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During the past ten years, the importance of cucurbiturils (CB[n]) as macrocyclic hosts in supramolecular

assemblies with various types of natural and synthetic nucleic acids (NAs) has increased explosively. As a
component of such systems, CB[n] macrocycles can play a wide spectrum of roles from drug and gene
delivery vehicles to catalysts/inhibitors of biochemical reactions and even building blocks for NA-based
materials. The aim of this highlight article is to describe the development of the CBIn] applications in
nucleic acids research and to outline the current situation and perspectives of this fascinating synergistic
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combination of supramolecular chemistry of CB[n] and NAs.
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1. Introduction

Nucleic acids (NAs) such as deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) are central molecular scaffolds in almost
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all living organisms." Apart from their fundamental role as
carriers of genetic information provided by DNA and viral RNA,
nucleic acids are also responsible for intracellular recognition,
transport and catalysis that is accomplished by various types of
RNA. Along with extensive investigations of the properties and
functions of naturally occurring nucleic acids, synthetic and
chemically modified oligonucleotides are also attracting
significant attention for the development of innovative diag-
nostic and therapeutic approaches in biology, medicine and
materials science.’”
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One of the recently emerged strategies towards the regulation
of the functions of biomacromolecules is the supramolecular
approach, which allows to manipulate the molecular counter-
parts in a supramolecular assembly and thereby govern the
properties of the whole system.® In general, the main supra-
molecular interaction occurring in NA-containing systems is the
noncovalent association of small molecules and proteins to the
binding sites of NA hosts. Introduction of additional host
molecules that can be coupled to the supramolecular host-guest
interplay of NAs and their ligands provides a range of flexible
opportunities to tune the biological activity of both NAs and NA
binders. Along these lines, cucurbiturils (CB[xn]) acquired
increasing popularity due to their good water solubility, out-
standing binding properties towards cationic molecules, and
good biocompatibility”® that makes them especially suitable for
applications in the biomedical field. The recognition capabilities
of CB[n] as host molecules have been thoroughly investigated
and summarized in numerous review articles devoted to the
synthesis and binding properties of CB[n]’ and their applications
in stimuli responsive systems,'® drug encapsulation and
delivery,"™* fabrication of functional microcapsules,> mole-
cular recognition.'®

During the last few years, the applications of macrocyclic hosts,
such as cyclodextrins, cucurbiturils and calixarenes, in functional
supramolecular assemblies with biomolecules have been sum-
marized in several review articles.'”” ' Thus, biomedical applica-
tions of the host-guest systems in non-viral gene delivery were
collected by X. Ma and Y. Zhao." J. Jayawickramarajah and co-
authors summarized recent advances in synthesis and investiga-
tion of covalent conjugates of DNA with macrocyclic hosts.'® Some
studies on the modification of NAs scaffold through the non-
covalent and covalent binding with the macrocyclic molecules
were briefly discussed by T. G. Zhan and K. D. Zhang in a book
chapter.>* The construction of protein assemblies by host-guest
interactions with CB[n] has been comprehensively reviewed in
2017."°?° However, the particular development and areas of
application of CB[r] in nucleic acids research have not been
reviewed, so far. To fill this gap, we provide an overview on the
research progress (mainly from 2010 to present) in this exciting
field on the borderline between biochemistry and supramolecular
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chemistry. We highlight the design principles and properties of
supramolecular assemblies combining NA-ligand and CB[n]-
ligand interactions and their potential applications in a range of
bio-related fields, such as drug and gene delivery, DNA photo-
cleavage, fluorescent sensing and imaging, electrochemical
sensing, regulation of enzymatic processes, NA epigenetics, fabri-
cation of biocompatible hydrogels and polymeric materials. The
highlight is divided into sections according to the type and
structure of nucleic acids. Some sections are additionally divided
into sub-sections considering the particular areas of application.
First, the systems involving naturally occurring double- and
single-stranded DNA sequences are outlined. Further, the assem-
blies including non-canonical G-quadruplex DNA structures as
well as synthetic and modified NAs are described. Finally, the
RNA-based systems are discussed. In a separate section, we high-
lighted the assemblies comprising nucleic acids and both cucur-
bituril and cyclodextrin macrocyclic hosts.

