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Abstract

:

The main aim of bone tissue engineering is to fabricate highly biocompatible, osteoconductive and/or osteoinductive biomaterials for tissue regeneration. Bone implants should support bone growth at the implantation site via promotion of osteoblast adhesion, proliferation, and formation of bone extracellular matrix. Moreover, a very desired feature of biomaterials for clinical applications is their osteoinductivity, which means the ability of the material to induce osteogenic differentiation of mesenchymal stem cells toward bone-building cells (osteoblasts). Nevertheless, the development of completely biocompatible biomaterials with appropriate physicochemical and mechanical properties poses a great challenge for the researchers. Thus, the current trend in the engineering of biomaterials focuses on the surface modifications to improve biological properties of bone implants. This review presents the most recent findings concerning surface modifications of biomaterials to improve their osteoconductivity and osteoinductivity. The article describes two types of surface modifications: (1) Additive and (2) subtractive, indicating biological effects of the resultant surfaces in vitro and/or in vivo. The review article summarizes known additive modifications, such as plasma treatment, magnetron sputtering, and preparation of inorganic, organic, and composite coatings on the implants. It also presents some common subtractive processes applied for surface modifications of the biomaterials (i.e., acid etching, sand blasting, grit blasting, sand-blasted large-grit acid etched (SLA), anodizing, and laser methods). In summary, the article is an excellent compendium on the surface modifications and development of advanced osteoconductive and/or osteoinductive coatings on biomaterials for bone regeneration.
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1. Bone Regenerative Medicine


Common bone defects caused by trauma, pathological process, infection, and tumor resection represent a global health problem in our aging population. Repair of bone fracture is a complex process comprising sequential cellular and molecular events modulated by local and systemic factors. The important challenge for regenerative medicine is a fast restoration of large bone defects/injuries [1,2]. Consequently, bone is one of the most frequently transplanted tissues [3]. Autografts and allografts provide excellent results in the bone regeneration process, but they are characterized by a number of limitations (e.g., donor-site morbidity, the risk of infection, and disease transmission) [3,4]. Thus, the alternative solution for bone regenerative medicine are tissue-engineered products [4,5], which are biomaterials containing either patient osteoprogenitor cells/mesenchymal stem cells or cytokines/growth factors, or both cells and cytokines/growth factors [5].



Biomaterials for bone tissue engineering applications should comply with several basic structural, mechanical, and biological requirements due to their crucial role in the bone regeneration process (Figure 1). The microstructure of developed biomaterials and their mechanical characteristics should be tailored to anatomical implantation site [6]. The three-dimensional porous structure of the bone implant, with interconnected and open porosity, accelerates the bone regeneration process by ensuring good oxygen and nutrients diffusion and waste products elimination, as well as by providing space for proliferation of the cells and newly formed blood vessels [5,7,8]. Concerning mechanical properties of the biomaterials, the implanted scaffold should possess strength and stiffness similar to surrounding bone tissue [9].



Taking into account the main requirements of the biomaterials for bone tissue engineering applications, special attention should be paid to their biological characteristics, such as biocompatibility, osteoconductivity, and osteoinductivity [6,10,11]. The biocompatibility represents the ability of the scaffold to perform appropriate host response without side effects, like cytotoxicity, mutagenesis, carcinogenesis, immunogenicity, and genotoxicity [5,12]. The osteoconductivity reflects the ability of biomaterial to stimulate cell adhesion, proliferation, and formation of the bone extracellular matrix (ECM) by the osteoblasts, supporting bone growth. Osteoinductive biomaterials are the most desired implants due to their ability to induce the osteogenic differentiation of mesenchymal stem cells toward bone-building cells (osteoblasts) [5,10,11,13]. Importantly, bone scaffolds should be preferably biodegradable to provide space for newly-formed bone tissue. Moreover, biomaterial degradation products should be nontoxic against other tissues [6]. Another very important feature of the bone scaffolds is their bioactivity, which is defined as the ability of implanted biomaterials to form bone-like apatite crystals on their surfaces, which is critical for good implant osseointegration with host tissue [10,14]. In turn, good osseointegration indicates the capacity of the implant to form a direct connection with the surrounding host bone tissue without the formation of an undesirable fibrous tissue layer [3].



Biomaterials applied in bone tissue engineering and regenerative medicine are usually categorized into polymeric, ceramic, metallic, and composite materials [15,16]. The most often used metallic biomaterials are titanium (Ti) and its alloys (e.g., Ti–6Al–4V, Ti–6Al–7Nb, Ti–6Al–2Nb–1Ta–0.8Mo, Ti–15Mo–5Zr–3Al) [17,18], stainless steel, cobalt (Co) and its alloys [15,18], magnesium (Mg) and its alloys, nickel–titanium alloy (Nitinol), tantalum (Ta) [16]. Metallic biomaterials have been commonly used as bone implants due to their corrosion resistance, fatigue strength, high ultimate tensile strength, toughness, durability, and biocompatibility [19,20]. Thus, metallic biomaterials constitute 95% of the orthopedic implants [20]. Nevertheless, metallic materials have also some limitations, such as possible release of toxic metal ions and wear debris that are produced during friction for a long time, causing acute or chronic responses after implantation [16].



Nowadays, there is a growing trend in the development of composite bone scaffolds that are composed of both organic and inorganic constituents to mimic natural bone tissue. The organic part of biomaterial provides biomaterial flexibility and improves its biocompatibility [21,22,23], whereas the inorganic part provides load-bearing strength and stiffness [22]. In organic–inorganic composites, the organic matrix may be composed of natural polymers (e.g., chitosan, collagen, hyaluronic acid, fibrin, silk fibroin, alginate, amylopectin, carrageenan, agar, dextran, xanthan gum, pullulan) [15,23,24,25,26] and/or synthetic polymers (e.g., polylactic acid (PLA), polycaprolactone (PCL), poly(glycolic acid) (PGA), polyanhydride, polyphosphazene, polyether ether ketone (PEEK), polypropylene fumarate (PPF)) [27], whereas the inorganic part may be made of metal alloys [16] and ceramics, such as hydroxyapatite (HA), calcium phosphate bone cements (CPS), α-tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), Bioglass (BG), glass-ceramics, as well as carbon nanotubes [15,24,27,28].



In bone tissue engineering, polymeric biomaterials are made of non-ECM components (e.g., chitosan, alginate) or/and ECM components (e.g., collagen, gelatin). Various biopolymers (naturally occurring polymers) are commonly used for biomaterial production due to their superior biological properties, such as non-toxicity and high biocompatibility. Importantly, the microstructure of biopolymeric materials allows for good gas diffusion, nutrients flow, and removal of wastes. Nevertheless, biopolymer-based implants possess weak mechanical properties and biostability, which may be improved by blending them with synthetic polymers or by using chemical and physical crosslinking treatments [23].



Currently, there are several manufacturing technologies enabling porous scaffold fabrication (e.g., 3D printing, bioprinting, electrospinning, stereolithography, fused deposition modeling, selective laser sintering, freeze-drying, gas foaming, solvent casting/particle leaching, and phase separation) [20,22,27,29]. Despite rapid development of manufacturing technologies for biomaterial fabrication, researchers are still faced with a challenge to develop completely biocompatible material with appropriate physicochemical and mechanical properties. Furthermore, one of the fundamental requirements of the bone scaffold is controlled interaction between implant surface and surrounding biological environment, without inflammation, coagulation, or infections events [30]. To improve biological properties of the biomaterials for bone regeneration, many combinations of the starting materials as well as their surface modifications are often applied. Consequently, various surface modification techniques have been developed to improve implant osteoconductivity/osteoinductivity and thus the success rate of bone regeneration (e.g., coating, gradient coating, grafting, roughening, patterning, and multilayer films) [18]. It should be noted that modification of biomaterials surface allows to create more favorable environment for cells by specific chemical or physical treatment, which improves cell adhesion, proliferation, and migration [31]. Moreover, implant surface coatings containing metallic ions, such as silver (Ag), zinc (Zn), copper (Cu), and lithium (Li), impart antibacterial property to the biomaterials, thereby reducing risk of infection at the implantation site [32]. This review article presents recent findings concerning additive and subtractive surface modifications to improve osteoconductive and osteoinductive properties of the biomaterials for bone regeneration applications (Figure 2).




