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Abstract 

Short interfering RNAs (siRNAs), as small non-coding RNA fragments, are one of the widely 

studied RNAi inducers for gene modulations. The reasonably designed siRNA probes provide a 

novel potential therapeutic strategy for cancer therapy via silencing the specific cancer-

promoting gene. The optimization of physicochemical properties of delivery vectors, such as 

stability, the possibility of surface functionalization, size, charge, biocompatibility, 

biodegradability, and non-immunogenicity with receptor-mediated targeting ligands, is necessary 

for effective intracellular siRNA delivery. The present review is focused on the recent progress 

of the non-viral nanocarriers for siRNA cancer treatment based on synthetic approaches 

associated with cyclodextrin (CD)-based carbohydrate polymers, i.e. CD-cationic polymers, CD-

polyrotaxanes, CD-dendrimers, and CD-modified tumor-specific targeting ligands. Besides, the 

efficiency of nanocarriers-based stimuli-responsive CDs is described for the simultaneous 

delivery of siRNAs and chemotherapeutic drugs. Further, theranostic CD compounds are 

introduced for the specific diagnosis and cargo-targeting delivery to the specific disease sites. In 

the meantime, the development of the inherent fluorescent CD-based supramolecular 

biomaterials without formal chromophores will open up a new strategy to design an effective 

theranostic non-viral carrier system. 

Keywords: Cyclodextrin; Nanoparticle; Targeted delivery; siRNA; Cancer; Theranostic  
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1. Introduction  

As a therapeutic approach, gene therapy is used to deliver genetic materials such as DNA [1,2], 

RNA [3,4], and antisense oligonucleotides [5, 6] into cells. Recently, great progress has been 

made in RNA interference (RNAi) for cancer treatment by the silencing of the particular genes 

up-regulated in tumor cells or elaborated in cell division [6,7].  

 

Figure 1. Mechanism of RNAi by siRNA. siRNA delivery was achieved through a vehicle or as a non-specific 

process and then specific mRNA silencing followed by corresponding sequence binding.  

 

RNAi is introduced as an endogenous posttranscriptional regulation procedure, which involves 

small monitoring RNAs containing microRNAs (miRNAs) or small interfering RNAs (siRNAs) 

[8]. RNAi process is stimulated primarily through the enzyme Dicer and followed by the RNAs 

(dsRNAs) cleavage into short siRNAs (21–25 nt). After unwinding the siRNA feature, the 
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siRNA guide is combined into the RNA-induced silencing (RISC) complex and is joined with an 

mRNA corresponding arrangement, ending in the target mRNAs cleavage through Argonaute 2 

(Ago2) (Fig. 1) [9]. This significant process provides the novel therapeutic strategies by 

designing appropriate oligonucleotide probes over mRNA arrangement in the human genome 

information. Thus, the effective choice and preparation of tailored siRNAs for a target gene are 

the crucial steps for drug progresses based on gene therapy, affecting modern medicine 

considerably [9, 10, 11]. 

The therapeutic properties of the naked siRNAs cannot be controlled, because they possess 

actual short in vivo half-lives and are promptly degraded by nucleases in the plasma or ejected by 

the kidney [12,13]. Additionally, the naked siRNAs do not facilely cross the cellular 

hydrophobic plasma membranes and enter the cytoplasm, due to their hydrophilicity and 

polyanionic nature [15]. In this regard, the development of appropriate vectors is an important 

challenge in the application of siRNA-based therapeutics. Due to the genomic integration and 

single-use limitations of the virus-based vectors, gene delivery by cationic polymers is one of the 

major challenges in designing appropriate non-viral gene vectors [12,15].  

Nowadays, several nanoparticle platforms were developed as effective non-viral siRNA delivery 

systems [16,17, 18, 19]. The pros of these vectors based on nanoparticles include their biological 

inert and non-immunogenic properties, possible stimulation of interferon-γ production, the 

activation of antitumor immunity, and the enhancement of circulation time, imaging, and 

tracking potential [12, 20, 21]. Due to their flexible and simple operation in the extensive range 

of gene therapies, polymers are considered suitable candidates serving as a nucleic acid carrier 

[23]. As a general rule, positively charged polymer nanoparticles, containing the cationic units, 

provide the electrostatic binding of negatively charged siRNA with cationic units; however, their 
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covalent interactions are followed through the biodegradable disulfide or thiol-maleimide bonds 

[24]. The polymers with high positive charge density can provide stable polyplexes, protecting 

the nucleic acids from enzymatic degradation, and facilitating the endosomal release during the 

proton sponges‟ process. The proton-sponge ability, induced by cationic polymers, promotes 

osmotic swelling and rupture of endosomes, and intracellular gene delivery. Numerous 

polymeric nanocarriers have been introduced as appropriate drug delivery systems for human 

procedures [25]. Owing to their prominent effects, various polymers containing cationic 

polymers, i.e. polyethyleneimine (PEI), and polysaccharides, i.e. cyclodextrin and chitosan have 

been investigated for siRNA distribution [25, 26]. Cyclodextrin is known as a favorable natural 

polymer for siRNA delivery (Table 1). This natural compound was first described as a plasmid 

DNA delivery system in 1999 and then developed as a siRNA carrier. After nearly a decade, 

cyclodextrin polymer (CDP) nanostructures were progressed into clinical processes, as 

appropriate and potential systemic siRNA vectors for cancer treatment.  

Among a diversity of carrier systems, the efficiency of CD compounds as favorable delivery 

platforms for oligonucleotide therapy has been well recognized. These compounds are 

biocompatible cyclic oligosaccharides with hydrophilic primary and secondary surfaces and a 

hydrophobic cavity. The existence of hydroxyl functional groups on the ring structure of 

oligosaccharide provides modifications with various functional groups, giving an increase to the 

compounds library containing cationic, anionic,  amphiphilic, PEGylated, and targeted CDs [28]. 

Recently, the studies focused on exploring CD-mediated polycations, which used CD as the base 

of the system, and incorporate cationic charge through modifying the hydroxyl groups of CDs. 

CDs modified with cationic segments can directly produce polyplexes with nucleic acid 

fragments, much like current cationic polymer structures. The electrostatic interactions between 
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nucleic acid and CD-cationic segments allow for self-assembly into stable structures. These CD 

polycations also show amphiphilic properties because they can produce nanostructures where 

nucleic acid cargo is condensed and encapsulated in the structure. The complex formation of CD 

structure with the host molecules allows protecting the therapeutic cargo, up to the 

macromolecular scale. On the other hand, tumor blood vessels are different in many ways from 

normal blood vessels. Due to the gaps between adjoining endothelial cells of the angiogenic 

blood vessels in tumor tissues, macromolecules could be useful from the improved permeability 

and retention (EPR) efficacy. CD certainly displays membrane disruption, leading to 

improvement of permeability for its cargo. This disruption is further than the proton sponge 

effect alone, as it can improve delivery to the cytosol not only by increased uptake but also by 

increased endosomal escape [29]. 

This review provides a significant perspective on the development and promising effects of CD-

based non-viral siRNA delivery systems. First, it focuses on designing and developing CD-based 

dendrimers and CD-based polyrotaxanes, as the appropriate vectors for siRNA transfection. 

Then, the functional cationic CDs with cancer-specific targeting ligands are highlighted as the 

efficient siRNA nanovectors in specific cancer therapy. Moreover, the efficiency of the CD-

based multifunctional cationic nanocarriers is described for the simultaneous delivery of siRNAs 

and chemotherapeutic drugs. Finally, the specific diagnosis and cargo-targeting delivery process 

are discussed based on the theranostic-CD compounds.  

2. Cyclodextrins: classification, structure, and basic properties  

Cyclodextrins was first reported in 1891 as crystalline substances from the Bacillus amylobacter 

[27, 28]. These natural macrocyclic carbohydrate polymers are assembled from α-(1-4)-

connected d-glucopyranose groups (certainly occurring α, β, and γ designed by 6, 7, and 8 
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glucose groups) [32]. Owing to the chair structure of the glucopyranose groups, CD compounds 

have torus macro-circle form, like a truncated cone, with a hydrophobic hollow cavity and a 

hydrophilic external  

 

Table 1. siRNA drug delivery systems based non-viral cationic cyclodextrin containing targeting ligands 

for improvement cancer therapy. 

Carrier Ligand Cell Target 

receptor 

Target 

gene 

Size 

(nm) 

Ref. 

 

CDP; AD-PEG-Tf 

 

Transferrin 

 

Hela 

 

CD71 

 

RRM2 

 

 70 

 

[33] 

 

Dilysine-CD; AD-PEG-AA 

 

Anisamide  

 

DU145 

VCaP  

PC3  

 

Sigma-1  

 

PLK1 

 

288 

 

[34] 

 

CB[6]‒ADA; CD-HA  

 

Hyaluronic acid 

 

PC-3 

 

CD44 

 

EGFP  

 

39 

 

[35] 

CD-PEG500-RVG RVG peptide U87 

HeLa 

Acetyl 

choline 

GAPDH 281 [36] 

 

CD-RNA; Ad-PEG-RVG 

 or Diansiamide; Chitosan 

 

RVG peptide, 

Dianisamide 

 

PC3  

DU145 

 

Acetyl choline, 

Sigma-1 

 

PLK1 

 

∼100 

 

[37] 

 

HP-β-CD-PEI-FA 

 

Folic acid 

 

HeLa 

 

Folate 

 

VEGF 

 

302 

 

[38] 

 

CD-RNA; DSPE-PEG-FA 

 

Folic acid 

 

VCaP 

 LNCaP 

 

Folate 

 

RelA 

 

∼200 

 

[39] 

 

β-CD-GUG;  PEG-FA 

 

Folic acid 

 

KB 

 

Folate 

 

siPLK1 

 

92 

 

[40] 

 

CD-RNA; DSPE-PEG- Fab 

 

Fab 

 

KG1  

 

IL-3Rα 

 

BRD4  

 

∼200 

 

[41] 

 

CD complexes;  

DSPE-PEG5000-AA  

  

Anisamide 
 

PC3  

DU145  

  

sigma  
 

PLK1 
 

∼200 [42] 

       

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



8 
 

 
 

PCD-SS-PDMAEMA; 

Ad-PEG-FA 

Folic acid HeLa 

KB 
Folate EGFP ∼200 [43] 

 

trans-G/HA-CD 
 

Hyaluronic acid 
 

A549 
 

CD44 
 

GAPDH 
 

50 
 

[44] 

 

surface, which can condense a range of guest species with diverse binding affinities, so providing 

a great flexibility [45]. 

According to the X-ray investigations, the primary and secondary hydroxyl groups (C2, C3, C6) 

are found on the broad edge and the fine cross, respectively [46]. Although the primary hydroxyl 

groups can revolve, the secondary ones are reasonably static. The C3 and C5 apolar hydrogens 

are in the cavity of CDs. The cavities have different diameters associated with the numeral of 

glucose units; however, the height of the cavity is constant (0.78 nm). Although β-CD has been 

widely utilized in medicinal applications [47], it is excellent to determine the type of CD for each 

particular drug according to the nature and size of substituents of the guest molecules [48]. The 

intermolecular forces resulted in the formation of inclusion complexation should include van der 

Waals interaction, electrostatic interaction, hydrogen bonding, hydrophobic interaction, charge-

transfer interaction [34, 35]. 

