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Abstract

:

Implant-associated infections (IAIs) represent a major health burden due to the complex structural features of biofilms and their inherent tolerance to antimicrobial agents and the immune system. Thus, the viable options to eradicate biofilms embedded on medical implants are surgical operations and long-term and repeated antibiotic courses. Recent years have witnessed a growing interest in the development of robust and reliable strategies for prevention and treatment of IAIs. In particular, it seems promising to develop materials with anti-biofouling and antibacterial properties for combating IAIs on implants. In this contribution, we exclusively focus on recent advances in the development of modified and functionalized implant surfaces for inhibiting bacterial attachment and eventually biofilm formation on orthopedic implants. Further, we highlight recent progress in the development of antibacterial coatings (including self-assembled nanocoatings) for preventing biofilm formation on orthopedic implants. Among the recently introduced approaches for development of efficient and durable antibacterial coatings, we focus on the use of safe and biocompatible materials with excellent antibacterial activities for local delivery of combinatorial antimicrobial agents for preventing and treating IAIs and overcoming antimicrobial resistance.
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1. Introduction


The rise in life expectancy is associated with an increased demand for healthcare among the elderly with hip osteoarthritis or osteoporotic fractures, as well as an increased demand for joint replacement surgeries and development of safe and biocompatible orthopedic biomaterials for combating implant-associated infections (IAIs) [1,2,3]. Here, it is worth considering that the surgical placement of orthopedic implants inside the human body for offering biological support to injured tissues or organs and restoring biological functioning is challenging due to possible bacterial adhesion and proliferation on the surfaces, eventually leading to infections [4,5,6].



Despite extensive recent endeavors in improving biomedical implants through surface modification strategies and the use of biomaterials with excellent anti-biofouling properties for preventing the recruitment of biofouling microorganisms that initiate irreversible attachments on implant surfaces, IAIs still represent a major public health and socioeconomic burden. This is due to the intrinsic tolerance of biofilms to antimicrobial agents and the immune system, and the increased potential of antibiotic resistance development due to long-term and repeated conventional antibiotic treatments [7,8]. The latter is a major health concern, according to the “A European One Health Action Plan against Antimicrobial Resistance (AMR)” report (2017): antibiotic resistance causes approx. 25,000 deaths per year in the EU, and it is estimated to cause more deaths than cancer by 2050. It is also increasing the economic burden across the EU with an annual healthcare cost of about EUR 1.5 billion per year. In the USA alone, IAIs account for 25% of all hospital-acquired infections and the annual healthcare burden exceeds USD 4 billion [9,10,11,12].



Orthopedic IAIs are severe complications resulting in implant failures, often require secondary implant replacement surgeries, and may lead to amputation or mortality, and represent, therefore, a major public health burden due to extended hospitalization, increased time of rehabilitation, and high healthcare costs [13,14]. It is also challenging to treat IAIs due to the typical metabolic heterogeneity of the biofilm-embedded microbial cells, which are not directly targeted by conventional antibiotic treatments [15]. Further, systemic antibiotic delivery is not an efficient therapeutic option as bacterial infections are capable of developing resistance to most widely used conventional antibiotics [1,16]. The clinical incidences of orthopedic IAIs are 2–5% worldwide, and the annual healthcare and treatment expenses are around USD 20 billion [13,15,17].



As the orthopedic implant market is expected to grow, the risk of associated infections should be minimized by preventing bacteria colonization at implants, and addressing therapeutic challenges related to development of biofilms, which are complex dense matrices of proteins, polysaccharides, and DNA-embedding bacteria [12]. The formation of biofilms at implants significantly impairs the efficacy of antibiotic treatment by increasing the antibiotic resistance of internal biofilm cells by 10–1000 times [18]. This necessitates efforts to design safe and efficacious strategies for targeting implant-associated infections and effectively combating the development of biofilms through implant surface modifications and the use of biomaterials with excellent anti-biofouling properties, and assist, therefore, host tissues around the implants in winning “the race for the surface” [19,20]. As an alternative to systemic antibiotic use, the FDA has approved various biomaterial candidates that can be used for targeting IAIs [21].



Extensive research has explored various strategies for preventing bacterial adhesion and biofilm formation on orthopedic implants. These strategies, primarily focusing on surface design, can be classified into two groups: strategies for development of surfaces with either passive bacterial repelling or with active bacteria killing [22]. The former strategy focuses on preventing biofilm formation on the implants, whereas the latter focuses on disrupting bacterial cells and achieving efficient bacterial eradication. For achieving efficient action against both adhered and surrounding bacteria, the active bacteria killing strategy focuses on designing safe coatings for orthopedic implants capable of locally releasing antibacterial agents [12,23]. There is recent rapidly growing interest in this strategy for inhibiting biofilm formation on implants due to an increase of occurrence of superbacteria and resistance to conventional antibacterial agents [23].



Considering the increased formation of antibiotic-resistant bacteria embedded on medical implants (particularly orthopedic implants), and the rise of complications associated with the surgical procedures and the long-term use of these implants, there is a recent growing interest in introducing new, safe, and effective strategies for combating IAIs [24]. In this contribution, we focus on recent advances in the development of surface implant modifications and development of antibacterial coatings. We further highlight promising future directions in engineering and functionalization of orthopedic implants with unique structural features, design of orthopedic personalized implants, and new coatings (including the use of self-assembled nanostructures such as inverse non-lamellar liquid crystals in the design of coatings) for local delivery of combinatorial antimicrobial agents for treating infections, overcoming antibiotic resistance development, and stimulating bone tissue regeneration.




2. Biofilm Formation on Orthopedic Implants and Prevention Strategies


Bacteria may invade the surgical site and induce infection. There is, therefore, a high risk of bacterial adhesion and colonization on orthopedic implants, leading eventually to biofilm infections [24,25,26]. Similar to other medical devices and implants, most orthopedic implants generally fail due to the development of IAIs and poor tissue interconnections [27,28]. Such poor host integration between the implants and their surrounding bone tissues may lead to the presence of small void spaces around implants, allowing a suitable environment for bacterial adhesion and colonization [5,7,12,26].



The four-stage biofilm formation process on medical implants is illustrated in Figure 1. The initial preliminary phase is reversible and occurs through the attraction and attachment of microorganisms to the solid surface directly or through interactions with pre-adsorbed proteins [13]. This bacterial adhesion stage paves the way for cell attachment and microbial colonization at the implant, leading eventually to the formation of microcolonies and development of a 3D unique biofilm structure, which is built of hydrated extracellular polymeric matrix (EPM). As these microcolonies grow in density, the produced extracellular biopolymers are effective in encasing bacteria and maintaining the biofilm structure. With bacterial pili and flagella structures, these biopolymers form the EPM [29]. The 3D biofilm structure is comprised of less than 10% of bacterial cells and the remaining part is mainly composed of lipopolysaccharides, polysaccharides, proteins, nucleic acid, and lipids [30,31,32,33]. The EPM provides the biofilm with the following: mechanical stability, enhancement of adherence to the implant surface, and an efficient polymeric network for assessing intercellular communications through signaling routes that exist among the biofilm cells [30]. Biofilms have heterogeneous environments as the superficial layers consist of metabolically active bacteria, whereas the bacteria in the deeper layers become metabolically inactive due to inefficient oxygen and nutrient diffusion into the biofilm matrix [34]. It is worth noting that the metabolically active bacteria can revert to the planktonic forms by detaching from the biofilm matrix, leading to the initiation of new infections in other sites of the body or the implant [30].



The 3D complex biofilm matrix with unique physical and biological properties and inherent morphological features provides the pathogenic bacteria with an exceptional ability to avoid their killing by host defense components and antibiotics. In addition to the poor permeation of biofilms through the EPM network, it is important to consider the plausible inactivation of antibacterial agents (including conventional antibiotics) in the internal acidic and anaerobic biofilm environments [25]. Thus, the adequate antibiotic dosing required for eliminating the encased bacteria can be hampered [32,35]. Alteration in cell metabolism, either through chromosomal mutations or horizontal drug resistance gene transfer, can condense the biofilm and increase its tolerance, which is the capacity of a bacterial colony to endure lethal antibiotic levels in the short term, and resistance to antibiotics [24]. A relatively high bacterial population level in the biofilm matrix enhances interactions among the embedded bacterial cells through biochemical signaling pathways [24]. This close communication is generally associated with a facilitated exchange and horizontal transfer of virulence genes and resistance genes among microorganisms [34,36]. Due to anaerobic stress conditions in the biofilm matrix, some subpopulations of bacteria might develop resistant phenotype states and express biofilm-related antibacterial resistance genes [2]. As a result, conventional antimicrobial agents are unable to completely eradicate the encased biofilm pathogens, as typically applied standard dosing cannot penetrate the biofilm and kill bacteria. Considering the failure and the poor outcomes of traditional systemic antibiotic treatments, further interventions, including surgical implant exchange or removal without replacement, are commonly needed as the only options to eliminate infections. In more violent cases, amputation or lethal consequences may arise due to unrestrained persistent infection around the implant and surrounding tissues [15,22,31,37,38,39].



2.1. Biofilm Prevention Strategies


As biofilms are capable of growing on nearly any surface during surgery, it is of paramount importance to introduce efficient strategies to reduce the economic burden and severe consequences of IAIs, including amputation and patient’s pain, and increase survival [25]. These strategies should take into account that the first 5–6 h following surgery are critical as the implants are primarily in good condition for enhancing bacterial attachment and colonization [30,39]. It is important, therefore, to minimize such risk through the use of antimicrobial prophylaxis prior to and post surgery [2]. It is also recommended that the antibiotic treatment should avoid the administration of relatively high doses of antibiotics for an extended period that may result in the development of bacterial resistance [13].



It is worth noting that the implant surface characteristics, including topography, wettability, and surface chemistry, may significantly influence implant–host tissue integration [30]. On implant placement, the host cells and pathogens are generally engaged in “a race to the surface” to attach and eventually colonize the implant surfaces. Thus, implant–host tissue integration can stop bacterial adhesion when the host cells occupy the implant surfaces before bacteria. In contrast, biofilm development, leading eventually to IAIs, is expected to occur upon fast and direct contact of the implant surfaces with bacteria. Thus, the affinity of the host cells to the implant surface plays an important role in the long-term success of orthopedic implants [13,30]. However, it is still practically challenging to achieve such success due to the similarity of the adhesion mechanism of the host cells to those of bacteria. In addition to non-specific host cell–implant interactions that might hinder optimal integration, bacterial attachment and colonization on the implant surface or around the surrounding tissues are serious concerns [1].



2.1.1. Implant Surface Modification


Implant surface modification strategies are antibiotic-free and focus on designing implant surfaces with unique properties for achieving unfavorable bacterial attachment and colonization [7,13,27,30,36,40]. Among others, anti-biofouling and contact killing are promising and most investigated viable options for prevention of bacterial adhesion [7]. Here, surface nanotopography can decrease bacterial adherence and bacterial cell attachment by modifying the surfaces and providing them with unique properties such as roughness, surface energy, wettability, and adhesion [41].



