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Abstract

:

During surgery and after, pathogens can contaminate indwelling and implanted medical devices, resulting in serious infections. Microbial colonization, infection, and later biofilm formation are major complications associated with the use of implants and represent major risk factors in implant failure. Despite the fact that aseptic surgery and the use of antimicrobial medications can lower the risk of infection, systemic antibiotic use can result in a loss of efficacy, increased tissue toxicity, and the development of drug-resistant diseases. This work explores the advancements in antimicrobial coatings for head-related implantable medical devices, addressing the critical issue of infection prevention. It emphasizes the significance of these coatings in reducing biofilm formation and microbial colonization and highlights various techniques and materials used in creating effective antimicrobial surfaces. Moreover, this article presents a comprehensive overview of the current strategies and future directions in antimicrobial coating research, aiming to improve patient outcomes by preventing head-related implant-associated infections.
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1. Introduction


The use of medical devices is in a continuous increase as they have become crucial elements of modern healthcare. From artificial hips to stents, heart valves and vascular grafts, implanted medical devices are currently used worldwide to improve the life quality for a high number of patients. There are also non-implanted, shorter-term-usage medical devices, such as catheters, orthopedic fixation screws, and contact lenses, which are added for the improvement of patient life quality. In this respect, the need for medical devices have given rise to an ample industry and to a broad body of research in medical devices and materials science, which include device design and clinical studies.



All implanted medical devices (IMDs), from transient, early introduced, and retrieved (e.g., urinary catheters, endotracheal tubes) to the more permanently surgically implanted ones (such as cardiac valves, embolic coils, vascular grafts, hip, knee and shoulder joints, pacemakers, coronary stents), are susceptible to device-related or implant-associated infections [1]. The infection of IMDs encompasses intricate relationships between the pathogens, the biomaterial, and the host immune response. The infection factor increases the risk of prolonged hospitalization, multiple surgical procedures at the time of implant, remote infections in other body parts, surgery interval, and tissue devitalization. It was estimated that ~2%–5% of implants are associated with infection risks in orthopedic surgery, and the infection rate for dental implants is even higher, with a value exceeding 14% [2]. Implantable and prosthetic medical devices can commonly become infected with infection-producing microorganisms, despite the best attempts to keep them sterile. Biofilms are difficult to diagnose and treat due to a lack of adequate biomarkers and can become very difficult to eliminate in the clinic given the high resistance to antibiotics.



The treatment of implant-associated infections comprises the delivery of high antibiotic doses for a prolonged time and/or replacement of the device translated into costly and risky surgeries, both of which are ineffective because of antibiotic-resistant strains and high chances of re-infection on the reimplanted device.



Biomedical researchers are nowadays focused on the development of anti-infective coatings that can reduce or eradicate infections associated with implantable biomaterials and devices as well as combat antimicrobial tolerance or resistance. Using the coating approach for controlling pathogenic strain adherence, contamination, and colonization stages leads to (i) innovative means for studying microbial virulence and biofilm formation mechanisms as well as (ii) novel tactics for designing coated surfaces that prevent and/or disrupt microbial biofilm formation [3].



In this review perspective, we shall first present the mechanisms of IMD surface bacterial colonization. We will then summarize the different surface coating techniques together with some of their advantages and disadvantages. Further, we will provide a short description of the drug-release approaches from coatings. We continue with an overview of the progress made in the coatings field over the past last years for the most common medical devices of the head. A diagram illustrating the outline of this review is depicted in Figure 1.




2. Infection on Implanted Medical Devices


In general, without a foreign body, tissue contamination by opportunistic pathogens is typically spontaneously cleared by the host’s immune defense mechanism. In contrast, in IMD infections, the biomaterial activates a local tissue response. This consists of acute and chronic inflammation, a foreign body reaction, the construction of granulation tissue and, finally, fibrous encapsulation. Bacteria can be introduced into the human body during a medical procedure by the contact with the healthcare worker, bacteria residing on the patient’s skin, etc. This contact can cause nosocomial infections in the patient, but it can also damage the IMD by triggering implant degradation and a diminution of its mechanical stability, which can further result in implant failure and revision surgery [4].



Bacterial biofilms represent an aggregate of infectious microorganisms that attach to a surface and embed themselves in a self-produced extracellular polymeric substance (EPS) or “slime” [5]. The biofilm growth, development, and dynamics can be divided into the following steps: (1) reversable attachment, (2) irreversible attachment, (3) maturation phase, and (4) dispersion [6].



For a biofilm to form, a bacterium must find a proper surface to attach. This kind of surface is usually made from a material that has a rough/textured surface [7]. Moreover, it is known that other aspects can influence the microbial attachment, such as polarity [8], hydrophobicity [9], hydrodynamics [10], pH [11], and temperature [12]. The factors that influence bacterial adhesion on an IMD are shown in Figure 2.



Initially, free-floating bacteria adhere to a surface by means of pili, fimbriae, or flagella. In the case of an IMD, this phase coincides with the first phase of the foreign body response. When the IMD is inserted into the human body’s physiological media, the IMD’s interaction with the human fluids regulates the adsorption of various biomolecules (e.g., albumin, lipids, fibronectin) on its surface [13]. The formed thin film of biomolecules allows for weaker attractive forces (such as van der Waals, electrostatic forces, hydrophobic interactions) between the material surface and the free-floating bacteria. In this state, the infectious microorganisms are still reversible in their attachment [13]. However, with the passing of time, cells will develop stronger attractive forces with peptides from the surface of the material, resulting in an irreversible attachment ([14], p. 9).



The third stage is characterized by bacteria that form a microcolony. The self-secreted EPS, composed from proteins, DNA, and polysaccharides, shapes bacterial cell aggregation, facilitates water retention, offers nutrients, and forms a protective “fence” [15]. After the EPS construction, the microbial colonies grow in size until they form a 3D colony of ~100 μm in thickness [16].



During the last phage of biofilm formation, the dispersion, clusters of cells, and EPS disconnect and migrate to the surrounding areas and continue to populate other surfaces. During the detachment phase, microbial communities embedded into the biofilm produce saccharolytic enzymes that assist the release of the microbes. Moreover, the microbial cells upregulate the proteins expression related to flagella development to let the bacteria move to a colonization site [17]. This phase usually leads to systemic infections and even acute events [16].



The capability of bacteria to form a biofilm depends on their setting and taxonomy [15]. Both Gram-positive and Gram-negative bacteria can form biofilms on medical devices, but the most common entities are represented by Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterococcus faecalis, Staphylococcus epidermidis, and Escherichia coli. It was estimated that S. aureus and S. epidermidis are the major cause for prosthetic heart valve and catheter biofilm infections [18]. In addition, the majority of IMD- associated infections are caused by the staphylococcal species, being related to S. aureus and coagulase-negative staphylococci [18].



