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Here we report for the first time on a microwave assisted 

synthesis of polyglycerol dendron functionalized 

cyclodextrins (CD) with hydrophobic tails. These 

amphiphilic CDs consist of seven polyglycerol dendrons 

and fourteen alkyl chains on the primary and secondary 10 

rims of the cyclodextrin core, respectively. They self-

assemble to form nanostructures in aqueous solutions and 

efficiently encapsulate hydrophobic aromatic guests. Size 

and shape of self-assemblies and also their ability to 

encapsulate guest molecules depend on the generation of 15 

conjugated polyglycerol dendrons.   

Well-defined nano-aggregates and nanostructures including 

micelles and vesicles have received extensive attention due to 

their versatile biomedical applications such as drug, dye, and 

gene delivery. They generally feature a core-shell structure 20 

made up of hydrophobic and hydrophilic blocks that 

facilitates drug/dye loading, and enhance their solubility for 

delivery purposes.1-4 

 Cyclodextrins (CDs) are macrocyclic oligosaccharides 

including 6(α), 7(β), or 8(γ) D-(+)-glucopyranose units linked 25 

by α-(1,4) glycosidic bonds. CDs have been widely used as 

host systems in supramolecular chemistry for fabricating 

various types of nanostructures because of their hydrophilic 

exterior surface as well as a hydrophobic interior cavity, 

which can accommodate a wide range of molecules as 30 

guests.5,6 However, in order to improve their physicochemical 

properties which in turn effect their biological applications,  

CDs have been modified with other types of macro-

molecules.7,8 This approach has been widely used to produce 

nanostructures from cyclodextrin based amphiphiles in the 35 

recent years.9-12 Although the resultant hybrid materials 

exhibit interesting properties induced by both macromolecules 

and CDs, they also exhibit long-term toxicity profiles as a 

result of their persistence inside the cells.13,14 Reproducible 

synthesis of well-defined systems is another main hurdles that 40 

must be met before polymer conjugated CD nanosystems can 

be considered for biomedical applications.  

 Amphiphilic, low molecular weight (LMW) dendron based 

architectures, in which a hydrophobic group at the focal point 

encourages LMW’s dendron to self-assemble into a larger 45 

aggregate, were successfully synthesized and evaluated for 

their aggregation and other biological studies.15-18 Using 

polyglycerol (PG) dendrons, our research group has recently 

shown that such a strategy can enhance multivalent 

interactions for drug  and gene delivery which leads to 50 

synergistic effects if both multifunctional dendrons and 

lipophilic tails are combined.19-23 

 PG based dendrons with a tree-like structure and a large 

number of hydroxyl groups can serve as the hydrophilic part 

within an amphiphilic structure. Their water solubility and 55 

physiological safety, which is based on the very 

biocompatible glycerol building block, together with 

minimum non-specific interactions with protein, has 

stimulated researchers to use them for biomedical 

applications.24-27 Furthermore, their post hydroxyl 60 

modifications offers excellent opportunities for multivalent 

interactions with biological substrates and has resulted in 

considerably stronger binding affinities compared to 

monovalent interactions28. In addition, the degree of 

branching and thus flexibility can be varied by choosing a 65 

certain dendron generation.29,30 

    In the current study, we report on the design, synthesis and 

characterization of the well-defined cyclodextrin-polyglycerol 

dendron amphiphiles (CD-PG) and their self-assembly into 

different nanostructures (Fig.1). Polyglycerol dendrons were 70 

synthesized using a divergent approach and conjugated to β-

cyclodextrin (β-CD) with fourteen hydrophobic tails by the 

convergent method to obtain amphiphilic CD-PGs dendrimers 

consisting of seven PG dendrons and fourteen aliphatic chains  

 75 
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Fig.1 Self-assembly of amphiphilic CD-PG dendrimers in aqueous 

solutions leads to nanostructures with two different domains to deliver 

hydrophobic guest molecules.  
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respectively. Encapsulation of the hydrophobic guest 

molecules in different domains of their self-assembled 

architectures in aqueous solutions and toxicity of amphiphiles 

against A549 cell line was also investigated. 

 The synthesis of two amphiphilic CD-PG dendrimers, 5 

G1PG-CD and G2PG-CD which contain seven units of the 

first and second generations of polyglycerol dendrons on the 

primary side and fourteen C8-alkyl chains on the secondary 

side are presented in scheme S1. The chemical structure of the 

synthesized G2PG-CD dendrimer is shown in Fig. 2.   10 
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Fig.2 Chemical structure of the amphiphilic G2PG-CD dendrimer. 

