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Editorial on the Research Topic 
Advanced Biomaterials and Systems Releasing Bioactive Agents for Precise Tissue Regeneration

To provide a scientific forum for the researchers in this field, we started this research topic—Advanced Biomaterials and Systems Releasing Bioactive Agents for Precise Tissue Regeneration in February 2020. Until now, there are two mini reviews, four reviews and 11 original research articles are published with about 100 authors involved. We hereby sincerely thank all the efforts and contributions of these excellent researchers to this successful research topic.
Bone regeneration is still one of the hottest topic in the field of tissue engineering with nine articles (one mini review, one review and seven original researches) published in this direction. These authors reported the functionalization of biomaterials with various types of bioactive agents, such as icaritin (naturally derived small molecule) and Ginsenoside Rg1, BMP-2 (recombinant proteineous growth factor), histatin-1 (naturally derived peptide), four chemical elements, such as silicon and copper, to significantly improve the bio-functions of biomaterials, such as osteoconductivity, osteoinductivity, and anti-bacterial properties. The biomaterials involve metallic implants and ceramic bone-defect-filling materials without or with the incorporation of organic phase to improve their properties, such as osteoconductivity and slow release of bioactive agents. In addition to the studies reporting the development of novel regenerative materials, Liu et al., also reported the incorporation of ultrasmall superparamagnetic iron oxide nanoparticles in bone grafts, which could facilitate the non-invasively monitor the biodegradation and remodeling of bone grafts after implantation. Furthermore, Li et al. also reported a simplified and effective method to create an experimental murine periodontitis model, which could be used to study the pathological mechanisms of periodontitis and developing potential periodontal tissue regeneration strategies. Apart from the original research articles, two reviews were also also published, which focused on smart hydrogel-based bioink/scaffolds for bone tissue regeneration and bioactive modification strategy to promote osseointegration in osteoporotic microenvironment, respectively.
Apart from bone tissue engineering, the authors also made excellent reports and reviews to summarize recent advances, provide monitoring method and novel reconstructive materials and alternative treatment options for diverse diseases, such as macular degeneration, gastric cancer, bile duct restoration, urethra, periphery nerve injury, and coronary artery disease. In addition to the above disease-targeting publications, there is still one review focusing on the synthesis, modification, characterization and medical applications of AuNPs.
In summary, this research topic covers many recent significant advances in bioactive agents-functionalized biomaterials with diversely targeting diseases, which make a good contribution to the progress of advanced biomaterials for precise tissue regeneration.
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Bioresorbable polymeric stents have attracted great interest for coronary artery disease because they can provide mechanical support first and then disappear within a desired time period. The conventional manufacturing process is laser cutting, and generally they are fabricated from tubular prototypes produced by injection molding or melt extrusion. The aim of this study is to fabricate and characterize a novel bioresorbable polymeric stent for treatment of coronary artery disease. Polycaprolactone (PCL) is investigated as suitable material for biomedical stents. A rotary 3D printing method is developed to fabricate the polymeric stents. Surface modification of polymeric stent is performed by immobilization of 2-N, 6-O-sulfated chitosan (26SCS). Physical and chemical characterization results showed that the surface microstructure of 3D-pinted PCL stents can be influenced by 26SCS modification, but no significant difference was observed for their mechanical behavior. Biocompatibility assessment results indicated that PCL and S-PCL stents possess good compatibility with blood and cells, and 26SCS modification can enhance cell proliferation. These results suggest that 3D printed PCL stent can be a potential candidate for coronary artery disease by modification of sulfated chitosan (CS).

Keywords: bioresorbable stent, 3D printing, sulfated chitosan, mechanical property, biocompatibility


INTRODUCTION

Coronary artery disease is a leading killer of human life in the world, and percutaneous coronary intervention (PCI) with stent implantation has become a standard treating method to restore the blood flow. Bioresorbable stents (BRSs) have attracted great attention as potential candidate in treatment of coronary artery disease, because they are made of bioresorbable materials that can dissolve or be absorbed in the human body, which can provide the mechanical support and then disappear without the occurrence of long-term complications (Waksman, 2006). However, there are still some challenges in BRSs technology, such as manufacturing technique and long-term biocompatibility.

Polycaprolactone (PCL) has become potential material candidate for medical application due to its good ductility, processing property, biodegradability, and biocompatibility. Generally, PCL has a long degradation time (2–3 years) due to the low crystallinity degree (Lakshmi and Cato, 2007). PCL has been widely applied in form of microspheres, nanospheres, and implants. The porous PCL-based scaffolds were widely investigated for bone tissue engineering, and in vitro safety and efficacy results showed that they had excellent mechanical properties, biocompatibility, and bioactivity (Mondrinos et al., 2006; Puppi et al., 2012; Khoshroo et al., 2016). Vurugonda et al. (2017) developed copolymer of poly-lactic acid (PLLA) and PCL stents for cardiovascular application. Results highlighted that the mechanical strength, degradation behavior, and drug release behavior of stents were significantly improved, while their samples were fabricated in tabular design which is not suitable for stent application. The braided PCL stents showed superior compression properties and recovery ability by incorporating PPDO monofilaments and annealing, but their degradation rates were attenuated under dynamic loading (Zhao et al., 2018, 2019). Kim et al. (2019) investigated drug-eluting PCL mesh network tubular stent for salivary gland disease. Results showed that their mechanical properties were improved by incorporating antibiotic particles, and a sustained drug release was observed. However, the elongation ratios of drug-eluting stents were dramatically decreased which may limit their expansion behavior.

Extensive research has been carried out to manufacture metallic stents by continuous or pulsed laser cutting, including 316LVM steel, magnesium alloy, and CoCr alloy (Raval et al., 2004; Demir et al., 2012; Demir and Previtali, 2017). Results showed that excellent geometries of stents were obtained, while the desired surface quality required selective process gas, acid pickling, and electrochemical polishing. Flege et al. (2012) first developed polymeric stents by selective laser melting technique. Results suggested that the as manufactured polymeric stents are biocompatible at interaction with human coronary artery smooth muscle cells. Guerra and Ciurana (2017) and Guerra A. J. et al. (2017b) introduced the application of fiber laser cutting on PCL stent manufacture, and addressed that the in vitro degradation of stent can be accelerated by increasing input energy density. Although laser cutting is capable to fabricate metallic or polymeric stents, there is still a challenge for manufacturing composite material stents. Moreover, laser cutting is a thermal process, which may cause thermal problems including heat affected zones, micro cracks, and dross deposition.

Recently, the 3D printing technique has been considered as an alternation in stent industry, due to its advantages in design personalization. Park et al. (2015) fabricated a helical drug-coated PCL stent by using 3D rapid prototyping, and good results were obtained from degradation test and animal experiments. 3D printing technique was also used to fabricate PCL-GR, PCL/PLA composite stents (Guerra A. et al., 2017a; Misra et al., 2017). Physical and chemical results showed that 3D printing process had strong effects on the dimensional precision but little influence on the material structure of stents (Guerra and Ciurana, 2018). Biological and mechanical analysis results showed good agreement with rigorous requirements of BRSs (Guerra et al., 2018a). These results also suggested that 3D printing process was highly suitable for manufacturing composite stents. To the best knowledge of author, the application of 3D printing process in stent manufacture is still in the early stage, and further research needs to be developed in terms of machining quality and biocompatibility assessment for BRSs.

Stents come in contact with blood, and incompatibility can cause short-term and long-term complications, such as vessel damage, restenosis, thrombosis, and inflammation (Hu et al., 2015). To overcome these problems, stent modified with chitosan (CS) may be a potential method to improve the bioactivity of cardiovascular remodeling and neointimal formation. CS is a common heparin-like polysaccharide, which has attracted enormous interest for several features, including hydrophilicity, biocompatibility, biodegradability, and bioactivity (Kumar, 2000). 2-N, 6-O-sulfated CS (26SCS) modified PLGA scaffolds have been widely investigated to improve the bioactivity of vascular endothelial growth factor (VEGF), heparin-binding epidermal growth factor (HB-EGF), bone morphology protein-2 (BMP-2) in angiogenesis, wound healing, and bone regeneration, and the desired results were obtained from morphological observation, releasing profiles, and bioactivity assessment (Kong et al., 2014; Yu et al., 2015, 2018; Peng et al., 2017). 26SCS modified PCL scaffolds were also studied as bone BMP-2 delivery vehicle to accelerate osteoinduction, and results highlighted that 26SCS modified PCL scaffold may enhance the cellular response, release behavior, and osteoinductive activity (Cao et al., 2017). 26SCS and PCL nanofibers were used to fabricate bioactive nanocomposite scaffolds, which can enhance osteoblast-like cells viability and attachment (Ghaee et al., 2017). Overall, blends of 26SCS and other polymers have shown potential improvement in mechanical properties, cell adhesion, and cell proliferation. Therefore, 26SCS modification shows great potential to enhance biocompatibility of cardiovascular stents. However, there has been little research focusing on the fabrication and characterization of 26SCS modified PCL stents.

In this study, 3D printing technique is used to produce PCL stent, and sulfated CS is used to modify the surface of PCL stent. Physical and chemical feature of sulfated CS is characterized by 13C NMR test, elemental analysis, Fourier transform infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC). The 3D-printed PCL and S-PCL stents are analyzed by scanning electron microscopy (SEM), mechanical test, degradation test, and biocompatibility assessment to investigate their morphology, mechanical property, blood, and cell compatibility. Moreover, the effects of sulfated CS on stent performance are presented by comparison between PCL and S-PCL stents.



MATERIALS AND METHODS


Materials

Commercially available PCL was purchased from Maya Reagent Co., Ltd. (Zhejiang, China). It is a biodegradable polymer with a glass transition temperature of −60°C and a melting temperature of 60°C. CS (95% deacetylated, Mw 10∼20 × 104 Da) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Chlorosulfonic acid (HClSO3), N, N-dimethylformamide (DMF), and ethylenediamine (ED) were provided by Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH) and ethanol were provided by Guangzhou Chemical Reagent Factory (Guangzhou, China). Mouse fibroblasts (L929) were obtained from Guangzhou Military Hospital. All cell-culture related reagents were obtained from Gibco (Grand Island, NY, United States).



Synthesis of Sulfated Chitosan

2-N, 6-O-sulfated chitosan was synthesized according to previous method (Zhou et al., 2009; Cao et al., 2014). In brief, sulfating reagent was prepared by adding 5 mL HClSO3 dropwise to 20 mL DMF cooled at 0°C, and the mixture was stirred for stabilization. CS suspension was prepared by mixture with DMF and kept overnight. Sulfating reagent was added in the CS suspension for reaction, kept at 70°C for 4 h. At the end of reaction, the obtained mixture was cooled to room temperature, neutralized with NaOH, and precipitated with ethanol. The 26SCS powder was obtained after the precipitate was dissolved in deionized water, dialyzed, and lyophilized for 2 days.



Fabrication of PCL Stents

3D printing method was used to produce a tabular stent with a diameter of 3 mm and a length of 10 mm. As shown in Figure 1, the 3D printing machine is based on the electrospinning. The machine provides a maximum X axis translation of 50 mm, a needle temperature of 200°C, a pressure of 600 kPa, and a repositioning precision of 20 μm. The 3D printing process requires the conversion of PCL particles to filaments. The particles are melted in heating chamber, and then transferred to the extruder needle at pressure of 7 kPa. The produced filaments are deposited onto a controlled metallic rotatory mandrel under voltage of 4 kV.


[image: image]

FIGURE 1. 3D-printing trajectory strategy (A), 3D printer machine (B), machine methodology (C), and 3D-printed PCL stents (D).


Screening experiments were performed to optimize the processing parameters for 3D printing of PCL stents. 3D printing trajectory (as shown in Figure 1A) was applied to manufacture the stent uniformly. As a result, the stents were printed at 90°C needle temperature, 1000 mm/min translational velocity, and 1000 r/min rotational velocity (Table 1).


TABLE 1. Optimized processing parameters for 3D printing of PCL stents.

[image: Table 1]


Sulfated Chitosan Immobilization on PCL Stents

According to the previously described method of Croll et al. (2004), 26SCS immobilization was carried out after the aminolysis of PCL stent (Figure 2). Specifically, PCL stents were soaked in ED with a concentration of 0.2 mol/L for 2 h at room temperature. Stents were washed by ice water for the desired time period, and then immersed in 26SCS solution with a concentration of 10 mg/mL for 4 h. Afterward, the aminated stents were washed repeatedly to remove the redundant 26SCS and dried in a vacuum oven for 24 h at 37 °C. Then the modified stents were stored in a desiccator for further use, and named as S-PCL stents. The unmodified stents were used as negative control, and named as PCL stents.


[image: image]

FIGURE 2. Schematic reaction of 2-N, 6-O-sulfated chitosan (A) and aminolysis reaction of sulfated chitosan with PCL stents (B). * means the repetition of molecular structure.




Characterization of 2-N, 6-O-Sulfated Chitosan

13C NMR spectra were measured by instrument (AV III 500 MHz, Bruker, Germany), in deuterated acid solvent with a concentration of 5%. Elemental analysis (Vario EL Cube, Elementar, Germany) was performed to evaluate the mass proportion changes of carbon (C), nitrogen (N), hydrogen (H), and sulfur (S) in 26SCS. FTIR spectroscopy (Tensor 27, Bruker, Germany) was used to determine the structural changes of CS during the synthesis process. DSC (STA 449 F3, NETZSCH, Germany) was carried out to record the mass change of CS and 26SCS with the increase of temperature.



Characterization of PCL and S-PCL Stents


Morphological Observation of Stents

The 3D-printed PCL and S-PCL stents were morphologically characterized by SEM (S3400, Hitachi, Japan). The stents were sputter coated with gold and mounted on the instrument plate by conductive coating, and then the surface morphology was captured and analyzed with different magnifications at an accelerating voltage of 5 kV.



Mechanical Characterization of Stents

The mechanical properties were evaluated by lateral crush resistance tests on both PCL and S-PCL stents at room temperature. Five parallel tests were conducted for each group of stents on mechanical test instrument (ElectroForce 3220, Bose, United States). The stent was placed between two plates of testing machine, and compressed by controlling the constant displacement of the upper plate at a rate of 1 mm/min to a displacement of 2 mm. The load–displacement curve was measured directly from the instrument, and then the crush resistance stiffness was extracted.



In vitro Degradation Assessment

The dried S-PCL stents were incubated with phosphate buffered saline (PBS, ST476, Beyotime, China) at 37°C, after the initial weight was recorded. The volume ratio of PBS and sample is required to be at least 30:1, to make sure that samples are totally immersed in PBS solution. Lysozyme was added to accelerate the degradation of S-PCL stents. At predefined time intervals (t = 10, 20, 30, 40, 50, 60 days), samples were weighed to record their final weights. The degradation rate is calculated by the following equation:
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Where the mi and mf represent the initial weight and final weight, respectively.



Blood Compatibility Assessment

The extract tests were used to evaluate the biocompatibility of PCL and S-PCL stents, according to ISO 10993-12 (2012). The PCL and S-PCL stents were immersed in serum-free Dulbecco’s modified Eagle’s Medium (DMEM) and placed in a container at 37°C for 24 h to obtain the extracts of stents. Different concentrations of extracts were obtained by diluting the mother liquor with DMEM, and then stored at 4°C for further use.


In vitro Hemolysis Assay

In this study, fresh whole blood of male Sprague–Dawley rats was used to assess the blood compatibility of PCL and S-PCL stents. In this assay, 4 mL extracts of PCL and S-PCL stents were incubated with 200 μL suspension of 16% red blood cells (RBCs) suspension in centrifuge tubes, respectively. While the deionized water and PBS were used as positive and negative controls, respectively. Three parallel tests were carried out for each group. Then the test samples were centrifuged under 1000 g for 5 min to collect the supernatant at predefined time points of 1, 3, 5, 8, 18, and 24 h. The optical density (OD) of RBCs was measured at 540 nm by microplate reader (MULTISKAN MK3, ThermoFisher).



Morphology of RBCs

The whole blood was centrifuged under 1000 g for 5 min, and then the RBCs were collected. The extracts of PCL and S-PCL stent (1 mL) were mixed and incubated with RBCs (50 μL) for 1 h at 37°C, centrifuge the mixture, and remove the supernatant to obtain RBCs. After washing RBCs with PBS, 4% paraformaldehyde was added to fix cells for 1 h. Subsequently, the fixed RBCs were dehydrated using ethanol of 70, 85, 95, and 100% in turn. Finally, the SEM was conducted to observe the morphology of RBCs.



Blood Coagulation Assay

The whole blood was centrifuged under 1000 g for 5 min, and the upper serum was collected for testing. The extracts of PCL and S-PCL stent (30 μL) were mixed and incubated with serum (270 μL) for 10 min at 37°C. The activated partial thromboplastin time (APTT) and prothrombin time (PT) were measured by automatic hematology analyzer (BC-5000, Mindray, Shenzhen). It should be noted that PBS was used as negative control in this assay.



In vitro Biocompatibility Assessment


Cell Viability

Mouse fibroblasts (L929 cells) were cultured in 96-well plate in DMEM at a density of 5×103 cells/well, and allowed to attach overnight at 37°C in a humidified environment of 5% CO2, and the medium of DMEM was supported with 10% fetal bovine serum and 1% penicillin/streptomycin. Subsequently, DMEM was removed and replaced with series of extract solution. Negative control was designed by cell culture with DMEM and PBS. Pure DMEM and PBS were used as positive control and negative controls, respectively. After 24 h of culturing cells, L929 was washed using PBS, and fresh DMEM (containing 10% CCK-8) was added into each well. After 1 h incubation, OD of each cell was measured at 450 nm using a microplate reader.



Live/Dead Staining

The 3D-printed PCL and S-PCL stents were immersed in 75% ethanol, sterile PBS, and DMEM medium in turn for 1 h to sterilize, respectively. L929 cells at a concentration of 2 × 105/mL were seeded on the surface of sterilized stents and cultured at 37°C in a humidified environment of 5% CO2 for 7 days. The Calcein-AM and propidium iodide (PI) were added for staining, and the L929 cells Live/Dead staining images were obtained by inverted fluorescence microscope (TE2000-S, Nikon, Japan).



Cytoskeletal Immunofluorescence Staining

Phosphate buffered saline solution was used to wash the L929 cell-loaded stents for three times, and paraformaldehyde with a concentration of 4% was added to fix for 0.5 h. The stents were washed with PBS for another three times, and then treated with 0.5% Triton-X-100, phalloidin, and DAPI for 10, 30, 10 min, respectively. Finally, anti-fluorescence quencher was added and stored in dark at 4°C. The immunofluorescence staining images were captured by laser confocal microscope (FV3000, Olympus, Japan).



Cell Proliferation

The L929 cells with a concentration of 2 × 104/mL were seeded on the surface of sterilized stents and incubated at 37°C in a humidified environment of 5% CO2. The CCK-8 reagent was added to each stent, and the OD of stent at 1, 3, and 7 days was measured at 450 nm using a microplate reader.



RESULTS AND DISCUSSION


Characterization of Sulfated Chitosan

Supplementary Figure S1 is the result of the 13C NMR spectra of 26SCS. The magnitudes of chemical shift in 26SCS are in good agreement with the data in the previous report (Vikhoreva et al., 2005). There are two peaks at 69 and 60 ppm which represents C6 and C2 of 26SCS, respectively. The stable signal at C2 confirms the low sulfation of aminogroups in synthesized sulfated CS. This suggests that the sulfonation reaction occurs at the location of C6 and C2 of 26SCS.

The mass proportion is 33.19, 5.49, 2.63, and 5.52% for carbon (C), nitrogen (N), hydrogen (H), and sulfur (S), respectively, as shown in Supplementary Table S1. The appearance of sulfur (S) confirms the successful synthesis of 26SCS by using HClSO3. The calculated degree of sulfonation is 44%.

The FTIR spectra of CS and 26SCS powders are shown in Supplementary Figure S2. There are two significant absorption peaks at 1220 and 800 cm–1 for 26SCS compared with CS. The absorption peak at 1220 cm–1 can be attributed to stretching vibrations of O = S = O groups, and the peak at 800 cm–1 are related to stretching vibrations of C-O-S groups (Ghaee et al., 2016). The occurrence of new peaks indicated that synthesis of sulfated CS was successful.

Supplementary Figure S3 shows the mass change of CS and 26SCS with the increase of temperature. There are two stages during the mass loss process of CS and 26SCS. During the first stage, mass loss is mainly caused by water loss, where CS and26 SCS possesses 4 and 9% drop for mass, respectively. Afterward, their mass loss has a dramatic drop to 50%, which results in degradation. It can be found that 26SCS has a faster degradation rate than that of CS, which might be caused by the degradation of sulfonic acid groups.



Characterization of Stents


Morphology Observation of Stents

Figure 3 shows the surface morphology of PCL and S-PCL stents with different magnifications. The 3D-printed PCL and S-PCL stents behaved in tabular shapes with uniform diameters. Under large magnification, the surface of PCL stent was smooth, but the S-PCL stent had a rough and porous surface. This result indicates that the stent surface quality is affected by modification of 26SCS.
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FIGURE 3. SEM images of PCL stent (A–C) and S-PCL stent (D–F) with different magnifications.


The surface quality of stent over the manufacturing process makes effect on their blood compatibility, anti-thrombosis, and vessel healing after deployment in human body. Guerra et al. (2018b) reported that ultraviolet sterilization method can increase surface roughness of 3D-printed PCL stent, and further influence its mechanical properties and degradation behavior. It was also reported that rough surface of stents can highly improve endothelial cell attachment and growth, and smooth surface contributes to endothelia cell migration (Lutter et al., 2014). These results highlight the importance of surface morphology characterization for medical devices. It should be noted that the 26SCS modification can produce a relative rough surface, and this may improve the biological performance of PCL stents.



Mechanical Properties of Stents

Figure 4A shows the testing machine and schematic diagram for lateral crush resistance test, and Figures 4B,C show the force–displacement behavior and stress–strain behavior for PCL and S-PCL stents, respectively. There was no significant difference on the force–displacement or stress–strain behavior between PCL and S-PCL stents, which suggested that 26SCS modification made no effect on the mechanical properties of PCL stents.
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FIGURE 4. Lateral crush resistance test (A), force–displacement curve (B), and stress–strain curve (C).


Bioresorbable stents undergo large deformation and high stresses while being implanted in diseased vessels under cyclic pulsatile loadings, and therefore the assessment of mechanical properties is crucial in stenting technology. In this study, lateral crush resistance tests were performed to simulate the in vivo loadings experienced by stents. The obtained mechanical results were similar with those reported for poly (L-lactic-acid) stents by Wang et al. (2018). It is a fact that bioresorbable polymer has low mechanical strength compared to metal. However, the mechanical properties of these polymers are more dependent on their microscopic characteristics, such as degree of crystallinity, molecular weight, and chemical structure, which make it easy for material processing and improvements. Therefore, bioresorbable polymers such as PCL and PLLA have been considered as potential material candidates for stents.



In vitro Degradation Study

The mechanical properties of BRSs are highly affected by the degradation process. Figure 5 shows the in vitro degradation behavior of S-PCL stents with and without lysozyme. The S-PCL stent showed gradual mass decrease with the increase of degradation time. The weight loss of S-PCL is 16 and 7% with and without lysozyme at 60 days, respectively. It is obvious that lysozyme can accelerate the degradation of S-PCL stent at body temperature.
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FIGURE 5. Degradation behavior of S-PCL stents.


It is well known that degradation of polymer occurs by the way of hydrolysis and enzymatic degradation. Generally, PCL mainly undergoes hydrolytic degradation by the breakup of ester groups, and then experience intracellular degradation when it is highly crystalline with low molecular weight (Woodruff and Hutmacher, 2010). It is reported that the degradation rate of PCL is extremely low, and the total in vivo degradation takes at least 2 years (Sun et al., 2006; Zong et al., 2015). The addition of lysozyme sped up degradation rate by two times, as show in our degradation result. It can be concluded that enzymatic degradation is faster than hydrolytic degradation for PCL. Therefore, it might be useful to modify the degradation rate of polymer by adding suitable aseptic and non-toxic enzyme, such as lysozyme.



Blood Compatibility Assessment


In vitro Hemolysis Analysis

The polymeric stents are deployed in human blood vessels for the treatment of coronary artery disease, and therefore the blood compatibility assessment is essential. RBCs, as one of key components in whole blood, usually have a volume fraction of 40–50%, and its principal function is to deliver oxygen to the tissues by blood flow through circulatory system. Hemolysis test can produce deep understanding of complicated interactions between foreign material and RBCs membrane, and thus often used to assess the hemocompatibility of biomedical polymers. In this study, the in vitro hemolysis assay was conducted to investigate the influence of PCL and S-PCL stent extracts on the hemolytic behavior of RBCs. Generally, material is considered as non-hemolytic with hemolysis below 2%, and hemolytic but acceptable whereas the hemolysis between 2 and 5% (Vurugonda et al., 2017). The result showed that all test samples produced hemolysis below 5%, which indicated that both PCL and S-PCL stents possess good hemocompatibility, as shown in Figure 6.
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FIGURE 6. Hemolytic percentage of RBCs incubated with PCL and S-PCL stent extracts at different time points.




Morphology of RBCs

Scanning electron microscopy was used to investigate the influence of PCL and S-PCL stent on the morphology of RBCs, and PBS was used as control. Normally, RBCs behave in circular shape with concaves, which makes easy to identify the morphological change by interaction with foreign materials. As shown in Figure 7, there is no aggregation of RBCs, and the morphology is as normal as that of PBS control. The result reveals that the PCL and S-PCL stents have little impact on the morphology of RBCs.
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FIGURE 7. Morphology of RBCs in extracts of PCL and S-PCL stent and PBS solution.


Liu et al. (2012) reported that interactions between foreign materials and RBCs are caused by hydrophobic function with the lipid bilayer and electrostatic function with surface charges. With the increase of hydrophobicity, biomaterials may partition into the RBCs membrane and destroy the lipid bilayer, which lead to hemolysis of RBCs. In this study, PCL is considered as hydrophobic polymer, but there is no morphological change observed while interacting with RBCs. As reported, the effect of hydrophobized polymer on RBC morphology is dependent on the concentration of polymers (Liu et al., 2010). Therefore, a relatively low concentration of PCL and S-PCL stent extracts may hardly result in the morphological change of RBCs.



APTT/PT

The APTT and PT are generally used to evaluate the blood coagulation function. The results showed that there are no significant differences on APTT and PT magnitudes between PCL and S-PCL stents with PBS control (Figure 8), which suggested that PCL and S-PCL stents have good blood compatibility.
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FIGURE 8. Effect of PCL and S-PCL stent on APTT and PT compared to PBS control.


Generally, bioresorbable polymers are considered as non-toxic and less likely to cause severe inflammatory response. However, the cytotoxic effect of biodegradable polymer on cells was proved to be dependent on their components, molecular weight, and manufacturing technique. Wang et al. (2014) reported that PLLA/PCL microparticles with low molecular weight induced cytotoxicity and prevented endothelial cell function, while Kang et al. (2008) found that high molecular weight PLLA and PLGA particles were non-toxic to cancer cells. Stents, made by blending PLLA and PCL, were proved to minimize the local acidification and the chronic inflammatory response (Liao et al., 2008). Nanofibrous PLACL/collagen stents possess admirable cardiac cell attachment and growth, compared to direct synthetic PLACL blends (Mukherjee et al., 2011). Therefore, biocompatibility tests were carried out to investigate the biocompatibility of 3D-printed PCL and S-PCL stents, in terms of cell viability assay, hemolysis assay, and blood coagulation assay. All these results showed that both PCL and S-PCL stents are non-toxic and blood compatible, which suggest that 3D-printed stents can be potential biomedical devices in coronary vessels.



In vitro Biocompatibility Assessment


In vitro Cytotoxicity Analysis

The in vitro cytotoxicity is an important biological parameter in the evaluation of biocompatibility of medical devices. Standard CCK-8 assay was carried out to evaluate the L919 cell viability in incubation with the extracts of PCL and S-PCL stents, as shown in Figure 9. The cytotoxic assay indicated that all 3D-printed PCL and S-PCL stents were non-toxic to L929 cells. There was no significant difference of the cell viability between PCL and S-PCL stents, which suggested that both PCL and S-PCL stents were compatible with cell culture. It should be noted that the cell viability of S-PCL stents was higher than that of PCL stents at 60%, 80% concentration of extract, with an approximately 20% increase, which indicated that cell proliferation was enhanced. This positive effect may be caused by 26SCS modification, and thus 26SCS might contribute to enhancement of cell proliferation.
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FIGURE 9. Cell viability with different percentages of PCL and S-PCL stent extracts.




In vitro Live/Dead Staining

Figure 10 shows the Live/Dead staining images of PCL and S-PCL stents after cell culture of 1 and 7 days. The live cells were stained to green and the dead cells were stained to red by Calcein-AM and PI, respectively. It is clear that L929 cells show increasing survival rates on both PCL and S-PCL stents when the cell culture time increases from 1 to 7 days. Moreover, the cells-loaded S-PCL stents obtained a higher survival rate than PCL stents at 7 days. This indicates that both 3D-printed PCL and S-PCL stents have excellent cells compatibility, and S-PCL stents show potential enhancement of cell adhesion and growth.
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FIGURE 10. Live/Dead staining images of L929 cells seeded on the PCL and S-PCL stents after 1 and 7 days.




Cytoskeletal Immunofluorescence Staining

Figure 11 shows the cell adhesion and coverage on the PCL and S-PCL stents after cell culture of 1 and 7 days. The red fluorescent labeled F-actin grows in more and more uniform distribution with the increase of cell culture time, which suggests that the cells behave in extended state and firmly attach to the surface of PCL and S-PCL stents. The coverage of L929 cells on S-PCL stents is also slightly higher than that of PCL stents at 7 days. This suggests that the surface of 3D-printed PCL and S-PCL stents is favorable for cell proliferation.
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FIGURE 11. Cytoskeleton fluorescence staining images of L929 cells seeded on PCL and S-PCL stents after 1 and 7 days.




In vitro Cell Proliferation

The standard CCK-8 assay was also used to evaluate the cell proliferation on PCL and S-PCL stents, and results are shown in Figure 12 at 1, 3, and 7 days. It was found that the cells seeded on both PCL and S-PCL stents produced high proliferation rate over the culture period. There was no significant difference between two types of stents, compared to the control group. This suggested that both PCL and 26SCS were favorable for the cell attachment and growth.


[image: image]

FIGURE 12. Cell proliferation on PCL and S-PCL stents compared to PBS control.




CONCLUSION

In this study, a novel PCL stent was fabricated by 3D printing technique. 26SCS was successfully synthesized and used to modify the surface of PCL stent. Physical characterization results showed that PCL stent obtained good surface which is suitable for endothelial cell attachment and growth, by surface modification of 26SCS. The mechanical property is comparable to that of the existing bioresorbable polymeric stents. The degradation rate of PCL stent was improved by function of lysozyme. In vitro data demonstrated that PCL stents possessed non-cytotoxicity, admirable blood compatibility, and excellent cell compatibility, and 26SCS modification could enhance their cell viability and cell proliferation. Altogether, this current study produces that PCL and S-PCL stents can be potential medical devices for coronary artery disease.
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Periodontitis, a common disease that can lead to bone destruction, periodontal attachment loss, and tooth loss, is the major cause for oral tissue engineering. Experimental periodontitis is a suitable disease-model for studying bone regeneration and the potential therapeutic role of biomaterials on periodontal tissue engineering, as this in vivo model could be employed to mimic the natural host response under bacteria-caused oral pathological environments. Although large animals with ligature-induced periodontitis have mostly been used for experiments, a mouse model is a better choice for several reasons. Inserting ligature threads through the interproximal space between the teeth is the key step in establishing a periodontitis model, and it is easy to achieve in large animals, but difficult in mice due to the limited operating space. In this work, we provide a new and proven approach for periodontitis induction in mice using C+ nickel-titanium root canal files and stainless-steel ligature wires. The validity of this method was assessed by evaluating alveolar bone loss via micro-CT and detecting periodontal inflammation by histological staining and qPCR after the treatments. Progressive alveolar bone loss was observed from day 3 after the ligature-placement. Infiltration and accumulation of F4/80+ macrophage was also detected. In accordance with the histological results, there was upregulation of the expression levels of the inflammatory genes Il1β, Tnf-α, and Il6 in gingival tissues isolated from the ligation sites. Our results suggest that this novel method could resolve the difficulty of ligature-placement in mice and consequently contribute to further use of mouse models for studying the pathological mechanisms of periodontitis and developing potential periodontal tissue regeneration strategies. C+ files, which are made of nickel-titanium, are tough, elastic, and sufficiently thin to pass through the interproximal space between the teeth after pre-bending to form an appropriate angle, thus providing an access for ligature wire insertion. As a common tool in the dental clinic, it is familiar to researchers of oral biology, and can provide the feasibility for wide application of our method.

Keywords: periodontitis, bone loss, animal model, periodontal tissue defects, tissue engineering model


INTRODUCTION

Periodontitis is a chronic inflammatory disease caused by bacterial pathogens and is characterized by inflammatory infiltration and progressive alveolar bone loss (Hajishengallis et al., 2012), and it is highly prevalent all over the world (Lamont et al., 2018). In addition to being the major cause of bone destruction, periodontal attachment loss, and tooth loss in adults, periodontitis is associated with an increased risk of developing fatal systemic disorders such as atherosclerosis (Hajishengallis, 2015), hypertension (Schiffrin and Engert, 2019), rheumatoid arthritis (Potempa et al., 2017), and diabetes (Blasco-Baque et al., 2017; Xiao et al., 2017).

Previous studies on periodontitis therapy examined the clearance of pathogenic bacteria and usage of biomaterials for repairing periodontal defects (Ouchi and Nakagawa, 2020). Thus, there is a strong need to determine the most optimal preventive therapies for periodontitis and perform research on regenerative treatments using appropriate animal models (Liu et al., 2018; Kourtzelis et al., 2019). For example, Datey et al. used a rat periodontitis model and tested the effect of shockwave treatment in combination with antimicrobials on periodontitis (Datey et al., 2019). Apart from the significance of studying periodontitis itself, it is also a suitable model for studying bone regeneration and investigating the potential therapeutic functions (such as anti-inflammation, anti-osteoclast, and osteogenesis) of biomaterials on periodontal tissue engineering, as it is easily obtained and accessible for observation (Eskan et al., 2012; Manilay and Zouali, 2014; Tsukasaki et al., 2018).

Previous studies showed that the animal models of periodontal bone defects, formed by flap surgery and removing alveolar bone tissue with a dental bur, are one of the most widely used bone defect models in the study of periodontal bone reconstruction and regeneration (Nasajpour et al., 2018; Hasani-Sadrabadi et al., 2019). We have been engaged in the research on intervention strategies of periodontal tissue repair under periodontitis. We established a supramolecular hydrogel SDF-1/BMP2/NapFFY, which could effectively repair alveolar bone defects in rats. The above results were published in Tan et al. (2019). We anticipate that the biomaterials developed could replace bone transplantation in a clinical setting for repair of periodontal bone defects under periodontitis. Periodontitis is one of the most common diseases that can lead to alveolar bone defects in oral clinics, which is caused by periodontitis pathogens. Different from the bone defects caused by mechanical factors, periodontitis creates a more complex periodontal ecological environment. Therefore, compared with the animal models of alveolar bone defects constructed by mechanical methods, the animal models of alveolar bone defects under experimental periodontitis are more appropriate to be used to simulate the periodontal micro-environment of periodontitis.

The ligature model is one of the most commonly used models to induce periodontitis because the ligature around the molar accelerates the formation of bacterial-plaque and leads to progressive periodontal attachment loss (Marchesan et al., 2018). In the past decade, dog, rabbit, and rat animal models have been used to study the pathogenesis and mechanisms of periodontitis because oral surgery and ligation are easily accomplished (Bhattarai et al., 2016; Courbon et al., 2019). There is experimental demand for gene-editing strains and experiments with high-quality immunochemical detection reagents, and therefore, mouse models have been increasingly applied to study periodontitis (Offenbacher et al., 2018). Additionally, small animals cost less than larger animals, and it is convenient to maintain mice in specific pathogen-free (SPF) environments. It is the technical problem in inserting the ligature into the interproximal spaces between the molars of the mice that makes use of the mouse model unpopular, because the oral cavity and teeth of the mice are too narrow, and it is difficult for operators to clearly see and place ligatures. Researchers have attempted to implement various methods for ligature-induced periodontitis in mice (Marchesan et al., 2018). Even so, more simple and economical methods are expected to solve the operative difficulties in periodontitis induction.

Here, we carried out an effective method for experimental periodontitis induction using pre-bent C+ Ni-Ti canal files to form an angle that is adapted to the small size of the oral cavity and placing a 0.2-mm orthodontic ligature between the maxillary molars. In this work, we introduce the procedures for ligature placement in detail and present the data that verify the effectiveness of experimental periodontitis induction. This model is suitable for periodontitis induction and is expected to aid in the study of pathological mechanisms and potential therapeutic treatments in periodontitis. In addition to the mechanism of periodontitis, this model can be used for study on the properties of biomaterials and periodontal tissue engineering research.



MATERIALS AND METHODS


Animals

Wild-type female C57BL/6 mice (6–8 weeks old, 18–22 g in weight) were purchased from the animal center of Sun Yat-sen University (Guangzhou, China). All animal-related treatments described in these experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Sun Yat-sen University. Mice were randomly divided into each group (sham or ligature insertion) and maintained in an SPF environment with a temperature of 22 ± 2°C, 55% humidity, light/dark cycle of 12/12 h, and standard food and water (provided by the animal center) ad libitum. Mice were euthanized at 0, 1, 3, 6, and 10 days after surgery followed by micro-computed tomography (CT), histological staining, and quantitative PCR (qPCR) studies. The subject was excluded if the inserted ligatures fell out 3 days after ligature-placement. The investigators were blinded to the group while the data measurements and outcome evaluations were being performed.



Establishment of Experimental Periodontitis in a Murine Model

The previous method of ligature placement around the maxillary second molar is difficult to achieve in mice due to the limited operating space (Marchesan et al., 2018). We explored a simplified method to establish experimental periodontitis model by C+ Ni-Ti root canal files and 0.2-mm orthodontic ligature wires. Mice were anesthetized with an intraperitoneal injection of 1% pentobarbitone (dissolved in PBS, 100 μl/20 g) before the surgery to induce periodontitis. Experimental periodontitis was induced by C+ files (8#, 10#, or 15#, DENTSPLY Maillefer, Switzerland) and insertion of ligature wire (Orthodontic Stainless Ligature Wire, 0.2 mm in diameter) between the left maxillary molars, as described in detail in Table 1. The sham control mice received the same surgery but without wire-placement. The mice were monitored and kept warm until they recovered from the anesthesia. Every 3 days, the mice were anesthetized, and the presence of the ligature wire was evaluated. Animals in which the ligature wire was absent were excluded from the study. After the periodontitis induction, the mice were euthanized by an overdose of anesthesia.


Table 1. Detailed procedure of the modified method to induce experimental periodontitis.

[image: Table 1]



Micro-CT Analysis

Maxillary samples were collected at 0, 1, 3, 6, and 10 days (Jiao et al., 2013) after surgery and scanned with a Scanco μCT50 scanner (Scanco Medical AG, Brutishly, Switzerland) with a resolution of 20 μm at 70 kVp and 200 μA. The 3D images from the buccal and palatal sides were constructed using Materialize Mimics v17.0 software. As for bone loss evaluation, the distance between the cemento-enamel junction (CEJ) and alveolar bone crest (ABC) was measured by the abovementioned software. Twelve sites from each maxillary molar were chosen for measurement, and averaged distances were calculated. Each measurement was repeated three times.



Histological Analysis

The maxillae were dissected at 0, 3, 6, and 10 days after experimental periodontitis treatment and were subsequently fixed with 4% paraformaldehyde. For tissue immunofluorescent staining, the maxillae were then decalcified with 0.5 M ethylenediaminetetraacetic acid (EDTA) for 48 h and embedded at −80°C with compound (OCT, Sakura Finetek, Torrance, CA, USA). Frozen sections were sliced at −25°C and stored at −20°C. After antigen repairing and blocking for 1 h at room temperature in 3% bovine serum albumin (BSA), the slices were incubated overnight using the primary antibody of rat-anti-mouse anti-F4/80 (Abcam Cat# ab16911, RRID:AB_443548). Then, goat-anti-rat Alexa Fluor® 488 secondary antibodies (Abcam Cat#ab150157, RRID:AB_2722511) were used at 1/200 dilution to further stain the slices on the following day. The slices were counterstained with Hoechst 33342 Staining Dye Solution (ab228551) for 10 min at 25°C. Laser-scanning confocal microscopy was employed to detect the fluorescent distribution.



RNA Extraction and qPCR Analysis

At 0, 3, 6, and 10 days after the wire insertion, total RNA was isolated and purified from the gingival tissues surrounding three maxillary molars via a series of centrifugation and extraction treatments using TRIzol reagent, chloroform, isopropanol, and 75% diethyl pyrocarbonate (DEPC)-ethanol. First-strand cDNA was synthesized with 1 μg of total RNA and an oligo (dT) primer using a commercial kit (All-in-One cDNA Synthesis SuperMix, Cat: B24403, Bimake) according to the manufacturer's instructions. The expression levels of inflammatory genes including Il1b, Tnf-α, and Il6 were detected by qPCR using the Roche Real-Time PCR System with SYBR Green (FastStart Essential DNA Green Master, Cat: 35732800, Roche, USA). The detection was independently replicated twice. The expression levels were normalized by β-actin mRNA level.



Statistical Analyses

Differences between multiple groups were evaluated using one-way-ANOVA analysis (Tukey's multiple comparisons test). Differences at P < 0.05 were considered significant. Statistical analyses were performed using the GraphPad Prism software version 7.0 (GraphPad Software, La Jolla, CA, USA).




RESULTS


Morphometric Evaluation of Alveolar Bone Loss After Experimental Periodontitis Induction

For experimental periodontitis induction, the tip of a C+ nickel-titanium root canal file was pre-bent and slowly filed into the interproximal space between the maxillary molars (Figure 1A). The orthodontic ligatures (0.20 mm in width, 3–5 mm in length) were inserted (Figure 1B), as shown in the detailed procedure illustrated in Figure 1C. Furthermore, we present a simple method for fixing the mice to the operating table and exposing the oral cavity using orthodontic ligature wire. More importantly, the average operative time for the model by five independent operators is shown in Supplementary Figure 1. After practicing three times with mice exhibiting different health conditions, the operators were able to successfully place ligature wires on one side of the maxillary molars in less than 10 min, which saved a lot of time. This method is simple and easy to conduct.


[image: Figure 1]
FIGURE 1. An effective and simple experimental mice model for periodontitis research. (A) Pre-bend the 5 mm tip area of the C+ nickel-titanium root canal file, then slowly file into the adjacent space. (B) Orthodontic ligature wires (cut by 0.2 mm in width, 3–5 mm in length) were inserted through interdentium between the first molar and second molar, and the second molar and third molar using a needle holder. (C) Detailed procedures and preparation of the modified wire-placement treatment.


To analyze alveolar bone loss, the distances between the cemento-enamel junction (CEJ) and alveolar bone crest (ABC) were measured at four sites for each maxillary molar (both palatal and buccal, distal and mesial) in three-dimensionally constructed images. The mean distances for 12 sites from each sample were calculated and are presented in millimeters (Figures 2A,B). Both the buccal side and the palatal side were used for evaluation of ligature-induced bone loss in order to reliably assess the damage to the alveolar bone. Morphological alterations in buccal and palatal alveolar bone caused by the progression of wire-induced periodontitis are visually presented in 3D-constructed images, showing prominent bone loss at the mesial and distal sites of the second molar 3 days after periodontitis induction (Figure 2C). As shown, the specimens from the experimental periodontitis groups displayed abrupt aggravation of bone loss from day 3 to day 6 and relatively smooth progression from day 6 to day 10 by assessing the CEJ-ABC distances of 12 sites in the palatal and buccal surfaces.


[image: Figure 2]
FIGURE 2. Orthodontic ligature wire insertion induces progressive alveolar bone loss. (A) Anatomical direction of maxillary molars. (B) Schematics of strategy for bone loss measurement by assessing the distances from the cementoenamel junctions to the alveolar bone crest (CEJ-ABC) on buccal and palatal side. (C) Representative sagittal 3D images viewed from the buccal side and palatal side of the maxillary molars 0, 1, 3, 6, and 10 d after ligature-insertion. (D) Statistical analysis of the linear distance of CEJ-ABC 0, 1, 3, 6, and 10 d after experimental periodontitis operation. Data are shown as mean ± SD. (*P < 0.05, ***P < 0.001, ns, not significant, n = 3, One-way ANOVA, Tukey's multiple comparisons test).


Notably, the CEJ-ABC distance values in the 1d-group were similar to those of the control group that received no ligatures, indicating that the observed progressive alveolar bone loss could hardly be caused by operative damage caused by placement of the orthodontic wire itself (Figure 2D). Furthermore, the average CEJ-ABC distance in the control group was 0.24 ± 0.01 mm, which is larger than the thickness of the orthodontic ligature wire (0.2 mm), indicating that the alveolar bone loss might not be caused by the trauma of wire-insertion. In sum, these data demonstrate that this new method of orthodontic wire placement can simulate progressive bone loss and is appropriate for establishing experimental periodontitis.



Inflammatory Infiltration in Gingival Tissue After Ligature Insertion

A predominance of macrophage infiltration has been observed in the lower region of chronic periodontitis lesions (Kourtzelis et al., 2019; Zhuang et al., 2019). Among the immune cells, macrophages are intensively studied because they might respond to microbial pathogens and further activate the adaptive immune response.

Slices of sagittal molar regions were prepared, and the areas between the first and the second molar were observed by confocal microscopy to detect infiltrated immune cells (Figure 3A). As the data show, there were increasing numbers of F4/80+ macrophages in the periodontal tissue between the first molar and the second molar 6 days after periodontitis induction (Figure 3B). These results indicate that immune cell infiltration occur and also illustrate the potential role of macrophages in the development of periodontitis.


[image: Figure 3]
FIGURE 3. The periodontitis induction method of orthodontic wire insertion aggravates macrophage infiltration in periodontal tissues. (A) Sliced sections of periodontal tissues which were collected at 0, 3, 6, and 10 days after wire-placement. The interproximal space between the first molar and the second molar is observed. Representative confocal images of stained periodontal tissues. Arrowheads mark F4/80+ cells. (scale bar, 25 μm). (B)The number of F4/80 positive cells in the view of (A) between the first and the second molars were calculated at all time points. Data are shown as mean ± SD. *P < 0.05. (n = 3, One-way ANOVA, Tukey's multiple comparisons test).




Differential Expression of Inflammatory Genes Throughout the Duration of Periodontitis

The gingival tissues in the molar region were collected after periodontitis treatments (Figure 4A). The mRNA levels of the inflammatory genes Tnfα, Il1β, and Il6 were detected on different days after ligature-insertion [baseline (0), 3, 6, and 10 d]. As expected, all three inflammatory genes were upregulated after wire insertion as compared to the control group. The expression level of Il1β significantly increased 3 days after the periodontitis operation, which reflects the two well-known cytokines that are characteristic of inflammation in periodontitis and are universally used as detection markers in the acute phase of chronic inflammation.


[image: Figure 4]
FIGURE 4. The new method for periodontitis induction increases expression of inflammatory gene in periodontal tissues. (A) Collection of gingival tissues around the ligature side of maxillary molars. (B) Sequences of gene-specific primers used in qPCR analysis. (C) The mRNA levels of Il1β, Il6, and Tnfα in whole gingival tissues including on 0, 3, 6, and 10 days after ligature-placed sites were determined by qPCR experiments. Results are shown as fold increase relative to the control tissues without experimental periodontitis treatment in mean ± SD. (**P < 0.01, ***P < 0.001, ns, not significant, n = 3, One-way ANOVA, Tukey's multiple comparisons test).


In accordance with the histological data, the expression of the inflammatory genes Il6 and Tnfα markedly increased 10 days after ligature insertion compared with baseline (Figure 4B). Apart from being a protective response to the accumulated microbial pathogens, this increase could trigger the downstream molecular signals that are recognized to accelerate inflammatory disease progression. The primers that were used in the qPCR experiments are listed in Figure 4C. Overall, the results suggest that this model could be appropriate for host response research during periodontitis duration. These results indicated that a simplified orthodontic ligature-induced periodontitis model in mice was successfully established to mimic the inflammation that occurs in the periodontium.




DISCUSSION

Periodontitis is a highly prevalent disease that leads to periodontal attachment loss, bone destruction, tooth loss, and systemic diseases. Experimental periodontitis is a suitable model for exploring anti-inflammatory, osteogenic, and anti-osteoclast characteristics of biomaterials in bone regeneration, as it is easy to create and is accessible for observation. The application of animal models has been limited by several factors, such as small oral cavity size, operative difficulty, and expense (Suzuki et al., 2006). Mice are the most ideal animal models for pathological and therapeutic research of periodontitis, because the mouse-derived antigen of the experimental specimen can be detected sensitively with high-quality immunochemical detection reagents. Furthermore, the cost of experiments with small animals is lower than that of large animals. In addition, compared with large animals, it is more convenient to keep mice in SPF environments for long-period researches.

According to the traditional method, inserting the ligature threads through the interproximal space between the 2nd and 3rd molars and the interproximal space between the 1st and 2nd molars is the key step to establishing the periodontitis model, and it is easy to achieve in large animals, but difficult in mice due to the limited operating space. As murine molars have a size range of 0.4–1.2 mm2, the traditional ligature placement around the maxillary second molar requires proficient technical skill (Marchesan et al., 2018). Furthermore, it is difficult to insert 0.2-mm stainless steel orthodontic ligature wire into the interproximal space because of the blockage of gingival tissues, which creates a barrier. Although 0.2-mm stainless steel orthodontic ligature wire is sufficiently durable to pass through the interproximal space and could promote bacterial accumulation (Alves de Souza et al., 2008), orthodontic wires are easily bent and deformed. In this work, we provide a unique perspective on a new method using orthodontic ligature wires and C+ Nickel titanium root canal files.

C+ nickel-titanium root canal files are stiff and durable, yet elastic. They have been used by dental operators to probe the narrow orifice of calcified root canals and determine their location via tactile feedback, which will indicate the sites of the tiny interproximal space between molars. An appropriate angle can be formed in pre-bent C+ nickel titanium root canal files, which are sufficiently thin and can pass through the interproximal space to assist with identifying the blockage of gingival tissues, thus providing an access point for the insertion of orthodontic ligature wires. To the best of our knowledge, we are the first to report a method for initiating experimental periodontitis using C+ nickel-titanium root canal files and orthodontic ligature wires.

Accordingly, micro-CT, histological staining, and inflammatory gene detection by qPCR were used to confirm the effect of experimental periodontitis induction. As the results show, the new approach simulates progressive bone loss and accelerates inflammatory infiltration. Hajishengallis et al. reported that the placement of ligature threads in mice caused alveolar bone loss by the natural accumulation of bacteria but not by mechanical trauma (Abe and Hajishengallis, 2013). Studies also reported that endogenous microorganisms could lead to periodontitis in ligation-treated mice (Abe and Hajishengallis, 2013; Jiao et al., 2013). Similar to the ligature threads that are used in the ligature model, orthodontic ligature wires, which are applied in dental treatments, provide an ideal habitat for the oral bacteria that cause periodontal diseases (Chun et al., 2007). As reported, orthodontic wire-induced oral plaque is the major cause for periodontal inflammation in orthodontic treatments (Liu et al., 2011).

Our data also verified that insertion of 0.20-mm orthodontic ligatures would not harm the alveolar bone or gingival tissue because no bone loss was observed in micro-CT analysis 1 day after wire placement. The results revealed that sustaining the successful periodontitis phenotype was dependent on accumulation of an endogenous oral microbiota rather than as a result of operative trauma to the periodontium. Like previously reported ligature models (Liu et al., 2018; Kourtzelis et al., 2019), our orthodontic-wire-induced gingival inflammation and alveolar bone loss but did not result in robust inflammation or bone damage. We took the study by Jiao et al. (2013) for reference, which applied the mice model by 10-day ligature placement. And the studies have induced alveolar bone loss and inflammatory infiltration, which represent the successful establishment of periodontitis. We decided to execute the mice 10 days after periodontitis induction so as to prove that our method could promote alveolar bone loss as effectively as the traditional one. Thus, this method can be used to mimic alveolar bone loss and gingival inflammation in periodontitis with minimal assistance and is appropriate for establishing experimental periodontitis.

The most noteworthy advantage of our method is that the tools of our presented method are economic and feasible. Focusing on the same problem, Marchesan et al. recently developed an approach to place ligature threads between molars, using an appliance they designed by 3D-printing technique (Marchesan et al., 2018). In this work, we provide a new and proven method using orthodontic ligature wires and C+ Nickel titanium root canal files. These two tools are common in dental clinics but not usual in other institutes. The other researchers may probably not be as familiar with these tools as the dental researchers. However, since using the C+ Ni-Ti root canal files and orthodontic ligature wires is economic and feasible, more researchers could learn this simple method and apply it to their future research after reading this work. More importantly, our facile method can be conducted by a single operator without assistance and in less than 10 min after practicing, thus saving much time. Our modified wire-induced periodontitis model can be used in conjunction with periodontal pathogens to mimic the host response and develop anti-bacterial therapy. The short operative time of our method is advantageous for the survival of exogenous anaerobic periodontal pathogens.

We think this technique can be further used in rats, rabbits, dogs, goats, or larger animals by using thicker ligature wires and larger sizes of C+ Ni-Ti root canal files. The creative technique can greatly improve research efficiency, success rate, and technical limitations. In addition to pathological mechanism research, experimental periodontitis is a suitable disease model for studying bone regeneration and elucidating the potential therapeutic role of biomaterials on periodontal tissue engineering. Once serious alveolar bone loss has occurred, it is difficult to achieve restoration and regeneration. Tao et al. developed an injectable woven bone-like hydrogel to help alveolar ridge bone remodeling after tooth extraction, so as to preserve enough bone for the insertion of dental implants (Yang et al., 2020). In oral clinic, it is common that periodontitis leads to alveolar bone loss, tooth loosening, and falling off, which require dental implant treatment. Establishing the animal model mimicking the bone microenvironment is becoming increasingly necessary to explore bone substitute biomaterials. This in vivo periodontitis model could be used preclinically to investigate potential tissue engineering treatments under bacteria-caused pathological oral environments. Using this model to test the antibacterial, anti-inflammatory, and osteogenic properties of biomaterials under the condition of periodontitis will help to verify the therapeutic effect of biomaterials on alveolar bone defects caused by periodontitis, so as to provide evidence for their future clinical applications. What is more, our study inspired an enlightening thought that we can create novel and efficient methods for establishing traditional animal models through multidisciplinary collaboration. Cross-subject research is a new trend in the future. This technique is a new combination of clinical endodontics and basic periodontological research.

In conclusion, we explored a novel approach to generating a mouse model of periodontitis induction. The results showed that progressive alveolar bone loss and periodontal inflammation were observed after placement of orthodontic ligature wires. Therefore, our model could be suitable for studying the pathogenesis of periodontitis, the mechanism of periodontal defects, and regenerative treatments.
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Background: Grafting of biomaterial in alveolar defect facilitates bone healing and orthodontic treatment. BMP2-functionalized biomimetic calcium phosphate (BioCaP) graft had shown excellent bone defect healing potential in many preclinical studies. In this study, we aimed to investigate the influence of BioCaP graft on surgical alveolar bone defect healing during orthodontic tooth movement (OTM) in beagle dogs.

Methods: Nine Beagle dogs were randomly assigned to three groups: control, deproteinized bovine bone (DBB), and BioCaP. The maxillary second premolars were protracted into the defects of the extracted maxillary first premolar for 8 weeks. The rate of OTM, alveolar remodeling and bone defect healing were evaluated by histology, histomorphometry, and cone beam computed tomography (CBCT) imaging. Periodontal probing depth was analyzed. Gingival cervicular fluid was collected at week 4 and 8, and the IL-1β level was measured by ELISA.

Results: The histological sections of the bone defect showed more newly formed bone in the BioCaP group. The percentage of new bone formation in the BioCaP group was 1.61-, and 1.25-fold higher compared to the control and DBB group, respectively. After 8 weeks of OTM, the resorption rate of BioCaP was 1.42-fold higher compared to DBB. The root resorption index in the DBB group was 1.87-, and 1.39-fold higher compared to the control and BioCaP group, respectively. CBCT images showed 1.92-, and 1.36-fold higher bone mineral density in the BioCaP group compared to the control and DBB group, respectively. There was no significant difference in OTM among the three groups. The distance between the enamel cementum and the crest of the alveolar ridge in the control group was 1.45-, and 1.69-fold higher compared to DBB and BioCaP group, respectively. Periodontal probing depth at week 8 was reduced in the BioCaP group compared to the control. IL-1β concentration in the gingival cervicular fluid was significantly lower in the BioCaP group compared to the control group at week 4 and 8.

Conclusion: BioCaP graft robustly promoted bone regeneration and alveolar bone defect healing without affecting OTM. BioCaP graft caused less alveolar bone recession and root resorption of traction tooth with favorable periodontal attachment level indicating that BioCaP as a bioactive and functional bone filling material for alveolar bone defects during orthodontic treatment.

Keywords: biomimetic calcium phosphate granules, deproteinized bovine bone (DBB) graft, orthodontic tooth movement, alveolar defects, bone regeneration


INTRODUCTION

Alveolar bone defects are frequently encountered during orthodontic treatment. The alveolar defects during orthodontic treatment are mainly caused by the removal of neighboring teeth, surgical-orthodontic treatment, and severe periodontitis. Grafting of biomaterials in alveolar defects before orthodontic tooth movement (OTM) had shown successful bone regeneration during orthodontic treatment (Hossain et al., 1996). Previous studies had confirmed that the bone-filling materials facilitate teeth movement and stimulate alveolar bone deposition under orthodontic force (Hossain et al., 1996; Yilmaz et al., 2000; Oltramari et al., 2007; Klein et al., 2019; Nagy et al., 2019). Therefore, the cost-effective alveolar bone defect-filling materials are in high demand in orthodontic clinics.

Alveolar bone surgery can speed up orthodontic tooth movement (Hibino and Wong, 2009; Kim et al., 2015b). Usually, the orthodontic force is applied for at least 3 months after alveolar bone healing (Mayer et al., 1994; Nakamoto et al., 2002). Teeth traction force can be applied immediately to accelerate OTM after the graft material is placed into the surgical defect (Ahn et al., 2014). The early stage of OTM after material grafted in alveolar surgical defect promotes bone regeneration (Ahn et al., 2014). Bone graft materials and techniques accelerate tooth movement into the alveolar defect with healthy bone regeneration (Reichert et al., 2010; Ahn et al., 2014; Tsai et al., 2017). In the case of bone grafting during orthodontic treatment, bone regeneration, graft stability, and any side effects around orthodontic teeth or the periodontium should be meticulously evaluated (Hossain et al., 1989, 1996; Sheats et al., 1991; Araujo et al., 2001; Kawamoto et al., 2002). The satisfactory outcome of early OTM following regenerative surgery suggests that the biomechanical stimulation may not jeopardize the regenerative effect (Tsai et al., 2017). Therefore, the ideal bone grafting materials for orthodontic treatment should have the potential to protect the orthodontic teeth and enhance alveolar bone regeneration.

BMP2 is a potent osteogenic growth factor that also promotes alveolar bone regeneration (King et al., 1997). Literature had reported various BMP2-loaded biomaterials for alveolar bone regeneration (Selvig et al., 2002; Rao et al., 2013; Oortgiesen et al., 2014). However, the clinical use of BMP2-loaded biomaterials for alveolar bone regeneration is still controversial mainly due to the adverse effects of burst released high dose BMP2 (James et al., 2016). We have developed BMP2-functionalized biomimetic calcium phosphate (BioCaP) granules with excellent biocompatibility, osteoconductivity, and osteoinductivity (Liu et al., 2014, 2017; Wang et al., 2019). Biomimetic coating of BMP2 and calcium phosphate onto the surface of the material is an attractive approach for controlled release of BMP2 (Wernike et al., 2010; Wang et al., 2017). BioCaP has shown sustained release of BMP2 both in vitro and in bone defect site (Zheng et al., 2014; Liu et al., 2017, 2018). Moreover, BioCaP promoted critical size bone defect healing in both small animal and large animal models (rats, rabbit, dog, and sheep) in different anatomical sites (cranial defects and femoral defects) (Liu et al., 2010, 2014, 2017, 2018; Wang et al., 2017, 2019). One cubic centimeter (1 mL) of BioCaP granules loads 140 μg of BMP2 and robustly promotes critical size bone defect healing (Liu et al., 2017, 2018; Wang et al., 2017). A dose of 1.5 mg/ml of rhBMP2 was identified as the most effective concentration for de novo Bone (Boyne et al., 1997, 2005). BioCaP bone graft reduces the dose of BMP2 required for in vivo bone regeneration by 10-fold (Boyne et al., 1997, 2005; Liu et al., 2017, 2018; Wang et al., 2017). That could minimize the adverse effects of high dose BMP2 during clinical uses as well as reduced the economic burden of expensive rhBMP2. Therefore, the BioCaP granules could be a promising bone graft for alveolar bone defect healing during orthodontic treatment. However, the potential of BioCaP to heal alveolar bone defect during orthodontic treatment and its effect on OTM has not been investigated yet.

The aim of this study was to analyze the efficacy of BioCaP-graft on surgical alveolar bone defect healing during orthodontics tooth movement (OTM) in a large animal model. We analyzed surgical alveolar bone defect healing in the canine orthodontic treatment model. And DBB bone graft was used as a standard control. We studied the possible effect of BioCaP bone graft on OTM. BioCaP granules robustly enhanced alveolar bone regeneration and preserved the root resorption of OTM teeth compared to DBB. Moreover, the BioCaP bone graft in alveolar defect adjacent to OTM teeth did not obstruct the OTM, reduced inflammation, and preserved periodontal tissue. Our findings indicate BioCaP as a promising osteoinductive biomaterial to improve alveolar bone regeneration during orthodontic treatment.



MATERIALS AND METHODS


Fabrication of BioCaP

BioCaP was fabricated by refining a well-established biomimetic mineralization technique described in our previous studies (Wu et al., 2011; Liu et al., 2013, 2014, 2017). Briefly, a CaP solution (200 mM HCl, 20 mM CaCl2·2H2O, 680 mM NaCl, and 10 mM Na2HPO4) was buffered by TRIS (250 mM) to a pH of 7.4. In order to sterilize the CaP solution, it was filtered with a vacuum filter (0.22 μm pore) before buffering. All the following procedures were performed under aseptic conditions. After buffering, the solution was incubated in a shaking water bath (50 agitations/min) at 37°C for 24 h. The solution was removed, and the precipitated material was gently washed by Milli-Q water, filtered, and compressed to a block using a vacuum exhaust filtering (0.22 μm pore, Corning, NY, USA). After drying at room temperature for 2 h, the compacted block was ground and filtered in metallic filter mesh to obtain different sizes (250–1,000 μm) of granules.



Biomimetic Coating and BMP2 Incorporation

The superficial coating of calcium and phosphate was deposited on BioCaP according to the procedure described before (Liu et al., 2005; Wu et al., 2010). Briefly, the coating solution, 40 mM HCl, 4 mM CaCl2·2H2O, 136 mM NaCl, 2 mM Na2HPO4, and 50 mM TRIS (pH 7.4) in total volume of 20 ml was prepared. BioCaP was incubated in the coating solution in a shaking water bath (50 agitations/min) at 37°C for 24 h. The protein BMP-2 (INFUSE® Bone Graft, Medtronic, USA) was added in the supersaturated solution (coating solution) of calcium phosphate at a final concentration of 1 μg/ml, and was subsequently co-precipitated into the biomimetic calcium phosphate coating of the BioCaP granules. The samples were then freeze-dried and characterized as described previously (Zheng et al., 2014; Liu et al., 2017). The entire procedure was conducted under sterile conditions. BioCaP granules with a diameter of 250−1,000 μm were selected in this experiment, which is the size of DBB granules used in this study.



Experimental Groups and Animal Model

All in vivo experiments of this study were carried out in accordance with the principles of the Basel Declaration and recommendations of Zhejiang University Laboratory Animal Center. The protocol was approved by the Ethics committee of the Zhejiang University Laboratory Animal Center (ethic approval number: ZJU20190057, approval date: 2019.05.20). Nine male Beagle dogs (1 year old, 11–13 Kg body weight) were housed in separate cages in the SPF level large animal room of Zhejiang University Laboratory Animal Center. Total 18 examples of maxillary second premolars were randomly allocated to three equal groups to receive the following treatments: Control group (no treatment-negative control), BioCaP group (experiment group), and DBB group (positive control group).

After intraperitoneal anesthesia with 3% pentobarbital sodium (1 ml/kg body weight), dental models of all groups were taken from alginate impression materials (Harbin Dental Equipment Factory, China) and sent to the processing plant (Technical Center of Dental Hospital Affiliated to Medical College of Zhejiang University to produce orthodontic traction devices. Before surgery, the alveolar region of each dog was scanned for CBCT images using NEWTOM 3G QR-DVT9000 CBCT machine (QR r.s.l, Verona, Italy).

Under anesthesia, each dog was fixed on the experimental table in the supine position and injected with the acute infiltration anesthesia Primacaine (SATELEC, France) into the gingival of first and second premolar on both sides of the maxillary. After skin disinfection (0.5% iodophor solution) to the operation sites, the gingival of bilateral maxillary first premolars were cut, and the gingival flaps were pushed to the buccal side. After extraction of the first premolars, a 4.5 mm diameter, and 6 mm deep bone defect was prepared by using a slow-speed dental motor (Korea, MARATHON-3) crack drill at the extraction wound. This defect did not contact with the root of maxillary second premolar. About 110 mm3 volume of BioCaP and DBB granules were implanted in the Bio-CaP and DBB group, respectively. The control group defect was left empty. The implant was covered with Bio-Guide (Geistlieh AG, Switzerland) and sutured the gingival flap at the bone defect. Penicillin (500 U/day) was injected intramuscularly up to 3 days after surgery.



Orthodontic Traction

CBCT image was taken after 1 week of surgery. Orthodontics appliance was bonded on the maxillary arch, and the distance from the fourth premolar cervix to the second premolar cervix of each side was measured by vernier caliper. The orthodontic appliance consisted of a 0.019 × 0.025 inch stainless steel square wire as sectional archwire with tip back for bodily movement of the second premolar, attached with standard tubes (0.022 × 0.028 inch) on the maxillary canine and second premolar. The maxillary second premolar was pulled by a 0.012 inch nickel-titanium closed coiled spring (GRIKIN Advanced Material Co., Ltd., China) to the alveolar bone defect (mesial direction) using the canine teeth as an anchorage. The nickel-titanium closed coiled spring was pulled to until the Orthodontic dynamometer force value is 150 g, and was fixed on the orthodontic appliance by a 0.010 inch ligation wire. After traction, soft food was served. The orthodontic appliances were checked every 3 days to make sure they were not debonding. The distance from the cervix of maxillary 4th premolar to the cervix of maxillary 2nd premolar of each dog was measured every 2 weeks. The traction force was added to maintain the pulling force generated by the coil spring. The change of the distance from the maxillary fourth premolar cervix to maxillary second premolar cervix was considered as the OTM (Kim et al., 2015a). Periodontal probing depth analysis of orthodontic tooth indicates the status of periodontal tissue (Hung and Douglass, 2002). Periodontal probing depth of the maxillary second premolar was measured at the mesial side (mesial-buccal side, mid-buccal side, distal-buccal side, mesial-palatal side, mid-palatal side, and distal-palatal side) in every 2 weeks.



Level of IL-1β in Gingival Crevicular Fluid

Gingival crevicular fluid (GCF) is a biological exudate from periodontal tissue and its concentration of pro-inflammatory cytokines, including interleukin-1β (IL-1β) indicates alveolar bone resorption, and inflammation (de Aguiar and Perinetti, 2017). After 4 and 8 weeks of OTM, GCF was collected from the mesial gingival crevice of the second premolar using a no. 30 sterile paper point (Javed et al., 2014). The volume of GCF and the concentration of IL-1β were analyzed. Briefly, the sterile paper point was inserted in the mid-buccal gingival crevice of the orthodontic tooth and held in place for 60 seconds. The GCF volume density was considered as 1, and the volume of GCF was showed by the difference in weight. After sample collection, paper points were transferred to sterile microcentrifuge tubes and stored in −80°C refrigerator. The adsorbed volume of GCF in each paper point was weighed using an analytic digital balance before and after collection immediately. Each paper point was eluted by 80 μl phosphate buffer (0.01 mol/l pH 7.4) for 1 h and the buffer solution was centrifuged at 3,000 rpm for 20 min in at 4°C. IL-1β concentration in the eluted solution was analyzed by enzyme-linked immunosorbent assay (ELISA, Shanghai Haling Biological Technology Co., Ltd.).



Alveolar Tissue Collection and Histology

After 8 weeks of traction, CBCT was taken again, and all Beagle dogs were sacrificed with an overdose of sodium pentobarbital. The maxillary bone with maxillary teeth was collected and fixed in the 10% formalin solution for 48 h. The hard tissue section and staining were processed at the Department of Oral Pathology of Beijing PLA General Hospital. Briefly, after 70, 80, 90, 95, and 100% alcohol dehydration (24 h for each liquid), the mixture of 3:1, 1:1, 1:3 alcohol and Technovit 7200 (volume ratio) was pre-impregnated (24 h for each liquid), and finally soaked in pure Technovit 7200 solution for 3 days, and then polymerized and embedded in embedding machine (Germany EXAKT-520). Tissue grinding slices were made by using a hard tissue-slicing machine (German EXAKT-300CP) to cut 200 microns thick slices. The slices were polished by grinding machine (German EXAKT-400CS). The final thickness of the grinding disc was determined by the thickness measurement induction device and micrometer. Each section was stained by MC NEAL's staining method (Liu et al., 2017). Each hard tissue slice contains the mesial root of the second premolar, and the section passed through the median section of the alveolar bone defect.



Data Collection
 
Analysis of Newly Formed Bone

The alveolar bone defect area occupied by mineralized bone (lamellar and immature type), granules of bone filling material, and other tissues were determined by the use of a point-counting procedure and a lattice with 100 points (Zhang et al., 2011). The percentage of new bone as new bone formation ratio was calculated by dividing the area of bone tissue by the total area of the defect at each slice.



Residual Ratio of Bone Filling Material

The percentage of bone filling material was calculated by dividing the area of residual bone filling material by the total area of defect at each slice after traction of 2 months. We prepared the same size bone defect on a plastic model and filled the blood-soaked bone filling material to imitate the operation. Sections were made in the median section to estimate the percentage of bone defect area of these two kinds of filling materials (BioCaP or DBB) in the original condition. The residual rate of bone filling material was obtained by dividing the percentage of material in the section after traction by the percentage of original material (Liu et al., 2017).



Tooth Resorption Index Analysis

Image-Pro Plus 6.0 software was used to measure the area of resorption lacunae and the total root area on the mesial surface of the mesial root of the maxillary second premolar (orthodontic traction tooth) in each slice, and the root resorption index was calculated by using the following formula (Goldie and King, 1984).

[image: image]
 

Radiographic Gray Value of Bone Mineral Density

CBCT images were taken under anesthesia before surgery, 1 week after surgery, and 8 weeks after OTM. All CBCT images were imported to Mimics 15.0 software (Materialise Company, Belgium) and 3-dimension remodels built. We found the area of alveolar bone defect in the CBCT images 1 week after surgery and measured the volume data of the defect and filling materials. Through this localization, we also found the location of the alveolar bone defect in CBCT reconstruction images after 2 months of traction. We measured the Gray value, which serves as an indicator for bone density of the alveolar bone defects in all groups. By calculating the average radiographic gray value of bone defect area in 6 sections from buccal to palatal side, the parameters of bone mineral density were developed.



The Retraction Distance of Alveolar Ridge

The maxillary second premolars (orthodontic teeth) were found in the CBCT images before surgery, and the distances from the enamel-cementum boundary to the alveolar crest of the mesial side of the mesial root were measured in 3 sections from buccal to palatal side. The original height of alveolar crest was obtained by calculating the average of the above three values. And the height of alveolar crest after traction was calculated in the same way in the CBCT images 2 months after traction. The retraction distance of alveolar ridge was obtained by subtracting the height of alveolar ridge after traction from the original height of the alveolar ridge.




Statistical Analysis

Data were submitted to SPSS ver. 19.0 (IBM Corporation, NY, U.S.A.) for analysis. All data are presented as mean values with the standard deviation (mean ± SD). A comparison of data within groups was performed using analysis of variance (ANOVA) followed by a post-Dunnett T3 test when ANOVA suggested a significant difference between groups. The significance level was set at p < 0.05.




RESULTS


BioCaP Graft Enhanced Bone Regeneration and Alveolar Bone Defect Healing During OTM

The amount of encapsulated BMP2 in BioCaP granules and their release profile are well-documented in our previous studies (Liu et al., 2014, 2017, 2018; Zheng et al., 2014; Wang et al., 2019). Similarly, the extensive physicochemical characterization of BioCaP is available in our published papers (Liu et al., 2014, 2017; Wang et al., 2019). Histological images showed very less amount of newly formed bone in the control group (Figures 1A,A1). Bone regeneration was slightly improved in the DBB group (Figures 1B,B1). We observed robust bone regeneration in the BioCaP group compared to the control group and DBB group (Figure 1). High-resolution images illustrated newly formed bone nearby or around the BioCaP granules. Dental root erosion was observed in the DBB group (Figure 1). The area of newly formed bone tissue was evidently less in DBB-group compared to the BioCaP group. Multinucleated osteoclast-like cells were observed only in the DBB group, which explains the dental root erosion in the DBB group (Figures 2A,A1). The absence of multinucleated osteoclast-like cells in the BioCaP group indicates the less immunogenicity and higher biocompatibility of BioCaP granules. A densely stained newly formed bone was observed in the BioCaP group (Figures 2B,B1). Similarly, blood vessels like structures were observed only in BioCaP group (Figures 2B,B1). In the control group, most of the bone defect area was filled with fibrous connective tissue (data not shown).


[image: Figure 1]
FIGURE 1. Representative histological images of the bone defect slices from (A) Control, (B) DBB, and (C) BioCaP group at week 8. (A1–C1) are high-resolution images of (A–C), respectively. White triangle, dental root; asterisk, newly formed bone; black arrow, DBB; yellow arrow, BioCaP.



[image: Figure 2]
FIGURE 2. Representative histological images of the bone defect slice in DBB group and Bio-CaP group. (A) Bone remodeling process in DBB group at week 8. (A1) High-resolution image of (A). (B) Bone remodeling process in BioCaP group at week 8. (B1) High-resolution image of (B). Yellow arrows, multinucleated cells; asterisk, newly formed bone; black arrow, fibrous tissue; black triangle, blood vessel like structure.


Quantitative analysis data showed 1.30-fold higher newly formed bone percentage in the DBB group compared to the control group (Figure 3A). In the BioCaP group, newly formed bone percentage was increased by 1.61-, and 1.25-fold compared to the control group and DBB group, respectively. Remaining graft material at week 8 was 1.45-fold higher in the DBB group compared to the BioCaP group (Figure 3B). Resorption rate of graft material was 1.42-fold higher in the BioCaP group compared to the DBB group (Figure 3C).


[image: Figure 3]
FIGURE 3. BioCaP grafting enhanced bone formation and degradation of graft material. (A) Percentage of newly formed bone at week 8. (B) Percentage of remaining graft materials at week 8. (C) The resorption rate of graft materials at week 8. Data are presented as mean ± SD, from six independent experiments. Significant effect of the treatment, **p < 0.01.




BioCaP Graft Enhanced Bone Mineral Density in the Alveolar Defects

CBCT images were taken at baseline, 1 week after grafting, and 8 weeks after OTM (Supplementary Figure 1). We measured the Gray value, which serves as an indicator for the bone density of the alveolar bone defects in all groups. The bone density in the BioCaP group was 1.92-, and 1.36-fold higher compared to the control and DBB group, respectively. Both histological and CBCT images showed distinct bony alveolar ridge in the BioCaP group compared to the DBB group (Figures 1, 4). In contrast, almost empty alveolar defects in the control group and mostly DBB filled alveolar defect were observed in the DBB group (Figures 1, 4).


[image: Figure 4]
FIGURE 4. (A) Representative CBCT images at week 8, (a) Control, (b) DBB, and (c) Bio-CaP group. (B) Gray value of bone graft defect (Hu). (C) Reduction of the alveolar ridge crest (mm). Data are presented as mean ± SD, from six independent experiments. Significant effect of the treatment, **p < 0.01. Yellow line, alveolar bone ridge.




BioCaP Graft Alleviated Root Resorption and Alveolar Retraction

The root resorption index in the DBB group was 1.87-fold higher compared to the control group (Figure 5A). Although the higher trend of the root resorption index was observed in the DBB group compared to the BioCaP group, the effect was not statistically significant. The distance between the enamel cementum and the crest of the alveolar ridge in the control group was 1.45-, and 1.69-fold higher compared to DBB and BioCaP group, respectively (Figure 5B). There was no significant difference in distance from the enamel cementum to the crest of the alveolar ridge between the DBB and the BioCaP group (Figure 5B). BioCaP did not affect root resorption and resulted in the minimum distance between the enamel cementum and the crest of the alveolar ridge compared to the control and DBB group.


[image: Figure 5]
FIGURE 5. Bio-CaP didn't affect the dental root resorption and maintained the distance from the enamel cementum to the crest of the alveolar ridge. (A) The root resorption index at week 8. (B) The distance from the enamel cementum to the crest of the alveolar ridge at week 8. Data are presented as mean ± SD, from six independent experiments. Significant effect of the treatment, *p < 0.05, and **p < 0.01.




BioCaP Graft Favored Maintaining the Periodontal Attachment

Periodontal probing depth of orthodontic teeth was measured every 2 weeks during orthodontic traction. The periodontal probing depth tends to increase in the control group compared to the DBB group, but the difference was not statistically significant. The PDD was lowest in the BioCaP group compared to the control group and DBB group. However, the periodontal probing depth in the control group was significantly greater than the BioCaP group only at week 8. There was no significant difference in periodontal probing depth between DBB and BioCaP group at all the tested time points (Table 1).


Table 1. Periodontal probing depth (mm) of orthodontic teeth.
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The Differences in OTM Value Were Not Significant Among the Tested Groups

OTM was measured every 2 weeks for all groups during Orthodontic traction. All sites of alveolar bone defect and extraction healed smoothly after the surgical procedure. There was no incidence of infection, suppuration, or death. After the activation of the orthodontic device, the orthodontic teeth (bilateral maxillary second premolars) started to move in the mesial direction. CBCT images before and after orthodontic exertion revealed that the mesial root of all maxillary second premolars was located within the area of alveolar bone defects (Figure 4A). The total OTM was 2.90 ± 0.84 mm in BioCaP group, 3.59 ± 1.25 mm in the DBB group, and 3.42 ± 1.55 mm in the control group (Table 2). There was no significant difference in the distance traveled during OTM among the three groups (Figures 6A,B).


Table 2. OTM at 2 weeks interval.
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FIGURE 6. The distances of OTM were less in Bio-CaP group compared to other groups. (A) The mean accumulated distance of OTM at 8 weeks, (B) Rate of OTM at 2 weeks interval. Data are from six independent experiments.




BioCaP Graft Alleviated IL-1β Concentration in GCF

DBB or BioCaP graft did not affect GCF volume in the OTM site at week 4 and 8 (Figure 7A). However, the concentration of IL-1β in GCF was the lowest in the BioCaP group compared to the control and DBB group (Figure 7B). DBB group failed to reduce the IL-1β concentration in GCF compared to the control group. Our results indicate the anti-inflammatory or less immunogenic property of the BioCaP scaffolds.


[image: Figure 7]
FIGURE 7. In BioCaP group the volume of GCF was not affected but and IL-1β concentration was reduced. (A) Volume of GCF and (B) Concentration of IL-1β in GCF at week 4 and 8 of OTM. Data are presented as mean ± SD, from six independent experiments. Significant effect of the treatment, *p < 0.05.





DISCUSSION

The impact of various xenograft or biomaterial grafts in the orthodontic treatment had been reported (Hossain et al., 1989, 1996; Araujo et al., 2001, 2009; Reichert et al., 2010). Xenograft or biomaterial grafts facilitates orthodontic treatment but has inferior bone regenerative potential compared to auto-bone graft. This might be mainly due to the lack of osteoinductive potential of the bone grafts. DBB materials, such as Bio-OssR, are acellular products from bovine bone, which has been widely used to augment alveolar ridge. However, the osteoinductivity and biodegradability of DBB are unsatisfactory (Araujo et al., 2001; Ahn et al., 2014). In this study, we aimed at evaluating whether the biomimetic and osteoinductive BioCaP could be better graft material for alveolar bone defect in sequent OTM compared to the commonly used DBB xenograft. BioCaP graft robustly enhanced bone regeneration and graft biodegradation compared to DBB. Moreover, the BioCaP graft did not influence the OTM rate and was less immunogenic compared to DBB, but preserved the orthodontic tooth root erosion, reduced inflammation, and maintained the periodontal attachment as illustrated in Figure 8. The results of our study indicate BioCaP as a promising graft material for alveolar or periodontal bone regeneration during orthodontic treatment.


[image: Figure 8]
FIGURE 8. Scheme illustrating the procedure and main findings of this study.


Fabrication technique of BMP2-functionalized BioCaP granules, physicochemical properties, in vitro and in vivo BMP2 release profile, biocompatibility, osteoconductivity, osteoinductivity, and bone defect healing potential of BioCaP had been extensively investigated in our previous studies (Hunziker et al., 2012; Liu et al., 2014, 2017, 2018; Zheng et al., 2014; Wang et al., 2017, 2019). DBB xenograft lacks osteoinductivity but has been commonly used as alveolar defect filling material during OTM treatment. In this study, BioCaP robustly enhanced alveolar bone defect healing during OTM. Histological images and CBCT images clearly indicate the higher amount of newly formed bone and distinct alveolar ridge in the BioCaP group compared to the DBB group. Alveolar bone defect healing process and duration in the dog are similar to that in humans (Giannobile et al., 1994). Therefore, we used orthodontic traction in the surgical alveolar bone defect in Beagle dogs. Immediate orthodontic traction after alveolar bone grafting accelerates OTM and bone mineralization in the tension side (Ahn et al., 2014). Furthermore, Seifi and Ghoraishian (2012) concluded that tooth movement could start immediately before healing of the grafting site. In this study, we started orthodontic traction 1 week after BioCaP or DBB grafting, which coincides with the early stage of woven bone formation (Ahn et al., 2014). Orthodontic treatment facilitates the healing of not only woven bone but also alveolar bone (Araujo et al., 2001; Reichert et al., 2010). In this study, only BioCaP grafting showed effective bone regeneration and alveolar bone defect healing in comparison to empty defect or DBB grafting (Figures 1–4). Our result indicates the BioCaP as a cost-effective graft material to fill alveolar bone defects during orthodontic treatment.