A notable feature of the saccharide nature of CDs is their lack of toxicity to humans. Numerous 

CD-including pharmaceutical compounds have successfully been approved by the Food and 

Drug Administration (FDA) and the European Medicines Agency (EMA) [36, 37]. They can be 

extensively utilized excipients in pharmaceutical constructions and exploited to upsurge the 

stability and bioavailability of poorly hydrophilic molecules [37, 38, 39]. The non-covalent 

interactions of the guest molecules into the cavity of CD compounds, as a host unit, lead to the 

formation of CD supramolecular structures [24, 25]. These complexes increased the solubility, 

the transcorneal permeation, water stability, and decreased visual stimulation [54]. 
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3. Design of cyclodextrin-based structures for siRNA delivery 

Cyclodextrins are extensively utilized in pharmaceutical constructions, and as such, their long-

term biocompatibilities are determined in humans [40,41]. However, the potential application of 

CDs as carriers of nucleic acids based on their direct interaction would not be expected, since 

they show very weak interactions with nucleic acids [57]. Thus, combining CDs with cell-

penetrating nucleic acid carriers (cationic polymers) or modifying the CD structure was 

necessary for their internalization. Several approaches have been used to improve the 

interactions between CD polymers and nucleic acid fragments in a polymer-nucleic acid complex 

(polyplex) [58]. CDs can be modified by active and appropriate targeting ligands, cationic, and 

amphiphilic polymers to improve the transfection efficiency of siRNA [59]. Further modification 

of cationic complexes was carried out by the PEGylation process for protecting the surface 

against the aggregation of complex and prolonging systemic circulation time [52]. Several CD-

incorporated polymers such as PEI and PAMAM have been reported for the siRNA condensation 

and their protection from enzymatic degradation.  

3.1 Cyclodextrin-based polyrotaxanes for siRNA delivery 

Polyrotaxane (PR) is a typical supramolecular structure, consisting of multiple cyclic molecules 

threaded onto a linear polymeric chain coated by great fragments (stoppers) at both terminals of 

the polymer chain to avoid leakage of the cyclic component and keep its stability. Interestingly, 

polyrotaxanes (PRs) are formed with various rings passing via a linear polymer, unlike 

conventional polymers with covalent bonds of duplicate units and restricted freedom. 

Additionally, the cyclic molecules in a PR can rotate and/or slide on the axial polymeric chain, 

whereas the large end-groups cleavage stimulated macrocycles de-threading (Fig. 2) [60]. These 

properties are associated with the PRs and are never found in conventional polymeric structures. 
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Due to the appropriate mobility of the cyclic molecules on the axial polymeric chain, PRs are 

considered as promising analogs in the facilitation of the interaction between the anionic gene 

and the cationic polymer [51].  

 

Figure 2. A typical image of the polyrotaxane structure. The cyclic groups in the polyrotaxane rotate and/or slide 

alongside the chain of polymer in the solution state. The dissociation process of the supramolecular structure was 

followed by the terminal cleavage of coating groups in the presence of outside stimuli. 
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The application of the CD-based PRs as biomaterial analogs is noteworthy, thanks to the 

numerous potentials of PRs for the adjustment of the physical features. This process can be 

performed by the end-modification of the PRs to include the detectable segments for the targeted 

applications. Further modification can be followed on the CD cyclic molecules threaded on the 

axial polymeric chain in the PRs. The multiple hydroxyl groups on the CD structure provide easy 

modification and conjugation of drugs on the CD through numerous chemical reactions [53]. 

Hence, several investigations were reported on the application of CD-based PRs for gene 

delivery, indicating the appropriate biocompatibility and gene delivery of these analogs (Table 

2). N. Ogata et al. described the first inclusion complex of polypseudorotaxanes by CDs in 1976. 

Several inclusion complexes containing diamines with β-CD were prepared and CD-included 

polyamides were formed through the polycondensation reactions in the presence of the acid 

chlorides. Then, Harada et al. reported the inclusion complex pseudopolyrotaxane with α-CD in 

the presence of various molecular weights of PEG as a linear polymeric chain in 1990. It was 

found that the pseudopolyrotaxanes were formed by the direct reaction of α-CD saturated 

aqueous solution with PEG aqueous solutions at room temperature in a short time. Interestingly, 

the obtained results led to discover a novel configuration of the world of efficient PRs. The 

primary polyrotaxane structure was prepared using α-CD and a polyamine [54]. Since the 

designed biomaterials are to be used in the living body environment, the preparation of building-

blocks of α-CD-PEG permitted us to predict the new design of biodegradable polymers. The CD 

group was FDA approved, and water-soluble biocompatible PEG polymer provided the 

biological incorporation of drugs and proteins. Thus, the biodegradable PRs composed of PEG 

and α-CyDs moieties demonstrated the great potential in drug delivery [61]. Interaction of 

cationic polymers with pDNA occurred spontaneously via an electrostatic interaction with the 
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negatively charged phosphate groups of pDNA. Supposedly, polyplex stability during blood 

circulation at normal blood pH may maximize transfection efficiency at the target cells [62]. 

Recently, Kulkarni, DeFrees, et al., described the development of the PRs containing α-CD and 

PEG polymer with different molecular weights including 2,000, 3,400, and 10,000 for siRNA 

delivery, respectively. These structures condense siRNA into small units (polyplexes) with mean 

diameters of < 200 nm. The cytotoxicity of nanostructures appeared approximately 100-times 

less than the marketable standard branched polyethylenimine (bPEI), with the efficient gene-

silencing effect compared with bPEI and Lipofectamine 2000. The investigations also indicated 

that the higher molecular weight PRs can condense and transport siRNA fragments more than 

smaller ones [63]. On the other hand, cationic branched polyrotaxanes (bPR
+
) are considered as 

the superior vector for gene therapy, due to the successful condensation between polyrotaxane 

nanostructures and siRNA fragments at much lesser N/P ratios than bPEI analog [64]. These 

stable and positively charged nanostructures exhibited efficient gene-silencing effects compared 

with the Lipofectamine 2000 and bPEI. In a study, the cationic polyrotaxanes (PR
+
) based 2-

hydroxypropyl-β-CD and end-coated by the cholesterol group developed for siRNA transfer. The 

cytotoxicity assay PR
+
: siRNA complexes were fine accepted with good cell viability while 

providing effective silencing (>80%) in NIH 3T3-GFP and HeLa-GFP cells. The knockdown 

efficacy of PR
+
: siRNA complexes is ascribed to the electrostatic interactions between siRNA 

and condensing agent of the PR
+
, with the highly ordered lamellar complex formation. The 

threading capacity and the extent of the non-cationic segment of the polymer are considered as 

two significant factors in improving the stability of the threaded PR
+ 

and the electrostatic 

interaction [65]. 
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 Interestingly, the utilization of disulfide bonds into the chief chain of polycations improved the 

transfection of pDNA, owing to the induced dissociation of the polyplex by the cleavage of 

disulfide bonds and the decrease of the molecular weight of polycations [51,52]. However, an 

increase in the quantity of the disulfide bonds led to the over-stabilization of the polyplex versus 

the counter-polyanion exchange reaction. Following the studies, the design of appropriate 

biocleavable polyrotaxane was developed. The biocleavable polyrotaxane was prepared by the 

threating of dimethylamino-ethyl conjugated α-CDs onto a polymeric chain of PEG, coated with 

benzyloxycarbonyl-L-tyrosine through bonds of disulfide. The release process of pDNA from the 

corresponding structure was induced by the cleavage of only two disulfide bonds at both ends of 

the polymer chain, resulting in the separation of the PR into α-CDs and PEG [53,54]. For 

example, aiming at effective siRNA delivery, the cleavable cationic PR as a suitable carrier 

system was synthesized using the N, N-dimethylaminoethyl (DMAE) modified α-CD segments. 

These segments were threaded onto the linear polymeric chain of PEG and capped with bulky 

groups via cleavable disulfide bonds. The efficient associated polyplexes were formed between 

the PR
+ 

and siRNA in the presence of the higher numbers of modified DMAE segments. PR 

formulation exhibited superior siRNA intracellular uptake by enhancing the number of threading 

CDs (52 CDs) on PR structure. The desired structure effectively prompted the luciferase gene 

silencing in the HeLa cell line with much lower cytotoxicity compared with the gene-silencing 

effects of L-PEI. With respect to non-cleavable carriers, the cleavable cationic PRs can increase 

the silencing of the target gene by the efficient delivery of therapeutic siRNAs [70]. 

3.2 Cyclodextrin-based dendrimers for siRNA delivery  

3.2.1 Cyclodextrin-poly(amidoamine) dendrimers 
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 The first preparation of poly (amidoamine) (PAMAM) dendrimers was reported by ammonium 

or ethylenediamine agents in 1985. PAMAM, as an important kind of dendrimer family, was 

developed with different core units and terminal groups. They appeared as a favorable drug 

transfer system, because of their appropriate features such as low immunogenicity, 

biocompatibility, and aqueous solubility. These synthetic compounds included greatly branched 

three-dimensional structure threaded on the inner core with low polydispersity and high 

functionality.  
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Figure 3. a) PAMAM-CD structure, and b) Timeline of the development of PAMAM-CD derivatives for 

siRNA delivery. 
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These varied properties make dendrimers a good choice in medicinal chemistry nanotechnology 

[71]. Dendrimers can form complexes with nucleic acid fragments through terminal amine 

functional units [57, 73], such as shRNA [59,60], and siRNA [61, 62, 63]  during the 

electrostatic interaction and bind to glycosaminoglycans on the cell surface [79],  leading to be 

more efficient and safer than either cationic liposomes or other cationic polymers for in vitro 

gene transfer. 

The efficient transfer activity of dendrimers for gene delivery is related to their superior 

configuration and proton-sponge properties [80]. Besides, the capacity of non-viral dendrimer 

vectors is associated with their numeral of generations (G) (Fig 3a). The higher generations of 

dendrimers lead to high-efficiency gene delivery; however, the cytotoxicity increases 

simultaneously with the growth of the generations. Hence, the design and development of low 

generations (<G4) dendrimers have been considered due to their low cytotoxicity [81]. The CD-

modified structures facilitate the release of components from endosomal membranes, owing to 

their hemolytic activity and the disruptive properties of the liposomal membrane. These natural 

macrocyclic polymers have been extensively utilized to enhance the solubility of several 

lipophilic materials and form inclusion complexes in the presence of a broad spectrum of 

compounds [67,68]. Although these natural structures increase the hydrophobic permeability 

through the intestinal and nasal cell membranes, they cause integrity reduction of the cell 

membrane at higher density [84]. Interaction of CD structure with cellular membrane 

components, particularly phospholipids and cholesterol, induced the hemolysis process at high 

concentrations. The extraction of membrane components into endosomal sections followed the 

endocytosis process, inducing the early endosomal escape of nucleic acid into the cytosol with 

the endosomal disruption activity of CD analogs [85]. Thus, transfection efficiency was 
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improved by the combination of proton sponge and membrane disruptive effects induced by the 

PAMAM and CDs, respectively (Table 2). Interestingly, α-CD-PAMAM conjugations brought 

about the highest transfection efficiency at a molar proportion of 1:1 (CD: PAMAM). The 

expression of transgene was about 10
2
 times greater than the un-functionalized PAMAM or the 

non-covalent α-CD and PAMAM mixture [86]. Recently, Tsutsumi reported the formulation of 

α-CD-PAMAMG3 conjugations for siRNA transfer into the cytoplasm. The designed system 

revealed the major properties of RNAi in contrast to the different transfection reagents and 

effectively protected it from degradation by serum nucleases. Besides, the conjugated structures 

were circulated in the cytoplasm, while the other transfection reagents, i.e., 

LipofectamineTM2000 (L2000), RNAiFectTM (RF), and linear PEI led to the circulation in both 

nucleus and cytoplasm [72,73]. Similar results were obtained using the α-CD-PAMAM 

G3/siRNA formulation for the silencing of endogenous gene expression. The desired complex 

exhibited active effects of RNAi complex on the expression levels of Lamin A/C and Fas with 

lower cytotoxic effects in comparison with the standard transfection reagents, i.e., RNAiFect™, 

Lipofectamine™2000 and L-PEI in Colon-26-luc cells and NIH3T3-luc cells [89]. In another 

research, Arima and et al, formulated folate-appended α-CD-PAMAMG3 complexes to the 

specific-targeted siRNA drug delivery. Complexes were prepared in the presence of several 

degrees of substitution of folate (DSF) and assessed targeted siRNA delivery in folate receptor-

overexpressing tumors both of the in vitro and in vivo models. The highest targeted siRNA 

delivery in KB cells was related to the complex of G3, DSF 4 [90].  Moreover, PAMAMG3 

conjugates were synthesized using 6-O-α-(4-O-α-D-glucuronyl)-D-glucosyl-β-CD, containing 

different degrees of substitution (DS) of GUG-β-CD for efficient siRNA delivery. The G3, DS 

3.7 formulation complex displayed the main RNAi effect with high cellular uptake, and the 
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minor cytotoxicity in KB cell lines, comparable to those of Lipofectamine™ 2000 [91]. 