2. Surface Modifications of Biomaterials to Improve Their Osteoconductivity and Osteoinductivity


2.1. Additive Modifications of Biomaterial Surface


Additive modification of the biomaterials includes techniques that create additional structures on the implant surface. One of the most commonly used additive modification method (mainly applied for metallic biomaterials) is coating, aiming to cover the biomaterial surface by the coating material [33]. Dependent on the type of material used, the resultant coatings can be divided into organic, inorganic, and composite [33]. Coatings on the surface of the implants may be formed using various technologies, including electrophoretic deposition, sol-gel technique, enameling, physical vapor deposition (pulsed lased deposition and pulsed electron deposition), and magnetron sputtering [34]. Another method that belongs to additive modifications of biomaterial surface is plasma technology [35]. In this section, the additive modifications of biomaterial surface by using inorganic, organic, and composite coatings, plasma technology, and the magnetron sputtering method will be discussed.



2.1.1. Inorganic and Composite Coatings


Biomaterials (mainly metallic implants) coated with a layer of calcium phosphate (CaP) (e.g., hydroxyapatite (HA; Ca10(PO4)6(OH)2), TCP, or CaP glass-ceramics) are frequently developed, since formation of the CaP-based bioactive layer on the implant surface leads to the improved osseointegration between biomaterial and host tissue. Importantly, CaP-based coatings have been found to enhance the ability of biomaterial to provoke an appropriate host response, which results from their chemical similarities to natural bone HA [28,36]. Moreover, metallic implants covered with CaP-based coatings show boosted corrosion resistance and reduced metal ion release to the implantation site [19]. Additionally, CaP-based coatings promote osteoblast attachment, proliferation, and differentiation, which has been confirmed in several studies. De Oliveira et al. [37] studied biological response to HA coating on the Ti implant through gene expression analysis of major osteogenic markers (such as runt-related transcription factor 2 (Runx2), bone alkaline phosphatase (bALP), and osteopontin (OPN)) using a rat model in vivo. Gene expression analysis revealed that HA-coated implants supported new bone formation compared to control groups. Popkov et al. [38] showed that HA-coated stainless steel and titanium wires induced bone formation, and provided better bioactivity and osseointegration. Whereas Fu et al. [39] showed that silicon-doped HA (SiHA) coating on the surface of Ti was more favorable for spreading and osteogenic differentiation of mouse calvarial preosteoblasts (MC3T3-E1 cell line) than HA coating, which was evaluated by gene expression analysis for bALP, OPN, type I collagen (Col I), zinc finger structure transcription factor, and osteocalcin (OCN). Moreover, Si-doped HA coating on the surface of Ti promoted migration and angiogenesis-related gene expression in human umbilical vein endothelial cells (HUVEC cell line). In another study, Mumith et al. [40] assessed the effect of SiHA and strontium-substituted HA (SrHA) coatings on the Ti–6Al–4V implant on osseointegration in vivo using a sheep model. They proved that the implants electrochemically coated with SiHA and SrHA exhibited improved osseointegration compared to uncoated samples. While Mokkaber et al. [41] developed a silver-containing CaP coating (Ag/CaP) via electrochemical deposition on Ti substrates to increase the biocompatibility and antibacterial properties of biomaterials for bone regeneration applications. They revealed that Ag/CaP coating—where Ag ions were deposited as metallic silver nanoparticles on the CaP coating—showed not only lack of cytotoxicity against osteosarcoma derived osteoblast-like cells (Saos-2 cell line), but also bactericidal activity. Moreover, Saos-2 cells cultured on the surface of the coated samples were well spread and attached what confirmed excellent biocompatibility of applied coating. Marzban et al. [42] used nanostructured akermanite glass-ceramic (Ca2MgSi2O7) coating to modify the surface of Ti–6Al–4V substrate. They revealed that coated biomaterial enhanced spreading and proliferation of Saos-2 cells in vitro.



There are several other ceramic coatings, such as oxides, piezoelectric and ferroelectric ceramics, carbides, and zeolites coatings, which may also possess great potential in tissue engineering applications to accelerate bone tissue regeneration. For example, Zhang et al. [43] produced novel titanium dioxide/zinc oxide (TiO2/ZnO) coating by micro-arc oxidation, hydrothermal treatment, and heat treatment. The resultant TiO2/ZnO-coated Ti biomaterials enhanced cell adhesion as well as osteogenic differentiation of Saos-2 cells cultured on the surface of the coated samples. Precisely, the TiO2/ZnO coating enhanced bALP activity and secretion of main ECM proteins (collagen, OPN, OCN) in Saos-2 cells. In turn, Schitea et al. [44] developed derivative bioactive glass-ceramics (SiO2/P2O5/CaO/MgO/Na2O) coating, which was deposited on silicon substrates by a pulsed laser deposition method at room temperature and at 300 °C substrate temperature. In vitro experiments using human skin fibroblasts (BJ cell line) showed that all prepared coatings were cytocompatible. However, the coating produced at room temperature was slightly more favorable for cell growth. In a study performed by Huang et al. [45], evaluation of the osteoconductive and osteoinductive properties of the magnetic iron/polydopamine (Fe3O4/PDA) coating was conducted using in vitro (human bone marrow-derived mesenchymal stem cells (BMDSCs)) and in vivo (rabbit femoral bone defects) models. The coating was fabricated by co-deposition of Fe3O4 nanoparticles and PDA on the surface of 3D-printed porous Ti scaffolds. It was proved that the Fe3O4/PDA coating supported cell attachment, proliferation, and osteogenic differentiation of BMDSCs and enhanced new bone formation in vivo. Moreover, researchers observed enhancement of the osteogenic ability of the coating with applied static magnetic field.



The piezoelectric ceramics, such as barium titanate (BaTiO3) [46,47,48], lead-free zirconate titanate derivatives (e.g., (Ba,Ca)(Zr,Ti)O3) [49], and lithium tantalate (LiTaO3) [50], are often applied to promote bone growth, remodeling and regeneration due to their excellent biocompatibility and ability to improve osseointegration. Moreover, the piezoelectric biomaterials may generate a bioelectrical signal influenced by mechanical stress exposure, that may mimic the stress-generated potentials of natural bone. This type of biomaterials may also be subjected to electrical stimulation or ultrasound to promote bone healing [25]. Fan et al. [46] used BaTiO3 to modify the surface of Ti scaffold. Applied modification supported adhesion, proliferation, and differentiation of rabbit BMDSCs in vitro and increased new bone formation in vivo by enhancing osteogenesis and osseointegration. In turn, Ehterami et al. [48] fabricated electrically polarized porous BaTiO3-based scaffolds coated with gelatin and nanostructured HA. They showed that the modified scaffolds supported adhesion and proliferation of osteosarcoma derived osteoblast-like cells (MG63 cell line).



