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Abstract

:

Studies on bionanocomposite drug carriers are a key area in the field of active substance delivery, introducing innovative approaches to improve drug therapy. Such drug carriers play a crucial role in enhancing the bioavailability of active substances, affecting therapy efficiency and precision. The targeted delivery of drugs to the targeted sites of action and minimization of toxicity to the body is becoming possible through the use of these advanced carriers. Recent research has focused on bionanocomposite structures based on biopolymers, including lipids, polysaccharides, and proteins. This review paper is focused on the description of lipid-containing nanocomposite carriers (including liposomes, lipid emulsions, lipid nanoparticles, solid lipid nanoparticles, and nanostructured lipid carriers), polysaccharide-containing nanocomposite carriers (including alginate and cellulose), and protein-containing nanocomposite carriers (e.g., gelatin and albumin). It was demonstrated in many investigations that such carriers show the ability to load therapeutic substances efficiently and precisely control drug release. They also demonstrated desirable biocompatibility, which is a promising sign for their potential application in drug therapy. The development of bionanocomposite drug carriers indicates a novel approach to improving drug delivery processes, which has the potential to contribute to significant advances in the field of pharmacology, improving therapeutic efficacy while minimizing side effects.
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1. Introduction


In today’s world, developing modern therapies and strategies for delivering active substances requires innovative approaches [1,2] that balance therapeutic effectiveness with minimizing adverse effects. Traditional drug delivery methods include classical approaches such as oral, intravenous, dermal, or muscular administration of the active substance without the use of special carriers [3,4]. This works by directly delivering the active substance to the body, but has several significant problems. With oral delivery, drugs are prone to degradation in the gastrointestinal tract, which can lead to a loss of efficacy. In addition, active substances may be susceptible to rapid excretion from the body, reducing their blood concentration and therapeutic efficacy [5].



Traditional drug delivery methods are often characterized by a lack of selectivity, meaning that active substances spread throughout the body, affecting both diseased and healthy tissues or cells [6]. This phenomenon can lead to side effects and reduce the overall effectiveness of therapies. In contrast, drug carriers are an advanced tool, enabling the precise delivery of active substances where they are needed, representing a significant advancement in the therapeutic field. Drug carriers enable the targeted delivery of active substances. This phenomenon, known as targeting, is becoming a key element in improving treatment efficacy [7,8]. Drug-targeting approaches are based on precisely targeting drugs to disease areas, i.e., specific tissues or cells in the body, thus minimizing the impact on unaffected areas. These approaches lead to the accumulation of drugs in pathological sites, thereby increasing the effectiveness of the treatment. Targeted tissue delivery is often based on the area’s unique physical, chemical, or biological properties [9,10]. For example, in the case of cancerous tumors, carriers can be engineered to preferentially accumulate in the blood vessels surrounding the tumor (enhanced permeability and retention (EPR) effect), thus enabling the selective delivery of the drug to the tumor area [11]. For the treatment of neurological diseases, drug carriers can be designed to penetrate the blood–brain barrier and deliver active substances directly to the brain [12]. In turn, introducing receptors specific to the ligands on the surface of target cells allows for targeted delivery to the specific cells of a particular organ or tissue [13].



In addition, drug carriers allow for the controlled release of the active substances, which increases drug stability and minimizes loss of activity. Below (Figure 1), a scheme for the controlled release of active substances from drug carriers is presented. The multiple conventional drug dosages have been presented by the green circle line. During this delivery system, the drug portion is released immediately after its administration, which may have intense potential side effects and thus negatively affect the treatment. In the case of controlled drug release (blue dashed line), the active substance is released over a prolonged time period at a predetermined rate.



Many aspects are analyzed considering drug delivery approaches involving both conventional delivery and delivery using adequate carriers. In conventional delivery, drugs are spread in the body via the blood, which can lead to the uncontrolled distribution of active substances and their accumulation within healthy tissues or cells as well. In the context of drug carriers, efficient blood circulation is crucial, as it enables the precise delivery of the active substance to the targeted tissues [14,15]. Carriers of active substances are designed to move through the bloodstream in an optimized manner. The importance of the structure of drug carriers and their physicochemical properties is crucial to maintaining their stability in the blood, minimizing interactions with the immune system, and efficiently delivering drugs. Hence, they are designed with several key factors in mind. An important aspect is the carrier’s structure, which must be tailored to allow for efficient circulation in the blood. Proper size, shape, and surface functionalization affect the bioavailability of the carrier and its ability to avoid early removal from the body. Additionally, carriers must show physicochemical stability to maintain structural integrity during their transport through the bloodstream. This is important to ensure drug delivery efficiency and reduce potential side effects. Properties that minimize interactions with the immune system are also crucial. Carriers must avoid recognition by immune system cells, which can lead to the neutralization or elimination of carriers before reaching their target sites [16,17,18].



In traditional drug delivery, active substances are administered systemically into the body, often leading to their distribution in tissues and organs. In this approach, the targeting of substances to specific cells is limited, potentially increasing the risk of side effects and reducing therapeutic efficacy. In contrast, carrier-based drug delivery enables increased precision in cellular uptake. Carriers can facilitate cellular penetration, improving therapeutic efficacy. In addition, functionalizing carriers with receptors specific to ligands present on the surface of target cells increases uptake selectivity, minimizing the impact on healthy cells. As a result, carrier-mediated drug delivery focuses on increasing cellular uptake efficiency, resulting in more targeted and effective treatments with minimal side effects [19,20].



Compared to traditional delivery methods, drug carriers represent a novel approach, potentially revolutionary in improving the efficacy of therapies, especially in the context of cancer treatment [21]. Synthetic and natural polymers represent two different categories of materials used in drug carrier design. Synthetic polymers, such as poly(acrylic acid) or poly(ethylene glycol), have a controlled chemical structure, making fine-tuning their physicochemical properties possible. On the other hand, natural polymers, such as cellulose or albumin, are derived from natural sources and often exhibit better biocompatibility. A similarity is the ability of both types of polymers to form carriers with controlled release of the active substance. However, natural polymers often exhibit better biodegradability and less toxicity, which can be beneficial in terms of eliminating their potential side effects [22,23].



Natural-derived polymers exhibit several important properties that provide advantages over synthetic polymers in drug carrier design:




	
Biocompatibility: natural polymers are often natural components of the body (e.g., hyaluronic acid), which minimizes the risk of immune reactions and provides better biocompatibility compared to synthetic polymers.



	
Biodegradability: most natural polymers are naturally degradable in the body, eliminating the need for surgical removal after treatment, which is particularly important, especially in terms of minimizing side effects and body burden.



	
Diverse sources: polymers of natural origin, such as proteins, polysaccharides, or nucleic acids, can be obtained from a variety of sources, making it possible to tailor their properties to specific applications.



	
Significant impact on biological interactions: natural polymers often exhibit the ability to interact with cells and tissues in the body, which can be used to increase the selectivity of drug carriers and facilitate cellular uptake [24,25,26].








As a result, the properties of natural polymers make them an attractive choice for drug carrier design due to their naturalness, biocompatibility, and potential to minimize negative effects on the patient’s body.



One of the areas of intense research focused on improving therapeutic efficiency is the field of bionanocomposites, which serve as advanced drug carriers by combining attractive features of nanomaterials with materials of natural origin [27,28].



Nanocomposites represent an intriguing combination of diverse materials, such as fats, proteins, and polysaccharides, forming comprehensive structures with nanometric dimensions. This unique class of materials has found its application as drug carriers, enabling the efficient delivery of active substances within the body [29,30,31,32]. In a therapeutic context, nanocomposites exhibit a number of promising features, such as stability, controlled drug release, and the ability to deliver active substances in a targeted manner [33,34].



Drug carriers based on nanocomposites utilizing biopolymers, such as polysaccharides, constitute a fascinating research area. These natural polymers, including chitosan [35] and cellulose [36], are characterized by biocompatibility and biodegradability, making them attractive candidates for medical applications. Additionally, nanocomposites can be tailored by introducing nanoadditives in the form of fats, opening up new perspectives for effectively transporting lipophilic substances [37].



