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    In a world that has become global and where all kinds of technology have entered our lives rapidly with the industrial revolution, it has brought many diseases with it, even though the quality of life and duration of people have increased. The fact that we have started to use technological developments more effectively has enabled us to develop the awareness of coping with all new and old diseases that we encounter. In addition to repositioning conventional drugs, biotechnological drugs and new nano-drugs are being developed from the combination of nanotechnology with biology. It has become a necessity for every individual who wants to improve herself/himself in this field to follow the data that is revealed quickly and to follow the applications in life. Current practices and research aim to increase patient compliance and to restore patients' health as soon as possible without creating any financial and social burden.




    In this context, this book focuses on recent advancements and applications of nanobiotechnology in medical application areas.




    This edited book covers 14 high-quality chapters. The chapters of this book have a large variety of interesting and relevant subjects such as precision medicine, biomimetic design, exosomes, glycobiology, targeting strategies of nanomedicines, biocompatibility, in vitro and in vivo evaluation of nanomedicines as well as specific applications at different pathologies and technologies such as photodynamic therapy and biosensors. I highly recommend this book to students, academicians, researchers and industrial organizations who are interested in the new era of medicinal applications of nanobiotechnology.
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    Biotechnology is a science that has many application areas such as medical, microbial, forensic, plant, agricultural, marine and food. In recent years, developments in the medical biotechnology field have accelerated. In particular, with the emergence of knowledge on the molecular and biochemical basis of diseases, biotechnological drugs have been preferred over conventional drugs. With the development of omics technologies, our increasing knowledge about diseases has revealed that diseases should be handled individually rather than in general. This, in turn, has given rise to precision medicine and the need for more specific tools for more effective treatment. Based on this information, the range of pharmaceutical products developed by medical biotechnology has expanded from recombinant proteins to nano drug delivery systems. Nanobiotechnological approaches allow many alternatives in terms of both treatment and diagnosis. There are many advantages going down to nano sizes, such as targeting, selecting, and penetrating a single cell, and providing more effective treatment with a lower drug dose.




    This book aims to give the reader general information about some of the current therapeutic and diagnostic nanopharmaceutical products as well as their in vitro and in vivo applications. The reader will be able to grasp the wide possibilities and most current applications of nanobiotechnology.




    Many different nanodrug systems, such as biomimetic systems, lipid and metallic nanoparticles, exosomes and glycoconjugates and photodynamic therapy, are included. In addition, information about the emergence of nanobiotechnology in personalized therapy, nanobiotechnological approaches in cancer stem cells and glioblastoma, and their use as biosensors will be conveyed. Emphasizing the importance of the biocompatibility and toxicological profile of these products, information about the relationship and modulation of bio corona, which is one of the most current issues of recent years, will also be included. Following targeting strategies, which is one of the most important advantages of nanodrugs, the book is concludes with two chapters on in vitro and in vivo studies of nanopharmaceuticals.




    The application areas and tools of nanobiotechnology are so wide that it has not been possible to include them all in this book. However, we expect that readers will be informed about the most current and promising approaches to nanobiotechnology from a medical point of view.
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      Abstract




      Bio-inspired nanotechnology (biomimetic nanotechnology) is defined as the acquisition of nanomaterials or nanodevices and systems using the principles of biology during design or synthesis. Transferring a mechanism, an idea, or a formation from living systems to inanimate systems is an essential strategy. In this context, nanoparticles inspired by nature have many advantages, such as functionality, biocompatibility, low toxicity, diversity, and tolerability. It is known that biomimetic approaches have been used in materials science since ancient times. Today, it plays a crucial role in the development of drug delivery systems, imaging, and diagnostics in medical science. There is no doubt that interest and research in biomimetic approaches, which is an innovative approach and inspired by nature, will continue in the field of medicine and life sciences hereafter. Within the scope of this chapter, polymeric nanomedicines, monoclonal antibodies and related structures, cell and cell-membrane-derived biomimetic nanomedicines, bacteria-inspired nanomedicines, viral biomimetic nanomedicines, organelle-related nanomedicines, nanozymes, protein corona, and nanomedicine concepts and new developments will be elucidated.
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      INTRODUCTION




      Before moving on to the topics that follow in the book chapter, terminology related to nanotechnology, biomimetics, and bioinspiration elaboration would be beneficial. In the last 10 years, standards related to nanotechnology or nanomaterials have been retrived, published, or withdrawn. There are 223 stan-




      dards published or under development regarding nanotechnology on the International Organization for Standardization (ISO) website.




      ISO/DIS 80004-1(en) defines the nanoscale as a size in the range of appro- ximately 1 to 100 nm. Nanomaterials, on the other hand, are defined as materials with nanoscale external dimensions or nanoscale in their internal structure or surface structure. Nanoparticles are defined as “nanoobjects with all external dimensions in the nanoscale” [1]. ISO/TS 80004-5:2011(en) defines the relationship between nanomaterials and biology. Nanobiotechnology, bionanotechnology, and bioinspired nanotechnology are defined separately. According to the standard, nanobiotechnology is the application of nanoscience or nanotechnology to biology or biotechnology, while bionanotechnology is the application of biology to nanotechnology. Bio-inspired nanotechnology (in other words, biomimetic nanotechnology) is defined as the acquisition of nanomaterials, or nanodevices, and nanosystems by using the principles of biology during design or synthesis [2].




      It has been stated in a previous review that biomimetic nanomedicines exhibited minimal interaction with the biological environment when applied at the beginning of the technology development period. Interaction with the biological environment is enhanced by modifying these relatively inert nanomedicines with targeting molecules or by designing them to respond to stimuli from the biological environment. Finally, in the review, it is stated that the third generation is obtained by coating these nanoparticles on cell membranes [3].




      However, bio-inspired/biomimetic nanomedicine has moved further beyond this classification. Nanoparticles are now encapsulated in organelles or can be targeted to the organelle. In addition, they can be encapsulated into bacteria, yeast, and viruses. Virosomes, or virus-like particles (VLPs), are also among the bio-inspired structures, especially in vaccines, as part of preventive therapy [4].




      In addition, as will be discussed under the following headings, many other nanomedicines, such as exosomes, nanozymes, monoclonal antibodies and derivatives, and reprogramming of dendritic cells are among the bioins- pired/biomimetic nanomedicines. Lab-on-a-chip or organ-on-a-chip applications are also among biomimetic/bio-inspired nanotechnological designs. However, it will not be discussed as it is out of the scope of the chapter.




      

        Liposomes




        Liposomes were discovered in England in the 1960s by Dr. Alex D. Bangham et al. and published in 1964. Since its discovery, much research has been done on it, and it has taken its place in the market as a liposomal drug [5].




        Liposomes are nanostructures of various lipid components in the form of a lipid bilayer, like a cell. Its core offers the advantage of encapsulating hydrophilic components, while the lipid bilayer layer offers the advantage of encapsulating hydrophobic components. At the same time, it has many other advantages, such as biocompatibility, self-forming capacity, good reproducibility, derivatization of the outer surface, and suitable physicochemical behavior. Since their discovery, apart from their conventional use, liposomes have been PEGylated, derivatized with targeting molecules, and even developed as a theranostic structure [6].




        In this chapter, attention is drawn to other uses of liposomes other than their conventional synthesis and derivatization. Nowadays, liposomes are used as models to understand cell membranes, and even their qualities are taken a step further by gaining features that mimic cell membranes, which are prepared as hybrid membranes that fuse with liposomes. A group of researchers in Spain carried out a study to synthesize liposomes that mimic HeLa cell membranes to facilitate liposome cell recognition and thus deliver drugs to their targets. They proved that the presence of cholesterol in the liposome structure is important for such an interaction and that it is effective as SNARE (Soluble NSF Attachment Protein Receptor) proteins [7]. They used artificial liposomes as decoy targets for toxin neutralization against infectious diseases, thus preventing the devastating effects of infection. Researchers have shown that liposomes prepared using sphingomyelin, cholesterol, phosphatidylcholine, and phosphatidylserine protect monocytes against S. pyogenes, S. pneumoniae, and S. aureus [8]. Another group prepared reconstituted high-density lipoprotein (HDL) nanostructures containing a low concentration of ganglioside monosialotetrahexosylganglioside (GM1) lipoprotein. Thus, they were able to neutralize the cholera toxin. During their study, they determined that lipoprotein configuration is essential in receptor-toxin interaction [9].




        On the other hand, fusogenic liposomes are used so that the liposomes can more effectively transport drugs to the cytoplasm or to the target. Fusogenic liposomes were designed with the knowledge that cells use membrane fusion for inter- and intracellular molecule transport. Among the important factors in the preparation of fusogenic liposomes are the use of the neutral lipid dioleoylphosphatidy- lethanolamine (DOPE) and the cationic lipid 1,2-dioleoyl-3-trimethylammon- iumpropane (DOTAP) at appropriate rates in liposome synthesis and the use of SNARE or proteins mimicking SNARE, which allows membranes to be positioned close to each other [10-12].