The zeolites are crystalline materials with precisely defined pore structure and high stability. Moreover, zeolites are characterized by good biocompatibility, antioxidant, antimicrobial, anti-apoptotic, and anti-inflammatory activity. Due to all above-mentioned features, zeolites seem to be an ideal coating material on metallic implants [51]. Qing et al. [52] used in situ hydrothermal crystallization method to deposit zeolite coating with Ag ions onto porous stainless steel substrate. In vitro experiments showed antibacterial effects of Ag-incorporated zeolite coating (against Escherichia coli and Staphylococcus aureus strains) and slight inhibitory effects on viability, adhesion, and proliferation of rabbit BMDSCs. In another study, Chen et al. [53] modified the surface of the Ti substrate with zeolitic imidazolate framework-8 (ZIF-8), which is a Zn-based metal-organic framework belonging to nanoporous solid crystals. The ZIF-8 films with nanoscale and microscale sizes were deposited onto Ti substrates using hydrothermal and solvothermal methods, respectively. The ZIF-8 film with nanoscale size inhibited the growth of Staphylococcus mutans, showed good biocompatibility, enhanced ECM mineralization, and increased expression of genes for bALP and Runx2 in MG63 cells. In contrast to nanoscale size film, the ZIF-8 film with microscale size exhibited cytotoxicity to MG63 cells.



Carbon coatings (in the form nanocrystalline or polycrystalline diamond, diamond-like carbon, amorphous carbon, carbon nanotubes, graphene) have non-cytotoxic character and are often used in the engineering of biomaterials to coat metallic biomaterials (Figure 3), providing them better biocompatibility, what has been reported by many findings [28,54,55,56,57]. For example, Zhang et al. [54] revealed that amorphous carbon-coated β-TCP enhanced adhesion and proliferation of rat BMDSCs. Furthermore, amorphous carbon coating enhanced expressions of osteogenic markers (Runx2, OPN, Col I, and OCN) and increased bALP activity in rat BMDSCs, which confirmed the stimulative effect of the coating on the differentiation of rat BMDSCs toward osteogenic lineage. Moreover, in vivo experiments showed that amorphous carbon coating enhanced the early bone regeneration capacity. Rifai et al. [55] showed that polycrystalline diamond coating on Ti scaffold promoted attachment and proliferation of Chinese Hamster Ovarian (CHO) cells and enhanced apatite deposition. In turn, Tien et al. [56] demonstrated that ultra-nanocrystalline diamond coating on silicon microchip reduced foreign-body response and protected the biomaterial from degradation in vivo. Whereas Patel et al. [57] proved that carbon nanotube-coated PCL nanofibers improved adhesion, osteogenic differentiation (high expression of genes for bALP, Col I, OCN, bone sialoprotein (BSP)), and ECM mineralization of human BMDSCs. In vivo experiments showed that carbon nanotube coating stimulated angiogenic marker expressions, such as von Willebrand factor (vWf) and new blood vessel formation, as well as accelerated bone regeneration and increased bone mineral density. Moreover, carbon nanotube-coated PCL nanofibers reduced expression of pro-inflammatory cytokines, including interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) in vivo, suggesting reduction of inflammatory effect. Similarly, Mori et al. [58] used carbon nanotubes to coat a glass surface. Their studies revealed that single-walled carbon nanotubes stimulated osteogenic differentiation and mineralization of rat BMDSCs in vitro that was confirmed by high expression of osteogenic markers like bALP, Runx2, OCN, and bone morphogenetic protein-2 (BMP-2). In turn, Przekora et al. [59] demonstrated that chemically oxidized multi-walled carbon nanotubes coating onto Ti surface despite non-toxic character inhibited cell growth and proliferation of human fetal osteoblasts (hFOB 1.19 cell line). Whereas Benko et al. [60] modified the surface of the Ti substrate with multi-walled carbon nanotubes functionalized with OH groups. Applied modification supported attachment, spreading and growth of hFOB 1.19 cells in vitro. Additionally, graphene coatings on biomaterials may increase their potential for applications in the biomedical fields. For example, Li et al. [61] synthesized alginate-based scaffolds with graphene oxide coating, which were characterized by good cytocompatibility and supported proliferation and osteogenic differentiation of human adipose tissue-derived stem cells (ADSCs).



Boron nitride (BN) is another promising material that may be used as inorganic coating on the bone implants. It was proved that BN nanotubes are biocompatible and enhance attachment, growth, and osteogenic differentiation of rat BMDSCs in vitro [62]. Özmeriç et al. [63] studied the effects of cubic boron nitride (cBN) and hexagonal boron nitride (hBN) on bone fracture healing using a rat animal model. The stainless steel wires were coated by two different allotrope boron nitride using a physical vapor deposition system. In vivo experiments showed increase in bone volume:tissue volume ratio and bone surface values in group with cBN coating compared to groups with hBN and with uncoated samples. Moreover, cBN coating increased bALP levels, suggesting its superior effect on bone fracture healing compared to other groups.



In the literature, there are several findings concerning the use of composite coatings made of CaP (or its derivatives) and polymers (natural or synthetic) to modify biomaterial surface. Application of composite coating has paid special attention recently due to the possibility to mimic natural bone environment, and thereby accelerating bone regeneration. Furthermore, composite coatings—which contain at least two different constituents—have the prospect for achieving synergetic effect of two or more components of the coating. For instance, Yu et al. [64] developed Ti–6Al–4V substrates coated with HA and collagen-HA (Col/HA) composite using a biomimetic coating process. Both HA and Col/HA coatings supported the growth of MC3T3-E1 cells; however, osteoblasts cultured on the surface of biomaterial with Col/HA coating displayed a slightly higher cell proliferation rate in comparison to the HA coating. Additionally, researchers showed enhanced cell adhesion and spreading on the surface of Ti–6Al–4V coated by both HA and Col/HA composite. In another study, HA/chitosan/gentamicin coating deposited by an electrophoretic process on the surface of Ti showed non-toxic character against mouse fibroblasts (L929 cell line) and human lung fibroblasts (MRC-5 cell line), as found by Stevanović et al. [65]. In turn, Qiaoxia et al. [66] deposited HA/tannic acid composite coating on the Ti modified with TiO2 nanotubes. Resultant biomaterial showed good cytocompatibility as applied HA/tannic acid composite coating enhanced adhesion and proliferation of MC3T3-E1 cells. Moreover, created coating exhibited antioxidant activity. Gorgin Karaji et al. [67] developed Ti biomaterials covered by coating composed of TCP, silk, and vancomycin. The coating prepared by electrophoretic deposition method revealed antibacterial activity against Staphylococcus aureus strain and good osteoconductive properties, as it had the ability to increase adhesion, proliferation, and mineralization of MC3T3-E1 cells. While Harb et al. [68] prepared poly(methyl methacrylate)-silicon dioxide (PMMA/SiO2) coatings on Ti–6Al–4V alloy by using dip-coating process. They found that the composite coating enhanced hFOB 1.19 cell proliferation compared to the PMMA coating and to the uncoated Ti–6Al–4V alloy. In turn, Zhou et al. [69] demonstrated that CaP/PLA-coated porous tantalum scaffold supported attachment and spreading of MG63 cells under in vitro conditions. Moreover, tantalum scaffold covered with CaP/PLA containing vascular endothelial growth factor (VEGF) and transforming growth factor (TGF) accelerated bone regeneration after its implantation into the rabbit subchondral bone defects. Table 1 shows a summary of the research concerning surface modifications of biomaterials using inorganic and composite coatings to improve osteoconductive and osteoinductive properties of the biomaterials for bone regeneration.