Contemporary approaches to therapy and the delivery of active substances are gaining significance in the context of minimizing side effects while increasing therapeutic efficacy [38]. The development of modern therapies requires innovative strategies, and one of the areas of intense research is the field of biocomposites and bionanocomposites, which serve as advanced drug carriers [39]. Research on this topic is fundamental, drawing attention to the emerging applications of composites and nanocomposites as drug carriers. Their unique characteristics make them comprehensive structures. This particular class of materials finds practical application in efficiently delivering active substances within the body. Hence, the main goal was to characterize the latest achievements in the field of development of biocomposites and bionanocomposites as carriers of active substances. The analysis of the newest literature underscores the importance of this topic, especially in the context of improving the effectiveness of treatments. Additionally, conventional drug delivery methods contribute to the distribution of drugs within the whole body, while the delivery of active substances via the adequate carriers may lead to their accumulation mostly within the affected site, thereby reducing occurring side effects (accompanying among other treatments of cancer using cytostatic drugs) [40,41,42].




2. Lipid-Containing Carriers


2.1. Lipids—Short Characteristics


Lipids, also known as fats, constitute a group of compounds with diverse structures but similar physicochemical properties. They are insoluble in water but readily dissolve in organic solvents [43]. Lipids are categorized into several main groups, including simple fats, encompassing true fats (glycerol esters and higher fatty acids) and waxes (esters of higher monohydroxy alcohols and higher fatty acids). Other groups of lipids are complex fats, such as phospholipids and glycolipids, as well as fat-like compounds like sterols, carotenoids, chlorophylls, fat-soluble vitamins, and others [44]. Lipids play numerous crucial biological roles, serving as fundamental components of cell membranes, acting as an energy storage reservoir, providing protective functions (in the case of waxes), regulating differentiation and growth processes, and contributing to metabolic regulation.



The utilization of lipids in nanocomposites represents an innovative approach to efficiently deliver active substances. Leveraging their unique properties, lipids are pivotal in creating nanocomposites that effectively transport active substances. These bionanocomposites employ lipid carriers to encapsulate and protect active substances, enabling precise and controlled release. This approach improves the stability and bioavailability of active compounds, positively impacting therapeutic efficacy. The advanced use of lipids in the development of bionanocomposites opens new perspectives in the field of active substance delivery, with potential applications in various areas such as medicine, pharmacology, and cosmetics [45]. Lipids, constituting a diverse group of compounds with similar physicochemical properties, encompass various structures, including liposomes, nanoemulsions, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) (Figure 2).



Examples of such lipid utilization are presented in the following subsection.



2.1.1. Liposomes


Liposomes are vesicular structures that are mainly composed of one or, sometimes, several aqueous compartments separated by closed concentric lipid bilayers, both natural and/or synthetic [46,47]. Molecules such as proteins, enzymes, chemotherapeutic drugs, nucleic acids, and imaging probes can be encapsulated inside these vesicles (for hydrophilic drugs), embedded within the bilayer (for hydrophobic drugs), or occasionally attached to the bilayer surface [48,49].



Liposomes with modern chemical and physical properties exhibit enormous potential as drug carriers in cancer therapy. The team led by Amiri et al. [50] focused on developing an innovative electromagnetic drug delivery system, allowing the transfer of the anti-cancer drug imatinib (IM) by loading the active substance into liposomes containing magnetic nanocomposites. The goal was to achieve targeted drug delivery in the presence of an alternate magnetic field (AMF) to shorten the administration time, reduce the drug dosage, and minimize potential side effects. The scheme of this developed carrier is presented in Figure 3.



Drug targeting was possible due to the magnetic properties of the formulated carriers. Ultramicroscopic ZnFe2O4 nanoparticles with a distinctive coral shape and a diameter of 22.36 ± 2.21 nm were successfully synthesized in the presence of Teucrium polium using the hydrothermal method (green synthesis). Biocompatibility studies using the MTT test on the U87 cell line confirmed their safety. In vitro study results showed that the AMF significantly increased the release of IM from magnetoliposomal nanocomposites due to nanoparticle movement within the liposome structure at the applied frequency, affecting the bilayer’s permeability. Furthermore, in vivo biodistribution results suggested that the controlled magnetic accumulation of liposomes in target areas is faster and more efficient. This approach opens up new perspectives in the field of controlled drug release using magnetoliposomal nanocomposites, enhancing therapeutic efficiency while minimizing potential side effects.



Another research group, led by Ding et al. [51], conducted experiments on nanocomposite membranes containing liposomes. This team developed an innovative wound dressing to accelerate the healing process of wounds in diabetic patients. In the first stage of this study, a liposome with taxifolin (TL) was developed. Then, liposomes with taxifolin were combined with poly(vinyl alcohol) (PVA) and chitosan (CS) using electrostatic spinning to obtain nanocomposite membranes. Finally, studies were conducted on the mechanism of action of nanocomposite membranes in accelerating the healing of diabetic wounds. The nanocomposite membrane’s average diameter with poly(vinyl alcohol)/chitosan (PVA/CS/TL) containing TL was 429.43 ± 78.07 nm. In vitro experiment results showed that PVA/CS/TL membranes exhibited better water absorption, water vapor transmission rate (WVTR), porosity, hydrophilicity, mechanical, slow-release, antioxidant, and antibacterial properties. In vivo experiments confirmed that the wound healing rate in mice treated with PVA/CS/TL membranes for eighteen days was 98.39 ± 0.34%. Histopathological studies, immunohistochemical staining, and Western blot experiments also demonstrated that PVA/CS/TL membranes could promote wound healing in diabetic mice by inhibiting the activation of the inhibitor kappa B alpha (IκBα)/nuclear factor-kappa B (NF-κB) signaling pathway and related pro-inflammatory factors, leading to increased CD31 and VEGF expression in skin tissues.



Lu et al. [52] created HPCD@Lip nanocomposites, which were hydroxypropyl-β-cyclodextrin complexes enclosed in liposomes, to deliver dexamethasone effectively. To assess the integrity of these nanocomposites after passing through the conjunctival epithelial cell layer (HConEpiC) and eye tissues, Förster resonance energy transfer with near-infrared fluorescent dyes was applied, along with in vivo imaging. The structural integrity of the internal HPCD complexes was observed for the first time. Their results suggested that 23.1 ± 6.4% of nanocomposites and 41.2 ± 4.3% of HPCD complexes could pass through the HConEpiC layer intact after 1 h. Additionally, 15.3 ± 8.4% of intact nanocomposites were able to reach the sclera, and 22.9 ± 1.2% of intact HPCD complexes were able to reach the choroid/retina after 60 min in vivo, confirming that the dual carrier drug delivery system can effectively transport intact cyclodextrin complexes into the posterior segment of the eye.



Yu and colleagues [53] researched a gelatin hydrogel containing liposomes and methacrylate. They developed a drug delivery system capable of controlling the release of stromal cell-derived factor-1α (SDF-1α) from the stromal cells to stimulate mesenchymal stem cell migration. To protect the protein payload from hydrolytic degradation and control its release, SDF-1α was placed in anionic liposomes (lipoSDF), which were then embedded in gelatin methacrylate (GelMA), creating a nanocomposite hydrogel. Finally, the system’s ability to activate intracellular signaling in MSCs by analyzing the phosphorylation of key proteins in the mTOR pathway using Western blotting was assessed. This is the first study of its kind describing the delivery of liposomal SDF-1α using a nanocomposite approach.



Zhao et al. [54] created a liposome@AgAu nanocomposite for drug delivery, which can control drug release through near-infrared laser irradiation. Additionally, it enabled the monitoring of drug molecules using surface-enhanced Raman scattering (SERS) and fluorescent signals during the release process. Liposome@AgAu core/shell nanocomposites, prepared through galvanic exchange reactions (GRRs), exhibited regulated localized surface plasmon resonance (LSPR) absorption peaks from the visible to near-infrared region and high biocompatibility. Compared to pure doxorubicin (DOX) particles, liposome@AgAu nanocomposites with DOX showed lower cell toxicity in the MTT test. After loading DOX into liposome@AgAu, the fluorescence signal of DOX disappeared due to the resonance energy transfer from DOX to the metal shell. In contrast, the SERS signal of DOX in liposome@AgAu was significantly enhanced. Moreover, the liposome@AgAu nanocomposite demonstrated photothermal conversion ability under resonant laser radiation. Upon irradiation with a 633-nm wavelength laser, liposome@AgAu nanocomposites with DOX may release drug molecules to eliminate cancer cells. The fluorescent signal from DOX appeared after the release of the drug from liposome@AgAu, while the SERS signal was not visible. Thus, this nanocomposite can serve as a platform for photothermally controlled drug release and optical monitoring of the signal for drug molecules.



