate the expression of corresponding genes to convert mechanical stimulus signals into chemical stimuli, and regulate the relevant signal transduction pathways. Finally, bone metabolism and bone formation are regulated.
Mechanical stimulation is an important regulatory factor for bone growth, reconstruction, and metabolism. Number experimental studies have investigated osteogenic effects under mechanical stress (Chermside-Scabbo et al., 2020; Eichholz et al., 2020; Jeon et al., 2021; Lei et al., 2021). The influence of different mechanical forces on bone tissue produces various effects. Analyzing the mechanism mediating the effects of mechanical stimulation on the regulation and metabolism of cell signaling pathways such as those of BMSCs, osteoblasts, osteoclasts, and osteocytes is currently a challenging research hotspot. Most previous studies used a single mechanical stimulus on a single mechanosensitive cell, and the mechanical loading methods and mechanical devices used did not have a relatively unified standard.
The results obtained from studies using randomly selected or combinations of different mechanical stimuli were no systematic and lacked standardization and accuracy. Consequently, designs of bone metabolism studies need to include a more suitable mechanical experimental environment to accurately control the mechanical parameters of mechanical stress stimulation, such as the type, duration, intensity, and cycle of mechanical stimulation). Furthermore, such studies should explore the influence of the body on mechanical stimulation. It is gratifying that mechanism-driven biology and biochemistry have been put into mathematical systems biology formats, this will certainly lead the research field to a more precise direction (Pastrama et al., 2018; Lavaill et al., 2020; Larcher and Scheiner, 2021).
This would provide an important theoretical basis for clinical treatment of bone diseases with a focus on issues such as bone health, fracture healing, and bone ingrowth at the bone-material interface. Further in vivo experiments need to study the changes in macroscopic bone tissue metabolic activity under stress stimulation, whereas future in vitro experiments should explore the specific mechanisms and signal transduction pathways mediating the effects of different mechanical stimuli on various mechanosensitive cells of bone tissue. These results could be used as a foundation for future orthopedics, stomatology, and tissue engineering research studies to advance the development of this discipline.
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Any sort of wound injury leads to the destruction of skin integrity and wound formation, causing millions of deaths every year and accounting for 10% of death rate insight into various diseases. The ideal biological wound dressings are expected to possess extraordinary mechanical characterization, cytocompatibility, adhesive properties, antibacterial properties, and conductivity of endogenous electric current to enhance the wound healing process. Recent studies have demonstrated that biomedical hydrogels can be used as typical wound dressings to accelerate the whole healing process due to them having a similar composition structure to skin, but they are also limited by ideal biocompatibility and stable mechanical properties. To extend the number of practical candidates in the field of wound healing, we designed a new structural zwitterion poly[3-(dimethyl(4-vinylbenzyl) ammonium) propyl sulfonate] (SVBA) into a poly-acrylamide network, with remarkable mechanical properties, stable rheological property, effective antibacterial properties, strong adsorption, high penetrability, and good electroactive properties. Both in vivo and in vitro evidence indicates biocompatibility, and strong healing efficiency, indicating that poly (AAm-co-SVBA) (PAS) hydrogels as new wound healing candidates with biomedical applications.
Keywords: conductive hydrogel, adhesive hydrogel, antibacterial hydrogel, wound dressing, wound healing
INTRODUCTION
Although the skin is the softest, most flexible outer tissue covering the body of a vertebrate animal, the inevitable skin trauma caused by burns, contusions, or bruises is a significant yet intractable healthcare issue around the world (Hernández Martínez et al., 2019). A wound visible with the naked eye easily tends to turn into a perfect breeding ground for pathogenic bacteria (S. aureus, E. coli) and fungus, which further impairs vital functions that the skin performs and causes pain, weak immune responses, disability, or even death. More importantly, the presence of a number of complex driven factors such as 1) the increasing prevalence of chronic conditions resulting in acute, chronic, surgical, and traumatic wounds, 2) the growing costs on chronic wounds, and 3) climbing use of regenerative medicine in wound disposal, leading to the global wound care market projected to reach over USD 27 billion by 2026 from USD 19.3 billion in 2021. Based on this status, the high growth potential of emerging economies and rapidly increasing wound treatment requirements have also opened a myriad of opportunities for exploiting more fundamental wound healing mechanisms and novel materials.
From the perspective of epidermal healing mechanisms, practical healing efficiency tends to be distinctly promoted in wounds subjected to a moist environment under an occlusive dressing film as compared to uncovered wounds. The sustaining moist environment will decrease the inflammatory and proliferative cells, resulting in faster healing of wound defects. To date, the widely accepted characteristics for ideal biological wound dressings can be summarized as 1) a certain adsorption capacity for removing excess exudates and toxins, 2) good air permeability to allow gaseous exchange and thermal insulation, and 3) adjusted adhesion to promote the wound/dressing interface binding force and to be removed easily without trauma to the wound (Zhu et al., 2016; Ni et al., 2021; Wang et al., 2021; Yuan J et al., 2021). Recent progress has demonstrated that biomedical hydrogels can be used as typical wound dressings to accelerate the whole healing process due to the similarities, in terms of composition structure (soft matrix with high water contents), to human tissues. In addition, hydrogels are hydrophilic, fully crosslinked polymeric materials that have enabled us to dynamically alter adhesion ability, leading to stable adhesion to the active epidermis. For instance, most as-prepared soft natural (gelatin, hyaluronic acid, and agar) or synthetic (polyAAm, polyHEAA, and polyNIPAm) hydrogels possess strong adhesion on common biomedical substrates (e.g., steel, titanium, glass, and ceramic), while the bonding energy is dramatically reduced once the excess exudates and toxins are absorbed (Zhang et al., 2020a; Zhang et al., 2020b; Zhang et al., 2020c; Mao et al., 2020; Zhang et al., 2021).
Skin is electro-sensitive tissue in our body (Kim et al., 2013). Some researchers have been exploring electrical stimulation and its effect on wound healing (Li M et al., 2019; Chen et al., 2021; Yuan J et al., 2021; Zheng et al., 2021). In addition, it has been confirmed that endogenous electric stimulus has a positive impact on wound healing (Qu et al., 2019). This electrical stimulation can mainly promote the proliferation of fibroblasts, the synthesis of ECM, and the secretion of growth factors and revascularization (Goding et al., 2017) by the activation of transmembrane channels and enhancement of intracellular Ca2+concentration (Li et al., 2019c; Naskar et al., 2020). Therefore, electrical stimulation has the potential to treat full-thickness skin wounds with simplicity due to its relatively easy application.
Although natural polysaccharide- and protein-based hydrogels are biodegradable, the undesirable weak mechanical properties, especially and surprisingly, brittleness, still limit further practical applications. How to balance ideal biocompatibility and stable mechanical properties is still being explored by researchers in biophysical, material, or biomedical science. Some synthetic acrylamide polymers can address the challenge of matrix-strength, but non-specific protein adhesion and, subsequently, potential organ rejection make it difficult to peel the hydrogels from wounds in escharosis regions after healing. With the development of zwitterionic hydrogels, e.g., polyCBMA, polySBMA, and poly(trimethylamine N-oxide) (polyTMAO) (Huang et al., 2021), the macrophase cells upon non-fouling polyzwitterionic matrix tend to differentiate the pro-healing states. Thus, it is also possible to achieve a good combination of the above-mentioned properties to achieve ideal wound healing by using synthetic hydrogels.
In this work, we ingeniously introduce a new structural salt-responsive zwitterion poly[3-(dimethyl(4-vinylbenzyl) ammonium) propyl sulfonate] (SVBA) into the polyAAm network to extend the practical candidates for the field of wound healing. The nature of polySVBA chains previously already presented unique salt-responsive properties and was applied to bacterial release (Zhang et al., 2018; Wu et al., 2019), selective oil/water separation (Wang et al., 2020), and thermal-induced soft actuators (He et al., 2019), etc. Interestingly, rigid aromatic backbone and sequential ionic interactions synergistically promote surface bonding, potential conductivity, matrix stretchability, and self-healing properties. On the one hand, compared to commercial Tegaderm (3M), more wettability groups (hydroxy, sulfonate, and amide) from copolymerized poly (AAm-co-SVBA) assist in trapping more moisture and maintaining long-term hydration micro-environments. On the other hand, this structural adhesive design can make the zwitterionic hydrogel matrix fit the organ wounds smoothly and perfectly, leading to the overall adsorption of excess exudates and toxins during dynamic healing processes. In addition, the challenge of inevitable protein adhesion (e.g., cells and pathogenic bacteria) will finally lead to the failure of healing, as the formed scab grows against the surface of the hydrogel and the healed area tends to tear as the hydrogel is removed. However, polyzwitterionic hydrogels are widely reported to be antifouling materials (Yuan H et al., 2021) that promote protein repellent, and thus a higher healing efficacy can be achieved. Both in vivo and in vitro evidence monitors the cytotoxicity, biocompatibility, and healing efficiency of the resultant polyzwitterions with refined structures, indicating that poly (AAm-co-SVBA) (PAS) hydrogels have become new wound healing candidates for biomedical applications.
EXPERIMENTAL SECTION
Materials
Acrylamide (AAm, 99.0%) and N,N′-Methylenebisacrylamide (MBAA, 97%) were purchased from Aladdin reagent Inc. (Shanghai), The detailed synthesis route of dimethyl-(4-vinylphenyl) ammonium propane sulfonate (SVBA) can be found in our previous report (He et al., 2019; Yuan H et al., 2021). In this experiment, all purified water was obtained from a Millipore system with an electronic conductance of 18.2 MΩ cm.
Preparation of Hydrogel
To obtain the functional polyzwitterionic hydrogel, a predetermined amount of cross-linking agent (MBAA, 1.0 mg ml−1), monomer (0.168 g/ml), and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (I2959, photoinitiator, 10 mg ml−1) were prepped. The solution was purged with nitrogen gas for 10 min to completely remove the oxygen gas, after that, the solution was slowly injected into a prepared mold by separating two glass slides with a 1.0 mm Teflon spacer. The dimension of the mold was 50 × 50 × 1 mm3 (length × width × depth). After the system was irradiated by a 365 nm UV light for 1 h, the resultant hydrogel was released from the mold and immersed in pure water to remove unreacted monomers and free polymers. The cylinder hydrogel was prepared by using an injection syringe (1 ml) as the mold for the mechanical test.
Characterization
A series of samples with different ratios of AAm and SVBA were prepared using the same method (PAS-1, AAm: SVBA = 1:1; PAS-2, AAm: SVBA = 2:1). The hydrogel samples were lyophilized under vacuum for 48 h to remove water for morphology measurements. Prior to imaging, the lyophilized hydrogels were brittle-fractured in liquid nitrogen, then, the hydrogels were coated with Au and observed by scanning electron microscope (SEM, HITACHI S-4800, Japan) at an accelerating voltage of 5kV. The Fourier transformed infrared (FTIR) spectra were detected on a BRUKER Vector 22 Spectrometer (Germany) from 4,000 to 400 cm−1 in an ATR model. The tensile tests and compression tests were recorded on a universal testing machine (SANS CMT2503) at 75% humidity and room temperature. For tensile testing, the hydrogels of the cylindrical samples with a diameter of 4.5 mm and a height of 50 mm were stretched at a rate of 100 mm min−1. For compression testing, the cylindrical samples with a diameter of 8.5 mm and a height of 40 mm were compressed at a velocity of 10 mm min−1.
A rotational rheometer (Thermo Hakke) with a steel parallel plate of 10 mm radius was used to determine the rheological properties of the hydrogel. Dynamic frequency sweep measurements were performed at 37°C by an oscillation mode using a fixed oscillatory strain of 1% and a fixed gap of 1 mm. The temperature sweep measurements of the hydrogel were measured with a temperature range of 10–60°C, a fixed oscillatory strain from 0.1% to 600%, and a fixed frequency of 1 Hz. The strain measurements of the hydrogel from at the frequency of 1 Hz (37°C) were performed.
Adhesive Strength Test
The in vitro adhesion of the PAS-2 hydrogel was further assessed through different rat tissues. Four organs (i.e., heart, liver, lung, kidney) were excised from SD rats for tissue adhesive tests. A square-shaped PAS-2 hydrogel (of 6 mm per side) was attached to stainless steel tweezers before being attached to the water-moist surface of these organs.
In vitro Cytotoxicity Assay
The biocompatibility of hydrogels was evaluated in the fibroblast cell line (L929). In brief, cells were seeded onto 24-well culture plates and cultured overnight. Then, after ultraviolet treatment, PAS-2 hydrogel was added into the 24-well plates and co-cultured. The standard medium was changed daily. After 1, 3, and 5 days, the media and hydrogels were discarded. At the specified time points, a CCK-8 working solution (DMEM containing 10% CCK-8 solution) was added and incubated in the incubator for 2 h. The supernatant was collected and measured for the absorption value at 450 nm using a microplate reader (Bio-Rad, USA). A live/dead assay was carried out to evaluate the cytotoxicity of prepared hydrogels. Briefly, the cells were stained with calcein-AM/Propidium dye at the same time points as described above and observed under a confocal microscope (Leica, Germany). Every test was repeated three times.
Hemolytic Activity
Rat blood cells were used to evaluate the blood compatibility of PAS-2 hydrogel. Briefly, the erythrocytes of SD rats were collected by centrifugation (1,000 rpm, 10 min) from the whole blood, and then diluted by normal saline (NS). The prepared erythrocytes solution was incubated with PAS-2 hydrogel. In addition, erythrocytes treated with PBS served as a negative control and those treated with Triton X-100 (0.1%) served as a positive control After incubating at 37°C for 2 h, the supernatant was taken out via centrifugation and transferred to a 96-well plate to detect the absorbance at 570 nm. Every test was repeated three times.
[image: image]
Where ODa is the absorbance of samples, and ODb and ODc represent the absorbance of PBS and Triton X-100.
Antibacterial Performance
The in-vitro antibacterial performance of PAS-2 hydrogel was tested against S. aureus (ATCC 29213) and E. coli (ATCC 25922) in this experiment by standard plate counting assays. E. coli and S. aureus were cultured in Luria-Bertani (LB) and Tryptic Soy Broth (TSB) medium, respectively. Briefly, a total volume of 300 μL hydrogel solutions and equal volumes of PBS were loaded into a 24-well plate and then irradiated by UV for 30 min to kill any microorganisms. Then, the bacterial suspension (300 μl, 106 CFU/ml) was mixed with PAS-2 hydrogel and PBS, respectively, which was incubated in a 37°C incubator for 12 h. The group of bacteria incubated with PBS was set as a control. Thereafter, the bacterial solution of two groups was isolated, then 20 μl was taken and seeded on the LB and TSB solid plate and placed at 37°C overnight. Finally, the number of viable colony units were photographed and counted.
Wound Healing Study
All experiments were authorized by the Animal Ethics Committee of Shanghai East Hospital (Shanghai, China). A total number of 27 adult Sprague-Dawley (SD, male, weigh, 250–300 g, age, 6 weeks old) rats, were purchased by Shanghai Slac Laboratory Animal Co. Ltd. Animal care and use followed the guidelines of Laboratory Animals published by the US National Institutes of Health.
Animals were bred in a rat box in a controlled environment (temperature: 26 ± 3°C, relative humidity: 70–85%, 12: 12 h light/dark). Experimental animals were not restricted in how much water they could have and had a standard diet. Briefly, after a standard anesthesia procedure (60 mg kg−1 pentobarbital), the fur was shaved from the backs. A local full-thickness wound with a diameter of approximately 1.5 cm was produced on the dorsum of each rat. The rats were randomly assigned to three groups: the control group (gauze), the Tegaderm group (commercial film), and the PAS-2 group (PAS-2 hydrogel). At least nine rats were selected for each group. The dressing was refreshed on the 4, 8, and 12th days and the healing of the wound was recorded with a digital camera on the 0, 4, 8, and 12th days and the corresponding wound closure rate was calculated.
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Here, the Area 0 is the original wound area, the Area T represents the wound area at each time point (Cheng et al., 2020).
Histological Analysis
To evaluate the wound healing performance of PAS-2 hydrogel, the tissue samples of the wound were collected on the 4, 8, and 12th day and fixed with 4% paraformaldehyde for 1 h. Subsequently, the samples were embedded in paraffin, sectioned (4 μm), H&E and Masson stained, followed by histologic examination with optical microscopy (Leica Microsystems, Germany). A H&E-staining-based scoring system was used to evaluate wound repair (Eikebrokk et al., 2019). Masson staining was performed to evaluate collagen deposition using ImageJ software. In addition, the collagen amount and neovascularization in the wound tissue at day 12 were visualized by immunofluorescence staining of collagen type I (Col I) and alpha-smooth muscle actin (α-SMA). In short, after routinely de-waxing and rehydration, antigens were repaired and blocked with goat serum. The slides were incubated, respectively, overnight with primary antibodies at 4°C: rabbit polyclonal anti-collagen type I and anti-α-SMA (1: 100, CST, USA). After undergoing PBS washes, tissues were incubated with Cy3-conjugated goat anti-rabbit IgG (1: 200, Abcam, USA). Nuclei were stained with DAPI (Abcam, USA) after the incubation of the secondary antibody. The immunostaining results were observed by a fluorescence microscope (Nikon, Japan) and quantitatively analyzed by ImageJ software. The results were evaluated independently by two pathologists who were blinded to the treatments.
Statistical Analysis
The analysis data are expressed as the mean ± standard deviation of at least triplicate samples. The student’s t-test was used to analyze the differences between two groups, and one-way analysis of variance (ANOVA) was used to analyze multiple groups. *p < 0.05 was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
RESULTS AND DISCUSSION
Synthesis and Characterization of the PAS-2 Hydrogel
In this study, a new polyzwitterionic hydrogel was designed. The schematic representation of the hydrogel dressing is presented in Figure 1. A new structural salt-responsive polySVBA was induced into the polyAAm network to form a poly(AAm-co-SVBA) (PAS) hydrogel (Figure 2A). The chemical structures of the resultant hydrogels and polymer were tested using FT-IR spectroscopy. Figure 2B summarizes the FT-IR spectra of lyophilized AAm, PAAm, PSVBA, PAS-1, and PAS-2, respectively. For PAAm polymer, there were two characteristic peaks at 1,649 cm−1 and 1,599 cm−1 attributed to the asymmetrical stretching vibration of–C=O and the characteristic absorption peak of–N–H on amide groups. In addition, the characteristic absorption peaks at 1,174 cm−1 and 1,043 cm−1 for pure PSVBA hydrogel corresponded to the–CH stretching vibration on aromatic rings. However, once two networks were rationally combined, the ATR-FTIR spectra of polyzwitterionic PAS (including PAS-1 and PSA-2) possessed a certain shift—the obvious characteristic absorption peaks at 1,652 cm−1 and 1,601 cm−1 corresponding to the stretching vibration of–C=O and–N–H can be detected. In the meantime, the signal of the aromatic ring (-CH) shifted to 1,168 cm−1 and 1,038 cm−1, indicating the successful combination of PAAm and PSVBA networks in polyzwitterionic PAS hydrogels.
[image: Figure 1]FIGURE 1 | Schematic representations of PAS-2 hydrogel for wound healing.
[image: Figure 2]FIGURE 2 | Microscopic morphology and mechanical characterization of prepared hydrogels. (A) Photographs of PAS-2 hydrogel. (B) FT-IR spectra of the AAm, PSBVA, PAAm hydrogel, PAS-1 hydrogel, and PAS-2 hydrogel. (C) SEM images of PAAm, PAS-1, and PAS-2 hydrogels. (D) G′ and G″ of the PAAm, PAS-1, and PAS-2 hydrogels on the strain sweep test. (E) Rheological analysis of PAAm, PAS-1, and PAS-2 hydrogels at 1% strain. (F) Rheological analysis of PAAm, PAS-1, and PAS-2 hydrogels when the temperature altered.
As shown in Figure 2C, the morphology of the hydrogels was observed by SEM. The PAAm exhibited a smooth surface with few porous structures. However, the introduction of polySVBA into the PAAm networks caused a remarkable increase in porosity. With a decrease in the weight ratio of the polySVBA from 66.7% to 50%, the PAS-1 and PAS-2 hydrogels showed interconnected porous structures. In addition, compared with the PAS-1 hydrogel, PAS-2 hydrogel revealed a highly porous structure and had a reduction in pore diameter, thereby leading to a decrease in the ability of the hydrogel.
Rheological Properties of PAS-2 Hydrogel
For an eligible wound dressing, it must maintain the structural integrity under appropriate external force so that it can protect injured tissue. Therefore, favorable mechanical performances are very important for an ideal skin wound dressing. In this study, the viscoelasticity and stability of the dynamic crosslinked hydrogels were investigated by rheological tests. The strain amplitude sweep results were shown in Figure 2D. The loss modulus (G″) was lower than the storage modulus (G′) under small, applied stress, indicating that the solid-like hydrogel was successfully formed (Xing et al., 2016). Moreover, the storage modulus G′ of the hydrogels began to decrease gradually with the increasingly applied stress. For single-network hydrogels PAAm, when the strain increased to 90%, the G′ curves overlapped, and the network was collapsed. In contrast, the curves overlapped only when the strain exceeded 100% for the double-network hydrogel PAS-1 and PAS-2, which demonstrated that the double-network hydrogel was more stable and could bear larger stress than the single-network hydrogel. Similar results were observed in frequency sweep and temperature sweep. The G′ was always higher than G″ of the hydrogels, further indicating that the hydrogels had both a stable structure and elasticity (Figures 2E,F). Put simply, all the rheological test results demonstrated that the mechanical properties of the PAS-1 and PAS-2 hydrogels were more excellent than PAAm hydrogels. The increased cross-linking density of the hydrogels by the secondary photo-cross-linking might contribute to the better mechanical properties of the co-network hydrogels (Wang et al., 2018; Cheng et al., 2019).
Compression and Tensile Properties
The compression and tensile properties of hydrogels are slightly influenced by the composition of the co-networks. The compression and tensile strength of the hydrogels were measured with a universal test machine. As shown in Figure 3A, the compression stress of PAAm was 0.062 MPa at a strain of 60%. After the salt-responsive SVBA was induced, the compression stress of PAS-1 and PAS-2 hydrogels decreased to 0.022 and 0.034 MPa with a strain of 60%. The tensile test was presented in Figure 3B. It was found that the tensile stress of PAAm hydrogel was 12 kPa at a strain of 100%, and the elongation at break was 250%. However, the tensile stress and elongation at the break point were both decreased as the SVBA was added. The tensile stress of both PAS-1 and PAS-2 hydrogels decreased from 8 to 4 kPa. Meanwhile, the elongation at break decreased from 240% to 180%. When compared with PAAm (0.04 MPa), the compression modulus of both PAS-1 and PAS-2 hydrogels decreased to 0.01 and 0.02 MPa (Figure 3C), which is comparable to the soft tissues of the human body (Feiner and Dvir, 2017). Typically, the ideal hydrogel dressing for wound healing is required to have low modulus, appropriate compressibility, and stretchability to avoid rupture during movement.
[image: Figure 3]FIGURE 3 | Mechanical properties and electrochemical sensitivity of prepared hydrogels. (A) Compress stress-strain curves of PAAm, PAS-1, and PAS-2 hydrogels. (B) Tensile stress-strain curves of PAAm, PAS-1, and PAS-2 hydrogels. (C) Tensile modulus and compress modulus of PAAm, PAS-1, and PAS-2 hydrogels. (D) Experiment of PAS-2 hydrogel in a DIODE circuit under different situations. (E) Relative resistance changes of PAS-2 hydrogel in response to different situations.
Conductivity of the Hydrogels
It has been confirmed that electrically conductive polymers have a positive effect on cell adhesion, proliferation, and migration (Guo et al., 2011; Xie et al., 2015; Wu et al., 2017). Skin is an electrical signal sensitive tissue and previous studies have revealed that conductive wound dressings could favor wound healing (Li M et al., 2019; Qu et al., 2019; He et al., 2020). The conductivity of the PAS-2 hydrogel was evaluated by using a four-point probe method. As shown in Figures 3A,D LED bulb was lighted by a 1.5 V power supplier in a PAS-2 hydrogel connected circuit. The LED light became dimmed when the hydrogel was cut into two halves. Then, the two furcated parts were concatenated, and the LED bulb was lit again. Figure 3E illustrates that the resistance could be stably recovered once the two fractured hydrogels were put together. All the results indicated that the PAS-2 hydrogel possessed a good electroactivity. The electroactivity of the hydrogel may be attributed to SVBA. Zwitterionic hydrogels have an anti-polyelectrolyte effect, maintaining high solvent content and low polymer chain density even in a high salt environment, which provides an ion migration pathway and maintains very high ionic conductivity (Lee et al., 2018). The PAS-2 hydrogel contained cation and anion pairs, which can transmit electrical signals through the relative motion of positive and negative ions (Roshanbinfar et al., 2018).
Adhesive Properties of the Hydrogels
Excellent adhesive property is important for a hydrogel wound dressing. Adhesive hydrogels can adhere to an irregular wound site and act as a physical barrier, protecting the wound from the adverse external environment (Le et al., 2018). We tested the adhesive properties of all hydrogels using the 90° peeling test. The force/width–displacement curves of different hydrogels and the interfacial toughness derived from force/width-displacement curves are illustrated in Figures 4A,B. It can be observed that the addition of SVBA changed the physical network structure and the network polymerization efficiency, the interfacial toughness of different hydrogels on aluminum increased from 400 ± 20 to 900 ± 150 J m2. To further examine the PAS-2 hydrogel possess good surface adhesion properties on different solid substrates. We performed a peeling test on the surfaces of titanium, glass, and steel. As shown in Figure 4C, the adhesion of PAS-2 hydrogel to titanium substrates was stronger than that on steel and glass. The interfacial toughness of PAS-2 hydrogel was ∼1050 J m2 on titanium, ∼700 J m2 on steel, and ∼502 J m2 on glass, respectively (Figure 4D). Visual inspection showed that the hydrogel can be easily peeled from the glass surface owing to the relatively smaller interfacial toughness (Figure 4E). In contrast, the PAS-2 hydrogel was sticky and adhered to the surface of the titanium. Different interfacial toughness of the same PAS-2 hydrogel on different substrate results from the hydrogel-substrate interaction. By incorporating SVBA into PAAm networks, the adhesive properties of hydrogels were improved. Besides mechanical properties, the ability for bio-adhesion to wound dressings is also important for potential clinical applications. the PAS-2 hydrogel also had high bio-adhesion properties to biological tissues (Figure 4F), such as the heart, liver, spleen, and kidney, which are crucial for clinical applications.
[image: Figure 4]FIGURE 4 | Interfacial toughness and adhesive properties of prepared hydrogels. (A) Peeling force/width curves of PAAm, PAS-1, and PAS-2 hydrogels on nonporous glass at a peeling rate of 100 mm/min. (B) Peeling Interfacial toughness of PAAm, PAS-1, and PAS-2 hydrogels on nonporous Aluminum at a peeling rate of 100 mm/min. (C) Peeling force/width curves of PAS-2 hydrogel on three nonporous solid surfaces at a peeling rate of 100 mm/min. (D) Interfacial toughness of PAS-2 hydrogel on different nonporous solid surfaces (steel, glass, titanium) at a peeling rate of 100 mm/min. (E) Visualization of peeling off of PAS-2 hydrogel from steel, glass, and titanium. (F) Photographs of tissue adhesion situations of PAS-2 hydrogel on four different organs of SD rat (heart, liver, lung, kidney).
Cytocompatibility and Hemocompatibility of PAS-2 Hydrogel
Biomaterials possessing favorable biocompatibility are the prerequisite for new wound dressings (Zhao et al., 2018; Li S et al., 2019). Thus, the viability of L929 cells was employed to estimate the cytocompatibility of PAS-2 hydrogel with living/dead staining and CCK-8. As shown in Figure 5A, after co-incubation for 1, 3, and 5 days, dead cells (red) were scarcely detected in two groups and there was no difference in living cell number between the PAS-2 hydrogel and control groups (p > 0.05) (Figure 5B). The image of the CCK8 assay was also consistent with the results of the living/dead staining (Figure 5C).
[image: Figure 5]FIGURE 5 | Cytocompatibility, hemocompatibility, and antibacterial properties of PAS-2 hydrogel. (A) Cytocompatibility of PAS-2 hydrogel indicated by live/dead staining after co-cultured with PAS-2 hydrogel on day 1, day 3, and day 5 and corresponding data analysis (B), a normal culture medium without hydrogel was used as the control. (C) Quantitative analysis of L929 cell viability after co-cultured with PAS-2 hydrogel on day 1, day 3, and day 5, a normal culture medium without hydrogel was used as the control. (D) Image and the quantitative analysis of the hemolytic activity of the PAS-2 hydrogel. (E) The corresponding quantitative bacterial survival rate of E. coli and S. aureus. (F, G) Macroscopical image of the survival E. coli and S. aureus clones on agar plates after treated with PAS-2 hydrogel. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
To further explore the safety of PAS-2 hydrogel, the hemocompatibility of the hydrogel was evaluated 2 h after treatment by employing an in vitro hemolysis assay. The macroscopic color of PAS-2, PBS (negative control group), and Triton X-100 (positive control group) groups are shown in Figure 5D. The supernatant of the PAS-2 group was colorless and transparent, which was similar to the PBS group, while the Triton X-100 group was bright red. Furthermore, the hemolysis ratio was 1.14 and 1.21 for PBS and triton X-100 groups (p > 0.05), respectively, indicating that PAS-2 hydrogel had no significant effect on the hemolysis ratio. Overall, all these data confirmed that PAS-2 hydrogel had better cytocompatibility and they are taken as promising novel materials in wound dressing.
Antibacterial Performance of PAS-2 Hydrogel
A promising wound dressing should have effective antibacterial activity to protect the wound from bacterial infection and inhibit the propagation of microorganisms to reduce inflammation in the site of the wound (Ak and Gülçin, 2008). In this work, we used E. coli and S. aureus to evaluate the antibacterial activity of PAS-2 hydrogel. polySVBA is an important component in the PAS-2 hydrogel, the nature of polySVBA chains already presented unique salt-responsive properties and were applied to bacterial release. As shown in Figures 5F,G, we found significantly fewer bacteria adhered to the interface of the PAS-2 hydrogel (p < 0.05) (Figure 5E), indicating that the PAS-2 hydrogel displayed an obvious inhibitory effect on E. coli and S. aureus. This antibacterial action is one of the most important properties of this wound dressing. The antibacterial rate of PAS-2 hydrogel was 78% (S. aureus) and 72% (E. coli), which was lower than that of previous studies (Khodabakhshi et al., 2019; Eskandarinia et al., 2020). This inconsistency is probably related to the addition of antimicrobial substances in previous works. The PAS-2 exhibited weaker antibacterial activity against S. aureus in comparison with E. coli. This may be derived from the structural difference of the two bacterial. The S. aureus is only covered by a single peptidoglycan layer, while E. coli has a thick membrane of lipopolysaccharide (Eskandarinia et al., 2019; Kefayat et al., 2021). Based on the above results, PAS-2 hydrogel can reduce bacterial growth to inhibit infection and shorten the wound healing time.
In vivo Wound Healing
