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Abstract  Pharmaceutical products continue to be developed for improved patient 
compliance, but the issue of hydrophobicity, low permeability, short half-life, and 
stability of various drugs always has been a challenging task for formulation devel-
opment. Conventional formulations lack the features of prolong release of drug over 
an extended period of time and site-specific action. To resolve these issues, cyclo-
dextrin has emerged as an exceptional pharmaceutical excipient with the features of 
bioavailability, nontoxicity, inclusion ability, and water solubility. Additionally, 
nanoparticles overcome the drawbacks associated with conventional formulations 
such as prolong release and site-specific action of active molecules. Cyclodextrins 
and chemically altered cyclodextrins in combination with certain polymers have 
sparked various researchers for exceptional advancements in the field of novel drug 
delivery. More recently, these substances have been incorporated in polymer sys-
tems to develop nanoparticles. Cyclodextrin conjugated nanoparticles offer syner-
gistic advantages such as enhanced drug solubility, served as drug carriers to a 
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specific target site such as cancer cells with minimum toxicity to normal cells, 
greater surface area over microparticles, and higher stability over liposomes. 
Accordingly, nanoparticles based on cyclodextrins have gained notable interest, and 
a variety of nanoparticles have been developed since the last two decades.

This chapter review major critical research on cyclodextrin-based nanoparticles 
to explain their versatility and high potential for advanced drug delivery, protein and 
peptide drug delivery, and gene delivery. This chapter also highlights the role of 
cyclodextrins in specific types of nanoparticles such as gold, silver, and magnetic, 
polymeric, and lipid-based nanoparticles. Finally, pharmaceutical applications of 
amphiphilic cyclodextrin nanoparticles and miscellaneous administration routes of 
cyclodextrin-based nanoparticles are also discussed.

Keywords  History · Nanoparticles · Pharmacy · Drug delivery · Protein · Peptides 
· Amphiphilic materials

Abbreviations

DNA	 Deoxyribonucleic acid
MCF-7	 Michigan Cancer Foundation-7
MDR1	 Multidrug resistance protein 1
mRNA	 Messenger ribonucleic acid
RNA	 Ribonucleic acid
siRNA	 Small interfering ribonucleic acid

7.1  �Introduction

The presence of the hydrophobic cavity renders cyclodextrins able to form inclusion 
complexes. These molecules contribute distinguished advantages due to their novel 
architectural features to form inclusion complexes with several kinds of molecules 
like ions, protein, and oligonucleotides (Lysik and Wu-Pong 2003). Inclusion com-
plexes are formed when the “guest” molecule usually a drug is partially or fully 
included inside the “host’s cavity” (Szente and Szejtli 1999). Owing to the hydro-
phobic cavity, cyclodextrins as ghosts offer the guest a suitable environment for 
interaction (Fig. 7.1). The outer hydrophilic surface of cyclodextrins is compatible 
with water, which allows hydrogen bonding cohesive interactions (Challa 
et al. 2005).

In 1891, Villiers first discovered the cyclodextrins. He determined a crystal struc-
ture called “cellulosine” from the isolation of starch after the digestion by Bacillus 
amylobacter. Then, at the beginning of the nineteenth century, Schardinger described 
two crystalline dextrins (α-cyclodextrin and β-cyclodextrin), which were separated 
from bacterial digestion of potato starch (Schardinger 1903; Crini 2014). 
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Furthermore, Schardinger performed many experiments with cyclodextrins and was 
acknowledged as an originator of cyclodextrin chemistry by experts. In the decade 
of 1930, Freudenberg discovered γ-cyclodextrin, and he earned the credit of the first 
patent publication, including the first fundamental article on the role of cyclodex-
trins in drug formulations (Loftsson and Duchêne 2007). Till 1970 to present, cyclo-
dextrin has been recognized as a valuable pharmaceutical excipient in the formulation 
development of numerous active pharmaceutical excipients, including novel drug 
delivery systems.

Therefore, to fulfill the need of the pharmaceutical industry for purified cyclodex-
trin, researchers have demonstrated several biotechnological techniques to obtain 
purified cyclodextrin products (Kurkov and Loftsson 2013). Literature reveals that 
cyclodextrins and their derivatives have been used in conventional and novel drug 
delivery systems such as emulsions, microspheres, liposomes, and nanoparticles. 
Following this, to overcome the issue of poor water solubility of natural cyclodextrins, 
several cyclodextrin derivatives were synthesized with the substitution of hydroxyl 
groups. Otherwise, cyclodextrins have been used to enhance the drug loading capacity 
of polymeric microspheres. Additionally, novel surface-active cyclodextrin deriva-
tives have also been developed to impart a cutting edge in formulation development 
(Bilensoy et al. 2005).

Cyclodextrins and their derivatives have been successfully employed to create 
novel nanomaterials. More recently, these products have been incorporated in poly-
mer systems to develop nanoparticles that are suitable in the solubility of the hydro-
phobic drug. Cyclodextrin conjugated nanoparticles offer numerous advantages 
such as enhanced drug solubility, serve as drug carriers to a specific target site such 
as cancer cells with minimum toxicity to normal cells, greater surface area over 
microparticles, and higher stability over liposomes.

This chapter discusses on cyclodextrin-based nanoparticles to explain their ver-
satility and high potential for advanced drug delivery, protein and peptide delivery, 
and gene delivery. It also highlights the role of cyclodextrins in specific types of 
nanoparticles such as gold, silver, and magnetic, polymeric, and lipid-based 
nanoparticles. Additionally, pharmaceutical applications of amphiphilic cyclodex-
trin nanoparticles and miscellaneous administration routes of cyclodextrin-based 
nanoparticles are also discussed.

Fig. 7.1  Inclusion complex of cyclodextrins. A complex is formed when the “guest” molecule, 
such as a drug, is partially or fully included inside the host’s cavity
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7.2  �Cyclodextrin Nanoparticles as Drug Delivery System

Since the nineteenth century, extraordinary scientific work has been done to explore 
the pharmaceutical potential of cyclodextrins, and they have been the subject of 
numerous scientific literature; cyclodextrins have been used in the pharmaceutical 
industry since the 1970s with the first product prostaglandin E2/β-cyclodextrins 
(Prostarmon ETM sublingual tablet) marketed in Japan in 1976. Cyclodextrins offer 
notable advantages due to their unique ability to form inclusion complexes with a 
variety of organic and inorganic lipophilic molecules. Cyclodextrins act as true car-
riers by dissolving and delivering hydrophobic drug molecules through the aqueous 
exterior of lipophilic biological membrane barriers, e.g., mucosa. In general, only 
dissolved drug molecules can partition into the barrier and then penetrate through it. 
In addition, cyclodextrins are known to self-assemble to form nanosized aggregates 
in aqueous solutions and thus have the potential of being developed into novel drug 
delivery systems (Messner et al. 2010). This characteristic is promising for a broad 
range of nanotechnology domains such as drug delivery, cancer therapy, gene deliv-
ery, and biosensing.

Cyclodextrins are advantageous in drug delivery because the bucket-shaped cav-
ity shields the drug from degradation and irritation is lessened at the administration 
site. Cyclodextrin-based nanoparticles facilitate a novel drug delivery system with 
the advantages of both components: the cyclodextrin molecules offer enhanced 
water solubility and drug loading, while the nanoparticles afford targeted drug 
delivery. Additionally, cyclodextrins can surmount the constraints of nanoparticles 
such as low encapsulation efficiency and drug loading. Cyclodextrin-based nanopar-
ticles yield a novel drug delivery system with the advantages of both components: 
the cyclodextrin molecules offer enhanced water solubility and drug loading, while 
the nanoparticles afford targeted drug delivery.

7.2.1  �Anticancer Drugs

Oral administration of paclitaxel is still considered one of the most suitable and 
safe modes of delivery. Hamada et al. (2006) studied the aqueous solubility behav-
ior of anticancer agent paclitaxel employing 11 kinds of cyclodextrins and the 
bioactivity of the paclitaxel-cyclodextrin inclusion complex. They have reported 
that 2,6-dimethyl-β-cyclodextrin was most effective, and paclitaxel showed signifi-
cant solubility in 2,6-dimethyl-β-cyclodextrin aqueous solution. Moreover, this 
inclusion complex revealed a 1.23-fold polymerization activity as paclitaxel in a 
tubulin assay. Cancer therapy is currently changing from a standardized systemic 
strategy to more personalized and precisely customized disease therapy. Such per-
sonalized treatments use multifunctional drugs in association with drug carrier sys-
tems to target the molecular level at a specific site.
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Nanotechnology-based drug delivery system provides an exceptional platform 
for the delivery of anticancer agents in order to enhance their targeting ability and 
bioavailability. One of the main advantages of loading anticancer drugs into 
nanoparticles is to enhance their cellular uptakes by bypassing the different 
multidrug-resistant mechanisms. Nanoparticle-based targeting of tumor cells has 
emerged as a potential therapeutic arsenal against cancer. For example, paclitaxel 
isolated from Taxus brevifolia is a potent anticancer agent approved for the treat-
ment of a large number of solid tumors. But its hydrophobic nature results in low 
bioavailability.

