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Abstract 

Gene therapy, with an important role in biomedicine, often requires vectors for gene condensation in order to 
avoid degradation, improve membrane permeation, and achieve targeted delivery. Macrocyclic molecules are a 
family of artificial receptors that can selectively bind a variety of guest species. Amphiphilic macrocycles, 
particularly those bearing cationic charges and their various assemblies represent a new class of promising 
non-viral vectors with intrinsic advantages in gene condensation and delivery. The most prominent examples 
include amphiphilic cyclodextrins, calixarenes and pillararenes. Herein, we systemically reviewed reported 
assemblies of amphiphilic macrocycles for gene delivery and therapy. The advantages and disadvantages of each 
type of macrocyclic amphiphiles for gene delivery, as well as the perspectives on the future development of this 
area are discussed. 
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Introduction 
Gene delivery is a process of introducing foreign 

DNA or RNA into host cells, which occurs in nature 
as horizontal gene transfer from one organism to 
another and is a mechanism of evolution [1, 2]. 
Controlled and efficient delivery of genes into living 
cells is important for both fundamental research and 
biomedical applications [3-5]. Naked DNA and RNA 
exhibit very poor capacity to transfect cells, because of 
a number of barriers and their decomposition by 
nucleases in biological media [6-8]. Indeed, DNA 
should first reach and bind the target cells, 
subsequently enter the cytoplasm either by crossing 
the cell plasma membrane or by escaping from the 
endosomes and lysosomes, and finally enter the 
nucleus. Therefore, efficient gene delivery requires 
specially designed nucleic acid vehicles–gene delivery 
vectors. 

Viruses are able to achieve efficient gene 
delivery in a very competent manner, and a number 
of viral vectors have been successfully progressed to 
clinical trials and, in a few cases, to the market [9, 10]. 
Nevertheless, the concerns associated to their intrinsic 
immunogenicity, high production costs and 
limitations regarding the size of the polynucleotide 

that can be transported have limited their clinical 
applications. Alternatively, significant efforts have 
been made by chemists to develop artificial gene 
carriers, so-called non-viral vectors. The most 
traditional non-viral vectors are based on cationic 
lipids and polymers [11]. As a natural evolution, a 
large number of gene delivery systems that utilize 
nanoscale building blocks were proposed based on 
dendrimers [12, 13], gold nanoparticles (NPs) [14], 
silica NPs [15], polymer NPs [16-19], supramolecular 
NPs [20], upconversion NPs [21], and core–shell 
organic NPs [22]. 

Macrocyclic molecules, typically including 
crown ether [23], cyclodextrin (CD) [24-27], calixarene 
(CA) [28-30], cucurbituril [31-33], pillararene (PA) 
[34-37], and others [38, 39], are a family of 
well-studied artificial receptors with a discrete cavity 
that is selective for binding certain guests. 
Macrocyclic amphiphiles were often obtained by 
decorating hydrophilic groups at one side and 
hydrophobic groups at the opposite side of the 
macrocyclic scaffold [40]. From the viewpoint of 
structural characteristics, they incorporate both 
bola-type and gemini-type amphiphiles into a single 
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molecule. More importantly, the unique superiority of 
macrocyclic amphiphiles is the reversible host-guest 
recognition. Macrocyclic amphiphiles were deemed as 
“surfactants with host-guest recognition sites” [41], in 
which cavities are distributed on the surface of the 
assembles. Macrocyclic amphiphiles have been 
widely applied in many fields such as biosensing 
[42-44], bioimaging [45], luminescent material [46-49], 
and drug delivery [50]. Notably, benefiting from the 
dual features of molecular recognition and 
self-assembly, macrocyclic amphiphiles have been 
increasingly investigated as a new family of gene 
delivery vectors. In this review, we summarize 
macrocyclic amphiphiles and their potential 
applications for gene delivery and therapy. There are 
much more works of gene delivery related to 
macrocycles, but we strategically focus on macrocyclic 
amphiphiles in this review. Based on different 
macrocyclic amphiphiles designed and studied for 
gene delivery, this review is divided into three 
sections, amphiphilic CDs, amphiphilic CAs, and 
amphiphilic PAs, attributed to the distinguished sizes, 
shapes and recognition abilities of individual type of 
macrocycles. Furthermore, we will discuss the pros 
and cons of the use of macrocyclic amphiphiles as 
gene delivery vectors, and provide perspectives for 
future development. Our targeted audience include 
scientists from the fields of supramolecular chemistry, 
gene therapy, biomaterials, pharmaceutical sciences, 
and nanotechnology. 