Anti-Biofouling Surfaces


For blocking the first stage of biofilm development on orthopedic implants and avoiding the use of toxic bactericidal substances, there is a growing interest in the design of implants with anti-adhesive and anti-biofouling properties with relatively very low surface energy. Among others, modifications of the implant surface topography and polymeric immobilization of coatings on implant surfaces are widely investigated in attempts to generate bacteria-repulsive biomimetic surfaces [42,43]. Bacteria are often not entirely eradicated from these surfaces. However, the significant reduction in their numbers on implants hinders bacterial biofilm formation [43,44].



The design of superhydrophobic surfaces, typically having water contact angles of >150°, is inspired by the surface characteristics of lotus leaves and striders [45,46,47]. Here, the excessive water repellency of such surfaces is attributed to a non-wetting surface chemistry and a high level of roughness, preventing the initial adherence of bacteria that reside in an aqueous environment [7]. As shown in Figure 2a, the anti-biofouling surface characteristics of these implants are attributed to air pockets formed between the surface and the bacterial cell membrane, hindering complete contact [48]. Here, it is worth noting that such surfaces with hierarchical nanostructures can enhance fluid drag reduction and biofouling prevention by retaining trapped air under water [14]. This is attributed to the presence of air pockets significantly reducing the active solid surface area in contact with water, known as the “Cassie fraction” [49].



Superhydrophobic surfaces are created by combining rough surface structures with low-surface-energy materials via different approaches [50]. Briefly, rough structures (such as nanopillars, nanochannels, and nanodiscs) are created on hydrophobic materials to obtain superhydrophobicity. Other routes involve the deposition of extremely hydrophobic constituents on substrates to create hierarchically organized surfaces with superhydrophobic layers [43,48,51]. Photolithography, salt etching, sol–gel chemistry, laser ablation and mechanical sand blasting are commonly used to create surfaces with textured arrays and superhydrophobic properties [49,52,53,54]. For example, Manivasagam et al. [55] recently reported on using a simple thermochemical method to modify the characteristics of titanium (Ti) surfaces for preventing biofilm formation on surface with nanotopography, and through a treatment with silane for achieving superhydrophobicity. These silane-modified superhydrophobic surfaces significantly inhibited bacterial colonization (up to 90%), and led to a reduction in the surface adherence levels of Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) as compared to control (unmodified) surfaces.



Another bio-inspired strategy relies on manufacturing superhydrophilic surfaces with water contact angles of <10°. In this strategy, the surface characteristics are modified though chemical alterations, leading to surfaces with unique morphological features by merging regular micro-roughness with hydrophilic substances. Wetting these surfaces leads to water trapping due to surface roughness (known as the Wenzel wetting state), and induces therefore the formation of surfaces coated with aqueous layers that effectively restrict bacterial attachment (Figure 2b,c) [56]. As most bacteria interact with surfaces through hydrophobic interactions, increasing the implant surface hydrophilicity is typically associated with an enhanced resistance to bacterial adhesion [14,57]. Polyethylene glycol (PEG) is the most popular anti-biofouling substance as it creates a relatively large exclusion volume on surfaces, leading to the determent of bacterial contamination [58]. In addition, hyaluronic acid and chitosan are attractive for use as hydrophilic modifiers owing to their richness with hydrophilic functional groups, including –OH and ammonium groups. The presence of such groups enhances the surface energy through a significant increase in the hydrophilicity degree of commonly used surface coatings [42,57]. Further studies are needed for gaining further insights into the effects of hydrophilic and hydrophobic modifiers on surface wettability and bacterial adherence [44].




Contact-Killing Surfaces


Surface topography is a successful tool for preventing the development of microbial biofilms on implants by killing and physically inactivating attached bacteria [7,14]. In addition to the topographic features at the nanoscale, bacterial cell-surface contact plays an important role in regulating physical damage, which is known in the literature as a contact killing. This biomimetic approach is inspired by the structures of cicada and dragonfly wings, which are decorated with nanospikes that act as defensive coatings against microbial contaminants [59]. In this research area, analogous topographic nanostructures, including nanorods, nanopillars, and nanoedges, are constructed to acquire inherent bacterial-killing properties [42]. The simple mechanism of contact killing by surface topography is presented in Figure 2d. The dimensional properties (such as height, width, and spacing) of these nanostructures have decisive roles in the contact-killing mechanism [41]. Nanotextured surfaces, with thick, blunt nanopillars, promote bacterial adhesion between spikes, causing cell body suspension, stress, and rupture, ultimately leading to cell death in bacteria [25,60]. To generate unique 3D topography-patterned surfaces with nanopillars, many processes such as electrochemical anodization, hydrothermal etching, and 3D direct laser writing are used [42]. However, this mode of action based on the disruption of the cell membrane by surfaces with nanopillars may not be similarly successful against certain cells with relatively thicker or larger cell walls or those having an additional membrane [61]. Recently, biomolecule-based contact-killing techniques have been introduced as more sustainable alternatives to topographic surface nanopatterning. In these studies, the utilization of different biopolymers (including chitosan and cellulose) and various antimicrobial peptides (AMPs) has been reported [7,58,62]. The antibacterial activities of these cationic biomolecules are most likely attributed to their electrostatic interactions with typically negatively charged bacterial membranes, resulting in cell content leakage and eventually microbial death (Figure 2e) [2,14,20,34]. The recent increasing interest in the design of coatings with sustained release properties of AMPs is attributed to their advantages as compared to typically used antibiotics. Small cationic peptides can penetrate or travel across negatively charged bacterial membranes, generating small pores that cause burst of cell contents and bacterial death [63,64]. Therefore, AMPs offer exciting alternatives to traditional antibiotics owing to their rapid and non-specific antibacterial mechanisms, which are also less likely to induce bacterial drug resistance. Further, it is worth considering that AMPs are part of the immune system, act as immunomodulating agents, and may exhibit potential biological activities (such as anticancer, antiviral, and antifungal activities) [65,66].



Contact-killing strategies can kill pathogens by preventing direct bacterial contact with the implant surface. Thus, they minimize the risks of biofilm development and bacterial infections. However, these strategies are not active on planktonic bacteria. As the contacted bacteria are ruptured, bacterial debris and intracellular contents can accumulate on the contact surface, diminishing the bactericidal effect of the implant surface. Such an accumulation barrier may form active functional groups and provide binding sites for adhesion of planktonic bacteria [25].





2.1.2. Release-Based Antibacterial Coatings


The design of antibacterial coatings on orthopedic implants has merged as a promising option for the prevention of IAIs (Table 1) [38]. Here, single or combined antibacterial agents (such as antibiotics and AMPs) can be released in sustained-release manners to maintain their relatively high local concentrations on and around the implants and the surrounding host tissues, prevent rapid depletion of antibacterial activity, lower postsurgical contaminations, and kill adherent and adjacent planktonic bacteria (Figure 2f) [6,25,26,43,49,67].



In addition to polymeric antibacterial coatings, various studies have reported on coatings based on lipids and those developed from nanoparticles [26,68,69,70]. Owing to their potential responsivity to external stimuli (including magnetic field, temperature, and light) and typical strong antibacterial effects, metallic nanoparticles are one of the most utilized nanomaterials for antibacterial coatings, either by direct immobilization or embedding in polymeric layers [71,72]. Most coatings are developed from biopolymers with molecular and functional versatilities, allowing the development of coatings with the desired properties and enabling their functionalization with bioactive moieties or antibiotics [6,7,27]. Among the most used biopolymers for coating orthopedic implants, we mention alginate, collagen, cellulose, gelatin, chitosan, hyaluronic acid, and synthetic polymers such as polycaprolactone (PCL), polyetheretherketon (PEEK), poly-L-lactide (PLLA), poly-D,L-lactide-co-glycolide (PLGA), polyurethane, and poly(vinyl alcohol) (PVA) [73,74,75]. Here, it is worth mentioning that PLLA-based antibiotic-releasing coatings are already clinically used and commercially available for preventing bacteria colonization on orthopedic implants [30,76].



Owing to their simplicity and efficacy, polymeric coatings with sustained antibacterial agent release properties are a popular choice for preventing IAIs on various orthopedic implants [27,77]. Further, these antibacterial coatings can be composed of multifunctional biopolymers, enabling more sustained release of the loaded antibacterial agents, and resulting in improved integration at the implantation sites. In another approach, multifunctional coatings are produced through embedding soft or hard nanoparticles in the polymeric matrices intended for use in the implant coating [6]. For example, Song et al. [78] reported on the development of antibacterial coatings based on chitosan loaded with nanospheres containing vancomycin or moxifloxacin. In another study, Xu et al. [79] reported on the immobilization of minocycline-free and minocycline-encapsulated liposomes on a polystyrene surface through polydopamine conjugation for potential implant coating applications. In the presence of minocycline, these coatings exhibited anti-biofilm activities against Porphyromonas gingivalis and Streptococcus mutans via a significant decrease (up to 98%) in the bacterial adhesion on the implants. There was also a significant decrease (up to 92%) in the bacterial adhesion, when coating the implants with the control (minocycline-free liposomes) polymeric matrix. This is attributed most likely to the properties of the developed implant coating, leading an increase in the hydrophilicity level of the implant’s surface.



In most investigated polymeric coatings, the loaded bioactive payloads are embedded through either a physical entrapment method or a chemical conjugation (an attachment to coatings via chemical bonding) method. The sustained release properties of these payloads are affected, among others, by the employed coating development method, and the coating’s composition, charge, and structural features [25,80]. For instance, the release mechanism for physically encapsulated components in coatings is generally passive and affected by various factors, including polymer charge and concentration, affinity to the implant surface, crosslinking degree, degradation rate, and swelling behavior of the polymeric matrix, as well as the drug’s physiochemical properties and its concentration [73]. For most polymeric coatings, antibacterial agent release kinetics have been shown to follow first- or second-order kinetics, after a typical initial burst release behavior [6,25]. However, designing a biopolymeric coating on implants can be challenging due to the possible fast release of the initially loaded antibacterial agents, leading to a significant decrease in their antibacterial effects [6,45]. Hence, it is generally problematic to maintain the local concentration of antibacterial agents above the minimum therapeutic concentration for required prolonged periods [25]. Further, variables such as polymer degradation and early release caused by various physiological circumstances may impair coating effectiveness on the implants [6,45].



In recent years, hydrophilic interpenetrating 3D polymeric networks, known also as hydrogels, were reported as suitable materials that can be used in the development of antibacterial coatings [76]. Owing to the adjustability of the intercommunicating networks of hydrogels, they are attractive for loading antibacterial agents with various molecular weights and physiochemical properties and sustaining their release around the implantation site [25,28]. Among the biopolymers used in the formation of hydrogels, biologically relevant materials, including collagen, gelatin, hyaluronic acid, chitosan, and alginate, are widely used owing to biodegradability, safety, and their capabilities of inducing cell adhesion, growth, and differentiation [28,81,82]. Among previous studies, Wu et al. [83] reported on utilizing binary combinations of chitosan and gelatin for producing hydrogel coatings on Ti implants, facilitating bone cell adherence and growth. Prevention of microbial infections on the implants was achieved through loading these coatings with antibacterial silver nanoparticles (AgNPs). In another study, Zarghami et al. [84] reported on the development of composites loaded with vancomycin and melittin from combinations of chitosan and bioactive glass nanoparticles. Their use as coatings was associated with an enhanced osteoblast cell proliferation and an effective elimination of both of methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) bacteria. Huang et al. [28] also reported on the use of hydrogels loaded with vancomycin for coating 3D-printed Ti scaffolds. Coating these chitosan–hyaluronic acid hydrogels on Ti scaffolds led to more sustained release of vancomycin under initial conditions, and a significant inhibition of MRSA adhesion and colonization on the implant surfaces. Regarding orthopedic implant coating with hydrogels, it is worth taking into account that their swelling degree and macroscale coating thickness may restrict their attachment and durability on these implant surfaces [85].