Therefore, to overcome the issue of hydrophobicity, Bilensoy and co-workers 
have developed amphiphilic cyclodextrin as a nanoparticulate carrier system for 
paclitaxel drug delivery. This yielded nanospheres via nanoprecipitation technique 
with good cytotoxicity against L929 cells and was well studied using atomic force 
microscopy micrographs (Bilensoy et al. 2008a, b). Further studies demonstrated 
high encapsulation efficiency and a threefold increase in the loading capacity of 
nanoparticles when formed directly from the inclusion complex. Prolonged release 
rates for the drug were obtained: 12 h for nanospheres and 24 h for nanocapsules. In 
another approach Agüeros et  al. (2009) investigated the concept of utilizing 
cyclodextrin-polyanhydride nanoparticles for oral delivery of paclitaxel. The addi-
tion of cyclodextrin increases the solubility by developing an inclusion complex, 
and the use of polyanhydride enhances the intestinal permeability. Additionally, 
they have also performed oral bioavailability studies in rodents by producing a syn-
ergistic effect using three distinct cyclodextrins, particularly β-cyclodextrin, 
2-hydroxypropyl-β-cyclodextrin, and 6-mono-deoxy-6-monoamino-β-cyclodextrin 
in the combination of polyanhydride nanoparticles.

7.2.2  �Proteins and Peptides

Various problems associated with the practical use of therapeutic peptides and pro-
teins are their chemical and enzymatic instability, poor absorption through biologi-
cal membranes, rapid plasma clearance, peculiar dose-response curves, and 
immunogenicity. Cyclodextrins, because of their adaptability in pharmaceutical use 
and ability to interact with cellular membranes, can act as potential carriers for the 
delivery of proteins, peptides, and oligonucleotide drugs (Irie and Uekama 1997). 
The combination between cyclodextrins and nanoparticles can also be of interest for 
the delivery of proteins and peptides. Cyclodextrin complexation represents an 
effective strategy for improving protein therapy by stabilizing them against aggre-
gation, thermal denaturation, and degradation. Proteins are mostly hydrophilic and 
too bulky to be wholly included in the cavity of cyclodextrins. Nevertheless, the 
hydrophobic side chains in the peptides may penetrate into the cavity of the oligo-
saccharide, leading to the formation of non-covalent inclusion complexes, which 
improves the stability of proteins.
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Da Silveira et al. (1998) have prepared and evaluated nanoparticulate systems of 
progesterone composed of poly(isobutyl cyanoacrylate) and cyclodextrins for 
enhancing the loading of the particles with substances. The nanoparticles were syn-
thesized by polymerization of isobutyl cyanoacrylate in the presence of cyclodex-
trins or progesterone/hydroxypropyl-β-cyclodextrin complex. The particle size, zeta 
potential, and loading capacity of the particles were determined. The authors have 
demonstrated that nanoparticles could be efficiently prepared in the presence of 
cyclodextrins. Additionally, an increase in hydroxypropyl-β-cyclodextrin concen-
tration resulted in small nanoparticles of size less than 50 nm. It was also observed 
that the addition of a higher concentration of cyclodextrins yields a 50-fold increase 
in progesterone loading compared to nanoparticles prepared without cyclodextrins. 
The poly(isobutyl cyanoacrylate)-cyclodextrin nanoparticles were delineated by the 
presence of many lipophilic sites belonging to the cyclodextrins which were tightly 
attached to the structure of the particles.

Sajeesh and Sharma (2006) reported the formulation development and evalua-
tion of an oral insulin delivery system based on hydroxypropyl-β-cyclodextrin insu-
lin complex encapsulated in polymethacrylic acid-chitosan-polyether (polyethylene 
glycol-polypropylene glycol copolymer). They have formulated the nanoparticles 
by the free radical polymerization of methacrylic acid in the presence of polymer 
chitosan and polyether in a solvent-/surfactant-free medium. Hydroxypropyl-β-
cyclodextrin was incorporated to prepare a non-covalent inclusion complex with 
insulin. Furthermore, hydroxypropyl-β-cyclodextrin complexed insulin was 
entrapped into nanoparticles by diffusion filling technique, and their in vitro release 
profile was assessed at different pH. They found that nanoparticles exhibited satis-
factory insulin encapsulation efficiency and pH-dependent release profile. An 
enzyme-linked immunosorbent assay study illustrated that insulin encapsulated 
inside the particles was biologically active. The mucoadhesive study of prepared 
nanoparticles was conducted using freshly extracted rat intestinal mucosa, and the 
nanoparticles were observed fairly adhesive to the mucosal membrane.

Recently, researchers have been focused on the nasal mucosa as an alternative 
route to the oral and parenteral routes, because it offers advantages such as large 
absorptive surface area and the high vascularity of the nasal mucosa, which facili-
tate direct passage of drug into the systemic circulation, thereby bypassing first-pass 
liver metabolism. However, the bioavailability of intranasally administered peptide 
and protein drugs may be low due to their high molecular weight and hydrophilicity 
(Merkus et al. 1991). Cyclodextrin has the ability to form non-covalent inclusion 
complexes with a large variety of drugs/proteins. Moreover, cyclodextrins are 
believed to enhance nasal absorption of peptides by opening tight junctions and/or 
solubilizing membrane components (Merkus et al. 1999).

Hyperbranched polyglycerols are readily available, highly water soluble, bio-
compatible, and stable polymer. Therefore, to explore these properties of hyper-
branched polyglycerols, Zhang et  al. (2011) fabricated a cyclodextrin and 
hyperbranched polyglycerols coupling based novel nanoparticle system to enhance 
the nasal transport of insulin. Insulin-loaded hyperbranched polyglycerol-β-
cyclodextrin nanoparticles of size ranging from 198 to 340  nm with a positive 
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charge were prepared. The nanoparticles showed a prominent capacity of incorpo-
rating insulin. In vitro release study showed significant release rate of insulin under 
acidic conditions than physiological conditions. In vitro cytotoxic evaluation against 
Caco-2 cells exhibited that hyperbranched polyglycerol-β-cyclodextrin had signifi-
cant biocompatibility. Moreover, the capacity of hyperbranched polyglycerol-β-
cyclodextrin nanoparticles to penetrate the nasal mucosal epithelia was proved by 
confocal laser scanning microscopy.

Three alkyl carbonates of γ-cyclodextrin (hexyl-,octyl-, and dodecyl-carbonate) 
have also been examined as a formulation additive to prepare solid nanoparticles for 
the effective delivery of progesterone. They have developed spherical nanoparticles 
in the size range of 80–200 nm. The prepared nanoparticles when subjected to eval-
uation showed negative surface charges and extended release rate of progesterone 
(Cavalli et al. 2007). Glutathione is the main thiolated small peptide in mammalian 
cells. It possesses reducing and nucleophilic properties which enable glutathione a 
key redox buffer to inhibit the oxidative damage caused by free radicals. Glutathione 
is used for the treatment of drug poisoning and protection against cytotoxic chemo-
therapy and radiation trauma. However, its clinical use encounters many hurdles 
associated with its low and variable oral bioavailability, non-enzymatic pH-
dependent oxidation, and chemical and enzymatic degradation of the peptide in the 
jejunum. Hence, inclusion and preservation of glutathione into conventional phar-
maceutical dosage forms are challenging tasks Currently, glutathione is only avail-
able on the market as parenteral dosage forms (Gluthion) (Langie et  al. 2007). 
Therefore, to resolve these issues, Trapani et  al. (2010) have developed new 
nanoparticles containing chitosan or cyclodextrin and evaluate their potential for 
oral delivery of the peptide glutathione. More precisely, nanoparticle formulations 
composed of chitosan, chitosan/alpha-cyclodextrin, and chitosan/sulphobutylether-
β-cyclodextrin were investigated for this application. They have demonstrated that 
by selecting the most suitable cyclodextrin, physicochemical characteristics of the 
nanoparticles and their ability to load glutathione can be altered. Chitosan nanopar-
ticles containing the anionic cyclodextrin sulfobutylether 7 m-β-cyclodextrin seem 
to be significant potential oral glutathione carriers, as they combine enhanced glu-
tathione loading along with the ability to improve glutathione permeabilization 
through the intestine, as observed in a frog intestinal sac model.

Zhang et  al. (2009) have demonstrated the feasibility of chitosan bearing 
β-cyclodextrin nanocomplexes for controlled protein release. Briefly, chitosan bear-
ing β-cyclodextrin nanocomplexes was fabricated by a single-step scheme with 
N-succinylated chitosan and mono(6-(2-aminoethyl)amino-6-deoxy)-β-cyclodextrin 
along with water-soluble carbodiimide. The results of in vitro cytotoxicity against 
NIH 3 T3 cells confirmed that prepared nanocomplexes have not cytotoxic effect. In 
conclusion, these results proved chitosan bearing β-cyclodextrin copolymer as a 
novel carrier for controlled protein release.

More recently, He et al. (2019) reported a novel oral protein delivery system of 
ovalbumin with improved intestinal permeability and enhanced antigen stability. 
The delivery system based on the combination of chitosan nanoparticles and 
antigen-cyclodextrin inclusion complex was prepared by a precipitation/
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coacervation method. Results of the in  vivo study of nanoparticles revealed that 
ovalbumin-loaded cyclodextrin/chitosan nanoparticles possess the capacity to 
induce an intestinal mucosal immune response.

