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Abstract

:

Targeted therapy represents a real opportunity to improve the health and lives of patients. Developments in this field are confirmed by the fact that the global market for drug carriers was worth nearly $40 million in 2022. For this reason, materials engineering and the development of new drug carrier compositions for targeted therapy has become a key area of research in pharmaceutical drug delivery in recent years. Ceramics, polymers, and metals, as well as composites, are of great interest, as when they are appropriately processed or combined with each other, it is possible to obtain biomaterials for hard tissues, soft tissues, and skin applications. After appropriate modification, these materials can release the drug directly at the site requiring a therapeutic effect. This brief literature review characterizes routes of drug delivery into the body and discusses biomaterials from different groups, options for their modification with clindamycin, an antibiotic used for infections caused by aerobic and anaerobic Gram-positive bacteria, and different methods for the final processing of carriers. Examples of coating materials for skin wound healing, acne therapy, and bone tissue fillers are given. Furthermore, the reasons why the use of antibiotic therapy is crucial for a smooth and successful recovery and the risks of bacterial infections are explained. It was demonstrated that there is no single proven delivery scheme, and that the drug can be successfully released from different carriers depending on the destination.
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1. Introduction


Controlling the kinetics of drug release by using drug delivery systems (DDSs) brings a number of benefits to patient health. First and foremost, they allow the delivery of the active ingredient to the exact site affected by the disease. Moreover, DDSs improve the effectiveness of the drugs, reduce the severity of side effects, and allow the use of a lower dose of the substance [1,2]. Given the above, this is one of the hottest topics in modern pharmacology or materials engineering. According to a Fortune Business Insights report, the global drug delivery systems market size was valued at $39.55 billion in 2022. It is assumed that at a sustained compound annual growth rate (CAGR) of 9.1%, the value will grow to $78.76 billion in 2030. North America holds the largest share of the market, more than 40% [3]. The DDSs market continues to grow. The main drivers are an increase in patient awareness of advanced systems that allow the selective delivery of a specific drug to a certain site with improved accuracy. This enables faster onset of the effect and reduces the risk of side effects. Also, advances in medicine and science have increased the availability of new systems and improved patient comfort.



This brief review discusses various routes of drug administration into the body, pointing out their advantages and disadvantages. The focus was placed on ceramic, polymeric, and composite clindamycin delivery systems presented in the literature for biomedical applications such as bone tissue replacement, wound healing, and acne treatment. In order to conduct the presented literature review, a search of the Google Scholar and Science Direct databases was performed. Only publications discussing the methods of manufacturing of clindamycin carriers were considered. The results of papers published between 2008 and 2024 were found, with the largest number of literature reports on the subject being between 2020 and 2022. The databases were searched based on keywords such as clindamycin; ceramic; polymer; composite; drug carrier; DDS.



The aim of this review is to identify the potential for the development and application of a specific drug in targeted therapies. Clindamycin is a broad-spectrum antibiotic; however, until now, no other literature reviews on this topic have been found, as most of the available reviews focus on a general group of drugs/active ingredients rather than on a single specific one. This brief literature review will introduce the reader to the world of clindamycin carriers, indicating the possibility of producing new multifunctional biomaterials for both hard and soft tissues.




2. Routes of Drug Administration and Drug Delivery


There are many ways to conventionally administer drugs and active substances into the body. This can be performed using syrups, tablets, suppositories, or ointments. The dosage form is chosen depending on the physicochemical properties of the drug as well as the body part being treated, the mechanism of action of the drug, and the solubility and permeability of the substance. Conventional methods of drug administration do not allow patients to fully benefit from the therapeutic potential of the drug. This is caused by the overall distribution of the drug throughout the body. This reduces the probability of a large amount of the dose reaching its destination, requiring a higher dose to be used, which increases the risk of toxicity. Figure 1 presents conventional drug delivery methods and their main disadvantages [4].



The most popular is the oral route through which capsules, tablets, syrups, or granules are administered. This way is relatively inexpensive, the substance can be administered easily, without pain, and the absorption of the substance can occur through the entire length of the digestive tract [5,6]. However, this way is also fraught with the risk of drug destruction by stomach acid or digestive juices. The drug can also irritate the gastric mucosa and cause nausea or vomiting [7,8]. The first-pass effect, by which orally absorbed substances are initially transported to the liver via the portal vein, is also important, as it reduces drug activity [9]. In the case of ointments, the main limitation of their application is insufficient skin permeability of drugs, which reduces the therapeutic effect. Another limitation associated with ointments is that prolonged perfusion can cause membrane degradation, which can cause skin irritation [10]. In contrast, DDSs exhibit a number of advantages over conventional intake, allowing a lower dosage, providing a longer duration of action, maintaining more uniform plasma levels, or reducing the frequency of dosing [11].