An interesting solution has been additionally investigated by Zhang et al. [55]. Here, multifunctional liposomal carriers of doxorubicin composed of fullerene and magnetic iron oxide nanoparticles combined with poly(ethylene glycol) have been developed. The release of cytostatic drugs was triggered via fullerene radiofrequency, while drug targeting by means of an external magnetic field was possible due to the presence of magnetic nanoparticles within the formulated carriers. In another work [56], the liposome surface has been functionalized using folic acid to enable the drug doxorubicin to target. The drug and, additionally, gold nanorods were inside the liposome carriers. Based on the performed research, it was concluded that functionalized carriers demonstrated higher cellular uptake than liposomes that have not been treated with folic acid. Moreover, it was also stated that the formulated materials showed toxicity towards cancer cells both in in vitro and in vivo investigations.



The table below presents a collection of solutions developed by researchers utilizing the properties of liposomes to obtain nanocomposites with biomedical properties (Table 1).



In this section, innovative approaches utilizing lipids in the development of bionanocomposites for the efficient delivery of active substances have been presented. Research analyses have focused on liposomes playing a pivotal role as drug carriers in anti-cancer therapy, diabetic wound healing, and controlled release of dexamethasone.



Currently performed studies aim to develop advanced drug delivery systems, capitalizing on the unique properties of liposomes. In the case of electromagnetic drug delivery, magnetic nanocomposites within liposomes enable the precise and controlled release of anti-cancer substances. Meanwhile, nanocomposite membranes with liposomes effectively accelerate diabetic wound healing. HPCD@Lip and liposome@AgAu nanocomposites also showcase advanced controlled release mechanisms, such as photothermal conversion and surface-enhanced Raman scattering.



The conclusions that have been drawn so far from these conducted studies indicate that using liposomes as carriers in nanocomposites opens new perspectives in active substance delivery, with potential applications in medicine, pharmacology, and cosmetology. Advanced technologies employing lipids can significantly enhance active substances’ stability, bioavailability, and therapeutic efficacy, representing a key direction in the development of modern therapies.



Developing liposome-based drug carriers is a promising approach to improving therapeutic efficacy, but at the same time, it brings a number of potential problems and challenges. Liposomes can be susceptible to destabilization because of storage conditions, leading to the loss of their structural integrity and reduced drug delivery efficiency. In addition, it can be problematic for liposomes to remain stable in the presence of digestive enzymes or other biological agents, which affects their persistence in the body [57,58]. Another aspect that requires further research is the control of the release of the active substance from liposomes, as this may be critical to achieving an adequate pharmacokinetic profile [59,60]. Additionally, there is a need to understand the interaction of liposomes with the immune system to avoid potential immune reactions [61,62]. Therefore, an important aspect in the design of liposome-based drug carriers is to pay attention to the storage conditions of these materials. They have a significant impact on the stability of liposomes, and this, in turn, is important in terms of maintaining their structural integrity and the efficiency of drug delivery.



In the area of chemistry of obtaining and designing liposomes, a key issue is the precise adjustment of the chemical composition of lipids for therapeutic purposes. The optimal choice of the type of phospholipid and their proportions has a significant impact on the ability of liposomes to efficiently carry drugs. Controlling the size of liposomes during the preparation process is key to ensuring their stability and efficiency in carrying the active substance [63,64,65].



Understanding the chemical interactions between liposomes, the drug, and the biological environment is the foundation for effective drug carrier design. Considering these challenges, further research is needed to improve the stability, release control, and biological interactions of liposomes. A definitive understanding of these aspects is crucial for the successful implementation of liposomes as drug carriers, which requires advanced research and a long-term commitment to scientific research.




2.1.2. Lipid Nanoemulsions


Stable nanoscale emulsion systems consisting of oil, water, and emulsifiers are utilized to enhance the solubility of lipophilic substances, finding applications in drug and nutrient delivery [66,67,68]. Andretto et al. [69] created nanocomposites using nanoemulsions embedded in alginate beads as an innovative solution to prolong the retention of nanoparticles in the gastrointestinal tract. They applied bioadhesive matrices based on microflows to protect the drug payload, including tofacitinib—an anti-inflammatory inhibitor. Nanoemulsions of approximately 110 nm were constructed to encapsulate this hydrophobic drug, effectively internalizing intestinal cells and delivering tofacitinib into macrophage cells, resulting in a reduced inflammatory response. Subsequently, nanoemulsions were placed in alginate microbeads with a size of 300 μm, forming a long-term stable pharmaceutical system. Ex vivo experiments on rat intestinal segments confirmed the bioadhesive ability of nanoemulsions compared to free nanoemulsions, emphasizing the benefits this hybrid system could bring to gastrointestinal pathology treatment.



Next, Hinger et al. [70], intrigued by the potential of lipid nanoemulsions containing m-tetrahydroxyphenylchlorin, conducted experiments on multicellular tumor spheroids of two different lipid sizes (50 nm and 120 nm) to assess their photodynamic effectiveness. Their emulsion production process involved mixing separately prepared aqueous phases containing the MyrjS40 surfactant dissolved in phosphate buffer (PBS) and a lipid phase consisting of soybean oil and wax (Suppocire NB) in a dissolved state. Their study confirmed that mTHPC (temoporfin) encapsulation delayed intracellular accumulation kinetics. Nevertheless, activated mTHPC trapped in 50-nm particles showed effective destruction of tumor spheroids as a free drug. Their analysis of cell death and gene expression provided evidence that encapsulation can lead to different mechanisms of cell elimination in photodynamic therapy (PDT).



In another interesting and alternative approach, Samadi et al. [71] explored strategies to overcome the limitations of quercetin (QC) in cancer therapy, using a hydrogel nanocomposite with agarose (AG)–polyvinylpyrrolidone (PVP)–hydroxyapatite (HAp) enclosed in a nanoemulsion. Despite the favorable characteristics of quercetin in cancer treatment, such as its low solubility, poor permeability, and short biological half-life, there are challenges in its practical application. These researchers aimed to increase the loading efficiency and simultaneously extend the period of quercetin release. The introduction of HAp nanopowders into the AG–PVP hydrogel resulted in improved loading efficiencies up to 61%. Interactions between nanopowders, the drug, and hydrogel polymers made the nanocomposite responsive to pH changes under acidic conditions, simultaneously controlling rapid release under neutral conditions. Subsequently, the loaded hydrogel with QC was placed in an aqueous-in-oil nanoemulsion, further extending the drug release time. pH-dependent QC release with prolonged effects for over 96 h was observed. According to the Korsmeyer–Peppas mathematical model, the release mechanism was atypical (diffusion controlled) at pH = 7.4 and atypical transport (dissolution controlled) at pH = 5.4. FTIR analysis confirmed the presence of all nanocomposite components, and the XRD results confirmed the incorporation of QC into the formed nanocomposite. This developed drug delivery system demonstrated its potential for further biomedical applications.



Continuing in the theme of overcoming limitations for quercetin, another research team, Ahmadi et al. [72], created an innovative hydrogel nanocomposite containing zinc oxide nanoparticles (ZnONPs), agarose, and poly(acrylic acid) (PAA) for quercetin (QC) delivery. Spherical-shaped nanocarriers were obtained through an ecological and simple double-emulsion method, where PAA/Aga/ZnONPs coated with the SPAN 80 surfactant were introduced into the hydrophobic olive oil phase. Characterization of the nanoemulsion using various techniques allowed for assessing the influence of the ZnONPs on the pH properties of the PAA/Aga hydrogel, creating a new platform for direct QC delivery. FTIR and XRD analyses confirmed the presence of all nanocomposite components in the final formulation. FE–SEM microscopic images revealed the nanocarriers’ spherical shape and surface uniformity, and zeta potential measurements confirmed their colloidal stability. The addition of ZnONPs increased the drug loading efficiency from 41.25% to 47.50% and the encapsulation efficiency from 83.0% to 87.25%. Slow drug release was observed at pH = 7.4 within less than 96 h, confirming the pH sensitivity of the nanoemulsion. The drug-release data at pH = 5.4 matched well with the first-order equation, while at pH = 7.4, it was better described with the Korsmeyer–Peppas model. Reduction in viable MCF7 cells in the presence of PAA/Aga/ZnONPs compared to PAA/Aga and the control sample indicated in vitro cytotoxicity of ZnONPs. The number of cells under late apoptosis in PAA/Aga/ZnONPs/QC (37.55%) was higher than in other formulations (ZnONPs, PAA/Aga, and PAA/Aga/ZnONPs), suggesting controlled and slower QC release from PAA/Aga/ZnONPs/QC. Thus, these ecological, biocompatible, and biodegradable nanoemulsions showed significant potential as carriers for QC with controlled release in breast cancer treatment.