Amphiphilic CDs for gene delivery 
CDs are cyclic oligosaccharides consisting of 

D-glucose units linked by α-(1,4)-glucose bonds [51]. 
The most common CDs are α-, β-, and γ-CDs with 6, 7, 
and 8 glucose units, respectively. They are cylinder 
shaped and have hydrophobic inner cavity and 
hydrophilic outer surface. Therefore, they can 
complex with a variety of hydrophobic molecules 
[52]. On account of the intrinsic water-solubility of 
CDs, amphiphilic CDs could be obtained by grafting 
hydrophobic chains on the narrow (or wide) side, 
where introducing hydrophilic groups on the other 
side is not necessary. Given the negatively charged 
nature of DNA or RNA, a variety of amphiphilic CDs 
with simple cationic groups and with saccharide 
targeting groups (Figure 1) have been designed and 
investigated for efficient gene delivery. 

Amphiphilic CDs modified with cationic 
groups 

In 2004, O’Driscoll et al. reported amphiphilic 
CDs 1-4 with the hydrophobic and hydrophilic 
groups at the C-6 and C-2 positions, respectively [53]. 
In water, long-chained 2 and 4 formed vesicles, while 

short-chained 1 and 3 formed micelles. As expected, 
cationic 3 and 4 could bind to DNA, while neutral 1 
and 2 couldn’t. Transfection experiments in vitro 
revealed that, under optimum conditions, 3 and 4 
exhibited decent transfection efficiencies that were 
comparable with that of the widely used transfection 
agent Lipofectin. 

In 2012, the same research group synthesized 
structurally-similar amphiphilic CDs 5 and 6, both of 
which bear cationic charges [54, 55]. Very 
interestingly, the potential of these carriers for 
delivering small interfering RNA (siRNA) against 
neuropsychiatric and neurodegenerative disorders 
was demonstrated in human fibroblasts isolated from 
patients with Huntington's disease, and in the R6/2 
mouse model of Huntington's disease [54]. Of note, in 
the in vivo studies, the co-assembly of 5 and a siRNA 
that can silence the Huntingtin toxic protein was 
directly injected into the mouse brain. Moreover, 5 
and 6 were co-formulated to improve the 
physiochemical properties (i.e. lower surface charges 
and reduced tendency for aggregation) of the NPs 
with siRNA and excellent gene transfection was 
achieved in vitro [55]. More interestingly, 
DSPE-PEG-Fab was linked onto the NPs formulated 
between 5 and siRNA via a “postinsertion” approach 
enabled delivering siRNA targeting antibody to 
related to acute myeloid leukemia (leukemia stem 
cells) [56]. 

In 2009, they developed another series of 
amphiphilic CDs 7-15 by selectively alkylating the 
more acidic O-2 hydroxyls, and decorating the 
primary C-6 positions with cationic arms [57]. Among 
these CDs, 9 can deliver DNA with a comparable 
transfection efficiency to polyethylenimine (PEI), one 
of the most efficient commercial gene delivery 
systems, into undifferentiated and differentiated 
Caco-2 (human colon adenocarcinoma) cells [58]. The 
complex formed by 13/DNA was resistant to 
pancreatic enzymes lipase, amylase and protease and 
offered some protection against DNase. This assembly 
exhibited significant potential as an intestinal delivery 
vector, attributed to its superior stability and 
enhanced the transfection efficiency in the presence of 
bile salt [59]. 