2.1.2. Organic Coatings


Natural and synthetic polymers—including various proteins such as laminin [70,71], whey protein isolate [72], collagen [73], and BMP-2 [74]—are organic materials which may be used in the coating process of metallic and ceramic biomaterials for bone tissue engineering applications. Organic coatings are not only characterized by high cytocompatibility and biodegradability, but they may also prevent metallic implants and ceramic materials against corrosion and uncontrolled degradability, respectively [75]. Most polymers are highly biocompatible what makes them ideal modifiers for incompatible biomaterials. Moreover, some polymers due to their specific structure are enabled to mimic microstructural properties of the bone ECM [21]. Osteoconductive and osteoinductive properties of organic coatings have been confirmed in several studies (Table 2). For instance, Rabe et al. [72] coated glass biomaterial with whey protein isolate fibrils to improve its biological properties. They confirmed that coated samples not only enhanced spreading and re-organization of the cytoskeleton of BMDSCs, but also increased tissue non-specific ALP activity. In turn, Zhao et al. [73] studied the impact of polyelectrolyte multilayer coating composed of hyaluronic acid/collagen or chondroitin sulfate/collagen on response of murine embryonic fibroblasts (C3H10T1/2 cell line). Cells cultured on the chondroitin sulfate-based samples showed more elongated morphology compared to the cells cultured on the hyaluronic acid-based samples, which confirmed their better adhesion to chondroitin sulfate/collagen coating. Moreover, cells grown on chondroitin sulfate-based samples exhibited noticeably higher ALP activity. In another study, albumin coating on Ti material contributed to increased osteoblast viability [76]. Whereas 3D-polylactic acid (PLA) scaffold coated with gelatin and mucic acid supported cell adhesion, promoted osteogenic differentiation of murine embryonic fibroblast cell line (C3H10T1/2 cell line), and ECM mineralization, as shown by Ashwin et al. [77]. Liu et al. [74] covered porous β-Ca3(PO4)2/Mg–Zn (β-TCP/Mg–Zn) composites with dopamine/gelatin/recombinant human BMP-2 coating. The applied coating improved cell proliferation and enhanced bALP activity in BMDSCs in vitro and improved bone regeneration in vivo. Khojasteh et al. [78] developed poly(lactic-co-glycolic) acid (PLGA) coated β-TCP scaffold containing VEGF for bone tissue engineering applications. PLGA coating along with VEGF release from the scaffold increased adhesion and proliferation of canine mesenchymal stem cells (cMSCs) and canine endothelial progenitor cells (cEPCs). The coating also enhanced expression of the osteogenic markers (Col I and Runx2) in culture of cMSCs. Positive impact of PLGA coating on proliferation and osteogenic differentiation of stem cells (BMDSCs cell line) in vitro was also confirmed by the work of Wei et al. [79], where PLGA nanofibers combined with aspirin were used to coat Ti-polydopamine sample via electrospinning method. Moreover, mentioned PLGA/aspirin coating displayed anti-inflammatory action via inhibition of M1 polarization of macrophages. Interestingly, the coating also inhibited receptor activator of nuclear factor kappa-Β ligand (RANKL)-induced osteoclast differentiation of macrophages, leading to reduced osteoclastogenesis on the coated biomaterial and improved osseointegration of PLGA/aspirin coating at the implantation site. In turn, Ding et al. [80] developed plasma-sprayed HA-coated polyethylene terephthalate (PET) ligaments with a simvastatin–chitosan coating, which significantly enhanced osteogenic differentiation of MC3T3-E1 cells by increasing the level of expression of osteogenic-related genes, including Col I, BMP-2, OC, and bALP. Developed coating had also the ability to improve osseointegration of the implant with bone tissue in vivo in a rat model.




2.1.3. Plasma Modifications


Plasma modifications techniques are widely established technologies generally used to coat the surface of biomaterials for various applications to improve their bioactivity, biocompatibility, and interaction with tissues. Importantly, plasma treatment may not only alter the chemistry and topography of the biomaterials, but it also may modify the surface charge [33,81]. There are two main classes of plasma—thermal and non-thermal plasmas [82]. Thermal spraying methods have been commonly applied to modify ceramic or metallic substrates [34]. Principal thermal plasma spraying techniques include: atmospheric plasma spraying, high velocity suspension flame spraying, suspension plasma spraying, solution precursors plasma spraying, flame spraying [19,34,83], and plasma electrolytic oxidation [84,85]. Plasma surface modification technologies may not only be applied for metallic implants, but also for polymeric biomaterials. To modify the surface of the polymer-based biomaterials, non-thermal plasma techniques are frequently used due to possibility of application of much lower gas temperature compared to the thermal plasmas [82] (e.g., air plasma [86] or plasma polymerization technique [87,88]). There are various plasma modification strategies of polymer-based biomaterials, including introduction of specific functional groups to the surface of biomaterials, surface graft polymerization, plasma syn-irradiation, or plasma post-irradiation grafting [82,89].



In the available literature, there are numerous studies related to the use of plasma techniques in bone tissue engineering applications. This section will present an overview of recent findings concerning surface modifications of biomaterials using plasma treatment to improve osteoconductive and osteoinductive properties of biomaterials for bone regeneration (Table 3). Xing et al. [90] applied air-plasma treatment of Ti biomaterial which was coated with strontium-doped CaP (Sr–CaP). Conducted in vitro studies showed that simultaneously applied Sr–CaP coating and air-plasma spraying enhanced adhesion, proliferation, osteogenic differentiation (high bALP activity), and ECM mineralization of rabbit BMDSCs. Similar results were obtained by Liu et al. [91], who coated Ti alloy Ti–6Al–4V with silicon-doped nanostructured HA (Si-nHA) using atmospheric plasma spraying. Additionally, they proved that Si-nHA coating enhanced angiogenic differentiation of rabbit BMDSCs, what was confirmed by the analysis of gene expression levels for hypoxia-inducible factor 1-alpha (HIF-1a) and VEGF. Moreover, applied coating on Ti alloy Ti–6Al–4V downregulated mRNA expression for RANKL, which indicated repression of osteoclastogenesis in cell culture. In vivo experiments using a rabbit model showed that the Si-nHA coating significantly promoted new bone formation and osseointegration. The atmospheric plasma spraying was also used to deposit tantalum-doped HA on the Ti substrates by Lu et al. [92]. The tantalum-doped HA coatings promoted cell adhesion, proliferation, and osteogenic differentiation of rat BMDSCs. Longo et al. [93] deposited titanium carbide coating on the surface of Ti samples by the ion plating plasma assisted (IPPA) technology and showed enhanced adhesion, spreading, and proliferation of osteoblasts cultured on the coated biomaterials under in vitro conditions. In another study, Veronesi et al. [94] coated Ti implants with a 500 nm nanostructured layer composed of 60% graphitic carbon, 25% titanium oxides and 15% titanium carbide, which was deposited by IPPA technology. In vivo experiments using a rabbit model showed that coated implant improved osseointegration at the implantation site compared to uncoated implants.



Polo et al. [95] proved enhanced osseointegration by facilitating better bond strength and acceleration of new bone formation in vivo by means of plasma electrolytic oxidation (PEO) coating containing Ca2+ and P5+ on the Ti implant surface. Similar results were found by He et al. [96], who deposited Zn-containing coating on the Ti implant surface through the PEO method. In another study, osteogenic activity and antibacterial ability on Ti surfaces modified with magnesium-doped titanium dioxide (Mg–TiO2) coating deposited also by PEO method were confirmed by the work of Zhao et al. [97]. They showed that the Mg–TiO2 coating significantly enhanced adhesion, proliferation, and differentiation of osteoblasts (MC3T3-E1 cell line), as well as had the ability to inhibit the growth of Staphylococcus aureus in vitro. In vivo experiments demonstrated that the Mg–TiO2 coating could improve osseointegration through the extracellular signal-regulated kinases/c-Fos (ERK/c-Fos) signaling pathway. In turn, Li et al. [98] showed enhanced ECM mineralization of rabbit BMDSCs in vitro and improved osseointegration in vivo (rabbit model) in response to a bilayer-structured coating, comprising HA nanorods and MgO with HA/Mg(OH)2 deposited by PEO and hydrothermal treatment on magnesium substrate. Moreover, they proved the immunomodulatory character of bilayer-structured coating, since it had the ability to significantly decrease expression of genes for pro-inflammatory cytokines, like TNF-α and IL-1β, and increase expression of gene for anti-inflammatory cytokine – IL-10. Whereas, Santos-Coquillat et al. [99] deposited calcium, phosphorus, and silicon or fluorine on magnesium alloy using PEO to improve osteoblast growth, collagen secretion, and ECM mineralization. In turn, Michalska et al. [100] modified the surface of the Ti–13Nb–13Zr alloy by electropolishing and PEO technique. They proved that the PEO coatings (containing calcium ions) on the Ti–13Nb–13Zr alloy significantly improved the cytocompatibility of biomaterial by promoting adhesion, proliferation, and osteogenic differentiation of human BMDSCs.