PAS-2 hydrogel dressing could provide the wound with a long-term hydration micro-environment, antibacterial properties, and conduct bioelectro-stimulation. The wound healing behavior of the PAS-2 hydrogel was further evaluated in a rat full-thickness circular skin defect model. After 15 mm skin defects were created, the wounds were treated by the gauze (control), Tegaderm™ (commercial film dressing), and PAS-2 hydrogel and photographed on day 0, day 4, day 8, and day 12. As shown in Figures 6A–C, on the fourth day, although re-epithelialization of the wounds occurred in all groups, the hydrogel group (43.33%) showed a higher wound close rate than the Tegaderm group (37%) and control group (31.33%) (p < 0.05). On the eighth day, importantly, the wound closure rate of the PAS-2 hydrogel group exceeded nearly 11% (p < 0.05) than the control group. In addition, statistically significant differences were observed in the wound closure rate between the groups (control vs. Tegaderm group; control vs. PAS-2 group; Tegaderm group vs. PAS-2 group). Furthermore, when the wounds were treated for 12 days, the wound closure rate in all groups increased obviously. It was clear that there was almost completely healed in the PAS-2 group (wound close rate = 95.33%), while in the control group 11% (p < 0.05) of wounds were not completely healed. All the results showed that the PAS-2 group had better treatment efficacy than the Tegaderm group. This is because, compared to the Tegaderm™ film, a larger number of wettability groups (hydroxy, sulfonate, and amide) from copolymerized poly (AAm-co-SVBA) assist to trap more moisture and maintain long-term hydration micro-environments. This structural adhesive design can make the zwitterionic hydrogel matrix fit the organ wounds smoothly and perfectly, leading to the overall adsorption of excess exudates and toxins during the dynamic healing processes. Besides the features listed above, the electroactivity of PAS-2 hydrogel also contributed to promoting the wound healing process (Gharibi et al., 2015). Overall, the PAS-2 group displayed a better therapeutic effect on wound healing than commercial film dressing.
[image: Figure 6]FIGURE 6 | In vivo assessment of PAS-2 hydrogel for skin full-thickness wound healing. (A) Photographs of the wound on day 0, day 4, day 8, and day 12 for gauze (control), Tegaderm™ film, and PAS-2 hydrogel. (B) Corresponding traces of wound healing on day 0, day 4, day 8, and day 12. (C) The statistical analysis of wound closure for gauze (control), Tegaderm™ film, and PAS-2 hydrogel. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Histological Examination
Classical cutaneous wound healing is a complex biological process that consists of hemostasis, inflammation, re-epithelialization, innate and adaptive immune response, and tissue repair (Fang et al., 2009). To further explore the wound repair efficiency of PAS-2 hydrogel, HE and Masson’s staining was performed on the wound tissue to further observe the quality of the regenerated tissue and pathological changes in different groups. As shown in Figure 7A, the images of the PAS-2 group showed fewer inflammatory cells on the site of the wounds, which was mainly due to the scavenging effect of the polySVBA, which killed the bacteria on the wounds, but there were more inflammatory cells in the control and Tegaderm groups, which could inhibit the formation of granulation tissue and the epithelial layer. On the fourth day, there was no obvious sign of healing in the control group. In the Tegaderm group, the wound showed thickened basal membrane and sporadic keratinocytes, but the wound can be seen as the confluence of keratinocytes in the PAS-2 group. On the eighth day, the keratinocytes approaching confluence and thickened basal membrane were seen in the control and Tegaderm groups, meanwhile, we can see confluent epithelium, but nuclei not distinctly basal in the PAS-2 group. On the 12th day, the keratin and partly clear palisades can be seen in the PAS-2 group, this is a distinguishing trait of wound healing that is rarely seen in other groups. According to the scoring system of the skin wound model (Eikebrokk et al., 2019), the scores of the PAS-2 group were significantly higher than the control group (Supplementary Figure S1A). The difference was statistically significant (p < 0.05).
[image: Figure 7]FIGURE 7 | Histomorphological evaluation of the regenerated skin tissue after healing for 4, 8, and 12 days. (A) Images of H&E staining of the regenerated tissues in the control (gauze), Tegaderm, and PAS-2 groups after healing for 4, 8, and 12 days (red arrows: inflammatory cell). (B) Images of Masson’s staining of the regenerated tissues in the control (gauze), Tegaderm, and PAS-2 groups after healing for 4, 8, and 12 days.
The collagen deposition in the wound was assessed by Masson staining. As can be seen from Figure 7B, the collagen in the wounds treated with hydrogel or commercial film were stained blue. Compared with the control and Tegaderm groups with less collagen, the wounds treated by the PAS-2 group could see a large amount of collagen density on day 8 and day 12. Moreover, the collagen dense of the PAS-2 group was higher than the control and Tegaderm groups (Supplementary Figure S1B) on day 12 (p < 0.05), indicating that the deposition of collagen could be promoted in the granulation tissue by the application of polyAAm and polySVBA.
The essential component for the function and structure of the skin is collagen, which includes the fibrillar collagen I and III. Collagen I is an important biomarker for the remodeling of damaged skin tissue (Cheng et al., 2020). In addition, after skin injuries, the expression of α-smooth muscle actin (α-SMA) during wound healing is important for cell migration, fibroblasts transdifferentiation, vascularization, and wound contraction (Yan et al., 2021). The expression of collagen I and α-SMA were evaluated by immunohistochemical staining of the wound tissue on day 12 to further investigate the mechanism of PAS-2 hydrogel promoting wound healing. The expression of collagen I (Figure 8A) and α-SMA (Figure 8C) in the PAS-2 group was significantly superior to the other groups, furthermore, statistical analysis confirmed that the expression of collagen I (Figure 8B) and α-SMA (Figure 8D) in the PAS-2 group was significantly higher than that in wounds treated with gauze or Tegaderm™ film (p < 0.05). These results showed that PAS-2 hydrogel can upregulate the expression of collagen I and α-SMA to accelerate vascular angiogenesis and promote the formation of granulation tissue. To summarize, the PAS-2 hydrogel remarkably enhanced wound healing, which was reflected as the attenuated inflammation infiltration, enhanced vascularization, collagen deposition, and remodeling.
[image: Figure 8]FIGURE 8 | Immunofluorescence staining of Collagen I (Col I) and alpha-smooth muscle actin (α-SMA) in control, Tegaderm, and PAS-2 groups. Representative images of the regenerated wound tissue on the 12th day by immunofluorescence staining labeling with Collagen I (Col I) (A) and α-SMA (C). Quantitative statistical analysis of the expression of Col I (B) and α-SMA (D). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
CONCLUSION
In this work, we designed and introduced a new structural zwitterion poly[3-(dimethyl(4-vinylbenzyl) ammonium) propyl sulfonate] (SVBA) into the polyAAm network to obtain a novel salt-responsive conductive hydrogel. Because of the SVBA addition, the PAS-2 hydrogel was endowed with good electroactive properties and remarkable mechanical properties. In addition, The PAS-2 hydrogel displayed excellent cytocompatibility, stable rheological property, effective antibacterial property, strong adsorption, and high penetrability. For the in vivo wound healing test, the PAS-2 hydrogel exhibited faster wound healing, a higher healing score, higher collagen deposition, fewer inflammatory infiltration, and more angiogenesis than the commercial film and gauze. Finally, all these results demonstrated that the salt-responsive conductive PAS-2 hydrogel film could promote the wound healing process effectively and can be a promising candidate as film wound dressing for cutaneous skin wound healing.
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An electrical signal is the key basis of normal physiological function of the nerve, and the stimulation of the electric signal also plays a very special role in the repair process of nerve injury. Electric stimulation is shown to be effective in promoting axonal regeneration and myelination, thereby promoting nerve injury repair. At present, it is considered that electric conduction recovery is a key aspect of regeneration and repair of long nerve defects. Conductive neural scaffolds have attracted more and more attention due to their similar electrical properties and good biocompatibility with normal nerves. Herein, PCL and MXene-PCL nerve guidance conduits (NGCs) were prepared; their effect on nerve regeneration was evaluated in vitro and in vivo. The results show that the NGCs have good biocompatibility in vitro. Furthermore, a sciatic nerve defect model (15 mm) of SD rats was made, and then the fabricated NGCs were implanted. MXene-PCL NGCs show similar results with the autograft in the sciatic function index, electrophysiological examination, angiogenesis, and morphological nerve regeneration. It is possible that the conductive MXene-PCL NGC could transmit physiological neural electric signals, induce angiogenesis, and stimulate nerve regeneration. This paper presents a novel design of MXene-PCL NGC that could transmit self-originated electric stimulation. In the future, it can be combined with other features to promote nerve regeneration.
Keywords: MXene, electrical stimulation, electrospinning, peripheral nerve injuries, vascular endothelial growth factor, nerve guide conduits
INTRODUCTION
Peripheral nerve injury (PNI) can lead to persistent neurological damage in children and adults due to motor vehicle accidents, combat trauma, neoplasms, and vascular and compression disorders (Foster et al., 2018; Karsy et al., 2019; Dervan et al., 2021). Inadequate functional outcomes as nerves slowly regenerate is deemed a fundamental challenge of successful PNI recovery (Black and Lasek, 1979). At present, although autologous nerve transplantation is still the gold standard for the treatment of PNI, a lack of donor nerve sources and dysfunction of the donor site are the main limitations in clinical use (Liu et al., 2022; Wang et al., 2022). Nerve guidance conduits (NGCs) can provide a specific microenvironment for nerve repair and regeneration, promote peripheral nerve regeneration through various approaches, and become a potential substitute for autologous nerve, which has important research value and clinical application prospects (Qian et al., 2018b; Fregnan et al., 2020; Yoo et al., 2020; Zhang et al., 2020; Qian et al., 2021a; Qian et al., 2021b).
Biodegradable materials, such as polycaprolactone, chitosan, and polylactic acid, are used to fabricate NGCs in many studies (Barroca et al., 2018; Qian et al., 2020; Sun et al., 2021; Zeng et al., 2021). Electrical signals play an important role in normal nerve function and nerve regeneration (Qian et al., 2019; Qian et al., 2020; Wang et al., 2020; Kasper et al., 2021). The conductive NGC is a promising substitute for autograft in repairing PNI (Zhang et al., 2020; Zhao et al., 2020; Jin et al., 2021; Song et al., 2021). Generally, a perfect NGC usually needs to afford the appropriate mechanical properties to provide a cavity for nerve regeneration and good electrical conductivity to transmit nerve signals, promote nerve regeneration and myelination, and prevent scar tissue infiltration (Sun et al., 2019; Yan et al., 2020; Senger et al., 2021). The latest studies indicate that the electrophysiological properties of the biomaterial could be improved after being blended in the conductive particles or polymers, such as graphene, carbon nanotubes (CNTs), and Ti3C2Tx MXene (Qian et al., 2018a; Mao et al., 2020; Rastin et al., 2020; Zhang et al., 2021). The cytotoxicity of CNTs limits their usage in the clinic (Andón and Fadeel, 2013; Zhang et al., 2022). Similarly, graphene could also lead to cytotoxicity due to its dosage (Shin et al., 2016). On the contrary, Ti3C2Tx MXene has gradually become a research hot spot in the field of electronic biosensing and tissue engineering due to its excellent characteristics, such as decent biocompatibility, large specific surface area, and good electrical conductivity and hydrophilicity (Xu et al., 2016; Cao W. T. et al., 2019; Basara et al., 2020; Wang et al., 2021; Wei et al., 2021; Zhou et al., 2021). Ti3C2Tx MXene can promote proliferation and differentiation in BMSCs, transmit electric signals, and accelerate tissue regeneration (Huang et al., 2020; Mao et al., 2020). We believe that the MXene composite nanofibers could be an ideal choice to provide a good microenvironment for nerve regeneration considering its excellent biocompatibility and unique nanofibrous structure. This study is aimed to explore the effects of MXene on nerve regeneration in PNI. Here, we engineer a MXene-PCL NGC by using electrospinning and spray-coated technology. The obtained MXene-PCL conduit could afford a good environment for RSC adhesion and proliferation on the PCL side. The MXene-PCL shows excellent performance in promoting nerve regeneration in a long-range sciatic nerve defect model in Sprague Dawley (SD) rats. We found that the MXene-PCL NGCs showed similar results with the autograft in restoring the nerve structure and function. These data suggest that MXene plays an important role in neural regeneration.
MATERIALS AND METHODS
Materials
The PCL pellets (CAPA6800, Perstorp Ltd, Sweden, Mw = 80,000 kDa) used in this experiment are medical grade (approved by the United States Food and Drug Administration), and melt at 60°C. Lithium fluoride (LiF ≥99%) and 2,2,2-trifluoroethanol (TFE) were purchased from Sigma (St. Louis, MO). Hydrochloric acid (HCl), absolute ethyl alcohol, and absolute methyl alcohol were purchased from Aladdin Reagents (Shanghai) Co., Ltd., China. The Ti3AlC2 powder was purchased from Jilin 11 technology Co., Ltd. All reagents were analytical grade.
Fabrication of Delaminated Ti3C2Tx (D-Ti3C2Tx) MXene
The d-Ti3C2Tx was synthesized by a typical chemical exfoliation process as we described previously with some modifications (Cao W.-T. et al., 2019). Typically, 1 g of Ti3AlC2 powder was dissolved in a mixture of 9 M HCl (20 ml) and 1 g LiF. Then, the obtained suspension was allowed to process for 48 h at 35°C in a water bath for etching the aluminum (Al) layer. The resultant suspension was washed repeatedly using deionized water until its pH reached about 5. Finally, the obtained sediment was further delaminated by ultrasonication in an ice bath and centrifuged to obtain uniform d-Ti3C2 MXene nanosheets suspension. The obtained MXene nanosheets suspension was further stored in a refrigerator at 4°C to prevent oxidation.
Fabrication of PCL and MXene−PCL NGCs
For the preparation of pure PCL NGCs, 2 g of PCL pellets was added into 12 ml of trifluoroethanol to form 17% (w/v) transparent adhesive solution with stirring for 24 h at room temperature. The NGCs were prepared by using electrospinning equipment (Changsha Nayi Instrument Technology Co., Ltd, China). Briefly, the obtained solutions were transferred into a 5-ml syringe and electrospun at 0.8 ml/h under 12-kV high DC voltage. The distance from the rotational collector (200 rpm, a tungsten steel rod with a diameter of 2 mm) to the metal needle is 25 cm. Then, the obtained PCL NGCs were gently detached. To prepare MXene-PCL NGCs, MXene solution (an aqueous solution containing 40 mg ml−1 MXene) was uniformly coated on the outer surface of PCL NGC by spraying technology, and the thin conductive sheath was formed by spontaneous adhesion. In addition, we tried to coat the MXene on a variety of other materials (bacterial cellulose membrane, textiles, paper, Latex, and melt-blown fabric).
Characterization of the NGCs
The morphology and surface structure of MXene-PCL and PCL NGCs were characterized by a digital camera and scanning electron microscope separately, and the size and morphology of MXene nanosheets were examined using a transmission electron microscope (TEM, JEOL JEM-2010 (HT)). Fourier-transform infrared (FTIR) spectroscopy spectra was obtained using a FTIR spectrometer (Nicolet iS 10). The conductivity capability of the nano scaffolds was measured using four-point probes (ST2258C, China). The tensile stress–strain mechanical property was evaluated using an electronic tensile test machine (HY-940FS, Shanghai, China). To measure the porosity (%) of PCL scaffolds, we obtained a certain volume of PCL scaffolds and weighed the mass to calculate the density ρ1. Furthermore, the density of PCL particles is measured as ρ2. Then the porosity (%) of the PCL scaffolds = (1 − (ρ1/ρ2)) × 100%. Similarly, the density of MXene-PCL NGC was measured as ρ3, the bulk density of MXene and PCL was calculated as ρ4, and the porosity (%) of the MXene-PCL scaffolds = (1 − (ρ3/ρ4)) × 100%.
Cell Viability Assays
Rat Schwann cells (RSCs) were provided by the Chinese Academy of Sciences (Shanghai, China). The MXene-PCL and PCL film were soaked in 75% alcohol and rinsed repeatedly with PBS at least three times. Then, they were placed in a sterile Petri dish, dried in a fume hood, and irradiated on the front and back sides for 2 h separately to achieve sterilization by an ultraviolet lamp. We seeded the cells on the PCL side of MXene-PCL scaffolds, PCL scaffolds, and TCP at a density of 2 × 104 cm−2. After incubation for 24 h, a LIVE/DEAD kit (Beyotime, China) was used for cell viability analysis according to the standard protocols. Finally, cells in each group were photographed under a fluorescence microscope.
Cytotoxicity Assay
The Cell Counting Kit 8 (CCK-8, Beyotime, China) was used to assess cytotoxicity. The cells were cultured on the PCL side of MXene-PCL scaffolds and PCL scaffolds in 24-well plates for 6, 12, 24, 72, and 168 h. Subsequently, a CCK-8 detection solution was added to each well to ensure that the concentration of CCK-8 in the medium solution was 10%. After incubation at 37°C for 3 h, the absorbance of the supernatant was detected by a microplate reader (Thermo 3,001, Thermo Fischer Scientific, United States) at a wavelength of 450 nm. TCP was used as a control. This was repeated at least three times for each group.
Cell Morphology
RSCs were seeded onto the PCL side of MXene-PCL nanofiber membrane, and PCL nano scaffolds separately. After 4 days, the morphology of the cells on the different scaffolds were observed by scanning electron microscopy (ZEISS Gemini 300). First, the medium was discarded, washed with PBS, and fixed with 2.5% glutaraldehyde at room temperature for 2 h. We added 1% osmium acid and incubated at 4°C for 2 h after discarding the fixation solution, followed by alcohol gradient (10, 30, 50, 70, 80, 90, 95, 100%) dehydration for 15 min each. After drying at room temperature, SEM pictures were taken to evaluate the adhesion and morphology of cells on the different scaffolds.
In addition, phalloidin staining was also used to observe the adhesion ability and morphology of RSCs on the different scaffolds. After the cells were cultured on MXene-PCL and PCL nanoscaffolds for 4 days, the cell culture medium was discarded and washed with PBS twice. Then, the cells were fixed in 3.7% formaldehyde solution prepared by PBS at room temperature for about 20 min and washed with PBS containing 0.1% Triton X-100 three times, 5 min each. Actin-tracker Red (Beyotime, China) was diluted with PBS containing 5% BSA (Beyotime, China) and 0.1% Triton X-100 (Beyotime, China) at a ratio of 1:200. The solution was added to each slide in a ratio of 200 µl and incubated in a slide dyeing box at room temperature away from light for 60 min. Then, we washed the cells with PBS containing 0.1% Triton X-100 three times, 5 min each. Finally, a fluorescence microscope was used for observation.
In Vitro Degradation
The NGCs were dried to a constant weight, and the sample mass W0 was recorded. Then, we placed the samples in a quantitative PBS solution at 37°C. At fixed time points, each sample was dried and weighed W1. The formula of mass loss rate W% is as follows: W% =(W0−W1)/W0×100%.
Animal Surgery
SD rats (male, weighing 150–200 g) were used to evaluate the nerve regeneration capacity. The modal rats were assigned into three groups randomly: PCL, autograft, and MXene-PCL groups. Animals were deeply anesthetized with 2% pentobarbital sodium. The sciatic nerve and its main branches were exposed, and a 15-mm long nerve defect was created under aseptic conditions. In the autograft group, the nerve was sutured end to end after rotating the nerve stump around 180°. In the PCL or MXene-PCL groups, the nerve defect was sutured with a nerve conduit. After that, the soft tissue and skin were sequentially sutured. To prevent infection, antibiotic (ceftriaxone sodium, 0.1 g/kg) was injected for three consecutive days. Postoperative assessments took place at weeks 4, 8, and 12. Ethical approval for animal studies was obtained from the Institutional Animal Care and Use Committee of Shanghai Tenth People’s Hospital (SHDSYY-2021–2,305).
Sciatic Nerve Electrophysiological and Function Analysis
The rats’ footprints were acquired to calculate the sciatic functional index (SFI) at weeks 4, 8, and 12 postoperative. The formula used to measure nerve function was as follows: SFI = (13.3 × (EIT − NIT)/NIT) + (−38.3 × (EPL − NPL)/NPL) + (109.5 × (ETS − NTS)/NTS) − 8.8. In this formula, the IT stands for the distance from the second to the fourth toes; the PL represents the length from the distal of the third toe to the heel; TS is the length from the first to the fifth toe, N means the normal side, and E means the experimental side. The SFI is scored from 0 (normal function) to 100 (the function is completely impaired). Electrical signals such as compound motor action potential (CMAP) and nerve conduction velocity (NCV) were recorded by electrophysiology analysis at 12 weeks postoperative.
Gastrocnemius Muscle Weight Analysis
The wet weight of the gastrocnemius muscle was measured at week 12 after implantation. The gastrocnemius muscles from both legs were dissected, and the fat tissues attached were carefully removed with ophthalmic micro-scissors. The normalized wet weight of gastrocnemius muscle (%) = Wo/Wn, where Wo is the gastrocnemius muscle weight of the operated leg and Wn is the gastrocnemius muscle weight of the nonoperated leg.
Histological Analysis
Regenerated nerves were collected on completion of the electrophysiological experiments at week 12 postoperatively. The cross-sectional morphologies of the nerves (in the middle of the specimens) were visualized by TB staining, hematoxylin-eosin (HE) staining, and TEM. For HE staining, the samples were fixed with 4% paraformaldehyde and then embedded in paraffin, cut into sections by using a microtome. For TEM and TB staining, the tissues were fixed at 4°C in 2.5% glutaraldehyde, followed by embedding in Epon812, cut into ultrathin sections. The sections were observed using an immunofluorescence microscope (Leica, United States ). The superfine microstructure of the regenerated myelin sheath was observed via a TEM (China Titan) at a voltage of 80 kV. The diameter and density of the axon and the thickness of the myelin sheath were quantitatively analyzed by ImageJ software. The S100/MBP and NF200/Tuj1 triple immunofluorescence staining were used to assess nerve myelin protein and nerve axon protein of the regenerated nerve, respectively. Tissues were fixed with 1% tetraoxide solution, dehydrated, and embedded in Epon812 resin. The cross-section was cut to a thickness of 4 μm and mounted on 2% gelatin-coated slides. The primary antibodies (Abcam, United States) included anti-Tuj1 (1:200), anti-MBP (1:200), anti-NF 200 (1:200), and anti-S100 (1:200). All slides were evaluated using an immunofluorescence microscope (Leica, United States). At week 12 after surgery, the paraffin sections of regenerated sciatic nerve sections were prepared, respectively, for immunofluorescence staining with CD34 antibody and immunohistochemistry (ICH) staining with CD31 antibody as described above. The primary antibodies included rabbit anti-CD34 antibody (1:200, ABclonal, A7429) and rabbit anti-CD31 antibody (1:200, Bioss, bs-0195R). The microvessel density (MVD) and CD 31 areas were measured by ImageJ software. The morphology of muscle fibers (from the gastrocnemius muscle of the operated leg) and major organs (heart, liver, spleen, lung, and kidney) were evaluated by HE staining.
Statistical Analysis
Images from immunofluorescence staining, TEM, HE, and immunohistochemistry staining were analyzed using Prism 8 (GraphPad, United States) and ImageJ software. All measurements were performed five times, and the results are presented as the mean ± s.d. Differences between the values were analyzed with one-way analysis with Tukey’s post hoc with GraphPad Prism. For all figures, NS: p > .05; *p < .05.
RESULTS
Fabrication and Characterization of PCL and MXene-PCL NGCs
Long gap nerve defect still is a common clinical disease with poor prognosis, and the conductive NGCs may have clinical utility in curing this disease. MXene shows good electrical conductivity, could promote tissue regeneration, and has potential application in neural tissue engineering. There is extensive literature supporting that the optimal porosity of the NGC is a critical feature for achieving neovascularization, modulating the immune response, and nerve growth patency (Shen et al., 2021; Yu et al., 2021). In this study, we fabricated PCL NGCs by electrospinning (Figure 1), which had a porous structure and appropriate mechanical properties, and size (Figure 2). To prepare MXene-PCL NGCs, MXene solution was uniformly coated on the outer surface of PCL NGC by spraying technology, and the thin conductive sheath was formed by spontaneous adhesion. Thus, the MXene-PCL NGC with PCL inner cavity and MXene outside sheath was obtained finally. The morphologies of MXene-PCL and PCL NGCs were first characterized using an optical microscope (OM) and SEM (Figure 2). The obtained PCL NGC has a milky white color, and the MXene-PCL NGC showed a white inner cavity and a black shell. The infrared absorption peak of MXene-PCL composite film (MXene side as the front side) was completely consistent with those of pure MXene film, indicating that MXene formed dense films on the surface of PCL through self-adhesion (Supplementary Figure S1, Supporting Information). Further tests indicated that the MXene is also easy to coat on other materials (including bacterial cellulose membrane, textiles, paper, latex, and melt-blown fabric) (Supplementary Figure S2, Supporting Information). SEM images obtained from the PCL side of MXene-PCL film showed a loose porous appearance formed by PCL fibers interlaced. Meanwhile, the MXene sheath is relatively smooth. TEM analysis further revealed the MXene had a lamellar nanostructure. We further estimated the mechanical and electrical properties of the MXene-PCL and PCL NGCs. The scaffold thickness, average elastic modulus, and the elongation at break, and porosity results were similar for both materials (Figure 2 and Supplementary Figure S3, Supporting Information). Therefore, the addition of the MXene sheath is too thin to influence these properties. The electrical conductivity changed from 0 S/cm (PCL NGC) to 2.91 × 10–2 S/cm (MXene-PCL NGC) after coating of MXene sheath. According to the results presented above, the MXene-PCL NGC exhibited excellent mechanical and topological properties, ideal rigidity and flexibility, microporosity for cell adhesion and proliferation in the PCL side, and relatively high electrical conductivity on the outer surface.
[image: Figure 1]FIGURE 1 | Schematic summary illustration of the work conducted in this article. The PCL NGCs were prepared by electrospinning, to prepare MXene-PCL NGCs, MXene solution was uniformly coated on the outer surface of PCL NGC by spraying technology. The obtained MXene-PCL NGCs that could transmit self-originated electrical stimulation were implanted in the rat model and finally repaired the peripheral nerve defects.
[image: Figure 2]FIGURE 2 | Materials characterization. Representative optical microscope pictures of the PCL NGC (A), and MXene-PCL NGC (B). SEM images photographed from PCL side (inner surface) (C) and the Mxene side (outer surface) of the MXene-PCL NGC. Low- (E) and high-magnification TEM image (F) of d-Ti3C2 MXene nanosheets. Summarizing table of the MXene-PCL and PCL scaffolds’ mechanical and electrical characteristics (G).
Biocompatibility of the NGCs
Biosafety is always a considerable concern for potential clinical applications of electroactive nanoparticles, such as MXene. Previous research claims that MXene-contained materials were noncytotoxic, healable, and degradable (Xu et al., 2016; Wang et al., 2019; Basara et al., 2020; Wang et al., 2021; Wei et al., 2021; Zhou et al., 2021). The design in which the MXene was coated outside the conduit rather than inside could avoid the potential toxicity caused by direct contact between the MXene particles and newly regenerated nerves to some extent. For this study, we used Schwann cells to evaluate the potential toxicity of PCL or MXene-PCL scaffold at different time points. According to CCK-8 results, Schwann cells on both scaffolds were active and showed no statistically significant differences in cell proliferation after culturing for 6, 12, 24, 72, and 168 h compared with the TCP controls (Figure 3). The LIVE/DEAD test results revealed negligible differences among the TCP, MXene-PCL, and TCP groups (Figure 3). Cell attachment on the scaffolds is a crucial factor for cell viability. The morphology and attachment of RSCs after seeding on the scaffolds for 72 h are examined by SEM. The results show that the RSCs adhered to the surface of PCL fiber and extended many pseudopodia (Figure 4). Similar results could be obtained by staining actin cytoskeleton with phalloidin (Supplementary Figure S4, Supporting Information). Furthermore, the heart, liver, spleen, lung, and kidney were harvested from the rats at week 12 postoperatively. There were no abnormalities observed from the major organs’ histological assessment (Figure 5). Taken as a whole, these results indicate that the MXene-PCL NGCs are biocompatible and could afford a beneficial microenvironment for cell growth and support nerve regeneration.
[image: Figure 3]FIGURE 3 | Biocompatibility assessments. LIVE/DEAD cell staining on MXene-PCL scaffolds (A–C), PCL scaffolds (D–F) and TCP (G–I). Live cells (green fluorescence, (A,D,G). Dead cells (red fluorescence, (B,E,H). Merged images (C,F,I). Cytotoxicity was monitored by CCK-8 assay for RSCs cultured on MXene-PCL scaffolds, PCL scaffolds, and TCP at 6, 12, 24, 72, and 168 h J). Relative cell viability was evaluated by the LIVE/DEAD cell staining for MXene-PCL scaffolds, PCL scaffolds and TCP (H). Experiments were repeated three times. The scale bar is 200 μm.
[image: Figure 4]FIGURE 4 | Observation of RSC morphology on the PCL side of MXene-PCL and PCL NGC scaffolds through SEM. RSCs were seeded on the MXene side of MXene-PCL scaffold (A–C) and PCL scaffold (D–F) for 72 h before being examined by SEM. The scale bars are 100 μm (A,D), 20 μm (B,E), and 10 μm (C,F), respectively.
[image: Figure 5]FIGURE 5 | Biosafety evaluation of MXene-based nano scaffolds in vivo. HE staining of the major functioning organs of Mxene-PCL group (A–E), PCL group (F–J), and autologous nerve graft group (K–O). The scale bar is 400 μm.
The modal rats were assigned into three groups randomly: PCL, autograft, and MXene-PCL groups. Postoperative assessments took place at weeks 4, 8, and 12. All rats were raised in an SPF-level environment; none was infected postoperatively. No animals showed any signs of operative complications, and the wounds healed well. At week 12, all the structures of the NGCs in animals remained intact, but the surface was degraded to a certain extent, and this can be confirmed to some extent by comparing Figure 2 and Supplementary Figure S5, Supporting Information. Although the degradation rate of PCL is very slow (Supplementary Figure S5, Supporting Information) (Lam et al., 2009), it does not affect the biocompatibility or nerve regeneration in this experiment. The pictures present the morphology of MXene-PCL NGC before and at implantation and the macroscopic view of NGCs and the regenerated nerves from different groups at 12 weeks after implantation (Figure 6, and Supplementary Figure S5, Supporting Information).
[image: Figure 6]FIGURE 6 | Morphology of the MXene-PCL NGC and regenerated nerve, muscle reinnervation, SFI, and electrophysiological assessment. Morphology of MXene-PCL NGC at the time of implantation (A), at 12 weeks after implantation (B) and the regenerated nerves obtained from Mxene-PCL NGC group (C). Representative optical (D–F) and HE staining pictures of gastrocnemius muscle at 12 weeks postoperatively (G–I). The normalized wet weight of gastrocnemius muscle (J), Mean diameter of muscle fibers (K), compound motor action potential (L), and nerve conduction velocity at 12 weeks after implantation. The sciatic functional index assessment at 4, 8 and 12 weeks after implantation. MXene-PCL group (A–D), and (G); PCL group (E,H); Autograft group (F,I). Experiments were repeated three times. *p < .05. The scale bars are 200 μm.
Reinnervation of Gastrocnemius Muscle
The reinnervation of the gastrocnemius muscle was evaluated 12 weeks after implantation. The gastrocnemius muscle is an important target organ innervated by the sciatic nerve. Once the nerve damage occurs, the innervated muscles atrophy. To some extent, muscle recovery is positively correlated with nerve injury. The results show that the MXene-PCL group restored the muscle weight compared with the PCL group and showed no notable difference to that in the autograft groups. The diameters of muscle fibers in the MXene-PCL group were notably longer than that of the PCL group and showed no significant difference from that in the autograft group (Figure 6).
Functional Recovery Evaluation of Sciatic Nerve
The SFI and electrophysiological assessment methods were conducted to evaluate the functional recovery of the sciatic nerve. The step length of each paw and the length and width of the paw prints were measured according to the footprints (Supplementary Figure S6, Supporting Information). We found that the SFI of the MXene-PCL group (−34.9) was obviously better than the PCL group (−48.8, p < .05) and showed no obvious difference to that of the autograft group (−33.8, p > .05) at postoperative 12 weeks. Electrophysiological analysis shows that the regenerated nerve CMAP and NCV of the MXene-PCL group (38.9 m s−1 and 3.0 mV) were notably higher than that of the PCL group (21.4 m s−1 and 1.6 mV, p < .05) and showed no notable difference from that in the autograft groups (41.28 m s−1 and 3.6 mV, p > .05) (Figure 6) at 12 weeks after implantation.
Histological Analysis
For validating the morphological improvement, TEM, HE, and toluidine blue staining were performed. The results reveal that the MXene-PCL contributed to the regeneration of nerve fibers and myelination compared with the PCL group. The myelin wrapped around the axon in a compact, multilayered spiral in the MXene-PCL and autograft groups (Figure 7, and Supplementary Figure S7, Supporting Information).
[image: Figure 7]FIGURE 7 | TEM images for cross-sections of regenerated nerves from the MXene-PCL conduit (A,D,G), the PCL conduit (B,E,H), and the autograft (C,F,I), at 12 weeks postoperatively. The statistical analysis of average myelinated axon diameter (J), the density of myelinated axon (K) and thickness of nerve myelin sheath (L). All specimens were observed by TEM. Experiments were repeated three times. *p < .05. The scale bars are 10 μm (A–C), 5 μm (D–F) and 1 μm (G–I), respectively.