      




      

        The Role of DNA in Nanomedicine Design




        Deoxyribonucleic acid (DNA) is the nucleic acid that carries the hereditary information of all living things as well as some viruses. DNA is a biopolymer composed of nucleotide units. DNA is also used in the preparation of bio-inspired nanostructures due to its unique properties.




        By using DNA, it is possible to obtain nanostructures of the desired size and geometry. Because it is a natural biopolymer, it is biocompatible, biodegradable, stable, and modifiable. Moreover, other features of DNA for designing a nanomedicine are its reproducibility, predictability, and scalability. Another advantage is that it can be self-assembled to the desired size and geometry by arranging the sequence. They can be modified with molecules such as proteins or signal ligands to be targeted, or they can be sensitized to the environment (such as pH) by chemical modifications. All these features make it possible to transport molecules such as drugs or siRNA within DNA nanostructures [13, 14].




        One of the most striking examples of DNA nanostructures are DNA nanorobots. Researchers in China have designed a DNA nanorobot and developed an anticoagulant nanodevice. This nanorobot has the ability to sense the amount of thrombin in the blood while it is in circulation and produce a nucleic acid-based anticoagulant when the amount of thrombin rises above a certain level and releases it into the environment. They designed two main structures on their platform, all made of DNA. The first is the DNA origami structure, which acts as a cage and provides stability. The second, embedded in it, is the computing core where the molecular reaction cascade occurs. The computing core is also made up of three separate functional components: which are the Input Sensor, the Threshold Controller, and the Inhibitor Generator. The input module is the thrombin aptamer (TA-29)-DNA duplex in the ssDNA structure that reacts with thrombin. Threshold module is a DNA duplex structure that determines the threshold level. Up to a certain level, only the Input and the Threshold modules are in communication, and although the released TA-29 aptamer binds to thrombin, thrombin can maintain its normal function. When the threshold value is exceeded, the ssDNA released from the input module consumes the DNA duplex released from the threshold module and reacts with the output part of the generator module, causing ssDNA H release. In this process, the TA-15 aptamer released from the generator module has an anticoagulant effect by binding to the exocite I part, which inactivates the function of thrombin. This designed structure can regulate the anticoagulant level without requiring external dose adjustment by detecting the thrombin level in the circulation spontaneously. However, the anticoagulant effect mainly depends on the amount of DNA duplex in the threshold module. Therefore, since both the threshold value and the amount of TA-15 to be released were dependent on the amount of DNA duplex in this module, the researchers stated that it should continue to be developed [15]. Another research team has developed a DNA nanorobot that acts as a cancer therapeutic. The DNA nanorobot causes the cancer cell to undergo necrosis by releasing the thrombin it carries into the blood vessels in the cancerous area. The aptamer in the nanorobot structure recognizes the nucleolin-1 protein overexpressed in tumor-associated endothelial cells. In addition, this interaction acts as a trigger to release the thrombin in its content [16]. In another study, a DNA nanorobot was developed that triggers the lysosomal degradation of the HER2 receptor in breast cancer, thereby driving the cell into apoptosis. After the anti-HER2 aptamer- tetrahedral framework nucleic acid (HApt-tFNA) nanorobot they designed specifically binds to HER2, it is taken into the cell by endocytosis as the HER2-HApt-tFNA complex and undergoes lysosomal degradation together with the HER2 receptor. In this process, the cell is dragged into apoptosis via the Akt pathway [17].




        One of the major drawbacks of cancer immunotherapy that is difficulty to deliver the desired amount of antigens and adjuvants to where the immune response will be regulated. A sufficient amount of antigen and adjuvant is needed to be transported to the area where the immune response will occur. Therefore, DNA nanostructures are among the many carrier systems investigated. Researchers have prepared rectangular DNA origami using the M13 bacteriophage DNA strands. Three different peptide antigens were attached to the DNA chains, which extended from each rectangler with azide bonds and were assembled on the surface by DNA hybridization. According to the authors' findings, studies in mice induced a high and prolonged T cell response when the system containing pH-sensitive DNA sequences was fragmented in lysosomes inside antigen-presenting cells [18]. Another group developed a highly effective DNA/RNA nanovaccine in a more complex way. Two different components were used as adjuvants. Unmethylated cytosine-guanine oligonucleotides (CpG) are DNA molecules that activate APCS via Toll-like receptor 9 and are preferred as immunostimulators. On the other hand, since the STAT3 pathway must be suppressed to get an effective immune response, stat3 shRNA was the other adjuvant used, which would act with RNA interference. Microflowers were synthesized using a combination of rolling circle replication and rolling circle transcription techniques for the first time, to obtain hybrid DNA and RNA for the nanostructure. Since efficient transport to lymph nodes requires a reduction in size, PEG-grafted polypeptides were synthesized and integrated into the surface of the structure. PEG-grafted polypeptides used to reduce the size also allowed hydrophobic neoantigens to physically bind to the peptide through hydrophobic interactions. It has been determined that this nanovaccine, which is obtained in quite complex




        ways, produces an 8 times more effective T cell response compared to neoantigens [19].


      




      

        Monoclonal Antibodies and Related Structures




        Monoclonal antibodies (mAbs) are immunoglobulins from a single clonal pool specific to their antigen. Monoclonal antibodies are among the molecules that scientists have inspired from biology and one of the best mimicked. In this section, information will be given on the molecules included in the guidelines as well as on other structures associated with monoclonal antibodies.




        As stated in the guide published by the European Medicines Agency (EMA) in 2016, technologies such as hybridoma, recombinant DNA (rDNA) technology, and phage display are used in the production of monoclonal antibodies. In addition to its antigen specificity, it also has an effector function mediated by immune system cells [20]. Contrary to the advantage of their high specificity, they have some disadvantages, such as complex and expensive production and low penetration into the target tissue due to their large molecular weight. Therefore, it has been considered to develop new biological molecules that can offer the advantages of monoclonal antibodies without exhibiting the disadvantages they have [21]. With these considerations and the developments in recombinant DNA technology, new biological molecules have been obtained that are inspired by monoclonal antibodies. Some of them have been included in the World Health Organization’s (WHO) guidelines. They can be listed as follows: all mAb isotypes, antibody fragments, single-domain antibodies, bispecific or multispecific antibodies, Fc-fusion proteins, chemically modified mAbs, or related proteins [22]. Moreover, there are also monoclonal antibody-derived biomimetic nanostructures that have not yet entered the guidelines, such as diabody, affibody, nanobody, and synthetic single domain antibodies. Some of the structures related to monoclonal antibodies can be seen in Fig. (1).




        
[image: ]


Fig. (1))


        Illustration of monoclonal antibody structure and its related structures.



        Affibodies are non-immunoglobulin affinity proteins with a molecular weight of 6-6.5 kDa. It was discovered and patented by the Swedish company Affibody AB in 1998. Affibodies prepared as libraries are initially derived from the protein A produced by Staphylococcus aureus and are able to bind to the Fc region of antibodies. By changing the combination of several amino acids on one or two helix groups of the structure consisting of a three-helix bundle, molecular structures with high affinity can be obtained. These structures, which were used as molecular diagnostic tools at first, have shown that they can be used therapeutically as a result of later modification by genetic fusion to the protein or by binding of chemically toxic agents. Since their small molecular mass limits their circulation time, strategies to create disulfide bridges or increase circulation time by chemical modifications are also developed to increase their stability [23-25].




        Nanobodies are the smallest units of nanometer-sized antibodies with a variable heavy chain structure with a single-unit, antigen-recognizing paratope region. Nanobodies used for therapeutic purposes are derived from naturally occurring heavy-chain structures in camelid species or immunoglobulin new antigen receptors in sharks [21]. Immune libraries are one of the most widely used production methods. Lymphocytes from immunized camelid species can be collected and produced recombinantly in bacteria or yeast after the sequence resulting in nanobody production is detected by a method such as phage display. In the use of naive libraries, instead of a targeting strategy as in immunization, the appropriate nanobody is screened in the pooled blood. In the use of synthetic libraries, it is aimed to produce the nanobody with the highest affinity and the lowest immunogenicity by preserving the conserved region and randomly changing the remaining CDR region in synthetic/semisynthetic ways [26].


      




      

        Cell and Cell Membrane-Derived Biomimetic Nanomedicines




        Many different approaches are being investigated to increase the efficacy and therapeutic index, regulate their elimination, and reduce the toxicity of nanomaterials developed for treatment or diagnosis. One of these approaches is to cover the synthesized nano-drug delivery systems with biological membranes.




        For nano-drug delivery systems or therapeutic proteins to escape from the immune system and reach their target site, blood cells such as erythrocytes, monocytes, neutrophils, and platelets were the first cells to apply this concept [27, 28]. During the youth of this concept and process, within the scope of my dissertation study, urease/ALA dehydrogenase enzymes were co-encapsulated into erythrocytes to bring an alternative solution to renal failure patients that encountered hemodialysis many times. The enzymes were first covalently modified with polyethylene glycol and then encapsulated into erythrocytes by slow dialysis [29]. This concept was then taken a step further by our research team. Magnetic nanoparticles were synthesized in the presence of glucose and then encapsulated by extrusion into erythrocyte vesicles after the nano-drug carrier was coupled to doxorubicin by a hydrazone bond, making them sensitive to pH changes in the biological environment. The obtained results showed that the side effects of doxorubicin were reduced, and the targeting was successful [30]. An advantage of this concept is that it is an approach that can be preferred in personalized treatment since the patient's own blood components can be utilized. However, erythrocytes were not only used to cloak the nanoparticles. Researchers have developed red blood cell hitchhiking as a new strategy for targeting nanoparticles to desired organs. Nanomaterials with certain physicochemical properties were adsorbed on red blood cells ex vivo and then administered into the circulation. They showed that erythrocytes leave the nano-drug carriers in the lung capillaries, which are their first stop, and targeting to the lung increases by at least 30% [31, 32].