OTM is affected by the cellular and mineral components of the periodontium, which are influenced by the grafting material and OTM timing. Higher OTM is observed during the immediate application of orthodontic force after implantation of graft compared to the application of orthodontic force after 2 or 12 weeks after grafting (Ahn et al., 2014). Orthodontic traction started 2 weeks after the implantation of bone graft in alveolar bone defect has no detrimental effects on orthodontic movement (Cardaropoli et al., 2006). Early traction force allows orthodontic teeth movement into the bone graft area. In this study, similar OTM distance and rate of OTM were observed in control, DBB, and BioCaP group, indicating that both DBB and BioCaP did not obstruct the OTM during 8 weeks. But Machibya et al. (2018) reported higher OTM in the DBB group compared to CaP or no graft group. This discrepancy might be caused by the different starting times of orthodontic traction, i.e., at least 1 month after grafting and OTM timing of 6 weeks (Machibya et al., 2018). Our results indicate that early orthodontic traction (1 week after grafting) in BioCaP grafted defect enhanced alveolar bone defect healing without hampering OTM.

Biomaterial immunogenicity directly affects bone regeneration via inducing foreign body reaction-mediated inflammation in the defect site (Velard et al., 2013; Klopfleisch and Jung, 2017). The proinflammatory environment in the defect will recruit more immune cells such as monocytes and macrophages inducing the formation of multinucleated giant cells and osteoclasts (Velard et al., 2013). Multinucleated cells not only resorb the native bone or tooth cementum but also inhibit bone regeneration via further upregulation of pro-inflammatory cytokines. In this study, multinucleated osteoclast-like cells were observed only in the DBB group but not in the control and BioCaP group. Dental root resorption is another important issue during biomaterial grafting and/or orthodontic treatment. BMP2-loaded graft had shown orthodontic tooth root resorption in the dose (BMP2) dependent manner (Kawamoto et al., 2002, 2003). Dose of 40 μg BMP2/100 μl graft resorbs the dentine, and 10 μg BMP2/100 μl graft only resorbs the cementum of orthodontic tooth root (Kawamoto et al., 2002, 2003), which might be the effect of burst release of BMP2 from the graft materials. In this study, the root surface was not in direct contact with the graft material during grafting, but it might come in contact with graft material during OTM. We found that 14 μg BMP2 in 100 μl of BioCaP did not resorb the cementum of orthodontic tooth root. This might be the effect of sustained controlled release of a low dose of BMP2 from BioCaP around the tooth root. Another possible reason for cementum erosion of orthodontic tooth root in the DBB group could be the higher activity of the DBB immunogenicity-induced multinucleated osteoclast-like cells. Similarly, our previous study reported the higher numbers of multinucleated osteoclast-like cells in DBB-grafted femoral defect compared to in BioCaP grafted defect (Wu et al., 2011; Liu et al., 2017). Our study revealed that the BioCaP graft protects the erosion of orthodontic tooth root.

Angiogenesis facilitates bone and periodontal tissue regeneration via osteogenesis-angiogenesis coupling (Huang et al., 2015; Hu and Olsen, 2016). In this study, histological images showed higher numbers of blood vessel-like structures in the BioCaP group. Similarly, bone regeneration and alveolar defect healing were enhanced in the BioCaP group. This indicates the possibility of the BioCaP-mediated osteogenesis-angiogenesis coupling. Degradation of graft materials in a certain duration is essential for proper bone healing. In our previous study, BioCaP showed excellent degradation properties during bone defect healing (Liu et al., 2017). In this study, both the graft degradation rate and bone regeneration were higher in the BioCaP group. Spontaneous dissolution in body fluid and higher cellular activity-based resorption controls the degradation of BioCaP graft (Hunziker et al., 2012; Zheng et al., 2014). The higher resorption of graft material enhances, and the higher amount of newly formed bone inhibits OTM. In this study, the OTM rate was slightly less but statistically not significant in the BioCaP group compared to other groups. This result might be the combined effect of higher bone formation and higher graft degradation in the BioCaP group.

The higher periodontal probing depth indicates a higher degree of periodontal damage (Preshaw, 2015). In this study, only the BioCaP but not DBB graft was able to reduce periodontal probing depth compared to the control group. This indicates the ability of BioCaP to protect the periodontal damage during OTM. The higher level of proinflammatory cytokines in alveolar defect inhibits bone defect healing. Similarly, the higher level of proinflammatory cytokines in GCF causes inflammation and destroys the periodontal tissue. IL-1β is a key proinflammatory cytokine that causes periodontal damage (Cheng et al., 2020). In this study, only the BioCaP but not the DBB graft significantly reduced the level of IL-1β in GCF compared to the control at week 4 and 8. The less immunogenicity of BioCaP graft may reduce the recruitment of immune cells not only in the alveolar defect but also around the periodontal tissue of orthodontic tooth alleviating the concentration of inflammatory cytokines in GCF.

In this study, we analyzed the efficacy of biomimetic and osteoinductive BioCaP graft on alveolar bone defect healing during orthodontic traction. We used the standard protocol to fabricate the BioCaP and adopted the established dog model for alveolar bone defect and orthodontic traction. This experiment model highly resembles the human alveolar bone defect healing during orthodontic treatment. The autologous bone graft is the gold standard for alveolar bone defect healing. A limitation of this study is that we did not compare the effect of BioCaP with the autologous bone graft. Hybrid polymer based biomaterials such as a combination of biodegradable polymer, osteoconductive CaP/HAP, and osteoinductive bioglass/magnesium could be effective for alveolar bone regeneration during OTM (Lei et al., 2019). Moreover, periodontal tissue and periodontal ligaments should be monitored during orthodontic treatment and/or alveolar bone defect healing. Another limitation of this study is that we evaluated bone formation and OTM only up to 8 weeks. To address these issues, future studies that compare the effect of BioCaP with auto bone graft on alveolar bone defect healing during orthodontic traction in 12 and 16 weeks are recommended.



CONCLUSION

In conclusion, the results of this study showed that the biocompatible, osteoconductive, osteoinductive BioCaP graft is more effective on alveolar bone defect healing and protection of orthodontic tooth root during orthodontic treatment compared to commonly used DBB. Biomimetic BioCaP granules carrying a low dose of BMP2 and giving slow and sustained release of BMP2 show less immunogenicity, high biodegradability, and proangiogenic potential. BioCaP graft reduces the inflammation in GCF and periodontal probing depth in the orthodontic tooth. Our results suggest BioCaP as a cost-effective graft material for filling the bone defect during orthodontic treatment.
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Numerous tissue-engineered constructs have been investigated as bone scaffolds in regenerative medicine. However, it remains challenging to non-invasively monitor the biodegradation and remodeling of bone grafts after implantation. Herein, silk fibroin/hydroxyapatite scaffolds incorporated with ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles were successfully synthesized, characterized, and implanted subcutaneously into the back of nude mice. The USPIO labeled scaffolds showed good three-dimensional porous structures and mechanical property, thermal stability for bone repair. After loaded with bone marrow-derived mesenchymal stem cells (BMSCs), the multifunctional scaffolds promoted cell adhesion and growth, and facilitated osteogenesis by showing increased levels of alkaline phosphatase activity and up-regulation of osteoblastic genes. Furthermore, in vivo quantitative magnetic resonance imaging (MRI) results provided valuable information on scaffolds degradation and bone formation simultaneously, which was further confirmed by computed tomography and histological examination. These findings demonstrated that the incorporation of USPIO into BMSCs-loaded multifunctional scaffold system could be feasible to noninvasively monitor bone regeneration by quantitative MRI. This tissue engineering strategy provides a promising tool for translational application of bone defect repair in clinical scenarios.

Keywords: tissue engineering, multifunctional scaffold, bone marrow-derived mesenchymal stem cells, bone regeneration, magnetic resonance imaging


INTRODUCTION

Over the past decades, large progress has been made to develop new scaffolds and strategies in the field of bone tissue engineering. Many different bone implant materials have been designed and evaluated in recent years (Bose et al., 2012; Walmsley et al., 2015; Roman et al., 2017; Roseti et al., 2017). However, only very few of the works have been translated into clinical practice successfully on account of various limitations. One of the challenges to be addressed is the lack of effective methods to track the fate and function of these materials upon implantation (Tang et al., 2016; Sajesh et al., 2019). Tissue grafts nowadays is usually multifaceted and may include cells, biomolecules, and biomaterials. Hence, tissue regeneration has proven problematic partly because the healing and remodeling process remains poorly understood. Plenty of tissue engineering studies still utilize conventional tools, such as histological techniques. This requires tissue specimens by invasive methods, meaning that long-term follow-up assessment is extremely limited (Seung et al., 2015). Therefore, strategies for non-invasive imaging show great potential in the field of bone tissue engineering to facilitate longitudinal assessment of implants.

Non-invasive imaging modalities in vivo include optical imaging, micro-computed tomography, magnetic resonance imaging (MRI), and positron emission tomography (Appel et al., 2013; Nam et al., 2015; Eisenstein et al., 2016). In particular, MRI is highly suitable for monitoring tissue-engineered implants, owing to its safety without radiation exposure, excellent soft-tissue contrast, and high resolution without penetration depth restriction. However, the application of MRI in tissue engineering is often hampered by the inherent low contrast of the prepared biomaterials. Hence, some recent reports focused on the incorporation of contrast agents in the biomaterials, such as the ultrasmall superparamagnetic iron oxide (USPIO), to make tissue-engineered scaffolds traceable (Singh et al., 2014a; Sun et al., 2014; Mertens et al., 2015; Wang et al., 2017; Hu et al., 2018). Ultrasmall superparamagnetic iron oxide nano-particles can dramatically shorten the transverse relaxation time (T2) with high sensitivity, which opens up new perspectives for tissue engineering. It has been demonstrated that incorporation of USPIO into collagen-based scaffolds can successfully visualize their location and degradation by MRI (Mertens et al., 2014).

Biomaterials play a crucial role in bone tissue engineering by providing a three-dimensional (3D) scaffold to support cell proliferation and deposition of the extracellular matrix (Ho-Shui-Ling et al., 2018). Recently, silk fibroin (SF) received intensive attention as a biomaterial in fabrication of 3D porous scaffolds because of its unique mechanical properties and tunable biodegradation rate (Yang et al., 2007; Kasoju and Bora, 2012; Ma et al., 2018). However, pristine silk has high solubility and hence presents higher degradation rates compared to natural bone. In this sense, hydroxyapatite (HA), the most present mineral in bone, has been widely used to fabricate scaffolds for bone repair (Zhou and Lee, 2011). Recent studies showed that scaffolds composed of different combinations of SF and HA presented great potential for skeletal regeneration with excellent biological and mechanical properties (Ding et al., 2016; Behera et al., 2017; Farokhi et al., 2018). Furthermore, bone marrow-derived mesenchymal stem cells (BMSCs) embedded in the scaffolds have been widely applied as an advantageous therapeutic option for bone regeneration, and they hold potential to differentiate into osteoblasts both in vitro and in vivo (Bianco et al., 2001; Crane and Cao, 2014; Oryan et al., 2017).

In this study, we incorporated USPIO nanoparticles into SF/HA scaffolds to generate MRI contrast for visualization. After characterization analysis and biocompatibility evaluation, USPIO-labeled and unlabeled scaffolds were cultivated with BMSCs and implanted subcutaneously into the back of nude mice, to monitor scaffolds resorption and bone remodeling at predefined time points by longitudinal MRI (Figure 1). The extent of bone regeneration was further confirmed by CT examination and histological analysis.
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FIGURE 1. Design of the USPIO-labeled SF/HA multifunctional scaffold system for in vitro and in vivo studies.




MATERIALS AND METHODS


Materials

Bombyx mori silk cocoons in the experiment were kindly donated by Sijia Min from Zhejiang University. Ultrasmall superparamagnetic iron oxide was from Aladdin Reagents Co. Ltd (Shanghai, China), Fetal bovine serum (FBS), alpha modified eagle medium (α-MEM) from Gibco (Grand Island, NY, United States). The Cell Counting Kit-8 was from Dojindo (Kumamoto, Japan) and the LIVE/DEADTM Cell Imaging Kit was from Invitrogen (Carlsbad, CA, United States). The ALP kit was from Jiancheng Bioengineering Institute (Nanjing, China). TRIzol Reagent, PrimeScriptTM RT Master Mix, and SYBR® Premix Ex TaqTM were from Takara Bio (Kyoto, Japan). All other chemicals were purchased from Sigma–Aldrich (St. Louis, MO, United States), and used without further purification. Preparations of 6% SF solution, HA and USPIO nanoparticles are supplied in Supplementary Material.



Synthesis of 3D Porous USPIO/SF/HA Scaffolds

Fifty mg of HA was dispersed by ultrasonication in 1ml deionized water containing different concentrations of USPIO (0.25, 0.5, 0.75, 1.0, and 1.5%, w/w). Then, 9 ml 6% SF solution was dropped in the mixture of HA and USPIO along with vigorous vortex mixing, and 120 μl of the mixture was pouring in a 96-well plate. Finally, 3D porous scaffolds can be obtained by a freeze-drying process. Scaffolds were sterilized with 60Co irradiation before cell seeding.



Scaffold Characterization

X-ray diffraction (XRD) of HA and USPIO nano-particles was performed using a Rigaku-Rotaflex Diffractometer (RU-200BH) with a Co-ka radiation (k = 1.79 Å) at 30 kV and 44 mA. The infrared spectra of the scaffold were determined using an FT-IR spectrometer (Vertex 70, Bruker, Germany). Samples were ground and mixed with KBr at a ratio of 1:5. The data were then recorded at a wave length range of 400-4000 cm–1 with the accumulation of 20 scans with a resolution of 4 cm–1. The thermal stability was obtained using a Thermo Gravimetric Analyzer (209F3Tarsus, Netzsch, Germany) under N2 atmosphere at a heating rate of 10 °C/min. Mechanical characterization of 3.5 mm height scaffolds was performed by the testing machine (MTS QT/1L, MTS Systems Corporation, United States) at a compression speed of 1 mm/min, and the compressive modulus were then calculated according to the stress-strain data. The microstructure and pore size of the scaffolds was then analyzed by a SEM microscope (XL-30; Philips, Best, Netherlands). For this purpose, scaffolds were fixed in 2.5% glutaraldehyde and coated with a fine layer of gold sputtering. The pore sizes were measured using commercially available software (Image J software, NIH Image, United States). The sample porosity was measured by ethanol displacement method.



MRI Evaluation in vitro

For MRI, the scaffolds were embedded in 1% (w/v) agarose phantoms, and measured with a clinical 3T whole-body MRI scanner (Philips Achieva, Best, Netherlands). T2 weighted imaging (T2WI), T2 mapping, and T2∗ mapping sequences were performed. T2WI were acquired using a multi-slice, multi-shot spin-echo sequence [time of repetition (TR) = 3328 ms, time of echo (TE) = 80 ms, field of view (FOV) = 80 mm × 40 mm, matrix size = 64 × 64, and slice thickness = 1 mm]. For transverse (T2) relaxometry, images were acquired at 6 echo times [TE range 8–48 ms] using spin-echo sequences [TR = 1500 ms, FOV = 40 mm × 40 mm, reconstruction matrix = 288, slice thickness = 1 mm]. For transverse (T2∗) relaxometry, images at 6 echo times [TE range 5.4–35.1 ms] were acquired by using a multi-shot, multi-slice fast-field gradient-echo sequence [TR = 804 ms, FOV = 40 mm × 40 mm, reconstruction matrix = 112, slice thickness = 0.8 mm, and flip angle = 45°]. T2 and T2∗ relaxation times (R2 and R2∗) were calculated using the Imalytics Preclinical Software (Philips Technology GmbH, Aachen, Germany).



Cytotoxicity Assay

Primary isolation of BMSCs and cell passage are supplied in Supplementary Material. For cytotoxicity assays, scaffolds were placed into 48-well plates and seeded with BMSCs at a density of 2.0 × 103 cells/well in advance. Control group without scaffolds was also seeded with the same number of cells. After 1, 3, 5, and 7 days, the culture media was removed and the cell counting kit-8 (CCK-8) solution was added according to the manufacturer’s instructions. The optical density at 450 nm was measured after 2 h of incubation. All experiments were performed in triplicates.



BMSCs Seeded Onto Scaffolds

Scaffolds pre-treated with basal medium (α-MEM) for 24 h were divided into two groups (USPIO-labeled group and non-labeled group). In preparation, BMSCs at passage 3 were seeded onto scaffolds in 48-well culture plates with 50μl suspension of 2.5 × 105 cells/well. After cell attachment, 500 μl growth medium (α-MEM medium supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin and streptomycin) or osteogenic medium (with extra addition of 50 μM ascorbic acid 2-phosphate, 10 mM β-glycerol phosphate, and 100 nM dexamethasone) was added. The cell-seeded scaffolds were maintained under standard culture conditions (37°C, 5% CO2), changing the culture medium every 3 days.



Cell Adhesion and Morphology Studies

The morphology of BMSCs on scaffolds was observed by SEM (Hitachi, S-3000N, Japan) after osteogenic induction for 7 and 14 days. The samples were washed with PBS and fixed in 2.5% glutaraldehyde, after which they were dehydrated in graded alcohol, dried in a critical point drier and sputter coated with gold before observation. A Live/Dead assay was performed to assess the growth of BMSCs on both groups. Scaffolds were incubated in calcein (staining for live cells presenting green fluorescence) and ethidium homodimer-1 (staining for dead cells presenting green fluorescence) working solution for 15 min in the dark, and observed by a confocal laser scanning microscope (Olympus FluoView FV10i, Tokyo, Japan). Histological examination was also performed to confirm the existence of BMSCs and USPIO in scaffolds after 7 and 14 days. The specimens were fixed in 4% paraformaldehyde and were dehydrated step-wise using ethanol, immersed in xylene, and embedded in paraffin. Sections of 5 μm were cut and stained by hematoxylin-eosin and Prussian blue, respectively.



In vitro Osteogenic Induction Evaluation

After 1, 7, 14, and 21 days of osteogenic induction, quantitative real-time PCR was performed using the LightCycler®480 Real Time PCR System (LightCycler®480, Roche, Switzerland). Gene expression of ALP, BMP-2, Collagen I, Runx, and GAPDH (as an endogenous control) were investigated using predesigned primers (supplied in Supplementary Material). Relative expression of the genes was determined using the ΔΔCt method. The alkaline phosphatase (ALP) activity in the medium was assayed using an ALP kit according to the instructions, measuring the absorbance at 405 nm.



Ectopic Osteogenesis Model

Immune-deficient nude CD-1 nu/nu male mice were purchased from Guangdong Provincial Medical Laboratory Animal Center (China). All animal handling and surgical procedures were performed in accordance with our Institutional Animal Care and Use Committee (Nanfang Hospital, Southern Medical University, China). Groups were showed as follows: non-labeled group, USPIO-labeled group, non-labeled group with BMSCs, USPIO-labeled group with BMSCs. The cell-laden scaffolds were cultured in osteogenic medium for 1 week before implantation. Animals were anesthetized by 0.1% (v/v) of pentobarbital sodium before surgery. Scaffolds were implanted into the bilateral back of the subcutaneous tissue of mice, respectively, and then sutured the skin.



MRI and CT Evaluation in vivo

At 2, 6, and 8 weeks after implantation, mice bearing scaffolds were anesthetized by 0.1% (v/v) of pentobarbital sodium. Then MRI and CT scanning were successively examined. All animals were subjected to T2WI, T2 and T2∗ mapping at 2, 6, and 8 weeks after implantation. All sequences were acquired as the in vitro MRI experiments described above. Regions of interest (ROI) were manually outlined from the subcutaneous implanted area in the maximal long-axis slice using the Imalytics Preclinical Software (Philips Technology GmbH, Aachen, Germany). The density evolution and new bone formation were assessed using a 256-section multi–detector row CT scanner (Brilliance iCT; Philips Healthcare, Cleveland, OH) with the following parameters: 0.5-s gantry rotation time, 120 kVp tube voltage, 30 mA tube current, 0.67 mm thickness, and 0.2 mm increment. The density of newly formed bone was measured by Philips Brilliance Workspace Versio 3.5 (Philips Medical Systems).



Histological Examination

After 2, 6, and 8 weeks followed by the MRI and CT examination, one mouse in each group was sacrificed at predefined time points, and the implants were harvested. The specimens were immediately fixed in 4% (wt/v) paraformaldehyde for 48 h, and decalcified in neutral 10% ethylene diamine tetraacetic acid (EDTA) solution for 2 months at room temperature. Then, half of the specimens were dehydrated step-wise using ethanol, immersed in xylene, and embedded in paraffin. Sections of 5 μm were cut and stained by hematoxylin-eosin and Masson trichrome for morphological analysis and bone extracellular matrix deposition. The remaining samples were used to quantify the residual iron oxide particles in scaffolds by inductively coupled plasma mass spectrometry (ICP-MS). After decomposed in digestion system with nitric acid and washed with deionized water, the total amount of iron was detected with high-resolution sector field ICP-MS (Optima 2000DV, Perkin Elmer, United States).



Statistical Analysis

All data were presented as the mean ± standard deviation of triplicate trials (n = 3). Statistical analysis was performed with the SPSS software (version 22.0, IBM, United States). The normality and homogeneity of variance of the data was confirmed by Kolmogorov-Smirnov test and Levene Statistic. Differences in cellular experiment were evaluated with one-way ANOVA (Bonferroni as post-hoc analyses). Repeated-measurement ANOVA was performed to evaluate differences among different time intervals for in vivo experiments. Significant differences are given as ∗P < 0.05, ∗∗P < 0.01, or ∗∗∗P < 0.001.



RESULTS


Characterizations of SF/HA Composites

As showed in Figure 2A, the scaffold composite was cylinder-shaped with a diameter of 5 mm and height of 3 mm. The XRD of HA and USPIO nano-particles was showed in Figure 2B. The peaks of (2 2 0), (3 1 1), (4 0 0), (4 2 2), and (5 1 1) at 30.1°, 35.4°, 43.1°, 53.6°, and 56.9°confirmed the cubic crystallinity of iron oxide in the form of magnetite (Fe3O4, Figure 2B). The 2 angles at 26.7°, 31.7°, 46.9°, 49.5° and 53.3° were indexed to be (0 0 2), (2 1 1), (2 2 2), (2 1 3), and (0 0 4) reflections of HA, respectively. The FTIR spectra of scaffolds were separately obtained (Figure 2C). The FTIR spectrum of SF showed amide I, II, and III peaks at 1658, 1527, and 1242 cm–1, respectively. The HA spectrum showed the characteristic absorption bands in the region of 1100 cm–1, which corresponded to the O–H stretch, and at 603 cm–1, which corresponded to the PO4–3 stretch. The characteristic absorbance peak at 627 cm–1 confirmed the Fe–O stretch within USPIO. All the characteristic absorption peaks mentioned above could be found in the composite scaffolds. The mass drop in weight (%) was obtained by thermogravimetry (Figure 2D). The scaffolds with different concentrations of USPIO exhibited better thermal stability than SF alone and simple SF/HA scaffolds. These scaffolds showed almost the same weight loss in the transition temperature of 200–400°C, which indicated that the USPIO probably has positive effects on SF/HA in thermostability. The mechanical properties of the scaffolds are shown in the stress-strain curve (Figure 2E). The compressive modulus of each scaffold was defined by the slope of the initial linear section of the stress-strain curve. The hybrid scaffolds possessed higher compressive modulus (from 0.64 ± 0.08MPa to 1.18 ± 0.13MPa) than pure SF scaffolds (0.61 ± 0.15MPa), and the compressive modulus of the scaffolds containing 0.75% USPIO were the best (1.18 ± 0.13MPa), following by the concentration of 0.25%(1.16 ± 0.10MPa). These results indicated that the incorporation of HA and USPIO nano-particles strengthened the mechanical property and thermal stability of scaffold to a certain extent, which are suitable for further studies. The microstructure of cross sectioned scaffolds was observed by SEM, as presented in Figure 3A. The scaffolds exhibited a porous structure, and the pores were uniform and well interconnected with an average size of 118.4 ± 2.8 μm, presenting a total porosity of 91.5 ± 3.0% (supplied in Supplementary Material). Similar structure was found in the morphology of the USPIO labeled scaffolds, which might be attributed to the low amounts of USPIO incorporated.
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FIGURE 2. Characterization of scaffolds with different amounts of USPIO incorporated (0–1, w/w%). Gross observation of scaffold (A), X-ray diffraction of HA and USPIO nanoparticles (B), Fourier transform infrared spectroscopy (C), Thermogravimetric analysis (D), and Stress–Strain curve (E).
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FIGURE 3. SEM, MRI analysis and cytotoxicity of scaffolds with increasing incorporated amounts of USPIO. (A) SEM images show structural properties of scaffolds with incorporation of USPIO nanoparticles. Scale bar indicates 50 μm. (B) T2 weighted images demonstrate that the MR signal intensity of USPIO-labeled scaffolds decreased according to USPIO amounts. (C,D) Quantitative R2- and R2*-relaxometry analysis. (E) CCK-8 results show high cell viability of BMSCs (n = 3, *P < 0.05, **P < 0.01, or ***P < 0.001).




MRI in vitro

T2 weighted images of SF and SF/HA scaffolds labeled by different concentrations of USPIO and the corresponding R2 and R2∗ values are shown in Figure 3B. The T2WI images revealed that the MRI signal intensity of labeled scaffolds decreased with the increasing concentration of negative contrast agent USPIO. Quantitative R2 and R2∗ relaxometry values correlated well with the amount of USPIO incorporated (Figures 3C,D). Strong negative contrast on T2WI images could be observed even with USPIO concentrations lower than 0.5% (w/w). However, incorporation of USPIO concentrations of higher than 1% (w/w) produced apparent MRI image deformation, which made it difficult to measure the boundary and the size of the scaffolds accurately. Therefore, incorporation of USPIO concentration of 0.5–1% (w/w), which produced ideal and uniform contrast enhancement, was considered suitable for visualization of the scaffolds.



Cytotoxicity Assay

The cell viabilities were assessed by the CCK-8 assay (Figure 3E). The final calculation of the percentage of cell viability was as follows: percentage of cell viability = (Atreatment - Ablank)/(Acontrol - Ablank) × 100% (where, A = absorbance). There, treatment groups were the cells treated with scaffolds, control groups were with cells contained, and blank groups were only with growth medium contained. Throughout 7 days of culture, no apparent reduction in cell growth rate was found in all scaffolds. However, the viabilities of SF/HA scaffolds with high concentration of USPIO (≥1%, w/w) were slightly lower than those in the non-labeled scaffolds over time (P < 0.05), which revealed that the excessive amount of iron particles might affect the growth rate of cells. Therefore, comprehensive considering of the CCK-8 assay, MRI contrast and mechanical property, the SF/HA scaffolds labeled with 0.75% (w/w) USPIO were chosen for the subsequent in vitro and in vivo experiments.



Cell Adhesion and Morphology Seeded on Scaffolds

After 7 and 14 days of culture, the morphology of cells on scaffolds (non-labeled group and 0.75% USPIO-labeled group) was observed by the SEM (Figure 4A). Bone marrow-derived mesenchymal stem cells extended, interconnected on the scaffolds surface in 7 days. After 14 days of culture, multilayer cells overlaid almost the entire surface of the scaffold. The Live/Dead cell analysis (Figure 4B) observed by confocal fluorescence images showed that the vast majority of the cells throughout the scaffolds were stained green (live) with few cells stained red (dead) on the scaffolds. H&E staining also proved the adhesion and growth of BMSCs on the scaffolds by showing an increasing number of cells (Figure 4C). These findings indicated that porous structures of SF/HA scaffold could promote cell attachment and growth. Furthermore, uniform distribution of blue spots stained for iron particles could be observed in USPIO labeled scaffolds by Prussian blue staining (Figure 4D).
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FIGURE 4. Cell adhesion and growth cultured with USPIO-labeled and unlabeled scaffolds at 7 and 14 days. (A,B) SEM and Live/Dead staining show BMSCs adhered to scaffolds. Scale bar indicates 40 μm for SEM and 100 μm for Live/Dead staining. (C,D) H&E and Prussian staining of scaffold composites. Scale bar indicates 50 μm.




Evaluation of Osteogenic Differentiation

As shown in Figure 5A, the ALP activity, an early marker for osteogenic differentiation, increased significantly in USPIO-labeled and unlabeled scaffolds over time, and reached a peak on day 21 for both groups. Likewise, osteogenic gene expression of BMSCs cultured on both scaffolds was evaluated by qRT-PCR at 1, 7, 14, and 21 days. As illustrated in Figure 5B, the related genes expression of ALP, BMP-2, and Runx demonstrated a significant upregulation on both groups, and reached peak at 21 days. The differences of the ALP, BMP-2, and Runx gene expression between 21 days and other time points were significant (all P < 0.001). The expression of Coll I showed a similar tendency, but it reached its peak at 14 days and decreased thereafter. The expression of osteogenic markers demonstrated the osteoconductivity for bone formation of SF/HA scaffolds.
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FIGURE 5. Evaluation of osteogenic differentiation for BMSCs/scaffold composites. (A) ALP activity increases for both groups at 1, 7, 14 and 21 days. (B) Expression of osteogenic genes (Alp, Bmp-2, Coll I, and Runx) for BMSCs loaded on scaffolds is up-regulated over time (*P < 0.05, **P < 0.01, or ***P < 0.001).




MRI and CT Evaluations in vivo

The T2WI images of nude mice bearing subcutaneous implants (Figures 6A,B) showed diverse performance in different groups. The signal intensity on T2WI in the USPIO-labeled groups with or without BMSCs decreased from 2 to 6 weeks after implantation, and then increased gradually with the corresponding decrease of the R2 and R2∗ values (Figure 6C). For the USPIO labeled groups, the R2 and R2∗ values at 8 weeks were significantly lower than those at 2 weeks (both P < 0.01). In contrast, signals in the regular implants group showed a tendency to decrease with time, along with the increasing R2 values (P < 0.05) and relatively stable R2∗ values.
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FIGURE 6. Ectopic osteogenesis model and MR analysis for in vivo studies. (A) MRI of scaffolds implanted nude mice at 2, 6, 8 weeks (yellow box: USPIO-labeled scaffolds, red box: non-labeled scaffolds). (B) Scaffolds implanted on the back of the nude mice bilaterally. (C) Quantitative R2- and R2*-relaxometry analysis (*P < 0.05, **P < 0.01, or ***P < 0.001).


CT imaging was also performed simultaneously to demonstrate the internal changes of implants (Figure 7A). In the BMSCs loaded group, spots of high density on CT were seen at 8 weeks, and the corresponding mean CT value reached 93.9 ± 3.2HU (Figure 7B), which was significantly higher than that at 2 weeks (32.6 ± 1.6HU, P < 0.001) and 6 weeks (66.2 ± 5.5 HU, P < 0.001). Furthermore, the CT density in the USPIO-labeled groups was comparable to the unlabeled groups at each time point. But higher CT density was observed in the BMSCs loaded group compared with acellular scaffolds (P < 0.05), which confirmed the newly formed bone matrix components.
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FIGURE 7. CT analysis for in vivo studies. (A) CT images of mice show increased density over 2, 6, 8 weeks (yellow box: USPIO-labeled scaffolds, red box: non-labeled scaffolds). (B) CT values confirm subcutaneous bone formation of scaffolds (*P < 0.05, **P < 0.01, or ***P < 0.001).




Histological Examination

H&E and Masson trichrome staining demonstrated that a growing amount of osteoid deposition and neovascularization in scaffolds loaded with BMSCs over 8 weeks. Remnants of the scaffolds were also observed, which was incorporated well within the matrix and decreased over time. In contrast, the acellular scaffolds showed poor osteoid tissue formation (Figures 8A,B). The quantitative results of ICP-MS (Figure 9) proved the degradation of the iron particles over time, which correlated well with the changes of MRI signal in vivo.
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FIGURE 8. H&E staining (A) and Masson trichrome staining (B) show osteoid deposition (red triangle) and typical residual scaffold incorporated well within the matrix (yellow arrows) in BMSCs-load scaffolds.
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FIGURE 9. Concentrations of Fe3+ by ICP-MS in scaffolds decrease after implantation in vivo over time.




DISCUSSION

Bone tissue engineering, which entraps functional cells in 3D implantable scaffolds at the site of injury, has shown promise for the regeneration of bone defects. Recent advances in regenerative medicine have led to new strategies for bone tissue reconstruction (Kim et al., 2014; Melke et al., 2016; Raeisdasteh et al., 2017). Regenerative scaffold-based strategies are proposed to provide structural, biological and biomechanical supports that are imperative for bone regeneration. Sophisticated cell-based techniques are feasible for bone repair, but such approaches are difficult for the proper visualization of the fate of cells and materials after implantation. Our results demonstrated that a 3D SF/HA blended and USPIO labeled scaffold could longitudinally monitor bone tissue engineering by quantitative MRI.

As reported before, the incorporation of nanoparticles could enhance the mechanical property of biomaterials (Dashnyam et al., 2014; Ganesh et al., 2014; Singh et al., 2014b). In this study, we found that SF/HA scaffold is mechanically stronger compared with native silk fibron, which could be attributed to the increased stiffness and compressive strength of native bone by the nano-HA particles (Kasoju and Bora, 2012). Also, the incorporation of USPIO into scaffolds showed better thermal stability than pure SF and SF/HA scaffolds. These results suggest that the scaffolds developed in this study exhibited favorable mechanical property and thermal stability, which are well suited for bone tissue engineering application. Then scaffold composites were confirmed to enhance osteogenic differentiation by facilitating the expression of ALP and osteogenic gene in 21 days in vitro. It has been reported that magnetic nanoparticles showed an enhanced osteogenesis to prompt stem cell proliferation and osteogenic differentiation in vitro and in vivo (Yun et al., 2016; Hu et al., 2018). However, no significant difference was found in osteogenic induction effect between USPIO labeled and unlabeled groups in this study. This may be due to that the low concentration of incorporated USPIO made weak magnetic impact for BMSCs to differentiate.

Thus far, extensive studies have developed scaffolds labeled with various imaging agents in tissue engineering. In this regard, each imaging modality has unique advantages along with intrinsic limitations. For example, Zhang et al. (2016) demonstrated the use of fluorescent labeling coupled to optical imaging for tissue engineering to monitor hyaluronan hydrogels, which was limited by poor light penetration depth of fluorescein. Haralampieva et al. reported scaffolds labeled with radioactive agents used in positron emission tomography imaging toward potential noninvasive tracking of bioengineered muscle tissues (Haralampieva et al., 2016), but it is somewhat limited by poor spatial resolution and radiation risk. Wang et al. utilized CT to noninvasively dynamic monitor biodegradable polymers regarding the microstructure of tissue engineering constructs labeled with gold nanoclusters (Wang et al., 2020). Recent image-guided tissue engineered approaches highlight the superiority of MRI for providing functional information about the biological response of implanted material (Hartman et al., 2002; Szulc and Cheng, 2019). Nevertheless, only few MRI studies have focused on in vivo imaging of musculoskeletal tissue implants longitudinally. More recently, we developed a novel multifunctional USPIO labeled cellulose nanocrystal/SF hydrogels that allowed the non-invasive monitoring of hydrogel degradation and cartilage regeneration after in vivo implantation in a rabbit model (Chen et al., 2018).

Previous studies have elucidated the relationships between MRI quantitative parameters and regenerative medicine (Cheng et al., 2010; Hu et al., 2018). T2 and T2∗ mapping, with the calculated R2 and R2∗ values, could track the absorption and function of the scaffolds. R2∗ values have been reported to reflect the concentration of USPIO loaded in the scaffolds, thus the increase of R2∗ is indicative of the degradation of the USPIO-labeled implants (Chen et al., 2018). However, scaffold degradation and bone regeneration occurred simultaneously within the scaffolds, which may complicate the MRI signals. In this study, the R2 values tended to decrease over time for USPIO-labeled scaffolds. These results hence indicate that the decreased relaxation rate caused by the released iron might outweigh the factor as shown in the non-labeled scaffolds. On the contrary, the R2 values of the unlabeled group with BMSCs increased gradually over time. This can be attributed to the ossification promotion contributed by the BMSCs embedded within the scaffolds. Additionally, density values of CT scanning revealed the evolution of bone generation progress in grafts. Though no remarkable enhancement in density was found on CT values at week 2 and 6 (P > 0.05), the increase tendency in MRI R2 signals of BMSCs loaded group was observed. Thus, in our study, the combination of MRI and CT examination provided enough information on both scaffolds degradation and ossification in ectopic bone formation, and this system seemed to be feasible in the follow-up of bone repair. In Prussian blue staining, we found that USPIO particles distributed uniformly in scaffold structures, and the same reduction trends were observed in histological examination and ICP-MS. So we speculate that the iron release progress may reflect the degradation of scaffolds. Although MRI and CT can visualize the multifunctional scaffold and provide valuable feedback on the reconstruction and healing process in depth, one inherent limitation of this method is that an ectopic osteogenesis model was chosen to avoid the bleeding of bone defect in situ influenced on MRI signals. Another main limitation is the lack of measurement of calcification after implantation by quantitative MRI. Future studies are required to employ advanced imaging methods, such as quantitative susceptibility mapping (QSM) and spectral CT, to provide separate quantification of compositions in this multifunctional scaffold system, and to improve comprehensive evaluation of tissue engineering strategies for bone regeneration.



CONCLUSION

In conclusion, we developed a USPIO labeled BMSCs-loaded multifunctional scaffold system, which can be feasible for longitudinally monitoring the resorption and function of bone regeneration scaffolds by quantitative MRI and CT. These findings provide new understanding on the non-invasive follow-up of the scaffold system and the potential transitional application of bone tissue engineering strategy for its clinic practice.
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Hypospadias and urethral stricture are common urological diseases which seriously affect voiding function and life quality of the patients, yet current clinical treatments often result in unsatisfactory clinical outcome with frequent complications. In vitro experiments confirmed that ICG-001 (a well-established Wnt signaling inhibitor) could effectively suppress fibroblast proliferation and fibrotic protein expression. In this study, we applied a novel drug-delivering nanoyarn scaffold in urethroplasty in dog model, which continuously delivers ICG-001 during tissue reconstruction, and could effectively promote urethral recovery and resume fully functional urethra within 12 weeks. Such attempts are essential to the development of regenerative medicine for urological disorders and for broader clinical applications in human patients.
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INTRODUCTION

Hypospadias and urethral stricture are common urological diseases which seriously affect voiding function and life quality of the patients. Current clinical treatment for such urethral defects are mainly based on transplantation of autologous tissues (e.g., penile flap or buccal mucosal graft), which is frequently accompanied with severe side effects (such as local injuries) and is often limited by the extremely low tissue amount from penile and oral mucosa. In addition, the efficiency of urethral repair might be compromised by insufficient wound healing or stricture formation in the lumen. There is an urgent need for novel biomaterials and clinical methods to facilitate the reconstruction of functional urethra from such urethral defects, and simultaneously promote wound healing and prevent fibrosis/scar formation for a satisfactory tissue recovery.

The rapid development of biomaterials brought in many trials of tissue-engineered urethra in preclinical and clinical studies, yet the successful rate varies, and the efficacy is often disappointing, especially in the scaffold without pre-loaded cells (Raya-Rivera et al., 2011; Li et al., 2013; Xie et al., 2013, 2014; Ramsay et al., 2016; Atala et al., 2017; Kajbafzadeh et al., 2017; Zhou et al., 2017). One possibility is that the small pore size of the experimental biomaterial might hinder the infiltration of local cells from the native tissue into scaffold. Another possibility is that the fibrosis related signaling [e.g., TGF-beta, connective tissue growth factor (CTGF/CCN2), platelet-derived growth factor (PDGF), interleukin 4 (IL-4), etc.] pathways are activated during the urethral reconstruction process, which promotes fibrosis and recurrence of urethral stricture (Sangkum et al., 2015). Effective inhibition of such signaling pathways are critical for post-injury tissue regeneration, particularly in tissue-engineered urethra models which human cells are pre-planted to bridge the novel urethra to the native urethra edges (Raya-Rivera et al., 2011; Guo et al., 2016). Although it has been reported that some stem cells might possess the property of inhibiting inflammation and fibrosis, previously applications of engineered human cells confronted a number of drawbacks and limitations in urethral reconstruction and stricture occurrence (Versteegden et al., 2017). Therefore, it has been a challenge to use the combination of biomaterial and preloaded human cells in the treatment of urethral defects in vivo, and it remains even more difficult to get translated from bench side to bedside.

In this study, we utilized a novel bioengineering method and produced a functional electrospun collagen/poly(L-lactide-co-caprolactone) [P(LLA-CL)] nanoyarn scaffold (Figure 1B) to improve urethroplasty efficiency. Nanoyarn has been verified to increase pore size comparing to traditional conjugated nanofibrous scaffold in vitro (Guo et al., 2016) and is expected to serve as a promising biomaterial for tissue reconstruction. A co-axial electrospinning system and a dynamic liquid system were integrated to deliver the Wnt pathway inhibitor ICG-001 and the drug release efficacy was evaluated in vitro (Guo et al., 2016). ICG-001 specifically binds to CREB-binding protein (CBP) and has been used widely as an antagonizer of Wnt/β-catenin-mediated transcription. We applied optimized concentration of ICG-001 in dog model and evaluated the urethroplasty outcome based on urethroscopy, urethrography, sono-urethrography and histology analysis (Figure 1A).
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FIGURE 1. Overview of key components in current study. (A) The flowchart of study design. (B) Fabrication process of ICG-001 delivered nanoyarn. The core-shell electrospinning system (top) contains two syringes containing ICG-001/Col/P(LLA-Cl) and Col/P(LLA-Cl), respectively. The dynamic liquid system (bottom) is integrated with core-shell electro-spinning system.




MATERIALS AND METHODS


Biomaterial for Nanoyarn Production

Poly(L-lactide-co-caprolactone) [P(LLA-CL)] (LA:CL = 50:50, MW = 300,000) was purchased from Daigang bioengineering Co., Ltd. (Jinan, China). Type I collagen was purchased from Ming-Rang BioTech Co., Ltd. (Sichuan, China). 2, 2, 2-trifluoroethanol was purchased from Fine Chemicals (Shanghai, China). ICG-001 was purchased from Selleck Chemicals (Shanghai, China).



Core-Shell ICG-001-Delivering Nanoyarn Fabrication

The fabrication of nanoyarn was reported previously using a co-axial electrospinning device (Donghua University, Shanghai) (Zhang et al., 2016; Figure 1B). Briefly, a hole (8 mm in diameter) was created in a basin, which allows the flow of water to form a water vortex. A pump was employed to recycle water back to maintain the water level after the water was drained through the hole into a tank below the basin. Electrospun nanofibers were generated and deposited on the water surface; then, the nanofibers were twisted into a bundle of nanoyarn in the water vortex and collected by a rotating mandrel (60 r/min) to form a nanoyarn scaffold. Nanofibrous scaffold fabricated with conjugated electrospinning technique was set as control group to compare the morphology and mechanical property with nanoyarn. For the construction of Collagen/P(LLA-CL) scaffolds, the solution of the core layer was 1 g collagen/P(LLA-CL) dissolved in 2, 2, 2-trifluoroethanol. Then it was mixed with 0.1, 0.5, 1, 2, and 4 mg ICG-001, respectively, in 60 μL DMSO solution and injected at a rate of 0.2 ml/h. The solution of the shell layer was 1g Collagen/P(LLA-CL) dissolved in 2, 2, 2-trifluoroethanol and fed at 0.8 ml/h. During the process of scaffold fabrication, room temperature was maintained at 22–25°C, and the relative humidity at 40–50%. A dynamic liquid system was used to collect the nanofibers to fabricate the ICG-001 delivering nanoyarn. The distance between the sprayer tip and the receiving water level was set to 15 cm and the positive voltage was 18 kV.



Scanning Electron Microscopy

Scanning electron microscope (SEM, Hitachi TM-100, Tokyo, Japan) was used to observe morphology of the scaffolds. Specimens were punched into 1.2 cm-diameter disks and cryopreserved at −80° for 2 h, then freeze-dried overnight and preserved in a vacuum container. Fibroblasts were seeded on the nanoyarn and conjugated nanofibrous scaffold specimens in the 24 wells culture dish for 3 days. The specimens with or without cells were imaged under SEM on first day and third day. The angle distribution was measured from 100 yarns in the SEM images.



Mechanical Property Test

Universal materials tester (H5K-S, Hounsfield, United Kingdom) was used to evaluate the tensile strength of the drug delivering nanoyarn. The conjugated electrospun nanofibrous scaffold and bladder acellular matrix graft (BAMG) were used as the control material. All the scaffold samples were prepared as longitudinal strips (20 mm in length and 10 mm in width). Each sample of scaffolds was fixed onto the clamps and pulled at 5 mm/min crosshead speed until rupture. The stress and strain data in the process were recorded.



Fourier-Transform Infrared Spectroscopy

The chemical components of ICG-001 delivering nanoyarn and its control scaffolds were, respectively, characterized by Fourier transform infrared spectrum (FTIR, Thermo Electro AVATAR 380, United States).



Fibroblasts Isolation

The animal protocol (SYXK 2011-0128) was approved by the Animal Ethics Committee of Shanghai Sixth People’s Hospital, Shanghai, China. The project identification code is 14JC1492100, which was approved on September 1, 2014 by Science and Technology Commission of Shanghai, China. All the animal experiments were performed in accordance with the guidelines for animal care equivalent to the NIH Guide for Care and Use of Laboratory Animals. All the beagle dogs were with average body weight (BW) ∼20kg and were provided by Shanghai Academy of Agricultural Sciences.

Skin biopsies and fibroblasts harvest were performed to evaluate the biocompatibility and fibrosis inhibiting effect of ICG-001 delivering nanoyarn. Three beagle dogs were used. Each dog was pretreated with 15 mg/kg Ketamine, 2–3 mg/kg xylazine and 0.75 mg/kg acepromazine intramuscularly. Then they were anesthetized and maintained with 2% isoflurane. A small laparotomy excision was made above the pubic symphysis. A biopsy of skin specimen with 2 cm × 2 cm was excised from the skin of abdomen wall, then the defect was closed with 3-0 polyglactin sutures in two layers. The specimen was processed in a sterile condition. It was washed with PBS with 100 IU/mL penicillin and 100 μg/mL streptomycin. The fibroblasts were isolated, sorted and stored as previously reported (Guo et al., 2016), and were used in in vitro experiments in this study. The animals were euthanized after tissue collection.



Preparation of Fibroblasts Treated With ICG-001 Releasing Solution

To prepare the ICG-001 releasing solution, the ICG-001 delivering core-shell nanoyarn with different amount of ICG-001 was sterilized with ultraviolet for 2 h. To collect the ICG-001 medium, 2 mL of complete culture medium was used to immerse 120 mg ICG-001 delivering nanoyarn to get ICG-001 solution for 24 h. Six ICG-001 released media were prepared with nanoyarn with different concentrations of ICG-001 [0.1, 0.5, 1, 2, 4 mg and negative control (complete culture medium without ICG-001)].

To prepare the fibroblast treated with ICG-001 releasing solution, ten thousand fibroblasts were transferred to each well of 4-well chamber slides and cultured overnight. Five groups were set in the study by adding different IGC-001 solutions from the previous step. The fibroblasts were cultured for 3 days before they were used in further experiments.



Cell Morphology and Proliferation Assays

After culturing with ICG-001 containing culture medium for two days, the cells’ morphology was observed under microscope, and cell proliferation was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Product #5655, SigmaAldrich, St. Louis, United States) assay at day 2 and 6 after seeding according to the protocol. After incubation at 37°C for three hours, the medium was transferred into 96-well plate. The data were read by enzyme-labeled instrument (Multiskan MK3, Thermo Fisher Scientific, Waltham, United States) at 492 nm to measure the absorbance of the solution.



Western Blot

Western blotting analysis was conducted to analyze the relative expression level of collagen type 1 and 3 in fibroblasts treated with culture medium released from the ICG-001 delivering nanoyarn as previously reported (Guo et al., 2016). The results were normalized using the expression of β-actin (Anti-beta Actin antibody, Cat# ab8226, Abcam, Cambridge, MA, United States). Mouse-anti-Collagen I and anti-Collagen III were purchased from Sigma-Aldrich, St. Louis, MO, United States (Cat# C2456 and Cat# C7805). Samples were incubated with primary antibodies at 4°C overnight and subsequently with HRP-conjugated goat anti-mouse secondary antibody (Cat# ab97023, Abcam, Cambridge, MA, United States) for one hour at room temperature. Anti-GAPDH antibody (Cat# ab9484, Abcam, Cambridge, MA, United States) was used as a protein loading control. The results were quantified using Quantity One software (version 4.5.2) and expression was normalized by comparing to GAPDH. The expression levels were compared using one-way ANOVA by Prism8 (GraphPad).



Urethroplasty and Postoperative Examinations in Beagle Dog

For urethral defects and follow-up urethroplasty, ten beagle dogs were used. The animals were randomly divided into 3 groups. Dogs in group 1 (n = 2) were treated with conjugated nanofibrous scaffold. Group 2 (n = 4) were treated with nanoyarn without ICG-001. Group 3 (n = 4) were treated with ICG-001 delivering nanoyarn. After general anesthesia (as described in Fibroblasts Isolation section), Foley F8 silicone catheters (Suzhou, Jiangsu, China) were inserted into the urethras (Figures 2A,B). Briefly, the skin approximately 3 cm from the external urethral orifice was sectioned, and the urethra was dissected from the corpus cavernosum. Ventral urethral defects (mean length of 2.0 cm and width of 0.8 cm) were created in the urethra of penile part of dogs. The scaffolds (length of 2 cm and width of 1 cm) were sutured to the defect with 6–0 absorbable polyglactin sutures (Figures 2C–H). The 8F silicone catheter was left in the urethra and fixed with 4–0 suture at the dog’s gland, and with 6–0 absorbable sutures for 14 days postoperatively. The animals were observed twice daily before catheters were removed. In case the catheter was removed by the animal, another new catheter would be reinserted after anesthesia. The urethroscopy was used to observe the recovery process of the urethra. Photos of the urethral lumen were captured at 6 and 12 weeks post-surgery. Retrograde urethrograms were performed for the animals in 3 groups to assess urethral caliber under anesthesia at 6 and 12 weeks post-surgery. The contrast solution was injected into the urethra lumen to observe any leakage and stricture. Also, the dogs were undertaken the urethra contrast-enhance ultrasound test to check the condition of scar in the urethra at 6 and 12 weeks post-surgery. The bubble contrast solution was used to enhance the resolution. The animals were euthanized after urethroscopy and retrograde urethrograms at 12-week period. Urethral tissues were harvested for the following staining experiments.
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FIGURE 2. The surgery process of urethral defect model creation and urethroplasty with biomaterial. (A) Dog urethra (diameter = 2 cm) was exposed and measured. (B) F8 catheter was inserted from the penile tip and kept in urethra, and the urethral wall was opened to 2 cm in length with a pair of scissors. (C) 2 cm × 0.5 cm ICG-001 delivering nanoyarn was prepared. (D) The ICG-001 delivered nanoyarn was implanted into the urethral defect area. (E) The fistula (in the gray dotted rectangle) formed in the middle of the repaired segment with conjugated scaffold. (F) Stricture formed in the urethra repaired by nanoyarn (the needle cannot pass through). (G) Unobstructed urethra was repaired with ICG-001 delivered nanoyarn (the needle could pass through). (H) A healthy urethra without repair was shown as a control.




Histology and Immunohistochemistry

The urethra specimens were rinsed with PBS and fixed in 4% paraformaldehyde for 15 min at room temperature followed by dehydration and paraffin embedding. Hematoxylin-eosin (H&E) and Masson staining were performed according to the protocol to evaluate vascularization and collagen distribution. For immunohistochemistry, the slides were processed and cryosectioned at 12-μm thickness using a cryostat (Leica CM1950). Immunohistochemical staining were performed using monoclonal antibodies against the SMCs (α-actin; Santa Cruz, Dallas, TX, United States), AE1/AE3 and CD31 (Cat#41-9003-82, and Cat#CF504773, Thermo Fisher Scientific, Waltham, United States). Then, the specimens on slides were treated with Biotin-Streptavidin (ABC) and DAB in Biotin-Streptavidin (ABC) IHC detection kits (Cat# ab64264, Abcam, Cambridge, MA, United States). The tissue sections were counter-stained with hematoxylin for the nuclei.



RESULTS


Morphology of Drug-Delivering Nanoyarn With Pre-loaded Fibroblasts

The thickness was measured for fibrous nano scaffolds (0.75 ± 0.16 mm, mean ± std), conjugated nano scaffolds (0.90 ± 0.21 mm), nanoyarn (0.93 ± 0.19 mm) and ICG-001 delivering nanoyarn (0.92 ± 0.14 mm), as well as the diameter (conjugated nano scaffolds (1.51 ± 0.351 μm), nanoyarn (2.447 ± 0.408 μm) and ICG-001 delivering nanoyarn (2.547 ± 0.508 μm), as previously reported (Guo et al., 2016). The thickness of core layer was 53 ± 15 nm, and the shell layer was 226 ± 27 nm. The water contact angle was measured as previously reported (fibrous nano scaffolds, 120.97 ± 6.13°; ICG-001 delivering nanoyarn, 87.9 ± 5.78°) (Guo et al., 2016). To confirm the physical properties of nano biomaterials for fibroblast growth, we observed the morphology of nanoyarn and the conjugated nanofibrous scaffold under SEM. For both of them, the direction of fibers was aligned. The angle distribution of the nanoyarn was 8.3 ± 4.5 degrees (mean ± std). Compared with conjugated nanofibrous scaffold (Figures 3A,B), the nanofibers in nanoyarn (Figures 3E,F) were twisted into thick yarns with more fibers, indicating a higher flexibility for the engineered tissue. This was confirmed in the following animal experiments, as nanoyarn was very convenient to handle and easy to suture during the surgery, and closely mimicking the native tissue to resume urethral function/plasticity. The pore size exhibited in nanoyarn was larger than conjugated nanofibrous scaffold (Figure 3), which would allow efficient cell infiltration from neighboring tissues. Compared with cells on conjugated nanofibrous scaffold (Figures 3C,D), in the cells-laden nanoyarn the cells grew along the yarns with abundant extracellular matrix (ECM) (Figures 3G,H). The quantitative data of the pore size, porosity and cell infiltration of nanoyarn, conjugated nano scaffold and nanofibrous scaffold was reported previously (Guo et al., 2016).
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FIGURE 3. Physical characteristics of different nano scaffolds under SEM. Fibrous nano scaffolds (A–D), conjugated nanofibrous scaffold (E–H) and nanoyarn (I–L) were observed at different magnifications with or without preloaded fibroblasts. Scale bars are indicated in each figure.


To optimize the mechanical characteristics of the nano biomaterials for in vivo experiments, we modified the setting of the parameters in previous experiments (Zhang et al., 2016), and evaluated the updated mechanical properties of various nano scaffolds (Figure 4A and Table 1). Comparing to non-woven nanofibrous scaffolds (BAMG) and conjugated nano scaffolds, nanoyarn showed lower maximum tensile strength and Young’s modulus, higher elongation at break and higher elasticity in vertical and parallel directions (Figure 4A and Table 1), indicating better plasticity and strength. The properties of the present nanoyarn is more suitable for suture and manipulation in the dog model operation. In addition, we previously evaluated the release efficacy and time range of ICG-001 from three different nano scaffolds in vitro (Supplementary Figure 1; Guo et al., 2016). The ICG-001 delivering nanoyarn showed similar polymer constitution comparing to control nanoyarn [collagen conjugated (Col/PLCL) or non-conjugated (PLCL)] (Figure 4B), suggestion that the load of ICG-001 in the whole nanoyarn doesn’t affect its physical composition, which is expected.


[image: image]

FIGURE 4. Mechanical properties of different nano scaffolds. (A) The tensile strength of nanoyarn, conjugated scaffold and BAMG. (B) FTIR for different polymers in PLCL, control nanoyarn and drug (ICG-001) delivering nanoyarn.



TABLE 1. The stress, strain and Young’s modulus of various biomaterials (BAMG, conjugated scaffolds and nanoyarn).
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Released Medium From Nanoyarn Pretreated With 4 mg/ml ICG-001 Could Effectively Inhibit Fibroblast Proliferation and Suppress Protein Expression of Fibrosis Associated Proteins in vitro

To determine the optimal dosage of ICG-001 for effective inhibition of fibroblast proliferation and suppressed expression of fibrotic factors (e.g., Collagen I, Collagen III, etc.), we performed biocompatibility and anti-fibrosis assays. The released media from nanoyarn with 2 or 4 mg ICG-001 resulted in an obvious inhibition of cell growth in fibroblasts by morphological observation (Figures 5A–F). The cells maintained normal proliferation in less than 1 mg/ml released medium (Figures 5A–D). The cell proliferation inhibition effect was validated by MTS assay, which confirmed a significant decrease of proliferation with the 4 mg-ICG-001 medium at day 6 (Figure 5G). Significant decrease of Collagen I and III expression was also confirmed with the 4mg-ICG-001 medium (Figures 5H,I).


[image: image]

FIGURE 5. Cell morphology, proliferation and collagen expression based on treatment with ICG-001 at various concentrations. (A–F) Fibroblasts incubated with released media from cells treated with different concentrations (0.1, 0.5, 1, 2, and 4 mg) of ICG-001 were observed under light microscope. Control (CTL) is not treated with ICG-001. (G) Cell proliferation was evaluated by MTT assay. (H,I) Western blotting and relative expression quantification of fibrosis related proteins [Collagen type I (Col 1), Collagen type III (Col 3)] were evaluated. *indicates significant difference (p < 0.05, comparing to control).




ICG-001 Delivering Nanoyarn Could Effectively Promote Urethral Reconstruction and Resume Fully Functional Urethra in vivo

After urethral defects were introduced into the dog models, urethroplasty was performed by implanting various biomaterials into the urethral defects with running suture (Figure 2). The nanoyarn with or without ICG-001 was very convenient to handle and suture, while the conjugated scaffold is pretty fragile. The recovery condition of urethral lumen was checked at 6 and 12 weeks post-surgery. Generally, the 4–0 absorbable Vicryl was still visible in the lumen after 6 weeks but disappeared at 12 weeks (Figures 6A–F). In the urethras repaired with conjugated nano scaffold, obvious fistula at the segment of urethroplasty was revealed (Figures 6A,G). A soft needle could be seen in the inner lumen of urethra when it was inserted from the outside of the fistula at the penile (Figure 6A). After 12 weeks, the fistulas remained in the urethras (Figure 6D) and was also detectable in the urethrography examination (Figure 6J). In the urethras repaired with nanoyarn, majority of urethras were kept unobstructed (Figures 6B,H), although urethral strictures were observed at 12 weeks post-surgery (Figure 6K), as the lumen became very narrow, and the urothelium looked pale, indicating fibrosis associated scar formation (Figure 6E). In the urethras repaired by ICG-001 delivering nanoyarn, unobstructed urethras were revealed at 6 and 12 weeks post-surgery, with no sign of urethral stricture or scar formation (Figures 6C,F,I,L).
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FIGURE 6. Urethroscopy and urethrography examinations for urethras. Urethras repaired with conjugated nanofibrous scaffold (A,D,G,J), nanoyarn (B,E,H,K) and ICG-001-delivering nanoyarn (C,F,I,L) at 6- and 12-week post-surgery. White and yellow arrow indicate the location of the fistulas. Blue arrow indicates the location of the urethral stricture.


To further validate those findings, we performed sonourethrography to test the efficacy of the biomaterials for urethroplasty and evaluate the tissue and scar formation in the lumen. 6 and 12 weeks post-surgery, ultrasonic contrast agent was injected into the orifice of the urethra repaired with the conjugated scaffold, but the lumen could not be filled due to the existence of fistula (Figures 7A,D,G,J). In urethra repaired with nanoyarn, the lumen was unobstructed with fluent flow of ultrasonic contrast agent at 6 weeks post-surgery (Figures 7B,E), yet hypertrophy was observed in the lumen which obstructed the flow of contrast agent at 12 weeks post-surgery (Figures 7H,K), likely causing urethral stricture. In the urethras repaired by ICG-001 delivering nanoyarn, the lumen kept unobstructed and wide at 6 weeks (Figures 7C,F) and 12 weeks post-surgery (Figures 7I,L). The overall successful rate of urethroplasty was summarized in Table 2.
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FIGURE 7. Sonourethrography and ultrasonic contrast examinations for the urethras repaired with conjugated nanofibrous scaffold, nanoyarn and ICG-001-delivering nanoyarn. (A–C,G–I) Sonourethrography examination results. (D–F,J–L) Ultrasonic contrast examination results. The white arrows indicated the location of scar formation in the urethral lumen.



TABLE 2. The successful rate of urethroplasty with various biomaterials.

[image: Table 2]To further evaluate the tissue reconstruction at cellular level, we performed immunohistological analysis. The urethras repaired by conjugate nano scaffolds were destroyed by serious fistula and inflammation associated with infection (Figures 8A,E,I,M,Q). In the urethras repaired by nanoyarn, the lumen surface formed discontinued epithelial layer (Figures 8B,F). The tissue showed a large amount of collagen (Figure 8J) and the CD31 expression was low (Figure 8R). In contrast, in the urethras repaired by ICG-001 delivering nanoyarn, the epithelial cells developed regular and continuous epithelium (Figures 8C,G), which is fairly similar to healthy control (Figures 8D,H). The tissue in the submucosa developed less collagen in the Masson image (Figure 8K) and more vessels were formed (Figure 8S).
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FIGURE 8. Histological examination of urethras repaired with conjugated nanofibrous scaffold, nanoyarn and ICG-001-delivering nanoyarn. Urethras repaired by various nano scaffolds (12 weeks post urethroplasty) were analyzed based on H&E (A–H), Mansson (I–L), AE1/AE3 (M–P) and CD31 (Q–T) staining. Yellow asterisks indicate ECM in (I–L). Note the deposited ECM in (I,J), and the well-aligned ECM in (K,L). Red arrows indicate the epithelium in (M,O,P). Blue arrows indicate vessels in (S,T). Scale bar is 200 μm.




DISCUSSION

The muscular anatomy of lower urinary tract, including the surrounding organs, were compared between human and male dogs, and histological analysis confirmed the anatomical resemblance between the two, especially in musculus detrusor vesicae, membranous urethra, prostate, etc. (Stolzenburg et al., 2002). Both male human and canine lower urinary tracts share similar components (urethra, urinary bladder and prostate), although the canines don’t have seminal vesicles or Cowper’s glands. Anatomically, the course of the second dorsal longitudinal urethral muscle system is similar in humans and dogs (Stolzenburg et al., 2002). However, the extension of the ventral longitudinal musculature is restricted to the region caudal of the prostate and it is more strongly developed in dog (Stolzenburg et al., 2002). The similarities and differences are taken into careful consideration during the design of this study. In preparation of the in vivo experiments, we have observed the histology of human urethra, which is similar to the canine urethra. The urethral lumen was surrounded by epithelium ECM, vessels and some muscles in the outer layer (data not shown). The thickness is also similar, which is around 1 mm. The observation is consistent with the literature, and it supports that dog model is feasible to test the nano materials for urethral reconstruction and clinical application.

In contrast to traditional electrospinning with simple receiving platform, dynamic liquid system was used to fabricate electrospun scaffold with larger pore size. Core-shell coaxial electrospinning system is popular for producing drug delivered scaffold. In present study, we combined the dynamic liquid system and core-shell electrospinning system together, and discovered that it could be utilized to fabricate a novel electrospun nanoyarn delivering certain kinds of bioactive agents with more stable release. ICG-001 is a Wnt signaling pathway inhibitor, which was reported as an adequate choice for antifibrosis. Thus, to facilitate a biological repair of urethra with less fibrosis and better vascularization and epithelial recovery, ICG-001 was delivered by the nanoyarn. The cells could expand well on the nanoyarn with an aligned growth style, which is necessary to mimic the native collagen fiber of biology.

Compared with BAMG and conjugated scaffold, the nanoyarn is a more elastic material with high strain rate. ICG-001 was delivered by the nano fiber, and the conditioned medium released from ICG-001-nanoyarn showed the effect of inhibition of fibroblasts proliferation and suppression of fibrosis. After the urethral repair using various materials, urethroscopy, urethrographyh and ultrasound showed the best outcome derived from ICG-001 delivering nanoyarn with less leakage and urethral stricture rate. The histology demonstrated that the ICG-001 delivering nanoyarn is not only beneficial for the regeneration of epithelium and vessels, but also for the recovering of normal ECM of urethral by preventing abnormal deposition.

Ideal biomaterial should mimic natural ECM to allow cell adhesion, proliferation and differentiation in biological and architectural features, so as to facilitate tissue formation in vivo (Wu et al., 2014). Electrospinning is an efficient and frequently used technique to fabricate scaffolds for regenerative medicine (Barnes et al., 2007). However, due to its nature of layer-by-layer deposition of the nanofibers, traditional electrospun fibers have relatively small pore size which might inhibit cell filtration and hinder regenerative tissue formation (Sill and von Recum, 2008). Thus, how to generate nano scaffolds with 3D microstructures with ideal pore size remains a challenge and a unanswered question in tissue engineering field (Wu et al., 2014; Khorshidi et al., 2016). The previous attempts to solve this problem involved usage of salt leaching, ice crystal formation, sacrificial nanofibers and increasing the fiber diameter etc., which often affect the mechanical property and inhibit the cell growth of fibroblasts due to increased toxicity (Baker et al., 2009). In this study, we improved the traditional non-woven nano fibrous scaffolds and conjugated nano scaffolds, and utilized a novel electrospinning, dynamic liquid system to fabricate the nanoyarn, which has large pore size and 3D microstructures biomaterial through the natural water flow vortex without using any poisonous chemicals. In addition, collagens and P(LLA-CL) were combined to obtain good biocompatibility and mechanical strength. The mechanical property of nanoyarn allowed convenient usage in urethroplasty, and that could be adjusted by shifting the thickness and the density of deposited yarns to use in different types of soft tissues.

How to decrease the drug toxicity and increase drug delivery efficiency is another challenge. Compared with blending drug with the polymer materials directly, the core-shell co-axial electrospinning could decrease the burst release and protect the drug activity in the process of fabrication (Liao et al., 2009; Qian et al., 2014). In vitro experiments confirmed that nanoyarn could prevent the burst release in fibrous nano scaffolds, and improve the steady release of ICG-001 in conjugated nano scaffolds (Guo et al., 2016).

TEM of the nanoyarn with ICG-001 was performed, and the data were published in our previous in vitro study (Guo et al., 2016), while the present manuscript was more focused on the in vivo function of nanoyarn for the urethra reconstruction using dog model. The fibroblasts seeded on the ICG-001 delivering nanoyarn and conjugated nanofibrous scaffold could proliferate well (Figure 3; Guo et al., 2016). In the cell proliferation analysis, we found that the inhibition of fibroblast proliferation and block of collagen deposition showed a dose-dependent pattern. However, the concentration of ICG-001 is not the larger the better. The fibroblasts showed good tolerance to 2mg/ml (and less) ICG-001 in nanoyarn (Figure 5), which was used as the optimized dosage for in vivo experiment.

After the urethroplasty with three types of biomaterials (conjugated nano scaffold, control nanoyarn and drug-delivering nanoyarn) in dog models, we evaluated the successful rate based on urethral leakage and recurrent stricture. In the urethra repaired with conjugated scaffold, all the animals had leakage and stricture, probably due to the small pore size and low porosity, and unfavorable mechanical features (Table 2 and Figures 6A,D,G,J, 7A,D,G,J). The regenerated tissue was thin and fragile, and fistula and necrosis occurred. In the urethra repaired by the control nanoyarn, we observed a fair efficacy at six-week (Table 2 and Figures 6B,H, 7B,E). However, at 12-week, the scar in the urethra became serious and led to urethral stricture in two dogs (Figures 6E,K, 7H,K). In the urethra repaired by drug-delivering nanoyarn, we observed the highest overall success rate at 6 and 12 weeks post-surgery. With degradation of the biomaterials and efficient growth of local native cells, little biomaterial could be observed by urethroscopy at six weeks (Figure 6C). This is likely a result of gradual release of ICG-001 from nanoyarn, which suppressed the fibrosis of local cells near the urethral defect during the healing process. The recurrent stricture was completely suppressed in the urethra repaired by drug-delivering nanoyarn and was maintained at 12-week (Figures 6F,L, 7I,L). Urethral leakage was controlled at very low rate for 12 weeks (Table 2). Overall, the drug-delivering nanoyarn showed the most effective clinical advantage in treating the urethral defects and could serve as a promising method to cure human patients who suffer from urethral complications.

For the histology of the urethra repaired with scaffolds (Figure 8), three kinds of scaffolds showed various outcomes. H&E stainning showed a gross condition of the repaired position. Majority of urethra repaired with conjugated scaffold possessed a fistula, and the local tissue is often with inflamation. The nanoyarn without ICG-001 results in a repair with fibrosis, and the epithelial layer could not get a complete regeneration. There was little or trace expression of AE1/AE3. The CD 31 stainning for vessels also showed a low expression in conjugated scaffold repaired urethra and nanoyarn without ICG-001. The CD 31 revealed large lumens of vessels in the urethra repaired with ICG-001 nanoyarn, indicating the tissue formation with more abundant blood supply. The masson stainning is responsible to show the alignment of ECM. In normal urethra and well repaired urethra, the ECM possesses a direction, but there is no direction in fibrosis or scar. The ICG-001 nanoyarn could facilitate a urethral regeneration without fibrosis.



CONCLUSION

In this study, we fabricated a dynamic liquid nanoyarn, which mimiced the native tissue matrix morphologically and structurally, and sufficiently allow cell proliferation and tissue regeneration. The urethroplasty in dog model using optimized ICG-001 delivering nanoyarn resulted in fully functional urethra after tissue reconstruction, confirming the efficacy of drug-delivering nanoyarn in treatments of urethral defect in vivo. It could potentially serve as an effective clinical application to cure urethral defects in human patients.
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Brain Derived Neurotrophic Factor and Glial Cell Line-Derived Neurotrophic Factor-Transfected Bone Mesenchymal Stem Cells for the Repair of Periphery Nerve Injury
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Peripheral nerve injury is a common clinical neurological disease. In our previous study, highly oriented poly (L-lactic acid) (PLLA)/soy protein isolate (SPI) nanofiber nerve conduits were constructed and exhibited a certain repair capacity for peripheral nerve injury. In order to further improve their nerve repairing efficiency, the bone mesenchymal stem cells (BMSCs) overexpressing brain derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) were introduced into the conduits as seed cells and then were used to repair the 10-mm sciatic nerve defects in rats. The nerve repair efficiency of the functional nerve conduits was evaluated by gait experiment, electrophysiological test, and a series of assays such as hemotoxylin-eosin (HE) staining, immunofluorescence staining, toluidine blue (TB) staining, transmission electron microscopy (TEM) observation of regenerated nerve and Masson’s trichrome staining of gastrocnemius muscle. The results showed that the conduits containing BMSCs overexpressing BDNF and GDNF double-factors group had better nerve repairing efficiency than blank BMSCs and single BDNF or GDNF factor groups, and superior to autografts group in some aspects. These data demonstrated that BDNF and GDNF produced by BMSCs could synergistically promote peripheral nerve repair. This study shed a new light on the conduits and stem cells-based peripheral nerve repair.

Keywords: poly (L-lactic acid), soy protein isolate, bone marrow mesenchymal stem cells, brain derived neurotrophic factor, glial cell line-derived neurotrophic factor


INTRODUCTION

Peripheral nerve injury (PNI) is a critical issue in the field of regenerative medicine (Wang et al., 2018; Li et al., 2020). Accelerating axonal regeneration and improving functional recovery after PNI is a clinical dilemma and a basic medical challenge (Li et al., 2019; Sayad-Fathi et al., 2019). In clinical practice, end-to-end suturing of proximal and distal stumps is the ideal method to repair short nerve defect (Guo et al., 2019; Wu et al., 2019). The gold standard of long nerve regeneration is autograft (Yi et al., 2018; Vijayavenkataraman, 2020). However, autograft requires sacrifice of a functional nerve, which may result in donor nerve sensory loss and neuropathic pain (Guo et al., 2018; Wu et al., 2020). Hence, the use of nerve guide conduits could avoid these problems (Chrzaszcz et al., 2018; Chen et al., 2019; Vijayavenkataraman et al., 2019). However, the reported nerve conduits could not fully meet the demands for quick and effective nerve repair (Carvalho et al., 2019; Riccio et al., 2019).

The classical strategy of tissue engineering is to construct composite nerve conduits with biodegradable polymer materials combined with seed cells or neurotrophic factors (Zhang et al., 2019). The addition of neurotrophic factors in nerve conduit could significantly improve the efficiency of nerve regeneration (Gao et al., 2016). Directly introducing exogenous neurotrophic factor into nerve guide conduit was reported (Labroo et al., 2018; Lin et al., 2019). However, these exogenous neurotrophic factors in the nerve conduits are easy to be lost or become inactive (Hobson et al., 2000; Moskow et al., 2019). What’s worse, excessive exogenous neurotrophic factors may cause trapping of regenerating axons and formation of nerve coils (Eggers et al., 2013).

Therefore, seed cells producing neurotrophic factors were widely used to overcome these problems (Hsueh et al., 2014; Zhu et al., 2014; Hsu et al., 2017). Bone marrow mesenchymal stem cells (BMSCs) are most promising seed cells for nerve repair and regeneration (Gao et al., 2016; Xue et al., 2017). BMSCs had lots of advantages including wide range of sources, easy to isolate and culture, and immunological naivety (Cho et al., 2018; Cui et al., 2018). BMSCs could suppress neuronal cell death and promote nerve regeneration in conduit guided sciatic nerve repair in rats (Hsu et al., 2013). BMSCs producing BDNF were reported to promote motor functional recovery in spinal cord transfected rat (Xiong et al., 2016).

However, single neurotrophic factor is often not very effective (Li et al., 2006; Cangellaris and Gillette, 2018). Various endogenous neurotrophic factors for nerve regeneration were reported (Tajdaran et al., 2018; Liu et al., 2020). Among them, BDNF can promote the myelinization of neogenesis nerve (Lopes et al., 2017), GDNF can protect motor neurons from injury caused by nerve transection, and improve the re-innervation function of nerves (Eggers et al., 2008). Many studies have confirmed the role of BDNF and GDNF in PNI, but their synergy at a ratio of 1:1 has not been studied in vivo (Zurn et al., 1996; Fu et al., 2011; Hoyng et al., 2014; Wang et al., 2016; Hsu et al., 2019).

Our previous work has shown that PLLA/SPI composite nanofiber conduits (HO-PSNCs) can promote nerve regeneration. The nerve conduits were modified with biochemical cues by SPI blending and topographical cues by highly oriented electrospinning. The two strategies combined together could improve the hydrophilicity and biodegradability of the biomaterials, and promote neural cell growth, spreading, extension, and neurite outgrowth in vitro, and support the nerve regeneration in vivo (Zhang et al., 2020). In order to further elevate the efficiency of peripheral nerve repair, we constructed BDNF transfected BMSCs and GDNF transfected BMSCs, and then the BMSCs were introduced into HO-PSNCs conduits to bridge sciatic nerve defects in rats. Two factors system were compared to single factor system, which provide evidence for the synergistically application of endogenous neurotrophic factors in nerve regeneration.



EXPERIMENTAL SECTION


Materials

PLLA with a molecular weight of 150 kDa was supplied by Shenzhen Polymtek Biomaterial Co., Ltd (Shenzhen, China). Soy protein isolate (SPI) with weight-average molecular weight (Mw) of 2.05 × 105 was purchased from DuPont Protein Technology (Luohe, China). Other chemicals were of analytical grade agents.



Preparation of the HO-PSNCs Scaffolds

The HO-PSNCs nerve conduits (Highly oriented PLLA/SPI nanofibrous conduits) were prepared as previous work (Zhang et al., 2020). In brief, 10 g PLLA was added to 90 g hexafluoropropanol. Two gram SPI powder was added to 98 g hexafluoroisopropanol. PLLA solution and SPI solution were mixed at weight ratio of 80:20. The PLLA/SPI composite solution was added into a 5 mL syringe with a needle for electrospinning. The prepared nanofiber conduits were stored in a dryer.



BMSCs Culture and Identification

The BMSCs were isolated from the adult Sprague Dawley rats (120∼150 g). After the rats were euthanized, the rat femurs were dissected out and the marrow cavities were exposed. The marrow cavities were washed with α-modified Eagle’s medium (α-MEM, Gibco) to collect the BMSCs. After the 1000 rpm centrifugal precipitation, the cells were re-suspended with complete α-MEM [containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco)]. Then the cells were cultured in a T75 flask at 37°C with 5% CO2. After 72 h, the medium was replaced with fresh complete α-MEM. The cells were confirmed as BMSCs by the flow cytometry of evaluating the expression of CD11 and CD45, while the CD29 and CD90 were the negative control. Optical images and SEM images were also taken to exam the BMSCs.



Lentivirus Construction

The Trizol reagent (Invitrogen, United States) was used for RNA extraction. The reverse transcription was then performed with the cDNA Reverse Transcription Kit (Bio-Rad, United States). Lentiviral vectors pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-BDNF and pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-GDNF vectors were constructed using PCR. The primer sequences were as follows: BDNF, 5′-GCG GGA TCC GCC ACC ATG GTG ACC ATC CTT TTC CTT AC-3′ and 5′-GCG GCG GCC GCC TAT CTT CCC CTT TTA ATG G-3′; GDNF, 5′-GCG GGA TCC GCC ATT ATG GGA TGT CGT GGC TG-3′ and 5′-GCG GCG GCC GCT CAG ATA CAT CCA CAC CGT TTA GC-3′. The lentiviral packaging vectors (pLP1, pLP2, pLP) were co-transfected along with pCDH-CMV-MCS-EF1-copGFP-T2A-Puro, pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-BDNF, or pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-GDNF into 293T cells using Lipofectamine 2000 (Invitrogen, United States). After 48 h of transfection, the lentiviruses were collected after filtering the supernatant of cell culture medium.



Western Blot Analysis

Lentivirus overexpressing BDNF and GDNF were transfected into BMSCs for 48 h, and the overexpression of BDNF and GDNF in BMSCs were identified by western blot. The BMSCs (P3) were harvested and washed with cold PBS, then incubated with primary antibodies: anti-BDNF antibody (A16299, Abclonal, China, 1:1000), anti-GDNF antibody (A14639, Abclonal, China, 1:1000) and anti-β-actin antibody (GB1101, Servicebio, China, 1:2000). HRP signals were detected by Image Studio Digits Ver 4.0. Density values were normalized to β-actin and results are representative of three independent experiments.



Cell Seeding

The conduits were cut into 12 mm, washed with PBS twice, and soaked in 75% alcohol for 72 h and then repeatedly washed three times with PBS. The alcohol-sterile conduits were seeded with BMSCs overexpressing GFP (BMSC-Vector group), BMSCs overexpressing BDNF (BMSC-BDNF group), BMSCs overexpressing GDNF (BMSC-GDNF group), and BMSCs overexpressing BDNF and GDNF [BMSC-(BDNF + GDNF) group], respectively. Cell density was 5 × 104/conduit (according to our preliminary experiment), 37°C and 5% CO2 under the condition of cultivation for 24 h. The BMSC-(BDNF + GDNF) group is 1:1 combination of BMSC-BDNF and BMSC-GDNF groups. To make the BMSCs distributed evenly, we firstly inoculated 2.5 × 104 cells in the inner wall of the conduits on the one side. We flipped the conduits for 180 degrees after the BMSCs were attached to the conduits for 12 h, then the other 2.5 × 104 BMSCs were inoculated in the inner wall of the conduits on the other side.



Animals Surgery

All the animals experiment procedures were approved by the Animal Care and Use Committees of Wuhan University and carried out in accordance with the “Guidelines and Regulations for the use and care of Animals of the Review Board of Hubei Medical Laboratory Animal Center”. Adult SD rats (180∼200 g) were used to exam the nerve regeneration performance in vivo. The skins of anesthetized rats were cut to expose the right sciatic nerve. Blunt dissection is used to separate the muscles surrounding the nerve tissue. The sciatic nerve was then was severed into proximal and distal segments with 10 mm defects at the center of the right posterior limb. As shown in Table 1, 60 rats were divided into six groups randomly: defects connected with 10 mm autologous nerve grafts (Autograft group), 12 mm HO-PSNCs conduits (Control group), 12 mm HO-PSNCs + BMSCs overexpressing GFP conduits (BMSC-vector group), 12 mm HO-PSNCs + BMSCs overexpressing BDNF conduits (BMSC-BDNF group), 12 mm HO-PSNCs + BMSCs overexpressing GDNF conduits (BMSC-GDNF group), 12 mm HO-PSNCs + BMSCs overexpressing BDNF + BMSCs overexpressing GDNF conduits [BMSC-(BDNF + GDNF) group]. The 8-0 nylon was used to suture the proximal and the distal stumps nerve with depth of 1 mm into the conduits. 6-0 nylon was used to re-suture the muscle and skin layers.


TABLE 1. Group codes in animal studies.
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General Observation

Three months after surgery, SD rats were placed in a clean table and observed the movement behavior in the free environment. The whole movement process and foot condition of the rats were recorded with camera. After observation, SD rats were put into a beaker to observe the recovery of the legs and feet of the surgical side when the rats were standing.



Walking Track Analysis

In order to assess the behavior of the rats at 3 months after surgery, walking track analysis was performed. In briefly, the rats were walking along with a wooden walking alley. The white papers were put on the floor of the alley. The red paint was applied to the rat’s plantar surface prior before walking on the floor of the alley. As the rats walking along the track, their left and right posterior limb footprints on the track were recorded. The following information was obtained from the footprints: distance from the heel to the top of the third toe (print length; PL); distance between the first and the fifth toe (toe spread; TS) and distance from the second to the fourth toe (intermediary toe spread; IT). These measures were also collected from the non-operated rat posterior limb (information for these posterior limbs are marked as NPL, NTS, and NIT) and the operated, experimental posterior limb (information for these posterior limbs are marked as EPL, ETS, and EIT). In the control groups, information of the right posterior limb was compared with those from the left ones. To calculate the sciatic function index (SFI), the information was fed into the following equation (1) from previous studies:
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Interpolating identical values of PL, TS, and IT from the right and the left hind feet results in a value close to zero in normal rats. A value of −100 implies total impairment.



