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Introduction



Cyclodextrins (CDs), a family of macrocyclic oligosaccharides, are well known as drug carriers due to their specific structures and properties. Their adequate size and truncated cone-shaped architecture with inner slightly hydrophobic cavity and outer hydrophilic surface provide suitable space for interaction with many types of organic and inorganic compounds, including ions, proteins and oligonucleotides. The most common members of this family, a-CD, p-CD and y-CD, which are termed parent CDs, possess 6, 7 and 8 a-D-glucopyranose units respectively. Among them, p-CD is able to form inclusion complexes with most of drugs, thanks to its medium-size inner cavity. As a result of their attributes in improving solubility, stability and bioavailability of guest molecules, CDs are widely used in pharmaceutical applications. All these useful properties can be further enhanced by employing water soluble derivatives of CDs, such as hydroxypropyl and sulfobutyl ether CDs. Benefiting from self-assembly and supramolecular host-guest interactions, CD-based inclusion complexes can result in different nanoarchitectures which endow improved characteristics as higher loading capacity, targeted and controlled release.




Through developing stimuli-responsive and controlled drug delivery systems (DDSs), dosage and frequency of drug administration will be reduced, thus leading to less toxicity, less side effects and higher efficacy. Since supramolecular non-covalent interactions between CDs and guest molecules may possess good stability and capability of response to many stimuli triggers, smart CD-based DDSs have been developed and attract lots of attention [1-10]. In this mini review, we will focus on the stimuli-responsive properties of CD-based DDSs. These specifically engineered nanoscaled delivery systems can be considered to be promising smart nanocarriers for controlled and targeted drug delivery The release of drug from stimuli-responsive CD-based DDSs can be triggered by internal or external stimulation. In the case of cancer, as well as other diseases, alterations of the intracecellular environment are observed in abnormal tissues. Such differences in pH, redox conditions and enzyme type and value can play the role of internal triggers. Many types of CD-based DDSs have been specifically designed to exploit internal stimuli as triggering factors [10-15].




Applying external stimuli offers the advantage of more precise control at the disease location and administration times. But if the external trigger is a chemical compound which should be provided to the cells, then it may accumulate in the body and cause side effects or toxicity [10,16]. CD-based DDSs can be categorized in two groups, depending on the role played by the guest molecules. In the first category, the DDS nanostructure is formed by the inclusion complex self-assembling between stimuli-sensitive guest molecules and the internal cavities of CDs. Therefore, drug molecules can be accommodated in the interstitial voids amidst CDs but not in the interior cavities. Stimuli-induced changes in the chemical structure of the guest molecules will result in the dissociation of the inclusion complex, disruption of the DDS structure and subsequent release of the loaded drug. Ferrocene, azobenzene and benzimidazole are three of the most common guests which can respond to redox, light and pH/CO2 stimuli, respectively. Cheng et al. fabricated pH- triggered CD-based DDSs through host-guest interaction between thiolated p-CD and ferrocene derivative.




The so obtained supramolecular nanoparticles could entrap Doxorubicin (Dox) in their cores efficiently. In low pH environments nanoparticles disassembled and Dox was released rapidly. Considering their good stability, drug loading/release ability and tunable properties of nanostructure assembly/disassembly, this pH triggered CD-based DDS can be applied to target acidic cancer cells [17]. Previous studies on this category of stimuli- responsive DDSs have been reviewed elsewhere [10]. In the other category, drugs are mostly hosted in the internal cavities of CDs as in usual CD-based DDSs and they can be released by internal or external triggers. Stimuli-responsive linkers can be incorporated into the nanostructure via chemical reactions. By introducing 2-hydroxyethyl disulfide in the reaction solution, Trotta et al. have fabricated CD-based nanosponges with disulfide bridges which are cleavable in the presence of intracellular GSH. Cancer cells possess a higher amount of GSH, in comparison with normal cells, which causes reduction of disulfide bonds and then further drug release inside cancer cells.



Considering the higher level of GSH in chemo-resistant tumor cells, GSH has been indicated as an excellent trigger for controlled and targeted drug release in cancer therapy. Dox was loaded in the nanosponges and subsequently released as a function of GSH concentration. GSH-responsive nanosponges exhibited greater anti-proliferation effect on tumor cells with higher GSH content [18]. In a complementary in vitro and in vivo study, Daga et al, reported high effectiveness of mentioned GSH-responsive nanosponge in reducing mice tumor growth and decreasing number of proliferating Ki67 positive cells in comparison with free Dox. In light of the increased drug bioavailability, controlled release and considerable anti-proliferating and anti-tumor effect, GSH- responsive nanosponges can be considered a promising stimuli- responsive CD-based DDS for cancer treatment [19]. In another study, macroscopic mechanical force has been used as a trigger for releasing drug from a CD-based hydrogel. Ondansetron was released by mild mechanical compression, mimicking operation by a patient's hand. This external stress can change the inclusion complex conformation or stability, which can result in disassembly and release of the drug. This novel mechanical triggered CD-based DDS provides on-demand and in-situ administration, which could also be exploited for developing novel smart DDSs for anticancer drugs and insulin [20].




Conclusion




In recent years, CDs have been of great interest as excellent candidates for fabricating versatile nano DDSs due to their commercial availability, easy functionalization, low immunogenicity, biocompatibility and safety. Currently, parent CDs have been used to design and fabricate drug nanocarriers suitable for several administration routes including dermal, buccal, oral, sublingual, rectal, ophthalmic, intramuscular, and intravenous. These CD-based inclusion complexes, however, are not able to provide ideal controlled and targeted drug delivery. But the possibility of reversible inclusion complex formation between CDs and various guest molecules, in association with versatile exclusive properties of CDs, offer a route towards the fabrication of advanced supramolecular structures with enormous potential for an extensive range of applications.



In spite of the fact that diverse successful studies have been carried out for CD-based DDSs, still there is not a comprehensive approach to overcome all important drawbacks including systemic biocompatibility, supreme pharmacokinetics and pharmacodynamics, as well as controlled and targeted drug delivery The fabrication of smart CD-based DDSs, capable of responding to external or internal triggers, such as temperature, pH, light, and redox variations, put forward a solution to achieve extracellular stability and effective intracellular drug release. Yet, there is often a long way to go from promising theoretical and experimental results to an efficacious clinical therapy. In spite of these challenges and with regard to the notable clinical success of parent CDs, their derivatives, as well as novel CD-based nanoarchitectures, the future of smart CD-based DDSs is promising. In conclusion, the numerous investigations in this area pave the way to the next generation of smart nanotherapeutics, towards the enhanced controlled and targeted drug delivery
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