7.3  �Cyclodextrin Nanoparticles as Gene Delivery Systems

Gene therapy as an option to conventional drug therapy paves the new way for the 
treatment of both genetic and inherited diseases, such as hemophilia, cystic fibrosis, 
and cancers. The efficacy of a viral or non-viral vector directly determines the ben-
efit of gene therapy. Gene therapy offer advantages over conventional protein ther-
apy such as improved bioavailability and reduced systemic toxicity. Therefore, to 
avoid the toxicity issue of viral vectors, researchers have developed cyclodextrin-
based nanoparticles as non-viral vectors. The unique characteristic of the presence 
of two well-differentiated faces in the cyclodextrins, specifically the narrower rim 
owning the primary hydroxyl groups and the wider rim positioning two chemically 
distinct sets of secondary hydroxyls, is an intrinsic characteristic of this family of 
cyclo-oligosaccharides that classifies them as genuine Janus (the Roman god of 
doorways and passages, depicted with two faces on opposite sides of his head) 
molecular nanoparticles.

In 1999, Gonzalez et al. (1999) published the first report of the synthesis of the 
cationic cyclodextrin polymers and the characterization of the cationic cyclodextrin 
nanoparticles loaded with plasmid DNA including their in vitro transfection effi-
ciency. Teijeiro-Osorio et al. (2009) first reported the potential of a new generation 
of hybrid polysaccharide nanocarriers composed of chitosan and anionic cyclodex-
trins for gene delivery to the airway epithelium. They investigated hybrid polysac-
charide nanocarriers to evaluate their ability to penetrate epithelial cells and improve 
gene expression in the Calu-3 cell culture model. Furthermore, hybrid chitosan and 
anionic cyclodextrin nanoparticles were developed and loaded with plasmid DNA 
model that encodes the expression of secreted alkaline phosphatase. Results of cel-
lular uptake studies revealed that the nanoparticles were efficiently internalized by 
the cells and confirm their potential as gene vectors. The transfection ability of the 
various nanoparticle formulations showed a significantly higher response than the 
naked DNA (control). This resulted in enhanced delivery of DNA and reduces the 
otherwise high levels of protein expression in the respiratory mucosa.

Similarly, cyclodextrin-based polycations have also been studied for nucleic acid 
delivery. Park et al. (2006) have demonstrated a new strategy for surface-mediated 
gene delivery based on inclusion complex formation between the solid surface and 
delivery carrier. The complexation ability of β-cyclodextrin molecule was utilized 
to especially immobilize cyclodextrin-modified polyethylenimine nanoparticles, on 
adamantane-altered self-assembled monolayers. Cyclodextrin-modified polyethyl-
enimine nanoparticles are particularly immobilized on the chip surface by 
cyclodextrin-adamantane inclusion complex formation. The results of competition 
studies with free cyclodextrins showed multivalent interactions between 
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cyclodextrin-modified polyethylenimine nanoparticles and the adamantane-
modified surface results in tremendous binding affinity. Therefore, the ability of 
cyclodextrin-modified polyethylenimine nanoparticles to form inclusion complexes 
can be employed to achieve specific, high-affinity loading of delivery carriers onto 
solid surfaces.

Huntington’s disease is an uncommon autosomal neurodegenerative disease pro-
voked by the expression of a toxic huntingtin protein. The huntingtin gene renders 
instructions for producing a protein called huntingtin. This protein plays a vital role 
in neurons in the brain and is essential for healthy growth before birth. The applica-
tion of short interfering RNAs (siRNAs) is a promising approach to restrict the 
mutation of protein. The main hindrance in siRNA-based strategies is the lack of 
efficient and nontoxic transportation vectors to ensure target delivery to the nervous 
system. This stimulated Godinho et  al. (2013) to develop modified amphiphilic 
β-cyclodextrins as novel siRNA neuronal carriers. The results showed that the 
cyclodextrin formed nanosized particles were stable in artificial cerebrospinal fluid. 
Furthermore, these complexes significantly reduced the expression of the huntingtin 
gene in rat striatal cells and human Huntington’s disease primary fibroblasts. These 
findings firmly support the utility of modified β-cyclodextrins as safe and effective 
siRNA delivery vectors (Godinho et al. 2013).

Since the past few years, several strategies of low and high molecular weight 
polyethylenimines have been attempted for safe and effective DNA and siRNA 
delivery but were limited by transfection and cytotoxic activity. Therefore a 
copolymer-based delivery system has been developed by researchers. Ping et  al. 
(2011) synthesized chitosan-graft-polyethylenimine-β-cyclodextrin copolymers for 
DNA and siRNA delivery. These two hydrophilic cationic copolymers were fabri-
cated by a reductive amination reaction between oxidized chitosan and low molecu-
lar weight polyethylenimine-modified β-cyclodextrin. Furthermore, the 
characterization of nanoparticles was carried out by proton nuclear magnetic reso-
nance spectroscopy and gel permeation chromatography. These polycations dis-
played significant ability to condense both plasmid DNA and small interfering RNA 
into compact and spherical nanoparticles. Additionally, both polymers delineate 
improved gene transfection activity performance in comparison with native CTS in 
HEK293, L929, and COS7 cell lines.

In the past decade, low and high molecular weight polyethylenimines have been 
extensively studied for DNA and siRNA delivery but have faced challenges of trans-
fection and cytotoxic activity. A new strategy was suggested where polyplexes 
formed between polymers and DNA were further enhanced by the addition of 
β-cyclodextrin. In another laboratory work to facilitate the delivery of siRNA, cat-
ionic cyclodextrin conjugated with poly(ethylene glycol) (PEG) chain to expedite 
the attachment of targeting group anisamide. Parenteral administration of anisamide-
tagged PEGylated cyclodextrin nanoparticles presented notable tumor inactivation 
with diminished toxicity when investigated preclinically in a rodent prostate tumor 
model. Hence, serving as an excellent drug delivery system of siRNA delivery for 
prostate cancer therapy (Guo et al. 2012). The siRNAs generally exhibit weak cell 
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penetration with limited stability; the inclusion of cyclodextrins as a key excipient 
can aid in the delivery of oligonucleotides.

Accordingly, in light of these facts, Méndez-Ardoy et al. (2011) developed and 
evaluated polycationic amphiphilic cyclodextrins along with nucleic acids as thera-
peutic gene vectors for in vivo purpose. Briefly, a tetradecacationic structure con-
sisting of 14 primary amino groups and 7 thioureido groups in the primary face of 
the cyclodextrin core and 14 hexanoyl chains in the second face was assessed for 
therapeutic gene delivery. The results obtained delineate that polycationic amphi-
philic cyclodextrins having the capacities of self-assembling as a nanosystem for 
gene delivery, and when evaluated on HeLa and HepG2 cells, exhibited significant 
cell death with reduced toxicity. Furthermore, in vivo experiments performed on 
rats correlated with previous results that revealed high transfection levels in the liver 
with reduced toxicity. Usually, acquired resistance to a cytotoxic agent is mediated 
by overexpression of a membrane-associated protein that encodes via multidrug 
resistance gene-1.

Zokaei et al. (2019) recently developed chitosan β-cyclodextrin complexes as a 
tropical agent. These polymer cyclodextrin complexes loaded with the mRNA-
cleaving DNAzyme that targets the mRNA of the multidrug resistance protein 1 
(MDR1) gene in the doxorubicin-resistant breast cancer cell line. Results proved the 
downregulation of MDR1 mRNAs in MCF-7/DR/DNZ by a real-time polymer 
chain reaction, compared to the MCF-7/DR as control. Additionally, the results of 
the water-soluble tetrazolium salt 1 (WST1) assay displayed a significant decrease 
in drug resistance in mRNA-cleaving DNAzyme-treated cells 24 h after transfec-
tion. To sum up, results substantiate chitosan β-cyclodextrin complexes in associa-
tion with chemotherapy drug for cancer therapy as well as notably valuable at the 
delivery of DNAzyme in reviving chemosensitivity.

7.4  �Role of Cyclodextrin in Magnetic Nanoparticles

The most common class of substances used in the fabrication of theranostic nano-
structures is carbon nanotubes, graphene, up-converting nanoparticles, and gold 
nanostructures. Nevertheless, the issue of nanotoxicity, complicated and time-
consuming synthetic procedures, and poor stability represents the main obstacles 
for the therapeutic application of these nanomaterials. Therefore, magnetic nanopar-
ticles offer several advantages over other types of nanomaterials, such as narrow 
size distribution, high colloidal stability, low toxicity, and high specific surface area 
to render them suitable for biomedical applications (Ahmed et al. 2014). Additionally, 
magnetic nanoparticles displayed the phenomenon of superparamagnetism: they are 
promptly magnetized under the influence of the external magnetic field and vice 
versa. This unique characteristic facilitates easy magnetic separation, removal, and 
recovery of magnetic nanoparticles. The before-mentioned magnetic property 
allows the nanoparticles to localize at the targeted site in vivo in response to the 
externally applied magnetic field. Silica is generally added to the surface of the 
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nanoparticles to prevent their oxidation which leads to demagnetization which sub-
sequently maintains the stability of magnetic nanoparticles.