Controlled drug delivery systems for targeted therapy offer the use of multiple carriers depending on the nature of the substance being delivered or the site of action. This type of therapy, also called molecularly targeted therapy, is one of the main cancer treatments since it can be applied directly to tumor cells. However, the term is also used in the case of the targeted delivery of other drugs [12]. Depending on the need and location, this process can be based on the mechanism of active and passive targeting. The first focuses on the precise targeting of diseased cells (e.g., cancerous cells) by appropriate ligands, while in contrast, in passive targeting, the drug or other substance is delivered within the perimeter of the site requiring a therapeutic effect [13]. The release of the substance from the carrier itself can occur as a result of external impulses like an electrical signal, but also as a result of a change in the pH value or swelling [14,15].



Polymers, ceramics, and composites can be used as DDSs; however, they require appropriate processing and combination with the active substance. They include micelles, nanocapsules, microcapsules, liposomes, dendrimers, and hydrogels. The drug can be absorbed on the carrier, encapsulated in it, or bound by a chemical bond. Accordingly, the release can occur at different rates [16,17]. The drug release profile is usually expressed as the plasma drug concentration as a function of time. Figure 2 illustrates two important limits indicating the minimum and maximum concentrations.



If the drug concentration is too low, no therapeutic effect is observed, and this level is referred to as the minimum effective concentration. If the drug concentration is too high, toxicity problems may occur, and this level is known as the minimum toxic concentration [18,19]. In the case of conventional drug delivery, e.g., in tablet form, a sinusoidal shape of the graph is observed, where for a while, the limit of the maximum concentration is exceeded. This fact often causes the appearance of side effects. Then, the concentration drops sharply down below the minimum limit. The ideal situation is to keep the release of active substances in the interval between the minimum effective and minimum toxic concentrations, that is, in the so-called therapeutic window (black curve on the graph). This is crucial for maintaining the safety but also the effectiveness of the substance or drug. This is an example of zero-order drug release kinetics, which means that a constant amount of the active ingredient/drug is released per unit time; however, the rate itself does not depend on the concentration. This means that the drug is released at a constant rate [4,20,21,22].




3. Delivery of Antibiotics


The delivery of antibiotics in targeted therapy is critical to the risk of bacterial infections including surgical site infections (SSIs). In fact, SSIs are one of the most common infections that can occur both during hospitalization and after hospital discharge [23]. The etiologic agent leading to the infections is most often bacteria residing on the skin, but they can also be microorganisms residing in other areas of the body or found in the operating room environment as well as on surgical instruments [24,25,26]. Furthermore, bacterial infections can lead to soft tissue inflammation or osteomyelitis, which is defined as an inflammatory process caused by a bone infection that leads to bone destruction, bone necrosis, and can progress to a chronic condition [27,28]. In the case of the skin, bacteria can cause irritation, aggravate acne, or inhibit the healing process of open wounds [29]. According to the procedure recommended by the World Health Organization, antibiotic therapy can effectively prevent infections and thus problems in soft and hard tissue regeneration. For this reason, biomaterials are being developed to deliver the drug directly to the site requiring a therapeutic effect. Depending on the type of bacterial strain, different antibiotics may be used [30,31].



Clindamycin


Clindamycin (CLD) (Figure 3) is an antibiotic from the lincosamide group used against many types of bacteria thanks to its unique properties and broad effect [32,33]. It is usually available either as a readily water-soluble salt (clindamycin hydrochloride) or as a lipophilic ester (clindamycin phosphate). This ester is a prodrug of clindamycin, which is rapidly hydrolyzed by esterases to active clindamycin after application [34,35].



The mechanism of action of CLD is based on blocking the 23S ribosomal RNA of the 50S subunit by the inhibition of peptide bond formation, which leads to the inhibition of bacterial protein synthesis [36]. For this reason, CLD is effective in treating infections caused by Gram-positive bacteria, such as Staphylococcus aureus and Streptococcus pneumoniae [37,38]. The first of them is one of the most common causes of morbidity and mortality from an infectious agent worldwide and is often associated with SSIs [39,40]. The second one is particularly dangerous for children and can cause otitis media, pneumonia, rhinosinusitis, bacteremia, and even meningitis [41].