In addition to hydrogels, there is a growing interest in the development of coatings with sustained drug release properties from polyelectrolyte multilayers (PEMs), which are nanostructured polymeric layers of opposing charges, or from polymeric nanofibers [43]. In a recent study, Yavari et al. [86] reported on vancomycin-loaded coatings composed of PEMs that were produced from chitosan and gelatin for modified Ti implants. They were efficient in sustaining vancomycin release and eradicating both of planktonic and adhered microorganisms on the implants. In another study, Mathur et al. [87] recently reported on development of coatings from gelatin nanofibers with embedded AgNPs to modify a Ti surface. They exhibited unique antibacterial activities against E. coli and S. aureus, with 99.99% elimination for a prolonged period of 48 h.





 





Table 1. Examples on developed antibacterial polymeric coatings for orthopedic implants.
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	Coating Type
	Coating Method
	Coating Materials
	Antibacterial Agent
	Outcome
	Ref





	Release-based
	Direct injection
	Hyaluronic acid and carboxymethyl chitosan
	Vancomycin
	Inhibition of free and adherent bacteria on Ti surface through use of hydrogel coatings loaded with vancomycin
	[28]



	Release-based/contact killing
	3D printing
	Chitosan and gelatin
	Chitosan and nano-silver solution
	Hydrogel coatings with embedded AgNPs on Ti surface, having strong antimicrobial activity against E. coli and S. aureus
	[83]



	Release-based
	Drop-casting
	Chitosan, bioactive glass, and melittin
	Vancomycin
	Coatings loaded with vancomycin or melittin, having strong antimicrobial activity against vancomycin-resistant S. aureus. They inhibited biofilm development on the Ti implant surfaces
	[84]



	Release-based
	Layer-by-layer coating
	Gelatin and chitosan
	Vancomycin
	Coatings loaded with vancomycin showed antibacterial activity against planktonic and adherent S. aureus on Ti implant surfaces
	[86]



	Release-based
	Air-brush spraying
	Poly-D,L-lactide (Resomer®)
	Vancomycin, Al2O3 nanowire, and TiO2 nanoparticles
	Vancomycin-loaded coating, preventing formation of resistant S. aureus biofilm on Ti discs
	[88]



	Stimuli-responsive
	Direct covalent linkage
	Lecithin, cholesterol and PEGylated DSPE
	IR780 and perfluorohexane
	Liposome coatings, which were produced through covalent linkage on Ti implants, had a strong antibacterial effectiveness against E. coli (99.62%) and S. aureus (99.63%)
	[89]



	Release-based
	Layer-by-layer coating
	Vaterite and alginate
	Vancomycin
	Coatings with vancomycin sandwiched between layers of vaterite on Ti surface, having good antimicrobial activity against resistant S. aureus up to 7 days
	[90]



	Release-based
	3D printing
	Poly-

D,L-lactide-co-glycolideand poly(ε-caprolactone)
	Vancomycin
	Coatings loaded with vancomycin on Ti implants, exhibiting a tunable release above the minimum inhibitory concentration, demonstrating its activity against S. aureus
	[91]



	Release-based
	Spray coating
	Poly-

D,L-lactide-co-glycolide
	Gentamicin
	Coatings loaded with gentamicin on stainless steel implants effectively inhibited biofilm formation for S. aureus and S. epidermidis
	[92]



	Release-based
	Layer-by-layer
	Poly-

D,L-lactide-co-glycolideand gelatin methacryloyl
	Cathelicidin-2
	Polymeric coatings loaded with Cathelicidin-2 on Ti implants effectively eradicated E. coli and S. aureus for up to 4 days
	[93]



	Release-based
	Electrospinning
	Poly-

D,L-lactide-co-glycolideand poly(ε-caprolactone)
	Rifampicin and vancomycin
	Bi-layer coatings loaded with combinations of antibiotics exhibited sustained antibiotic release against planktonic and adherent S. aureus for 6 weeks on Ti implants
	[16]



	Release-based
	Electrospinning
	Poly-

D,L-lactide-co-glycolideand poly(ε-caprolactone)
	Rifampicin, vancomycin

linezolid, and daptomycin
	Antibiotic-loaded coatings, preventing S. aureus infection and biofilm formation on Ti implants
	[94]



	Superhydrophilic coating
	Layer-by-layer
	Tannic acid, hydroxyapatite, and PEG
	
	Highly hydrophilic PEG coating with a strong anti-biofilm activity. No biofilm formation by S. aureus and E. coli on the tested Ti plates
	[95]










2.2. Techniques for Coating Orthopedic Implants


Despite advancements in fabrication techniques, the use of coatings of orthopedic implants, particularly those produced from polymers, is still challenging. This, among other factors, is attributed to their mechanical non-resistance property and poor durability [43]. Consequently, a fast degradation of the coating combined with non-optimal antibiotic release may lead to the development of antimicrobial resistance, toxicity of the used coating materials, and potential activation of the immune system that may promote inflammatory [96,97]. Thus, there is a growing interest in the development of safe coatings with improved durability and excellent anti-biofilm activities. Further, there is a recent interest in introducing robust strategies and the use of relatively cheap and simple materials in the design of coatings for orthopedic implants [43]. These strategies are mainly focusing on surface chemistry for designing resilient coatings. In this section, we describe recent advances and report on the most used coating techniques, including electrochemical deposition, layer-by-layer coating, and spin coating [6,7,98]. Here, electrospray deposition [99,100], electrospinning [75,101], and electrophoretic deposition [102,103] are promising tools for developing biocompatible and antibacterial coatings on orthopedic implants, including multifunctional coatings.



Another method commonly used for coating orthopedic implants is based on formation of multilayer assemblies on the implants, known as layer-by-layer (Lbl) method. This method is effective for non-covalent implant surface modification. However, covalent bonds may be directly incorporated into LbL multilayers to increase the endurance and stiffness of the produced coatings. Dopamine is commonly used as a covalent linker to provide strong attachment between the implant surface and the LbL multilayers [14,104,105]. Formation of LbL assemblies through electrostatic interactions has been shown to be effective in terms of antibacterial agent loading capacity and durability on implants under various environmental conditions [102]. Owing to their biocompatibility and bioactivity, most cationic and anionic polysaccharides, including chitosan, hyaluronic acid, and alginate, are appropriate materials for use in this method [14]. The charges and functional groups of polysaccharides are used to enhance the electrostatic interactions among the layers of and, these coatings with the implant surfaces. The properties of these materials may also play an important role in modulating the bactericidal activity. Crosslinking between the polymer chains in presence of different functional moieties generally improves the coating’s mechanical properties [14].



The Lbl method is attractive for the design of biocompatible coatings for local delivery of single or combinatorial antimicrobial agents, typically through deposition of inversely charged polyelectrolytes, polymers, or their combinations, on the implants [39]. The antibacterial agent release properties of these coatings can be modulated through alterations in the layer’s type and thickness, variations in number of multilayers, and their biodegradation rates [86]. This method is simple and can be combined with other methods (such as spinning, spraying, and dipping) in the development of coatings [39,86].



Among other coating methods, we briefly mention dip coating and spin coating. The former simple method can be combined with additional steps (such as curing or sintering) for producing coatings on implants with a thickness ranging between 0.02 to 50 µm; whereas the latter method is based on the application of centrifugal forces for producing uniform coatings with a thickness typically ranging between 0.03 and 2 µm on flat surfaces [14,73,106]. It is worth noting that the spin coating is widely used in the development of coatings for biomedical implants. However, its use is associated with different limitations, including the poor adhesion on the implants, generally the poor uniformity on the curved surfaces, and the implant dimensions are limited as they controlled by the spinning device size [3,14,107].





3. Current Limitations and Future Directions


Among the most promising strategies for the prevention of orthopedic implant-associated pathogens, we mention contact-killing and anti-biofouling strategies as effective tools for elimination of the initial invasion stage of the orthopedic implant by pathogens [49]. However, their mechanical and physicochemical stabilities can be significantly affected on exposure to the biological environment at the implantation sites, and a lower efficiency may be achieved in vivo as compared to that reported during their in vitro evaluation investigations. Here, particular attention should be given to plausible chemical or hydrodynamic interactions of the implants with biomolecules (mainly proteins) or evolvement of inactivated bacteria debris, leading to a significant decrease in the antibacterial efficiency of the coatings [108]. It is also worth noting that both strategies do not have any effect on the planktonic bacteria, and therefore a complete elimination of the infection risks is not expected. It is possible to overcome such limitations through combinations of antibacterial coating strategies. For example, there are reports on combining anti-biofouling (or contact-killing strategies) with the below-mentioned strategy, focusing on the development of coatings with sustained drug release properties [49].



For inhibiting the infections from adherent and planktonic bacteria, there is also a recent interest in design of antibacterial coatings with sustained drug release properties. Among others, hydrogels have the potential in implant coating development for preventing IAIs, owing to their possible functionalization and long-term performance [20,109,110]. In general, coatings with sustained drug release properties are attractive for avoiding possible bacterial resistance and minimizing systemic effects at the implantation site, through sustained release of single or combinatory antibacterial agents to achieve the required local therapeutic concentrations [111]. Despite their attractiveness in sustaining the release of antibacterial agents (including conventional antibiotics) as compared to contact killing and anti-biofouling strategies, their efficacy and duration are limited and mainly depend on the physiochemical properties of their loaded antibacterial agents, their initial concentration in coatings, and their release rates [20,49,109,110]. Further, their use may be associated with structural instability and fast degradation in the presence of enzymes [110].



In the development of safe, multifunctional, and efficient coatings for the prevention of bacterial biofilm infections on orthopedic implants, recent advances focus on exploring biomimetic approaches through the use of naturally occurring compounds or structures in the design of coatings or in implant surface modifications by chemical or topographical processes [41]. Among others, lamellar and non-lamellar liquid crystalline phases, particularly inverse bicontinuous cubic (Q2) and hexagonal (H2) phases, may find application in next-generation antibacterial coatings, as depicted in Figure 3. This is attributed to their unique nanostructural versatility, the biocompatibility of their major lipid constituents (such as monounsaturated monoglycerides, diunsaturated monoglycerides, and omega-3 fatty acid monoglycerides), bioadhesive properties, and capability of loading and sustaining the release of amphiphilic, hydrophobic, and hydrophilic drugs [112,113,114,115,116,117,118,119,120,121,122,123]. Further, it is worth exploring the possible functionalization of hydrogels or polymeric matrices by embedding the corresponding nanoparticles of the inverse non-lamellar lyotropic liquid crystalline phases (particularly cubosomes and hexosomes), which are recently popular nano-self-assemblies in the development of nanocarriers for drug delivery applications [124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142], or through their immobilization for designing cubosome or hexosome coatings by employing chemical surface activation methods. The latter strategy is typically applied for immobilization of lamellar liquid crystalline nanoparticles (liposomes) and various soft and hard nanoparticles (such as silver nanoparticles) [49,70,72,105]. The design of such antibacterial coatings through the use of non-lamellar phases is rarely investigated [143]. Among the few published reports, Zabara et al. [65] reported on the formation and characterization of liquid crystalline coatings for silicon wafers, which are loaded with the antimicrobial peptide LL-37 and based on monoolein. They had antibacterial activity against Gram-negative and Gram-positive bacteria.