While short-term devices can be treated by cleaning or the removal of established biofilms, there is a greater worry in terms of prevention in the case of implanted devices. Usually, biofilms that form on surfaces on IMDs are resistant to the host’s defense mechanisms and are treated by antibacterial therapies and tissue debridement [18]. However, the high doses of antibiotics used for long time periods for treating biofilms have contributed to the expansion of antibiotic-resistant bacteria strains [18].



In the case of IMDs, antimicrobial coatings present several benefits over traditional antibiotics (Figure 3). A key advantage is their localized action, where the coating shields the immediate surface of the implant from microbial attack without affecting distant tissues [19]. This localized protection can enhance patient comfort by eliminating the systemic side effects and complications often associated with antibiotic use [19]. Moreover, employing antimicrobial coatings could lead to a decrease in the reliance on antibiotics, preserving them for critical therapeutic uses and potentially slowing down the development of antibiotic-resistant bacteria.




3. Techniques for the Modification of Medical Device Surfaces


Given the persistent challenge of implant-related infections, with limited advancements in reducing infection rates over several decades despite numerous tested therapies, the medical community is continuously seeking effective strategies to prevent and manage these complications. Modifying the surface of IMDs to avoid microbial attachment presents a promising route for intervention. By integrating surface alterations with antimicrobial agents, there is the potential to create coatings which not only exhibit robust biological activity but also possess enhanced antimicrobial properties [20]. Such modifications can significantly diminish microbial adherence and influence biofilm development dynamics, providing a strategic approach to managing the microbial environment around IMDs. This evolving field of research, focusing on antimicrobial surface engineering, represents a crucial frontier in devising strategies to curb biofilm-associated implant infections, highlighting the importance of innovative surface design in the fight against persistent microbial threats [21].



The control of the physical and (bio)chemical properties of an IMD surface is one of the most central issues in its design, as the interaction between a foreign body and the biological environment of the human body takes place at the interface. Once established on an implant’s surfaces, biofilms are challenging to eradicate [21,22]. Consequently, inhibiting or slowing their growth process represents an extensively used therapeutic strategy. This strategy may include altering the implant surface to avoid the initial attachment of infectious microorganisms and/or coating implants surface with antimicrobials/a matrix of gradually releasing antimicrobials to kill microorganisms on contact [22].



Multiple procedures have been used to modify material surfaces, which can be mechanical, physical, chemical, and biological, which include embedding or diffusing a novel compound onto the surface of the implant, thereby adding an extra layer that fights microbes [23]. Various antibacterial agents, such as antibiotics, peptides, enzymes, organic and inorganic compounds, and metals, have been integrated into IMD surfaces [24]. The effectiveness and safety of these agents depend on their concentration, as both their antimicrobial activity and potential toxicity to host cells are influenced by the dosage [25]. Therefore, it is crucial to finely tune the levels of these antibacterial agents to eliminate bacteria on the IMD while avoiding damage to the surrounding living tissues. In achieving this balance, coating technologies are crucial, offering a significant advancement in developing antimicrobial surfaces for implants. These methods are briefly discussed in the following section:



Mechanical functionalization includes machining, polishing, irradiation, etching, etc., which provide distinct roughness features to the surface at the meso-, micro-, and nano-scale; the roughness and the structuring can improve cell proliferation and adhesion, which result in increased medical device stability [26]. A specific example can be given with the proliferation rate of osteoblasts on titanium samples with different roughness degrees in the meso-, micro-, and nano-domains obtained by acid-etching [27].



Physical functionalization includes processes like oxidation and the passivation of metals and alloys, but it also includes any surface coating leading to a shield or activation. Multiple physical functionalization methods have been described:




	(a)

	
The plasma spraying technique is commercially viable and extensively used as a surface coating method for the orthopedic implants [28,29]. The plasma spraying technique permits the facile control of the coating thickness, and the sample size to be coated is not limited. However, by being a linear process, it limits the uniformity of the coating on a complex shape, and the high functioning temperature can change the structure and performance of the metal substrate [28,29]. Moreover, the bonding strength is limited by the stress concentration at the coating–substrate interface.




	(b)

	
Chemical vapor deposition (CVD): The CVD process can deposit thick coatings but necessitates a relatively high temperature. The outcomes of CVD are conformal coatings. This technique does not require solvent use, which results in obtaining a complex coating on solvent-sensitive substrates [30].




	(c)

	
Pulsed laser deposition (PLD) and matrix-assisted pulsed laser evaporation (MAPLE): The main advantages of using laser-assisted techniques in the fabrication of thin-film coatings for implants and other medical devices is their ability to control composition and topography, even at the nanoscale [14].




	(d)

	
Ion implantation involves the acceleration of ions in an electrical field and impacting them within a solid. Electrons are stripped from the target atoms in order to form ions, which are directed using a region with opposite charge. The energy of the ions must be selected so that they are injected into the near-surface region of the solid [14].




	(e)

	
The sol–gel process is as a well-known and reliable coating process. The advantages of this method include composition selection, the fact that it is easy to coat complex geometries, the homogeneity of the coating layer, and the easiness of the process. Also, the range of different compositions that can be produced by the sol–gel method comprises single oxides, mixed oxides, and non-oxides, such as nitrides, borides, and chlorides. The high purity of the compounds and coatings can be maintained, as grinding and high temperatures can be avoided [31].




	(f)

	
Deep coating involves three successive stages: dipping, withdrawing, and drying. The substrate is dipped into the solution of interest and then withdrawn at a constant speed, resulting in a good control of the coating thickness and producing no waste. The coatings produced via this technique have a low adhesion strength to the substrate and tend to crack [32].




	(g)

	
Electrophoretic deposition is attractive due to the fact that it can be used to fabricate uniform coatings with controlled assets on complex-shaped and porous substrates at ambient temperature and without the requirement for expensive equipment [33].









Many details on above-enumerated methods along with their benefits and limitations have been described elsewhere [34,35,36].



In addition, two other main strategies are considered for surface modification: chemical and biological functionalization. The first strategy refers to the obtaining of functional biosurfaces by the chemical grafting of functional groups (by acetylation, fluorination, silanization, incorporation of sulfonate groups) or by adjustments made on the existing functional ones (by oxidation, reduction). In the second system, the modification is accomplished by the adsorption or chemical bonding of biomolecules to the surface of the medical device with the purpose of stimulating a specific cell response. These modifications are widely discussed elsewhere [37].




4. Drug Release from Coatings


Drug release from coatings on IMDs has revolutionized treatments for a range of health conditions over the last decades of innovation. Due to the presence of various implants that fall into hybrid categories, a proper classification of IMDs with the attribute of drug release is not obvious [38]. However, drug release from coatings can be regarded as “active” or “passive”.