Interestingly, Ohyama A et al reported newly formulated folate-appended α-CD-PAMAM 

complexes with a greater generation (G4) and assessed their potential as targeted siRNA drug 

delivery system both in vitro and in vivo. This system demonstrated great blood-circulating 

ability, and high protection state for in vivo siRNA drug delivery, as compared to the lower 

generation complex (G3). The mean degree of substitution of α-CD (DSC 2.9) and the average 

degree of substitution of folate-PEG (DSF2) exhibited the remarkable RNAi effect during the 

effective endosomal escape and siRNA transfer to the cytosol with insignificant cytotoxic effects 

[92]. Following that, Ohyama et al, developed the multifunctional folate-modified-α-CD-

PAMAMG4/siRNA/Sacran100 complex for efficient siRNA delivery. Considerably, sacran100 

improved the cellular uptake and the RNAi effects of ternary complexes without cytotoxicity in 

KB cells, compared to their analogs with higher molecular weights (sacran1000 and sacran10000). 

Also, the ternary complex formation with sacran100 decreased both zeta-potential and particle 

size of the folate-modified-α-CD-PAMAMG4/siRNA complex. Prominently, the ternary complex 

exhibited a higher RNAi effect, compared to the binary analog, after the intravenous injection to 

mice tumor cells [93]. Moreover, the significant antitumor activity of the PAMAMG3 ternary 

complexes based on the folate-appended GUG-β-CD conjugates was reported as an effective 

anti-cancer siRNA carrier specific to polo-like kinase 1 (siPLK1) both in vitro and in vivo 

models [94]. The generated complex revealed the greater cytotoxic activity, compared to the 

binary analog containing DOX or siPLK1, against the KB cell line [40]. (Fig 3b). 

3.2.2 Cyclodextrin-poly(L-lysine) dendrimers 

poly(amidoamine) (PAMAM) or poly(propylene imine) (PPI) dendrimers, as highly-branched 

macromolecules, have been extensively applied for gene delivery since they increase the 
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efficiency of transfection through the endocytosis process and transport directly into the nucleus 

of the cell [95]. Dendritic poly (lysine) polymers are known as the appropriate gene vectors for 

both in vitro and in vivo transfection. These structures are more asymmetric, compared to the 

PAMAM and PPI as classical cationic dendrimers with symmetric architecture. Peptide 

dendrimers usually exhibit reduced cytotoxicity [82, 83], and the ability to mimic cell-

penetrating peptides for enhanced cellular uptake [98]. These dendrimers displayed improved 

transfection efficiency like Lipofectin or SuperFact [99]. Nonetheless, the lack of primary amine 

in the inner of these dendrimers reduced the endosomal disruption feature, decreasing the siRNA 

release in the cytosol. Thus, dendritic poly(lysine) polymers have been explored in combination 

with endosome-disrupting groups in terms of increasing the transfection efficacy of siRNA 

[100]. Several investigations confirmed that the combination of dendritic fragments with amino 

acid and peptide reagents enhanced their efficiency for gene transfection with negligible 

cytotoxicity. For instance, Endo-Porter as a weakly basic amphiphilic peptide increased the 

capacity of poly (L-lysine) dendrimers for effective siRNA delivery. Also, dendritic analogs of 

poly(L-lysine) could be adapted in the end functional groups by histidine and arginine for active 

endosomal disruption [100]. More importantly, these biodegradable structures, including amino 

acid residues as natural monomers, could facilitate the degradation process inside the organism 

and generate non-toxic metabolites [82,87].  Furthermore, the dendritic architecture applied to 

peptides resulted in the enhancement of peptide natural activity, given the presence of the 

polyvalent dendrimers, peptide functions growth, interactions with numerous receptors, the 

higher resistance to proteolysis, biodegradability, biocompatibility improvement, and delayed 

renal clearance [88,89].  
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 Recently, Liu, Xue, et al. developed novel dendritic structures including β-CD core and poly(L-

lysine) dendron arms through the click reaction as a star-shaped copolymer (CD-PLLD). The 

complex was used as an efficient carrier system for docetaxel (DOC) and siRNA plasmid 

specified to matrix metalloproteinase-9 (MMP-9) (pMR3), facilitating an important reduction of 

the expression level of MMP-9 protein in HNE-1 cells. The complexes induced more 

considerable apoptosis than DOC or pMR3 individuals. In comparison to the PEI-25k, the 

system showed negligible cytotoxicity and could be considered as a capable non-toxic vector in 

nasopharyngeal cancer treatment [104]. This was associated with the improved endosomal-

escape capacity of the complex, because of the combined effect of the proton-sponge property, 

and the CD capacity to disrupt the endosomal membrane. In another research, Liu, Wu et al, 

explored the circulations of MMP-9 and DOC in vivo model and showed that CD-

PLLD/DOC/MMP-9 might arrest the progress of HNE-1 tumor and reduce the expression levels 

of the proliferating cell nuclear antigen [105]. Following the studies, Liu, Wu et al prepared 

dendron structures with the formulation of folate-appended β-CD-PLLD. Highly efficient 

targeted combination therapy of nanocarrier was verified both in vitro and in vivo model. 

Significantly, the incorporation of folate increased the effect of DOC/MMP-9 delivery and 

induced high frequencies of apoptotic cells in the HEN-1cell line. In vivo trials exhibited that the 

desired copolymer could prevent HNE-1 tumor progress, reducing the proliferation of cell 

nuclear antigen expression successfully, demonstrating a favorable approach for nasopharyngeal 

cancer therapy [106]. 

3.3. Cyclodextrin structures-based cancer-specific targeting ligands for efficient siRNA 

delivery 
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For cancer treatment, an efficient vector structure is designed to deliver precisely functional 

siRNA into the target cancer cells and achieve efficient intracellular concentration. A suitable 

target ligand is generally added to the carrier system for the tumor-specific siRNA delivery. 

Herein, incorporation of a series of targeting ligands, such as transferrin, hyaluronic acid, 

anisamid, sugar, antibody, and folate is followed on the non-viral CD carriers for efficient 

siRNA cancer treatment (Fig 4, Table 1, 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Cationic cyclodextrin structures and cancer-specific targeting ligands for siRNA delivery. 
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3.3.1. Transferrin-appended CDs  

The transferrin receptor is considerably upregulated on the surface of numerous cancer types, 

several times more than normal cells, aiming at enhancing the intracellular delivery of iron. The 

iron release was followed by the endocytosis process in the acidic milieu of endosomes and the 

receptor was reprocessed onto the cell surface [107]. The ligand transferrin has broadly been 

assessed for tumor-targeted delivery [108]  or exogenous luciferase suppression [109] is 

processed by the intravenous transfer of transferrin-nanoparticles. Davis et al., described the 

modified β-CD structures as bi-functionalized β-CDs with two amine moieties, providing its 

integration with the other linear polymer props. The generated polymer, CALAA-01, was finally 

recognized as the first transferrin-targeted siRNA delivery system in humans for treating solid 

tumors [110]. The siRNA designed in CALAA-01 targeted the M2 subunit of ribonucleotide 

reductase (R2) to arrest tumor growth. The key factor for the successful delivery system was 

associated with the cyclodextrin-containing cationic polymer (CDP). The CDP as a short 

polycation comprising CD clusters was separated by amidine charge centers and could condense 

nucleic acids into small nanopolyplex structures. This structure offered various functions to the 

total delivery system. Among the several kinds of non-viral carriers, CDP, as an appropriate 

adapter structure, provides easy inclusion of the various molecules into the CD cavity. Both 
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adamantine-PEG (AD-PEG) and adamantine-PEG-transferrin (AD-PEG-Tf) conjugates in CDP 

nanoparticle-mediated siRNA delivery systems (Fig. 5) provided efficient delivery in vivo [111]. 

In the meantime, CDPs are quite non-toxic, for example, in siRNA multi-treating in cynomolgus 

monkeys by a targeted, general distribution process, controlled siRNA targeting the M2 subunit 

of ribonucleotide reductase (RRM2) was well sustained in an about of 3 and 9 mg siRNA/kg, 

while it could be toxic to the kidney in an about of 27 mg siRNA/kg [44,98]. Transferrin-

modified nanoparticle improved the efficiency of the nanoparticle within the cancer cells [113]. 
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Figure 5. Graphic design of the general delivery of siRNA by nanoparticles. CDP-based siRNA 

nanoplexes.  

Liu et al. reported that transferrin-modified PEI@plasmid shRNA (targeting HIF-𝛼) was 

amassed in a time-dependent manner into cancer cells with high levels of transferrin receptor 
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expression, causing the growth reduction by 8-fold in comparison to the control groups. 

Remarkably, Bartlett, Su et al applied positron emission tomography (PET) and bioluminescent 

imaging to evaluate the in vivo bio-distribution and role of designed nanostructures by CD-

containing polycations and siRNA. According to the PET results, both untargeted and 

transferrin-modified siRNA nanostructures displayed similar accumulation within the tumor, 

while transferrin-modified siRNA nanostructures decreased tumor luciferase activity by about 

50% in comparison to untargeted siRNA groups [114]. This ligand was critical for the 

nanoparticle delivery and siRNA intracellularly. Trainings by transferrin-CD complexed with 

DNAyzme molecules also confirmed the concept that internalization into the cancer cells was a 

significant issue, not accumulation nor localization within the cancer cells [115]. 

3.3.2. Hyaluronic acid-appended CDs  

Hyaluronic acid (HA) is a natural hydrophilic polysaccharide, extensively applied as a tumor-

targeting ligand, providing the development of the novel carrier systems. This natural ligand 

attaches to the CD44 receptors, over-expressed in the primary and metastatic tumors, and so, the 

hyaluronic acid-modified siRNA nanocarrier systems were developed for increasing antitumor 

ability. For example, Zhang, Yang, et al, developed a biocompatible nanostructure with targeting 

capacity and lower toxicity via the supramolecular pKa shift process. This biocompatible 

nanostructure was employed for the selective transportation of siRNA in a controlled procedure. 