One of the distinctive features of CLD is its ability to penetrate tissues and body fluids [42]. This makes it highly effective in the treatment of bone disorders. It not only combats infections at the superficial level, but also penetrates into areas where other antibiotics may be less effective [43,44]. For this reason, it is often used during bone transplants or other surgeries involving this tissue [45]. Additionally, CLD easily crosses the human placenta, but does not cross the blood–brain barrier [46,47]. However, it can cause side effects such as loss of appetite, abdominal discomfort, diarrhea, and nausea [32]. It is worth mentioning that clindamycin has relatively good stability under acidic conditions, which allows it to function effectively in the acidic environment of the stomach. This is important, especially when treating gastrointestinal infections, where substances can be exposed to stomach acid [48,49]. This means that in the case of this drug, conventional ingestion of CLD in tablet form is possible, as the substance will not be degraded/decomposed. Another issue is the above-mentioned limitations related to systemic distribution, which may reduce its effect [50,51]. The most significant benefits and negative effects associated with CLD administration are summarized in Table 1 [32,36,52,53].





4. Targeted Clindamycin Delivery Systems


4.1. Ceramic Carriers of Clindamycin


In order to achieve an appropriate biological effect, it is extremely important to choose the right materials for biomedical applications. In the aspect of biomaterials for bone tissue, the most commonly used are calcium phosphates, belonging to the family of biocompatible apatites. Several ceramics can be distinguished among them, which differ in their Ca/P molar ratio and thus in their properties [54,55,56]. The most popular is hydroxyapatite (HAp, Ca10(PO4)6(OH)2), which is the ceramic material most similar to the mineral phase of natural bone tissue. It has a Ca/P ratio of 1.67 and is bioactive and osteoconductive [57,58]. Another structure of calcium phosphate is calcium triphosphate (TCP, Ca3(PO4)2), which has osteoinductive properties and the ability to resorb under body conditions. Its molar ratio of Ca/P is 1.5. TCP and HAp are the most commonly used ceramic materials in biomaterials with the potential to regenerate or fill bone tissue [59,60]. However, brushite (DCPD—dicalcium phosphate dihydrate, CaHPO4·2H2O) or monethite (DCPA—dicalcium phosphate anhydrous, CaHPO4), which have the same Ca/P molar ratio of 1.0, are also used for this purpose, but differ in the amount of bound water [61,62]. Nevertheless, they are all able to provide suitable conditions for the ingrowth of bone-forming elements.



The amount of drug adsorbed in the ceramic material depends on a number of factors, e.g., the concentration of the drug and the size of the carrier. However, one of the most important factors is porosity, which determines the specific surface area and affects the diffusion of the drug [63,64]. The active substance can be bound to the drug by physical sorption or by forming a covalent bond (Figure 4). The release process for most substances and porous ceramic carriers will be similar. As a result of the penetration of the liquid medium deep into the pores of the material, a systematic release of the drug into the medium occurs [56,65,66,67].



The effect of the drug release rate was compared depending on the type of ceramic. HAp and amorphous calcium phosphate (ACP) were used for this purpose. The authors compared material modified with a range of antibiotics including ampicillin, kanamycin, oxacillin, vancomycin, and clindamycin. ACP and HAp demonstrated similar levels of activity against Gram-negative organisms; however, ACP proved to be more effective against Gram-positive organisms. This suggests that the degree of crystallinity may be one of the key factors influencing antibiotic activity [68]. An example of Gram-positive bacteria against which other carriers have been tested is S. aureus, which infected an osteoblastic line. HAp and DCPA were subjected to drug modification through a process of physical sorption and particle aggregation induced by drying, which led to the formation of microscopic blocks. In this study, not only was the antimicrobial nature of the carrier observed, but also the fact that it is stronger for the whole carrier than for the drug itself. This effect was likely due to the relationship occurring between HAp or DCPA and osteoblastic cells, thus confirming the highly osteoconductive nature of these calcium phosphates [69]. The influence of the physicochemical parameters of calcium phosphates on the rate of drug release was also demonstrated. Two types of HAp were subjected to physical sorption in CLD solution; one was freeze-dried initially, and the other was oven-dried at a high temperature. This resulted in changes in the surface morphology, and more drug was released over time from the oven-dried material, where larger agglomerates of grains were observed [70]. In another paper, TCP, HAp, and DCPD were also compared and subjected to CLD modification by a physical sorption process. It was demonstrated that they have a similar potential to be used as DDSs, and that the rate of drug release is affected not only by the porosity, but also by the degree of crystallinity [71]. In each case, the physical sorption process was sufficient to observe CLD release for a minimum of seven days. An interesting solution has been proposed through the use of halloysite, which has applications mainly in catalysis or environmental sciences; however, an increasing number of papers on its biomedical nature have been appearing for some time [72,73]. In this case, the mineral was subjected to CLD modification by intensive stirring and lowering the pressure, which resulted in the migration of drug particles deeper into the material. Experimentally, the carrier was subjected to etching in acetic acid, which did not affect the morphology of the ceramic, but caused an enlargement of its lumen, which resulted in an increased amount of released drug [74]. Table 2 presents a summary of the aforementioned ceramic CLD carriers.