Fernández et al. reported another group of 
polycationic amphiphilic CDs 16-48 with amino 
groups at one side and alkyl chains or aromatic 
substituents at the other side [60-67]. Among them, 18 
and 19, both of which possess a long aliphatic chain 
(13 carbons), have much higher transfection 
efficiencies than 16 and 17, which contain a relatively 
shorter aliphatic chain (5 carbons) on the lipophilic 
side, suggesting the importance of high 
hydrophobicity in the amphiphilic structures for 
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delivering plasmid DNA. Moreover, the 
self-assembled CDs/DNA NPs prepared from 24 and 
30 exhibited transfection efficiencies higher than 
PEI/DNA polyplexes. The complexes of mRNA or 
pDNA with 27 can lead to efficient protein expression 
in vitro and in vivo [68], but the transfection efficiency 
drastically decreased after incubation with ascites 
fluid [69]. Compounds 21, 30 and 37 can complex with 
pDNA and promote transfection in both Hela and 
MCF-7 cells. Interestingly, coating of protein corona 

on these vector’s surfaces, in the presence of human 
serum, did not impact pDNA delivery and 
transfection [70]. In addition, compound 38 was 
demonstrated to effectively protect siRNA from 
degradation by RNAses, and the thermodynamic 
parameters and the transfection in several cell lines by 
38/siRNA were investigated thoroughly, showing the 
significant potential of 38 as a siRNA delivery vector 
[71].  
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Figure 1. Molecular structures of amphiphilic CDs employed in gene delivery. 

 
Based on this series of works, some general 

conclusions were obtained: (1) β-CD derivatives are 
overall superior to their α-CD and γ-CD homologues, 
which probably because they can complex with 
cholesterol, and thereby have higher biological 
membrane permeability [62]; (2) a dendritic structure 
is more favorable than a linear homologues by 
comparing a variety of amphiphilic CDs with the 
same number of amino groups (branched vs linear); 
(3) increasing the number of ethyleneimine segments 
per branch resulted in better transfection 
performances; (4) incorporating thiourea segments 
enhanced the transfection capabilities, likely due to 
formation of more hydrogen bonds with the 
polyphosphate backbone; (5) the hydrophilic/ 
hydrophobic balance is important to efficient 
self-assembly in the presence of DNA; (6) these 
vectors internalized through clathrin- and 
caveolin-dependent endocytosis, but the later route is 
dominant regarding transfection [63]; (7) In vivo, 
transfection occurred mainly in the liver and partially 
in the lungs, therefore these vectors may be 
well-suited for cytokine-based hepatocellular 
carcinoma. 

In 2013, Ilarduya et al. treated 30/DNA complex 
with folic acid (FA) and obtained ternary systems, in 
which the FA units were anchored at the periphery of 

NPs through electrostatic interactions with CDs [72]. 
The FA modified nanocomplex efficiently promoted 
transfection in HeLa cells without associated toxicity. 
It was further demonstrated as an efficient vector for 
gene delivery in vivo in a mouse model, showing 
relatively high transfection levels in both the lung 
and, the liver. 

Amphiphilic CDs with saccharide targeting 
groups 

Introducing saccharide groups on the 
amphiphilic CD vectors may offer excellent 
opportunities for targeted delivery of genes. In 2011, 
Fernández et al. reported mannosylated amphiphilic 
CD 49 [73]. The self-assembled NPs obtained from 
these mannosylated CDs and DNA can be specifically 
recognized by mannose-specific lectins, including 
concanavalin A and macrophage mannose receptor. 
Moreover, 49/DNA complex showed transfection in 
RAW 264.7 cells that is well known to overexpress the 
macrophage mannose receptor, but showed no 
transfection in BNL-CL2 cells that do not express 
mannose receptors. Macrophage adhesion 
experiments also indicated the existence of unspecific 
binding, probably because of electrostatic interactions 
of NPs with negatively charged cell membrane 
components. The relative specific versus non-specific 
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internalization was dependent on the CD/DNA 
proportion. 