In addition to the recent progress in the development of antibacterial coatings, it is worth highlighting recent advances in the surface design of modified orthopedic implants with antibacterial properties. There are different future opportunities for implant surface modifications, owing to the recent enormous advances in development of nanofabrication tools (including 3D printing/patterning) and their applications. For instance, future investigations may focus on designing next-generation implants through the creation of antibacterial surface nanostructures with controlled size characteristics and geometrical features. Here, it is worth mentioning that the design of such nanopatterned antibacterial orthopedic implants, having anti-biofouling properties and enhancing superhydrophobic implant–bacteria interactions, is promising for effectively preventing biofilm formation on the implants through a direct contact with bacteria, leading to a significant increase in its oxidative stress [45,144,145]. Those nano-protrusions cause bacterial cells to rupture without inducing any resistance, and without significant harm to mammalian cells [146]. Moreover, nanopatterned antimicrobial surfaces are effective against both Gram-positive and Gram-negative bacteria without involving any antibacterial agents [145,146,147]. Such nano-patterned surfaces can be combined with soft materials to obtain more effective and long-lasting antibacterial coatings, and they may be used as innovative nanocatalytic therapies. These therapies are based on supporting these coatings with catalytic components, leading to a significant increase in the local oxidative stress on bacteria [148,149].



It is worth also highlighting, recent advances focusing on utilization of nanofabrication techniques and additive manufacturing for designing personalized orthopedic implants [27]. Here, 3D printing tools are attractive for manufacturing personalized and functionalized orthopedic implants (including titanium systems) with unique structural and morphological features. For instance, these tools can be used to produce multifunctional coatings on nanopatterned implants with strong mechanical properties for precisely loading antibacterial agents (in single or combinatory forms) and sustaining their release. The interest in designing such personalized implants relies on the need to produce safe systems, offering high antibacterial efficacy, improving patient convenience, and providing flexibility according to the patient’s needs. The latter can be achieved by adjusting the implant’s structural and morphological features, mechanical properties, and improving the loading efficacy of antibacterial agents [92,150,151].



In summary, there is a growing interest in both of surface modification and design of safe coatings for orthopedic implants for overcoming major complications and limitations through minimizing size toxic effects, improving stability and durability of coatings, ensuring long-term efficacy, preventing biofilm formation, and focusing on a successful and biocompatible implant integration within surrounding the tissues. In addition to implant surface modification studies, it is promising to develop safe and efficient antibacterial coatings for orthopedic implants. Considering the multidisciplinary nature of this research area, the future investigations will continue focusing on the integration of scientists with different backgrounds (including engineers, chemists, and biologists) for introducing, among others, surface nano-engineered implants with inherent structural and morphological features and safe coatings with enhanced durability on the orthopedic implants. Further collaborations through strategic and joint academy–industry initiatives will be required for designing personalized 2D and 3D orthopedic implants and overcoming current limitations.







Author Contributions


Conceptualization, S.A. and A.Y.; writing—original draft preparation, S.A.; visualization, S.A.; writing—review and editing, S.A. and A.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work is funded by the European Union (HORIZON-MSCA-2022-PF-01 grant number: 101107704).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


From A.Y.: It is a privilege and great honor to dedicate this article (in collaboration with S.A.) with respect and friendship to Michael Rappolt on the occasion of his 60th birthday, and in recognition of his outstanding contributions to the research of lyotropic liquid crystalline phases (particularly inverse non-lamellar phases) and various soft matters, and their structural characterization through SAXS and other scattering analysis methods. I would like to thank Michael Rappolt for his collaboration on different projects, and the unforgettable moments during various beamtimes at Elettra synchrotron facility.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bruellhoff, K.; Fiedler, J.; MöLler, M.; Groll, J.; Brenner, R.E. Surface Coating Strategies to Prevent Biofilm Formation on Implant Surfaces. Int. J. Artif. Organs 2010, 33, 646–653. [Google Scholar] [CrossRef] [PubMed]

	



ter Boo, G.-J.A.; Grijpma, D.W.; Moriarty, T.F.; Richards, R.G.; Eglin, D. Antimicrobial Delivery Systems for Local Infection Prophylaxis in Orthopedic- and Trauma Surgery. Biomaterials 2015, 52, 113–125. [Google Scholar] [CrossRef] [PubMed]

	



Tranquillo, E.; Bollino, F. Surface Modifications for Implants Lifetime Extension: An Overview of Sol-Gel Coatings. Coatings 2020, 10, 589. [Google Scholar] [CrossRef]

	



Bohara, S.; Suthakorn, J. Surface Coating of Orthopedic Implant to Enhance the Osseointegration and Reduction of Bacterial Colonization: A Review. Biomater. Res. 2022, 26, 26. [Google Scholar] [CrossRef] [PubMed]

	



Nikolova, M.P.; Apostolova, M.D. Advances in Multifunctional Bioactive Coatings for Metallic Bone Implants. Materials 2022, 16, 183. [Google Scholar] [CrossRef] [PubMed]

	



Talebian, S.; Mendes, B.; Conniot, J.; Farajikhah, S.; Dehghani, F.; Li, Z.; Bitoque, D.; Silva, G.; Naficy, S.; Conde, J.; et al. Biopolymeric Coatings for Local Release of Therapeutics from Biomedical Implants. Adv. Sci. 2023, 10, 2207603. [Google Scholar] [CrossRef]

	



Tan, R.; Yoo, J.; Jang, Y. Engineering Approaches to Create Antibacterial Surfaces on Biomedical Implants and Devices. In Racing for the Surface; Springer International Publishing: Cham, Switzerland, 2020; pp. 313–340. [Google Scholar]

	



Yudaev, P.; Chuev, V.; Klyukin, B.; Kuskov, A.; Mezhuev, Y.; Chistyakov, E. Polymeric Dental Nanomaterials: Antimicrobial Action. Polymers 2022, 14, 864. [Google Scholar] [CrossRef]

	



O’Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Available online: https://apo.org.au/node/63983 (accessed on 15 February 2024).

	



Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet 2022, 399, 629–655. [Google Scholar] [CrossRef]

	



A European One Health Action Plan against Antimicrobial Resistance (AMR). Available online: https://health.ec.europa.eu/antimicrobial-resistance/eu-action-antimicrobial-resistance_en#ref-2017-eu-one-health-action-plan-against-amr (accessed on 15 February 2024).

	



Braem, A.; Kamarudin, N.H.N.; Bhaskar, N.; Hadzhieva, Z.; Mele, A.; Soulié, J.; Linklater, D.P.; Bonilla-Gameros, L.; Boccaccini, A.R.; Roy, I.; et al. Biomaterial Strategies to Combat Implant Infections: New Perspectives to Old Challenges. Int. Mater. Rev. 2023, 68, 1011–1049. [Google Scholar] [CrossRef]

	



Liu, Y.; Dong, T.; Chen, Y.; Sun, N.; Liu, Q.; Huang, Z.; Yang, Y.; Cheng, H.; Yue, K. Biodegradable and Cytocompatible Hydrogel Coating with Antibacterial Activity for the Prevention of Implant-Associated Infection. ACS Appl. Mater. Interfaces 2023, 15, 11507–11519. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, H.; Aulova, A.; Ghai, V.; Pandit, S.; Lovmar, M.; Mijakovic, I.; Kádár, R. Polysaccharide-Based Antibacterial Coating Technologies. Acta Biomater. 2023, 168, 42–77. [Google Scholar] [CrossRef] [PubMed]

	



Jing, Z.; Zhang, T.; Xiu, P.; Cai, H.; Wei, Q.; Fan, D.; Lin, X.; Song, C.; Liu, Z. Functionalization of 3D-Printed Titanium Alloy Orthopedic Implants: A Literature Review. Biomed. Mater. 2020, 15, 052003. [Google Scholar] [CrossRef] [PubMed]

	



Jahanmard, F.; Croes, M.; Castilho, M.; Majed, A.; Steenbergen, M.J.; Lietaert, K.; Vogely, H.C.; van der Wal, B.C.H.; Stapels, D.A.C.; Malda, J.; et al. Bactericidal Coating to Prevent Early and Delayed Implant-Related Infections. J. Control. Release 2020, 326, 38–52. [Google Scholar] [CrossRef] [PubMed]

	



Chouirfa, H.; Bouloussa, H.; Migonney, V.; Falentin-Daudré, C. Review of Titanium Surface Modification Techniques and Coatings for Antibacterial Applications. Acta Biomater. 2019, 83, 37–54. [Google Scholar] [CrossRef] [PubMed]

	



Shree, P.; Singh, C.K.; Sodhi, K.K.; Surya, J.N.; Singh, D.K. Biofilms: Understanding the Structure and Contribution towards Bacterial Resistance in Antibiotics. Med. Microecol. 2023, 16, 100084. [Google Scholar] [CrossRef]

	



Hong, Q.; Nie, B. Special Issue: Multifunctional Coatings in Orthopedic Implants. Coatings 2022, 12, 967. [Google Scholar] [CrossRef]

	



Lee, C.; Mayer, E.; Bernthal, N.; Wenke, J.; O’Toole, R.V. Orthopaedic Infections: What Have We Learned? OTA Int. 2023, 6, e250. [Google Scholar] [CrossRef]

	



Shahid, A.; Aslam, B.; Muzammil, S.; Aslam, N.; Shahid, M.; Almatroudi, A.; Allemailem, K.S.; Saqalein, M.; Nisar, M.A.; Rasool, M.H.; et al. The Prospects of Antimicrobial Coated Medical Implants. J. Appl. Biomater. Funct. Mater. 2021, 19, 228080002110403. [Google Scholar] [CrossRef]

	



Kennedy, D.G.; O’Mahony, A.M.; Culligan, E.P.; O’Driscoll, C.M.; Ryan, K.B. Strategies to Mitigate and Treat Orthopaedic Device-Associated Infections. Antibiotics 2022, 11, 1822. [Google Scholar] [CrossRef]

	



Olmo, J.A.-D.; Ruiz-Rubio, L.; Pérez-Alvarez, L.; Sáez-Martínez, V.; Vilas-Vilela, J.L. Antibacterial Coatings for Improving the Performance of Biomaterials. Coatings 2020, 10, 139. [Google Scholar] [CrossRef]

	