Interestingly, the cucurbit [6] uril CB[6]-induced pKa shift enhanced the cation concentration of 

the ternary complex and facilitated the subsequent siRNA binding process. Recently, HA-grafted 

CD carriers were reported for the further enhanced delivery of nucleic acids; however, this 

strategy has not been applied for siRNA therapeutics yet. For instance, HA-grafted β-CD, 

compared to the PEI (25 kDa), showed low cytotoxicity, high efficiency to condense pDNA, and 
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high efficiency for gene transfection in CD44-positive MDA-MB-231 cancer cells [102 , 103]. 

Moreover, in vitro transfection of HA-PEI-CD polyplexes in HeLa, HEK-293, and MCF-7 cells 

showed ∼39.5, 41.4, and 8.8-fold greater transfection compared to the PEI, respectively. The 

capping of the additional charge of PEI by CD and HA led to the higher cell viability of HA-PEI-

CD and lower toxicity at higher concentrations of HA. The transfection efficiency of these 

complexes in CD44
+
 HeLa cells was comparable to the Lipofectamine2000. 

3.3.3. Anisamide-appended CDs  

Sigma receptors are over-expressed on the numerous malignant tumor membranes and attached 

strongly to haloperidol and analogs, containing anisamide. These ligands are attached to the 

sigma receptors, inducing apoptotic and nonapoptotic apparatuses for cancer cells death. Thus, 

targeting the sigma receptor of cancer cells using siRNA vectors facilitated their uptake and 

improved their potential antitumor effect [117]. For instance, Fitzgerald et al described a unique 

siRNAs delivery system based on cationic dilysine β-CD vectors. Cationic lysine amino acid 

groups increased siRNA complexation efficiency and the functional anisamide groups assisted 

receptor-mediated uptake in prostate cancer cells, overexpressing the sigma-1 receptor. Besides, 

Polo-like kinase 1 (PLK1), as a serine-threonine-protein kinase enzyme, was identified to be one 

of the main agents in regulating mitosis of both healthy and tumor cells [118]. The nanostructure 

facilitated the specific cellular uptake of siRNAs, conforming to the knockdown of PLK1 in 

prostate cancer cells (DU145, VCaP, and PC3). The designed nanostructure compound 

protecting the siRNAs from degradation was non-toxic [34]. In a different formulation approach, 

an anisamide-targeted CD nanocarrier based octaarginine, as a cell-penetrating peptide agent, 

was reported for therapeutic siRNA delivery against prostate cancer cell lines through binding to 

the sigma receptor. The uptake of targeted nanoparticles decreased in the presence of haloperidol 
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as a competitive ligand of the sigma receptor. Investigations on the nanoparticle cell culture in 

the 2D cell model demonstrated that the significant silencing PLK1 expression was found in the 

presence of untargeted nanoparticles, while the slightly greater levels of PLK1 mRNA 

knockdown was found in the targeted analogs culture. In comparison, the evaluation of the gene 

silencing efficacy of targeted nanoparticles in the 3D model demonstrated considerably greater 

levels of PLK1 mRNA knockdown (46% for PC3 and 37% for DU145, p < 0.05) [42].  

3.3.4. Sugar-appended CDs  

Recently, glycosylated polymers as non-viral vectors were evaluated by glycofection process 

[119]. In this regard, the high transfection efficiency of mannosylated PEI was detected in 

macrophages and dendritic cells, interceded through the mannose receptor and DEC-205, 

respectively. Also, the high transfection efficiency of galactosylated PEI was confirmed to the 

hepatocytes expressing an asialoglycoprotein receptor (ASGP-R). Consequently, glycosylation 

of polymers appears to be a favorable procedure for targeted gene therapy. For example, Arima 

et al. formulated the sugar-appended α-CD derivatives including mannosyl-α-CD (G2, G3) 

[109,110], galactosyl-α-CD (G2) [122], and lactosyl-α-CDs (G2) [123] to evaluate the efficiency 

of dendron α-CD vectors by several degrees of substitution of α-CD. Interestingly, Lactosyl-α-

CDs (G2, degree of substitution of lactose; DLS: 2.6) displayed special activity on gene transfer 

to express the ASGPR in hepatocytes [123].  

Also, Motoyama, Mori et al reported that Lac-α-CD (G3, DSL 1.2) had much greater gene-

transfer ability compared to the α-CD (G3, DS 2.4), Lac-α-CD (G2, DSL 2.6) and Lac-α-CDs 

(G3, DSL 2.6, 4.1 and 6.1) in HepG2 cell lines, mediated via the ASGP receptor. These lactosyl-

α-CD exhibited insignificant cytotoxicity in HepG2 cell lines, proposing its potential as a non-

viral carrier for gene transfer to hepatocytes [124]. Recently, findings uncovered that the 
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combination of the PAMAM dendrimers with CD could professionally deliver lamin A/C and 

Fas siRNAs in cell lines (colon-26-luc and NIH3T3-luc) with negligible toxicity [89].  

Additional modification of the system was followed using lactose or folate as appropriate 

targeting agents [75, 114]. Besides, the glucuronylglucosyl-functionalized CDs showed higher 

water solubility, lower hemolytic activity, and better biocompatibility compared with CD 

analogs [76, 115]. For example, Anno and et al. reported a typical prepared glucuronylglucosyl-

CD carrier for siRNA delivery against transthyretin (TTR) mRNA. The designed complex 

exhibited a significant efficacy by Lipofectamine TM 2000 in HepG2 cells. The results indicated 

that there was no important variance in the TTR mRNA expression level between formulated 

non-viral vector and control siRNA after the intravenous direction of the vector to BALB/c mice 

[126].  

3.3.5. Rabies virus glycoprotein-appended CDs  

The rabies virus glycoprotein (RVG) derived peptides, similar to transferrin-decorated 

nanoparticles, could increase the transportation of nanoparticles through the blood-brain barrier 

to the central nervous system. Brain-specific targeting ligand is important for the active siRNA 

transfer to the brain. RVG is a short peptide, selectively attaching to the nicotinic acetylcholine 

receptor (nAchR) on neuronal cells and consequently facilitating the transmission of the blood-

brain barrier and the entrance into neuronal cells [127]. Hence, RVG can be incorporated on the 

siRNA vectors by favorable PEG linkers, providing the effective binding of RVG to nAchR, in 

turn leading to an increase of the biocompatibility, serum stability, and general circulation time 

of the siRNA fragments [128]. In training, the acetylcholine receptor on the surface of 

glioblastoma cells was revealed through the superior uptake of RVD-nanoparticles in U87 cells 

in comparison to untargeted groups. The uptake of RVD-nanoparticles and untargeted analogs 
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did not change in the cervical HeLa cell line. Down-regulation of GAPDH gene expression was 

around 25% further after treatment by the targeted siGADPH nanoparticle, compared to the 

untargeted analog [36]. Furthermore, the successful conjugations of functional siRNA (luciferase 

and PLK1) to β-CD structure and their ability to retain gene knockdown activity have been 

evaluated in cancer cell lines by Lipofectamine 2000 and an amphiphilic CD compound. The 

results of gene knockdown revealed that the conjugation to the CD compounds did not decrease 

gene silencing by the RNA for human glioblastoma cells (U87) and prostate cancer cells (PC3, 

DU145). In other research, the efficiency of the CD group in permitting a novel type of 

formulating RNA was evaluated. This formation was prepared by the adamantyl-PEG-RVG or 

adamantyl-PEG-dianisamide and then the charge neutralization of the system followed by 

cationic polymer chitosan for improved knockdown effect through the targeted charge-neutral 

formulations for receptor-mediated endocytosis [37]. 

3.3.6 Antibody-appended CDs  

Compared to solid tumors, antibody-toxins are efficient in leukemia and lymphomas. The solid 

tumor penetration process may not be active in the presence of the bulky antibody groups, and 

obviously, the antibodies modified nanoparticles penetration could cause the level more trial. 

Therefore, the development in the field of siRNA target therapy is related to utilizing scFv or 

Fab analogs, because of their relatively small size and their high capacity for siRNA delivery 

comparable to the much higher antibody analogs. Once incorporated into a cationic peptide or 

nanoparticle, the Fab antibody segments with lower molecular weight or single-chain flexible 

segment antibodies lead to the penetration enhancement in solid tumors [38]. For example, Guo, 

Russell, et al., developed an excellent antibody-targeted CD nanostructure for efficient siRNA 

delivery to the specific AML LSCs. The antibody-targeted nanoformulation specifically targets 
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the IL-3 receptor α-chain as an AML LSCs antigen. This formulation provides efficient BRD4 

siRNA delivery and can downregulate the conforming mRNA and protein in KG1 cells in the 

obtained samples from ex vivo primary AML patients. The effect of BRD4 silencing induces 

apoptosis and differentiation in leukemic. Furthermore, the targeted formulation carrier was 

combined with cytarabine as a clinically available chemotherapeutic agent for the evaluation of 

the synergistic therapeutic effects, confirming the clinical efficiency of the targeted siRNA 

carrier in the treatment of AML [41].  

3.3.7. Folic acid-appended CDs  

Folic acid (FA), as a small-molecule ligand, is widely used due to its various advantages [129], 

such as overexpression of the folate receptor on a large number of cancers, its high affinity to 

folate receptor, low immunogenicity, low-molecular-weight, compatibility with a diversity of 

aqueous and organic solvent, and low cost [130]. When the folic acid-modified nanoparticle 

attaches to the surface of the folate receptor, the nanocarrier is quickly uptaken by receptor-

mediated endocytosis mechanism, liberating its cargo into the target cell.  Interesting studies 

have been carried out on folate-conjugated nanoparticles based on siRNA targeted delivery to 

malignant tumors. For example, Jin-Ming, Yuan-Yuan et al. confirmed that the folic acid-

modified CD-PEI@siVEGF complex decreased the target mRNA expression level and HeLa 

xenografts tumor size almost 50 and 40%, respectively, compared to the untargeted analog action 

[38]. In another typically targeted cancer therapy, Evans, Malhotra et al reported the folate 

targeted CD nanostructure by incorporation of CD.siRNA complexes with DSPE-PEG5000-folate 

groups against the prostate-specific membrane antigen (PSMA). Besides, uptake of targeted 

analog was higher compared to untargeted groups in VCaP and LNCaP cell lines. The following 

investigations showed that the use of additional folic acid considerably reduced the uptake 
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process of nanoparticles in PSMA positive cell lines (P<0.001). Besides, the targeted 

nanoparticles reduced the RelA mRNA levels in VCaP and LNCaP cells about 44% and 22%, 

respectively (P<0.001); however, there was no main decline in the level expression of RelA 

mRNA by the untargeted groups [39]. Besides, the application of folic acid-appended CD 

nanostructures for siRNA delivery is prominent in several sections of this review [75, 77, 78, 80, 

92, 125]. 
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           Table 2. The advantages and disadvantages of non-viral cationic cyclodextrin nanocarries 

Nano carriers 
Advantages and Disadvantages 

Ref. 