4.2. Polymeric Carriers of Clindamycin


Modern medicine is unable to avoid polymers. They can be of natural origin or produced synthetically. Depending on the type, structure, and nature, they can exhibit a number of similar but also different, unique properties. Polymers can also be characterized by high chemical resistance or low moisture absorption. Polymers can be lightweight and very strong but also resistant to stretching. An important fact is that they can be easily molded [75,76,77]. By subjecting polymers to appropriate modifications, they might be further adapted to the demanding environment that is the human body. Polymers can be used to produce surgical threads, prostheses, or heart valves and can be applied as DDSs [78,79,80]. A drug can be transported by the polymer carrier in two ways: it can be encapsulated in the structure of the polymer between its chains or bound by a covalent bond directly to the chain or through a suitable ligand [81]. The release of the active ingredient can then occur by the degradation of the polymer, leaching of CLD, or by stimulation by various factors such as the temperature, pH, humidity, and electric or magnetic fields. The three main mechanisms of drug release from the polymer matrix, presented in Figure 5, include hydrogel swelling, material erosion, and diffusion [82].



An extremely popular polymer of natural origin used in DDSs, especially in the design of dressing materials, is alginate (ALG). This linear, anionic polysaccharide is derived from brown algae and consists of repeating units of β-1,4-linked d-mannuronic acid (M) and l-guluronic acid (G) in various proportions. It is non-immunogenic, biodegradable, non-toxic, and demonstrates rapid and cell-friendly gelation characteristics [83,84]. Calcium alginate nanoparticles were dispersed in ethanol and a solution of phosphorylated polyalamine containing CLD. The mixture was centrifuged and dried to obtain a precipitate of ALG with the drug. As a result of the centrifugal force generated, the CLD particles were forced deep into the material. Such an arrangement was tested against MG63 cells (line isolated from the bone of a Caucasian, 14-year-old male patient with osteosarcoma [85]) and S. aureus strain. Differences were observed due to variations in the pH of the environment in which the analyses were conducted. The system met expectations and demonstrated an antimicrobial effect while not inhibiting the viability of the MG63 cells [86]. An interesting solution was proposed for solid lipid nanoparticles (SLNs) constructed from ALG. They were obtained using an emulsion congealing technique with cold high-pressure homogenization. An oil phase composed of stearic acid and an aqueous phase composed of a CLD solution and a polymer solution were proposed. Analogous SLNs were obtained by replacing ALG with dextrin sulfate. It was observed that it reduced the drug release rate by about 50%, which was probably caused by the higher charge density, lower molecular weight, and lower branching density of the ionic polymer [87]. This confirms that the rate of drug release is dependent on the type of polymer. Other studies proposed a combination of ALG with other biopolymers including chitosan (CHT). The thin films are expected to have applications in skin treatments for acne and for local periodontal therapy. The proportion of individual biopolymers has been proven to affect the physicochemical properties, including the thickness and sorption capacity, and these determine the rate as well as the amount of CLD released [88,89]. CHT is a biocompatible and biodegradable cationic linear polysaccharide composed of N-acetyl-d-glucosamine and d-glucosamine, produced by chitin deacetylation [90]. It can be used as a hydrogel itself. Hyperbranched poly((2-(diisopropylamino)ethylmethacrylate)-b-(4-formyl-2-methoxyphenyl methacrylate-co-methyl ether poly(ethylene glycol)methacrylate)) nanoparticles were combined with CLD solution by centrifugation and then in a vial with CHT nanoparticles. An injectable gel was thus obtained, from which the drug was released by the pH factor, which caused the imine bonds to break. Not only did it demonstrate antimicrobial properties against Escherichia coli and S. aureus, but the viability of mouse fibroblast cell line NIH3T cells was higher than 90% [91]. The wide range of manufacturing and material processing methods means that even based on the same starting ingredients, it is ultimately possible to obtain biomaterials for different applications. The combination of gelatin (GE) and ALG can be used to produce materials for bone tissue, soft tissue, and the skin for the treatment of acne vulgaris. Colonization of Cutibacterium (Propionibacterium) acnes is one of the causes of skin deterioration that requires local drug therapy; however, drug particles are usually too large to penetrate the skin. (The stratum corneum, the uppermost layer of the skin, acts as a barrier to larger particles.) It has been proposed to create a transdermal patch containing micro-needles composed of ALG and GE (Figure 6). The needles did not pierce the dermis, but penetrated deep enough that the released CLD was able to inhibit the bacterial growth of C. acnes in the treated area [92].