Wang, M.; Zheng, Y.; Yin, C.; Dai, S.; Fan, X.; Jiang, Y.; Liu, X.; Fang, J.; Yi, B.; Zhou, Q.; et al. Recent Progress in Antibacterial Hydrogel Coatings for Targeting Biofilm to Prevent Orthopedic Implant-Associated Infections. Front. Microbiol. 2023, 14, 1343202. [Google Scholar] [CrossRef]

	



Chen, X.; Zhou, J.; Qian, Y.; Zhao, L. Antibacterial Coatings on Orthopedic Implants. Mater. Today Bio. 2023, 19, 100586. [Google Scholar] [CrossRef]

	



Egghe, T.; Morent, R.; Hoogenboom, R.; De Geyter, N. Substrate-Independent and Widely Applicable Deposition of Antibacterial Coatings. Trends Biotechnol. 2023, 41, 63–76. [Google Scholar] [CrossRef]

	



Akshaya, S.; Rowlo, P.K.; Dukle, A.; Nathanael, A.J. Antibacterial Coatings for Titanium Implants: Recent Trends and Future Perspectives. Antibiotics 2022, 11, 1719. [Google Scholar] [CrossRef]

	



Huang, H.; Wu, Z.; Yang, Z.; Fan, X.; Bai, S.; Luo, J.; Chen, M.; Xie, X. In Vitro Application of Drug-Loaded Hydrogel Combined with 3D-Printed Porous Scaffolds. Biomed. Mater. 2022, 17, 065019. [Google Scholar] [CrossRef] [PubMed]

	



Bjarnsholt, T.; Ciofu, O.; Molin, S.; Givskov, M.; Høiby, N. Applying Insights from Biofilm Biology to Drug Development—Can a New Approach Be Developed? Nat. Rev. Drug Discov. 2013, 12, 791–808. [Google Scholar] [CrossRef]

	



Garg, D.; Matai, I.; Sachdev, A. Toward Designing of Anti-Infective Hydrogels for Orthopedic Implants: From Lab to Clinic. ACS Biomater. Sci. Eng. 2021, 7, 1933–1961. [Google Scholar] [CrossRef]

	



van Gent, M.E.; Ali, M.; Nibbering, P.H.; Kłodzińska, S.N. Current Advances in Lipid and Polymeric Antimicrobial Peptide Delivery Systems and Coatings for the Prevention and Treatment of Bacterial Infections. Pharmaceutics 2021, 13, 1840. [Google Scholar] [CrossRef] [PubMed]

	



Choi, V.; Rohn, J.L.; Stoodley, P.; Carugo, D.; Stride, E. Drug Delivery Strategies for Antibiofilm Therapy. Nat. Rev. Microbiol. 2023, 21, 555–572. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, A.; Dash, S.; Thakur, N.; Agarwal, V.; Nayak, D.; Sarma, T.K. Polyoxometalate-Guanosine Monophosphate Hydrogels with Haloperoxidase-like Activity for Antibacterial Performance. Biomacromolecules 2024, 25, 104–118. [Google Scholar] [CrossRef]

	



Ahmed, M.N.; Porse, A.; Sommer, M.O.A.; Høiby, N.; Ciofu, O. Evolution of Antibiotic Resistance in Biofilm and Planktonic Pseudomonas Aeruginosa Populations Exposed to Subinhibitory Levels of Ciprofloxacin. Antimicrob. Agents Chemother. 2018, 62. [Google Scholar] [CrossRef]

	



Ciofu, O.; Moser, C.; Jensen, P.Ø.; Høiby, N. Tolerance and Resistance of Microbial Biofilms. Nat. Rev. Microbiol. 2022, 20, 621–635. [Google Scholar] [CrossRef] [PubMed]

	



Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant Infections: Adhesion, Biofilm Formation and Immune Evasion. Nat. Rev. Microbiol. 2018, 16, 397–409. [Google Scholar] [CrossRef]

	



Walther, R.; Nielsen, S.M.; Christiansen, R.; Meyer, R.L.; Zelikin, A.N. Combatting Implant-Associated Biofilms through Localized Drug Synthesis. J. Control. Release 2018, 287, 94–102. [Google Scholar] [CrossRef]

	



Li, X.; Sun, L.; Zhang, P.; Wang, Y. Novel Approaches to Combat Medical Device-Associated BioFilms. Coatings 2021, 11, 294. [Google Scholar] [CrossRef]

	



Escobar, A.; Muzzio, N.; Moya, S.E. Antibacterial Layer-by-Layer Coatings for Medical Implants. Pharmaceutics 2020, 13, 16. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, J.; Chatterjee, K. Recent Advances in Engineering Topography Mediated Antibacterial Surfaces. Nanoscale 2015, 7, 15568–15575. [Google Scholar] [CrossRef]

	



Arango-Santander, S. Bioinspired Topographic Surface Modification of Biomaterials. Materials 2022, 15, 2383. [Google Scholar] [CrossRef]

	



Wu, Z.; Chan, B.; Low, J.; Chu, J.J.H.; Hey, H.W.D.; Tay, A. Microbial Resistance to Nanotechnologies: An Important but Understudied Consideration Using Antimicrobial Nanotechnologies in Orthopaedic Implants. Bioact. Mater. 2022, 16, 249–270. [Google Scholar] [CrossRef]

	



Ashok, D.; Cheeseman, S.; Wang, Y.; Funnell, B.; Leung, S.; Tricoli, A.; Nisbet, D. Superhydrophobic Surfaces to Combat Bacterial Surface Colonization. Adv. Mater. Interfaces 2023, 10, 2300324. [Google Scholar] [CrossRef]

	



Shao, H.; Ma, M.; Wang, Q.; Yan, T.; Zhao, B.; Guo, S.; Tong, S. Advances in the Superhydrophilicity-Modified Titanium Surfaces with Antibacterial and pro-Osteogenesis Properties: A Review. Front. Bioeng. Biotechnol. 2022, 10, 1000401. [Google Scholar] [CrossRef]

	



Getaneh, S.A.; Temam, A.G.; Nwanya, A.C.; Ejikeme, P.M.; Ezema, F.I. Advances in Bioinspired Superhydrophobic Surface Materials: A Review on Preparation, Characterization and Applications. Hybrid Adv. 2023, 3, 100077. [Google Scholar] [CrossRef]

	



Yamamoto, M.; Nishikawa, N.; Mayama, H.; Nonomura, Y.; Yokojima, S.; Nakamura, S.; Uchida, K. Theoretical Explanation of the Lotus Effect: Superhydrophobic Property Changes by Removal of Nanostructures from the Surface of a Lotus Leaf. Langmuir 2015, 31, 7355–7363. [Google Scholar] [CrossRef]

	



Gao, X.; Jiang, L. Water-Repellent Legs of Water Striders. Nature 2004, 432, 36. [Google Scholar] [CrossRef]

	



Chen, Y.; Ao, J.; Zhang, J.; Gao, J.; Hao, L.; Jiang, R.; Zhang, Z.; Liu, Z.; Zhao, J.; Ren, L. Bioinspired Superhydrophobic Surfaces, Inhibiting or Promoting Microbial Contamination? Mater. Today 2023, 67, 468–494. [Google Scholar] [CrossRef]

	



DeFlorio, W.; Liu, S.; White, A.R.; Taylor, T.M.; Cisneros-Zevallos, L.; Min, Y.; Scholar, E.M.A. Recent Developments in Antimicrobial and Antifouling Coatings to Reduce or Prevent Contamination and Cross-contamination of Food Contact Surfaces by Bacteria. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3093–3134. [Google Scholar] [CrossRef] [PubMed]

	



Jia, D.; Lin, Y.; Zou, Y.; Zhang, Y.; Yu, Q. Recent Advances in Dual-Function Superhydrophobic Antibacterial Surfaces. Macromol. Biosci. 2023, 23, 2300191. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Zhang, L.; He, S.; Jiang, S.; Wang, W.; Wu, Y. Rewritable Superhydrophobic Coatings Fabricated Using Water-Soluble Polyvinyl Alcohol. Mater. Des. 2020, 196, 109112. [Google Scholar] [CrossRef]

	



Milionis, A.; Bayer, I.S.; Fragouli, D.; Brandi, F.; Athanassiou, A. Combination of Lithography and Coating Methods for Surface Wetting Control. In Updates in Advanced Lithography; InTech: London, UK, 2013. [Google Scholar]

	



Wang, Z.; Ren, B. Preparation of Superhydrophobic Titanium Surface via the Combined Modification of Hierarchical Micro/Nanopatterning and Fluorination. J. Coat. Technol. Res. 2022, 19, 967–975. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, Z.; Yang, J.; Yue, Y.; Zhang, H. Fabrication of Superhydrophobic Surface on Stainless Steel by Two-Step Chemical Etching. Chem. Phys. Lett. 2022, 797, 139567. [Google Scholar] [CrossRef]

	



Manivasagam, V.K.; Perumal, G.; Arora, H.S.; Popat, K.C. Enhanced Antibacterial Properties on Superhydrophobic Micro-nano Structured Titanium Surface. J. Biomed. Mater. Res. A 2022, 110, 1314–1328. [Google Scholar] [CrossRef] [PubMed]

	



Zarzuela, R.; Cervera, J.J.; Moreno, I.; Gil, M.L.A.; Mosquera, M.J. Exploring the Low Cell Adhesion of Photoinduced Superhydrophilic Surfaces for Improving the Effect of Antifouling Protective Coatings on Porous Building Materials. Constr. Build. Mater. 2023, 400, 132573. [Google Scholar] [CrossRef]

	



Tian, M.; Cai, S.; Ling, L.; Zuo, Y.; Wang, Z.; Liu, P.; Bao, X.; Xu, G. Superhydrophilic Hydroxyapatite/Hydroxypropyltrimethyl Ammonium Chloride Chitosan Composite Coating for Enhancing the Antibacterial and Corrosion Resistance of Magnesium Alloy. Prog. Org. Coat. 2022, 165, 106745. [Google Scholar] [CrossRef]

	



Lu, X.; Wu, Z.; Xu, K.; Wang, X.; Wang, S.; Qiu, H.; Li, X.; Chen, J. Multifunctional Coatings of Titanium Implants Toward Promoting Osseointegration and Preventing Infection: Recent Developments. Front. Bioeng. Biotechnol. 2021, 9, 783816. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yang, Y.; Shi, Y.; Song, H.; Yu, C. Antibiotic-Free Antibacterial Strategies Enabled by Nanomaterials: Progress and Perspectives. Adv. Mater. 2020, 32, 1904106. [Google Scholar] [CrossRef] [PubMed]

	



Michalska, M.; Gambacorta, F.; Divan, R.; Aranson, I.S.; Sokolov, A.; Noirot, P.; Laible, P.D. Tuning Antimicrobial Properties of Biomimetic Nanopatterned Surfaces. Nanoscale 2018, 10, 6639–6650. [Google Scholar] [CrossRef] [PubMed]

	



Mahanta, U.; Khandelwal, M.; Deshpande, A.S. Antimicrobial Surfaces: A Review of Synthetic Approaches, Applicability and Outlook. J. Mater. Sci. 2021, 56, 17915–17941. [Google Scholar] [CrossRef] [PubMed]