In 2012, the same research group reported 
amphiphilic CDs derivatized with aminoglucoside 
50-52 or with galactosyl motifs 53-54 [74, 75]. 
Compounds 50 and 52 can efficiently promote cellular 
uptake and subsequent gene expression in COS-7 
cells. 53 and 54 were selectively recognized by the 
asialoglycoprotein receptor at the surface of 
hepatocytes, and were efficiently endocytosed by 
HepG2 or BNL-CL2 cells. However, the 
clathrin-mediated internalization route operating in 
this case did not result in efficient DNA transfection, 
probably because endosomal escape occurred at a 
very early stage and the gene material was not 
trafficked to the vicinity of the nucleus. Interestingly, 
when DNA was replaced by a messenger RNA, which 
does not need to reach the nucleus to exert its 
biological function, the transfection performances 
became much higher than that of the commercial 
vector JetPEI-Hep, suggesting a strong potential of the 
vectors in mRNA-based gene therapy. 

In 2012, O’Driscoll et al. reported amphiphilic 
CDs 55-60 bearing galactose-targeting ligands with 
different linker lengths and co-formulated with 
cationic amphiphilic CD vectors [76]. Recognition of 
the targeting ligands on CDs by a galactose-specific 
lectin was demonstrated in vitro. Interestingly, the 
binding affinities decreased with increased linker 
length between the galactosyl group and the CD core. 
However, contrary to the lectin binding results, 
transfection levels increased with an increase in linker 
length from 7 to 15 carbon atoms. In comparison with 
the formulations without targeting molecules, a 
significant increase in transfection efficiency was 
observed only in the presence of 
dioleoylphosphatidylethanolamine (DOPE). 

Amphiphilic CAs for gene delivery 
CAs are composed of phenolic units bridged 

with methylene groups at o-positions of hydroxyl 
groups [77]. CAs with n phenolic units are often 
referred to as calix[n]arenes and the most popular 
CAs are those with n = 4, 5, 6, and 8. CAs, once 
described as having “(almost) unlimited possibilities” 
because of their facile modification [78, 79], represent 
a popular macrocyclic scaffold in construction of 
versatile nanostructures. Of note, CAs and related 
macrocycles carrying a variety of functional groups, 
such as glycol-, amino-, polyamino-, guanidino-, and 
imidazo-moieties, were previously reviewed back in 
2014 for their potential applications in gene delivery 
[80]. In this section we exclusively focus on the 
amphiphilic CAs that have been explored up to early 
2019. The upper and lower rims of CA could be easily 

functionalized with different hydrophilicity/ 
hydrophobicity, which leads to generation of 
amphiphilic CAs. A variety of supramolecular 
assemblies of amphiphilic CAs including micelles and 
vesicles have been used in many fields [81, 82]. 
Reasonably, amphiphilic CA derivatives (Figure 2) 
have also demonstrated significant potentials in gene 
delivery and therapy. Up to now, popular hydrophilic 
parts of amphiphilic CAs for interacting with DNA 
contain amino, guanidinium and tetraalkyl 
ammonium groups. 

Amino-modified amphiphilic CAs 
In 2007, Matthews et al. reported 

amino-modified multicalixarenes (61-63) [83]. 
Compounds 61-63 can effectively bind to and 
condense DNA, as revealed by gel electrophoresis. 
Low cytotoxicity was observed in various cell lines, 
including Chinese Hamster Ovary (CHO), Human 
Embryonic Kidney (HEK293) and Human monocytic 
cell line (THP-1). Among these CAs, only 62, which 
has aliphatic amines, showed efficient gene 
transfection in vitro (Figure 3), likely attributed to its 
relatively high charge-density and its ability to release 
DNA through endosomal pathway. 