        Blood cells are not the only cells used for cloaking nano-drug delivery systems. Tumor cells have also begun to be used in this manner. Due to the altered metabolic activities of cancer cells, the self-recognition elements they express on their cell surface also mean that they have good targeting components. In this approach, it is possible to encapsulate the nano-drug delivery system into the cancer cells of interest, and it is also possible to target the tissues in which the relevant cancer type prefers to metastasize. This improves access to organs and tissues that are difficult to reach and treat. For example, glioblastoma is a highly aggressive and difficult-to-treat tumor because therapeutics cannot cross the blood-brain barrier; thus, the chance of treatment success is very low. In the study, in which therapeutics were encapsulated into glioma cells by crossing the blood-brain barrier, it was stated that nanomedicines coated with glioma cells were promising and could offer personalized treatment [33]. Apart from the self-targeting coating strategy, the work of Gdowski et al. can be given as an example of targeting the tissue where cancer has a high potential to metastasize. After detecting the molecular component that is effective in metastasis to the bone as a result of screening performed on individuals with prostate cancer, prostate cancer cells were reprogrammed to express the relevant molecular component, and these reprogrammed cells were used for coating. Thus, they were able to target the nano-drug delivery systems they prepared for the bone tissue [34].




        Cancer cells or hybrid cells obtained from the combination of cancer cells and healthy cells can be used for immunomodulation. Lin et al. engineered a biomimetic nanomedicine for the treatment of osteomyelitis by creating a hybrid vesicle derived from both macrophages and mammary carcinoma cells, which encapsulated MnOx. They demonstrated that the prepared biomimetic nanomedicine regresses bacterial infection, evoking the development of systemic antibacterial immunity and even long-term immune memory that prevents infection from recurring [35]. The strategy of developing vaccines to develop immunity against cancer cells for the treatment and prevention of cancer has been studied for a long time. 4T1 cells were used in the preparation of micrometer-sized vesicles (HMVs). Hyaluronic acid-coated dendritic polymer (HDDTs) NBs containing doxorubicin were added to 4T1 cells and incubated or sonicated. The resulting biomimetic constructs were then evaluated in terms of the immune response. They showed that the biomimetic nanomedicine they prepared triggered a systemic tumor-specific immune response and was superior to antigen-containing cancer vaccines [36].


      




      

        Bacteria-Inspired Nanomedicines




        Since the discovery that Coley's toxins regress cancer, many nanomedicines have been designed using the products of bacteria, whole bacteria, or fragments of membranes. Bacteria-inspired nanomedicine has been developed not only for cancer but also for the treatment of infection, diabetes mellitus, and inflammatory bowel disease. It has been shown that the chemotaxis and mobility of bacteria can actively target the drugs that they carry or that are provided by recombinant DNA technology to the target site. In addition, it has been determined that some bacteria can hijack antigen-presenting cells and direct cancer cells to immune system cells. In nanovaccines, components such as bacterial lipopolysaccharide (LPS) and exotoxin can be used as adjuvants. Still, there are safety concerns with the use of bacteria for therapeutic purposes [37].




        In order to overcome the safety problems in bacterial therapy, the approach of eliminating the expression of LPS has been tried before, but it has been found that it reduces the bacterial colonization needed in clinical studies and cannot provide treatment. Therefore, instead of reducing the expression of LPS, researchers tried the approach of encapsulating bacteria with capsular polysaccharides, which ensures the survival and colonization of bacteria in the human body. Therefore, instead of reducing the expression of LPS, the researchers tried the approach of encapsulating bacteria with capsular polysaccharide, which ensures the survival and colonization of bacteria in the human body. With this approach, they achieved a 10-fold improvement in the application of dose-limiting bacteria [38].




        In another study, the tumor microenvironment was rearranged using recombinant bacteria, and the success of cancer immunotherapy was increased. To increase the antitumor T cell response, researchers prepared a recombinant bacterium that




        converts ammonia in the cancer microenvironment to L-arginine, which is necessary for the T cell response [39].




        Bacteria secrete outer membrane vesicles (OMVs) in the proteoliposome structures as part of their natural processes to communicate with their surroundings for survival. The inside of the OMVs carries the bacterial periplasm, and many bacterial biomolecules are located on the surface [40, 41]. The fact that the surfaces of OMVs are equipped with antigenic determinants to stimulate the immune system makes them a vaccine candidate. The meningococcal B vaccine, which has already been approved by the FDA in 2014, is in OMV format and is on the market [42]. To utilize OMVs as vaccines, it is crucial to produce and purify them effectively. If the OMVs produced during the period of high bacterial populations are not harvested before the death of the bacteria, they may become contaminated with residues. At this point, the importance of purifying of OMVs becomes prominent. Although classically, several-step centrifugation and precipitation are used in purification, density gradient separation and gel filtration techniques have also been used more recently. In addition to being used as a vaccine, OMVs has also been used as an adjuvant.




        Inspired by the knowledge that OMVs also carry virulence factors of bacteria, the idea was born that these structures could be used as drug delivery systems. Although the encapsulation rate is not as high as expected, it can deliver therapeutics such as small molecules, antibiotics or chemotherapeutics [43, 44] and siRNA to the target site. In addition, by recombination with bacteria, targeting proteins such as affibody can be expressed on the cell surface. Thus, both targeting and therapeutic function can be achieved [45, 46].


      




      

        Viral Biomimetic Nanomedicines




        Another strategy used to deliver therapeutic moieties to their targets is the use of viruses or virus-related components. In fact, viruses have been in our lives for years as a preventive treatment in vaccine form. In addition to viruses, the vaccine form is also available on the market as virus-like particles. In recent years, their use as cancer immunotherapy and drug delivery systems has been investigated.




        The use of viral nanovectors in cancer immunotherapy, whether in the form of whole virus or virus-like particles, constitutes one of the most current research topics. The researchers conjugated Au nanoparticles, an oligodeoxynucleotide adjuvant containing an unmethylated CpG motif, which is known to stimulate macrophages, natural killers, B cells, and dendritic cells but cannot be directly taken into the cell. This nanostructure was then encapsulated into the VLP structures obtained from the hepatitis B core protein and analyzed for the immune response. As a result, an increase in HBc-specific antibody response was obtained [47]. Another approach has been to decorate the antigen on the VLP surface, which requires an immune response. The researchers developed an alternative solution because genetic fusion or chemical modification on the VLP surface is a lengthy procedure that can result in misfolding of the proteins of the VLP or antigen and reduce the protective response. Therefore, they synthesized a genetically encoded protein called SpyCatcher, which spontaneously covalently binds to its peptide partner, which they call SpyTag. They synthesized SpyCatcher expressing VLPs in E. coli and incubated them with SpyTag-conjugated malaria antigens. They determined that the prepared nanostructure improved the malarial antibody response after the first application and increased it in the second application [48].




        In addition to infectious diseases, research on platforms for cancer immunotherapy or chemotherapy is also ongoing. For this purpose, mostly peptides or empty virus particles are preferred. However, Fusciello et al. have introduced a new approach. Ad5D24-CpG oncolytic virus was coated by extrusion with membranes of murine melanoma, lung, bladder, and ovarian cancer cells, respectively. As a result of the application in mice, it has been revealed that there is a significant slowdown in the progression of cancer for all cancer types and that the oncolytic virus is covered on the cancer membrane, increasing both the adjuvant and antigen-presenting capacity, resulting in a more positive response [49].




        Plant viruses, known to be non-pathogenic to humans, are among the preferred platforms in this sense. However, the lifespan of plant viruses in the human body is limited to a few minutes. For this reason, there are studies on coating the surface with molecules such as albumin or formulating nanoparticles such as dendrimers and delivering them to their target before they are not recognized by the body's immune cells. In addition, plant viruses prefer cell lines that are sensitive to them, and therefore, care should be taken to use viruses to which the cell is susceptible in such a study [50]. Notably, brome mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV) are among the potential nanodrug carriers. In an exemplary study, the immunogenicity of PEGylated BMV and CCMV was investigated by first loading a fluorophore. After it was determined that BMV did not trigger macrophages, BMV VLPs were synthesized, and siAkt1 was encapsulated. The resulting VLP-based drug delivery system has been shown to inhibit tumor growth in mice. Thus, it was concluded that BMW, which does not stimulate the immune system, is a suitable nanocarrier [51].