	



Eren, E.D.; Guisong, G.; Mingming, L.; Bingchun, Z.; Ke, Y.; Shanshan, C. A Novel Chitosan and Polydopamine Interlinked Bioactive Coating for Metallic Biomaterials. J. Mater. Sci. Mater. Med. 2022, 33, 65. [Google Scholar] [CrossRef]

	



Carratalá, J.V.; Serna, N.; Villaverde, A.; Vázquez, E.; Ferrer-Miralles, N. Nanostructured Antimicrobial Peptides: The Last Push towards Clinics. Biotechnol. Adv. 2020, 44, 107603. [Google Scholar] [CrossRef]

	



Mishra, B.; Wang, G. Titanium Surfaces Immobilized with the Major Antimicrobial Fragment FK-16 of Human Cathelicidin LL-37 Are Potent against Multiple Antibiotic-Resistant Bacteria. Biofouling 2017, 33, 544–555. [Google Scholar] [CrossRef]

	



Zabara, M.; Ren, Q.; Amenitsch, H.; Salentinig, S. Bioinspired Antimicrobial Coatings from Peptide-Functionalized Liquid Crystalline Nanostructures. ACS Appl. Bio Mater. 2021, 4, 5295–5303. [Google Scholar] [CrossRef]

	



Zabara, M.; Senturk, B.; Gontsarik, M.; Ren, Q.; Rottmar, M.; Maniura-Weber, K.; Mezzenga, R.; Bolisetty, S.; Salentinig, S. Multifunctional Nano-Biointerfaces: Cytocompatible Antimicrobial Nanocarriers from Stabilizer-Free Cubosomes. Adv. Funct. Mater. 2019, 29, 1904007. [Google Scholar] [CrossRef]

	



Trentinaglia, M.T.; Van Der Straeten, C.; Morelli, I.; Logoluso, N.; Drago, L.; Romanò, C.L. Economic Evaluation of Antibacterial Coatings on Healthcare Costs in First Year Following Total Joint Arthroplasty. J. Arthroplast. 2018, 33, 1656–1662. [Google Scholar] [CrossRef] [PubMed]

	



dos Silva, J.P.S.; Costa, R.C.; Nagay, B.E.; Borges, M.H.R.; Sacramento, C.M.; da Cruz, N.C.; Rangel, E.C.; Fortulan, C.A.; da Silva, J.H.D.; Ruiz, K.G.S.; et al. Boosting Titanium Surfaces with Positive Charges: Newly Developed Cationic Coating Combines Anticorrosive and Bactericidal Properties for Implant Application. ACS Biomater. Sci. Eng. 2023, 9, 5389–5404. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, J.A.; Carpenter, D.P.; Troxel, K.S.; Beenken, K.E.; Smeltzer, M.S.; Courtney, H.S.; Haggard, W.O. Novel Antibiotic-Loaded Point-of-Care Implant Coating Inhibits Biofilm. Clin. Orthop. Relat. Res. 2015, 473, 2270–2282. [Google Scholar] [CrossRef] [PubMed]

	



De Leo, V.; Mattioli-Belmonte, M.; Cimmarusti, M.T.; Panniello, A.; Dicarlo, M.; Milano, F.; Agostiano, A.; De Giglio, E.; Catucci, L. Liposome-Modified Titanium Surface: A Strategy to Locally Deliver Bioactive Molecules. Colloids Surf. B Biointerfaces 2017, 158, 387–396. [Google Scholar] [CrossRef]

	



Hong, Q.; Huo, S.; Tang, H.; Qu, X.; Yue, B. Smart Nanomaterials for Treatment of Biofilm in Orthopedic Implants. Front. Bioeng. Biotechnol. 2021, 9, 694635. [Google Scholar] [CrossRef]

	



Rothpan, M.; Chandra Teja Dadi, N.; McKay, G.; Tanzer, M.; Nguyen, D.; Hart, A.; Tabrizian, M. Titanium-Dioxide-Nanoparticle-Embedded Polyelectrolyte Multilayer as an Osteoconductive and Antimicrobial Surface Coating. Materials 2023, 16, 7026. [Google Scholar] [CrossRef]

	



Kravanja, K.A.; Finšgar, M. A Review of Techniques for the Application of Bioactive Coatings on Metal-Based Implants to Achieve Controlled Release of Active Ingredients. Mater. Des. 2022, 217, 110653. [Google Scholar] [CrossRef]

	



Lima, M.; Teixeira-Santos, R.; Gomes, L.C.; Faria, S.I.; Valcarcel, J.; Vázquez, J.A.; Cerqueira, M.A.; Pastrana, L.; Bourbon, A.I.; Mergulhão, F.J. Development of Chitosan-Based Surfaces to Prevent Single- and Dual-Species Biofilms of Staphylococcus Aureus and Pseudomonas Aeruginosa. Molecules 2021, 26, 4378. [Google Scholar] [CrossRef]

	



Maver, T.; Mastnak, T.; Mihelič, M.; Maver, U.; Finšgar, M. Clindamycin-Based 3D-Printed and Electrospun Coatings for Treatment of Implant-Related Infections. Materials 2021, 14, 1464. [Google Scholar] [CrossRef]

	



Pan, C.; Zhou, Z.; Yu, X. Coatings as the Useful Drug Delivery System for the Prevention of Implant-Related Infections. J. Orthop. Surg. Res. 2018, 13, 220. [Google Scholar] [CrossRef] [PubMed]

	



Smith, M.; Roberts, M.; Al-Kassas, R. Implantable Drug Delivery Systems for the Treatment of Osteomyelitis. Drug Dev. Ind. Pharm. 2022, 48, 511–527. [Google Scholar] [CrossRef]

	



Song, J.; Chen, Q.; Zhang, Y.; Diba, M.; Kolwijck, E.; Shao, J.; Jansen, J.A.; Yang, F.; Boccaccini, A.R.; Leeuwenburgh, S.C.G. Electrophoretic Deposition of Chitosan Coatings Modified with Gelatin Nanospheres To Tune the Release of Antibiotics. ACS Appl. Mater. Interfaces 2016, 8, 13785–13792. [Google Scholar] [CrossRef]

	



Xu, X.; Wang, L.; Luo, Z.; Ni, Y.; Sun, H.; Gao, X.; Li, Y.; Zhang, S.; Li, Y.; Wei, S. Facile and Versatile Strategy for Construction of Anti-Inflammatory and Antibacterial Surfaces with Polydopamine-Mediated Liposomes Releasing Dexamethasone and Minocycline for Potential Implant Applications. ACS Appl. Mater. Interfaces 2017, 9, 43300–43314. [Google Scholar] [CrossRef] [PubMed]

	



Negut, I.; Bita, B.; Groza, A. Polymeric Coatings and Antimicrobial Peptides as Efficient Systems for Treating Implantable Medical Devices Associated-Infections. Polymers 2022, 14, 1611. [Google Scholar] [CrossRef]

	



Teixeira-Santos, R.; Lima, M.; Gomes, L.C.; Mergulhão, F.J. Antimicrobial Coatings Based on Chitosan to Prevent Implant-Associated Infections: A Systematic Review. iScience 2021, 24, 103480. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Feng, R.; Xia, T.; Wen, Z.; Li, Q.; Qiu, X.; Huang, B.; Li, Y. Progress in Surface Modification of Titanium Implants by Hydrogel Coatings. Gels 2023, 9, 423. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Liu, S.; Chen, K.; Wang, F.; Feng, C.; Xu, L.; Zhang, D. 3D Printed Chitosan-Gelatine Hydrogel Coating on Titanium Alloy Surface as Biological Fixation Interface of Artificial Joint Prosthesis. Int. J. Biol. Macromol. 2021, 182, 669–679. [Google Scholar] [CrossRef]

	



Zarghami, V.; Ghorbani, M.; Bagheri, K.P.; Shokrgozar, M.A. Prevention the Formation of Biofilm on Orthopedic Implants by Melittin Thin Layer on Chitosan/Bioactive Glass/Vancomycin Coatings. J. Mater. Sci. Mater. Med. 2021, 32, 75. [Google Scholar] [CrossRef]

	



Sánchez-Bodón, J.; Andrade del Olmo, J.; Alonso, J.M.; Moreno-Benítez, I.; Vilas-Vilela, J.L.; Pérez-Álvarez, L. Bioactive Coatings on Titanium: A Review on Hydroxylation, Self-Assembled Monolayers (SAMs) and Surface Modification Strategies. Polymers 2021, 14, 165. [Google Scholar] [CrossRef]

	



Amin Yavari, S.; Croes, M.; Akhavan, B.; Jahanmard, F.; Eigenhuis, C.C.; Dadbakhsh, S.; Vogely, H.C.; Bilek, M.M.; Fluit, A.C.; Boel, C.H.E.; et al. Layer by Layer Coating for Bio-Functionalization of Additively Manufactured Meta-Biomaterials. Addit. Manuf. 2020, 32, 100991. [Google Scholar] [CrossRef]

	



Mathur, A.; Kharbanda, O.P.; Koul, V.; Dinda, A.K.; Anwar, M.F.; Singh, S. Fabrication and Evaluation of Antimicrobial Biomimetic Nanofiber Coating for Improved Dental Implant Bioseal: An in Vitro Study. J. Periodontol. 2022, 93, 1578–1588. [Google Scholar] [CrossRef]

	



Tsikopoulos, K.; Meroni, G.; Kaloudis, P.; Pavlidou, E.; Gravalidis, C.; Tsikopoulos, I.; Drago, L.; Romano, C.L.; Papaioannidou, P. Is Nanomaterial- and Vancomycin-Loaded Polymer Coating Effective at Preventing Methicillin-Resistant Staphylococcus Aureus Growth on Titanium Disks? An in Vitro Study. Int. Orthop. 2023, 47, 1415–1422. [Google Scholar] [CrossRef]

	



Wang, X.; Tan, L.; Liu, X.; Cui, Z.; Yang, X.; Yeung, K.W.K.; Chu, P.K.; Wu, S. Construction of Perfluorohexane/IR780@liposome Coating on Ti for Rapid Bacteria Killing under Permeable near Infrared Light. Biomater. Sci. 2018, 6, 2460–2471. [Google Scholar] [CrossRef] [PubMed]

	



Lian, Q.; Zheng, S.; Shi, Z.; Li, K.; Chen, R.; Wang, P.; Liu, H.; Chen, Y.; Zhong, Q.; Liu, Q.; et al. Using a Degradable Three-Layer Sandwich-Type Coating to Prevent Titanium Implant Infection with the Combined Efficient Bactericidal Ability and Fast Immune Remodeling Property. Acta Biomater. 2022, 154, 650–666. [Google Scholar] [CrossRef] [PubMed]

	



Adarkwa, E.; Roy, A.; Ohodnicki, J.; Lee, B.; Kumta, P.N.; Desai, S. 3D Printing of Drug-Eluting Bioactive Multifunctional Coatings for Orthopedic Applications. Int. J. Bioprint. 2023, 9, 661. [Google Scholar] [CrossRef]

	