Tissue adhesives made of these two polymers have been proposed for the treatment of traumatic wounds, including lacerated skin. Materials containing an antimicrobial agent can protect such a site from SSIs. GE and ALG solutions were mixed with NGC and ECP crosslinking agents. CLD was also added at various concentrations. The addition of the drug was found to improve the adhesive’s bonding strength. When tested against Staphylococcus albus and S. aureus, complete elimination of the strain was observed within 48 h [93]. As for materials to stimulate bone regeneration processes, ALG was combined with GE nanoparticles. Firstly, the GE nanoparticles were combined with bone morphogenic protein 2 (BMP-2) and CLD in a water bath with homogenization, and then mixed with ALG. BMP-2 itself is a very potent growth factor that induces the rapid differentiation of mesenchymal stem cells into osteoblasts [94]. A functional carrier of the drug and of the active ingredient in the form of BMP-2 protein was obtained and exhibited a dual release of the components over a period of four weeks. The presence of the drug did not interfere with the function of the protein [95]. Alginate hydrogel dressings with pectin and CLD, which were modified with the addition of hyaluronic acid, were developed. The dressings were subjected to in vivo analysis on animal models against male ICR mice, which confirmed the wound healing effect. However, it was observed that the process occurred faster in dressings containing hyaluronic acid. No significant differences were observed in the amount of antibiotic released. The materials themselves were obtained using the solvent casting method [96]. Dressing materials were also obtained by combining a biopolymer with a synthetic polymer such as polyvinyl alcohol (PVA), where solutions of ALG, PVA, and CLD were mixed, subjected to three freezing–thawing cycles, and dried. This simple method yielded flexible carriers that accelerated skin healing [97]. Additional combination with polyvinylpyrrolidone (PVP) and the solvent casting technique resulted in a peel-off mask for acne [98]. The combination with glyceryl monooleate ensures the sustained release of the antibiotic, even after oral administration [99].



The aforementioned PVA can mimic human tissue and is non-toxic, biocompatible, and easy to fabricate [100]. For this reason, this synthetic polymer is often used in tissue engineering alone as well as in combination with other materials. Masks made from an aqueous solution of PVA and CLD obtained by electrospinning or electrospray technique can be used to treat skin wounds [101,102]. PVA mixed with carboxymethylated gum allowed to obtain a patch with very high absorbency, higher than that demonstrated by pure PVA, which resulted in a material for skin oozing wounds, which will be protected from microbial infection by CLD. Electrohydrodynamic atomization was used to obtain the patch from an aqueous solution of the ingredients [103]. Microsponges with ethyl cellulose for the sustained release of CLD have also been proven to be suitable for acne [104]. PVA itself has no use for hard tissue considering its hydrogel nature, which makes it very flexible. Its combination with slightly harder poly(lactic-co-glycolic acid) (PLGA) allowed the production of a DDS for the bone tissue surrounding the teeth. Drug release was observed for as long as three months [105].



PVP was described above in combination with ALG and PVA. Overall, this synthetic polymer appears in many literature reports thanks to its properties. It is not only used to produce carriers and implant materials, but also contact lenses and medical device components [106]. Antimicrobial coatings formulated from PVA and PVP designed to coat catheter surfaces have been proposed to limit the growth of undesirable microorganisms. Thus, the patient would not need to take medication to protect the body, and would be protecting himself from urinary tract infections [107]. PVP was combined with CHT, lactic acid, and CLD to form a carrier ointment for drugs administered vaginally in cases of pregnancies with symptoms of preterm labor, a condition that can be caused by bacterial vaginitis. Clinical evaluation demonstrated that the CLD cream was an effective treatment in this case and enabled permanently maintaining a normal vaginal pH. It also exhibited physicochemical properties similar to those of physiological mucus, thereby proving to be ideal for the vaginal administration of the drug [108].