Moreover, ongoing intense scientific research explores combinations like polyvinylpyrrolidone (PVP)/carboxymethyl cellulose (CMC)/γ-alumina with 5-fluorouracil (5-FU) to enhance the effectiveness of the cytostatic drug and limit its destructive impact on the body. Such studies were conducted by Shamsabadipour et al. [73].



Developing drug carriers based on lipid nanoemulsions offers promising prospects but also carries potential challenges that require further research. Nanoemulsions can be susceptible to destabilization associated with storage conditions, which affects their structural integrity and ability to effectively deliver drugs [74,75]. Controlling particle size and distribution in nanoemulsions is a key aspect that affects their stability and bioavailability [76]. In addition, the interactions of nanoemulsions with plasma proteins and cells can pose potential challenges, affecting drug delivery efficiency and possible immune reactions [77]. Thus, when designing drug carriers based on lipid nanoemulsions, special attention should be paid to selecting the reactants and reaction environment in such a way as to ensure adequate particle distribution and, thus, nanoemulsion stability. In addition, it is important to ensure adequate storage conditions to ensure the structural integrity of the nanoemulsion, as well as the ability to deliver drugs efficiently.



In the chemistry of obtaining and designing drug carriers based on lipid nanoemulsions, a key aspect is the precise adjustment of the chemical composition of the lipids to the intended therapeutic targets. The adequate selection of the type of lipids and emulsifiers has a decisive impact on the stability and ability of the carriers to efficiently carry drugs. Controlling the particle size of nanoemulsions during the preparation process is key to ensuring their stability and efficiency in releasing the active substance [78,79]. Knowledge concerning the interactions between lipids and the active substance as well as the biological environment is crucial for the effective design of lipid nanoemulsion-based drug carriers. Further research is therefore needed to understand and counteract these issues and improve the parameters of nanoemulsions to maximize their effectiveness as drug carriers. Systematic experimentation and analyses are essential to fully realize the potential of lipid nanoemulsions in the field of drug delivery.




2.1.3. Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs)


Another compound example is solid lipid nanoparticles (SLNs), which represent an advanced drug delivery form where the therapeutic substance is enclosed in a solid lipid core with nanometric dimensions. These nanoparticles are characterized by stability, controlled drug release, and their ability to enhance the bioavailability of the active substance. They constitute a promising platform for effective drug therapy [80,81]. On the other hand, nanostructured lipid carriers (NLCs) are advanced drug carriers that represent a developed version of lipid drug carriers. NLCs consist of lipids with a complex structure, including both liquid and solid oils, allowing for a more stable encapsulation of the active substance. Due to their nanostructural form, NLCs exhibit improved drug transport and release capabilities, making them a promising tool for delivering active substances, especially in the pharmaceutical context [82,83]. Both mentioned structures, i.e., SLNs and NLCs, are presented below in Figure 4.



One example of the application of solid lipid nanoparticles (SLN) in nanocomposites has been demonstrated in the research conducted by Vigani et al. [84]. Their study focused on the use of a composite nanosystem (CN) for local glioblastoma treatment, employing chitosan-coated solid lipid nanoparticles (c-SLNs) embedded in nanofibers of O-carboxymethyl chitosan (O-CMCS). Coacervation prepared solid lipid nanoparticles with stearic acid (SA-SLN) and behenic acid (BA-SLN). BA-SLN, containing 0.75% sodium salt of behenic acid and 3% poly(vinyl alcohol) (PVA), was selected for further investigation due to its small size. Subsequently, BA-SLN was coated with chitosan (CS), enhancing their accumulation in glioblastoma cells (U-373) after 6 h compared to the uncoated ones. The obtained c-BA-SLNs were then dissolved in polymer solutions and subjected to electrospinning, resulting in nanofibers with a diameter of 850 nm. Upon their dissolution in water, c-BA-SLNs retained their properties and zeta potential.



On the other hand, research on nanostructured lipid carriers (NLCs) was conducted by Shu et al.’s group [85]. They investigated nanostructured lipid carriers (NLCs) as drug carriers, synthesizing a nanoemulsion (NE) stabilized with rhamnolipid/chitosan, solid lipid nanoparticles (SLNs), and incorporating these structures into a composite hydrogel of κ-carrageenan/konjac glucomannan (KC-KGM). Their aim was to examine the impact of the lipid composition on the properties and performance of lutein-filled hydrogels (FHs). The use of solid lipids increased the viscosity and crystallinity of the emulsified lipids, affecting the rheological and textural properties of the FHs. NLC-FH showed the shortest delay time and the highest regeneration coefficient, confirming that filling the NLCs effectively improved the rheological properties of the FHs. Adding EGCG to NE/NLC/SLN-FH extended the half-life of lutein, and its stability increased, especially in NLC-FH with EGCG. During in vitro digestion, the FH delayed the release of lutein in the early stages, and EGCG increased the release of lutein in intestinal digestion, with the highest lutein bioavailability in NE-FH (29.67%) and NLC-FH (28.22%). These results suggest the potential application of rhamnolipid-stabilized lipids in hybrid gel systems to improve the properties and delivery of lipophilic compounds.



The development of drug carriers based on solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) brings the prospects of revolutionary solutions behind them, but at the same time, it generates potential challenges that require detailed research. In the case of the SLNs, their stability can be an issue due to the possible presence of a crystalline phase that affects the carriers’ ability to efficiently store and deliver drugs [86,87]. In the case of the NLCs, on the other hand, control of the morphology of the lipid structure and its effect on the release of the active substance is critical to achieving optimal therapeutic efficacy [88]. In addition, controlling the particle size and stability can be an issue in both cases, directly affecting the drug’s bioavailability and distribution in the body.



In the context of the chemistry of obtaining and designing solid lipid nanoparticles (SLNs) and nano-structured lipid carriers (NLCs), it is crucial to fine-tune the chemical composition of lipids for therapeutic purposes. An appropriate selection of lipids and surface stabilizers is essential for the controlled synthesis of these structures. Thus, to sum up, advanced drug carriers, such as solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs), represent promising strategies for delivering active substances, offering stability, controlled drug release, and the ability to improve bioavailability [89,90].



The figure below (Figure 5) compiles the advantages of lipid-based carriers (including liposomes, lipid nanoemulsions, solid lipid nanoparticles, and nano-structured lipid carriers) and the challenges accompanying the development of these carriers, as well as examples of active substances being tested.



There are a lot of challenges that should be widely considered during the preparation of lipid-based carriers of active substances. However, lipids definitely constitute promising compounds for further investigations within this area. Polysaccharides are another substance showing high potential in carrier design. The next section of this paper has characterized two types of them, i.e., alginates and cellulose, in terms of this application.






3. Polysaccharide-Based Nanocomposites


3.1. Alginate-Based Nanocomposites


Alginic acid is an anionic polysaccharide obtained from brown algae, mainly consisting of glucuronic and mannuronic acid residues. It shows biocompatibility, biodegradability, and hydrophilicity. Many carboxyl groups in the structure of alginic acid make this compound easily modifiable [91,92]. The structural formula of alginic acid and its basic properties, as well as the preparation scheme, are presented in Figure 6.



Among the derivatives of alginic acid, particular interest is directed towards its salts (for example, calcium alginate or sodium alginate), which are widely used in many areas, including in drug delivery systems [93].



Sodium alginate is a biodegradable, biocompatible, hydrophobic, and water-soluble polysaccharide. It is also non-immunogenic and, importantly, shows chelating capability. Moreover, due to its ability to gel, alginate can be used to create matrices in which drugs are incorporated and then released at a specific rate, which is helpful for topical therapy and drug delivery [94,95]. It also shows good availability and low production costs, further supporting its drug carrier development [96]. Many works have widely discussed the potential of alginate-based materials in effectively delivering active substances [97,98,99,100].



Studies on developing drug delivery systems based on sodium alginate have been presented, for example, by Venkatasubbu et al. [101]. Here, sodium alginate-based composites were incorporated with hydroxyapatite (HAp) nanoparticles loaded previously with ciprofloxacin hydrochloride. This active substance shows antibacterial activity towards both Gram-negative and Gram-positive bacteria. The release investigations included comparing the release of the drug from hydroxyapatite nanoparticles incorporated into the alginate-based carrier and not introduced into any carrier. As a result of these experiments, it was demonstrated that the incorporation of drug-loaded HAp nanoparticles into other carriers resulted in the release of 15% less active substances. Hence, it may be concluded that these developed carriers ensure sustained drug release, providing high treatment efficacy and limiting the development of bacterial resistance. The application of an alginate-based nanocomposite as the drug carrier showing antibacterial activity was also investigated by Soumia et al. [102]. This work used magnetic nanoparticles (Fe3O4) and alginate to obtain nanocomposites to deliver amoxycillin. The release studies were both conducted in a simulated gastric medium (pH = 2.1) and biolysis serum (pH = 7.0). It was demonstrated that significantly more active substances were released in the environment with a neutral pH. Notably, the developed nanocomposites also showed antibacterial properties towards the tested bacterial strains.