Furthermore, to explore the versatility of magnetic nanoparticles, cyclodextrins 
are added into the silica-coated surface of the magnetic nanoparticles via linkers 
such as 3-aminopropyltriethoxysilane. Thus, allowing cyclodextrin to function as a 
carrier for numerous active pharmaceutical ingredients, proteins, and cell-targeting 
ligands on the surface of the magnetic nanoparticles. Moreover, it also prevents 
premature drug release into non-target regions. Wang et al. (2003) first proved the 
role of cyclodextrin to enhance the stability of magnetic nanoparticles in an aqueous 
medium. They have modified the surface properties of these nanoparticles through 
the formation of an inclusion complex between surface-bound surfactant molecules 
and α-cyclodextrin, thus improving its dispersion for a longer period in water. 
Furthermore, Xia et  al. (2007) reported a simple pathway to synthesize water-
soluble Fe3O4 nanoparticles with a surface-surrounded layer by incorporating cyclo-
dextrin, polyethylene glycol, and nonylphenol ether in water. Additionally, a method 
for fabricating cyclodextrin concentration-dependent nanostructured spherical 
aggregates from individual magnetic nanoparticles was also described. This method 
is very significant because it instantly produces water-soluble magnetic nanoparti-
cles and is useful for biomedical applications of magnetic nanoparticles.

To investigate the efficiency of cyclodextrin-based magnetic nanoparticles as a 
carrier for hydrophobic drug delivery, Banerjee and Chen (2007) have developed 
cyclodextrin-citrate-gum Arabic modified magnetic nanoparticles. Briefly, mag-
netic nanoparticles were synthesized by grafting the citrate-modified cyclodextrin 
along with gum Arabic modified magnetic nanoparticles through carbodiimide acti-
vation. The cyclodextrin grafting was validated by Fourier transform infrared spec-
troscopy. The practicability of using this novel formulation as a vehicle for 
hydrophobic drug delivery was described by examining the formation of the inclu-
sion complex and the in vitro release profile using ketoprofen as standard hydropho-
bic drug delivery. The results of the experimental study showed that 
cyclodextrin-citrate-gum Arabic modified magnetic nanoparticles exhibited a con-
siderable adsorption capability for ketoprofen as compared to gum Arabic modified 
magnetic nanoparticles. Therefore, this system seems to be a very promising vehicle 
for the administration of hydrophobic drugs.

A decade later, Chen et  al. (2017) have amalgamated double-layer polymer-
coated magnetic targeted nanoparticles (coated with β-cyclodextrin and polymer 
chitosan) to ensure stability and biocompatibility of the nanoparticles and effective 
drug delivery of ibuprofen, a hydrophobic drug delivery. They noted that nanocarri-
ers exhibited sufficient magnetic properties, high drug loading capacity, and signifi-
cant in vitro drug release. In conclusion, the cyclodextrin chitosan-coated magnetic 
nanoparticles represent a promising nanocarrier for the delivery of hydrophobic 
drugs. Recently, the same authors have proposed a new approach for the production 
of β-cyclodextrin-based magnetic nanocarriers via a molecular docking technique. 
Fe3O4 magnetic nanoparticles surface-modified with β-cyclodextrin and its deriva-
tives, carboxymethyl-β-cyclodextrin, and maleated-β-cyclodextrin, respectively, 
were manufactured via a layer-by-layer approach, incorporating carmofur, an 
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antineoplastic agent, as a model drug. The results of loading and release studies 
were similar to the previously reported literature. Herein the introduction of the 
molecular docking technique establishes a method to fast select an effective 
β-cyclodextrin-based surface coating for the development of high-performance 
magnetic nanoparticles (Chen et al. 2019).

During the last decade, researchers published numerous designings and prepara-
tion techniques of cyclodextrin-functionalized superparamagnetic nanoparticles by 
conjugating cyclodextrin units onto the surface of magnetite nanoparticles. 
Similarly, in one of the notable contributions, Lu and co-workers have explained an 
innovative protocol for the development of cyclodextrin-based magnetic nanopar-
ticles intending to establish their wide variety of biomedical applications as targeted 
drug delivery vehicles. Briefly, Li et  al. (2011) fabricated superparamagnetic 
β-cyclodextrin-functionalized composite nanoparticles with core-shell composi-
tions via cross-linking reaction (by using epichlorohydrin as cross-linking agent) on 
the surface of carboxymethyl β-cyclodextrin-modified magnetite nanoparticles. 
This strategy ensures that the innermost magnetite nanoparticles could sense and 
react to an externally applied magnetic field. Additionally, the outermost cyclodex-
trin moiety represents an inclusion site for drugs. Luo et  al. (2012) developed a 
novel redox responsive controlled drug release system based on magnetic nanopar-
ticles to provide efficient intracellular anticancer drug delivery. Disulfide bonds are 
employed as intermediate linkers to immobilize polyethylenimine/β-cyclodextrin 
molecules as nanoreservoirs for drug loading onto magnetic nanoparticles. The 
endocytotic pathway and endosomal escape of the smart controlled drug release 
system are proposed as an end result. Badruddoza et al. (2013) synthesized highly 
uniform silica-coated iron oxide (Fe3O4) magnetic nanoparticles and cross-linked 
them with carboxymethylated-β-cyclodextrin, intending to equip magnetic nanopar-
ticles with drug storage and delivery carrier. These magnetic nanoparticles contrib-
uted quadruple features of magnetism, luminescence, cell targeting, and hydrophobic 
drug delivery. These magnetic nanoparticles included functionalities of fluorescence 
labeling by fluorescent dye-conjugated and a common cancer-targeting ligand, folic 
acid, that Banerjee’s magnetic nanoparticles lacked. Preliminary outcomes of this 
study recommend that such magnetic nanoparticles can be a smart theranostic can-
didate for an optically trackable, cancer cell-targeting, and delivery vehicle of the 
hydrophobic drug delivery (all-trans-retinoic acid), loaded in cyclodextrin moiety. 
Ding et al. (2015) developed a novel hydrogel of poorly soluble drug 5-fluorouracil, 
based on chitosan-cross-linked carboxymethyl-β-cyclodextrin polymer-modified 
Fe3O4 magnetic nanoparticles intending to explore the inclusion abilities of cyclo-
dextrin hydrophobic cavity with this insoluble anticancer drug through host-guest 
interactions. Experimental results showed that the nanocarriers displayed a high 
loading efficiency and pH-dependent swelling and diffusion-controlled drug release. 
This report tentatively proposed the mechanism of 5-fluorouracil encapsulated into 
the magnetic chitosan nanoparticles.

The literature reveals that the Food and Drug Administration has approved more 
than 150 chemotherapeutic agents for cancer treatment. But, most of these drugs 
exert cytotoxic action on tumors as well as normal cells and cause severe adverse 
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effects on the patients. Additionally, numerous anticancer agents have poor solubil-
ity and stability in the aqueous and biological system. Several researchers have 
developed some novel approaches to ensure the safe and effective delivery of such 
chemotherapeutic agents. Cyclodextrins can be associated with iron oxide magnetic 
nanoparticles to increase their stability and dispersion in water. Anirudhan et  al. 
(2015) have developed magnetic nanoparticles of anticancer drug 5-fluorouracil, 
which is used to treat breast, stomach, and lung cancer and has detrimental effects 
on normal cells, as it is not targeted specifically for the tumor cells. The authors 
prepared 3-methacryloxypropyltrimethoxysilane-coated magnetic nanoparticles 
polymerized with glycidylmethacrylate-grafted-maleated cyclodextrin in the pres-
ence of ethylene glycol dimethacrylate as cross-linker and a′-azobisisobutyronitrile 
as initiator. The prepared nanoparticles exhibited significant antimicrobial activity 
against gram-positive and gram-negative bacteria. The cytotoxicity studies were 
also performed using MCF-7 (human breast carcinoma) cells and observed that 
prepared nanoparticles are biocompatible and provide sustained and controlled 
release of drugs to the targeted site. To overcome the hindrances of earlier reported 
methods of targeted drug delivery, Enoch et al. (2018) synthesized β-cyclodextrin-
based magnetic nanoparticles. Briefly, manganese ferrite nanoparticles were syn-
thesized by coating with β-cyclodextrin-modified polyethylene glycol as a vehicle 
for the anticancer drug camptothecin. The fabricated nanoparticles showed super-
paramagnetic behavior. Further research showed that coating the magnetic nanopar-
ticles with the cyclodextrin-tethered polymer improves the drug loading capacity 
and sustained drug release. Additionally, cytotoxicity is also enhanced when the 
drug is incorporated in the polymer-coated magnetic nanoparticles.

Nowadays mild acid response nanodrug delivery system has been gaining atten-
tion in the research of drug delivery based on the responsive property to the abnor-
mal physiological environment and to the normal physiological environment. 
However, it lacks the site-specific action. In light of these facts, Wang et al. (2018) 
fabricated a magnetic and pH-sensitive composite nanoparticulate system prepared 
by double emulsion technique (Fig. 7.2) and incorporating acetylated β-cyclodextrin 
as a key ingredient to recognize the pH response and Fe3O4 as a component to real-
ize magnetic response. Results showed irreversible pH response property and 
reversible magnetic responsive properties at different pH environment for the 

Fig. 7.2  Cyclodextrin-
based metal gold and silver 
nanoparticles. Cyclodextrin 
attached to a metallic core 
using a linker such as 
adamantane which forms a 
strong stable complex with 
the cyclodextrin molecules
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composite nanoparticle. Mrówczyński et  al. (2018) developed polydopamine-
coated magnetic nanoparticles of doxorubicin combined with mono-6-thio-β-
cyclodextrin for cancer therapy. The hepatic cancer cellular uptake of 
doxorubicin-loaded nanoparticles was investigated by confocal imaging micros-
copy, and the significant anticancer effect of magnetic nanoparticles was observed.