In 2015, Sakurai et al. reported amphiphilic 
calix[4]arenes 64-68 with four amino groups at the 
upper rim and different lengths of alkyl chains at the 
lower rim. Highest transfection efficiency was 
observed with 65 that bears a medium-length alkyl 
chain with six carbons [84]. Furthermore, in the 
presence of phosphatidylserine micelles, DNA can be 
released from the co-assemblies of 65 and plasmid 
DNA, at pH 5 but not at pH 7. This indicated that the 
co-assemblies may interact with the late endosomal 
membrane to release DNA selectively. 

In 2018, Candiani et al. developed 
aminoglycosides modified amphiphilic calix[4]arenes 
69-71 [85], which complexed with DNA with a higher 
affinity than PEI. The nanoassemblies of DNA and 
these amphiphilic calix[4]arenes showed excellent 
transfection efficiency and low-to-negligible 
cytotoxicity in both Hela and U87-MG cells. 
Moreover, the assemblies also exhibited good 
antimicrobial activity against Gram-negative bacteria, 
likely attributed to the antibiotic nature of the 
aminoglycosides. 

Guanidinium-modified amphiphilic CAs 
Guanidinium groups possess not only positive 

charges, but also the geometric complementarity of 
guanidine N-C-N triad to phosphate O-P-O triad 
groups of DNA. Ungaro et al. reported water-soluble 
guanidinium-functionalized CA derivatives (72-81) 
[86, 87]. Compared with cone-shaped guanidinium 
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calix[4]arene derivatives, conformationally mobile 
calix[6]arene and calix[8]arene methoxy derivatives 
failed to promote gene transfection in vitro (Figure 4). 
Furthermore, calix[4]arenes in a 1,3-alternate 
conformation showed an intermediate behavior in 
condensing DNA, revealing the importance of 

molecular geometry in forming compact particles 
with DNA. Therefore, the capability of macrocyclic 
guanidinium CAs in condensing DNA and facilitating 
gene transfection is highly dependent on their size, 
lipophilicity, and conformational properties. 

 

 
Figure 2. Molecular structures of amphiphilic CAs engaged in gene delivery. 
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Figure 3. Transfection of a plasmid expressing a fluorescent protein that accumulated in mitochondria (pDs2-mito) in CHO cells. (a) Positive control (cells transfected with 
commercial FuGene1); (b) negative control (PBS buffer); (c) transfection with 63; (d) transfection with 62. Reprinted with permission from ref [83]. Copyright 2007 from Royal 
Society of Chemistry. 

 
Figure 4. Atomic force microscopy images showing the DNA condensation induced by guanidinium CAs. All images were obtained with supercoiled pEGFPC1 plasmid 
deposited onto mica at a concentration of 1 nM and with the microscope operating in the tapping mode in air. (a) Plasmid with no CAs added. Plasmid incubated with (b) 1 µM 
72; (c) 1 µM 73; (d) 1 µM 74; (e) 1 µM 76; (f) 10 µM 79; (g) 1 µM 77; and (h) 1 µM 78. Reprinted with permission from ref [87]. Copyright 2006 from American Chemical Society. 

 
In 2008, they further developed amphiphilic CAs 

82-84 and formulated them with DOPE [88]. 
Attaching guanidinium groups at the lower rim of 
calix[4]arenes significantly enhanced its gene delivery 
and transfection efficiency with reduced cytotoxicity, 
compared to the same macrocycles with the charged 
groups directly linked at the upper rim. After 
formulating with DOPE, the co-assembly of 83/DNA 
behaved even better than that of LTX, a widely used 
commercial lipofectamine for gene transfection, in 
RD-4 human Rhabdomyosarcoma (Figure 5) [89]. 
Furthermore, in 2013, they synthesized positively 
charged amphiphilic calix[4]arenes 85 and 86 [90], 
which exhibited high efficiency in DNA delivery and 
transfection in a variety of cell lines. 