We found that the diameter and density of the myelinated axon, the thickness of the myelin sheaths of MXene-PCL group (3.91 μm, 2.71 × 104 and 0.64 μm) showed no notable difference to that in the autograft groups (4.09 μm, 2.98 × 104 and 0.685 μm), respectively (Figure 7). In contrast, only a few nerve fibers and many vacuoles appeared in the PCL group, and the diameter and density of myelinated axon myelin thickness were significantly less than that in the MXene-PCL and autograft groups.
To evaluate the effect of the electroconductive MXene-PCL NGC on nerve regeneration, the Schwann cell marker protein 100 (S100) and neuron-specific protein (MBP) and the typical axon protein of neurofilament protein 200 (NF200) and β-III-tubulin (Tuj 1) were evaluated by immunofluorescence staining. The results reveal that the expression level of MBP and S100 in the MXene-PCL group was 3.12 and 2.93 times higher than that in the PCL group, respectively (p < .05) while 3.48 and 2.93 times higher in the autograft group than that in the PCL group. The expression level of NF200 in the MXene-PCL and autograft groups was 2.16 and 2.90 times higher than that in PCL group. The expression level of Tuj 1 in the MXene-PCL and autograft groups was 3.40 and 4.22 times of the PCL group (p < .05). The above results confirmed that the MXene-PCL NGC effectively improved the myelination and regeneration of the nerve fibers with a similar effect to the autograft nerve (Figure 8, and Supplementary Figure S8, Supporting Information). Taking a step further, we evaluated the neovascularization by immunohistochemistry of specific protein markers of endothelial cells (CD31) and immunofluorescence of hematopoietic progenitor cell markers (CD34). It was found that the MXene-PCL and autograft groups showed more vascular-like structures than that of the PCL group by nerve cross-section staining. The average microvessel density calculated from CD34 and CD31 areas of the MXene-PCL group (43.67 mm−2 and 2.44 mm2) were notably higher than that of the PCL group (26.00 mm−2 and 1.64 mm2, p < .05) and showed no notable difference from that in the autograft groups (45.67 mm−2 and 2.71 mm2, p > .05) at 12 weeks postoperative (Figure 9).
[image: Figure 8]FIGURE 8 | Immunofluorescence staining of S100 (red) and MBP (green) from MXene-PCL group (A–C), PCL group (D–F), and autograft group (G–I) at 12 weeks postoperatively. The Relative expression level of MBP (K) and S100 (L). Experiments were repeated three times. *p < .05. The scale bar is 200 μm.
[image: Figure 9]FIGURE 9 | Immunofluorescence staining for CD34 (red), DAPI (blue), and Immunohistochemistry staining for CD31 from MXene-PCL group (A–C,J), PCL group (D–F,K), and autograft group (G–I,L) at 12 weeks postoperatively. Microvessel density was calculated from CD34 staining (M). CD31 area was calculated from CD31 staining (N). Experiments were repeated three times. *p < .05. The scale bars are 100 μm (A–I), and 50 μm (J–L).
DISCUSSION
Promoting nerve regeneration and transmitting electrophysiological signals are two important aspects for the repair of peripheral nerve defects (Zhao et al., 2020; Kasper et al., 2021; Kunisaki et al., 2021). The fabricated MXene-PCL NGC by electrospinning could provide suitable mechanical support, affording a necessary lumen for nerve regeneration. In addition, the nerve signal is a kind of electrical signal, the transmission of the electrical signal from upstream to downstream, and forming complete feedback is indispensable to exert its function (Silverå Ejneby et al., 2021). Ti3C2Tx MXene is hailed as a new two-dimensional material to rival graphene. It has gradually become a research hot spot in the field of electronic biosensing and tissue engineering due to its excellent characteristics, such as decent biocompatibility, large specific surface area, good electrical conductivity, and hydrophilicity (Mao et al., 2020; Rui Li et al., 2021; Zhou et al., 2021). The facile fabrication process of the MXene-PCL NGC manufacturing process (just using the spraying method) made it easy to transformed for further applications. There are many reports on its application of probing neural activity and artificial synapse (Xu et al., 2016; Wang et al., 2021; Wei et al., 2021). Ti3C2Tx MXene could not only promote proliferation and differentiation in BMSCs, but also transmit electric signals and accelerate tissue regeneration (Basara et al., 2020; Huang et al., 2020; Mao et al., 2020; Rastin et al., 2020). It has never been applied as an electroactive polymer for nerve regeneration in vivo. Here, we engineered a MXene-PCL NGC by using electrospinning and spray-coated technology; the prepared MXene-PCL membrane showed high conductivity (0.03 S/cm). Prior to in vivo experiments, the cell viability and affinity of the prepared materials were evaluated using RSCs cells. As anticipated, the obtained MXene-PCL conduct could afford a beneficial environment for RSC adhesion and proliferation with good cell affinity.
In addition, a 15-mm long sciatic nerve defect SD rat model was used to investigate its repair effect on nerve regeneration in vivo. The nerve defect was sutured with NGC or autologous nerve. The MXene-PCL NGC showed similar results with the autograft in sciatic function index, electrophysiological examination, and morphological nerve regeneration at 12 weeks postoperative. The conductive MXene-PCL NGC could transmit physiological neural electrical signals, facilitate angiogenesis, and feed to stimulate nerve regeneration. Taken together, the MXene-PCL NGC revealed better effects in promoting nerve regeneration due to the cooperation of multiple other factors: a suitable mechanical support, affording a necessary lumen (Gryshkov et al., 2021; Qian et al., 2021b), conducting of nerve signals from upstream to downstream, and forming complete feedback. As shown in Figure 1, the MXene-NGC could restore physiological nerve signal transduction from upstream to downstream and form complete biofeedback to the proximal and distal nerve stumps. The bioelectrical properties of cell membranes could create a vulnerable local electric field, the free electrons from the environment could create certain current through conductive material, and in our study, the additional application of conductive MXene would enhance the electric field, which, in turn, could promote cell proliferation under the interactive stimuli from surrounding cells (Heo et al., 2011; Park et al., 2011; Guo et al., 2016; Jin et al., 2021).
The conductive MXene-PCL NGC matched well with the electrophysiological properties of the sciatic nerve; meanwhile, a higher signal of CD34 and CD31 indicated the electrical signals could stimulate neovascularization. In turn, the vascular would strengthen the nutritional supply for neural functional reconstruction (Saio et al., 2021; Thibodeau et al., 2021; Wu et al., 2021; Xiaobin Li et al., 2021). The conductive MXene NGC showed a better effect in nerve regeneration than nonconductive NGC. Said another way, the conductive MXene-PCL NGC could transmit physiological neural electrical signals, creating a good microenvironment for nerve regeneration, and feeding to stimulate nerve regeneration (Zhou et al., 2016; Jin et al., 2021).
This paper presents a novel design of a MXene-PCL NGC that could transmit self-originated electrical stimulation. In the future, it can be combined with other features to promote nerve regeneration.
CONCLUSION
In summary, we prepared a conductive MXene-PCL NGC for the repair of PNI. Our data confirms that NGC supports well the attachment and proliferation of RSCs. In addition, the NGC could transmit physiological neural electrical signals and increase angiogenesis. The MXene-PCL NGC could transmit physiologic nervous electric signals, creating a good microenvironment for nerve regeneration and feeding to stimulate nerve regeneration. The design that the conductive layer was coated outside the conduit rather than inside could avoid the potential toxicity caused by direct contact between the MXene particles and newly regenerated nerves, and it is easy to prepare the MXene-PCL NGC just using the spraying method. In the near-term future, we desired to further reveal the network between electrical signals and nerve regeneration.
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Patients who has been implanted with hip implant usually undergo revision surgery. The reason is that high stiff implants would cause non-physiological distribution loadings, which is also known as stress shielding, and finally lead to bone loss and aseptic loosening. Titanium implants are widely used in human bone tissues; however, the subsequent elastic modulus mismatch problem has become increasingly serious, and can lead to stress-shielding effects. This study aimed to develop a parametric design methodology of porous titanium alloy hip implant with gradient elastic modulus, and mitigate the stress-shielding effect. Four independent adjustable dimensions of the porous structure were parametrically designed, and the Kriging algorithm was used to establish the mapping relationship between the four adjustable dimensions and the porosity, surface-to-volume ratio, and elastic modulus. Moreover, the equivalent stress on the surface of the femur was optimized by response surface methodology, and the optimal gradient elastic modulus of the implant was obtained. Finally, through the Kriging approximation model and optimization results of the finite element method, the dimensions of each segment of the porous structure that could effectively mitigate the stress-shielding effect were determined. Experimental results demonstrated that the parameterized design method of the porous implant with gradient elastic modulus proposed in this study increased the strain value on the femoral surface by 17.1% on average. Consequently, the stress-shielding effect of the femoral tissue induced by the titanium alloy implant was effectively mitigated.
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Highlights
➢ Propose a Kriging-based parametric design method for gradient porous structure.
➢ Optimize the elastic modulus based on the response surface methodology to adjust the stress distribution of femur.
➢ Develop an implant with gradient porous structure to mitigate the stress-shielding effect and verified by experiments.
INTRODUCTION
Patients who has been implanted with hip implant may suffer secondary injuries after periprosthetic fracture or feeling severe painfulness. One of the reasons is that high stiff implants would cause non-physiological distribution loadings, which is also known as stress shielding, and finally lead to bone loss and aseptic loosening (Naghavi et al., 2019).
However, inserting a stiff implant into human body would result in non-physiological distribution loadings (Ahmed et al., 2020). In that case, it would cause a decrease of the periprosthetic bone strain (Huiskes et al., 1992) and then lead to bone loss and aseptic loosening (Xu and Robinson, 2008; Jeyapalina et al., 2014). Managing stress distribution would one of the main issue for implants, and the design should provide suitable strain-related stimulus for altering bone mass by bone remodeling (bone resorption or bone apposition) (Prendergast and Taylor, 1994).
In recent years, cellular metallic structures are of particular interest in orthopedic implant applications, since they can be effectively used for the replacement of broken or damaged bones (Abate et al., 2021). In all metal implant materials that can be designed for cell structure, titanium alloys are promising materials used as bone implants due to their unique properties such as high specific strength, excellent biocompatibility, and corrosion resistance (Geetha et al., 2009; Niinomi et al., 2012). Nevertheless, the elastic modulus of human bone (<30 GPa) is much lower than that of solid titanium (∼110 GPa) (Abdel-Hady Gepreel and Niinomi, 2013). The mismatch of the elastic modulus between bone tissues and solid implants causes stress shielding that can weaken the bone and stop bone growth. Previous studies have reported that this stress can be reduced by implants with porous structure, mainly by adjusting their pore size and porosity (Gibson, 2005), (Honda et al., 2013). For example, trabecular metal with a porous structure has been found in several studies to show good results in revision arthroplasty for severe acetabular bone loss (Christie, 2002; Flecher, Sporer, and Paprosky, 2008; Davies et al., 2011). Such porous structures have been proven to provide a firm fixation of the implant (Nazir et al., 2019), since they can not only reduce the elastic modulus of the titanium alloy, but also facilitate bone osseointegration (Takemoto et al., 2005; Wiria et al., 2010; Torres-Sanchez et al., 2017) and in-growth (Babaie and Bhaduri, 2018).
More specifically, the elastic modulus of a titanium alloy can be adjusted by the design of the porous structure, thereby mitigating the stress shielding effect. The elastic modulus of an implant can be custom-defined, and by controlling the porosity, the implant can obtain mechanical properties and structure similar to those of bone (Yan et al., 2015). For example, Lee et al. (2014) investigated the effect of space scaffolding on the structure and mechanical properties of porous titanium, and they concluded that porosity determines the modulus of elasticity. Mullen (Mullen et al., 2009) constructed a honeycomb titanium structure based on octahedral cells and Arabnejad (Arabnejad et al., 2016) developed two high-strength tensile dominant topologies; both exhibited the potential of such structures for orthopaedic implants. Based on newly-designed honeycomb structures and five different existing honeycomb structures, Abate et al. (2020) discussed the optimization effects of cell size, lattice topology, porosity, and honeycomb structure on mechanical properties. Their results demonstrated that the optimized honeycomb structures had much lower stress and deformation. Xu et al. (2021) investigated six composite lattice structures with different support radii consisting of simple cubic, body-centered cubic (BCC), and edge-centered cubic cells. Luxner et al. (2007) and Han et al. (2017) also suggested that BCC structures can have relatively higher porosity controllability and better mechanical properties than other structures. Among these structures, the BCC structure was found more suitable for parametric design. The excellent properties of the BCC structure had also been demonstrated experimentally by Cuadrado (Cuadrado et al., 2017).
Previous studies have assessed the actual performance of implants using porous structures within the femur. For instance, in order to reduce the stiffness and allow the inward growth of bone tissue, Jetté et al. (2018) proposed a hip implant design characterized by a porous structure based on a diamond cubic lattice. Alkhatib et al. (2019) developed finite element (FE) models of titanium alloy porous implants and effective porous implants, and verified that porosity affects the stress-shielding effect. Functional gradient materials (FGM) have gradually become the focus of the implant structure research, providing a new method for implant structure design (Moussa et al., 2020). To minimize the stress shielding effect and extend the life of implants, Sun et al. (2018) developed a FE model for bone implants and provided a general approach for designing patient-specific implants with a gradient modulus distribution. Oshkour et al. (2013) developed a functional gradient hip implant to reduce the stress shielding effect and improve the total hip replacement performance. Limmahakhun et al. (2017) assessed the possibility of using graded porous Co-Cr alloys in implants. A comparison of four shapes of femoral stems demonstrated that round implants undergo less deformation and have lower von Mises stresses (Chethan et al., 2019). In general, implants with a functional gradient structure similar to that of bone tissue are ideal for achieving the required mechanical and biological properties (Leong et al., 2008; Han et al., 2019; Chen H. et al., 2020).
In the design of hip implants with porous structure, the design methods are divided into parametric and non-parametric methods based on whether the porous structure is generated by an algorithm. In non-parametric design, most of the structures were similar, and only minor changes could be made (Chen H. et al., 2020). In parametric design, different methods were mainly used to calculate and predict certain characteristic quantities after parameterization. For instance, Ahmadi et al. (2014) proposed an analytical solution to predict the elastic modulus, Poisson’s ratio, elastic buckling limit, and yield stress of a diamond cell structure based on some specific parameters. Shi et al. (2019) parametrically designed the porous structures based on three-dimensional periodic miniaturized surface (TPMS), which have a good osseointegration effect. However, no parametric optimization of porous structures was conducted in these researches. In terms of the hip implant design, the stress distribution is uneven, the elastic modulus of implant should be adjusted with the stress distribution, so the gradient porous structures should be used in the implant design. Recently, there is a lack of effective methods and corresponding experimental analysis for the femur implant design with gradient modulus.
At present, the Kriging approximation model is widely used in the engineering field. For example, Gao et al. (2013) proposed a Kriging approximation model that can quickly and effectively estimate the dynamic characteristics of the machine tool in order to study the changes of the dynamic characteristics of the machine tool in the manufacturing space. However, it has not been fully developed and applied in the field of biomedical engineering. Therefore, a new parametric design method was proposed to mitigate the stress-shielding effect by optimizing the porous structure of gradient implants using the Kriging algorithm and FE method based on the target elastic modulus on the femoral surface in this study. The contents of this paper are arranged as follows. In Section 2, the development of the FE model of the hip implant was discussed and validation experiments were carried out; in Section 3, a Kriging model was developed to express the relationship between adjustable dimensions and STVR, porosity and elastic modulus, and from these relationships the adjustable dimensions set and the range of elastic modulus for subsequent optimization were derived. Through the FE method, optimization of the elastic modulus was carried out based on the constraint range of elastic modulus, and the optimal porous structure dimensions were determined based on the optimized elastic modulus and the adjustable dimension parameter set; in Section 4, the effects of the optimized design were analyzed and experimentally verified, and finally, in Section 5, the content of this research was summarized.
MODELING OF FEMUR BONE/IMPLANT INTERACTION
FE Modeling
In clinical practice, the most widely used material for artificial substitute bone is titanium alloy. The aim of this research is to reduce the elastic modulus of the titanium alloy implant by properly designing its gradient porous structure, so that it can adjust the stress distribution of the femur. This way, the stress-shielding effect caused by the modulus inequality will be mitigated. Therefore, it is necessary to develop a three-dimensional solid model for the subsequent parametric design, which comprises the femoral body and the titanium alloy implant. The models used in this study were taken from the GRABCAD (Popular models, 2020), and the selected femoral model and internal implant model were displayed in Figures 1A,B, respectively.
[image: Figure 1]FIGURE 1 | Femur and implant models. (A) Femoral model; (B) Titanium alloy implant model; (C) Combined models.
Before the development of the FE model, the excess part of the bone was excised for placing the implant and the cancellous bone. Since the elastic modulus of cancellous bone is similar to that of bone cement, the cancellous bone was replaced with bone cement in this study. Based on the shape of the femur, a solid model of bone cement was designed in the middle of its interior (The red part in Figure 1C). The final femoral model was illustrated in Figure 1C. This model was then imported into FE analysis software for static analysis. The material properties of each part of the model were listed in Table 1.
TABLE 1 | Material properties of each part (Liu et al., 2019).
[image: Table 1]In this research, a binding contact was adopted. Convergence analysis was performed on the stress under different elements sizes in order to determine which element size was stable and accurate. Five different global element sizes were selected for comparison (Table 2), and the equivalent stress distribution under these sizes when the other conditions were the same was shown in Figure 2A.
TABLE 2 | Mesh properties for convergence analysis.
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Mesh convergence analysis; (B) Von Mises stress distribution and Gruen zones partition method.
Figure 2A shows the equivalent stress distribution results, where it could be observed that, when the global element size was greater than 2 mm, the equivalent stress magnitude at each position exhibited a large change. When the global element size was less than 2 mm, the change of the equivalent stress at each position became smaller and more stable. Consequently, in this study, a global element size of 2 mm was used to develop the mesh.
The load of an Asian adult male standing on one leg was considered, as referenced in previous studies (Alkhatib et al., 2019), (Farmakis et al., 2019). More specifically, a positive pressure of 1200 N was used as the main load acting on the upper end of the implant. As the most commonly used evaluation index in the field of hip implant research, and referring to previous studies (Nam et al., 2019), the equivalent stress of the seven Gruen zones on the surface of the femur were also used as the main evaluation index in this study. The contours of the average equivalent stress distribution calculated by the FE model are presented in Figure 2B.
FE Model Validation
The content of this section focuses mainly on the experimental validation of the FE model developed in Section 2.1. The materials required for the experiments include: femur, titanium alloy implant, bone cement, strain gauge, and tensile strength test machine. The femur was a composite femur purchased from the Sawbones website (Best Anatomical Medical Training Models Company, 2020) for mechanical experiments, and its mechanical properties were similar to those of human bones. The bone cement was purchased from Heraeus Medical GmbH in Germany, and the titanium alloy implants were made of Ti-6Al-4V through 3D printing.
The processed titanium alloy implant was inserted into the cavity reserved at the upper end of the femur and fixed with bone cement (Figure 3A). After the bone cement solidified, the femur was fixed in the designed base with cement, and was allowed to solidify for 48 h (Figure 3B). In the experiment, a load of 1200 N was applied by the tensile strength test machine, and the strain gauges were used to measure the micro-strain of the four Gruen zones on the outer femur surface. It should be noted that, due to the experimental conditions, the experimental values of all seven Gruen zones could not be measured in this study, so the strain was measured at four Gruen zones and the subsequent optimization process was based on the four Gruen zones used in this experiment. The positions of the four measurement Gruen zones used for simulation and experimentation were calibrated on the basis of a reference point, i.e., a reference point at the same position was selected on the model and the experimental entity, and the subsequent measurement points were calibrated on the basis of this reference point. In addition, another experiment under a load of 300 N was performed in order to compare the experimental results. The experimental loading situation was demonstrated in Figure 3C. The micro-strain of each zone under these two load conditions could be observed in the Supplementary Material. The micro-strain values measured experimentally at the four Gruen zones on the femoral surface were compared with the those calculated by the FE model; thus, the correctness of the FE model was verified based on the magnitude of the error.
[image: Figure 3]FIGURE 3 | (A) Experimental processing of the bionic femur; (B) Combination and fixation of the femur and implant; (C) The process of validation experiment; (D) Comparison of validation experimental results and simulation results.
The comparison between the experimental and FE analysis results was shown in Figure 3D. Among them, V1200N and V300N represent the micro-strain values when the load was 1200 and 300 N, respectively. As it could be observed in Figure 3D, when the load was 1200 N, the maximum error was 12% and the smallest difference between the micro-strain values was in the Gruen seven zone, where the error was only -1%. In the 300 N load test, the maximum error appeared also in the Gruen 2 zone (10%), while the minimum error was found in the Gruen 6 zone. After experimental measurement and analysis, it was found that the micro-strain value in Gruen 2 was far from the FE result. This may have been caused by a number of reasons, including the lack of a reference coordinate system in the experiment, i.e., the experimental and simulation points may have not been corresponding exactly. Moreover, the relative difference between the numerical and experimental values may have also been caused by the difference between the numerical simulation and the actual boundary conditions at the femur and implant interface (Jetté et al., 2018). At the same time, the use of bone cement may have also affected the results. But in general, the error between the micro-strain values calculated by the FE model and the experimental results was small; thus, the FE model developed in this study could be considered correct and valid.
IMPLANT STRUCTURE DESIGN AND OPTIMIZATION
The FE model was experimentally verified in Section 2, and the parametric design of the porous structure of the implant was based on this model. In this section, the parametric design of the titanium alloy implant was mainly divided into two parts: the determination of the dimension parameter set ([image: image]) of the porous structure based on the Kriging model and the optimization of the gradient elastic modulus based on the response surface methodology.
In the process of parametric optimization in this section, the mapping relationship between the internal dimensions of the cellular structure and the equivalent stress on the femoral surface cannot be directly established by the FE method. Moreover, compared with the FE method, the Kriging method can also perform personalized optimization according to the constraints of the cell. Therefore, in order to improve the efficiency of optimization and realize the parametric design of porowus structures, the respective advantages of the two methods were combined for the design of implants with gradient moduli in this study. In order to express the mapping relationship between various parameters, the Kriging approximation model was developed based on the original porous cell structure, and the dimension parameter set for subsequent optimization design was determined. Specifically, the Kriging model was developed to express the relationship between adjustable dimensions and STVR, porosity and elastic modulus, and the adjustable dimensions set and the set of elastic modulus for subsequent optimization were derived from these relationships. The upper and lower limits of the adjustable dimension parameter set satisfying the conditions (Eqs 3 and 4) was used to determine the upper and lower limits of the elastic modulus to be input into the response surface optimization range settings, and then the elastic modulus was optimized by the response surface optimization provided by the FE method (Figure 4A). The optimal equivalent elastic modulus of each segment could be determined when the conditions of Eq. 2 were satisfied. The dimension parameters of each cell were determined in the adjustable dimension parameter set ([image: image]) based on this optimal elastic modulus and finally the optimal dimensions were modelled and experimentally tested. The specific implementation process was illustrated in Figure 4A. The formulation used for optimization, which is based on linear static FE analysis, and the specific parametric optimization process based on this optimization formula was shown in Figure 4B.
[image: Figure 4]FIGURE 4 | Optimization process. (A) Flowchart of the implant design and optimization process; (B) Process of parametric optimization based on Kriging model.
The general optimization algorithm is defined as follows:
[image: image]
[image: image]
The constraints are as follows:
I Porosity 
[image: image]
II Surface-to-volume ratio
[image: image]
III Equivalent elastic modulus
[image: image]
where E, σ, and [image: image] are the equivalent elastic modulus of each implant segment (Implant was divided into eight segments, which will be explained in detail later), the equivalent stress on the outer surface of the femur (The zone where the equivalent stress is located was consistent with the zone used for the experimental measurement), and an adjustable dimension parameter set, respectively. The stress-shielding effect is mainly due to the high elastic modulus materials that bear most of the stress, resulting in the stress acting on the femur less than required for normal growth. Therefore, the stress-shielding effect can be mitigated by increasing the stress stimulation on the femur. However, due to experimental conditions, increasing the stress on the outer surface of the femur will be the goal of optimization (Eq. 2).
Determination of the Dimension Parameter Set Based on the Kriging Model
In order to satisfy the optimization goals for the different femur positions, the solid model of the titanium alloy implant was divided into eight segments from A to H (Figure 5A). In the A segment, which was the main force-bearing part, titanium alloy entities were used. The elastic modulus of the other seven segments varied according to the optimization results. In order to simplify the optimization process and guarantee the adjustability of the structure, a BCC cell able to individually change the local dimensions was designed (Figure 5B). This type of structure is universal, and the subsequent optimization was based on this structure. By changing its internal dimensions, each segment could obtain a suitable elastic modulus.
[image: Figure 5]FIGURE 5 | Designed porous structure and error analysis of the Kriging model. (A) Segmented implant; (B) Initial cell structure and adjustable dimensions; (C) Error of porosity calculated by the Kriging model and the FE model; (D) Error of STVR calculated by the Kriging model and the FE model; (E) Error of elastic modulus calculated by the Kriging model and the FE model; (F) Relationship between E and the three groups of dimensions in the dimension parameter set.
Considering the requirements for bone in-growth and manufacturability, Chen et al. (2020) reported that a scaffold with a porosity of 60% has the best cell proliferation and osteogenic differentiation (in vitro experiment) and bone in-growth (in vivo experiment). Jetté et al. (2018) suggested that, when designing porous structures, the porosity should be between 40 and 70%. Abate et al. (2021) showed that the cellular implants with porosity of 56 and 58% have the potential to be used in orthopedic and prosthetic applications to improve osseointegration. When using BCC structures, the porosity in the range of 50–70% can be used to design gradient porous implants so that the mechanical properties of cortical bone can be simulated (Chowdhury et al., 2021). At the same time, bone growth, migration, and cell adhesion are also affected by the surface-to-volume ratio (STVR) of the porous structure. Studies by Beaupré (Beaupre et al., 1990) and Coelho (Coelho et al., 2009) had indicated that a tight bone fixation could be provided by the implant if the STVR of their porous structure was in a range of 3–5 mm−1. Therefore, in this study, a porosity ranging within 50–70% and an STVR ranging within 3-5 mm−1 were used as constraints for the optimization of the porous cell structure dimensions. The porosity and STVR should satisfy the above constraints by changing the adjustable dimensions of the porous structure. According to the original structure in Figure 5B, the freely and independent adjustable dimensions were the side length L1 of the center cube, the side length L2 of the outer cube, the pillar diameter D, and the thickness T of the connecting plate. Therefore, only the mapping relationships between the four dimensions and P, STVR were needed in order to determine all the structural dimensions that satisfy the above constraints.
In order to determine these mapping relationship, two Kriging approximation model were developed, where the four adjustment dimensions were used as the input parameters, P and STVR were used as the output response parameters, and the genetic algorithm was used to optimize the Kriging model parameters and increase its precision. In order to develop a Kriging model, it is necessary to design orthogonal experiments for the input and output parameters. This method can make the role of each factor clear, and can pick out representative test points for experiments to find the best level matching, and can greatly reduce the number of experiments, and there is no strict limit on the number of factors. The optimization process of the Kriging model and the results of the orthogonal experiment were provided in the Supplementary Material. In this study, a total of 16 sets of experiments with four factors and four levels were used and the model was determined based on the results of the orthogonal experiments. Four groups of adjustment dimensions that were not trained by the Kriging model and completely different from those listed in the Supplementary Material were selected to compare the actual value calculated by the FE model with that predicted by this model and evaluate the accuracy of the model. The results were presented in Figures 5C,D.