 

 

 

 

 

 

 

 

 

 

CD-Cationic Polymer 

Advantages 

 The possibility of electrostatic interactions between 

cationic polymer and the negatively charged nucleic 

acids and condensation of polymer and nucleic acid into 

complexes termed polyplexes 

 

 The formation of very stable self-assembled 

nanostructures 

 

 Shielding of the therapeutic cargo, up to 

macromolecular scale as host-guest complex 

 

 The enhanced permeability and retention effect by the 

macromolecules 

 

 The enhanced uptake and endosomal escape 

 

Disadvantages 

 

 Lack of their long-time circulation in the bloodstream 

and take up by the reticuloendothelial system 

 

 

 

 

 

 

 

 

 

 

[28,183, 

200, 201] 
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CD-Polyrotaxane 

Advantages 

 Low cytotoxicity, controllable size, and unique 

architecture as novel biomaterials  

 

 The formation of a supramolecular structure by the 

interaction of biocompatible PEG backbone with CD 

FDA approved groups  

 

 Preparation by different simple, rapid and reproducible 

methods such as template-directed approach, threading 

and stoppering technique  

 

 The backbone ends of polyrotaxane coated by bulky 

groups so that CDs are trapped in the structure until 

release is triggered by changing of pH or redox state to 

target areas  

 

 The mobility of cyclic compounds along a linear 

polymeric chain and the modulating multivalent 

interaction of polyrotaxane with biological systems  

 

 The easiness in dissociating the supramolecular 

constructions into fragments by the cleaving one of the 
bulky end-groups at the terminals 

 

 Reactive release of CDs and cargo, and their 

biomimicry of polyrotaxane 

 

 Innate macrophage targeting and useful in 

immunotherapy applications  

Disadvantages 

 

 Most of these particles face the challenges of serum 

stability and acute toxicity  

 

 

 

 

 

 

 

 

 

 

 

 

[28, 55 ] 
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CD-Dendrimers 

Advantages 

 

 Polyamidoamine dendrimers are biocompatible, non-

immunogenic, and water-soluble and have the terminal 

modifiable amine functional groups for binding various 

targeting or guest molecules 

 

The complex formation between the dendrimer and   

oligonucleotides through the electrostatic interaction, 

and the binding to glycosaminoglycans on the cell 

surface, leading to be more efficient and safer than 

either cationic liposomes or other cationic polymers for 

in vitro gene transfers 

 

The high transfection efficiency of dendrimers due to 

their well-defined shape, and proton sponge effect 

 

 The improved endosomal-escape capacity of the CD-

dendrimer gene vector, because of the combined effect 

of the proton-sponge property, and the CD ability to 

disrupt the endosomal membrane.  

 

α-CD-PAMAMG3 for siRNA transfer provide its 

protection from degradation by serum nucleases and its 

circulation in the cytoplasm, while the other transfection 

reagents, i.e., LipofectamineTM2000 (L2000), 

RNAiFectTM (RF), and linear PEI led to the circulation 

in both nucleus and cytoplasm 

 

α-CD-PAMAMG4 complexes: Great blood-circulating 

ability, and high protection state for in vivo siRNA drug 

delivery, as compared to the lower generation complex 

(G3).  

 

 peptide dendrimers show reduced cytotoxicity, the 

              ability to mimic cell-penetrating peptides for greater 

              cellular uptake, and improved transfection efficiency 

               like Lipofectin or SuperFact 

 

 

Dendritic poly(L-lysine) modified histidine and arginine 

lead to the active endosomal disruption, facilitate of the 

degradation process inside the organism and the  

               generation of the non-toxic metabolites 

 

Disadvantages 

 

 The cytotoxicity increases simultaneously with the 

               growth of the generations of dendrimers 

 

 The lack of primary amine in the inner of poly(L-lysine) 

dendrimers reduced the endosomal disruption feature, 

decreasing the siRNA release in the cytosol 

 

 Their limitation for clinical use. The future should see 

certain clinical use products using CD-containing 

carriers for DNA and RNA. 

 

 

[130] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[130] 

 

 

 

 

[85] 

 

 

 

 

 

 

[92] 

 

 

 

 

[86, 87] 

 

 

 

 

 

[100] 
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CD-Modified Tumor-

Specific Targeting 

Ligands 

 

 

 

 

 

 

 

Advantages 

 

 Conjugation of tumor-specific targeting ligands with the 

drug encapsulated CDs can increase the therapeutic 

drugs/genes efficacy, and reduced the side effects to 

healthy tissues  

 

The targeting cells internalized the drug-encapsulated 

CD through receptor-mediated endocytosis  

 

Carriers undergo endosomal degradation and release the 

encapsulated drug in cytoplasm 

 

CDs as targeting carrier are amphiphilic and 

biocompatible in nature, thus cannot be recognized by 

immune cells like macrophages 

 

 Advantages of glucuronylglucosyl-CD over the parent 

CD such as higher water solubility, lower hemolytic 

activity, and better biocompatibility  

 

 Lower molecular weight ligands like scFv antibody 

would allow more penetration of the CD-carrier within 

the tumor 

  

Disadvantages 

 

 Enabling a corona of proteins to surround the 

nanoparticle and reduction of the targeting ability of 

transferrin-linked nanoparticle, likely extend to other 

ligands in addition to transferrin 

 

 Dramatic changes in organ distribution of nanoparticles 

do not occur in many cases, and the ligands present on 

nanoparticles only help the binding of them on target 

cells. (As detected in the Davis group studies, after the 

biological ligands conjugation, bio-distribution and 

organ distribution of nanoparticles in vivo changed only 

slightly, particularly on complete-body imaging) 

 

         

 

 
 

[133] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[124] 

 

 

 

[41] 

 

 

 

 

[117] 

 

 

 

 

 

[134] 204]  
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4. Co-administration and co-localization of siRNA/Drug mediated by cyclodextrins 

siRNA and miRNA, as agents of RNAi therapy, are naturally antagonistic, delaying the efficacy 

of their gene silencing in comparison with those of traditional small molecule drugs [136]. 

Suitable chemical variations and superior carriers can provide an effective clinical application of 

siRNA [137]. Also, organic small fragments are capable to serve as both agonists and antagonists 

for molecular targets, and their pharmacological properties can be more rapid than siRNA 
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fragments with the negligible barriers in their intracellular uptake [138]. Recently, researches 

revealed that the simultaneous delivery of siRNAs to multidrug-resistant tumor cells improved 

anticancer drug efficiency[129,130]. Particularly with regards to the molecular heterogeneity of 

tumors, the introduction of various therapeutic methods for supportive effect is appropriate to 

target various oncogenic signaling features. Several physical, chemical, and biological properties 

were assigned to small molecule drugs and siRNA such as hydrophobicity, hydrophilicity, 

dissimilar molecular weight, and general stability, leading to the attractive challenge for the 

development and designing effective siRNA/drug co-delivery systems. Generally, efficient 

siRNA and drug vectors should be non-toxic and non-immunogenic. These vectors should 

encapsulate siRNA through electrostatic interaction or chemical conjugation, whereas drug 

carriers should condense anti-cancer drugs through inclusion complex, physical loading, and/or 

chemical incorporation [141]. However, cancer combination therapy, based on the concurrent 

distribution of various anticancer agents and siRNA fragments by a particular carrier, aimed at 

improving therapeutic efficacy is still lacking. Besides, clinical investigations of cancer therapy 

nanocarriers require a systematic imagination from the nanoparticle properties on their 

performance destiny in living cells both in vitro and in vivo. Theranostic compounds have been 

extensively investigated as probes for imaging and treatment of cancer, due to the promising 

advantages presented through stimuli-responsive nanocarriers in malignant tumors [142].  

Herein, favorable nanocarrier systems based on stimuli-responsive cyclodextrins have been 

reviewed for the co-delivery of siRNA and anticancer agents (Table 3).  

4.1 Stimuli-responsive cyclodextrins  

So far, several stimuli-responsive nanostructure compounds based on CD-formulated 

carbohydrates have been reported.  
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4.1.1 pH-responsive cyclodextrin  

The pH value outside tumor cells is more acidic (pH= 6.5-6.8) than that at common tissue (pH= 

7.4). The pH values of endosomes and/or lysosomes as an intracellular medium are lower at 6.0. 

Due to the acidic tumor medium, pH-responsive CD-based nanocarriers can show promising 

natural properties for improved drug delivery [133,134,135]. pH-responsive CD structures were 

prepared by incorporation of pH-responsive functions such as imine, acetyl, carboxyl, borate, 

cyclic orthoester, and hydrazine bonds [133,134,136,137,138,139,140,141]. The functional units 

can be protonated or broken down, causing the dissociation of CD nanostructures in the acidic 

tumor microenvironment. 

Several investigations have been dedicated to the progress of pH-sensitive polymers to prompt 

the endosomal escape process. PEI and PAMAM were the first polymers for this purpose and 

both extensively propped for the gene-delivery process. The protonation of amine groups in these 

polymers provided high buffering capacity, resulting in endosomal escape via the proton-sponge 

properties [152]. 

 

Stimuli Carriers Size (nm) Components Cell Target Ref. 

 

 

 

 

pH 

 

CDP; AD-PEG-Tf 

 

70 

 

Imidazole 

 

Hela 

 

RRM2 

 

[33] 

 

β‐CD‐P (HMA‐co-

DMAEMA‐ 

co‐TMAEMA)4.8 

 

< 200 

 

 

Hydrazone 

 

 

HeLa 

 

 

Anti-

GAPDH 

 

[153] 

 

(PCD-acetal- 

PGEA/Ad-PEG-FA) 

 

< 200 

 

 

Acetal 

 

 

HeLa 

MCF-7 

 

Anti- 

EGFP 

 

[131] 

 

β-CD-g-P(HMA79-co-

DMAEMA33co-
112 

 

Hydrazone 

 

SUM149 

MDA-MB-

 

Anti- 
 

[154] 
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TMAEMA48)4.8  231 RhoC 

 

DMAE-COO-PRXs 

 

< 200 

 

 

β-thiopropionate 

 

Hela 

 

Luciferase 

 

[155] 

 

 

 

Redox 

 

CD-2NH2-capped  

MSNP-SS-AD 

 

150 

 

Disulfide 

 

Hela 

 

Bcl-2 

 

[156] 

 

PCD-SS-PDMAEMA/Ad-

PEG-FA 

 

∼200 

 

Disulfide 

 

Hela 

KB 

 

EGFP 

 

[43] 

 

DMAE-SS-PRX 
 

< 200 

 

 

Disulfide 

 

Hela 

 

Luciferase 

 

[70] 

CD/AD-NAP-SS-CPT 110 Disulfide Hela siPlK1 [157] 

Light 

 

trans-G/HA-α-CD 

 

50 

 

Azobenzene 

 

A549 

 

GAPDH 

 

[44] 

Table 3. siRNA delivery systems-based stimuli-responsive CD for cancer therapy.  
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Figure 6. A typical image of a pH-sensitive star-shaped copolymer. Hydrazone as an acid-labile linkage 

hydrolyzed under acidic endosomal condition leads to the rupture of the endosomal membrane and the 

release of co-polymer and siRNA cargo into the cytoplasm. 
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The first targeted siRNA transfer structure for clinical trials was developed by the incorporation 

of imidazole functional groups to CDP. This structure, as a short polycation comprising CD 

clusters, was separated by amidine charge centers and can condense nucleic acids into small 

nanopolyplex structures. The modification of the terminal ends of the polymers with imidazole 

groups led to a considerable increase in nucleic acid delivery through attractive endosomal 

buffering and escape[158]. Pun and Davis reported the further modification of the polyplexes 

with AD-PEG-Tf conjugates, capable of making inclusion complexes with the CD groups [159]. 