        Viruses and VLPs have been considered suitable constructs as drug targeting vehicles in recent years. The fact that the desired targeting molecule can already be expressed on their surface and that the desired drug can be loaded into it makes them an ideal carrier candidate. Shan et al. used HBc virus-like particles for this purpose. As a target for B16-F10 murine melanoma cancer, the lipophilic NS5A peptide, 6xHis tag, and tumor-targeting peptide (RGD) were expressed in the C terminal and major immunodominant loop regions of the Hepatitis B core protein using recombinant DNA technology. Doxorubicin-VLPs were produced by simultaneous encapsulation of doxorubicin while dialyzed in assembling buffer after the prepared VLP was separated into HBc-144 subunits by denaturant. The resulting targeted, DOX-encapsulated HBc VLPs have been shown to regress tumors by 90% and are less cardiotoxic than DOX [52]. Shapira et al., on the other hand, developed a drug delivery system against cancer by toxin/antitoxin transport with an adenoviral system. Based on the knowledge that the E. coli MazF-MazE toxin-antitoxin system can eradicate RAS-mutated cancer cells, the related system was expressed in adenovirus under Ras and p53 regulation. This new platform has selective tumor regression and lack of toxicity, suggesting that it is an important advantage and a promising platform [53].


      




      

        Organelle-Related Nanomedicines




        Organelle-related nanomedicine should be discussed under a few headings, such as artificial organelles, organelle membrane-coated nano-drug delivery systems, and organelle targeting. It is possible to treat cancer at several compartmental levels in the cellular sense. It benefits from the knowledge that each organelle has different functions. In the cell, the lysosome is involved in autophagy, mitochondria in apoptosis, the nucleus in cell division and proliferation, and the endoplasmic reticulum (ER) in protein synthesis and transport. Biomolecules such as triphenyl phosphonium (TPP), cyclic guanidium, and mitochondrial targeting sequences (MTS) have been used in mitochondrial targeting, and many drugs such as coumarin, cisplatin, doxorubicin, and chlorambucil have been delivered [54]. It has been determined that the lysosome is a vehicle for providing the appropriate environment for the cell to perform its function as a cleaning center for intracellular waste, as well as being associated with diseases such as autoimmune diseases and cancer. Lysosome biogenesis is regulated by the transcription factor EB (TFEB), which also regulates autophagy, which plays a prominent role in immunity [55]. TFEB is also in charge of regulating the p-glycoprotein (p-gp) traffic which is responsible for drug resistance. Therefore, it is suggested that the lysosome is also associated with drug resistance and that lysosomal targeting may contribute to standard therapy performance [56]. In the targeting of lysosomes, molecules such as mannose-6-phosphate and β-glucocerebrosidase on the nanoparticle surface, as well as magnetic nanoparticles, were used [57]. The endoplasmic reticulum is involved in the synthesis and post-translational modification of proteins required for intra- and extracellular communication and traffic, as well as in the removal of unfolded/misfolded proteins associated with disease. Unfolded/misfolded proteins are directed to the cytosol by the ER and degraded by proteosomes. Otherwise, the remaining and accumulating of these faulty products in the ER lumen causes ER stress, which leads to many diseases such as diabetes, cancer, bipolar disorder, and renal diseases. With this insight, researchers realized that by targeting the ER, many diseases could be cured. Nanoparticle designs in which caveola-mediated intracellular uptake is triggered, such as proper choice of lipid composition of liposomes and targeting with small molecules such as sulfonamides, chloride, glibenclamide, or amphoteric ionic ligands, can be performed. In addition to small molecules, ER targeting was achieved with peptides such as KDEL, pardaxin from Pardachirus marmoratus, the ER-insertion signal sequence (Eriss), and poly(aspartic acid) (PAsp). The Lys-Lys-X-X pattern has been shown to be effective in targeting ER-targeting peptides design. As the X's herein can be any amino acid, it is obvious that the presence of Lys-Lys- is needed [58]. On the other hand, TAT and RGD peptides are frequently preferred for nucleus targeting. These peptides have been used for the modification of many nanomaterial surfaces, such as mesoporous silica nanoparticles, quantum dots, and liposomes [59]. However, one of the most important issues to be considered in intracellular and subcellular organelle targeting is that the nano-drug delivery system should be 100 nm and below.




        On the other hand, over time, the idea of using functional artificial organelles as a treatment tool has emerged in the treatment of diseases related to organelle dysfunction. One of the two approaches used for this is the transfer of organelles from one organism to another, while the other is completely artificially creating the membrane and the catalytic function and integrating them into the cell. The catalytic properties of ruthenium, copper, palladium, and gold are used to obtain catalytic properties in artificially prepared organelles. The hydrophobic nature of the organometallic complexes prepared with these metals facilitates their uptake into the cell. However, the transport of enzymes into the cell requires more effort. For this reason, nanoreactors have been developed to localize both enzymes and their cofactors inside the cell. Polymer-based nanoreactors are the most commonly used for this purpose. In the preparation of the mentioned polyme- rosomes, triblock co-polymer poly(methyloxazoline)-poly(dimethylsiloxane)- poly(methyl-oxazoline) (PMOXA-b-PDMS-b-PMOXA), polystyrene-b-poly(iso- cyano-alanine(2-thiophen-3-yl-ethyl)amide) (PS-PIAT), polystyrene-b-poly(ethy- lene glycol) (PS-PEG), and poly(ethylene glycol)-b-poly(ϵ-caprolactone-g- trimethylene carbonate) (PEG) di- and tri-block copolymers such as -b-P(CL-g- TMC) are preferred. In addition, RGD-peptide-decorated liposomes can also be used for this purpose. Besides these structures, there are also nanocages prepared from ferritin and chaperones. Creating an artificial organelle inside the cell is another option. It has been discovered that elastin-like polypeptides containing the VPGVG sequence spontaneously form an organelle or cell-like structure. On the other hand, it is possible to target the encapsulins, carboxysomes, and Pdu microcompartments already existing in nature with new functions and target them into the cell. Lumazine synthase, which is found in many plants and microorganisms such as encapsulins, has been used as a nanoreactor due to its ability to encapsulate riboflavin synthase as well as its catalytic properties. Cowpea chlorotic mottle virus (CCMV) capsids, Qβ, MS2, and P22 bacteriophages can also be used to form organelle-like structures [60]. One of the studies achieved redox sensitivity by encapsulating the horseradish peroxidase (HRP) enzyme with the modified outer membrane protein F (mombF) porins into polymerosomes. It has been shown that the artificial organelle is sensitive to the intracellular glutathione level and can control the ROS level [61]. In another study, catalase-encapsulated, semi-permeable, biodegradable poly(ethylene glycol)-block-poly(caprolactone-gradient-trimethylene carbonate) (PEG–PCLg- TMC) polymersomal nanoreactors functionalized with cell-penetrating peptide (CPP) were prepared. It has been shown that these nanoreactors can protect human complex-I-deficient primary fibroblasts from hydrogen peroxide damage [62].


      




      

        Nanozymes




        Nanozymes are artificial enzymes that mimic enzymes. They are nanomaterials obtained from cerium, ferrum, copper, manganese, molybdenum, platinum, cobalt, gold, iridium, and ruthenium complexes. The concept of nanozymes came into our lives for the first time in 2007 with the announcement that Fe3O4 exhibits enzyme-like activity [63, 64]. It has been shown that the catalase- (CAT), peroxidase- (POD), cytochrome c oxidase (COX)-, and superoxide dismutase-mimetic (SOD) activities of cerium nanozymes are affected by the reduction and oxidation states. Cerium compounds, which can be used in different morphologies, also increase the serum levels of tumor necrosis factor alpha (TNF-α) and lactate dehydrogenase (LDH) and thus show cytotoxicity. It has been shown that ferrum compounds can regulate ROS levels through catalase and peroxidase activities. While nanozymes synthesized with copper also showed activity like those synthesized with ferrum, it was also determined that when synthesized in the presence of phenylalanine, they exhibited multienzyme activity such as GPx, POD, and superoxide dismutase (SOD). Nanozyme structures synthesized from manganese, molybdenum, gold, iridium, and platinum also show more catalase and peroxidase activities. It is obvious that nanozymes obtained from metallic components exert their effects by scavenging or revealing reactive oxygen species, and their morphology also contributes to cytotoxicity [63]. However, it has been discovered that carbon-based nanomaterials other than metals also have enzyme-mimicking properties. Carbon-based nanostructures exhibiting nanozyme activity are nanomaterials such as carbon nanotubes, fullerenes, graphene oxides, and carbon nitrite. These structures also exhibit catalase, peroxidase, superoxide dismutase, and hydrolase activities [64]. The catalytic activity of nanozymes can also be increased by synthesizing them as bimetallic alloy nanocages, and they are generally preferred as a photodynamic therapy tool [65, 66].




        Although these structures are stable, biocompatibility problems may be encountered. In addition, their small size causes them to be rapidly eliminated from circulation by the renal route and to leave the system without showing the desired effect. Strategies such as coating with polymers or encapsulation into cellular membranes can be used to increase the biocompatibility of these metallic nanostructures with nanozyme activity [67-70].