Electrophysiology Evaluation

Three months after surgery, electrophysiology experiment was performed under anesthesia. The surgical sites were re-opened to expose the sciatic nerve. The electromyography was evaluated by an electrophysiology system (RM6240, China). The 10 mV electrical stimuli were applied to the nerve trunk at the proximal ends of the graft. Compound muscle action potentials (CMAPs) were recorded on the gastrocnemius muscle. The ratios of CMAPs in each group were used to assess the sciatic nerve functional recovery.



HE Staining and Immunofluorescence Staining

Three months after surgery, the regenerated nerves were harvested and then fixed in 4% paraformaldehyde solution for 48 h. The fixed nerve samples were dehydrated, paraffin-embedded and sectioned into 6-μm thick. A part of sections was stained with HE dying solution, and then observed under a light microscope (TE2000-U, Nikon, Japan). Another part of sections was used for immunofluorescence staining. In brief, the sections were incubated with mouse anti-NF200 antibody (diluted 1:200) and goat anti S100 antibody (diluted 1:50). After thorough washing with PBS, the sections were incubated with fluorescent secondary antibodies (Alexa Fluor-488 or -555 conjugated goat anti-mouse IgG diluted 1:200). Finally, sections were stained by DAPI and observed under a fluorescence microscope (TE2000-U, Nikon, Japan). To quantify the percentages of positive NF200 and S100 staining, fifteen fields of five images were randomly captured at 400 × magnification. The Image-Pro Plus software was used to calculate the percentages of positive NF200 and S100 staining.



Myelination Analysis

Three months after surgery, the regenerated nerves were collected and fixed in 2.5% glutaraldehyde solution at 4°C for 48 h. The regenerated nerves were then immobilized in 1% osmium acid, dehydrated, embedded and then sliced into 1 μm thick semi-thin sections. Through the toluidine blue staining, the sections were observed by optical microscope. Three sections per sample were randomly chosen and six images per section were randomly taken at 20 × magnification. Then 50 nm ultra-thin sections were stained with lead citrate and uranyl acetate. The ultrastructure of regenerated nerve fibers was observed by transmission electron microscope (TEM, HT7700, Hitachi, Japan). Five images were randomly captured at 400 × magnification and all axons from five images were analyzed. Toluidine blue stained images and TEM images were measured by Image-Pro Plus software to analyze the diameter and density of myelinated nerve fibers, the area of the myelinated axons and myelin sheath thickness.



Assessment of Gastrocnemius Muscles

Three months after surgery, normal and operative gastrocnemius muscles of the rats were harvested completely, washed with PBS, drained with filter paper, weighed and photographed. According to the equation (2), the muscle weight recovery rate of gastrocnemius was calculated as follows:
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Wr: Muscle weight recovery rate; Ws: muscle weight of gastrocnemius on the operative side; Wn: muscle weight of normal lateral gastrocnemius muscle.

The gastrocnemius tissue was then fixed in 4% paraformaldehyde for more than 24 h. After dehydration, paraffin embedding and sectioning, 6 μm thick paraffin sections were prepared. Then Masson staining was carried out. Three different fields of vision were collected for each section. Image-pro plus software was used to calculate muscle fiber area (a) and collagen fiber area (b). Then, the percentage of collagen fiber area was calculated according to the equation (3):

[image: image]

a, cross-sectional area of muscle fibers; b, collagen fiber area; c, percentage of collagen fibers.



Statistical Analysis

All quantitative data was expressed as mean ± SEM. One-way analysis of variance (ANOVA) followed by post hoc test was used for statistics analysis. The difference (P < 0.05) was considered to be statistically significant.



RESULTS


Identification and Morphology of BMSCs

The light microscope and scanning electron microscope images of BMSCs are shown in Supplementary Figures S1A,B, respectively. The BMSCs were closely clustered, with long fusiform or flat cells and small cell bodies, but the protrusions were whirlpool or radial. The surface markers CD11b, CD45, CD29, and CD90 of BMSCs were identified by flow cytometry, and the results are shown in Supplementary Figures S1C–F. Normally, BMSCs expressed CD29 and CD90 on the cell surface, but not CD11b and CD45 (Zhang et al., 2012). According to Supplementary Figures S1C–F, strong positive CD29 and CD90 signals could be detected in BMSCs, while only weak positive CD11b and CD45 signals could be detected in BMSCs. According to the analysis, the positive expression of CD29 was more than 99%, the positive expression of CD90 was more than 95%, while the positive rate of CD11b and CD45 was less than 1%, indicating that the purity of BMSCs was more than 95%.



Construction of BDNF and GDNF Transfected BMSCs

The fluorescence images of BMSCs and BMSCs transfected with blank vectors, BDNF, GDNF are shown in Figure 1A. The BMSCs exhibited green fluorescence in the BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, which could demonstrate the presence of the GFP protein in the three groups. The overexpressing BDNF and GDNF protein were detected by western blot. As shown in Figures 1B,C, higher protein expression levels of BDNF were detected in the BMSC-BDNF group, revealing that BMSCs transfected with BDNF overexpressing lentivirus could effectively express BDNF proteins. In the Figures 1B,D, the GDNF protein in the BMSC-GDNF group was the highest among the four groups, revealing that BMSCs transfected with GDNF overexpressing lentivirus could effectively express GDNF proteins.
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FIGURE 1. Characterization of BMSC-BDNF and BMSC-GDNF. (A) Fluorescence images of BMSCs and BMSCs transfected with blank vectors, BDNF and GDNF. Scale bar = 20 μm. (B) The western blot analysis of BDNF and GDNF proteins. (C) The BDNF protein levels and (D) the GDNF protein levels in the BMSC, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups. *P < 0.05, compared with BMSC group; #P < 0.05, compared with BMSC-vector group; &P < 0.05, compared with BMSC-BDNF group.




General Observation

Three months after surgery, the walking and standing behaviors of the rats were observed, and the images are shown in Figure 2. Compared with the normal posterior limbs of the rats, the surgical posterior limbs of the rats occasionally showed slight claudication during walking, indicating that the injured nerve recovered well (Figure 2A). Rats in all groups were able to stand in balance, indicating that the innervation function of the injured nerve on the legs and feet of rats recovered well (Figure 2B). Compared with the normal sides of the rat, the paws of the surgical side of the rats in each group were not fully expanded, indicating that the re-innervation ability of the regenerated nerve had not recovered to the normal levels. In Autograft and BMSC-(BDNF + GDNF) groups, the degrees of expansion of the paws on the surgical posterior limbs were greater than those in control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, indicating that the abilities of the regenerated nerve in Autograft and BMSC-(BDNF + GDNF) groups to reinnervate the rat feet were stronger than those in control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups.
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FIGURE 2. General observation of the movement of rats at 3 months after surgery. Images of walking (A) and standing (B) of rats in each group.




Neurologic Function Recovery

Motor functional recovery in all groups was determined at 3 months after surgery (Figure 3). The mean sciatic function index (SFI) values of Autograft, control, BMSC-vector, BMSC-BDNF, BMSC-GDNF and BMSC-(BDNF + GDNF) groups were −55.89, −57.59, −50.27, −52.15, −47.88, and −46.68, respectively. The rats in BMSC-(BDNF + GDNF) group had better functional recovery, showing a higher SFI value than that in Autograft, control, BMSC-vector and BMSC-BDNF groups, but not higher than that in BMSC-GDNF group. The mean SFI value of BMSC-GDNF group was higher than those of Autograft, control and BMSC-BDNF groups, while the mean SFI value of BMSC-GDNF group was similar with that of BMSC-vector group.
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FIGURE 3. Analysis of SFI values in each group. *P < 0.05, compared with Autograft group; #P < 0.05, compared with control group; §P < 0.05, compared with BMSC-vector group; θP < 0.05, compared with BMSC-BDNF group.




Neuroelectrophysiological Examination

Three months after surgery, the peak amplitude of CMAPs, conduction velocity and latency of CMAPs were recorded by the biological signal acquisition and analysis system (Figure 4). Representative CMAPs record of the surgical side of each group are shown in Figure 4A. CMAPs signals could be detected in all groups, but the waveforms of signal were different among groups, indicating that the conduction functions of the damaged nerves were restored with different levels. The mean peak amplitude of CMAPs in Autograft, control, BMSC-vector, BMSC-BDNF, BMSC-GDNF, and BMSC-(BDNF + GDNF) groups were 22.44, 10.86, 14.51, 15.86, 16.98, and 22.31 mV, respectively. The peak amplitude of CMAPs in control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups were significantly lower than that in Autograft and BMSC-(BDNF + GDNF) groups, while there was no significant difference between BMSC-(BDNF + GDNF) group and Autograft group (Figure 4B). The peak amplitude of CMAPs in BMSC-BDNF and BMSC-GDNF groups were significantly higher than that in control and BMSC-vector groups, while the peak amplitude of CMAPs in BMSC-BDNF group was similar with that of BMSC-GDNF group. Compared with the peak amplitude of CMAPs in control, the peak amplitude of CMAPs in BMSC-vector was higher. These data indicated that the signal intensity of regenerative nerve in the BMSC-(BDNF + GDNF) group was closed to that of the Autograft group, while signal intensities in the BMSC-BDNF and BMSC-GDNF groups were higher than that of control and BMSC-vector groups.
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FIGURE 4. The results of electrophysiological test. (A) Representative CMAPs recordings on the injured side for each group. The statistical results of peak amplitude of CMAPs (B), conduction velocity (C), and latency (D). *P < 0.05, compared with Autograft; #P < 0.05, compared with control group; §P < 0.05, compared with BMSC-vector group; θP < 0.05, compared with BMSC-BDNF group; φP < 0.05, compared with BMSC-GDNF group.


According to Figures 4C,D, the conduction velocity of CMAPs in BMSC-(BDNF+GDNF) and Autograft groups were significantly higher than that in the control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups. The latency of CMAPs in BMSC-(BDNF + GDNF) and Autograft groups was significantly lower than that in control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups. The conduction velocity of CMAPs in BMSC-BDNF and BMSC-GDNF groups were higher than that in control and BMSC-vector groups, while that in BMSC-vector group was higher than that in control group. The latency of CMAPs in BMSC-BDNF and BMSC-GDNF groups were lower than that in control and BMSC-vector groups, while in BMSC-vector group was lower than that in control group. These data indicated that the electrical signal transmission speed of the regenerative nerve in BMSC-(BDNF+GDNF) group was higher than that in the control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, while closed to that in the Autograft group. In conclusion, nerves repaired with HO-PSNCs conduits loaded with BDNF and GDNF co-transfected BMSCs had better recovery of conduction function and could transmit electrical signals faster than BDNF or GDNF single-transfected BMSCs, and the ability was similar to that of the Autograft group.



HE Staining and Immunofluorescence Staining of Regenerated Nerves

Three months after surgery, the middle segments of the regenerated nerve were taken for HE staining, and the results are shown in Figure 5A. The regenerated nerve fibers in each group were arranged in order. These regenerated nerve fibers gathered into bundles, extending from the proximal end of the damaged nerve to the distal end. The regenerated nerve fibers in Autograft group were loose, while the regenerated nerve fibers in control, BMSC-vector, BMSC-BDNF, BMSC-GDNF, and BMSC-(BDNF + GDNF) groups were denser. The adhesion of the fiber bundles in control group was more dispersive than other conduit groups. In addition, the widths of the regenerated nerve tissues in the Autograft and BMSC-(BDNF+GDNF) groups were bigger than that of control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups.
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FIGURE 5. HE-staining and immunofluorescence analysis of the regenerated nerves in each group at 3 months after surgery. (A) Images of HE-staining and immunofluorescence; (B) Percentage of positive NF200 staining and (C) percentage of positive S100 staining. *P < 0.05, compared with Autograft; #P < 0.05, compared with control group; §P < 0.05, compared with BMSC-vector group; θP < 0.05, compared with BMSC-BDNF group; φP < 0.05, compared with BMSC-GDNF group.


The middle segments of the regenerated nerve were also taken for immunofluorescence staining of NF200 and S100, which NF200 is a specific marker of axon and S100 is the specific marker of Schwann cells, and the staining results are shown in Figure 5A. The Schwann cells and axons distribution of regenerated nerves were observed in all groups, indicating that the new regenerated tissue is indeed nerve tissue. The statistical results of positive cell percentages of NF200 and S100 are shown in Figures 5B,C. In Figure 5B, the positive cell percentage of NF200 in Autograft and BMSC-(BDNF + GDNF) groups were higher than that of control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, while there was no difference between Autograft group and BMSC-(BDNF+GDNF) group. The positive cell percentage of NF200 in BMSC-BDNF and BMSC-GDNF groups were higher than that of control and BMSC-vector groups. Besides, the positive cell percentage of NF200 in BMSC-vector group was higher than that of control group. According to the Figure 5C, the positive cell percentage of S100 in Autograft and BMSC-(BDNF + GDNF) groups were higher than that of other groups, while the positive cell percentage of S100 in BMSC-BDNF and BMSC-GDNF groups were higher than that of control and BMSC-vector groups. In addition, the positive cell percentage of S100 in the BMSC-vector group was higher than that of control group.

In summary, these results showed that the nerve repair effect of BMSC-(BDNF + GDNF) group was highest among the conduit groups. The expression of NF200 and S100 of BMSC-vector group was higher than that of control group, while the expression of NF200 and S100 of BMSC-BDNF and BMSC-GDNF groups were higher than that of control and BMSC-vector groups.



Toluidine Blue Staining and Transmission Electron Microscopy of Regenerated Nerve

The cross sections of the middle segments of the regenerated nerve were further stained by toluidine blue (Figure 6A). The hollow myelinated nerve fibers could be clearly detected in each group, and these myelinated nerve fibers were evenly distributed in the regenerated nerve tissue. However, the density and size of myelinated nerve fibers were different in each group. The density of regenerated myelinated nerve fibers in Autograft, control, BMSC-vector, BMSC-BDNF, BMSC-GDNF, and BMSC-(BDNF + GDNF) groups were 16206.4, 10688.2, 13658.9, 14659.3, 14685.6, and 16940.5/mm2, respectively (Figure 6B). According to the statistical analysis, the density of myelinated nerve fibers in control, BMSC-vector, BMSC-BDNF, and BMSC-GDNF groups were significantly lower than that in Autograft and BMSC-(BDNF + GDNF) groups, while that in BMSC-BDNF and BMSC-GDNF groups was significantly higher than that in control and BMSC-vector groups. In addition, the density of myelinated nerve fibers in BMSC-vector group was significantly higher than that in control group. These data indicated that the formation of myelinated nerve fibers in BMSC-(BDNF + GDNF) group was higher than BMSC-BDNF and BMSC-GDNF groups, while the formation of myelinated nerve fibers in BMSC-BDNF and BMSC-GDNF group were higher than control and BMSC-vector groups.
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FIGURE 6. Toluidine blue (TB) staining and transmission electron microscopy (TEM) analysis of regenerated nerves. (A) Images of toluidine blue staining and TEM cross sections of regenerated nerve; (B) The statistical density of myelinated nerve fibers in regenerated nerves in each group; (C) Axon diameter, (D) thickness of myelin sheath and (E) area of the myelinated axon of regenerated nerves. *P < 0.05, compared with Autograft; #P < 0.05, compared with control group; §P < 0.05, compared with BMSC-vector group; θP < 0.05, compared with BMSC-BDNF group; φP < 0.05, compared with BMSC-GDNF group.


Transmission electron microscopy (TEM) images of the cross-section of the middle portion of the regenerated nerves were shown in Figure 6A. The histomorphometric parameters of the regenerated nerves including axon diameter, myelin sheath thickness and area of the myelinated axons were investigated (Figures 6C–E) and based on Figure 6A. As shown in Figures 6A,C, the mean axon diameters in Autograft, control, BMSC-vector, BMSC-BDNF, BMSC-GDNF, and BMSC-(BDNF + GDNF) groups were 6.38, 3.6, 4.2, 4.9, 5.07, and 6.4 μm, respectively. The axon diameters in Autograft and BMSC-(BDNF + GDNF) groups were significantly larger than those in control, BMSC-BMSC, BMSC-BDNF, and BMSC-GDNF groups, while there was no difference in axon diameters between Autograft group and BMSC-(BDNF + GDNF) group. The axonal diameters in BMSC-BDNF and BMSC-GDNF groups were larger than those in control and BMSC-vector groups, and there was no difference of axon diameters between BMSC-BDNF group and BMSC-GDNF group. In addition, the axonal diameters in BMSC-vector group were larger than that of control group. As shown in Figures 6D,E, tendencies of thickness of myelin sheaths and area of the myelinated axons were consistent with that of the axon diameter. These results demonstrated that the myelin regeneration ability in BMSC-(BDNF + GDNF) group were better than those in control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, which was similar to those in Autograft group. Furthermore, the myelin regeneration ability in BMSC-BDNF and BMSC-GDNF groups were better than that of control and BMSC-vector, while the myelin regeneration and re-innervation ability in BMSC-vector group was better than that of control group.



Masson’s Staining of the Gastrocnemius Muscle

The gastrocnemius muscles on the left and right sides of the rats were taken out and weighed 3 months after surgery. The gastrocnemius on the operative side in each group was smaller than that on the normal side (Figure 7A). As demonstrated in Figure 7C, the muscle weight recovery rates of Autograft, control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups were lower than that of BMSC-(BDNF + GDNF) group, while the muscle weight recovery rates of BMSC-BDNF and BMSC-GDNF groups were significantly higher than that of control and BMSC-vector groups. Moreover, the muscle weight recovery rate of BMSC-vector group was higher than that of control group. In the Masson’s staining images of the gastrocnemius muscle, the muscle fibers were stained red and the collagen fibers were stained blue (Figure 7B). Compared with BMSC-(BDNF + GDNF) group, the muscle fiber cross-sectional area of Autograft, control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups were significantly smaller, while the muscle fiber cross-sectional area of BMSC-BDNF and BMSC-GDNF groups were higher than that of Autograft, control and BMSC-vector groups (Figure 7D). Besides, the muscle fiber cross-sectional area of BMSC-vector group was higher than that of Autograft and control groups. As shown in Figure 7E, the collagen fiber area percentage of the BMSC-(BDNF + GDNF) group was significantly lower than that of Autograft, control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups, while the collagen fiber area percentage of BMSC-BDNF and BMSC-GDNF groups were significantly smaller than that of Autograft, control and BMSC-vector groups. Moreover, the collagen fiber area percentage of BMSC-vector group was smaller than that of Autograft and control groups. These results suggested that the re-innervation ability of the regenerated nerve in BMSC-BDNF and BMSC-GDNF groups were stronger than that of Autograft, control and BMSC-vector groups, while re-innervation ability of the regenerated nerve in BMSC-(BDNF + GDNF) group the was stronger than that of Autograft, control, BMSC-vector, BMSC-BDNF and BMSC-GDNF groups.
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FIGURE 7. Gastrocnemius muscle analysis. (A) Images of gastrocnemius muscle between normal and operative sides; (B) Masson’s trichrome staining of cross sections of gastrocnemius muscle; (C) The gastrocnemius weight recovery ratio; (D) The cross sectional area of muscle fibers. (E) The average percentage of collagen fiber area. *P < 0.05, compared with Autograft; #P < 0.05, compared with control group; §P < 0.05, compared with BMSC-vector group; θP < 0.05, compared with BMSC-BDNF group; φP < 0.05, compared with BMSC-GDNF group.




DISCUSSION

In this study, an efficient strategy for peripheral nerve repair is developed by combination of highly oriented nanofibrous nerve conduits (HO-PSNCs), seed cells (BMSCs), and neurotrophic factors (BDNF and GDNF). HO-PSNCs conduits could support peripheral nerve regeneration, but the repair effect was limited. The addition of seed cells (e.g., Schwann cells, Schwann cell-like cells and BMSCs) in nerve conduits were reported to promote nerve repair (Luo et al., 2015; Xue et al., 2017; Fu et al., 2019). Here, naïve BMSCs in HO-PSNCs conduits did improve the motor function, conduction function, nerve fiber morphology, protein expression, myelin regeneration and re-innervation ability of the regenerated nerve. However, other indexes of nerve regeneration had no significant change by naïve BMSCs. These data were consistent with the reports that BMSCs could promote conduit mediated nerve repair (Nijhuis et al., 2013; Gao et al., 2016).

Fu et al. (2011) reported that GDNF or BDNF transfected neural stem cells could promote the sciatic nerve regeneration, but he did not study the synergy effects in nerve regeneration. Although electrical stimulation can simultaneously promote the secretion of nutritional factors such as BDNF and GDNF during nerve regeneration, it has not been compared with single factor group (Willand et al., 2016). Wang et al. (2016) revealed that BDNF and GDNF fused to a laminin-binding domain in collagen tube had synergistical repair promoting effects of laryngeal nerve. Hoyng et al. (2014) identified the promoting effect of single factor BDNF, GDNF or NGF on the nerve regeneration, while the Hsu et al. constructed a CRISPR-based system for activating endogenous BDNF, GDNF, and NGF genes in adipose stem cell sheets to stimulate peripheral nerve regeneration (Hsu et al., 2019). In summary, no one has reported the synergistic effect of endogenous BDNF and GDNF (ratio = 1:1) on nerve regeneration.

Among the large number of neurotrophic factors, BDNF can promote the myelin formation of neogenesis nerves and GDNF can protect motor neurons from injury caused by nerve transection, which have been confirmed the role in the repair of PNI (Xiong et al., 2016; Lu et al., 2017). In our study, BMSCs overexpressing single factor exhibited many differences with naïve BMSCs group with improved conduction function, myelin regeneration and re-innervation ability of the regenerated nerve. All other indexes of nerve regeneration, such as SFI values and HE staining, had no significant change by introducing single neurotrophic factor to BMSC comparing to naïve BMSCs. These data were in constancy with the report that BMSC-BDNF need to combine with other factor to promote spinal cord recovery (Xiong et al., 2016). Altogether, naïve BMSCs, BMSCs overexpressing BDNF and BMSCs overexpressing GDNF as seed cells could efficiently improve peripheral nerve regeneration.

Interestingly, mixing BMSCs overexpressing BDNF and BMSCs overexpressing GDNF as seed cells in our study greatly elevated the repair of peripheral nerves. All BMSCs groups included the same cell number (5 × 104 cells). In this case, the expression levels of BDNF or GDNF in the double-factor group was half as much as that in the single-factor group. However, all the indexes of nerve regeneration were better than those of the single-factor groups. These data suggest that not the higher dose of single neurotrophic factors would make the better the effect of nerve regeneration, but BDNF and GDNF could synergistically promote nerve regeneration more effectively with different mechanisms of action. BDNF secreted by BMSCs can bind to p75NTR receptors of Schwann cells to promote myelinization (Xiao et al., 2009). GDNF has a strong role in promoting survival and growth of motor neurons, and the sciatic nerve contains motor and sensory axons emitted from spinal cord and DRG cells (Eric et al., 2002). The two factors functional in different aspects of nerve repair may collaborate in our study making high efficiency. Although the ratio of GDNF producing BMSC and BDNF producing BMSC need to be further optimized, our study provides an excellent system of mixing different seed cells with synergistic ability for nerve repair.



CONCLUSION

BMSCs overexpressing BDNF and BMSCs overexpressing GDNF were constructed and combined with the HO-PSNCs for peripheral nerve repair. Mixture of BMSCs overexpressing BDNF and BMSCs overexpressing GDNF as seed cells greatly improved the sciatic nerve repair comparing to the BMSCs-BDNF or BMSCs-GDNF single factor groups and similar to autograft group. Therefore, our study not only provided an optimal method of stem cell-based, multiple factors-mediated and conduit-guided for nerve repair, but also came up with a new strategy of seed cell mixture with synergistic ability for nerve repair.
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Nanotechnology has become a trending area in science and has made great advances with the development of functional, engineered nanoparticles. Various metal nanoparticles have been widely exploited for a wide range of medical applications. Among them, gold nanoparticles (AuNPs) are widely reported to guide an impressive resurgence and are highly remarkable. AuNPs, with their multiple, unique functional properties, and easy of synthesis, have attracted extensive attention. Their intrinsic features (optics, electronics, and physicochemical characteristics) can be altered by changing the characterization of the nanoparticles, such as shape, size and aspect ratio. They can be applied to a wide range of medical applications, including drug and gene delivery, photothermal therapy (PTT), photodynamic therapy (PDT) and radiation therapy (RT), diagnosis, X-ray imaging, computed tomography (CT) and other biological activities. However, to the best of our knowledge, there is no comprehensive review that summarized the applications of AuNPs in the medical field. Therefore, in this article we systematically review the methods of synthesis, the modification and characterization techniques of AuNPs, medical applications, and some biological activities of AuNPs, to provide a reference for future studies.

Keywords: AuNPs, synthesis, modification, characterization, medical applications, biological activities


INTRODUCTION

Nanomaterials are a novel type of material which has emerged in recent years. The term refers to a material in which at least one dimension, of three-dimensional space, is at the nanometer scale (0.1–100 nm), or is composed of the basic unit, which is approximately equivalent to the size of 10–100 atoms, is closely arranged together (Khan et al., 2017; Tayo, 2017). Nanoparticles are an example of nanomaterials, which now have the longest development time and are the most mature technology. Nanoparticles and nanotechnology are widely used and play an important role in a range of fields, such as medicine, biology, physics, chemistry and sensing, owing to their unique properties (Ramalingam, 2019). In comparison with other metal nanoparticles, noble metal (Cu, Hg, Ag, Pt, and Au) nanoparticles have increasingly attracted the attention of researchers (Ramalingam et al., 2014). Among these, gold nanoparticles (AuNPs) are known to be the most stable, and have now been prepared with various shapes and structures, including nanospheres, nanorods, nanocubes, nanobranches, nanobipyramids, nanoflowers, nanoshells, nanowires, and nanocages, by various synthetic techniques (Figure 1) (O’Neal et al., 2004; Chen et al., 2008; Li et al., 2015; Xiao et al., 2019). Moreover, they possess tunable and unique optical properties. Therefore, AuNPs have attracted extensive scientific and technological attention in recent decades. The optical properties of AuNPs are dependent on surface plasmon resonance (SPR), which is the fluctuation and interaction of electrons between negative and positive charges at the surface (Ramalingam, 2019). SPR can also be described in terms of surface plasmon polariton (SPP), which originates from propagating waves along a planar gold surface (Gurav et al., 2019). Due to their unique optical and electrical properties, and economic importance, AuNPs have abundant applications in various interdisciplinary branches of science, including medicine, material science, biology, chemistry and physics (Khan et al., 2019).


[image: image]

FIGURE 1. The main morphologies of AuNPs.


Especially, AuNPs are widely employed across the medical field owing to their excellent biocompatibility, which respectively results from their high chemical and physical stability, easy to functionalize with biologically active organic molecules or atoms (Pissuwan et al., 2019). AuNPs can directly conjugate and interact with diverse molecules containing proteins, drugs, antibodies, enzymes, nucleic acids (DNA or RNA), and fluorescent dyes on their surface, for diverse medical applications and biological activities (Figure 2) (Slocik et al., 2005; Ramalingam, 2019). Although AuNPs are so widespread and increasingly used in the medical field, there is no comprehensive review of their applications in medicine. Therefore, in this review, we have summarized the approaches that are available for synthesizing common AuNPs, as well as the techniques that are used to characterize them, based on their unique and diverse properties. We have also paid particular attention to the discussion of established medical applications of AuNPs.
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FIGURE 2. Various connecting molecules of AuNPs.




SYNTHESIS AND MODIFICATION OF MULTIFUNCTIONAL AuNPs

Almost all the medical applications and biological activities of AuNPs was characterized based on the unique SPR, since the SPR can enhance the surface activity of AuNPs. Due to the excitation of SPR, the absorption spectrum connected with AuNPs shows a resonance band in the visible region, whose amplitude, spectral location and width can be modified by the diverse particle size and shape in the medium. Also, the SPR is strongly dependent on both size and shape (Ramalingam, 2019). Therefore, the preparation of size-controlled and shape-controlled AuNPs is essential for the medical applications and biological activities. The first report on AuNPs was published in 1857 by Faraday with light scattering potential of AuNPs confirmed by the change of red color and colloidal nature of nanomaterials (Faraday, 1857). Although AuNPs have a long history, the synthesis of small and stable structure of AuNPs is difficult, key challenge in nanotechnology. To our knowledge, there are two distinct approaches of synthesizing AuNPs, which are top–down and bottom–up respectively (Figure 3). The materials of AuNPs prepared by different methods are various, which are bulk material, small gold seeds or gold target, HAuCl4⋅4H2O and various biological extracts respectively. Furthermore, AuNPs can bind various active molecules, and have broad prospects in the application of diverse fields. Thus, the modification of AuNPs will also be introduced.
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FIGURE 3. The top–down and bottom–up approaches for AuNPs synthesis.



Top–Down Approach

Generally, the top–down approach is a subtractive process, starting with the slicing of bulk materials and ending with self-assembled nanoscale objects (Khanna et al., 2019). Micropatterning and photolithography are the most common approaches (Chen et al., 2009; Walters and Parkin, 2009). Yun et al. (2006) demonstrated micropatterning of a single layer of nanoparticles and micelles through conventional and soft lithographical methods. Although the approach is fast, it has the limitation of synthesizing nanoparticles of uniform size. Thus, Chen et al. (2009) developed a novel patterning technique for AuNPs by removing salt-loaded micelles from substrate areas with a polymer stamp. They called the technique μ-contact (microcontact) deprinting, providing a fast and cheap way to produce nanoparticles on a wide range of substrates. In addition, there are several physical methods, such as pyrolysis, lithography, thermolysis and radiation induced methods in this category. Pyrolysis is another important technique frequently used, generally for the production of noble metal nanoparticles. As shown in Figure 4, pyrolysis has four major steps, from generation of drops from a precursor solution to solid particle formation (Figure 4) (Li et al., 2004). Pyrolysis has several disadvantages, such as the formation of porous films, low purity in some cases and limited products (Garza et al., 2010). In conclusion, the top–down approach has major limitations in the control of surface and structure of the AuNPs, which has a significant effect on their physical and chemical properties (Amblard et al., 2002; Sant et al., 2012). Size distribution is uncontrolled and enormous energy is required to maintain conditions of high-pressure and high-temperature during these synthetic procedures. Thus, it is very uneconomical and difficult to meet product requirements.


[image: image]

FIGURE 4. The four major steps of pyrolysis.




Bottom–Up Approach

As a popular nanomaterial, AuNPs are expected to present with applications in many areas. However, their yield is currently too low in existing methods of synthesis. Developing more convenient and adjustable methods to improve their preparation efficiency, in order to achieve production on a technical scale, has become the focus of research. The bottom–up approach has been an emerging strategy in recent years. There are three types of bottom–up synthesis approaches: (1) physical approaches, such as laser ablation, sputter deposition, ion implantation, γ-irradiation, optical lithography, microwave (MW) irradiation, ultrasound (US) irradiation, and ultraviolet (UV) irradiation (Table 1); (2) the chemical reduction of metal ions in solutions by introducing chemical agents and stabilizing agents, such as sodium hydroxide (NaOH), sodium borohydride (NaBH4), cetyl-trimethylammonium bromide (CTAB), lithium aluminum hydride (LiAlH4), sodium dodecyl sulfate (SDS), ethylene glycol (EG), and sodium citrate (Figures 5, 6); (3) biological approaches, using intracellular or extracellular extracts of prokaryotic cells (bacteria and actinomycetes) or eukaryotic cells (algae, fungi, and yeast), and extracts from various plants (leaves, stem, flower, fruits, peel, bark, and root) (Table 2). These syntheses will be discussed in detail in the following parts.


TABLE 1. Physical synthesis of AuNPs with different morphology and size.
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FIGURE 5. The chemical synthesis of AuNPs using different reaction conditions.
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FIGURE 6. The factors affecting the size and shape of AuNPs.



TABLE 2. Organisms mediated synthesis of AuNPs with different morphology and size.
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Physical Approach

Most of the physical methods used to prepare nanoparticles involve controlling experimental parameters in the presence of a reducing agent, to modulate the structures and properties of AuNPs without contamination (Table 1). Laser ablation and ion implantation are the most common and important physical methods of synthesis. Laser ablation provides an approach which effectively alters the surface area, geometric shape, properties, fragmentation, and assembly of AuNPs in aqueous solution, a biocompatible medium (Correard et al., 2014; González-Rubio et al., 2016). For example, Vinod et al. (2017) synthesized pure AuNPs through laser ablation of a gold target in water, and these nanoparticles are inherently non-toxic. And these particles are photothermally active when excited with 532 nm laser irradiation. However, the yield of this method is low, and the method is inconvenient. Therefore, the development of convenient, high-efficiency methods is necessary, in order to scale up production. Recently, Riedel et al. (2020) synthesized spherical, silica-coated AuNPs, with an average diameter of 9 nm and a coating thickness of 2 nm, by improved pulsed laser ablation in liquid (PLAL), and this method offers great progress to the large-scale production of nanoparticles. Another promising method for synthesis of AuNPs is ion implantation, which has been extensively used to prepare AuNPs with precise physical, chemical, and biological properties. Nie et al. (2018) reported the synthesis of embedded AuNPs in Nd:YAG single crystals, using ion implantation, and subsequent thermal annealing. Both linear and non-linear absorption of the Nd:YAG crystals have been significantly enhanced.



Chemical Approach

The easiest and most commonly used approach to synthesis is the chemical reduction of metal ions in solutions (Figure 5). A typical synthesis of AuNPs is dependent on the reduction of Au(III) (from hydrogen tetrachloroaurate hydrate, HAuCl4) to Au(0) atoms, formed as clusters and accumulated into large, polycrystalline particles via aggregation in the presence of reducing or stabilizing agent. Citrate-stabilized AuNPs were initially synthesized by Turkevich et al. (1951), which was also the first chemical synthesis of AuNPs. This synthesis was based on the single-phase aqueous reduction of HAuCl4 by sodium citrate. This synthesis was further refined by Frens (1973) by varying the ratio of sodium citrate and gold salt in order to control the size of AuNPs, from 5 to 150 nm. However, the diameter (<30 nm) of AuNPs was too poor. Leff et al. (1995) synthesized surfactant-mediated AuNPs over a range of diameters from 1.5 to 20 nm, by varying the gold-to-thiol ratio (Leff et al., 1995). In 2007, adopting the classical reaction system, Ji et al. (2007) also synthesized AuNPs by changing the pH of solution, which can affect the composition of gold solute complexes, in order to alter the particle size. Then, Jimenez et al. (2010) synthesized small AuNPs with sodium citrate and heavy water (D2O). This was a faster reduction method, and by increasingly replacing water with deuterium oxide, smaller diameters were obtained. Today, the aqueous method remains the most commonly used. However, the shape of AuNPs is irregular, and the size and size distribution obtained are quite poor. Thus, Natan and Brown (1998) reported the seeded growth of AuNPs (up to 100 nm in diameter) by using hydroxylamine as a mild reducing agent. And Brown et al. (1999) prepared AuNPs with highly uniform shape and size by introducing the boiling solution of sodium citrate. The mean diameters of the AuNPs produced were between 20 and 100 nm, and they exhibit improved monodispersity. A similar procedure, utilizing the reductant NH2OH at room temperature, produces two populations of particles. The larger population is even more spherical than citrate-reduced particles of similar size, while the smaller population is very distinctly rod shaped. This work was improved by Jana et al. (2001) and Rodriguez-Fernandez et al. (2006). They synthesized monodispersed AuNPs with narrow size distributions, using ascorbic acid (AA) and CTAB, which are used as a reducing agent and cationic surfactant respectively. Jana et al. (2001) prepared the AuNPs with diameters of 5–40 nm by varying the ratio of seed to gold salt, whereas Rodriguez-Fernandez et al. (2006) prepared the AuNPs with diameters from 12 to 180 nm by incorporating small gold clusters on the surface of seed particles (Jana et al., 2001; Rodriguez-Fernandez et al., 2006). Although CTAB-based method can control the morphology of AuNPs, the thiolated cationic surfactant molecules that bind to the gold surface are difficult to remove and restrict further functionalization. The reason is that the strongly bound capping layer provided by the CTAB is difficult to exchange with the thiolated cationic surfactant molecules (Leonov et al., 2008). Thus, Bastus et al. (2011) reported a kinetically controlled seeded growth method for the synthesis of monodispersed citrate-stabilized AuNPs, with a uniform quasi-spherical shape of up to ∼200 nm, via the reduction of HAuCl4 by sodium citrate. They also evaluated the effect of temperature and pH on their final shape. According to the mentioned above, it is known that the temperature, pH, the solvent, and the reducing/stabilizing agent of the reaction system play a crucial role in controlling the size and shape of AuNPs (Figure 6). This has also encouraged researchers to look for novel strategies to prepare AuNPs with controllable properties. Recent seed-mediated synthesis methods are considered very efficient, with respect to precise control of the size and shape of AuNPs.



Biological Approach

Although the synthesis of AuNPs by physical and chemical methods gives a high yield and is relatively cheap, there are a few disadvantages which have also been reported, such as the use of carcinogenic solvents, the contamination of precursors, and high toxicity (Ramalingam, 2019). To overcome these difficulties, researchers have investigated the biological production of AuNPs, and have explored the potential of micro-organisms, due to the quest for economically as well as environmentally benign methods (Table 2) (Jain N. et al., 2011; Ramalingam et al., 2019). Biological systems and agents are excellent examples of hierarchical organization of atoms or molecules and this has caused researchers to use a wide range of biological agents as potential cell factories for the production of nanomaterials (Gardea-Torresdey et al., 1999; Singaravelu et al., 2007; Kasthuri et al., 2008; Smitha et al., 2009). Using biological agents to reduce the metal ions requires benign conditions of external temperature and pressure, and little organic solvent (Khan et al., 2019). For example, Dubey et al. (2010) reported a rapid, green synthesis for AuNPs, using the lower amounts extract of Rosa rugosa leaf (Kumar et al., 2010). They also evaluated the effect of the quantity of leaf extract, the concentration of gold solution, the stability of AuNPs and different pH with zeta potentiometer. Although environmentally friendly and easy to regulate the shape and size of the nanoparticles, bacterial-mediated synthesis also has disadvantages, such as difficulty in handling and low yield (Azharuddin et al., 2019).




Modification

The size and morphology controlled AuNPs can be prepared based on different approaches above mentioned. AuNPs exhibit excellent physiochemical properties like unique SPR property, wide surface chemistry, high binding affinity, good biocompatibility, enhanced solubility, tunable functionalities for targeted delivery (Dreaden et al., 2012). Therefore, they have the ability to bind thiol and amine groups, which allows their modification for medical applications and biological activities (Shukla et al., 2005). On the one hand, AuNPs can directly attach ligands such as drug (Table 3), protein, DNA/RNA, enzyme, and so on (Figure 2). For instance, Podsiadlo et al. (2008) synthesized AuNPs bearing 6-Mercaptopurine (6-MP) and its riboside derivatives (6-Mercaptopurine-9-β-D-Ribofuranoside, 6-MPR). 6-MP and 6-MPR are loaded on the surfaces of AuNPs through sulfur-gold (Au–S) bonds known for their strength. They found substantial enhancement of the antiproliferative effect against K-562 leukemia cells compared to the free form of same drug. On the other hand, AuNPs are also used to conjugate with various drug with polymer functionalized for medical applications and biological activities. Recently, the design and preparation of polymer-functionalized AuNPs have attracted increasing interest. The AuNPs functionalized with polymer have more biocompatibility, stability, controlled release of drug, and enhanced therapeutic applications (Ramalingam, 2019). Some examples of polymer functionalized AuNPs for drug delivery are as shown in Table 3. For example, Venkatesan et al. (2013) developed AuNRs–doxorubicin conjugates (DOX@PSS-AuNRs) by an electrostatic interaction between the amine group (−NH2) of DOX and the negatively charged PSS-AuNRs surface. DOX@PSS-AuNRs conjugates exhibited improved drug loading efficiency, higher biological stability and higher therapeutic efficiency than free DOX. Therefore, the unique physical and chemical properties of AuNPs functionalized with/without polymer can enhance the efficiency of drug deliver and therapeutic efficiency, and increase the multifunctional application.


TABLE 3. Functionalized AuNPs without/with polymer for drug delivery with different morphology and size.
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CHARACTERIZATION OF MULTIFUNCTIONAL AuNPs

Various analytical techniques have been developed, in recent years, to characterize noble metal nanoparticles, according to their unique thermal, electrical, chemical, and optical properties, and to confirm their size (average particle diameter), shape, distribution, surface morphology, surface charge, and surface area (Roduner, 2006; Ray et al., 2015; Khanna et al., 2019). The characterization of AuNPs starts with a visual color change which can be observed with the naked eye, based on the principle of their unique and tunable SPR band (Ramalingam, 2019). The characterization of AuNPs has been shown schematically in Figure 7.


[image: image]

FIGURE 7. Characterization of AuNPs.


There are some indirect methods (spectroscopic technique) used to analyze the composition, structure, and crystal phase of AuNPs. Their striking optical properties are due to their SPR, which is monitored by UV-visible spectroscopy (UV-vis) (Sharma et al., 2016). The absorption spectra of AuNPs fall in the range of 500–550 nm (Poinern, 2014). It has been suggested a broadening of the SPR band width, which illustrates a redshift, can be used as an index of their state of aggregation, dispersity, size, and shape (Govindaraju et al., 2008; Shukla and Iravani, 2017). The size of AuNPs and their size distribution in situ, in the same range of hydrodynamic diameter, can be observed and measured by dynamic light scattering (DLS) (Wu et al., 2018). The purity and crystalline nature of AuNPs can be confirmed through X-ray diffraction (XRD), which gives a rough idea of the particle size, determined by the Debye-Scherer equation (Ullah et al., 2017). The chemical composition of AuNPs can be confirmed by energy-dispersive X-ray spectroscopy (EDX) (Shah et al., 2015). Small-angle X-ray scattering (SAXS) analysis can be used to provide a measure of the interparticle distance of AuNPs, of application to tumor imaging and tissue engineering (Allec et al., 2015). Fourier transform infrared spectroscopy (FT-IR) can investigate the surface chemistry to determine the functional atoms or groups bound to the surface of AuNPs (Dahoumane et al., 2016). The morphology of AuNPs can now be better characterized, due to recent developments in advanced microscopic techniques. These include scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HR-TEM), and atomic force microscopy (AFM), which are commonly employed to determine and characterize their size, shape, and surface morphology (Azharuddin et al., 2019; Khanna et al., 2019). SEM provides nanoscale information about particles and determines their surface morphology and dispersion, while TEM is used to provide information about the number of material layers and broad evidence of uptake and localization, composition, polymer tethering, and physical properties (Marquis et al., 2009; Khanna et al., 2019). Also, TEM is commonly used as a quantitative method to measure size, volume, and shape, and it produces mainly two-dimensional (2D) image of three-dimensional (3D) nanoparticles (Quester et al., 2013). HR-TEM is used to determine the exact shape, size, and crystalline structure (Khanna et al., 2019). AFM, which is similar to the scanning probe microscopy, provides information about surface topography of AuNPs (Lu et al., 2004). AFM has the advantage of obtaining 3D images in a liquid environment (Lu et al., 2004; Khan et al., 2017). Some examples of the characterization of AuNPs, its morphology and size are as shown in Table 4.


TABLE 4. Characterization of AuNPs and its morphology and size.
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MEDICAL APPLICATIONS OF MULTIFUNCTIONAL AuNPs

In the above parts, the synthesis, modification and characterization of AuNPs based on optical and physicochemical properties have been introduced. Although nearly all studies are in the experimental stages, it is clear that AuNPs have potential applications in different fields. Based on their characteristics, applications have been explored, particularly in medical field, including deliver carriers (drug, gene and protein deliver), therapeutics (PTT, PDT and RT), diagnostics, imaging, and other biological activities (Figure 8 and Table 5). In the following sections, these applications will be discussed in detail.


[image: image]

FIGURE 8. A schematic representation of medical applications for AuNPs.



TABLE 5. The application or activity of AuNPs with different morphology and size.
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Delivery Carriers

In recent years, the idea of using AuNPs as delivery carriers has attracted the wide attention of researchers. As shown in Figure 9, AuNPs can be used for the delivery of drug, gene, and protein.


[image: image]

FIGURE 9. The application of delivery carriers for AuNPs.


Chemotherapy is the most common method of cancer therapy but its potential is limited in many cases. Traditional drug delivery (oral or intravenous administration) for chemotherapeutic drugs, results in the dissemination of the drug throughout the whole body, with only a fraction of the dose reaching the tumor site (Singh et al., 2018). Targeting of specific cells, organs, and tissues, in a controlled manner, has become a key issue and challenge. Drug delivery systems (DDSs) is a promising approach to general anticancer therapy, which may provide efficient targeted transport and overcome the limitation of biochemical barriers in the body, e.g., the brain blood barrier (Martinho et al., 2011). Moreover, DDSs can enable controlled function in delivering drugs for early detection of the diseases and damaged sites (Baek et al., 2016). There are many useful forms for drug delivery, including liposomes, liquid crystals, dendrimers, polymers, hydrogels, and nanoparticles (Yokoyama, 2014; Rigon et al., 2015). Among these, only a small number of polymers and liposomes have been clinically approved (Piktel et al., 2016). Thus, many researchers have started to focus on the popular AuNPs. AuNPs have been examined for potential anticancer drug delivery (Duncan et al., 2010). In addition, they also can be easily modified to transfer various drugs, which may be bound to AuNPs through physical encapsulation or by chemical (covalent or non-covalent) bonding. Conjugation of AuNPs with other drugs is also possible, but it should be remembered that functionalization can change the toxicity of AuNPs, and their ability to successfully load or attach the desired drugs. The use of modified AuNPs has reduced systemic drug toxicity and helped to decrease the possibility of the cancer developing drug resistance (Yokoyama, 2014). For example, Wójcik et al. (2015) using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, confirmed that glutathione-stabilized AuNPs (GSH-AuNPs) modified with non-covalent conjugation of the DOX were more active against feline fibrosarcoma cell lines than the activity exhibited by unmodified AuNPs.

Gene therapy is the use of exogenous DNA or RNA to treat or prevent diseases. Viral vectors are commonly used but cannot be functionalized and can activate host immune systems (Riley and Vermerris, 2017). Their ‘design’ is inflexible, they target specific sites in a biological system with high cytotoxicity and reduce the efficiency of gene therapy (Riley and Vermerris, 2017). The use of non-viral vectors system (such as metallic nanoparticles) can solve this problem. Recent studies have shown that AuNPs can protect nucleic acids through preventing their degradation by nucleases (Klebowski et al., 2018). The unique properties of AuNPs, conjugated to oligonucleotides, can make them potential gene carriers, via covalent and non-covalent bonding. Covalent AuNPs can activate immune-related genes in peripheral blood mononuclear cells, but not in an immortalized and lineage-restricted cell line (Ding et al., 2014). This shows promise application in its application for gene delivery systems. For example, Shahbazi et al. (2019) synthesized AuNPs core using the citrate reduction method, and developed a CRISPR nanoformulation, using colloidal AuNPs (AuNPs/CRISPR), with guide RNA and nuclease on the surface of AuNPs, with or without a single-strand DNA (ss DNA) template to support homology-directed repair. The outcome was an efficient gene editing. They also demonstrated the non-toxicity delivery of entire CRISPR sequences into human blood stem and progenitor cells.

Recently, researchers have also found some evidence that AuNPs can be used as protein carriers. For instance, Joshi et al. (2006) obtained insulin directly bound to bare AuNPs (Au-insulin nanoparticles) via a covalent linkage, which have been confirmed more active than insulin bound via hydrogen bonds with amino acid-modified AuNPs (Au-Asp-insulin nanoparticles) in the transmucosal delivery of drugs for the treatment of diabetes. In this case, the efficiency of insulin delivery can be enhanced by coating the AuNPs with a non-toxic biopolymer, which can strongly adsorb insulin to its surface.



Therapeutics

In the following section, we will discuss photothermal therapy (PTT), photodynamic therapy (PDT), and radiation therapy (RT) applications of AuNPs, which continue to be under development (Figure 10).
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FIGURE 10. The application of PTT, PDT and RT for AuNPs.


PTT, also known as thermal ablation or optical hyperthermia, is a non-invasive and is widely applied for cancer therapy due to its benefits of real-time observation of tumor sites and photoinduced destruction of tumor cells or tissues (Singh et al., 2020). PTT uses materials with a high photothermal conversion efficiency, injected into the body, which gather near the tumor tissues by targeting recognition technology (Murphy et al., 2010; Mubarakali et al., 2011). Under the irradiation of external light sources, usually visible or near-infrared (NIR) light, photothermal materials (such as metal nanoparticles) can convert light energy into heat energy (photothermal conversion), result in the destruction of the tumor tissue, and kill the cancer cells (Murphy et al., 2010; Mubarakali et al., 2011). AuNPs as a photothermal material, with maximum absorption in the visible or NIR region, have a high photothermal conversion efficiency due to their SPR effect. In addition, the SPR peak of AuNPs can be adjusted to the NIR region by controlling their geometrical and physical parameters, such as size and shape, which contribute to the depth of effective penetration of PTT (Boyer et al., 2002; Orendorff et al., 2006; Bibikova et al., 2017). Therefore, many researchers have been focusing on the different size and shape of AuNPs for application in PTT (both in vitro and in vivo) due to their absorption peaks being in the visible or NIR region and their ability to load and deliver various anticancer drugs (Sharifi et al., 2019; Sztandera et al., 2019). AuNPs used in PTT are generally nanorods or nanoshells but, when introduced into a biological environment, the cellular uptake can be limited (Kim and Lee, 2018). Tian et al. (2017) synthesized gold nanostars (AuNSs) with pH (low) insertion peptides (pHLIPs) (AuNSs-pHLIP). They have low toxicity, are plasmon tunable in the NIR region, and exhibited excellent biocompatibility and effective PTT (Tian et al., 2017).

PDT is another form of light therapy, developed in recent decades, and used to destroy cancer cells and pathogenic bacteria (Abrahamse and Hamblin, 2016). PDT involves visible light, photosensitizer (PS), and molecular oxygen (O2) from the tissues. PDT is completely dependent on the availability of O2 in tissues. The process of PDT is that the PS absorbed by the tissue, is excited by laser light of a specific wavelength. Irradiating the tumor site can activate the PS that selectively accumulate in the tumor tissue, triggering a photochemical reaction to destroy the tumor. The excited PS will transfer energy to the surrounding O2 to generate reactive oxygen species (ROS) and increase ROS level in the target sites. ROS can react with adjacent biological macromolecules to produce significant cytotoxicity, cell damage, even death or apoptosis (Imanparast et al., 2018; Falahati et al., 2019; Singh et al., 2020). As a PS, AuNPs can absorb the NIR light, accumulate in the tumor area, raise the temperature, and generate high levels of ROS, which can ultimately damage the tumor growth and promote cancer cell death (Jing et al., 2014). In addition, AuNPs have been considered for PS carriers due to their simple thiolation chemistry for the functionalization of desired molecules, enhancing its capability for loading PS drugs. For example, Yang et al. synthesized spherical AuNPs using UV-assisted reduction with sodium and chloroauric acid, and hollow gold nanorings with a sacrificial galvanic replacement method (Yang et al., 2018). They utilized AuNPs and gold nanorings as drug delivery carriers, with a PS enhancer, to compare and investigate the shape-dependent SPR response in PDT. They found that gold nanorings exhibited efficient PS activation and SPR in the NIR region. Therefore, these may be promising nanoparticles to address the current depth limitation of PDT, for deep tumor therapy.

Besides PTT and PDT, radiation therapy (RT) is one of the least invasive and commonly used methods in the treatment of various cancers (Sztandera et al., 2019). RT involves the delivery of high intensity ionizing radiations (such as γ-rays and X-rays) to tumor tissues, while simultaneously protecting the surrounding healthy cells, tissues, and organs, resulting in the death of tumor cells (Retif et al., 2015; Klebowski et al., 2018). γ-rays and X-rays are usually used to ionize cellular components (such as organelle) and water. Water is the main component of the cell, as well as the main target of the ionizing radiations, resulting in the lysis of the water molecules. This lysis is named radiolysis, which causes the formation of charged species and free radicals. The interaction of free radicals and membrane structure can also cause structural damage, leading to the apoptosis of cell (Kwatra et al., 2013). Recently, there have been many reports of radiosensitization using AuNPs in RT due to their high atomic number of gold (Jain S. et al., 2011; McMahon et al., 2011). The most probable mechanism of radiosensitization from AuNPs is that Auger electron production from the surface of the AuNPs can increase the production of ROS, reduce the total dose of radiation, and increase the dose administrated locally to the tumor sites, eventually resulting in cell death. Moreover, side effects can also be reduced (Jeynes et al., 2014; Retif et al., 2015).



Diagnostics

Diagnostics are very essential to medical science and clinical practice. Some diagnostic methods (such as immunoassay diagnosis) have been applied to clinical diagnosis but have limitations in precision molecular diagnostics because of their inaccuracy and low sensitivity (Ou et al., 2019). With the development of nanotechnology, the sensitivity, specificity, and multiplexing of diagnostic tests have been improved. AuNPs exhibit substantial and excellent optical properties, mainly including localized surface plasmon resonance (LSPR) and surface-enhanced Raman scattering (SERS), which play an important role in their application to diagnostics (Ou et al., 2019; Venditti, 2019). LSPR-based application of AuNPs is due to spectral modulation (Figure 11) (Ou et al., 2019). When the light is incident on the surface of AuNPs, if the incident photon frequency matches the overall vibration frequency of the electrons transmitted by the AuNPs, the AuNPs will strongly absorb the photon energy, and generate LSPR phenomenon, which is useful for diagnostics (Link and El-Sayed, 2003; Liu et al., 2011; Baek et al., 2016; Cordeiro et al., 2016). The LSPR peak of AuNPs is usually in the visible-NIR region, often at around 500 nm or from 800 and 1200 nm (Huang et al., 2009; Aldewachi et al., 2017). SERS is another very attractive spectroscopic technique in diagnostics, being non-invasive and having high sensitivity features (Boisselier and Astruc, 2009; Zhou et al., 2017). Fleischmann et al. (1974) reported the enhancement of a Raman scattering signal, which was the first observation of SERS. The enhancement of SERS can be explained by two mechanisms. One is the chemical enhancement due to charge transfer between gold atoms and molecules (Kawata et al., 2017). Another is the electromagnetic enhancement because of LSPR on the surface of metallic gold (Kawata et al., 2017). Spherical AuNPs are commonly used as the substrate for SERS, although non-spherical AuNPs have also been produced and explored for these applications (Tao et al., 2011; Yang et al., 2012). Nowadays, the phenomenon of LSPR and SERS in AuNPs has been widely used for the development of molecular diagnostics. For instance, El-Husseini et al. (2016) synthesized 15 nm unmodified citrate-coated AuNPs by the Frens method, for use in the diagnostic polymerase chain reaction (PCR) technique for detection of the equine herpes virus 1 (EHV-1). Their results showed that AuNPs-assisted PCR was more sensitive than the conventional PCR technique and, therefore, could be used as a more efficient molecular diagnostic tool for EHV-1.
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FIGURE 11. The application of AuNPs on the LSPR.




Imaging

X-ray computed tomography (CT) is one of the most important and mature tissue imaging techniques widely used in various research and clinical environments with broad availability and fairly low cost (Kim et al., 2007). Specifically, CT is a non-invasive clinical diagnostic tool that can perform 3D visual reconstruction and tissue segmentation (Lusic and Grinstaff, 2013). The images of CT are composed of X-ray images, which are taken at different angles by rotating around an object to form a cross-sectional 3D image called a CT scan (Lusic and Grinstaff, 2013; Fuller and Köper, 2019). According to the content of the images, the contrast agent can attenuate the X-ray to improve the image quality to highlight the specific area, such as the structure of blood vessels or organs (Lusic and Grinstaff, 2013). The basis of CT imaging is the fact that healthy and diseased tissues or cells have different densities, which can generate in a contrast between normal and abnormal cells by using contrasting agents (such as iodinated molecules) (Figure 12) (Cormode et al., 2014). Iodinated molecules are usually used as a contrasting agent, due to their unique X-ray absorption coefficient (Klebowski et al., 2018). However, their usage has its own limitations, such as short imaging times, rapid renal clearance, reduced sensitivity and specificity, toxicity, and vascular permeation (Chien et al., 2012; Mackey et al., 2014). Therefore, it is very essential to explore and develop novel materials as contrasting agents for X-ray imaging. In recent years, AuNPs are attracting attention in imaging as an X-ray contrast agent because they can strongly absorb ionizing radiation to enhance the coefficient of X-ray absorption and convert the light energy to heat energy through the SPR effect (Rahman et al., 2014). Moreover, AuNPs have some advantages compared to iodinated molecules such as ease of synthetic manipulation, unique optical and electrical properties, non-toxicity, higher electron density, higher atomic number of gold, and higher X-ray absorption coefficient (Mackey et al., 2014; Singh et al., 2017). The key factors for potential application of AuNPs in enhanced X-ray CT imaging are their migration and accumulation at target sites and longer vascular retention time, and these allow non-invasive tracking and visualizing of the therapeutic cells (Yin et al., 2017; Meir and Popovtzer, 2018). For example, Liu et al. (2018) synthesized 30–40 nm sized gold nanocages (AuNCs) as part of an activatable probe, to investigate the potential of imaging. The AuNCs were PEGylated via conjugation with SH-PEG-NH2. It is the first report to estimate protease activity in vivo using an imaging technique and activatable probe.
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FIGURE 12. A simple scheme for X-ray imaging.




Others

Besides the various applications described above, some other applications involving antimicrobial (antibacterial and antifungal) activity, antioxidant activity, and anticancer activity need to be mentioned.

The increasing incidence of bacterial infection with drug resistance is a major issue for human health (Dutta et al., 2017). AuNPs are easily taken up by immune cells, due to their excellent cell affinity, which leads to precise delivery at the infected area, facilitating inhibition and damage to microbial pathogens (Saha et al., 2007). AuNPs show excellent antibacterial activity against E. coli by absorbing light and converting it into heat (Singh et al., 2009). The growing drug resistance of fungal strains also demands the development of new drugs for better treatment of fungal diseases. Among the various nanoparticles, AuNPs are sensitive to candida cells, which can inhibit the growth and kill the fungal pathogen C. albicans (Wani and Ahmad, 2013; Yu et al., 2016). They increase the ROS and damage the cell membrane by their unique properties, which include converting light to heat when irradiated and strong anionic binding with fungal plasma membrane (Wani and Ahmad, 2013; Yu et al., 2016). Cancer is caused by many factors and is considered one of the main causes for death worldwide. In tumor cells, AuNPs have a tendency to enter subcellular organelles and increase the cellular uptake, which enhances anticancer activity (Kajani et al., 2016). AuNPs can increase the ROS level, to destroy cancer cells. However, the biocompatibility and selectivity of AuNPs, in targeting tumors, remains an important challenge. Therefore, new developing methods are required to overcome the question. Excessive ROS can lead to enzyme deactivation and nucleic acid damage, which can itself lead to diseases diabetes, aging, and cancer (Li et al., 2009). Ramalingam (2019) synthesized AuNPs using NaBH4 and HAuCl4 as a reducing agent and precursor, respectively. Furthermore, they investigated and confirmed the anticancer activity of their AuNPs in human lung cancer cells, and antimicrobial activity against human clinical pathogens, such as P. aeruginosa, S. aureus, E. coli, V. cholera, Salmonella sp., K. pneumonia. Their results suggested that AuNPs could potentially act as anticancer and antimicrobial agents. Moreover, AuNPs have also been confirmed as a potential antioxidant agent. They can inhibit the formation of ROS, thus increasing the antioxidant activity of defensive enzymes. The synergism and antagonism of AuNPs, in their antioxidant activity, require further investigation (Ramalingam, 2019). For instance, Tahir et al. (2015) produced AuNPs (2–10 nm) using the extract of Nerium oleander leaf, in a one-step, green synthetic method, and these AuNPs showed good antioxidant activity. Furthermore, the results showed that the extract of Nerium oleander leaf was very active for the reduction of AuNPs, and could be used as a reducing agent.




CONCLUSION

In summary, since Faraday first reported AuNPs in 1857 (Faraday, 1857), there have been many reports focusing on their synthesis, as well as comparisons with other metallic nanoparticles or noble metallic nanoparticles. In this review, we have described the synthesis and modification of AuNPs, the techniques of characterization, and their diverse medical applications and biological activities. Since the yield is low, using a top–down approach, a series of synthetic approaches to the production of AuNPs have been proposed. Additionally, the unique properties of AuNPs suggest its broad applications, including drug and gene delivery, PTT, photodynamic therapy (PDT), diagnosis, and imaging. Moreover, further applications, arising from their antimicrobial (antibacterial and antifungal), antioxidant, and anticancer activities, have also been discussed. As the properties of AuNPs become better understood, a considerable number of principal experiments and studies are needed to focus on function, along with the design of different therapies, generally involving PTT and PDT. Although the antimicrobial, anticancer, and antioxidant activities of AuNPs have been confirmed, they remain to be used in clinical treatment. As a drug and gene carrier, AuNPs may also have broad applications, in the future. Although AuNPs possess many useful properties, some studies have demonstrated their toxic effects, based on their physicochemical properties. Sabella et al. (2014) showed that the toxicity of AuNPs was related to their cellular internalization pathways. The safety of AuNPs remains a very urgent and controversial issue, as more important concerns are raised, and this needs to be properly addressed. In recent studies, researchers have reduced the toxicity of AuNPs by introducing functional groups to their surface, improved existing methods of synthesis, and have developed new and better methods. In conclusion, the unique properties of AuNPs should be identified, such as their optical properties with SPR bands, and as carriers with anticancer activity, to broaden their applications in various fields.
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The aim of this study was to prepare a promising biomaterial for bone tissue repair and regeneration. The Strontium – calcium sulfate hemihydrate (Sr-α-CaS) scaffold incorporating gelatin microspheres (GMs) encapsulated with Ginsenoside Rg1 (Rg1) was designed. The scaffolds of Rg1/GMs/Sr-α-CaS showed sustained release of Rg1, good biocompatibility and ability of promoting osteogenic differentiation and angiogenesis in vitro. The scaffolds were implanted into animal model of cranial bone defect to characterize bone tissue repair and regeneration in vivo. From the images of Micro-CT, it was obvious that the most bone tissue was formed in Rg1/GMs/Sr-α-CaS group in 12 weeks. New bone structure, collagen and mineralization were analyzed with staining of HE, Masson and Safranin O-Fast green and showed good distribution. The expression of osteocalcin of Rg1/GMs/Sr-α-CaS indicated new bone formation in defect site. The results revealed that synergy of Rg1 and Sr showed the best effect of bone repair and regeneration, which provided a new candidate for bone defect repair in clinic.

Keywords: Ginsenoside Rg1 (Rg1), gelatin microspheres, strontium (Sr), calcium sulfate hemihydrate (α-CaS), bone defect


INTRODUCTION

Large bone defect caused by trauma and tumor resection is still a severe problem in clinic for the limited self-repair capability and absence of transplant. Tissue engineering provides a feasible method for bone repair and regeneration (Porter et al., 2009). Compatible mechanical strength and good biocompatibility are especially important for ideal substitute of bone tissue. Inorganic biomaterials of hydroxyapatite, β-Tricalcium phosphate, and calcium sulfate has been reported widely (Gotterbarm et al., 2014; Ramesh et al., 2018; Meng et al., 2019). Calcium sulfate has been used as a bone defect filling and repairing material for over a 100 years. It has good biocompatibility and can be degraded and absorbed into the body without immune reaction (Kutkut and Andreana, 2010). Commercial medical calcium sulfate products such as Osteoset (Wright, United States) are used into clinic, which change CaSO4⋅2H2O into CaSO4⋅0.5H2O and can be degraded within 6–8 weeks in vivo (Winn and Hollinger, 2000). α-CaSO4⋅0.5H2O loading bone morphogenetic proteins-2 (BMP-2) peptide was reported to repair a critical defect in the femoral condyle of rabbit (Liu et al., 2015b). The rapid solidification of α-CaSO4⋅0.5H2O make it a candidate as bone cement. α-CaSO4⋅0.5H2O was mixed with bioactive glasses and the mixture had potential used as the substitute of bone implant (Zheng et al., 2018b).

Strontium (Sr) is an alkaline earth metal element and plays an important physiological function in human body. Strontium ranelate is used to treat severe osteoporosis in postmenopausal women authorized by the European Union (Barenholdt et al., 2009). Sr is also used widely in bone tissue engineering. Sr can substitute Calcium (Ca) for their similar ion diameter, and when the concentration of Sr > 0.2 mol L–1, it would induce partial conversion of Calcium sulfate dihydrate to hemihydrate (Feldmann and George, 2013). Sr also has bone-seeking properties, and it can replace Ca to strength mechanical behaviors (Jimenez et al., 2019). The cement of Sr-containing α-calcium sulfate hemihydrate was reported with enhanced osteoblastic differentiation, new bone and new blood vessel formation in critical-sized calvarial defects in vivo (Yang et al., 2017). In our previous study, Sr substituted hydroxyapatite/silk fibroin scaffold loading BMP-2 increased bone mineral density (BMD) and improved new bone regeneration (Yan et al., 2018). For mesenchymal stem cells (MSCs), it was found that Sr activated Wnt/Catenin signaling to promote osteogenic differentiation in vitro and vivo (Yang et al., 2011). Sr also enhanced osteoblast activity and inhibited osteoclast activity (Wornham et al., 2014).

Ginsenoside Rg1 extracted from dry root of Panax ginseng C. A. Mey has many physiological functions for the antioxidant and anti-inflammatory properties (Gao et al., 2017b; Ghaeminia et al., 2018). For bone repair and regeneration, Rg1 was demonstrated to have protective effects on BMSCs apoptosis by activating mir-494-3p. ROCK-1. Bcl-2 signaling pathway in male rat (Zheng et al., 2018a). Rg1 was also reported to promote osteogenic differentiation with activated GR/BMP-2 signaling pathway in vitro and enhance bone calcification to accelerate the fracture healing in vivo (Gu et al., 2016). For osteonecrosis lesion, Rg1 stimulated capillary vessel formation and increased BMD (Heng et al., 2019). Furthermore, Rg1-loaded alginate-chitosan microspheres were prepared, and the controllable release of Rg1 promoted proliferation and differentiation and suppressed apoptosis of bone marrow stromal cells (hBMSCs) (Guo et al., 2017).

In this study, we designed a scaffold of Rg1/GMs/Sr-α-CaS to repair calvarial bone injury, which has not been reported before. Sr-α-CaS provided mechanical support, and Rg1 and Sr were released to repair bone defect. To avoid the burst release of drug, we introduced gelatin microspheres as drug carriers and prepared Rg1/GMs. We evaluated the structure and composition, biocompatibility, and the ability to induce osteogenic differentiation in vitro and tissue repair and regeneration monitored by Micro-CT in vivo. The expression of osteocalcin (OCN) and osteogenesis were evaluated.



MATERIALS AND METHODS

Ginsenoside Rg1 (>98%, Aladdin, China); Gelatin (Porcine skin, Type A, Sigma-Aldrich, United States); Span 80 (Aladdin, China); Olive oil (Aladdin, China); SrCl2⋅6H2O (Aladdin, China); Gibco MEM α, Nucleosides (Thermo Fisher Scientific, United States); Fetal bovine serum (FBS, Sigma-Aldrich, United States); Anti-Osteocalcin (Anti-OCN, Santa Cruz Biotechnology, United States); CCK-8 Kit (Beyotime, China); ALP Kit (Beyotime, China); RNeasy Mini Kit (Qiagen, United States); cDNA synthesis Kit (Beyotime, China); Bulge-LoopTM miRNA qRT-PCR kit (Ribobio, Guangzhou, China); Hematoxylin and Eosin Staining Kit (Beyotime, China); Masson’s Trichrome Stain Kit (MKbio, Shanghai, China); and Safranin O-Fast green Stain Kit (Servicebio, Wuhan, China).


Cell Culture

MC3T3-E1 cells (Biowit Biotech, Shenzhen, China) were cultured in MEMα culture medium supplemented with 10% FBS and 1% Penicillin-Streptomycin at 37°C, 5% CO2 humidified atmosphere. The medium was changed every 2 days for further experiment.



Preparation of Rg1 Loaded Gelatin Microspheres (Rg1/GMs)

Gelatin microspheres (GMs) were prepared with an emulsion solvent evaporation method with a slight modification (Yang et al., 2009). 0.1 g sorbitol oleate (Span-80) was added to 100 mL olive oil, heating in a water bath at 60°C for 0.5 h at 400 rpm. After mixing evenly, add 10 mL gelatin solution of 10 wt% drop by drop. After stirring for 3 h, transfer the mixed solution to the ice bath and keep the rotation speed for 30 min. Then, 0.1 mL of 25 wt% aqueous solution of glutaraldehyde was added. After 2 h stirring, add 30 mL acetone at 4°C and stir for 30 min. The product was placed into 10 mL acetone for further curing for about 24 h at 4°C. Then, the microspheres were gained and soaked into 1 mol/L aminoacetic acid for 30 min and washed alternately by ethanol and isopropyl alcohol for three times. Finally, freeze-drying to obtain GMs. Rg1/GMs were prepared similarly. 10 mg Rg1 was dispersed into 10 mL gelatin solution of 10 wt%. Then, the mixture was added in olive oil with Span-80, and repeat the methods as above. Rg1 was loaded into GMs to form Rg1/GMs. The microspheres with different mass ratio of Rg1 and GMs were prepared, and cell proliferation of MC3T3-E1 was used to evaluate the best dosage of Rg1.



Preparation of Rg1/GMs/Sr-α-CaS Scaffold

α-CaSO4⋅0.5H2O (α-CaS) calcium sulfate hemihydrate was synthesized first (Li et al., 2014). The composite crystallizer was prepared using sodium citrate, aluminum sulfate and succinic acid with a mass ratio of 1:1:1. Solution of CaCl2 and K2SO4 was evenly stirred with molar mass ratio of 1:1 in a sealed hydrothermal reaction vessel, and then adding composite crystallizer into vessel with dosage at 5% of the total mass of CaCl2 and K2SO4. Dilute HCl was used to keep pH 5. Hydrothermal reaction was conducted for 4 h at 80°C, 300 r/min. The product was washed with hot water for three times and soaked in absolute ethanol to stop the reaction. After filtering, dry product in a vacuum oven for 4 h and at 105°C and get the final product of α-CaS. α-CaS was fully ground and sealed for next use. Sr-α-CaS was prepared as above. SrCl2⋅6H2O and CaCl2 were dissolved and mixed with a molar ratio of 1:6. Then add K2SO4 solution and keep the molar ratio at 1: 1 (mSr2+& Ca2+: mSO42–). Repeat the above steps to get Sr-α-CaS. Rg1/GMs and Sr-α-CaS were fully mixed up with a mass ratio of 1: 100 by a planetary mixer (Nova, Shanghai, China) at 50–200 r/min. The homogeneous powder was pressed into a sheet-like scaffold with a tableting machine (Lvyi, Shanghai, China) under 10–20 MPa.



Characterization of Rg1/GMs/Sr-α-CaS Scaffold

Morphology of gelatin microspheres was measured by scanning electron microscope (SEM, Philips XL-30; Philips, Netherlands). Crystal structure of α-CaS and Sr-α-CaS was tested by X-ray diffractometer (XRD, Gemini S Ultra, Oxford Diffraction Ltd., Japan). The infrared (IR) spectra were obtained by Fourier transform infrared spectroscope (FTIR, VERTEX70, Bruker, Germany). The size and shape of α-CaS were determined by Transmission electron microscopy (TEM, Philips Tecnai-10; Philips, Netherlands) and quantitative analysis of elements was performed by Energy Dispersive Spectrometer (TEM-EDS). Composition was detected by Thermogravimetric analyzer (TG, TG 209; NETZSCH, Germany).



Loading Rate and Release of Rg1 in vitro

The quantification of Rg1 was detected by High performance liquid chromatography (HPLC, UltiMate 3000; Thermo Fisher Scientific, United States). The mobile phase was composed with acetonitrile (mobile phase) and 0.05% Na2HPO4 (PB, pH: 7, mobile phase B). The detection wavelength was selected at 203 nm. The standard Rg1 solution of 1 mg/mL was prepared and diluted into different concentrations. The HPLC assay was processed. Draw the standard curve of Rg1 and calculate the loading rate of Rg1/GMs. Scaffolds of Rg1/Sr-α-CaS and Rg1/GMs/Sr-α-CaS and 10 mg microspheres of Rg1/GMs were soaked into 10 mL PBS with pH 7.4 at 37°C. At the set time, 0.5 mL supernatant was collected and replaced by 0.5 mL fresh PBS. The collected supernatant was stored at –20°C. After all the samples were collected, the HPLC assay was carries out at 203 nm as above. The cumulative release of Rg1 was calculated via standard curve line. All experiments repeated in triplicate for each time interval and draw the cumulative release curve.



Cytotoxicity Assay in vitro

Leaching solution of each scaffold of Sr-α-CaS, Rg1/Sr-α-CaS and Rg1/GMs/Sr-α-CaS was prepared according to international standard. In brief, scaffolds were soaked into ethanol of 75% and conducted UV radiation for 30 min, respectively. Then, wash scaffolds with PBS for 2–3 times. Add medium with ten times the mass of scaffolds and incubate for 24 h at 37°C. MC3T3-E1 cells in logarithmic growth phase were digested and adjusted to 5 × 104/ mL. 100 μL cell suspension was added to 96-well plates. After growth for 24 h, replace the medium with leaching solution and continue to culture cells for 1, 4, 7, and 10 days. CCK-8 Kit was used to evaluate cell viability. Add CCK-8 reagent with a volume ratio of 1:9 (Vmedium: VCCK–8 = 1:9) and incubate for 30 min according to manufacturer’s instruction. Test the absorbance wavelength at 450 nm of each well using a microplate reader (MM-58938-00, Molecular Devices, United States) and calculate the cell viability.



Alkaline Phosphatase (ALP) in vitro

The osteogenic differentiation of MC3T3-E1 was evaluated with ALP activity test, which was a distinct feature of osteoblast differentiation. MC3T3-E1 cells were digested and adjusted to 3 × 104/mL, and 500 μL cell suspension was adding to 24-well plates. After incubating for 24 h, replace medium with 500 μL leaching solution. While culturing for 1, 7, 14, and 21 days, wash cells with PBS for three times and add 500 μL cell lysates. Cells were disrupted using an ultrasonic cell disrupter (Fisher Scientific 50, Thermo Fisher Scientific, United States) at 4°C. Centrifugate and collect supernatants, add 500 μL ALP substrate reaction solution. The reaction was carried out for 30 min at 37°C. 500 μL of 0.1 M NaOH was added to terminate the reaction. The UV absorption at 405 nm was then determined using ultraviolet-visible spectrophotometer (UV-2550, Shimadzu, Japan). ALP activity was calculated according to instructions. Each group of scaffolds at each time point was tested at least three times in parallel.



VEGF Expression in vitro

MC3T3-E1 cells were cultured with leaching solution in 24-well plates as above for 1, 4, 7, and 21 days. The cells were collected and total RNA was extracted with RNeasy Mini Kit. Reverse transcription of total RNA to obtain cDNA according manufacture instruction. cDNAs and equal amounts of forward and reverse primers were added into a SYBR reaction mixture. The qPCR conditions were 2 min at 50°C, 10 min at 95°C, 50 cycles at 95°C for 15 s, and 1 min at 60°C. miRNA qRT-PCR was detected by the Bulge-LoopTM miRNA qRT-PCR kit. VEGF forward primers: 5′-ACAGAAGGGGAGCAGAAAGCCCAT-3′; Reverse primer: 5′-CGCTCTGACCAAGGCTCACAGT-3′; GAPDH forward primer: 5′-AGGTCGGTGTCAACGGATTT and reverse primer: 3′-CCTTCCACGATGCCAAAGTT.



Animal Model of Cranial Bone Defect

All animal experiments were strictly carried out in accordance with the regulations of the Animal Research Center of Sun Yat-sen University. 18 SD rats (200–250 g) were divided into three groups (n = 6): Sr-α-CaS, Rg1/Sr-α-CaS and Rg1/GMs/Sr-α-CaS. The scaffold (diameter: 8 mm, weight: 183.3 mg) implantation into calvarial defect was shown in Supplementary Figure S5. Before the operation, sodium pentobarbital solution of 1% was intraperitoneally injected into SD rats at a dose of 30 mg/kg. Remove the hair of the rat brain, and cut a 3 cm long scalp in the middle of the rat’s head. At the same time, the subcutaneous tissue on both sides was peeled off. After removing the periosteum, a calvarial defect model with a diameter of 6 mm was constructed using a dental drill in the middle of the rat’s parietal bone. Take care during the operation to maintain the integrity of the dura mater. The sterilized scaffolds were sequentially implanted into the calvarial defects as shown in Supplementary Figure S5C, and the periosteum and scalp were sutured (Supplementary Figure S5D). After 4, 8, and 12 weeks of implantation, the rats were sacrificed and the skulls were dissected and placed in a 4% paraformaldehyde solution for subsequent histological characterization.



Micro-CT in vivo

After 4, 8, and 12 weeks postoperatively, the rats were anesthetized, and then the defect was analyzed using the Micro-CT imaging system (BRUKER Micro-CT Sky Scan 1176, Bruker, United States). The parameters of the device were set: the layer thickness: 48 μm; the spacing between the layers: 48 μm; the pixel size: 48 μm and it was also set to high voltage mode. The bone volume and bone density of regenerated bone tissue were calculated using the software provided by Micro-CT.



Histological Analysis

After 4, 8, and 12 weeks, the removed samples were collected and soaked into 4% solution of paraformaldehyde at room temperature for 24 h. Subsequently, the fixed samples were immersed in 10% EDTA solution for decalcification of about 45 days, and the decalcification solution was changed every 3 days until the bone tissue needle can pass smoothly. Then, different concentrations of ethanol solution were used for dehydration. The samples were subjected to lateral paraffin embedding, and sliced vertically with 5 μm thickness. Finally, staining of hematoxylin-eosin (H&E), Masson’s trichrome and Safranin/solid green were performed to characterize the bone tissue repair and regeneration.



Immunohistochemistry

Osteocalcin was a protein formed by osteoblasts to constitute new bone. The antibody of anti-OCN was used to evaluate the regeneration of bone tissue. The samples were prepared into sections as above. Sections were incubated with anti-OCN primary antibody (1: 200) overnight at 4°C. Then, add a secondary antibody (1: 500) to incubate for 2 h at room temperature. Diaminobenzidine (DAB) coloring agent was to perform protein distribution and observe OCN expression with light microscope (Olympus IX71, Japan).



Statistical Analysis

The data of this study were averaged ± standard deviation (SD) of statistical data using SPSS software (version 16.0; SPSS, Chicago, IL, United States). At least three parallel samples (n = 3) were set for all experiments. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and the smaller the p-value, the more the corresponding ∗ is, the difference of p < 0.05 is considered to be statistically significant.



RESULTS


Characteristics of Scaffolds

The XRD diffraction patterns were shown in Figure 1A, the diffraction peaks of α-CaS at 15.1° (200), 26.2° (020), 30.5° (400), 32.6° (204), 43.0° (422), 50.1° (424), and 54.8° (604) were consistent with standard α-CaSO4⋅0.5H2O (PDF#41-0224). Sr-α-CaS had similar characteristic peaks with α-CaS, and diffraction peaks of Sr2+ presented at 27.5° and 28.5° (Li et al., 2014). FTIR spectrum of α-CaS was in Figure 1B. Characteristic absorption peaks at 1150, 660, and 605 cm–1 presented asymmetric stretching vibration and bending vibration of SO42– and characteristic peak at 3613 cm–1 was vibration of O-H. The results of XRD and FTIR of α-CaS indicated α-CaSO4⋅0.5H2O was successfully synthesized, and with the incorporation of Sr, the crystal structure of α-CaS was not significantly affected. TEM images was showed in Figures 1C,D. Whisker of α-CaS can be observed while Sr-α-CaS appeared larger particle and size thicker rod, which may be caused by the different growth rate of Sr2+ in the length direction and diameter direction of whisker surface. Elemental analysis from EDS in Figures 1E,F and Table 1 showed the content of Sr was 16.1%. The composition of Sr-α-CaS was also tested by TG in Figure 2A. As temperature rise, both mass of α-CaS and Sr-α-CaS declined, and content of Sr was about 8.7%. Calcium sulfate hemihydrate containing 16.1% Sr (Sr-α-CaS) was prepared successfully. The SEM of gelatin microspheres was in Supplementary Figure S1, and the average diameter was 9.24 ± 0.87 μm, surface area was 268.09 ± 50.48 μm2. The average diameter of pores in microspheres was also measured, which was 0.59 ± 0.06 μm. The SEM images of scaffolds were in Supplementary Figure S2. Compared with Sr-α-CaS, Rg1/GMs/Sr-α-CaS scaffolds showed rougher surface and round gelatin microspheres can be observed. Cell proliferation of MC3T3-E1 cells cultured with different ratio of Rg1/GMs was shown in Supplementary Figure S3. While Rg1/GMs ratio was 10:1, the highest proliferation rate can be obtained.
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FIGURE 1. XRD pattern (A), FTIR spectrum (B) and TEM image of α-CaS (C) and Sr-α-CaS (D), EDS of α-CaS (E) and Sr-α-CaS (F).



TABLE 1. The element weight of different α-CaS and Sr-α-CaS.
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FIGURE 2. TG (A) of α-CaS and Sr-α-CaS; cumulative release curve (B) of Ginsenoside Rg1 of Rg1/Sr-α-CaS, Rg1/GMs and Rg1/GMs/Sr-α-CaS; MC3T3-E1 cell viability (C) on different scaffolds.