This modification aided to facilitate cellular uptake.  Recently, Lin Y-L and coworkers 

developed a novel biodegradable, pH-sensitive, star-shaped polymer that successfully aggregated 

anti-Bcl-2 siRNAs into “smart” pH-sensitive nanoparticles. These polymers were planned 

through the incorporation of β-CD core to the copolymer of hexyl methacrylate (HMA) with 2-

(dimethylamino) ethyl methacrylate (DMAEMA) by the hydrazone bonds. These bonds are 

hydrolyzed under acidic endosomal conditions, leading to the rupture of the endosomal 

membrane and the discharge of copolymer and siRNA cargo into the cytosol of the UM-SCC-

17B cell (Fig 6). Also, the combination of anti- Bcl-2 nanoparticles with low doses of AT-101(a 

BH3-simulated drug) inhibited the head and neck tumors progress [160]. Besides, this copolymer 

appeared with high efficiency in siRNA (anti-GAPDH siRNA molecules) delivery into epithelial 

tumor cells cytoplasm. The ratio of monomers for the generated composite was 50: 25: 25 for 

HMA, DMAEMA, and TMAEMA, respectively. Considerably, polymers' aqueous solubility and 

their transfection ability decreased when the ratio of hydrophobic HMA monomers increased 

higher than 50 moles%. Besides, DMAEMA monomers provided an efficient buffering capacity, 

improving the endosomal escape and transfection ability of the polymer [153]. In the following 

studies, these biodegradable and pH-sensitive nanoparticles were developed as an effective 
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carrier for anti-RhoC siRNA. RhoC-GTPases (RhoC) overexpression in breast cancer revealed a 

poor prediction because of the enhanced cancer cell propagation, invasion, and tumor-dependent 

angiogenesis, justifying its investigation as an efficient therapeutic target for metastasis 

inhibition in breast cancer. These anti-RhoC nanoparticles are successfully processed endosomal 

escape and carried the siRNA into the cytoplasm of SUM149 and MDA-MB-231 cell lines. The 

anti-RhoC nanoparticles provide the efficient inhibition of the invasion, motility, and migration 

of SUM149 and MDA-MB-231 cells by 40-47%, 57-60%, and 61.5-73%, respectively [154]. 

Besides, the CD-incorporated dendritic polyamines (DexAMs) were described as a multi-

component carrier system for co-delivery of siRNA and anticancer agents. Michael reaction of 

DexAM as a dendritic polyamine was achieved in the presence of the tris(2-aminoethyl) amine 

as an initiator and methyl acrylate agent and then monitored by amidation process. The 

introduced initiator provides greater surface amine units and therefore further condenses 

dendrimers in comparison to initiators of the ethylenediamine, and ammonia. The cationic 

polyamine prop provides the electrostatic interaction with the siRNA fragments and its β-CD 

core encapsulates efficiently hydrophobic molecules, i.e., Suberoylanilide hydroxamic acid 

(SAHA) and Erlotinib. This co-delivery process considerably inhibits cell proliferation and 

induces apoptosis in comparison to the separate formulation in glioblastoma cell line [161]. 

Interestingly, in the case of polyrotaxanes (PRs), the fabricated α-CD@N, N-dimethylaminoethyl 

(DMAE) structure was modified by the polymeric chain of PEG-coated with a large end group 

and acid-cleavable linker (DMAE-COO-PR) for the efficient cytoplasmic transportation of 

siRNA. The generated ester bonds can be hydrolyzed in the acidic milieu of endosomes, 

providing the release of DMAE-incorporated α-CDs from the PRs and the endosomal escape of 

siRNA into the cytoplasm. Besides, DMAE-COO-PR revealed the lower siRNAs co-localization 
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ratio to endosomes than those in DMAE-SS-PR. Also, DMAE-COO-PR/siRNA polyplex 

presented the greater gene-silencing activity compared to DMAE-SS-PR and L-PEI even at low 

siRNA concentrations (10 nM) [155]. Moreover, PCD-acetal-PGEA/Ad-PEG-FA 

supramolecular structure was prepared by the host-guest interaction between the poly(β-

cyclodextrin) (PCD)-acetal-poly (glycidyl methacrylate) (PGEA) and Ad-PEG-FA, providing the 

binding of DNA or RNA fragments into a pH-sensitive, PEGylated and folate-targeting 

nanoparticle. This nanocarrier system exhibited high serum stability and cell-targeting capability. 

The investigations revealed the high efficiency of FA-modified-supramolecular structure in the 

uptake process, plasmid DNA transfection, and siRNA silencing in comparison with the 

efficiency of PEI (25 kDa) as a polyplex analog [131]. 

4.1.2 Redox responsive cyclodextrin  

The redox difference between the cancerous tissues and their normal counterparts creates a 

superior opportunity for the progress of the redox-responsive nanocarriers [162].  

CD-based nanostructures in the presence of ferrocene (Fc) as a redox-responsive reagent can be 

sensitive to several redox materials such as sodium hypochlorite (NaClO) and glutathione (GSH) 

[151, 152, 153, 154]. Also, the incorporation of a disulfide bond can provide other redox-

responsiveness CD nanostructures [150, 155, 156]. The intracellular GSH level is almost 100-

fold greater than the extracellular GSH level. Thus, the reduction of disulfide bond to thiol form 

in tumor cells leads to the dissociation of CD-based nanostructures. For example, Ma, The, et al., 

described an appropriate redox-responsive system based on β-CD modified silica mesoporous 

nanostructures for co-delivery of Dox/Bcl-2 siRNA (Fig. 7). Due to the great rate of glutathione 

in the biophysical environment, the release of drug/siRNA is controlled by redox-activated 

disulfide bond cleavage and leads to enhanced cytotoxicity in HeLa cells.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



44 
 

 
 

 

 

Figure 7. Schematic illustration of a redox-responsive system based β-CD modified silica mesoporous 

nanostructures for co-delivery of Dox@ siRNA. 
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Besides, in vivo trials were followed in transgenic zebrafish larvae and the results showed that 

the Dox prevented the choroid plexus growth in a dose-dependent manner, resulting in effective 

green fluorescence protein transcription reduction in choroid plexus. Interestingly, the level of 

liver tumors was reduced by the injection of Dox nanoparticles [156]. In another research, 

Tamura and Yui., synthesized the cleavable cationic PR, as a suitable carrier system, using the 

DMAE-modified α-CD segments. These segments were threaded onto the linear polymeric chain 

of PEG and coated with large groups via cleavable disulfide linkages. The desired structure 

effectively prompted luciferase gene silencing in the HeLa cell line with a much lower cytotoxic 

effect in comparison with the gene-silencing effects of L-PEI. Moreover, the cleavable cationic 

PRs were able to increase the gene-silencing process, compared with non-cleavable analogs, for 

the efficient siRNAs delivery [70] Recently, the supramolecular pseudo-copolymer carrier 

containing PCD-SS-PDMAEMA, as host” module, and Ad-PEG-FA, as a guest module, was 

developed. The generated stable nanopolyplexes activated DNA or RNA liberation in reducing 

the environment, causing noticeably enhanced hemocompatibility and specific delivery to the 

folate-receptor positive cells. This supramolecular gene carrier system demonstrated the high 

transfection efficacy for both pDNA and siRNA [43].  

4.1.3 Light responsive cyclodextrin  

Light is a rapid, noninvasive, clean, and efficient stimulus among the external stimuli such as 

temperature, pH, redox (oxidation-reduction), metal ions, ionic strength, 

and...[158,159,160,161].  

Photo-responsive macrocyclic compounds can be widely used for intelligent switch of 

supramolecular assemblies [162,163]  and simulated nanoparticles for drug delivery [164,165]  
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and simulated light-collecting [166,167]. Li, Yu et al [44] introduced a supramolecular 

nanostructure consisting of α-CD-incorporated hyaluronic acid and an azobenzene conjugated 

diphenylalanine segment with an imidazole unit (designated trans-G) (Fig 8). The inclusion 

complexes were formed between the α-CD and azobenzene at trans-G isomer. The modification 

of diphenylalanine, as a biocompatible and shortest peptide, by amino or carboxyl bonds 

provided the remarkable active guest molecule for supramolecular nanostructure, increasing its 

efficiency for gene fragments. The imidazole moieties increased the aqueous solubility of the 

supramolecular nanostructure and facilitated the efficient interaction with siRNA fragments. 

Upon isomerization of the azobenzene (trans-G/α-CD) by UV light irritation in 365 nm for only 

10 min, almost 90% of the trans-G isomer was reformed to cis-G/α-CD isomer, causing the 

release of its siRNA cargo, in turn providing the high cytotoxicity against A549 cancer cells.  

4.2. Theranostic cyclodextrins 

 Theranostic nanomedicine is emerging as a favorable therapeutic pattern, providing the 

simultaneous therapy and diagnosis performances for the treatment progress. Theranostic 

materials facilitate the evolution of the disease diagnosis, therapy, and the rapid real-time 

checking of treatment by the introduction of the therapeutic and diagnostic agents in one carrier 

system [179]. These materials have extensively been explored as probes for imaging and therapy 

of cancers.  
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Figure 8. Graphical presentation of trans-G@HA-α-CD@siRNA ternary complex. 
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CD structure has been developed as a suitable candidate for theranostics processes, thanks to the 

excellent flexible configuration for chemical modification including (1) a core segment for 

highly branched star polymer formation (2) a linker for various polymer blocks (3) and a 

gatekeeper for the inorganic nanoparticles.  

Quantum dots (QDs), as a unique series of inorganic fluorophores, show the high potential 

activity because of their small size and flexible surface chemistry, providing their combination 

with a variety of carriers. Besides, the excellent optical effects of QD nanocarriers provide the 

real-time checking of vehicle transport at both the cellular and systemic stages [180]. 

It would be excellent for RNAi therapy if the process of siRNA transfer were identified. The 

application of QDs as siRNA vectors is an appropriate approach for monitoring the siRNA 

distribution from transfection to release stages, as QDs are luminous and can be utilized as 

fluorescence reagents for active cells, tumor-targeting in vivo, and diagnosis [172,173,174]. 

However, the cytotoxicity of QDs restricted their living requests, this limitation was addressed 

through the organic-hydride modification [184]. For example, Li J-M and colleges reported l-

arginine modified QDs carriers based on CdSe@ZnSe inorganic QDs. The carrier system 

facilitated siRNA transfection for the silencing of HPV18 E6 in HeLa cells.  

The further modification of the QDs with β-CD groups could improve the biocompatibility of 

QDs in comparison with unmodified analogs. Interestingly, these generated QD-based 

nanoprobes enabled real-time checking of QDs during the delivery and transfection [185]. In the 

following studies, Li, Wang, et al., reported Dox and mdr1 siRNA combination therapy in the 

presence of β-CD-L-Arg-QDs and β-CD-L-His-QDs carriers in HeLa cells. This carrier system 

facilitated Dox delivery by the β-CD moieties and mdr1 siRNA via electrostatic interaction with 

QDs. In this complex, QDs hold the property of being integrated, while they are small in size, 
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positively charged, so providing efficient cell penetration. The β-CD L-Arg-QDs, as siRNA 

vectors, exhibited improved performance rather than β-CDL-His-QDs vectors, because of their 

higher positive charge [186]. In another research, they developed QD nanocarriers for specific 

simultaneous delivery of Bcl-2 siRNA and diverse chemotherapeutic drugs, i.e., doxorubicin, 

paclitaxel, and carboplatin on lung cancer cell line A549. The QD nanocarriers were formed by 

their conjugation with hydroxypropyl-CD analogs and l-arginine (l-Arg) group. This system 

effectively condensed siRNA fragments through the electrostatic interactions by positively 

charged l-Arg groups and also combined different anticancer drugs by HP-CD modifications. 