7.5  �Role of Cyclodextrin in Polymeric Nanoparticles

Polymeric nanoparticles are both biocompatible and biodegradable, so the fate of 
the nanoparticles in biological system is not a concern. Examples of natural and 
synthetic polymers used in the nanoparticles are chitosan, polyethylene glycol, poly 
(lactic acid), and poly (lactic-co-glycolic acid) poly(cyanoacrylates). The inclusion 
property of cyclodextrin renders polymeric nanoparticles to conveniently deliver 
hydrophobic molecules to the targeted site by encapsulating the drugs in the hydro-
phobic cyclodextrin cavity. The polymeric nanoparticles have cyclodextrin casting 
outer shells, while the core of the polymeric nanoparticles is composed of natural or 
synthetic polymer. Thus, the drugs can be loaded in the core of the polymeric 
nanoparticles, or it can be conjugated with the cyclodextrin in the outer shell. 
Nanoparticulate systems can be prepared either by dispersion of preformed poly-
mers or polymerization. Among the polymers used in the nanoparticle preparation 
is poly(cyanoacrylates) which are particularly interesting, because of their biode-
gradability and very simple polymerization process. One of the major drawbacks of 
this type of nanoparticle is related to the difficulty of entrapping in hydropho-
bic drugs.

Da Silveira et al. (1998) first proposed cyclodextrin to overcome this problem. 
The authors proposed possibility of preparing nanoparticles of poly(isobutyl cyano-
acrylate) in the presence of hydroxypropyl-β-cyclodextrin by anionic polymeriza-
tion of isobutyl cyanoacrylate. Later, Ren et  al. (2009) dissolved 
adamantane-end-capped poly(ε-caprolactone) and poly(vinylpyrrolidone)-cyclo-
dextrin in N-methyl-2-pyrrolidone, a common solvent for both polymers. Further 
addition of this mixed polymer solution in solvent results in self-assembled poly-
meric nanoparticles. The same year, Zhang and Ma (2009) reported synthesis of 
polymeric core-shell assemblies based on inclusion complexes of a wide variety of 
poorly soluble drugs such as indomethacin and coumarin as guest molecules with a 
polyaspartamide copolymer composed of a block carrying cyclodextrin units and a 
polyethylene glycol block (polyethylene glycol-β-cyclodextrin). Subsequently 
incubation of these assemblies in buffer medium provides a prolong release of these 
compounds. The chronological summary of various major cyclodextrin-based poly-
meric nanoparticles is illustrated in Table 7.1.
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7.6  �Cyclodextrin-Based Lipid Nanoparticles

Lipid-based cyclodextrin nanoparticles represent numerous examples such as lipo-
somes, nanoemulsions, solid lipid nanoparticles, or nanostructured lipid carriers. 
The association of cyclodextrin into lipid nanoparticle formulations not only pro-
motes the hydrophobic drug loading within the aqueous components of the lipid 
cyclodextrin nanoparticles but also maintains the targetability of nanoparticles. It 
has been confirmed from earlier investigations that highly lipophilic molecules 
included in the liposome membranes are released rapidly after in vivo administra-
tion (Maestrelli et al. 2005).

To ensure stable encapsulation, McCormack and Gregoriadis (1994a, b) sug-
gested an approach wherein cyclodextrin/drug inclusion complexes are embedded 
into liposomes. This strategy identified a novel drug delivery system consisting of 
liposomes and cyclodextrin complexes of lipophilic drugs and designated as drug-
in-cyclodextrin-in-liposome. In liposomes, cyclodextrin complexation competes 
with liposomal membrane binding, which strengthens the potential benefit of com-
plexation in increasing hydrophobic drug retention. This concept was applied to 
dexamethasone retinol and retinoic acid included in hydroxypropyl-β-cyclodextrin 
(McCormack and Gregoriadis 1994a, b, 1996). Arima et  al. (2006) developed 
PEGylated liposomes entrapping the doxorubicin complex with γ-cyclodextrin and 
evaluated the antitumor effect of doxorubicin in rodents bearing colon-26 tumor 
cells. The findings of the study displayed retardation in tumor growth and an 
increase in drug retention. From the historical point of view, a number of lipophilic 
drugs have been encapsulated in the drug-in-cyclodextrin-in-liposome system. They 
include Ca2+ channel blocker drug nifedipine (Škalko et al. 1996); anti-inflammatory 
drugs such as prednisolone (Fatouros et  al. 2001), ketoprofen (Maestrelli et  al. 
2005), betamethasone (Piel et al. 2006), celecoxib (Jain et al. 2007), and indometha-
cin (Chen et al. 2007); anesthetic drugs such as benzocaine, butamben (Maestrelli 
et  al. 2010), and prilocaine (Bragagni et  al. 2010); and anticancer drugs such as 
ß-lapachone (Cavalcanti et al. 2011) and tretinoin (Ascenso et al. 2013).

Curcumin is well known for its therapeutic effects such as antibacterial, anti-
inflammatory, antioxidant, and antitumor. But, it exhibits instability and poor solu-
bility. Therefore, to improve the cytotoxic effect and to resolve the issue of instability 
and solubility, Dhule et al. (2012) fabricated curcumin-loaded cyclodextrin-based 
liposomal nanoparticles and studied to treat osteosarcoma. The resulting 
2-hydroxypropyl-γ-cyclodextrin/curcumin-liposome complex exhibits promising 
cytotoxic potential and represents themselves as a potential delivery vehicle for the 
treatment of cancers of different tissue origin.

Ji et al. (2016) practiced the use of cyclodextrin to enhance the tumor-targeting 
ability of the lipid nanoparticles on the outside of the liposomal wall. The surface of 
the liposome consisted of pirfenidone-loaded β-cyclodextrin linked with a cleavable 
peptide, along with arginyl glycyl aspartic acid peptide (most common peptide 
motif responsible for cell adhesion to the extracellular matrix) to target pancreatic 
tumor cells, while the interior of the liposome carried the chemotherapeutic agent 
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gemcitabine. Solid lipid nanoparticles represent an alternative carrier system to con-
ventional colloidal carriers due to their specific features such as the use of natural 
fabrication components, size and related narrow distribution, enhanced stability, 
and increased permeation through biological barriers. Additionally, increased solu-
bility, biocompatibility, ease of manufacture, and different possible administration 
routes enable solid lipid nanoparticles a frontline drug delivery system.

Skiba et  al. (1993) first proposed the concept of employing cyclodextrin in the 
solid nanoparticulate system and filed a patent for this invention. This invention 
described the development and application of a novel cyclodextrin-based dispersible 
colloidal system in the form of spherical particles of matrix type with size ranging 
from 90 to 900  nm (nanospheres), which might contain an active pharmaceutical 
ingredient. This nanoparticulate system was used as a carrier for numerous pharma-
ceuticals and cosmetic agents.

Similarly, Cavalli et al. (1999) developed inclusion complexes of hydrocortisone 
and progesterone with β-cyclodextrin or 2-hydroxypropyl-β-cyclodextrin to modulate 
the release kinetics. The inclusion complexes were incorporated into two types of 
solid lipid nanoparticles. The results showed that using the β-cyclodextrin complexes, 
the incorporation of the more hydrophilic drug, hydrocortisone, was higher than that 
of progesterone. The release of hydrocortisone and progesterone from solid lipid 
nanoparticles was lower when they were incorporated as inclusion complexes than as 
free molecules. To study the morphology of cyclodextrin-based solid lipid nanoparti-
cles, Dubes et al. (2003) have performed scanning electron microscopy and atomic 
force microscopy for the imagery of solid lipid nanoparticles developed from an 
amphiphilic cyclodextrin, 2,3-di-o-alkanoyl-β-cyclodextrin, β-cyclodextrin 21C6. 
The results of the study reveal that the vacuum drying technique used in sample prepa-
ration for scanning electron microscopy causes shrinkage in the size of the solid lipid 
nanoparticles, whereas the deposition method used for atomic force microscopy pro-
duces small clusters of solid lipid nanoparticles.

Chirio et al. (2011) formulated solid lipid nanoparticles of curcumin, composed 
of different triglycerides with or without various modified α- and γ-cyclodextrins. 
The synthesized nanoparticles showed significant entrapment efficiency, improved 
hydrolytic stability, and a notable reduction in curcumin photodegradation when the 
drug was incorporated in tristearin solid lipid nanoparticles. Moreover, the results of 
the skin uptake study displayed an improvement in curcumin skin accumulation 
when curcumin was incorporated in solid lipid nanoparticles obtained with all 
cyclodextrin derivatives, particularly with most lipophilic ones. Solid lipid nanopar-
ticles act as a protection to bioactive molecules.

To explore this unique feature of solid lipid nanoparticles, Carlotti et al. (2012) 
evaluated the potential of solid lipid nanoparticles as a protective carrier of resvera-
trol, against photosensitivity. A notable decline in photodegradation was recorded in 
drug-loaded solid lipid nanoparticles in comparison to tetradecyl-γ-cyclodextrin. 
Moreover, significant in vitro skin accumulation and an enhanced antioxidative effi-
cacy were also observed in resveratrol-loaded nanoparticles.