Loading Rate and Release of Rg1 in vitro

The standard curve of Rg1 was in Supplementary Figure S4, regression equation was Y = 0.00426X − 0.0002835, R2 = 0.9993, linear range was 3.125–50.000 mg/L, which showed good correlation in the linear range. The loading rate of Rg1/GMs was obtained by calculating the peak area in chromatograms, and it was 2.51% (w/w). Cumulative release curve of Rg1 was in Figure 2B, which was calculated using the standard curve. In first 36 h, Rg1 was almost completely released from Rg1/Sr-α-CaS. However, for Rg1/GMs and Rg1/GMs/Sr-α-CaS, release rate decreased significantly and Rg1 showed sustained release without drug burst. Compared with Rg1/GMs, release rate of Rg1/GMs/Sr-α-CaS was always slower, and cumulative release of Rg1/GMs was 92% while it was 85% in Rg1/GMs/Sr-α-CaS within 120 h. Although the scaffolds of Sr-α-CaS had good degradability, GMs can be used as drug carriers to maintain sustained release of Rg1, which caused the above results. It demonstrated that Rg1/GMs/Sr-α-CaS can provide Rg1 stably to repair bone defect in vivo.



Cytotoxicity in vitro

To evaluate biocompatibility of scaffolds, cytotoxicity was conducted and 0.5wt% phenol was used as negative group. After culturing MC3T3-E1 cells for 1, 4, 7, and 10 days with leaching solution, cell viability was measured by CCK-8 assay in Figure 2C. Compared with control group, all the scaffolds showed good biocompatibility, and cell viability was more than 90%. The results demonstrated Sr-α-CaS was safe and incorporation of Sr did not affect the biocompatibility of scaffolds. What’s more, Rg1/GMs/Sr-α-CaS showed the highest cell viability and it may be caused by slight release of Rg1.



ALP in vitro

The expression of ALP in Figure 3A indicated the osteogenic differentiation of MC3T3-E1. After culturing for 1, 7, 14, and 21 days, ALP activity gradually increased with time, and all scaffolds presented higher ALP activity than control group, which indicated each scaffold can provide support for osteogenic differentiation of MC3T3-E1. Scaffolds with Sr and Rg1 showed higher ALP expression in 14 and 21 days. Therefore, synergistic effect of Rg1 and Sr prompted osteogenic differentiation. However, compared with Rg1/Sr-α-CaS group, ALP activity of Rg1/GMs/Sr-α-CaS showed significant increase at 14 and 21 days. Due to sustained release of Rg1 from GMs, concentration of Rg1 in leaching solution of Rg1/Sr-α-CaS was higher than Rg1/GMs/Sr-α-CaS group, which was consistent with the result of cumulative release curve. Therefore, it was inferred that low concentration of Rg1 was more conducive to osteogenic differentiation.
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FIGURE 3. The ALP (A) and VEGF (B) assay of MC3T3-E1 cultured on different scaffolds. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001.




VEGF Expression in vitro

VEGF expression was related to blood vessel formation, and it was measured by RT-qPCR at 1, 7, 14, and 21 days. In Figure 3B, all the scaffold groups showed significant increase in VEGF expression. Scaffolds with Sr and Rg1 also showed higher expression of VEGF than other group in 14 and 21 days. But compared with Rg1/Sr-α-CaS, VEGF expression of Rg1/GMs/Sr-α-CaS was increased obviously, which was consistent with results of ALP expression. It was also inferred that low concentration of Rg1 can effectively promote vascularization.



Micro-CT

Scaffolds of Sr-α-CaS, Rg1/Sr-α-CaS, and Rg1/GMs/Sr-α-CaS were implanted into skull defect. The repair and regeneration in defect site were evaluated by Micro-CT in Figure 4A. It was obvious that more bone tissue was observed in scaffolds with Sr and Rg1 for 12 weeks. Compared with Rg1/Sr-α-CaS group, more bone tissue was formed in Rg1/GMs/Sr-α-CaS group for 8 weeks, thus sustained Rg1 and Sr appeared the highest efficiency of cranial bone repair. New bone volume and BMD was calculated in Figures 4B,C. The volume of new bone increased with time for each scaffold, and Rg1/GMs/Sr-α-CaS group always showed the most bone volume. At 12 week, the BV/TV of Rg1/GMs/Sr-α-CaS rise up to 83% while it was only 78% in Rg1/Sr-α-CaS and 69% in Sr-α-CaS. BMD also increased with time. Scaffolds with Rg1 showed higher BMD than Sr-α-CaS, and Rg1/GMs/Sr-α-CaS group always had the highest BMD in vivo. It revealed that Rg1 and Sr promoted new bone formation with enhanced bone volume and BMD.
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FIGURE 4. Micro-CT images (A) of different scaffolds in rat calvarial defects; Micro-CT analysis of BT/TV (B) and BMD (C) in the rat calvarial defects. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001.




Histology

HE staining of bone tissues in defect site for 4, 8, and 12 weeks of was exhibited in Figure 5. After 4 week of implantation, no obvious inflammatory response was found in all groups and a small amount of bone trabecula (black arrows) was observed in Rg1/GMs/Sr-α-CaS group. After 8 week, bone trabecula and fibrous tissue in defect site were found. For 12 week, the trabecular bone became thicker and a large number of new bone formation was observed in all groups, and the morphology of newborn bone tissue (black rectangle) in Rg1/GMs/Sr-α-CaS was similar with normal tissue.
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FIGURE 5. Hematoxylin and eosin (H&E) staining photomicrographs of Sr-α-CaS, Rg1/Sr-α-CaS and Rg1/GMS/Sr-α-CaS groups (Magnification = 100×, black arrow: trabeculae, black rectangle: bone tissue).


The formation of collagen fibers in 4, 8, and 12 weeks showed in Figure 6 and Supplementary Figure S6A. From the result of Masson staining in 4 week, there was no significant difference between Sr-α-CaS and Rg1/Sr-α-CaS, but for Rg1/GMs/Sr-α-CaS group, fiber tissue (black arrows) can be observed. After 8 week of transplantation, filamentous collagen fibers formed at the defect for all groups. After 12 week, the new tissue of Rg1/GMs/Sr-α-CaS was the most closet with normal bone tissue and the most collagen fiber was observed. The results of Safranin O-Fast green Staining was in Figure 7 and Supplementary Figure S6B. Green newborn bone tissue (black arrows) was not apparent in 4 weeks. After 8 weeks, fibrous new bone trabecular was formed in all groups. After 12 week of transplantation, a large number of new bones was observed, and bone in Rg1/GMs/Sr-α-CaS also showed closet structure with normal bone tissue, which was consistent with the staining results of HE and Masson. Therefore, scaffold of Rg1/GMs/Sr-α-CaS showed good cranial bone repair, which accelerated the formation of collagen and bone.
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FIGURE 6. Masson staining of Sr-α-CaS, Rg1/Sr-α-CaS and Rg1/GMS/Sr-α-CaS (Magnification = 100×, black arrow: collagen fibers).
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FIGURE 7. Safranin O and Fast Green staining photomicrographs of calvarial defect sites treated with Sr-α-CaS, Gim/Sr-α-CaS and Gim/GMS/Sr-α-CaS (Magnification = 100×, black arrow: bone tissue).




Immunohistochemistry

Osteocalcin, a structural protein from osteoblast, played an important role in regulating bone calcium metabolism and was processed to produce carboxylate osteocalcin to participate bone development. In Figure 8 and Supplementary Figure S6C, every scaffold showed low expression of OCN at 4 week. Rg1 loaded scaffolds showed higher OCN expression (black arrows) at 8 weeks, which was more obvious at 12 weeks. Therefore, sustained release of Rg1 accelerated bone regeneration in vivo.
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FIGURE 8. OCN expression of Sr-α-CaS, Rg1/Sr-α-CaS and Rg1/@GMS/Sr-α-CaS group (Magnification = 100×, black arrow: OCN).




DISCUSSION

Biomaterials of Sr modified calcium sulfate hemihydrate have been reported in bone repair. The scaffold of Sr-CaS showed good biocompatibility and repair in tibia bone defect of SD rats, which activated TGF-β/Smad signaling pathway to improve bone formation (Liu et al., 2019). Traditional Chinese medicine recently has become a hot research topic in life sciences. As a precious medicine, Panax ginseng C. A. has always been regarded as the king of herbs. Ginsenosides are considered to be active ingredients in ginseng (Lee and Kim, 2014; Biswas et al., 2017; Mohanan et al., 2018). The dose of Ginsenosides Rg1 was reported to have influence on cell growth and tissue differentiation such as adipose-derived stromal cells (ASCs) (Liang et al., 2019), neural stem cells (Li et al., 2015; Gao et al., 2017a), and human dental pulp cells (hDPCs) (Wang et al., 2012). For the cartilage repair and regeneration, the dosage of Rg1 was related to cell proliferation and chondrogenic phenotype differentiation of breast adipose-derived stem cells HBASCs (Xu et al., 2015). The dose-effect of Rg1 was also found in human periodontal ligament stem cells (hPDLSCs), and concentration from 10 to 100 μmol/L was investigated. Rg1 at 10 μmol/L significantly enhanced the proliferation and osteogenic differentiation of hPDLSCs while 100 μmol/L Rg1 caused cytotoxicity (Yin et al., 2015).

In this study, we firstly introduced Rg1 to Sr-α-CaS scaffold, and both of Rg1 and Sr accelerated repair and regeneration of cranial bone. To avoid drug burst release, Rg1 was loaded to gelatin microspheres. From the results of Micro-CT in Rg1/GMs/Sr-α-CaS group, the new bone volume was about 83.3% in 12 weeks and BMD increased to 1133 mg/cm3. Scaffolds also need to provide mechanical support and the mechanical properties should be as close as possible to normal tissue. As we knew, single calcium sulfate hemihydrate scaffolds were absorbed and metabolized too quickly for its rapid degradation. With the incorporation of Sr and Rg1/GMs, mechanical properties were improved and the Rg1 release was prolonged, which made scaffold of Rg1/GMs/Sr-α-CaS a promising candidate for bone repair. The main components of natural bone are hydroxyapatite and collagen. In order to match the degradation rate and mechanical properties with the natural bone, we are considering to prepare composite scaffolds with cross-linked natural biomaterials. To mimic the structure and function of natural bone tissue, natural biomaterials such as collagen, silk fibroin, and chitosan have been reported to add to calcium sulfate hemihydrate (Liu et al., 2015a, 2018; Chen et al., 2016).

Furthermore, dose of Rg1 also influenced the osteogenic differentiation and angiogenesis of MC3T3-E1 in vitro. In Figures 3A,B, Rg1/GMs/Sr-α-CaS group always showed higher expression of ALP and VEGF than Rg1/Sr-α-CaS. However, due to the degradation of scaffolds and sustained release of gelatin microspheres, the amount of Rg1 in leaching solution of Rg1/Sr-α-CaS was more than Rg1/GMs/Sr-α-CaS. The low concentration of Rg1 accelerated the osteogenic differentiation and vascularization of MC3T3-E1 in vitro while it was not obvious at high concentration. In future research, we would explore the effect of Rg1 concentration on cell proliferation and differentiation in vitro and tissue repair and regeneration in vivo.

In summary, this study prepared a novel Rg1/GMs/Sr-α-CaS scaffold to repair and regenerate cranial bone tissue. The scaffolds showed good biocompatibility and promoted osteogenic differentiation and vascularization in vitro and in vivo. The Rg1/GMs/Sr-α-CaS scaffolds combined traditional Chinese medicine with modern science and technology, and provided a possible way to study traditional herbs and a potential approach for bone repair and regeneration in clinic.
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We successfully fabricated artificial bile duct via 3D printing technique which was composed of poly (lactic-co-glycolic acid) (PLGA) and gelatin methacrylate (GelMA). The PLGA-inner layer provided sufficient strength to support the bile duct contraction, the GelMA-outer layer possessed good biocompatibility to provide a good living environment for the cells. Moreover, IKVAV laminin peptide (Ile-Lys-Val-Ala-Val) and ultrasmall superparamagnetic iron oxide (USPIO) were used to regulate scaffold cell adhesion and magnetic resonance imaging (MRI) detection, respectively. After BMSCs co-culture with IKVAV at a certain concentration, the survival rate and adhesion of BMSCs was increased obviously. Meanwhile, the fabricated scaffold exhibited the tensile modulus in the range of 17.19 – 29.05 MPa and the compressive modulus in the range of 0.042 – 0.066 MPa, which could meet the needs of human implantation. In an animal experiment in vivo pig bile duct regeneration, PLGA/GelMA/IKVAV/USPIO duct conduits could promote bile duct regeneration and enhance cytokeratin 19 (CK19) expression. In summary, the composite bile duct scaffold with excellent MRI imaging function and biocompatibility could be used to develop bioactive artificial bile ducts.

Keywords: 3D printing, IKVAV, hydrogel, bile duct, magnetic resonance imaging (MRI)


INTRODUCTION

In the current treatment of extrahepatic bile ducts affected by tumors or stenosis, surgical resection and reconstruction often cause postoperative complications, such as biliary leakage, bile duct strictures and bile leakage (Zografakis et al., 2003; Vieira-Silva et al., 2019). Clinical treatment, such as intrabiliary stent placement, percutaneous transhepatic biliary drainage (PTBD) and biliary anastomosis, has been used to relieve obstruction of the common bile duct and repair damaged bile ducts. However, different types of complications using metal and plastic stents (polyethylene, polyvinyl chloride, and polyurethane) have been reported, particularly in association with biofilm accumulation, clogging, and bacterial infection (Bege et al., 2012; Ogura et al., 2019). Therefore, if an artificial bile duct could be obtained that is completely consistent with the function of natural organs, artificial bile duct could be implanted to replace the pathological bile duct to prevent bile flow disorder and avoid the occurrence of liver transplantation. During the process of excellent bile duct preparation, two major factors should be considered.

Material selection is a key factor for bile duct restoration. Among them, poly (L-lactide-co-glycolide) (PLGA) and polycaprolactone (PCL) was a biocompatible (Reid et al., 2013), degradable (Lee et al., 2012), non-toxic material (Li et al., 2015). It has many successful applications in bile duct regeneration (Zong et al., 2017). PLGA could provide sufficient support strength to prevent bile duct contraction and narrowness. Moreover, it has good mechanical properties. In addition, proper flexibility and rigidity could facilitate cell migration. Recently, an emerging photo-cross linkable gelatin methacrylate (GelMA) have recently attracted increasing research interest in tissue engineering (Mccoul et al., 2017; O’Bryan et al., 2017; Grosskopf et al., 2018; Gao et al., 2019), which was not only owing to their biocompatibility of gelatin, but also because of easy cross-linking under UV light irradiation.

The second factor is surface modification and scaffold fabrication (Li et al., 2019). Although numerous materials have been exploited for artificial bile ducts, such as gelatin (Yan et al., 2018), poly (L-lactide-co-glycolide) (PLGA) (Zong et al., 2017), and polycaprolactone (PCL) (Bloise et al., 2020), few studies reported bilayered scaffold for bile duct tissue engineering. Li et al. (2020) reported a novel 3D printing PCL/GelMA scaffold containing USPIO for MRI, which could achieve MRI imaging and be beneficial to the proliferation of cells on the scaffolds, but there was poor cell adhesion properties. As a key factor in bile duct tissue engineering, an ideal scaffold would support cell adhesion, proliferation and differentiation, and act as physical reservoir to support bile flow and load bioactive substances. However, a scaffold composed of one material makes it difficult to strike a balance between the requirements to support bile flow and new tissue formation. Therefore, PLGA tube modification is critical for optimal biocompatibility. Nucleic acids (Kang et al., 2015), polypeptides (Han et al., 2010), and cells (Lee et al., 2015) were commonly used for surface coatings. IKVAV laminin peptide have good hydrophilicity and good biochemical properties, can improve cell adhesion, and is a substrate for bioactive scaffold materials. Therefore it was widely used in the field of tissue engineering. Laminin was found as an extracellular matrix (ECM) molecule in basement membranes, was the key substance for cell adhesion and polarization, widely used in neuroengineering (Silva et al., 2014). Prior study reported that laminin could promote bile duct cell polarization to form bile ducts (Tanimizu et al., 2007). However, there were no studies on the interaction between IKVAV and bile duct cells.

3D bioprinting technology hold great promise in the field of tissue engineering and regenerative medicine (Patel et al., 2017; Roh et al., 2017). This technology has been widely utilized to prepared arbitrary-shape three-dimensional tissues and organs including bile duct-like structures. Herein, layer-by-layer freeform production was used to encapsulate cells within microstructure of biocompatible hydrogel mixtures. Narayanan et al. reported that hydrogels are composed of human adipose-derived stem cells, PLA fibers and sodium alginate to print into a meniscus shape through extrusion bioprinting (Narayanan et al., 2016). Lozano et al. (2015) used a coaxial nozzle extrusion device to print neuron cells into a brain-like structure, and the results showed that the printed nerve cells can stretch and grow synapses. However, the degradation and repair of the 3D printing stent in vivo could not be detected in real time. Diagnostic tools, including computed tomography (CT) and magnetic resonance imaging (MRI), were employed to combination with the 3D scaffold to achieve a dual effect of diagnosis and treatment (Wang et al., 2017).

In this study, we innovatively designed a novel bilayered bile duct scaffold by layer by layer casting (LBLC) method as Scheme 1. The inner layer consist of PLGA, which exhibited appropriate mechanical properties, slow degradation kinetics and good biocompatibility. GelMA as matrix to incorporate IKVAV and ultrasmall superparamagnetic iron oxide (USPIO) was used for the outer, which would be conducive to formation of new tissue due to its rapid degradation. To further demonstrate the application, we tested the bioactivity and adhesion of IKVAV and examined the effects of the IKVAV on BMSCs cells. Meanwhile, we evaluated the ability of scaffold for bile duct regeneration in vivo pig bile duct defect model. Our engineered scaffold could be used in the construction of an artificial bile duct, due to its high flexibility, suitable mechanical strength and biocompatibility.
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SCHEME 1. Schematic of GelMA and the schematic illustration of PCL bile duct with LBLC method.




MATERIALS AND METHODS


Reagents and Materials

Gelatin (Gel, derived from pig skin, adhesive strength ∼300 g bloom) and methacrylate anhydride (MA) were obtained from Aladdin Reagent Company (Shanghai, China). The initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was purchased from Yinchang New Material Co., Ltd. (Shanghai, China). IKVAV peptides (C16H31O-NH-AAAGGGGEIKVAV-COOH, purity at >98%) was purchased from Apeptide Bio-Technology Co., Ltd. (Shanghai, China). Poly (lactic-co-glycolic acid) (PLGA, lactide: glycolide = 75:25, Mw = 66 ∼ 107 kDa) was purchased from shanghai Ding Biological Technology Co., Ltd. (Shanghai, China). USPIO (average particle size = 20 nm) were obtained from Sino Biomaterials Co., Ltd. (Shanghai, China). The other reagents were listed as follows: Dulbecco’s modified Eagle’s medium (DMEM)/F12 with Glutamax (Invitrogen, Carlsbad, CA, United States) and fetal bovine serum (FBS, Gibco, United States), penicillin/streptomycin solution (Gibco, United States), Cell Counting Kit-8 (CCK-8, Dojindo, Japan). All other reagents were analytical reagent grade.



Synthesis of GelMA

Gelatin (10 g) was dissolved in 100 mL distilled water. After being dissolved at 50°C, 15 mL of methacrylate anhydride was added and reacted at 50°C for 4 h. Then dialysis with dialysis bags (molecular weight cutoff: 1000) for 2–3 days and then lyophilized at 80°C to obtain methacrylate gelatin (GelMA).



Fabrication of the PLGA Bile Duct Scaffold

All printings were carried out using a customized 3D printer (EFL-BP-6800, Suzhou, China) equipped with a nozzle temperature controller and a chamber temperature controller (Park et al., 2017). Firstly, PLGA particles were put into the barrel of a high-pressure near-field direct writing 3D printer, then set the extrusion temperature to 95°C and the bed temperature to 70°C for 2 h. After the PLGA was melted, air pressure was set to 7 kPa while applying voltage at 4 kV. Finally, the PLGA bile duct model was printed on a metal rotating shaft of 5 mm diameter by using default speed of 1000 mm/min, and the total number of layers was set to 100.



Fabrication of the PLGA/GelMA/IKVAV/USPIO Composite Bile Duct Scaffold

5 wt% GelMA and 0.5 wt% LAP was dissolved in PBS at 37°C. The IKVAV peptide (200 μg) was then added to the GelMA solution. Finally, GelMA/IKVAV solution and USPIO were mixed in accordance with a different mass/volume (g/L) ratio and fully mixed using a vortex mixer to prepare the final GelMA/IKVAV/USPIO scaffold for subsequent use. The PLGA tubular stent was fully infiltrated with the GelMA/IKVAV/USPIO solution, and then the GelMA/IKVAV/USPIO solution was crosslinked by a 405 nm ultraviolet (UV) lamp with a light intensity of 3.0 mW/cm2 for 50 s, and finally the PLGA/GelMA/IKVAV/USPIO solution composite tubular stent was prepared.



Preparation of Cell-Scaffold Constructs

The bone marrow mesenchymal stem cell (BMSCs) were cultured in stem cell medium supplemented with DMEM/F12 with GlutaMAX and 10% fetal bovine serum, and were cultured under 5% carbon dioxide at 37°C. BMSCs were harvested after they reached approximately 80% confluence. The PLGA/GelMA/IKVAV/USPIO composite scaffold was successively soaked in 75% alcohol (Dashti et al., 2016), sterile PBS and sterile DMEM/F12 with GlutaMAX for 1 h, respectively. Then, the BMSCs cells with a density of 1 × 105 cells/ml were directly seeded onto the outside surface of sterilized PLGA/GelMA/IKVAV/USPIO composite tubular scaffold for routine cell culture.



Characterization of GelMA

The infrared (IR) spectra of the Gel and GelMA was detected by Fourier transform infrared spectroscope (FTIR, TENSOR 27; Bruker, Germany). Rheological tests of GelMA hydrogel at different concentrations were performed using a strain-controlled rheometer (MCR 302, Anton Paar, Japan) equipped with a parallel-plate (25 mm) geometry. The storage modulus (G′) and loss modulus (G″) were both measured in this study. Oscillation time sweep was measured with 1 Hz frequency at 25°C for 600 s. Additionally, frequency sweep test was conducted from a function angular frequency of 0.1–10 Hz with 0.1% strain.



Scanning Electron Microscope (SEM) Analysis

The micromorphology of the 3D structure scaffolds before and after incubating with GelMA hydrogel was observed by SEM (J SIRION-100; Eindhoven Netherlands) at 10 kV accelerating voltage. The samples were sputter coated with gold for 10 s before SEM observation.



Mechanical Testing

The mechanical properties of PLGA/GelMA/IKVAV/USPIO scaffold (60 mm in length) was measured by a universal material testing machine (Instron 5543A, Massachusetts, United States) with a crosshead speed of 30 mm/min. Rectangular specimens of PLGA/GelMA/IKVAV/USPIO scaffold (20 mm in height) were measured at the compressive velocity of 1 mm/min. The compressive modulus was measured from 2 to 10% of linear curve fit from the compressive curve. At least three samples were recorded for final statistical evaluation.



Swelling Testing

Swelling of the 3D print PLGA/GelMA/IKVAV/USPIO scaffold was investigated by the gravimetry method (Xue and Falcon, 2019). Briefly, lyophilized scaffold was weighed (Wd) before being immersed in 2 ml PBS at 37°C until the equilibrium swelling was reached, after which the scaffold were removed. Excess surface water on the scaffolds was gently wiped with filter paper before the swollen scaffold was finally weighed (Ws). The equilibrium swelling ratio was calculated using the following equation
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In vitro Biodegradation

The degradation studies of the fabricated 3D printing scaffolds (PLGA and PLGA/GelMA/IKVAV/USPIO) were conducted in PBS with or without lysozyme (Hu et al., 2019). Briefly, the tested scaffold samples (Wi) were immersed into 10 mL of PBS with or without lysozyme, followed by incubation at 37°C with a stirring rate of 60 rpm. At predetermined time points, the weights (Wc) of degraded samples were recorded after distilled water washing and freeze-drying.

The degradation rate was determined using the following equation:
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where Wi is the weight of the scaffold at day 0, and Wc is the weight of the scaffold at each time point.



MRI

First, the PLGA/GelMA/IKVAV/USPIO composite scaffold was placed in the centrifugal tube, and then all the composite tubular stents were performed T2 weighted imaging (T2WI) in clinical 3T whole body magnetic resonance scanner (SENSE-flex-M; Philips, Best, The Netherlands) using a small extremity coil. The parameters of T2WI were as follows: TR = 5000ms, TE = 5.8 ms, FOV = 8mm × 8mm, matrix size = 64 × 64, in-plane resolution = 125 mm × 125 mm, slice thickness = 0.8 mm.



Effect of IKVAV on BMSCs


Effect of IKVAV on Adhesion Rate of BMSCs

The IKVAV were dissolved in PBS, at five concentrations (80, 100, 200, 400, and 800 μg/mL) to be used. Soak the round cover glass slides in 75% ethanol for 4 h, dry them in a 12-well plate, and coating in several different concentrations of IKVAV solutions. After incubated for 4 h in incubator and washed with PBS. 0.5 mM Laminin was used as positive control group, and the untreated group served as the negative control. BMSCs cells were inoculated into 12-well plate with 4 × 105 per well. After 24 h, the cells were digested, counted, and statistical analysis was made. Cell adhesion rate was calculated according to the following formula:
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BMSCs cells were inoculated into 96 plates at a density of 2 × 104/ml for 24 h. Then, different concentrations of IKVAV solution (80, 100, 200, 400, and 800 μg/mL) were added, and three multiple holes were set up. At the period’s time point (1, 2, and 3 days), the OD value of cells was measured by CCK-8 kit to directly reflect the proliferation of cells. Cell viability was calculated according to the following formula:
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Effect of USPIO of BMSCs

The GelMA hydrogels containing different concentrations of USPIO were prepared with a different mass/volume (g/L) ratio (USPIO: GelMA = 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1). Then, BMSC cells with the cell density of 1 × 104 cells/mL were cultured and inoculated into 96-well plate. After the cells adhered to the wall, GelMA hydrogels with different concentrations of USPIO were added. After 24 h of culture, the medium was replaced with the DMEM solution containing 10% CCK-8, and the culture continued for 2–4 h. Under the condition of 450 nm wavelength, the absorbance of each hole was read by enzyme labeling instrument.



Cell Proliferation Analysis

CCK-8 was used to assess the cell proliferation according to the instructions. BMSCs cultured with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C, 5% CO2 condition. Before culturing the cells, the PLGA/GelMA/IKVAV/USPIO scaffolds were soaked in 75% ethanol for 1 h, washed with PBS for 3 times, and then cultured overnight in a 24-well petri dish. The naked GelMA, PLGA scaffold and PLGA/GelMA/USPIO were used as control. On days 1, 4, 7, and 10 of culture, samples were washed 3 times with PBS. Then, the DMEM medium containing 10% volume of CCK-8 were added to each well, and incubated for another 3 h. Finally, the OD of each solution were evaluated by microplate reader among at wavelength of 450 nm.

Live and dead cells were further visualized by LIVE/DEAD cell kit. The activity of intracellular esterase and the integrity of plasma membrane were measured by Calcein AM and Ethidium homodimer-1, respectively. They were mixed with phosphate buffer saline (DPBS) of Dulbecco and added to media-free cells/scaffolds, and the cells on scaffolds were observed by an inverted fluorescence microscope.



Cell Morphology Analysis

The morphology of cells was observed by cytoskeleton staining, including phalloidin staining and DAPI staining. Briefly, BMSCs cells were inoculated into PLGA/GelMA/IKVAV/USPIO scaffolds with an initial density of 4 × 104/cm2 for 3 days. Then, the scaffold was taken out of the wells, fixed with 4% paraformaldehyde for 30 min, and washed with PBS. Finally, cells on the scaffold were counterstained by the F-actin with Phalloidin and nuclei with dye diamidino-2-phenylindole (DAPI). Finally, cells on the scaffold were observed by a confocal laser microscope (Leica, Wetzlar, Germany).



Animal Experiments

The animal experiments were performed with the permission of the Institutional Animal Care and Use Committee (IACUC) of Central South University. The male inbred Wuzhishan miniature pigs at 8 months of age weighing 30 ± 2.5 kg were Haikou Peoples Hospital (Hainan, China). All animals were maintained under 12-h light/dark conditions and fed a standard commercially available pig feed. Animals were divided into two groups (Normal and PLGA/GelMA/IKVAV/USPIO composite tubular scaffold treated) of six animals each. Before surgery, animals were fasted overnight for 12 h with access to water only. The pigs were fasted overnight for 12 h prior to surgery, and were provided with oral antibiotics (300 mg of cephalexin) following surgery. All pigs were anesthetized, placed in ventral recumbency, and laparotomized via a midline incision in the upper abdomen to expose the extrahepatic bile duct (EHBD) (Figure 9A). The lower EHBD was transected and the artificial PLGA/GelMA/IKVAV/USPIO composite bile duct scaffold was anastomosed end-to-end to the proximal and distal ends of the EHBD with interrupted 4.0 Ethilon sutures (Figure 9B). We further confirmed adequate bile drainage through the anastomosed bile duct scaffold during the surgery, the abdominal cavity was irrigated with warm saline and closed following surgery. For histological analysis, fresh tissues obtained from the pig bile duct were fixed with 10% formalin followed by paraffin embedding. Samples were sectioned at 4 μm and stained with hematoxylin and eosin (H&E). For immunohistochemistry, sections were blocked with 5% bovine serum albumin (BSA) in PBS for 30 min and incubated overnight with the primary antibody CK19 (BA4154, 1: 400, Boster) in PBS containing 1% BSA at 4°C.



Statistical Analysis

All of the experiments were carried out at least in triplicate. All data were presented as mean result ± standard deviation (SD). One-way analysis of variance (ANOVA) evaluated the differences between groups. P < 0.05 considered statistically significant, with ∗ = p < 0.05; ∗∗ = p < 0.01; ∗∗∗ = p < 0.001.



RESULTS AND DISCUSSION


Characterization of GelMA

To form the hydrogel for bile duct restoration, we synthesized the photocrosslinkable GelMA polymer by reacting methacrylic anhydride with gelatin according to methods previously described (Sun et al., 2018; Aldana et al., 2019b). The FTIR spectra of gelatin, MA and GelMA were shown in Figure 1A. The main bands of gelatin included a strong broad overlapping peak of 3252 cm–1, attributed to the stretching of O–H (Topkaya, 2015). In addition, the characteristic absorption bands of GelMA were observed 1697 cm–1 (amide I, the stretching of C=O bond), 1542 cm–1 (amide II, bending of N-H bond) and 1458 cm–1 (amide III, plane vibration of C–N and N–H), respectively (Aldana et al., 2019a). Meanwhile, N–H stretching (amide A) was observed at 3284 cm–1, demonstrating that MA was successfully grafted onto the gelatin chains.
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FIGURE 1. (A) FTIR spectrum of GelMA. (B) The gel viscosity with frequency ranging from 0.1 to 10 Hz. (C) Rheological properties.


To demonstrate the feasibility of the formed bioink for 3D printing, the rheological behaviors were carried out. The gelation behavior of different concentrations of GelMA was monitored by rheological analysis. As shown in Figure 1B, the storage modulus (G′) also surpassed the loss modulus (G″) with the frequency from 0.1 to 10 Hz, which indicated that the photo-crosslinked GelMA hydrogel had enhanced resistance to deformation. As shown in Figure 1C, the time-sweep oscillation experiment shows the storage modulus G’ of hydrogels was increased with an increase in the concentration of the GelMA. There was no significant difference between the G′ of 15% GelMA and the G′ of 10% GelMA. However, GelMA hydrogels at concentrations of 2 and 3% (w/v) with low G′ (∼100 Pa) was insufficient to enhance the mechanical strength of the PLGA scaffold. Noticeably, GelMA hydrogels with a concentration of 10% and 15% (w/v) have a high G′ (∼500 Pa), which is similar to a previous study (Athirasala et al., 2017).



Characterization of the Scaffold

An ideal hydrogel-based scaffold for usage in tissue engineering and regenerative medicine should have the following characteristics, such as sufficient mechanical properties, appropriate swelling ratio and biodegradation ratio in vivo, and good biocompatibility (Kim et al., 2016). Therefore, we systematically studied the effect of adding GelMA on the performance of these scaffolds. Here, a conduit with the fiber diameter of ∼50 μm was created using microneedles. After curing, the microneedles and the rolling tube mold were removed. The morphology of the 3D printing conduit was characterized using optical imaging and scanning electron microscopy (SEM). As shown in Figures 2A–D, the PLGA tubular scaffold has a uniform rhombohedral porous structure, and the wire diameter was uniform, about 5–7 μm, which was beneficial to the adhesion and growth of cells. The GelMA/IKVAV/USPIO gel uniformly fills the pores of the PLGA tubular scaffold. As shown in Figures 2E–H, the surface of PLGA/GelMA/IKVAV/USPIO composite tubular scaffold has a microporous structure, which was beneficial to cell adhesion and growth (Shkarina et al., 2018).


[image: image]

FIGURE 2. Digital image of PLGA (A,B) and (E,F) PLGA/GelMA/IKVAV/USPIO tubular scaffold. Low- and high-magnification SEM image of PLGA (C,D) and PLGA/GelMA/IKVAV/USPIO (G,H).




Mechanical Properties of the Scaffolds

An ideal scaffold should equip with good mechanical properties to keep its integrity during use. The mechanical properties of the prepared scaffolds were evaluated by the tensile modulus and compressive modulus. As shown in Figure 3, the tensile modulus of the scaffold was measured to be in the range of 17.19 – 29.05 MPa and the compressive modulus in the range of 0.042 – 0.066 MPa. The mechanical properties were also tested in 37°C water bath to simulate the bile flow environment in vivo. The measured tensile modulus of the multi-layer 3D-fabrication of PLGA/GelMA/IKVAV/USPIO scaffold was in the range of 14.05 – 20.37 MPa and the compressive modulus in the range of 0.024 – 0.04 MPa, which was suitable for bile duct implantation. Previous research also reported that the mechanical strength of the pure PLGA scaffold was similar to a real bile duct (Zong et al., 2017). The mechanical test indicated that the PLGA/GelMA/IKVAV/USPIO 3D conduit has both flexibility and toughness, which provide a supporting structure and allow duct regeneration. Furthermore, the designed bilayered scaffold has porous structure and improved mechanical stability. Additionally, the bilayered scaffold can be used to design artificial arteries and intestines (Zong et al., 2017).
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FIGURE 3. Mechanical properties of the composite tubular scaffold. (A) Tensile modulus and (B) compression modulus of PLGA/GelMA/IKVAV/USPIO composite tubular scaffold in dry state (air environment) and wet state (37°C water bath).




Swelling Study

As shown in Figure 4A, the time-dependent swelling ratio was investigated by using water uptake experiment. The Swelling ratio of the GelMA were around 498.7 ± 11.8%, which was related to the high hydrophilicity of GelMA and porous structure of scaffold. The swelling ratio of PLGA/GelMA and PLGA/GelMA/IKVAV/USPIO scaffold was 351.7 ± 11.5%, 355.2 ± 17.0%, respectively. The relatively low swelling ratio may be related to the presence of PLGA and USPIO which has hydrophobic groups could decrease water adsorption. Meanwhile, PLGA and USPIO layer changed the internal structure and decrease the proportion of micropore, resulting in low swelling ratio. This low swelling ratio will not cause collateral damage to normal tissues.
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FIGURE 4. Physical properties of the composite tubular scaffold. (A) Swelling ratio of GelMA, PLGA/GelMA, and PLGA/GelMA/IKVAV/USPIO. (B) Weight loss rate of the PLGA/GelMA/IKVAV/USPIO scaffolds in PBS with or without 10000 U/mL lysozyme. (C) In vitro MRI imaging of PLGA/GelMA/IKVAV/USPIO composite tubular scaffold.




Stability of Bilayered Bile Duct Scaffold

Recently, most of the bile duct stents used in clinic were non-degradable scaffolds, but as a long-term foreign material, non-degradable scaffolds were easy to cause inflammation, restenosis and other phenomena, resulting in secondary implantation difficulties. In addition, patients have to endure the pain of scaffold removal. Therefore, an increasing amount of scaffolds for bile duct repair were reported (Miyazawa et al., 2005). However, few studies on bilayered bile duct scaffolds have been reported at this time. Here, a kind of PLGA/GelMA bilayered bile duct scaffold was designed and fabricated. The PLGA inner layer exhibited a smooth and compact surface, which will promote the bile acid flow and avoid the bile leakage or cholestasis after implantation. The GelMA outer layer was able to effectively support cells adhesion and growth, load bioactive substances and accelerate the formation of new tissue. It would require as long as 2 years to fully degrade the entire PLGA scaffold in vivo (Sun et al., 2006). However, prior study indicated that GelMA hydrogel were completely degraded in PBS after 2 weeks (Yu et al., 2020). As shown in Figure 4B, weight retention rate of the PLGA/GelMA/USPIO/IKVAV scaffold either in PBS alone or PBS contained lysozyme decreased gradually with the incubation time increased. Despite the fact that enzyme do not exist in PBS, the hydrogel discs might be degraded by hydrolysis. The degradation of hydrogel were due to a combination of enzymolysis and hydrolysis. Moreover, the prepared scaffold shown a faster degradation behavior in PBS with lysozyme. The PLGA/GelMA/IKVAV/USPIO scaffold degraded ∼40% after 10 days, the fast degradation rate was associated with lysozyme. Prior study reported that lysozyme could degrade natural degradation sites for collagenases and matrix metalloproteinases (MMPs) in GelMA (Yu et al., 2020).



MRI

The composite scaffold was visualized by incorporating USPIO as contrast agent. As shown in Figure 4C, the different concentration of USPIO in PLGA/GelMA/IKVAV/USPIO composite tubular scaffold showed different degree of T2-weighted MRI imaging. MRI displayed a uniform signal at the boundary regions, which could intuitively see the original shape and status of the composite scaffold. Moreover, it can be seen that with the concentration of USPIO increases, the more obvious the imaging effect becomes. Hence the position changes of the fluorescence of USPIO can be used to monitor degradation of scaffold in real time (Lei et al., 2017). Previous research also reported that T2-weighted MRI imaging was stable and reasonable, USPIO-labeled scaffcan be monitored in real time (Chen et al., 2018).



Effect of IKVAV of BMSCs


Effect of IKVAV on Adhesion Rate of BMSCs

The surface modification of biomedical scaffolds can enhance the adhesion of cells to materials and the biocompatibility of tissues and materials. One way to enhance cell adhesion was to use bioactive peptides such as collagen, fibronectin and laminin, which exist in extracellular matrix, which promote cell adhesion. For example, P15, a polypeptide from collagen, can promote cell adhesion and modulate a variety of genes (Carinci et al., 2004; Lucidarme et al., 2004; Funfak et al., 2019). The peptide has been integrated into a dental implant material and achieved good results. Other peptides that also promote cell adhesion include RGD, YIGSR and IKVAV, from laminin and peptides from laminin, which can directly promote cell adhesion (Kang et al., 2019). The effect of IKVAV on adhesion rate of BMSCs was shown as Figure 5A. Through the statistics of cell count at several time points, it can be seen intuitively that although the treatment of IKVAV was not as strong as that of Laminin, it was significantly higher than that of the negative control group, indicating that it still has the effect of promoting cell adhesion to a certain extent. In addition, it can also be seen that the cell adhesion rate at 400 μg/mL was higher than that of other concentrations, and the cell survival rate at this concentration was higher, second only to the positive group.
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FIGURE 5. (A) The adhesion rate of the cells with different IKVAN concentrations. (B) The cell viability with different IKVAV concentrations.




Effect of IKVAV on Proliferation of BMSCs

The effects of IKVAV on the proliferation of BMSCs were measured by CCK-8 and the results as shown in Figure 5B. At the same time point, the cell survival rate increased with the increase of polypeptide concentration, but when the concentration was higher than 400 μg/mL. On the contrary, the survival rate of cells decreased. In addition, it can also be seen that at the same concentration, the survival rate increases with the increase of time.



Effect of USPIO on BMSCs

As shown in Figure 6A, when the volume ratio of GelMA: USPIO was 5: 1, the cells have the highest survival rate, and when the volume ratio was less than 5: 1, the cells showed toxic effects. The higher concentration of USPIO, the better the MRI imaging effect. Therefore, under the condition of guaranteeing cell survival, GelMA hydrogel with a large concentration of USPIO was selected, that is, the preferred GelMA and USPIO volume ratio was 5:1.


[image: image]

FIGURE 6. In vitro biocompatibility evaluation of the composite tubular scaffold. (A) The cell viability of GelMA/USPIO with different USPIO concentrations. (B) Proliferation of BMSCs seeded on various composite scaffolds at day 1, 4, 7, and 10.




Cell Proliferation Analysis

The biocompatibility of the developed scaffold was assessed by measuring the proliferative state of BMSCs on the surface of scaffold. The cell viability and proliferation of different scaffold for 1, 4, 7, and 10 days as quantitatively examined by CCK-8. As shown in Figure 6B, the cell proliferation of pure GelMA group increased significantly from day 1 to day 10. Noticeably, PLGA and PLGA/GelMA/USPIO group showed a relatively lower cell proliferation rate than the GelMA group at day 7 and day 10. It was mainly due to the interaction of PLGA and USPIO with the cells. However, PLGA/GelMA/USPIO/IKVAV showed a higher proliferation than the PLGA and PLGA/GelMA/USPIO group at day 10, which attributed to the positive effect of GelMA and IKVAV modified PLGA in cell proliferation. Based on these results, it was concluded that the PLGA/GelMA/IKVAV/USPIO composite tubular scaffold have excellent biocompatibility to be favorable for BMSCs growth and proliferation.

Moreover, the proliferation of BMSCs on the surface of various scaffolds were further quantitatively visualized by Live/Dead staining at day 10. As shown in Figure 7, most of the cells were alive in PLGA/GelMA/IKVAV/USPIO composite tubular scaffold. Moreover, PLGA/GelMA/IKVAV/USPIO group exhibited high cell density and survival rate of over 90%, which was consistent with the results of cell proliferation. Hence, we designed 3D printed scaffolds to improve both cellular distribution and proliferation efficiencies of cells within the scaffold. Therefore, GelMA based 3D printed scaffolds with a satisfied cell density have a great potential for tissue engineering.
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FIGURE 7. Live/dead staining images of BMSCs seeded on PLGA/GelMA/IKVAV/USPIO composite scaffold at day 10.




Cell Morphology Analysis

As shown in Figure 8, BMSCs presents a large cytoskeleton (red stained by Phalloidin reagent) and a small dotted nucleus (blue stained by DAPI reagent). After 13 days in culture, the cells can be well adhered and spread in PLGA/GelMA/IKVAV/USPIO composite tubular scaffold. In addition, the cells can be seen sticking out on the material and adhering to the surface of the material. Meanwhile, a large number of cells grown into the internal fiber of composite tubular scaffold. The results showed that PLGA/GelMA/IKVAV/USPIO composite tubular scaffold can provide larger surface areas for cell adhesion.
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FIGURE 8. Cytoskeleton fluorescence staining image of BMSCs seeded on a PLGA/GelMA/IKVAV/USPIO composite scaffold at day 13.
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FIGURE 9. In vivo regeneration of pig bile duct. (A) Free bile duct of inbred wuzhishan miniature pig. (B) PLGA/GelMA/IKVAV/USPIO composite stent implantation procedure. (C) HE staining of common bile duct of normal inbred (C1: 200×, C2: 400×). HE staining of common bile duct in the experimental group (D) and the sham operation group (E) at 14 days after surgery. (F) HE staining of common bile duct and PLGA/GelMA/IKVAV/USPIO composite scaffolds at 14 days after surgery. (G) Normal bile duct epithelial cytoplasm and (H) composite scaffolds immunohistochemical staining of bile duct CK19 at 14 days after surgery.




In vivo Pig Bile Duct Defect Model

Histological analysis was performed on the surgically treated bile duct with hematoxylin and eosin (H&E). As shown in Figure 9C, the normal common bile duct showed that the histological structure was similar to that of human tissue. The bile duct wall was divided into three layers (mucous layer, muscular layer and adventitia layer) from inside to outside, and the boundary of each layer was not very clear. The surface was lined with a single layer of columnar mucosal epithelium and the basement membrane was not obvious. The lamina propria is dense fibrous connective tissue, which contains a lot of collagen and elastic fibers, and small blood vessels, in which a few single tubular submucosal glands can be seen. The distribution of smooth muscle in each segment of bile duct was different. The smooth muscle in the upper part of the bile duct was scattered or absent, while the smooth muscle bundles in the lower part of the bile duct were continuous or intermittent, and the middle part was between them, and the muscle bundles were mainly fibrous connective tissue. The adventitia is loose connective tissue including lymphatic vessels, nerve fibers and ganglion cells.

At 14 days after operation, HE staining PLGA/GelMA/IKVAV/USPIO composite tubular scaffold group showed that the morphology and structure of bile duct was normal, the small vessels in the lamina propria of bile duct were dilated, neutrophils and lymphocytes were infiltrated, and inflammatory cellulose-like exudate was seen on the surface of the stent (Figures 9E,F). A mild meutrophil and lymphocyte infiltration, epithelioid cell and multinucleated giant cell infiltration were seen on the surface of the scaffold. HE staining in control group showed normal morphology and structure of bile duct and infiltration of neutrophils and lymphocytes in the control group (Figure 9D).

At 14 days after operation, the immunohistochemical staining showed that the expression of CK19 in bile duct epithelial cells was positive. The expression of CK19 in bile duct epithelial cells was positive in normal group (Figure 9G). CK19 positive cells could be seen in the anastomotic site and inside the PLGA/GelMA/IKVAV/USPIO composite tubular scaffold, indicating the formation of bile duct-like epithelial cells (Figure 9G). A small amount of CK19 positive tissue with tubular arrangement could be seen on the composite scaffold, indicating the regeneration of tubular tissue (bile duct).



CONCLUSION

This study presents a novel 3D printing PLGA/GelMA/IKVAV/USPIO duct conduits through the layer by layer casting (LBLC) method. Different from traditional electrospinning fabrication of duct conduit, 3D printing technique avoided many disadvantages, such as the inconsistencies of temperature control, poor mechanical strength and gaps between nanofibers. Moreover, 3D printed scaffold can be used for real-time non-invasive detection of bile duct repair and scaffold degradation through MRI. The IKVAV were uniformly distributed on the duct conduit by the LBLC method to assure the good biocompatibility for duct regeneration. In vivo pig bile duct defect model, the tailored shape of the artificial duct PLGA/GelMA/IKVAV/USPIO duct conduits proved that its feasible and practicability in surgery. HE and immunohistochemistry showed that a mild meutrophil and lymphocyte infiltration, epithelioid cell and multinucleated giant cell infiltration with no evidence of bile leakage into the surrounding tissue, and the presence of CK19 expression. The finding of this study demonstrates that the prepared bilayered PLGA/GelMA/IKVAV/USPIO conduits can be used as a promising candidate for bile duct restoration and detection. Moreover, the present strategy provides a new method in the field of bilayered conduits for cell culture and tissue engineering.
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Early diagnosis and complete resection of the tumor is an important way to improve the quality of life of patients with gastric cancer. In recent years, near-infrared (NIR) materials show great potential in fluorescence-based imaging of the tumors. To realize a satisfying intraoperative fluorescence tumor imaging, there are two pre-requirements. One is to obtain a stable agent with a relatively longer circulation time. The second is to make it good biocompatible and specific targeting to the tumor. Here, we developed an RGD-modified Distearyl acylphosphatidyl ethanolamine-polyethylene glycol micelle (DSPE-PEG-RGD) to encapsulate indocyanine green (ICG) for targeting fluorescence imaging of gastric cancer, aimed at realizing tumor-targeted accumulation and NIR imaging. 1H NMR spectroscopy confirmed its molecular structure. The characteristics and stability results indicated that the DSPE-PEG-RGD@ICG had a relatively uniform size of <200 nm and longer-term fluorescence stability. RGD peptides had a high affinity to integrin αvβ3 and the specific targeting effect on SGC7901 was assessed by confocal microscopy in vitro. Additionally, the results of cytotoxicity and blood compatibility in vitro were consistent with the acute toxicity test in vivo, which revealed good biocompatibility. The biodistribution and tumor targeting image of DSPE-PEG-RGD@ICG were observed by an imaging system in tumor-bearing mice. DSPE-PEG-RGD@ICG demonstrated an improved accumulation in tumors and longer circulation time when compared with free ICG or DSPE-PEG@ICG. In all, DSPE-PEG-RGD@ICG demonstrated ideal properties for tumor target imaging, thus, providing a promising way for the detection and accurate resection of gastric cancer.
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INTRODUCTION

Gastric cancer (GC) is a common malignant tumor and ranks the second leading cause of cancer-related death in the world, making it a serious threat to human health and quality of life. According to GLOBACAN statistics, approximately 1,033,000 new cases are diagnosed and 783,000 deaths are estimated worldwide in 2018, the majority of which are diagnosed middle and advanced tumors (at stage II or III) (Bray et al., 2018; Son et al., 2019). Thus, accurate and early diagnosis of GC remains a significant clinical challenge. Recently, endoscopic procedures such as endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD), have been performed to treat GC in the early stage (Ban et al., 2018; Dahan et al., 2019). Meanwhile, laparoscopic gastrectomy has been widely accepted as a minimally invasive procedure for the treatment of GC (Zou et al., 2014; Itatani et al., 2019). Nevertheless, many questions remain unsolved. No or mild typical signs lead to great difficulty in the diagnosis of the early stage of GC. Also, due to the lack of tactile perception (haptic feedback), surgeons may have misjudgments about early lesions in laparoscopic surgery. The diagnosis of the small tumor, the accurate resection of the tumor, etc. Those seriously affect the quality of life and survival of patients with GC.

In the World Molecular Imaging Conference 2009, Roger Y. Tsien reported how to use the fluorescence microscope imaging system to guide the removal of fluorescence-modified tumor tissue in mice, which laid the foundation of the optical molecular imaging technology applied in the field of surgical navigation (Nguyen et al., 2010). Compared with traditional imaging techniques, intraoperative fluorescence imaging has several advantages, such as high contrast, high sensitivity, low cost, and visualization of tissues (Chen et al., 2017). To achieve a satisfying intraoperative fluorescence imaging, there are two prerequisites. One is to synthesize a stable agent with a relatively longer circulation time. The second is to make it good biocompatible and specific targeting to the tumor.

To date, many fluorescence imaging agents have been designed for tumor imaging and/or therapy, such as radionuclide, iron nanoparticles, and near-infrared (NIR) agents (Kotagiri et al., 2018; Lu et al., 2018). Among all the imaging agents, indocyanine green (ICG) is the only NIR agent approved for clinical use by Food and Drug Administration (FDA) (Hwang et al., 2017). It has been widely used for the determination of liver function and liver blood flow, cardiac output, and ophthalmic angiography (Hwang et al., 2017; Lee et al., 2019). However, there also exist several intrinsic drawbacks limiting the development of ICG, such as instability and self-aggregation in the liquid solution, resulting in fluorescence quenching, a short half-time in body, and a lack of tumor-targeted ability (Zhang et al., 2017). To address these challenges, numbers of carriers are introduced to encapsulate ICG that protect it from non-specific binding of plasma protein, provide enhanced stability and tumor targeting (i.e., permeability and retention effect, EPR). Nevertheless, in some solid tumors such as GC, since the interstitial fluid pressure is often increased (Yonucu et al., 2017; Hansem et al., 2019), it’s hard for these nanoparticles to permeate from leak tumor endothelial cells and largely transfer to the tumor sites. Therefore, challenges remain to improve the ability to penetration and targeting of the tumor.

Integrins, consisting of one α- and one β- submit, are a family of cell surface adhesion receptors that transmit bidirectional signals across the plasma membrane (Nieberler et al., 2017; Raab-Westphal et al., 2017). Now more and more evidence shows that integrins expressed by endothelial cells regulate cell migration and survival during angiogenesis, while integrins expressed by cancer cells enhance metastasis by promoting invasion and movement across blood vessels (Weis and Cheresh, 2011; Nieberler et al., 2017). Integrin αvβ3 is over-expressed on neoplastic tumor blood vessels and some tumor cells, playing an important role in proliferation, metastasis, and invasion of cancer cells (Kwakwa and Sterling, 2017; Lin et al., 2018). A study on integrin αvβ3 in GC cancer reveals that it is expressed widely in at least one tumor component and may be helpful in the routine classification of GC subtypes (Boger et al., 2015). The tripeptide Arg–Gly–Asp (RGD) can specifically bind to the integrin αvβ3 and it is one of the most studied targeting molecules for cancer precision diagnosis and treatment. Several studies have shown that RGD linked to fluorescent molecules or radionuclides possess the function of tumor-targeted imaging, such as FITC, 99m Tc, etc. (Zitzmann et al., 2002; Fang et al., 2011). However, because of the small molecular weight, such modified probes are too short-lived in circulation to be widely spread in clinical application.

Nowadays, nanocarriers, such as liposomes, polymer micelles, and nanoparticles, are widely applied in the drug delivery system (DDS) to achieve the maximum bioavailability and therapeutic effect (Repenko et al., 2017; Peng et al., 2018; Li et al., 2019). Lipid micelles are biocompatible, non-toxic, and stable in vivo (Xu et al., 2019). For example, PEGlyation has been largely used to modify the surface of nanocarriers for the purpose of stabilizing the DDS, weakening the interaction with plasma proteins, and reducing the clearance of reticuloendothelial system during the biological circulation (Gref et al., 2012). In this article, with the aim of tumor-targeted accumulation and NIR imaging, we designed and synthesized an RGD modified micelle to encapsulate ICG. As shown in Scheme 1, first, DSPE-PEG-RGD was obtained based on the Michael addition reaction between RGD peptide and DSPE-PEG-Mal. Second, the NIR agent ICG was encapsulated by the DSPE-PEG-RGD matrix via the self-assembly method. DSPE-PEG-Mal is an amphiphilic polymer. PEG serves as a hydrophilic unit to form the shell while DSPE is a hydrophobic unit to form the hydrophobic cavity with ICG in the core. The synthesis and Characteristics of DSPE-PEG-RGD@ICG were analyzed, including 1H NMR spectroscopy, transmission electron microscope (TEM), and so on. Then, the cellular uptake and biocompatibility were assessed. In addition, by using an optical imaging system, we observed the biodistribution and improved accumulation of DSPE-PEG-RGD@ICG in the tumor. The results of this study may provide a promising nanocarrier to realize the future clinical application of optical molecular imaging in early diagnosis and accurate resection of GC.
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SCHEME 1. Schematic illustration of RGD targeted DSPE-PEG@ICG micelles for gastric cancer monitor.




MATERIALS AND METHODS


Materials and Reagents

Distearyl acylphosphatidyl ethanolamine – polyethylene glycol – maleimide (DSPE-PEG-Mal, Kw = 2,000) was bought from Shanghai Yare Biotechnology Co., Ltd. (Shanghai, China). ICG and dimethylsulfoxide (DMSO) were bought from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). RGD peptide was purchased from Shanghai Apeptide Co., Ltd. (Shanghai, China). Tetrahydrofuran (THF) was obtained from Damao Chemical Reagent Factory (Tianjin, China). RPMI 1640, cell culture reagents including Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin, and antibiotics were all bought from Gibco (Gaithersburg, MD, United States). Cell counting kit-8 (CCK-8) was obtained from Kaiji Bio-tech Co., Ltd. (Jiangsu, China). Human GC SGC7901 cells, mouse fibroblastic cells L929 were purchased from Beogene Biotechnology Co., Ltd. (Guangzhou, China). Live/Dead cell staining kits were obtained from BestBio Bio-Technology Co., Ltd. (Shanghai, China). All other reagents were of analytical grade unless otherwise noted.



Synthesis of DSPE-PEG-RGD

Attachment of RGD peptide to DSPE-PEG was based on a reported method in the literature via the Michael addition reaction between RGD and DSPE-PEG-Mal, with a slight adjustment (Cureton et al., 2017). Generally, 20 mg of DSPE-PEG-Mal was dissolved in 5 ml of ultra-pure water and mixed with 6 mg RGD polypeptide. Then, gently stir the mixture for 4 h and followed by dialyzed in a dialysis bag (MWCO: 1,000 Da) for 24 h against ultra-pure water. The final product was obtained by freeze-drying and stored at −20°C.



Synthesis of DSPE-PEG-RGD@ICG

DSPE-PEG-Mal was a long-chain polymer. PEG (MW: 2,000) served as a hydrophilic unit to form the shell while DSPE (MW: 748) was a hydrophobic unit to form the hydrophobic cavity with ICG in the core. DSPE-PEG-RGD@ICG was synthesized through the self-assembly method. In brief, 20 mg of DSPE-PEG-RGD and 6.7 mg of ICG were dissolved in 3 ml of THF and sonicated to ensure adequate dissolution and uniformity, followed by slowly adding 20 ml of ultra-pure water. Continuous sonicate for half an hour and dialyze the mixture in a dialysis bag (MWCO: 3,500 Da) for 24 h. The final product was obtained by freeze-drying and stored at −20°C. According to the same scheme, non-targeted DSPE-PEG@ICG was prepared by DSPE-PEG and ICG.



Characteristics of DSPE-PEG-RGD@ICG

First, nuclear magnetic resonance (1H. NMR) spectrometer (AVANCE III 500M, Bruker, Germany) was performed to analyze the chemical structure of DSPE-PEG-RGD@ICG. Deuterated DMSO was used as a solvent. The morphology of DSPE-PEG@ICG and DSPE-PEG-RGD@ICG was illustrated by TEM (JEM-2010F, JEOL Ltd., Tokyo, Japan). The mean hydrodynamic diameter and size distribution of the micelles with or without RGD modified were measured by Zetasizer Nano-ZS90 (Malvern Instruments Ltd., Worcestershire, United Kingdom) at 25°C. Each sample was repeated three times for each measurement, and the average value was taken.



Drug Loading Capacity and Encapsulation Efficiency

The encapsulation efficiency (EE) and drug loading capacity (LD) in both formulations were measured by UV-vis spectrometer (UV-3100PC, Mapada Instruments, Shanghai, China). Set the λmax at 794 nm. The standard absorption curve of ICG in ultra-water was obtained and the formulas used were as follows:
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In vivo Stability Evaluation

The absorption and fluorescence emission spectra were used to assess the stability of free ICG and DSPE-PEG-RGD@ICG in the liquid solution. Store the prepared samples in the dark at 4°C for 4 days. At the scheduled time points (0, 24, 48, 72, and 96 h), a UV-vis spectrometer was used to examine the absorption spectra and a fluorescence spectrometer (HR2000+, Ocean Optics) was used to analyze the fluorescence spectra.



Cell Lines and Mice

Human GC SGC7901 cells, mouse fibroblastic cells L929 were used in this paper. SGC7901 cells were cultured in RPMI 1640 while L929 cells were cultured in DMEM at 37°C in a humidified atmosphere containing 5% CO2. All of the media were supplemented with 10% FBS, 1% penicillin, and 1% streptomycin. Male BALB/c (nu/nu) nude mice (6–8 weeks) were purchased from Beijing Virton Li Hua Experimental Animal Technology Co., Ltd. (Beijing, China). All mice experiments were approved by the Ethics Committee of the Institutional Animal Care and Use Subcommittee of the Third Hospital of Sun Yat-sen University. Before experimentation, all mice were raised for 1 week to acclimatize to the laboratory environment.



Cellular Uptake

The internalization and distribution of cells were observed by a laser confocal fluorescence microscope. Briefly, SGC7901 cells were seeded in 35-mm cell petri dishes (Nest, 801002) and cultured 24 h for cell attachment. The cell density per dish was 5 × 104. Next, replace the media with new serum-free media containing DSPE-PEG@ICG and DSPE-PEG-RGD@ICG, respectively (an equivalent ICG concentration: 1 mg/ml). After incubated for 4 and 12 h, the cells were washed with PBS and fixed with 4% paraformaldehyde. Afterward, the cells were stained with 10 μg/ml DAPI for 10 min and washed with PBS. Finally, a laser confocal fluorescence microscope (Zeiss LSM 710, Germany) was used for observing the binding and internalization of the micelles. The parameters were set at λex 405 nm for the nuclei and λex 633 nm for ICG.

For further quantitative analysis, 1 × 105 SGC7901 cells were seeded in 12-well plates per well and cultured with serum-free media containing DSPE-PEG@ICG and DSPE-PEG-RGD@ICG (an equivalent ICG concentration: 1 mg/ml) for 12 h. At predetermined times, the cells were harvested and washed with PBS. Then, the cells were re-suspended in PBS and immediately quantitatively analyzed by Accuri flow cytometry (BD, United States).



In vitro Cytotoxicity

For the cell viability assessment, Cell Counting Kit (CCK-8) assay and live/dead staining assay were performed. Generally, SGC7901 and L929 cells in the logarithmic phase were harvested, resuspended, and seeded into 96-well at the density of 5 × 103/ml. The cells were incubated overnight for adherents and replaced the media with new media containing the micelles with or without RGD peptide modified at different concentrations, respectively. Continue to incubate the cells for 24 h and assess the cell viability by CCK-8 assay. The absorbance value was measured at λ = 490 nm. Cell death was detected by the live/dead staining assay. In brief, SGC7901 cells were cultured with micelles with or without RGD peptide modified for 24 h, then stained with a mixed solution of calcein-AM and PI and observed under the fluorescence microscope. The images were acquired at 490 nm for calcein-AM and 545 nm for PI, respectively.



In vitro Blood Compatibility Test

This section includes two parts: hemolysis assay of erythrocytes and blood clotting analysis (Huang et al., 2016). For hemolysis assay (Skalickova et al., 2017), the fresh blood sample was collected from a 6-week-old nude mouse and red blood cells (RBCs) were obtained by centrifuged at 5,000 rpm for 5 min, followed by purified and re-suspended in PBS. The final concentration of the RBCs solution was adjusted to 16% (v:v) diluted with PBS. Then, DSPE-PEG-RGD@ICG samples at different concentrations (0.1, 0.5, and 1.0 mg/ml) in 1 ml PBS were added to the RBCs solutions (50 μl) and incubated for a period of time (0.25, 0.5, 1, 2, 3, 6, 12, and 24 h). RBCs incubated with ultra-pure water and PBS solution with the same volume were respectively set as negative and positive controls. At the end of the experiment, centrifuged the mixed solutions at 1,000 rpm for 5 min and detected the absorbance of the supernatants containing lysed erythrocytes at 540 nm, which stood for the effect of DSPE-PEG-RGD@ICG on the dissolution of erythrocytes.

Next, activated partial thromboplastin time (APTT) and prothrombin time (PT) were adopted to assess the effect of DSPE-PEG-RGD@ICG micelles on the coagulation system (Pyataev et al., 2019). Briefly, fresh blood samples were collected as mentioned above and stabilized with sodium citrate. Centrifuged at 1,000 g for 10 min and the plasma was obtained. A total of 360 μl plasma was collected and mixed with 40 μl DSPE-PEG-RGD@ICG PBS solution (concentration: 0.1, 0.2, 0.5, and 1 mg/ml). Meanwhile, the same volume of plasma mixed with normal saline was set as a negative control. Added the detection reagents and analyzed the APTT and PT utilizing an automatic coagulation analyzer (STAR Evolution, Diagnostica Stago, Assiernes, France).



In vivo Acute Toxicity Test

An acute toxicity test was performed for safety assessment in vivo (Paradossi et al., 2019). Twelve healthy male nude mice were allocated to four groups (n = 3) randomly and intravenously injected with DSPE-PEG-RGD@ICG at different does (an equivalent ICG dose: 0, 1, 2, and 4 mg/kg), respectively. Continue feeding the mice for one week and observe the death, diet, coat color, activity, and other conditions of the mice. Harvest blood samples via the retro-orbital vein on the 8th day and then kill the mice. The main organs were extracted immediately for sectioning and hematoxylin-eosin (H&E) staining. Histopathological analysis was conducted to assess organ toxicity. Blood samples were kept at 2–8°C. Use whole blood for cell count (RBC, WBC, and blood platelet) and serum for liver (ALT and AST) and kidney (Cr) function test to evaluate the effect of DSPE-PEG-RGD@ICG on bone marrow hematopoietic system and liver and kidney function in nude mice.



In vivo Fluorescence Imaging and Distribution

To develop the tumor-bearing mice model, 5 × 106 SGC7901 cells in PBS (0.2 ml) were injected into the left armpit subcutaneous areas of the male nude mice. The size of tumors was measured twice or three times a week and the volume was calculated (V = length × (width)2/2). When the tumor size reached ≈150–200 mm3, allocate the mice to three groups (n = 3) randomly, followed by treated with DSPE-PEG-RGD@ICG, DSPE-PEG@ICG or free ICG via tail vein (an equivalent ICG dose: 2 mg/kg), respectively. Mice were anesthetized with a mixture of 2% isoflurane and air. At selected time points of 0, 1, 3, 6, 24, and 48 h post-injection, the fluorescence signals were acquired with Bruker in vivo Xtreme imaging system (Billerica, MA, United States) with λex = 730 nm and λem = 830 nm. After 48h imaging, all the experimental mice were immediately killed for isolating and visualizing tumors and main organs under the same conditions as described above. Last, Bruker molecular imaging software was used to quantify the fluorescence intensity at selected ROIs.



Statistical Analysis

In this study, quantitative data was demonstrated as mean ± SD, and the statistical analysis was conducted utilizing SPSS 21.0 software (Chicago, IL, United States). T-test was applied for comparisons between two groups whereas a one-way analysis of variance (ANOVA) was used for comparisons among multiple groups. The differences were considered significant when ∗P < 0.05, and very significant when ∗∗P < 0.01.



RESULTS AND DISCUSSION


Synthesis and Characterization of the DSPE-PEG-RGD@ICG

The preparation process of DSPE-PEG-RGD@ICG was shown in Scheme 1 and its molecular structure was further verified by 1H-NMR spectroscopy. As shown in Supplementary Figure S1, resonance peak at ∼3.4 ppm corresponded to δa (–CH2O–) of PEG, and resonance peak at ∼3.5 ppm represented δb (–OCH2–CH2–), both of which were unaffected by the reaction with RGD peptide. Resonance peak at ∼7.0 ppm corresponded to δc (–CO–CH =) of the Mal group, which nearly disappeared in the spectrum of DSPE-PEG-RGD. The residual resonance peak might be due to the residual impurities in the sample. Thus, the Mal groups of DSPE-PEG-Mal had successfully reacted with the thiol groups of RGD peptide (Mozhi et al., 2020).

We further characterized the obtained micelles. The average size and surface potential were characterized by dynamic light scattering (DLS). The mean size of DSPE-PEG@ICG and DSPE-PEG-RGD@ICG were respectively 133.2 ± 4.2 nm and 147.6 ± 3.9 nm with a polydispersity index (PDI) of 0.21 and 0.28, as shown in Figures 1A,B, indicating slightly changes after the conjugation with RGD. Previous studies had revealed that particles with a <200 nm size increased drug accumulation ability in solid tumors through the EPR effect (Gao et al., 2009; Du et al., 2017). Meanwhile, the TEM image (Figures 1C,D) revealed that the morphology of the micelles was approximately circular and homogeneously distributed. The results were similar to that of DLS. The standard absorption curve of ICG in ultra-pure water was shown in Supplementary Figure S2. The LD and EE are crucial properties in drug delivery. In our study, the LD and EE of ICG were 11.4 and 34.2%, which were lower compared with previous studies (Xu et al., 2018). Similar results of micelles with or without RGD modifications were obtained.
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FIGURE 1. The size distribution and TEM result of DSPE-PEG@ICG (A, B) and DSPE-PEG-RGD@ICG (C, D).




Spectral Properties and Stability

The spectral properties of ICG and DSPE-PEG-RGD@ICG were showed in Figures 2A,D. The UV absorption and FL emission of DSPE-PEG-RGD@ICG were similar to that of ICG dissolved in pure water. In detail, the peak absorbance of DSPE-PEG-RGD@ICG had a slight red shift (≈7 nm), which verified that ICG had been encapsulated into the micelles successfully. Moreover, a shift toward longer wavelengths would lead to a remarkable decrease in the background signal during detection, making it an improved signal-to-noise ratio in vivo (Proulx et al., 2010).
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FIGURE 2. UV–vis absorption spectra (A) and fluorescence emission spectra (D) of free ICG and DSPE-PEG-RGD@ICG. Stability assessment of free ICG (B, E) and DSPE-PEG-RGD@ICG (C, F) for 4 days.


Previous studies have demonstrated that ICG is unstable in aqueous solutions due to the saturation of the double bonds in the conjugated chain. When the concentration of ICG exceeds 3.9 mg/ml, it aggregates to form dimers and oligomers, leading to fluorescence self-quenching and simultaneous decrease of fluorescence and absorption spectrum (Saxena et al., 2003). After reserved in the dark at 4°C for 4 days, the absorption and fluorescence spectrum of free ICG decreased by 60 and 90%, respectively (Figures 2B,E). On the contrary, the absorption and fluorescence spectrum of DSPE-PEG-RGD@ICG declined by 50 and 75%, respectively (Figures 2C,F). Obviously, when ICG was encapsulated in DSPE-PEG-RGD@ICG, the hydrophobic lipid end could prevent their aggregation, thus improving the stability of ICG in aqueous solution. In addition, previous studies have shown that the interaction between lipids and ICG can improve the NIR imaging performance of ICG and make it have deeper tissue penetration (Kraft and Ho, 2014). At the same time, in order to achieve effective tumor imaging and accumulation, it is necessary to maintain the fluorescence stability of ICG.



In vitro Cellular Uptake

Integrin αvβ3 is widely expressed and maybe a putative prognostic biomarker in GC tissues according to a large-scale study conducted by Boger et al. (2015). Human GC SGC7901 cells were also overexpressed integrin αvβ3 (Cheng et al., 2017). In this section, in order to investigate the targeting ability of micelles with or without RGD, SGC7901 cells were incubated with micelles with or without RGD peptide modified for 4 and 12 h, respectively. Confocal microscopy was employed to observe the precise internalization procession. Nuclei represented blue fluorescence and ICG exhibited red fluorescence (Figures 3A,C). After incubated with DSPE-PEG-RGD@ICG for 4 or 12 h, the red fluorescence signal from the SGC7901 cells was significantly stronger than the cells incubated with DSPE-PEG@ICG, indicating that DSPE-PEG-RGD@ICG were greatly internalized by SGC7901 cells when compared to DSPE-PEG@ICG. Further flow cytometry analysis (Figures 3B,D) shown that the fluorescence intensity for DSPE-PEG-RGD@ICG in SGC7901 cells was significantly higher than that for DSPE-PEG@ICG at 4 or 12 h. Given the fact that RGD peptides have a strong affinity to integrin αvβ3 and specifically target tumors, the attachment of RGD to micelles enhanced the cellular uptake. Additionally, previous researches have shown that cellular internalization largely relied on the reaction between RGD and its receptors on the cell surface. Wang et al. designed iRGD or RGD modified nanoparticles with enhancing tumor accumulation and penetration (Wang et al., 2014). Yan et al. (2016) demonstrated a higher cellular uptake of iRGD modified nanoparticles in breast cancer cells with higher expression level of integrin αvβ3. The higher expression level of integrin αvβ3, the more RGD modified nanocarriers tend to be phagocytosed.
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FIGURE 3. Confocal images and flow cytometry analysis of DSPE-PEG@ICG or DSPE-PEG-RGD@ICG by SGC7901 cells at 4 h (A, B) and 12 h (C, D), respectively.




In vitro Cytotoxicity

The prerequisite property for a well-designed agent for clinical application is fine biological compatibility. To evaluate the biocompatibility of micelles in vitro, SGC7901 cells and L929 cells were cultured with the micelles with or without RGD peptide modified respectively. The relative growth rates (RGR) of cells were obtained and demonstrated in Figures 4A,C. With the increase in the concentration of micelles, there was a slightly correlated influence on the cell viability with no significant difference (P > 0.05), indicating no obvious toxicity. Moreover, even when the concentration increased to 2,000 μg/ml, cell viability was still more than 80%. The results of Live/Dead staining were shown in Figures 4B,D. After 24 h, there were a great number of viable cells and little dead or later apoptosis cells no matter incubated with DSPE-PEG@ICG or DSPE-PEG-RGD@ICG. The results were consistent with the CCK-8 assay. Based on RGR Score and Grade standard, once the material is considered to be utilized in medical applications, the RGR should ≥75%, which implies low or no cytotoxicity (Xiao et al., 2019). PEGylated materials are considered to be promising drug carriers with low cytotoxicity, biodegradability, and biocompatibility (Allen and Cullis, 2004). Meanwhile, ICG is approved for clinical use by FDA, and RGD peptides are naturally present in a variety of extracellular matrices. The expected results indicated that even a high dose of micelles could be applied to cells with little cytotoxicity in vitro.
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FIGURE 4. CCK-8 analysis of the cell viability after incubated with (A) DSPE-PEG@ICG or (C) DSPE-PEG-RGD@ICG for 24 h. Fluorescence images of SGC7901 cells cultured with (B) DSPE-PEG@ICG or (D) DSPE-PEG-RGD@ICG after Live/Dead staining.




In vitro Blood Compatibility Test

Hemolysis is the rupture of RBCs releasing their contents (hemoglobin, etc.) into the surroundings. Hemolytic activity of erythrocytes is an alternative and reliable way to assess the blood compatibility of drugs for intravenous administration. The American Society for Testing and Materials (ASTM F756) divided the materials into three categories: non-hemolytic (hemolysis: 0–2%), slightly hemolytic (hemolysis: 2–5%), and hemolytic (hemolysis: >5%). As shown in Figure 5A, the hemolysis was nearly 5% within a certain concentration range of DSPE-PEG-RGD@ICG. The hemolytic activity of DSPE-PEG-RGD@ICG showed dose-depended hemolysis. As the concentration increased, more erythrocytes ruptured. The results of the hemolysis assay indicated that the hemolytic toxicity of DSPE-PEG-RGD@ICG was permissible within its normal concentration range.
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FIGURE 5. (A) Hemolysis assay of erythrocytes and blood of DSPE-PEG-RGD@ICG; (B) effect of DSPE-PEG-RGD@ICG on APTT and PT.


Blood clotting results from the plasma coagulation cascade, which is activated by platelets. APTT and PT represent the intrinsic and extrinsic pathways of coagulation time, respectively. The normal physiological levels for APTT and PT were 25.1∼36.5 s and 9.4∼12.5 s, respectively (Huang et al., 2016). The impact of micelles on coagulation factors was assessed in this section. After being treated with DSPE-PEG-RGD@ICG micelles in different concentrations, the coagulation time of the platelet-poor plasma (PPP) mixed with different reagents was tested. The results were shown in Figure 5B. The APTT and PT values of the PBS group were 38.10 ± 1.52 s and 12.60 ± 2.03 s. Meanwhile, DSPE-PEG-RGD@ICG had no significant effect on coagulation time for the two pathways from low concentration (0.1 mg/ml) to relatively high concentration (1 mg/ml). The APTT and PT value of DSPE-PEG-RGD@ICG in 1 mg/ml were 42.18 ± 2.93 s and 15.00 ± 2.00 s. Thus, at the experimental concentration, the APTT and PT values of DSPE-PEG-RGD@ICG were both in the normal range and did not initiate the coagulation pathway, showing a good blood biocompatibility.



In vivo Acute Toxicity Test

Based on the above research in vitro, we carried out the study of toxicity in vivo. Briefly, twelve healthy male nude mice were treated with different doses of DSPE-PEG-RGD@ICG. No mortality or other abnormal signs were observed throughout the entire 7-day study period. On the 8th day, blood samples and the major organs were harvested for further histopathological analysis. Figure 6A shoed the H&E staining images of the major organs of mice. There was no obvious influence on the tissue structure and morphology of the major organs in all groups. Blood chemistry parameters for evaluating liver (ALT and AST) and kidney (Cr) function were tested, which showed no significant changes (Figure 6B). Additionally, the whole blood cell counts also illustrated no significant difference in WBC, RBC, and platelet when compared to the PBS group (Figure 6C). Therefore, our results indicated that DSPE-PEG-RGD@ICG micelles are safe and promising materials for GC fluorescence imaging in vivo.
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FIGURE 6. H&E staining of the main organs 7 days after intravenous injection (A); blood parameters for evaluating effects on liver (ALT and AST) and kidney (Cr) function (B) and bone marrow hematopoietic system (RBC, WBC, and platelet) (C) in nude mice. Note that (a–d) stand for intravenous injection of DSPE-PEG-RGD@ICG with different doses: 0 mg/kg (a), 1 mg/kg (b), 2 mg/kg (c), and 4 mg/kg (d). ∗P < 0.05.




In vivo Fluorescence Imaging and Distribution

In order to verify the specific active targeting efficiency of DSPE-PEG-RGD@ICG toward GC, the fluorescence imaging of tumor-bearing mice treated with different reagents was observed by an optic imaging system. After the injection of free ICG or micelles with or without RGD via tail vein for 48 h, the real-time distribution and tumor accumulation of different fluorescence agents were shown in Figure 7A. Obviously, at 1 h post-injection, the fluorescence signal could be obtained all over the body with the help of blood circulation in the three groups, mainly of which was concentrated in the liver. However, the fluorescence accumulation of the tumor and the location and edge of the tumor could be observed in the DSPE-PEG-RGD@ICG group at that point, but not obvious in DSPE-PEG@ICG or ICG treated mice. The fluorescence intensity of the three groups decreased gradually with the extension of time (Figure 7C). After 24 h, there was only a small amount of fluorescence signal remaining in the gastrointestinal tract and tumor in the mice receiving free ICG. Previous studies indicated that ICG binds to plasma proteins such as albumin and rapidly metabolized from the liver when introduced into the blood circulation (Han et al., 2018). Our experimental results were consistent with this point. On the contrary, there still existed fluorescence in the mice injected with DSPE-PEG@ICG or DSPE-PEG-RGD@ICG. Moreover, the tumor fluorescence could still be observed in the two groups even after 48 h post-injection, indicating a prolonged circulation time. It might be explained that the encapsulation of ICG into micelles prevented ICG from binding to plasma proteins. Additionally, the fluorescence intensity of mice receiving DSPE-PEG-RGD@ICG was higher than that of mice receiving DSPE-PEG@ICG at indicated time points. Thus, the attachment of RGD polypeptide to micelles increased the accumulation of ICG in tumors via the interaction between RGD peptide and Integrin αvβ3. After being imaged, all the tumor-bearing mice were immediately killed for isolating and visualizing the major organs and the tumors under the same conditions. As shown in Figure 7B, the ex vivo image conformed the obvious fluorescence accumulation in the tumors of the DSPE-PEG-RGD@ICG, but not the free ICG or DSPE-PEG@ICG. Interestingly, the fluorescence signals in the liver and spleen were also relatively high, which might be related to the natural phagocytosis of macrophages in these organs (Gref et al., 2012). So, how to minimize the nature internalization of micelles by the RES is a focus for the coming research. Thus, our results suggested that DSPE-PEG-RGD@ICG was an ideal fluorescence agent to higher accumulate in GC, and the EPR effect and RGD modification facilitated the targeting ability to tumors.
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FIGURE 7. (A) Fluorescence signal of experimental mice at different times treated with free ICG, DSPE-PEG@ICG and DSPE-PEG-RGD@ICG, respectively. The red circle represents the location of the tumor. (B) In vitro fluorescence signal of tumors and organs of the mice were observed at 48 h after injection. (C) Changes of the fluorescence signal intensity at the tumor site. ∗P < 0.05 and ∗∗P < 0.01.




CONCLUSION

In this study, we attached RGD polypeptide to DSPE-PEG-Mal through the Michael addition reaction, and successfully encapsulated ICG to construct the targeting fluorescent agent delivery micelles DSPE-PEG-RGD@ICG, in which RGD was used for active targeting to GC, and micelles were used to extend the circulation time in vivo. The particle size less than 200 nm was conducive to the passive targeting to tumors via the EPR effect. Meanwhile, the toxicity was systematically evaluated. Cytotoxicity and blood compatibility in vitro were consistent with the acute toxicity test in vivo, which revealed good biocompatibility at the experimental concentration. Further biodistribution and tumor targeting image showed an improved accumulation in tumors and longer circulation time when compared with free ICG or DSPE-PEG@ICG. In a word, this targeting delivery micelles possessed marked biocompatibility and improved targeting accumulation in tumors, thus providing a promising strategy to realize an early diagnosis and complete resection of GCs.
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Antibacterial and osteogenic functionalization of titanium (Ti) implants will greatly expand their clinical indications in immediate implant therapy, accelerate osteointegration, and enhance long-term prognosis. We had recently shown that the high-energy shot peening (HESP)-assisted micro-arc oxidation (MAO) significantly improved the bioactivity and coating stability of Ti-based substrates. In this study, we further functionalized Ti with antibacterial and osteogenic properties by doping silicon (Si) and/or copper (Cu) ions into HESP/MAO-treated coatings. Physicochemical characterization displayed that the doping of Si and Cu in HESP/MAO-treated coatings (Si/Cu-MAO) did not significantly change their surface topography, roughness, crystal structure, coating thickness, bonding strength, and wettability. The results of X-ray photoelectron spectroscopy (XPS) showed that Si and Cu in the Si/Cu-MAO coating was in the form of silicate radical (SiO32–) and bivalent copper (Cu2+), respectively. The total amounts of Si and Cu were about 13.5 and 5.8 μg/cm2, which released about 33.2 and 31.3% within 14 day, respectively. Compared with the control group (MAO), Si doping samples (MAO-Si) significantly increased the cell viability, alkaline phosphatase (ALP) activity, mineralization and osteogenic genes (ALP, collagen I and osteocalcin) expression of MC3T3-E1 cells. Furthermore, the addition of Cu presented good bactericidal property against both Staphylococcus aureus and Streptococcus mutans (even under the co-culture condition of bacteria and MC3T3-E1 cells): the bacteriostatic rate of both bacteria was over 95%. In conclusion, the novel bioactive Si/Cu-MAO coating with antibacterial and osteogenic properties is a promising functionalization method for orthopedic and dental implants, especially in the immediate implant treatment with an infected socket.