Another synthetic polymer with potential in biomedical applications is polycaprolactone (PCL). It is a semi-crystalline ester polymer characterized by biodegradability, high strength, and biocompatibility [109]. From solutions of PCL and CLD in dimethylformamide and chloroform, as well as silk fibroin in formic acid, nanofibers were prepared by electrospinning. The addition of fibroin reduced the amount of CLD released [110]. A combination of PCL and GE can be used for both bone and skin applications. The final properties of the carrier will depend on the processing method as well as component ratios. Using electrospinning, dressing materials were produced that released CLD for 6 days. They also demonstrated hydrophilicity and antibacterial properties against a Gram-positive (89%) and a Gram-negative (98%) bacteria [111]. Hard tissue materials were also developed using electrospinning, but the system was further modified by the presence of graphene oxide [112]. Polylactide (PLA) is a polymer with similar characteristics to PCL. It is not soluble in water, so 2,2,2-trifluoroethanol was used as a solvent. It was then mixed with GE and elastin in 1,1,1,3,3,3-hexafluoro- 2-propanol. Patches for skin wound therapy were produced in this way. The antimicrobial effect was confirmed against S. aureus, and a biosafety of 87% was validated against human umbilical vein endothelial/vascular endothelium cells. The materials released the CLD and were safe to apply, despite the use of such solvents [113]. By mixing GE with polyethylene glycol dibenzaldehyde using a vortex, a stiff gel was obtained with the formation of imine bonds. The system was crosslinked after 20 s, thus yielding a gel for in situ administration. The addition of CLD did not affect the rate of binding. It was proved that the addition of as little as 2% of the drug was able to kill the entire S. aureus colony [114]. Table 3 presents a summary of the aforementioned polymeric CLD carriers.




4.3. Composite Carriers of Clindamycin


The basic division of materials into groups includes metals, ceramics, and polymers. Unfortunately, none of them meet all the requirements for implant biomaterials for bone tissue [115]. Metals are often too stiff relative to natural tissue and are associated with the risk of corrosion. This can lead to inflammation and health hazards. Polymers are a broad group of synthetic and natural materials; however, they often have low strength relative to mineralized bone tissue and too high elasticity. Ceramic materials exhibit great brittleness and susceptibility to fracture, but at the same time are often bioactive and can stimulate bone-forming cells to proliferate. For this reason, in order to maintain adequate mechanical, biological, and physicochemical properties, composites, materials formed from more than one phase, are created. Most often, the matrix is a polymer phase providing flexibility, which is reinforced by a dispersed phase in the form of ceramics providing hardness and strength. Developing new composites and combining phases makes it possible to develop biomimetic materials resembling natural tissue, which can create the right microenvironment to promote osteoblast proliferation and osteogenesis. In addition, composites are also good materials for the controlled and sustained release of active substances directly to the site where the therapeutic effect is needed [116,117,118].