Meng et al. [101] deposited zinc-substituted HA coating on the Ti–6Al–4V alloy substrates by liquid precursor plasma spraying technique. The zinc-substituted HA coating showed moderate effect on the promotion of osteogenic differentiation of BMDSCs and the ability to hinder osteoclastic activity of osteoclast-like cell precursor cells (RAW 264.7 cell line) at early stages of co-culture condition. However, at later stages osteoclastic activity of RAW 264.7 cells was promoted. In another study, hydrogenated black TiO2 coating deposited on the Ti–6Al–4V alloy substrates by inductively coupled radio-frequency plasma spraying had the ability to improve adhesion, proliferation, and osteogenic differentiation (high bALP activity and the expression of bone-related genes, including Runx2, OC, OPN, and BSP) of rat BMDSCs, as confirmed by the work of Zhang et al. [102]. Similarly, Vu et al. [103] used inductively coupled radio-frequency plasma spraying for the deposition of ZnO-, SiO2-, and Ag2O-doped HA coating (ZnSiAg-HA) on the Ti implants for orthopedic and dental applications. They demonstrated, using a rat model, that developed ZnSiAg-HA coating had the ability to enhance bone formation, bone mineralization, and osseointegration, suggesting that applied surface modification of the implants may result in faster bone regeneration. Moreover, silver ions released from the coating provided antibacterial activity against Escherichia coli and Staphylococcus aureus in vitro. Nevertheless, plasma-sprayed MgO-, Ag2O-doped HA coating on the Ti substrate (which was also prepared by laser engineered net shaping) did not enhance osteoblast proliferation and osteogenic differentiation compared to pure HA-doped coating [104], but still exhibited antibacterial effect against Escherichia coli and Staphylococcus aureus bacterial strains. In another study, Ti implant was treated with ion-assisted plasma polymerization (IAPP), and subsequently coated with BMP-2 [105]. Obtained multifaceted biomimetic surface was characterized by high cytocompatibility and non-immunogenicity, promoted spreading, proliferation, and differentiation (high bALP activity) of BMDSCs, and supported adhesion and viability of macrophages (RAW Blue cell line) without supporting undesirable NF-κB activation in vitro. In vivo experiments using a rat model showed accelerated new bone formation. In another study, diamond-like carbon and diamond-like carbon with silver nanoparticles coatings were deposited by plasma-enhanced chemical vapor deposition onto the surface of Ti–6Al–4V alloy, slightly enhancing osseointegration in vivo [106].



Xu et al. [107] used inductively coupled plasma-enhanced chemical vapor deposition to coat PEEK surface with silicon nitride. In vitro experiments showed that applied silicon nitride coating significantly improved adhesion, proliferation, and osteogenic differentiation of rat BMDSCs. Moreover, high level of expression for osteogenic-related genes (including Runx2, bALP, OPN, OC) was observed in rat BMDSCs cultured on the modified surface of PEEK compared to uncoated one. Hickey et al. [108] also modified the surface of PEEK by deposition of Ti coating using plasma spray process. They demonstrated that Ti-PEEK surface had the ability to stimulate cellular proliferation and ECM mineralization in hFOB 1.19 osteoblasts.




2.1.4. Magnetron Sputtering Modifications


Among various methods for additive modifications of biomaterial surface, a magnetron sputtering deserves special attention as it enables deposition of many types of coating (ceramics and metals) onto substrate materials under vacuum condition [110,111]. For example, Hwang et al. [112] fabricated tantalum-coated polylactic acid membranes using the magnetron sputtering technique. In vitro experiments exhibited that coated membranes promoted attachment, proliferation, and differentiation of MC3T3-E1 cells, whereas in vivo studies using a rabbit model showed that tantalum-coated polylactic acid membranes had better osteoconductivity than the uncoated ones. Whereas Yang et al. [113] deposited tantalum nanofilms onto Ti substrate via magnetron sputtering and showed excellent biocompatibility and antibacterial activity in vivo of applied coatings. In turn, Milan et al. [114] deposited Cu/a-C:H thin coating onto Ti alloys via magnetron sputtering and they showed that applied coating improved antibacterial activity as well as stimulated angiogenesis and osteogenic differentiation of human BMDSCs in vitro. Similarly, Tolde et al. [115] applied magnetron sputtering techniques to cover Ti alloys and stainless steel with niobium titanium (TiNb) coating. Resultant materials were subsequently applied as a substrate for deposition of BaTiO3 film characterized by better biocompatibility in comparison with pure TiNb.





2.2. Subtractive Modifications of Biomaterial Surface


Several subtractive modifications of biomaterial surface, such as acid etching, sand blasting, grit blasting, anodizing, as well as hydrothermal and laser methods have been developed (Figure 4) [116]. Subtractive methods are usually applied to achieve porous and rough surface of the bone implants. Topography of the biomaterial surface plays a critical role in the first stages of osseointegration and thereby precludes from implant failure. It is well known that meso-/microporosity and roughness of the biomaterial surface exert positive impact on cellular response, including better cell adhesion, proliferation, and differentiation [22,117,118]. Moreover, macroporous (pore size > 50 µm) structure enhances osseointegration and bone ingrowth, whereas microporosity (pore size < 2 µm) increases surface area which contributes to higher protein adsorption capacity of the biomaterial. Adsorbed to the implant proteins participate in the adhesion of osteoblasts and osteoprogenitor cells and are considered as a major factor providing appropriate interaction between cells and biomaterial [5,119]. Microporosity has also impact on biomaterial bioactivity since it increases ion exchange, supporting formation of the apatite-like layer on the implant surface [7,8,117].



Texture modification techniques, such as subtractive methods, allow to modify or change surface characteristics to increase the biocompatibility of biomaterials for bone tissue engineering and regenerative medicine applications. For instance, acid etching method allows to obtain irregular and complex surface of Ti implants using strong acid solutions such as sulfuric acid (H2SO4), hydrochloric acid (HCl), hydrofluoric acid (HF), nitric acid (HNO3), and any combination of mentioned acid solutions [120]. Etching increases roughness and wettability of the implant [121] but exerts negative effect on its mechanical properties [120]. Surface modification technique combining acid-etching and sand blasting is defined as sand-blasted, large-grit, acid etched (SLA), which indicates application of an acid onto the blasted surface [120,122]. SLA allows to obtain macro-roughness and micro-pits, increasing surface area and roughness of the implant, and thereby improving osseointegration [122]. The increase in the surface roughness of the implants may also be achieved by grit blasting treatment which uses hard ceramic particles (such as Al2O3, TiO2, SiO2, CaP) and compressed air. The size of achieved roughness depends on the size of ceramic particles used for the subtractive modification. The ceramic particles should be stable and biocompatible since residual blasting material particles might be very hard to remove from the sample surface [120,123]. Another processing method of metallic implants is anodizing. Anodization technology is defined as anodic oxidation of metals (e.g., Ti and Ti alloys) via an electrochemical method which allows formation of a uniform oxide layer with desire thickness on the metal implants. Moreover, anodizing allows formation of the nanopores and nanotubes to change topographic features of the implant. The changes in the texture of the implant may be controlled by application of various oxidation voltage, oxidation duration, type of electrolyte solution (e.g., H2SO4, HNO3, hydrofluoric acid (HF)), and electrolyte solution concentration [120,124]. Laser treatment of the implants is an innovative surface modification method which allows modification of the surfaces at a nano-, micro-, and macro-size scale using a stationary laser beam. Major advantages of the laser treatment include possibility to modify both chemistry and surface topography and no necessity to use any acid and metal sand which significantly reduces risk of contamination of the modified surface compared to other techniques [125,126].