      




      

        Protein Corona and Nanomedicine




        In recent years, special attention has been drawn to the influence of the biological environment in which nanoparticles are applied on their interactions at the organismal and cellular levels. Due to their high surface-free energy, nanoparticles absorb biomolecules when they contact a biological or abiotic environment, and the interaction environment changes the bio-identity of intact nanoparticles. This coating layer formed by biomolecules in biological fluids was named protein corona by KA Dawson in 2007. In recent years, the term biomolecular corona has also been used due to the complexity of biological fluids [71, 72].




        Formation of protein corona: in addition to the physicochemical properties of nanoparticles such as shape, size, and surface charge, it also depends on the ratio of nanoparticles and proteins, the type of medium, and the different molecules that mix between nanoparticles and proteins [73].




        This layer, called the protein corona, which is formed by the incorporation of nanoparticles into biological fluids, consists of many biomolecules such as albumin, complementary proteins, and apolipoproteins, which will recreate the biological identity of nanoparticles. Protein corona formation occurs rapidly, randomly, and dynamically when it interacts with the biological fluid, as determined by the physicochemical properties of the nanoparticles, and is irreversible. Due to the change in bio-identity of the nanoparticles, their biological fate, and therapeutic effects such as circulation time, biodistribution, stability, immune system activation, cellular uptake, and targeting effect will also change [74, 75].




        The main purpose of nanoparticles developed as drug delivery systems is to show the maximum effect by using the minimum dose in the targeted tissue and to reduce the drug distribution in normal tissues. Two basic methods, active and passive targeting approaches, are used for targeting nanoparticles. To briefly mention, in passive targeting, nanoparticles are transported to the target site through natural physiological processes and passive factors. The physicochemical properties of nanoparticles, such as size, charge, and shape, are crucial in passive targeting. As a result of various modifications made on the structure of the drug carrier nanoparticle, its delivery to specific cells, tissues, and organs is defined as active targeting. In active targeting nanoparticles, strategies such as chemical (pH, reactive oxygen species, proteases) and physical factors (heat, magnetic field, ultrasound) or targeting with cell-specific binding are utilized [76-78].




        The protein corona on the nanoparticle surface, the first part encountered by the biological system, can directly affect the targeting abilities of nanoparticles. Nanoparticles coated with proteins called opsonins can be easily recognized by the mononuclear phagocyte system and easily removed from the blood by activating the immune system. Another negative effect of protein corona is the inhibition of nanoparticle targeting. The surface of nanoparticles is modified for targeting using various ligands, but the formation of protein corona may lose the targeting ability with this ligand. Protein corona may appear as a disease mechanism as well as reducing its therapeutic effects by affecting the targeting methods of nanoparticles. Studies show that the specific composition of the protein corona may mediate a pathogenic process in a clinically relevant disease [79].




        Besides the existing and proven adverse effects of protein corona on the therapeutic effects of nanoparticles, there are ways that can be used to enhance the therapeutic effects of nanoparticles. Recent studies have shown that the mechanism underlying the success of selective organ targeting is the specific protein corona around the nanoparticles. Controlling protein corona formation and composition increases the circulation time of nanoparticles, further demonstrating the potential to avoid non-specific cellular uptake. When proteins with affinity for specific receptors can be incorporated into the protein corona, nanoparticles can overcome the weaknesses of current targeting approaches, giving nanoparticles tremendous targeting capability [77, 80].




        Considering the creation of a protein corona resulting from nanoparticles' engagement with biological fluids, it is viable to create nanoparticles that possess biocompatibility, biosafety, suitable biodistribution and increased therapeutic effectiveness. Currently, the use of protein corona for specific therapeutic pur-




        poses is a promising strategy. Studies involving the biomimetic approach in nanomedicine by utilizing the protein corona have increased recently [81].




        The most widely used biomimetic approach using the protein corona is cell membrane decoration. Red blood cells (RBC), white blood cells (WBC), platelets, and exosomes are the main cell types used for cell membrane decoration. With this method, nanoparticles imitate the functionality of various cell types, allowing them to stay in circulation for a longer time and reduce unwanted immune responses [82].




        Endogenous protein coating is another approach performed using the protein corona in the biomimetic approach. The most abundant component of the protein corona is protein. The endogenous protein coating allows for great control biological the formation of protein corona to achieve several specific therapeutic effects. The endogenous coating increases the targeting ability of the nanoparticles as well as allows them to stay in the circulation longer and show lower immune activation [82].




        Modification of protein corona components with biomolecules without changing their functions is another widely used method. Many biomolecules are used in this method. Biomimetic peptic modification is one of the most widely used methods. The objective of biomolecule modification is to confer selectivity and targeting capabilities on nanoparticles in biological fluids. [82].


      


    




    

      CONCLUDING REMARKS




      This section is a review of nano-drug delivery systems inspired by biology and defined as biomimetics. With the introduction of nanotechnology into our lives and its application in the field of medicine, many nanomedicines have been developed. While nanomedicine was mostly in the form of static structures in its early period, more dynamic and organism-sensitive systems are being developed today. As our knowledge of biological systems increases, more rational designs can be made that are stimulus-sensitive, targeted, and able to evade the immune system. Although polymeric nanoparticles are also early-time bio-inspired structures, information and examples of emerging technologies are presented due to the development of more recent technologies. We hope readers in this field will benefit from this chapter.
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      Abstract




      Lipid nanocarriers have recently arisen with a wide range of uses and research areas, with the advantages they offer in virtue of their unique properties. They are easily synthesized, scaled up, biodegradable, proper to transport many bioactive components, have a high loading capacity, and are convenient for various routes of administration (parenteral, oral, dermal, ocular, etc.). These carriers overcome the problems of bioactive substances such as low solubility, plasma half-life and bioavailability, and side effects, as well as providing controlled release, local delivery, and targeting. Lipid-based nanoparticular systems can be categorized into two basic classes, vesicular and non-vesicular. While liposomes are the most widely used vesicular structures, solid lipid nanoparticles and nano-structured lipid carriers are non-vesicular nanocarriers. These nanocarriers have many medical uses, such as cancer therapy, gene therapy, photodynamic therapy, treatment of infectious diseases and neurodegenerative diseases, vaccines, imaging, etc. It is essential that the synthesis method of lipid-based nanocarriers and the components from which they are composed are selected in accordance with the medical application area and characterization studies are carried out. In this article, liposomes, solid lipid nanoparticles and nano-structured lipid carriers will be discussed as lipid-based nanocarriers, synthesis and characterization methods will be emphasized and examples from medical applications will be given.
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      INTRODUCTION




      Lipid-based nanocarriers have been in the limelight in recent years. These nanocarriers are preferred due to their dedicated physical properties as well as their unique size and shape properties. They are easily synthesized, scaled up, biodegradable, proper to transport many bioactive components, have a high loading capacity, and are convenient for various routes of administration (parenteral, oral, dermal, ocular, etc.). There is a need for lipid-based nano-drug carriers to increase the low biological efficiency of drugs with low plasma solubility and bioavailability due to their lipophilicity and reduce the side effects they cause by providing controlled drug release and local drug delivery. Like other nano drug carriers, lipid-based nanocarriers are designed to solve the problems of conventional therapies, such as low bioavailability, high toxicity, low plasma stability, and thus reduced half-life [1-3].




      Lipid-based nanoparticular systems can be categorized into two basic classes, vesicular and non-vesicular. The discovery of vesicular liposomes, one of the most extensively used nanoparticles in the pharmaceutical field, was initiated in 1961 by hematologist Dr. Alec D. Bangham. Solid lipid nanoparticles (SLNs), discovered in 1991 as a choice to liposomes, and nano-structured lipid carriers (NLCs), which are superior to them, are non-vesicular lipid-based carriers [4].




      In this section, the structural properties, synthesis, and characterization methods of liposomes, SLNs, and NLCs will be discussed and their medical applications will be mentioned.


    




    

      Liposomes




      Liposomes are bilayer vesicles ranging in size from 20 nm to 2.5 µm, consisting of cholesterol and amphiphilic natural or synthetic phospholipids, allowing loading of both lipophilic and hydrophilic compounds into them. The properties of liposomes also differ according to the synthesis method, the type, composition, and ratio of lipids, and, therefore the size and surface charge that they affect [4-6].




      Liposomes are generally classified according to their lamellarity and size. Liposomes consisting of a single bilayer are called unilamellar vesicles and are also subclassed according to their size as giant unilamellar vesicles (GUV, >1µm), large unilamellar vesicles (LUV, >100 nm) and small unilamellar vesicles (SUV, <100 nm). However, the structure in which 2-5 and >5 bilayers are sequentially intertwined is called oligolamellar vesicles (OLV, 100-1000 nm) and multilamellar vesicles (MLV, >0.5 µm) respectively, and the structure formed by the presence of bilayer vesicles in a large vesicle is called multivesicular vesicles (MVV, >1 µm) as shown in Fig. (1) [7]. The sizes of liposomes can vary depending on the synthesis method, and at the same time, the area of application is an important factor in deciding the type of liposome. SUV is mostly preferred for its long circulation time, passive targeting to the desired area, and cell uptake. For example, Doxil®, one of the FDA (Food and Drug Administration)-approved liposomal drugs, is SUV, an IV-administered liposomal formulation loaded with doxorubicin used for ovarian cancer, Kaposi’s sarcoma, and myeloid melanoma. However, Arikayce® is loaded with amikacin, which is used for lung diseases; its size is approximately 300 nm, and is a liposomal formulation applied with a nebulizer. Whether the liposome is unilamellar or multilamellar also affects the choice of liposome type since it is an important parameter in the release of the loaded substance. Unilamellar ones release their content more easily than multilamellar ones but have a higher loading capacity for hydrophilic agents [8-10].
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Fig. (1))


      Classification of liposomes according to lamelarity and size. A) Multilamellar liposome (MLV) B) Multivesicular liposome (MVV) C) Giant unilamellar liposome (GUV) D) Large unilamellar liposome (LUV) E) Small unilamellar liposome (SUV).