In the context of composites for bone tissue regeneration, the most promising combinations are ceramics with polymers. An example is an ALG hydrogel with GE reinforced with a ceramic phase in the form of β-TCP. The materials were obtained by crosslinking based on water solutions. The antimicrobial potential was tested on an ex vivo human bone infection organ model [119,120]. The electrospinning method made it possible to obtain tough composite layers based on a mixture of GE, a natural polymer, and PCL, a synthetic polymer. The surface was modified with graphene oxide, which later attached DCPD through ionic interactions. The CLD was encapsulated in a polymer phase. Nanofibers obtained in this way demonstrated good biocompatibility with human osteosarcoma cells as well as no cell toxicity. Slow and controlled release of CLD but also DCPD was observed in vitro [112]. Another composite combination, whose polymer phase consists of a biological component and a synthetic one, is CHT with PLGA. It was reinforced with HAp in the form of suspended nanocrystals. CLD was combined with the polymer phase, and the composite was obtained by freeze-drying the mixture. The final form analyzed was films. The release of the antibiotic occurred by the slow degradation of CHT/PLGA and by swelling [121]. Despite the degradability exhibited by CHT, sustained release of CLD was observed for three weeks for composites based on only this biopolymer and nano-HAp. However, it was observed that with the addition of CHT, the antimicrobial efficacy of this DDS against S. aureus decreased. The reduced proliferation of MC3T3-E1 osteoblastic cells as well as mitochondrial dehydrogenase activity was also observed, which may suggest that CHT, despite its rather good biocompatibility properties, is not entirely suitable for such applications [122]. Of all biocompatible ceramics, it is HAp that is most commonly used in biomedical applications. Combined with PVP and betaine, again a combination of synthetic and biological components, it was used for the creation of a platform in the form of a flexible composite obtained by photocrosslinking, which exhibited good physicochemical properties. Sustained release of CLD was observed for 7 days, which proved that the increased ceramics phase reduced the amount of the drug released in vitro. The UV crosslinking process did not lead to drug degradation [123]. PVP was also used to develop bone cement composites modified with CLD, triclosan, or gentamicin as DDS materials for arthroplasty. The drugs were bonded to the cements, and PVP was intended to increase their leaching from the cement. However, for CLD and gentamicin, no difference was observed between the amount of drug released from the cement alone and from the cement with the polymer. This difference was observed only for triclosan and may be due to the difference in the chemical structure and origin of the three drugs, because triclosan comes from the chlorinated phenol group [124,125].



PLA is widely used in biomedicine to print bone defects; however, its melting point is high enough, so active compounds could degrade [126]. For this reason, to use it as a DDS, a printing technique cannot be applied; however, such a polymer can be dissolved in suitable solvents and processed appropriately. PLA was dissolved in acetonitrile, and CLD and HAp were then added to the solution. Ultrasonic radiation was used to disintegrate the agglomerates, and finally, microcapsules were obtained. The ceramic phase was of natural origin, from crocodile bone. The loading efficiency of the CLD composite was demonstrated to increase with the proportion of HAp [127]. PLGA was also dissolved in acetonitrile. As before, CLD solution was added to the polymer; ultrasound was used. In this case, HAp and other calcium phosphate powders were also modified with CLD. Antimicrobial properties against S. aureus were demonstrated, and biosafety against osteoblast-like cells was confirmed despite the use of acetonitrile, a solvent that is toxic to the organism [128].



Acetone is also used as a solvent for PLGA. Therefore, PLGA in acetone was combined with a solution of CLD and HAp powder. Nanospheres capable of releasing the drug, the amount of which was determined by the content of the ceramic phase, were obtained. A schematic of this carrier formulation mechanism is presented in Figure 7. The nanoparticles were obtained by using ultrasound. The drug and ceramic grains were encapsulated in a polymer network. It was confirmed that CLD influenced the degradation of the polymer matrix, which also affected the amount of released antibiotic. A high level of cytocompatibility was observed against mouse L929 and human lung MRC-5 fibroblasts [129,130,131,132]. Not only popular bioactive ceramics in the form of TCP or HAp can be used as a reinforcing phase in the composite as the literature mentions the use of, for example, montmorillonite clay or bentonite. The first one is often used as an ingredient in skin care masks for its purifying and absorbing properties [133]. It was mixed with an aqueous solution of PVA and CLD. A crosslinking method by cyclic freeze–thaw was used. The resulting wound healing dressings exhibited antimicrobial properties due to the presence of the drug and the clay [134]. Bentonite was combined with PVP and carboxymethylcellulose (CMC) to obtain a DDS [135]. In order to ensure the flexibility of composites, they were enriched with the addition of xanthan gum and guar gum. This non-obvious combination resulted in obtaining a CLD carrier using the Petri dish casting method [136]. CMC is a derivative of cellulose, and its main area of application is in the food industry. It belongs to the group of emulsifiers or thickening agents and is labeled as E466 [137]. Its combination with halloysite, previously modified with CLD, and keratin gave nanocomposites with antimicrobial properties for skin wound healing. Drug release occurred according to the Fickian diffusion mechanism [138]. The last non-obvious combination discussed in this review is a coating composed of CMC and ALG. Naturally, drug molecules were encapsulated in the polymer network. The coating was applied by electrospinning to TiAlV and 316LVM sheets. A sandwich composite was thus obtained, where the layers of the individual materials were arranged on top of each other, rather than suspended in each other as in the previously discussed composites. CLD was released into a fluid simulating a biological environment, and the release occurred by the degradation process of the polymer phase [139]. Table 4 presents a summary of the aforementioned composites for CLD delivery.