To achieve a bacteriostatic effect, the “passive” approach primarily uses anti-adhesive coatings and bacteria-resistant nanotopographies. In this case (e.g., biodegradable and non-biodegradable coatings) the drug-release features are uncontrollable once installed clinically. However, implants are normally metallic in nature, and the elution of the drug agent must be activated by targeting external stimuli to achieve the proper drug dosage according to the patient’s needs and therapeutic effects [2]. These types of coated implants impart healing in addition to support tasks.



The “active” delivery from coatings on IMDs is usually based on the presence of a material that allows for a drug to reach the target and release the drug at the infection site [39]. A drug carrier consists of active molecules (e.g., antibiotics) either within its bulk structure or on its surface, designed so that both retain the drug activity in time and control the release rate as well. This approach reduces the side effects from the drug on uninfected regions as well as protecting the drug from degradation or solubilizing prematurely [39].



Another important aspect of the drug-release process is the drug’s capacity to be released after a stimulus is applied to the carrier, causing it to discharge its load at the appropriate location. In this respect, many stimuli-responsive polymers have been introduced to carry out this task [40]. Coatings from pH-responsive, enzymatically degradable, and soluble polymers can be used to achieve the desired controlled drug release [39]. In these polymeric systems, important properties such as receiving, transmitting, and responding quickly and efficiently to the stimulus must be accomplished. Drug elution is a process in which the drug molecules (solutes) are transferred from their original location to the matrix (biomaterials) and subsequently released in the environment in a controlled or targeted mode [41]. Nanoparticles (NPs) that have been well designed and functionalized have proven to be effective vehicles for this task [42]. In addition, the modification of numerous key parameters of an IMD, such as the nature of the polymer backbone, drug type or its concentration, implant design, and surface features, are varied to control the drug-release kinetics.



There are two sorts of stimulus triggers: endogenous and exogenous stimuli. The endogenous biological triggers include pH, redox, glucose, and enzymatic systems [43]. However, the endogenous ones assume existing variances between the infected tissue and the environment surrounding this tissue relative to normal tissue physiology. A comprehensive example of exogenous (external) stimuli are thermal, magnetic, and ultrasound effects [43]. Due to the ability to manage carrier accumulation in specific locations around the targeted tissues and the accuracy with which the load is released, the latter can be applied in more therapeutic applications [43].



The release of therapeutic drugs around an implant’s immediate environment is often controlled by diffusion or osmotic pressure and by matrix degradation [44].



Diffusion-controlled, solvent-controlled, chemically controlled (e.g., polymer degradation), and pH-sensitive are the four main processes by which a drug is released [45]. Diffusion-controlled release can be divided into two types: reservoirs and matrices. Correspondingly, chemically controlled release is accomplished by two main routes: material biodegradation and chemical cleavage of the drug moiety from a biomaterial. Conversely, solvent activation can be achieved by either osmotic effects or swelling [45].



Furthermore, drug release is typically controlled by physiochemical and biological mechanisms such as dissolution, diffusion, portioning, erosion, osmosis, swelling, targeting, and molecular interactions between the matrix and drug [46]. For a successful regulated drug release, a drug-eluting implant can demonstrate one or a combination of mechanisms models. These mechanisms either play a role in distinct stages or simultaneously during the drug-release process in targeted applications. As a result, the major mechanisms are used to classify regulated drug-releasing models relevant to drug release. The primary goal of drug-eluting models is to provide an effective, safe, and consistent supply of the drug to the target site during therapy as well as to achieve the desired therapeutic response. To this purpose, the controlled drug-release phenomenon is thought to be crucial in maintaining drug concentrations in the blood (or in a confined area in the case of IMDs) within therapeutic limits [46].



Due to recent technological advancements, an assortment of materials and composites have been explored and incorporated into the development of drug-delivery biomaterials. In this respect, many natural or synthetic materials have shown outstanding potential as controlled drug-release platforms [2]. The most common platforms for drug release include polymer coatings and ceramics [39].



Short Overview of Coating Materials Used to Deliver Anti-Infectious Compounds


The modification of IMD surfaces with coatings from polymers and antimicrobial-embedded polymers does not facilitate microbial attachment and colonization, which is advantageous in biomedical applications. Polymers serve as antimicrobial coatings and substrates for the impregnation, loading, physical adsorption, or conjugation of antimicrobial agents [47]. This attribute significantly elevates the appeal of polymer-based coatings as drug-delivery mechanisms for IMDs and enhancing IMD biocompatibility [48]. Polymers such as PLGA [49], polylactic acid (PLA) [50], chitosan [51], collagen [52], polycaprolactone (PCL) [53], polypyrrole [54], poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [55], poly(D, l-lactide) (PDLLA) [56], etc., are extensively employed as prospective carriers for antimicrobial agents.



Ceramic materials (Table 1) are used as coatings for IMDs due to the fact that they exhibit excellent biocompatibility, minimizing adverse reactions and tissue inflammation upon implantation [57].



Ceramic coatings offer precise control over drug-release kinetics, allowing for the sustained and localized delivery of therapeutic agents to the implant site [57]. The inert nature of ceramics ensures the stability and integrity of the drug-delivery system, minimizing the degradation and potential toxicity of the loaded drugs [57]. Ceramic coatings can be tailored to accommodate various types of drugs, including antibiotics, anti-inflammatory agents, and growth factors, expanding their utility across different medical applications [57]. By delivering therapeutic agents directly to the implant site, ceramic coatings can significantly enhance treatment efficacy while reducing systemic side effects associated with conventional drug administration routes [57].



Calcium phosphates (CaPs) are the most widely used ceramic coatings owing to their similarity to bone tissue [63]. These materials are especially promising for bone regeneration, offering effective alternatives to auto- and allografts by enhancing tissue repair in critical bone defects. CaPs are particularly valued for their exceptional biocompatibility and biodegradability [58,59,60]. Many research efforts have focused on developing CaP ceramic coatings for metal substrates, aiming to mimic the natural properties of bone and enhance the longevity and stability of IMDs [58,59,60].



HA stands out among the CaPs for its significant role as the main inorganic element of bone tissue [61]. HA’s porous structure allows for the encapsulation of drugs within its matrix, facilitating controlled and sustained release. HA offers chemical versatility in loading a wide range of drugs, including antibiotics, anti-inflammatories, growth factors, and substitution with metallic ions [61]. This flexibility enables the development of multifunctional coatings capable of delivering multiple therapeutic agents simultaneously or sequentially to address complex medical conditions such as infections [61]. In addition, HA’s chemical stability helps preserve the integrity and activity of the loaded drugs during storage and release. This stability minimizes degradation and results in an efficacy of the delivered therapeutic agents over time [61]. HA coatings can be engineered to modulate drug-release kinetics according to specific therapeutic requirements. By adjusting factors such as the HA particle size, porosity, and surface modifications, researchers can fine-tune the release profile to match the desired therapeutic regimen, whether it be immediate, sustained, or pulsatile release [61].