As it can be observed in Figures 5C,D, the error between the results predicted by the developed Kriging model and those obtained by the FE simulation was small. Regardless of whether it was the predicted porosity or STVR, after inputting the same dimensions parameters, the maximum error between the results obtained by the Kriging model and the FE model appeared in Group 4. The reason is that when one or more of the four adjustable dimensions are too large or too small, the design deviation will increase significantly. Nevertheless, the maximum error within the dimension design range was only 4.88%, and this model could be considered accurate. All manufacturable adjustable dimensions were input into the model, and the porosity and STVR values corresponding to all manufacturable adjustable dimensions could be determined through the Kriging model. After removing the values that do not satisfy the constraints (Figure 4B), the adjustable dimensions set that satisfy the conditions could be obtained.
Similarly, the mapping relationship between the adjustable dimensions and the elastic modulus of this structure also needs to be expressed through a Kriging model. Different from the previous experimental design method, since the relationship between adjustable dimensions and elastic modulus is more complicated, the design of experiment needs to be completed with the help of FE method. After its parameterized modeling, the original porous structure was imported into the ANSYS, which was used to calculate the deformation values. The adjustment dimensions were used as the input parameters and the deformation values were used as the output parameters. Subsequently, the Latin hypercube experimental design method was used to obtain 25 groups of experiments (Supplementary Material). In order to establish the mapping relationship between the adjustment dimensions and the elastic modulus, it is necessary to convert the deformation values into the elastic modulus, as described by Eq. 6. The Kriging model between the adjustable dimensions and the elastic modulus was determined through these 25 groups of experimental data.
[image: image]
where E is the elastic modulus of the porous structure, F is the force acting on the porous structure, S is its cross-sectional area, [image: image] is the amount of deformation, and L is its total length in the direction of deformation.
In order to verify the accuracy of this model, nine groups of untrained adjustable dimensions were selected, and the actual value calculated by the FE model was compared with that predicted by the model. The error of this model was evaluated as shown in Figure 5E, where it can be observed that the maximum error between the elastic modulus predicted by the Kriging model and that calculated by the FE model was only 5.61%; thus, this model could be considered as accurate. The previously obtained values of all the eligible adjustable dimensions were substituted into this Kriging model to calculate the elastic modulus. Therefore, the elastic modulus range used for subsequent optimization and its corresponding adjustable parameter set ([image: image]) were determined by the constraint conditions of P and STVR. Among them, all the dimension parameter sets were discrete. Three sets of L1, L2, and D among the four sets of dimension parameters and the calculated elastic modulus E were selected to express this dimension parameter set ([image: image]), as shown in Figure 5F.
Elastic Modulus Optimization Based on the Response Surface Method
In Section 3.1, the elastic modulus range that satisfies the constraints was determined through the Kriging model. In this section, the response surface optimization of FE method was used to select from that range appropriate elastic modulus values for the implant.
After the FE model had been parameterized, the elastic modulus was set as the input value, and the equivalent stress as the output value. The response surface optimization was used to perform the final optimization design. Response surface optimization comprises mainly three parts: experimental design, approximation model development, and genetic algorithm optimization. In this study, the extremes of the elastic modulus range obtained in Section 3.1 were set as the upper and lower limits of the input values that need to be defined during the experimental design of the parameterized model. The sparse grid initialization method was used to determine the experimental samples in the experimental design, one advantage of sparse grid initialization is that it refines only in the directions necessary, so that fewer design points are needed for the same quality response surface and another is that it is effective at handling discontinuities. A neural network approximation model was developed using these samples in the response surface type selection. Multilayer perceptron neural networks is used in the neural network model inside workbench, this model works well for highly nonlinear responses and is suitable for use when the number of input parameters is high. Finally, the multi-objective genetic algorithm (MOGA) was used to optimize the elastic modulus based on the approximation model, and the maximum value of the equivalent stress on the femoral surface was taken as the target for optimization. Through the above optimization design method, the elastic modulus of the reference point used for the design of the implant and the corresponding equivalent stress value of the femoral surface were obtained.
As it can be seen in Table 3, the elastic modulus of each segment of the optimized implant was different, and the elastic modulus of Segments B and D were larger. In order to verify the effectiveness of this optimization method, the elastic modulus values listed in Table 3 were added to the FE model to perform simulations. The simulation results were compared with the equivalent stress in Table 3, and the comparison results were shown in Figure 6B. It could be observed that the difference between the equivalent stress obtained after optimization and that calculated by the actual elastic modulus was not large, and the maximum error was 4.26%, which was in line with the expectations.
TABLE 3 | Optimization results.
[image: Table 3][image: Figure 6]FIGURE 6 | (A) Porous structure of the B-H segment; (B) Validation of optimization results; (C) Error between the optimization of the elastic modulus and the solid modeling after optimization; (D) Optimization effect analysis; (E) Equivalent stress distribution of the femur before and after optimization.
The dimensions of each part corresponding to the optimized elastic modulus in Table 3 could be found from the adjustable dimension parameter set ([image: image]) in Section 3.1 and the solid model of the porous structure determined by these dimensions was designed. The porous structure of the B-H segments could be obtained according to the optimized adjustable dimensions, as shown in Figure 6A. Based on the porous structure model, the actual elastic modulus of the structure designed according to the optimization results can be calculated, and then, the corresponding equivalent stress on the femoral surface could be obtained from the FE model. The prediction results generated by the Kriging approximation model will produce errors, and errors may also occur during modeling. Consequently, it is necessary to consider the cumulative error of the equivalent stress predicted by the Kriging model; that is, the error between the optimized equivalent stress and the equivalent stress of solid modeling based on the Kriging model predictions. This error was presented in Figure 6C. At the same time, in order to comprehend the actual effect of the optimization method involved in this research, the equivalent stress obtained by this method was compared with that of the initial femoral surface without optimization, and the results were shown in Figure 6D.
It can be observed that the equivalent stress on the femoral surface calculated by the FE model was not much different from the optimized result, and the maximum error was within 5%. Consequently, the method proposed in this study to optimize the porous structure of the implant was effective, and the error produced was small. According to the comparison between optimized and initial results (Figure 6D), the equivalent stress on the femoral surface was increased by at least 26% after optimization compared to the unoptimized results. The best optimization effect was in Gruen 7, where the equivalent stress was increased by 42.8%. In addition, it could be seen from Figure 6E that compared with the equivalent stress of the femur before optimization, the equivalent stress of the femur after optimization increases significantly, and the area where the stress increases was also larger.
Through the mutual validation of the FE model, the implant with porous structure optimized by the proposed method also exhibited good results in the calculation, and the equivalent stress on the surface of the femur was improved.
EXPERIMENTAL RESULTS
In Section 3, the porous cell structures were parametrically designed and the Kriging model and FE method were used to obtain a set of dimensions parameters that satisfy the constraints (Figure 6A). After optimizing the elastic modulus, the optimal porous structure model of each segment of the titanium alloy implant was developed (Figure 7A). In order to verify the actual effect of this optimization method, the experimental analysis was performed again with full reference to the model validation experiment performed in Section 2.2. In order to ensure the validity of this optimization effect analysis experiment, 10 measurements were taken for this optimization experiment and performed statistical analysis on these 10 experiments as shown in Figure 7C. The 3D printed implant used in the experiments was presented in Figure 7B and the experimental data were provided in the Supplementary Material. The effect of the optimization results obtained by the experiment was depicted in Figure 7C.
[image: Figure 7]FIGURE 7 | (A) 3D model of gradient porous implant; (B) The hip implant manufactured by 3D printing; (C) Analysis of the optimization effect.
In Figure 7C, V1200N is the validation experimental result before optimization (Section 2.2), O1200N is the experimental result after optimization, and there are also optimization results predicted by the FE model. The same is true for the experiment under a load of 300 N. From the statistical analysis obtained from 10 experiments in Figure 7C, it could be seen that the results of multiple experiments performed in this optimization experiment were relatively stable, and it could be observed that the experimental measurement results after optimization were better than those before optimization. The micro-strain on the femoral surface was increased by 17.1% on average under 1200 N load and by 10% on average under 300 N load. The most obvious improvement in both cases was still at Gruen 7, which was the same as the FE prediction. Under the load of 300N, the implant was firmly attached to the femur by the bone cement, and the stress stimulation on the femur was relatively uniform, so it could be seen that the micro strain on the femoral surface increased more evenly. However, at a load of 1200 N, due to the high load applied to the implant, the force state between the implant and the femur is similar to that of a lever, i.e. Gruen 2, the support point, and Gruen 7, the stress point, are the main load-bearing areas, while Zones 1 and 6 are unstressed or less stressed, which results in a non-uniform growth of micro strain on the femoral surface as shown in Figure 7. In addition, due to some of the reasons mentioned in Section 2.2 and the manufacturing errors of 3D printed porous implants, the experimental results were generally inferior to the FE simulation ones.
CONCLUSION
In this paper, a new parametric design method was proposed to mitigate the stress-shielding effect by optimizing the gradient porous structure of implants. A FE model of a hip implant for elastic modulus optimization was developed and validated experimentally. The porous structure was parametrically designed, the mapping relationship between the adjustable dimensions and porosity, STVR, and elastic modulus was established, and the adjustable dimensions set and the set of elastic modulus for subsequent optimization were derived from these relationships. These parameter sets calculated by the Kriging model were used as the constraints for the subsequent optimization of input and output parameters. By combining the results calculated by the kriging model, an optimal implant with porous structure and gradient elastic modulus was designed by the FE method. The experimental results demonstrated that the femoral surface micro-strain was increased by 17.1% and 10% on average compared with the unoptimized results. Consequently, it can be concluded that the parametric optimization design method proposed in this paper was effective and could substantially mitigate the stress-shielding effect by reducing the elastic modulus of the implant. The parametric design method proposed in this research is based on a general structure, the local dimensions of which can change individually; thus, this method is suitable for various situations where the elastic modulus needs to be adjusted through porous structure parametric design. In the future, the method of parametric design in this paper will be used to study the differentiation of the porous structure of implants in femurs of different ages.
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Objective: Electroactive biomaterials used in tissue engineering have been extensively studied. Electroactive biomaterials have unique potential advantages in cell culture and tissue regeneration, which have attracted the attention of medical researchers worldwide. Therefore, it is important to understand the global scientific output regarding this topic. An analysis of publications on electroactive biomaterials used in tissue engineering over the past decade was performed, and the results were summarised to track the current hotspots and highlight future directions.
Methods: Globally relevant publications on electroactive biomaterials used in tissue engineering between 2011 and 2021 were extracted from the Web of Science database. The VOSviewer software and CiteSpace were employed to visualise and predict trends in research on the topic.
Results: A total of 3,374 publications were screened. China contributed the largest number of publications (995) and citations (1581.95, actual value ×0.05). The United States achieved the highest H-index (440 actual values ×0.05). The journal Materials Science & Engineering C-materials for Biological Applications (IF = 7.328) published the most studies on this topic (150). The Chinese Academy of Science had the largest number of publications (107) among all institutions. The publication titled Nanotechnological strategies for engineering complex tissues by Dir, T of the United States had the highest citation frequency (985 times). Regarding the function of electroactive materials, the keyword “sensors” emerged in recent years. Regarding the characterisation of electroactive materials, the keyword “water contact angle” appeared lately. Regarding electroactive materials in nerve and cardiac tissue engineering, the keywords “silk fibroin and conductive hydrogel” appeared recently. Regarding the application of electroactive materials in bone tissue engineering, the keyword “angiogenesis” emerged in recent years. The current research trend indicates that although new functional materials are constantly being developed, attention should also be paid to their application and transformation in tissue engineering.
Conclusion: The number of publications on electroactive biomaterials used in tissue engineering is expected to increase in the future. Topics like sensors, water contact angle, angiogenesis, silk fibroin, and conductive hydrogels are expected to be the focuses of research in the future; attention should also be paid to the application and transformation of electroactive materials, particularly bone tissue engineering. Moreover, further development of the field requires joint efforts from all disciplines.
Keywords: electroactive biomaterials, tissue engineering, bibliometrics, hotspot, web of science
INTRODUCTION
The loss or failure of an organ or tissue is one of the most frequent, devastating, and costly problems in human health (Langer and Vacanti, 1993). Current treatments include organ transplantation, surgical reconstruction, mechanical devices, or metabolite supplementation (Lalan et al., 2001). While these strategies represent significant advances in the field of medicine, some inherent limitations are unavoidable, such as tissue transplantation being limited by the nature of the material, which often brings new trauma or secondary injury to patients. In addition, tissue transplantation is often limited by a lack of donors and has risks like disease transmission and immune rejection.
Artificial bioengineered tissue repair materials, with excellent biocompatibility and bioactivity, created via tissue engineering (TE) have gradually become a promising strategy in the clinical treatment of tissue defect repair in recent years. In addition, they have the advantages of ubiquitous sources, easy preparation, and safety. In TE the principles and methods of engineering and the life sciences are applied for developing biological substitutes for restoring, maintaining, or improving functions (Nerem, 1992). It is one of the most relevant topics within the field of advanced therapies (Santisteban-Espejo et al., 2018), and has a wide range of potential applications in tissue repair and regeneration.(Naveau et al., 2017). TE has been widely used in the regeneration of skin (Debels et al., 2015), bone (Pati et al., 2015), cartilage (Ren et al., 2015), nerve tissue (Georgiou et al., 2015), and blood vessels (Jaspan and Hines, 2015). Undoubtedly, TE is becoming a novel approach to future therapeutic applications in the clinical treatment of tissue defect repair.
The rapid development of bioscaffolds in tissue engineering over the past few decades has been fuelled by rising standards for effective bioscaffolds, which play an important role in the tissue repair process. A new generation of smart bioscaffolds not only serves as a medium or matrix for cell adhesion but also modulates cells, supports the process of cell proliferation, and promotes new tissue specialisation (Sukmana, 2012; Guo and Ma, 2018). Inspired by studies on the electrophysiological behaviour of cells and tissues, electroactive biomaterials have been proposed for and applied in tissue engineering and regenerative medicine research.
Electroactive biomaterials originated from the first measurements of the piezoelectric effect of bone tissue in 1957 by (Brown, 1980). Subsequently, research on the role of the piezoelectric effect in regulating cell behaviour and controlling the growth and remodelling of bone tissue has become more and more extensive, which has led to a series of piezoelectric materials being proposed and applied in the field of biomedical research. In addition to piezoelectric materials, researchers developed conductive polymers and carbon-based nanomaterials. Conductive polymers can concentrate externally applied electrical stimuli in their surrounding areas by regulating the loaded stimuli spatially (Guarino et al., 2013), promoting intracellular DNA synthesis, and accelerating cell division and proliferation (Stewart et al., 2015). Carbon-based nanomaterials, such as graphene sheets and carbon nanotubes, possess unique mechanical, electrical, and optical properties, have good biocompatibility at a certain concentration, and can support cell adhesion, proliferation, and differentiation. They present new opportunities for tissue engineering and are potential candidates for the development of artificial scaffolds (Ku et al., 2013). In conclusion, electroactive biomaterials can be combined with a human bioelectric system to directly transmit electrical, electrochemical, and electromechanical signals to cells and induce cell differentiation and tissue regeneration. Therefore, these materials have unique potential advantages in cell culture and tissue regeneration (Guimard et al., 2007) (Figure 1), which has attracted the attention of medical researchers worldwide.
[image: Figure 1]FIGURE 1 | Electroactive biomaterials have been widely used in the TE of skin, bone, cartilage, nerve tissue, cardiac or blood vessels.
Recently, many reviews have highlighted the current strategies and future prospects of electroactive biomaterials in TE; however, researchers may merely explore the literature in a single direction, which may lead to narrow-minded exploration. Moreover, each article summarises different keywords, and a large number of keywords make it difficult to accurately locate information in the PubMed, Web of Science (WOS), and Scopus databases. Hence, comprehensively analysing the status of this topic and revealing the current or future hotspots from multiple perspectives are urgent requirements.
Bibliometrics is a statistical and quantitative method used to analyse the academic influence and characteristics of scientific output. Combined with creative design and information visualisation, bibliometric mapping can visually represent bibliometric data (Zou et al., 2018). We performed a bibliometric analysis using international databases to identify hotspots in previous reports, such as research progress on heat stroke (Xia D. M et al., 2021) and hotspots concerning the use of stem cells for cartilage regeneration (Xia D et al., 2021). In bibliometrics, co-occurrence analysis is used to define research hotspots. We consider that if two terms appear in the same article concurrently, they may have a potential relationship. Furthermore, if these two terms appear frequently at the same time in the same article, they are considered to be closely related. After some analysis of these co-occurrence relations, such as cluster analysis or factor analysis, keywords that reach a threshold are considered to represent hot topics in the research area (Li et al., 2015). In addition, bibliometrics have been widely used in the fields of information science, chemistry, and physics, and show potential in the field of medicine (van Eck and Waltman, 2010). Using bibliometrics, researchers can determine more specific research themes, thereby achieving a more comprehensive understanding of the relationships between specific research areas.
We applied a bibliometric analysis to uncover global research trends, evaluate achievements related to electroactive biomaterials used in TE and predict possible future hotspots. As expected, the data extracted from this analysis could indicate the most productive areas in the evolution of electroactive biomaterials with the goal of facilitating the clinical translation of electroactive biomaterials into tissue engineering and providing references for future developments.
MATERIALS AND METHODS
Data Sources and Search Strategies
Web of Science (WOS), a database containing a large amount of physical, biological, and medical information, has often been used in bibliometric research. In our research, we performed a search for studies relevant to electroactive biomaterials used in tissue engineering (TE) between January 2011 and December 2021. All searches were conducted on 17 February 2022 to avoid bias according to database renewal. The search strategy was as follows: TS = [(electroactive, conductive, piezoelectric, or carbon-based) and (material or biomaterial, hydrogel, scaffolds, polymers, or ceramics) or polypyrrole or PPy, polyaniline, PANi, aniline oligomer, polyvinylidene fluoride, PVDF, Kynoar, l-polylactic acid, polylactic-L acid, PLLA, graphene, carbon nanotubes, or CNT] and (tissue engineer* or regenerat* medicine). The types of studies we included were strictly screened; only original articles or reviews were included in our analysis, and all other types of studies were excluded. Finally, articles irrelevant to the topic were filtered manually. The process associated with research screening was undertaken by two authors (WTX and SW); if there was disagreement during the screening process, it was up to an experienced corresponding author to decide whether to include that paper in our study. Detailed information on enrolment and selection is shown in (Figure 2).
[image: Figure 2]FIGURE 2 | Flow diagram of the inclusion process. The detailed process of screening and enrolment (irrelevant articles were manually screened by two authors through abstracts and full texts), and articles irrelevant to the topic were excluded.
Data Collection and Processing
Basic information on the research in terms of titles, keywords, authors, publication dates, countries and regions of origin, institutions, journals, and overall information about the article in terms of number of citations, H-index, etc. were extracted from the identified publications by three authors (WTX, SW, and DMX). Several data analysis tools were used for data analysis and processing. Microsoft Excel 2016, GraphPad Prism 8, VOSviewer version 1.6.12, and CiteSpace version 5.6. R5 64 and an online analysis platform (http://bibliometric.com/) were applied to present, analyse, and describe the data.
Bibliometric Analysis
WOS, as a database covering a large amount research on medical, physical, and materials sciences, has a wide-ranging and comprehensive content; therefore, WOS was chosen as our preferred database for bibliometric research. The three most important indicators of article quality evaluation include the impact factor (IF), H-index, and relative research interest (RRI), and these were the objects of our research. The impact factor (IF) was taken from the Journal Citation Reports (JCRs), which is recognised as a key indicator in evaluating articles (Kavic and Satava, 2021). In general, the impact factor can directly reflect the quality and influence of an article. The H-index of an article, as a measure of academic productivity, indicates that a researcher or country has published at least H papers on a particular topic, that each paper has been cited at least H times. The indicator is objective in assessing the quality of the article (Favre et al., 2020). The relative research interest (RRI) is related to the number of publications in the field and the total number of publications included in the WOS database, which is meaningful for evaluating the popularity of research in the field (Wang et al., 2019). VOSviewer, a practical statistical software, can use text downloaded by WOS to perform a visual analysis of the references, institutions, authors, and terms. This software was used to display the time distribution and dynamic variability of keywords, and accurately reveals the evolution trend of hotspots in the research field (Chen et al., 2021). CiteSpace, which uses the Java programming language, is a useful tool for data analysis and processing. In addition to conventional analysis, an analysis of the cooperative relationships between related fields is unique in this research field (Yao et al., 2020).
RESULTS
Field Activity Analysis
According to the inclusion criteria, 3,374 articles related to electroactive biomaterials used in TE were included in the final analysis. By analysing and summarising the data, six aspects of the contributions, i.e., countries, contributions of different journals, top 10 articles, contributions of different institutions, keywords, and related fields were presented in the results. The specific process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flow diagram of six aspects of electroactive biomaterials used in tissue engineering. Contributions of countries, contributions of different journals and top 10 articles, contributions of different institutions, keywords, and related fields are listed.
Global Contribution to the Field
According to the national distribution of publications, China (995 publications) was the most productive country, followed by the United States (626 publications), Iran (417 publications), India (236 publications), and South Korea (228 publications) (Figure 4A). The top 10 countries with the most publications are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Contributions of different countries/regions to the research field regarding electroactive biomaterials used in TE. (A) The number of publications, citation frequency (× 0.05) and H-index (× 5) in the top 10 countries or regions; (B) The number of publications worldwide and the timings of the relative research interests of electroactive biomaterials used in TE. (RRI = Relative research interest).
In terms of total citations, the top five countries/regions are China with 31,639, the United States with 30,806, Iran with 9146, India with 6,995, and South Korea with 9862, respectively. The countries/regions with the highest H-index are as follows: the United States 88, China 83, India 45, Iran 44, and South Korea 40 (Figure 4A). According to the annual distribution of publications, although there was a slight decline during 2011–2012, the overall trend in publication output increased from 2011 to 2021 (100–500 publications per year). The trend of RRI was similar, suggesting that the field of electroactive biomaterials used in TE is receiving more attention in general (Figure 4B). It can be predicted that the growth trend in the number of publications in this field will accelerate in the future.
Collaborations between countries/regions are shown in Figure 5. The size of the circles indicates the number of publications and the width of the connecting line between the two circles indicates the degree of collaboration (Figure 5A). Many countries/regions have some years with a concentrated article output. The United States and South Korea had the most publications before 2017. China, Italy, and England intensively published articles in 2018. Articles from Iran were published mainly after 2018 (Figure 5B). As the top two countries with the most publications, the United States and China cooperated the most in this field, and the United States had the strongest total link strength, which means that the United States had the predominant influence in this field (Figure 4C).
[image: Figure 5]FIGURE 5 | Cooperation network of countries/regions with regard to research on electroactive biomaterials used in TE. (A) The network of cooperative relations between countries/regions was established with VOSviewer; (B) Concentrated years of publications for different countries; (C) The cooperative relations between countries/regions were visualized.
Analysis of Journal Distribution
Different journals are active in different fields of publication. Therefore, we performed a journal distribution analysis of publications on the use of electroactive biomaterials in TE. The journal Materials Science & Engineering C-materials for Biological Applications (IF = 7.328) published the most studies, with 150 publications. There were 107 articles on electroactive biomaterials used in TE in ACS Applied Materials & Interfaces (IF = 9.229), 91 articles in the Journal of Biomedical Materials Research Part A (IF = 4.396, 2019), and 81 articles in RSC Advances (IF = 3.361). The top 10 journals with the highest number of publications are listed in Table 1. The journals did not just represent themselves; the fields behind them are more worthy of exploration and research. Materials Science and Engineering C-materials for Biological Applications and the Journal of Biomedical Materials Research Part A have the closest relationship. As far as this field is concerned, journals with high volumes of publications also have a high centrality and a focus on tissue engineering and materials science (Figure 6B).
TABLE 1 | The top 10 journals publishing articles on the electroactive biomaterials used in TE.
[image: Table 1][image: Figure 6]FIGURE 6 | The distribution of journals and institutions engaged in research on electroactive biomaterials used in TE. (A) Top 10 journals by number of publications, blue bar representing the proportion and red bar representing IF; (A). The network of relationships between with different journals in VOSviewer. (B) The network of institutions produced in VOSviewer. The size of the circles reveals the number of publications; (C) Concentrated years of publications for different countries.
Analysis of Institution Distribution
Five of the top 10 institutions in this field are in Iran, the other three institutions are in China, and one is in the United States (Table 2). In terms of publication ranking, the first was the Chinese Academy of Sciences (107 publications), followed by the University of Tehran (78 publications), the Shanghai Jiao Tong University (77 publications), Islamic Azad University, and Sichuan University (73 publications). The top 10 institutions with the most publications are shown in Table 2.
TABLE 2 | Top 10 institutes with the most publications on the electroactive biomaterials used in TE.
[image: Table 2]Figures 6B,C highlight the close and complex collaborative relationships between different institutions. VOS viewer was employed to analyse the centrality of these institutions; the circle indicates centrality, and the area of the circle is proportional to its centrality. Asterisks of the same colour indicate that such organisations belong to the same organisation. The Chinese Academy of Sciences and the University of Tehran are the most prominent institutions, which suggests that they are regarded as pivotal points (Figure 6B). The shade of the colour indicates the time of publication. Although Tarbiat Modares University ranks sixth in terms of the number of articles published, its articles are relatively new, and we predict that this institution will be a centre of research in this area in the future. In Figure 6C, the Chinese institution clusters in the lower left corner and the Iranian institution clusters in the lower right corner are lighter in colour, indicating that these two countries have recently exhibited significant research interest in this field.
Overview of Landmark Articles and Authors
The top 10 authors with the highest total citations of papers published between 2011 and 2021 are shown in Table 3. As presented in Table 3, there are three from the United States, two from Singapore and China each, and one each from England, Canada, and Iran. Notably, the publication titled Nanotechnological strategies for engineering complex tissues by Dir, T of the United States had the highest citation frequency (985 times). The second-ranked journal and third-ranked journal are Conductive polymers: Towards a smart biomaterial for tissue engineering and Biological interactions of graphene-family nanomaterials: an interdisciplinary review. The content of this article is also the embodiment of the research direction, and nanomaterials have gradually become the focus of our research.
TABLE 3 | The top 10 authors with the highest total citations of papers published between 2011 and 2021.
[image: Table 3]Co-Occurrence Analysis of Key Words
We analysed keywords extracted from 3,374 publications using VOSviewer. As shown in Figure 7A, from a total of 288 keywords, defined as terms that occurred more than 35 times within the titles and abstracts in all papers during the analysis process, the top four keywords that were frequently mentioned are: application (1,513 times), engineering (1,366 times), poly (810 times) and development (539 times). Detailed data on the co-occurrence of all included keywords are presented in Figure 7A.