Keywords: titanium, high-energy shot peening, micro-arc oxidation, antibacterial, osteogenesis


INTRODUCTION

Compared with conventional implantation, immediate implant surgery has been widely used in the restoration of tooth loss due to its advantages of fewer surgical procedures, shorter treatment time and better appearance. However, there are still some contraindications that restrict the clinical promotion of immediate implantation (Koh et al., 2010). At present, socket infection has been considered as one of the most commonly faced complications of immediate implantation (Rass, 2010; Narad et al., 2018). An incomplete pre-implantation curettage (conventional surgical treatment of infected socket before implantation) of infected tissues will leave residual bacteria around the implant which significantly increases the risk of multiple complications and ultimately results in implant failure (Narad et al., 2018). A published meta-analysis has shown that the implant failure rate increase by 116% when the implants are placed directly in a bacterial-infected socket compared with a normal socket (Zhao et al., 2016). Previous study has also shown that low immune resistance in the early post-implantation period will increase the susceptibility of infection, with only 100 bacteria per gram of tissue leading to infection around the implant (Mangram et al., 1999; Zimmerli and Sendi, 2011). The infected bacteria will form a dense biofilm on the surfaces of Ti-based implants in a very short time, which will further block the permeation of host immune cells (such as macrophages) and systemic antibiotics, thereby ensuring the survival of bacteria (Hoffman et al., 2005; Shen et al., 2019a). If not treated in time, infection and secondary inflammation will disrupt the osseointegration of the implant, cause local bone resorption, and finally cause loosening or falling off of implants. Therefore, an effective prevention and treatment of bacterial infection are crucial for the prognosis of long-term implant survivability.

Compared with oral and intravenous antimicrobial agents, a local antibacterial coating on the surface of implants is more preferred by researchers. These locally drug-releasing coatings can allow for low-dose and long-lasting drug therapy, and prevent side effects of the drug on normal tissues or organs (Maher et al., 2018). At present, the active antibacterial agents commonly used in the treatment of Ti-based implants include antibiotics, antimicrobial peptides, and metal ions (Liu et al., 2017; Ghosh et al., 2019; Shen et al., 2019a). However, long-term antibiotics usage may induce drug-resistant bacteria, furthermore, antimicrobial peptides are relatively expensive, so the metal ions-rich antibacterial coatings provide a more extensive application prospect.

In order to improve the bioactivity of titanium (Ti) implants, which are biological inertia, a variety of surface modification strategies have been developed (Szesz et al., 2014; Shen et al., 2019b; Wang et al., 2020). Among them, the bone-like porous coatings with ideal elastic modulus and wear resistance prepared by micro-arc oxidation (MAO) technology are favored and frequently used to prepare commercial Ti-based materials (Szesz et al., 2014; Guo et al., 2020). In our recent work, we have used high-energy shot peening (HESP) pretreatment to significantly improve the comprehensive properties of MAO-treated porous coatings and proved its superior application potential under normal conditions (Shen et al., 2020). However, although the HESP/MAO-prepared porous coatings have been proved to have good bioactivity, the osseointegration of the corresponding implants remains unsatisfactory when exposed to bacterial infection. In the process of MAO treatment, a large number of ion channels will be formed on the surface of Ti, and then suitable ions can be enriched in these porous coatings (Li G. et al., 2019; Shen et al., 2020). Thus, certain metal ions can be selected to further endow the HESP/MAO-treated samples with antibacterial properties. As an essential trace element, copper (Cu) is suitable for the development of antibacterial Ti implants due to its excellent broad-spectrum antibacterial activity against fungus, Gram-positive and Gram-negative bacteria (Macdonald et al., 2011; Xia et al., 2019). Other studies have also reported that application of Cu2+ with the appropriate concentration (MC3T3-E1 cells: < 10 μM; human umbilical vein endothelial cells: < 222 μM) can enhance multiple biological properties, which include the promotion of cell proliferation and angiogenesis (Shi et al., 2017; Huang et al., 2019; Li K. et al., 2019).

Furthermore, we add silicon (Si) to the HESP/MAO-prepared coatings to further enhance their osteoinductive potential. It has been reported that Si is located in the active calcification area of bone tissue (Kim et al., 2017) and the appropriate concentration (10–20 μM) of Si can significantly promote the secretion of type I collagen and the differentiation of osteoblasts (Reffitt et al., 2003). By adding Cu and Si to the porous coating concurrently, a new type of multifunctional coating with antibacterial ability and osteoinductive function can be achieved, which is more ideal for preventing implant-related infection and promoting osseointegration.

In this study, the Si/Cu composite porous coatings on HESP-pretreated titanium were successfully constructed for the first time via MAO. The antibacterial effect of Si/Cu doped coatings on Staphylococcus aureus (S. aureus) and Streptococcus mutans (S. mutans) were investigated with single and co-culture (bacteria/MC3T3-E1 cells) assays. Furthermore, the spreading, proliferation and differentiation of MC3T3-E1 cells on Si/Cu-added samples were also studied in detail.



MATERIALS AND METHODS


Materials

Ti substrates were obtained from Engineering Research Center for Biomaterials, Sichuan University. Glutaraldehyde, cetylpyridinium chloride, calcium acetate [Ca(CH3COO)2⋅H2O], sodium silicate (Na2SiO3⋅9H2O), and β-glycerophosphate disodium salt (C3H7Na2O6P⋅5H2O) were purchased from Aladdin Industrial Co. (Shanghai, China). Alizarin red, CCK8, and Live-Dead Cell Staining Kit were provided by Sigma Chemical Co. (MO, United States). LIVE/DEAD® BacLightTM Bacterial Viability kit was received from Molecular Probes (CA, United States). Alkaline Phosphatase (ALP) Assay Kit, Bicinchoninic Acid Assay (BCA) Kit were obtained from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). PrimeScript® RT Reagent Kit and SYBR Premix ExTMTaq II were purchased from Takara Bio Inc. (Kyoto, Japan). Other chemicals were provided by Dingsheng Medical Instrument Reagent Co. (Wenzhou, China).



Sample Preparation and Characterization

The HESP and MAO technologies were used to treat Ti for preparing target samples according to our previous study (Shen et al., 2020). Briefly, Ti substrates were first polished with gradient sandpapers, cleaned using detergent/alcohol and dried at 60°C. Then, the cleaned samples were treated for 100 s using a HESP device (Shot Peening Machine, Rösler, Germany) under 5 Mpa (pressure) and 0.1 mmA (strength). Glass beads with 0.25–0.3 mm in diameter were used as the shot. After that, HESP-pretreated specimens were further treated with different electrolytes (Tables 1, 2) for 5 min at 480 V using a MAO device developed by Xi’an Technological University. Electrolytes of the target specimens (named as MAO, Si-MAO, Si/Cu-MAO, respectively) evaluated in detail by following cells/bacteria tests.


TABLE 1. Compositions of working solution used to construct Si-loaded substrates [MAO, Si1, Si2, and Si3 (Si-MAO)].

[image: Table 1]

TABLE 2. Compositions of working solution used to construct Si/Cu-loaded substrates [Si-MAO, Si-Cu1, Si-Cu1 (Si/Cu-MAO), and Si-Cu3].

[image: Table 2]
The surface and cross-sectional morphologies of different coatings (MAO, Si-MAO, Si/Cu-MAO) were measured by scanning electron microscopy (SEM, Inspect-F, FEI, United States). The thickness and bonding strength of different coatings were characterized by an eddy current thickness gauge (ED200, Tianxing Research Institute, China) and scratch tester (Revetest Scratch Tester, CSM Instruments, Switzerland), respectively. The surface roughness (Ra), crystalline phase, chemical compositions, chemical states, and water contact angle were further tested by surface roughness meter (Perthometer M1, Mahr, Germany), X-ray diffraction (XRD, X’Pert Pro MPD, Philips, Dutch), energy dispersive spectrometry (EDS, Oxford Instruments, United Kingdom), X-ray photoelectron spectroscopy (XPS, Model PHI 5400, Perkin Elmer, United States), and contact angle measuring instrument (DSA30, Kruss, Germany), respectively.



Release Profile of Cu2+

The specimens were soaked in 6 mL of phosphate buffer saline (PBS) solution at 37°C. After 1, 4, 7, 10, and 14 day, we collected all the soaking solution and re-added another fresh PBS solution (6 mL). In addition, to determine the exact concentration of Si and Cu in the coatings, Si/Cu-MAO samples were soaked in 6 mL of hydrochloric acid (HCl, 3 mol/L) solution for 14 day under oscillatory conditions. The contents of Cu and Si in the PBS or HCl immersion solution were finally measured with an inductively coupled plasma emission spectrometer (ICAP-9000, Jarrell-Ash, United States).



Bacterial Culture and Morphology

The S. aureus (ATCC 6538) and S. mutans (ATCC 25175) were provided by the State Key Laboratory of Oral Diseases. After the determination of no other bacterial contamination by Gram stain, a single colony was selected to be inoculated on TSB/LB plates via the streak plate method and continued to culture for 24 h. The individual colonies on the plate were further transferred to liquid medium for culture 10 h before the following bacterial tests.

For detecting the bacterial morphology, two bacteria (1 mL) were cultured on different specimens with a density of 1 × 106 Colony-Forming Units (CFU)/mL. After 24 h, the bacteria attached to the samples were cleaned 3 times with PBS solution, fixed by 2.5% glutaraldehyde for 30 min at 4°C, and then dehydrated with gradient ethanol (30, 50, 75, 85, 95, and 100%). Finally, the bacterial samples were sprayed with gold and observed by SEM.



Bacteriostasis Rate

The bacteriostasis rate of S. aureus and S. mutans on different substrates were determined by the attachment film method (referring to GB/T21510-2008). Briefly, 20 μL of bacterial solution (1 × 106 CFU/mL) was added to the surface of different specimens, covered with a cover glass, and cultured for 24 h at 37°C. Bacterial samples were then soaked in 20 mL of PBS solution for 5 min of vortex processing. After diluting 100 times, 0.1 mL of diluted bacteria solution was evenly coated on the agar plate and cultured for another 48 h. Finally, the colony was counted one by one and the bacteriostasis rate was statistically analyzed according to the following formula: Bacteriostasis rate (%) = (Bacterial number in MAO group - Bacterial number in experimental group) / Bacterial number in MAO group × 100%. The experimental group contained Si-MAO and Si/Cu-MAO in this study.



Live/Dead Staining of Bacteria

One milliliter of S. aureus or S. mutans (1 × 106 CFU/mL) were seeded on different samples for 24 h. After cleaning 3 times with PBS solution, bacteria were stained using a LIVE/DEAD® BacLightTM Bacterial Viability kit. According to the kit instructions, 100 μL mixture solution of SYTO9 and PI were carefully added to the surface of different specimens and incubated for 15 min. Finally, the stained bacteria were observed using a confocal laser scanning microscope (CLSM, TCS SP2, LEICA, Germany). The final results were analyzed with Leica TCS SP2 Software and presented as 3D images.



Morphology and Viability of MC3T3-E1 Cells

MC3T3-E1 cells were cultured with low-sugar Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum. When the fusion reached 80–90%, cells were digested by 0.25% trypsin and seeded on different substrates at a density of 1 × 104 cells/cm2. For morphology observation, cells cultured for 3 day were also fixed by 2.5% glutaraldehyde and dehydrated with gradient ethanol (30, 50, 75, 85, 95, and 100%). The dehydrated cells were further sprayed with gold and observed by SEM. In addition, for viability detection, Cell Counting Kit-8 (CCK8) assay was carried out. Briefly, cells at 1 × 104 cells/cm2 were cultured on different substrates for 4 and 7 day. After removing the culture medium, the mixture of CCK-8 solution (30 μL) and DMEM medium (270 μL) was added to each well and incubated for 2 h. 200 μL of the final solution was transferred to a 96-well plate and detected at 450 nm using an enzyme-labeled instrument (Multiskan Spectrum, Thermo Fisher Scientific Inc., United States).



ALP Activity of MC3T3-E1 Cells

The activity of ALP in MC3T3-E1 cells was determined by spectrophotometry. After culturing for 4 and 7 day on different samples, MC3T3-E1 cells were collected with 0.25% trypsin, creaked by repeated freeze-thaw treatment, and then detected using a ALP Assay Kit. Briefly, 30 μL of sample lysates, phenol standard solution, or double-distilled water were added to a 96-well plate, respectively. Fifty microliter of buffer and 50 μL of matrix solution were then added to each well in turn. After incubation for 15 min at 37°C, 150 μL of color developer was added to each well and detected at 520 nm using an enzyme-labeled instrument. Meanwhile, the concentration of total protein in each group was determined with a BCA Kit at 570 nm to standardize the final ALP activity.



Mineralization Level of MC3T3-E1 Cells

After culturing for 7 and 14 day on MAO, Si-MAO, and Si/Cu-MAO substrates, MC3T3-E1 cells were fixed by 2.5% glutaraldehyde (30 min) and stained with commercial alizarin red staining solution (60 min). Then, the stained calcium nodule was dissolved using 10% cetylpyridinium chloride and measured at 540 nm.



Osteogenic Gene Expression

The expression of ALP, collagen I (Col I), and osteocalcin (OCN) genes was measured by real-time fluorescence quantitative PCR (RT-qPCR). After culturing for 7 day, the total RNA of MC3T3-E1 cells was extracted through the Trizol method. The mRNA was then reverse transcribed into complementary deoxyribonucleic acid (cDNA) and determined using a PrimeScript® RT Reagent Kit and SYBR Premix ExTMTaq II, respectively. MAO group was considered the control group in this study. The expression of target genes was standardized with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. The primers were shown in Table 3.


TABLE 3. Real-time polymerase chain reaction primers of osteogenic genes in MC3T3-E1 cells.
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Co-culture of MC3T3-E1 Cells and S. mutans

MC3T3-E1 cells (1 × 104 cells/cm2) and S. mutans (5 × 105 cells/cm2) were co-cultured on different specimens for 24 h. For SEM observation, the adherent cells were cleaned 3 times with PBS solution, fixed for 40 min with 2.5% glutaraldehyde, and then dehydrated with gradient ethanol (30, 50, 75, 85, 95, and 100%). The treated samples were sprayed with gold and observed by SEM. Next, to directly observe the living and dead MC3T3-E1 cells on different substrates, the adherent cells were stained with a commercial Live-Dead Cell Staining Kit for another 20 min. The stained cells were visualized using fluorescence microscope (IX71, OLYMPUS, Japan). In addition, the ALP activity and osteogenic genes (ALP and OCN) expression of the co-cultured MC3T3-E1 cells were further determined (refer to 2.8 and 2.10).



Statistical Analysis

All experiments were independently repeated 3 times. The data was represented by means ± standard deviation. SPSS20.0 packages were used for statistical analysis in this study. The one-way analysis of variance (ANOVA) and Student-Newman-Keuls (SNK) tests were used to determine the differences between different groups. ∗p < 0.05 (confidence level: 95%) and ∗∗p < 0.01 (confidence level: 99%) indicated significant differences between groups.




RESULTS AND DISCUSSION


Concentration Selection of SiO32– and Cu2+

In order to obtain the best Si/Cu-doped porous structures, the initial concentrations of Na2SiO3⋅9H2O and Cu(CH3COO)2⋅2H2O in the electrolyte were investigated. We selected a concentration range of 0–0.08 moL/L for Na2SiO3⋅9H2O to be used in this study, because higher concentration (>0.08 moL/L) would cause the electrolyte to be cloudy and affect the integrity of target coatings. From Figure 1A, it was found that the ability of the obtained samples to promote osteoblast proliferation increased gradually with the increase of initial SiO32– (Si1 < Si2 < Si3). Therefore, Si3 (also named as Si-MAO) were selected to further prepare the target Si/Cu-doped materials. After adding different concentrations of Cu2+ to Si3, the biological activity of target samples was Cu2+ concentration-dependent (increasing at first and then decreasing, Figure 1B), which was consistent with previous studies (Cao et al., 2012; Li K. et al., 2019). Since the main reason for adding Cu2+ was to endow titanium with excellent antibacterial properties, Si/Cu2 (also named as Si/Cu-MAO) with similar bioactivity to Si-MAO was selected for follow-up studies.


[image: image]

FIGURE 1. (A) Cell viability of MC3T3-E1 cells on Si-loaded specimens [MAO, Si1, Si2, and Si3 (Si-MAO)] at 4 day. (B) cell viability of MC3T3-E1 cells on Si/Cu-loaded substrates [Si-MAO, Si-Cu1, Si-Cu1 (Si/Cu-MAO), and Si-Cu3] after 4 day. Error bars represent mean ± SEM for n = 6, *p < 0.05.




Physicochemical Characterization

The key variables that play a role in affecting the biocompatibility of implant materials include surface morphology, roughness, chemical composition/state, crystalline structure, wettability, and coating stability (Chen et al., 2019; Abaricia et al., 2020). Hence, the in-depth surface characterization of MAO, Si-MAO, and Si/Cu-MAO were conducted. The SEM images (Figure 2A) showed no significant difference in the surface morphology of MAO, Si-MAO, and Si/Cu-MAO, which presented some porous structures (pore size: ∼4 μm). These pores were considered to be the channels for micro-arc discharges during MAO treatment. No obvious cracks were observed on these porous coatings, which was related to the pretreatment of HESP. In our previous study (Shen et al., 2020), we have demonstrated that the formation of coating cracks can be significantly inhibited by the residual compressive stress generated by the HESP treatment. In addition, the cross-sectional SEM images (Figure 2A) and eddy current thickness gauge result (Figure 2B) showed that that the porous coatings of MAO, Si-MAO, and Si/Cu-MAO (about 8.4 μm) were tightly bound to titanium substrates.
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FIGURE 2. (A) SEM images of MAO, Si-MAO, and Si/Cu-MAO samples (top and sectional views); statistics of coating thickness (B), surface roughness (C), and critical loads (Lc, D) of MAO, Si-MAO, and Si/Cu-MAO substrates.


EDS results (Table 4) showed that the contents of Ca, P, Ti, and O in MAO samples were about 43.8 ± 0.4, 41.7 ± 0.4, 7.5 ± 0.3, and 7.1 ± 0.2 wt%, respectively. Furthermore, Si was also successfully detected in Si-MAO and Si/Cu-MAO groups (2.4 ± 0.2 and 2.3 ± 0.5 wt%), while Cu was only observed in the latter. The content of Cu (1.4 ± 0.1 wt%) in the Si/Cu-MAO coating was consistent with the range reported in the previous study (Yao et al., 2014).


TABLE 4. Statistics of chemical compositions on the surface of MAO, Si-MAO, and Si/Cu-MAO substrates.
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XPS results (Figure 3A) further proved that Si and Cu were successfully doped in the Si/Cu-MAO coatings. By comparing with the NIST X-ray Photoelectron Spectroscopy Database, the fitting peak of Si2p near 102.5 eV was determined to be silicate radical (SiO32–). The characteristic peaks of CuSiO3/Cu3(PO4)2 [Cu2p1/2 (955.0 eV) and Cu2p3/2 (934.7 eV)] and CuO [Cu2p1/2 (952.8 eV), Cu2p3/2 (933.0 eV), Cu2p3/2 sat (944.0 eV) and Cu2p3/2 sat (940.5 eV)] were also observed in the fitting curves of Cu2p, indicating that Cu existed in a bivalent form (Cu2+).


[image: image]

FIGURE 3. (A) XPS pattern and the deconvoluted Si2p/Cu2p of Si/Cu-MAO samples; XRD patterns (B) and water contact angles (C) images of MAO, Si-MAO, and Si/Cu-MAO substrates; (D) release profile of Si and Cu from Si/Cu-MAO specimens at 1, 4, 7, 10, and 14 day.


XRD results (Figure 3B) showed that the three materials have similar patterns except for the difference of peak strength. Only the characteristic peaks of anatase (JCPDS 21-1272) and titanium (JCPDS 05-0682) were observed. This indicates that there was no change in the crystalline structure of MAO coating after the addition of Cu and Si. Furthermore, there was no significant differences observed in the surface roughness (∼2.2 μm, Figure 2C), critical loads (∼14 N, Figure 2D), and water contact angle (∼54°, Figure 3C) among the three materials.



Release Profile of Cu2+

To detect the release behavior of Cu2+ and SiO32–, Si/Cu-MAO substrates were soaked in PBS/HCl solution for 1, 4, 7, 10, and/or 14 day. Figure 3D showed that the total contents of Cu and Si in the Si/Cu-MAO coatings were about 5.8 and 13.5 μg/cm2, respectively. Comparing the amount at different time, Cu2+ and SiO32– released on day 1 was the largest (reaching 0.51 ± 0.03 and 1.3 ± 0.10 μg). With the extension of the soaking time, the amount of Cu2+ and SiO32– gradually decreased: 0.42 ± 0.03 and 0.96 ± 0.09 μg (4 day), 0.32 ± 0.03 and 0.79 ± 0.04 μg (7 day), 0.30 ± 0.02 and 0.75 ± 0.03 μg (10 day), and 0.27 ± 0.03 (14 day) and 0.66 ± 0.04 μg, respectively. Further statistics showed that the release of Si and Cu accounted for about 33.2 and 31.3% of the total added ions within 14 day. The long-term slow-release property of the Cu2+ and SiO32– can endow Si/Cu-MAO specimens with longer antibacterial and osteogenic induction functions.



Bacteriostasis Rate

S. aureus is a common pathogen of implantable infection and has strong pathogenicity. Recent studies have confirmed that S. aureus is also a common cause of peri-implantitis (Ulu et al., 2018; Karthikeyan et al., 2019). Moreover, S. mutans in the oral cavity is also a common bacterium in inducing peri-implantitis, and can significantly increase the pathogenicity of other bacterial infections (Geremias et al., 2017; Lemos et al., 2019). Therefore, we have selected both S. aureus and S. aureus to be used for antibacterial studies of our target materials in this study. No significant difference in antibacterial activity was observed between MAO and Si-MAO groups (Figure 3A), which indicated no contribution of Si to antibacterial property. Compared to MAO and Si-MAO, Si/Cu-MAO samples showed a better bacteriostatic effect on S. aureus and S. mutans, and the antibacterial rate was about 99.1 ± 2.3% and 98.7 ± 3.5%, respectively. This was further confirmed by the Live/Dead staining results as shown in Figure 5. The staining images (Figure 5A) demonstrated the two types of bacteria on the surface of MAO and Si-MAO were stained green (living bacteria), while almost all bacteria on Si/Cu-MAO were stained red (dead bacteria). The dead/total rate (Figure 5B) of bacteria on Si/Cu-MAO substrates were 96.4 ± 3.2% (S. aureus) and 94.1 ± 3.9% (S. mutans), respectively. These results suggested that Si/Cu-MAO had an excellent broad-spectrum germicidal efficacy against the common oral bacteria.

Previous studies had demonstrated that copper substances/ions could harm the nucleic acid, protein, and lipid of bacteria by changing bacterial membrane potential or inducing excessive active oxygen production (Hong et al., 2012; Tambosi et al., 2018; Zhang et al., 2020). The antibacterial mechanism of Si/Cu-MAO to S. aureus and S. mutans might be also as follows: firstly, when bacteria attached to Si/Cu-MAO, the doped copper directly destroyed the membrane potential and induced the death of bacteria (contact bacteriostasis; Zhang et al., 2020); secondly, the released Cu2+ could bind to the sulfhydryl and amino groups in the bacterial membrane/protein, destroy the energy metabolism and respiratory system of the bacteria, resulting in bacterial death (release bacteriostasis; Tambosi et al., 2018). Therefore, the synergistic effect of contact and release modes endowed Si/Cu-MAO with broad-spectrum antibacterial effect.



Bacterial Morphology

The attachment of S. aureus and S. mutans to different substrates were observed through SEM, as shown in Figure 4B. A large number of S. aureus and S. mutans were observed on the surfaces of MAO and Si-MAO, indicating that the addition of SiO32– had no obvious antibacterial effects. Compared with MAO and Si-MAO groups, there was a significant reduction of both bacteria on the surfaces of Si/Cu-MAO samples indicated with red arrows (dead bacteria). This further showed that Si/Cu-MAO could inhibit the early adhesion and proliferation of S. aureus and S. mutans, which was confirmed by the above results of bacteriostasis rate (Figures 4A, 5).
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FIGURE 4. (A) Bacteriostasis rate of MAO, Si-MAO, and Si/Cu-MAO samples against S. aureus and S. mutans at 24 h. Error bars represent mean ± SEM for n = 6, **p < 0.01; (B) SEM images of two bacteria on MAO, Si-MAO, and Si/Cu-MAO substrates at 24 h (red arrows represent dead bacteria).



[image: image]

FIGURE 5. 3D fluorescent images (Live/Dead staining, A) and dead/total rate (B) of two bacteria on MAO, Si-MAO, and Si/Cu-MAO substrates at 24 h. Error bars represent mean ± SEM for n = 6, **p < 0.01.




Cell Morphology and Viability

To determine the effects of additive SiO32– and Cu2+ on cell morphology and viability, SEM observation and CCK-8 measurement were carried out. From SEM results (Figure 6A), it was found that all MC3T3-E1 cells adhered tightly to the surfaces of different materials after 3 day of culture. Compared with the MAO group, the cells on Si-MAO and Si/Cu-MAO groups produced more filamentous pseudopods (red arrows), which extended into the pore structures. The result (Figure 6B) of cell viability also showed that Si-MAO and Si/Cu-MAO significantly (p < 0.05 or 0.01) improved the proliferation of MC3T3-E1 cells compared with MAO group after culturing for 4 and 7 day. However, no significant difference of cell viability was observed between Si-MAO and Si/Cu-MAO groups.
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FIGURE 6. (A) SEM images of MC3T3-E1 cells on MAO, Si-MAO, and Si/Cu-MAO samples (red arrows represent pseudopodia of MC3T3-E1 cells); (B) cell viability of MC3T3-E1 cells on MAO, Si-MAO, and Si/Cu-MAO substrates at 4 and 7 day. Error bars represent mean ± SEM for n = 6, *p < 0.05, **p < 0.01.


In this study, to obtain the best bacteriostatic effect, we chose the highest concentration of Cu2+ that MC3T3-E1 cells could tolerate as the parameter of sample preparation (Figure 1B). Thus, the properties of Si-MAO and Si/Cu-MAO in promoting pseudopodia formation and cell proliferation were mainly caused by Si. It had been proved that Si had great potential to cause cell microenvironment alkalization and activate the Ca2+ channels to increase the Ca2+ influx, thus promoting the early cell adhesion and pseudopods formation (Liu et al., 2013; Wu et al., 2014). In addition, Si could also combine with O2 to form silicate with three-dimensional network structures, then adsorb free proteins and interact with cell integrin, and finally promote the adhesion, proliferation and differentiation of osteoblasts (Henstock et al., 2015).



Cell Differentiation

As a non-specific phosphomonoesterase, ALP had been proved to greatly hydrolyze inorganic pyrophosphate and increase the formation of hydroxyapatite (Siller and Whyte, 2018; Yu et al., 2018). Thus, ALP activity was frequently selected as a typical early marker of osteoblast differentiation. In addition to ALP, the mineralization level of osteoblasts was also evaluated as a late indicator of osteogenic differentiation in previous researches (Yu et al., 2018; Su et al., 2020). After both 4 and 7 day of culture, the ALP activity of MC3T3-E1 cells in Si-MAO and Si/Cu-MAO groups was significantly (p < 0.05 or 0.01) higher than that in MAO group (Figure 7A). The mineralization results (Figure 7B) also confirmed that Si-MAO and Si/Cu-MAO substrates were more effective in promoting osteoblast differentiation. In addition, to further verify the osteoinductive potential of different samples at the molecular level, the expression of ALP, collagen I (Col I) and osteocalcin (OCN) gene was measured after 7 day. The expression trends (Figure 7C) of the three genes were similar to ALP activity and mineralization level: compared with MAO, both Si-MAO and Si/Cu-MAO significantly (p < 0.05) enhanced the gene expression of ALP, Col I, and OCN.
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FIGURE 7. ALP activity (A) and mineralization level (B) of MC3T3-E1 cells on MAO, Si-MAO, and Si/Cu-MAO substrates at 4, 7, and/or 14 day; (C) osteogenic gene expression of MC3T3-E1 cells on MAO, Si-MAO, and Si/Cu-MAO substrates at 7 day. Error bars represent mean ± SEM for n = 6, *p < 0.05, **p < 0.01.


The aforementioned results of pseudopodia formation, cell proliferation, ALP activity, mineralization and gene expression showed that Si/Cu-MAO was slightly better than Si-MAO, but there was no significant difference between them. This indicated that the osteogenic effects of Si-MAO and Si/Cu-MAO was mainly attributed to Si rather than Cu. Sun et al. had reported that the Si-doped hydroxyapatite could promote the proliferation and differentiation of osteoblasts via up-regulating MAPK and Wnt signaling pathways (Sun et al., 2018). Dong et al. also claimed that SiO32– could promote the Col I and OCN synthesis of MSCs by activating the BMP-2/Smad1/5/RUNX2 signaling pathway (Dong et al., 2016). Although Cu2+ also had superior biocompatibility, they were very dose-dependent (Lin et al., 2016; Li K. et al., 2019). High concentrations of Cu2+ would lead to significant cytotoxicity through the oxidative stress pathway (Cao et al., 2012; Li K. et al., 2019). The release of Cu2+ from Si/Cu-MAO was about 0.51 μg (∼8 μM) at the first day, which had been close to its safe concentration (∼10 μM) for MC3T3-E1 cells (Li K. et al., 2019). Therefore, compared with Si-MAO, Si/Cu-MAO did not significantly promote the spreading, proliferation and osteogenic differentiation of MC3T3-E1 cells, nor did it show obvious cytotoxicity in this study.



Co-culture of Bacteria and MC3T3-E1 Cells

Studies have shown that when bacteria are present, they competitively adhere to the implant surface with the host cells (Subbiahdoss et al., 2011). By forming a dense bacterial membrane or secreting a large amount of toxin, these adherent bacteria induce apoptosis of repair cells and ultimately prevent the formation of new bone (Hoffman et al., 2005; Subbiahdoss et al., 2011; Shen et al., 2019b). The ideal implantation material is expected to inhibit bacterial infection without affecting the normal physiological function of osteoblasts. Therefore, in this study, to further investigate the protective effects of different materials on surface cells in the presence of bacteria, MC3T3-E1 cells and S. mutans were further co-cultured for 24 h. The SEM images (Figure 8A) showed that MC3T3-E1 cells on the surfaces of MAO and Si-MAO were round, and many bacteria adhered to the cell surface (cell location images). Many bacteria were also observed in the empty spaces around the cells (bare location images). Compared with the above two groups, the number of bacteria in the cell and bare parts of the Si/Cu-MAO group decreased significantly. The cell spreading of MC3T3-E1 cells (red arrows) on the surface of Si/Cu-MAO group was almost unaffected by bacteria. Live/Dead staining images (Figure 8A) showed that there were a large number of dead cells (red color) on MAO and Si-MAO, and the remaining living cells (green color) also shriveled into a round shape. However, only a small number of cells died on Si/Cu-MAO substrates, indicating that it could ensure the survival of MC3T3-E1 cells effectively in the presence of S. mutans. Meanwhile, we found that the round living cells on MAO and Si-MAO appeared to be larger than those in Si/Cu-MAO group, most likely due to the presence of a large number of living bacteria (also appeared green) on the cell surface. Figures 8B,C further showed that only the co-cultured MC3T3-E1 cells on Si/Cu-MAO substrates had significant ALP activity and genes (ALP and OCN) expression. The other two groups showed almost no enzyme activity and gene expression. These results further proved that Si/Cu-MAO substrates had good antibacterial activity and could maintain the normal biological behavior of surface osteoblasts under infection conditions.
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FIGURE 8. (A) SEM (red arrows: spreading MC3T3-E1 cells) and Live/Dead staining (red color: dead MC3T3-E1cells; green color: living MC3T3-E1cells) images of co-cultured MC3T3-E1 cells and S. mutans on MAO, Si-MAO, and Si/Cu-MAO substrates at 24 h; ALP activity (B,C) osteogenic gene expression of co-cultured MC3T3-E1 cells on MAO, Si-MAO, and Si/Cu-MAO substrates at 7 day. Error bars represent mean ± SEM for n = 6, **p < 0.01.





CONCLUSION

In this study, we prepared three porous coatings (MAO, Si-MAO, and Si/Cu-MAO) with similar surface morphology and crystalline structure by HESP and MAO techniques. Excluding element composition, we have proven that there were no significant differences in the surface roughness (∼2.2 μm), coating thickness (∼8.4 μm) and bonding strength (∼14 N), and water contact angle (∼54°) of the three coatings. Furthermore, in vitro cell and bacterial results showed that Si-MAO and Si/Cu-MAO significantly promoted the spreading, proliferation and differentiation of MC3T3-E1 cells compared to the control group (MAO), but only the latter had a better bactericidal effect on both S. aureus (antibacterial rate: 99.1 ± 2.3%) and S. mutans (antibacterial rate: 98.7 ± 3.5%). All the findings show that the Si/Cu-MAO have excellent comprehensive properties, and has good application prospects in the immediate implant treatment for patients with socket infection.
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Human Salivary Histatin-1 Promotes Osteogenic Cell Spreading on Both Bio-Inert Substrates and Titanium SLA Surfaces
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Promoting cell spreading is crucial to enhance bone healing and implant osteointegration. In this study, we investigated the stimulatory effect of human salivary histatin-1 (Hst-1) on the spreading of osteogenic cells in vitro as well as the potential signaling pathways involved. Osteogenic cells were seeded on bio-inert glass slides with or without the presence of Hst1 in dose-dependent or time-course assays. 1 scrambled and 6 truncated Hst1 variants were also evaluated. Cell spreading was analyzed using a well-established point-counting method. Fluorescent microscopy was adopted to examine the cellular uptake of fluorescently labeled Hst1 (F-Hst1) and also the cell spreading on sandblasted and acid etched titanium surfaces. Signaling inhibitors, such as U0126, SB203580, and pertussis toxin (PTx) were used to identify the potential role of extracellular-signal-regulated kinase, p38 and G protein-coupled receptor pathways, respectively. After 60 min incubation, Hst1 significantly promoted the spreading of osteogenic cells with an optimal concentration of 10 μM, while truncated and scrambled Hst1 did not. F-Hst1 was taken up and localized in the vicinity of the nuclei. U0126 and SB2030580, but not PTx, inhibited the effect of Hst1. 10 μM Hst1 significantly promoted the spreading of osteogenic cells on both bio-inert substrates and titanium SLA surfaces, which involved ERK and p38 signaling. Human salivary histatin-1 might be a promising peptide to enhance bone healing and implant osteointegration in clinic.

Keywords: salivary, peptide, osteogenic cells, cell spreading, osteoconductivity


INTRODUCTION

Large-volume bone defects (LVBD) can result from various diseases, such as congenital malformation, trauma, infection, inflammation and cancer (Hak, 2007; Mcallister and Haghighat, 2007; Chiapasco et al., 2009). Due to limited regenerative capacity of bone tissue, LVBD usually causes delayed repair or non-union—a permanent failure of healing, which may severely compromise aesthetics and musculoskeletal functions of patients. Hitherto, the repair of LVBD is still challenging in the fields of oral implantology, maxillofacial surgery and orthopedics. Autologous bone grafts are still regarded as the gold standard treatment for LVBD (Kneser et al., 2006). However, their applications are hindered by donor-site morbidity and limited availability. As alternatives to autologous bone, a large variety of medical devices, such as allografts, xenografts, synthetic materials have been developed and applied (Laurencin et al., 2006; Kumar et al., 2013). Most of these medical devices bear intrinsic osteoconductivity—the ability to support the attachment, spreading, migration and ingrowth of osteogenic cells within bone substitues (Albrektsson and Johansson, 2001). However, in general their osteoconductivity appears too limited to result in a completely osseous healing of LVBD. Besides, in dental implantology, continuous efforts are being made to enhance cell spreading on titanium implants so as to enhance osteointegration (Canullo et al., 2016) and re-osteointegration (Duske et al., 2012).

One viable option to promote the osteoconductivity of bone substitutes and metallic implants is to apply bioactive peptides (Lee et al., 2008; Pountos et al., 2016). An interesting candidate peptide in this respect is histatin-1 (Hst1), a member of a large histidine-rich peptide family that is present in human saliva. Various Hsts have been implicated in numerous protective functions in the mouth, such as detoxification (Yan and Bennick, 1995), antimicrobial activity (Xu et al., 1991; Kavanagh and Dowd, 2004) and inhibition of enamel demineralization (Yin et al., 2003). In our previous studies, we have demonstrated that Hst1 promotes the wound closure of human epithelial cells in vitro (Oudhoff et al., 2008, 2009a, b), putatively by the activation of G protein-coupled receptor (GPCR) and extracellular-signal-regulated kinase (ERK), but not p38 MAPK (mitogen-activated protein kinase) signaling pathways (Oudhoff et al., 2008, 2009b). Furthermore, it has been found that Hst1 promotes the adhesion and spreading of epithelial cells onto bio-inert glass, bio-inert substrate (Van Dijk et al., 2015) and on hydroxyapatite and sputtered titanium in vitro (Van Dijk et al., 2017a). Meanwhile, recent studies demonstrate that Hst1 also promotes the attachment of osteogenic cells on titanium SLA (sandblasted and acid etched) surfaces (Van Dijk et al., 2017a) as well as their migration (Castro et al., 2019), which suggests a promising application potential of Hst1 for promoting the osteoconductivity of various medical devices. However, the effect of Hst1 on the spreading of osteogenic cells on titanium SLA surfaces remains to be elucidated.

Hitherto, there is no report to systematically investigate the dose-dependent effect of Hst1 on the spreading of osteogenic cells and its potential molecular mechanisms. In the present study, we explored the effects of Hst1 and its truncated variants on the spreading of osteogenic cells, as well as the involvement of cell signaling pathway using specific inhibitors. As model surface it was chosen to use glass cover slips as they are widely adopted to investigate cell behaviors on bio-inert surfaces. Glass coverslips are also transparent and can thus be used to observe both live and fixed cells using light or fluorescent microscopy (Islam et al., 2016; Van Dijk et al., 2017a; Che et al., 2018). In addition, we also investigated the effect of Hst1 on cell spreading on titanium SLA surface — a most commonly used surface for dental implants.



MATERIALS AND METHODS


Cell Culture

Osteogenic cells [MC3T3-E1 mouse pre-osteoblast cell line, subclone 4, CRL-2593, American Type Culture Collection (ATCC)], was cultured in alpha-Minimum Essential Medium (α-MEM) (Gibco, Thermo Fisher Scientific). All media were supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 10 units/mL penicillin and 10 μg/mL streptomycin (Invitrogen, Thermo Fisher Scientific). Cells were cultured at 37°C in a moist atmosphere at 5% CO2 and routinely tested for the presence of mycoplasm. In all experiments, cells from exponentially growing cultures were used.



Solid-Phase Peptide Synthesis

All peptides (Table 1) were manufactured by solid-phase peptide synthesis using 9-fluorenylmethoxycarbonyl (Fmoc)-chemistry as described previously (Bolscher et al., 2011; Van Dijk et al., 2015). The peptides were purified by High-Performance Liquid Chromatography (RF-HPLC, Dionex Ultimate 3000, Thermo Scientific, Breda, Netherlands) to a purity of at least 95%. The authenticity was confirmed by mass spectrometry with a Microflex LRF MALDI-TOF (Bruker Daltonik GmbH, Bremen, Germany) as previously described (Bolscher et al., 2011; Van Dijk et al., 2015). During synthesis, part of Hst1 was labeled with the fluorescent dye ATTO-647N (ATTO-TEC GmbH, Siegen, Germany). An equimolar amount of the dye was coupled to the ε-amino group of the side chain of lysine residue number 17 (lys17, K of Hst1 after removal of the specific protective (ivDde)-OH group by hydrazine (2% hydrazine hydrate).


TABLE 1. Amino acid sequences of Hst1, Scrambled Hst1 (Scr-Hst1), and Hst1 truncated variants.
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Cell Spreading Assay

In this experiment, four groups of three wells each were set up each time in 12-well cell culture plates. Each experiment was repeated at least two times for statistical analysis, so N = 6 wells per group. Cells were serum deprived for 24 h, detached using 0.05% trypsin (Gibco), and suspended in culture medium containing 2% FBS to inactivate the trypsin and centrifuged at 200 g for 5 min at room temperature. Next, cells were re-suspended in their prescribed medium without serum and counted using a hemocytometer. Cells were seeded on glass coverslips (diameter, 12 mm, No. 1, VWR, Amsterdam, Netherlands) in 12-wells suspension cell culture plates (Greiner Bio-One, Alphen aan de Rijn, Netherlands) at a density of 6 × 104 cells/well, treated with 0–20 μM of the Hst1 or 10 μM truncated Hst1 or scrambled Hst1. Cells were imaged every 20 min during a 3 h period using an EVOS-FL microscope (Thermo Fisher Scientific) equipped with a LPlanFL PH2 20x using the phase contrast setting or the Cy5 light cube (628/40 and 692/40 nm, excitation and emission filters, respectively). For each well, 6 images were taken randomly with about 90–120 cells per image. Thereafter, we randomly selected 3 images for further analysis by measuring the surface area of cells’ filopodia and lamellipodia (denoted in Supplementary Figure 1 with the red circle) using a point-counting method (Gundersen and Jensen, 1987; Supplementary Figure 1). The surface area of cell was considered to quantitatively represent cell spreading.



Uptake and Localization of Hst1 in Osteogenic Cells

To analyze the uptake and localization of fluorescently labeled Hst1 (F-Hst1) by osteogenic cells, cells from a semi-confluent cell culture were transferred into a 48-wells plate at a density of about 3.5 × 104 cells/well and cultivated at 37°C for at least 24 h. Subsequently, the cells were washed once with DPBS (Dulbecco’s PBS, Gibco) after which serum-free medium was added. Two micrometer F-Hst1 was added and after a 1 h period, the cells were washed four times with DPBS containing 0.9 mM Ca2+ and 0.5 mM Mg2+. As a negative control, incubations without F-Hst1 were included. The cells were studied by the EVOS-FL microscope with a 20x objective with a phase contrast setting and a “Cy-5 light cube” with a 628/40 excitation filter and a 692/40 nm emission filter. Digital photographs were recorded by a computer integrated in the microscope.

To more precisely observe the uptake and localization of F-Hst1, the cells were further studied using a LEICA TCS SP8 confocal laser scanning microscopy (CLSM) system as previously described (Ma et al., 2020). Before incubation with F-Hst1, cell nuclei and membrane were stained with NucBlueTM live cell stain (Life Technologies, Grand Island, NY) and PKH67GL (Sigma–Aldrich, MO, United States) respectively, following manufacturer’s instructions.



Signaling Pathways for the Effects of Hst1

In our previous studies, we have demonstrated that Hst1 promotes the wound closure of human epithelial cells in vitro (Oudhoff et al., 2008, 2009a, b), putatively by the activation of GPCR and ERK1/2, but not p38 MAPK signaling pathways (Oudhoff et al., 2008, 2009b). To investigate the role of potential signaling pathways in the effects of Hst1 on the spreading of osteogenic cells, we applied the following signaling pathway-specific inhibitors of ERK1/2 (U0126, 10 μM; LC Laboratories, Woburn, MA, United States), GPCR (pertussis toxin (PTx), 200 ng/mL; LC Laboratories, Woburn, MA, United States), and p38 MAPK (SB203580, 10 μM; LC Laboratories, Woburn, MA, United States) using the cell spreading model on bio-inert glass.



Cell Spreading on Titanium SLA Surface

Commercially titanium (purity > 99.6%, 125 μm in thickness, ADVENT, United Kingdom) foil was cut into round discs (5 mm in diameter). To make SLA surface, the titanium discs were first sandblasted with large corundum grits. Thereafter, the discs were cleaned ultrasonically in alcohol and dH2O for 15 min respectively, and then acid etched with a mixture of 37% HCL 25 ml, 98% H2SO4 25 mL and 50 mL dH2O solution at 60°C for 22 min in a stirring condition (100 rpm). Finally, the discs were cleaned ultrasonically in dH2O for 15 min three times and dried overnight in oven. These discs were thereafter autoclaved for sterilization and kept in sterile condition. Cell spreading on titanium SLA surface was performed as described in the section of cell spreading assay. 1.5 h after seeding, cells on titanium discs were fixed, dehydrated and stained with DAPI and FITC-Phalloidin to stain nuclei and cell skeleton respectively. Fluorescent micrographs were randomly taken using a fluorescent microscope (Olympus BX61) with Excitation/Emission wavelengths (nm) of 358/461 and of 496/516, respectively. On the micrographs, spreading surface of each cell was estimated using the abovementioned point-counting method. More than 30 cells per group were calculated.



Statistical Analysis

All experiments were carried out at least three times and in quadruple. Data were plotted using Graphpad Prism (Graphpad Software version 6.0, La Jolla, CA, United States), analyzed using Student’s t-test and one- way ANOVA with Bonferroni’s post hoc test for multiple comparisons. For the data from different groups at different time points in Figure 1D, we used two-way ANOVA to analyze the data with Bonferroni’s post hoc test for multiple comparisons. Results were reported as mean ± SD. A value of P < 0.05 was considered as statistical significance. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


[image: image]

FIGURE 1. Hst1 promoted the spreading of osteogenic cells on glass surfaces. (A) Light micrographs depicting the spreading of osteogenic cells in the absence or presence 1, 10, and 20 μM Hst1. Bar = 50 μm. (B) Folds of cell spreading surface area in the absence or presence or of 1, 10, and 20 μM Hst1. Data are shown as mean ± SD (n = 6). *p < 0.05 (C) Light micrographs of the spreading of osteogenic cells in the absence or presence of 10 μM Hst1 on different time points. (D) Fluorescent micrographs depicting the spreading of osteogenic cells (stained with FITC-Phalloidin) in the presence or absence of 10 μM Hst1 on bio-inert glass surface. Time-dependent cell spreading surface area (expressed in folds with the value of the control group at first time point as 1) in the presence or absence of 10 μM Hst1. Data were shown as mean ± SD (n = 6). § p < 0.05 indicating a significant difference compared with the values in the control group at the same time point; #p < 0.05 indicating a significant difference compared with the value in the same treatment group at the earlier time point. Bar = 50 μm.





RESULTS


Hst1 Promoted Spreading of Osteogenic Cells on Bio-Inert Glass

We first evaluated the dose-dependent effect of Hst1 on cell spreading. The presence of Hst1 promoted the spreading of osteogenic cells with larger lamellipodia and more filopodia in comparison with the control (no Hst1) (Figure 1A). Compared to the control, treatment with Hst1 at concentrations of 10 and 20 μM resulted in significantly larger spreading surface area (Figure 1B) 170 min post incubation. Thereafter, we assessed the dose-dependent effects of Hst1 on cell spreading. Cell treated with Hst1 for > 90 min, showed significantly higher spreading than the control (untreated cells) (Figure 1C). The spreading areas in Hst1 group were 1.46, 1.51, 1.93, and 2.02 times those in control group at 90, 110, 130, and 170 min, respectively (Figure 1D).



Truncated Hst1 Variants Did Not Improve the Spreading of Osteogenic Cells on Bio-Inert Glass

Scrambled Hst1 did not promote spreading of osteogenic cells compared to the control. In order to determine the minimal domain of Hst1 required for cell spreading on bio-inert glass, we tested 6 truncated variants of Hst1. Since the in vitro wound-healing properties of Hst1 (amino acids 12–38) appeared comparable to those of the parent peptide Hst1 (Oudhoff et al., 2008), this peptide was used as a starting point for mapping the minimal active domain. To map the minimal active domain responsible for the cell spreading, a number of truncated variants of Hst1 were synthesized (encompassing amino acids 12–38, 16–34, 18–34, 20–34, 20–32, and 20–30) as previously reported (Oudhoff et al., 2009a). The relative spreading area of osteogenic cells under the stimulation of Hst1 (1–38), Hst1 (12–38), Hst1 (16–34), Hst1 (18–34), Hst1 (20–34), Hst1 (20–32), and Hst1 (20–30) were 1.76 ± 0.23, 1.35 ± 0.14, 1.20 ± 0.16, 1.24 ± 0.36, 0.68 ± 0.09, 1.01 ± 0.06, and 0.94 ± 0.18, respectively (Figure 2). However, except for Hst1 (1–38), none of these variants, significantly promoted the spreading of osteogenic cells on glass surface in comparison with the control (1.00 ± 0.19) (Figure 2).
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FIGURE 2. The effect of truncated Hst1 variants on the spreading of osteogenic cells. (A) Light micrographs depicting the spreading of osteogenic cells in the presence or absence of scrambled Hst1 and 6 truncated variants of Hst1 on glass surfaces. Bar = 50 μm. (B) Folds of cell spreading surface area in the presence or absence of scrambled Hst1 and 6 truncated variants of Hst1 on glass. Data are shown as mean ± SD (n = 6). *p < 0.05.




Uptake and Localization of Hst1 by Osteogenic Cells

In order to study whether Hst1 is also taken up by osteogenic cells, MC3T3-E1 cells were incubated with F-Hst1 and microscopically analyzed. After a 1 h incubation, an intracellular bright, granular labeling pattern was observed in the vicinity of nuclei (Figure 3A). CLSM micrographs showed that F-Hst1 (red) distributed between cell membrane (green) and nucleus (blue), while in the control group (no Hst1) red fluorescence was detected in intracellular space (Figure 3B).


[image: image]

FIGURE 3. The uptake and distribution of F-Hst1 in osteogenic cells. (A) Light (left column) and fluorescent (middle column) micrographs depicting the uptake of fluorescently labeled Hst1 (F-Hst1) (middle column) by osteogenic cells (left column) in lower (upper row) and higher (lower row) magnification. Bar = 100 μm. (B) Cellular uptake of the fluorescence (ATTO-647N)-labeled Hst1 (F-Hst1). CLSM images of F-Hst1 variants (in red) were taken up by osteogenic cells; cell membrane are stained in green; nuclei are stained in blue; Bar = 20 μm.




Effects of Inhibitors of ERK1/2, P38 and GPCR on Hst1-Induced Cell Spreading

To reveal the potential involvement of signaling pathways in Hst1-induced spreading of osteogenic cells, we analyzed the effects of the ERK1/2 inhibitor (U0126), p38 MAPK inhibitor (SB203580) and PTx (an inhibitor of GPCR) on the Hst1-induced cell spreading. U0126 (10 μM) or SB203580 (10 μM) completely abolished the stimulating effects of Hst1 on the spreading of osteogenic cells (Figures 4A–D). In contrast, PTx did not show any significant effect (Figures 4E,F). The inhibitors had no effect on the basal cell spreading in the absence of Hst1.
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FIGURE 4. The effects of signaling pathway inhibitors on Hst1-induced spreading of osteogenic cells. Light micrographs depicting the spreading of osteogenic cells that were treated with (A) extracellular-signal-regulated kinase (ERK) signaling (10 μM U0126), (C): p38 signaling (10 μM SB203580) and (E) G protein-coupled receptor (GPCR) (200 ng/mL Pertussis toxin, PTx). Bar = 50 μm. Relative spreading surface area of osteogenic cells that were treated with Hst1 with or without the pretreatment with the inhibitors of (B) extracellular-signal-regulated kinase (ERK) signaling (10 μM U0126), (D) p38 signaling (10 μM SB203580) and (F) G protein-coupled receptor (GPCR) (200 ng/mL Pertussis toxin, PTx). Data are shown as mean ± SD (n = 6). **p < 0.01, ***p < 0.001.




Hst1 Enhanced the Osteogenic Cell Spreading on Titanium SLA Surface

In order to assess the promoting effect of Hst1 on osteogenic cells on titanium plates, MC3T3-E1 cells were seeded on the titanium plates with SLA surfaces in the absence or presence of 10 μM Hst1. To enable quantification of the cell-surface area by fluorescence microscopy, cellular actin was fluorescently labeled using FITC-Phalloidin (Figure 5A). Quantitative analysis indicated that the surface area per cell in the group of 10 μM Hst1 (713.26 ± 172.94 μm2) was significantly higher than that without Hst1 (537.38 ± 108.19 μm2) (Figure 5B).
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FIGURE 5. Hst1 promoted the spreading of osteogenic cells on titanium SLA surfaces. Fluorescent micrographs (A) depicting the spreading of osteogenic cells that were stained by Dapi (for nuclei) (left column) and by FITC-Phalloidin (for F-actin) (middle column) Bar = 20 μm. (B) Graph depicting the quantitative analysis of the spreading of osteogenic cells. Data are shown as mean ± SD (n = 32). ***p < 0.001.





DISCUSSION

The adhesion, spreading and migration of osteogenic cells on medical devices are indispensable for effective bone formation of LVBD and osteointegration of implants (Deligianni, 2014; Zhang et al., 2015). In this study, we demonstrated that Hst1 significantly promoted the spreading of osteogenic cells on bio-inert glass in dose- and time-dependent assays. It appeared that such effect of Hst1 was associated with ERK1/2 and p38 signaling as their specific inhibitors counteracted the Hst1 stimulation. We also showed that Hst1 significantly promoted the spreading of osteogenic cells on SLA titanium surface. Therefore, Hst1 bears an application potential to promote osteoconductivity, so as to enhance bone healing and osteointegration.

It is well established that cell-substrate contact area can determine cell activities, such as proliferation, quiescence or apoptosis (McGrath, 2007). When plated on glass, the cells go through three major phases from the unsuspended state to the flat and polarized state: (1) initial attachment; (2) a rapid increase in cell spreading area through depletion of membrane reservoirs; and (3) a slower spreading phase that includes periodic protrusion/retraction of the cell edge and an increase in membrane area (Dubin-Thaler et al., 2004; Giannone et al., 2004). The advantage of using the model system of cell spreading from the unattached state is that it is highly reproducible and the stages that the cell undergoes can be characterized and quantified in a time-dependent manner (Wolfenson et al., 2014). There exist many experimental methods to quantitatively evaluate cell spreading, such as the determination of relative cell spreading and calculation of the so called cell index (Van Dijk et al., 2015, 2017a). The later parameter qualifies the impedance of cells that proportionally correlate to, but not directly show, cell spreading extent. In contrast, in the current study, we adopted a point-counting method (Cruz-Orive and Weibel, 1990) to measure the surface area of spreading cells, which could directly reflect the newly formed cell-substrate contact area.

Hst1 has already been shown to be efficacious in promoting the adhesion, spreading and migration of various epithelial cells from skin (Oudhoff et al., 2009a), mucosal (Oudhoff et al., 2008, 2009b), gingival (Van Dijk et al., 2015, 2017a) and corneal origin (Shah et al., 2017). Hst1 bears a very broad pharmaceutical dosage. Hst1 is associated with no cytotoxicity and significantly enhanced metabolic activity of human corneal epithelial cells within 200 μM (Shah et al., 2017). In our recent study, we also show that 10 μM Hst1 significantly promotes metabolic activity of human oral mucosal epithelial cells, skin keratinocytes and gingival fibroblasts (Ma et al., 2020). These findings indicate the good biocompatibility of Hst1. It remains unclear how Hst1 influences cellular metabolic activity. Our recent study shows that Hst1 can be quickly internalized and accumulate in cytoplasm (Ma et al., 2020). In the present study, we adopted CLSM and, for the first time, clearly showed the uptake of Hst1 by pre-osteoblasts. After being taken up, Hst1 is quickly targeted to mitochondria and endoplasmic reticulum (ER) (Ma et al., 2020), which suggests a potential role of mitochondria-ER contact in the modulating effects of Hst1 on cellular metabolic activity. However, hitherto, the intracellular signaling pathways and genes activated by Hst1 remains to be elucidated. Further studies should be performed to clarify these issues.

Consistent with these reports, it was observed that 10 μM of Hst1 optimally promoted the spreading of osteogenic cells in vitro 60 min post incubation. The time-dependent course of Hst1’s effect was consistent with the previous findings on epithelial cells that the surface of fibroblasts increased remarkably after 60 min treated with Hst1 when compared to the control (Van Dijk et al., 2015, 2017a). Further publications also reported that Hst1 could promote endothelial cell adhesion, migration, and angiogenesis (Torres et al., 2017; Van Dijk et al., 2017b). Hst1 was also demonstrated to promote the attachment of osteogenic cells on the both sputtered smooth titanium surface and SLA surfaces (Van Dijk et al., 2017a). In the current study, we showed that Hst1 could also promote the spreading of osteogenic cells on both bio-inert glass surfaces as well as on titanium SLA surfaces. These findings suggested that Hst1 could improve cell-biomaterial interaction so as to promote bone healing and implant osteointegration. Furthermore, Hst1 is also shown to counteract the cytotoxic and anti-migratory effects of zoledronic acid on MC3T3-E1 osteogenic cells and endothelial cells (Castro et al., 2019). Zoledronic acid, the most frequent agent associated with bisphosphonate-related osteonecrosis of the jaw, has been reported as cytotoxic for bone and vascular cells (Aghaloo et al., 2015). It has been shown that Hst1 can protect cells from different adverse conditions by decreasing cell apoptosis (Aghaloo et al., 2015; Huang et al., 2018). These findings suggested that Hst1 has a great application potential in various bone diseases.

Titanium is widely used as implant material in case of e.g., cervical prosthetics, joint prosthetics, mini-plates, mini-screws, and dental implants (Giannasi et al., 2018). Continuous efforts have been made to enhance cell spreading on titanium implants with an aim to facilitate osteointegration (Canullo et al., 2016) and re-osteointegration (Duske et al., 2012). For this purpose, various peptides have also been attempted. For example, P15, a synthetic 15 amino acid peptide mimicking the cell-binding domain within the alpha-1 chain of human collagen, can significantly promote cell attachment, spreading and osteogenic gene expression (Liu et al., 2012). Peptide derived from another cell matrix laminin also promoted cell attachment of human osteoblast-like cells (Min et al., 2013). To exert such functions, most of these peptides still needs to be pre-attached onto the surface of titanium (Liu et al., 2012; Min et al., 2013). Different from the application pattern of these peptides, we showed that Hst1 could promote the attachment of osteogenic cells without the needs of pre-attachment to titanium surfaces. In this study, we investigated the effect of Hst1 on osteogenic cell spreading on titanium SLA surface, the most commonly used surface for dental implants. Consistent with the previous conclusion (Van Dijk et al., 2017a), we showed that Hst1 significantly enhanced the spreading of osteogenic cells on titanium SLA surfaces when compared to the control group. In our recent study, we showed that Hst1 could be quickly taken up and distribute in the vicinity of surrounding nuclei within epithelial cells and fibroblasts, which suggested an important role of subcellular targets (mitochondria and endoplasmic reticulum) in Hst1’s functions (Ma et al., 2020). In this study, our data obtained using fluorescent microscopy showed that F-Hst1 was taken up by osteogenic cells and distributed intracellularly. CLSM results corroborated that Hst1 was distributed in the vicinity of the nucleus. These findings suggested that Hst1 did not act as an intermediate (coating) between substrate and cell, but rather induces a cellular response. With these properties, Hst1 can be used as convenient stimulatory molecule to promote osteointegration of titanium implants.

Hitherto, it is still unclarified by which exact molecular mechanism Hst1 promotes cell spreading. Our previous studies suggest that the promoting effect of Hst1 on the migration of epithelial cells is mediated by the GPCRs-ERK1/2 pathway, but not by the p38 pathway (Oudhoff et al., 2009a). Our recent study shows that co-administration of Hst1 with all-trans retinoic acid additively stimulates the spreading and osteogenicity of preosteoblasts on bio-inert glass surfaces in vitro, which can be abolished by specific inhibitors of retinoic acid receptors α (but not β or γ) (Sun W. et al., 2020). However, the signaling pathways accounting for the Hst1’s effect on the pre-osteoblasts’ adhesion remains to be clarified. In this study, we found that U0126, an inhibitor of ERK1/2 pathway, significantly inhibited the effect of Hst1. However, also the p38 inhibitor SB203580 abolished the effect of Hst1, suggesting that in the present system, both ERK1/2 and p38 pathways wound to be involved in mediating the effect of Hst1. This is incongruent with a previous study in which it was found that inhibition of ERK1/2, but not of p38, abrogated the stimulatory effects of Hst1 (Oudhoff et al., 2009a). Furthermore, in that study, it is found that Hst1 (20–32) (SHREFPFYGDYGS) is the minimal domain of Hst1 that promotes the migration of epithelial cells (Oudhoff et al., 2009a). Such a study is highly important to identify a minimal functional domain. Furthermore, a much shorter peptide would be very meaningful for its pharmaceutical application due to a significantly lower production cost. In the present study, we, for the first time, showed the effects of truncated Hst1 variants on the spreading of pre-osteoblasts. Inconsistent with the previous finding, our present study showed that none of truncated Hst1 variants had any effect on osteogenic cell spreading. Further studies are needed to clarify these apparent discrepancies, which may be caused by the use of different cell types (epithelial vs. osteogenic cells) from different species (human vs. mouse) in these studies. Although our data suggest the roles of ERK and p38 signaling in the promoting effects of Hst1 on cell adhesion, it remains unclear how these two signaling pathways interact with the cell skeleton-modulating signaling cascades, such as phosphatidylinositol 3 kinases, ERK1/2, 5’-AMP-activated protein kinase, members of the Rho GTPase family (RhoA, Rac, Cdc42), Rho guanine nucleotide exchange factors, Rho GTPase activating proteins, and Rho guanine nucleotide dissociation inhibitors (Moujaber and Stochaj, 2020). Further studies should be performed to clarify how Hst1 interacts with these signaling pathways.

On the other hand, ERK1/2 and p38 are proved to be involved in osteogenic differentiation (Guo and Wu, 2012). Under the stimulation of bone morphogenetic protein 2 (BMP2), the inhibition of p38 by SB203580 was associated with a significantly decreased alkaline phosphatase activity (an early osteogenic differentiation marker) and osteocalcin (OCN, a late osteogenic differentiation marker) in MC3T3-E1 pre-osteoblasts (Guicheux et al., 2003), while ERK signaling was barely activated, which indicates the importance of p38 but not ERK signaling in BMP2-induced osteogenic differentiation. On the other hand, icaritin, a hydrolytic product of icariin from the genus Epimedium, can significantly upregulate ERK and p38 signaling in its-induced osteogenic differentiation in MC3T3-E1 pre-osteoblasts. Furthermore, p38 antagonist SB203580 and ERK1/2 antagonist PD98059 markedly inhibit the icaritin-induced the mRNA expression of ALP, COL1 (encoding collagen type I), OCN and OPN (encoding osteopontin) (Wu et al., 2017). These results suggest that different ligands may stimulate different patterns of signaling. Since ERK and p38 seems to be involved in Hst1’s effect, question may be raised whether Hst1 can promote in vitro osteogenic differentiation and in vivo osteogenesis, thereby contributing to osteoinductivity—another important property to heal LVBD and facilitate osteointegration. Hitherto, this issue is rarely reported. In our recent study, we show that Hst1 alone does not promote ALP activity (Sun W. et al., 2020). Additionally, our ongoing study shows that Hst1 does not further enhance BMP2-induced in vitro extracellular mineralization of MC3T3-E1 (data not shown). Therefore, although ERK and p38 signaling are involved in Hst1’s effects on cell adhesion and spreading, they don’t directly lead to osteogenic differentiation at least in MC3T3-E1 pre-osteoblasts. All these data suggest that Hst1 does not enhance osteogenic differentiation, thus bearing no osteoinductivity. On the other hand, in our recent in vivo study, Hst1 significantly promotes angiogenesis and osteogenesis under the stimulation of BMP2 in an ectopic bone induction model (Sun P. et al., 2020). Such an effect of Hst1 on osteogenesis may be attributed to the stimulating effect of Hst1 on angiogenesis (Torres et al., 2017) that favors bone regeneration (Grosso et al., 2017). However, caution should be always taken to completely exclude the direct stimulating effects of Hst1 on osteogenic differentiation because only a mouse partially osteogenically-committed cell line has been examined. Human primary mesenchymal stem cells, such as bone marrow stem cells, should be used in future study to further investigate the effects of Hst1 on osteogenic differentiation.
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Age-related Macular Degeneration (AMD) is an up-to-date untreatable chronic neurodegenerative eye disease of multifactorial origin, and the main causes of blindness in over 65 years old people. It is characterized by a slow progression and the presence of a multitude of factors, highlighting those related to diet, genetic heritage and environmental conditions, present throughout each of the stages of the illness. Current therapeutic approaches, mainly consisting of intraocular drug delivery, are only used for symptoms relief and/or to decelerate the progression of the disease. Furthermore, they are overly simplistic and ignore the complexity of the disease and the enormous differences in the symptomatology between patients. Due to the wide impact of the AMD and the up-to-date absence of clinical solutions, the development of biomaterials-based approaches for a personalized and controlled delivery of therapeutic drugs and biomolecules represents the main challenge for the defeat of this neurodegenerative disease. Here we present a critical review of the available and under development AMD therapeutic approaches, from a biomaterials and biotechnological point of view. We highlight benefits and limitations and we forecast forthcoming alternatives based on novel biomaterials and biotechnology methods. In the first part we expose the physiological and clinical aspects of the disease, focusing on the multiple factors that give origin to the disorder and highlighting the contribution of these factors to the triggering of each step of the disease. Then we analyze available and under development biomaterials-based drug-delivery devices (DDD), taking into account the anatomical and functional characteristics of the healthy and ill retinal tissue.
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INTRODUCTION

Age-related macular degeneration is a chronic neurodegenerative eye disease of multifactorial origin, characterized by the appearance of alterations in the central part of the retina, the macula. According to the WHO, there are 196 million cases worldwide and are expected to reach 288 million by 2040, making AMD one of the leading causes of irreversible loss of vision in people over 65 years in developed countries (Evans et al., 2004; Ferris et al., 2005; Lim et al., 2012; Garciìa and Martinez, 2013; IAPB Vision Atlas, 2017; World Health Organization, 2018). In the United States there are more than 2 million people affected by AMD and it is estimated that they will exceed 4 million by 2030 (Friedman et al., 2004; Klein et al., 2011; Friedman et al., 2012; Degeneration et al., 2017). In Western Europe, the IAPB estimates 4.8 million cases of AMD for 2020, making it the second most common cause of eye disease, preceded only by cataracts (Damián et al., 2006; Casado, 2009; Klein et al., 2011; Degeneration et al., 2017; Jeffries et al., 2017).

Despite the great research efforts dedicated in the development of AMD therapies, nowadays available treatments only are able to treat symptomatology and/or slowing down the progression of the disease.

In the present paper we briefly analyze the biomolecular and cellular processes responsible for the development of the AMD, and we review available and under development biomaterials-based drug-delivery devices (DDD) for possible treatments of disease.



NATURAL HISTORY


Risk Factors

The pathogenesis mechanisms of AMD are heterogeneous and not yet understood (Lacour et al., 2002; Ambati and Fowler, 2012; Kabiesz and Nowak, 2015; Michalska-Małecka et al., 2015), however, it is known that one of the main risk factor for AMD is aging (Lacour et al., 2002; Ardeljan and Chan, 2013; Daneault et al., 2016). Other risk factors are sex (higher rates in women), race (higher rates in the Caucasian population) and environmental factors that increase oxidative stress in the RPE, such as: blue light exposure, smoking, alcohol consumption, obesity, low antioxidant diet (e.g., lack of vitamins A and E, zinc, lutein and omega-3 fatty acids) as well as systemic factors associated with cardiovascular risks (Thornton et al., 2005; Michalska-Małecka et al., 2015). The risk of AMD is also increased by ocular factors such as macular pigment optical density, iris pigmentation (less risk in dark eyes), cataract surgery and high refractive errors (Michalska-Małecka et al., 2015). In addition, several genetic factors have been reported (Table 1).


TABLE 1. List of possible genes that have a determining influence on AMD (Klein et al., 2005; Rivera et al., 2005; Zareparsi et al., 2005; Khan et al., 2006; Nozaki et al., 2006; Ratnapriya and Chew, 2013; Michalska-Małecka et al., 2015; Sergejeva et al., 2016).

[image: Table 1]


Clinical Aspects

An outline of the stages involved in the disease, and the fundus images of affected patients are shown in Figures 1, 2, respectively. The early stages of AMD are detected by the presence of drusen between the basal membrane of the RPE and the Bruch’s membrane (BrM). Drusen are lipids, cellular and metabolic debris that originate in the RPE and surrounding tissues. In more advanced stages of the disease, these deposits may be also found between the RPE and the neuroretina. In both cases, metabolic abnormalities in the RPE cells is one of the causes of the formation of drusen (Winkler et al., 1999; Anderson et al., 2002; McConnell and Silvestri, 2005; Damián et al., 2006; Nowak, 2006; Jager et al., 2008). Depending on the number and extension of the drusen and the degree of the macular atrophy, AMD is customarily classified into three stages (Table 2): Early AMD; characterized by the presence of a few, small or medium-sized (<124 μm) drusen and minimal RPE cell alterations leading to some pigmentary anomalies (hypo- and hyper-pigmentation). Patients are normally asymptomatic. Intermediate AMD; characterized by the presence of one or more large (>124 μm) drusen, together with geographic atrophy that does not reach the central area of the macula. Patients are either asymptomatic or complain of decreased contrast sensitivity, abnormal scotopic vision or blurred vision while reading. Advanced AMD; either manifested in dry (D-AMD) or wet (W-AMD) form. D-AMD is characterized by the presence of large white or yellow drusen, the RPE atrophy and the photoreceptors’ deterioration. Patients suffer from a decreased visual acuity and metamorphopsias. W-AMD is characterized by choroidal neovascularization, macular edema, aneurysms, hemorrhages, RPE and/or retinal detachment and photoreceptors death. Patients present important loss of visual acuity or total blindness, metamorphopsias and photopsia.
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FIGURE 1. Schematic representation of the eye and the stages of the AMD. (A) The eye and the retina. (B) Normal retina in a cross section of the eye where appear: the layer of the photoreceptors, the choroid, the RPE and the Bruch’s membrane (BrM). The main functions of the normal RPE are: (1) transport of nutrients, ions, and water (2) absorption of light and protection against photooxidation, (3) re-isomerization of all-trans-retinal into 11-cis-retinal, which is a key element of the visual cycle, (4) phagocytosis of shed photoreceptor membranes, and (5) secretion of various essential factors for the structural integrity of the retina. POS, photoreceptors outer segment; BRB, blood–retinal barrier; PEDF, pigment epithelium-derived factor, the most potent inhibitor of angiogenesis in the mammalian eye; VEGF, vascular endothelial growth factor. VEGF is essential for development and maintenance of functionally efficient retinal vasculature as well as for integrity of the RPE, BrM, and choroidal endothelial cells. (C) Early and intermediate AMD phases in a cross section of the eye. Without apparent cause, debris from the RPE cells layer as well as from the surrounding tissues begin to accumulate between RPE and BrM forming clusters called drusen. (D) Progress of the dry AMD in a cross section of the eye where the clusters called drusen start growing in size and accumulate as the disease progresses. The accumulation of drusen and the degeneration of RPE provokes the beginning of photoreceptor’s atrophy. (E) The progress of wet AMD. As drusen accumulate, they can cause inflammation. Inflammatory cells are then recruited by the retina, and these cells, together with the RPE begin to release vascular growth factors (mainly VEGF) that cause growth of the blood vessels. In this case, the degeneration is characterized by choroidal neovascularization, neovessels penetrating the BrM, presence of inflammatory cells, exudates of lipid content, hemorrhage, and the destruction of the RPE and photoreceptors (wet AMD).
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FIGURE 2. Representative photographs of AMD-affected eyes. (A) Eye of a healthy subject; (B) AMD patient with macular hemorrhage and active exudation; (C) AMD patient with wide macular geographic atrophy and several druses in the back of the eye; (D) AMD patient with macular pigment changes, several druses as well as a macular hemorrhage secondary to an active neovascular complex; (E) patient with an active macular neovascular complex, secondary to an AMD; (F) AMD patient with an active AMD with a pseudo-tumoral lesion.



TABLE 2. AMD stages: pathological characterization and clinical aspects.
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Pathogenesis

Most pathways and causes of the AMD are very well-established. However, this fact does not imply a straightforward identification of the AMD-triggering mechanisms. Such identification is challenging because of the multifactorial and extremely complex etiology of this disease: (I) It is not still clear if all of them have been identified, (II) None of them has been proved as the sole cause of the disease, and (III) Synergistic relations between causes that determine each phase triggering of the disease has not yet been identified. As we have already mentioned, AMD is the result of several molecular and cellular processes of different origins that interact with each other. Oxidative stress and inflammation are at the origin of neovascularization processes. Neovascularization, in turn, affects the function of the retina and causes additional inflammation, establishing a vicious circle that encourages the progress of AMD.


Oxidative Stress

Oxidative stress refers to an imbalance between the number of oxidants (reactive oxygen species) produced in a cell and the capacity of different scavenging enzymes and other molecules with anti-oxidant properties to reduce such an imbalance (Winkler et al., 1999; Beatty et al., 2000; Lin and Beal, 2006; Ambati and Fowler, 2012; Jarrett and Boulton, 2012; Cuenca et al., 2014; Hanus et al., 2015; Tang and Le, 2016). The antioxidant effect is achieved by a cell defense reducing process, carried out by superoxide dismutase, peroxidase, and catalase enzymes.

At early and intermediate stages (I, II) of the disease, key factors for the development of AMD are increased levels of oxidative stress and toxin accumulation in the retina in connection with dysfunction and atrophy of RPE cells responsible for the elimination of toxic accumulations (Winkler et al., 1999; Ambati and Fowler, 2012; Jarrett and Boulton, 2012). Toxic accumulations in the retina can form intracellular remains (lipofuscin and oxidized mitochondria), extracellular waste (drusen) or reactive oxygen species, all of them being some of the multifactorial causes of AMD (Ambati and Fowler, 2012). Among the different waste products being accumulating as the retina ages and as the disease progresses, we would like to underlie the accumulations of lipofuscin -a mixture of oxidized proteins, lipids, carbohydrates, and other types of bioorganic molecules- in the RPE, similar to the accumulation of β-amyloid and tau-protein in other neurodegenerative diseases. The accumulation of these molecules seems to be related to a possible vulnerability of RPE cells to oxidative stress (Crouch et al., 2015; Handa et al., 2019).

Lipids accumulation is considered one of the causes of the inflammation process as well as of the accumulation of complement factors which occurs later. Particularly important is the cholesterol because of the lack of recycling and disposal processes of this type of molecule (Handa et al., 2019). Another component present in lipofuscin is A2E, a natural product of the visual cycle, which accumulates as the disease progresses (Crouch et al., 2015). Closely related to smoking habits, cadmium is another AMD-triggering accumulated molecule. It is one of the toxic products present in tobacco, and it is accumulated in the retinas during the evolution of the disease (Wills et al., 2008).



Altered Cell Functions

Atrophy and disfunction of RPE cells appear in the intermediate phase. These cells are responsible for the elimination of toxic accumulations in the retina, so their atrophy provokes uncontrolled growth of such cumuli which, in turn, generates positive feedback to the previous mechanism. In the dry stage, toxin accumulation also appears within the cells of the RPE (Ambati and Fowler, 2012; Kinnunen et al., 2012; Tarallo et al., 2012).

Also, local inflammation and functional deficits of retinal glial cells impede the development of the molecular processes that are responsible for retinal tissue repair (Cuenca et al., 2014; Tang and Le, 2016). Glia has a strong contribution to AMD development. Under physiological conditions microglia and macroglia (astrocytes and Müller cells) are in continuous communication, reporting on neural activity and maintaining immunomodulatory activity that is responsible for neuroprotection and regulation of cellular activity. In this way, the activation of microglial cells together with their immune response to the lesions contribute to the development and progression of the disease, provoking tissue degeneration, early changes in the pigmentation of the RPE and the formation of drusen (Polazzi and Monti, 2010; Marín-Teva et al., 2011; Cherry et al., 2014; Tang and Le, 2016; Vilhardt et al., 2017; Rathnasamy et al., 2019).

Finally, molecules damaged by oxidants and cellular deposits due to non-immune damage, induce macrophage infiltration and activation and deposition of complement fragments.



Neovascularization

In 10–20% of D-AMD cases, the pathology progresses and the subretinal space is invaded by blood vessels of choroidal origin (choroidal neovascularization) that break into the retinal tissue, provoke inflammation and macular edema, induce serum and/or hemorrhagic detachment of both, the RPE or the neural retina, and, eventually result in fibrovascular disciform scar-associated death of the photoreceptors (Jager et al., 2008; Ambati and Fowler, 2012). Neovascularization alters the geometry, the morphology and the structure of the retina at the macular level that leads to rapid and permanent loss of central vision. Such progression is called wet or exudative AMD (W-AMD). In the transition from D-AMD to W-AMD, the key factor is neovascularization of the retina (Ambati and Fowler, 2012; Cuenca et al., 2014; Tang and Le, 2016). Oxidative stress causes an increase of inflammatory and pro-angiogenic molecules in the subretinal space, which provokes rapid and uncontrolled angiogenesis in the choroid and an invasion of the subretinal space by neovascular vessels.

Chronic inflammation has very important consequences in disease progression. This process triggers the secretion of pro-angiogenic factors by the RPE and other immune cells and also gives rise to further increases in oxidative stress. This increases due to the imbalance between generation and elimination of reactive-oxygen species that creates a toxic retinal microenvironment which eventually leads to the death of the pigment epithelium retinal cells through cell death mechanisms. Furthermore, due to their atrophy, retinal epithelium cells are no longer capable of activating/regulating certain biomolecules derived from the inflammatory process, such as complement factors C3a and C5a (chemotactic agents that cause an increase of leukocytes in the choroid) or some cytokines such as IL1 (Nozaki et al., 2006).

Neovascularization is triggered by increased expression of the vascular endothelial growth factor A (VEGF-A), in charge of increased vascular permeability and vascular endothelial cells recruitment, proliferation and migration. The increased number of macrophages attracted by lipofuscin, cause the secretion of proteolytic enzymes, such as collagenase and elastase (MMP2 and MMP9), which erode BrM, facilitating the penetration of the choroidal neovessels (Risau, 1997; Grossniklaus et al., 2002; Spaide, 2017). In addition, both, astrocytes and Müller cells participate in the development of neo-vessels, releasing angiogenic factors in response to pathogenic stimuli. Müller cells alter the blood-retina barrier, causing infiltration of several blood components including growth factors, cytokines, inflammatory factors and blood-derived immune cells; allowing the growing neo-vessels from the choroid to access the retina through the damaged Bruch’s membrane and the RPE (Bringmann et al., 2009; Nash et al., 2011; Rathnasamy et al., 2019).

Age-related macular degeneration progression is often very slow in the early stages and accelerates in the wet phase. D-AMD usually takes about 5 years to evolve to the wet form (Nussenblatt and Ferris, 2007; Ardeljan and Chan, 2013; Fleckenstein et al., 2018). Although only 10–20% of patients develop W-AMD, this stage is the most important one because it is the origin of more than 80% of severe and very severe vision loss: approximately 40% of patients not correctly treated develop almost complete blindness.



Anti-VEGF Drugs

Even though there is no cure for neither form of AMD, there are several EMA/Food and Drug Administration (FDA)-approved therapeutic approaches focusing on symptomatology relief and on slowing down the progression of the disease, all of them exclusively dedicated to the “wet” form of the disease.

Among them, there are several drugs target directly or indirectly the vascular endothelial growth factor (VEGF). These drugs include pegaptanib, ranibizumab, aflibercept, and brolucizumab. Bevacizumab is another drug, non-FDA-approved for W-AMD treating, but it has been used off-label since 2005, with very good results (Martin et al., 2012). These drugs are IVT administered with monthly or bimonthly frequency (Freund et al., 2013) (anti-VEGF agents are summarized in Table 3). Frequent injections are necessary due to the limited volume of drugs that can be injected in the vitreous each time (Tabandeh et al., 2014) and their limited time of efficacy. The risk of bleeding, retinal detachment, endophthalmitis, cataracts, and infection increases with the number of IVT injections (Jager et al., 2004; Falavarjani and Nguyen, 2013).


TABLE 3. Drugs for AMD therapy.
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An intent to overcome this problem was the development of new molecular drugs with different administration routes, for example oral or topic, which are currently under test (McLaughlin et al., 2013; Jackson et al., 2017; Adams et al., 2018). Unfortunately, even though these routes are non-invasive (e.g., ocular drops), drug arrival to the targeted area, the posterior segment of the eye, is hindered by the several barriers the drugs have to cross (Patel et al., 2013), which severely limits drug bioavailability.

For this reason, work is currently underway to extend the IVT administration beyond 2 months by developing DDD (known also as drug delivery systems, or DDS) that allow a controlled release of the drug, widening its action window and thus lowering the number of interventions needed for AMD treatment per year. The ideal DDD should maintain effective levels of the drug for extended periods, reducing the necessary interventions.

Innovative DDD based on biomaterials in the form of hydrogels, liposomes, colloidal particles, nanoparticles, micelles, dendrimers, or combinations of either of them is currently being tested for the delivery of anti-VEGFs drugs to the posterior segment of the eye. Researchers are working with both, synthetic and natural materials, include hyaluronic acid (Awwad et al., 2019), dextran (Yu et al., 2019), Silk fibroin (Lovett et al., 2015), poly (lactic-co-glycolic acid) (PLGA) (Varshochian et al., 2015), poly(ethylene glycol) (PEG) (Yu et al., 2014), N-isopropyl acrylamide (NIPAAm) (Liu et al., 2019b), etc. Different materials have been modified or combined to create DDD sustainably releasing the drug through time, either right after injection, or on-demand, responding to precise external stimuli, such as light (Basuki et al., 2017; Jiang et al., 2019).

Age-related macular degeneration represents both a challenge and an opportunity for biologists, physicians and biomedical engineers, among others, since many of the processes that give rise to the disease could be controlled by new therapies employing advanced biomaterials-based carriers loaded with biomolecules or drugs that can be introduced into the eye. In the present paper we review the different biomaterial-based anti-angiogenic delivery systems developed and/or tested as AMD therapeutic strategies. We examine hydrogels, colloidal particles, nanoparticles, and implantable drug-delivery devices, with special attention to their capacity of preservation of drugs bioactivity within the biomaterial.





TECHNOLOGIES FOR CONTROLLED INTRAOCULAR DRUG-DELIVERY

As any other ocular disease treatment, AMD pharmacological therapy depends on the pharmacodynamics of the involved agents (molecular characteristics of the drug) which are conditioned by the specific tissue barriers (tear film barrier, corneal and conjunctival barrier, blood-aqueous barrier and finally the blood–retinal barrier-BRB), which in term determine the optimal administration route. Blood–retinal barrier (BRB) increase eye’s resistance to exposure to foreign substances but also to pharmacological agents (Cunha-Vaz et al., 2011; Campbell and Humphries, 2013). There is little convection of molecules, since BRB has no cellular components and is selectively permeable to the most lipophilic molecules (Yasukawa et al., 2004; Kang-Mieler et al., 2020). To avoid BRB, medication to the anterior segment of the eye can be delivered topically and by sub-conjunctival or intracameral injections. In the case of the posterior segment, medication can be delivered topically, systemically, periocularly through the suprachoroidal space, and by IVT or subretinal injections (Kang-Mieler et al., 2014, 2020). As mentioned above, AMD treatments often require repeated IVT injections, whose frequency and duration depend on the course of the pathology in the individual patients, and the same occurs in all other eye degenerative diseases. Although certain benefits are obtained, the excessive repetition of the treatment leads to a worsening of the problem. To reduce that repeat burden we need minimally invasive pharma delivery systems, capable to maintain the necessary drug levels throughout several months or even years and this is precisely one of the actual research lines (Kang-Mieler et al., 2020).