Spada et al. (2012) formed diclofenac sodium-loaded solid lipid nanoparticles 
composed of different ratios of Compritol AT088 and 2-hydroxypropyl-β- 
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cyclodextrin via an oil/water hot homogenization method for colon-specific drug 
delivery. In vitro and ex vivo investigations confirmed solid lipid nanoparticles as 
a prominent carrier for colonic drug delivery. Additionally, in vitro toxicity stud-
ies showed that the solid lipid nanoparticles are well tolerated. Furthermore, Baek 
and Cho (2013) developed the surface-modified paclitaxel-filled solid lipid 
nanoparticles with hydroxypropyl-β-cyclodextrin. This cyclodextrin has been rec-
ognized to solubilize the drugs and inhibit the oxidation of lipids (Zafar et  al. 
2013). The formulated solid lipid nanoparticles showed a paclitaxel encapsulation 
percentage of 71% with a mean size of 251 nm. The Caco-2 cell uptake of pacli-
taxel from solid lipid nanoparticles was 5.3-fold greater than the Taxol 
formulation.

Nanostructured lipid carriers represent an upgraded generation of lipid nanopar-
ticle, which overcome the major drawback of solid lipid nanoparticles, particularly 
the tendency of discharge of the drug during storage as an outcome of their highly 
ordered crystalline composition. Nanostructured lipid carriers composed by a solid 
lipid matrix are developed from a mixture of biocompatible solid and liquid lipids 
and an aqueous phase containing a surfactant or a blend of surfactants. Recently, 
several reports have been published demonstrating the strategy of simultaneously 
utilizing the advantages of both cyclodextrin and nanolipid carriers by locking them 
in a novel drug delivery system, by incorporating the drug-cyclodextrin inclusion 
complex into the lipid nanoparticles. A brief summary of recently developed 
cyclodextrin-based solid lipid nanoparticles and lipid nanoparticles loaded with 
various drugs used as anticancer, antihypertensive, diuretic, and anti-inflammatory 
is illustrated in Table 7.2.

7.7  �Role of Cyclodextrin in Gold and Silver Nanoparticles

In recent years, gold and silver nanoparticles have been widely investigated for 
nanomedicine due to their superior optical, chemical, and biological properties 
which make them ideal for molecular imaging, drug/gene delivery, biosensors, and 
therapeutic agents. Furthermore, silver nanoparticles have antibacterial properties 
that make them desirable for drug delivery systems as they provide additional anti-
microbial action. When combined with cyclodextrins, these metallic nanoparticles 
can become more targeted. Gold and silver cyclodextrin nanoparticles are com-
monly produced by connecting cyclodextrin to the metallic core using a linker, such 
as adamantane, which forms a strong stable complex with the cyclodextrins 
(Fig.  7.2). Sometimes the cyclodextrins are added by using cyclodextrin-loaded 
macromolecules (cyclodextrin-modified hyaluronic acid).

Liu et al. (1998) first developed a novel technique for the surface derivatization 
of gold colloidal particles to prepare gold colloidal particles of diameter > 10 nm. 
They demonstrated aqueous solubilization of aliphatic thiols by α-cyclodextrin, 
which effectively binds to the aliphatic chains and carries the hydrophobic thiol 
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molecules to the surface of the gold particles. Two years later, the same authors 
developed cyclodextrin-modified gold nanospheres by reduction of AuCl4 in the 
presence of perthiolated cyclodextrin receptors resulting in gold nanospheres modi-
fied with attached cyclodextrins. It is proposed that cyclodextrin-modified gold 
nanospheres represent multisite hosts in aqueous media. The most common applica-
tion of cyclodextrin-gold nanoparticles is in biosensor technology.

Table 7.2  Formulations of cyclodextrin-based solid lipid nanoparticles and lipid nanoparticles 
loaded with various drugs, utilizing the advantages of both cyclodextrin and nanolipid carriers by 
incorporating the drug-cyclodextrin inclusion complex into the lipid nanoparticles

Type of lipid 
nanoparticle Cyclodextrin Active ingredients Therapeutic use Reference

Solid lipid 
nanoparticles

2-Hydroxypropyl-
β-cyclodextrin

Paclitaxel Anticancer agent Bake and 
Chao (2013)

Solid lipid 
nanoparticles

Hydroxypropyl-β-
cyclodextrin

Indomethacin Nonsteroidal 
anti-inflammatory 
drug

Hippalgaonkar 
et al. (2013)

Solid lipid 
nanoparticles

γ-Cyclodextrin Stearic acid Inclusion complex 
of stearic acid and 
gamma 
cyclodextrin

Negi et al. 
(2014)

Solid lipid 
nanoparticles

2-Hydroxypropyl-
β-cyclodextrin

Paclitaxel Anticancer agent Baek et al. 
(2015)

Solid lipid 
nanoparticles

Hydroxypropyl-
beta-cyclodextrin 
and 
sulfobutyl-ether-
beta-cyclodextrin

Hydrochlorothiazide Antihypertensive 
and diuretic

Cirri et al. 
(2017)

Solid lipid 
nanoparticles

Carboxymethyl-β-
cyclodextrin

Famotidine H2 receptor 
(antagonistic 
effects on gastric 
secretion)

Mady et al. 
(2010)

Solid lipid 
nanoparticles

β-Cyclodextrin Simvastatin Antihyperlipidemic Vakhariya 
et al. (2017)

Nanostructured 
lipid carriers

β-Cyclodextrin-
epichlorohydrin 
polymer

Ketoprofen Nonsteroidal 
anti-inflammatory 
drug

Cirri et al. 
(2012)

Nanostructured 
lipid carriers

Cyclodextrin and 
derivatives

Vinpocetine Protective and 
anti-aging agent

Lin et al. 
(2014)

Nanostructured 
lipid carriers

Methylated-β-
cyclodextrin

Oxaprozin Nonsteroidal 
anti-inflammatory 
drug

Mennini et al. 
(2016)

Nanostructured 
lipid carriers

Hydroxypropyl-β-
cyclodextrin and 
sulfobutyl-ether-β-
cyclodextrin

Hydrochlorothiazide Antihypertensive 
and diuretic

Cirri et al. 
(2018)

Nanostructured 
lipid carriers

Hydroxypropyl-β-
cyclodextrin

Lippia origanoides 
(essential oil)

Follicular 
accumulation and 
controlled delivery

Pires et al. 
(2019)
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Holzinger et  al. (2009) developed a single-walled carbon nanotube with 
β-cyclodextrin-functionalized gold nanoparticles attached to the surface, loaded 
with polymerized adamantane. The association between the polymerized adaman-
tane and the β-cyclodextrin-functionalized gold nanoparticles ideally simulates the 
biological interactions of biotin and avidin. To explore the potential of gold nanopar-
ticles for photothermal release of drug, Sierpe et al. (2015) carried out the synthesis 
of a 1:1 β-cyclodextrin-phenylethylamine inclusion complex and the adhesion of 
gold nanoparticles onto microcrystals of this complex. Wang et  al. (2016a, b) 
described an easy method to produce the host-guest assembly of gold nanoparticles 
induced by intracellular glutathione. Briefly, gold nanoparticle aggregates were 
developed from dispersive gold nanoparticles by host-guest interactions between 
ferrocene and β-cyclodextrin and triggered by intracellular glutathione. It is well 
known that ferrocene develops an inclusion complex with β-cyclodextrin and 
detaches upon ionization (Fc+). Results showed that the synthesized aggregates are 
retained for a long time in cancer cells and provoke apoptosis of cells when exposed 
to near-infrared irradiation. It has been proven from several scientific investigations 
that β-cyclodextrin-functionalized gold nanoparticles are more efficient in antican-
cer therapy when incorporated with anticancer agents. For example, Ha et al. (2013) 
formulated gold nanoparticles decorated with polyethylene glycol and poly 
(N-isopropyl acrylamide) linked via complexation between β-cyclodextrin and ada-
mantane groups. It has been observed that exposure of these gold nanoparticles to 
low temperature facilitates the release of the doxorubicin as well as transports it 
directly to the cancer cell nucleus by dismantling.

Furthermore, Bakar et al. (2015) reported decreased breast cancer cell (MCF-7) 
proliferation by complexing various ligands (pinoresinol, lariciresinol, and secoiso-
lariciresinol) with thiolated-β-cyclodextrin and decorating them on the exterior of 
gold nanoparticles. Conventional anticancer molecules such as doxorubicin, pacli-
taxel, and docetaxel were incorporated into the β-cyclodextrin-functionalized gold 
nanoparticles and targeted to cancer cells. Findings of cell line studies showed that 
the doxorubicin-loaded β-cyclodextrin gold nanoparticles enhanced the cellular 
uptake and exerted a significant antiproliferative effect. Similarly, Wang et al. (2016a, 
b) constructed a twofold nanoparticulate delivery system based on host-guest nano-
platforms loaded with anticancer agent docetaxel and genetic material siRNA using 
gold nanorods coated with polyethylenimine-grafted β-cyclodextrin. The developed 
gold nanoparticles, upon exposure to near-infrared laser irradiation, generate a sig-
nificant hyperthermia effect to trigger siRNA and docetaxel release from the cyclo-
dextrin, and it has been observed that developed gold nanoparticles in combination 
with laser irradiation remarkably inhibit lung metastasis of 4T1 breast tumors.