  25 

 The per-azido-β-cyclodextrin 4 was synthesized according 

to previously reported methods (Scheme S1).31 The first- and 

second-generation propargyl functionalized PG dendrons, 

which were acetal protected in the case of G1 dendron 8 and 

deprotected in the case of G2 dendron 9, were synthesized 30 

according to our reported method for “click” dendrons.32,33 

Treating octanoyl chloride with per-azido-β-CD, afforded 

alkylated per-azido-β-CD (Scheme S1). Functionalization of 

the resulting compound on the primary rim with the first and 

second generations of PG dendrons was efficiently 35 

accomplished by employing a copper-catalyzed “click” 

reaction. This reaction was first carried out using 

CuSO4·5H2O/sodium ascorbate (1:1), DIPEA as base, in 1:1 

mixture of binary solvents using conventional heating ranging 

from 80-160 ºC. Unfortunately none of the reaction conditions 40 

afforded a fully functionalized conjugate and only a mixture 

of partially functionalized conjugates was obtained. 

 A dramatic improvement in this key step was realized by 

using microwave irradiation. Interestingly, the 1,3-dipolar 

cycloaddition of alkylated per-azido-β-CD with the 45 

corresponding propargyl dendrons was efficiently carried out 

separately using CuSO4.5H2O/sodium ascorbate and 2,6-

lutidine base in THF/H20 (1:1) under microwave irradiation at 

120 ºC for 30 min. After flash chromatography, acetal-

protected form of G1PG-CD and the second generation 50 

amphiphilic conjugate G2PG-CD were obtained in 87% and 

45% yields, respectively (Scheme S1). The acetal-protected 

form of G1PG-CD was then deprotected to afford the first 

generation cyclodextrin conjugate G1PG-CD in 92% yield. 

Structures of G1PG-CD and G2PG-CD compounds were 55 

characterized by different spectroscopic methods MALDI 

TOF and MS (see SI, pages S6-S20). 

 Before investigating the ability of G1PG-CD and G2PG-

CD compounds to encapsulate hydrophobic guest molecules, 

they were first evaluated in terms of their physicochemical 60 

properties, particularly regarding critical micelle 

concentration (CMC) and structure by fluorescence 

spectroscopy, dynamic light scattering (DLS) and cryo-

transmission electron microscopy (cryo-TEM).  

 As it is explained in the supplementary information (Fig. 65 

S32), 1,6-diphenyl-1,3,5-hexatriene (DPH) was used as a 

probe to determine CMC of the amphiphiles. A wide range of 

concentration of amphiphile in the presence of a constant 

concentration of probe was evaluated. However, only one 

brake point in the fluorescence intensity was observed. 70 

Interestingly this gap was at concentration of 1 µM in which 

all molecular probes were hosted by cyclodextrins. This result 

indicates that self-assembly has been occurred immediately 

after full complexation of guests (probe) molecules by the 

host molecules.  75 

 DLS experiments showed that G1PG-CD and G2PG-CD 

form self-assemblies with 44 and 19 nm sizes (by volume) in 

aqueous solutions, respectively (see Table S1 and Fig. S20-

S21). Since the hydrophilic block of G2PG-CD is bigger than 

that for G1PG-CD, it is able to form smaller aggregates. 80 

However, due to their size in both cases more complex 

aggregations are expected.  

 Cryo-TEM measurements revealed that G1PG-CD forms 

multilamellar vesicular structures in the diameter range of 10 to 

400 nm and also in many cases shows a spot-like ultrastructure 85 

of the membrane (Fig. 3a). The dense association of seven G1 

dendrons and seven triazole rings per molecule causes 

exceptionally high local electron density and allows for the 

localisation of molecular details in those areas were 

superposition of molecules occurs. Since the length of G1PG-CD 90 

is around 3 nm theoretically, membrane of vesicles with 6 nm 

thickness should be a bimolecular self-assembly. Interestingly, 

self-assembly of G2PG-CD leads to networks of mostly worm-

like structures in aqueous solutions (Fig. 3b). High density dot-

like entities most probably represent worms in an orientation 95 

more or less parallel to the electron beam, so that more density is 

added in the projection image of elongated assemblies. The 

diameter of the micelles is roughly in the order of 6-7 nm and 

corresponds also here to the dimension of the bimolecular 

assembly.  100 

All the supramolecular structures clearly reflect the 

amphiphilic character of CD-PG perfect dendrimers by 

revealing structural details of their bimolecular assemblies, 

where the head to tail ratio obviously defines the curvature in 

the aggregates. 105 

As expected from our earlier study the G1 derivatives tend to 

form less curved structures due to the significantly smaller 

head group volume if compared with G2 or even G3 

analogs19. Although single chained G1 amphiphiles assemble 

to form spherical and worm-like micelles, the formation of 110 

less curved vesicle membranes in the case of G1PG-CD can be 
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explained by the combination of smaller G1 head groups and 

rigid cyclodextrin platforms with many tails. The G2PG-CD 

derivative with the larger head group, however, tends to form 

assemblies with a higher curvature. Also here the 

ultrastructure is different compared to the single chained G2-5 

derivatives, which exclusively form spherical micelles19. 

Again, the cyclodextrin platform adds a grain of more rigidity 

and therefore rather elongated cylindrical micelles than 

spherical micelles are observed for G2PG-CD. 