[image: Figure 7]FIGURE 7 | The analysis of keywords in publications on electroactive biomaterials used in TE. (A) Mapping of keywords in the field of the use of ultrasound in emergency medicine. The size of the circle represents the frequency with which keywords appear. (B) Mapping of the keywords in the area of electroactive biomaterials used in TE. The words were divided into four clusters in accordance with different colours that were generated by default, specifically, characterization of electroactive materials (lower left in red), function of electroactive materials (upper right in green), application of electroactive materials in bone tissue engineering (upper left in blue) and application of electroactive materials in nerve and cardiac tissue engineering (lower right in yellow); (C) The distribution of keywords is presented according to the average time of appearance. The blue colour represents an early appearance, and the yellow colour represents a late appearance.
The keywords were divided into four clusters: characterisation of electroactive materials, function of electroactive materials, applications of electroactive materials in bone tissue engineering, and applications of electroactive materials in nerve and cardiac tissue engineering (Figure 7B). Keywords represent the main topics of publications. Co-occurrence analysis of keywords is conducive to systematically understanding the relationship between keywords, and consequently, grasping the relationship between various topics in this field. Further cluster analysis helps us to systematically understand current progress in this field. VOSviewer was employed to analyse keywords (defined as words that were used more than 35 times in titles and abstracts across all publications) in all included publications. For the characterisation of electroactive materials, the keyword with the highest frequency was poly (810 times). For the function of electroactive materials, this word was application (1,513 times). For the applications of electroactive materials in bone tissue engineering, the word was bone tissue engineering (513 times). For the applications of electroactive materials in nerve and cardiac tissue engineering, the word was conductivity (473 times). (Figures 7A,B).
As shown in Figure 7C, VOSviewer coloured all keywords according to the average number of times the word appeared. Specifically, blue indicates that the word appeared relatively early, while yellow indicates a more recent appearance. Compared with the keywords that appear most frequently, recent keywords can represent current research hotspots, which is of greater interest to us. VOSviewer colours all keywords according to the average number of times the word has appeared. In the cluster of characterisations of electroactive materials, the most recent keyword was water contact angle [42 times, average appearing year (AAY) 2018.3]. In the cluster of functions of electroactive materials, the newest keyword was sensor (82 times, AAY 2018.9). In the cluster of applications of electroactive materials in bone tissue engineering, the newest keyword was angiogenesis (50 times, AAY 2019.14). In the cluster of applications of electroactive materials in nerve and cardiac tissue engineering, the newest keywords were silk fibroin (71 times, AAY 2018.6) and conductive hydrogel (71 times, AAY 2018.3).
Related Field Analysis
In Figure 8, the 3,374 publications included in our research are mainly divided into two fields, one of which includes physics, materials, and chemistry, and the second field, which includes molecular, biological sciences, and immunology. In addition, the references of these 3,374 articles were mainly distributed across the following fields: physics, materials, and chemistry, and molecular, biological, and immunological studies. We found that the use of electroactive biomaterials in TE mainly involved subdisciplines in the fields of physics, materials, chemistry, molecular biology, and immunology. The development of this field is related to a combination of medical and engineering-related disciplines.
[image: Figure 8]FIGURE 8 | Fields related to electroactive biomaterials used in TE. The lefthand side represents the fields of the articles included in the study, and the righthand side represents the fields of the references of the articles.
DISCUSSION
Trends in Research on the Electroactive Biomaterials Used in TE
China contributed the most to the publication volume of all countries (Figure 3A). The proportion of global output is increasing year by year, which shows that China attaches great importance to scientific research in this area (Figure 4B). This is followed by the United States, but publication in the United States has the highest H-index, which shows that United States publication has a greater impact around the world. The country contact map based on WOS data shows that China has connections with many countries which are active in this field, especially with the United States (Figure 4A), and that these two countries have the most publications, which indicates that mutual cooperation plays an important role in advancing the development of this field. Although Iran ranks third in the number of publications, Iran’s publications are mostly after 2018, and their research results are the latest (Figure 4B). With regard to research institutions, the results were also significantly influenced by country; five of the top 10 institutions were from Iran (Table 2), and the latest publications were also concentrated in Iranian institutions (Figure 6C). This shows that Iran’s research in this field is playing an increasingly important role, and that it has emerged as a new research centre.
The top 10 most-cited publications reflect the research hotspots and priorities in the field of electroactive biomaterials used in TE (Table 3). Two of the top three publications are related to nanomaterials, Nanotechnological strategies for engineering complex tissues mainly discusses the impact of nanostructures (Dvir et al., 2011) on the properties of scaffolds and their uses in monitoring the behaviour of engineered tissues. Biological interactions of graphene-family nanomaterials: An interdisciplinary review also proposed a systematic nomenclature for this set of graphene-family nanomaterials (GFNs) and discussed specific material properties relevant in biomolecular and cellular interactions (Sanchez et al., 2012), which indicates that nanomaterials are receiving increasing attention in this field. We also found that seven of the top 10 articles were related to graphene, with papers on the topics of neural stem cells, bone marrow mesenchymal stem cells, platelets, drug transport vectors, and other hot topics. Graphene and its derivatives have many applications in the field of TE owing to their superior properties, such as electrical conductivity, biocompatibility, transparency, high surface area, and superior mechanical strength (Tahriri et al., 2019). In particular, research on genotoxicity and biocompatibility of stem cell regeneration has attracted much attention (Akhavan et al., 2012; Li et al., 2013). We also found that seven were related to bone tissue engineering and four were related to nerve tissue engineering. This shows that the application of electroactive materials in bone and nerve tissue engineering is a research hotspot, and it also reflects the clinical transformation trend of electroactive materials in the future.
In terms of journals, the impact factors were generally high, including in biomedicine and materials (Table 1), which mainly includes a combination of physics, materials, chemistry, molecular biology, and immunology (Figure 8). This suggests that progress in the field requires collaboration across disciplines. Moreover, there has been a steady increase in scholarly interest, as reflected by the rapid increase in the RRI (Figure 4B) in recent years. We believe that there are two main reasons why this has received much attention. On the one hand, with increasing cases of organ shortages and donor scarcity within the last three decades, the research focus in the field of TE continues to advance toward a potential therapy for various types of tissue damage (Sharma et al., 2019; Matai et al., 2020). However, after years of development, an increasing number of electroactive biomaterials are expected to become a new generation of tissue defect repair materials because of their biocompatibility and easily modified surface characteristics, which can convert different types of signals such as mechanical, thermal, and magnetic signals into electrical signals to ultimately regulate tissue regeneration (Finkenstadt and Willett, 2006; Balint et al., 2014).
Research Focused on Electroactive Biomaterials Used in TE
According to the map based on bibliographic data from the co-occurrence analysis of all keywords (Figures 7A,C), the keywords were divided into four clusters (Figure 7B). The latest keywords of the four clusters will describe future research hotspots in this field comprehensively and profoundly.
With respect to the latest research hotspots, in the cluster of functions of electroactive materials, the newest keyword of this cluster is a sensor with an AAY of 2018.9878. The potential reasons for this are as follows: First, electroactive materials are most commonly applied in sensors and actuators because of their ability to deliver electrical signals to cells and tissue (Bar-Cohen et al., 2017). Furthermore, because of the characteristics of sensors, electroactive materials are emerging as new disease-modifying therapies that offer the possibility of improving tissue repair and regeneration and re-establishing functionality at both the cellular and organ levels (Pinho et al., 2021). With developments in materials, manufacturing, biotechnology, and microelectromechanical systems (MEMS), many exciting biosensors and bioactuators have been developed based on biocompatible piezoelectric materials. These biodevices can be safely integrated into biological systems for applications such as sensing biological forces, stimulating tissue growth and healing, and diagnosing medical problems (Chorsi et al., 2019). This suggests that advances in sensors are laying the foundation for an entire field of development, and they are also becoming a hotspot in future research.
Regarding the topic of the characterisation of electroactive material clusters, the water contact angle was the most recent keyword, with an AAY of 2018.381. Biological interactions take place at the surface of biomaterials, where they are in direct contact with the host tissue. Some current studies confirm that one of the disadvantages of some biomaterials is their hydrophobicity, which limits their applications in TE. Moreover surfaces with a moderate wettability (water contact angle of 30–60°) have been shown to be favourable for cell adhesion and proliferation (Andrade et al., 1979; Hsu and Chen, 2000). Another study showed that electroactive barium titanate-coated titanium scaffolds improve osteogenesis and osseointegration for large segmental bone defects, and this success is closely related to the water contact angle (Fan et al., 2020). In view of this, Guo (Guo et al., 2012; Guo et al., 2019)42,4342,43 made electroactive porous tubular scaffolds with a hydrophilic surface with a water contact angle of approximately 30° by doping the films with (±)-10-camphorsulfonic acid. These degradable electroactive tubular scaffolds are good candidates for neural tissue engineering applications, and studies in this field are becoming more detailed (Guo et al., 2012). We predict that the hydrophilicity of electroactive materials in TE will be one of the evaluation standards for electroactive materials in the future. Therefore, determination of the water contact angle is an indispensable step in future electroactive material research. This also suggests that more attention should be paid to research on the water contact angles of similar materials.
Regarding the electroactive materials used in nerve and cardiac tissue engineering, the latest terms were silk fibroin (AAY 2018.3099) and conductive hydrogel (AAY 2018.662), occurring 71 times (Figure 7C). Nerve restoration and repair in the central nervous system are complicated and require several factors to be considered in the design of scaffolds, such as bioactivity and neuroinductive, neuroconductive, and antioxidant properties. According to publication numbers, the term silk fibroin (SF) has attracted more attention among researchers. SF has unique mechanical properties and biocompatibility (Altman et al., 2003), and nerve guidance channels made up of electrospun and woven silk fibroin/poly (lactic-co-glycolic acid) are biocompatible and have a favourable mechanical strength (Wang et al., 2015). In conservative therapy for myocardial infarction (MI), electroactive silk fibroin/PLA nanofibrous bioactive scaffolds have been proven to inspire the rejuvenation of injured myocardium (Yan et al., 2020). Similarly, cerium oxide nanoparticles encapsulated in fabricated hybrid silk fibroin nanofibres have been reported as an artificial neural guidance conduit applicable in peripheral nerve regeneration (Saremi et al., 2021). Although research on silk fibroin used in TE is still in its infancy, it provides new perspectives for therapeutic strategies in nerve tissue and cardiac tissue regeneration.
(Dvir et al., 2011) and (Shin et al., 2012; Khorshidi and Karkhaneh, 2018) reported a successful demonstration of a myocardial tissue engineering scaffold based on conductive hydrogel that can promote the bridging of electrical signal pathways of adjacent cells, thus achieving myocardial tissue regeneration and functional reconstruction. This success encouraged the development of a wide range of conductive hydrogel-based myocardial tissue engineering scaffolds. For example, Liu et al. (2022) and Wei et al. (2022) developed paintable and rapidly bondable conductive hydrogels as therapeutic cardiac patches, which can improve the reconstruction of cardiac function and revascularization of infarct myocardium (Wei et al., 2022). Works by Qian et al. (2018a), Qian et al. (2018b), and Xu et al. (2018) successfully demonstrated that nerve tissue engineering scaffold-coated graphene-loaded polycaprolactone based on a conductive hydrogel can transmit electrical signals, thus realising nerve tissue regeneration and functional reconstruction. This success has promoted the development of a wide range of nerve tissue-engineering scaffolds based on conductive hydrogels (Xu et al., 2018). Although conductive hydrogels have shown potential in tissue engineering applications, research on them is still in the early stages, because they currently have constraints, such as the inability to balance high mechanical properties and high electrical conductivity, and difficulties with adjusting mechanical properties (Liu et al., 2020). In practice, there is still abundant room for further progress in conductive hydrogel research on TE.
Regarding the cluster of applications of electroactive materials in bone tissue engineering, angiogenesis is the most recent keyword (cluster3), with an AAY of 2019.14. This word is also the latest keyword in all clusters. Recent research has shown that electroactive materials can induce vascular endothelial cell luminal formation in vitro and neovascularization in vivo (Augustine et al., 2017). Research indicated that polarised nanocomposite membranes and DBB granules have a synergistic effect in promoting bone defect repair by means of active early neovascularization (Bai et al., 2019). Meanwhile, in treatments for the regeneration of infectious bone defects, vancomycin—and strontium-loaded microspheres, which are made of a block copolymer consisting of poly (l-lactide) (PLLA) and poly (ethyl glycol) (PEG) blocks, have broad applications in the field of bone tissue engineering, one of which is its capacity for enhancing angiogenesis (Wei et al., 2019). Early neovascularization has a profound effect on subsequent bone remodelling and maturation; therefore, it has received increasing attention in recent years.
To summarise the general trends of the four groups in this study, the most fundamental one is the characterisation of electroactive materials. Recently, more attention has been paid to the application of electroactive materials in bone tissue engineering (Figure 7C), which suggests that although new functional materials are constantly being developed, attention should also be paid to their applications and subsequent transformations in tissue engineering. In addition, electroactive materials have some defects in application. First of all, some electroactive biomaterials may have immune rejection after implantation because of their poor biocompatibility. Secondly, some electroactive biomaterials have limited degradability, which limits their application as tissue regeneration and repair materials. Improving the above shortcomings will be the future direction of researchers.
In addition, in terms of research fields, subjects related to materials, such as physics, chemistry, and biology (Figure 8), are worthy of attention. In terms of research, research is not limited to material applications. Basial research, including molecular, mechanical, and immunological research (Figure 8), cannot be ignored. It is believed that the development of any field requires multidisciplinary communication and assistance, similar to what is currently seen for the electroactive biomaterials in the TE field.
Limitation
Publications in the WOS database were investigated in this study to obtain objective and reliable results. It has been confirmed that document type labels in web of science are more accurate than Scopus in previous report, So we perform WOS-based retrieval preferentially (Yeung, 2019). However, owing to the limitation of searching for studies in English and constant updates of the database, our results may differ slightly from the reality. In addition, for more comprehensive results, databases such as Scopus, and Google Scholar could be included and compared in future studies. Due to the characteristics of database retrieval, we can’t analyse the hot spots and future trends of the application of electroactive materials in each type of tissue engineering in detail, and we hope to be able to more detailed analysis in the future research.
CONCLUSION
China has contributed the most to the field of electroactive biomaterials used in TE, and Iran has shown the highest research interest in this area in recent years, and cooperation between countries is crucial. The number of future publications in this field is expected to increase. Sensors, the water contact angle, angiogenesis, silk fibroin, and conductive hydrogels are the focus of our attention in the future, and attention should also be paid to the applications and transformations of electroactive materials, and bone tissue engineering in particular. An overall analysis of the field from the perspective of physics, chemistry, biology, molecular mechanics, and immunology is the latest research direction. Similarly, the development of the field requires joint efforts from all disciplines.
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Adhesive hydrogel wrap loaded with Netrin-1-modified adipose-derived stem cells: An effective approach against periarterial inflammation after endovascular intervention
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Endovascular interventions, such as balloon dilation and stent implantation, are currently recommended as the primary treatment for patients with peripheral artery disease (PAD), greatly improving patient prognosis. However, the consequent lumen restenosis that occurs after endovascular interventions has become an important clinical problem. Inflammation has been proven to be crucial to postoperative restenosis. In previous studies we have identified that Netrin-1-modified adipose-derived stem cells (N-ADSCs) transplantation is an effective anti-inflammatory strategy to repair vascular damage. Nevertheless, it remained to be explored how one could constantly deliver N-ADSCs onto damaged arteries. Therefore, we developed an adhesive double network (DN) hydrogel wrap loaded with N-ADSCs for sustained perivascular delivery. Inspired by the adhesion mechanism of mussels, we developed an adhesive and tough polyacrylamide/calcium-alginate/reduced graphene oxide/polydopamine (PAM/CA/rGO/PDA) hydrogel. Dopamine was attached to graphene sheets and limitedly oxidized to generate free catechol groups. The hydrogel could wrap damaged arteries and induce anti-inflammatory effects through N-ADSCs. In vitro experiments demonstrated that N-ADSCs significantly promoted the M2 polarization of macrophages to anti-inflammatory phenotypes and reduced the expression of inflammatory factors. In vivo experiments in a rat carotid artery guidewire injury model showed that the adhesive hydrogel wrap loaded with N-ADSCs could significantly reduce arterial inflammation, inhibit intimal hyperplasia and improve re-endothelialization. Altogether, this newly developed N-ADSCs-loaded hydrogel wrap provides an effective slow-releasing system, which may be a promising way to prevent and treat restenosis after endovascular interventions.
Keywords: endovascular interventions, Netrin-1, adipose-derived stem cells, macrophages, intimal hyperplasia, re-endothelialization, adhesive hydrogel, dopamine
INTRODUCTION
Peripheral artery disease (PAD) is an ischemic disease caused by peripheral atherosclerotic stenosis and occlusion, which affects 230 million individuals worldwide. Up to 11% of PAD patients develop chronic limb-threatening ischemia (CLTI) with high rates of amputation and death. Endovascular interventions have gradually replaced open surgeries in the treatment of PAD. Indeed, the 2020 Global Vascular Guidelines recommended endovascular interventions (e.g., balloon dilation, stent implantation) as the first line of treatment for CLTI patients (Conte et al., 2019). However, endovascular interventions lead to a risk of up to 55% of postoperative vascular lumen restenosis. Although new drug-coated balloons and stents are currently being developed and implemented, the long-term restenosis rate is still 10%–20% (Razavi et al., 2018).
The pathophysiological mechanism that concurs lumen restenosis involves endothelial cell injury and intimal hyperplasia caused by chronic inflammation. Endovascular interventions inevitably result in mechanical injury of endothelial cells, impaired endothelial integrity, and endothelial cell dysfunction. These alterations lead to macrophage infiltration and migration of medial smooth muscle cells to the intima, culminating in lumen restenosis (Yahagi et al., 2014). Devices coated with paclitaxel or sirolimus were shown to inhibit smooth muscle cell proliferation as well as endothelial cell regeneration (Krankenberg et al., 2015). Therefore, the inhibition of inflammatory macrophage responses and intimal hyperplasia, coupled with the promotion of re-endothelialization are key to reduce postoperative lumen restenosis.
As innate immune cells, macrophages are the main inflammatory cells responsible for luminal restenosis (Sinha et al., 2021). Macrophages have remarkable plasticity and are mainly activated into two polarization phenotypes upon environmental stimuli. M1 macrophages are pro-inflammatory, thus aggravating inflammatory responses, while M2 macrophages are anti-inflammatory, thus inhibiting M1 macrophages, clearing apoptotic cells, and promoting tissue repair (Tabas and Lichtman, 2017). Previous studies have shown that after endovascular interventions, M1 macrophage infiltration and the consequent inflammatory response are directly related to vascular intimal hyperplasia (Kamann et al., 2019). Meanwhile, M2 macrophages can inhibit the phenotypic transformation of smooth muscle cells and reduce intimal hyperplasia (Yan et al., 2020). Our previous study has shown that depletion of macrophages can partially reduce luminal restenosis (Zhang et al., 2019), however this also eliminates beneficial M2 macrophages. Therefore, novel strategies are needed to inhibit M1 and promote M2 macrophages.
Given the rapid development of regenerative medicine and stem cell transplantation, various stem cells have been used in bioengineering protocols. Adipose-derived stem cells (ADSCs) have a high proliferation rate and multi-directional differentiation potential. Previous studies have found that transplanted ADSCs induce paracrine effects rather than differentiating into a specific cell type (Gnecchi et al., 2016). ADSCs secrete large amounts of exosomes, beneficial growth factors and cytokines to accelerate tissue repair (Adamiak et al., 2018). Indeed, ADSC exosomes and their conditional medium can induce macrophage polarization to the M2 phenotype to protect nerves and blood vessels from inflammation and help tissue regeneration and repair (He et al., 2019).
Netrin-1 was the first identified axon guidance factor. Netrin-1 and G-netrin share homology to the laminin gamma chain since they have a repeating 3 laminar epidermal growth factor (V-1, V-2, V-3) and a carboxy-terminal region. Studies have demonstrated that Netrin-1 promotes neuronal migration and secretion, and regulates endothelial and stem cell survival, adhesion, migration, proliferation and differentiation (Ding et al., 2014). Recent studies have found that Netrin-1 can inhibit the migration and chemokine production of inflammatory cells (Xia et al., 2022). Netrin-1 was reported to induce M2-type polarization of macrophages, thereby reducing inflammation and reducing atherosclerosis (Ranganathan et al., 2013). Our previous study showed that ADSCs overexpressing Netrin-1 (N-ADSCs) secreted abundant Netrin-1 protein and various beneficial cytokines after in vivo transplantation, which significantly promoted angiogenesis and muscle regeneration in diabetic denervated mice (Zhang et al., 2018). However, novel strategies are needed to continuously release Netrin-1 and cytokines in vivo. Recently, hydrogels have become a promising tissue engineering material that can mimic the natural cellular environment (Zhu and Marchant, 2011). With 3D networks and high porosity, hydrogels can achieve high loading of drugs and cells for sustained delivery, which in turn leads to promising therapeutic results (Vo et al., 2012). Compared with the delivery of single network (SN) hydrogels, double network (DN) hydrogels can protect cells from mechanical damage and promote cell retention in vivo (Gu et al., 2018). Meanwhile, adhesiveness is a vital characteristic of hydrogels that improve tissue repair, since this material can tightly stick to damaged tissues (Ghandforoushan et al., 2022). Based on the adhesive mechanism of mussels, highly adhesive hydrogels were fabricated by introducing catechol groups of polydopamine (PDA) (Han et al., 2017). In addition, graphene oxide showed potential for accelerating stem cell adhesion, proliferation, and differentiation (Lee et al., 2011).
Therefore, in the present study we designed a polyacrylamide/calcium-alginate/reduced graphene oxide/polydopamine (PAM/CA/rGO/PDA) hydrogel to treat PAD rats subjected to endovascular interventions. These hydrogels were wrapped around the artery and injected with N-ADSCs, so that the retained N-ADSCs could sustainably and effectively release Netrin-1 and beneficial cytokines. Such sustained release would induce the M2 polarization of perivascular macrophages, thereby reducing inflammation, inhibiting intimal hyperplasia and promoting re-endothelization. These newly developed hydrogels are a promising strategy to improve the clinical treatment of lumen restenosis after endovascular interventions.
MATERIALS AND METHODS
Synthesis of graphene oxide
The GO solution was synthesized as described previously (Zhuang et al., 2016). In brief, 1 g ground expandable graphite was dissolved into 150 ml concentrated sulfuric acid in a flask. Then, 40 g KMnO4 was gradually added under strong stirring overnight. The flask was transferred to an oil bath heated to 60°C and maintained for 6 h with strong mechanical stirring. Afterward, the mixture was poured into 1 L of Deionized (DI) water followed by 40 ml of 30% H2O2. The GO sheets were purified by dialysis until the pH was around 7. The solution was lyophilized for 3 days to acquire a brown foam and stored at −4°C until further use.
Preparation of polydopamine-capped reduced graphene oxide (rGO/PDA)
A total of 50 mg of GO foam and 50 mg of dopamine hydrochloride were dissolved into 150 ml of Tris-Cl buffer solution (pH = 8.5) with vigorous stirring at 60°C for 24 h rGO/PDA was collected after centrifugation and washed using DI water three times. The solution was lyophilized for 3 days, generating a black foam and stored at −4°C until further use.
Synthesis of the adhesive double network hydrogel
1.5 g sodium alginate (SA) and 0.2 g ionic cross-linker CaSO4, were dissolved in 100 ml DI water and stirred overnight until a clear solution was obtained. Then, 2 g acrylamide (AM) and rGO/PDA foam were dissolved into 10 ml of the above solution together with 0.01 g N,N-methylenebisacrylamide and 0.02 g ammonium persulfate. This solution was stirred until homogeneous. Finally, 10 µl tetramethylethylenediamine (TEMED), was added for polymerization. The hydrogels were sealed for 24 h to avoid water loss.
Characterization and performance of the adhesive double network hydrogel
Scanning electron microscopy (SEM, JEOL JSM-6390F) was used to characterize the morphology and microstructures of the adhesive hydrogel. The chemical composition of rGO/PDA hydrogels was confirmed by Fourier transform infrared 371 spectroscopy (FTIR; Vertex 70 Hyperion 1000). The mechanical property was measured by testing equipment (MTS Alliance RT-5) at a constant speed of 30 mm min−1 for strain loading.
Tissue adhesive strength
The tissue adhesive strength of hydrogels was investigated by using a universal testing machine (MTS Alliance RT-5). Fresh porcine skins were purchased from the supermarket and cleaned using tissue paper. The adhesive hydrogel was applied onto porcine skins and pressed using two glass sheets for 1 min. The sizes of contact areas were around 1 cm*1 cm. The adhesive strength was measured by equipping the UTM with a load cell of 100 N at a speed of 30 mm min−1. Each experiment was repeated three times.
Animals
Ten-week-old Sprague Dawley (SD) rats fed with a high-fat diet (21% fat, 0.15% cholesterol) were purchased from the laboratory animal center of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine. Animal procedures were performed following the Guidelines for Care and Use of Laboratory Animals of Shanghai Jiao Tong University School of Medicine with the approval of the Animal Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.
Isolation, culture, and identification of adipose-derived stem cells
The adipose tissue of the axilla and inguinal region of 10-week-old SD rats was isolated and ADSCs were obtained as previously described (Bhattacharjee et al., 2022). ADSCs were incubated with low glucose (5.5 mM) Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin. The culture environment was set at 37°C, with 5% CO2. ADSCs from the third to fifth generation (P3-P5) were used in subsequent experiments. The ADSCs phenotype was confirmed by flow cytometry (Beckman Coulter, Fullerton, CA, United States ). Briefly, cells were washed with PBS, detached with trypsin, and incubated with phycoerythrin-conjugated CD29, CD90, CD105, CD34, CD45 and CD31. Isotype antibodies were applied as negative controls.
Construction of Netrin-1-modified adipose-derived stem cells
Adenovirus purchased from Hanbio Biotechnology (Shanghai, China) was used to transfect Netrin-1 into ADSCs as previously described (Zhang et al., 2018). Briefly, HEK293 cells were used to generate the recombinant adenoviral vector green fluorescent protein (GFP)-Netrin-1 which was confirmed by RT-qPCR. GFP-Netrin-1 adenoviral vector was co-cultured with rat ADSCs at the multiplicity of infection (MOI) of 500 for 48 h. An inverted fluorescence microscope (Olympus IX81, Tokyo, Japan) was used to confirm the green fluorescence in transfected ADSCs, and the expression of Netrin-1 was detected by Western blotting and RT-qPCR, as previously described (Zhang et al., 2018).
Viability assay of Netrin-1-modified adipose-derived stem cells cultured on adhesive double network hydrogel
To confirm the biosafety of our developed adhesive DN hydrogel, the proliferation and apoptosis of N-ADSCs were evaluated. Briefly, the adhesive DN hydrogel was seeded into a 96-well plate with 100 μl DMEM per well. The experimental group N-ADSCs (2 × 103/well) was plated onto the adhesive DN hydrogel, while the control group consisted of the same number of N-ADSCs added in a well that did not contain the hydrogel. DMEM was changed every other day.
A cell counting kit-8 (CCK-8; Abcam, Cambridge, UK) was used to assess the cytotoxicity of the adhesive DN hydrogel. Briefly, 10 μl/well CCK-8 solution was added on days 1, 3 and 5 and incubated for 2 h at 37°C. The optical density (OD) at 450 nm wavelength was recorded using a microplate spectrophotometer (Varioskan; Thermo Fisher Scientific, Eugene, OR, United States).
For the apoptosis assay, N-ADSCs seeded with or without hydrogels were cultured for 48 h and the Annexin V-FITC/PI apoptosis detection kit (Abcam, Cambridge, United Kingdom) was used. Cells were analyzed using flow cytometry to detect the apoptosis ratio as previously mentioned (Zhang et al., 2018).
Macrophage culture and polarization assay of macrophages co-cultured with Netrin-1-modified adipose-derived stem cells
The mouse macrophage cell line Raw264.7 was purchased from Sangon Biotech (Shanghai) Co., Ltd. and cultured in high-glucose DMEM supplemented with 10% FBS. Immunofluorescence and flow cytometry were used to detect the macrophage-specific antibody CD68 (Abcam, United Kingdom).
To assess the effect of ADSCs on macrophage polarization, Raw 264.7 cells (5 × 105 cells) and N-ADSCs (105 cells) were co-cultured in six-well transwell plates for 24 h as previously described (Yu et al., 2022). DMEM was used as a control. RT-qPCR was performed to examine the expression of Arginase-1 (Arg-1) and Interleukin 10 (IL-10) as polarization markers of M2 macrophages, while Interleukin 6 (IL-6), Tumor Necrosis Factor (TNF-α) were used as polarization markers of M1 macrophages. Then, 100 ng/ml lipopolysaccharide (LPS) was added for 4 h to stimulate Raw 264.7 cells—equal volumes of N-ADSC conditioned medium and DMEM were added into the wells. The expression of M2 macrophage marker CD206 (Abcam, United Kingdom) and M1 macrophage marker CD86 were quantified by flow cytometry and immunofluorescence to confirm the M1/M2 phenotype under a pro-inflammatory environment.
Animal model and surgical procedures