Tetraalkylammonium-modified amphiphilic 
CAs 

In 2011, Klymchenko et al. reported cationic 
choline modified calix[4]arenes 87 and 88 [91]. In 

water, 88 formed micelles with 6 nm diameter at low 
critical micellar concentration (48 µM), and condensed 
DNA into small NPs of about 50 nm diameter (Figure 
6). In contrast, 87 could not self-assemble into micelles 
at low concentrations and instead formed large 
polydispersed complexes with DNA. Consequently, 
NPs of 88/DNA exhibited much better gene 
transfection efficiency in cells than the large 87/DNA 
complexes, indicating that gene delivery of CA/DNA 
complexes depends strongly on their amphiphilicity. 

In 2015, Junquera et al. reported lipoplexes 
formed by amphiphilic calix[4]arene 89, the DNA 
pEGFP-C3 (encoding green fluorescent protein), and 
DOPE [92]. The best transfection conditions of the 
lipoplexes were that CA molar fraction 
(n(CA)/(n(CA)+n(DOPE))) is 0.2 and effective charge ratio 
between the CA and DNA charges, was 20 [92] 
(Figure 7). The 89-based polycationic lipidic vector 
can compact and transfect the pEGFP-C3 plasmid at 
the concentrations with low cytotoxicity. 



 Theranostics 2019, Vol. 9, Issue 11 
 

 
http://www.thno.org 

3101 

Amphiphilic calixresorcinarenes 
Calixresorcinarenes are calixarene analogues 

based on the condensation of resorcinol and aldehyde. 
Aoyama et al. reported a number of amphiphilic 
calix[4]resorcinarenes 90-96 [93-95], decorated with 
eight (91-93) or five (94-96) disaccharide residues: 
maltose, lactose or cellobiose, which can form 
multiple hydrogen bonds with DNA. The 
calixresorcinarenes formed micelles with dimeters of 
5-6 nm. In the presence of DNA, the micelles 
transformed into compactly packed, well 
charge-shielded NPs with diameters about 50 nm. 
Furthermore, the NPs exhibited saccharide- 
dependent self-aggregation (Figure 8). Hela and 
HepG2 cells were transfected by these NPs via a 
nonspecific but highly size-regulated endocytic 

pathway, where only monomeric NPs possessed 
substantial transfection activities. 

Amphiphilic PAs for gene delivery 
PA is a relatively new family of tubular-shaped 

macrocycle developed by Ogoshi et al. in 2008 [96] 
and show many applications in various area [34, 97, 
98]. The repeating units of PAs are connected through 
methylene bridges at the para-positions, forming a 
rigid pillar shape. PAs with n repeating units are often 
referred to as pillar[n]arenes and the most popular 
PAs are those with n = 5 and 6. Due to their high 
symmetry, PAs are a group of fascinating candidates 
to prepare bola-type amphiphiles. Such bola-type 
macrocyclic amphiphiles have exhibited some 
potential in gene delivery. 

 

 
Figure 5. Transfection experiments performed with 1 nM pEGFP-C1 plasmid, 83/DOPE (10/20 µM) formulation, and lipofectamine LTX to Rhabdomyosarcoma cells. (a) 
Fluorescence microscopy images (upper row) of the transfected cells as visualized thanks to the expression of the enhanced green fluorescent protein and phase contrast images 
(lower row) of the corresponding experiments. (b) In vitro transfection efficiency as percentage of transfected cells upon treatment with 83/DOPE formulations and lipofectamine 
LTX. Reprinted with permission from ref [89]. Copyright 2012 from American Chemical Society. 

 
Figure 6. Simplified scheme of self-assembly of amphiphilic CA 88 into micelles and further formation of the DNA complex. Reprinted with permission from ref [91]. Copyright 
2011 from Wiley-VCH Verlag GmbH & Co. KGaA. 