Multiple subtractive modifications of biomaterial surface have been studied so far (Table 4). For example, Zhang et al. [127] modified three-dimensional printed Ti alloy (Ti6Al4V) via SLA technique and showed that applied surface modification enhanced cell adhesion, proliferation, and osteogenic differentiation (high level of bALP activity and ECM mineralization) of rat BMDSCs in vitro as well as increased osseointegration in vivo in a rat animal model. Similar results were obtained by He et al. [128] who modified Ti samples by SLA and micro-arc oxidation. In turn, Zhan et al. [129] modified pure Ti and Ti–24Nb–4Zr–8Sn (Ti2448) alloy using SLA and anodizing and studied their influence on cellular response. Anodizing treatment increased hydrophilicity of pure Ti and Ti2448 alloy as well as promoted ECM mineralization in human BMDSCs. In another study, De Tullio et al. [125] demonstrated using a sheep model that SLA- or laser-treated Ti substrates supported osseointegration in vivo. In turn, Kunrath et al. [130] applied acid etching and anodizing methods to alter physicochemical properties of Ti substrate in order to improve biocompatibility of the material. They showed that simultaneous application of double acid etching (hydrochloric acid and sulfuric acid) and anodizing treatment of the Ti surface provided the best support for osteoblast adhesion. Nevertheless, the highest roughness was obtained for samples treated with only double acid etching, which unfortunately significantly increased bacterial proliferation in vitro. Yu et al. [131] applied picosecond laser ablation to modify Ti substrate and demonstrated that the resultant surface of Ti with micro-groves promoted cell adhesion.



The subtractive modifications of biomaterial surface may also be applied to prepare the surface before the coating process (Figure 4) [132,133,134,135,136,137,138,139]. By increasing the roughness of the surface, better adhesive bond between the coating and the surface of modified material may be achieved [140]. For example, Wu et al. [132] modified the surface of Ti using sand blasting, acid etching and ultraviolet (UV) radiation or using anodizing and UV radiation and then applied cell-derived ECM coating to obtain biomimetic implants. In vitro experiments showed that sample modified by anodizing, UV radiation and covered with ECM coating exhibited better osteoconductivity and osteoinductivity than sample treated with sand blasting, acid etching, UV radiation, and ECM coating. In turn, Li et al. [136] deposited graphene oxide coating onto SLA-treated Ti substrates and showed that SLA/graphene oxide-modified materials supported adhesion, proliferation, and osteogenic differentiation of rat BMDSCs in vitro, as well as provided excellent osseointegration in vivo in a rat animal model.





3. Concluding Remarks


Over the years, a great number of novel biomaterials have been developed for bone tissue engineering and regenerative medicine applications. Unfortunately, many of them showed a lack of cytocompatibility. The current trend in engineering of biomaterials is to produce biomimetic biomaterials (comprising organic and inorganic components) that would have the ability to mimic a natural bone environment, accelerating regeneration process. Nevertheless, the development of bone scaffold with both high biocompatibility and desired mechanical properties is regarded as a huge challenge for the researchers. Thus, surface modifications of biomaterial with desired mechanical properties in order to improve its biocompatibility appears to be a promising approach to obtain an ideal bone implant. The presented review has shown the recent findings in the field of engineering of biomaterials regarding surface modifications of metallic implants or composite biomaterials to improve their biological properties. It is well known that osteoconductive and osteoinductive properties of bone implants play a crucial role in enhancing osseointegration with host tissues. Surface modifications of the biomaterials aiming to improve their biocompatibility may be divided into two groups: additive and subtractive. Additive modification methods, which lead to the formation of additional structures on the surfaces, are very good approach for metallic biomaterials (such as Ti or stainless steel), since organic or composite coatings may create surface-mimicking natural bone, whereas metallic biomaterials provide good mechanical strength. The subtractive modifications primarily focus on increasing surface roughness of the biomaterials to support cell attachment, spreading, proliferation, and osteogenic differentiation. Nevertheless, it is well known, that high surface roughness may exert a detrimental impact on the fatigue life of the biomaterials [141]. Moreover, the coating thickness and created micro-crack during coating formation may reduce fatigue resistance of the resultant implant [19]. Therefore, when developing new coatings on the biomaterials for clinical applications, special attention should be paid to potential stress concentrations/stress raisers that may occur at the implantations site, causing failure or collapse of the bone implant.



Literature overview revealed that both types of surface modifications (additive and subtractive) lead to significant improvement of cellular response to the biomaterial compared to unmodified samples. Furthermore, available literature presents a great variety of modifications techniques. Since each biomaterial is characterized by different chemistry, microstructure, and mechanical properties, it is impossible to select one universal modification method that would ensure successful enhancement of osteoconductivity/osteoinductivity of the bone implant. Nevertheless, it is clearly observed that primary choice in the case of bioceramics biomaterials is organic (biopolymer) coating (additive technique). Whereas metallic implants are primarily subjected to either subtractive methods or plasma modifications (additive techniques) or inorganic coating procedures (additive technique). It is worth noting that some subtractive modifications (e.g., acid etching) may decrease the mechanical strength of the resultant biomaterial. Thus, it is important to take into consideration the end application of the implant (load-bearing site or non-load-bearing site) during selection of surface modification technique.



Although there are a number of surface modification techniques described in the literature, many methods are costly and very complex, limiting transfer of these technologies into the clinical market. Moreover, improvement of biological properties of the biomaterials is often related with reduced mechanical strength and fatigue resistance of the resultant bone implant, especially when subtractive modifications are used. There is also relatively small number of reports in the available literature presenting modifications of the biomaterials leading to the formation of osteoinductive surfaces, which are the most desirable in clinical applications. Therefore, nowadays, the greatest challenge for the researchers is to develop surface modification method that would be not only relatively simple and cost-effective, but also would allow to achieve osteoinductive surface on the bone implant without worsening its mechanical strength.
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Figure 1. Scheme presenting main properties of tissue-engineered products as an alternative solution for bone regenerative medicine. 
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Figure 2. Scheme presenting various types of possible surface modifications of biomaterials for bone tissue engineering and regenerative medicine applications aiming to improve their osteoconductive and osteoinductive properties. 
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Figure 3. MC3T3-E1 preosteoblasts behavior on the titanium (Ti) samples coated by electrophoretic deposition with multi-walled carbon nanotubes and nanohydroxyapatite (sample marked as Ti_CNT_HA) and coated with multi-walled carbon nanotubes functionalized with OH groups and nanohydroxyapatite (sample marked as Ti_CNT-OH_HA): (a) Image presenting unmodified and modified (black) Ti samples; (b) confocal laser scanning microscope (CLSM) images showing viable cells on the surface of the samples after staining with the mixture of calcein-AM (viable cells—green fluorescence) and propidium iodide (dead cells—red fluorescence), magnification 100×, scale bar = 100 µm; (c) CLSM images showing well spread cells on the surface of the samples after staining with AlexaFluor635-Phalloidin (cytoskeleton filaments—red fluorescence) and DAPI (nuclei—blue fluorescence), magnification 200×, scale bar = 100 µm. 
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Figure 4. Scheme presenting application of subtractive modifications of biomaterial surface. 
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Table 1. Surface modifications of bone implants using inorganic and composite coatings.
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	Coating Material
	Type of Biomaterial
	Experimental Model
	Impact of Surface Coating on Biological Properties of Biomaterial
	Limitations
	Ref.