Anti-VEGF molecules are proteins with fragile tertiary and quaternary structure, and they are very sensitive to environmental factors, like heat, pH changes, and proteolytic enzymes, so they require strong preservation measures along the administration route, to maintain intact their physical structure and, consequently, their pharmacological activity (Oo and Kalbag, 2016). Furthermore, since they cannot penetrate the structural barriers of the eye, they have to be IVT injected every 1–3 months (Edington et al., 2017).

Advances in biomaterial engineering and nanotechnology have fueled a growth of the research in prolonged DDD, made by biodegradable microparticles and nanoparticles, hydrogels or eye implanted devices, making them an attractive alternative to the frequent IVT injections (Kang-Mieler et al., 2020). Optimal biomaterials for sustained retinal drugs supply must meet the following properties [Figures 3, 4 (Seah et al., 2020)]:
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FIGURE 3. Developing strategies for the sustained drug delivery to the retina. We describe the type of systems that can be used to encapsulate the different molecules can be classified based on the size. The nano-formulations allows the encapsulation of the drugs directly to a molecule that favors the administration and the survival of the substance. The bulk systems protect the drug and allows a progressive administration of the substance during longer periods of time. And, we also represent the ideal characteristics of a sustained drug delivery platform for AMD.
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FIGURE 4. Representation of the ocular drug delivery methods discussed on this review. The treatment of retinal diseases is challenging due to the anatomic barriers and physiological clearance mechanism of the eye. This figure represents the methods currently used in the clinical setting to treat posterior segments diseases classified by their administration route.



•Be able to preserve the bioactivity of the molecule, protecting its tertiary and quaternary structure from denaturation, changes in pH or enzymatic degradation.

•Being able to deliver the molecules to the retina.

•Avoid raising intraocular pressure during administration. The biomaterial should be able to encapsulate a large amount of the drug in a minimal volume; in the case of an anti-VEGF, that means 0.5–2.0 mg of drug within a maximum volume of 0.05–0.1 ml.

•After inoculation, it should be able to maintain molecules’ release for >1 month, thus avoiding frequent administrations.

•Be biocompatible and remain optically transparent within the vitreous humor to avoid any interference with vision.




Drug Delivery Devices (DDD)

Ganciclovir, for retinitis treatment by cytomegalovirus, was the first FDA-approved implantable DDD. With this implant, controlled release rates were obtained, which maintained active drug concentrations below toxic levels, while achieving high drug concentrations with limited systemic side effects (Yasukawa et al., 2004; Ebrahim et al., 2005). With the success of this implant, numerous biodegradable and non-biodegradable devices have been developed and many of them are in clinical use (Kang-Mieler et al., 2020). Implantable devices aim at providing structural/mechanical support for the localization of the drugs in the eyeball and to function as vehicles for controlled releases. Such DDD potentially locate therapeutic agents in the vitreous, lowering systemic exposure and, thus, reducing possible toxicity and/or side effects (Lim et al., 1999; Bourges et al., 2006; Kang-Mieler et al., 2020). They have many advantages over the more traditional administration methods since they improve the convenience, safety and efficacy of pharmacological therapies, bypass BRB and allow the sustained release of the drug directly at the target site, while decreasing the risk of infection or retinal detachment.

Drug delivery devices can be either biodegradable [e.g., PCL, PLA, PGA, PLGA, among others; or non-biodegradable (e.g., silicone), the latter needing to be surgically removed post use]. Ordinarily, implants are placed in the vitreous cavity by surgical intervention, although newer models are placed periocularly (e.g., transsclerally or suprachoroidally) or by IVT injection (del Amo and Urtti, 2008; Gaudana et al., 2009; Patel et al., 2013; Journal et al., 2018). Table 4 show currently available devices, the majority of them still in trial stages.


TABLE 4. Anti-VEGF intravitreally injectable and surgically implantable devices. TABLE 4.1 | Anti-VEGF intravitreally injectable devices (AVEGF-IID).

[image: Table 4]

Intravitreally Injectable Devices

DurasertTM, an EyePoint Pharmaceuticals (Watertown, MA, United States) is a 3.5 mm-long and Ø 0.37 mm solid polymer implant, IVT injectable with a small gauge needle and capable of up-to 3 years release of small molecules. It allows customization of release duration, linear release kinetics, and high drug loading (Callanan et al., 2008; Haghjou et al., 2011; Kang-Mieler et al., 2020). DurasertTM gave origin to two different versions for the administration of Fluocinolone acetonide (Iluvien®) and Dexamethasone (Ozurdex®), as a plausible treatment for macular pathologies. Iluvien (Alimera Sciences, 2019) is a small non-biodegradable silicone implant to diffuse a low dose of fluocinolone acetonide (0.23–0.45 μg/day) for 18–36 months through a PVA capsule. The implant has to be removed surgically, it increases intraocular pressure, provokes cataract and is contraindicated for glaucoma patients (Jaffe et al., 2000; Kane et al., 2008; Ghasemi Falavarjani, 2009; Kuno and Fujii, 2010; Schmit-Eilenberger, 2015; Mandal et al., 2017; Alimera Sciences, 2019; ClinicalTrials.gov, 2020d, f). Iluvien was approved by the FDA in 2014 for the treatment of diabetic macular edema and by the United Kingdom Agency in 2012 for chronic diabetic macular edema-associated visual impairments (ILUVIEN)1. Ozurdex (Allergan) is a biodegradable poly lactic-co-glycolic acid (PLGA) solid implant which delivers dexamethasone. It permits long-lasting drug delivery, but it has serious collateral effects, like increased intraocular pressure, cataract formation and uveitis, due to the side effects of the corticosteroids and to the traction exerted to the vitreous humor. This system is contraindicated in patients with glaucoma. The device was approved by the FDA in 2009 and by the EMA in 2010 (Kuppermann et al., 2007; Haller et al., 2010; Kuno and Fujii, 2010; Blumenkranz et al., 2011; Boyer et al., 2011; Bezatis et al., 2013; Querques et al., 2013; Whitcup and Robinson, 2015; Mandal et al., 2017).

Brimonidine (Allergan) is a biodegradable polymer matrix containing Brimonidine tartrate (alpha-2-selective adrenergic receptor agonist). This molecule is normally used in glaucoma but recent studies suggest it also provides protection of retinal cells from degeneration in AMD geographic atrophy (Burke and Schwartz, 1996; Gao et al., 2002; Ghasemi Falavarjani, 2009; Campochiaro et al., 2012; Lai, 2013). Brimonidine is efficient and lacks toxicity, however, the amount of drug that can be loaded is limited because of the size of the molecule. Additionally, the hydrophilic nature of the molecule limits the sustained-release possibilities. The drug has achieved Phase II clinical trials (ClinicalTrials.gov, 2020c).

ENV705 (Envisia Therapeutics) is an IVT injectable biodegradable implant made with PGA and fabricated with PRINT technology, which provides a sustained release of Bevacizumab for up to 6 months. This implant is capable of releasing effective therapeutic drug concentration, but the release kinetics are often not ideal. The drug is currently in preclinical trials (Benjamin et al., 2014; Navratil et al., 2014).

Zordera is a Ø 10 mm biodegradable nano-porous cylindric device for long-lasting sustained release of Ranibizumab. Made by sandwiched PCL films with millions of porous of the molecule size of the drugs (Bernards et al., 2012; Schlesinger et al., 2015). The device is IVT implanted by a syringe (Desai and Bernards, 2014; Lance et al., 2016). The device is still in preclinical phase (Radhakrishnan et al., 2017; Mandal et al., 2018).



Surgically Implantable Devices

Subconjunctivally implantable pumps are versatile and affordable alternatives, permitting long-lasting, sustained and well controlled drug releases that avoid the need for repeated surgical interventions. Pumps consist of a small reservoir connected to a cannula which is inserted through the sclera into the eye, and they are empowered with a valve to control both, number of the doses and doses volume, thus optimizing and personalizing drug release profiles. They are refillable through a thin needle.

Port Delivery Systems, PDS (Genentech/For sight Vision4, Inc.) is a semipermeable, non-biodegradable refillable transscleral port delivery system, surgically implanted through a 2–3 mm incision and fixed to the sclera to avoid migration. The device has been used for long-lasting sustained release of Ranibizumab. Because of the sclera surface this device permits easy and low invasive transscleral drug delivery with increased absorption rate. However, serious adverse effects were reported, including endophthalmitis and persistent vitreous hemorrhage (Mainardes et al., 2005; Shah et al., 2010; Kim et al., 2017; Mandal et al., 2017; Campochiaro et al., 2019). Phase II clinical trials showed that 15 months recharge frequency with drug concentration of 100 mg/ml have equivalent visual and anatomical effects to patients treated with monthly IVT ranibizumab injections (Campochiaro et al., 2019). Also, implant insertion and reloading procedures were well tolerated by patients. The system is now under Phase III trials, expecting to reach 3 years implants with recharges every 6 months: PORTAL (NCT03683251) and ARCHWAY (NCT03677934) trials, expected to end in January 2022 and April 2022, respectively (ClinicalTrials.gov, 2020b, e).

Replenish® is a sub-conjunctival refillable, non-biodegradable MEMS for long-lasting sustained drug release. It is a sub-conjunctively placed PDMS 0.6 ml refillable reservoir with a flexible cannula and a valve. The cannula is inserted through the sclera and fixed with sutures (Lo et al., 2009). It is refillable up to 10 times with a thin needle. Replenish, Inc., was planning to start Clinical trials for AMD treatment (Lo et al., 2009; Gutiérrez-Hernández et al., 2014; Humayun et al., 2014).




Injectable Hydrogels

To overcome some of the limitations of implantable DDD and to avoid surgeries, injectable hydrogels have emerged as an alternative for IVT drug administration using different biomaterial formats.

A hydrogel is a three-dimensional network of hydrophilic polymers that can swell in water and retain a large amount of H2O molecules while maintaining its solid state (Li and Mooney, 2016). Despite the high solubility of hydrophilic polymers (in water), hydrogels resist dissolution and even interact favorably with H2O molecules, because their hydrophilic polymer chains form a strongly crosslinked network (Li and Mooney, 2016). Their high H2O percentage (>10% of the total weight) make them easy-to-manipulate, flexible materials. Furthermore, their porous structure makes them suitable for encapsulation of drugs, biomolecules, or even stem cells. Hydrogels are highly biocompatible and can undergo a volume phase, or gel-sol phase transition, either spontaneously after injection (in situ-forming hydrogels) or triggered by specific external stimuli (changes of pH, temperature, pressure, light intensity, etc.) (Bahram et al., 2016; Chang et al., 2019). Injected into the eye, hydrogels provide both, structural support and long-term sustained release of the incorporated drugs, molecules or stem cells’ secretome (Alexander et al., 2014; Kirchhof et al., 2015a; Su et al., 2015; Yu et al., 2015; Seah et al., 2020).

The employed polymers can be natural, synthetic or hybrid. Natural polymers (cellulose, chitosan, alginate, hyaluronic acid, silk fibroin, etc.) are degraded by the enzymes of the body, so their biodegradation rate cannot be adjusted (Lovett et al., 2015; Yu et al., 2015). Synthetic polymers (PCL, PEG, PLGA, PLLA, NIPAAm, etc.) properties such as porosity, swelling capacity, stability, mechanical resistance and biocompatibility can be adjustable by varying their chemical composition and preparation methods. Within this group, we find both biodegradable polymers such as PEG (Anwary et al., 2018), PLGA (Arranz-Romera et al., 2019), etc. which can be degraded by the action of biological factors such as changes in pH, increase in temperature, enzymatic activity or by the immune system itself; and non-biodegradable polymers such as PDMS (Pirmoradi et al., 2011; Humayun et al., 2014). Hybrid polymers display the characteristics of their individual components (Yu et al., 2015, 2019; Osswald and Kang-Mieler, 2016; Awwad et al., 2019). Incorporation of therapeutic agents (e.g., anti-VEGF drugs) to a hydrogel strongly depends on the crosslinking of gel’s polymers. Molecules incorporation to a covalently crosslinked gel requires chemical actions, which often result in modification and/or inactivation of the bioactive molecule as well as in increased toxicity (Kang Derwent and Mieler, 2008; Matanović et al., 2014; Awwad et al., 2018, 2019; Seah et al., 2020). On the other side, molecules incorporation to a non-covalently crosslinked gel needs an ad hoc tuning of the manufacturing parameters, so important characteristics of the gel (e.g., gelation time and diffusion rate) become difficult to predict (Seah et al., 2020).

Injectable hydrogels allow reducing drug administration frequency and, even more important, avoid eye procedures-associated complications, including blurred vision or irritation However, hydrogels require IVT administration, show poor penetrability and specificity, and present difficulties for correct sterilization (Alexander et al., 2014; Kirchhof et al., 2015a; Su et al., 2015; Yu et al., 2015; Galante et al., 2018; Seah et al., 2020).

Several hydrogels have been used for drug delivery in different non-ocular pathologies, with favorable results (Sharpe et al., 2014). Despite their theoretical advantages, hydrogels for the ocular route face serious difficulties to meet safety, tolerability, manufacturability, degradability, and facility of administration requirements, while maintaining the bioactivity and clinical effectiveness of the desired drug (Chang et al., 2019). To our knowledge, no hydrogel has been approved by FDA or EMA and only one of them has reached clinical trials stage (Ocular Therapeutix), all other being still in a preclinical stage, Table 5).


TABLE 5. Injectable hydrogels.
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Using a bioabsorbable hydrogel (OTX-TKI), Ocular Therapeutix (Bedford, MA, United States) developed a TKI implant, capable to supply TKI for up to 12 months (Jarrett et al., 2017). OTX-TKI is under Phase I clinical study in Australia, to test its safety, durability and tolerability (Eyewire News, 2020). The same company in collaboration with Regeneron (Tarrytown, NY, United States), is developing an injectable version of OTX-IVT to provide sustained aflibercept release for 4–6 months (OTX-IVT, 2020).

Poly (2-ethyl-2-oxazoline)-b poly (ε-caprolactone)-b-poly (2-ethyl-2-oxazoline) (PEOzPCL-PEOz) copolymer-based thermosensitive biodegradable hydrogels for prolonged releases of bevacizumab were shown to be biocompatible in vitro and in vivo with a human retinal pigment cell line and in a lagomorph model, respectively, for 2 months (Wang et al., 2012).

Hydrogels of PEG synthesized via thiol-maleimide reaction from PEG-Mal and PEG-SH, loaded with bevacizumab did not generate cytotoxicity after 7 days of incubation and maintained a sustained drug release for 14 days in vitro, reaching 70% release in this time interval (Yu et al., 2014). Maintenance of drug bioactivity was not tested.

Long-term bevacizumab release from a ESHU hydrogel in vivo was well tolerated, without inflammation and without intraocular pressure alterations in rabbit retinas for 9 weeks. ESHU maintained continuous release with no initial burst and drug concentrations 4.7 times higher than free bevacizumab injections (Rauck et al., 2013).

A thermosensitive poly (N-isopropylacrylamide) hydrogel (PNIPAAm) made by crosslinking PNIPAAm with poly (ethylene glycol) diacrylate (PEG-DA) or poly (ethylene glycol diacrylate)-co-(L-lactic acid) (PEG-PLLA-DA) was capable of locally releasing bevacizumab or ranibizumab for 1 month, without inducing long-term effects on retinal function (Turturro et al., 2011; Drapala et al., 2014).

Silk fibroin hydrogels were studied for bevacizumab sustained delivery in a rabbit model for 3 months showing higher concentrations in day 90 than those in day 30 after direct injections and the gels started to biodegrade after 3 months (Lovett et al., 2015).

Yu et al., 2015 assessed the biocompatibility and release of bevacizumab of an in situ gelling hydrogel made by thiolated functionalized hyaluronic acid and thiolated dextran (HA-VS/Dex-SH) maintained relevant therapeutic concentrations, over 100 times higher than the freely injected drug, 6 months after injection and without inducing pathologies, in a lagomorph model (Yu et al., 2015). In primates, no cytotoxic effects were observed 21 weeks post-injection (Yu et al., 2019).

A thermosensitive hydrogel of methoxy-poly (ethylene glycol)-block-poly (lactic-co-glycolic acid) (mPEG-PLGA-BOX) released bevacizumab, with no burst release nor cytotoxicity and maintaining drug activity during 35 days in a rabbit model (Hu et al., 2019).

NIPAAM and Ac-HA hydrogel combined with bevacizumab was performed in the PK-EyeTM model, an in vitro ocular flow model developed by Awwad et al. (2015) that simulates the times protein clearance at the posterior chamber of the human eye. This hydrogel formulation bevacizumab release for at least 50 days, maintaining a therapeutic dose in the posterior cavity of the eye model and with zero order kinetics post 5 days (Awwad et al., 2019).

Bevacizumab and aflibercept have also been encapsulated in a multiblock EPC thermoresponsive hydrogel consisting of PEG, poly (propylene glycol) (PPG) and poly(ε-caprolactone) (PCL) (Xue et al., 2019). Both anti-VEGF were released similarly and almost linearly for up to 40 days, remaining bioactive in a HUVECs cellular line model in vitro, as well as inhibiting vessel outgrowth in rat ex vivo choroidal explants. In an in vivo retinal neovascularization rabbit model, aflibercept anti-angiogenic bioactivity was maintained for 28 days and animals showed a reduction of vascular leakage.

An injectable polysaccharide cross-linked hydrogel (Alginate-Chitosan) was developed for Bevacizumab delivery and tested in vitro. It achieved a 3-days sustained with 4-h initial bursting (Xu et al., 2013).

Diels-Alder hydrogels synthesized and functionalized with [furyl (-Fur) and maleimide groups (-Mal)] for bevacizumab delivery showed >6 weeks in vitro release (Kirchhof et al., 2015b).



Colloidal Particles

Colloidal systems (liquid suspensions with nanometric carriers) including nanosuspensions, micro/nanoparticles, liposomes, dendrimers and hydrogels have been postulated as promising alternatives for AMD therapy. They are micro/nanosized particles, based on either natural or synthetic materials and composed of highly stable lipophilic, hydrophilic or amphiphilic molecules, loaded with drug molecules (Kandatsu et al., 2005). These particles improve drugs solubility and act as reservoirs for long-term sustained release or for enhanced transport of proteins through the eye barriers (Hora et al., 1990; Herrero-Vanrell and Refojo, 2001; Medina et al., 2009; Li, 2012; Varshochian et al., 2013, 2015; Yandrapu et al., 2013; Ye et al., 2015; Imperiale et al., 2018). Such particles are usually composed of PLA, PLLA, PLGA, PEG, PEG-DA, alginate-chitosan and PLV and are injected IVT; being completely degradable, they do not require subsequent extraction surgery (Mi et al., 2002; Kang-Mieler et al., 2020).

Micro/nanoparticles capacity for tissue penetration, protection capabilities against proteolysis and prolonged drug-release periods depend on the characteristics of their external layer, which in turn depend on the polymer these micro/nanoparticles are made of Sakurai et al. (2001), Sahoo et al. (2008), Honda et al. (2013) and Seah et al. (2020).

Fluorescein-labeled polystyrene micro/nanoparticles studies in a lagomorph model showed that IVT microparticles are transported to the vitreous cavity and to the trabecular meshwork, while nanoparticles are transported to the retinal tissue (Sakurai et al., 2001).

Micro/nanoparticles provide several benefits as drug carriers for posterior ocular drug delivery, but the main one is that they are capable of increasing drug penetration across the conjunctival and corneal epithelia by temporarily altering the tight junctions when administered topically (Hans and Lowman, 2002). In addition to their ability to increase trans-corneal penetration, the ability to improve solubility of lipophilic drugs may play an important role in increasing IVT half-life and thus bioavailability of lipophilic drugs. This approach also provides sustained release of the encapsulated molecules. In cases with low encapsulation efficiency where it is difficult to establish or control the conditions of drug release, the systems can be modified for tissue-specific uptake and to protect the therapeutic molecules from degradation. Despite its advantages, there are limitations associated with formulation stability, high initial burst release, protein denaturation, clearance by the immune system, control of particle size, control of drug release rate and large-scale manufacturing of sterile preparations (Sakurai et al., 2001; Hans and Lowman, 2002; Kang-Mieler et al., 2020; Seah et al., 2020). Still, many of these particles are being evaluated preclinically for the administration of drugs into the posterior segment of the eye as carriers of anti-VEGF factors for AMD.

Intravitreal injections of PLGA microspheres-encapsulated bevacizumab in a lagomorph model showed higher concentrations in the vitreous and aqueous humor than of freely-injected drug, and a maintenance of their pharmacological activity for over 42 days (Ye et al., 2015). However, authors did not determine drug’s ability to reach the target tissue, neither its long-lasting effects.

PLGA-albumin nanoparticles for sustained supply of bevacizumab, made from a double water-in-oil-in-water emulsion showed bioactive IVT concentrations (>500 ng/ml) for 8 weeks after IVT injection in a rabbit model (Varshochian et al., 2015). More recently, PLGA nanospheres-encapsulated fenofibrate showed full biocompatibility and attenuation of both, VEGF expression and vascular tissue disruption for up to 60 weeks after IVT injection in a rat W-AMD model, a diabetic retinopathy rat model and a very low-density lipoprotein receptor knockout (Vldlr–/–) mouse model (Qiu et al., 2019). Despite PLGA’s good biodegradability and biocompatibility, one of the main problems is that PLGA degeneration causes an accumulation of lactic and glycolic acid in the sphere, which provokes a decrease of the pH and a consequent denaturation of the drug (Liu et al., 2019a, b; Qiu et al., 2019). A possible solution to this problem is the manufacture of monomer conjugated PLGA microspheres which prevent rapid degradation of the biomaterial and preserve the biocompatibility of the drug for a longer time.

Silk fibroin abilities as nanocarrier for anti-VEGF particles has been tested by encapsulating bovine serum albumin (BSA, macromolecular model with similar weight to the antibodies that are usually used in AMD) showing a prolonged retention compared to free BSA solution and better distribution in in vitro studies with ARPE-19 and in vivo studies in a rabbit model (Yang et al., 2019).

The biggest limitation of the use of micro/nanoparticles is the small amount of drug that they are able to encapsulate inside, therefore, prolonged treatments require frequent IVT injections that can cause discomfort to the patient and even eye damage during the procedure (Seah et al., 2020).

Another colloidal system used today are liposomes (Abrishami et al., 2009; Shah et al., 2010; Patel et al., 2013; Davis et al., 2014; Ameeduzzafar et al., 2016), vesicles consisting of a phospholipid bilayer membrane incorporating water-soluble and lipid-soluble drugs in aqueous and lipid phases, respectively. Compared to nanoparticles, liposomes usually have low immunological reactivity or toxicity since phospholipids are easily metabolized once the liposome is degraded (Seah et al., 2020).

These vesicles provide sustained release of drugs with decreased frequency of dosing. The systems also allow for modifications of the rate of drug release and the ability to provide stimulus-sensitive drug release. However, these vesicles present some limitations including blurred vision after injection of the liposomal suspension into the vitreous body, low reproducibility, instability of the macromolecules during production, variable size distribution and storage conditions specific to the composition of the drug and liposome.

Numerous animal studies have shown that IVT injected liposomal drugs release their aqueous contents slowly, protecting the intercalated substances from degradation and clearance. This process avoids the toxicity from the high peak concentrations normally seen after injection of free drug. Therefore, the liposomal drug release formulations may lead to greater clinical efficacy by maintaining therapeutic concentrations for longer time intervals. Liposomal applications in the posterior segment provide longer clearance times, less toxicity, and specific delivery.

Furthermore, the surface of the liposomes can be functionalized to improve penetration through the different tissues and to reach the target tissue. In a study by Davis et al. (2014), the liposome surface was modified using annexin-A5 with the aim of improving the administration of Bevacizumab through the epithelial barriers of the cornea (Davis et al., 2014). This study verified that annexin functionalization allowed liposomes to reach the retina more easily (however, the results still require improvement since only 1% of the dose reached the target).

In other studies, such as Honda et al. (2013) in which the effects of Semaxanib-SU5416 (VEGF receptor proteinTKI, an angiogenesis inhibitor) were evaluated, it was demonstrated that the use of liposomes allowed to decrease choroidal neovascularization (CNV) activity in animal model compared to the control group. That is, liposomes allowed the drug to reach the target tissue more easily than the drug alone (Honda et al., 2013).

Studies have shown that the release of anti-VEGF drugs in liposomes can be maintained for more than a month without causing cytotoxicity (Mu et al., 2018). In the latter study, they demonstrated that changing the aqueous/lipid ratio improved the encapsulation efficiency of the drug (Bevacizumab) in Brown-Norway rats with laser-induced choroidal neovascularization. IVT liposome-treated eyes with bevacizumab in rabbits maintained high drug levels for >56 days.

The limitations that exist in the use of liposomes as a drug transport system must be taken into account. One of the main limitations of this colloidal system is the lack of studies that exist today. Drug release from liposomes to target tissue is highly dependent on environmental conditions such as pH or enzyme activity (Villegas et al., 2017). Because there are so many factors that can affect liposome stability, it is difficult to predict drug release. Therefore, although liposomes have structural characteristics that allow effective administration of the drug and degradation of the transport system that does not cause toxicity, a more exhaustive study of the environmental factors that cause the degradation of liposomes is necessary.

A slightly different device is Verisome IBI-20089 (Icon bioscience), actually in Phase I/II clinical trials (ClinicalTrials.gov, 2020a), consisting of a biodegradable non-polymer injectable liquid (carbonates, tocopherols, and citrate ester) that forms small spherules once injected into the vitreous. It has been formulated to deliver intravitreal injections of triamcinolone acetonide (TA) in combination with ranibizumab in W-AMD for >1 year, showing good safety and efficacy (Lim et al., 2015).

Table 6 summarizes some of the colloidal systems (micro/nanoparticles and liposomes) for AMD therapies.


TABLE 6. Injectable colloidal particles.
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Compound Particles-Hydrogels Drug Delivery Technologies

Despite the already discussed advantages of injectable polymeric micro/nanoparticles, one of their main limitations is locating them at the injection site of the eye. A normal eye can eliminate microparticles in 50 days and vitrectomized ones in 14 days (Morirero et al., 1991). As a solution to limit the movement of these particles, the use of injectable particles-hydrogels has been proposed, to provide a prolonged and localized release of the drug after injection (Kang-Mieler et al., 2017). These compound systems offer advantages over each of the two platforms separately, by reducing the initial explosion and extending the release time (Osswald and Kang-Mieler, 2015, 2016).

A thermosensitive biodegradable hydrogel-microspheres fabricated by suspending, poly (lactic-co-glycolic acid) (PLGA) microspheres with ranibizumab within a poly (ethylene glycol)-co-(L-lactic-acid) diacrylate/N-isopropylacrylamide (PEG-PLLA-DA/NIPAAm) hydrogel, achieved a controlled release of ranibizumab and aflibercept for 6 months (Liu et al., 2019b, c), while efficacy was tested in vivo in a rodent choroidal neovascularization model (Osswald et al., 2017; Liu et al., 2019c).

The anti-angiogenic and anti-inflammatory properties of cerium oxide nanoparticles coated with oligo-chitosan in alginate hydrogel were studied in an in vitro model of human retinal pigment epithlium-19 (ARPE-19) and umbilical endothelial cell lines. Sustained nanoparticles release and controlled hydrogel degradation with strong antioxidant properties and reduction of apoptosis were observed for 2 months. Furthermore, in the same model, they suppress bacterial lipopolysaccharides-induced inflammatory responses, inhibit VEGF expression and reduced cell apoptosis (Wang et al., 2018).



Externally Light-Triggered Drug Release Hydrogels or Nanoparticles

Extending the half-life of the therapeutic agent can reduce dosage, costs and injections frequency. Alternative strategies to increase the half-life of anti-angiogenic drugs after IVT injection without losing effectiveness include nanotechnology-based DDD, for example hydrogels, liposome, microsphere, micro/nanoparticles, etc. (Fuchs and Igney, 2017; Machinaga et al., 2018; Nayak and Misra, 2018). Nevertheless, none of them allows an external control of the timing of the release.

To overcome this drawback several photoactive biomaterials have been developed which release the drug after being exposed to an external ultraviolet (UV) or visible light stimulus. Light-responsive systems can be classified into three categories according to the light-triggering mechanism for drug release: (1) photochemical, where light breaks a covalent bond (2) photoisomerization, where light induces conformational changes, and (3) photothermal, where light produces heat after photoexcitation to selectively affect thermally modulated components of the system (Linsley and Wu, 2017). This is a well-known technology, mainly tested in cancer therapy, translated to posterior segment eye diseases due to the transparency of the cornea, which allow easy light stimulation of the back of the eye. Nevertheless, very few studies have been dedicated to AMD treatment (Table 7).


TABLE 7. In vitro and in vivo trials of light triggered biomaterials-integrated drugs.
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We have identified two systems with photochemical and two with photothermal activation of drug release for AMD treatment.

A nanoparticle storage platform for on-demand drug delivery, based on a UV ultra-degradable polymer, which releases drug after a brief exposure to 365 nm UV light (Fomina et al., 2010; Huu et al., 2015). This polymer contains a fraction of o-nitrobenzyl in each monomer, responding to the absorption of UV by degrading into fragments and small molecules through quinone-methide rearrangements. The system releases drug for >30 weeks post-injection and authors reported light-induced release of Nintedanib, an angiogenesis inhibitor, as well as suppression of choroidal neovascularization in rats for >10 weeks (Huu et al., 2015).

A nanoparticles-based DDD which, injected intravenously, can release the drug into the eye by 400 nm light activation was developed and tested by Wang et al. (2019). Nanoparticles (NP-CPP) were composed of poly (ethylene oxide)-poly (D, L-lactic acid) (PEG-PLA) chains modified with Tat-C peptide (CPP), that allows their entry into cells. CPP is reversely binded by a covalent bond to a DEACM group that prevents entry into cells. After the exposure to light, DEACM releases CPP, which migrates from the center of the nanoparticle to the surface, activating it. Toxicity and biocompatibility of the system were tested both, in vitro and in vivo. Irradiation of the eyes after intravenous injection provoked NP-CPP accumulation in mouse neovascular lesions. Doxorubicin-loaded NP-CPP significantly reduced the size of the neovascular lesion, the majority of the drug being released 48 h post-irradiation.

Chromophores coupled with a thermally responsive drug-releasing materials gave origin to two different photothermal DDD (Basuki et al., 2017; Jiang et al., 2019).

The former is based on a photo-thermal interaction of polymer-coated AuNPs within an agarose hydrogel. Stimulation by 400–500 nm-light radiation increases local temperature which in turn causes a reversible softening of the hydrogel matrix and a consequent release of the drug. Release profile is adjusted by modifying AuNPs and agarose concentrations, light intensity and exposure time. Bevacizumab was showed to maintain affinity for binding to recombinant human VEGF-165 up to 15 days in vitro (Basuki et al., 2017).

A dual drug release system, acting by near-infrared light (808 nm) stimulation was developed and tested by Jiang et al. (2019). Nanogel-crosslinked thermosensitive hydrogels, embedded in gold nanorods (AuNR) were prepared by the precipitation polymerization of poly (N-isopropylacrylamide) (NIPAAm) with MBA as crosslinker and the hydrogels were prepared by radical polymerization of NIPAM with nanogels as crosslinker. Two types of drugs are encapsulated, one in the nanogel (doxorubicin) and the other in the AuNR-enriched hydrogel (curcumin). NIR light provokes a heating effect in the AuNRs, which induces a volume phase transition of the hydrogel. As a result, the drugs are released. In the first cycle, 19% of curcumin and 10% of doxorubicin were released. Curcumin is released first, and doxorubicin is released second (Jiang et al., 2019).



Drug Administration

Non-invasive drug administration methods represent a very worthy objective but in clinical ophthalmology this is very long-term challenge. For eye treatment, these methods need to strongly improve tissue penetrability and targeting while reducing drug dispersion levels. As stated above, the structural complexity of the eye is a serious obstacle, especially when drugs have to reach the back segment. On the other side, eye barriers exclude several types of treatments, like the topically administered ones.

Anti-VEGF IVT injections, although less aggressive against drugs’ structural conformation, necessary for the effectiveness of their therapeutic principles, are not efficient. This is due to the small percentage of the drug capable of reaching the target tissue, mainly due to its dispersion and a rapid deterioration in the aqueous medium. Furthermore, IVT injections are associated with multiple complications, like infections, which can cause permanent loss of vision (Mason et al., 2008; Bhavsar et al., 2009). Consequently, multiple injections (monthly or bimonthly) are necessary to treat chronic eye diseases, which ultimately increases infection risks, patients’ discomfort and caregiving complexity.

Biomaterial-based drugs administration to extend the time between injections is the most promising approach for short-term and mid-term clinical solutions. In recent years, the use of biomaterials has been widely studied and characterized as a transport vehicle for drug administration in the eye, especially for non-biodegradable implants, colloidal systems and hydrogels. Solid carriers improve visual recovery speed, with lower vision loss risk, and avoiding multiple injections-associated side effects. However, they can increase intraocular pressure as well as to induce local adverse effects and cataract progression due to traction exerted on the vitreous humor. Solid carriers have also an inherent risk of tissue damage. As mentioned above, an ideal biomaterial for drug delivery must be able (i) to preserve physical and chemical integrity of the transporting substance (ii) to prevent its dispersion in the eye tissues/media (iii) to make it reach the target tissue and (iv) to encapsulate a large amount of drug in the smallest possible volume.



Retention of Bioactivity Within Drug Delivery Depots

Most of the molecules employed in AMD treatment formulations are sensible to external factors such as temperature, pH, and enzymatic activity (Oo and Kalbag, 2016), and, like conventional drugs formulations, they exhibit chemical stability problems. If we focus on macromolecules, such as proteins, chemical stability challenges pairs with physical stability problems related to their tertiary structure, the maintenance of which is determines the bioactivity of the molecule (Rakesh, 2019). Chemical stability is disrupted when covalent bonds are broken and/or created in the molecule; in contrast, physical degradation occurs when non-covalent forces required to maintain the secondary, tertiary, or quaternary structure of the molecule are broken (Deb et al., 2018). Encapsulating drugs on biomaterials avoid some of these stability problems, which prevents an initial exposure of the drug to the external environment. Drug encapsulation has other benefits like the controlled drug release and decreased need for new doses administration. Moreover, the porosity of the material provides a high surface area-to-volume ratio, enhancing drug loading capacity and improving drug release profile. Nevertheless, drug encapsulation compromises bioactivity stability, with many drugs losing it when formulated in a drug delivery depot (Koerselman et al., 2020).

Large molecules are more prone to lose bioactivity via cleavage or conformational changes when encapsulated. This loss of bioactivity can be influenced by the distribution of the drug within a fibrous material (Tang, 2015). An adequate distribution of the drug far from the surface, within the material, also avoids burst release profiles (Awwad et al., 2018). Moreover, the methods used in the encapsulation process play a great role in the preservation of the bioactivity. For instance, hydrosoluble molecules are more like to maintain their bioactivity if they are exposed to less organic solvents during the process (Wilkinson et al., 2017). Another strategy that has proven to preserve drug bioactivity is to embed drugs in electrospun fibers, with hydrophilic solution core (Saraf et al., 2009). Besides, coaxial fibers fabricated by coaxial electrospinning (Qin, 2017), have shown greater potential in maintaining bioactivity and extended-release of drugs than conventional electrospun fibers (Saraf et al., 2009). Activity preservation faces other challenges in drug encapsulation in nanofibrous scaffolds. Here, drug suspension has to have good solubility, be as homogeneous as possible, be regularly immobilized in the material, and be capable to maintain its bioactivity. Needless to say, these requirements are difficult to meet, and both, pre- and post-fabrication methods need a radical improvement to reach the goals (Tiwari and Tiwari, 2013).

The principal challenges of refillable non-biodegradable implants capable for prolonged drug delivery periods [among the most advanced DDD, currently under clinical trials (Seah et al., 2020)] are to increase the volume capacity of the devices and, at the same time, to achieve a slow and uniform release speed. The idea is to dispose of large amounts of drug, to prevent the dispersion of drug molecules, as well as to slow down drug spreading and degradation rate and, consequently, to reduce interventions frequency to <1/year (Bansal et al., 2016; Rupenthal, 2017; Shen et al., 2018). Functionalize biomaterials by embedding specific drug molecules can provide a sustained, diffusion-independent drug release format (Bansal et al., 2016; Rupenthal, 2017; Shen et al., 2018), adaptable to the desired release kinetics by adjusting the degradation dynamics of the employed scaffold.

Port delivery system and micropumps have been efficient in both, preclinical and clinical trials for chronic retinopathies’ treatments (Campochiaro et al., 2011; Haghjou et al., 2011; Pirmoradi et al., 2011; Kang-Mieler et al., 2020), respectively. PDS systems are one of the very few transport systems that have been able to successfully complete clinical trials, with controlled long-term diffusion of the drug: a 220 patients Phase II clinical trial with Ranibizumab reported good PDS tolerance and maintenance of the therapeutic levels during the 9 months of the study (Campochiaro et al., 2019). However, benefits are counterbalanced by collateral risks, either related to the surgical processes or to the non-biodegradability of the implant which may lead to inflammatory processes. Indeed, in the above trial, about 5% of the patients developed surgery-originated vitreous hemorrhage.



Technological Solutions

Hydrogels are very promising materials for sustained ophthalmic drug delivery. Their high-water content makes them very biocompatible and transparent and their porous structure acts as a protective barrier against denaturant environmental agents while allowing a large amount of drug to be loaded (Kang Derwent and Mieler, 2008; Matanović et al., 2014; Anwary et al., 2018). “Intelligent” hydrogels are able to specifically react in presence of external environmental factors like pH or temperature (Kang Derwent and Mieler, 2008; Matanović et al., 2014; Seah et al., 2020).

Several preclinical and clinical trials provided evidence for sustained drug supply, improvement of lesions and retinal functionality, with little or no toxicity of the biomaterials (Turturro et al., 2011; Agrawal et al., 2012; Drapala et al., 2014; Yu et al., 2015; OTX-IVT, 2020). However, hydrogels present several disadvantages like sterilization difficulties, risk of harm to biopharmaceuticals due to chemical crosslinking reactions, risk of toxic effects caused by polymerization initiator, presence of toxic residuals after polymerization, and difficulties in the control of drug release rate and degradation kinetics due to water absorption during swelling (Kanjickal et al., 2008; Karajanagi et al., 2011; Hammer et al., 2015; Kirchhof et al., 2015a; Baino and Kargozar, 2020).

Colloidal biofunctionalized materials have been designed to provide a format independent sustained drug release (Bansal et al., 2016; Rupenthal, 2017; Shen et al., 2018). Administration route, release rate and diffusion of the drug into the tissue directly depend on the size, structure and stability of the employed molecule (Seah et al., 2020). Drug release can also be tuned to the desired kinetics by adjusting the degradation dynamics of the scaffolding biomaterial.

Liposomes can incorporate either hydrophobic or hydrophilic compounds (e.g., anti-VEGF). They have adjustable drug release kinetics, phospholipids are metabolized as the liposome is being degraded and, compared to polymeric microparticles, they have longer half-time and lower immunogenicity and toxicity (Seah et al., 2020). Furthermore, their surface can be modified with proteins or polymers, providing additional functionalities, such as light or chemical activation, allowing specific and precise pharmacological release (Baino and Kargozar, 2020). Verteporfin was the first liposome-based drug used for photodynamic therapy of neovascular AMD, improving the topical release of bevacizumab with the use of surface-modified liposomes (Bressler et al., 2002; Fenton and Perry, 2006; Lajavardi et al., 2007). In animal models, several IVT- administered liposomes-formulated DDD have reached >1 month sustained anti-VEGF release rates (Abrishami et al., 2009; Mu et al., 2018). However, it is still unknown how liposomes interact with physiological processes, being difficult to predict the duration of sustained supply (Honda et al., 2013). For example, their stability can be compromised by the enzymatic activity or the pH of the eye, while liposomes themselves can be destabilized and ingested by macrophages (Yatvin et al., 1980; Moghimi et al., 1989). Furthermore, they have a limited drug encapsulation capability; complications with sterilization procedures and they present a risk of blurred vision after IVT injections is high (Baino and Kargozar, 2020).

Nanoparticles can encapsulate molecules, proteins, peptides and vaccines, as well as hydrophilic and hydrophobic biological macromolecules and their low cytotoxicity makes them good candidates for safe eye DDD. Their physical and chemical characteristics can be modified to fit specific pharmacological objectives (Hans and Lowman, 2002).

They have achieved several weeks of slow and sustained drug release, with some therapeutic effects, like a reduction of neovascularization damages and some improvement of the visual function (Varshochian et al., 2013, 2015; Tanetsugu et al., 2017; Narvekar et al., 2019; Qiu et al., 2019).

Despite their advantages, these systems have a low protein encapsulation efficiency (<60% for microparticles and <30% for nanoparticles), high initial release rates (20–50% of the drug in 24 h), incomplete release and loss of bioactivity of the drug during release (Yeo and Park, 2004; Manoharan and Singh, 2009; Herrero-Vanrell et al., 2014). Movement of microparticles has also been observed from the target site (Morirero et al., 1991). To limit such movement it has been proposed the simultaneous use of injectable hydrogels, to limit particles’ mobility and allow a prolonged drug release (Kang-Mieler et al., 2017). These particulate-hydrogel systems offer advantages over each of the platforms separately, as the release time is extended and the initial burst of the drug is reduced (Osswald and Kang-Mieler, 2015, 2016). Besides, since the number of microspheres suspended in the hydrogel can be controlled, the total amount of drug delivered can be controlled without changing the volume and injectability of the system (Osswald and Kang-Mieler, 2015, 2016; Bhatt et al., 2019; Liu et al., 2019c). Also, these hydrogels combined with microparticles are biocompatible and inhibit the expression of VEGF (Wang et al., 2018). However, studies to date only consist of in vitro and in vivo preclinical trials, so studies in patients have not yet been achieved. Finally, unlike other PLGA-based applications which have been proven to be safe, the small size of the micro/nanoparticles systems has, to date, limited a through test of biocompatibility and safety of the materials (Sakurai et al., 2001).




CONCLUSION

To date, AMD is an untreatable neurodegenerative disease that represents a major and growing worldwide public health burden. The use of biomaterials for the sustained administration of drugs in the treatment of AMD is a promising methodology but it needs a long personal-, material- and time-effort to approximate clinical application. The immense majority of the biomaterials are still far from performing clinical trials. One of the main problems of the proposed therapies is their limited capacity for drug storage. IVT injectable and surgically implantable devices are the less elegant and oldest technology DDD, not lacking serious side effect consequences. However, they are the only available therapeutic offer for AMD patients, and they will continue to be in the near future. Improvement of these technologies is and will be extremely important for both, AMD suffering persona and for the pharma industry. Hydrogels are promising candidates due to the number of biodegradable and biocompatible components, in addition to their structural characteristics (resistance, transparency, water-holding capacity, etc.). Colloid particles are postulated as better candidates, but the development of real alternatives is still in the beginning. Probably the best therapies will combine several of the above materials and strategies to increase therapeutic effects, to reduce interventions frequency and to decrease the risks associated with such interventions.
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ABBREVIATIONS

A2E, N-retinyl -N-retinylidene ethanolamine; AC-H, alginate-chitosan hydrogels; Ac-HA, acylated hyaluronic acid; AMD, age-related macular degeneration; ARPE-19, human retinal pigment epithelial cell line-19; AuNPs, gold nanoparticles; BRB, blood–retinal barrier; BrM, Bruch’s membrane; CPP, cell penetrating peptide; D-AMD, Dry Age-Related Macular Degeneration; DDD, drug delivery device; DEACM, 7-(diethylamino) coumarin-4-yl] methyl carboxyl; Dex-SH, thiol-functionalized polysaccharide dextran; EMA, European Medicines Agency; EPC, poly (ether ester urethane); ESHU, poly (ethylene glycol)-poly (serinol hexamethylene urethane); FDA, US Food and Drug Administration Agency; IAPB, International Agency for the Prevention of Blindness; IL, interleukins; IVT, intravitreally; MBA, N, N ′-methylenebisacrylamide; MEMS, microelectromechanical system; mPEG-PLGA, methoxy-poly (ethylene glycol) block-poly lactic-co-glycolic acid; mPEG-PLGA-BOX, methoxy-poly (ethylene glycol)-block-poly (lactic-co-glycolic acid); PCL, polycaprolactone; PDMS, polydimethylsiloxane; PDS, port delivery system; PEG, poly (ethylene glycol); PEG-DA, polyethylene glycol diacrylate; PEG-PLA, poly (ethylene oxide)-poly (D, L-lactic acid); PEG-PLLA-DA, poly (ethylene glycol diacrylate)-co-(L-lactic acid); PEG-PLLA-DA/NIPAAm, poly (ethylene glycol) -co- (L-lactic-acid) diacrylate/N-isopropylacrylamide; PEOzPCL-PEOz, Poly (2-ethyl-2-oxazoline)-b poly (ε -caprolactone)-b-poly (2-ethyl-2-oxazoline); PGA, polyglycolic acid; PLA, polylactic acid; PLGA, poly(lactic-co-glycolic) acid; PLLA, poly (L-lactic acid); PLLA/PLGA, poly (L-lactic acid)/poly (lactic-co-glycolic acid); PLV, phospholipid vesicles or liposomes; PNIPAAm, Poly N-isopropylacrylamide; PPG, poly (propylene glycol); PVA, poly vinyl alcohol; RPE, retinal pigment epithelium; TKI, tyrosine kinase inhibitor; TRL, clinical trials; UV, ultraviolet; VEGF, vascular endothelium growth factor; VS-HA, vinylsulfone functionalized glycosaminoglycan hyaluronic acid; HA-VS/Dex-SH, thiolated functionalized hyaluronic acid and thiolated dextran; W-AMD, Wet Age-Related Macular Degeneration; WHO, World Health Organization.

FOOTNOTES

1ILUVIEN. 190 Micrograms Intravitreal Implant in Applicator - Summary of Product Characteristics (SmPC) - (emc). Available online at: https://www.medicines.org.uk/emc/medicine/27636#AUTHDATE (accessed August 15, 2020).
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Age-related Macular Degeneration (AMD) is an up-to-date untreatable chronic neurodegenerative eye disease of multifactorial origin, and the main causes of blindness in over 65 y.o. people. It is characterized by a slow progression and the presence of a multitude of factors, highlighting those related to diet, genetic heritage and environmental conditions, present throughout each of the stages of the illness. Current therapeutic approaches, mainly consisting on intraocular drug delivery, are only used for symptoms relief and/or to decelerate the progression of the disease. Furthermore, they are overly simplistic and ignore the complexity of the disease and the enormous differences in the symptomatology between patients. Due to the wide impact of the AMD and the up-to-date absence of clinical solutions, Due to the wide impact of the AMD and the up-to-date absence of clinical solutions, different treatment options have to be considered. Cell therapy is a very promising alternative to drug-based approaches for AMD treatment. Cells delivered to the affected tissue as a suspension have shown poor retention and low survival rate. A solution to these inconveniences has been the encapsulation of these cells on biomaterials, which contrive to their protection, gives them support, and favor their retention of the desired area. We offer a two-papers critical review of the available and under development AMD therapeutic approaches, from a biomaterials and biotechnological point of view. We highlight benefits and limitations and we forecast forthcoming alternatives based on novel biomaterials and biotechnology methods. In this second part we review the preclinical and clinical cell-replacement approaches aiming at the development of efficient AMD-therapies, the employed cell types, as well as the cell-encapsulation and cell-implant systems. We discuss their advantages and disadvantages and how they could improve the survival and integration of the implanted cells.

Keywords: retinal pigment epithelium, Bruch’s membrane, photoreceptors, biomaterials, cell therapy, tissue engineering, biotechnology, cell replacement


INTRODUCTION


Age-Related Macular Degeneration

Age-Related Macular Degeneration (AMD) is a multifactorial degenerative eye disease, estimated to affect nearly 290 million people by 2040 (Wong et al., 2014). It is characterized by the deterioration of the central retinal area in the elderly population leading to vision deterioration and even blindness [see Therapeutic Strategies for Age-Related Macular Degeneration Part I and Part II, also (Hoon et al., 2014; Wong et al., 2014)].

The retina is the inner component of the eyeball (Figure 1). It is a 10-layers complex structure, where a several types of neural cells, photoreceptors, bipolar, horizontal, amacrine and retinal ganglion cells, are tightly interconnected by means of chemical and electrical synapses to form a network. Visual perception starts at photoreceptors, highly specialized retinal neurons which convert light into electric signals. Retina’s outer sheet, thePhotoreceptors, lies over three non-neural layers: choroid, Bruch’s membrane (BrM) and retinal pigment epithelium (RPE), all of them strongly involved in the development of the AMD (Figure 1; Hoon et al., 2014; Wong et al., 2014). Retina’s inner layer is in contact with the vitreous humor, a non-vascularized transparent gelatinous medium that fills the interior of the eyeball, whose function is to maintain the shape of the eye and smooth the retinal surface to form sharp images.


[image: image]

FIGURE 1. Representation of the eye anatomy. The retina consists on 3 nuclear layers: (I) tanner nuclear layer which consists of ganglion cells bodies whose axons will form the optic nerve (II) the middle nuclear layer which are located the bipolar cell bodies and (III) the outer nuclear layer which includes photoreceptors, those cells lies over three non-neural layers: Choroid, Bruch’s membrane (BrM) and retinal pigment epithelium (RPE) cells. In between the nuclear cell layers are two plexiform layers which contain amacrine and horizontal cells whose function is the modulation of the activity in the bipolar and ganglion cells via lateral inhibition.


The choroid is a vascularized layer that supplies oxygen and nutrients to the whole retina. Additionally, it serves as physical support and it also contributes to the maintenance of the intraocular pressure and the regulation of eye’s temperature (Marmor and Wolfensberger, 1998; Michalska-Małecka et al., 2015). BrM is a 2–5 μm-thick acellular sheet, mainly composed of elastin, collagen I-V, laminin and fibronectin and it is divided into five layers: the choriocapillary basement membrane, the outer collagenous layer, the central band of elastic fibers, the inner collagenous layer and the RPE basement membrane (Figure 2; Hogan et al., 1971; Booij et al., 2010). It gives physical support to the RPE cells and regulates the exchange of molecules, oxygen, nutrients and metabolic residues between the choroid and the RPE (Hogan et al., 1971; Booij et al., 2010). RPE is a monolayer of highly specialized hexagonal cells that are in direct contact with the outer segment of the photoreceptors. It is dedicated to the absorption of scattered light, to the secretion of growth factors, the transport of nutrients from the choroid to the neural cells, the phagocytosis of the outer segment of the photoreceptors and, together with BrM, to the formation of the blood-retinal barrier (Figure 2; Cunha-Vaz, 1997; Campbell and Humphries, 2013). RPE cells play a key role in the maintenance of the visual function and the survival of the photoreceptors (Hoon et al., 2014; Wong et al., 2014) and, similarly to what happens to the neural cells, RPE cells cannot regenerate after birth (Marmor and Wolfensberger, 1998; Bharti et al., 2006; Cunha-Vaz et al., 2011; Jin et al., 2019).
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FIGURE 2. Choroid-RPE-Photoreceptors interactions. RPE cells are located between the light-sensitive outer segments of the photoreceptors and the fenestrated choriocapillaris from the choroid. Its apical membrane faces the subretinal space and it’s specialized to enable interactions between the monolayer of RPE and the outer segments of the photoreceptors. The functions of RPE cells on the neural retina are: (I) absorption of tray light by its abundant melanin granules; (II) retinoid processing and recycling; (III) transport of nutrients and metabolites: (IV) degradation of photoreceptors’ outer segments. Its basolateral membrane is in contact with the Bruch’s membrane. The tight junctions between RPE cells create a selective blood-retinal barrier that regulates the flow of nutrients, metabolic waste products, ions, proteins and water into and out the retina.


Since choroid, BrM and RPE provide physical support for the neural retina, and since they are in charge for both, the interchange of the metabolic molecules and the correct physiological functioning of the photoreceptors, any degenerative pathology affecting one of these layers, would also impair or even kill the photoreceptors with the consequent visual impairment or even blindness. In AMD, BrM weakens and thickens, thus losing its permeability and diffusive properties (Booij et al., 2010). Low permeability and diffusion capability provoke an accumulation of the lipids and the cellular/metabolic residues that are originated in the RPE and the surrounding tissue, giving rise to drusen formation between RPE and BrM. In turn, these changes cause loss of the integrity of the external blood-retinal barrier as well as death of the RPE cells (Marmor and Wolfensberger, 1998; Booij et al., 2010). Due to RPE extensive interactions with the photoreceptors and because RPE cells are unable to regenerate after birth, RPE dysfunction or dead can cause permanent loss of vision capabilities (Marmor and Wolfensberger, 1998; Bharti et al., 2006; Cunha-Vaz et al., 2011; Jin et al., 2019). When alterations occur in the choroid, they give origin to the most aggressive form of AMD, the wet one (W-AMD): choriocapillar alterations provoke uncontrolled angiogenesis, sub-choroidal neovessels penetrate the subretinal space through existing BrM/RPE defects and destroy the morphology and cellular structure of the retinal tissue (Marmor and Wolfensberger, 1998; Michalska-Małecka et al., 2015).

In the human eye, there are approximately 137 million photoreceptors: 7 million cones and 130 million rods. Cones are concentrated in the center of the eye (in the fovea) and their density decreases radially from the center to the periphery. Rods are concentrated at about 20° from the center (approx. 6 mm from the fovea) and their density also decreases toward the periphery but, slower than the cones. Photoreceptors’ degeneration is irreversible because all cellular regeneration and repair processes are inhibited by the unfavorable molecular conditions that prevail throughout the central nervous system. Among them, the absence or inappropriate concentration of neurotrophic and/or neurotropic factors, the appearance of inflammatory processes, astrocytic reactions and inhibitory molecular signals (myelin binding proteins or excess of neurotransmitters and ions), as well as the presence of myelin-associated factors and/or glial scar (Bray et al., 1987; Aguayo et al., 1991; Sauve and Gaillard, 1995; Liu et al., 2006).

Drugs, molecules and factors’ administration are the prevalent therapeutic options today, none of them being a therapy for the disease. They only contribute to slow down the progression of the pathology, with the aggravating factor that they are effective in only a small percentage of patients (Gehrs et al., 2006; Sabel et al., 2011; Irisvision, 2020). For this reason, in the last decades, serious efforts have been done to develop new, more effective treatments based either on the implant of stem cells that are used as micro-factories producing in situ neuroprotective and neuroregenerative biomolecules (Emerich and Thanos, 2008; Augustin et al., 2012; Guerrero-Naranjo et al., 2013; Barar et al., 2016), or on the replacement of damaged cells by autologous or allogeneic cell transplants (Gaillard and Sauvé, 2007; MacLaren and Pearson, 2007; Singh and MacLaren, 2011; Bharti et al., 2014; Singh et al., 2020).



The Immunoprivileged State of the Eye

The inflammatory response in the eye is regulated by its own immunosuppressive microenvironment, a series of complex regulatory systems which include vasoactive peptides (α-melanocyte-stimulating hormone, a regulator of the adaptive immune response, and calcitonin gene-related peptide), macrophage migration-inhibitory factor, and soluble CD95L (which regulates the innate immune response) (Taylor, 2016). Furthermore, the eye complement system plays an important role in the production of inflammatory cytokines (Goslings et al., 1998). Multiple complement factors have been described in the eye of both, human and mice (Anderson et al., 2010; Luo et al., 2011), which can be regulated by the CD46, CD55, CD59, and Crry proteins, expressed by microglia and RPE cells.

However, at the same time, the eye is one of the few immunoprivileged tissues, characterized by the presence of negative regulators which prevent the activation of local inflammatory processes (Medawar, 1948) and where implants can survive for an extended period of time (Streilein, 2003). The biological role of this immunological privilege is to avoid vision deterioration in case of overreaction of the immune system (Sandhu et al., 2019).

Immunoprivileged conditions are the result of a synergy of physical, molecular and cellular barriers (Taylor, 2016) implemented by inflammation suppressors and down-regulators of the immune system, located either on cell membrane or the extracellular tissue (Taylor and Ng, 2018).

Blood-retina barrier and the indirect draining of the ocular microenvironment by the lymphatic system constitute the physical barriers. Blood-retina barrier is formed by the endothelial junctions of RPE cells which impede immune system cells to leak into the eye (Niederkorn et al., 1981). The indirect draining of the eye eliminates the necessity of a channel to the interior of the eye, which increases the difficulty for the immune system to reach the ocular tissue and enhances the efficiency of the blood-retina barrier. TGF-β2 and other soluble immunomodulatory molecules present in the aqueous humor constitute the molecular barrier, whose role is to attack and neutralize the cells of the immune system and to control inflammation (Taylor, 2016). Three antigen-presenting cell types, microglia, perivascular macrophages and dendritic cells, are believed to form the cellular barrier (Forrester and Xu, 2012): macrophages participate in the maintenance of vascular homeostasis in the retina and are believed to be capable of antigen presentation, although microglia is the primary antigen-presenting cell type of the eye.

Age-related macular degeneration-originated damages of the RPE alter this state of the eye. Cellular and tissue engineering AMD therapy procedures, either injections or surgical implants, also contribute to the worsening of the situation.



CELL AND TISSUE ENGINEERING THERAPIES

The retina, the tissue most severely by AMD is an easy target for cell and tissue engineering therapeutical approaches, because of its location and its small size, which allow easy surgical accessibility and transplantation of smaller amounts of replacement cells compared to other organs. Besides, the availability of a large number of clinical variables for the assessment of the visual function, facilitated the precise evaluation of the effectiveness of novel AMD therapies (Bennett et al., 2019) and fostered the development of several regenerative approaches based on BrM, RPE and photoreceptor cells replacement (Chichagova et al., 2018).

Biomolecules can be used for therapeutic reasons on a neural tissue, through two, non-mutually exclusive mechanisms. On one side, through the application of neuroprotective and neuroregenerative factors (directly injected to the neural tissue or secreted from implanted stem cells) which diffuse into the host tissue and rescue the degenerating cells. On the other, by implanting healthy cells into the host tissue and replacing the damaged/degenerated cells by the new ones. In the first case, to avoid molecules/cells dispersion into the host tissue, encapsulation can be employed. Porous materials permits the signals of the damaged environment to reach the implanted cells and stimulate the production of neuroprotective biomolecules, as well as to allow the diffusion of the secreted molecules to the damaged tissue (Battler and Leor, 2006; Weiner, 2008; Seiler and Aramant, 2012; Lin et al., 2017; Fernández-García et al., 2018; González-Nieto et al., 2018). However, although neuroprotective factors could protect retinal cells before apoptosis occurrence, their application is not a viable solution for many patients with advanced retinal pathologies. In the second case, cell replacement strategies get advantage of the encapsulation of therapeutic cells in biomaterial formats with an optimal mesh size to obtain a functional connection of donor cells with host tissue; however, this strategy faces the risk of a higher exposition to inflammatory responses that can be detrimental for the grafted cells as well as the risk of rejection of the allogenic material by the host tissue (Figure 3).
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FIGURE 3. Schematic representation of a tissue bioengineering model, applied to cell and tissue manufacture and delivery. Manipulating and differentiating stem cells into different retinal cells is a challenging with common goals as achieving manufacturing standard and testing for each clinical stage as well achieving an efficient manufacturing and banking. Bioengineering approaches can provide us with scalable 3D cell culture systems that allow differentiation into different retinal cells, biomanufacturer and bioassembly of functional eye tissues and delivery vehicles for an in vivo model [after (Stern et al., 2018)].



Cell Sources for Retinal Implants

Cells source is a key component to the success of any cell therapy. We can identify three main sources for retinal implants:


Embryonic or Fetal-Derived Stem Cells

They represent an attractive source due to their ability to self-renew and differentiate into any type of cell in the body (pluripotent). However, they also present serious disadvantages, e.g., difficult and expensive cell differentiation and cell expansion protocols, complex bioengineering processes, tumor formation risks, rejection risks, possibility of harboring donor’s genetic defects, possible ethical challenges, etc. (Arnhold et al., 2004; Aoki et al., 2009; Lu et al., 2009; Falkner-Radler et al., 2011; Schwartz et al., 2012; Carr et al., 2013; Gonzalez-Cordero et al., 2013; Jayakody et al., 2015; Lu and Barnstable, 2017).



Adult Tissue-Derived Stem Cells

They are a source of autologous multipotent cells. However, these cells could be hard to obtain and they could harbor the genetic cause of the disease (West et al., 2009; Ballios and van der Kooy, 2010; Mead et al., 2013, 2015; Hertz et al., 2014; Park et al., 2017).



Induced Pluripotent Stem Cells

They are a relatively new source of stem cells developed by directly reprogramming adult somatic cells to transit to a pluripotent state. The use of iPSCs is exciting because iPSCs can be derived from the patient’s own tissue and are associated with fewer ethical concerns than ESCs. Using a combination of soluble factors, iPSCs can be expanded and differentiated into various types of retinal cells, including rods, cones, and retinal ganglion cells. They present a very low rejection risk, however, they could conserve epigenetic characteristics of the original cells, harbor the disease genes from the donor and lead to tumor formation (Rowland et al., 2012; Kamao et al., 2014; Clegg et al., 2015; Mead et al., 2015; Fields et al., 2016; Rajala and Gardner, 2016; Bhattacharya et al., 2017; Bracha et al., 2017). The positive outcomes of early-phase trials postulate iPSCs as the most promising choice (Table 1; Chichagova et al., 2018).


TABLE 1. Cellular types employed in AMD cell therapy.
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Encapsulation of Biomolecule-Producing Stem Cells

At the present, cell encapsulation represents the preferred therapeutic approach since direct injection of cells has been proven to be suboptimal, due to cell losses from the rapid dispersion into the host tissue, along with glia and host immune system attacks.


In vitro Studies

In their attempt to create artificial BrM, (McCormick et al., 2020) generated a poly (ethylene terephthalate) (PET) scaffold with poly (lactic acid-co-glycolic acid) (PLGA) or poly (glycolic acid) (PGA) degradable nanoparticles that exhibited a continuous release of a fluorescent dye from PLGA particles for 2 weeks and from PGA particles for 1 day.

For cell encapsulation Bhatt et al. (2019) focused on composites by encapsulating retinal pigment epithelial cell line-19 model (ARPE-19) in PLGA nanoparticles of sunitinib malate, which in turn were included in thermosensitive hydrogels (from methoxy poly (ethylene glycol)-b-copolymers of polycaprolactone (mPEG-PCL)), to increase the residence time of the particles in the vitreous humor. In an in vitro study they showed that their device had better drug absorption, increased antiangiogenic potential, and prolonged inhibition of vascular endothelial growth factor (VEGF) activity compared to the free drug solution (Bhatt et al., 2019).



Clinical Trials

NT-501, NT-503 and iTrack275 Microcatheter, three products developed for the encapsulation of biomolecule-producing stem cells, are aiming at obtaining Food and Drug Administration (FDA) approval for AMD treatment (Table 2):


TABLE 2. Cell encapsulation technologies for solid implantable devices integrating stem cells for in situ production of therapeutic biomolecules.
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NT-503 (Neurotech Pharma) is a non-biodegradable polyethylene terephthalate semipermeable hollow fiber membrane that encapsulates genetically engineered human RPE cells that synthesize and secrete a VEGF receptor fragment crystallizable region. This device is implanted intravitreally through a peritomy and subsequent 3 mm sclerotomy and it has been shown to maintain therapeutic effects for 12 months in W-AMD and was 20 times more efficient than injections of Ranibizumab. As with NT-501, the device gets fixed to the sclera to avoid migration and also requires surgery to be removed. This device is in Phase II clinical trials (Sieving et al., 2006; Guerrero-Naranjo et al., 2013; Rupenthal, 2017; U.S. National Library of Medicine, 2020u).

iTrack275 Microcatheter (iScience Interventional) is a micro-calibrated pump for supra-choroidal drug/cell delivery, surgically inserted through a non-biodegradable microcatheter that includes an optical fiber illuminator to guide the insertion of the device. This suprachoroidal pump allows an improved supply of drugs, a longer duration and a greater penetration into the tissue due to the proximity to the choroid and the BrM, with the consequent avoidance of blurred vision, changes in the lens and in the vitreous (traction exerted), compared to pharmacological delivery by intravitreal or periocular injection. The device has been used in combination with Bevacizumab in advanced AMD and with cells derived from human umbilical tissue (CNTO 2476) for dry-AMD (D-AMD), showing good safety and efficacy with no serious complications (Kuno et al., 2011; Augustin et al., 2012; Pearce et al., 2015; Bansal et al., 2016; Rupenthal, 2017). Phase I/IIa trials were performed with CNTO 2476 using iTrack275, for the administration of a single subretinal dose. Although, it was associated with a high rate of retinal perforations and retinal detachments, when the cells were “sequestered” by the subretinal space, it was well tolerated and was associated with some improvement in visual acuity. Larger studies are required to confirm these results (Ho et al., 2017; U.S. National Library of Medicine, 2020a).



In situ Cell Replacement


BrM-RPE Transplantation


Early attempts

Early attempts of AMD tissue reconstruction consisted of either autologous (translocated explants) or allogenic (fetal origin) RPE transplants, to replace the damaged retinal tissue (Steindl and Binder, 2008) by substituting the whole choroid-BrM-RPE complex (Ruysch’s complex) via an RPE-choroid explant or by an RPE layer alone. Despite some promising results on the autologous strategy in a small portion of patients (van Zeeburg et al., 2012) aiming at slowing the progression of the pathology and/or improving visual capability, these therapeutic approaches were abandoned due to a number of serious drawbacks. The most significant problems were the limited availability of autologous tissue and the maintenance of genetic risks to develop the disease. Even though allogenic transplants showed better results, today, RPE transplants with natural membranes have been totally replaced by implants based on biomaterials and eye/stem cells. However, the beneficial effects of these autologous and allogenic transplants served as a proof-of-principle for the subsequent cell therapy strategies (Hynes and Lavik, 2010; Yao et al., 2011; Kim et al., 2012; Tam et al., 2014).



In vitro and pre-clinical trials

Retinal pigment epithelium degeneration can lead to the development of more advanced AMD stages so, transplants of healthy RPE cells have been considered as candidates for the deceleration of the disease (Ambati and Fowler, 2012). Vision improvement of AMD patients subject to RPE cell transplantation supported this approach (van Zeeburg et al., 2012). The specific requirements for improving physiological functions and fostering the survival of RPE cells, are thickness, flexibility, permeability and biodegradability of the implant, as well as easiness to handle during surgical intervention (Hynes and Lavik, 2010). Artificial BrM needs to be biocompatible while promoting and maintaining a proper RPE phenotype. Good integration with the choroid is also sought. In addition, artificial membranes must be porous, thin (less than 10 μm, mimicking BrM) and mechanically competent to withstand manipulation during surgery. Since damaged BrM can also compromise the success of cell transplantation, several researchers dedicated their efforts to the development of artificial membranes allowing successful transplantation of RPE cells (Srivastava et al., 2011; Hu et al., 2012; Warnke et al., 2013; McHugh et al., 2014; Stanzel et al., 2014; Ilmarinen et al., 2015; Peng et al., 2016; Calejo et al., 2017; Harris et al., 2019; McCormick et al., 2020).

A number of artificial scaffolds seeded with RPE cells, mimicking a healthy BrM-RPE complex, have been investigated. Collagen has been one of the most experimented materials because it is one of the fundamental components of BrM: (Lu et al., 2007) cultured human ARPE-19 cells in 2.4 μm-thick collagen films confirming cell attachment and viability at 25 days and a suitable cell phenotype. Other polymeric substrates have been tested in vitro and/or in vivo with comparable results: gelatin (Del Priore et al., 2004; Lai, 2013; Rose et al., 2014), poly-methyl-methacrylate (PMMA) (Tao et al., 2007), modified polytetrafluoroethylene (PTFE) (Maminishkis et al., 2016), polyethylene terephthalate (PET) (Kamao et al., 2014; Liu et al., 2014, 2018; Jin et al., 2018), polyester matrix membranes (Liu et al., 2014; Stanzel et al., 2014), poly-caprolactone (PCL) (Redenti et al., 2008; McHugh et al., 2014; Tam et al., 2014), poly(L-lactic acid) blends (PLLA/PLGA) (Giordano et al., 1997; Lu et al., 1998; Hadlock et al., 1999; Warnke et al., 2013), polyethylene glycol di-methacrylate (PEGDMA) (Singh et al., 2001), polydimethylsiloxane (PDMS) (Peng et al., 2016). Silk fibroin was also used as a versatile material for scaffolds since it has a number of functional groups that can react with biomolecules of interest like arginine–glycine–aspartic acid (RGD) (Chirila et al., 2008, 2015; Wenk et al., 2011; Kundu et al., 2013; Xiang et al., 2014; Zhang et al., 2015), all of them in experimental phase.

Synthetic BrMs consisting of PET scaffolds and degradable nanoparticles were developed by McCormick et al. (2020). ARPE-19 cells cultured on these scaffolds were able to form monolayers and were maintained for up to 3 months without any cytotoxic effect. This proof-of-concept showed the potential of this nanoparticle-scaffold system for future RPE transplantation. In another synthetic BrM, composed of collagen type I and PLGA, cultured human RPE (hRPE) showed polarity, phagocytic activity, and native RPE characteristic morphology and they were maintained alive for at least 11 days (Warnke et al., 2013). Calejo et al. (2017) developed microporous films comprised of copolymer 96/4 L-lactide/D-lactide with deposited layers of collagen type I and IV. These films simulated BrM characteristics and acted as a support for cultured human embryonic stem cell-derived RPE (hESCs-RPE) cells. These cells were maintained alive for 8 weeks and revealed good adhesion, morphology, and expressed RPE markers. In a different study, fetal human RPE (fhRPE) cultured on porous PCL scaffolds for 8 weeks showed positive results regarding survival, mature and functional RPE markers expression, barrier function, etc. (McHugh et al., 2014). Plasma-modified PDMS with laminin (PDMS-PmL) scaffolds were also used as an artificial BrM. Pluripotent differentiated RPE (dRPE) cells cultured on these scaffolds revealed good adhesion, proliferation, polarization, maturation, and functionality. Also, PDMS-PmL could sustain a multilayer of dRPE cells and precursors of photoreceptors. Furthermore, the PDMS-PmL-RPE subretinal implant in vivo in porcine eyes confirmed the biocompatibility of the material for a 2-year period (Peng et al., 2016). In another study, films made of elastin-like recombinamers (ELRs) were investigated: ARPE-19 cells cultured with a bioactive sequence (RGD), maintained their phenotype for up to 5 days and no cytotoxicity was detected (Srivastava et al., 2011).

Stanzel et al. (2014) tested the viability of a subretinal transplant of hESCs-derived RPE cells on a polyester matrix in rabbits. 1-month post-implantation, hESCs-derived RPE remained viable, maintaining their polarization and monolayer structure. hESCs-derived RPE cultured on ultrafine porous polyimide (PI) membranes survived for 6 weeks after subretinal injection in rats, which also showed some functional rescue of electroretinography signal (Ilmarinen et al., 2015). hESCs-RPE on PI transplanted subretinally into rabbit’s eyes showed good membrane tolerability but low RPE cells survival (Ilmarinen et al., 2015).

Spider silk, a very promising biomaterial for artificial BrM, was also tested in vitro. This silk fibroin-based membrane allowed ARPE-19 cells to develop a morphology and physiology very similar to those of native RPE cells, as it was shown by the morphological studies and the analysis of their protein expression profiles. This native-like phenotype remained in the silk fibroin films for up to 7 days (Harris et al., 2019). In a very recent study (Jemni Damer et al., 2020) built a multilayer 3D biohybrid retina with RPE, Müller and retinal neural cells on silkworm silk fibroin biofilms, glued with silk fibroin hydrogels. Both, RPE and neural retinal cells survived in vitro for the 7 days of the experiment.

In addition to the above substrates, expanded PTFE (ePTFE)-modified membranes were developed to serve as a substrate for RPE growth (Krishna et al., 2011). The surface of the membranes was modified by an ammonia gas plasma treatment, which resulted in ARPE-19 cells attachment and enhanced proliferation. ARPE-19 cells grew in a monolayer and displayed phagocytic capacity. Parylene polymer has also been used as support for the growth and subretinal implantation of hESCs-RPE cells in rats, allowing post-implant cell survival (Hu et al., 2012).

Hsiung et al. (2015) showed that RPE cells derived from hESCs, implanted in the subretinal space within a supporting biomaterial, had higher survival rates than injections of cell suspensions. Previous studies testing artificial RPE strata built with hESCs growing on thin polymeric sheets obtained good results (Redenti et al., 2008; Liu et al., 2012, 2013). Functional integration into the host system is not easy, as it requires migration to the target nuclei, differentiation into the correct cell type for integration into the existing circuitry, and restoration of long-term function. All these steps have to be done by the stem cells while exposed to the hostile conditions of the degenerating retina. Almost all current tissue reconstruction approaches are in the experimental phase, either in vitro or in vivo, with only a few of these are in clinical trials (see Tables 3, 4).


TABLE 3. Biohybrids/TI, Biomaterials-encapsulated RPE cells, in vitro studies.
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TABLE 4. Biohybrids/TI, Biomaterials-encapsulated RPE cells, in vivo studies.
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Clinical trials

Clinical trials of RPE transplantation include both, injections of suspensions of RPE cells to the posterior segment of the eye and implants of RPE monolayers (alone or in a substrate) between the retina and the native RPE cells.

Safety and tolerability of subretinally transplanted hESC-RPE cells in suspension in patients with advanced D-AMD has been assessed in a Phase I/II trial (U.S. National Library of Medicine, 2020m). The transplanted cells were well tolerated up to 4 months post-injection (Schwartz et al., 2012) and no adverse effects were detected in the patients in the next 22 months (Schwartz et al., 2015). Another Phase I/II Trial with the same objective is currently recruiting patients (U.S. National Library of Medicine, 2020k).

Regarding RPE monolayers transplantation, a Phase I Trial tested the safety of an ESCs-RPE patch on a vitronectin-coated polyester membrane subretinally implanted in two patients affected by W-AMD (U.S. National Library of Medicine, 2020c). Implants were well tolerated and resulted in a gain in visual acuity in both patients (da Cruz et al., 2018). A Phase I/II Trial to assess the safety and tolerability of subretinally implanted hESCs-RPE on a non-degradable Parylene membrane in D-AMD patients is underway (U.S. National Library of Medicine, 2020m).

Parylene and PLGA membranes are in Phases I/II and Phase I/II Clinical Trials, respectively (Liu et al., 2012; Lu et al., 2012; Diniz et al., 2013; U.S. National Library of Medicine, 2020m). A Phase I/II Trial to assess the safety and tolerability of subretinally implanted hESCs-RPE on a non-degradable Parylene membrane in D-AMD patients is underway (U.S. National Library of Medicine, 2020m). Also, Phase I/II Trial for the subretinal implant of a PLGA biodegradable scaffold, carrying autologous iPSC-derived RPEs in patients affected by AMD-associated geographic atrophy is currently recruiting patients (U.S. National Library of Medicine, 2020d).

It is worthy to state that a sheet of iPSC-derived RPE implanted in a W-AMD patient after removal of the neovascular membrane did not show visual acuity improvement and provoked a macular edema 1 year after surgery (Mandai et al., 2017a), while a Japanese Phase I Trial of RPE monolayers of iPSC-derived RPE cells, implanted as strips with no substrate, began in early 2014 was suspended in that same year.

Resuming, up to now, both, RPE cells injected in suspension and implanted as monolayers on artificial BrMs showed good preliminary results in terms of safety and tolerability. RPE cells injected in suspension have several drawbacks such as the necessity to migrate from the injection site and the tendency of suspended RPE to de-differentiate, problems not present in implanted scaffolded RPE monolayers. No positive results are available in terms of AMD therapy and visual acuity recovery.



Photoreceptors’ Transplantation


General considerations

Different types of cells have been used for neural retinal cell replacement, including photoreceptor precursor cells (PPCs), photoreceptors, and retinal stem cells (RSCs) (see (Lakowski et al., 2011; Tucker et al., 2011; Eberle et al., 2012, 2014; Pearson et al., 2012; Barnea-Cramer et al., 2016) for the former, (Yang et al., 2010; Gust and Reh, 2011; Pearson et al., 2012; Singh et al., 2013; Gagliardi et al., 2018; Garita-Hernandez et al., 2019; Lorach et al., 2019) for the second and (Singh et al., 2020) for the latter. The sources of RSCs can be either endogenous, including neuronal stem cells, or exogenous, including ESCs and iPSCs (Tu et al., 2019).

Similarly to other types of cells, also photoreceptors can be transplanted, either to secret immunomodulatory and/or neuroprotective factors that foster the protection and recovery of the damaged cells or to replace the damaged photoreceptors by new ones (Singh et al., 2020). Photoreceptors’ replacement can be a good therapeutic strategy when, in advanced AMD stages, this type of cells become dysfunctional and eventually die as a result of RPE cells’ deterioration and death (Bhutto and Lutty, 2012). Fortunately, there is a wide time-window for therapeutic interventions, because inner retinal layers’ neurons can survive for prolonged periods of time after photoreceptors degeneration, offering the possibility for cell transplantation to be successful (Medeiros and Curcio, 2001; Jones et al., 2003). However, to make synapses with the bipolar cells and to reverse the synaptic remodeling that takes place after photoreceptors degeneration, implanted photoreceptors need to be functional, a very hard to achieve condition (Jones et al., 2012; Mandai et al., 2017a).

Although post-mitotic transplanted photoreceptors have been proved to be able to regain relative vision functionality (Pearson et al., 2012; Barber et al., 2013), to date no one has achieved a significant restoration of visual function.



In vitro and pre-clinical trials


Photoreceptor transplantation without biomaterials

Similarly to RPE cells, photoreceptors transplantation to the diseased eye can be done either by injection of dissociated cells suspension (see Table 5) (Gust and Reh, 2011; Pearson et al., 2012; Barber et al., 2013; Gagliardi et al., 2018; Garita-Hernandez et al., 2019) or by implanting them as a sheet of tissue, cultivated on a biomaterial substrate (Yang et al., 2010). If the outer nuclear layer, the layer of the retina formed by the bodies of rods and cones, has already degenerated, the latter strategy would be preferable due to the difficulty of the injected cells to get integrated to the damaged tissue and reconstruct a new layer.


TABLE 5. Transplanted photoreceptors.
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Early postnatal rat photoreceptors implanted as a sheet to a model of dominant retinitis pigmentosa slowed cone loss 6 months after surgery (Yang et al., 2010). Rod precursors from postnatal mice injected as dissociated cells formed synaptic connections with bipolar and horizontal cells in the retina of Gnat12/2 mice (congenital stationary night blindness model) and responded to light stimuli (Pearson et al., 2012). Also, early postnatal mice rod-photoreceptors, transplanted as a cell suspension into 6 different mice models of retinal degeneration, got integrated into the host tissue with better results in the Prph2+/Δ307 model (retinitis pigmentosa model) (Barber et al., 2013). hiPSC-derived CD73+ photoreceptors isolated and injected in clusters in the eyes of immunosuppressed rats survived, and matured for 10 weeks (Gagliardi et al., 2018). Rat RPE/photoreceptors’ grafts transplanted in a retinal degeneration rat model protected the host photoreceptor layer from degeneration 6 months after surgery. The graft integrated well with the host tissue and created synapses with the bipolar cells (Lorach et al., 2019).

An interesting approach was taken by Garita-Hernandez et al. (2019). They introduced a hyperpolarizing microbial opsin in photoreceptors extracted from P4 mice and transplant them as a cell suspension into transgenic blind mice lacking the whole layer of photoreceptors (Cpfl1/Rho-/- and C3H rd/rd mice) who recovered their visual function. The same authors obtained hiPSCs-derived cones expressing NpHR (Natronomonas pharaonis halorhodopsin); blind mice that received them also as cell suspension, displayed signs of retinal repair 4 weeks post-injection (Garita-Hernandez et al., 2019).



Photoreceptor transplantation with biomaterials

Both synthetic polymers and biological materials can be used in the fabrication of scaffolding structures for photoreceptors implants: natural materials like alginate, collagen, etc., are suitable for imitating natural architectures (Ramakrishna et al., 2001); synthetic polymers, such as poly-caprolactone (PCL) and poly (lactic-co-glycolic) acid (PLGA), offer higher mechanical strength and controllable degradation rates (Chen et al., 2011) although the latter usually cause less biological activity (Yang et al., 2017).

Scaffolds for retinal progenitor cells (RPCs) transplants can be cylindrical, mimicking the vertical disposition of cells in the retina, fibrous, mimicking the microstructure of the extracellular matrix or made by hydrogels, to mimic the mechanical properties of the retina (Kador and Goldberg, 2012). The employment of 2D–3D scaffolds has been proved to be an efficient strategy to overcome the limitations of free cell injections, like low survival, low cell integration at the injection site and difficulty to maintain the injected cells in the target areas (Behtaj et al., 2020).

A 3D biodegradable poly-caprolactone (PCL)-microfabricated scaffold promoted good RPCs retention in vitro (Sodha et al., 2011). Another biodegradable PCL scaffold, in this case subretinally implanted in porcine eyes, showed good tolerability without retinal neither choroid inflammation (Christiansen et al., 2012). PCL scaffolds with varying surface topographies enhanced mice RPCs differentiation toward photoreceptor phenotype in vitro. Transplanted RPCs-PCL integrated well into the host retina and expressed specific markers of photoreceptors (Yao et al., 2015). And (Lawley et al., 2015) found that vitronectin-simulating peptides into a PCL film increased hRPCs adhesion, inhibited hRPCs proliferation and induced differentiation to photoreceptors phenotypes. Transplanted cells into mice degenerating retina, migrated to the outer nuclear layer and survive for 3 weeks.

In a multiple substrates study, RPCs showed good adhesion on poly-l-lysine, fibronectin, laminin, hyaluronic acid, and matrigel substrates in vitro (Thakur et al., 2018).