Poudel, I.; Annaji, M.; Zhang, C.; Panizzi, P.R.; Arnold, R.D.; Kaddoumi, A.; Amin, R.H.; Lee, S.; Shamsaei, N.; Babu, R.J. Gentamicin Eluting 3D-Printed Implants for Preventing Post-Surgical Infections in Bone Fractures. Mol. Pharm. 2023, 20, 4236–4255. [Google Scholar] [CrossRef]

	



Keikhosravani, P.; Jahanmard, F.; Bollen, T.; Nazmi, K.; Veldhuizen, E.J.A.; Gonugunta, P.; Anusuyadevi, P.R.; van der Wal, B.C.H.; Vogely, C.; Bikker, F.J.; et al. Antibacterial CATH-2 Peptide Coating to Prevent Bone Implant-Related Infection. Adv. Mater. Technol. 2023, 8, 2300500. [Google Scholar] [CrossRef]

	



Ashbaugh, A.G.; Jiang, X.; Zheng, J.; Tsai, A.S.; Kim, W.-S.; Thompson, J.M.; Miller, R.J.; Shahbazian, J.H.; Wang, Y.; Dillen, C.A.; et al. Polymeric Nanofiber Coating with Tunable Combinatorial Antibiotic Delivery Prevents Biofilm-Associated Infection in Vivo. Proc. Natl. Acad. Sci. USA 2016, 113, E6919–E6928. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; He, L.; Li, J.; Luo, J.; Liang, K.; Yin, D.; Tao, S.; Yang, J.; Li, J. Mussel-Inspired Organic–Inorganic Implant Coating Based on a Layer-by-Layer Method for Anti-Infection and Osteogenesis. Ind. Eng. Chem. Res. 2022, 61, 13040–13051. [Google Scholar] [CrossRef]

	



Koo, H.; Allan, R.N.; Howlin, R.P.; Stoodley, P.; Hall-Stoodley, L. Targeting Microbial Biofilms: Current and Prospective Therapeutic Strategies. Nat. Rev. Microbiol. 2017, 15, 740–755. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Shi, L.; Su, L.; van der Mei, H.C.; Jutte, P.C.; Ren, Y.; Busscher, H.J. Nanotechnology-Based Antimicrobials and Delivery Systems for Biofilm-Infection Control. Chem. Soc. Rev. 2019, 48, 428–446. [Google Scholar] [CrossRef] [PubMed]

	



Vishnu, J.; Kesavan, P.; Shankar, B.; Dembińska, K.; Swiontek Brzezinska, M.; Kaczmarek-Szczepańska, B. Engineering Antioxidant Surfaces for Titanium-Based Metallic Biomaterials. J. Funct. Biomater. 2023, 14, 344. [Google Scholar] [CrossRef] [PubMed]

	



Yontar, A.K.; Çevik, S. Electrospray Deposited Plant-Based Polymer Nanocomposite Coatings with Enhanced Antibacterial Activity for Ti-6Al-4V Implants. Prog. Org. Coat. 2024, 186, 107965. [Google Scholar] [CrossRef]

	



Kurakula, M.; Raghavendra Naveen, N. Electrospraying: A Facile Technology Unfolding the Chitosan Based Drug Delivery and Biomedical Applications. Eur. Polym. J. 2021, 147, 110326. [Google Scholar] [CrossRef]

	



Li, L.; Wang, L.; Xu, Y.; Lv, L. Preparation of Gentamicin-Loaded Electrospun Coating on Titanium Implants and a Study of Their Properties in Vitro. Arch. Orthop. Trauma. Surg. 2012, 132, 897–903. [Google Scholar] [CrossRef]

	



Bakhshandeh, S.; Amin Yavari, S. Electrophoretic Deposition: A Versatile Tool against Biomaterial Associated Infections. J. Mater. Chem. B 2018, 6, 1128–1148. [Google Scholar] [CrossRef]

	



Cheng, X.; Liu, Y.; Liu, O.; Lu, Y.; Liao, Z.; Hadzhieva, Z.; Chen, L.; Leeuwenburgh, S.G.C.; Boccaccini, A.R.; Yang, F. Electrophoretic Deposition of Coatings for Local Delivery of Therapeutic Agents. Prog. Mater. Sci. 2023, 136, 101111. [Google Scholar] [CrossRef]

	



Cheng, H.; Yue, K.; Kazemzadeh-Narbat, M.; Liu, Y.; Khalilpour, A.; Li, B.; Zhang, Y.S.; Annabi, N.; Khademhosseini, A. Mussel-Inspired Multifunctional Hydrogel Coating for Prevention of Infections and Enhanced Osteogenesis. ACS Appl. Mater. Interfaces 2017, 9, 11428–11439. [Google Scholar] [CrossRef]

	



Xu, H.; Zhang, G.; Xu, K.; Wang, L.; Yu, L.; Xing, M.M.Q.; Qiu, X. Mussel-Inspired Dual-Functional PEG Hydrogel Inducing Mineralization and Inhibiting Infection in Maxillary Bone Reconstruction. Mater. Sci. Eng. C 2018, 90, 379–386. [Google Scholar] [CrossRef] [PubMed]

	



Mohseni, E.; Zalnezhad, E.; Bushroa, A.R. Comparative Investigation on the Adhesion of Hydroxyapatite Coating on Ti–6Al–4V Implant: A Review Paper. Int. J. Adhes. Adhes. 2014, 48, 238–257. [Google Scholar] [CrossRef]

	



Liu, J.; Liu, J.; Attarilar, S.; Wang, C.; Tamaddon, M.; Yang, C.; Xie, K.; Yao, J.; Wang, L.; Liu, C.; et al. Nano-Modified Titanium Implant Materials: A Way Toward Improved Antibacterial Properties. Front. Bioeng. Biotechnol. 2020, 8, 576969. [Google Scholar] [CrossRef] [PubMed]

	



Yan, H.; Wu, Q.; Yu, C.; Zhao, T.; Liu, M. Recent Progress of Biomimetic Antifouling Surfaces in Marine. Adv. Mater. Interfaces 2020, 7, 2000966. [Google Scholar] [CrossRef]

	



Vishwakarma, V.; Kaliaraj, G.; Amirtharaj Mosas, K. Multifunctional Coatings on Implant Materials—A Systematic Review of the Current Scenario. Coatings 2022, 13, 69. [Google Scholar] [CrossRef]

	



Li, L.; Eyckmans, J.; Chen, C.S. Designer Biomaterials for Mechanobiology. Nat. Mater. 2017, 16, 1164–1168. [Google Scholar] [CrossRef] [PubMed]

	



Mitwalli, H.; Alsahafi, R.; Balhaddad, A.A.; Weir, M.D.; Xu, H.H.K.; Melo, M.A.S. Emerging Contact-Killing Antibacterial Strategies for Developing Anti-Biofilm Dental Polymeric Restorative Materials. Bioengineering 2020, 7, 83. [Google Scholar] [CrossRef] [PubMed]

	



Shao, X.; Bor, G.; Al-Hosayni, S.; Salentinig, S.; Yaghmur, A. Structural Characterization of Self-Assemblies of New Omega-3 Lipids: Docosahexaenoic Acid and Docosapentaenoic Acid Monoglycerides. Phys. Chem. Chem. Phys. 2018, 20, 23928–23941. [Google Scholar] [CrossRef]

	



Yaghmur, A.; Al-Hosayni, S.; Amenitsch, H.; Salentinig, S. Structural Investigation of Bulk and Dispersed Inverse Lyotropic Hexagonal Liquid Crystalline Phases of Eicosapentaenoic Acid Monoglyceride. Langmuir 2017, 33, 14045–14057. [Google Scholar] [CrossRef]

	



Yaghmur, A.; Ghayas, S.; Jan, H.; Kalaycioglu, G.D.; Moghimi, S.M. Omega-3 Fatty Acid Nanocarriers: Characterization and Potential Applications. Curr. Opin. Colloid Interface Sci. 2023, 67, 101728. [Google Scholar] [CrossRef]

	



Yaghmur, A.; Moghimi, S.M. Intrinsic and Dynamic Heterogeneity of Nonlamellar Lyotropic Liquid Crystalline Nanodispersions. ACS Nano 2023, 17, 22183–22195. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Angelova, A.; Liu, J.; Garamus, V.M.; Li, N.; Drechsler, M.; Gong, Y.; Zou, A. In Situ Phase Transition of Microemulsions for Parenteral Injection Yielding Lyotropic Liquid Crystalline Carriers of the Antitumor Drug Bufalin. Colloids Surf. B Biointerfaces 2019, 173, 217–225. [Google Scholar] [CrossRef] [PubMed]

	



Negrini, R.; Mezzenga, R. PH-Responsive Lyotropic Liquid Crystals for Controlled Drug Delivery. Langmuir 2011, 27, 5296–5303. [Google Scholar] [CrossRef] [PubMed]

	



Yaghmur, A.; Rappolt, M.; Østergaard, J.; Larsen, C.; Larsen, S.W. Characterization of Bupivacaine-Loaded Formulations Based on Liquid Crystalline Phases and Microemulsions: The Effect of Lipid Composition. Langmuir 2012, 28, 2881–2889. [Google Scholar] [CrossRef]

	



Kaasgaard, T.; Drummond, C.J. Ordered 2-D and 3-D Nanostructured Amphiphile Self-Assembly Materials Stable in Excess Solvent. Phys. Chem. Chem. Phys. 2006, 8, 4957–4975. [Google Scholar] [CrossRef] [PubMed]

	



Yaghmur, A.; Rappolt, M.; Jonassen, A.L.U.; Schmitt, M.; Larsen, S.W. In Situ Monitoring of the Formation of Lipidic Non-Lamellar Liquid Crystalline Depot Formulations in Synovial Fluid. J. Colloid. Interface Sci. 2021, 582, 773–781. [Google Scholar] [CrossRef]

	



Zhai, J.; Sarkar, S.; Conn, C.E.; Drummond, C.J. Molecular Engineering of Super-Swollen Inverse Bicontinuous Cubic and Sponge Lipid Phases for Biomedical Applications. Mol. Syst. Des. Eng. 2020, 5, 1354–1375. [Google Scholar] [CrossRef]

	



Yaghmur, A.; de Campo, L.; Sagalowicz, L.; Leser, M.E.; Glatter, O. Emulsified Microemulsions and Oil-Containing Liquid Crystalline Phases. Langmuir 2005, 21, 569–577. [Google Scholar] [CrossRef]

	



Mertz, N.; Bock, F.; Østergaard, J.; Yaghmur, A.; Weng Larsen, S. Investigation of Diclofenac Release and Dynamic Structural Behavior of Non-Lamellar Liquid Crystal Formulations during in Situ Formation by UV–Vis Imaging and SAXS. Int. J. Pharm. 2022, 623, 121880. [Google Scholar] [CrossRef]

	



Tan, A.; Hong, L.; Du, J.D.; Boyd, B.J. Self-Assembled Nanostructured Lipid Systems: Is There a Link between Structure and Cytotoxicity? Adv. Sci. 2019, 6, 1801223. [Google Scholar] [CrossRef]

	