BGs are another category of ceramic materials highly regarded for their osteoinductive and bioresorbable characteristics, making them excellent for bone tissue engineering [61]. The interest in BGs as coatings for dental implants comes from their inorganic composition and mechanical properties, which closely resemble those of natural bone [62]. Despite their potential, the limited mechanical strength of bioactive glasses restricts their application in scenarios requiring load-bearing capacity [62]. The structure of BGs is highly versatile, enabling doping with various ions and combining with different anti-infectious substances [62].





5. Coatings on Common Medical Devices of the Head


There are numerous medical devices used for head illnesses and injuries, and novel devices are being continuously introduced. The presence of these devices into the human body is usually associated with microbial colonization. In Table 2, we present the types of infections associated with specific medical devices, including dental implants, ocular prostheses, contact lenses, and sinus stents. In the following section, we will discuss the most common devices of the head, including cochlear and dental implants, contact lenses, and orbital prostheses.



5.1. Coatings on Dental Implants


Dental implants are surgical devices utilized for the restoration of lost teeth. Dental implants are an alternative to traditional prosthetic equipment in terms of reliability and patient feedback [70]. Oral cavity bacteria, similar to osteogenic cells, have a predilection for rough surfaces, creating a genuine race to colonize them [71]. In the oral cavity’s harsh circumstances (the presence of fluoride ions, lactic acid, and certain microbes), the corrosion resistance and the surface characteristics of some implants deteriorate, potentially leading to premature surface infections and eventual implant failure [72]. As a result, the coating of dental implants is needed to deliver various drugs at a controlled dose and release profile without requiring traumatic therapy. The use of biologically active substances to promote dental implant treatment at various phases (implantation, long-term use) is becoming increasingly popular [39]. A wide range of antibacterial coatings, including metal, polymer, and ceramic varieties, have been explored for their potential in dental implants [73,74,75].




5.2. Metals and Their Ions in Coatings on Dental Implants


Metals and their compounds have long been recognized for their antimicrobial properties, with elements like Ag, Zn, Ti, Co, and Au being the focus of much interest due to their distinct properties and effectiveness against microbes. Enhancing CP coatings involves substituting calcium ions with other beneficial ions like magnesium (Mg), strontium (Sr), and Zn to improve bone regeneration and the coatings’ mechanical attributes. Mg is recognized for promoting bone growth and remodeling [76]. Sr is well known for stimulating bone creation and minimizing bone loss [77], and Zn is known for increasing both the mechanical strength and antibacterial efficiency of CP coatings [78]. There is a high amount of research on metal ions in CP coatings and their impact on the coatings’ physical, mechanical, and biological properties, highlighting their role in inhibiting bacterial activity [79,80,81].



Metal ions counteract bacterial growth through three primary mechanisms: enzymatic inhibition, oxidative stress induction, and membrane disruption. Enzymatically, they block key bacterial enzymes, with Ag, Cu, and Zn known to bind to enzymes’ active sites, reducing their activity [82]. Ag ions, for instance, attach to enzymes’ thiol groups, curtailing bacterial respiration and energy production, while Cu ions hinder DNA replication and protein synthesis.



Through oxidative stress, metal ions generate reactive oxygen species (ROS) that damage bacterial cells, affecting proteins, lipids, and DNA and ultimately leading to cell death [83]. Cu ions, for example, produce hydroxyl radicals that attack bacterial cells, and Zn ions generate ROS that are lethal to bacteria [84,85].



The rupture of bacterial membranes represents another antibacterial action of metal ions, with Ag ions causing leakage of cellular contents and Cu ions damaging the membranes [86].



The antibacterial efficacy of metal ions varies across different bacterial strains. Ag ions are effective against both Gram-positive and Gram-negative bacteria, impacting cell wall formation in the former and damaging the outer membrane in the latter [87]. Cu ions disrupt DNA replication in both types of bacteria and may specifically affect the outer membrane of Gram-negative bacteria [88,89]. Zn ions, known for inhibiting DNA replication and enzyme protein synthesis, produce ROS that eradicate bacterial cells [82].



Understanding these antimicrobial mechanisms is essential for developing new coatings with effective antibacterial properties, establishing a direct link between the comprehensive knowledge of metal ions’ bactericidal actions and their application in creating advanced antibacterial coatings.



Below, we present a variety of strategies that integrate metal elements for coating dental implant surfaces with the purpose of fighting infections and aiding implant integration into the human body. The tabulated examples include nanostructured coated surfaces that slowly release NPs of pure elements (e.g., Ag, Co, or Zn) (Table 3), which were effective against the common bacteria encountered in dental implant infections [90,91,92,93,94,95,96,97,98,99].




5.3. Antibiotic-Based Coatings


Antibiotics integrated into dental implant coatings offer targeted protection against bacterial infections right at the implant site, minimizing the risk of post-surgical infections [100]. The use of broad-spectrum antibiotics in coatings can combat a wide range of oral pathogens, ensuring comprehensive protection against both Gram-positive and Gram-negative bacteria [100].



By localizing antibiotic action to the implant site, integrated coatings can significantly reduce the potential for systemic side effects compared to oral or injectable antibiotics [101]. Antibiotic coatings are effective in preventing the formation of biofilms, a leading cause of implant failure, by killing bacteria before they can settle and multiply on the implant surface [100,101]. Localized use of antibiotics (e.g., at the implant site) can help mitigate the broader issue of antibiotic resistance by reducing the unnecessary systemic use of antibiotics [100,101].



Moreover, some antibiotics in coatings not only prevent infections but may also promote bone growth and healing, enhancing the osseointegration process essential for the stability and longevity of dental implants [102].



Antibiotics integrated into implant coatings begin to act immediately after surgery, offering critical initial protection during the early healing phase when the risk of infection is highest [103]. This type of coating can provide a sustained release of antimicrobial agents over time, offering long-term protection against bacteria and enhancing the overall success rate of dental implants. The use of antibiotic coatings on dental implants is associated with improved patient outcomes, including lower infection rates, faster healing times, and higher overall satisfaction with the implant procedure [100,101].



Below, we present the most preferred antibiotics for coating dental implant surfaces with the purpose of fighting infections and aiding implant integration into the human body (Table 4).



The listed antibiotics (gentamicin, ciprofloxacin, minocycline, doxycycline, and tetracycline) are preferred for integration in coatings for dental implants due to their specific characteristics and the broad spectrum of antibacterial activity they offer, which is crucial for preventing infections associated with dental implant procedures.