	HA
	Titanium
	In vivo (rat model)
	Supported new bone formation in vivo
	Not provided
	[37]



	HA and Si-doped HA
	Titanium
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1 and HUVECs cell line)
	Supported cell spreading and osteogenic differentiation
	Not provided
	[39]



	Oxidized multi-walled carbon nanotubes
	Titanium
	In vitro (human fetal osteoblast cell line—hFOB 1.19)
	Highly conductive and non-toxic character
	Inhibited cell growth and proliferation
	[59]



	Multi-walled carbon nanotubes functionalized with OH groups
	Titanium
	In vitro (human fetal osteoblast cell line—hFOB 1.19)
	Nanorough topography supporting cell attachment, spreading and growth
	Not provided
	[60]



	Calcium phosphate (CaP)/Ag
	Titanium
	In vitro (human osteosarcoma cell line—Saos-2)
	Non-toxic character, supported cell attachment and spreading
	Cytotoxic character of microsized silver phosphate particles (unlike nanoparticles)
	[41]



	TiO2/ZnO
	Titanium
	In vitro (human osteosarcoma cell line—Saos-2)
	Enhanced cell adhesion and osteogenic differentiation
	Not provided
	[43]



	Zeolitic imidazolate framework-8 film
	Titanium
	In vitro (human osteosarcoma cell line—MG-63)
	Enhanced bALP activity, superior expression of genes for bALP, Runx2, and increased ECM mineralization
	Cytotoxic character of microsized zeolitic imidazolate framework-8 film (unlike nanosized film)
	[53]



	HA/chitosan/gentamicin
	Titanium
	In vitro (mice fibroblast cell line—L929 and human lung fibroblast cell line—MRC-5)
	Non-cytotoxicity
	Risk of the development of antibiotic resistance
	[65]



	Tricalcium phosphate (TCP)/silk/vancomycin
	Titanium
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1)
	Enhanced cell attachment, spreading, proliferation, and ECM mineralization
	Risk of the development of antibiotic resistance
	[67]



	HA/tannic acid
	Titanium modified by TiO2 nanotube arrays
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1)
	Improved cell

adhesion and proliferation
	Not provided
	[66]



	HA
	Titanium alloy Ti–6Al–4V, Stainless steel
	In vivo (canine model)
	Induced bone formation and proved good osseointegration in vivo
	Not provided
	[38]



	Si-doped HA and Sr-doped HA
	Titanium alloy Ti–6Al–4V
	In vivo (sheep model)
	Increased osseointegration
	Not provided
	[40]



	Glass-ceramics
	Titanium alloy Ti–6Al–4V
	In vitro (human osteosarcoma cell line—Saos-2)
	Supported cell spreading and proliferation
	Disordered/random surface topography
	[42]



	BaTiO3
	Titanium alloy Ti–6Al–4V
	In vitro (rabbit BMDSCs) and in vivo (rabbit model)
	Supported cell adhesion, proliferation, and osteogenic differentiation in vitro; increased new bone formation in vivo
	Decreased compressive strength
	[46]



	Fe3O4/polydopamine
	Titanium alloy Ti–6Al–4V
	In vitro (human BMDSCs) and in vivo (rabbit model)
	Supported cell attachment, proliferation and osteogenic differentiation in vitro; accelerated new bone formation in vivo
	Not provided
	[45]



	Polycrystalline diamond
	Titanium alloy Ti–6Al–4V
	In vitro (Chinese hamster ovarian cell line—CHO)
	Enhanced cell growth in vitro
	Not provided
	[55]



	HA and HA/collagen
	Titanium alloy Ti–6Al–4V
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1)
	Improved cell

adhesion and proliferation
	Decreased mechanical properties
	[64]



	poly(methyl methacrylate) (PMMA)/SiO2
	Titanium alloy Ti–6Al–4V
	In vitro (human fetal osteoblast cell line—hFOB 1.19)
	Enhanced cell proliferation
	Decreased surface roughness
	[68]



	CaP/PLA
	Tantalum
	In vitro (human osteosarcoma cell line—MG-63) and in vivo (rabbit model)
	Supported cell attachment and spreading in vitro; accelerated new bone formation in vivo
	Not provided
	[69]



	Gellatin/HA
	BaTiO3-based scaffold
	In vitro (human osteosarcoma cell line—MG-63)
	Supported cell adhesion and proliferation
	Not provided
	[48]



	Zeolite/Ag
	Stainless steel
	In vitro (rabbit BMDSCs)
	Non-cytotoxicity
	Slightly decreased cell adhesion and proliferation
	[52]



	Boron nitride (BN)
	Stainless steel wire
	In vivo (rat model)
	Accelerated fracture healing by increase in bone volume/tissue volume ratio and bone surface values, increased bALP levels
	Decreased osteocalcin levels
	[63]



	Ultra-nanocrystalline diamond
	Silicon microchips
	In vivo (mouse model)
	Reduced foreign-body response in vivo
	Not provided
	[56]



	SiO2/P2O5/CaO/MgO/Na2O
	Silicon
	In vitro (human fibroblast cell line—BJ)
	Non-cytotoxicity
	Not provided
	[44]



	Carbon nanotubes
	Glass
	In vitro (rat BMDSCs)
	Promoted expression of osteogenic markers and ECM mineralization
	Unaffected ECM mineralization on multi-walled carbon nanotubes coating (unlike single-walled carbon nanotubes coating)
	[58]



	Amorphous carbon
	β-TCP
	In vitro (rat BMDSCs) and in vivo (rat model)
	Enhanced cell adhesion, proliferation, and bALP activity; supported new bone formation in vivo
	Decreased surface roughness
	[54]



	Carbon nanotubes
	PCL nanofibers
	In vitro (human BMDSCs) and in vivo (rat model)
	Supported cell adhesion and bone formation in vitro; enhanced ECM synthesis and new bone formation in vivo
	Slightly reduced elastic modulus
	[57]



	Graphene oxide coating
	Alginate-based scaffold
	In vitro (human ADSCs)
	Supported cell adhesion, proliferation, and osteogenic differentiation
	Not provided
	[61]
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Table 2. Surface modifications of biomaterials using organic coatings.






Table 2. Surface modifications of biomaterials using organic coatings.





	Coating Material
	Type of Biomaterial
	Experimental Model
	Impact of Surface Coating on Biological Properties of Biomaterial
	Limitations
	Ref.





	Albumin
	Titanium
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1)
	Increased cell viability
	Not provided
	[76]



	Whey protein isolate fibril
	Glass
	In vitro (human BMDSCs)
	Promoted cell spreading and osteogenic differentiation
	Not provided
	[72]



	Hyaluronic acid/collagen and chondroitin sulfate/collagen
	Glass
	In vitro (murine embryonic fibroblast cell line—C3H10T1/2)
	Promoted cell adhesion and osteogenic differentiation
	Not provided
	[73]



	PLGA
	β-TCP
	In vitro (canine mesenchymal stem cells and canine endothelial progenitor cells)
	Increased cell attachment and proliferation, enhanced osteogenic differentiation
	Decreased total porosity
	[78]



	Dopamine/gelatin/rhBMP-2
	β-TCP/Mg–Zn
	In vitro (rat BMDSCs) and in vivo (rabbit model)
	Supported cell proliferation and osteogenic differentiation in vitro; enhanced new bone formation in vivo
	Not provided
	[74]



	Gelatin/mucic acid
	PLA
	In vitro (murine embryonic fibroblast cell line—C3H10T1/2)
	Supported cell adhesion, osteogenic differentiation, and ECM mineralization
	Decreased mechanical properties and increased degradation degree
	[77]



	PLGA/aspirin
	Ti-polydopamine
	In vitro (rat BMDSCs) and in vivo (rat model)
	Increased cell proliferation, induced osteogenic differentiation, anti-inflammatory effect in vitro; improved osseointegration in vivo
	Not provided
	[79]



	Simvastatin/chitosan
	HA-coated polyethylene terephthalate
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1) and in vivo (rat model)
	Induced osteogenic differentiation in vitro; enhanced osseointegration in vivo
	Not provided
	[80]
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Table 3. Surface modifications of biomaterials using coating materials and plasma.