5. Conclusions and Future Challenges


New biomaterials can indeed transform modern medicine and therapy, providing relief to suffering and needy patients. Smart biomaterials are essential for this purpose. In the current situation, as demonstrated above, newly emerging ceramic, polymeric, and composite materials are exhibiting many advantages for their application as controlled DDSs. Materials from each group, synthetic as well as natural, are all being used in the design of new DDSs. As demonstrated in this review, depending on the purpose and target site of the implantation or application of the biomaterial, different phases are used. In the case of bone tissue, ceramics and ceramic–polymer composites are mainly investigated. It was observed that the most common ceramics of choice were bioactive calcium phosphates, such as HAp, which stimulate the activity of bone-forming cells. In the case of composites, polymers in which ceramics in the form of fine grains were homogeneously suspended in the material accounted for the greatest share. Mostly, these were synthetic polymers like PLGA or PVP. However, in the case of soft tissue or skin, biopolymers of natural origin are most often used. The most reported are ALG and GE. Physical sorption in a solution or mixing with an aqueous CLD solution was the most common method for the modification of individual phases with the drug.



However, despite enormous advances in targeted therapy and the controlled delivery of active substances, there are still many issues to be solved and improved. Unfortunately, the release of the drug often occurs too fast and does not fit into the idea of controlled sustained release. This is likely the reason why the simple phenomenon of sorption and not chemical bonding is used. The challenge is to create a carrier that will release the drug at an appropriate rate, while exhibiting a range of characteristics and properties ideally similar to those of the tissue being replaced. At present, it seems that one of the main goals in relation to DDS biomaterials is to develop a material with adequate mechanical parameters while maintaining a sustained release of the active substance. Biomimeticism is also being considered to ensure that the new materials mimic natural tissues as closely as possible. Targeted therapy represents the future of medicine by providing faster and more effective treatment directly at the site that requires it. Thus, further development in this field is essential and important for the life of society and improving the quality of life of those in need.
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Figure 1. Possible limitations of conventional drug delivery systems. 
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Figure 2. Basic pharmacological/biopharmaceutical profiles and levels. 
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Figure 3. Chemical structure of clindamycin. 
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Figure 4. Schematic representation of ceramics-based scaffold loaded with active substances for bone defect. Adapted from [65], MDPI, 2023 (n-HAp = nano-hydroxyapatite). 
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Figure 5. Three main mechanisms of drug release by diffusion, swelling, and erosion. 
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Figure 6. Proposed alginate- and gelatin-based micro-needle solution for the transdermal local delivery of clindamycin. Reprinted with permission from Ref. [92], Elsevier B.V., 2022. 
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Figure 7. Proposed mechanism for the formation of spherical CLD-based poly(lactic-co-glycolic acid)/hydroxyapatite (PLGA/HAp) core–shell nanoparticles. Reprinted with permission from ref. [129], Elsevier B.V., 2011. 
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Table 1. Advantages and disadvantages of using clindamycin.
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	Advantages
	Disadvantages





	
	
Can be administered both systemically and locally;



	
Diet has no effect on efficacy;



	
Active against most aerobic and anaerobic Gram-positive bacteria;



	
Increases intracellular killing of susceptible organisms, reduces bacterial adhesion to host cells;



	
Has a positive effect on the overall recovery outcome, as it does not block pro-angiogenic activity.





	
	
Side effects such as allergic reactions, colitis, nausea, vomiting, and diarrhea;



	
Can cause esophagitis, taste disorders, and changes in hematological parameters;



	
Poor permeability of the outer cell envelope, thus not working well against aerobic Gram-negative bacilli.















 





Table 2. Ceramic carriers of clindamycin with indication of material type and applications.
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	Material
	Applications
	Refs.





	ACP
	NPs as intrinsic inorganic antimicrobials
	[68]



	HAp
	NPs as intrinsic inorganic antimicrobials

DDSs in form of powders and disks for hard tissue engineering
	[68,69,71]



	DCPA
	NPs powders for hard tissue engineering
	[69]



	DCPD
	DDSs for hard tissue engineering
	[71]



	TCP
	DDSs for hard tissue engineering
	[71]



	Halloysite
	Nanotubes with antibacterial properties
	[74]







ACP = amorphous calcium phosphate, HAp = hydroxyapatite, DCPA = dicalcium phosphate anhydrous, DCPD = dicalcium phosphate dihydrate, DDSs = drug delivery systems, NPs = nanoparticles,