 10 
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Fig. 3 Cryo-TEM images show that the shape and size of molecular self-25 

assemblies of CD-PG dendrimers in aqueous solution depend on the 

volume of their hydrophilic PG head groups. G1PG-CD creates 

multilamellar vesicular structures (a), while G2PG-CD with bigger PG 

dendrons forms worm-like structures (b). 

  30 

 Self-assembly of amphiphilic CD-PG dendrimers toward 

well-defined vesicles in aqueous solutions and also presence 

of a well-known host molecule, cyclodextrin, in their core 

structure stimulated us to investigate their host-guest 

properties by using the drug nimodipine and the dye nile red 35 

as neutral hydrophobic guests. Addition of the guests into an 

aqueous solution of the hosts, G1PG-CD and G2PG-CD, led to 

clear homogeneous solutions upon stirring. Each of the guest 

molecules were incorporated separately in both host 

molecules by the solid uptake method. After encapsulation, 40 

the loading of the guests in hosts was determined by using 

UV-vis spectroscopy. As shown in Table S2, the loading mole 

percentage for nimodipine and nile red determined by UV-vis 

spectroscopy was found to be 85 and 100 mol% in the host 

G1PG-CD, respectively, while in the host G2PG-CD lower 45 

loadings of 50 and 15 mole% have been observed 

respectively. To note, in comparison to the encapsulation 

capability of our previously reported dendritic amphiphiles,34 

the transport behaviour of these new systems is highly efficient. 

This could well be attributed to an additional presence of the 50 

encapsulation capabilities of one of the host i.e cyclodextrin, 

present in current novel architectures G1PG-CD and G2PG-CD. 

The corresponding UV-vis graphs are shown in the 

supplementary information as Fig. S26-S30. Table S2 shows 

that each mole of G1PG-CD included in self-assemblies, 55 

encapsulate 0.85 and 1 eq. of nimodipine and nile red, 

respectively. Therefore in the case of nile red and almost for 

nimodipine, complexation is 1:1. This type of inclusion complex 

between nile red or nimodipine and β-CD (1:1) has been reported 

previously.35   Since cyclodextrin is more effective than the alkyl 60 

chains in the competitive interaction with the guest molecules 

mentioned above36, this result show that all cyclodextrin cavities 

are often occupied with the hydrophobic guests. In this case alkyl 

chains interact together to create self-assemblies mainly and 

attend in encapsulation process minimally. DLS diagrams for 65 

G1PG-CD-Nimo and G1PG-CD-NR (G1PG-CD assemblies 

containing encapsulated nimodipine and nile red respectively) 

showed a small, close to the pristine self-assembly, and a size 

of several hundred nanometres (Table S1 & Fig. S22-S23).  

    As long as guest molecules remain inside the cyclodextrin 70 

cavities, size of self-assemblies change slightly and are quite 

close to the pristine analogs. However, due to the dynamic 

nature of inclusion complexes and as a result of the mentioned 

competitive interaction, guest molecules are probably able to 

locate between the alkyl chains as well. Since interactions 75 

between alkyl chains are the main driving force to keep the 

shape and size of self-assemblies, interfering in these 

interactions by guest molecules will affect their sizes 

dramatically.  

    Encapsulation efficiency of G2PG-CD is somewhat lower 80 

(Table S2), because bulky PG groups hamper interactions 

between the cavity of cyclodextrin and guest molecule as it has 

been reported in similar cases.36 Also, the self-assemblies of 

G2PG-CD are smaller than that of G1PG-CD in aqueous 

solutions, that could also be the reason for its low encapsulation 85 

efficiency. DLS experiments show that the size of self-

assemblies of G2PG-CD do not change as much as in the case of 

G1PG-CD upon encapsulation of guest molecules.  

 In order to get a preliminary assessment of the cytotoxicity, 

we performed MTT assays on A549 cells treated with G1PG-90 

CD and G2PG-CD. As revealed in Fig. S31, G1PG-CD and 

G2PG-CD both showed similar cell viability profiles and is 

only observed cellular toxicity above 5µM.  

  In conclusion, we have successfully synthesized amphiphilic 

dendritic CDs that consist of seven polyglycerol dendrons and 95 

fourteen alkyl chains conjugated to a β-cyclodextrin core 

through microwave assisted click chemistry. The synthesized 

amphiphiles self-assembled and formed defined 

nanostructures in aqueous solutions. Encapsulation efficiency, 

size and shape of nanostructures can be regulated by using 100 

different generations of PG dendrons. Vesicle-like self-

assemblies with bigger sizes and higher encapsulation efficiency 

in which guest molecules settle down in the cavity of 

cyclodextrin mainly, can be obtain by G1 dendrons. On the other 

hand, worm-like aggregates with smaller sizes and lower 105 

encapsulation efficiency are achieved with more bulky G2 

dendrons. These motifs are an important step towards the 

development of efficient, nontoxic, fully functionalized, and 

readily tailorable amphiphiles with discrete molecular weights 

for drug delivery. 110 
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