      

        Formation and Composition of Liposomes




        As it is known, phospholipids, the basic building blocks of liposomes, are amphiphilic, causing them to self-assemble in the aqueous environment due to the polar head groups and tails formed by the apolar fatty acid chains. As the polar phosphate groups interact with the water molecules in the aqueous medium, the hydrophobic tails begin to orient toward each other. This orientation causes them to form bilayer spheres called liposomes. Lipids, which take part in the formation of liposomes that need energy input thermodynamically by methods such as sonication, homogenization, etc., tend to form these vesicles with stable and minimum surface tension in aqueous media [11].




        The lipid composition affects the liposome's charge, stability, flexibility, and size. Phospholipids used in liposome production can be glycerophospholipids or sphingolipids. The most commonly used phospholipids are phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS). Since these phospholipids are a component of the membrane structure of normal cells, they can be obtained primarily from egg yolk and soybean. The fatty acid component in natural phospholipids, whether PC, PE, or PS, can be palmitic acid, stearic acid, oleic acid, linoleic acid, and arachidonic acid. Egg yolk phospholipids contain more arachidonic and docosahexaenoic acids than soybean phospholipids and are more resistant to oxidative stress because they have more saturated fatty acids. While the saturated fatty acids in the egg yolk phospholipids are in the sn-1 position and the unsaturated ones are in the sn-2 position (e.g., egg PC comprises about 40% 1-palmitoyl-2-oleoyl-phosphatidylcholine), the saturated and unsaturated fatty acids in soybean phospholipids can be in both positions [12-15]. In addition to natural phospholipids, synthetic phospholipids are often used in liposome production. For example; 1,2-distearoyl-sn-glycero-3-phospholetha- nolamine (DSPE) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) are stearic acid-based synthetic phospholipids, 1,2-dipalmitoil-sn-glycero-3-phos- phocholine (DPPC) and 1,2-dipalmitoil-sn-glycero-3-phosphoetanolamine (DPPE) are palmitic acid-based synthetic phospholipids, and 1,2-dioleoyl-sn- glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium- propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-dimyristoyl-sn- glycero-3-phosphocholine (DMPC) are different types of synthetic phos- pholipids [13]. González-Cela-Casamayor MA et al. [16] developed liposomes produced with DOPC and DMPC for the treatment of glaucoma and simultaneously ocular surface conservation. On the other hand, Leone M et al. [17] loaded lovastatin into liposomes generated with DOPC and DOPE to inhibit 3-hydroxy-3-methyl-glutaryl coenzyme A reductase. In addition, polyethylene glycol (PEG) conjugated forms of synthetic phospholipids are also often used in the formation of liposomes. In another study, Yang T et al. [18, 19] performed liposome synthesis using PEGylated DSPE and soybean phosphatidylcholine to improve the solubility and stability of Taxol® and accomplished in vivo and in vitro studies of this nanocarrier system.




        Sphingomyelin, one of the sphingolipid structures used in forming liposomes, has a sphingosine skeleton instead glycerol and is naturally found in the membrane structure of animal cells. They contain fatty acid chains with longer chain lengths than their phosphatidylcholine structures and have the capability of making intramolecular and intermolecular hydrogen bonds, and for this reason, the characteristic features of the liposomes constituted differentiate from those formed by glycerophospholipids. In addition, sphingomyelin has more saturation than phosphatidylcholine and interacts more tightly with cholesterol [12]. Lim EU et al. [20] investigated the release kinetics of ibuprofen and acetaminophen loaded by forming sphingomyelin-cholesterol liposomes in their study. Besides, Carter K et al. [21] put emphasis on that using sphingomyelin instead of DSPE in liposomes created as irinotecan carriers, increasing cholesterol, and removing PEG enhance the serum stability of liposomes and that these liposomes they obtained are promising for chemophototherapy.




        Most of the liposome structures contain cholesterol, as well as phospholipids. Although cholesterol itself cannot form a bilayer, it is easily incorporated into the bilayer with phospholipids by the orientation of the polar hydroxyl group and the apolar part [14]. Cholesterol plays a substantial role in the stability and permeability of the lipid bilayer. In addition, it is notified that it increases phospholipid packaging and therefore has a critical role in the retention of content and, in particular, inhibits phospholipid exchange with lipoproteins. Although many researchers have stated that the ratio of cholesterol in liposomes should be 2:1 or 1:1 (lipid:cholesterol), the reason has not yet been explained [22]. Briuglia et al. [23], in their study, performed liposome synthesis by combining DMPC, DPPC, and DSPC with cholesterol at different percentages and accomplished various characterization studies on the drug loading efficiency and stability of these liposomes. According to the results obtained, they mentioned that the ratio of 70:30% lipid:cholesterol is optimal, correlation is observed for various lipids, and the ratio of 2:1 in the literature is supported.


      




      

        Preparation Methods of Liposomes




        Different synthesis protocols, described below in detail, are as follows: thin-film hydration, injection, reverse-phase evaporation, detergent removal, freeze-thaw, a French pressure cell, and microfluidics.




        

          Thin-Film Hydration




          It is the most frequently utilized technique for liposome synthesis. In this procedure, the organic solvent is removed in a round bottomed environment after the lipids are dissolved. If a lipophilic agent is desired to be loaded into liposomes, it must be added at this stage. The resulting lipid film layer is hydrated with the aqueous medium and the energy input mentioned above is provided, usually with the help of a sonic bath. Loading of hydrophilic agents takes place during the hydration phase and the length of the hydration time affects the loading capacity [24]. The thin film method is schematized in Fig. (2).
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Fig. (2))


          Liposome synthesis by thin film hydration method.



          While the most common organic solvents in this method are chloroform and ethanol, the solutions used for hydration are usually distilled water, buffer solutions, 0.9% NaCl, PBS (phosphate buffered saline), 10% sucrose, and 5% dextrose. The volume used for hydration is also a parameter that should be taken into account in liposome preparation [24, 25]. In this method, MLVs can be obtained using a large-volume hydration solution, and MLVs can then be converted into SUVs by lamellarity and size regulation by methods such as extrusion or probe-type sonication. Extrusion is often used to reduce liposome sizes with different pore diameters and make them more uniform using polycarbonate membranes [6, 26].


        




        

          Injection




          The injection method is based on injecting lipids dissolved in ether or ethanol into the aqueous medium and afterward removing the organic solvent. Lipids are dissolved in heated diethyl ether or diethyl ether-methanol mixture in the ether injection method. It is subsequently injected into the aqueous medium at a certain pressure with the help of a fine needle. Similarly, lipids dissolved in ethanol are injected into a very large volume of the aqueous medium in ethanol injection. In both methods, while lipophilic substances are added into the organic phase to be injected, hydrophilic substances are inserted into the aqueous medium. After injection, organic solvents are removed by a technique such as a dialysis and filtration, and SUV is obtained.




          The most important advantage of the injection method is that it is easy to scale up. The liposomes are diluted and have a high polydispersity index (PDI) [4, 6, 13, 27].


        




        

          Reverse-Phase Evaporation




          Lipids dissolved in an organic solvent are mixed directly with the aqueous medium. First, inverted micelles are formed in the emulsion after sonication. Then, the inverse micelles in the gel structure, which are formed by the evaporation of the organic solvent, begin to evolve into liposomes. The resulting liposome sizes can be decreased by extrusion. This method is not recommended for the synthesis of liposomes in which structures such as therapeutic peptides and DNA will be encapsulated, which can be degraded by the use of sonication due to the organic phase consisting of various mixtures of diethyl ether, isopropyl ether, and chloroform [6, 13].


        




        

          Detergent Removal




          In this procedure, lipids are dissolved in a detergent solution and mixed, and therefore mixed micelles (detergent-lipid micelles) are formed. Then, by removing the detergent, the lipids form a bilayer and turn into LUVs. The most common detergents are Triton X-100, sodium cholate, sodium deoxycholate, and alkyl glycoside as surfactants with a high critical micelle concentration. The removal of detergent is accomplished by dialysis, chromatography, impregnation with hydrophobic beads, or dilution [9, 13, 27].


        




        

          Freeze-Thaw




          The freeze-thaw method is the process of making liposomes more unilamellar and uniform and improving encapsulation efficiency by performing fast freezing and slow thawing cycles at −196 °C in liquid nitrogen [6, 13, 28].