 
Figure 7. Representative images of fluorescence microscopy showing green fluorescent protein expression in HEK293T cells transfected in the presence of serum (+FBS) with 
TMAC4/DOPE-pDNA lipoplexes at CA molar fractions of 0.2 for effective charge ratio are (a) 20, (b) 40, and (c) control. Reprinted with permission from ref [92]. Copyright 
2015 from American Chemical Society. 
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Figure 8. Hierarchical growth of 91-96 through micelles to NPs upon complexation with DNA. Reprinted with permission from ref [94]. Copyright 2003 from American 
Chemical Society. 

 

 
Figure 9. Molecular structures of amphiphilic PAs used for gene delivery. 

In 2013, Nierengarten et al. reported 
ammonium-modified pillar[5]arenes 102 and 103 
(Figure 9), which have 20 and 40 peripheral 
ammonium groups, respectively [99]. At a 
concentration higher than 3 nM, the bola-amphiphilic 
PA derivatives formed aggregates in an aqueous 
solution. Gel electrophoresis, ethidium bromide 
fluorescence and transmission electron microscopy 
showed that 102 and 103 interacted with and 
efficiently condensed plasmid DNA (pCMV-Luc) into 
stable and positively charged polyplexes. The 
transfection efficiencies of these polyplexes evaluated 
with Hela cells were moderately lower than that 
obtained for PEI based polyplexes.  

In 2014, Pei et al. reported the 
glutathione-responsive drug and siRNA co-delivery 
system based on vesicles formed upon amphiphilic 
ferrocenium modified pillar[5]arene 104 (Figure 9) 
[100]. At a concentration higher than 58 µM, 104 
formed monolayer-packed vesicle with a diameter 

about 90 nm. The vesicle is redox-responsive because 
ferrocenium cations could be reduced to ferrocenyl 
groups with the molecular polarity altered (Figure 
10). The vesicle promoted the cellular uptake of 
siRNA, and exhibited similar transfection 
performance with a typical siRNA transfection agent, 
Lipfectamino 2000. Co-delivery drug resistance gene 
silencing siRNA (MRP1 siRNA) and doxorubicin 
re-sensitized and synergistically inhibited SKOV-3 
cell with DOX resistance. 

In 2017, Junquera et al. reported the co-assembly 
of polycationic pillar[5]arene 105 (Figure 9) and lipid 
for gene delivery [101]. Usually, cationic lipids 
transfer genes well but exhibit moderate to high 
toxicity, whereas anionic lipids are more 
biocompatible but do not bind with DNA because of 
electrostatic repulsion. Divalent cations, such as Ca2+, 
Mg2+, Mn2+, Co2+, Cd2+, and Zn2+, have been used as 
“bridge” between anionic lipids and DNA. In this 
work, the authors found that polycationic 
pillar[5]arene/DNA exhibited excellent 
biocompatibility and much more efficient transfection 
than divalent cations bridged lipids/DNA for this 
purpose. 

Summary and Perspectives 
Macrocyclic amphiphiles are considered as a 

new class of promising vectors for gene delivery on 
account of their intrinsic features including molecular 
recognition and self-assembly. In this review, we 
summarized recently reported works of gene delivery 
using amphiphilic macrocycles, particularly those 
bearing cationic charges, including amphiphilic CDs, 
CAs and PAs (Table 1). Due to their pre-organized 
framework, multivalent nature and robust 
amphiphilic aggregation, macrocyclic amphiphiles 
have stronger interactions with gene than traditional 
amphiphilic gene vectors, such as liposomes that have 
suffered from premature gene leakage and thereafter 
low transfection efficiency. Therefore, macrocyclic 
amphiphiles-based vectors are often endowed with 
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excellent abilities in gene condensation, delivery and 
transfection. Moreover, various gene vectors of 
macrocyclic amphiphiles shown low toxicity (Table 
1). When compared with polymeric vectors, 
macrocyclic amphiphiles have more defined 
molecular structures with precise size and molecular 
weights, therefore batch-to-batch consistency, as 
critical parameters for clinical translation and 
regulatory approval, would be ensured from 
precision manufacture and quality control, which are 
otherwise challenging for polymeric species. 
Meanwhile, the macrocyclic amphiphiles still 
maintain the advantages of polymeric vectors, such as 
robust amphiphilic aggregation and strong binding 
with gene. 