The fabrication of hybrids has also been explored. Poly-caprolactone (PCL)-retinal extracellular matrix hybrids allowed adhesion of the hRPCs cells and helped their differentiation toward the photoreceptor phenotype in vitro (Baranov et al., 2014). Interphotoreceptor matrix employed as a scaffolding material for hRPCs showed good cellular attachment absence of cytotoxicity and hRPCs differentiation toward the photoreceptor phenotype in vitro (Kundu et al., 2018). Tucker et al. (2010) tested a biodegradable cell delivery platform made of pre-activated MMP2 into a poly(lactic-co-glycolic) acid polymer in vitro and in vivo. Active MMP2 was released in a controlled manner and allowed RPCs to migrate into the outer nuclear layer and adopt a photoreceptor phenotype.

Jung et al. (2018) developed a 3D cup-shaped scaffold with μm-sized structures in ultrathin biocompatible elastomer films. These films were composed of a non-biodegradable part plasma-modified polydimethylsiloxane (PDMS) and a biodegradable part poly (glycerol-sebacate) (PGS) and were designed to deliver photoreceptors in a polarized manner. hPSCs-PRs showed polarization and robust survival in vitro 3 months post-seed in the scaffold.

Table 6 shows the most relevant studies for biomaterials-encapsulated progenitor cells/photoreceptors.


TABLE 6. Biohybrids/TI.
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Clinical trials

Although preclinical studies have shown that all, RPCs, photoreceptor precursors and mature photoreceptors could potentially replace damaged retinal cells, clinical trials for these approaches are limited.

A Phase II study in which human fetal neural retinal tissue and RPE were transplanted together in a group of AMD patients, showed promising results (Radtke et al., 2008; U.S. National Library of Medicine, 2020o). Interestingly, the vision improvement observed in treated patients began 6 months after transplantation, the time predicted for the fetal cells to differentiate into mature photoreceptors. Another phase I/II study used HuCNS-SC® (human central nervous system stem cells) injected subretinally in AMD patients (U.S. National Library of Medicine, 2020r). This study was completed in 2015 but no results have been posted yet. Besides, a long-term follow-up safety study from the same sponsor has terminated based on, as posted, a business decision unrelated to safety concerns (U.S. National Library of Medicine, 2020i). Another clinical trial using HuCNS-SC® was terminated due to the same reason (U.S. National Library of Medicine, 2020q).

Bone marrow-derived stem cells have also got promising results in a Phase I/II Trial: NCT01920867 (Weiss et al., 2015; U.S. National Library of Medicine, 2020p). Another Phase I/II Trial testing bone marrow-derived stem cells, proved their safety: NCT01518127 (Cotrim et al., 2017; U.S. National Library of Medicine, 2020h).

Three ongoing clinical trials are using fetal-derived RPC for photoreceptor’s replacement in retinitis pigmentosa patients. ReNeuron is carrying a phase I/II trial to evaluate the safety, tolerability and preliminary efficacy of hRPCs, administered as a suspension by a single subretinal injection (U.S. National Library of Medicine, 2020l). An already completed phase I/II study testing hRPCs injected intravitreally, showed that hRPCs were safe and well-tolerated at doses up to 3 million cells (U.S. National Library of Medicine, 2020n). A phase IIb clinical trial designed to assess efficacy of hRPCs is currently active (U.S. National Library of Medicine, 2020j). A phase I study to determine the safety of CD34+ marrow-derived stem cells injected intravitreally into the eye as a treatment for patients with various retinal conditions started in 2012 (U.S. National Library of Medicine, 2020f). Not results have been posted regarding the enrolled AMD patients. Future results from these studies may be extrapolated to AMD patients.



Retinal Organoids and 3D Structures Transplantation

Retinal cells’ transplantation low success rates are due to the above mentioned adverse retinal environmental conditions, but also to the complexity of the interactions between photoreceptors and other retinal cell types as well as to the structural complexity of the photoreceptors themselves (Llonch et al., 2018). Particularly critical are the interactions RPE-photoreceptors since RPE cells are the responsible for the recycling of the visual pigment, for the phagocytosis of photoreceptors’ external segment as well as for the secretion of growth factors (Strauss, 2005). Indeed, co-culture studies, attempting at de-differentiating mesenchymal stem cells, showed that RPE cells determine both, cell differentiation and connectivity of the differentiated cells (Salero et al., 2012). Unfortunately, during culture passages, RPE cells easily undergo an epithelial-mesenchymal transition (EMT), losing their characteristic cell polarity and cell-cell adhesion, necessary for the survival and functional integration of the photoreceptors (Sonoi et al., 2017). Furthermore, RPE cell cultures should be prepared exclusively with macular RPE cells because of phenotypes’ differences between cells located in the peripheral part and cells located in the posterior part -macula- of the eye (cell shape and size, proliferation capacity, maturation time, granule content, growth potential, timing for the formation of tight junctions, etc. (Burke and Hjelmeland, 2005; Haderspeck et al., 2019). Non-homogeneous cultures would lead to retinal-type tissues, with structure vulnerable to degenerative retinal diseases (Burke and Hjelmeland, 2005).

Due to the above-mentioned complications and to the biological limitations of the available cells, researchers started to build artificial retinal tissues, with structural complexity and functionality mimicking the natural ones. As a consequence, retinal organoids have been built from either ESCs or iPSCs, by differentiating retinal cells through complex experimental protocols in 3D cell cultures (Eiraku et al., 2011; Nakano et al., 2012; Llonch et al., 2018).

The main benefits of 3D cultures are a high diversity of cell types, better tissue survival, functional interaction between the different types of cells, and the achievement of retinal layers thanks to the self-organizing capabilities of the PSCs. In addition to their use for therapeutic purposes, 3D cultures represent a model of great interest for the study of retinogenesis, a non-animal model of retinal diseases and a perfect tissue for drug screening. The main limitations of these types of models are the lack of vascularization, which leads to long-term necrosis in the innermost areas of the organoid, the lack of interaction between the RPE and photoreceptors’ layer, the maturation of the different cell types which does not reach an adult state and the absence of some types of important cells, like microglia (Achberger et al., 2019). Furthermore, all organoids have a characteristic folded structure that not only makes implantation difficult but also causes greater cell death in the internal layers of this artificial tissue. The use of biomaterials could help in developing flat vascularized organoid retinas that would favor the interaction with the host tissue as well as the acceptance and survival of the transplanted cells (Singh D. et al., 2018). Advanced biomaterials could also facilitate artificial tissues manipulation and implant in a specific place in the host retina (Singh R. et al., 2018).

Tables 7, 8 resume up-to-day research in retinal organoids.


TABLE 7. In vitro studies of 3D structures/organoids.
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TABLE 8. textitIn vivo studies of 3D structures/organoids transplantation.
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DISCUSSION


Functional Integration of the Implanted Cells

Cell therapy, and in particular stem cell-based therapy, is gaining strength as a potential therapeutic approach for untreatable retinal degeneration diseases (Bharti, 2018; Singh et al., 2020). It consists either in the use of ocular multipotent or RPCs, administered in a non-polarized way (cell suspension), to provide non-selective neuroprotective and/or neuromodulator factors, or in the implant of layered constructs of cells aiming at replacing the damaged or degenerated retinal tissue. In both cases, therapeutic effects are conditioned by the limited cell survival within the harmful ocular environment (Singh et al., 2020).

In the majority of the preclinical trials with dissociated cells suspensions for photoreceptor regeneration, the transplanted cells fail to survive or to functionally integrate with the host tissue; despite some positive results none of the attempted approaches achieved a significant restoration of the visual function (Gamm and Wong, 2015; Canto-Soler et al., 2016; Zarbin, 2016). Furthermore, it is not known to which extent the observed improvements are due to the capability of the grafted cells of replacing the lost retinal tissue; to the secretion of protective and regenerative factors that protect the retinal neurons, or by both of them (Liu et al., 2020).

Regarding RPE, there are several investigations on the inoculation of suspensions of this type of cells. However, up-to-now evidence suggests that suspension-injected RPEs do not consistently form a monolayer and do not survive in the long term (Hu et al., 2012; Diniz et al., 2013). Since RPE cells’ therapeutic effects are conditioned by the polarization of the implanted cells as well as by their spatial arrangement in a monolayer settled in the subretinal space, there is a great challenge for injections of suspended cells (Miyagishima et al., 2016, 2017). Injected in suspension RPE cells loose most of their morphological and functional properties as proved by the low efficiency of this therapy in both, preclinical and clinical trials (Singh et al., 2020). The most promising studies focus on tissue transplantation or patches of RPE.

Promising results in both, feasibility and functionality, have been obtained in preclinical and clinical trials using functional RPE derived from both iPSCs (Bracha et al., 2017; Mandai et al., 2017b) and ESC cells (Klimanskaya et al., 2004; Bharti et al., 2006; Idelson et al., 2009; Miyagishima et al., 2016; May-Simera et al., 2018), as well as RPESC (Salero et al., 2012; Blenkinsop et al., 2013; Miyagishima et al., 2016; Mandai et al., 2017b). However, the use of iPSCs and ESC cells can lead to abnormal cell growth in the retina. Moreover, the differentiation toward a specific cell type (RPE) may not be complete or efficient, thus hindering their integration in the host retina. On their side, RPESC, although being fully committed to the RPE lineage, they are extracted from cadavers, which can lead to the retention of endophenotypes of aging and disease. Unlike cell suspensions, where the characteristics of RPE are lost, cell patches are capable of maintaining many of the typical cell functions (Miyagishima et al., 2016, 2017) which makes autologous choroid-RPE transplant surgical procedures a good candidate for AMD treatment (Joussen et al., 2006; Maaijwee K. et al., 2007; Maaijwee K.J.M. et al., 2007; Maaijwee et al., 2008).

Recent studies on subretinal injection of a suspension of photoreceptor precursors derived from mouse or human ESC/iPSC in rodent models of photoreceptor degeneration, suggested that the implanted cells are capable of getting integrated into the host retina, of achieving a morphological and functional differentiation similar to the native photoreceptors as well as of restoring some visual abilities (Lamba et al., 2009; Gonzalez-Cordero et al., 2013; Homma et al., 2013; Decembrini et al., 2014; Barnea-Cramer et al., 2016; Santos-Ferreira et al., 2016b). However, only a low proportion of transplanted cells can get integrated into the retina. What really happens is an exchange of intercellular materials between the immense majority of the native photoreceptors and the transplanted cells (Pearson et al., 2016; Santos-Ferreira et al., 2016b; Singh et al., 2016). This material transfer is bidirectional and, interestingly, it is independent of the source of implanted stem cells (Singh et al., 2016; Ortin-Martinez et al., 2017; Waldron et al., 2018). It seems that the therapeutic effects are due more to neurotrophic and neuroprotective function, rather than functional integration in the diseased retina (Liu et al., 2020). These facts raise the need to reevaluate all up-to-day photoreceptor transplant studies, characterizing the relative contribution to vision restoration based on material transfer and donor integration.

The recent development of 3D technology for the culture and differentiation of ESC/iPSC in retinal tissue has allowed several groups to test the viability of transplanting retinal sheets derived from this type of stem cell (Assawachananont et al., 2014; Shirai et al., 2016; Mandai et al., 2017a; Iraha et al., 2018). These ESC/iPSC-derived retinal sheets, derived from both mice and humans, are capable of surviving in the host retina for up to 6 months after transplantation in the subretinal space, in animal models of end-stage photoreceptor degeneration. In addition, they manage to generate all types of neural cells in the retina, i.e., photoreceptors, bipolar, amacrine, and retinal ganglion cells. In particular, the photoreceptors achieved a high degree of maturity, expressing opsins, synaptic proteins and formation of inner and outer segments (Assawachananont et al., 2014; Iraha et al., 2018). However, it has been revealed that in these grafts it is not possible to maintain an adequate laminar organization; instead, they generate a disorganized histoarchitecture (Assawachananont et al., 2014; Shirai et al., 2016; Mandai et al., 2017a; Iraha et al., 2018). 3D-culture techniques and implantation of retinal sheets suppose an expectation of providing photoreceptors in the form of tissue, providing them with an improved physical and physiological microenvironment, increasing their survival and functional integration capabilities. However, this area of cell therapy research has only just begun, so there are many emerging challenges and limitations that need to be addressed.

Regarding retinal organoids, despite the great advances achieved in this field, a number of serious limitations impede the employment of this technology for real AMD therapies: (1) lack of vascularization, which leads to long-term necrosis in the innermost areas of the organoid (2) lack of interaction between RPE and photoreceptor layer, essential for the proper functioning of the neurons (3) impossibility of the different cell types to reach an adult state, despite the complex differentiation protocols that are carried out and (4) lack of some essential cell types, such as microglia, despite presenting a high number of cell types (Achberger et al., 2019).

The lack of certain cell types during the development of the 3D culture may be due, among other causes, to the lack of sufficient physical and environmental signals, also causing high variability between the various retinal organoid models. A possible solution to some of the limitations mentioned above in relation to this type of culture could be the use of biomaterials as a support for the organoid’s growth and differentiation and their biofunctionalization to make them able to generate the adequate physical and chemical signals (molecules of the extracellular matrix) to stimulate the correct differentiation of the cells (Hynes and Lavik, 2010). Biomaterials could also allow interaction between the various layers of the retina, increasing connectivity and synaptogenesis, favoring obtaining a functional and complete retina (Singh R. et al., 2018).

Summarizing, despite the promising results obtained in several studies, long-term viability of cell implants has not yet been achieved, neither significant functional integration in the host retina nor improvement of long-term visual capabilities. Up-to-day photoreceptors integration in the host retina is clearly insufficient and/or inadequate. AMD cellular therapy has three main unanswered questions: (1) RPE plays a critical role in the maintenance and function of photoreceptors but very few studies consider the interdependence between RPE cells and photoreceptors (Bhutto and Lutty, 2012; Handa, 2012; Handa et al., 2017) which could be one of the reasons long-term maintenance of RPE and photoreceptor transplantation has not yet been achieved. In this case, a possible solution would be the joint transplantation of the two sheets of cell, either sequentially or at the same time. (2) The mechanisms involved in the development and integration of photoreceptors in the retinal circuit remain unknown (Gamm and Wong, 2015). It has been observed expression of specific synaptic proteins in the terminal bar of the implanted photoreceptors; it has also been observed expression of postsynaptic proteins of the host bipolar cells in contact with the donor cells; and it has been observed a certain improvement of visual function. However, evaluation of the neural function of these transplants are very few and clearly insufficient (Singh et al., 2013). (3) Detailed mechanisms for material exchange between donor and host cells are almost unknown (Lluis and Cosma, 2010; Sanges et al., 2016). Most of the cells identified as integrated donor photoreceptors in the most recent studies could actually be host photoreceptors with exchanged material (Pearson et al., 2016; Santos-Ferreira et al., 2016b; Singh et al., 2016; Ortin-Martinez et al., 2017; Waldron et al., 2018).

Addressing these problems could allow us to identify those factors that could be used to promote cellular viability, synaptogenesis and integration of the donor cells to the host tissue. Further questions regard the safety of the transplants (depending on their origin), possibility of transferring of the pathology to the implanted healthy cells, etc. It should be noticed that the most promising results have been obtained in tissue transplantation of retinal sheets and RPE patches.



Maintenance of the Immunoprivileged State of the Eye

Several subfoveal RPE implantation techniques have been employed in AMD patients. Most often, excision at sub-macular level is necessary for transplantation of the monolayer of fetal or adult RPE. This procedure can lead to acute tissue inflammation and a consequent eye damage that can impair the visual route, or even a higher immune reaction if the implant comes from another organism. Therefore, knowledge of the immunosuppression mechanisms is necessary to prevent rejection of RPE layers (Tezel et al., 2007), and it has been postulated that the low success rate of RPE monolayers transplants is due to alterations of the immunoprivileged state of the eye (indeed, rejection rate of retina transplants is higher than of other tissues, such as heart or skin (Streilein, 2003; Niederkorn and Kaplan, 2007; Sandhu et al., 2019)). Clinical studies of RPE transplants in patients undergoing immunosuppressive therapy, suggest that the immune system could destroy the transplanted cells without involving any inflammatory process (Schwartz et al., 2015). On the other hand, a higher survival of photoreceptor transplants has been observed in preclinical studies when some type of immune suppression was used after the surgery (Sandhu et al., 2019). Combined RPE-photoreceptors transplants showed that the use of immunosuppressants could improve the cellular integrity of the graft (Radtke et al., 2002, 2008). However, these results have not yet been replicated. In other preclinical studies, it was observed that only 0.5% of photoreceptors got integrated into the retina (Pearson et al., 2016; Santos-Ferreira et al., 2016a). It is not clear if the effects of photoreceptors transplantation in mice are the result of cell integration and synapse formation, rather than cytoplasmic exchange between donor and host cells. However, we can conclude that the use of immunosuppressants in human retinal transplants may lead to a higher success rate.



Biomaterials and Improvement of Cell Survival

2D – 3D scaffolding approaches have been shown to be efficient for overcoming limitations like low cell survival, lack of cell integration at the transplant site or keeping the injected cells in the target area (Behtaj et al., 2020). However, it is important to mention that the majority of the biomaterials developed for retinal regeneration has not been tested in vivo.

Biodegradable polymer scaffolds for the transplantation of retinal stem cells increase survival cell rate (Schubert et al., 2014). On the other hand, the dimensional conformation or porosity of the scaffold seems to promote the union and subsequent differentiation and orientation of the RPCs (Lee Ventola, 2014). Other studies defend the idea that scaffold topography influences orientation, because of its positive influence on differentiation, morphology, proliferation, migration and adhesion of the cells (Ramakrishna et al., 2001; Kador et al., 2016; Yang et al., 2017).

Scaffolds can actively interact with different cellular components. Furthermore, biomaterials can include biological cues (e.g., cellular ligands) to promote cell adhesion or physical clues (e.g., scaffold topography) to favor cell alignment and morphology. Scaffolds can also serve as supplier or repository for excitatory growth signals to accelerate tissue regeneration (Chan and Leong, 2008). Biomaterials with a sophisticated chemical and morphological structure to allow the survival, proliferation and differentiation of RPE cells and the consequent successful transplantation into the degenerated retina have also been pursued (Chichagova et al., 2018). For the encapsulation of iPSC and hESC, optimal and standardized culture media and good bioengineering processes are needed to achieve the desired expansion and differentiation, processes that are currently under investigation (Bracha et al., 2017; Mandai et al., 2017b; U.S. National Library of Medicine, 2020c).

Biomaterials should be biocompatible, biologically inert and sterilizable, not triggering cytotoxic processes neither inflammatory responses while promoting the proliferation, survival and migration of the implanted cells. Significant challenges are the risk of immune reactions at the implant site as well as the long-term survival and functionality of the transplanted cells.

A very promising biomaterial is silkworm silk fibroin, because it fulfills all the above requirements. The encapsulation of mesenchymal stem cells in silk fibroin hydrogels promotes a substantial release of anti-inflammatory and anti-oxidant molecules with marked neuroregenerative and neuroprotective properties that could be used in AMD treatment (Martín-Martín et al., 2019; Jemni Damer et al., 2020).

Current research of cell and tissue engineering approaches focuses on the preservation of photoreceptors by replacing the damaged retinal pigment epithelium since this technique has been shown to slow the degeneration of photoreceptors and even restore partial visual functions (Aboutaleb Kadkhodaeian et al., 2019; Jin et al., 2019; McGill et al., 2019; Zarbin, 2019). The development of physical substrates for artificial RPE sheets is the main objective for biomaterials engineers. It is worth noting that actual focusing on photoreceptor’s preservation is partly due to the current difficulties to maintain functional photoreceptors alive before they could get transplanted, as well as to integrate the transplanted photoreceptors to the neural retina and functionally replace those already lost. In culture, photoreceptors can be maintained alive for 24–48 h, depending on the age of the donor (Fontaine et al., 1998) and less than 20% survive after transplantation (Sortwell et al., 2000). It is unclear how many of these alive cells are functional photoreceptors. State-of-the-art 3D scaffolds have been used to build a polarized photoreceptor monolayer capable to can get integrated into the neural retina, but also to facilitate the differentiation of progenitors of photoreceptor (Jung et al., 2018).

Good results on biomaterials and RPE cells have been obtained from both, in vitro and in vivo studies (Warnke et al., 2013; McHugh et al., 2014; Stanzel et al., 2014; Ilmarinen et al., 2015; Peng et al., 2016; Calejo et al., 2017; Jemni Damer et al., 2020) although how long the transplanted cells could survive has still to be determined. The scaffolds on which they are placed may be designed to act either as supporting devices or as artificial BrMs, showing the latter the best viability of RPE cells. In clinical trials, RPE cells have been injected in suspension, as a monolayer and also on biomaterials (Schwartz et al., 2015; da Cruz et al., 2018; U.S. National Library of Medicine, 2020s). Unfortunately, these clinical trials are very few and are in very early stages of development, so their results should be analyzed accordingly.

In conclusion, the use of biomaterials to generate implantable biohybrid tissue may be a potential solution to the main problems of cell transplantation, increasing the survival of implanted cells and improving their integration capacity.



CONCLUSION

Cell replacement, either by using cell suspensions or by integrating cell’s sheets on a scaffolding material to promote the survival of the transplanted cells, is a promising treatment for advanced AMD stages. Pioneering studies have provided a proof-of-concept for RPE and photoreceptors transplantation as a plausible therapeutic strategy.

The effective integration of the transplanted cells into the damaged retina is the principal limitation of cell therapy. The development of advanced biomaterials to support the in vitro development of artificial 3D retinal tissues, as well as the implantation and the functional integration of these constructs into the damaged retina represents the most promising therapeutic approach. Indeed, there is evidence that retinal cells on supporting biomaterials, implanted in the posterior segment of the eye, achieve a better but limited integration than injections of free cells in the same region, and slightly improve vision capabilities in different experimental models.

To obtain clinically relevant therapeutic solutions, a good effectiveness of the proposed treatment must be achieved. And the key factor to increase the effectiveness of retinal implant therapies is the accomplishment of a substantial integration of the implanted cells. In this aspect an immense amount of work is still needed: the discovery of the exchange of genetic material between native and implanted photoreceptors suggests that the integration of these neurons to the host retina, reported in up-to-date studies, is probably not real, putting on the table the need to verify and reevaluate these studies. It is still unknown whether the therapeutic effect of cell transplants is due to an improvement in functionality by integration or due to production of protective factors. The elucidation of the involved mechanisms is essential for the accomplishment of this goal. Furthermore, functionality analysis of the integrated implants has to be performed.
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Abbreviations List

AMD, Age-Related Macular Degeneration

ARPE-19, human retinal pigment epithelial cell line-19

BrM, Bruch’s membrane

CNTF, ciliary neurotrophic factor

CNV, choroidal neovascularization

D-AMD, Dry Age-Related Macular Degeneration

dRPE, Pluripotent differentiated RPE

ECT, encapsulated cell technology

ELRs, elastin-like recombinamers

ESCs, embryonic- or fetal- derived stem cells

ePTFE, expanded polytetrafluoroethylene

fhRPE, fetal human RPE

FDA, US Food and Drug Administration Agency

GFP, green fluorescent protein

Gnat12/2 mice, model of congenital stationary night blindness

hESCs, human embryonic stem cells

hESCs-RPE cells, human embryonic stem cell-derived RPE cells

hiPSC, human induced pluripotent stem cells

hPSCs-PRs, human pluripotent stem cells-derived photoreceptors

hRPCs, human retinal progenitor cells

hRPE, human RPE

IPE, iris pigment epithelium

IPM, interphotoreceptor matrix

iPSC, induced pluripotent stem cell

mESC, mouse embryonic stem cell

miPSC, mouse induced pluripotent stem cell

MMP2, matrix metallopeptidase 2

mPEG-PLGA, methoxy-poly (ethylene glycol) block-poly lactic-co-glycolic acid

mPEG-PCL, methoxy poly (ethylene glycol) -b-copolymers of polycaprolactone

mSC, mesenchymal stem cell

NP, nanoparticles

NpHR, Natronomonas pharaonis halorhodopsin

PCL, poly(caprolactone)

PDMS, plasma-modified polydimethylsiloxane

PDMS-PmL, plasma-modified polydimethylsiloxane (PDMS) with laminin

PEGDMA, polyethylene glycol dimethacrylate

PEG, poly (ethylene glycol)

PET, polyethylene terephthalate

PGA, polyglycolic acid

PGS, poly(glycerol-sebacate)

PI, polyimide

PLA, poly (DL-lactic acid)

P(LA-co-CL), poly(l-lactide-co-ε-caprolactone)

PLDLA, copolymer 96/4 L-lactide/D-lactide

PLGA, poly(lactic-co-glycolic) acid

PLLA, poly (L-lactic acid)

PLLA/PLGA, poly (L-lactic acid)/poly (lactic-co-glycolic acid)

PMMA, poly (methyl methacrylate)

PPCs, photoreceptor precursor cells

PR, photoreceptors

Prph2+/Δ307, model of retinitis pigmentosa

PSCs, pluripotent stem cells

PTFE, Polytetrafluoroethylene

RGD, arginine–glycine–aspartic acid

RPCs, retinal progenitor cell

RPE, retinal pigment epithelium

RPESC, retinal pigment epithelium stem cells

RSCs, retinal stem cells

SC, stem cell

TDSC, tissue-derived stem cells

TRL, clinical trials

VEGF, vascular endothelium growth factor

VEGF-Fc, VEGF receptor fragment crystallizable region

W-AMD, Wet Age-Related Macular Degeneration
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Adequate bone tissue regeneration has been challenging to achieve at critical-sized bone defects caused by disease. Bone tissue engineering using a combination of scaffolds and bioactive factors provides new hope for the treatment of this extreme condition. Icaritin, a herb-derived chemical, has shown its ability to enhance bone formation both in vitro and in vivo, and it has been found that sub-micron surface structure instructs bone formation in calcium phosphate ceramics (CaPs). Here, we evaluated the possibility of using a submicron surface structured CaP ceramic as the carrier of icaritin for bone tissue regeneration in critical-sized bone defects. Icaritin, an herb-derived chemical, was loaded into a submicron surface structured porous calcium phosphate ceramic (Ø12.8 × 3 mm) to get samples with 0, 10, 50, 250, and 1,250 µg icaritin per CaP disc (M0, M10, M50, M250, M1250 groups, respectively). In vitro evaluation with the certain dosages correlated to those released from the samples showed a dose-dependent enhancement of osteogenic differentiation and mineralization of human bone marrow stromal cells with the presence of osteogenic factors in the culture medium, indicating icaritin is an osteopromotive factor. After intramuscular implantation of the samples in dogs for 8 weeks, a dose-dependent of bone formation was seen with enhanced bone formation at the dosage of 50 and 250 µg. To evaluate the in vivo osteogenic potentials of icaritin-containing CaP ceramic scaffolds in the orthopedic site, a 12.8 mm calvarial defect model in rabbits was established. Micro-computed tomography (micro-CT) and histology results at weeks 4, 8 and 12 post-surgery showed more newly formed bone in M250 group, with correspondingly more new vessel ingrowth. The results presented herein suggested that being osteopromotive, icaritin could enhance bone formation initiated by sub-microstructured CaP ceramics and the CaP ceramics scaffold incorporating icaritin is a promising biomaterial for the treatment of critical-sized defect.
Keywords: icaritin, submicron surface structure, calcium phosphate ceramic, critical-sized bone defect, bone regeneration
INTRODUCTION
The orthopedic critical-sized defect due to traumatic injuries or tumor resection is still a significant challenge. Pursuing alternatives to autologous bone grafts has always been a goal of biomaterial engineering. Allowing bone formation on their surface and form chemical bonding to the new bone, calcium phosphate (CaP) ceramics have been widely used as bone graft substitutes (Hench and Wilson, 1984; Damien and Parsons, 1991; Bohner et al., 2012). However, compared with autogenous bone, the capacity of CaP ceramics for repairing critical-sized defects still seems to be insufficient.
Surface modification may improve the bone regeneration ability of CaP ceramics. When the surface structure of CaP ceramics decreased from micron to submicron scale, it induced bone formation in the muscle of dogs (Davison et al., 2014b; Zhang et al., 2014)and under the skin of FVB mouse (Davison et al., 2014a). Having the osteoinductive property, calcium phosphate ceramics not only enhanced bone regeneration in non-critically sized bone defects (Habibovic et al., 2004; Yuan et al., 2006) but also could repair critical-sized defects (Yuan et al., 2010) and enhance bone formation in the spinal environment (van Dijk et al., 2018).
Besides, osteogenic factors can also exert considerable bone repair effects when combined with scaffolds (McMillan et al., 2018). Icaritin, an exogenous semi-synthesized small phytomolecule, is an intestinal metabolite of herbal epimedium-derived flavonoids (Zhang et al., 2007; Qin et al., 2008), and has shown to affect various biological processes. For instance, it inhibited both thrombosis and lipid-deposition reducing thus the incidence of steroid-associated osteonecrosis (Zhang et al., 2009), and it exhibited in vitro anti-inflammatory effects on the mouse peritoneal macrophages (Lai et al., 2013). Most recently, the roles of icaritin in bone metabolism were also found. It enhanced the differentiation and proliferation of osteoblasts, facilitated matrix calcification (Qin et al., 2008; Yao et al., 2012), and enhanced bone regeneration in an ovariectomized rat osseous model (Zhang et al., 2008; Peng et al., 2013).
Although icaritin exhibits bone-enhancing effects in PLGA/TCP scaffolds (Chen et al., 2012; Chen et al., 2013), there is no report on the combination of icaritin and inorganic ceramics to repair the critical-sized defect. More notably, when icaritin was loaded on a special submicron structured CaP scaffold, it is unknown whether the bone regeneration ability of CaP ceramics is enhanced.
We hypothesized that the combination of chemicals enhancing bone formation and osteoinductive calcium phosphate ceramics would result in bone substitutes with improved bone regeneration capacity for critical-sized defect repair. Considering the possible bone-enhancing function of icaritin as previously shown, we introduced icaritin into sub-micron surface structured tricalcium phosphate ceramic and characterized the resulting materials concerning for their physicochemical properties and icaritin release. Following the in vitro evaluation of icaritin released with hBMSCs, we investigated the bone-forming ability of the materials after intramuscular implantation in a canine model. According to previous research, rabbit calvarial defect is a mature model for evaluating the bone repairability of biological scaffolds, but the critical defect size rarely exceeds 10 mm (Xu et al., 2008; Lee et al., 2018). In this study, we designed a 12.8 mm critical bone defect to investigate the bone repair effect of the materials by micro-computed tomography (micro-CT) and histology. With results showing, the sub-microstructured CaP ceramics scaffold incorporating icaritin could be a promising biomaterial for the treatment of critical-sized defect.
MATERIALS AND METHODS
Preparation and Physico-chemical Properties of CaP Ceramics With Sub-micron Scale Surface Structure
CaP powder was synthesized by neutralization reaction method at Ca/P ratio of 1.5. H3PO4 solution was dropped into a Ca(OH)2 suspension to get CaP powder. The porous CaP green bodies were obtained using H2O2 (1%) and wax particles and then sintered at 1,050°C for 8 h to form ceramics (Yuan et al., 2010; Zhang et al., 2014; Zhang et al., 2015). Microporous discs (Ø12.8 × 3 mm) were machined from the ceramic bodies using a lathe and a diamond saw microtome (Leica SP1600). Discs were ultrasonically cleaned in successive baths of acetone, ethanol, and deionized water, and then dried at 60°C.
X-ray diffraction (XRD; Rigaku, Tokyo, Japan) was used to analyze the crystal structure of CaP powder. The grain, micropore size and surface topography was detected by scanning electron microscope (XL30, ESEMFEG, Philips, Eindhoven, The The Netherlands). Especially, the grain and micropore was selected randomly from the image and the vertical lengths crossing the center of each grain and micropore were considered to be the grain and pore size. Mercury intrusion was used to obtain the ceramics’ total porosity, microporosity and micropore size distribution.
In vitro Release of Icaritin by CaP Scaffold in Calcium Medium
CaP discs were sterilized with autoclave at 121°C for 30 min. Icaritin solutions of 0, 40, 200, 1 and 5 mg/ml were prepared with methyl alcohol and sterilized with 0.2 μm filter (Acrodisc® 13 CR PTFE 0.2 μm, Gelman Pall). Under sterile condition, 250 μL of each icaritin solution was loaded onto CaP disc. Thereafter, methyl alcohol was evaporated in sterile conditions at 50°C with ventilation for seven days to obtain samples containing 0 μg icaritin per disc (M0), 10 μg icaritin per disc (M10), 50 μg icaritin per disc (M50), 250 μg icaritin per disc (M250) and 1,250 μg icaritin per disc (M1250) respectively. Then, samples (n = 3) were individually incubated in 3 ml of culture medium containing a-MEM (Lonza), 10% FBS (Gibco) and 1% antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin, Invitrogen) at 37°C and 5% CO2. Culture medium was refreshed at day 1, 2, 4, 7, 14, 21, 28, 35, 42, 49 and day 56 respectively. The medium collected at each refreshment point were stored at −20°C before further use.
Icaritin concentration in medium was detected with an HPLC-MS/MS system (TSQ Quantum Ultra, ThermoFisher Scientific, Co. Ltd., USA) equipped with a surveyor Autosampler, a mass pump and a triple quadrupole mass spectrometer. Six standard icaritin solutions in culture medium (i.e., 2, 5, 50, 100, 250, and 500 ng/ml) were prepared for a calibration line. The icaritin concentration in the samples was calculated according to the calibration line, while the remaining icaritin was calculated by subtracting the cumulative icaritin release from the original loading.
To determine the solubility of icaritin in water and culture medium, icaritin was directly added to water and culture medium at 37°C overnight and centrifuged at 5,000 rpm for 5 min. The supernatants (n = 3) were subjected to HPLC-MS/MS assay.
In vitro Evaluation With Human Bone Marrow Stromal cells (hBMSC)
Medium Preparation
Basic medium (BM), Growth medium (GM) and Osteogenic medium (OM) were used in the in vitro cell culture. Basic medium was a-MEM (Invitrogen, United Kingdom) supplemented with 10% FBS (Lonza, Germany), 2 mM L-Glutamine (Invitrogen, United Kingdom), 0.2 mM L-Ascorbic acid 2-phosphate (AsAP, Sigma), 100 IU/ml penicillin (Invitrogen, United Kingdom) and 100 g/ml streptomycin (Invitrogen, United Kingdom), growth medium was basic medium supplemented with 1 ng/ml basic fibroblasts growth factors (bFGF, Instruchemie, the The Netherlands), and osteogenic medium was basic medium supplemented with 10 nM dexamethasone (Sigma) and 10 mM-glycerophosphate (Sigma) (Luo et al., 2014).
Icaritin was added to BM and OM according to the saturated concentration of icaritin in culture medium with/without the presence of CaP ceramic discs (e.g., 2,000 and 4,300 ng/ml, as obtained from icaritin release test), thus both BM and OM containing 0, 20, 200, 2,000 and 4,300 ng/ml icaritin were prepared by first dissolving 5 mg icaritin in 10 ml methyl alcohol as the stock solution, followed by diluting this stock solution with either BM or OM. Specifically, additional methyl alcohol was added to each medium to keep the methyl alcohol concentration in all medium consistent.
Human Bone Marrow Stromal Cells (hBMSC) Cultivation
hBMSc (Passage 3, D307, Lonza) were expanded in cell culture flasks with GM under a humidified atmosphere of 5% CO2 at 37°C until 80% confluence. Then GM was removed, and cells were harvested with 0.25% trypsin (Invitrogen, United Kingdom). 5,000 cells/well were seeded in 48-well cell culture plates (n = 5 per condition at each time point) and cultured with various medium prepared as described above. The medium was refreshed twice a week accordingly, and cells were harvested after 1, 4, 7, 14, and 21 days for further assays.
Cell Morphology
By day 14, cells were rinsed once with 37°C phosphate-buffered saline (PBS) and fixed with 4% formaldehyde solution at room temperature for 10 min. Afterwards, the fixation solution was removed and cells were rinsed again with PBS and stained with 1% methylene blue solution for 1 min. Cell morphology was visualized using a Nikon SMZ800 stereomicroscope equipped with a Nikon camera.
Calcium Deposition
By day 14, 21, cells were rinsed once with 37°C phosphate-buffered saline (PBS) and fixed with 4% formaldehyde solution at room temperature for 10 min. Afterwards, the fixation solution was removed, and cells were rinsed once with PBS, twice with distilled water and stained with 2% alizarin red staining for 1 min. Excessive staining was rinsed twice with distilled water. Staining was visualized using a Nikon SMZ800 stereomicroscope equipped with a Nikon camera.
Cell Proliferation and Osteogenic Differentiation Assay
By day 1,4,7,14,21, cells were frozen at −80°C for 24 h after rinsed once with 37°C phosphate-buffered saline (PBS). The proliferation of hBMSCs was analyzed with a CyQuant cell proliferation assay kit (Invitrogen). Briefly, to obtain the cell lysate, 150 μL CyQuant lysis buffer was added to each well after cell culture plates were thawed at room temperature, followed by shooking at 400 rpm for 5 min. Then GR reagent was diluted 400 times by CyQuant lysis buffer. After 100 μL diluted reagent was incubated with 100 μL cell lysate for 5 min in the dark at room temperature, the fluorescence was detected using a spectrophotometer (Anthos Zenyth 3100) at wavelength of 480 nm for excitation and 520 nm for emission.
By using AttoPhos® AP fluorescent substrate system (catalog S1000, Promega), the amount of 2-[2-benzothiazoyl]-6-hydroxybenzothiazole (BBT) produced during the reaction was used to present the Alkaline phosphatase (ALP) activity. Briefly, 90 μL substrate reagent was incubated with 10 μL cell lysate for 15 min in dark at room temperature. The fluorescence signal was then collected using a spectrophotometer (Anthos Zenyth 3100).
Ectopic Implantation
To study the influence of icaritin on bone formation, the icaritin-CaP discs (M0, M10, M50, M250, M1250) were evaluated in canine and rabbit ectopic models. All the animal experiments were followed the “Guidance Suggestions for the Care and Use of Laboratory Animals” by the National Science and Technology Committee of the People’s Republic of China in order No. 2, 2006. Icaritin-CaP discs were implanted in the para-spinal muscles of five adult male beagles (body weight 14–17 kg) for 8 weeks. The surgeries were performed under general anesthesia by abdominal injection of sodium pentobarbital (30 mg/kg body weight) under sterile conditions. Following the surgeries, penicillin (40 mg/kg body weight) was injected intramuscularly for three consecutive days to prevent infection. After operation, all animals were allowed to bear full weight and received a normal diet.
The animals were sacrificed via celiac injection of an excessive amount of pentobarbital sodium at week 8. Implants were harvested with the surrounding tissues and fixed in 4% formaldehyde at 4°C for 1 week.
Calvarial Defect Repair Surgery
Thirty-six adult male New Zealand white rabbits (body weight 2.8–3.0 kg) were used for this study. According to the results of Section 2.4, thirty-six rabbits were divided into two groups with M0 as the control group and M250 as the experimental group. All the animal experiments were followed the “Guidance Suggestions for the Care and Use of Laboratory Animals” by the National Science and Technology Committee of the People’s Republic of China in order No. 2, 2006. The surgeries were performed under general anesthesia by abdominal injection of sodium pentobarbital (30 mg/kg body weight) under sterile conditions. After proper preparation, a midline sagittal incision in the scalp was made to expose the parietal bone and a critical-size (12.8 mm in diameter) defect was created in the middle of parietal bone using a sterile drill (Figure 1A). After the bone was removed, the defects were grafted with porous icaritin-CaP ceramics (Figure 1B) and the incision was closed in layers using 4–0 Vicryl sutures. Following the surgeries, penicillin (40 mg/kg body weight) was injected intramuscularly for three consecutive days to prevent infection. After operation, all animals were allowed to bear full weight and received a normal diet.
[image: Figure 1]FIGURE 1 | Rabbit calvarial defect and implantation with porous scaffold. (A) 12.8 mm calvarial defect was created in rabbit calvarial midshaft. (B) CaP-based scaffold with size 12.8 mm was implanted into the defect region.
At week 4, week 8, and week 12, each group of experimental animals was divided into an ink injection group and a non-ink injection group, with 3 animals in each group. To observe the growth of blood vessels, the animals in the ink injection group were injected with ink diluted with physiological saline (ratio 1:4) at a dose of 40 ml/kg after semi-anaesthesia with barbiturate sodium. The non-ink injection group was killed with an excess of pentobarbital sodium. All the defects with an additional 2 mm surrounding tissue were dissected from the host bone.
The samples of the ink injection group were fixed in 4% formaldehyde for histological quantification. After each sample in the non-ink injection group was divided into two halves, half was stored in liquid nitrogen for genetic testing, the other half was fixed in 4% formalin for histological observations.
Quantitative Reverse Transcription-PCR (qRT-PCR)
VEGF and FGF are crucial factors in angiogenesis. To determine the VEGF- and FGF-promoting effects of icaritin, qRT-PCR analyses were performed. All the samples were lysed in Trizol reagent (Ambion, USA), total RNA was extracted following the manufacturer’s protocol (Chengdu Lilai Technology Co. Ltd., China) and reverse transcription was performed using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). Gene expressions were quantified using SYBR Green I PCR Kit (FastStart universal SYBR Green Master (Rox); Roche, Switzerland) in Real-Time PCR System (Thermo Fisher Scientific, USA). ß-Actin was used as the housekeeping gene. Primers of the target genes including VEGF and FGF were listed in Table 1. Finally, the Real-time PCR reactin was run at 95 for 10 min, followed by 95 for 30 s, 55 for 30 s and 72 for 30 s for 45 cycles. The data were analysed using Thermo Scientific PikoReal software. The relative amounts of target genes normalized by ß-Actin were calculated by the 2−ΔCT method, where ΔCT = CT, target-CT,β-Actin.
TABLE 1 | Primer sequences for RT-PCR.
[image: Table 1]Micro-CT
Micro-CT (medium-resolution mode, isotropic voxel size: 15 μm; mCT 80, Scanco Medical AG, Bassersdorf, Switzerland) was used to evaluate new bone formation within the implants. The horizontal plane of all samples must be oriented perpendicular to the axis of the X-ray beam. The 2D radiographic images were used to reconstruct and calculate corresponding bone volume fraction (bone volume/total volume, BV/TV) with Scanco software by thresholding (n = 3) (Chai et al., 2012; Ji et al., 2020).
Histological Observations
After fixation, all the harvested samples were dehydrated through a series of increasing ethanol concentrations and were subsequently embedded in methylmethacrylate. Three non-decalcified sections (10–20 μm) from mid-defect regions of each sample were made by using a diamond saw microtome (Leica SP-1600, Germany) and stained with 1% methylene blue (Sigma) and 0.3% basic fuchsin (Sigma) solutions for qualitative and quantitative histological observations.
To perform histomorphometry, the histological slides were scanned (Dimage Scan Elite 5400II, Konica Minolta photo Imaging Inc., Tokyo, Japan). After that, using Adobe Photoshop CS5 software, the region of interest (ROI), the ceramic materials (M) and bone (B) were quantified as the pixel values. Bone formation in the available space was quantitatively determined as follows: B% = B*100/(ROI-M). Qualitative histology analysis of tissue formation (i.e. cell type, bone formation and presence of blood vessels) was performed by observing the slides at the light microscope (Nikon Eclipse E200, Tokyo, Japan).
STATISTICS
During the icaritin release experiment, multiple measures were performed on each sample, thus median of the measured data was used to reduce the effects of outliers. Mean was considered to represent bone formation as the sample number was limited. In the experiment of icaritin release, the data points were fitted with non-linear regression models to study the trend during time and were compared using one-way Wilcoxon signed rank-sum test. When means were considered, multiple comparisons were performed with one-way analysis of variance (ANOVA) followed by Bonferroni post-test comparisons. p-values lower than 0.05 were considered as statistically significant differences.
RESULTS AND DISCUSSION
The CaP Ceramic Scaffold and Release Characteristics
Figure 2B shows the porous structure of CaP ceramic, and the XRD pattern of CaP indicates that the ceramic is ß-TCP (Figure 2D). Observing the microstructure size by SEM, CaP ceramic has a grain size of 0.95 ± 0.20 μm and a micropore size of 0.65 ± 0.25 μm (Figure 2C). Mercury intrusion indicates that the ceramic micropores range from 0.2–1.3 μm with a peak of 0.55 μm (Figure 2E). It can be seen from the Mercury intrusion data that the total porosity is 62% and the microporosity is 23%.
[image: Figure 2]FIGURE 2 | Physical and chemical characteristics (A) CaP ceramic disc, (B) porous structure of CaP ceramic, (C) surface structure of CaP ceramic, (D) XRD pattern of the samples showing that the ceramic is ß-TCP, and (E) micropore size distribution confirmed by Mercury intrusion.
Icaritin crystals could be observed on the surface of CaP ceramic and are rod-like with a diameter smaller than 10 μm (Figures 3C,D). To detect icaritin with the HPLC-MS/MS system, optimization of precursor and product ions of the icaritin for MRM analysis by a triple quadrupole mass spectrometer with electrospray ionization was performed. The m/z response observed was much better in the negative ionization mode than in the positive mode due to the phenolic hydroxyl group. The mass spectra showed deprotonated molecular ion [M-H]- peak at 385.0 m/z. On the basis of the production mass spectra, the major fragment ion was observed at 311.1 for icaritin (Figure 3A). A total ion chromatogram in full scan model was generated using standard icaritin solution, and icaritin could be separated and eluted at 5.50 min (Figure 3B). A good linearity was obtained for icaritin over the range from 2 to 500 ng/ml in culture medium (Figure 3E).
[image: Figure 3]FIGURE 3 | Icaritin release and detection. (A) Chemical structure and full scan product ion of precursor ion of icaritin (the quantification ion at m/z 311 is generated via the loss of C4H9O from the precursor ion), (B) HPLC-MS/MS total ion chromatography of icaritin, (C) 12.8 mm CaP ceramic disc with icaritin, (D) needle-like icaritin on the surface of CaP ceramic (red arrow), (E) the icaritin calibration line between the concentrations from 2 to 500 ng/ml in culture medium, and (F) median values of the measured icaritin concentrations in the culture medium plotted against time (please note that the ordinate axis is split into three intervals for a better visualization of the results, which include all the data point measurements from all the materials).
According to the calibration line, the saturated icaritin concentrations at 37°C were 13.4 ± 2.4 μg/ml in water and 4.3 ± 0.1 μg/ml in culture medium respectively. The release of icaritin from the samples is summarized in Table 2 and illustrated in Figure 3F. No icaritin was detected in any of the controls (group M0). Initial burst releases, directly correlated with the icaritin content in the discs, were observed on the first day for all those samples containing icaritin (Figure 3F): the lesser icaritin incorporated in the CaP ceramic, the minor the intensity of the burst. Afterwards, all materials but M1250 had exponential release decays. The samples with the smaller icaritin amount M10 ceased to release already on the second day of experiment. A similar but delayed trend was observed for those samples containing 50 μg of icaritin, which stopped releasing after one week. Discs with an initial load of 250 μg icaritin were able to have a significant longer release decay rate as compared to M10 and M50. Samples M1250, with the highest icaritin initial content, kept a steady release during the whole experiment. The four materials, until they released icaritin, had significantly different release trends (p < 0.05 for all data sets when compared in the periods of active release). The release measurements were corroborated by the observation that the majority of icaritin stayed in the discs after a 56-days soaking in culture medium (Table 2).
TABLE 2 | The quantities of total (cumulative) released and remaining icaritin in the samples after 56 days soaking.
[image: Table 2]By its chemical nature, icaritin is theoretically not soluble in aqueous solution, and a low solubility of icaritin was seen in the study. In water, a saturated concentration of 13.4 ± 2.4 μg/ml was reached at 37°C. The saturated concentration decreased to 4.3 ± 0.1 μg/ml in the simulated body fluids (eg Dulbecco’s Modified Eagle Medium plus foetal bovine serum), agreeing with the influence of proteins and ions on the solubility of chemicals (Galia et al., 1998). With a low solubility, a sustained release of icaritin was expected when it was loaded onto carriers. The sustained release was achieved in practice at the highest dose used in the study (e.g., M1250). The release profile of icaritin (Figure 3F and Table 2) indicated that icaritin was not only physically loaded into the CaP ceramic but also reacted chemically to CaP. If only physical loading was there, the constant release of icaritin from M1250 should be around 4.3 μg/ml in simulated body fluids, while it was 2.0 μg/ml in practice. Moreover, if only physical loading was there, a constant release could have happened in the case of 250 µg icaritin/disc as well, since the total theoretical release of icaritin in the tested time frame was 141.9 µg (11-time points with the theoretical constant release of 4.3 μg/ml in 3 ml), less than 250 µg icaritin loaded. As shown in Table 2, the majority of icaritin was retained in CaP ceramics after a 56-days soaking in simulated body fluids, further supporting the chemical reaction of icaritin to the CaP ceramic. The exact reaction of icaritin to CaP ceramic needs to be further addressed with studies, while it is likely that icaritin could react to calcium phosphate through coordination bond with Ca2+ ions, meaning that there might exist some dynamic equilibria involving icaritin and Ca2+ ions (Huskens and Sherry, 1998). As such, the saturated concentration of icaritin further decreased to 2.0 μg/ml in simulated body fluids when loaded into the CaP ceramic (Figure 3F, M1250).
Influence of Icaritin on hBMSCs
Bearing the possible reaction between icaritin and CaP ceramic after loading, icaritin released from CaP ceramic discs into simulated body fluids dose-dependently (Figure 3F). Using the saturated concentration in culture medium and dilutions of the highest icaritin release from CaP ceramic into culture medium (e. g., 2 μg/ml), the influence of icaritin on the activities of human bone marrow stromal cells was evaluated. A morphological change from spindle to polygon shape was observed by day 14 with the increasing concentration of icaritin (Figure 4B), regardless of the culture media used (BM vs OM). Specifically, with the increasing of icaritin up to 2,000 ng/ml, hBMSCs became more spread and larger, indicating their tailored cell fate in the presence of icaritin. In both BM and OM 2,000 ng/ml icaritin inhibited the proliferation of hBMSCs while 4,300 ng/ml icaritin showed severe cytotoxicity that it induced apoptosis, where not much cells but crystals of un-dissolved icaritin were observed under the light microscope instead of living cells (Figure 4B, 4,300 ng/ml).
[image: Figure 4]FIGURE 4 | hBMSC proliferation and osteogenic differentiation in different culture medium. (A) Mineralization and (B) cell morphology of hBMSC in basic medium and osteogenic medium as the function of icaritin dose (red arrow stands for un-dissolved icaritin crystals), (D) hBMSC proliferation, and (C) osteogenic differentiation in BM and OM as a function of icaritin dose.
Calcium deposition was only observed in OM group but not in BM (Figure 4A). By day 14 and 21 the calcium deposition was seen in 20 ng/ml and 200 ng/ml, and occasionally seen in 2,000 ng/ml and 4,300 ng/ml.
hBMSCs proliferated and peaked by day 14 in both BM and OM, except in those supplemented with 2000 ng/ml icaritin or more (Figure 4D). With the presence of osteogenic factor (e.g., DEX), cells, in the means of DNA content, were not much different in number among the groups of 0, 20, and 200 ng/ml, while without osteogenic factor, cells were much more in number in groups of 20 and 200 ng/ml as compared to 0 ng/ml control (Figure 4D).
Given the fact that a high dose of icaritin was harmful to the cells, ALP assay was not applied to the samples of 4,300 ng icaritin/ml. The ALP expression of hBMSCs is relatively low in BM as compared to OM group regardless of the concentration of icaritin (Figure 4C). Moreover, ALP/DNA in cells cultured with BM did not increase with time from Day 7 to Day 21, while ALP/DNA increased from Day 7 to Day 21 (Figure 4C) in cells cultured with OM. Furthermore, at day 21, ALP/DNA was up to the concentration of icaritin, with higher ALP/DNA at higher concentration of icaritin (at the dose range of 0–200 ng/ml) (Figure 4C).
So, at the saturated concentration in culture medium (4.3 μg/ml), icaritin was harmful to hBMSCs and caused cell death (Figures 4B,D). At the highest release from CaP ceramic (2 μg/ml from M1250), icaritin inhibited cell proliferation (Figures 3B, 4D). At the concentration between 0.02–0.20 μg/ml, icaritin enhanced proliferation of hBMSCs in the absence of osteogenic factor (eg Dex), while it did not affect hBMSC proliferation when dex was used in the culture media (Figures 4B,D). At the concentration of 0.02–0.20 μg/ml, icaritin did not enhance osteogenic differentiation of hBMSCs when Dex was not used in the culture medium, as indicated in both mineralization assay (Figure 4A) and ALP/DNA assay (Figure 4C), with the presence of Dex in the culture media, icaritin did enhance osteogenic differentiation of hBMSCs (Figures 4A,C). The data agreed with the previous findings that at certain dosages icaritin did not affect bone marrow stromal cell proliferation, but enhanced ALP production and mineralization while at high doses, meaning that icaritin enhances osteogenic function of readily differentiated osteogenic cells but does not induce osteogenic differentiation of osteoprogenitors or stems cells in vitro.
Influence of Icaritin in Ectopic Bone Formation
When icaritin-loaded CaP ceramic discs were implanted intramuscularly in canine for 8 weeks, the dose-dependent influence of icaritin on bone formation was seen (Figures 5, 6). The samples (n = 5) harvested from all animals were available for histological evaluation and histomorphometry. The least bone formation was observed in group M1250 and most bone formation occurred in groups M50 and M250 (Figures 5, 6). The addition of 10 μg did not improve bone formation as compared to the control group. Loading 50 or 250 μg icaritin significantly increased the bone formation in the CaP ceramic. When icaritin was added in a high dose (i.e., 1,250 μg), it had an inhibitory effect on the ectopic bone formation of the ceramic.
[image: Figure 5]FIGURE 5 | Tissue response to icaritin-containing CaP discs implanted in muscle of dogs for 8 weeks. Left, histological overviews of M0, M10, M50, M250 and M1250 (scale = 2 mm); Right, detailed light microscopic images of the selected region in the histological overviews (scale = 250 µm) (un-decalcified sections; methylene blue and basic fuchsin staining; Bone: bone tissue; CaP: CaP ceramic; star: blood vessel; arrow head: multinucleate giant cells).
[image: Figure 6]FIGURE 6 | Bone formation in the available space (%) of samples harvested from dogs (statistically significant differences are marked by *p < 0.05, **p < 0.01).
Both the icaritin liberated from CaP ceramic and the icaritin that stayed in the CaP ceramic may have played biological roles in vivo. At the concentrations of 10−7–10−5 mol/L (i.e., 0.0385–3.85 μg/ml), icaritin enhanced the differentiation and proliferation of osteoblasts in vitro (Huang et al., 2007). If only the icaritin liberated from CaP ceramic affected bone formation, then bone formation may not have been enhanced in the 50 µg icaritin group since the release of icaritin stopped 7 days after immersing in simulated body fluid, while it was known that inductive bone formation in canine muscle normally starts 4 weeks after implantation (Yuan et al., 2006). Similarly, if only the icaritin released from CaP ceramic had an essential contribution, then bone formation should have been enhanced in the 1,250 µg group in dogs because the 2 μg/ml concentration was still within the reported interval of efficient icaritin concentration to enhance bone formation. Instead, it was found in this study that the bone formation was inhibited in the 1,250 µg group. The inhibited bone formation in the 1,250 µg group could be attributed to the cytotoxicity of icaritin at high dosages (Chen et al., 2012; Chen et al., 2013).
Based on the in vitro results, it is clear that icaritin does not have osteoinductive potential as the bone morphogenetic proteins have (Chen et al., 2012), icaritin could thus only affect bone formation in an environment where bone formation was readily present. In other words, icaritin enhanced a bone formation process that was already triggered by the submicron scaled surfaces of the CaP ceramic implanted in this study in dogs. Via protein adsorption (Yuan et al., 2010; Zhang et al., 2014), surface mineralization (Zhang et al., 2015; Murr, 2019), ion-release (Yuan et al., 2010; Zhang et al., 2014; Zhang et al., 2015) and surface topographic cues (Zhang et al., 2015), submicron surface structured calcium phosphate ceramic generates an osteogenic environment to which mesenchymal stem cells respond and undergo osteogenic differentiation to form bone. Together with the osteogenic environment generated by the submicron surface structured calcium phosphate ceramic, icaritin enhanced the function of mesenchymal stem cells and bone formation was eventually enhanced.
Calvarial Defect Repair Evaluation
Studies have shown that angiogenesis plays a vital role in bone tissue repair process, and enhanced neovascularization accelerates bone formation (Karageorgiou and Kaplan, 2005; Oates et al., 2007; Barralet et al., 2009). As observed in Figure 5, an increase in blood vessels amount was seen from M0 to M250, the pores of all implants were occupied by soft tissues including blood vessels, indicating enhanced bone formation was associated with higher density of blood vessels. It has been shown that stem cells could reach to the osteoinductive calcium phosphate ceramic via blood circulation (Song et al., 2013). It is likely that icaritin first enhanced angiogenesis from which stem cells responsible for inductive bone formation could be recruited. When the stem cells were differentiated by CaP ceramic, icaritin enhanced the function of such differentiated cells to form bone.
It is thus worthy of performing studies to test the functionality of icaritin-containing osteoinductive CaP ceramic in bone regeneration in orthopedic sites. The in vivo bone regeneration effect of samples was evaluated by micro-CT and histological analysis. The 3D images of Micro-CT reconstruction in Figure 7A demonstrate newly formed bone within implants at week 4, 8, and 12, and the quantitative data of new bone volume (BV/TV) within the implants was measured by the 2D radiographs. Compared with M0 group, there was a significant increase in BV/TV in M250 group at week 4 (Figure 7B) (p < 0.01, n = 3). After 8 weeks post implantation, although the growth rate of the M250 group is lower than that of M0 group, the BV/TV of the M250 group is still higher than that of M0 group (Figure 7B). At week 12, the BV/TV in M250 group was significantly higher than that of M0 group (Figure 7B) (p < 0.01, n = 3). And the BV/TV of all groups at week 12 was higher than that of week 8.
[image: Figure 7]FIGURE 7 | Micro-CT analysis of M0, M1250 after calvarial implantation for 4, 8, and 12 weeks. (A) The corresponding three-dimensional reconstruction images of micro-CT results and representative axial sections. (B) Calculated bone volume/tissue volume (BV/TV) (Statistically significant differences are marked by *p< 0.05, **p < 0.01).
Figures 8 and 10 display the histological manifestations in methylene blue and basic fuchsin stains after implantation for 4, 8 and 12 weeks, respectively. Observed from the axial and sagittal direction, the newly formed bone tissue became evident at week 4 with limited bony bridging along the radial border of the bone defect (Figure 8A, Figure 8a2, Figure 8B, Figure 8b2, Figure 10A, Figure 10a1, Figure 10a2, Figure 10B, Figure 10b1, Figure 10b2). Compared with week 4, at week 8, more new bone tissue in both groups grew into the scaffold, along the radial direction (Figure 8C, Figure 8D, Figure 10C, Figure 10D). Obviously, at week 12, the new bone tissue of the M250 group have almost penetrated the entire material (Figure 8F, Figure 10F). Serial graphs reveal how new bone first originates at the resident bone edges from where it proceeds first along the external margins of the scaffold implant and then towards the center of the scaffold. Quantitative analysis (Figure 9) shows that at week 4, week 8 and week 12, the M250 group had more new bone in the defect compared to the M0 group. At week 4 and week 8, both groups had isolated new bone islands along the radial margins and within the pores of the scaffolds (Figure 8a1, Figure 8b1, Figure 8c1, Figure 8d1). The newly formed bone within the scaffold was seen to have remodelled towards mature lamellar bone with osteocytes within lacunae embedded in the bone matrix.
[image: Figure 8]FIGURE 8 | The axial direction histological observation of M0 and M250 after calvarial implantation for 4, 8 and 12 weeks (A), (C), (E) The histological overviews of M0 (B), (D), (F) The histological overviews of M250 (a1) (c1) (e1) New bone islands within the M0 scaffolds pores (b1) (d1) (f1) New bone islands within the M250 scaffolds pores (a2) (c2) (e2) New bone tissue crawl into the M0 scaffolds (b2) (d2) (f2) New bone tissue crawl into the M250 scaffolds (scale = 500 µm), Bone: bone tissue; CaP: CaP ceramic.
[image: Figure 9]FIGURE 9 | Bone formation in the available space (%) of samples harvested from rabbits (statistically significant differences are marked by *p < 0.05, **p < 0.01).
[image: Figure 10]FIGURE 10 | The sagittal direction histological observation of M0 and M250 after calvarial implantation for 4, 8 and 12 weeks (A), (C), (E) The histological overviews of M0 (B), (D), (F) The histological overviews of M250 (a1) (a2) (c1) (c2) (e1) (e2) New bone tissue crawl into the M0 scaffolds (b1) (b2) (d1) (d2) (f1) (f2) New bone tissue crawl into the M250 scaffolds (scale = 500 µm), Bone: bone tissue; CaP: CaP ceramic.
Newly formed vessels within the scaffold pores became visible in first 4 weeks in both groups (Figures 11A,B), and decreased from the next 4 weeks (Figures 11C,D,G–I). Quantitatively, compared with the M0 scaffold groups, the M250 scaffold group showed many more new vessels in terms of vessel volume, VEGF and FGF expression within bone defects at week 4, week 8 and week 12 (n = 3, Figures 11G–I).
[image: Figure 11]FIGURE 11 | Blood vessel formation (A)–(F) New blood vessel formation in M0 group and M250 group at week4 week8 and week12; (A)–(F) Magnified view of blood vessel within M0 and M250 scaffolds (red arrow); (G) The ratio of blood vessel area between group M0 and group M250; (H) VEGF and (I) FGF mRNA expression in implantations (scale = 500 µm), Bone: bone tissue; CaP: CaP ceramic (Statistically significant differences are marked by *p < 0.05).
Animal experiments results showed that icaritin significantly improve the ingrowth of blood vessel with a large amount of bone tissue penetrated the entire scaffold at week 12, when compared with M0 group (Figures 7–10). And compared with week 4, although the number of blood vessels in M250 decreased at week 8, the number of connected blood vessels increased, accompanied by more bone regeneration (Figure 11). At week 12, the blood vessel volume of the M250 group was still higher than that of the M0 group (Figures 11E–I). These results support other evidence that icaritin enhanced angiogenesis and bone formation in rabbits when icaritin was incorporated into PLGA/TCP composites (Chen et al., 2012; Chen et al., 2013), indicating a possible link between angiogenesis and bone formation which was described in the phenomenon of osteoinduction caused by icaritin-loaded CaP ceramic.
CONCLUSION
When loaded into submicron surface structured CaP ceramics, icaritin was chemically retained and released dose-dependently. With its release, icaritin enhanced osteogenesis of bone marrow stromal cells in vitro with the presence of osteogenic factors and enhanced bone formation initiated by submicron surface structured CaP ceramic in intramuscular implantation. Due to enhanced bone formation by icaritin, icaritin-containing osteoinductive CaP ceramic scaffolds presented the desired osteogenic and angiogenic potential, as evidenced in a rabbit calvarial defect model. The combination of icaritin and submicron surface structured CaP ceramics could thus be a novel strategy for bone regeneration.
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Unlike the conventional techniques used to construct a tissue scaffolding, three-dimensional (3D) bioprinting technology enables fabrication of a porous structure with complex and diverse geometries, which facilitate evenly distributed cells and orderly release of signal factors. To date, a range of cell-laden materials, such as natural or synthetic polymers, have been deployed by the 3D bioprinting technique to construct the scaffolding systems and regenerate substitutes for the natural extracellular matrix (ECM). Four-dimensional (4D) bioprinting technology has attracted much attention lately because it aims to accommodate the dynamic structural and functional transformations of scaffolds. However, there remain challenges to meet the technical requirements in terms of suitable processability of the bioink formulations, desired mechanical properties of the hydrogel implants, and cell-guided functionality of the biomaterials. Recent bioprinting techniques are reviewed in this article, discussing strategies for hydrogel-based bioinks to mimic native bone tissue-like extracellular matrix environment, including properties of bioink formulations required for bioprinting, structure requirements, and preparation of tough hydrogel scaffolds. Stimulus mechanisms that are commonly used to trigger the dynamic structural and functional transformations of the scaffold are analyzed. At the end, we highlighted the current challenges and possible future avenues of smart hydrogel-based bioink/scaffolds for bone tissue regeneration.
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INTRODUCTION

There are a number of challenges associated with the current restoration methods for bone defects, such as autografts and allografts (Chiarello et al., 2013; Van De Vijfeijken et al., 2018), which include a limited supply of donor tissues, risk of complications, transplant rejection, and biocontamination (Vidal et al., 2020). Bone tissue engineering, an emerging route, has demonstrated a great potential over the past decades: replacing bone tissue with a three-dimensional (3D) living scaffold implant containing cells; using bone tissue extracellular matrix (ECM) mimics and the bioactive factors to activate the growth of cells (Qu et al., 2019). In here, the ECM mimics are commonly cytocompatible polymeric matrices, such as hydrogels, polyesters, and polymer-ceramic composites (Jakus et al., 2016; Rosales and Anseth, 2016; Nicolas et al., 2020), which require extensive research input from the material research community. It has been demonstrated extensively that hydrogels are greatly suitable for the biomedical applications due to their excellent biocompatibility and biodegradability, outstanding hydrophilicity, controllable permeability, and simple manufacturing methods (Fuchs et al., 2019).

A plethora of fabrication routes for bionic 3D scaffolds have been developed (Raeisdasteh Hokmabad et al., 2017; Chocholata et al., 2019; Haider et al., 2020), which include phase separation (Bailey et al., 2012), electrospinning (Thorvaldsson et al., 2013), freeze-drying (Wu et al., 2010), and salt leaching (Chiu et al., 2009). These strategies showed an excellent capability in producing a porous matrix with controlled surface morphology and adjusted processing variables, but sometimes a less controlled structure (Zhang et al., 2013). As a contrast, 3D bioprinting technique provides a fabrication process of scaffolds with complex and diverse geometry to evenly distribute cells and orderly release signal factors when cell-laden materials, known as bioink, are deployed (Bracaglia et al., 2017; Datta et al., 2017).

To regenerate a bone tissue, constructing a complex 3D structure with customized and enriched composition of ECM is one of the most indispensable initial steps (Dutta and Dutta, 2010). It is equally vital that the dynamic changes of the scaffolding can stimulate distinctive functions of tissue (Zhang et al., 2018), which requires some intrinsic mechanism(s) that can respond to external stimuli. To meet such technical requirements for tissue regeneration (Yang G. H. et al., 2019), 3D bioprinting technology evolved into four-dimensional (4D) bioprinting, whereby time is integrated as a processing parameter. Specifically, as the fourth dimension, time, changes (Kim S. H. et al., 2020), the geometric shape and behavior of a bionic scaffold are transformed, depending on the components' response to the surrounding environmental factors (Yang G. H. et al., 2019) and/or the internal function of the scaffold that progressively matures through the interaction with the cells (Wan et al., 2019). The technological advance offers not only the ability for biomimetic scaffold to respond immediately to any internal cell force stimulation and external factors, but also a gradual maturation and functional expression of the printed scaffold implants over time (Li et al., 2016; Wan et al., 2019). As such, stimuli-responsive 4D printed scaffolds, based on hydrogel, provide an unprecedented potential for bone tissue engineering (Murphy et al., 2013).

With a focus on the strategies concerning 3D reconstruction of bone tissue, in particularly the hydrogel-based bioink for hard tissue repair, this review starts with the technical requirements for bioprinting in terms of processability, resulting scaffold structure, and the bone repair function. A number of 3D printing processes are reviewed subsequently, comparing the advantages and limitations of each technologies, followed by the stimulus-responsive mechanism commonly used in 4D printing. Finally, some of the current challenges and potential improvements of hydrogel-based bioinks for future consideration are discussed.



PROPERTY REQUIREMENTS OF BIOINKS/SCAFFOLDS

To 3D print a hard or elastic 3D hydrogel scaffold with orderly distributed components and a controlled geometry, bioink formulation with pre-defined rheological properties undergoes a complex manufacturing process. The following characteristics are therefore desirable for the bioinks:

(1) Printability: It requires an appropriate viscosity range of the formulation and fast transition kinetics from sol to gel state (Kim M. K. et al., 2020). For nozzle-based extrusion bioprinting, bioinks are expected to be shear-thinning liquids that can be extruded in a laminar flow, whilst maintaining sufficient mechanical strength to self-support over multiple layers, with controlled geometry and porosity (Jakus et al., 2016). For example, by simply processing the sodium alginate/poly(acrylamide-co-acrylic acid) bio-ink formulation in a solution of pH 14, the viscosity and gel rate of the hydrogel can be adjusted to an improved 3D printability (Li et al., 2018).

(2) Biocompatibility: Once it is ready, the scaffold would incorporate with the hosting biological environment, without triggering any adverse reactions, to actively promote the adhesion and proliferation of osteocytes. This would facilitate the formation of an extracellular matrix on the surface and in the pores of the scaffold, which gradually induce the development of a new bone tissue (Dong et al., 2009). In a recent report, the dental implants of minipig were grit-blasted with some ceramic particles, followed by acidic etching, to fabricate nano-structured surface. A very limited number of inflammatory cells were recorded after 4 and 12 weeks of implantation, which proves the biocompatibility of the implant (Hoornaert et al., 2020). Furthermore, the microenvironment within the scaffold is expected to encourage the formation of blood vessels in or around the implant within a few weeks after implantation, thereby providing a favorable condition for the transportation of nutrients, oxygen, and waste (Williams, 2008).

(3) Mechanical properties: An appropriate network enhancement mechanism should form between the components of the scaffold to prevent material failure and minimize fracture under large deformation (Zhang et al., 2017). The mechanical properties of the fabricated scaffold should match those of the host bone, enabling a suitable load transfer. For example, Ratheesh and co-workers tried to add 15% w/v of inorganic bone particles, whose sizes are 150–500 and 0–500 μm, to 10 and 12.5% w/v methacrylated gelatin based bioink to enhance the biomechanical properties of the scaffold (Ratheesh et al., 2020).

(4) Biodegradability: The printed scaffold is expected to degrade in vivo with time. Ideally, the degradation rate of scaffolds matches the production rate of ECM, whilst the degradation products have no side effects on the host (Sabir et al., 2009). For example, the mass loss of a waterborne polyurethane scaffold reached 35.62% after 90 days of degradation, while the fluorescence image showed that after 7 days of incubation, rabbit chondrocytes covered all waterborne polyurethane scaffolds (Feng et al., 2020).

(5) Surface characteristics: The interface between the scaffold and the tissue to be repaired is critical to the success of a scaffold transplantation, with numerous reactions and interactions taking place. Therefore, the surface characteristics of a scaffold, such as porosity, wettability, and morphology, require significant attention. For instance, the diameter of the initially interconnected pores should maintain at least 100 μm, allowing nutrients and oxygen that are essential for cell survival to diffuse and the waste produced by the cells to transfer (Rouwkema et al., 2008). A pore size range of 200–350 μm was recommended for the growth of bone tissue (Murphy et al., 2010). Surface of the scaffold should be engineered to control cells spreading, proliferation, and differentiation. The morphology of the scaffold is also of great significance for anchoring cells and proteins on the surface (Haider et al., 2020).

(6) Stimulus responsiveness: When the hydrogel is subjected to an external/internal stimuli, it can respond in a timely manner by changing its physiochemical properties. A reversible process is preferred (Lui et al., 2019).

The properties of bioink and its resulting scaffolding outlined above do not exist independently at any specific stage. From the bioink in its liquid state, to the scaffold constructed, and finally to the functional implant, these characteristics are interrelated and could influence each other throughout the entire process that involves both physical and chemical transformations (Figure 1).


[image: Figure 1]
FIGURE 1. Requirements for bioink: the shear-thinning formulation is extruded in the form of laminar flow and forms desired geometry via its self-supporting ability (yellow); bioink can be crosslinked to enhance the mechanical strength of the hydrogel scaffold, whilst the biocompatibility and biodegradability promote cell diffusion and proliferation (green); to accomplish bone tissue repair, the scaffolding will induce new tissue growth and respond to external stimuli as the new bone matures (blue).




BIOPRINTING PROCESS

As an advanced approach for bone tissue engineering, 3D bioprinting was developed upon the significant advances achieved in 3D printing technology, cell biology, and materials science/engineering in recent years. Figure 2 illustrates the overall bioprinting process, whereby bioactive scaffolds are fabricated via a layer-by-layer positioning of bioinks that commonly incorporate cells, bioactive factors, and biocompatible materials.


[image: Figure 2]
FIGURE 2. A typical process of bioprinting 3D scaffolding: imaging and digital design; preparation of bioinks formulation and cells; bioprinting a scaffold with defined geometry and structure; in vitro testing and transplantation.


As the very first step, it is essential to establish the geometry and structure of the biomimic scaffold, upon examination of the impaired tissue. Computed tomography (CT) and magnetic resonance imaging (MRI) are the imaging technologies commonly used (Ozbolat and Gudapati, 2016) to establish the geometric requirements. Computer-aided design and manufacturing tools would then be deployed to construct the corresponding 3D structure. Composition of the bioinks will then be formulated, taking into account the desired characteristics specified in section Property Requirements of Bioinks/Scaffolds. Commonly used materials include biocompatible synthetic or natural polymers such as polycaprolactone and hyaluronic acid (Park et al., 2014), bioactive glass (Murphy et al., 2017), calcium phosphate (Ahlfeld et al., 2018), and natural decellularized fibers (Pati et al., 2014). It is worth noting that cells encapsulated in the bioink can be derived from autologous or allogeneic sources (Murphy and Atala, 2014).

As shown in Figure 3, a variety of bioprinting technologies have been developed to deposit bioink on a supporting substrate with high spatial resolution. An inkjet bioprinter can convey small droplets of formulation over predefined locations by either thermal (Cui et al., 2010, 2012) or acoustic mechanisms (Xu et al., 2008; Fang et al., 2012). The heat acts as a driving force to evaporate the deposited ink into bubbles that burst and cause the ink to be ejected (Gomes et al., 2012). Piezo actuators eject ink from nozzles by offering a transient pressure (De Jong et al., 2006). Although thermal inkjet printing has several technical advantages such as high printing speed/efficiency and low operating cost, there are serious limitations, for example, the droplets cannot be completely uniformly transferred, resulting in an irregular droplet size or shape. In addition, cells and formulations that are not heat-resistant or mechanically resistant may be compromised. Piezoelectric inkjet printers have shown the capability to address the above limitations associated with the thermal one (Nakamura et al., 2005; Saunders et al., 2008), but there have been concerns with regard the potential damage to the cell membrane and lysis induced by acoustic waves at 15–25 kHz frequencies (Cui et al., 2012).


[image: Figure 3]
FIGURE 3. Schematic diagrams of three primary bioprinting technologies: inkjet bioprinting, extrusion bioprinting, and laser-assisted bioprinting.


Amongst all 3D bioprinting technologies developed, extrusion bioprinting is arguably the most widely used one due to its exceptional capability of accommodating a broad spectrum of fluids whose viscosities range from 30 mPa s−1 to just under 6 × 107 mPa s−1 (Jones, 2012). In this process, bioink formulation is dispensed to large hydrogel filaments on the substrate either pneumatically (Chang et al., 2011) or mechanically (piston- or screw-driven) (Jakab et al., 2006; Visser et al., 2013). Since the bioink is subjected to a strong shear stress when flowing through the nozzle, its rheological characteristics, in particularly the shear thinning characteristics, is critical to the processing condition (Shin et al., 2019). Compared with inkjet bioprinting, an obvious technical advantage offered by the extrusion bioprinting is a high cell deposition density, as summarized in Table 1. However, survival rate of cells is not as satisfying as that with inkjet bioprinting because cells may be subjected to an increased shear stress and mechanical pressure during the dispensing process. Some countermeasures, such as reducing the extruding pressure, increasing the nozzle size, are necessary to improve cell survival rate, which would compromise the printing speed and resolution.


Table 1. Comparison of the advantages and disadvantages of inkjet bioprinting, extrusion bioprinting, and laser-assisted bioprinting.

[image: Table 1]

The third fabrication strategy is laser-assisted bioprinting that is consisted of three primary components: a pulsed laser source; a ribbon coated with a metallic absorbing layer (e.g., gold or titanium) and a layer of bioink; and a receiving substrate such as quartz disk (Guillemot et al., 2011). During the construction of a scaffold, a pulsed laser beam scans over a ribbon, which triggers vaporization of the sacrificial absorbing layer. The resulting vapor bubbles would initially collapse on the surface of the absorbent layer, with no ejection. However, as the energy accumulates in the bubble, the pressure in the bubble increases before it bursts, expelling the bioink onto the receiving substrate (Guillemot et al., 2010). The technology could accommodate bioinks of various viscosities, and can achieve a high density of encapsulated cells and cell survival rate. There are also limitations such as the complex preparation of the ribbon, a trace amount of metallic residues in the scaffolds, and the high production cost (Murphy and Atala, 2014).

Following the 3D printing process, a bioink formulation will experience a sol-gel transformation to form a stable scaffold, no matter which printing technology is used. To ensure the survival rate of the cells, the prepared scaffold must be matured in a bioreactor for a period of time, and undergo a series of necessary in vitro tests before transplantation.



STRATEGIES FOR HYDROGEL BIOINK REINFORCEMENT

Once being extruded from the nozzle, bioink is expected to crosslink rapidly and solidify to maintain its geometrical integrity with an enhanced mechanical property, of which the kinetics was considered the most important processing parameter during the early stage of 3D bioprinting development. Biocompatibility, another critical factor, considers the biological activity and toxicity of each component in the bioink formulation. With the advancement of bioprinting technology, reinforcement strategies of bioink formulations received a great attention, of which the principle and mechanisms will be reviewed in this section (Figure 4).


[image: Figure 4]
FIGURE 4. Schematic diagrams of five established mechanical reinforcement techniques for hydrogel-based bioinks: polymer functionalization; supramolecular-reinforced hydrogels; interpenetrating networks (IPNs); nanocrosslinkers; and thermoplastic reinforcement.



Polymer Functionalization and Homogeneous Hydrogel Networks

Of the many natural polymers used in bioink formulations, some can form a physically crosslinked network through reversible conformational transitions. However, the formed network has a low bonding energy: changes in the surrounding environment can easily disrupt the conformation of the polymer chains, resulting in unsatisfactory mechanical properties (Rastogi and Kandasubramanian, 2019). To enhance the crosslinking ability of bioink formulations, a common strategy is to incorporate some new functional moieties or modify the end/side groups of the natural polymers, which could introduce additional or specific crosslinking sites and consequently promote the formation of a homogeneous network. With a uniformly distributed load, such network can minimize a localized stress concentration and, thereby improve the fracture toughness of the material (Sakai et al., 2008).

One of the common approaches used is to modify the side groups of polymers with methacrylate moieties, which has been applied to many natural polymers, including gelatin (Boere et al., 2014; Yin et al., 2018), alginate (Gao and Jin, 2019), hyaluronic acid (Skardal et al., 2010b), collagen (Chen et al., 2019), and kappa carrageenan (Mihaila et al., 2013). The modified polymers are equipped with carbon-carbon double bonds in the side chain, which can be easily crosslinked by a light source of different wavelength in the presence of photo-initiators. In a recent work, methylcellulose/gelatin-methacryloyl (MC/GelMA) bioink demonstrated an outstanding shape integrity (Rastin et al., 2020): MC provided the bioink formulation an excellent processability whilst GelMA was used not only to form a covalent crosslinked network through light radiation, but also to establish the physical interaction with the MC, improving the mechanical strength of the formed hydrogel. The addition of GelMA to pure MC can significantly improve the critical shear stress required to initiate the viscous flow of the hydrogel, with a progressive rise in yield stress from 1356 ± 43 Pa (for pure MC) to 2354 ± 53 Pa (MC/GelMA hydrogel).

Click reactions, particularly thiol-ene click reactions (Lowe, 2010), demonstrated exceptional advantages, e.g., ease of use, high efficiency, reliability, and high selectivity (Cengiz et al., 2017), in synthesizing functional polymers or preparing polymers with topological structure for surface modification and biopharmaceutical applications (Yigit et al., 2011). For example, norbornene-modified hyaluronic acid underwent a photo-crosslinking reaction with the tetrathiol (Wang et al., 2018), and subsequently, the rheological measurements showed that the covalent networks improved the hydrogel mechanics whereby its storage modulus increased from 500 Pa to 5 kPa. Moreover, the Young's modulus of the hydrogel was enhanced from 1 to 3 kPa after photocuring.

It is feasible to develop a homogeneous network by combining two types of symmetrical multi-arm polyethylene glycols (PEG) whose end groups can react with each other. There are a number of flexibilities offered by PEG: easily changed molecular configuration, number of branches, type of end groups, and length of the arms, which offer a great platform for hydrogel reinforcement (Rutz et al., 2015) and for constructing a uniform network. Sakai and colleagues (Sakai et al., 2008) reported that the compressive strength of a gel network, once reacting two four-arm PEGs of the same size with amino and ester groups respectively, was significantly greater than that of agarose gel or acrylamide gel under the same network concentration. At a concentration of 120 mg/mL, the maximum breaking stress (9.6 MPa) of such PEG gel matched that of natural articular cartilage (~6–10 MPa). To summarize, strategies have been developed and demonstrated to significantly improve the mechanical properties of bioprinted scaffold, in terms of ductility, malleability, and fracture toughness, by fabricating a hydrogel network that can distribute the applied stress evenly.



Dynamic Homogeneous Supramolecular Network

Enabled dynamic chemical bonds and/or physical interactions (Morgan et al., 2020), polymer can self-assemble and form a dynamic homogeneous supramolecular hydrogel.

The prominent dynamic covalent chemical reactions currently used include reversible diels-alder reactions, disulfide exchange, boronate ester formation, and aldimine formation (Morgan et al., 2020). The nature of such dynamic bonds is attributed to the combination of thermodynamically stable but kinetically unstable interactions (Jin et al., 2013). Reversible physical interactions include hydrogen bonding, ionic bonding, π-π stacking, hydrophobic interactions (Webber et al., 2016), coordination bonds (Zheng et al., 2016), and non-covalent guest–host interactions (Loebel et al., 2017). During the self-assembly process of the monomers that involve the dynamic interactions aforementioned, the inherent dynamicity does not facilitate the formation of a mechanically strong polymer structure (Mann et al., 2018), but enable the long chain polymer to entangle with each other if they are uniformly bound to a macromolecular backbone, forming macromolecular monomers initially. Such molecular configuration could reduce the free volume of chains, confine the migration ability of polymer chains, and improve the stability of the supramolecular network (Morgan et al., 2020). When being deformed, these dynamic interactions are constantly broken but reformed to mitigate a permanent disruption to the molecular network.