Table 3. Surface modifications of biomaterials using coating materials and plasma.





	Coating Material and Plasma Technique
	Type of Biomaterial
	Experimental Model
	Impact of Surface Coating on Biological Properties of Biomaterial
	Ref.





	Air-plasma spraying treatment and strontium-doped CaP coating
	Titanium
	In vitro (rabbit BMDSCs)
	Enhanced cell adhesion, proliferation, osteogenic differentiation and ECM mineralization
	[90]



	Ion-assisted plasma polymerization treatment and BMP-2 coating
	Titanium
	In vitro (human BMDSCs and mouse macrophage reporter cell line—RAW Blue)

and in vivo (rat model)
	Promoted spreading, proliferation, and osteogenic differentiation of stem cells in vitro, supported adhesion and viability of macrophages without promoting NF-κB activation in vitro. Promoted new bone formation in vivo
	[105]



	Tantalum-doped HA coating deposited by atmospheric plasma spraying
	Titanium
	In vitro (rat BMDSCs)
	Enhanced cell adhesion, spreading, proliferation, osteogenic differentiation, and ECM mineralization
	[92]



	Titanium carbide coating deposited by ion plating plasma assisted
	Titanium
	In vitro (human osteosarcoma cell line—Saos-2 and human primary osteoblasts)
	Enhanced cell adhesion, spreading, and proliferation
	[93]



	Coating composed of 60% graphitic carbon, 25% titanium oxides and 15% titanium carbide deposited by ion plating plasma assisted
	Titanium
	In vivo (rabbit model)
	Improved osseointegration
	[94]



	Zinc ions containing coating deposited by plasma electrolytic oxidation
	Titanium
	In vivo (rabbit model)
	Enhanced osseointegration and new bone formation
	[96]



	Magnesium-doped titanium dioxide coating deposited by plasma electrolytic oxidation
	Titanium
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1) and in vivo (rabbit model)
	Promoted cell adhesion, proliferation, and osteogenic differentiation in vitro; enhanced osseointegration in vivo
	[97]



	Silicon-doped HA coating deposited by atmospheric plasma spraying
	Titanium alloy Ti–6Al–4V
	In vitro (rabbit BMDSCs) and in vivo (rabbit model)
	Improved cell proliferation, osteogenic and angiogenic differentiation, hindered osteoclastogenesis in vitro; promoted new bone formation and osseointegration in vivo
	[91]



	Zinc-doped HA coating deposited by liquid precursor plasma spraying
	Titanium alloy Ti–6Al–4V
	In vitro (rat BMDSCs and mouse osteoclast-like cell precursor cell—RAW 264.7 cell line)
	Moderately promoted osteogenic differentiation of BMDSCs and hindered osteoclastic activity at early stages
	[101]



	ZnO-, SiO2-, Ag2O-doped HA coating deposited by inductively coupled radio-frequency plasma spraying

system
	Titanium alloy Ti–6Al–4V
	In vivo (rat model)
	Enhanced new bone formation, osseointegration, and bone mineralization
	[103]



	MgO-, Ag2O-doped HA coating deposited by plasma spray process
	Titanium alloy Ti–6Al–4V
	In vitro (primary human osteoblasts)
	Slightly positive effect on cell proliferation and osteogenic differentiation
	[104]



	Diamond-like carbon and diamond-like carbon with silver nanoparticles coatings deposited by plasma-enhanced chemical vapor deposition
	Titanium alloy Ti–6Al–4V
	In vivo (rabbit model)
	Enhanced osseointegration
	[106]



	Hydrogenated black TiO2 coating deposited by inductively coupled radio-frequency plasma spraying

system
	Titanium alloy Ti–6Al–4V
	In vitro (rat BMDSCs)
	Improved cell adhesion, proliferation, and differentiation
	[102]



	Calcium and phosphorus ions containing coating deposited by plasma electrolytic oxidation
	Titanium alloy Ti–6Al–4V
	In vivo (rat model)
	Enhanced osseointegration and new bone formation
	[95]



	Calcium ions containing coating deposited by plasma electrolytic oxidation
	Titanium alloy Ti–13Nb–13Zr alloy
	In vitro (human BMDSCs)
	Enhanced cell adhesion, proliferation, and

osteogenic differentiation
	[100]



	Bilayer coating containing HA nanorods and MgO with HA/Mg(OH)2 deposited by plasma electrolytic oxidation
	Magnesium
	In vitro (rabbit BMDSCs) and in vivo (rabbit model)
	Enhanced ECM mineralization in vitro; promoted osseointegration in vivo
	[98]



	Calcium, phosphorus, and silicon or fluorine ions containing coating deposited by plasma electrolytic oxidation
	Magnesium 0.8 wt.% calcium alloy
	In vitro (mouse calvarial preosteoblast cell line—MC3T3-E1)
	Supported cell growth, collagen secretion, and ECM mineralization
	[99]



	Nano fibrous titania coating deposited by high intensity laser-induced reverse transfer
	Glass
	In vitro (human BMDSCs)
	Promoted cell spreading, proliferation, differentiation, and ECM mineralization
	[109]



	Silicon nitride coating deposited by inductively coupled plasma-enhanced chemical vapor deposition
	PEEK
	In vitro (rat BMDSCs)
	Promoted cell spreading, proliferation, and osteogenic differentiation
	[107]



	Titanium coating deposited by plasma spray process
	PEEK
	In vitro (human fetal osteoblast cells—hFOB 1.19)
	Promoted cell proliferation and ECM mineralization
	[108]
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Table 4. Subtractive surface modifications of biomaterials.






Table 4. Subtractive surface modifications of biomaterials.





	Subtractive Modification Method
	Type of Biomaterial
	Experimental Model
	Impact of Surface Coating on Biological Properties of Biomaterial
	Limitations
	Ref.





	Acid etching and anodizing
	Titanium
	In vitro (rat ADSCs)
	Promoted cell adhesion
	Not provided
	[130]



	SLA or laser-treatment
	Titanium
	In vivo (sheep model)
	Increased osseointegration
	Not provided
	[125]



	SLA and micro-arc oxidation
	Titanium
	In vitro (rat BMDSCs) and in vivo (dog model)
	Enhanced cell adhesion, proliferation, and osteogenic differentiation in vitro; promoted osseointegration in vivo
	Not provided
	[128]



	SLA or anodizing
	Titanium and titanium alloy Ti–24Nb–4Zr–8Sn
	In vitro (human BMDSCs)
	Only anodizing increased ECM mineralization
	SLA and anodizing decreased cell proliferation
	[129]



	SLA
	Titanium alloy Ti–6Al–4V
	In vitro (rat BMDSCs) and in vivo (rat model)
	Enhanced cell adhesion, proliferation, and osteogenic differentiation in vitro; increased osseointegration in vivo
	Not provided
	[127]



	Picosecond laser
	Titanium alloy Ti–6Al–4V
	In vitro (rat BMDSCs)
	Supported cell adhesion
	Not provided
	[131]
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