The rat carotid artery guidewire injury model was established as described previously (Liang et al., 2019). Briefly, eighteen specific pathogen-free (SPF) male 10-week-old SD rats fed with a high-fat diet (21% fat, 0.15% cholesterol) were maintained at a constant temperature of 25°C for 1 week. First, rats were injected with 0.1 mg/100 g body weight of anticoagulant sodium heparin through the tail vein. Then, rats were anesthetized using 3% isoflurane and maintained under anesthesia using isoflurane plus 0.3% sodium pentobarbital (1 ml/100 g) i.p. The 18 rats were randomly divided into 3 groups: carotid artery wire injury control group, adhesive DN hydrogel group and N-ADSC + adhesive DN hydrogel group. For the control group, the skin was incised and the carotid artery was exposed and isolated. The left external carotid artery was incised, a 0.83 mm guidewire was inserted to the proximal end for about 1 cm, and the carotid endothelium was damaged by f5 gentle rotations of the wire. The vascular incision was closed with 8-0 sutures, the skin was closed with 3-0 silk sutures and sterilized with benzalkonium chloride. For the adhesive DN hydrogel group, a 1 × 1 cm adhesive DN hydrogel was wrapped around the damaged artery after the vascular incision was sutured, and 100 μl of DMEM was injected into the hydrogel with a syringe. For the N-ADSC + adhesive DN hydrogel group, 106 N-ADSCs were diluted in 100 μl of DMEM and injected into the inner layer of hydrogel. After surgery animals were heated in an incubator and maintained a constant body temperature until recovery from anesthesia.
Histological analysis
Rats were sacrificed 14 days after surgery, and the bilateral carotid arteries were isolated and processed for immunofluorescence staining. The integrity of the endothelium was analyzed by staining CD31 (Abcam, United Kingdom) and α-SMA (Abcam, United Kingdom). To further assess the distribution of M1 and M2 macrophages, macrophages were stained with F4/80 (Abcam, United Kingdom), M1 macrophages were stained with iNOS (Abcam, United Kingdom) and M2 macrophages were stained with CD206 (Abcam, United Kingdom). Nuclei were stained with 6-dimercapto-2-phenylindole (DAPI) (DAKO, USA). A Zeiss LSM 510 META immunofluorescence microscope (Carl-Zeiss-Strasse, Oberkochen, Germany) was used to observe and capture images. Carotid arteries were also paraffin-embedded and hematoxylin/eosin (HE) staining was performed. The ImageJ Pro Plus software (NIH, Bethesda, MD) was used to analyze the thickness of the carotid intima. In addition, the heart, liver, spleen, lung and kidney of rats were stained with HE to analyze the toxicity of the adhesive DN hydrogel to major organs.
Statistical analysis
All quantitative data are presented as mean ± standard deviation (SD). Student’s t-test or one-way analysis of variance (ANOVA) was applied to compare differences between groups. p < 0.05 was defined as statistically significant. All experiments were repeated 3 times in each group.
RESULTS
Morphology and physical properties of adhesive double network hydrogels
The fabrication process of the adhesive DN hydrogel was schematically shown in Figure 1. Dopamine was intercalated and self-polymerized among GO sheets. The pace between GO sheets was limited, leading to a low volume of oxygen which hinders the overoxidation of PDA and maintains the massive free catechol groups to mimic the natural structures of mussels (Jin et al., 2021). FTIR was used to investigate the chemical structure of rGO/PDA (Figure 2A). Compared to GO, the peak intensity of rGO/PDA at 1,729 cm−1 was decreased which illustrates the reduction of GO by dopamine (Pandey et al., 2018). Furthermore, there was an obvious peak at 1,360 cm−1, which was affirmed as a C–N stretching vibration (Wan et al., 2017). Besides, rGO had fewer hydrophilic functional groups due to poor water solubility. As shown in Supplementary Figure S1, rGO/PDA was precipitated. Thus, the successful immobilization of PDA onto GO sheets by self-polymerization of dopamine was confirmed. The super mechanical performance of adhesive DN hydrogels was also investigated, as shown in Figure 2B. The ultimate tensile strength increased from 38.41 to 68.74 kPa, and the elongation at the break doubles enhanced from 91.82% to 269.32% in the DN hydrogel when compared to a single network (SN) PAM hydrogel. In addition, rGO/PDA proved to be an excellent reinforcing agent in the hydrogel matrix since it increased the elastic modulus from 39.31 ± 2.92 to 87.69 ± 2.92 kPa compared with the PAM/CA hydrogel. A similar elastic modulus to that of the arterial wall was shown to avoid local inflammatory responses caused by force mismatch at the interface between the scaffold and the tissue (Gulino et al., 2019).
[image: Figure 1]FIGURE 1 | Schematics and fabrication process of the N-ADSC-loaded adhesive DN hydrogel. (A) Dopamine molecules were attached to graphene oxide (GO) sheets. (B) PDA chains were formed and GO was reduced. (C) The adhesive hydrogel was wrapped around an artery for repair. (D,E) Structure and polymerization process of the double network (DN) hydrogel. (F) N-ADSCs were injected into the hydrogel matrix. N-ADSCs, Netrin-1-modified adipose-derived stem cells.
[image: Figure 2]FIGURE 2 | Characterization of the adhesive DN hydrogel. (A) FTIR spectra of dried GO and rGO/PDA. (B) Stress−strain curves of the DN hydrogel; insets show the elastic modulus. (C) SEM images of a dry adhesive DN hydrogel. (D) Adhesion strengths of the DN hydrogel onto porcine skin tissues with different concentrations of rGO/PDA.
Meanwhile, the morphology of the adhesive DN hydrogel was evaluated by SEM. As shown in Figure 2C, the adhesive DN hydrogel exhibited multiple porous structures which were vital for nutrient diffusion. The average pore size was around 113 ± 59 μm, with 70% porosity, which is suitable for cell retention and delivery (Eke et al., 2017). The adhesive capacity of the hydrogel was an important factor for long-term treatment and hemostasis. As depicted in Figure 2D, higher concentrations of rGO/PDA increased the adhesive strength of hydrogels, showing that hydrogel adhesiveness can be adjusted by varying the mass ratio of rGO/PDA. Compared with previous reports (Han et al., 2018; Hong et al., 2019), our hydrogel maintained an excellent adhesion to porcine skin (49.32 ± 5.48 kPa at 5 mg/ml) owing to the high binding affinity to diverse functional groups of peptides and proteins on the tissue surface (Ryu, et al., 2018). Altogether, the adhesive DN hydrogel could effectively bind to surrounding tissues and potentially maintain stem cell delivery in vivo.
Characterization of adipose-derived stem cells and Netrin-1-modified adipose-derived stem cells
ADSCs were successfully isolated from inguinal and axillary adipose tissue of rats, and cultured until passages P3-P5. ADSCs demonstrated a typical spindle-like appearance (Figure 3A). Flow cytometric analysis showed that stem cell surface antigens CD29, CD90, and CD105 were positively expressed in ADSCs, while CD34, CD45, and the endothelial cell surface antigen CD31 were not expressed (Figure 3C). These are typical identification features of ADSCs.
[image: Figure 3]FIGURE 3 | Characterization of ADSCs and N-ADSCs. (A) P3-ADSCs were examined under the microscope. (B) N-ADSCs were examined under a fluorescence microscope. (C) Identification of ADSC surface markers using flow cytometry. (D,E) Western blot and (F) RT-qPCR analyses proved the overexpression of Netrin-1 in the N-ADSCs. ***p < 0.001. Scale bar = 100 μm. P3, passage 3; N-ADSCs, Netrin-1-modified adipose-derived stem cells.
The NTN-1 gene was successfully transfected into ADSCs using GFP-labeled adenovirus (Figure 3B). Adenoviruses have the advantages of low pathogenicity, no integration into the genome, high titer, and long gene expression duration (Zhang et al., 2018), which were ideal for our objectives. Western blotting and RT-qPCR were conducted and the results indicated that the expression of Netrin-1 (RNA and protein) was significantly upregulated in N-ADSCs compared with ADSCs (P< 0.001). It was remarkable that ADSCs showed a low expression of Netrin-1, thus corroborating our strategy of transfecting Netrin-1 into ADSCs (Figures 3D,E).
The biocompatibility of adhesive double network hydrogels on Netrin-1-modified adipose-derived stem cells in vitro
The CCK-8 proliferation assay showed that there was no significant difference between N-ADSCs seeded on wells coated with or without adhesive DN hydrogels for up to 5 days (p > 0.05) (Figure 4A). Flow cytometry analysis demonstrated that the apoptosis rate of N-ADSCs was also not affected when cells were seeded onto adhesive DN hydrogels (p > 0.05) (Figures 4B,C). Taken together, these assays corroborate that the adhesive DN hydrogel exhibited low cytotoxicity to N-ADSCs, which indicates satisfying biocompatibility.
[image: Figure 4]FIGURE 4 | Biocompatibility of the adhesive DN hydrogel on N-ADSCs in vitro. (A) The CCK-8 proliferation assay of N-ADSCs seeded with or without the adhesive DN hydrogel. (B,C) Flowcytometry and statistical analysis of the apoptosis rate of N-ADSCs seeded with or without the adhesive DN hydrogel. ns, p > 0.05. N-ADSCs, Netrin-1-modified adipose-derived stem cells.
Characterization of macrophages and the effect of Netrin-1-modified adipose-derived stem cells on macrophage polarization in vitro
Immunofluorescence detection and flow cytometry showed that Raw264.7 macrophages were strongly positive for the macrophage-specific antibody CD68, which validated the purity of these cells (Supplementary Figures S2A,B). The co-culture system of N-ADSCs and macrophages allowed N-ADSCs to influence macrophages via a paracrine effect, which was reported to be the main effect of ADSCs after transplantation in vivo (Cai et al., 2020). After being co-cultured for 24 h, M2 markers Arg-1 and IL-10 were significantly up-regulated while M1 markers IL-6 and TNF-α were significantly downregulated in N-ADSCs-treated macrophages compared to DMEM-treated ones (p < 0.05) (Figure 5A). This indicates that under normal circumstances N-ADSCs significantly induce the M2 polarization of macrophages to decrease inflammation. Considering the pro-inflammatory microenvironment of carotid intima injury, LPS was added into the culture medium to mimic arterial inflammation, and results of flow cytometry (Figures 5B,C) and immunofluorescence (Figures 5D,E) experiments demonstrated that CD206 was significantly upregulated and CD86 was downregulated. This depicts an increase in M2 macrophages due to an M2 polarization or an M1-to-M2 phenotype transition induced by N-ADSCs.
[image: Figure 5]FIGURE 5 | The effect of N-ADSCs on macrophage polarization in vitro. (A) RT-qPCR of Arg-1, IL-10, IL-6 and TNF-α from N-ADSCs-treated macrophages compared to DMEM-treated macrophages. (B,C) Addition of LPS and flow cytometry analysis of CD86 and CD206. (D,E) Immunofluorescence of CD86 and CD206. **p < 0.01. Scale bar = 100 μm. N-ADSCs, Netrin-1-modified adipose-derived stem cells.
The effect of N-ADSC-loaded adhesive double network hydrogels on macrophage polarization and intimal hyperplasia in vivo
The rat carotid artery guidewire/balloon injury model is acknowledged to mimic the carotid interventional injury that occurs in patients. Therefore, a guidewire was applied due to its small diameter that facilitates handling. Indeed, the thickness of both tunica neointima and tunica media was significantly reduced in N-ADSCs + adhesive DN hydrogel rats when compared to other groups. Moreover, the texture of the tunica media was smoother and more continuous in N-ADSCs + adhesive DN hydrogel rats (Figures 6A,E; Supplementary Figure S4), which indicates less damage to vascular endothelial cells, a lower proliferation of vascular smooth muscle cells and less macrophage infiltration. Besides, the integrity of the endothelium was partially restored in the N-ADSCs + adhesive DN hydrogel group when compared to that of the other two groups (Figures 6B,F). Immunofluorescence staining of CD206, iNOS, and F4/80 evidenced that N-ADSCs + adhesive DN hydrogel rats had more M2 and less M1 macrophages than the other two groups (Figures 6C,D,G,H). This suggests that a combination of N-ADSCs plus the adhesive DN hydrogel promoted the M2 polarization and inhibited the M1 polarization of macrophages, thus inhibiting inflammation. Taken together, the above results corroborated that the combination of N-ADSCs and the adhesive DN hydrogel reduced arterial inflammation and inhibited intimal hyperplasia after endovascular interventions in vivo.
[image: Figure 6]FIGURE 6 | The effect of N-ADSC-loaded adhesive DN hydrogels on macrophage polarization and intimal hyperplasia in vivo. (A,E) HE staining and statistical analysis of the thickness of the carotid neointima. (B,F) Immunofluorescence staining of CD31 (red) and α-SMA (green) depicting endothelial integrity. (C, G) Immunofluorescence staining of CD206 (red) and F4/80 (green) and analysis of CD206+ cells. (D,H) Immunofluorescence staining of iNOS (red) and F4/80 (green) and analysis of iNOS + cells. *p < 0.05. **p < 0.01. Scale bar = 50 μm. N-ADSCs, Netrin-1-modified adipose-derived stem cells.
The biocompatibility of N-ADSC-loaded adhesive double network hydrogels in vivo
Excellent biocompatibility is essential for a safe and qualified implantation material. To examine the in vivo biocompatibility of the N-ADSC-loaded adhesive DN hydrogel, major organs were collected and HE stained from rats subjected to surgery and treated with or without the N-ADSC-loaded adhesive DN hydrogel. There were no significant differences in the heart, liver, spleen, lung and kidney in terms of lesions, injuries or inflammation among groups (Figure 7). This testifies that the N-ADSC-loaded adhesive DN hydrogel had no biotoxicity and showed satisfying biocompatibility in vivo.
[image: Figure 7]FIGURE 7 | Biocompatibility of the N-ADSC-loaded adhesive DN hydrogel in vivo. HE staining of the heart, liver, spleen, lung and kidney from rats of the three experimental groups as detailed in Materials and Methods.
DISCUSSION
We report a biocompatible slow-releasing system of N-ADSC-loaded adhesive DN hydrogel wrap which significantly promoted the M2 polarization of macrophages, reduced arterial inflammation, inhibited intimal and media hyperplasia, and improved the re-endothelialization in a rat carotid intima injury model. Results of the present study provide a new strategy to treat arterial restenosis after endovascular interventions in clinical practice.
We designed a PAM/CA/rGO/PDA adhesive DN hydrogel that shows several advantages as a platform to load N-ADSCs. The rGO/PDA was inspired by the mussel adhesive mechanism and showed a high adhesiveness to tissue surfaces thus allowing the hydrogel to tightly wrap around damaged arteries for long-term treatment. Besides, rGO had three key functions in hydrogels: it prevented PDA overoxidation, enhanced the stiffness of the hydrogel and promoted the adhesion and growth of stem cells (Lee et al., 2011). The DN design of a PAM/CA hydrogel was endowed with suitable toughness and stretch ability because of effective energy dissipation (Nakayama et al., 2004). Meanwhile, the abundant porous structure of the DN hydrogel improved stem cell retention and sustainable delivery.
We obtained stable N-ADSCs overexpressing Netrin-1. Our previously published study (Zhang et al., 2018) found that Netrin-1 improved ADSCs proliferation, migration, adhesion, and inhibited apoptosis through the activation of the AKT/PI3K/eNOS signaling pathway, and secretion of VEGF, b-FGF, HGF, PDGF, EGF and IGF-1. Therefore, the overexpression of Netrin-1 improved the biological functions of ADSCs. At the same time, our present report shows that N-ADSCs expressed a large amount of Netrin-1, while the secreted Netrin-1 protein was shown to induce M2 macrophage polarization (Li et al., 2017) and attenuate the neointimal formation (Liu et al., 2017). Thus, N-ADSCs are key to induce the M2 polarization of macrophages and secrete anti-inflammation cytokines.
Currently, intensive research output has focused on perivascular drug delivery systems. Several approaches, such as targeted drugs, films/wraps, depot gels, meshes, rings, or micro/nanoparticles have been proposed. Many of these have shown promising efficacy and safety to alleviate intimal hyperplasia through the perivascular delivery of drugs (Lee et al., 2017). Indeed, Christopher et al. used a micro-infusion catheter to inject adventitial drug into the vasculature and found that this approach was safe and feasible for adjunctive therapy in the femoropopliteal artery (Owens et al., 2014). Meanwhile, William et al. constructed a 30-day reabsorbable polymer-based bilayer wrap loaded with sunitinib for perivascular drug delivery (Sanders et al., 2012). In a rabbit carotid artery bypass model, Wu et al. (2018) constructed a resolvin D1-loaded perivascular Pluronic F127 gel to attenuate venous graft hyperplasia without biotoxicity. Warren et al. found that the injection of NAB-rapamycin into the tunica adventitia vasorum could inhibit medial proliferation and adventitial inflammation after balloon angioplasty in porcine arteries to reduce lumen stenosis (Gasper et al., 2013). However, these previous studies were focused on the perivascular delivery of antiproliferative drugs, which may be toxic to blood vessels and have a short drug half-life. Here we used N-ADSCs as a “drug.” Compared with pure Netrin-1 protein or other anti-proliferative drugs, N-ADSCs provide a “biological pump” that stably secrete Netrin-1 and other anti-inflammatory cytokines in large quantities. In parallel, the adhesive DN hydrogel served as an excellent three-dimensional scaffold and natural culture medium for N-ADSCs with strong adhesion to the surface of blood vessels, and controlled release and distribution of Netrin-1 and other cytokines into the vascular wall. These strategies synergized to create a slow-release mechanism to reduce intimal hyperplasia.
The premise of evaluating the effectiveness of a biomaterial is to first assess its biosafety. The biocompatibility and biodegradability of graphene-based materials are still controversial. Pinto et al. (2013) found a slight decrease in cell viability in bacteria and mammalian cells after exposure to graphene-based materials, while Park et al. (2014) found that graphene promoted mesenchymal stem cells differentiation into cardiomyocytes by enhancing the expression of extracellular matrix proteins. Previous studies have also shown that peroxidase secreted by activated immune cells such as neutrophils and eosinophils in vivo can biodegrade graphene (Kurapati et al., 2018). Therefore, we carefully evaluated the biocompatibility and toxicity of the adhesive DN hydrogel applied in this study. We showed no cytotoxicity in vitro as well as no deleterious effect on major organs in vivo upon the use of our developed DN hydrogel. Therefore, our adhesive DN hydrogel is a material with excellent biocompatibility and biodegradation.
CONCLUSION
In conclusion, the results of this study corroborate that the adhesive DN hydrogel wrap loaded with N-ADSCs can significantly reduce arterial inflammation, inhibit intimal hyperplasia and improve re-endothelialization. Hence, the slow-releasing system of N-ADSCs-loaded adhesive DN hydrogel wrap was safe and effective, thus being characterized as a promising and novel therapeutic approach to treat vascular restenosis after endovascular interventions.
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Integrated regeneration of periodontal tissues remains a challenge in current clinical applications. Due to the tunable physical characteristics and the precise control of the scaffold microarchitecture, three-dimensionally (3D) printed gelatin methacryloyl (GelMA)-based scaffold has emerged as a promising strategy for periodontal tissue regeneration. However, the optimization of the printing biomaterial links the formulation and the relationship between the composition and structures of the printed scaffolds and their comprehensive properties (e.g. mechanical strength, degradation, and biological behaviors) remains unclear. Here, in this work, a novel mesoporous bioactive glass (BG)/GelMA biomimetic scaffold with a large pore size (∼300 μm) was developed by extrusion-based 3D printing. Our results showed that the incorporation of mesoporous bioactive glass nanoparticles (BG NPs) significantly improved shape fidelity, surface roughness, and bioactivity of 3D-printed macroporous GelMA scaffolds, resulting in the enhanced effects on cell attachment and promoting osteogenic/cementogenic differentiation in human periodontal ligament cells. The excellent maintenance of the macropore structure, the visibly improved cells spreading, the release of bioactive ions (Si4+, Ca2+), the upregulation of gene expressions of osteogenesis and cementogensis, and the increase in alkaline phosphatase (ALP) activity and calcium nodules suggested that BG NPs could endow GelMA-based scaffolds with excellent structural stability and the ability to promote osteogenic/cementogenic differentiation. Our findings demonstrated the great potential of the newly formulated biomaterial inks and biomimetic BG/GelMA scaffolds for being used in periodontal tissue regeneration and provide important insights into the understanding of cell–scaffold interaction in promoting the regeneration of functional periodontal tissues.
Keywords: biomimetic scaffolds, 3D printing, bioactive glass, GelMA, periodontal regeneration
1 INTRODUCTION
The average worldwide prevalence of severe periodontitis has been estimated to be 11%, including countries with relatively less emphasis on periodontal health care (Slots, 2017). For patients with severe periodontitis, the loss of periodontal bone tissue is irreversible. Current clinical approaches can only control the progression of periodontal disease and set back the destruction of the periodontal tissue, but can hardly regenerate the periodontal tissue, especially for those teeth with deep pockets. Up until now, severe periodontitis associated with deep intrabony defects is considered as a clinical challenge (Cortellini and Tonetti, 2015). As is well known, the key to overcoming the challenge is the tissue-engineering strategy, which creates replacement tissues using a combination of cells, scaffolds, and growth factors and promotes tissue regeneration (Iwata et al., 2014). However, owing to the complicated biological evaluation and the high cost of synthesis, the clinical translation of tissue-engineering products with seeding exogenous stem cells remains quite limited (Gao et al., 2021). Thus, it is of great importance to design and develop desirable cell-free scaffolds to stimulate endogenous regeneration for repairing periodontal soft/hard tissue defects.
To achieve successful tissue regeneration, implanted scaffolds need to have the capability to recapitulate the structural and compositional aspects of the tissue, which important for restoring tissue function (Jeon et al., 2014). Depending on the use of a singular homogeneous biomaterial or biphasic or multiphase heterogeneous biomaterials, scaffolds for tissue regeneration can be divided into single-phase, dual-phase, and multiphase (Deliormanlı and Atmaca, 2018). Due to the limitation of its structure and composition, single-phase scaffolds cannot meet the need for the simultaneous regeneration of multiple tissues (Gong Jinglei and Wang, 2021), while multiphase scaffolds can be composed of diverse materials or loaded with a variety of bioactive molecules to mimic the complex tissue structure or promote multiple tissue regeneration. In the repair of osteochondral defects, scaffold–cell constructs were specifically designed to mimic the physiological properties and structure of two different tissues (cartilage and bone) (Yousefi et al., 2015). This concept can be applied to periodontal tissue regeneration. For example, a multiphase polycaprolactone/hydroxyapatite scaffold with different pore/channel scales was fabricated using three-dimensional (3D) printing and was found to regenerate a periodontium complex by time-releasing various functional proteins such as amelogenin, connective tissue-growth factor, and bone morphogenetic protein-2 (Lee et al., 2014). Also, a porous tri-layered nanocomposite hydrogel scaffold composed of chitin-poly (Sowmya et al., 2017a) and nano-bioactive glass–ceramic with various functional proteins (i. g. cementum protein 1, fibroblast growth factor 2, and platelet-rich plasma-derived growth factors) was reported to promote cementogenic, fibrogenic, and osteogenic differentiations of human dental follicle stem cells (Sowmya et al., 2017b). However, in these studies, the integrated multiple-tissue regeneration largely depended on the delivery of various growth factors which would limit the long-term benefits and clinical translation because of their short effective half-life, low stability, and rapid inactivation under physiological conditions (Wang et al., 2017).
Among manufacturing technologies for scaffolds, 3D printing enabled precise control of the scaffold’s microarchitecture, showing a promising prospect in realizing simultaneous integrated periodontal-tissue regeneration. Generally, 3D printing has a variety of methodologies, such as inkjet printing, laser-assisted 3D printing, extrusion, and so on which are suitable for various biomaterials and printing needs (Tao et al., 2019). In recent years, 3D-printed hydrogel-based scaffolds have attracted increasing attention for bone and cartilage-tissue regeneration because they can mimic the 3D microenvironment of the native extracellular matrix, provide a porous channel-rich structure to supply nutrients for cell growth and differentiation, and offer tunable geometric shapes to repair irregular bone defect (Gao et al., 2019; Luo et al., 2022). For 3D-printed hydrogel-based scaffolds, one of the most commonly used natural bioink is gelatin methacryloyl (GelMA), which is derived from a hydrolytic degradation of collagen (Janmaleki et al., 2020.). Currently, GelMA hydrogels have been widely used for various biomedical applications due to their suitable biological properties and tunable physical characteristics (Yue et al., 2015; Kamkar et al., 2021). It has been reported that GelMA hydrogels closely resemble some essential properties of native extracellular matrix (ECM) which allows cells to proliferate and spread in GelMA-based scaffolds (Alge and Anseth, 2013; Yue et al., 2015). Light crosslinking makes GelMA from liquid to gel with increasing mechanical strength and stability. Even so, applications of GelMA hydrogels are still limited due to the low mechanical strength and poor printability (Xiao et al., 2019). Furthermore, the pore size of scaffolds is also a critical parameter that modulates cell biological behaviors including osteogenesis, chondrogenesis, and vascularization. It has been reported that scaffolds with large macropores (greater than 250 μm in diameter) facilitate the osteogenic differentiation of bone marrow mesenchymal stem cells and robust vascularization (Swanson et al., 2021). Thus, numerous efforts are devoted for improving the mechanical property and bioactivity of 3D-printed GelMA scaffolds by incorporating various inorganic nanomaterials (e.g. nanoclay, silica nanoparticles, hydroxyapatite nanoparticles, etc.) (Gao et al., 2021; Tavares et al., 2021). However, such 3D-printed GelMA multiphase scaffolds still present some challenges regarding the optimization of the printing biomaterial ink formulation and macropore structure. Moreover, the relationship between the composition and structures of the printed scaffolds and their comprehensive properties (e.g. mechanical strength, degradation, and biological behaviors) remains unclear. Among the most popular bioactive inorganic nanoparticles, bioactive glass nanoparticles (BG NPs), mainly comprised of SiO2, CaO, and Na2O, have been highlighted in bone regeneration due to their excellent osteoinductive capability, which can lead to the formation of a hydroxyapatite layer with a bond forming between the tissue and the material (Skallevold et al., 2019). However, bioactive glass has several limitations such as the difficulty of being processed into 3D scaffolds and a low-degradation rate which hardly matches the formation rate of new tissue (Rahaman et al., 2011). Herein, in this work, to mimic the organic component and 3D microenvironment of native ECM in the periodontal tissue, both gelatin and mesoporous BG NPs were selected for the biomaterial ink formulation due to gelatin derived from type I collagen and the osteoinductive activity of bioactive glass, and then a novel biomimetic BG/GelMA macroporous scaffold with a large pore size (∼300 μm) was developed by 3D printing through controlling the amounts of BG NPs. With increasing mesoporous BG NPs incorporation, the 3D-printed GelMA hydrogel scaffold displayed higher structural stability, rougher surface, and better bioactivity, which is more suitable for cell attachment, spreading, and osteogenic/cementogenic differentiation in periodontal ligament cells (Scheme 1). The 3D-printed biomimetic bioactive glass/GelMA macroporous scaffolds show good shape fidelity, biocompatibility, and excellent osteogenesis/cementogensis ability, suggesting a promising material for integrated periodontal tissue regeneration.
[image: Scheme 1]SCHEME 1 | Schematic elucidating the 3D printing strategy of biomimetic scaffolds with BG/GelMA inks for osteogenic and cementogemic differentiation of human periodontal ligament cells (HPDLCs). Mesoporous bioactive glass nanoparticles: MBG NPs; Gelatin methacryloyl: (GelMA).
2 MATERIALS AND METHODS
2.1 Synthesis and characterization of mesoporous BG NPs
Mesoporous BG NPs used in this study were prepared using a cetyl pyridine bromide (CPB) template method according to the previously published protocol (Sui et al., 2018). Briefly, 0.23 g NaOH and 1.0 g of polyvinylpyrrolidone (PVP) were dissolved in 120 ml ddH2O. After stirring for 10 min, 1.4 g of CPB (Sigma-Aldrich, St. Louis, United States) was dissolved in the solution and stirred continuously for one hour. Next, tetraethyl orthosilicate (TEOS), calcium nitrate tetrahydrate, and TEP (the molar ratio of Ca: P: Si = 15: 5: 80) were subsequently added and stirred for 24 h. The solution was collected and washed with ddH2O three times and then sealed in Teflon-lined autoclaves at 80°C for 48 h. Finally, the dispersion was dried at 80°C for 12 h and calcined at 550°C for five hours to obtain mesoporous BG NPs.
The structure and morphology of the BG NP sample were characterized by high-resolution transmission electron microscopy (TEM, JEM-2100, JEOL), and the size distribution was calculated by using ImageJ analysis software (Media Cybernetics Inc., United States). The Brunauer–Emmett–Teller (BET) specific surface area and pore size distribution of MBG were determined using a micromeritics porosimeter (ASAP 2460, Micrometrics Instrument).
2.2 Preparation of biomaterial inks
Gelatin methacryloyl (GelMA) and photoinitiator LAP (phenyl-2,4,6-trimethylbenzoylphosphi-nate) were purchased from Suzhou Intelligent Manufacturing Research Institute (Suzhou, China). First, 20 mL phosphate buffer saline (PBS, HyClone, Logan, UT, United States) was added into a brown flask containing 0.05 g LAP powder to obtain 0.25% (w/v) LAP solution, and then it was sterilized by a syringe filter with a pore size of 0.22 μm (Merck Millipore, Billerica, MA, United States). Subsequently, as shown in Table 1, different ratios of BG NPs and 10% (w/v) of GelMA powder were added into four LAP solutions to prepare the biomaterial inks for the 3D-printed scaffolds, melted in a water bath (60°C, 30 min), and oscillated three times. The four kinds of biomaterial inks were named as 0% BG, 1% BG, 5% BG, and 10% BG with respect to the weight of GelMA (w/w).
TABLE 1 | The component of each group of biomaterial inks and scaffolds.
[image: Table 1]2.3 Rheological characterization of biomaterial inks
Rheological properties of the biomaterial inks were performed by using a rheometer (Anton Paar MCR302, Austria) equipped with parallel plates with a diameter of 25 mm and a truncation gap distance of 2.6 mm. The linear viscoelastic range (LVR) was obtained from the single frequency amplitude sweep. To measure the viscosity, these inks were loaded with steady-rate sweeps within a shear rate range of 0.01–1,000 s−1. To measure the storage modulus (G′) and loss modulus (G″), frequency sweep tests were conducted in the linear viscoelastic region at a strain of 1.0% according to previously reported methods (Gao et al., 2019; Schwab et al., 2020b). All experiments were performed in room temperature (RT = 25°C). Before the experiments, the biomaterial inks were cooled to 4 °C for 30 min to get the transformation from liquid to gel.
2.4 Preparation of biomimetic BG/GelMA scaffolds
The biomimetic BG/GelMA scaffolds were constructed by an extrusion-based 3D printer (Motor Assisted Microsyringe, Shanghai fuqifan Electromechanical Technology Co., Ltd., Shanghai, China). First of all, a parameter file was designed. The scaffold was designed as a 1×1 × 0.5 cm (long×wide×high) rectangle. The filament diameter was 400 μm and the filament space was 1.2 mm. The temperature of the bin and print plate were 20–25°C and 15°C, respectively. The moving speed of the nozzle (inner diameter: 400 μm) was 10 mm/s and the extrusion pressure was 0.3–0.6 MPa. Then, the photocurable crosslinked biomaterial inks were loaded into the printer and the program was started. During the printing process, the external computer transmitted the 3D model data of the scaffolds to the control system of the printer and drove the printing nozzle to move along the X–Y directions so that the ink could be stacked into the section of the model. After the printing of the section was completed, the nozzle was raised to the next section layer, and the printing process was repeated until the supported printing was completed. After printing, crosslinking curing was carried out under UV-lamp irradiation. The wavelength of the UV light was 405nm, the illumination intensity was 25 mW/cm2, and the irradiation time was 50 s. The scaffolds were refrigerated in PBS and the scaffolds prepared with printing biomaterial inks of 0% BG, 1% BG, 5% BG, and 10% BG were labeled as scaffolds 0% BG, 1% BG, 5% BG, and 10% BG, respectively.
2.5 Morphological characterization of biomimetic BG/GelMA scaffolds
The morphological structure of the 3D-printed BG/GelMA scaffolds was observed from macro and micro perspectives. For gross observation, the length and height of the scaffolds were measured with a ruler and determined according to images taken by a camera. From a micro perspective, the morphology of scaffolds including the pore structure was visualized using scanning electron microscopy (SEM, Tescan Mira 3 XH, Czech Republic) and the incorporated mesoporous BG NPs were characterized by using an energy dispersive spectrometer (EDS, AZtec X-MaxN 80, United Kingdom).