In turn, Hamed et al. [103] analyzed nanocomposite microspheres based on alginate and chitosan in terms of their potential application in the delivery of omega-3-rich oils (like fish oils or flaxseed). These substances have numerous benefits and desirable properties, including antioxidant, anti-thrombotic, anti-inflammatory, and antimicrobial properties. However, they tend to oxidize. Thus, they should be protected against oxygen. This is the reason why their incorporation into adequate carriers is essential. Below, in Figure 7, the scheme of the preparation of microspheres is presented.



In this research, it was demonstrated that the developed nanocomposite microspheres turned out to be effective carriers for the mentioned active substances. A combination of alginate and chitosan has been also applied in the preparation of active substance carriers by Yu et al. [104]. They prepared nanocomposites as layered double hydroxide nanoparticles coated with both polysaccharides. Such designed systems were subsequently investigated as oral vaccine carriers. Based on the experiments performed, it was concluded that the developed coating may effectively protect oral vaccines against acidic/enzymatic degradation that may take place in the stomach. Chitosan/alginate-based nanocomposites containing additional cloister 30B were also investigated by Malesu et al. These studies also confirmed the effectiveness of carriers consisting of alginate and chitosan [105].



Alginate is also widely considered for developing curcumin carriers. Curcumin belongs to the group of natural polyphenols and shows numerous beneficial health properties, including antioxidant and anti-inflammatory properties [106]. It has been demonstrated that the encapsulation of curcumin increases its solvation in water [107]. For example, studies aimed at developing alginate-based nanocomposite carriers of curcumin were performed by Chegeni et al. [108]. In their research, they developed nanocomposites using calcium alginate and single-walled carbon nanotubes wherein the materials were additionally modified with glucose. The synthesis was carried out via the ultrasonication method. It was reported that the curcumin was released from the carriers in both the acidic (pH = 4.5) and neutral (pH = 7.5) environments. Importantly, the antibacterial properties of the developed carriers were also confirmed.



Examples of alginate-based nanocomposites tested as carriers of selected active substances are presented below in Table 2.



Alginates are also used to develop carriers for the controlled delivery of tuberculosis drugs (e.g., rifampicin, ethionamide, isoniazid, pyrazinamide, ethambutol, amikacin, and moxifloxacin) [116]. Importantly, these polysaccharides are becoming more and more popular in developing carriers of chemotherapeutics, so drugs are being used in anti-cancer therapy. For example, nanocomposites based on alginate in combination with montmorillonite have been proposed as carriers of irinotecan [117]. This drug is widely used in the treatment of several types of cancers (including colon and rectal, lung, or ovarian cancer). In this study, the first step involved incorporating irinotecan into montmorillonite and the reaction of formed carriers with alginate via the ionotropic gelation technique. Next, the materials obtained were subjected to the in vitro release study wherein simulated intestinal fluid (37 °C; pH = 7.4) was employed for this purpose. The research results confirmed the sustained release of irinotecan without any burst effects, which is extremely important in chemotherapeutics. Lei et al. [118] developed nanocomposites based on sodium alginate, chitosan, and graphene oxide obtained via the electrostatic self-assembly process. The materials obtained were subsequently incorporated with doxorubicin hydrochloride and verified regarding their release ability. It was clearly reported that the formulated carriers effectively released the cytostatic drug within the desired area, thus showing cytotoxicity towards cancer cells. In other work, nanocomposite beads based on sodium alginate and montmorillonite have been tested as carriers of carboplatin [119]. Here, the nanocomposite materials were obtained via the ionotropic gelation technique. Based on the experiments performed, the prepared carriers’ potential in delivering the mentioned chemotherapeutic was confirmed.



The development of alginate-based drug carriers offers promising prospects but also raises potential challenges that require intensive research. Alginates, although biocompatible and biodegradable, can be susceptible to physicochemical changes in the biological environment, which can affect carrier stability and drug-release control [120]. Controlling the solubility of alginates under different conditions is also an issue, which is crucial for drug delivery efficiency. Moreover, challenges related to their bioavailability and selectivity in delivering drugs to specific cells or tissues must be considered [121].



In the chemistry of obtaining and designing alginate-based drug carriers, it is crucial to fine-tune the chemical composition of alginates to their intended therapeutic targets. The chemical composition of alginates is important in the process of designing drug carriers, as it affects their physicochemical properties, stability, and ability to interact with the active substance and biological environment. Proper selection of the type of alginate and its physicochemical properties significantly impact carriers’ ability to effectively store and release drugs [122,123,124]. Controlling the gelation process of alginates during synthesis is important for obtaining the desired structure of the carriers. Thus, the knowledge concerning the interactions between the alginates, active agents, and biological environment is crucial for the effective design of alginate-based drug carriers.




3.2. Cellulose-Based Nanocomposite Carriers


Cellulose is an organic chemical compound from the polysaccharide group, built from linear glucose chains linked by β-glycosidic bonds. It is the main component of plant cell walls, providing structure and strength. Chemically, cellulose is a polymer of glucose in which the unit sugar subunits are synchronized into long chains [125,126]. Cellulose fibers can form strong hydrogen bonds, giving them exceptional mechanical strength [127,128]. Cellulose is the primary raw material for paper and textile fiber fabrication [129,130].



Due to its unique properties, cellulose is used in medicine to develop drug carriers, especially in nanocomposites. Its ability to form structures with a large surface area enables efficient drug storage and transport. In addition, cellulose is biocompatible, which minimizes immune reactions when used in humans. Its solubility in certain solvents allows for the controlled release of the active ingredient from the carrier, which is crucial in drug therapy. In addition, cellulose exhibits low toxicity [131,132,133].



For example, studies on cellulose-based nanocomposites designed for drug delivery have been performed by Prusty and Swain [134]. In this work, cellulose-grafted polyacrylamide-based nanocomposites incorporated with gold nanoparticles were investigated regarding their potential application as carriers of ciprofloxacin, i.e., an antibiotic drug. It was concluded that 96.6% of this drug was released from the formulated nanocomposite carriers in 5 h. In turn, Ji et al. [135] examined bacterial cellulose/sodium alginate-based nanocomposite hydrogels as carriers of proteins (bovine serum albumin (BSA) and lysozymes). Based on this research, it was reported that their developed nanocomposites demonstrated biocompatibility and drug-release ability. The release rate determined for lysozymes was higher than for BSA due to its weaker interactions with the nanocomposite matrix. In another paper, Rana et al. described studies on nanocomposites based on cellulose and polyaniline [136]. Non-cytotoxicity and electroactive properties characterized these nanocomposites. Hence, they constituted interesting materials for controlled drug delivery. It allowed for them to state that the drug-release rate from their formulated carriers depended strongly on the pH of the medium in which the release occurred. In the case of acidic conditions (pH = 2.2), 37% of active substances were released, whereas in the case of alkaline medium (pH = 11.0), 69%. Investigations by Shahzadi et al. [137] were, in turn, focused on determining the potential of copolymer hydrogels consisting of poly(acrylic acid) grafted onto cellulose nanocrystals and calcium oxide nanoparticles in drug delivery. Such formulated nanocomposites have been subsequently incorporated with doxorubicin (a chemotherapeutic drug). These studies demonstrated the effective loading capacity of the developed nanocomposites (99%), possibly due to the electrostatic interactions between the drug and the carrier. Importantly, over 57.9% of the active substance was released from the carrier in 24 h. Next, Abukhadra et al. developed nanocomposites based on cellulose and exfoliated bentonite as oxaliplatin carriers [138]. They reported that their prepared materials showed high drug-release rates in slightly acidic environments (pH = 5.5), i.e., 83.3%, and in neutral environments (pH = 7.4), i.e., 93.4%. Importantly, these values were achieved after 100 h of the research. Many investigations also show the high application potential of nanocellulose in developing effective drug carriers [139,140].



Recently, growing attention within the area of drug carriers is also directed towards a cellulose derivative, i.e., carboxymethylcellulose. Examples of carboxymethylcellulose-based nanocomposites investigated as carriers of selected active substances are indicated in Table 3.