The results revealed a highly improved treatment efficacy through combined action in QDs 

compared to free drug actions. Furthermore, the high fluorescence properties of QDs provided 

the appropriate nanoplatforms for real-time imaging of drug delivery [187]. Interestingly, the 

adamantine-naphthalimide fluorophore segment showed a remarkable red shift fluorescence with 

higher intensity when the disulfide bond was interrupted in the presence of the glutathione. 

Recently, Chen, Jia et al, described a supramolecular theranostic nanostructure based on host-

guest interactions for siRNA delivery. The nanostructure was formulated by conjugation of the 

dendritic cyclodextrin, as a host group, with the adamantine-naphthalimide modified 

camptothecin, as a guest group, in the presence of disulfide bond. This glutathione-responsive 

fluorescence modification provided the intracellular imaging and the real-time checking of cell 

transfection and drug release [157].  

5. Cyclodextrin-based nanovectors in clinical translation 

siRNA/oligonucleotide nanoparticle delivery (RONDEL
TM

) technology established by Calando 

Pharmaceuticals (Pasadena, CA) for clinical applications. As shown in Figure 5, CALAA-01 

(Calando) is the first-in-human study connecting systemic siRNA administration to cancer 
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patients. The drug safety of CALAA-01 was evaluated in Phase 1b trials in patients with solid 

tumors. The designed clinical trial product is a combination of siRNA (USP # 7427605, 23 

September 2008) and RONDEL (United States Patent (USP) # 7807198, 5 October 2010). The 

siRNA targets the M2 subunit of ribonucleotide reductase, which is a critical enzyme in cancer 

cell proliferation. This vector is counting siRNA, CDP, PEG as a steric stabilization group and 

human Tf as a targeting ligand for binding to TfR. It was produced by the mixing of siRNA 

fragments with the delivery components. The nanoparticles (70 nm) can be formed in the self-

assembly process and delivered intravenously [59]. Calcium phosphate (CaP) is included in the 

formulation to create a stable and reliable carrier system in the serum that can rapidly release 

siRNA from the endosome. Kakizawa et al. designed siRNA-capped CaP nanoparticles undergo 

pH 4-6, which is according to the endosomal pH. The designed system protects the entrapped 

siRNA from the acidic endosome degradation when the siRNA fragments enter the cytoplasm 

[188].  

Generally, the polysaccharide-based nanotherapeutics undergoing clinical trials exhibit an 

important role in the future polymeric nanomedicine progress. Hence, it is challenged by 

addressing various concerns such as the nanoparticle origination, delivery apparatuses, toxicity 

analysis, and the biochemical basis determination of the interactions between nanoparticles and 

biological systems. One of the important challenges related to the formulation and design of CD-

based natural polysaccharides. The composition and molecular weight have an important effect 

on their physicochemical properties such as solubility, the strength of the intramolecular and 

intermolecular forces, chain flexibility, carrier shape and size, surface charge, and loading 

capacity. Thus, the monitoring control containing the bench-top synthesis and characterizations 

must be considered for effective clinical translation. On the other hand, it is difficult to control 
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the polysaccharide backbone degradation in the body, and expected a burst release occurred 

during the incomplete degradation process. Recently, stimuli-responsive polysaccharides to a 

variety of stimuli, e.g., pH, temperature, mechanical force have been developed to control or 

regulate the drug release profile during in vivo use. However, further animal studies should focus 

on long-term monitoring of the clearance and degradation of these compounds [189]. 

The CD-based sustained gene release structures have high importance and prospects for 

application in gene therapy [51]. Generally, if the gene delivery and its continuous release 

followed in a carrier-encapsulated process, it can successfully extend the half-life of gene 

therapy in the body and prevent the rapid clearance of the gene. Interestingly, CD-based 

polypseudorotaxanes or supramolecular hydrogels as the efficient gene vectors exhibited the 

high efficiency for the continuous release and upon slow supramolecular structure degradation. 

For example, the polypseudorotaxane CD-PEG-PAMAM dendrimer could regulate gene release 

by adjusting the volume of the dissolution medium and succeeded sustained-release within 72 h. 

Further, Nur77 gene release process by PEG-PCL poly(ε-caprolactone)-PEI/α-CD 

supramolecular hydrogel was followed for up to 7 days and this vector displayed higher gene 

transfection efficiency than bPEI. Thus, the therapeutic gene was not released rapidly and could 

be maintained at a high transfection concentration for a long period, which might improve the 

gene transfection possibility and promote tumor cell apoptosis. These results demonstrated the 

high potential of CD-based sustained-release structures in clinical applications and the “enemy 

into friend” approach might be appropriate for specific cancer therapy. 

The other problem is the heterogeneity of the EPR effect and incomplete relevant experimental 

information from patients, which leads to the high uncertainty in delivery efficiency [190]. 
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Hence, the progress of specific biomarkers or imaging agents for the determination of strong 

EPR effects in patients can be an opportunity for selection of the suitable patients. 

Also, for siRNA-based therapeutics in the future clinical translations, it would be useful to pre-

screen patients so that only those who have tumor-stimulating gene mutations are treated. On the 

other hand, the appropriate gene targets for clinical requests in cancer are those that induce the 

death of tumor cells, not just growth arrest, once inhibited in the presence of siRNA. Hence, it 

offers that the patients should be screened for the target, and even phase I trials should be 

considered for the patients classified into the trials based on tumors pre-screening characteristics. 

Although this procedure prolongs the trial time to attract patients, it significantly enhances the 

chances of measuring siRNA therapeutic ability to control the target and have 

pharmacodynamics and activity screens [191].  

6. Future perspectives 

The natural carbohydrates with a great number of glucose groups and excellent emission 

properties have received considerable attraction for their possible biomedical applications. Rice 

is luminescent, radiating a bright blue light with a peak and a shoulder at 382 and 433 nm under 

365-nm UV light illumination [179, 180, 181]. Besides, starch, as the main section of rice, shows 

the high luminescent effects in the presence of a great number of glycosidic linkages, and 

multiple hydrogen bonds. Thus, the possibility of emission of CD as a carbohydrate similar to 

the starch structure is expected. However, CD does not display luminescent effects at room 

temperature, due to the lack of a sufficient number of oxygen and nitrogen electron-rich groups 

and the weak form of hydrogen-bonding in CD structure.  
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Guan, Zhang, et al., confirmed that β-CD had a main effect in the fluorescent CD-dimer light 

emission without conventional chromophore [194]. The aqueous solutions of β-CD-dimer and 

poly  

 

Figure 9. a) The bands of excitation and fluorescence β-CD, β-CD dimer, and poly (β-CD dimer) in 

aqueous conditions in the presence of UV ray (365 nm). Cited from ref [194]. Copyright 2017 ACS. b) 

(1) the bands of UV-Vis and (2) fluorescence emission of HPAA and HPAA-CDs in aqueous conditions 

(λex = 375 nm). (3) The bands of fluorescence emission of RB regent in aqueous condition and RB-

encapsulated HPAA-CDs (λex = 520 nm). Cited from ref [195]. Copyright 2011 ACS. 

 

(β-CD dimer) showed potent fluorescence, while the purified β-CD showed no fluorescence in 

the visible light area (Fig 9a). Due to the superior degree of aggregation polymerization, poly (β-
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CD dimer) revealed the potent emission compared to the β-CD-dimer. Therefore, this process 

provided excellent fluorescent CD structures without formal chromophores for cell drug transfer 

and cell imaging process. 
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Figure 10. a) (1) Emission bands in HBPSi, HBPSi-CD1, and HBPSi-CD2 in aqueous conditions 

(λex=375 nm); (2) Fluorescence varieties in HBPSi (3) and HBPSi-CD2 in aqueous conditions with 

diverse concentrations. Cited from ref. Copyright 2019 ACS. [194] b) (1) Pdots and CD-Pdots TEM 
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images. (2) CD-Pdots CD-Pdots@RB photographs under UV light. (3) The bonds of emission of CD-

Pdots, CD-Pdots@Cho (300nM), RB@CD-Pdots, RB@CD-Pdots@Cho (5 nM) and RB@CD-

Pdots@Cho (300 nM) in curves 1, 2, 3, 4, and 5, respectively. (4) The bands emission and absorption of 

CD-Pdots. Cited from ref. [193] Copyright 2016 ACS. 

β-CD could increase the fluorescence intensity of unusual fluorescent polymers. The 

photoluminescence effects have been found in both polymers of PAMAM and hyperbranched 

poly(amidoamine) (HPAA) without traditional fluorescent materials [194]. Lone pair electrons 

of the tertiary amine, inside the rigid structure of these polymers, provided the appropriate 

photoluminescence effects. But, their photoluminescence intensity was still low in comparison 

with traditional fluorophores [182,183]. Yan Chen et al [195], found that the incorporation of 

different quantities of β-CD onto HPAA polymer for the formation of HPAA-CDs, as a new 

gene vector, restricted the molecular flexibility and enhanced the photoluminescence intensity. 

With the upsurge of β-CD content, both UV-vis absorption and the fluorescence intensity of 

HPAA-CD vectors enhanced (Fig 9b1, 9b2). The steric hindrance caused by β-CD large unites 

limited rotational action of the terminal chains, causing the reduction of the collisional 

quenching. Consequently, the analyses of the flow cytometry and confocal imaging were 

performed without adding any traditional fluorophore group. 

The inclusion of Rhodamine B (RB) complex by the host-guest interaction was investigated for 

the formation of HPAA-CD@RB complexes. These complexes display a clear blue transference 

from 585 to 545 nm. The fluorescence intensity was enhanced promptly by the increase of the β-

CD amount (Fig 9b3). Furthermore, the enhanced fluorescence intensity of hyperbranched 

polysiloxane (HBPSi) was confirmed by the incorporation of biodegradable β-CD groups [198]. 

HBPSi has received great consideration because of its inherent fluorescence properties and 

excellent biocompatibility. Recently, Lihua Bai et al., prepared the HBPSi-CD polymers by the 
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incorporation of β-CD units to the chain of polysiloxane and investigated their fluorescence 

properties. The fluorescence emission of HBPSi-CD increased because the rigid β-CD units 

improved its stability and aggregation. Besides, β-CD enhanced the density of oxygen atom and 

expanded space of the electron delocalization in the groups, and also reduced the HOMO-LUMO 

energy gap, leading to a red transference in the emission bands. When the amount of β-CD 

enhanced in HBPSi-CD2 from 0 % to 43 %, the emission bond at 440 nm increased considerably 

(Fig 10a).  

Besides, semiconducting polymer dots (Pdots) [186,187] revealed further capabilities in 

biomedicine and bioimaging due to their unusual fluorescence brightness, rapid emission rate, 

enlarged energy transfer, high photostability as well as nontoxic and nonblinking properties. Sun, 

Wang et al. designed the β-CD based semiconducting polymer dots dot as a ratiometric sensor 

for the evaluation of cholesterol (Cho), according to the host-guest supramolecular interaction 

and the fluorescence resonance energy transfer (FRET) method [188,189]. The gained 

fluorescent organic nanoparticles displayed low cytotoxicity in comparison with hard 

nanoparticles, given the biocompatible property of most organic compounds. According to figure 

9d, Pdots appeared as the regular spherical particles, almost 23 nm in size, while the CD-Pdots 

were slightly greater, proving the immobilization of Pdots with the CD group. In this study, CD-

Pdot, as a donor group, was mixed with RB, as an acceptor group, and the generated solution 

color was transformed from green-yellow to orange by UV light ray (Fig 10 b2). The RB@CD-

Pdots showed two characteristic emission bands at 544 and 582 nm (Fig 10 b3, curve 3). 