The pore size and porosity were measured and calculated using the threshold method by using ImageJ (Media Cybernetics Inc., United States) analysis software (Grove and Jerram, 2011; Loh and Choong, 2013). Specifically, SEM images of the scaffolds were opened, the scale was adjusted, the image was cropped to make a rectangular section only comprising of the sample, it was converted to an 8-bit paletted file, the threshold tool was used to select the porous areas, and the particles tool was analyzed to get the pores’ diameter. The displayed results were copied and analyzed in Excel (Microsoft, China) and Prism 9 (GraphPad Software, LLC. United States), respectively.
2.6 Thermal behavior and infrared analysis of biomimetic BG/GelMA scaffolds
The thermal stability of scaffolds was studied through thermogravimetric analysis (Netzsch STA 449 F3 Jupiter®, Germany) from room temperature to 700°C at a heating rate of 10°C/min under Ar flow.
The chemical compositions of the biomimetic BG/GelMA scaffolds were assayed by using (FTIR) Fourier transform infrared spectroscopy with KBr powder on a DTGS spectrometer (Thermo Scientific, United States). The samples were dried in constant temperature under 40 °C in an oven and crushed down. Spectra were recorded in the range of 500–4,000 cm−1 at 32 scans with a resolution of 4 cm−1.
2.7 Mechanical property of biomimetic BG/GelMA scaffolds
The mechanical property of the 3D-printed BG/GelMA scaffolds was measured by performing a compression test using a universal testing system loaded on a microcomputer-controlled electronic universal material-testing machine (Shanghai Hengyi Precision Instrument Co., LTD, China) at a speed of 1 mm/min until above 90% deformation of the sample. The sample scaffolds were 10.0 mm×10.0 mm×5.0 mm (long × wide × height) with lattice structure (7 × 7, meaning 7 columns and 7 rows) with 0◦, 90◦ stacking (12 layers). The compressive modulus was calculated by the slope of the linear region of the stress–strain curve, almost limited to 5%–20% of the strain. All samples were tested thrice.
2.8 Degradation property of biomimetic BG/GelMA scaffolds
The degradation property of the 3D-printed BG/GelMA scaffolds was evaluated using a gravimetric method. Firstly, the original weight M0 of all test samples was recorded. Secondly, under sterile operation, the test sample (N = 3) was completely immersed in PBS at a ratio of 1g: 30 ml within a sealed container and placed in a 37°C oven. At various time-points (1 day, 3 days, 7 days, 14 days, and 28 days), the test sample was weighted and recorded as M1. The degradation ratio was assessed by monitoring the weight changes of the scaffolds using the following equation:
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Moreover, the scaffolds were submerged in a solution of 1 mg/ml collagenase 2 solutions (ThermoFisher, Waltham, MA, United States) at a ratio of 1g: 10 ml. The degradation was carried out at 37°C and 100rpm in an oscillator. The original weight M0 of all test samples was recorded. The scaffolds were observed every 15 min and their wet weight was recorded as M2 at that time. The mass loss ratio was assessed by monitoring the weight changes of the scaffolds using the following equation:
[image: image]
2.9 Cell morphology on the surface of biomimetic BG/GelMA scaffolds
Human periodontal ligament cells (HPDLCs) were purchased from ScienCell Research Laboratories, Inc. (catalog #2630, Carlsbad, United States) and cultured in a cell medium (ScienCell, Carlsbad, United States) containing 2% fetal bovine serum (FBS, ScienCell, Carlsbad, United States), 1% penicillin/streptomycin solution (P/S, ScienCell, United States), and 1% growth supplement (ScienCell, Carlsbad, United States) in a humidified atmosphere of 5% CO2 at 37°C. In detail, the BG/GelMA scaffolds were sterilized by ultraviolet light for 4 h and placed in a 24-well cell-culture plate. Subsequently, HPDLCs at a density of 2.0 × 105/ml were seeded on the surface of as-prepared scaffolds for 24h and then fixed in 2.5% glutaraldehyde (4°C) overnight. The cell morphology, adhesion, and growth on the surface of the scaffolds were observed by SEM (Tescan Mira 3 XH, Czech Republic).
2.10 Cell viability assay
The CellTiter 96 ® AQueous one solution assay (Promega, Madison, WI, United States) was used to evaluate the cell viability of HPDLCs cultured in the as-prepared BA/GelMA scaffolds for 3 days. Then, the HPDLCs cultured with different scaffolds were incubated with a cell medium containing 20% v/v of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). After 4 h, the supernatants were transferred to new 96-well plates and the absorbance at 490 nm was determined on a microplate reader (Multiskan GO, Thermo Scientific, MA, United States).
2.11 Inductively coupled plasma mass spectrometry (ICP-MS) analysis
To investigate whether the ion-release of biomimetic BG/GelMA scaffolds could promote osteogenic/cementogenic differentiation of HPDLCs, cells were cultured in the scaffolds 0% BG, 1% BG, 5% BG, and 10% BG for day 1 and day 7, respectively. Subsequently, the concentrations of Ca, Si, and P ions in the cell-culture medium extracts of as-prepared scaffolds were respectively measured by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent7700s, Agilent Technologies Co. Ltd, United States). The number of replicates used in this experiment was three.
2.12 Alkaline phosphatase staining
ALP staining was performed using BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Biotechnology, Shanghai, China) to evaluate the osteogenesis differentiation of HPDLCs cultured in the as-prepared BG/GelMA scaffolds. In detail, HPDLCs were cultured in the scaffolds 0% BG, 1% BG, 5% BG, and 10% BG for day 7, 14, and 21, respectively. According to the requirements of the ALP kit, added 5 ml ALP color-developing buffer and 16.5 μl BCIP solution (300X), NBT solution (150x) 33 μL, and BCIP/NBT solution 5.05 ml into the test tube, in turn, was mixed to prepare BCIP/NBT dyeing working solution. After washing the scaffold samples (on day 7, 14, 21) with PBS, the washing solution was removed and added BCIP/NBT dyeing working solution to ensure that the samples can be fully covered, and then the scaffold samples were incubated in the dark for 5–30 min until the color developed to the expected depth. We removed the BCIP/NBT dyeing working solution, washed it with distilled water 1–2 times, stopped the color reaction, and the results of each group were observed and recorded.
2.13 Alizarin Red S staining
Alizarin Red S staining (Beyotime Biotechnology, Shanghai, China) was used to observe extracellular matrix calcification of HPDLCs cultured in the as-prepared BG/GelMA scaffolds. HPDLCs were inoculated with the scaffolds of each group for 21 days, washed with PBS, removed from the washing solution, added to the fixed solution for 20 min, and washed 3 times by PBS. According to the requirements of the kit, we added an appropriate amount of Alizarin Red S dyeing working solution to ensure that the sample can be fully covered, dyed at room temperature for 30 min, and the results of each group were observed after fully washing with distilled water. The results of each group were observed and recorded.
2.14 Real-time quantitative RT-PCR
The osteoblast/cementoblast-related gene transcription of Osterix (OSX), Cementum protein-1 (CEMP-1), ALP and type I collagen (Col-1a1) was detected by real-time quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). Briefly, HPDLCs were cultured in the scaffolds 0% BG, 1% BG, 5% BG, and 10% BG for 7 days, and the total RNA of HPDLCs was extracted using the RNeasy® Mini kit (QIAGEN, Germany). Complementary DNA (cDNA) was synthesized from the total RNA using the PrimeScript RT Reagent Kit (TaKaRa, Japan) according to the manufacturer’s instructions. qPCR was performed by using a LightCycler® System (Roche Diagnostics, United States) using TB Green Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa, Japan). The housekeeping gene GAPDH was used to normalize the results. The primer sequences used in this study are listed in Table 2.
TABLE 2 | Primers used for real-time quantitative RT-PCR.
[image: Table 2]2.15 Statistical analysis
All data are presented as the mean ± standard deviation. Statistical analysis was performed using the Prism 9 statistical software package (GraphPad Software, LLC. United States). An ordinary one-way analysis of variance (ANOVA) was performed, followed by Turkey’s post hoc test to determine the differences between the scaffolds 0% BG, 1% BG, 5% BG, and 10% BG. In all cases, significance was asserted at p < 0.05.
3 RESULTS
3.1 Characterization of the biomaterial BG/GelMA inks
3.1.1 Characterization of mesoporous bioactive glass nanoparticles
The morphology of BG NPs was characterized by transmission electron microscopy (van Haaften et al., 2019) (Figure 1A). BG NPs exhibits an obvious multi-generational hierarchical dendritic structure: inner mesoporous BG NPs exhibit hexagonal channels and external mesoporous BG NPs show radial channels, the mean particle size was measured as 85.97±7.60 nm (Figure 1B). We further confirmed the mesoporous structure of BG NPs by using the nitrogen sorption analysis. Figure 1C shows the N2 adsorption–desorption of type IV isotherm and pore-size distribution for mesoporous BG NPs, which is a typical isotherm for mesoporous materials. Specifically, the specific surface area, pore volume, and pore size of mesoporous BG NPs are 134.84 m2/g, 0.51 cm³/g and 9.10 nm, respectively (Figure 1C,D).
[image: Figure 1]FIGURE 1 | Characterization of mesoporous bioactive glass nanoparticles (BG NPs). (A) TEM images. Scale = 20 nm. (B) Particle-size analysis by ImageJ of mesoporous BG NPs. (C) Nitrogen adsorption–desorption isotherms and (D) Pore-size distribution of BG NPs.
3.1.2 Rheological properties of the biomaterial inks
To assess the printability of the biomaterial inks, rheological properties including viscosity, viscoelasticity, and shear-thinning were measured. As shown in Figures 2A,B the biomaterials inks (0% BG, 1% BG, 5% BG, and 10% BG) showed different flow behaviors. Viscosity is the resistance of a fluid to flow. It has been observed that the viscosity of the 10% BG group is higher than that of the 0% BG group. Furthermore, the viscoelasticities of four biomaterial inks were measured within the linear viscoelastic region (LVR) via shear–strain sweeps, which can be described by the viscous components (storage modulus G′) and the elastic components (loss modulus G″). Figure 2C shows that the GelMA inks containing 1%–10% BG NPs have clearer linear-viscoelastic range (LVR), compared with the GelMA inks without BG NPs. Figure 2D shows that all the biomaterial inks have shear-thinning behavior with increasing shear rate, and the storage modulus of the GelMA inks containing BG NPs is higher than the loss modulus (Figure 2E), suggesting that BG NP incorporation could increase the stability of the GelMA inks.
[image: Figure 2]FIGURE 2 | Rheological properties of the BG/GelMA biomaterial ink: flow behavior of 0%, 1%, 5%, and 10% BG (A) at 60 °C and 4 °C (B) after 0 min and 5 min (C) the elastic moduli (G′) and viscous moduli (G″) shear–strain; (D) the viscosity–shear rate; and (E) the shear moduli–angular frequency of the respective biomaterial inks. The ‘sol’ means the biomaterial inks went from liquid to gel and the ‘gel’ means from gel to liquid.
3.2 Synthesis and characterization of the biomimetic BG/GelMA scaffolds
The lattice scaffold design (7 × 7, meaning 7 columns and 7 rows) with 0◦, 90◦ stacking (12 layers), and 1.2 mm filament space were used to construct the 3D scaffolds with lateral and vertical interconnected pores. Four groups of biomaterial inks were successfully printed into 10.0 mm×10.0 mm×5.0 mm (long×wide×height) 3D porous scaffolds and the macro morphology of the scaffolds were shown in Figure 3A. All groups of BG/GelMA biomaterial inks were printed into integrated and structured scaffolds, while the obvious collapse on the bottom and twisted filaments were observed in the group of biomaterials without BG NPs. With the increase in the concentration of BG NPs, the BG/GelMA scaffolds (1% BG, 5% BG, and 10% BG) became more and more regular and uniform, and were less prone to collapse.
[image: Figure 3]FIGURE 3 | Morphology of 3D-printed mesoporous BG/GelMA macropore scaffolds. (A) Top and side-views of the macro morphology. a1–a2) 0% BG group; b1–b2) 1% BG group; c1–c2) 5% BG group; d1–d2) 10% BG group; (B) Representative scanning electron microscopic images at 30x, 75x, 500x magnification. a1–a3) 0% BG group; b1–b3) 1% BG group; c1–c3) 5% BG group; d1–d3) 10% BG group; (C) and pore sizes of scaffolds. a1–a3) 0% BG group; b1–b3) 1% BG group; c1–c3) 5% BG group; and d1–d3) 10% BG group; Note: all the darkest regions of the image became red; contours of the pores were traced and coded (from a2, a3 to d2,d3); (D) The representative SEM images of the 10% BG group scaffolds from a1) 200x; b1) 1.0kx; c1) 10.0kx to d1)100kx and SEM-energy-dispersive X-ray spectroscopy (EDS) analysis of two lumps in a3. b1) graph of EDS analysis of the yellow box area in panel a3; b2) graph of EDS analysis of the blue box area in panel a3.
The SEM images of the BG/GelMA scaffolds were shown in Figure 3B. All four scaffolds had uniformly interconnected macropores (Figure 3B), indicating the use of the BA/GelMA biomaterial inks and the extrusion-based 3D printing technique which allowed for precise control of the pore size and structure. Furthermore, the mean pore sizes and porosities of the scaffolds of all groups were analyzed by ImageJ (Figure 3C) and summarized in Table 3. The porosity of the BG/GelMA scaffolds without BG NPs was 43.25%, while it became higher than 50% after the addition of BG NPs. Furthermore, the mean pore size of the BG/GelMA scaffolds increased from ∼300 μm to ∼400 μm by the incorporation of 1%–5% BG NPs, while decreasing to ∼300 μm by the incorporation of 10% BG NPs.
TABLE 3 | Porosity and pore size analysis of 3D-printed BG/GelMA scaffolds.
[image: Table 3]By analyzing the SEM images, we observed that the surface of the BG/GelMA scaffolds without BG NPs was the smoothest. With the increase of BG NP content in the scaffold, the scaffolds’ surface became coarser and coarser (Figures 3B,D). At high magnification, spherical nanoparticles embedded in the scaffolds were seen in the 10% BG group, with nanoparticle diameters around 90 nm (Figure 3D). Furthermore, a strong silicon (Si), calcium (Ca) and phosphate (P) peak in the EDS spectra confirmed that the BG NPs were successfully incorporated into the biomimetic BG/GelMA scaffolds by 3D printing (Figure 3D).
The FTIR spectra of the BG/GelMA scaffolds showed a sharp intense peak at 1640 cm−1 corresponding to C=O bonds, and two typical peaks at 1,530 cm−1 and 1,240 cm−1 related to N–H bending and C–N stretching plus N–H bending, respectively (Figure 4A). Moreover, a broad peak at 3,275 cm−1 representing the associated signal for the O-H and N-H groups and a band at 2,940 cm−1 representing the C-H stretching groups were also observed. Furthermore, the thermal degradation behavior of the four biomimetic BG/GelMA scaffolds was characterized by using TGA analysis. As shown in Figures 4B, C, the TGA curve showed that all scaffolds began to lose integrity between 80°C and 120°C, probably caused by the loss of water molecules. At temperatures above 150°C, the degradation of GelMA started and the residual mass for scaffold 0%BG, 1% BG, 5% BG, and 10% BG was 18.94%, 18.52%, 22.59%, and 18.61%, respectively, when heating temperature reached 700 °C.
[image: Figure 4]FIGURE 4 | Characterization and thermal properties analysis of 3D-printed mesoporous BG/GelMA macropore scaffolds (A) FTIR spectra of BG/GelMA scaffolds with different mass ratios of BG NPs. The symbol ‘ν’ means stretching vibration while δ means bending vibration; (B) Thermogravimetric analysis (TGA); (C) Derived thermogravimetric (DTG) of scaffolds.
3.3 Mechanical and degradational properties of the biomimetic BG/GelMA scaffolds
The compressive mechanical properties of the biomimetic BG/GelMA scaffolds were investigated to verify whether the mechanical properties of tissue engineering scaffold were able to maintain the structural stability when it was cultured in vitro or implanted in vivo (Wang et al., 2018). From the compressive stress–strain curve (Figure 5A), the trends in scaffolds 0% BG, 1% BG, 5% BG, and 10% BG were consistent and the inflection points were all around 70% of the deformation. The mean compressive strength at 90% deformation of scaffolds 0% BG, 1% BG, 5% BG, and 10% BG were 3.679±0.001, 5.790±0.001, 4.065±0.001, and 5.556±0.001 KPa, respectively, and the moduli of elasticity were 0.277±0.116, 0.233±0.147, 0.320±0.181, and 0.357±0.146 KPa, respectively (Figures 5B,C). There was no significance in compressive strength and modulus elasticity between the scaffolds 0% BG, 1% BG, 5% BG, and 10% BG.
[image: Figure 5]FIGURE 5 | Mechanical and degradation properties of the biomimetic BG/GelMA scaffolds (A) Representative compressive stress–strain curve of the biomimetic BG/GelMA scaffolds. Grey: 0% BG group; Red: 1% BG group; Blue: 5% BG group; Green: 10% BG group; (B) Compressive strength of the scaffolds at the deformation of 90%; (C) Elastic modulus of the scaffolds. N = 3 samples per group; (D) In vitro degradation in PBS solution at 37°C and (E) enzymatic degradation of scaffolds 0% BG, 1% BG, 5% BG, and 10% BG. Grey: 0% BG group; Blue: 1% BG group; Green: 5% BG group; Red: 10% BG group; Data represent the mean ± SD, n = 3.
As displayed in Figure 5D, all scaffolds’ mass loss and degradation increased with increase in time. Till 14 days, the curve of mass loss tended to be flat which meant that the degradation of the BG/GelMA scaffolds was brought into a steady state. After degradation for 28 days, the weight loss of all groups of scaffolds tended to be around 50%.
To further evaluate enzymatic degradability, the biomimetic BG/GelMA scaffolds were incubated in collagenase solutions for 15 min, 30 min, 45 min, and 60 min, and the degradation rates of the various scaffolds are shown in Figure 5E. Compared to various scaffolds in PBS, the degradation of four BG/GelMA scaffolds in collagenase solutions became faster and the curve of mass loss became steeper. Notably, after 60 min, the mass loss of scaffolds 0% BG, 1% BG, and 5% BG were all close to 100% except for scaffold 10% BG, which exhibited a slightly slower degradation rate, indicating that the degradation of BG/GelMA scaffolds could be delayed by the incorporation of BG NPs.
3.4 Cell adhesion and growth on the surface of the biomimetic BG/GelMA scaffolds
There were more and more HPDLCs adhering to the surface of scaffolds 0% BG, 1% BG, 5% BG, and 10% BG, and a large proportion of them aggregated around the coarse-faced mass composed of BG NPs under a high-power scanning electron microscope (Figure 6A). According to clumps with rough surfaces formed with inorganic particles at the macro level and the crude surface of BG nanospheres at the micro-level (Figures 3C, D), the adhesion of HPDLCs was promoted. Also, the cells grew flat and spread both on the scaffold surface and the inner region of the pores (Figure 6 a2, a3–d2, d3). BG particles could be seen on and around the cells, and the cells with BG particles around them stretched better (Figure 6 a4, a5–d4, d5).
[image: Figure 6]FIGURE 6 | Cell morphology of HPDLCs in 3D-printed biomimetic BG/GelMA macropore scaffolds by SEM. Cells were cultured in scaffolds 0% BG, 1% BG, 5% BG, and 10% BG for 24 h (A,B,C, and D) SEM images of integral scaffolds with cells from scaffolds 0% BG, 1% BG, 5% BG, and 10% BG at 30x magnification. (a1, b1, c1, and d1) SEM images of partial scaffolds with cells from all groups at 75x magnification. (a2, b2, c2, and d2) SEM images of cells in the outer surface and (a3, b3, c3, and d3) inner pore surface of scaffolds at 500x magnification. (a4-5, b4-5, c4-5, and d4-5) Magnifying images of cells of the yellow box area at 5.0kx magnification. A/a1-a5) 0% BG group; B/b1-b5) 1% BG group; C/c1-c5) 5% BG group; and D/d1-d5) 10% BG group.
3.5 Osteogenic/cementogenic differentiation of HPDLCs on the biomimetic BG/GelMA scaffolds
Alkaline phosphatase (ALP) and Alizarin Red staining results of scaffolds 0% BG, 1% BG, 5% BG, and 10% BG were shown in Figure 7A. It could be seen that the scaffolds of each group cultured with HPDLCs were stained, and the staining deepened with the increase of culture days, which was attributed to enhanced osteogenic differentiation. However, the difference between the scaffolds of different BG concentrations was not obvious under observation of the naked eye.
[image: Figure 7]FIGURE 7 | Osteogenic/cementogenic differentiation of HPDLCs on the biomimetic BG/GelMA scaffolds (A) Human periodontal ligament cells HPDLCs were cultured in macroporous BG/GelMA scaffolds in vitro. Alkaline phosphatase and alizarin red staining were performed every week. Photos of scaffolds on days 7, 14, and 21 were shown. (B) The Quantitative analysis of ALP staining. ****p < 0.01. n = 3 for each group. (C) The osteogenic and cementogenic quantification and gene expression of HPDLCs seeded on scaffolds 0% BG, 1% BG, and 10% BG for 7 days. n = 3 for each group. **p < 0.01, *p < 0.05.
As shown in Figure 7C, the real-time PCR data showed that the scaffold 10%BG group exhibited the highest expression of osteogenesis and cementogenesis markers (Col-1α1 and CEMP-1) compared to those of scaffolds 0%BG and 1%BG on day 7 (p < 0.01). However, the expressions of OSX and ALP showed no significance between scaffolds 0% BG, 1% BG, and 10% BG. We suspected that it might be related to the regulatory mechanisms of different genes, which need further research.
The cell viability assay result is shown in Figure 8A. After 3 days of culture, a slight decrease in cell viability in both scaffold 1% BG and 10% BG group was observed compared to the scaffold 0% BG group, and the difference was statistically significant (p < 0.01), which revealed that the addition of BG had a negative effect on cell proliferation. However, as the concentration of BG increased, the cell viability was rising rather than falling.
[image: Figure 8]FIGURE 8 | Cell viability of HPDLCs by using MTS assay and the ion release of the biomimetic BG/GelMA scaffolds by ICP-MS (A) The OD (490 nm) values in the BLK (Blank: flat plate) group and the scaffolds 0% BG, 1% BG, and 10% BG groups on day 3; The Ca ion release (B), the Si ion release (C), and the P ion release in the BLK group and the scaffold 0% BG, 1% BG, and 10% BG groups on day 1 and day 7. The data represent the mean ± SD, n = 3. **,##,& p < 0.01. MTS: (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium).
The ion release of the biomimetic BG/GelMA scaffolds with different ratios of BG NPs was investigated by ICP-MS. The amount of silicon ions released from both scaffolds 1% BG and 10% BG was significantly increased in a time-dependent manner (Figure 8B). Scaffolds 10% BG exhibited the highest level of silicon ions release on day 1 and day 7 compared to other scaffolds (p < 0.01), which is attributed to the highest concentration of BG NPs. Additionally, in line with the degradation of the scaffolds, the release of silicon ions surged during the first week. No significance was observed in the calcium ion release (Figure 8C). As for phosphorus ions affected by PBS solutions, there is no clear pattern of release (Figure 8D).
4 DISCUSSION
In this study, to stimulate endogenous periodontal tissue-regeneration, a novel biomimetic BG/GelMA scaffold with a large pore size and a rough surface was successfully developed by extrusion-based 3D bioprinting. Compared with solvent casting, gas forming, emulsification freeze-drying, and so on, the 3D-printing technique has distinctive advantages in flexibility and accurate control of the macrostructure and pore size (Turnbull et al., 2018). For the purpose of great shape fidelity of extrusion-based 3D-printed scaffolds, the printability of biomaterial inks, referring to the “suitable” extrudability, filament formation, and shape fidelity, is as essential as the design and characterization of biomaterial scaffolds (Gao et al., 2019) (Schwab et al., 2020a). Among biomaterial inks, GelMA shows great potential for extrusion 3D printing, which allows the preparation of hydrogel-based scaffolds with controllable shapes for repairing personalized and irregular periodontal defects. However, the high self-healing ability and the low mechanical strength of GelMA make it difficult for GelMA scaffolds to obtain macroporous structures with good shape fidelity (Liu et al., 2017). To overcome the limits of GelMA-based inks, in this work, the mesoporous BG NPs were incorporated into GelMA to prepare the BG/GelMA biomaterial inks and to improve the shape fidelity.
To investigate whether the mesoporous BG NPs improved the printability of the GelMA biomaterial inks, the critical parameters of rheological properties such as viscoelasticity and shear-thinning were measured. Generally, viscoelasticity displays viscous flow and elastic shape-retention of biomaterial inks, while shear-thinning means their viscosity decreases with increasing shear rate. Compared to the GelMA inks without BG NPs, both clearer line viscoelasticity and typical shear-thinning were observed in the GelMA biomaterials inks after incorporation of BG NPs from 1% to 10% (Figure 2). Our results demonstrated that the as-prepared BG/GelMA inks could be easily extruded from the nozzle due to the good shear-thinning property (Gao et al., 2019). Additionally, Figure 2D showed that the storage modulus (G′) of the BG/GelMA biomaterial inks was higher than the loss modulus (G″) indicating that the incorporation of BG NPs could improve the shape fidelity of 3D-printed scaffolds (Kamkar et al., 2021, 2022).
Next, the stacking lattice scaffold (7×7) with 1.2 mm filament distance and 12 layers with a large porous structure (∼300 μm of pore size) was designed for clinically relevant periodontal defect applications. By extrusion-based 3D printing, the resultant multilayered scaffold was about 10.0 mm×10.0 mm×5.0 mm and the pore size was ranged from 304 μm to 446 μm, which is defined as macropore (Figure 3). The 3D-printed GelMA scaffolds without BG NPs addition showed the bottom had collapsed, indicating poor filament support and stability. With the incorporation of BG NPs (scaffolds 1%BG, 5%BG, and 10%BG), there was less collapse in the scaffolds with higher porosity, suggesting that the addition of mesoporous BG NPs not only increased the printability of biomaterial inks and endowed the scaffolds with a stable macropore structure of good shape fidelity, but also lowered the self-healing degree of GelMA hydrogel inks to ensure the high porosity of scaffolds (Figure 3). Our results were consistent with previous studies showing incorporation of inorganic NPs such as nanoclay, and MXene Nanosheets/Gold NPs into the GelMA solutions could improve the shape fidelity and printability of GelMA inks (Boularaoui et al., 2021).
We further characterized the as-prepared BG/GelMA scaffolds by FTIR spectra. As shown in Figure 4A, the FTIR spectra of the BG/GelMA scaffolds showed typical peaks of gelatin as described for GelMA in previous studies (Rahali et al., 2017). Interestingly, in the GelMA scaffold with 10% BG, the intensity of the O-H groups and N-H amino band was obviously reduced, which is ascribable to the incorporation of BG NPs. Our results were consistent with other studies demonstrating that the incorporation of biphasic calcium phosphate NPs could cause the decrease in peak intensity of the O-H band and N-H amino band of GelMA hydrogels (Choi et al., 2021). Moreover, the thermal stability of the as-prepared BG/GelMA scaffolds was analyzed by using the TGA method. It was observed that the incorporation of BG NPs did not significantly affect the thermal degradation behavior of the biomimetic Gel/MA scaffolds (Figures 4B,C).
It is well-recognized that the composition, structure (e.g. pore size, porosity), and properties (e.g. stiffness, compressive strength, elastic modulus, etc.) of biomaterial scaffolds are critical parameters affecting stem-cell fate and tissue regenerative outcomes (Swanson et al., 2021). An ideal 3D architecture of the scaffold should have an interconnected porous structure with high porosity to decrease the obstacles to the cell and nutrient migration (Turnbull et al., 2018), and the osteoblastic cell adhesion on biomaterials is an important event in initiating and regulating cell survival, migration, recruitment, and osteogenic differentiation (Chen et al., 2018). In this study, compared to the GelMA scaffold without BG NPs (Figure 6 a5), cell attachment and spreading were enhanced on scaffolds with BG incorporation, where cells inside the pore could also stretch (Figure 6 b5-d5). Most of the cells were always found to adhere to BG NP-doped rough surface (Figure 6D). The possible mechanism underlying better cell adhesion and spread in BG groups might be attributed to the rough surface modified by the bioactive glass (Figure 3D) and the highly connected and stable macroporous structure (Figure 3; Table 3). For the rough surface, several studies stated that roughness increased adhesion (Shapira and Halabi, 2009; Boyd et al., 2021). Furthermore, X. Shi et al. found that the topography itself was also important for cell adhesion on a rough protein-resistant surface (Shi et al., 2012). These research studies indicated that the effect of rough surfaces on cell adhesion should not be ignored.
Moreover, the construction of cell-living spaces by macropores in scaffolds is also essential for the establishment of cellular functions, such as cell growth, division, proliferation, and differentiation (Fan and Wang, 2017). The introduction of macroporous structures in scaffolds brings cell-adhesive surfaces and spaces, which is beneficial for cell adhesion, spreading, proliferation, and increased cell–cell contacts (Fan and Wang, 2017). Meanwhile, a porous structure may have offered a better environment for cell proliferation and albumin production through the enhanced mass transfer of nutrients, oxygen, and waste removal, which is essential for cell growth (Hwang et al., 2010) (Fan and Wang, 2015) (Turnbull et al., 2018). A recent study of developing biomaterial scaffolds to maintain the stemness of skeletal bone marrow mesenchymal stem cells (BMSC) gave evidence that different pore sizes had different regulatory effects on stem cell differentiation, where BMSC growing in large pores (>250 μm) have a trajectory toward osteogenic differentiation, while small pores (<125 μm) maintain stemness and prevent the differentiation of BMSC in vivo and in vitro (Swanson et al., 2021). Consistently, our results also confirmed that large pores greater than 250 μm in diameter could induce osteogenic differentiation of HPDLCs in all 3D-printed GelMA-based scaffold groups (Figure 7).
Although mechanical properties are also important parameters, the mechanical properties of the scaffolds in this study did not significantly improve (Figures 5A–C). Osteogenic and cementogenic differentiations of HPDLCs were demonstrated by alkaline phosphatase (ALP) and Alizarin Red staining as well as up-regulating gene expressions of Col-1α1, ALP, CEMP-1, and OSX. ALP has clear functions in the initial stages of cells’ osteoblastic differentiation and growth-plate calcification, which is produced early in growth and is easily found on the surface of the cell and in matrix vesicles of all bones and calcifying cartilages (Vimalraj, 2020). Alizarin Red can chelate with calcium ions to form complexes that can be used to mark calcium nodules formed by osteogenesis differentiation of stem cells (Li et al., 2020) (Gregory et al., 2020). In this study, higher ALP staining of all the groups was remarkably exhibited on the 14th and 21st days compared to that on the 7th day, meaning a trajectory toward osteogenic differentiation from the 14th day (Figure 7A). The same, mineralized nodule formation was observed on the 21st day for all groups. Col-1α1, ALP, and OSX are all osteo-specific genes and are necessary for osteogenic and cementogenic differentiations (Nakashima et al., 2002; Chen et al., 2009). CEMP-1, as a marker protein for cementoblast-related cells, regulates cementogenic differentiation in stem cells (Komaki et al., 2012) (Sanz et al., 2021). Compared to the 3D-printed GelMA scaffold without BG NPs, a significant up-regulation in the gene expressions of Col-1α1 and CEMP-1 was observed in the scaffold 10% BG group, suggesting that the enhanced osteogenic and cementogenic differentiations in HPDLCs were more likely to be related to Si ions release during scaffold degradation (Figure 8B). The most mass loss occurs (Figure 5D) and relatively rapid Si ions release from the scaffold 10% BG group during the first week (Figure 8B). The osteogenic effect induced by Si ions was observed in some previous studies (Odatsu et al., 2015). Silicon ions, as ionic products from bioactive glass degradation, could facilitate the induction of collagen type 1 (Col(I)α1, Col(I)α2) synthesis, and in turn, enhance the expression of downstream markers such as alkaline phosphatase (ALP), Runx2, and osteocalcin (OCN) during osteoblast differentiation (Varanasi et al., 2009; Varanasi et al., 2012; Saffarian Tousi et al., 2013). In a word, BG NPs could contribute to the enhancement of HPDLCs' osteogenic differentiation by releasing inorganic bioactive ions with the help of macroporous structures, rough surface, and GelMA components.
5 CONCLUSION
In summary, we successfully developed a novel mesoporous bioactive glass (BG)/GelMA biomimetic scaffold with a large pore size (∼300 μm) by 3D printing. Our results showed that the incorporation of mesoporous BG NPs significantly improved shape fidelity, surface roughness, and bioactivity of 3D-printed macropore GelMA scaffolds, resulting in the enhanced effects on cell attachment and spreading and promoting osteogenic/cementogenic differentiation in periodontal ligament cells, evidenced by the excellent maintenance of the macropore structure, the visibly improved cell-spreading, the release of bioactive ions (e.g. Si4+, Ca2+), the up-regulation of gene expressions of osteogenesis and cementogensis, the increase in ALP activity and calcium nodules, suggesting that BG NPs could endow GelMA-based scaffold with excellent structural stability and the ability to promote osteogenic/cementogenic differentiation. Our findings demonstrated the great potential of the newly formulated biomaterial inks and biomimetic BG/GelMA scaffolds for being used in periodontal tissue regeneration and provide important insights into the understanding of cell–scaffold interaction in promoting regeneration of functional periodontal tissues.
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fuid flow
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Mechanical tensile
strain