        




        

          French Pressure Cell




          MLVs are reshaped by passing them through a small high-pressure orifice, thus creating polydisperse SUVs. However, in the process of french pressure, degradation of phospholipids and the component to be encapsulated may occur [27].


        




        

          Microfluidics




          Microfluidics has recently become one of the most preferred liposome synthesis methods. Due to the advantages such as large-scale production, high uniformity, and adjustable size (from nano to micro), many researchers opt for the microfluidic method. The organic phase in which the lipids dissolve and the aqueous medium are passed through different grooves and mixed with high pressure on a chip, therefore, the stable liposomes are formed when the mixture reaches equilibrium. The fact that conventional liposome formation methods have multiple stages is one of the reasons why the microfluidics method is preferred [29-31].


        


      




      

        Characterization of Liposomes




        Characterization studies should be performed to determine the properties of the synthesized liposomes. These studies include measurement of size, determination of morphology (shape, lamellae) and loading efficiency, and measurement of zeta potential.




        Dynamic light scattering (DLS), size exclusion chromatography (SEC), and microscopy techniques are used for size measurement. Negative staining transmission electron microscopy (TEM), the most used cryogenic-TEM (cryo-TEM), freeze-fracture TEM, and scanning electron microscopy (SEM) are types that are useful for providing information on the size and morphology of liposomes. Atomic force microscopy (AFM), another type of microscopy, is suitable for stability studies as well as for providing information on the morphology, size, and stiffness of liposomes [32, 33]. HPLC (high-performance liquid chromatography)-SEC enables the purification of liposomes by time and hydrodynamic size [34]. The DLS method is a method frequently used in hydrodynamic size measurement as well as providing PDI with the same measurement. In the use of lipid-based nanocarrier systems, including liposomes, as drug carriers, a PDI value of ≤0.3 is considered an indicator of the homogeneous nanoparticle population [35].




        Zeta potential defines the surface charge of particles in colloidal dispersions. In the measurement performed in devices based on light scattering, the liposome suspension is loaded into a special cuvette containing a pair of electrodes, and voltage is implemented by placing the cuvette into the device. Zeta potentials are determined by measuring the light scattering created by the migration of particles to the oppositely charged electrode at a certain speed. Liposomes can be negatively charged, positively charged, or neutral. If they are less than -30 mV or higher than +30 mV, it means that they are extremely anionic and extremely cationic, respectively [36, 37].




        The loading/encapsulation/entrapment efficiency is determined by calculating the percentage ratio of the determined amount of the compound planned to be loaded in the liposome to the initial amount, as shown in Equation 1. For the calculation, firstly the amount of loaded and non-entrapped components must be determined. For this purpose, the unloaded components are removed from the liposomes by dialysis, exclusion chromatography, or centrifugation. The quantification of the compound can be carried out by several methods such as HPLC, GC-MS (gas chromatography-mass spectroscopy), LC-MS (liquid chromatography-mass spectroscopy), and visible/ultraviolet/fluorometric spectroscopy, etc., which are suitable for its analysis [36, 38].
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        Medical Applications of Liposomes




        Liposomes have a wide range of medical applications, including cancer treatment, vaccines, infectious diseases, diagnostics, and photodynamic therapy (PDT) [22]. Nowadays, it is possible to find many publications and studies related to the applications of liposomes. Although some of them have not yet been produced and used on an industrial scale, some of them have received FDA and EMA (European Medicines Agency) approval, and some are still in the research phase.




        Nanoparticle drug delivery systems can be targeted by passive targeting for cancer therapy. In passive targeting, there is increased permeability, mainly due to the larger pore sizes among the endothelial cells in the tumor region compared to normal tissue. Nanoparticles with a size of <400 nm are allowed to pass into tumor tissue by using this principle, called the enhanced permeability and retention (EPR) effect, whereas not being allowed to pass into normal tissues [39]. For example, the previously mentioned Doxil® is a PEGylated formulation containing doxorubicin for anticancer treatment. LipoDox also has the same formulation as Doxil® and is manufactured to address the lack of supply. Myocet® is an EMA-approved non-PEGylated formulation of doxorubicin used for metastatic breast cancer [40]. Another example of a liposomal drug, Marqibo®, is FDA-approved sphingomyelin-cholesterol-based, contains vincristine, and is used in the therapy of acute lymphoblastic leukemia [41]. In another targeting strategy, which is active targeting, the surfaces of the nanocarriers are functionalized with various agents for tissue-specific or overexpressed receptors, thereby increasing the accumulation of the nanocarrier system in the targeted tissue compared to passive targeting [42].




        Aptamers, peptides, proteins, or antibodies, as well as ligands such as folic acid, can be used for active targeting [43]. Chaini et al. [44] loaded bleomycin into folic acid-bound and PEGylated liposomes to target cervical and breast cancer and examined its anticancer activity. Depending on their results, folate-bound liposomal bleomycin shows much more cytotoxicity in cervical cancer cells with folate receptors than folate-free liposomal bleomycin, while it did not show in breast cancer cells without folate receptors.




        Liposomal vaccine formulations have the ability to trigger both humoral and cell-mediated immunity. Antigens are loaded into liposomes and captured by antigen-presenting cells. T cells are also stimulated because antigen-presenting cells produce cytokines and chemokines. Additionally, a controlled, slow release of antigen from liposomes also provides a long-lasting dependent immune response [45]. An important benefit of liposomes as a vaccine system is that they are versatile. Liposomes can be loaded with DNA, RNA, or peptide/protein antigens, as well as a wide variety of adjuvants [46]. Cruz et al. [47] developed a liposomal vaccine to enhance the immunological response against tumor-associated antigens, prepared by co-loading the ESO-1 peptide and immunostimulatory adjuvants targeted with PEG-conjugated Fcγ. With this targeted liposomal vaccine, antigen delivery to dendritic cells would be accomplished and immunotherapeutic efficacy would be possible. Epaxal® is an example of an FDA-approved Hepatitis A vaccine. Hemagglutinin and neuraminidase were anchored to liposomes derived from phosphatidylcholine and phosphati- dylethanolamine, and inactivated hepatitis A virus was adsorbed onto the liposome structure to obtain the final vaccine formulation [48]. Liposomal formulations can be used for the treatment of infections as well as for prevention with vaccines. Ambisome®, Abelcet®, and Amphotec® are liposomal antifungals containing amphotericin B used to treat infections such as leishmaniasis, aspergillosis, etc [49, 50].




        Some limitations of imaging methods such as magnetic resonance imaging (MRI), traditional positron emission tomography (PET), computed tomography (CT), or single-photon emission computed tomography (SPECT) have been tried to become through nanoparticular systems. The ability of nanoparticles to be targeted and accumulated in the desired region brings innovation. The detection of this accumulation and uptake into cells makes it possible to diagnose and make dose adjustments before treatment. Mahakian and colleagues [51] compared PET imaging of 64Cu liposomes and 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) in head and neck cancers. In these cancers, especially lesions called mild dysplasia can be visualized with 64Cu liposomes, but not with 18F-FDG. Further, they determined that the accumulation of 64Cu liposome is higher than 18F-FDG with a value of 2,12-4,4%ID/cc (percentage of injected dose per cubic centimeter). In another study, the researchers created a new formulation to be used for both PET and MRI imaging in solid tumors such as glioblastoma by loading magnetic nanoparticles into liposomes that they had created from glucose-modified and 68Ga-chelating phospholipids [52].




        PDT is a type of treatment that aims to kill cancer cells without damaging healthy cells in superficial cancers. However, due to the non-tumor selectivity of many photosensitizers, liposomal systems have been considered because of their ability to increase their high loading capacity and flexibility to enhance the safety and efficacy of PDT [53]. Visudyne® is an approved liposomal photosensitizing formulation used in the treatment of subfoveal choroidal neovascularization, pathological myopia, and ocular histoplasmosis syndrome. The solution came from loading into the liposomal system because the photosensitizer in its content is hydrophobic and spontaneously forms aggregates in the aqueous medium [54].


      


    




    

      Solid Lipid Nanoparticles (SLNs)




      SLNs are colloidal lipid nanoparticles with a size of 40-1000 nm, obtained by dispersing solid lipids in water (0.1-30% (w/w)) or in an aqueous solution of surfactant (0.5-5% (w/w)) [4, 5, 55]. The lipids used to form SLNs are non-polar and solid at body and room temperature. Solid lipids allow sustainable drug release because of the fact that they allow the decreased mobility of loaded drugs compared to liquid lipids. SLNs are suitable for loading hydrophobic materials as well as hydrophilic ones [56].




      SLNs can be classified into three types according to morphological patterns (Fig. 3): A) homogeneous matrix model, B) drug-enriched shell model C) drug-enriched core model.
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Fig. (3))


      Types of SLNs A) Homogeneous matrix model B) Drug-enriched core model C) Drug-enriched shell model.