2. Double-stranded DNA

2.1.
DNA

Manipulation of the polyamine-assisted processes on

Aliphatic polyamines such as putrescine 1, cadaverine 2, spermi-
dine 3 and spermine 4 (Scheme 1) are an important class of
biogenic molecules involved in numerous physiological functions
of eukaryotic and prokaryotic cells. Polyamines are essentially
involved in the growth, proliferation and differentiation of cells
and regulate DNA stability and gene expression.”*** Under phy-
siological conditions, polyamines get protonated and form corres-
ponding polycations that are attracted to the negatively charged
phosphate backbone of DNA and are accommodated in the minor
groove due to electrostatic interactions and hydrogen bonding.**
These supramolecular interactions change the morphology of
DNA and may stimulate B-to-Z conversion of the DNA double
helix. Additionally, binding of polyamines assists the modulation
of enzyme-catalyzed DNA relaxation and cleavage processes.>> >’
At the same time, polyamines possess strong affinity towards
CB[n] and readily form host-guest assemblies.'® The binding
constants of polyamine complexes with CB[7] and CB[6] are
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Scheme 1 Structures of biogenic polyamines (in protonated form) and their derivatives with representative schemes of (a) ternary complexation
between DNA, a bifunctional ligand and CBI[n]; (b) reversible inhibition of the enzymatic DNA hydrolysis by competitive complexation of CB[6] and CB[7]

with endonucleases and biogenic polyamines.
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ca. 1-2 orders and ca. 3-4 orders of magnitude higher, respec-
tively, compared to those for polyamine-DNA assemblies. Along
these lines, host-guest interactions with CB[r] represent a power-
ful tool to control the polyamine-induced transformations of DNA
in biological systems by supramolecular complexation.

In 2000, K. Kim, E. Nakamura and co-workers provided the
first example of ternary supramolecular assemblies between
small molecules, cucurbit[6]uril and DNA.?® For this purpose,
bifunctional conjugates 5 and 6 comprising a spermine residue
tethered to an acridine unit were obtained (Scheme 1). Threading
of the spermine fragment into the CB[6] cavity, on one hand, and
intercalation of the acridine residue into calf thymus DNA
(ct DNA), on the other hand, resulted in formation of a stable
ternary complex (Scheme 1a) that was identified by gel electro-
phoresis and an ethidium bromide displacement assay.”® Addi-
tionally, it was shown that complexation with CB[6] reduced the
inhibiting activity of free spermine 4 towards the Banll enzyme in
the nuclease-induced hydrolysis of pBR322 plasmid DNA.

Further studies on the enzyme-catalyzed reactions of DNA in
the presence of CB[6]-polyamine complexes showed that CB[6]
can work as a supramolecular switch that enhances or reduces
the activity of spermidine 3 and spermine 4 in the corres-
ponding processes.”® Thus, the 3-CB[6] complex was more
efficient than free spermidine 3 in accelerating the Topol-
catalyzed relaxation of the supercoiled pBR322 plasmid DNA
into its open form (topoisomerization). On the other hand,
formation of the 4-CB[6] pseudorotaxane reduced the activity of
spermine 4 in the restriction endonuclease Banll-catalysed
hydrolysis of pBR322 plasmid DNA. Additionally, it was found
that both pseudorotaxanes 3-CB[6] and 4-CB[6] had just a
negligible effect on the DNA morphology and on the ratio of
supercoiled and open circular forms of DNA, which is in sharp
contrast with the behavior of free polyamines.

In 2015, W. Nau and co-workers also utilized the high
affinity of CB[n] towards biologically active polyamines to
control the enzymatic hydrolysis of DNA (Scheme 1b).*° It was
shown that CB[6] and CB[7] macrocycles can inhibit the
endonuclease-induced restriction of plasmid and linear forms
of pGL3-Basic DNA by interaction with corresponding enzymes.
The experimental data collected for various types of endo-
nucleases (Kpnl, Sacl, Xapl) and different DNA forms confirmed
the generality of the inhibition effect. A possible mechanism of
the enzyme de-activation by CB[#n] includes formation of stable
complexes between CB[n] and N-terminal amino acids (Phe,
Trp, Tyr) or alkylamino chains (Lys) of enzymes. Competitive
interactions of CB[n] species with polyamines 1-4 allowed to
re-activate the endonucleases towards catalysis of the DNA
hydrolysis, thus representing a new approach towards the
regulation of biocatalytic processes by the reversible non-
covalent interaction with CB[n].

An interesting example of a CB[6]-based host-guest system
that mimics the action of a nuclease in a hydrolytic cleavage of
DNA was reported by P. Yang and co-workers.®’ Thus, a
[2]pseudorotaxane comprising CB[6] and 1,6-bis(imidazole-1-
yDhexane 7 (Scheme 1) induced a pronounced DNA strand
cleavage in pBR322 plasmid DNA, as shown by agarose gel
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electrophoresis, whereas compound 7 alone had almost no
cleaving activity. According to the proposed mechanism, the
hydrolytic cleavage occurred due to a cooperative effect of both
CB[6] and 7 within a supramolecular complex. The imidazo-
lium protonated the phosphate residue of a DNA strand. At the
same time, the CB[6] carbonyl oxygen (Lewis base) deproto-
nated a water molecule and promoted its addition to the
phosphorus atom, thus inducing phosphate ester cleavage
and DNA strand cleavage. However, no follow-up studies were
performed to assess the scope and limits of this approach.