Pathways
Activating Wt

signaling

Activating Notch
Signaling Pathway

Activating ERK
signaling pathway

Activating RhoA
signaling pathway

Activating NF-«B
signaling pathway

Mechanism

Inhibiting the expression of DKK1
Inhibiting the expression of DDK2/enhancing the
phosphoryiation of g-catenin

Activating the expression of Piezo

Upregulating the expression of Notch1/Notch2

Upregulating the expression of COX-2/cyciin E,
inhibiting caspase-3

Downreguiating the expression of miR-140-5p/
KLF4, upregulating the expression of VEGFA

Upregulating the expression of YAP/TAZ
Upregulating the expression of YAP/TAZ
Activating ROCKII

Activating ROCK

Upregulating the expression of BMP-2/BMP-4

Effect

Upregulating the expression of OPG
Upregulating RUNX2/osterix/ALP/
osteocalcin/ALP

Upregulating ALP/RUNX2/OCN/BSP/
promoting the osteogenic differentiation
Upregulating the expression of RUNX2/
PTGS2/FOS

Promoting the proliferation of MC3T3-E1
cells

Promoting the proliferation of MC3T3-E1
cells

Promoting the osteogenic differentiation
Triggering F-actin polymerization
Upregulating the expression of RUNX2

Opening up of mechano- and voltage-
sensitive calcium channels

Upreguiating the expression of ALP/OCN
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