A general method to improve the dispersity of oleic acid-stabilized silver 
nanoparticles was proposed by Wang et al. (2016a, b). The authors have modified 
the surface properties of the nanoparticles by the configuration of an inclusion com-
plex between surface-bound surfactant particles and α-cyclodextrin. Results showed 
that initial cyclodextrin concentration is a key factor responsible for the phase trans-
fer of nanoparticles to the aqueous solutions (Wang et al. 2016a, b). To explore this 
concept of phase transfer of silver nanoparticles in aqueous solvents, George et al. 
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(2011) synthesized antibacterial water-soluble, silver nanoparticles encapsulated in 
β-cyclodextrin. The β-cyclodextrin-encapsulated silver nanoparticle revealed 
remarkable stability and antimicrobial effect when tested in  vitro against 
Pseudomonas aeruginosa and Staphylococcus aureus. One year later, the same 
researcher’s group synthesized silver nanoparticles by reducing silver acetate with 
a long-chain aliphatic amine stabilized with β-cyclodextrin. This formulation 
revealed significant results when evaluated for antifungal activity against various 
human pathogens such as Aspergillus fumigatus, Mucor, and Chrysosporium 
species.

Gannimani et al. (2016) coupled the antibacterial properties of silver nanoparti-
cles and hydrophobic drug carrier characteristic of cyclodextrin to fabricate supra-
molecules to provide cutting edge for antibacterial efficacy of chloramphenicol. 
Likewise, Gaurav et al. (2015) exploited an interesting mechanistic feature of metal 
nanoparticles for multiple therapeutic targets. They utilized β-cyclodextrin to solu-
bilize clotrimazole, an antifungal agent, and then attach to albumin-stabilized silver 
nanoparticles; here albumin facilitates to reduce the interaction between the silver 
nanoparticles and the cyclodextrin-clotrimazole complex. These hybrid nanoparti-
cles exerted a synergistic effect when evaluated for antifungal activity against can-
dida yeast cells. β-Cyclodextrin-capped silver nanoparticles also have a notable 
contribution to cytotoxic therapeutic applications. Jaiswal et al. (2015) proved the 
ability of β-cyclodextrin silver nanoparticles to regulate biofilm growth and lessen 
the cytotoxic effect. The cytotoxicity of silver nanoparticles in human HaCat skin 
cells was eliminated due to the shielding capping of β-cyclodextrin. These nanopar-
ticles particularly target cancerous cells and bypass uptake in normal cells. Zhai 
et al. (2017) reported the formulation and therapeutic application of biocompatible 
nanoparticles for the examination of the uptake of nanoparticles into viable cells in 
a microfluidic chip by utilizing surface-enhanced Raman spectroscopy, which mod-
ified the surface of β-cyclodextrin-capped silver nanoparticles using para-amino 
thiophenol and folic acid. The para-amino thiophenol molecules serve as the Raman 
reporter, while the folic acid fragments have a high proclivity for folate receptors 
that are overexpressed on the surface cancerous cells so that the nanoparticles can 
penetrate the cells and be observed by the Raman reporter.

Like gold nanoparticles, silver nanoparticles represent valuable attributes such as 
high functionalization and good catalytic activity, which make them suitable for 
biosensor applications. Therefore, with an aim to explore this characteristic of silver 
nanoparticles, Gao et al. (2015) developed a novel sandwich-type electrochemical 
immunosensor based on host-guest interaction for the detection of alpha-fetoprotein 
(a protein made in the liver of a developing baby). The developed immunosensor 
displays a wide linear calibration range from 0.001 to 5.0 ng/mL with a low detec-
tion limit (0.2  pg/mL) for the detection of alpha-fetoprotein. This method has a 
large-scale application promise in the clinical domain. Hui et al. (2015) explored 
β-cyclodextrin as a reducing agent between silver nitrate and graphene oxide in a 
guanine and adenine biosensor. In this study, β-cyclodextrin acts as a stabilizer as 
well as a dispersant for the silver nanoparticles and graphene oxide. This property 
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of β-cyclodextrin offered a microenvironment that produced a rapid absorption of 
guanine and adenine leading to faster electrocatalysis.

7.8  �Pharmaceutical Applications of Amphiphilic 
Cyclodextrin Nanoparticles

The potential use of cyclodextrin in a biological system needs amphiphilic proper-
ties because natural cyclodextrin has relatively low solubility both in water and 
organic solvents, thus limiting their uses in pharmaceutical formulations. 
Amphiphilic or ionizable cyclodextrins can modify the rate or time of drug release 
and bind to the surface membrane of cells that may be used for the enhancement of 
drug absorption across biological barriers. Improvement of the interaction of cyclo-
dextrins with hydrophobic drugs renders self-assembly capacity in aqueous solu-
tions (Bilensoy and Hincal 2009). Amphiphilic cyclodextrins are obtained by 
grafting of 6-C aliphatic chains linked with ester or/and amide groups of different 
length on the primary/secondary face of the glucopyranose units (Duchêne et al. 
1999a). The major advantage of amphiphilic cyclodextrins is their self-assembly 
properties which are sufficient to form different nanosized carriers spontaneously 
without the presence of surfactants. This superiority gives them amphiphilic proper-
ties resulting in the formation of supramolecular aggregates in the nanometer range 
(Duchêne et al. 1999b).

According to the chemical structure of the amphiphilic cyclodextrin, different 
carrier systems could be obtained such as solid lipid nanoparticles, bilayer vesicles, 
liposomes, and nanoparticles (Donohue et al. 2002; Dubes et al. 2003). According 
to the groups conjugated onto cyclodextrins, amphiphilic cyclodextrin-based sys-
tems can be classified as nonionic, cationic, and anionic materials (Zhang and Ma 
2013). Amphiphilic cyclodextrins have been synthesized to overcome the draw-
backs of natural cyclodextrins. In addition, they have the ability to form self-
assembled nanoparticulate systems. Their unique properties can improve the drug 
loading capacity, cellular interaction and tumoral penetration, drug release profiles, 
and cytotoxicity of drug delivery systems. Skiba et al. (1996) synthesized an amphi-
philic β-cyclodextrin-based nanosphere drug delivery system prepared by uniform 
dispersion of an organic solution of modified β-cyclodextrin in the hydrophilic 
phase with or without surfactant. A preliminary study for the effect of surfactant on 
the size, physicochemical properties, and stability of the nanospheres was carried 
out. Furthermore, in a similar study, the authors reported the synthesis and charac-
terization of amphiphilic cyclodextrin-based new nanosphere drug delivery system 
consisted of fatty acid chain of either 6 or 12 or 14 carbon atoms assembled at the 
02 and 03 positions of the β-cyclodextrin molecule. Table 7.3 summarized the vari-
ous potential pharmaceutical applications of amphiphilic cyclodextrin-based 
nanoparticles such as anticancer, cholesterol-targeted, folate-targeted, and amphi-
philic cyclodextrin nanoparticles for gene delivery.

7  Role of Cyclodextrins in Nanoparticle-Based Systems for Drug Delivery



330

Table 7.3  The historical landmarks of amphiphilic cyclodextrin-based nanoparticles containing 
anticancer and antimicrobial drugs including gene delivery to facilitate improved drug loading 
capacity, significant cytotoxicity, and vectorized gene delivery

Drug/
mechanism

Amphiphilic 
cylodextrin Indication

Outcomes 
offered by 
amphiphilic 
cylodextrin 
nanoparticles

Historical 
landmarks References

Bifonazole 
and 
clotrimazole

6-N-capro-β-
cyclodextrin

Antifungal Improved drug 
loading 
capacity

First report on 
antifungal drug 
with amphiphilic 
cyclodextrin

Memişoğlu 
et al. 
(2003)

Tamoxifen 
citrate

β-Cyclodextrin Anticancer Improved 
loading 
capacity and 
cytotoxicity

Bilensoy 
et al. 
(2005)

Amphiphilic 
β-cyclodextrin 
nanosphere

β-Cyclodextrin In vivo 
tissue 
distribution

No particular 
sign of toxicity

First report of 
in vivo behavior 
of amphiphilic 
cyclodextrin 
nanoparticles

Gèze et al. 
(2007)

Paclitaxel Cyclodextrin 
derivatives

Anticancer No effect on 
cell 
proliferation 
and no 
hemolysis of 
red blood cells

Bilensoy 
et al. 
(2008a, b)

Camptothecin β-Cyclodextrin Anticancer Improved 
release profiles 
and significant 
antitumor 
efficacy

First comparison 
of amphiphilic 
cyclodextrin 
nanoparticles 
with polymeric 
analogues

Çirpanli 
et al. 
(2009)

Camptothecin Cyclodextrin Anticancer Significant 
anticancer 
efficacy

Çirpanli 
et al. 
(2011)

Docetaxel Cyclodextrin 
heptakis

Anticancer Prolonged cell 
arrest in mitosis

Quaglia 
et al. 
(2009)

Acyclovir Fluorinated 
alpha-
cyclodextrin 
hexakis

Antiviral Improved 
encapsulation 
efficiency, 
sustained 
release of 
acyclovir

First report on 
antiviral drug 
nanoparticles 
based on 
amphiphilic 
cyclodextrin

Ghera et al. 
(2009)

Plasmid DNA Polycationic 
cyclodextrin

Transfection 
capability

Vectorized 
gene delivery

Díaz-
Moscoso 
et al. 
(2011)

(continued)
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Table 7.3  (continued)