Murgia, S.; Biffi, S.; Mezzenga, R. Recent Advances of Non-Lamellar Lyotropic Liquid Crystalline Nanoparticles in Nanomedicine. Curr. Opin. Colloid. Interface Sci. 2020, 48, 28–39. [Google Scholar] [CrossRef]

	



Bazylińska, U.; Wawrzyńczyk, D.; Kulbacka, J.; Picci, G.; Manni, L.S.; Handschin, S.; Fornasier, M.; Caltagirone, C.; Mezzenga, R.; Murgia, S. Hybrid Theranostic Cubosomes for Efficient NIR-Induced Photodynamic Therapy. ACS Nano 2022, 16, 5427–5438. [Google Scholar] [CrossRef] [PubMed]

	



Yaghmur, A.; Mu, H. Recent Advances in Drug Delivery Applications of Cubosomes, Hexosomes, and Solid Lipid Nanoparticles. Acta Pharm. Sin. B 2021, 11, 871–885. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, J.; Fong, C.; Tran, N.; Drummond, C.J. Non-Lamellar Lyotropic Liquid Crystalline Lipid Nanoparticles for the Next Generation of Nanomedicine. ACS Nano 2019, 13, 6178–6206. [Google Scholar] [CrossRef]

	



Bor, G.; Salentinig, S.; Şahin, E.; Nur Ödevci, B.; Roursgaard, M.; Liccardo, L.; Hamerlik, P.; Moghimi, S.M.; Yaghmur, A. Cell Medium-Dependent Dynamic Modulation of Size and Structural Transformations of Binary Phospholipid/ω-3 Fatty Acid Liquid Crystalline Nano-Self-Assemblies: Implications in Interpretation of Cell Uptake Studies. J. Colloid. Interface Sci. 2022, 606, 464–479. [Google Scholar] [CrossRef]

	



Angelov, B.; Angelova, A.; Filippov, S.K.; Drechsler, M.; Štěpánek, P.; Lesieur, S. Multicompartment Lipid Cubic Nanoparticles with High Protein Upload: Millisecond Dynamics of Formation. ACS Nano 2014, 8, 5216–5226. [Google Scholar] [CrossRef] [PubMed]

	



Azmi, I.D.M.; Wibroe, P.P.; Wu, L.P.; Kazem, A.I.; Amenitsch, H.; Moghimi, S.M.; Yaghmur, A. A Structurally Diverse Library of Safe-by-Design Citrem-Phospholipid Lamellar and Non-Lamellar Liquid Crystalline Nano-Assemblies. J. Control Release 2016, 239, 1–9. [Google Scholar] [CrossRef]

	



Zhai, J.; Tan, F.H.; Luwor, R.B.; Srinivasa Reddy, T.; Ahmed, N.; Drummond, C.J.; Tran, N. In Vitro and In VivoToxicity and Biodistribution of Paclitaxel-Loaded Cubosomes as a Drug Delivery Nanocarrier: A Case Study Using an A431 Skin Cancer Xenograft Model. ACS Appl. Bio Mater. 2020, 3, 4198–4207. [Google Scholar] [CrossRef]

	



Tran, N.; Bye, N.; Moffat, B.A.; Wright, D.K.; Cuddihy, A.; Hinton, T.M.; Hawley, A.M.; Reynolds, N.P.; Waddington, L.J.; Mulet, X.; et al. Dual-Modality NIRF-MRI Cubosomes and Hexosomes: High Throughput Formulation and in Vivo Biodistribution. Mater. Sci. Eng. C 2017, 71, 584–593. [Google Scholar] [CrossRef]

	



Yu Helvig, S.; Woythe, L.; Pham, S.; Bor, G.; Andersen, H.; Moein Moghimi, S.; Yaghmur, A. A Structurally Diverse Library of Glycerol Monooleate/Oleic Acid Non-Lamellar Liquid Crystalline Nanodispersions Stabilized with Nonionic Methoxypoly(Ethylene Glycol) (MPEG)-Lipids Showing Variable Complement Activation Properties. J. Colloid. Interface Sci. 2021, 582, 906–917. [Google Scholar] [CrossRef]

	



Azmi, I.D.M.; Østergaard, J.; Stürup, S.; Gammelgaard, B.; Urtti, A.; Moghimi, S.M.; Yaghmur, A. Cisplatin Encapsulation Generates Morphologically Different Multicompartments in the Internal Nanostructures of Nonlamellar Liquid-Crystalline Self-Assemblies. Langmuir 2018, 34, 6570–6581. [Google Scholar] [CrossRef]

	



Li, Y.; Angelova, A.; Hu, F.; Garamus, V.M.; Peng, C.; Li, N.; Liu, J.; Liu, D.; Zou, A. PH Responsiveness of Hexosomes and Cubosomes for Combined Delivery of Brucea Javanica Oil and Doxorubicin. Langmuir 2019, 35, 14532–14542. [Google Scholar] [CrossRef] [PubMed]

	



Moghimi, S.M.; Haroon, H.B.; Yaghmur, A.; Hunter, A.C.; Papini, E.; Farhangrazi, Z.S.; Simberg, D.; Trohopoulos, P.N. Perspectives on Complement and Phagocytic Cell Responses to Nanoparticles: From Fundamentals to Adverse Reactions. J. Control. Release 2023, 356, 115–129. [Google Scholar] [CrossRef]

	



Wibroe, P.P.; Mat Azmi, I.D.; Nilsson, C.; Yaghmur, A.; Moghimi, S.M. Citrem Modulates Internal Nanostructure of Glyceryl Monooleate Dispersions and Bypasses Complement Activation: Towards Development of Safe Tunable Intravenous Lipid Nanocarriers. Nanomedicine 2015, 11, 1909–1914. [Google Scholar] [CrossRef]

	



Bor, G.; Lin, J.H.; Lin, K.Y.; Chen, H.C.; Prajnamitra, R.P.; Salentinig, S.; Hsieh, P.C.H.; Moghimi, S.M.; Yaghmur, A. PEGylation of Phosphatidylglycerol/Docosahexaenoic Acid Hexosomes with d -α-Tocopheryl Succinate Poly(Ethylene Glycol)2000Induces Morphological Transformation into Vesicles with Prolonged Circulation Times. ACS Appl. Mater. Interfaces 2022, 14, 48449–48463. [Google Scholar] [CrossRef] [PubMed]

	



Pramanik, A.; Xu, Z.; Shamsuddin, S.H.; Khaled, Y.S.; Ingram, N.; Maisey, T.; Tomlinson, D.; Coletta, P.L.; Jayne, D.; Hughes, T.A.; et al. Affimer Tagged Cubosomes: Targeting of Carcinoembryonic Antigen Expressing Colorectal Cancer Cells Using In Vitro and In Vivo Models. ACS Appl. Mater. Interfaces 2022, 14, 11078–11091. [Google Scholar] [CrossRef] [PubMed]

	



Yaghmur, A.; Tran, B.V.; Moghimi, S.M. Non-Lamellar Liquid Crystalline Nanocarriers for Thymoquinone Encapsulation. Molecules 2019, 25, 16. [Google Scholar] [CrossRef]

	



Helvig, S.Y.; Andersen, H.; Antopolsky, M.; Airaksinen, A.J.; Urtti, A.; Yaghmur, A.; Moghimi, S.M. Hexosome Engineering for Targeting of Regional Lymph Nodes. Materialia 2020, 11, 100705. [Google Scholar] [CrossRef]

	



Chang, D.P.; Barauskas, J.; Dabkowska, A.P.; Wadsäter, M.; Tiberg, F.; Nylander, T. Non-Lamellar Lipid Liquid Crystalline Structures at Interfaces. Adv. Colloid. Interface Sci. 2015, 222, 135–147. [Google Scholar] [CrossRef]

	



Zhang, Y.; Petersen, F.H.; Abbaspourmani, A.; Petersen, P.M.; Ou, Y. Novel Nanostructured Antimicrobial Surface for Dental Implant Applications. In Proceedings of the 48th International Conference on Micro and Nano Engineering, Leuven, Belgium, 19–23 September 2022. [Google Scholar]

	



Chen, Y.; Pandit, S.; Rahimi, S.; Mijakovic, I. Graphene Nanospikes Exert Bactericidal Effect through Mechanical Damage and Oxidative Stress. Carbon N. Y 2024, 218, 118740. [Google Scholar] [CrossRef]

	



Le, P.H.; Linklater, D.P.; Aburto-Medina, A.; Nie, S.; Williamson, N.A.; Crawford, R.J.; Maclaughlin, S.; Ivanova, E.P. Apoptosis of Multi-Drug Resistant Candida Species on Microstructured Titanium Surfaces. Adv. Mater. Interfaces 2023, 10, 2300314. [Google Scholar] [CrossRef]

	



Kumara, S.P.S.N.B.S.; Senevirathne, S.W.M.A.I.; Mathew, A.; Bray, L.; Mirkhalaf, M.; Yarlagadda, P.K.D.V. Progress in Nanostructured Mechano-Bactericidal Polymeric Surfaces for Biomedical Applications. Nanomaterials 2023, 13, 2799. [Google Scholar] [CrossRef]

	



Sun, Y.; Yang, Y.; Jiang, W.; Bai, H.; Liu, H.; Wang, J. In Vivo Antibacterial Efficacy of Nanopatterns on Titanium Implant Surface: A Systematic Review of the Literature. Antibiotics 2021, 10, 1524. [Google Scholar] [CrossRef]

	



Huo, D.; Wang, F.; Yang, F.; Lin, T.; Zhong, Q.; Deng, S.-P.; Zhang, J.; Tan, S.; Huang, L. Medical Titanium Surface-Modified Coatings with Antibacterial and Anti-Adhesive Properties for the Prevention of Implant-Associated Infections. J. Mater. Sci. Technol. 2024, 179, 208–223. [Google Scholar] [CrossRef]

	



Mazurek-Popczyk, J.; Palka, L.; Arkusz, K.; Dalewski, B.; Baldy-Chudzik, K. Personalized, 3D- Printed Fracture Fixation Plates versus Commonly Used Orthopedic Implant Materials- Biomaterials Characteristics and Bacterial Biofilm Formation. Injury 2022, 53, 938–946. [Google Scholar] [CrossRef]

	



Baldan, R.; Sendi, P. Precision Medicine in the Diagnosis and Management of Orthopedic Biofilm Infections. Front. Med. 2020, 7, 580671. [Google Scholar] [CrossRef]








[image: Molecules 29 01172 g001] 





Figure 1. Bacterial colonization and biofilm formation on a medical implant (created with BioRender.com (accessed on 29 February 2024)). 
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Figure 2. Biofilm prevention strategies. Design of anti-biofouling superhydrophobic surfaces (a), anti-biofouling superhydrophilic surfaces (b), anti-biofouling polymeric coatings (c), nanopatterned contact killing surfaces (d), contact-killing polymeric coatings (e), and antibiotic coatings (f) (created with BioRender.com (accessed on 15 February 2024)). 
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Figure 3. Non-lamellar liquid crystalline phases (Q2 and H2 nanostructures) for designing next-generation safe and efficient antibacterial coatings (created with BioRender.com (accessed on 15 February 2024)). 
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