As shown in Table 1, among three families of 
macrocyclic amphiphiles, amphiphilic CDs are the 
most extensively studied in gene delivery, mainly 
owing to their good biocompatibility (remarkably, 
some CD derivatives have been approved for clinical 
applications). Attributed to facile functionalization of 
CAs, a variety of amphiphilic CAs have been 
obtained, thus a large pool of amphiphilic CAs have 
been made available for possible further studies and 
screening. Differing from CD and CA, PA is 
equatorially symmetric, where both rims are identical. 
As a result, the synthesis of asymmetric amphiphilic 
PAs is relatively difficult. However, the symmetrical 
skeleton makes PA quite suitable for building 
bola-type amphiphiles. As a young member of the 

macrocyclic families, amphiphilic PAs’ applications in 
gene delivery is still in its infancy. It is also worthy to 
mention that more and more novel macrocycles have 
been recently developed [102-110]. Consequently, the 
emergence of various new macrocyclic 
(supra-)amphiphiles [111-116] may become valuable 
new members in the molecular toolbox of gene 
vectors. Therefore, the research of gene delivery based 
on macrocyclic amphiphiles will likely make more 
significant impact and potentially have a bright future 
in biomedicine. 

 

Table 1. Key properties of different macrocyclic amphiphiles for 
gene delivery. 

 CD CA PA 
Parent 
structures of the 
scaffold 

 

 

 

Symmetry Asymmetric Asymmetric Symmetric 
Types of 
amphiphiles 

Rim-differentiated 
macrocyclic 
amphiphiles 

Rim-differentiated 
macrocyclic 
amphiphiles 

Bola type 
macrocyclic 
amphiphiles 

Biocompatibility Good biocompatibility; 
some CD/drug 
complexes were 
marketed [4, 117]; 
modification related 
toxicity need further 
studied 
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Figure 10. Illustration of the formation of cationic vesicles of 104, and redox-responsive drug/siRNA release. Reprinted with permission from ref [100]. Copyright 2014 from 
Wiley-VCH Verlag GmbH & Co. KGaA. 
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It can be envisaged that there are still some 
challenges for further development of macrocyclic 
amphiphiles as novel gene vectors, particularly their 
practical applications in clinical practice. First, very 
few studies examined the use of amphiphilic 
macrocycles for gene delivery and transfection in vivo 
to fully understand the biocompatibility, distribution 
and pharmacokinetics of the systems in a pre-clinical 
model. Second, although the guest-binding properties 
of macrocyclic amphiphiles have been studied in a 
few cases, the full potential of guest recognition was 
not fully leveraged yet in their applications as gene 
vectors. One can design smart gene delivery systems 
in virtue of selective host-guest recognition of 
overexpressed biomarkers [50, 118-120]. This 
direction of research is very attractive but full of 
challenges because systemic screening of selective 
recognition of specific biomarkers by macrocyclic 
receptors would be needed. And such selectivity 
should not be compromised by the complex 
physiological environments. Third, some crucial 
questions for clinical application of macrocyclic 
amphiphiles, such as their long-term toxicity, 
metabolisms and biological fates, and whether the 
benefits of using them would outweigh the associated 
risks, still need to be systemically addressed, at least 
with clinically relevant animal models. Nevertheless, 
these challenges may be turned into opportunities for 
researchers to pinpoint key areas for future research 
and development. In addition to designing and 
developing new research kits (amphiphilic 
macrocycles) and continuing to test their gene 
delivery capabilities, interdisciplinary approaches 
involving scientists in chemistry, biology and 
materials sciences, as well as clinicians, would be 
required to further advance these fancy toys from 
benchtop to bedside.  
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