Cellulose, while biocompatible and biodegradable, may exhibit a limited ability to release the active substances in a controlled manner. It can also be problematic to maintain the structural stability of cellulose-based carriers, especially under changing conditions of the biological environment, which affects their drug delivery efficiency. Additionally, there are challenges in controlling particle size, which is important for their bioavailability and drug delivery efficiency to target sites. Therefore, systematic analysis is essential for the full utilization of cellulose in the field of drug delivery [149,150].



In the chemistry of obtaining and designing cellulose-based drug carriers, it is crucial to precisely tailor the chemical composition of cellulose to the intended therapeutic targets. Adequate selection of the type of cellulose and its degree of polymerization has a significant impact on the ability of the carriers to efficiently store and release drugs [151,152,153]. Controlling the micro- and macro-molecular structures of cellulose during the preparation process is key to providing the carriers with the desired porosity and ability to interact with the active substance.



The figure below (Figure 8) summarizes the advantages of carriers based on the polysaccharides described in this section and the challenges accompanying the development of these carriers, as well as examples of drugs being tested.



Despite many potential challenges accompanying the development of carriers based on cellulose and alginates, these compounds show high application potential in terms of their application as carriers of various active substances. Other promising compounds within this area are proteins. The next section of this paper discusses two examples of these substances—gelatin and albumin.





4. Protein-Based Nanocomposite Carriers


4.1. Gelatin-Based Drug Carriers


Gelatin is a protein of animal origin, mainly extracted from the collagen of animal skin, bones, and cartilage. It is commonly used in the food industry as a thickener, gelling agent, and stabilizer in products such as jellies, puddings, and desserts. It is characterized by its ability to gel, which makes it useful in many culinary and technological processes [154,155]. This protein also finds application in the packaging industry, where coatings and films based on gelatin are becoming more and more popular due to their eco-friendly nature. Importantly, gelatin is prone to numerous modifications, including chemical, physical, irradiation, or enzymatic modifications, which additionally increase its application potential [156,157].



The ability of gelatin to form flexible gels in the presence of water and ease of structural modification enable the controlled release of active substances. Due to its ability to gel, gelatin provides an excellent matrix for incorporating drugs, allowing precise release rate adjustment. In addition, it is biocompatible and biodegradable, minimizing the risk of side effects. Moreover, gelatin can be used to produce microsphere drug carrier systems, ensuring stability and therapeutic efficacy [158,159,160].



Gelatin is widely considered for the preparation of cytostatic drug delivery systems. For example, Prabha and Raj [161] investigated nanocomposites based on gelatin, poly(ethylene glycol), and cassava starch acetate in terms of their application for the delivery of cisplatin. The mentioned carriers were obtained via the precipitation method. In Figure 9, the components of a formulated nanocomposite are presented, and its properties are significant in terms of its application as a drug carrier.



The drug-release ability of the formulated carriers was confirmed. The process was more effective in an acidic environment than an alkaline one due to the interactions between cassava starch acetate and the cytostatic drug.



In turn, Najafabadi et al. [162] synthesized graphene oxide coated with gelatin and polyvinylpyrrolidone. Such obtained systems were subsequently incorporated with quercetin (showing anti-cancer activity) and dual water/oil/water nanoemulsions containing additionally bitter almond oil. As a result of their research, it was concluded that the formulated carriers exhibited high encapsulation efficiency (87.5%) and drug loading (45%). Moreover, their developed systems also showed high stability and drug-release ability, which was proven during their biological research. Cytotoxicity assay results demonstrated the death of over 53% of tested cancer cells treated with the materials obtained. Other researchers [163] received mesoporous silicate MCM-41-based nanocomposites additionally coated with gelatin and Pluronic® F127 and incorporated them with doxorubicin. These conducted studies confirmed the release capability of nanocomposites wherein the process most effectively occurred in the environment with pH = 5.4 and at 42 °C. Importantly, the formulated carriers showed cytotoxicity towards cancer cells. In turn, in vivo tests performed using mice confirmed the anti-cancer activity of the developed materials, reflected in liver cancer growth suppression. Other studies [164] concerned the development of a delivery system for curcumin, an anti-cancer active substance of natural origin that is effective in the treatment of various types of cancer. Here, hydrogel nanocomposites of gelatin, chitosan, and carbon quantum dots were developed. The materials were synthesized via physical cross-linking and subjected to numerous studies, including, among others, the verification of both drug loading (DLE) and encapsulation (EE) efficiency. It was demonstrated that these hydrogel nanocomposites exhibited drug-release capability. The value of DLE was 87.5%, while that for EE was 46.75%. Furthermore, the formulated carriers showed cytotoxicity towards cancer cell lines.



In the next work [165], studies on magneto-responsive nanocomposite hydrogels based on gelatin and magnetic ion liquid surfactants were carried out. This approach assumed investigating such an obtained material as the carrier of both 5-fluorouracil (an anti-cancer drug) and ornidazole (an antibiotic). The experiments reported the biocompatibility of the prepared materials and high encapsulation efficiency. These formulated carriers’ properties combined with the simultaneous possibility of their manipulation via the external magnetic field make them very interesting within the area of controlled cytostatic delivery systems. Moya-Lopez et al. [166] presented studies on gelatin-based nanocomposites containing polylactide nanoparticles incorporated with doxorubicin and dasatinib, two drugs showing anti-cancer activity. The application potential of the formulated systems as drug carriers was confirmed. Moreover, it was stated that gelatin increased the biocompatibility of polymer nanoparticles and promoted cellular growth, thus enhancing the developed materials with additional therapeutic properties.



Many investigations have been conducted to develop gelatin-based nanocomposites as carriers of drugs showing antibacterial, anti-inflammatory, analgesic, or antipyretic activity. In Table 4, a compilation of such nanocomposites is presented.



Some works using gelatin have also been conducted to develop drug carriers for neurological or cardiological diseases. For example, Rahmani et al. [176] formulated nanocomposite hydrogels whose network consisted of poly(vinyl alcohol), gum arabic aldehyde, gelatin, graphene oxide, and boric acid and investigated in terms of rivastigmine delivery. This drug is widely used in the treatment of Alzheimer’s disease. As a result of the performed investigations, it was concluded that the formulated systems showed drug-release capability wherein this process took place in the environment with pH = 7.4. In another work, Jaberifard et al. [177] obtained gelatin-based microspheres incorporated with carvedilol-loaded halloysite nanotubes. Carvedilol is widely used in the treatment of coronary artery diseases, hypertension, and congestive treat heart failure. Based on the experiments performed, it was demonstrated that the formulated carriers showed drug-release ability in the environment with pH = 1.2 and may be considered oral delivery systems. Mathew and Arumainathan [178] described the synthesis and characterization of gelatin/chitosan-based nanocomposites investigated as dopamine carriers. Dopamine is applied, among others, in the treatment of Parkinson’s disease. It was reported that the developed materials showed high application potential for sustained delivery of the mentioned active substance. Importantly, these formulated nanocomposites also demonstrated antibacterial activity.



The development of gelatin-based drug carriers is drawing a promising branch of nanotechnology but faces potential challenges that require in-depth research. Although gelatin exhibits high biocompatibility, its stability under physicochemical conditions should be widely investigated [179,180]. Monitoring solubility in diverse biological environments is a key challenge, affecting structural stability and controlled drug release. Furthermore, maintaining the shelf life of gelatin carriers during storage and controlling particle size, which affects their bioavailability, is an important issue [181,182]. Further research is needed to understand the mechanisms of degradation and release of the active substance during gelatin degradation.



When developing and constructing gelatin-based drug nanocarriers, a key aspect is to precisely tailor the chemical composition of gelatin to the intended therapeutic targets. Appropriate selection of the gelatin source, thermal processes, and nanotechnology techniques affects the ability of the carriers to efficiently carry and control drug release. Thermal processes and nanotechnology techniques play a key role in obtaining and designing gelatin-based drug nanocarriers. Thermal processes involve the controlled heating of gelatin, which allows it to be transformed into a more flexible and stable form, perfectly suited for nanocarriers. Nanotechnology techniques, such as emulsification, allow for the precise control of the size and morphology of nanocarriers, which is crucial for their ability to carry and release drugs. The combination of these processes makes it possible to construct gelatin nanocarriers with optimized properties, as well as enabling controlled drug delivery in the body [183,184].