Vancomycin is renowned for its effectiveness against Gram-positive bacteria, including methicillin-resistant S. aureus, which are common in implant infections [125]. This makes it an invaluable component in dental implant coatings, especially in environments with a high risk of infection by resistant bacteria. When used locally, such as in a coating for dental implants, vancomycin’s risk of contributing to antibiotic resistance is lower compared to its systemic use [125]. A novel study proposes a method to prevent bacterial infection in implants using an antibiotic delivery system consisting of vancomycin loaded into poly-L-lactic acid (PLLA) matrices [126]. A thin layer of antibiotic-containing polymer was deposited on stainless-steel surfaces using a dip-coating method. The vancomycin-containing coating exhibited antibacterial activity against S. aureus, as confirmed by an agar diffusion assay, a bacterial survival assay, and the inhibition of bacterial surface colonization without being toxic to normal cells (L929). In a recent study by Alenezi, poly(N-isopropylacrylamide) (PNIPAAm)-coated implant surfaces were loaded with vancomycin and studied against S. epidermidis [127].



The antibiotic gentamicin is known for its potent bactericidal action against a wide range of Gram-negative bacteria and some Gram-positive bacteria [128]. Gentamicin is especially preferred for its effectiveness in preventing infections caused by bacteria that are commonly found in the oral cavity and are known to cause severe infections. The scientific team led by Nichol et al. developed a coating by a sol–gel loaded with gentamicin on a Ti surface and tested it against Staphylococcus strains. Gentamicin was active against both Gram-negative and Gram-positive bacteria [129].



Ciprofloxacin is a broad-spectrum antibiotic that is effective against both Gram-positive and Gram-negative bacteria [130]. It is particularly valued for its ability to act against bacteria that are resistant to other antibiotics, making it an excellent choice for including it in implant coatings to combat potential infections from resistant strains [131]. Ciprofloxacin’s penetration ability helps in reaching and acting on bacteria that reside deep within biofilms on dental implants [132].



Minocycline, a derivative of tetracycline, is chosen for its potent antibacterial properties, especially against anaerobic bacteria and periodontal pathogens, which are significant concerns in dental implantology [133]. Its anti-inflammatory properties also contribute to its use in dental implant coatings, as it can help reduce tissue inflammation around the implant site, promoting better healing and integration of the implant [114]. In a study, dental implants were coated with minocycline-loaded niosomes prepared by a thin-film hydration method for antibacterial applications [114]. In addition, the minocycline release from the coated dental implant could be controlled for up to 7 days; the inhibition of Porphylomonas gingivalis was also noticed. An in vitro cytotoxicity study revealed that the coated implant was non-toxic to osteoblast cells [114].



Like minocycline, doxycycline is a tetracycline antibiotic with a broad spectrum of activity [134]. It is favored for its effectiveness against a variety of bacteria involved in oral infections, including periodontal pathogens [135]. Doxycycline has been shown to inhibit collagenase activity, which can be beneficial in protecting the periodontal tissue from degradation, thus supporting the healing process around dental implants [135]. A doxycycline (DOX)-treated hydroxyapatite implant surface was confirmed to diminish the progression of peri-implantitis in vivo [136]. The release of DOX could be controlled by the pH environment with a TiO2 nanotube surface coated with polylactic-co-glycolic acid (PLGA) and DOX [137].



Tetracyclines are known for their broad-spectrum antibacterial activity, including activity against bacteria that cause periodontal disease [138]. Tetracycline’s ability to bind to the bone and teeth provides a sustained antibacterial effect, which is advantageous for dental implants [138]. Additionally, tetracyclines have been reported to promote bone growth, which can be beneficial in the osseointegration of dental implants [138].




5.4. Coatings on Ocular Prostheses


Ocular prostheses (OCs) are subsequent to eye enucleation due to severe injuries, phthisis following eye inflammation, eyeball atrophy, congenital microphthalmia, leucoma, abulbia, etc. [139]. OCs consist of a dense body fabricated from biocompatible polymer and/or glass and shaped as the whole eye. Ocular prostheses placed in the remaining space after eye enucleation are often accompanied with tissue infections.



Koev et al. report on the antibacterial and antifungal properties of Ag-doped Al2O3 nanolayers deposited by a magnetron-sputtering method on a glass OC in the view of defeating infections caused by pathogenic microorganisms that follow the placement of OCs. The microbiological studies were conducted on both Gram-positive and Gram-negative bacteria to establish the antibacterial and antifungal action of the obtained nanocomposite Ag/Al2O3 coatings. The strongest action was found against P. aeruginosa—full inactivation after 2 h, E. coli—full inactivation after 5 h, and S. aureus—full inactivation after 24 h. The findings recommend the application of antibacterial and antifungal Ag/Al2O3 nanolayers to reduce eye infections when implanting OCs [139].



In the work conducted by Baino et al., Ag-containing antibacterial coatings (thickness ~50 nm) were applied by means of RF co-sputtering on two types of polymeric ocular devices: silicone scleral buckles for retinal detachment surgery and a poly(methyl methacrylate) OC for enucleated patients. The antibacterial effect of the coating was confirmed by the in vitro formation of an inhibition halo against S. aureus—one of the most common pathogens involved in ocular infections. The approach proposed in this study suggests a valuable alternative to the administration of antibiotics that may become futile towards resistant bacterial strains [140].




5.5. Coatings on Contact Lenses


Contact lenses (CLs) are commonly used for visual corrections. CLs are susceptible to microbial contaminations that lead to severe ocular infections such as contact-lens-related acute red eye, microbial keratitis, contact lens peripheral ulcer, and infiltrative keratitis [141] caused by pathogenic bacterial and fungal strains. Nearly 4.2 out of 10,000 CL wearers suffer from microbial keratitis, mainly caused by bacteria (>90%) [142]. Treating CL surfaces may be a solution to delivering antimicrobial substances and to addressing the necessity for antimicrobial effectiveness. Table 5 displays some of the recent antimicrobial strategies which have been used to change CL surfaces.




5.6. Coatings on Sinus Stents


Chronic rhinosinusitis (CRS) is a clinical syndrome characterized by mucosal inflammation of the paranasal sinuses, which results in a variety of cardinal sinonasal symptoms such as nasal congestion, nasal drainage, facial pain/pressure, and anosmia [153]. It is believed that CRS is a multifactorial condition including many endotypes and microbial phenotypes with genetic, environmental, and infectious etiologies implicated in its development [154]. The successful management of this syndrome is centered on appropriate medical therapy in conjunction with endoscopic sinus surgery for selected patients. However, there are a number of difficulties that could cause these therapy approaches to fail. The delivery of topical intranasal steroids into the sinonasal cavity is limited, even with high-volume delivery systems, and it requires patient compliance. Systemic medications, such as oral corticosteroids, reduce edema and inflammation and decrease polyp size, but the associated risks preclude long-term routine use. Even with high-volume delivery methods, the distribution of topical intranasal steroids into the sinonasal cavity is limited, and patient compliance is required. Systemic drugs, such as oral corticosteroids, reduce edema and inflammation and polyp growth, but the hazards that come with them make them inappropriate for long-term usage [155].