      In the homogeneous matrix model, drugs are dispersed as amorphous crystals in the lipid matrix. These SLNs are achieved by the cold homogenization method. If a lipophilic drug is to be loaded, it is added before the surfactants. The drugs crystallize evenly during cooling, without forming phases with lipid clusters. In the enriched shell model, the drug is located inside the shell, but there is little or no drug in the center. Such SLNs are suitable for burst-style release. After hot homogenization, lipids precipitate at crystallization temperatures in the core when cooled, while drugs move to the outer surface of the lipids due to the reduced solubility in the surfactant solution. In the enriched core model, on the other hand, drugs are aggregated in the center with the opposite mechanism. The pre-emulsion, which is in the form of a supersaturated drug in the lipid, is put through rapid cooling. Throughout the time of this rapid cooling, the drug begins to crystallize in the center. After further cooling, the lipids aggregate in the shell [3, 57].




      

        Formation and Composition of SLNs




        Among the structures that make up SLNs, fatty acids, triglycerides, partial glycerides, waxes, and surfactants can be counted [57]. These lipids are generally recognized as safe (GRAS, a definition of the FDA), biocompatible, biodegradable, and possess melting points above 40 °C and are selected based on loading efficiency, characteristics of the material to be loaded, particle size, and storage stability [58].




        Stearic acid, palmitic acid, decanoic acid, behenic acid, and myristic acid, which are saturated fatty acids and are in solid form at room temperature, are fatty acids that are often used in the preparation of SLNs. Whilst stearic acid provides the highest entrapment efficiency, SLNs including stearic acid and palmitic acid has a higher degradation rate and particle size than others [57]. Fatty acid alcohols such as stearyl alcohol and cetyl alcohol, which are further metabolized by the fatty alcohol dehydrogenase [4, 57], and the saturated fatty acid esters glyceryl tristearate (Dynasan® 118), glycerol tripalmitate (Dynasan® 116) and glycerol trimyristate (Dynasan® 114), are also used in the production of SLNs [57, 59]. Partial glycerides, on the other hand, are used for the stability of SLNs by acting as a surfactant, and also affect the entrapment efficiency. While glyceryl monostearate (GMS) and glyceryl monooleate (GMO) [4] are generally preferred in topical application, glyceryl palmitostearate (Precirol® ATO 5) and glyceryl behenate (Compritol® ATO 888) in oral pharmaceuticals [57, 60]. However, Hippalgaonkar et al. [61] tested different lipids such as Compritol 888 ATO, Precirol® ATO 5, Dynasan® 116, Dynasan® 118, or Softisan® 154 for SLN synthesis in order to transport indomethacin ocularly and chose Compritol® 888 ATO due to its high solubility and high loading efficiency.




        Cetyl palmitate, a hydrophobic wax with long fatty acid chains, and beeswax and carnauba wax are often used in manufacturing SLNs [57]. In a study comparing wax and glyceride solid lipid nanoparticles, wax SLNs were noted to be more stable and had excellent particle size distributions, whereas SLNs comprising glycerides had a higher loading capacity [62]. In another study, the tacrolimus loading capacity of beeswax-SLNs compared to stearic acid-SLNs increased from 2.3% to 2.9%, and the particle size from 167.3 nm to 274.9 nm [63].




        Surfactants play a role in the formation of SLN, during the dispersion of lipid melts in aqueous media and in ensuring their steric stability by surrounding them after cooling [58]. Surfactants could be phospholipids, steroids, the mentioned above partial glycerides, non-ionic polyoxyethylene sorbitan copolymers (e.g., polysorbate 80, also known as Tween® 80), polyethylene glycol/polyoxypropylene copolymers, and polyoxyethylene alkyl/aryl ethers, cationic dimethyldioc- tadecylammonium bromide, and DOTAP, or anionic sodium lauryl sulfate, and bile salts. Ionic surfactants provide steric repulsion stability, meanwhile, non-ionic surfactants provide electrostatic stability. Non-ionic surfactants are recommended for parenteral or oral administration and are more suitable for loading hydrophobic drugs. Toxicity should be taken into account in the selection of surfactants. The descending order of toxicity is as follows: cationic, anionic, non-ionic, and amphoteric [57, 58]. Pizzol CD et al. [64] underline that the selection of lipid and surfactant combinations may influence the toxicity of SLNs.




        The formation of a pre-emulsion derived from lipids and surfactants, followed by the reduction of the size by methods such as homogenization and ultrasonication, are common steps in the preparation of SLNs. The choice of synthesis method varies according to the size and the nature of the material to be loaded [56].


      




      

        Preparation Methods of SLNs




        The preparation methods of SLNs are as follows: hot homogenization, cold homogenization, ultrasonication/high-speed homogenization, solvent emulsi- fication-evaporation, solvent emulsification-diffusion, microemulsion, double emulsion, supercritical fluid, and spray drying.




        

          Hot Homogenization




          The hot homogenization method is one of the high-pressure homogenization methods. The lipids and pharmaceutical compounds are heated 5-10 °C above the melting temperature. The pre-emulsion formed by mixing lipid melt and aqueous surfactant solution is then passed through a high-pressure homogenizer (e.g., ultra-turrax). When the emulsion is cooled to room temperature, crystallization occurs. Particles are usually small in size and have a narrow particle distribution. Supercooling may be required, as crystallization may be delayed by virtue of the small size and the presence of surfactant. At homogenization, 3-5 cycles at 500-1500 bar are sufficient. Enhancing the homogenization cycle can lead to an increase in particle size. One of the biggest disadvantages of this method is the ability to break down heat-sensitive compounds [65-69].


        




        

          Cold Homogenization




          The cold homogenization method is also the high-pressure homogenization technique. The initial step is the same as the previous method and it is useful in eliminating the disadvantages of this method, such as drug deterioration and supercooling. The drug-containing lipids are first melted and then quickly cooled with liquid nitrogen or dry ice. 50-100 µm sized particles are obtained by milling the cooled emulsion. It is then dispersed at room temperature by high-pressure homogenization in the cold aqueous surfactant solution, resulting in larger-sized SLNs than hot homogenization [66-68].


        




        

          Ultrasonication/High-Speed Homogenization




          In this method, lipids and the substance to be loaded are melted and mixed with a hot surfactant solution at high speed. The resulting pre-emulsion is subjected to ultrasound until the desired particle size is achieved. Both bath and probe-type sonication can be used, but probe-type is often preferred for ultrasonication. Nevertheless, this can lead to metal contamination [67, 70].


        




        

          Solvent Emulsification-Evaporation




          Lipids and the thermolabile, lipophilic drug are completely dissolved in an organic solvent such as cyclohexane, chloroform, and toluene, which is immiscible with water. Nanodispersions are then formed by mixing with a high-pressure homogenizer in an aqueous solution of surfactant. SLNs are formed by the evaporation of the solvent and the complete separation of lipid contents from the aqueous media through sintered disc filter funnels. The size of the SLNs obtained by this method is around 40-100 nm, with a narrow distribution width. Increasing lipid content can increase lipid size [71, 72].


        




        

          Solvent Emulsification-Diffusion




          In this method, the drug does not need to be dissolved directly in the lipid. Organic solvents such as methyl-, ethyl-, isopropyl-acetate, and benzyl alcohol, which are partially miscible with water, are saturated with water. Lipids and drugs are then added to this saturated system and mixed with an aqueous surfactant solution to form an oil/water (o/w) emulsion. Water is added to this emulsion in a ratio of 1:5 or 1:10, the organic solvent begins to diffuse into the aqueous medium, and SLNs are formed spontaneously. The disadvantage of both solvent emulsification-evaporation and solvent emulsification-diffusion methods is that they require the use of toxic organic solvents and advanced solvent removal such as ultrafiltration [71, 72]. SLNs' sizes below 100 nm are produced by this method [4].


        




        

          Microemulsion




          Lipids, surfactants, co-surfactants, and water are mixed at 65-70 °C to form a transparent solution. Lipid crystallization then occurs when this hot microemulsion is diluted 1:25 or 1:50 with cold water at 2-3 °C to provide a high-temperature difference [4, 66, 67]. The microemulsion method may be preferred to load mechanical stress-sensitive compounds such as phenolics [73].


        




        

          Double Emulsion




          With this method, hydrophilic drugs, proteins, and peptides can be encapsulated into SLNs. An o/w emulsion is originated by mixing melted lipids with an aqueous surfactant solution containing the active compound to be entrapped. The o/w emulsion is added to the aqueous surfactant and the co-surfactant medium to form a clear w/o/w emulsion. SLNs are obtained by ultrafiltration or centrifugation at 4 °C for 30 minutes at 12000 g after mixing this warm medium with a cold dispersion medium [67, 71].


        




        

          Supercritical Fluid




          A supercritical fluid is a liquid at a temperature and pressure above the supercritical point, where the liquid and gas phases cannot be distinguished, to be used instead of organic solvents [74]. Carbon dioxide (CO2) is often used in the production of SLNs. Lipids and the drug are dissolved with the help of a water-immiscible, and in the presence of a surfactant, an emulsion is formed with the help of a homogenizer. After adding w/o emulsion to the extraction column from above, supercritical CO2 is supplied to the extraction column by a countercurrent. SLNs are formed after the solvent has been removed quickly and completely [71, 72].


        




        

          Spray-Drying




          It is used to obtain dry and more stable SLNs from aqueous dispersion as a cheaper alternative to lyophilization and is recommended for lipids with melting temperatures above 70 °C [67, 71].
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