4.2. Albumin-Based Drug Carriers


Albumins are a family of proteins found in the bodies of many organisms, including humans. Chemically, they are globular proteins comprising over 500 amino acids. There are many types of albumin, including ovalbumin, bovine serum albumin, and human serum albumin [185,186]. In humans, albumin, particularly human serum albumin, plays a key role in maintaining oncotic pressure and transporting substances such as hormones, fatty acids, and drugs. Due to its unique properties, albumin can find wide application in medicine, especially in developing drug carriers. Its ability to specifically bind and transport various molecules allows for controlled drug release, which is crucial in therapy [187,188,189]. Hence, the application potential of albumin in the controlled delivery of various molecules has been investigated since the mid-1990s. Many studies have verified this protein as a substance that can deliver drugs for malignant or inflammatory tissues. Importantly, albumin shows biodegradability and biocompatibility, significantly reducing the risk of immune reactions, and is meaningful considering its potential use as a drug carrier [190,191].



In many studies, the affinity of albumin for biodistribution within cancer cells and the uptake of this protein by these cells have been proven [192,193]. Therefore, many studies have been performed to develop albumin-containing carriers of chemotherapeutic drugs to provide drug accumulation exactly within the affected site. In Table 5, a compilation of investigated chemotherapeutic carriers is presented.



Numerous investigations are also being conducted on applying albumin-containing carriers in delivering active substances that are not only intended for cancer treatment. For example, Jalali et al. [202] investigated nanocomposites based on bovine serum albumin and oxidized Arabic gum. These materials were subsequently loaded with piperine, so the drug showed antibacterial, analgesic, and antifungal activity. Based on their research, it was concluded that the formulated carriers showed high loading efficiency and sustained drug-release capability. Importantly, the materials obtained demonstrated cytotoxicity towards the tested cell lines. In turn, Jing et al. [203] carried out studies on albumin-based nanocomposites incorporated with N5,N6-Bis(2-fluorophenyl)[1,2,5]oxadiazolo[3,4-b]pyrazine-5,6-diamine (BAM15), an active substance that may prevent obesity and its potential symptoms. The experiments performed demonstrated the excellent biocompatibility of prepared carriers and their liver targeting capability, possibly due to the presence of albumin within their structure. Moreover, strong anti-obesity activity was observed without simultaneously affecting food intake and altering body temperature.



It is important to develop albumin-containing nanoscale drug delivery systems to control particle size and aggregation phenomena [204]. The mentioned parameters may affect the bioavailability and therapeutic efficacy of albumin. Therefore, further investigations on this protein are essential in the context of using albumin as a drug carrier. In the process of obtaining and designing albumin-based drug nanocarriers, it is crucial to tailor the chemical composition of albumin precisely to the intended therapeutic targets. The optimal choice of albumin source and chemical modification method affects the ability of the carriers to efficiently carry and control drug release. Investigating and monitoring the size and morphology of the nanocarriers during the preparation process are key to obtaining carriers with optimized drug delivery properties [205,206].



The figure below (Figure 10) condenses the advantages of carriers based on albumin and gelatin, the challenges accompanying the development of the carriers, and examples of drugs being investigated.



Some challenges may be discussed considering studies on the development of drug carriers based on albumin and gelatin. Nonetheless, many advantages of these proteins undoubtedly speak for their potential within this field.





5. Summary


5.1. Conclusions


	
In today’s world, the development of modern therapies and active substance delivery strategies requires innovative approaches. Traditional drug delivery methods, such as oral, intravenous, transdermal, or muscle delivery of the active ingredient, have significant limitations, including degradation in the gastrointestinal tract. Lack of selectivity and susceptibility to side effects underscore the need for novel solutions. Bionanocomposites are advanced drug carriers, enabling the precise and targeted delivery of active substances, which could revolutionarily improve the efficacy of therapies, especially in cancer treatment.



	
Liposomes represent a promising drug carrier, enabling the encapsulation of both hydrophilic and hydrophobic substances. Their ability to precisely deliver active substances opens new perspectives in anti-cancer therapy, accelerating wound healing or delivering drugs to the eye. In addition, liposomes allow for the controlled release of active substances, which can increase drug stability and reduce side effects.



	
Lipid nanoemulsions offer stable solutions for improving the solubility of lipophilic substances. Their ability to efficiently transport active substances, especially in terms of improving bioavailability, makes them attractive drug carriers. In addition, nanoemulsions can be customized, allowing for them to be used in a variety of therapeutic areas, such as the delivery of anti-cancer drugs or the treatment of gastrointestinal diseases.



	
Carriers such as solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) represent advanced strategies in drug delivery. Their stability, controlled release of active substances, and ability to improve bioavailability make them promising tools in the field of drug therapy. The use of SLNs, which are constructed from lipids in solid form, and NLCs, which combine liquids and solid oils, presents new possibilities in the efficient transport of drugs, especially in the context of anti-cancer therapy or the delivery of lipophilic substances.



	
Sodium alginate, being biodegradable, biocompatible, and readily available, holds promise as a material for drug delivery systems. Alginate-based nanocomposites, such as composites with hydroxyapatite and ciprofloxacin, exhibit controlled drug release, enhancing therapeutic efficacy. Alginate-based nanocomposites also show promise as carriers for curcumin, increasing its solubility and demonstrating potential antibacterial properties. Alginate is applied in delivering drugs against tuberculosis and in anti-cancer therapy, indicating its significant potential in medicine.



	
Cellulose, being biocompatible and suitable as a drug carrier, demonstrates potential in delivering antibiotics, especially in nanocomposites with gold nanoparticles. Copolymer hydrogels with cellulose nanocrystals effectively transport doxorubicin, showing controlled drug release. Nanocellulose gains recognition as an effective drug carrier, indicating a promising path for future research.



	
Gelatin, with its ability to form matrices for active substances, is emerging as a promising material in the field of drug delivery. Its biocompatibility, biodegradability, and ability to form drug carrier systems, such as microspheres, may increase drug stability and improve their therapeutic efficacy. Moreover, this protein is being intensively studied as a component of nanocomposite carriers of anti-cancer drugs. Incorporating active compounds, such as cisplatin, quercetin, or doxorubicin, into gelatin-based nanocarriers shows promise regarding drug-release efficiency and their cytotoxic effects against cancer cells.



	
Albumin has potential for controlled drug release due to its ability to specifically bind and transport various molecules. In addition, albumin exhibits biodegradability and biocompatibility, significantly reducing the risk of immune reactions, which is important for its potential use as a drug carrier. Many studies have confirmed the potential of albumin to deliver drugs to tumor tissues. The ability of albumin to be biodistributed across cancer cells and the ability of these cells to internalize the protein have been demonstrated. This finding indicates the potential for using albumin in targeted drug delivery to cancer cells. Research on albumin-containing drug carriers is not just focused on cancer therapy. Numerous studies show the potential of albumin in the delivery of antibacterial, analgesic, and antifungal drugs, as well as active substances to prevent obesity.







5.2. Perspectives and Future Challenges


	
Studies on proteins, polysaccharides, and lipid-containing nanosystems (including liposomes, lipid nanoemulsions, solid lipid nanoparticles, and nanostructured lipid carriers) show promising results in terms of therapeutic efficacy and improvement in the stability and bioavailability of active substances. Future research may focus on further refining nanocomposite technologies, increasing their specificity and effectiveness in drug delivery across various medical, pharmacological, and cosmetic applications.



	
The development of drug carriers based on proteins, polysaccharides, and lipids promises to improve therapeutic efficacy but brings with it complex issues. Liposomes can disintegrate and react with digestive enzymes, requiring in-depth studies in the context of stability, release, and interaction with the immune system. Analogous issues apply to nanoemulsions. In the case of solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs), difficulties related to stability, particle size control, and biological interactions are significant. Despite the high biocompatibility of gelatin, further research is needed to maintain it under physicochemical conditions, and solubility regulation is a key challenge. Polysaccharides, such as alginates, face difficulties in terms of physicochemical stability in biological environments, affecting the persistence and control of drug release. Cellulose, despite its biocompatibility, requires research on maintaining stability under physicochemical conditions, especially control of solubility in different biological environments. Issues related to maintaining the stability of cellulose carriers during storage, controlling particle size, and affecting bioavailability are areas for further research.
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Figure 1. Procedure of controlled drug release from drug carriers (above: concentration of the drug released over time; below: drug release from the polymer matrix). 
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Figure 2. Sample lipid structures in biomedical applications. 
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Figure 3. Scheme showing targeted drug delivery by means of magnetoliposomal nanocomposites. 
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Figure 4. Comparison of the structures of solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) in terms of drug interaction reveals distinctive features in their design and functionality. 
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Figure 5. Summary of selected aspects of lipid-based drug carriers. 
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Figure 6. Alginic acid—formula, properties, and the process of obtaining it. 
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Figure 7. Scheme of the preparation of sodium alginate/chitosan-based microspheres. 
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Figure 8. Summary of selected aspects of cellulose- and alginate-based drug carriers. 
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Figure 9. Components of a formulated nanocomposite and its properties. 