Drug-eluting implants (sinus stents) are a type of alternative therapy that function as a mechanical spacer while simultaneously delivering medication to the patient’s local area, regardless of patient compliance. In this respect, Lim et al. successfully coated poly-l-lactic acid (PLLA) stents with a dual layer of ciprofloxacin (hydrophilic, inner layer) and azithromycin (hydrophobic, outer layer) [156]. The ciprofloxacin nanoparticle suspension from the inner layer was confirmed by zeta potential. Both ciprofloxacin (60 µg) and azithromycin (3 mg) were uniformly coated on the surface of the stents. The stents showed sustained release patterns of ciprofloxacin/azithromycin, with 80.55 ± 11.61% of ciprofloxacin and 93.85 ± 6.9% of azithromycin released by 28 days. Furthermore, the coated stents significantly reduced P. aeruginosa biofilm mass compared with bare stents and controls (relative optical density units at 590 nm optical density: CASS, 0.037 ± 0.006; bare stent, 0.911 ± 0.015; control, 1.000 ± 0.000; p < 0.001; n = 3). In another study by Cho et al., biodegradable PLLA stents were coated with ciprofloxacin- and ivacaftor-functionalized NPs [156]. The double-layer coating (inner layer of ciprofloxacin, outer layer of ciprofloxacin + ivacaftor) was planned so that ivacaftor would be eluted during the initial insertion to increase the clearance of thick mucus. Sustained drug release was observed through 21 days without an initial burst release. Anti-biofilm formation was observed after placing the coated stent for 3 days onto a preformed 1-day P aeruginosa biofilm. The stent significantly reduced the biofilm mass compared with bare stents and controls (RO-DUs at 590 nm optical density; CISS, 0.31 ± 0.01; bare stent, 0.78 ± 0.12; control, 1.0 ± 0.00; p = 0.001; n = 3).




5.7. Coatings on Cochlear Implants


A cochlear implant (CI) represents a bionic device that is used for the functional hearing restoration of the profound and severe hearing loss of patients. CIs are composed of an external module that sits behind the ear and internal one that is implanted under the skin. The internal component can usually become infected; the most common colonizers are MRSA, P. aeruginosa, and S. pneumoniae [157].



The presence of these species has encouraged the search for new means to inhibit their growth and further biofilm development. For example, Natan et al. reported on an ultrasound-assisted deposition method for obtaining coatings from ZnO, MgF2, or ZnO-MgF2 NPs on a CI electrode [158]. The combination of ZnO and MgF2 on a single surface was found to display synergistic activity against S. pneumoniae and S. aureus biofilm development. The obtained coating was stable for at least 7 days, demonstrating that the sonochemical method was suitable for designing a strongly anchored coating onto the electrode. The potential toxicity of the ZnO-MgF2 surface was examined on primary human dermal fibroblasts isolated from the auditory canal.



In a recent study, a zwitterionic coating containing Cu, comprising anti-adhesive poly(sulfobetaine methacrylate) (PSB) and robust polydopamine (PDA), produced through a co-deposition process augmented by the addition of CuSO4/H2O2 to expedite the reaction and amplify its antibacterial capabilities, was fabricated. Through comprehensive in vitro and in vivo evaluations, the PSB/PDA(Cu) coating demonstrated exceptional biocompatibility and endowed cochlear implants (CIs) with superior anti-inflammatory and antibacterial efficacy as well as pronounced anti-biofilm formation against a spectrum of Gram-positive (S. aureus) and Gram-negative bacteria (P. aeruginosa). These outcomes suggest that the PSB/PDA(Cu) coating represents an innovative antibacterial approach, significantly enhancing the performance of CIs [159].



Polysiloxane-based materials, featuring varying levels of N-acetyl-l-cysteine (NAC) content and degrees of crosslinking, were synthesized utilizing an environmentally friendly thiolene photoaddition process initiated by 2,2-dimethoxy-2-phenylacetophenone. These newly developed materials underwent both in vitro and in vivo evaluations, targeting S. pneumoniae and employing WISTAR rats over a period of four weeks, respectively. It is noteworthy that the materials with a substantial content of crosslinked polysiloxane NAC demonstrated significant biofilm inhibition and a reduction in bacterial adhesion on their surfaces, as evidenced by both in vitro exposure to S. pneumoniae and in vivo implantation in rats. Moreover, the structural integrity of the crosslinked polysiloxane NAC remained unaltered in the presence of bacterial cells, contrasting with materials containing NAC, which exhibited signs of degradation, potentially attributable to enzymatic activity associated with NAC. Following in vivo experimentation, the CR-PNAC-18-75 sample, upon implantation in WISTAR rats for four weeks, revealed minimal bacterial presence and an absence of biofilm formation on the material surface, affirming the suitability of CR-PNAC-18-75 as a protective coating for cochlear implants [160].





6. Challenges in Coating Implantable Devices of the Head


Creating effective coatings for various IMDs poses clinical challenges that require a balance between their functional performance (such as antimicrobial properties, osseointegration, and comfort) and the physiological media in which they are placed in (like the bone, oral cavity, eye, or sinus). The advancements in nanotechnology, biomaterials science, and drug-delivery systems are pivotal in overcoming these challenges and enhancing the clinical effectiveness of coated IMDs. Ongoing research and innovation are essential to tackle the unique challenges each device presents, ensuring they are safe, effective, and successful over the long term for patient care. Furthermore, for the clinical application of coatings as drug-delivery systems, it is critical to consider various factors including the body’s reaction to foreign objects, scaling-up production, and maintaining sterility. Regulatory agencies, such as the FDA or EMA, meticulously review these factors before approving coatings for commercial use and clinical application. The development of antimicrobial-based coatings necessitates meticulous consideration. In response to the challenge of drug resistance, there has been a strategic pivot towards formulating antibiotic-releasing coatings capable of administering therapeutic dosages within a predefined temporal framework. This shift in therapeutic strategies towards the application of IMD coatings that dispense antibiotics is recognized as an efficacious method for the prevention and treatment of IMD-associated infections [161]. The optimization of antibiotic release remains a critical concern to preclude the onset of drug resistance. The controlled dissemination of antimicrobial agents offers a promising route, facilitating the localized administration of antimicrobials and thereby circumventing issues related to patient nonadherence and systemic toxicity. Moreover, the drug-release profile is contingent with the characteristics of the surrounding media and environmental variables [162].



Antibiotics that are physically immobilized on surfaces may precipitate an immediate release, potentially leading to toxic effects, whereas antibiotics that are covalently bonded ensure a gradual and sustained release over extended periods, thereby offering superior management of bacterial proliferation [163]. Nonetheless, this continuous and slow dispensation of antibiotics might foster drug resistance, and, occasionally, the quantity of antibiotics released may not achieve an effective therapeutic concentration sufficient to eradicate bacteria [164]. Implementing a responsive approach could facilitate the creation of an efficacious antibiotic-releasing coating for implants adept at controlling pathogenic organisms. Such innovative coatings are designed to discharge antibiotics in reaction to the detection of alterations within the microenvironments infected by bacteria, which serve as triggers (e.g., acidic microenvironment) [165].