According to the results of curves 1 and 3, the emission band at 544 nm significantly suppressed 

owing to the FRET from CD-Pdots to RB. Besides, in the presence of the Cho, the CD-Pdots 

fluorescence emission reformed, while the RB fluorescence emission was reduced (Fig 10 b4). 
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Also, Pdots were developed by dopamine (DA) and β-CD for glutathione sensing and imaging 

processes in the human cervical cancer cells and living zebrafish [203]. The DA molecules on 

the Pdots surface were oxidized to form quinone derivatives (DQ), acting as appropriate electron 

acceptors to increase fluorescence quenching of the Pdots. The DQ-CD@Pdots hybrid was 

applied as a fluorescent probe for GSH “turn-on” detection. In the presence of glutathione 

(GSH), the DQ component of Pdot reduced into catechol form, leading to the photo-induced 

electron transfer (PET) inhibition and the fluorescence reformation of the Pdots. This hybrid 

exhibited superior colloidal stability, greater resistibility to environmental effects, and lower 

living cytotoxicity. 

7. Current Challenges and Expert opinion 

Gene therapy has been recognized as an exciting and promising therapeutic strategy for the 

treatment of numerous genetic and attained diseases. The practically designed siRNA, as a small 

non-coding RNA fragments, provided a new possible therapeutic strategy for tumor treatment 

through the gene-silencing process. The RNAi technology usage in industries and academia 

should witness significant progress soon. According to the novel investigations of the „Global 

RNAi Market Analysis‟, the global antisense & RNAi therapeutics market size is predicted to 

reach USD 1.81 billion by 2025, growing at a compound annual growth rate of 7.5%.  The 

prosperity of gene therapy is significantly associated with the unique delivery progresses with 

great transfection efficiency, low cytotoxicity, and nucleic acid protection from the degradation 

process. The CD combination with the cell-penetrating gene vectors, as CD-cationic polymers, 

improved the cellular internalization than non-CD-containing polymer counterparts. CDs are 

considered as ideal building blocks for the CDP component due to their appropriate properties 

i.e. their long-term biocompatibilities, low toxicity, lack of immune stimulation, and the high 
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resistance to degradation by human enzymes. Among all the CDP-based vectors established to 

date, the Calando is the most advanced product in its progress and has been successful in a 

clinical Phase I trial. There are numerous studies in the literature on CDP nanocarriers for 

therapeutic and/or diagnostic applications because the US FDA has approved the approach for 

CDP nanoparticles to be commercialized and utilized for the treatment of major diseases like 

cancer. Various approaches have been reported for formulating nanoplexes of siRNA using 

CDPs, CD-polyrotaxane, CD-dendrimer, CD-targeting ligands. The polyplex stability in the 

blood circulation is a significant factor to improve the transfection efficiency of nonviral gene 

vectors. The circulation time of CDP nanoparticles improved by the modification of CDP 

nanoparticles (less than 100 nm) by the hydrophilic molecules such as PEG or PEO. The 

chemical modification of CD by the change of the surface charge reduces the protein-repellant 

effect and provides a favorable alternative while the size reduction considerably results in 

toxicity issues and accumulation in the lungs or kidneys. 

Interestingly, the utilization of disulfide bonds into the chief chain of polycations improved the 

transfection of pDNA, owing to the induced dissociation of the polyplex by the cleavage of 

disulfide bonds and the decrease of the molecular weight of polycations. However, an increase in 

the quantity of the disulfide bonds led to the over-stabilization of the polyplex versus the 

counter-polyanion exchange reaction. In order to overcome these problems, the design of 

appropriate biocleavable polyrotaxane leads to the cleavage of only two disulfide bonds at both 

ends of the polymer chain, resulting in the separation of the PR into α-CDs and PEG thus 

improving the design for effective gene transfection. It is stated that the stability of the nucleic 

acid/dendrimer complexes would be improved by increasing the dendrimer generations. 

Compacted spherical construction, high density of surface groups, and low flexibility of the high 
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generations of dendrimer lead to the loss of inductive properties of the higher generations 

dendrimer in endosome. Hence, the design and development of low generations (<G4) 

dendrimers have been considered due to their low cytotoxicity. The CD-modified structures 

facilitate the release of components from endosomal membranes, owing to their hemolytic 

activity and the disruptive properties of the liposomal membrane. Besides, the surface properties 

of the nanocarriers play an important role in their various physicochemical activities including 

biological interactions, dissolution, and aggregation/agglomeration. Thus, the surface of carriers 

could be modified through several therapeutic molecules, targeting ligands, imaging agents, and 

other polymers for various purposes. This functionalization improved the enhancement of drug 

loading and release, and the reduction of surface positive charges, leading to high gene 

transfection efficiency. Besides, the specific delivery challenges for siRNA therapy are the 

problems associated with non-specific gene silencing, immune response, and cytotoxicity. The 

non-specific gene silencing and off-target properties can be reduced through changing the siRNA 

size, the primary sequence, and targeting location. The ideal carrier systemic should be nanoscale 

in size (50-200 nm), stable, non-toxic, capable of intracellular penetration, non-immunogenic, 

and having specific targeting ability. To realize the application of siRNA therapy, future research 

efforts should be aimed at achieving effective delivery to the target cells, minimizing off-target 

effects, increasing the resistance to nuclease degradation, and preventing immune responses. The 

almost ideal nature of siRNA is not entirely possible, and off-target effects remain an important 

issue for siRNA therapeutic applications. Interestingly, the new protein array technology will 

afford a better illustration of the siRNA effects on cellular protein expression profile, which 

provides an improved approach for screening siRNA. Because these siRNAs operate at sub-
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nanomolar concentrations, the development and detection of hyperfunctional siRNAs helps to 

resolve undesirable targeting. 

 

 

8. Conclusion 

Among a diversity of carrier systems, the efficiency of CD compounds as favorable delivery 

platforms for oligonucleotide therapy has been well recognized. The CD combination with the 

cell-penetrating gene vectors, as CD-cationic polymers, improved the cellular internalization 

than non-CD-containing polymer counterparts. CDs are considered as ideal building blocks for 

the CDP component due to their appropriate properties i.e. their long-term biocompatibilities, 

low toxicity, lack of immune stimulation, and the high resistance to degradation by human 

enzymes. CD certainly displays membrane disruption, leading to improvement of permeability 

for its cargo. This disruption is further than the proton sponge effect alone, as it can improve 

delivery to the cytosol not only by increased uptake but also by increased endosomal escape. 

Besides, PRs are one of the most promising analogs in facilitating the interaction between the 

anionic gene and the cationic polymer, due to the appropriate mobility of the cyclic molecules on 

the axial polymeric chain. The biodegradable PRs, composed of a PEG polymeric chain and 

several α-CDs, showed a high capacity in drug delivery. The application of CD-based PR 

biomaterials is significant because of the several abilities of PRs for the adaptation of the 

physical properties. This process can be realized by the end-adaptation of the PRs to include the 

detectable segments for targeted applications. The cleavable cationic PRs can increase the 

silencing of the target gene by the efficient delivery of therapeutic siRNAs. Moreover, PAMAM 

or PPI highly branched dendrimer analogs, have been widely applied for gene delivery, thanks to 
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the improvement of the transfection efficiency through the endocytosis process and direct 

transportation into the cell nucleus. The synergistic properties of membrane disruptive and 

proton sponge induced by the CDs and PAMAM led to the efficient transfection. Meanwhile, 

dendritic PLL polymers are considered as the appropriate gene vectors for both in vitro and in 

vivo models. The peptide dendrimers mostly decreased the cytotoxicity, while increasing the 

cellular uptake by the mimicking cell-penetrating peptides process. Also, to increase the 

selectivity of vectors or decrease side effects in carrier systems, the vectors modification with the 

targeting ligand groups is valuable to recognize disease cells or tissues. On the other hand, with 

regards to the molecular heterogeneity of tumors, the efficiency of synthetic stimuli-responsive 

CD vectors was evaluated for co-administration and co-localization of siRNA/drug as both 

agonist and antagonist agents for the target cancer cells without an unsafe effect on their release 

kinetics and medicinal performance. Further, the CD-based theranostic fluorophore 

nanoplatforms were discussed for fluorescence imaging and the transfection of siRNA 

fragments. These materials facilitate the evolution of the disease diagnosis, therapy, and the rapid 

real-time checking of treatment by the introduction of the therapeutic and diagnostic agents in 

the carrier system. In the meantime, the development of the inherent fluorescent CD-based 

supramolecular biomaterials without formal chromophores will open up a new approach to the 

design of novel theranostic non-viral carrier systems.  
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Legends 

Figure 1. Mechanism of RNAi by siRNA. siRNA delivery was achieved through a vehicle or as 

a non-specific process and then specific mRNA silencing followed by corresponding sequence 

binding.  

Figure 2. A typical image of the polyrotaxane structure. The cyclic groups in the polyrotaxane 

rotate and/or slide alongside the chain of polymer in the solution state. The dissociation process 

of the supramolecular structure was followed by the terminal cleavage of coating groups in the 

presence of outside stimuli.  

Figure 3. a) PAMAM-CD structure, and b) Timeline of the development of PAMAM-CD 

derivatives for siRNA delivery. 

Figure 4. Cationic cyclodextrin structures and cancer-specific targeting ligands for siRNA 

delivery. 

Figure 5.  Graphic design of the general delivery of siRNA by nanoparticles. CDP-based siRNA 

nanoplexes.  

Figure 6. A typical image of a pH-sensitive star-shaped copolymer. Hydrazone as an acid-labile 

linkage hydrolyzed under acidic endosomal condition leads to the rupture of the endosomal 

membrane and the release of co-polymer and siRNA cargo into the cytoplasm.  

Figure 7. Schematic illustration of a redox-responsive system based β-CD modified silica 

mesoporous nanostructures for co-delivery of Dox@ siRNA. 
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 Figure 8. Graphical presentation of trans-G@HA-α-CD@siRNA ternary complex.  

Figure 9. a) The bands of excitation and fluorescence β-CD, β-CD dimer, and poly (β-CD 

dimer) in aqueous conditions in the presence of UV ray (365 nm). Cited from ref [194]. 

Copyright 2017 ACS. b) (1) the bands of UV-Vis and (2) fluorescence emission of HPAA and 

HPAA-CDs in aqueous conditions (λex = 375 nm). (3) The bands of fluorescence emission of 

RB regent in aqueous condition and RB-encapsulated HPAA-CDs (λex = 520 nm). Cited from 

ref [195]. Copyright 2011 ACS.  

Figure 10. a) (1) Emission bands in HBPSi, HBPSi-CD1, and HBPSi-CD2 in aqueous 

conditions (λex=375 nm); (2) Fluorescence varieties in HBPSi (3) and HBPSi-CD2 in aqueous 

conditions with diverse concentrations. Cited from ref. Copyright 2019 ACS. [198] b) (1) Pdots 

and CD-Pdots TEM images. (2) CD-Pdots CD-Pdots@RB photographs under UV light. (3) The 

bonds of emission of CD-Pdots, CD-Pdots@Cho (300nM), RB@CD-Pdots, RB@CD-

Pdots@Cho (5 nM) and RB@CD-Pdots@Cho (300 nM) in curves 1, 2, 3, 4, and 5, respectively. 

(4) The bands emission and absorption of CD-Pdots. Cited from ref. [195] Copyright 2016 ACS. 
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