Figure 9. Components of a formulated nanocomposite and its properties.



[image: Ijms 25 00786 g009]







[image: Ijms 25 00786 g010] 





Figure 10. Summary of selected aspects of gelatin- and albumin-based drug carriers. 
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Table 1. Drug combinations with liposomes for use in therapeutic therapies.






Table 1. Drug combinations with liposomes for use in therapeutic therapies.





	Structure
	Nanocomposite Matrix
	Drug/Active Substance
	Application
	Ref.





	Liposome
	Soy lecithin, cetyltrimethylammonium chloride phosphate buffer, ZnFe2O4, and hyaluronic acid
	Imatinib
	drug delivery (anti-cancer therapy)
	[50]



	Liposome
	Poly(vinyl alcohol) and chitosan
	Taxifolin
	Accelerating wound healing in diabetic patients
	[51]



	Liposome
	Hydroxypropyl-β-cyclodextrin
	Dexamethasone
	Topical drug delivery system for the posterior segment of the eye
	[52]



	Liposome
	Gelatin and methacrylate
	Chemokinin SDF-1α
	Stimulation of cell migration
	[53]



	Liposome
	Ag/Au
	Doxorubicin
	Drug delivery (anti-cancer therapy)
	[54]



	Liposome
	Fullerene and PEGylated iron oxide nanoparticles
	Doxorubicin
	Multi-mechanism cancer treatment based on radiofrequency-induced imaging and targeted drug delivery via an external magnetic field
	[55]



	Liposome
	Folic acid and gold nanorods
	Doxorubicin
	Cancer treatment via both chemotherapy and photothermal therapy
	[56]










 





Table 2. Examples of investigated alginate-based nanocomposite carriers presented with tested active substances and their properties.






Table 2. Examples of investigated alginate-based nanocomposite carriers presented with tested active substances and their properties.





	Active Agent
	Active Substance Properties
	Nanocomposite Structure
	Ref.





	Prednisolone
	Immunosuppressant drug used to treat some inflammatory diseases and some types of cancer
	Poly(vinyl pyrrolidone)/sodium alginate copolymer incorporated with silver nanoparticles
	[109]



	Lactobacillus rhamnosus GG
	Natural probiotic positively altering the gut microbiome composition
	Exfoliated bentonite/alginate nanocomposite hydrogels
	[110]



	Amlodipine besylate
	Calcium channel blocker applied in angina and hypertension
	Nanocomposite matrix based on alginate, chitosan, and graphene oxide incorporated with inclusion complexes of amlodipine besylate and β-Cyclodextrin
	[111]



	Edaravone
	Free radical scavenger approved for acute cerebral infarction treatment
	Nanocomposite hydrogels based on alginate and positively charged Eudragit nanoparticles incorporated with the drug
	[112]



	Propranolol
	Drug applied for cardiac treatment; shows anti-anxiety and anti-migraine effects
	Sodium alginate/pectin/tannic acid—silver nanoparticle-based nanocomposite prepared via microwave irradiation
	[113]



	Alendronate sodium
	Drug applied for osteoporosis treatment
	Sodium alginate cross-linked montmorillonite nanocomposite beads
	[114]



	Chlorhexidine digluconate
	Drug with antibacterial activity applied in dentinal tubules infections
	Alginate/nanocellulose-based nanocomposites
	[115]



	Tofacitinib
	Drug applied for autoimmune disease treatment
	Alginate-based beads containing drug-incorporated nanoemulsions
	[69]










 





Table 3. Examples of carboxymethylcellulose-based nanocomposite carriers compiled with active substances and their properties.
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	Active Agent
	Active Substance Properties
	Nanocomposite Structure
	Ref.





	Doxorubicin
	Anti-cancer drug
	Carboxymethyl cellulose/ZnO/starch-based nanocomposite hydrogel beads
	[141]



	Doxorubicin
	Anti-cancer drug
	Nanocomposites based on carbon dots conjugated carboxymethyl cellulose and hydroxyapatite
	[142]



	Doxorubicin
	Anti-cancer drug
	Nanocomposite hydrogel based on graphene quantum dot crosslinked carboxymethyl cellulose
	[143]



	Doxorubicin
	Anti-cancer drug
	Nanocomposite hydrogel beads based on carboxymethyl cellulose/graphene oxide
	[144]



	Artesunate
	Anti-malarial drug also showing anti-cancer efficacy
	Nanocomposites based on polyhydroxybutyrate and functionalized carboxymethylcellulose and additionally containing zinc oxide and Fe3O4 magnetic nanoparticles
	[145]



	5-fluorouracil (5-FU)
	Anti-cancer drug
	Nanocomposite hydrogel beads based on carboxymethylcellulose and Arabic gum
	[146]



	Tetracycline
	Antibiotic
	Nanocomposite based on carboxymethyl cellulose containing Zn-melamine and Cu-melamine framework
	[147]



	Diclofenac sodium
	Nonsteroidal anti-inflammatory drug
	Nanocomposite based on poly(methacrylic acid) crosslinked with carboxymethyl cellulose and incorporated with in situ-formed silver nanoparticles
	[148]










 





Table 4. Examples of gelatin-based nanocomposite carriers with tested drug/active substances and their properties.
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	Active Substance
	Active Substance Properties
	Nanocomposite Structure
	Ref.





	Acetaminophen (paracetamol)
	Analgesic and antipyretic activity
	Gelatin-based nanocomposite hydrogel incorporated with drug-loaded poly(N–isopropylacrylamide) nanoparticles
	[167]



	Cefadroxil
	Antibacterial activity
	Gelatin-based nanocomposites incorporated with carbon dots
	[168]



	Cephalexin
	Antibacterial activity
	chemically crosslinked gelatin-based hydrogel nanocomposites incorporated with CuO nanoparticles
	[169]



	Ciprofloxacin
	Antibacterial activity
	Gelatin, starch, and itaconic acid-based hydrogel nanocomposites containing ZnO and cellulose nanofibers
	[170]



	Ciprofloxacin
	Antibacterial activity
	Gelatin-grafted polyacrylamide nanocomposite hydrogels containing silver nanoparticles and carbon dots
	[171]



	Ibuprofen
	Analgesic, anti-inflammatory, and antipyretic activity
	Gelatin/carboxymethyl chitosan/graphene oxide-based nanocomposite hydrogel
	[172]



	Flurbiprofen
	Analgesic, anti-inflammatory, and antipyretic activity
	Dual crosslinked gelatin/gellan gum-based nanocomposite hydrogel incorporated with cerium oxide nanoparticles
	[173]



	Camellia sinensis
	Herbal drug showing antibacterial activity
	Nanocomposite hydrogel based on methacrylic anhydride, modified gelatin, and an iron-based metal–organic framework
	[174]



	Dexamethasone
	Anti-inflammatory, analgesic, anti-allergic, and immunosuppressive activity
	Gelatin methacryloyl/nanosilicate-based nanocomposite hydrogels
	[175]










 





Table 5. Examples of albumin-containing nanocomposite carriers designed for anti-cancer therapy.
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	Drug/Active Substance
	Application
	Nanocomposite Structure
	Ref.





	Doxorubicin
	Anti-cancer therapy
	Folic acid-grafted bovine serum albumin/graphene oxide-based nanocomposite
	[194]



	Saponin
	Colorectal cancer treatment
	Montmorillonite loaded with saponine/human serum albumin-based nanocomposite
	[195]



	Doxorubicin
	Anti-cancer therapy
	Bactrian camel serum albumin-based nanocomposite
	[196]



	Etoposide
	Lung cancer treatment
	Boronic acid-modified albumin-based nanocomposites
	[197]



	Doxorubicin, gambogic acid
	Liver cancer treatment
	Albumin-based nanocomposites
	[198]



	5-fluorouracil
	Liver cancer treatment
	Nanocomposites consisting of folic acid, bovine serum albumin, layered double hydroxide, and quantum-sized Fe3O4
	[199]



	Doxorubicin
	Lung cancer treatment
	Bactrian camel serum albumin-based nanocomposites incorporated with glutathione-responsive curcumin
	[200]



	5-fluorouracil, curcumin
	Colorectal cancer treatment
	Nanocomposites based on graphene oxide and folic acid-functionalized albumin
	[201]
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