Crucially, the primary obstacles in the development of antibiotic coatings encompass their cytotoxicity, enduring stability, and effectiveness [166]. Predominantly, investigations into antibiotic-infused coatings have been confined to their short-term antibacterial proficiency, devoid of a comprehensive evaluation of their biocompatibility, long-term antibacterial impact, or toxicity. The systematic review conducted by Souza et al. talks about the absence of human data up to the year 2016, which could substantiate the efficacy of antibiotic-laden implants in mitigating microbial adherence [167]. Moreover, the contemporary research landscape on antibiotic-imbued implants is characterized by significant disparities across various studies, even when identical antibiotics are utilized. This variation may be attributed to differences in study methodologies, experimental conditions, and the heterogeneity in sample sizes [167].



When talking about metallic ions embedded in coatings, some reports mention that high concentrations of Ag in coatings for dental implants could be cytotoxic towards eukaryotic cells, which would diminish the osseointegration of the implant [168].



After designing, optimizing, and in vitro testing of an IMD, one potential challenge during in vivo experiments is the foreign body response. When an IMD is introduced, it often triggers the body’s defense mechanism, leading to a foreign body reaction. This happens because the body perceives the implant as an external object, eliciting immune system cells to initiate an inflammatory and fibrotic response [169,170]. The likelihood of implant failure varies based on its surface properties, design, and overall features, with some implantable devices experiencing a failure rate of ~10% [171]. Such failures pose significant risks to the health of patients receiving these devices.



The onset of foreign body reactions to an IMD is significantly influenced by its surface properties, including its porosity, roughness, and charge [172,173,174,175]. Additionally, the size and shape of the IMD [176] are crucial in determining the body’s response. Hence, these elements should be carefully evaluated when choosing materials, manufacturing techniques, and the dimensions and form of the IMD to minimize foreign body reactions.



Sterilization is a key factor to consider when moving IMDs to clinical applications, as these devices must be sterile [177,178]. However, not all materials/coatings are compatible with dry heat or steam, as moisture or high temperatures may harm the IMD or its drug contents. Gamma/electron beam sterilization is widely used for coatings since they do not involve high temperatures [178]. Yet, gamma or electron beam radiation can alter the material properties of the IMD, such as its chemical composition, crystallinity, molecular weight, or density. The impact of radiation depends greatly on the dose and the types of materials in the IMD [178].




7. Conclusions and Future Directions


Biofilm formation on implantable and indwelling medical devices has a significant impact on surgical operations as well as on public health. It also has ramifications in terms of non-device-related human health issues. To avoid biofilm formation, good hygienic conditions and procedures are essential. Progress has been achieved in the removal and control of biofilm-associated infections as time has passed and new technologies have become available. Through the development of biomaterials and technology, antimicrobial coatings are becoming promising candidates for eradicating IMD-associated infections, as their multifactorial antimicrobial mechanisms combat microbial adherence, viability, and biofilm formation.



The current research focuses on developing coatings that not only exhibit antimicrobial properties but also promote tissue integration and healing. Incorporating bioactive molecules or growth factors into antimicrobial coatings could aid in both preventing infection and enhancing the osseointegration of implants.



While metals like Ag and Co have been extensively studied for their antimicrobial properties, there is a vast potential for exploring other materials, including organic compounds and polymers that offer antimicrobial efficacy with reduced toxicity to human cells.



By developing coatings that can respond to the presence of bacteria or to changes in the surrounding environment (e.g., pH, temperature) and release antimicrobial agents on-demand presents a promising choice. Such smart coatings could provide targeted antimicrobial action when needed, reducing the risk of developing antimicrobial resistance.



Research could focus on improving the mechanical stability and durability of coatings in physiological environments. Ensuring that coatings remain effective over the lifetime of the medical device without degrading or delaminating is crucial for its long-term success.



Considering the variability in patient responses to biomaterials, future directions could include personalized coatings based on individual patient needs or microbial flora. Tailoring coatings to target specific bacteria known to be problematic for a particular patient could enhance the efficacy of antimicrobial strategies.



As the environmental impact of medical waste becomes increasingly significant, developing antimicrobial coatings using sustainable materials and processes will be essential. Research into biodegradable, non-toxic coatings that do not contribute to pollution would be a valuable direction.



With the rise of antibiotic-resistant bacteria, it is imperative to explore coatings that utilize mechanisms of action different from traditional antibiotics. Investigating non-traditional antimicrobial strategies, such as bacteriophage-based coatings or those that interfere with bacterial communication (quorum sensing), could offer new solutions.



Leveraging advances in manufacturing technologies, such as 3D printing and nanofabrication, could allow for more precise and customizable coatings. These technologies offer the potential to create coatings with complex geometries and spatially varied compositions, opening new possibilities for antimicrobial efficacy and integration with host tissues.



Understanding the mechanisms by which antimicrobial coatings interact with microbial cells and host tissues at the molecular level is crucial. Future research should aim to elucidate and make use of these interactions, which could lead to the design of more effective and safer coatings.



Finally, conducting rigorous clinical trials and in vivo studies to assess the safety, efficacy, and durability of new antimicrobial coatings in real-world settings is essential. These studies will provide the evidence needed to translate laboratory findings into clinical practice.



By addressing these future directions, research in antimicrobial coatings can continue to advance, offering innovative solutions to prevent infections associated with medical devices and improving patient outcomes.
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Figure 1. The diagram illustrating the outline of this review. 
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Figure 2. Factors influencing bacterial adhesion. 
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Figure 3. IMDs which feature antimicrobial coatings offer significant advantages over those without such coatings. IMDs lacking antimicrobial coatings are prone to bacterial colonization, where bacteria can adhere to their surfaces and develop biofilms. Typically, systemic prophylactic antibiotics are administered to combat this, which can lead to side effects for the patient and expose all bacteria to antibiotics, increasing the risk of developing antimicrobial resistance. Moreover, high doses of antibiotics are often necessary to eliminate mature biofilms. In contrast, when antimicrobial coatings are applied to the surfaces of IMDs, these surfaces are less likely to be colonized by bacteria, potentially eliminating the need for antibiotic use and thereby reducing patient side effects and bacterial exposure to antibiotics. Although the antimicrobial effects of coatings are localized, unlike systemic antibiotics, they can still exert a broader antimicrobial influence, causing nearby bacteria to either retreat or be damaged. 
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Table 1. Classification of the most used ceramic materials.
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	Material
	Advantage/Activity
	Ref.





	Calcium phosphate (CP)
	Good osseointegration rate; corrosion resistance; cell adhesion
	[58,59,60]



	Hydroxyapatite (HA)
	Cell adhesion and proliferation; enhanced osteo-conductivity and -integration
	[61]



	Bioactive glasses (BGs)
	Excellent osteo-conductivity and -inductivity properties
	[62]










 





Table 2. Overview of different types of infections and responsible pathogens associated with IMDs of the head.
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	Medical Device
	Type of Infection
	Common Pathogens
	Concern
	Ref.