Figure 5 presents a number of intermolecular interactions, e.g., hydrogen bonding of petrin rings in the molecular structure, π-π stacking, and zinc ions coordination, that were used to develop an injectable fibril network based on folic acid, a natural small molecule (Liu et al., 2018). The bioink formulation exhibited a shear-thinning characteristic during the printing process, and was able to self-heal immediately after printing due to the dynamic nature of the interactions. When the molar ratio of folic acid to zinc ions and the total concentration of the coordination system were increased, it was found that the mechanical properties of the hydrogel were improved significantly whilst maintaining the excellent printability. For example, the elastic modulus of such fibril network was improved by ~5 orders (from 10 to 106 Pa) when changing the molar ratio of folic acid to zinc ions from 1.7 to 2.0. The adjustable mechanical properties could be invaluable to suit the requirements for repairing various biological tissues from cartilage to cancellous bone. Moreover, the simple preparation, excellent printability, biocompatibility, and mechanical properties of supramolecular hydrogels provide an excellent platform in applications such as drug delivery.


[image: Figure 5]
FIGURE 5. A folic acid fibril network formed through a series of physical interactions. Reprinted with permission from Liu et al. (2018). Copyright (2018) American Chemical Society.


Wang and colleagues (Wang et al., 2018) developed a bioink formulation that was enriched by dynamic covalent hydrazone bonds: hyaluronic acid was modified by hydrazide and aldehyde groups through amidation reaction and oxidation reaction, respectively (Figure 6). Once being exposed to an aqueous environment, the hydrazine groups can react reversibly with aldehydes to form dynamic covalent bonds. Rheological tests showed that the hydrogel exhibited the preferred shear thinning, self-healing, and injectable properties. Whilst maintaining an equal ratio between the two types of hyaluronic acid, an increased total mass fraction of the polymer (from 1.5 to 5 wt%) improved the shear modulus from c.a. 500 to 6,000 Pa, and Young's modulus to 15 kPa. However, the increased concentration of hyaluronic acid limited the self-healing efficiency of the hydrogel. It is worth noting that the viability of fibroblasts encapsulated in the hydrogel remained at a high level for each mass fraction. To further improve the mechanical properties of the hydrogel, click chemistry of norbornene-modified HA was used to generate a second network. The resulting hybrid hydrogel network was shown with an increased elastic modulus, a significantly reduced degradation rate, and a prolonged lifespan. This study demonstrates that different enhancement strategies could be deployed together to address the limitations associated with one particular crosslinking reaction, which expands the available options in developing a bioink formulation.


[image: Figure 6]
FIGURE 6. Schematic diagram of the hydrazide and aldehyde groups modified hyaluronic acid macromonomer and dynamic covalent network. Reprinted with permission from Wang et al. (2018). Copyright (2018) John Wiley and Sons.




Interpenetrating Networks (IPNs)

IPNs consist of two polymer networks that can entangle through covalent bonds or random physical interactions. Based on the nature of the interactions, IPNs can be divided into double networks (DNs), where each network is connected by covalent bonds, and ion-covalent entanglement networks (ICEs), where two networks rely on ionic bonds and covalent bonds, respectively (Chimene et al., 2020a).

The extensive presence of covalent bonds ensures that there is a substantial bond energy within the DNs. However, a long bonding time is required for the DNs, which might compromise their self-support ability following a bioprinting process. The interpenetrating networks of long-chain and short-chain molecules equip the DNs an excellent elasticity under deformation of up to 50%. The short chain network in the DNs would collapse first to dissipate energy, followed by the disintegration of the long chain network when the DNs undergoes a large deformation. Since the rupture of the DNs network is irreversible, their overall mechanical properties are primarily determined by the long-chain network that has a better elasticity than the short-chain network provides. For example, two networks, a hydrogel network and a hydrophobic elastomer network containing interlink initiators, were printed simultaneously (Yang H. et al., 2019): the initiators can induce covalent bonds between the two separated networks whilst each network is crosslinked during the curing process, which integrates the two networks together (Figure 7). It is worth noting that the interlink initiators were not deposited on the surface of the elastomer network, but evenly distributed within the elastomer network. The integrated structures provide an exceptional fracture energy (~10,000 J m−2 for the hydrogel and c.a. 6,000 J m−2 for the elastomer) as well as a high adhesion energy, above 5,000 J m−2. The prepared double network structure can also withstand swelling.


[image: Figure 7]
FIGURE 7. Schematic diagrams of integrated double networks through interlink initiator. Reprinted with permission from Yang H. et al. (2019). Copyright (2019) John Wiley and Sons.


In comparison with the dual networks aforementioned, ICEs systems have a greater potential in improving the mechanical properties of 3D printed hydrogel scaffolds because they are composed of two network structures with dissimilar properties (Zhao, 2014). In here,

• The ionic cross-linked network is tightly arranged, with bonds formed via physical attraction of positive and negative charges, which has a fast bonding kinetics. However, the weak bonds formed are sensitive to changes in the external environment, such as temperature and ion concentration, which underpins the instable and reversible nature of such network.

• The covalent cross-linked network is a flexible network with loose mesh and excellent ductility. It shows an excellent stability due to its high bonding energy, but cannot be recovered once broken (Gong, 2010). The advantage of ICEs over DNs is that the breakup of the sacrificial bonds is temporary. Upon external deformation, the tightly cross-linked ionic bonds break due to their brittleness, resulting in a series of microscopic segments, but the soft covalent network could use the viscous dissipation mechanism to prevent such microcracks from developing into macrocracks (Fuchs et al., 2019). If the external stress disappears at this point, ionic bonds could reform to repair the cracks. However, the cracks would likely cascade across the material if the stress gradually increases to the point where the covalent cross-linked network fails.

In a recent report, Pereira et al. (2018) used pectin, an anionic heteropolysaccharide, as a sole bioink material to prepare an ICEs hydrogel. With the ability of calcium-mediated ionic gelation, pectin was modified via methacrylation, and subsequently crosslinked chemically by UV radiation to prepare a covalent network. As illustrated in Figure 8, the modified pectin retained the ability to form a physically crosslinked hydrogel, allowing the design of ICEs hydrogel in which the chemical cross-linking and ionic crosslinking of the modified pectin can be performed in any order. Several processing parameters, such as the degree of methacrylation, UV exposure time, and polymer concentrations, could affect the mechanical properties of the final ICEs hydrogel. Lastly, a base-catalyzed thiol-Michael addition click reaction was carried out to attach cell adhesion moiety (RGD sequence) to the pectin backbone, which would improve the biological inertness of the pectin network. Results showed that the pectin-based hydrogel had cellular response characteristics, facilitating the printed skin fibroblasts to secrete new ECM. The 3D structured hydrogel, prepared with a single-component bioink formulation, has many potential applications in skin tissue engineering. It was also pointed out that the initial concentration of the bioink and the light irradiation time need to be increased if the formulation were to be used for any future bone tissue regeneration applications.


[image: Figure 8]
FIGURE 8. (A) Modification method of single-component pectin bioink; (B) Strategy of preparing ICEs hydrogels. The order of implementation of ionic crosslinking and photopolymerization does not affect the formation of the ICEs hydrogels. Reprinted with permission from Pereira et al. (2018). Copyright (2018) Royal Society of Chemistry.




Multifunctional Nanocrosslinker

Incorporating nanocrosslinkers in the bioink formulations is a prominent method in enhancing hydrogel scaffold: with a large specific surface area, a single nanocrosslinker is able to interact with multiple polymer chains simultaneously (Fathi-Achachelouei et al., 2019). The amplified adhesion is primarily governed by physical interactions, e.g., hydrogen bonds, ionic bonds, electrostatic interactions, but can be actuated by chemical covalent cross-linking where appropriate/needed (Chimene et al., 2020a).

Once an external load is applied to a hydrogel containing nanocrosslinkers, a small fraction of polymer chains adsorbed on the nanocrosslinkers is forced to desorb and dissipate energy. However, such separation at molecular scale does not seem to have a notable impact on the overall structure of the hydrogel network. In addition, the detached polymer chains will re-adsorb onto the nanocrosslinker via physical interaction according to the principle of proximity (Zhalmuratova and Chung, 2020). The dynamic nature of the molecular interactions between nanocrosslinkers and polymers not only enhances the overall mechanical strength, but also improves the fatigue resistance of the network.

Nanocrosslinkers can also help to improve the rheological properties and processibility of the hydrogel, introduce responsiveness to stimulus such as electric or magnetic field, and promote tissue regeneration processes, such as bone formation and mineralization (Hasan et al., 2018; Tang et al., 2018). The versatility of nanocrosslinkers is primarily determined by the characteristics of the nanomaterials, such as shape, chemical nature, size, structure, and surface charge. According to the difference in their shapes, nanocrosslinkers with excellent biocompatibility can be divided into the following categories:

• dot-shaped nanoparticles (NPs), such as hydroxyapatite NPs, Fe3O4 magnetic NPs, gold, and silver NPs (Skardal et al., 2010a)

• nanofibers (Lu et al., 2019) and nanotubes, such as carbon nanotubes (CNTs), and nanocellulose

• layered low-dimensional nanosheets, such as nanoclay, graphene, and graphene oxide.

Example used here to demonstrate the capability of nanocrosslinkers for hydrogel reinforcement is a nanoclay, known as nanosilicate or Laponite (Chimene et al., 2018, 2020b), that is a disc-like 2D nanoplatelet with good solubility in water and satisfactory biocompatibility. Possessing negative charge on its surface but positive charge around the edge, nanosilicate could interact easily with polyelectrolyte. Figure 9A presents a nanosilicate (nSi) based ICEs bioink formulation (NICE) that contains gelatin methacryloyl (GelMA) and kappa-carrageenan (κCA) (Chimene et al., 2018). It appears that the addition of nanosilicates could increase the viscosities of formulations based on GelMA and κCA alone: NICE bioink formulation was used to prepare scaffolds up to 3 cm tall (150 layers), which is 10 greater than the maximum height constructed using the other single or binary bioink formulations (GelMA, GelMA/nSi, κCA, κCA/nSi, GelMA/κCA), as shown in Figure 9B. The substantially improved mechanical properties are likely attributed to a synergistic effect between nanoclay and ICEs, which is much greater than the effect by the individual factor. Unlike the conventional hydrogel enhancement approaches, e.g., increasing the crosslinking density and overall polymer concentration, such combined effect can construct a tough but elastic 3D scaffold without compromising the porosity of the hydrogel (Figure 9C). An additional benefit reported is that the nanosilicates were able to stimulate the intrachondral differentiation of human mesenchymal stem cells and the accumulation of extracellular matrix.


[image: Figure 9]
FIGURE 9. (A) Schematic diagram shows the function of nanosilicate, gelatin methacryloyl, and kappa-carrageenan in nanoengineered ioni-covalent entanglement (NICE) bioink system; (B) NICE bioink was capable to print a scaffold with hing aspect-ratio, and the height of the construct reached 3 cm; (C) Comparison of pore structure of various bioink formulations. Reprinted with permission from Chimene et al. (2018). Copyright (2018) American Chemical Society.


Over the past few years, nanocellulose that is extracted and/or separated from plants and bacteria has received much attention due to its sustainable resource, non-toxicity, high specific surface area and aspect ratio, and excellent mechanical properties. Based on its dimensional characteristics, nanocellulose can be divided into several groups: cellulose nanocrystals (CNC), bacterial nanocellulose (BNC), cellulose nanofibers (CNF), microfibrillated cellulose (MFC), cellulose microfibrils, and nanowiskers (Curvello et al., 2019). A novel bone tissue substitute was developed by adding hydroxyapatite NPs and MFC in turn to a collagen hydrogel (He et al., 2018): the hydroxyapatite NPs could facilitate the interfacial adhesion with the tissues in contact and promote the proliferation of osteoblasts, whilst the hydrogen bonds available abundantly on the MFC promote the formation of a network, which enhances the mechanical properties and degradation properties of the scaffold. This was evidenced by an exceptional compressive strength of the prepared nanocomposite scaffold (>28.25 MPa) that is greater than what a sponge bone could offer (1–20 MPa) (Gibson, 1985) when the MFC content was over 15%. The work is one of the many recent attempts in demonstrating that the low-cost and sustainable materials such as MFC have a great potential in the bioprinting applications.

Distribution of nanocrosslinkers within a formed hydrogel scaffold is a critical factor: homogeneously distributed nanoparticles could help to minimize the formation of localized microcracks upon externally applied stress (Chimene et al., 2015). However, hydrophobic nanocrosslinkers tend to form aggregates, instead of interacting with the macromolecules involved, which might compromise the overall stability and mechanical properties of the hydrogel. One of the possible solutions to address such issue is using amphiphilic compounds. A comb-like polymer was included in a bioink formulation containing both hydrophobic CNTs and hydrophilic bacterial cellulose network (BC) to increase the binding energy and improve the overall mechanical properties of the hydrogel (CNT-BC-Syn) (Park et al., 2015). This approach not only improved the dispersibility of the CNTs in the hydrogel, enhanced the structural integrity and mechanical properties of the hydrogel, but also exhibited excellent osteoinductivity and osteoconductivity.



Thermoplastic Reinforcement

Naturally, thermoplastics possess several inherent advantages as a candidate for tissue scaffolding, such as superior mechanical strength and excellent processibility for complex-shaped objects. However, they are not suitable for bioink formulation due to their hardness and high melting temperature that is not suitable for the cell-containing hydrogel (Kim et al., 2016).

To address these technical challenges, a novel strategy was developed whereby the thermoplastic was processed in a separate chamber and printed with hydrogel bioinks in either layers or pre-defined patterns, which results in a two-phase structure where the thermoplastic component acts as the backbone. To minimize any potential damage to the cells by the thermoplastics, only the ones with low melting temperatures were considered. Of a broad range of biocompatible and biodegradable synthetic polymers, polyglycolic acid (PGA) (Day et al., 2004), polylactic acid-glycolic acid copolymer (PLGA) (Moran et al., 2003), polylactic acid (PLA) (Wang et al., 2016), polycaprolactone (PCL) with a melting temperature of about 65°C (Kang et al., 2016) have been explored in the previous studies.

Figure 10A presents a hybrid scaffold with a two-phase structure, consisting of both cell-laden alginate struts and PCL struts (Lee et al., 2013). As demonstrated by the stress-strain results of different formulations examined (Figure 10B), the PCL component could improve significantly the mechanical properties of the hybrid scaffolds, showing a similar characteristic to that of the pure PCL, which is significantly greater than that of the scaffold made of pure alginate. The substantial improvement (Figure 10C), e.g., tensile modulus from 2.5 MPa of alginate scaffolds alone to 15.4 MPa of PA-1 hybrid scaffolds, was attributed to the adhesion between PCL struts. It appeared that the large mesh space of the PCL layers was beneficial for transporting nutrients and signal factors between biologically active layers. In summary, the hybrid scaffold with thermoplastic reinforced structure met the requirements for hard tissue regeneration, with additional benefits contributed by the thermoplastic components.


[image: Figure 10]
FIGURE 10. (A) Printing process (a), a surface image (b) and geometry shape (c) of hybrid scaffold consisting of cell-laden alginate struts and PCL struts in layers; (B) Stress-strain curves for pure PCL, two hybrid scaffolds (PA-1 and PA-2), and alginate alone. The curves for PCL and two hybrid scaffolds experienced a similar trend, demonstrating the function of mechanical reinforcement for PCL; (C) Comparison of tensile modulus for PCL, PA-1, PA-2, and alginate. Reprinted with permission from Lee et al. (2013). Copyright (2013) John Wiley and Sons.


The other approach of integrating thermoplastic polymer with hydrogel is to construct a defined structure in a sequence, with individual components embedded, instead of the layered printing discussed. The embedding method offers an increased degree of flexibility: build a thermoplastic scaffold (Figure 11A), deposit hydrogel subsequently with the planned shape and structure (Figure 11B), and form a hybrid scaffold with tailorable mechanical properties (Schuurman et al., 2011).


[image: Figure 11]
FIGURE 11. (A) Hydrogel-based bioink was deposited into the square area formed by 2 layers of thermoplastic; (B) Hydrogel with cells was deposited in the middle area of 2 thermoplastic filaments or customized shape to develop constructs with tailorable mechanical properties.


It must be noted that some porous features should be planned in advance to facilitate the diffusion of small molecules required for various behaviors of the cells when a cell-containing hydrogel fills the thermoplastic structure (Daly and Kelly, 2019). Moreover, signal factors, DNA, and hydrogels with different functions can be placed in different regions of the same scaffold to mimic the complex microenvironment of a natural tissue.

To conclude, the aforementioned enhancement methods for bioink formulation have all been demonstrated with effectiveness but also limitations. Different natural tissues would have specific and customized requirements for the matching 3D scaffolding, which is challenging to achieve with one single enhancement strategy. It is therefore critical to design a bionic entity that couples several strategies in terms of printing technology, formulation, and post-processing to meet the requirements satisfactorily.




FOUR-DIMENSIONAL BIOPRINTING

To implement one or even more “smart” features in a hydrogel scaffold, e.g., triggering mechanism upon external stimuli such as temperature, four-dimensional (4D) bioprinting method has been developed in recent years (Ashammakhi et al., 2018; Luo et al., 2019). The biomimetic scaffold contains components that are capable of responding toward either external environment or internal cells, which could either undergo immediate shape changes or may exhibit new functions over time to promote the behavioral expression of the encapsulated cells (Gao et al., 2016). The stimuli-responsive mechanism in the 4D bioprinting is not only a response function, but more importantly, a planned control of the geometrical, mechanical, and surface/interface characteristics to be achieved through reversible response, which makes the 4D bioprinting technology more suitable for the complex dynamics of natural tissues (Li et al., 2016; Sydney Gladman et al., 2016). The specific response could be physical transformations, surface magnetism, surface hydrophilicity/hydrophobicity, modulus, antibacterial properties, cell adhesion, growth factor inducing ability, and nutrient diffusion rate (Khoo et al., 2015; Ong et al., 2018).

According to the nature of the triggering mechanisms, the stimuli used in 4D bioprinting are categorized as physical stimuli such as temperature, electric field, magnetic field, acoustic, light, shear stress; chemical stimuli including pH, ions and gases; and biological stimuli such as enzymes (Koetting et al., 2015). Of the many available options, temperature is the most commonly used to induce behavior transformation for the bioprinted object. Schematic diagrams in Figure 12 demonstrate that the temperature-sensitive hydrogels such as poly(N-isopropylacrylamide), agarose and gelatin undergo a reversible volume change due to the collapse or expansion of the polymer chains in the solvent at lower critical solution temperature (LCST) or upper critical solution temperature (UCST) (Altomare et al., 2018).


[image: Figure 12]
FIGURE 12. Schematic diagrams showing (A) UCST hydrogels and (B) LCST hydrogels experience gel–sol transition or sol–gel transition, respectively with an increased temperature. The blue lines represent the phase separation boundary.


Materials that are responsive to the pH of the surrounding medium have equally been widely used in tissue engineering – they are polyelectrolytes that contain functional groups such as carboxyl, sulfonic, phosphate, and pyridine (Dai et al., 2008; Wan et al., 2019). Based on the intra- and intermolecular forces that are controlled by the electrostatic interaction, polymer chains could change their configuration, e.g., from coil to globule when the charge of the functional groups is neutralized (Dai et al., 2008).

The same configurational transition mechanism can be applied for ion-responsive materials where the crosslinking and dissociation of the polymer chains are dependent on ions such as Ca2+ and Zn2+. Changing ion types or concentrations will affect the magnitude of the electrostatic interaction and consequently control the mechanical properties of the hydrogels (Zhou et al., 2013). As such, ion-responsive hydrogels can be used to adjust the rheology of bioinks before bioprinting and/or the mechanical properties of the constructs after bioprinting to generate a hierarchically organized bone structure (Krishnakumar et al., 2019), e.g., the responsiveness of alginate to Ca2+ has been widely applied in bioprinting (Rastogi and Kandasubramanian, 2019).



CURRENT CHALLENGES AND FUTURE PROSPECTS

Although reconstructing the structure and function of a defective bone tissue is an extremely complex process, bioprinting technique has shown a spectrum of great advantages in fabricating biomimetic implants, with significant progress being made in the selection of bioink components, the processibility of hydrogel-based bioink formulations, and the compatibility and mechanical properties of the biomimetic scaffold. However, bionic scaffolds are not as “intelligent” as natural tissues yet. It remains a pressing and significant challenge to improve the bioink formulation to improve the dynamic relationship between natural tissues, cells, and the environment. A comprehensive understanding of the composition of the specific osteoblast extracellular matrix (Lamers et al., 2010), the internal relationships and dynamic functions of the components will certainly provide underpinning principles for the design of future bioinks (Kashte et al., 2017).

It appears that an improved biocompatibility, using smart materials, will facilitate the differentiation and proliferation characteristics of the encapsulated stem cells (Anjum et al., 2016), and the vascularization of 3D scaffolds after implantation (Santos and Reis, 2010; Lee et al., 2014; He et al., 2019; Liu et al., 2020). The responsiveness of such smart materials can be reflected by a precise regulation of the release and binding of growth factors, which promotes the production of cell instructive matrices with tissue healing and regeneration functions, and contributes to the in situ vascularization of tissue repair. To improve the mechanical properties of the bionic bone tissue, one could consider a combinatorial approach of the enhancement strategies reviewed here: their synergistic effects warrant some in-depth investigations.



CONCLUSION

Designing novel bioink formulations, in conjunction with using 4D bioprinting technology, to fabricate a scaffold with desired properties such as environmental sensitivity have shown significant progress and great potential. However, the complexity of the process, technique, and materials involved in reconstructing a defective bone tissue remain a challenging task. In this review, various requirements of the bioink/scaffold used for bone regeneration have been systematically discussed, and complemented with exemplar studies. The mismatched characteristics offered by the hydrogels used in the repair of hard tissues will certainly prompt the research communities to develop new solutions based on the existing reinforcement technologies. It is highly desirable to construct scaffolds replicating natural tissues in the ability of stem cell proliferation and differentiation, biomimetic material degradation, matrix remodeling, etc. Adding suitable smart materials to the bioink formulations could open up new opportunities to trigger shape transformation and adjust the aforementioned factors under specific environmental changes.
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Implant-supported dentures are widely used in patients with defect or loss of dentition because these have higher chewing efficiency and do not damage the adjacent teeth compared with fixed or removable denture. An implant-supported denture carries the risk of failure in some systemic diseases, including osteoporosis, because of a non-ideal local microenvironment. Clinically common physical and chemical modifications are used to change the roughness of the implant surface to promote osseointegration, but they have limitations in promoting osteoinduction and inhibiting bone resorption. Recently, many researchers have focused on the study of bioactive modification of implants and have achieved promising results. Herein we have summarized the progress in bioactive modification strategy to promote osseointegration by regulating the local osteoporotic microenvironment.
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INTRODUCTION

With innovations in implant design and surgery technology, the applicable conditions of implant surgery have become more extensive, and the 10-year survival rate of an implant-supported denture has exceeded 95% (Buser et al., 2017). There is a risk of failure in a number of systemic diseases (Liu et al., 2020), including osteoporosis, because the severe decrease in bone mass and alteration of trabecular bone microstructure affect the initial stability and osseointegration of the implants.

Currently, the common sand blasting and acid etching strategy is used to increase the surface roughness of implants, which enhances adhesion, proliferation, and differentiation of mesenchymal stem cells (Zhang et al., 2020; Zhao et al., 2020). In addition to the implant design, it is necessary to promote osteoinduction and inhibit bone resorption locally in osteoporotic patients (Lin et al., 2013). Systemic administration orally or intravenously provides low bioavailability, which makes it difficult to maintain an effective concentration around the implants and might cause severe side effects, such as necrosis of the jaw bone (Eguia et al., 2020). Local administration ensures adequate drug concentration in the target tissue and reduces toxicity in the non-target areas. Hence, it is necessary to biologically modify the implants for loading bioactive agents, such as anti-osteoporosis drugs, bioactive molecules, or bioactive inorganic elements, onto the implant surface. In addition, to avoid burst release in a short time, it is critical to take optimal approaches to optimize the locally controlled release of bioactive agents and maintain an effective concentration. Herein we briefly summarize the main progress in this field.



LOADING BIOACTIVE AGENTS TO PROMOTE OSSEOINTEGRATION


Loading Anti-osteoporosis Drugs

Anti-osteoporosis drugs are categorized according to their functions and effects and include anti-catabolic drugs, anabolic drugs, and dual-acting drugs (Figure 1). The commonly used anti-catabolic agents for loading on the implant surfaces for local treatment include bisphosphonates, receptor activator of nuclear factor kB ligand (RANKL) antibodies, and selective estrogen receptor modulators (SERMs), which inhibit the activity and recruitment of osteoclasts or promote the apoptosis of osteoclasts. Bisphosphonates reduce osteoclast activity by inhibiting farnesyl pyrophosphate synthase and protein prenylation in the mevalonate pathway, and SERMs have an agonist effect on the estrogen receptor in osteoclasts, thereby inducing apoptosis (Apostu et al., 2017). Beck et al. (2019) immobilized the RANKL antibody denosumab on the implant surface to inhibit osteoclast differentiation, which could competitively block the interaction between receptor activator of nuclear factor kB and RANKL.
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FIGURE 1. Schematic diagram of anti-osteoporosis drugs acting on osteoblasts and osteoclasts.


Being an anabolic drug, the parathyroid hormone (PTH) activates the cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway by acting on the PTH receptors in osteoblasts to promote osteointegration (Tang et al., 2020). PTH 1–34 or teriparatide, a fragment of endogenous PTH, was the main regulator of calcium and phosphate metabolism in bone and the first anabolic drug proven to increase the osseointegration of implants. Other anabolic drugs targeting the Wnt/β-catenin signaling pathway have also been studied, such as romosozumab and DKK1 antagonists (Gennari et al., 2020).

Strontium ranelate and simvastatin play dual effects of promoting bone formation and inhibiting bone absorption through various signaling pathways (Apostu et al., 2017). Loading simvastatin and strontium ranelate on the implant surface effectively improves the local bone microenvironment, which is a promising method to enhance the osseointegration of implants in osteoporotic patients (Lai et al., 2018).



Loading Bioactive Molecules

The term “bioactive agents” is not limited only to therapeutic agents used in the clinic. The scope of this term has been broadened to bioactive molecules, including growth factors, proteins, and genes (Meng et al., 2016; Souza et al., 2019). Although the clinical application of these bioactive molecules is limited because of high production costs and concerns about biosafety, researchers have conducted a lot of research in this area. Loading various growth factors and proteins on the implant surfaces can promote osteogenic differentiation and the mineralization of bone marrow stem cells. Platelet-derived growth factor, insulin-like growth factor, fibroblast growth factor, vascular endothelial growth factor (VEGF), and bone morphogenetic protein (BMP) have been widely used in this field (Chen and Zou, 2019; Jurczak et al., 2020). VEGF can promote angiogenesis and regulate bone regeneration; Zavan et al. (2017) loaded VEGF on the surface of the implant in vitro, which effectively enhanced the osteogenic differentiation of stem cells. The release of BMP from the implant surface facilitated the proliferation, differentiation, and mineralization of bone cells in vitro and enhanced bone healing in vivo (Teng et al., 2019).

In addition, the extracellular matrix, such as type I collagen, showed good biological activity and osteoinductivity, which could improve adhesion and differentiation and promote bone-to-implant integration (Wang et al., 2019). Similarly, genes can be incorporated into the implant surface to transfect local osteoblasts or osteoclasts around the implants to promote osteoblastogenesis and inhibit osteoclastogenesis. Takanche et al. (2018) performed an experiment in which c-myb, a transcription factor, was delivered from chitosan-gold nanoparticle-coated titanium surface to the target tissue, where it promoted bone formation under osteoporotic conditions.



Modification by Bioactive Inorganic Elements

Some essential elements, including calcium (Ca), strontium (Sr), magnesium (Mg), zinc (Zn), and silicon (Si), can be also loaded on implants to stimulate osteogenesis (Lin et al., 2013; Liu et al., 2020, 2021). Compared with anti-osteoporosis drugs and bioactive molecules, more efficient strategies can be applied to construct inorganic element coating on the implant surface, which costs less (Asri et al., 2017). Ca is one of the essential micronutrients in bone, and bone structure abnormalities in osteoporotic patients occur as a result of the loss of Ca. At present, Ca-phosphate biomimetic coating on the implant surface is widely used to promote adhesion and differentiation of osteoblasts because of the chemical similarity between the synthetic materials and the bone mineral components (Xia et al., 2018). Sr is often used in the treatment of osteoporosis because of its dual role in bone regulation. An Sr-incorporated implant surface obtained by hydrothermal reaction could promote early osseointegration in osteoporotic rabbits (Lin et al., 2019). Moreover, Mg-immersed titanium-dioxide (TiO2) coatings on the implant surface had both osteogenic and antibacterial effects (Zhao et al., 2019). Zn-modified coating on the implant surface facilitated the osteogenic differentiation of bone marrow-derived pericytes through the transforming growth factor-beta/Smad signaling pathway (Yu et al., 2017).



CONTROLLING THE RELEASE BEHAVIORS OF BIOACTIVE AGENTS

There are many ways to build bioactive organic or inorganic coatings on the implant surface, including physical methods (such as plasma spraying, ion implantation, and physical vapor deposition), chemical methods (such as acid etching and alkali-heat treatment), and electrochemical strategies (such as anodization, micro-arc oxidation, electropolymerization, and electrophoretic deposition) (Asri et al., 2017; Xue et al., 2020). Covalent grafting and layer-by-layer self-assembly technology have been used to load bioactive proteins and growth factors. The release of bioactive agents from the implant surface is different because of the different construction methods of the coatings. In practical applications, however, we expect that the drugs loaded on the implants should maintain an effective concentration locally for a long time because burst release not only fails to maintain long-term efficacy but also might cause side effects due to toxicity in local tissues. The controlled release behaviors of the loaded bioactive agents can be achieved mainly by the following means: (1) constructing micro-/nano-structures on the implant surface, (2) introducing a stable immobilization strategy, and (3) encapsulating the bioactive agents.


Constructing Micro-/Nano-structures on the Implant Surface

Nano- and micro-topography construction on the implant surface not only can provide better biological responses but also may benefit drug adhesion and controlled release (Wang et al., 2018, 2020; Long et al., 2019). The modification of titanium dioxide nanotubes (TNTs) on implant surfaces can significantly increase the surface-to-volume ratio, and this porous surface provides more substantial space for drug loading with better biocompatibility (Figure 2A). More importantly, bioactive agents incorporated on the surface and inside TNTs achieve sustained steady release (Ion et al., 2020). A study conducted by Liu et al. (2018) showed that zoledronate adsorbed on the surface of TNTs can be released steadily for a long time to enhance implant osseointegration. Moreover, the drug release behaviors can be regulated by the diameter and length of TNTs by varying the process conditions of anodic oxidation. Hamlekhan et al. (2015) found that the diameter, length, aspect ratio, and volume were related to the prolonged release process. Moreover, the aspect ratio had the highest correlation with the release rate, and the release process of TNTs with high aspect ratio was significantly slow.
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FIGURE 2. Schematic diagram of titanium dioxide nanotubes (A), covalent immobilization (B), and layer-by-layer self-assembly technique (C).




Introducing a Stable Immobilization Strategy

Bioactive agents can be attached to the implant surface by means of physical adsorption, such as dipping, spray coating, or drop casting, to promote local osseointegration (Alenezi et al., 2019). Physical adsorption characterized by Van der Waals forces or hydrogen bonds, however, leads to burst release at an early stage. Hence, bioactive agents can be covalently immobilized on the surface of titanium indirectly through a separate linker molecule that mediates the binding between titanium substrates and bioactive agents (Figure 2B), which can greatly improve the stability of coatings compared with physical adsorption (Jin et al., 2020). Linker molecules are generally synthetic linkers, such as silane and polyethylene glycol, or biologically derived molecules, such as heparin, dopamine, and chitosan. Linker molecules attach to hydroxyl-functionalized titanium substrates through condensation reactions, and then the bioactive agents are covalently immobilized on the functional group of the linker molecules (Stewart et al., 2019). Covalent bonding is more complex and time consuming than the other techniques, however, and the bioactive agents are not easily released because of the tight covalent bonding (Ma et al., 2020). The layer-by-layer self-assembly technique is being increasingly used for drug loading and controlled release, which can formulate polyelectrolyte multilayers by electrostatic attractions between components with different electric charges (Figure 2C). The self-assembly process is simple and mild, which does not affect the activity of the components, and sustained-release administration can be achieved by adjusting the physical and chemical properties of the materials (Shi et al., 2017).



Encapsulating the Bioactive Agents

Bioactive agents can be encapsulated by biocompatible materials with appropriate biodegradability, including natural organic polymers [such as chitosan (CS) and gelatin], synthetic organic polymers [such as hyaluronic acid (HA) and polycaprolactone (PCL)], and inorganic materials (such as calcium phosphate). With continuous degradation of the encapsulation materials, the bioactive agents are gradually released into the target area to achieve sustained release (Figure 3). To locally release microRNA-21, Wang et al. (2015) used CS and HA to encapsulate miRNA-21 to fabricate the CS/HA/miRNA-21 nanoparticles, which were then crosslinked with gelatin and loaded onto the implant surface, ultimately promoting the expression of the osteogenic gene. PCL and poly(lactic-co-glycolic) acid can also be used as encapsulation materials of bioactive agents to achieve local controlled release (Littuma et al., 2020). Biomimetic coprecipitation is a method of encapsulating bioactive agents with inorganic materials. With absorption of the hard coating, the bioactive agents are released gradually.


[image: image]

FIGURE 3. Sustained raloxifene release from TiO2 nanotubes to enhance osteointegration. (A) Schematic illustration of the fabrication of multilayered coating. (B) SEM images of each group. (C) Cumulative release curve of each sample. (D) Quantitative analysis of new bone volume and trabecular thickness [reprinted with permission from Mu et al. (2018); copyright (2018) Elsevier]. “**” Means Statistically significant differences are denoted by symbols, **p < 0.01.




CONCLUSION AND PERSPECTIVE

Herein we have summarized the bioactive agents available to improve osseointegration in osteoporotic patients and the methods of controlled release of bioactive agents. High bioavailability and low toxicity in tissues outside the target make biomodification of implants suitable for achieving local osseointegration. Concerns about biosafety, however, limit the popularization of bioactive modification of implants, which is the direction of follow-up research. Implant osseointegration also must be accompanied by angiogenesis and ingrowth, and it is an inflammatory regulatory process, which is initially mediated by M1 phenotype macrophages and subsequently by M2. In addition, bacterial colonization and formation of plaque biofilms on the surface of implants may cause peri-implantitis, ultimately leading to failure of the implant. Therefore, angiogenesis and ingrowth, regulation of the inflammatory response, and inhibition of biofilm formation also should be considered in future studies.
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Product Active principle Type Description Stage/TRL Advantages Disadvantages Duration
lluvien (Alimera Science) (Jaffe et al., Fluocinolone Silicone and Silicone and PVA membrane FDA approved Long lasting drug delivery, Non-biodegradable, needs 36 months
2000; Kane et al., 2008; acetonide PVA polyimide tube, encapsulating (2014, for DME) drastically decreases surgical removal, provokes high
Schmit-Eilenberger, 2015) 0.19 mg fluocinolone acetonide injections frequency IOP and cataract,
contraindicated in glaucoma

Ozurdex (Allergan) (Haller et al., 2010; Dexamethasone ~ PLGA PLGA drug delivery device FDA approved Biodegradable Contraindicated in presence of 6 months
Blumenkranz et al., 2011; Boyer et al., containing micronized 0.7 mg (2009). EMA glaucoma, risk of implant
2011; Bezatis et al., 2013; Querques dexamethasone approved (2010) migration to the anterior
et al., 2013; Whitcup and Robinson, chamber
2015)
Brimonidine implant (Allergan) (Burke Brimonidine Polymer matrix ~ Polymer matrix containing Phase Il Biodegradable Limited amount of drug 6 months
and Schwartz, 1996; Gao et al., 2002)  tartrate Brimonidine tartrate (alpha-2-

selective adrenergic receptor

agonist)
ENV705 (Envisia Therapeutics) Bevacizumab PLGA PLGA-made implant containing  Pre-clinical rabbit Biodegradable Release kinetics often not ideal, 6 months
(Benjamin et al., 2014; Navratil et al., bevacizumab/trehalose; risk of migration due to lack of
2014) fabricated with PRINT fixation

technology
Nano-porous film device (Desai and Ranibizumab PCL nanopori PDMS-made PCL/nanoporous  Pre-clinical rabbit Biodegradable No serious side effects 4 months

Bemards, 2014; Lance et al., 2015)

film

Biomaterials-based solid implantable degradable devices. Principal characteristics, advantages and disadvantages. PVA, poly vinyl alcohol; IOF, increased intraocular pressure; PLGA, polylactic-co-glycolic acid; FDA,
US Food and Drug Administration Agency; DDD, drug delivery device; DME, diabetic macular edema; PCL, polycaprolactone; PDS, port delivery system; PDMS, polydimethylsiloxane.

TABLE 4.2 | Surgically implantable devices.

Product

PDS (Genetech/For Sight Vision 4)

(Campochiaro et al., 2019)

Microelectro-mechanical system
(MEMS-based devices) (Lo et al.,
2009; Humayun et al., 2014)

Active principle

Ranibizumab

Any drug

Type

PDS

PDMS

Description

TRL

Trans-scleral implantable device Phase Il

Flexible cannula forming a
refillable reservoir, implantable
sub-conjunctival

Humans

Advantages

Long-lasting delivery,
minimal to no burst or lag
time, constant zero-order
release, release controlled
by diffusion

Variable delivery rates,
reduces complications with
repeated intraocular
injections

Disadvantages

Non-biodegradable, surgically
implanted and removed

Non-biodegradable, surgically
implanted and removed

Duration

Refillable

Refillable
3 m study

Biomaterials-based solid implantable refillable devices. Principal characteristics, advantages and disadvantages. PDS, port delivery system; PDMS, polydimethylsiloxane.





OPS/images/fbioe-08-549089/fbioe-08-549089-t003.jpg
Drug Pegaptanib (Macugen) Ranibizumab (Lucentis) Bevacizumab (Avastin) Aflibercept (Eylea) Abicipar pegol (Allergan) Brolucizumab (Novartis)
Characteristics PEGylated synthetic Fragment of monoclonal Full monoclonal humanized Recombinant fusion protein DARPIn: Anti-VEGF designed ~ Humanized single-chain (scFv)
RNA-based aptamer humanized IgG1 antibody 1gG1 antibody (VEGFR-1/2 fused with Fc ankyrin repeat protein antibody fragment
portion of human IgG)
Inhibits VEGF-A1gs isoform All VEGF-A isoforms All VEGF-A isoforms All VEGF-A isoforms, VEFG-B  All VEGF-A isoforms All VEGF-A isoforms
and PIGF
MW 50 kD 48 kD 149 kD 116 KD ~34 kD 26 kD
Half-life 8-14 days 6-10 days 4-5 days 7 days >15 days 2-3 days
Doses 0.3 mg/dose every 0.5 mg/dose per month 1.25 mg/dose per month 2 mg/dose per month 2 mg/dose every 8-12 weeks 6 mg/dose every 8-12 weeks
2 months
Administration Intravitreal Intravitreal Intravitreal Intravitreal Intravitreal Intravitreal
Employment Used Used Used Used TRL Phase I TRL Phase llI
FDA 2004 2006 2004 2011 Declined 2019
EMA 2006 2007 2005* 2012 o 2020
Advantages Suitable for all AMD types  Higher tissue penetration and  Low price. More efficient than ~ Efficient up to 2.5 months after  Smaller MW than Ranibizumab, Smaller MW than Ranibizumab,
affinity than Pegaptanib and Pegaptanib injection, Higher affinity than Higher durability and affinity Higher durability and tissue
Bevacizumab, more efficient Ranibizumab, Efficient (inhibits ~ Ranibizumab, High specificity ~ penetration than Aflibercept
than Pegaptanib more isoforms) and Ranibizumab, High
specificity, Rapid systemic
clearance
Disadvantages Only inhibits one VEGF-A  Fast pharmacokinetics. Only High MW, difficulties in Only W-AMD, Expensive Only W-AMD Only W-AMD

isoform Patients lose visual
acuity

Cost/dose (approx.) Not anymore used

W-AMD. Expensive.

$1950 (United States) €700
(EV)

penetrating the deepest layers
of the eye, not approved for
AMD, only for W-AMD

$50 (United States) €70 (EU)

$1850 (United States) €600
(EV)

$1850 (United States)

19G, immunoglobulin; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; Fc, fragment crystallizable region;, DARPIn, designed ankyrin repeat proteins; scFv, single-chain variable fragment,; PIGF,
phosphatidylinositol-glycan biosynthesis class F protein; FDA, US Food and Drug Administration Agency; EMA, European Medicines Agency; TRL, clinical trials. *Approved for metastatic colorectal cancer. Used off-label
for W-AMD since 2005.
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Type of AMD

“Early” AMD

No maculopathy

“Intermediate” AMD

Dry/atrophic

“Advanced” AMD

Dry/atrophic

Wet/exudative

Incidence
Progression

Physiological
changes/Clinical aspects

Impact on visual acuity

Palliative Treatment

Slow progression (lasting years)

Small drusen (<124 pm).
Minimal pigmentary anomalies.

Normally asymptomatic

Regular medical observation for
early detection

Slow progression (lasting years)

One or more large drusen
(>124 pm). Geographic
atrophy not reaching the central
area of the macula.

Normally asymptomatic,
abnormal scotopic vision or
blurred vision while reading

Antioxidant vitamin + zinc and
mineral supplement

80% cases
Slow progression (lasting years)

Large white or yellow drusen,
cellular deterioration. Final
Stage: Geographic atrophy,
BrM thinning and disruption.

Decreased visual acuity and
metamorphopsias

Antioxidant

vitamin + zinc + mineral
supplement. Complement
factors’ inhibitors (C3, C5).
Visual cycle modulators
(Fenretinide)

20% cases

Fast progression (lasting a few
months)

Choroidal neovascularization,
Macular edema, aneurisms,
hemorrhages, RPE and/or
retinal detachment,
photoreceptors death. Final
Stage: Disciform scar, BrM
thinning and disruption.
Important loss of visual acuity
or total blindness,
metamorphopsies and
photopsia

Pharmacological treatment
(Anti-VEGF intravitreal injection).
PDT - Photo-Dynamic Therapy
with Verteporfin, Surgery

RPE, retinal pigment epithelium; CPZ, choriocapillary, pigmented zones; BrM, Bruch’s membrane; VEGF, vascular endothelial growth factor.
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Genes of the complement pathway
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Extracellular matrix
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CFH
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C2, CFB, C3 and CFI

C-X-C motif chemokine receptor 1 - CXCR1-, toll-like receptor 3 - TLR3-, TLR4, human leukocyte
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Vascular endothelial growth factor A -VEGFA-
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SDHSRHEEFKPRFHYHGGDYYRGRSKNFYHLEYKDHNH
DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN
........................... RKFHEKHHSHREFPFYGDYGSNYLYDN
.................................... EKHHSHREFPFYGDYGSNY.........
........................................ HHSHREFPFYGDYGSNY.........
............................................. SHREFPFYGDYGSNY.........

Double underlined K in Hst1 is labeled with a fluorescent molecule ATTO647.
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Content of different elements (wt%)

Samples Ti (o] P Ca Si Cu
MAO 438+ 0.4 41.7+£04 7.5+0.3 71+£02 0 0
Si-MAO 415+0.6 41.8+0.5 71+£02 7.1+£03 24+0.2 0
Si/Cu-MAO 400+ 0.4 39.3+04 6.7 +£0.2 10.3+0.2 23+05 1.4 4041
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Primers

F:6’-AGGGCTGTAAGGACATCGCCTACCA-3
R:5'-GACTGCGCCTGGTAGTTGTTGTGAG-3'
F:5'-CCAGAAGAACTGGTACATCAGCAA-3
R:5’-CGCCATACTCGAACTGGAATC-3'
F:5'-CCTCACACTCCTCGCCCTATTGG-3'
R:5'-GCTCACACACCTCCCTCCTGG-3'
F:6’-GGCATTGCTCTCAATGACAA-3'
R:5-TGTGAGGGAGATGCTCAGTG-3
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Component contents (mol) in ddH,0 (1,000 mL)

Working solution C3H7Nasz OgP-5H, O Ca (CH3; CO0),-H,0 Na,SiO3- 9H, 0 Cu(CH3C00)3- 2H,0 Prepared samples
1 0.05 0.10 0 0 MAO

2 0.05 0.10 0.08 0 Si-MAO

3 0.05 0.10 0.08 0.025 Si/Cui

4 0.05 0.10 0.08 0.05 Si/Cu2 (Si/Cu-MAQ)
5 0.05 0.10 0.08 0.075 Si/Cu3
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Working CzH;Nay Ca (CH3 Na,SiO3- Prepared
solution OgP-5H,0 C00),-H,0 9H,0 samples

1 0.05 0.10 0 Si0

2 0.05 0.10 0.02 Sit

3 0.05 0.10 0.04 Si2

4 0.05 0.10 0.08 Si4 (Si-MAQ)
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Product

Matrigel

Matrigel

Matrigel

Gelatin Chondroitin
Sulfate Hyaluronic
Acid

Polyimide, gelatin

Parylene C

Poly

(Lactic-Co-Glycolic)

(PLGA)

Cell type

mESC

mESC miPSC
mESC

miPSC

Rat retina h-miller
cells

mESC

mESC

hESC

Rat retina

hESC

hESC
hESC

hiPSC

hiPSC

Description

Transplantation of photoreceptors from an
organoid model.

Transplantation of retinal sheet into a
degenerative model.

Organoid model for retinal cells
transplantation.

Retinal tissue transplant in a degenerative
model.

Organotypic culture. Transplant of cells in
an ocular hypertension model.

Organoid model. Transplantation of
photoreceptors into mouse models.
Organoid model. Transplantation of
photoreceptors into mouse models.
Biomaterials are used to develop a flat
sponge retinal organoid that improves
implantation and interaction with host
tissue. Subretinal implant.

Subretinal implantation of organotypic
layers in a biofunctionalized membrane
maintaining a laminated format (Foils).
Subretinal implantation or retinal sheets
from organoids integrate in the host tissue.
Subretinal implantation or retinal tissue.
Subretinal implantation of a layer of RPE on
mesh.

Epiretinal transplantation of retinal
organoids using PLGA-composites.

Transplantation of a retinal pigment
epithelial cells sheet in a AMD model.

Animal

Mouse

Mouse

Mouse

Mouse

Rat

Mouse

Mouse

Mouse

Rat

Rat

Cat

Yucatan minipig

Monkey

Human

Cell survival

>2w

4-24 w

10w

12w

1w (in vitro) 9 w
(in vivo)

8-43 w

49w
4w

8w

52w

mESC, mouse embryonic stem cell; miPSC, mouse induced pluripotent stem cell; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell.
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Product

Matrigel

Collagen
Matrigel

Matrigel

Matrigel

Matrigel

Matrigel

Matrigel

Agarose
Polydimethylsiloxane
and Polyethylene
terephthalate

Millicell inserts

Millicell inserts

Polyimide

polycarbonate

Cell type

mESC

miPSC

mESC
mESC
mESC miPSC

hESC

mESC monkey
ESC hESC

hPSC

hPSC

hiPSC

hESC
hESC
iPSC

Chicken retina

Human retina

Human retina

Human retina

Mice retina

Mouse retina
Rat retina

Mice retina

hESC

Mice retina

Porcine retina
Porcine retina

Porcine retina

Rabbit retina
Rabbit retina

Description

Organoid model to obtain a 3D retinal
model.

Model obtained from iPSC derived from
different sources to study retinogenesis.

Organoid gel model to study retinogenesis.
Model to study retinogenesis.

Model to study morphogenesis of the
photoreceptors.

Model to obtain neural precursors and
co-culture with retinal explant.

Model to obtain retinal cells. Co-culture with
retinal explants to study interaction.

Model to study development of retinal
tissue and drug screening.

Model to study development of retinal
tissue and retinal ganglion cells growth.

Modeling of diseases and to obtain retinal
cells.

Model to obtain and store retinal cells.
Organoid model.

Development of vascularization in an
organoid matrix and membrane models.

Organotypic culture. Retinal development
model.

Organotypic culture. Development of
neuronal and glial cells.

Organotypic culture. Model for retinal
ganglion cell degeneration.

Organotypic culture. Model for retinal
ganglion cell degeneration.

Organotypic culture. Vascularization of the
3d culture.

Organotypic culture. Retinal development.
Organotypic culture. Isolation of
photoreceptors.

Organotypic culture. Introduction of genes.
Study cellular differentiation.

Development of retinal pigment epithelium
in a polyimide membrane. Coculture with
rat retinal explants.

Organotypic culture. Neuroprotection
studies.

Organotypic culture.

Organotypic culture. Study the effect of the
neurotrophic factors in retinal survival.
Organotypic culture in a polycarbonate
membrane. Study the effect of the
biomaterial in the structure of the retina.
Organotypic culture. Developmental studly.
Organotypic culture. Model for genetic
manipulation.

Cell survival

>3w

4w

>1w
3w

5w

3w

mESC-PR: >4 w
monkey ESC-RPE:13
w monkey ESC- PR: 18
w hESC- RPE: 17 w
hESC - PR: 28 w

10w
6w

18w

18w
2w
2w

hESC-RPE: 2-8 w
Coculture: <0.5w

1w

6w
15w

1w
1w

mESC, mouse embryonic stem cell; miPSC, mouse induced pluripotent stem cell; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell.
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Product

Hyaluronic
acid/methylcellulose [1]
Hyaluronic
acid/methylcellulose [2]
IPM [3]

MMP2-PLGA polymer
4

MMP2-PLGA polymer
4

PCL [5]

PCL [6]

PCL-extracellular matrix
of the retina [7]

PLLA/PLGA [8]

Polycaprolactone [9]

Polycaprolactone [10]

Polydimethylsiloxane
and
poly(glycerol-sebacate)
1]

Poly (glycerol sebacate)
2]

Poly-L-lysine,
fibronectin, laminin,
hyaluronic acid, and
matrigel [13]

Poly (methyl
methacrylate) (PMMA)
[14]

Vitronectin- PCL [15]

Cell types

RSC-derived rods
RSCs

hRPCs

RPCs

RPCs

Primary mouse

embryonic RPCs
Primary mouse

embryonic RPCs
hRPCs

GFP+ mouse RPCs
RPCs

RPCs

hPSCs-PRs

Primary mouse
embryonic RSPC

RPCs

GFP+ mouse RSPC

hRPCs

Description

Improved cell survival, integration and migration,
improved rod survival and visual function

Superior cell distribution in subretinal space

hRPCs attached well and differentiated into
photoreceptors IPM showed no cytotoxicity

RPCs differentiated into photoreceptors

RPCs differentiated into photoreceptors and
migrated to the outer nuclear layer of mice retina
Localized to the outer nuclear layer and expressed
appropriate photoreceptor markers

Supported cell growth, some migration and
differentiation

hRPCs adhered well and differentiated to
photoreceptors

RPCs-seeded demonstrated effectiveness and
increasing progenitor cell survival

Scaffold showed good retention of cells and good
permeability

RPCs integrated well in the outer nuclear layer and
showed photoreceptor fate markers

Good polarization of PRs and robust survival

3 months post-seed

Transplanted cell migration into retina and
maturation

RPCs showed good adhesion in the named
substrates

PMMA scaffolds and transplanted into the
sub-retinal space, biocompatible and non-toxic,
retained RPE cells better during transplant,
integrated cells expressed mature and immature
markers

hRPCs differentiated into photoreceptors and
migrated to the outer nuclear layer of mice retina

Format

hydrogel

hydrogel

scaffold

scaffold

scaffold

film

scaffold

scaffold

scaffold

scaffold

scaffold

scaffold

scaffold

scaffold/matrix

scaffold

film/scaffold

Model

mouse

mouse

in vitro

in vitro

mouse

mouse

mouse

in vitro

mouse

in vitro

mouse

in vitro

mouse

in vitro

mouse

mouse

Cell survival

3w

Biomaterials-encapsulated progenitor cells/photoreceptors. RPE, retinal pigment epithelium; RSCs, retinal stem cells; hRPCs, human retinal progenitor cells; RPCs, retinal
progenitor cells; IPM, interphotoreceptor matrix; MMP2, matrix metallopeptidase 2; PLGA, poly(lactic acid-co-glycolic acid); PCL, poly caprolactone; PLLA, poly(L-lactic
acid); PMMA, poly(methyl methacrylate); GFR, green fluorescent protein; hPSCs-PRs, human progenitor stem cells-derived photoreceptors. [1] (Shoichet et al., 2015); [2]
(Ballios et al., 2010); [3] (Kundu et al., 2018): [4] (Tucker et al., 2010); [5] (Yao et al., 2015); [6] (Redenti et al., 2008); [7] (Baranov et al., 2014); [8] (Tomita et al., 2005);
[9] (Sodha et al., 2011); [10] (Yao et al., 2015); [11] (Liu et al., 2014; Stanzel et al., 2014); [12] (Redenti et al., 2009); [13] (Thakur et al., 2018); [14] (Tao et al., 2007);

[15](Lawley et al., 2015).
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Source Cell type Description Format Model Cell survival

E12.5-P28 days mice [1] photoreceptors Cells integrated well in the host retina and expressed equal dissociated cells mouse 2w
markers

hiPSCs [2] photoreceptors Photoreceptors survived and matured in the host eye injected in clusters rat 10w

P4 mice/hiPSCs [3] photoreceptors Blind mice recovered visual function/mice showed signs of cell suspension mouse 4w
retinal repair

P4-8 mice [4] Rod precursors Rod precursors stablished synaptic connection with cells in dissociated cells mouse 6w
retina of Gnat12/2 mice and were light-responsive

P6-8 mice [5] photoreceptors Prph2+/4397 model showed higher integration of rods cell suspension mouse 4w

P8 rat [6] photoreceptors Transplantation reduced cone loss 6 months after surgery sheet rat 24 w

Adult rats [7] Full-thickness retina well-preserved host photoreceptor layer and RPE graft rat =

with attached RPE integrated well

E, embryonic day; P postnatal day; Gnat12/2 mice, a model of congenital stationary night blindness; hiPSCs, human induced pluripotent stem cells; Proh2+/43%7 ' model
of retinitis pigmentosa. [1] (Gust and Reh, 2011); [2] (Gagliardi et al., 2018); [3] (Garita-Hernandez et al., 2019); [4] (Pearson et al., 2012); [5] (Barber et al., 2013); [6] (Yang
etal., 2010); [7] (Lorach et al., 2019).
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Product

Collagen [1]

Fibrinogen [2]

Gelatin [3]

Parylene [4]
Parylene-C [5]

PDMS-PmL [6]

PET or P(LA-co-CL) [7]

Polyester [8]

Polyester (PET) [7] [9]

Polyimide (PI) [10]

Silk Fibroin/PLC/Gelatin
(11

Cell types

Human RPE cells

Human fetal RPE

RPE grafts

hESCs-derived RPE

hESC-derived RPE
cells

iPSC derived RPE

hESC-derived RPE
cells

hESCs-derived RPE

Adult human RPE stem
cell (hRPESC) and fetal
human RPE stem cells

hESCs-derived RPE

Human primary RPE
cells

Description

Non-crosslinked collagen + supported RPE integrated with
host RPE over crosslinked collagen

RPE cells with crosslinked fibrinogen particles survived after
transplantation into the subretinal space, retinal
degeneration was noted in areas of particles

Subretinal transplant of an allogeneic RPE grafts embedded
in gelatin, no infiltration of the graft site with inflammatory
cells

hESCs-derived RPE survived post-implantation

Safe and useful implantation of synthetic sheets seeded
with organized retinal cells

Subretinal scaffold showed biocompatibility and preserved
macular function up to 2 years after implantation with no
inflammation

Showed subretinal biocompatibility, some migration of
native RPE cells into nanofibers, reactive gliosis with some
photoreceptor degeneration

hESCs-derived RPE maintained their structure and polarity
on polyester matrix

Subretinal implantation of a polarized monolayer of adult
hRPESC-derived RPE, after implantation cells survived and
maintained key properties, no graft proliferation.
Membrane well tolerated but hESCs-derived RPE showed
loss of pigmentation over time

Subscleral implantation with no inflammation or rejection

Format

scaffold

particles

film

film

film

scaffold

film

matrix

film

scaffold

scaffold

Model

rabbit

rabbit

pig

rat
rat

pig

rabbit

rabbit

rabbit

rabbit

rabbit

Cell survival

<6w

4w

12w

>12w

ESC, embryonic stem cells; RPE, retinal pigment epithelium; hESCs-RPE, human embryonic stem cell-derived RPE cells; iPSC, induced pluripotent stem cell; PDMS-PmL,
plasma modified polydimethylsiloxane coated with laminin; PET, poly(ethylene terephthalate); P(LA-co-CL), poly(l-lactide-co-¢-caprolactone); PCL, poly caprolactone. [1]
(Bhatt et al., 1994); [2] (Oganesian et al., 1999); [3] (Del Priore et al., 2004): [4] (Hu et al., 2012); [5] (Liu et al., 2012; Lu et al., 2012; Diniz et al., 2013); [6] (Peng et al.,
2016); [7] (Liu et al., 2014); [8] (Giordano et al., 1997); [9] (Stanzel et al., 2014); [10] (llmarinen et al., 2015) [11] (Xiang et al., 2014). *no cell viability assay performed after

implantation.
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Product

Collagen-PLGA [1]

Collagen [2]

Collagen [3]

Gelatin [4]

Elastin-like
recombinamers (ELRs)
6]

Microphotodiode array
(Si02, Si3N4, Pt,
MPDA-P1) 6]

PLC[7]

PDMS-PmL [8]

PEGDMA [9]

PET/PLGA-PGA NP
[10]

PLLA/PLGA [11]
PLLA/PLGA [12]

PLDLA/Collagen [13]

PLGA/PEG/PLA [14]

Polyimide (Pl) [15]

Polytetrafluoroethylene-
modified surface

[16]

Silk Fibroin/PLC/Gelatin
17

Silk fibroin [17] [18]

Spider silk proteins [19]

Cell types

Human RPE cells

Human RPE cell line
(ARPE-19)
Human RPE cell line
(ARPE-19)
Human RPE cell line
(ARPE-19)
Human RPE cell line
(ARPE-19)

Porcine RPE cells

Fetal human RPE

Pluripotent cell
differentiated RPE cells
Adult human RPE;
porcine RPE

Adult human RPE stem
cell (hRPESC)

Fetal human RPE
Human primary RPE
cells/Porcine RPE cells
Human embryonic
stem cell derived RPE
cells

Human RPE cell line
(D407)

Adult human RPE stem
cell (hRPESC)

Human RPE cell line
(ARPE-19)

Human primary RPE
cells

Human RPE cell line
(ARPE-19)

Human RPE cell line
(ARPE-19)

Description

RPE cells formed a monolayer, showed polarity and native-like
morphology could phagocytose

RPE cells formed a monolayer with appropriate phenotype and could
phagocytose photoreceptors outer segments

RPE cells formed a monolayer on both materials, collagen
demonstrated upregulation of angiogenic molecule

RPE cells formed a monolayer with carbodiimide cross-linked gelatin
membrane

ELRs were not toxic, ARPE-19 proliferated well and maintained their
phenotype

RPE cells formed a monolayer with appropriate phenotype,
biocompatible and non-toxic

RPE cells on nanopatterned porous PLC showed better pigmentation,
increased cell density, superior barrier function, up-regulation of
RPE-specific genes, etc., than on porous PCL, non-porous PCL, or
Costar porous polyester transwells

dRPE revealed good adhesion, proliferation, polarization, maturation
and functionality cultured on PDMS-PmL

Over 90% viability; confluent cells expressed F-actin and tight junction

RPE cells formed a monolayer, the scaffold and NP showed no
cytotoxicity

Good properties, cell attachment, and proliferation

RPE cells formed a monolayer, good properties, cell attachment and
proliferation

Supported cell growth, hESCs-RPE showed good adhesion,
morphology and maintained phagocytic capacity

Micropatterned synthetic biodegradable polymer film that control RPE
cell morphology, allows cell-cell interactions and higher cell adhesion
Cells established hexagonal, cobblestone morphology with strong
pigmentation, expressed RPE specific markers, and phagocytosed
photoreceptor outer segments

ARPE-19 cells grew in a monolayer, showed phagocytic capacity. The
film was not toxic.

Higher cell growth rate and higher expression of characteristic RPE
genes compared to PCL and PCL-silk scaffolds

RPE cells formed a monolayer, the material showed biocompatibility
and no toxicity

RPE cells formed a monolayer with appropriate phenotype and began
to exhibit barrier function properties

Format

film

scaffold

scaffold

film

film

film

scaffold

scaffold

film

scaffold

film
film

film

film

scaffold

film

scaffold

film

film

Cell survival

<2w

>1w

0.5w

0.5w

<1w

<2w

>8w

>3w

12w

Tw
2w

>12w

>16w

1w

ESC, embryonic stem cells; dRPE, pluripotent differentiated RPE; RPE, retinal pigment epithelium; hESCs-RPE, human embryonic stem cell-derived RPE cells; ARPE-19,
human retinal pigment epithelial cell line-19; PCL, poly caprolactone; PET, poly(ethylene terephthalate); PLGA, poly(lactic acid-co-glycolic acid); PGA, poly(glycolic acid);
NPF, nanoparticles; PLDLA, copolymer 96/4 L-lactide/D-lactide; PLLA, poly(L-lactic acid); PLA, poly(DL-lactic acid); PEGDMA polyethylene glycol dimethacrylate; PDMS-
PmL, plasma modified polydimethylsiloxane coated with laminin. [1] Warnke et al., 2013); [2] (Lu et al., 2007); [3] (Imai et al., 2007); [4] (Lai, 2013): [5] (Redenti et al.,
2009); [6] (Guenther et al., 1999; Wu et al., 2007); [7] (McHugh et al., 2014); [8] (Peng et al., 2016); [9] (Singh et al., 2001); [10] (McCormick et al., 2020); [11] (Giordano
et al., 1997); [12] (Hadlock et al., 1999); [13] (Calejo et al., 2017); [14] (Lu et al., 2001); [15] (Subrizi et al., 2012); [16] (Krishna et al., 2011); [17] (Xiang et al., 2014); [18]
(Chirila et al., 2015); [19] (Harris et al., 2019).
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Product Secretome Type
Renexus NT-501 [1] CNTF Polysulfone
NT-503 [2] VEGFR-Fc PET membrane
iTrack275 [3] Bevacizumab/Stem  Microcatheter + optic
cells (CNTO fiber + pump
2476)

Description

Polysulfone scaffold

with hRPE cells,
intravitreally
injected

Semipermeable
PET membrane
containing hRPE
cells, intravitreally
injected
Supra-choroidally
injected

TRL

I/

Advantages

No immune
response, nNo
risk of implant
migration, no
serious side
effects

No immune
response, no
risk of implant
migration

Controlled
delivery of
drugs and
human stem
cells

Disadvantages

Needs surgical
removal, no
improvement

Needs surgical
removal, no
serious side
effects

Surgically
implanted and
removed, no
serious side
effects

Duration

18 m

Refillable

CNTF, ciliary neurotrophic factor; RPE, retinal pigment epithelium; VEGF, vascular endothelium growth factor; VEGFR-Fc, VEGF receptor fragment crystallizable region;
PET, polyethylene terephthalate. All devices are non-biodegradable. [1] (Neurotech Pharma) (Sieving et al., 2006; Emerich and Thanos, 2008; Birch et al., 2013); [2]
(Neurotech Pharma) (Guerrero-Naranjo et al., 2013; Neurotech, 2020); [3] (Johnson and Johnson/iScience, Inc.) (Ho et al., 2017; U.S. National Library of Medicine,

2020a).
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Cell Type

Autologous ocular tissue [1]

Adult TDSC [2]

Fetal or early postnatal retinal progenitor cells [3]

ESCs [4]

iPSC [5]

Source

IPE cells, peripheral RPE patch or as
suspension, Bruch membrane

Bone marrow-derived mSC,
adipose-derived cells, neural progenitor
SC, umbilical tissue cells, RPE cells,
Mdiller cells, ciliary margin zone SC
Neuroretina, RPE sheet, combined RPE
and retinal sheet, retinal progenitor cells

Inner cell mass of blastocyst

Somatic cell (e.g., skin fibroblast) with
factor- based reprogramming

Advantages

Derived from the same
embryonic cell line, can be
easily collected

Multipotent, no rejection risks,
source of factors providing
neuroprotection

Feasible source of cell, low
immunogenicity and not always
rejected

Pluripotent, self-renew ability,
differentiated to all retinal cell
types

Pluripotent, easy to grow, low
rejection risk, differentiated to
all retinal cell types

Disadvantages

Can retain original epigenetic
features, harbors donor’s
disease genes

Hard to harvest, can harbor
donor’s disease genes

Ethically challenging, likely to be
rejected, harbors donor’s
disease genes

Likely to be rejected, harbors
donor’s disease genes, risk of
tumor formation, ethically
challenging

Can retain original epigenetic
features, harbor donor’s
disease genes

IPE, iris pigment epithelium; RPE, retinal pigment epithelium; TDSC, tissue-derived stem cells; mSC, mesenchymal stem cells; SC, stem cells; ESCs, embryonic- or fetal-
derived stem cells; iPSC, induced pluripotent stem cells; PR, photoreceptors. [1] (Crafoord et al., 2002; Falkner-Radler et al., 2011; van Zeeburg et al., 2012); [2] (Salero
etal., 2012; Davis et al., 2017); [3] (Seaton et al., 1994; Little et al., 1998; Das et al., 1999); [4] (Schwartz et al., 2012); [5] (Carr et al., 2009).
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Product Active principle Wavelength (nm)  Description Model Advantages Disadvantages Release
NP/UVSP (Huu et al., Nintedanib 365 PLGA NP in light-degradable polymer Rat Biocompatible NP and irradiation safe Initial burst release <30 weeks
2015) DMN-based for the eye. Non-cytotoxic
NP-CPP (Wang et al., Doxorubicin 400 PEG-PLA chains modified by CPP and Mouse  Biocompatible and irradiation safe for Initial burst release. >90% 1 week
2019) binded to DEACM the eye. Non-cytotoxic of the drug is released in

48h
Agarose-AuNPs Bevacizumab 400-500 Polymer-functionalized gold Invitro  Modifiable release rates by changes in - 15 days (9
(Basuki et al., 2017) nanoparticles in agarose hydrogel hydrogel composition cycles)
NIPAM-AuNR (Jiang Doxorubicin and 808 AuNRs in polymerizated NIPAM with Invitro  Lineal release of the drug in each - 70 months
et al., 2019) curcumin nanogels as crosslinker irradiation cycle (10 cycles)

NR nanoparticles; UVSP, ultraviolet-sensitive polymer; PLGA, polylactic-co-glycolic acid; DMN, 4,5-Dimethoxy-2-nitrobenzyl; NP-CPR, nanoparticles modified with cell penetrating peptide; PEG-PLA, poly(ethylene
oxide)-poly(D, L-lactic acid) block copolymer; DEACM, 7-(diethylamino)coumarin-4-yllmethyl carboxyl; AuNPs, polymer-functionalized gold nanoparticles; NIPAM, N-Isopropylacrylamide; AuNR, gold nanorod.





OPS/images/fbioe-08-549089/fbioe-08-549089-t006.jpg
Product

Format

Model

Release

Active principle

Verisome [BI-20089
(Icon Bioscience) (Lim
et al., 2015)
PLGA-Albumin NPs
(Varshochian et al.,
2015)

PLV (Abrishami et al.,
2009)

Anexine 5 on PLV
(Davis et al., 2014)

PLGA MPs (Ye et al.,
2015)

SFN (Yang et al., 2019)

Bev-MVL (Mu et al.,
2018)

PLGA-NPs (Qiu et al.,
2019)

APRPG (Honda et al.,
2013)

Silica-based hydrogel
(William et al., 2012)

PEG-PLLA-
DA/NIPAAM (Liu et al.,
2019b)

Alginate-
Chitosan/PLGA (Xu

et al., 2013)

PEG-PLA (Li, 2012)

mPEG-PLGA (Pan
et al., 2011)

PLGA (Pandit et al.,
2017)

OCCNP (Wang et al.,
2018)

Triamcinolone

acetonide + Ranibizumab

Bevacizumab

Bevacizumab

Bevacizumab

Bevacizumab

BSA

Bevacizumab

Fenofibrato

SU5416

Bevacizumab

Ranibizumab

Bevacizumab/Ranibizumab

Bevacizumab

Bevacizumab

Bevacizumab

Cerium Oxide

Small spherules

NP

Liposome

Peptide-conjugated

liposome

MP

NP

Liposome
(multivesicular)

NP

Liposome

NP

PLGA microspheres in
NIPAAM crosslinked
with PEG-PLLA-DA
PLGA microspheres
encapsulated into
AC-H

MP

MP

PLGA nanoparticles
covered with
chitosan/alginate

NP/Alginate-hydrogel

Description

DDD that forms small spherules once
injected into the vitreous

Fabricated by w/o/w double emulsion
in presence of albumin as a stabilizer.
Particle size, 197 nm

EPC-Chol and DPC-Chol liposomes
formed by dehydration and rehydration
followed by freeze drying
PC-PS-Chol-Toc liposomes made by
dehydration and rehydration, coated
with annexin. Particle size 100 nm
Fabricated by solid-in-oil-in-hydrophilic
oil. Particle size, 2-7 pm

Regenerated silk fibroin

Bev-MVLs with high encapsulation
efficiency. Prepared by double
emulsification technique

NP are prepared using an emulsification
method with PLGA and fenobibrato
fenofibrate. Particle Size, 250 nm

Liposomes were prepared using the
thin-film hydration method

NP synthesized by electrochemical
etching and oxidation of silicon wafer in
hydrofluoric acid. Particle size, 100 nm
Microparticles are synthesized and
charged by double emulsion solvent
evaporation technique

Synthesis of different systems of
hydrogel for drug release

Fabricated by Double emulsion. Particle
size, 2-10 um

mPEG-PLGA-made multiblock
copolymer hydrogel by 2,2-bis
2-oxazoline. Particle size, 2-10 pm
Bevacizumab loaded CS-coated PLGA
NPs was prepared by double emulsion
solvent evaporation method

Cerium oxide- oligo-chitosan
NP/alginate-hydrogel that have
antibacterial and anti-inflammatory
functions

Phase I/l

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit/rat

Mouse/rat

Rat

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

Advantages

Biodegradable, decreases
injection frequency

Stable, sterile

Prolonged drug residency

Enhanced bioavailability.
Transscleral delivery

Accumulated distribution
and extended retention

Sustained release. High
retention time in the
vitreous

Sustained therapeutic
effects. Prolonged release.
Potentially reduced
injection frequency
Significant reduction of the
CNV area

Drug release by matrix
erosion, can deliver any
type of drug
Thermo-responsive
polymer, modifiable release
rate, sustained release
Biocompatible, controlled
degradation rate, sustained
drug release

Stable and sustained drug
release

Strong antioxidant, O2
radical absorption.
Anti-inflammatory. VEGF
inhibition

Disadvantages

Damages the choroid and
destroys retinal layers (at
high densities)

Initial burst release

No demonstrated efficiency

No demonstrated efficiency

Initial burst release

Loading capacity might be
limited by its
physico-chemical
properties

Need to optimize effective
drug loading of Pheno-NP
and release kinetics

VEGF inhibition could affect
normal and angiogenic
vessels

Initial burst release,
hydrogel formed in a
syringe

Initial burst release

Initial burst release

Initial burst release

Initial burst release

<12 months

16 weeks

6 weeks

1 week

>2 weeks

1-2 weeks

2 months

32 months

1-2 weeks

~12 months

6 months

<6 months

3 months

1 month

3 days

2 days

In vitro and in vivo trials of colloidal particles-integrated injectable drugs. PLGA, polylactic-co-glycolic acid; AC-H, alginate-chitosan hydrogels; MR microparticles; NF, nanoparticles; mPEG-PLGA: methoxy-poly
(ethylene glycol)block-poly lactic-co-glycolic acid; EPC-Chol, egg phosphatidylcholine-cholesterol; DPC-chol, 1,2 dipalmitoyl-sn-glycero-3-phosphocholine; Ac-HA, acrylated hyaluronic acid; PEG, poly(ethylene glycol);

PEG-PLLA-DA/NIPAAM, poly(ethylene glycol)-co-(L-lactic-acid) diacrylate/N-isopropylacrylamide; BSA, bovine serum albumin.
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Product Active principle Description Model Gelation time Advantages Disadvantages Release
Hyaluronic acid/Dextran Bevacizumab VS-HA chemically crosslinked Monkey 30s Non-toxic, transparent, biocompatible, Initial burst release 5-6 months
(Yuetal., 2019) to a Dex-SH in situ-forming good mechanical strength, easy
hydrogel functionalization
Silk Fibroin (Lovett Bevacizumab/Ranibizumab Crosslinked silkworm silk fibroin Rabbit Modifiable Non-toxic, biocompatible, good Initial burst release ~90 days
et al., 2015) mechanical strength, controllable
degradation, sustained drug release
rate
ESHU (Rauck et al., Bevacizumab PU coupled with PEG Rabbit 3mat 37°C Thermo-responsive polymer, no initial - 9 weeks
2013) burst release, no significant
inflammation
OTX-TKI (Jarrett et al., Tyrosine kinase inhibitor Micronized TKI particles in Rabbit - Bioabsorbable, safe, sustained drug s 24 weeks
2017) hydrogel release and tolerability
(PEOzPCL-PEOz) Bevacizumab (PEOzPCL-PEOZ) copolymer Rabbit 60 s Reversible sol-gel transition, intraocular Low initial drug 8 weeks
copolymer (Wang et al., thermosensitive biodegradable biocompatibility, extended drug release concentration
2012) hydrogels rate (loading dose)
mPEG-PLGA-BOX (Hu Bevacizumab Thermosensitive polymer Rabbit No initial burst release. Biocompatibility = 5 weeks
etal., 2019) mPEG-PLGA with BOX as and reduction of angiogenesis.
linker
EPC (Xue et al., 2019) Bevacizumab/Aflibercept Polymer synthetized from PEG, Rabbit = Thermo-responsive polymer. Initial burst release 4 weeks
PPG and PCL diol using HMDI
as coupling agent
PNIPAAmM/PEG-DA Bevacizumab/Ranibizumab Cross-linking PNIPAAM with Rat Once injected Synthetic, biocompatible, Initial burst release. <4 weeks
(Alexander et al., 2014; PEG-DA thermosensitive thermo-responsive polymer, good No improvement
Drapala et al., 2014) hydrogel. mechanical strength
(PEOzPCL-PEOz) Bevacizumab (PEOzPCL-PEOZ) copolymer In vitro 60 s Thermosensitive reversible sol-gel Low initial drug 8 weeks
copolymer (Wang et al., thermosensitive biodegradable transition. 90% viability of cultured cells concentration
2012) hydrogels (loading dose)
NIPAAmM/Ac-HA Bevacizumab Cross-linking NIPAAM gel with In vitro = Thermo-responsive polymer, sustained Initial burst release 7 weeks
(Awwad et al., 2019) Ac-HA drug release
EPC (Xue et al., 2019) Bevacizumab/Aflibercept Polymer synthetized from PEG, In vitro = Thermo-responsive polymer. Initial burst release 6 weeks
PPG and PCL diol using HMDI Pharmaco-hydrogel inhibits the growth
as coupling agent of angiogenic cells
Diels-Alder hydrogel Bevacizumab PEG macro-monomer In vitro 14-171m Good mechanical strength, controllable Initial burst release <6 weeks
(Kirchhof et al., 2015b) chemically crosslinked by degradation, sustained drug release
Diels-Alder reaction rate
PEG thiol/maleimide Bevacizumab In situ-gelling hydrogel In vitro 862108 Predictable degradation, modifiable Initial burst release 2 weeks
(Yuetal, 2014) chemically cross-linked by release rate by crosslinking density
thiol-maleimide reaction
PEG thiol/maleimide Bevacizumab In situ-gelling hydrogel In vitro 801208 Predictable degradation Initial burst release 2 weeks
(Santhanam et al., chemically cross-linked by
2016) thiol-maleimide reaction
mPEG-PLGA-BOX (Hu Bevacizumab mPEG-PLGA with BOX as In vitro = No initial burst release, <2 weeks
etal., 2019) linker thermo-responsive polymer. Non-toxic
Alginate-Chitosan (Xu Bevacizumab Polysaccharides cross-linked In vitro 2mat 37°C Transparent, tailored degradation rate, Initial burst release 3 days
etal., 2013) hydrogel modifiable release rate
Hyaluronic acid/Dextran Bevacizumab VS-HA chemically crosslinked In vitro 30s Non-toxic, transparent, and Initial burst release 1 day

(Yuetal., 2015)

to a Dex-SH in situ-forming
hydrogel

cytocompatibility. 99%Cytocompatibility
of hydrogel

In vitro and in vivo trials of hydrogels-integrated injectable drugs. VS-HA, vinylsulfone functionalized glycosaminoglycan hyaluronic acid; Dex-SH, thiol-functionalized polysaccharide, dextran; PNIPAAmM, Poly
N-isopropylacrylamide; PEG-DA, poly ethylene glycol diacrylate; Ac-HA, acrylated hyaluronic acid; PEG, poly(ethylene glycol); mPEG-PLGA-BOX, methoxy-poly (ethylene glycol)-block-poly (lactic-co-glycolic acid);
ESHU, poly(ethylene glycol)-poly-(serinol hexamethylene urethane); PU, polyurethane; EPC, poly(ether ester urethane); PPG, poly(propylene glycol); PCL, poly(s-caprolactone); PEOzPCL-PEQz, poly (2-ethyl-2-oxazoline)-
b poly (e-caprolactone)-b-poly (2-ethyl-2-oxazoline). APRPG, liposomes modified with Ala-Pro-Arg-Pro-Gly. SU5416, 3-([2,4-dimetilpirrhol-5-il] metilidenil)-indolin-2-ona. SFN, silk fibroin nanoparticles. Bev-MVL,
Bevacizumab-loaded multivesicular liposomes. OCCNR oligochitosan coated cerium oxide nanopatrticles.
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Stress (MPa)

Strain (%)

Young’s
modulus (Mpa)

BAMG

Conjugate (parallel)
Conjugate (vertical)
Nanoyarn (parallel)
Nanoyarn (vertical)

9.562 +£1.32
5.85 +£0.37
0.46+0.13
4134+ 0.29
1.870.13

627 + 35

415 + 54

836 + 68
2385 + 216
1423 4+ 1563

1.52+0.13
1.43+£0.21
0.53 £ 0.09
0.16 £0.03
0.134+0.02
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Conjugated scaffold (n = 4)

Nanoyarn (n = 6)

ICG-nanoyarn (n = 6)

Leakage Stricture Success Leakage Stricture Success Leakage Stricture Success
6 weeks 4 4 0 1 0 5 1 0 5
12 weeks 4 4 0 1 2 3 1 0
Success rate 0% 50% 83%
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Step

Treatments (using the left side of the maxillary molars as an example)

Exposure of the operating
view in the oral cavity

Pretreatment with C+ files

Insertion of the
orthodontic ligature wires

Completion

« Hold the curved tweezers with the left hand and point its curved tip upward to prop open the mandible of
the mouse and prevent the tongue from falling down to obstruct the view
Tie an orthodontic ligature (6-8.cm in length) around the maxillary incisor and tape it to the operating table
Pre-bend 5 mm of the tip of the 8#, 10#, or 15# G+ nickel-titanium root canal files
Hold the C-+ file with the right hand and carefully use it as a probe to determine the interproximal region
between the 1st and 2nd molar and the 2nd and 3rd molar
Slowly file into the adjacent space and gently pull back ~2mm to form a path between the interproximal
space. Then separate the filed gingival tissues, for the purpose of the following orthodontic
ligature placement
< The reason for the above operation:
1. Because of the flexivilty of the orthodontic ligature, it is easiy bent and deformed. Thus, itis difficult to
insert into the interproximal space because of the blockage of gingival tissues.
2. Being a type of dental root canal file with both stifiness and elasticity, C+ nickel-titanium files are
ciinically used to locate the narrow orifice of calcified root canals. Because they are sufficiently thin and
can pass through the interproximal space, and operators can determine correct placement by touch and
feeling feedback, G+ root canal files enable access so that the orthodontic ligature can be successfully
placed
« Prepare the orthodontic ligature wires (0.20 mm in width, 3-5 mm in length).
<> If the wire s too long, it could easily pierce the oral mucosa and enter the buccinator, which wil
adversely affect the ability of mice to eat and could inhibit adequate food intake. Furthermore, a wire that is
100 long will be easily licked and removed by the tongue, causing it to fall off from the interproximal space.
Conversely, if the ligature is too short, it is difficult to clamp and bend it into an appropriate angle for
further insertion
« Slightly bend the orthodontic ligature wire into a *(* shape, in order to form a proper angle for
subsequent insertion
« Hold the needle holder with the right hand, and clamp the ligature with the tip of the needle holder
« Gently probe the acjacent region prepared by the root canal files above with the orthodontic ligature to
determine the correct location, and then gently insert the orthodontic ligature into the interproximal space

« Siightly move the ligature with tweezers to repeatedly check whether the ligature has been properly placed
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p-Actin  GCTTCTAGGCGGACTGTTAG CGAATAAAGCCATGCCAATCTC
VEGF ~ TGGCAGAAGAAGGAGACAATAAA  GAAGATGTCCACCAAGGTCTC
FGF GCGACCCACACATCAAATTAC GCAGTCTTCCATCTTCCTTCA
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Group

0 week

2 weeks
4 weeks.
6 weeks
8 weeks

Control

1.67 £0.52
225£052
2.08+0.66
192 £0.58
217 £0.76%

DBB

1.68 +0.39
1.92 £0.20
1.76 +£0.76
1.42£0.38
1.67 £0.41

BioCaP

1.68 + 0.38
1.50 £ 0.56
142 £0.49
1.33 £ 061
1.256 +0.42

Data are presented as mean + SD from six independent experiments (n = 6). Significant
difference compared to BioCaP group, *p < 0.05.
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5-6 weeks

1.09 +0.58
0.80+0.37
0.53+0.26

7-8 weeks

0.58 £0.26
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Data are presented as mean + SD from six independent experiments (n

Total

3.42+1.55
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