Drug/
mechanism

Amphiphilic 
cylodextrin Indication

Outcomes 
offered by 
amphiphilic 
cylodextrin 
nanoparticles

Historical 
landmarks References

Nucleic acid Polycationic 
cyclodextrin

Gene 
therapy

Efficiently 
mediated 
serum-resistant 
transfection in 
HeLa and 
HepG2 cells

Méndez-
Ardoy et al. 
(2011)

Plasmid DNA Polycationic 
amphiphilic 
cyclodextrin

Gene 
therapy

Efficiently 
mediated 
transfection

First preforming 
self-assembled 
nanocomplexes 
from a 
polycationic 
amphiphilic 
cyclodextrin and 
plasmid DNA

Aranda 
et al. 
(2013)

Doxorubicin Star-like 
polymers 
composed of a 
β-cyclodextrin

Anticancer pH-responsive 
sustainable 
drug release

A new 
generation of 
drug delivery 
systems

Xu et al. 
(2015)

Short 
interfering 
RNA

Cyclodextrins Brain cancer Enhanced gene 
silencing 
efficiency

Gooding 
et al. 
(2015)

Cholesterol 
targeted

Nonionic or 
cationic 
β-cyclodextrin

Cholesterol-
targeted 
anticancer 
effects

Apoptosis of 
cancer cells via 
cholesterol 
extraction

Varan et al. 
(2016)

Paclitaxel 
(folate- 
targeted)

β-Cyclodextrin Anticancer Reduced cell 
proliferation

Erdogar 
et al. 
(2017)

Doxorubicin β-Cyclodextrin Anticancer Inhibit the 
growth of 
MDA-MB-231 
cancer cells

First report on 
nanoparticles 
equipped with 
multivalent 
mannose target 
units

Ye et al. 
(2016)

Short 
interfering 
RNA

Cationic 
cyclodextrin

Prostate 
cancer

Transfect 
prostate cancer 
cells in a 3D 
model of bone 
metastasis

First report of 
targeted 
cyclodextrin to 
transfect 
prostate cancer 
cells in a 3D 
model of bone 
metastasis

Evans et al. 
(2017)

(continued)
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7.9  �Miscellaneous

Nowadays, numerous types of neutral, amphiphilic, modified cyclodextrins are 
incorporated in the formulation development of novel drug delivery systems that 
can enable effective delivery of drugs across mucosal or dermal membranes. As per 
the biopharmaceutical classification system of drugs, poor drug solubility or poor 
mucosa permeability attributes of drugs limit their pharmaceutical applications. 
These cyclodextrin-based polymeric nanoparticles represent a more reliable drug 
delivery system when compared with control nanoparticles; they displayed homo-
geneous bioadhesive interactions with the gastrointestinal mucosa due to the pres-
ence of several hydroxyl groups in cyclodextrin nanoparticles, which would promote 
hydrogen bonding with the gut, subsequently enhancing the bioadhesive potential 
(Agüeros et al. 2011). Furthermore, Luppi et al. (2011) examined the potential of 
different cyclodextrins in nasal drug delivery using albumin nanoparticles for the 
treatment of the most common neurodegenerative disorder Alzheimer’s disease to 
validate their effect on the drug release, mucoadhesiveness of nanoparticles, and 
permeability of model drug tacrine. In another approach, β-cyclodextrin was conju-
gated with chitosan and further quaternized with glycidyltrimethylammonium chlo-
ride for mucoadhesive drug delivery system.

Transdermal delivery of drugs has always been a challenging task due to barrier 
property of skin; due to unique properties of cyclodextrin-based nanoparticles, they 
represent an alternative choice for effective transdermal delivery of drugs. Maestrelli 
et al. (2006) synthesized chitosan nanoparticles in the presence of cyclodextrin as a 
nanocarrier system for the triclosan (an antifungal agent) and furosemide (a 
diuretic). This nanocarrier system showed immediate drug release, followed by a 
delayed-release of drug. It confirms the inclusion of the drug inside the cyclodextrin 
cavity and later encapsulation inside the chitosan polymer. Thus, representing an 
ideal nanocarrier system for transdermal drug delivery. Similarly, Khalil et  al. 

Table 7.3  (continued)

Drug/
mechanism

Amphiphilic 
cylodextrin Indication

Outcomes 
offered by 
amphiphilic 
cylodextrin 
nanoparticles

Historical 
landmarks References

Iodinin β-Cyclodextrin Anti-
leukemic 
activity

Significant 
cytotoxicity & 
improved water 
solubility

First report on 
iodinin 
amphiphilic 
β-cyclodextrin 
nanoparticles

Prandina 
et al. 
(2018)

Paclitaxel β-Cyclodextrin Anticancer Stronger 
antitumoral 
activity in the 
3D 
multicellular 
tumor mode

First report on 
the 3D 
multicellular 
tumor mode

Varan et al. 
(2018)
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(2012) formulated nanoparticles of warfarin, an anticoagulant drug, by loading it in 
chitosan-cyclodextrin-complexed nanoparticle systems for transdermal drug deliv-
ery. The results of in vitro release studies and ex vivo permeation studies of warfarin-
cyclodextrin-complexed nanoparticles paved the new way for the delivery of 
hydrophobic drugs. To improve the percutaneous absorption, Kwon and Kim (2010) 
fabricated mono-olein cubic phase nanoparticles comprising of 2-hydroxypropyl-b
eta-cyclodextrin, complexed with minoxidil (a vasodilator drug), which were pre-
pared by hydrating molten minoxidil with the inclusion complex solution. The 
cubic phase transparent gels were obtained in the presence of pluronic F127 as a 
dispersant that showed significant in vitro skin permeability when compared with 
native delivery carriers. Econazole nitrate, a poorly soluble antifungal agent for 
ocular drug delivery, was developed as the chitosan nanoparticles in the presence of 
sulfobutyl-ether-beta-cyclodextrin. Mucoadhesiveness property of chitosan enabled 
nanoparticles to interrelate with the ocular mucosa; besides the use of an anionic, 
sulfobutyl-ether-beta-cyclodextrin magnified the solubility and delivery of econ-
azole to the cornea (Mahmoud et al. 2011).

Gil et  al. (2009) synthesized the novel quaternary ammonium β-cyclodextrin 
nanoparticles as drug delivery carriers for doxorubicin to improve the permeability 
of doxorubicin, a hydrophobic anticancer drug across the blood-brain barrier. When 
quaternary ammonium β-cyclodextrin was experimented in different in vitro stud-
ies, it was found to be nontoxic at a concentration of up to 500 mg/ml in bovine 
brain microvessel endothelial cells and showed great potential for safe and effective 
delivery of doxorubicin and other therapeutic agents across the most complexed 
blood-brain barrier. Nanoparticle-based biomedicine has gained enormous accep-
tance for theranostic applications, due to their advantage features over conventional 
therapy. Therefore, in search of a novel theranostic material, Datz et al. (2018) have 
synthesized a new β-cyclodextrin-based biocompatible and multifunctional sub-
stance that cross-linked with rigid organic linker molecules to yield thermostable, 
readily water-dispersible particles having a nanosize range (∼150 nm). In the next 
step, these nanoparticles covalently linked with dye molecules to enable effective 
tracking of them during in vitro cell experiments. Results showed the successful 
nuclei staining with Hoechst 33342 dye, including effective cell killing with the 
doxorubicin cargo molecules. Concludingly, these findings represent a promising 
approach for the development of novel theranostic systems.

7.10  �Conclusion

The application of cyclodextrin-based nanomaterials is beginning to confirm an 
effective degree of control in drug delivery and other therapeutic applications, 
although their safe, effective, and economical delivery is yet not significantly dem-
onstrated. The chemical modification of cyclodextrin polymers is a promising strat-
egy to extend their pharmaceutical applications. Some nanoparticles, such as 
CRLX101 and CALAA-01, are tumor-targeted and siRNA delivery 

7  Role of Cyclodextrins in Nanoparticle-Based Systems for Drug Delivery



334

nanopharmaceuticals respectively, they contain a cyclodextrin-containing polymer. 
These nanoparticles formulated with a polyethylene glycol steric stabilization 
agent, are among the most appropriate nanotherapeutics in clinical phase II trials for 
cancer diseases (Weiss et al. 2011; Zuckerman et al. 2014).

There is a flourishing discussion about the inherent advantages, characteristic 
features, and potential therapeutic applications of cyclodextrin-based nanoparticles 
reported by the scientist fraternity in the past decades to date. These cyclodextrin-
based nanoparticles are enriched with various properties of an ideal novel drug 
delivery system. Moreover, they overcome the limitations of other carrier systems 
as well. Cyclodextrin-based nanoparticles have emerged as a very promising carrier 
system for high molecular weight compounds such as peptides, proteins, DNA, and 
other genetic materials. Nanoparticles containing cyclodextrins have shown their 
potential to improve the loading capacity of carriers such as liposomes, nanoparti-
cles, and solid lipid nanoparticles. This review also highlights the new-generation 
cyclodextrin-based nanocarrier for the delivery of associated DNA or proteins with 
remarkable cytotoxicity against various cancer cell lines. Amphiphilic cyclodex-
trins represent unique properties of ideal pharmaceutical excipients, such as the 
ability to form nanoparticles spontaneously. Moreover, they possess the advantages 
of natural cyclodextrins suitable for drug delivery, together with the advantages of 
delivery of drugs through various administration routes such as oral, transdermal, 
nasal, ocular, and across the biological membranes including the blood-brain barrier.
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