	Dental implants
	Peri-implantitis,

biofilm-associated infections, mucositis
	S. aureus, P. aeruginosa, E. coli, Porphyromonas gingivalis
	Biofilm formation leads to chronic infections, resistance to antibiotics, and challenges in achieving effective sterilization.
	[64]



	Ocular prostheses
	Endophthalmitis,

conjunctivitis
	S. epidermidis, S. aureus,

Serratia marcescens
	Biofilm formation on prostheses surfaces leads to persistent infections and inflammation.
	[65,66]



	Contact lenses
	Microbial keratitis,

corneal ulcers
	P. aeruginosa, S. aureus,

Acanthamoeba spp., Fusarium spp.
	The risk of infection increases with poor hygiene practices, overnight wear, and the use of contaminated solutions.
	[67,68]



	Sinus stents
	Sinusitis,

biofilm-associated infections
	S. aureus, P. aeruginosa,

S. epidermidis
	Biofilms can form on stents, leading to chronic inflammation and the potential need for surgical intervention
	[69]










 





Table 3. Metal elements with antimicrobial activities used on dental implants.
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Element

	
Modified Material

	
Coating Method

	
Pathogen(s)

	
Ref.






	
Silver (Ag)

	
Ag-hydroxyapatite-tannic acid

	
Immersion

	
E. coli

S. aureus

	
[90]




	
Nano-Ag

	
Microwave-assisted synthesis

	
S. aureus

	
[91]




	
Ag- and Ta-co-doped amorphous calcium phosphate

	
Radio frequency magnetron sputtering

	
E. coli

	
[92]




	
Ag-containing calcium phosphate

	
Electrodeposition

	
S. aureus

	
[93]




	
TiO2 coatings enriched with Ca, P, and Ag

	
Plasma electrolytic oxidation

	
E. coli

	
[94]




	
Poly-L-lysine/sodium alginate loading nano-Ag

	
Polyelectrolyte electrostatic self-assembly and reduction of Ag with dopamine

	
S. aureus

S. mutans

	
[95]




	
Gold (Au)

	
Au nanocluster constructed mixed-metal metal–organic network

	
Metal−ligand coordination-driven and solvent evaporation-induced self-assembly

	
E. coli

	
[96]




	
Cobalt (Co)

	
Co-doped ZnO/reduced graphene oxide nanorods

	
Chemical co-precipitation

	
E. coli

S. aureus

	
[97]




	
Zinc (Zn)

	
NPs of zinc oxide (nZnO) and hydroxyapatite (nHA)

	
Electrohydrodynamic deposition

	
Streptococcus spp.

	
[98]




	
Co-sputtered titania(Ti)-Zn-oxide nanocomposite

	
Sputtering

	
E. coli

S. aureus

	
[99]











 





Table 4. Drugs with antimicrobial activity used for coating dental implants.
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Drug

	
Tested Pathogen

	
Ref.






	
Vancomycin

	
S. aureus

	
[104,105,106,107]




	
Gentamicin

	
E. coli, S. aureus

	
[107,108]




	
S. aureus

	
[109,110]




	
S. aureus, S. epidermidis, P. aeruginosa

	
[111]




	
P. aeruginosa

	
[112]




	
Ciprofloxacin

	
S. aureus

	
[113]




	
P.aeruginosa

	
[112]




	
Minocycline

	
Porphylomonas gingivalis

	
[114]




	
Doxycycline

	
S. aureus, S. epidermidis

	
[115]




	
Streptococcus sanguinis

	
[116], p. 14




	
Porphyromonas gingivalis

	
[117]




	
A. actinomycetemcomitans, S. sanguinis, P. micra, E. corrodens

	
[118]




	
S. mutans

	
[119]




	
Tetracycline

	
Porphyromonas gingivalis

	
[120]




	
Porphyromonas gingivalis, Fusobacterium nucleatum, Prevotella intermedia, Aggregatibacter actinomycetemcomitans

	
[121]




	
Porphyromonas gingivalis

	
[122]




	
S. aureus

	
[123]




	
S. aureus, S. epidermidis

	
[124]











 





Table 5. Selection of antimicrobial strategies for antimicrobial CL surfaces.
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Coating

	
Substrate

	
Method

	
Microorganism

	
Ref.






	
Ag

	
Weflex 55 hydrogel

	
Adsorption

	
P. aeruginosa, S. aureus

	
[143,144]




	
Skin-derived antimicrobial peptide Esc(1–21) and its

diastereomer Esc(1–21)-1c

	
Soft contact lenses

	
Covalent immobilization

	
P. aeruginosa

	
[80]




	
Ag NPs

	
Hydrogel

(soft contact lens)

	
Incorporated collagen hydrogels

	
[145]




	
ZnO, chitosan, and gallic acid

	
Comfilcon A (silicone-hydrogel)

	
Sonochemical coating

	
S. aureus

	
[146]




	
Phomopsidione NPs

	
ACUVUE® TrueEye™ (silicone hydrogel)

	
Soaking

	
S. marcescens, P. aeruginosa, MRSA, P. mirabilis, C. utilis

	
[147]




	
Chloro sulfoxy chitosan

	
Ophthalmic lenses

	
Soaking

	
P. aeruginosa

	
[148]




	
Moxifloxacin hydrochloride, chlorhexidine diacetate monohydrate, diclofenac sodium salt

	
Silicone-based hydrogel

(soft contact lens)

	
Layer-by-layer deposition technique

	
P. aeruginosa, S. aureus

	
[149]




	
Gallic acid (GA) phytomolecule-coated zinc oxide NPs (ZN), phytomolecule-coated ZN + GA + tobramycin

	
Methafilcon A (CooperVision, San Ramon, CA, USA)

	
Sonochemical method

	
S. aureus, P. aeruginosa, E. coli, Aspergillus, fumigatus Fusarium solani

	
[150]




	
Zwitterionic

metal–phenolic networks (MPNs) based on the coordination of

copper ions (CuII) and a poly(carboxylbetaine-co-dopamine

methacrylamide) copolymer

	
Aqua Moist

(Hydron Contact

Lens Co., Shanghai, China)

	
One-step

method due to MPN structure with enhanced adhesive

property bestowed by CuII cross-linked catechol groups

	
E. coli, P. aeruginosa

S. aureus,

	
[151]




	
Ionic polysaccharides (chitosan, sodium alginate, sodium hyaluronate) and genipin (crosslinker) to sustain the release of diclofenac sodium salt

	
Silicone-based hydrogel SofLens Purevision

	
Layer-by-layer deposition technique

	
P. aeruginosa, S. aureus

	
[152]
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