As mentioned above, apart from their activity in the enzyme-
catalyzed reactions of DNA, polyamines show an excellent
ability to stabilize the left-handed helical structure of Z-DNA
through linking the neighboring helixes and reducing the net
negative charge repulsion between phosphate residues.”” Along
with the right-handed duplex DNA forms (A-DNA, B-DNA), the
left-handed Z-DNA is also biologically active and is involved in
chromatin recombination and remodeling, gene regulation and
nucleosome positioning.** In 2018, X. Zhou and co-workers
described an interesting approach to manipulate the B/Z-DNA
transition by changing the concentration of free spermine
through its complexation with CB[7].** In this system, CB[7]
extracted spermine 4 from Z-DNA by threading onto the central
butanediamine moiety of the former, thus inducing the mor-
phological transition of Z-DNA to B-DNA. Subsequent addition
of 1-aminoadamantane led to the dissociation of the spermine-
CB[7] complex and resulted in the reconversion to Z-DNA.

2.2. Non-viral gene delivery

Gene therapy is a powerful method that allows to deliver
therapeutic gene materials into target cells for the treatment
of genetic disorders, cardiovascular and neurodegenerative
diseases, and cancer without using drugs or surgery.>* There
are two directions of gene therapy development that include
applications of viral and non-viral (synthetic) gene vectors.
Despite the excellent ability to overcome cellular barriers
and immune defense mechanisms, viral vectors often possess
genotoxicity, immunogenicity, as well as high costs and large-
scale production problems. In contrast, non-viral analogues
(cationic polymers, biopolymers or nanoparticles) are more
friendly and can form tightly packed complexes with various
NAs thereby protecting the gene material from destruction and
facilitating its penetration across the cell membrane. Never-
theless, non-viral vectors often exhibit reduced transfection
efficiency compared to the viral ones that significantly hinders
their application as therapeutic agents in clinical practice.*
Cationic dendrimers comprising polyamine branches are
among the most prominent molecules for the design of non-
viral gene delivery systems.?>*” Because of the spherical struc-
ture and multiple binding sites, dendrimers can efficiently
condense various types of NA molecules into stable assemblies
and, therefore, promote the cellular uptake. To overcome some
fundamental problems related to cytotoxicity and biocompa-
tibility of gene carriers, supramolecular nanoparticles con-
structed by host-guest interactions have been developed.®®

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Structures of cationic dendrimers 8-10, the galactosylated cucurbit[6]uril (QCB[6]), bis-naphthalene-derivatized Ru(bpy)s guests 11a and 11b

and their supramolecular assembly in CB[8] cavity.

In 2002, K. Kim and co-workers obtained a noncovalent
complex of CB[6] with poly(propylenimine) (PPI) dendrimer mod-
ified by diaminobutane-terminated groups 8 (Scheme 2).%” In this
system, CB[6] encapsulated cationic fragments of the dendrimer 8
to form stable pseudorotaxanes. This gene delivery system was
tested for compaction of pEGFPLuc plasmid DNA (pDNA). In vitro
studies using Vero 76 and 293 mammalian cell lines showed
relatively low toxicity of 8-CB[6] with about 50% of the cells
remaining viable even at high concentrations of the complex
(¢ = 100 ug mL ™). The transfection efficiency of the supramole-
cular polyplex increased with increasing dendrimer generation
number from G3 to G5 and reached values of ca. 10 times lower
than those of well-known poly(ethylenimine) (PEI) carriers, which
was probably related to the reduced flexibility due to the threading
of macrocyclic CB[6].

Later in 2018, R. Wang and co-workers also utilized the
CB[n]-based strategy to reduce the inherent cytotoxicity of the
PEI gene vector 9 with a large molecular weight (25 kDa,
branched) (Scheme 2).*® For this propose, the supramolecular
nanoparticles 9-pDNA and 9-CB[7]-pDNA with an average size
of 251 nm and 174 nm, respectively, were prepared. An MTT
assay in the absence and presence of CB[7] on three different
human cell lines (HEK293, 293T, A549) revealed that CB[7]
significantly reduced the cytotoxicity of PEI 9 in a dose-
dependent manner. Apoptosis analysis with 293T cells with
9-pDNA and 9-CB[7]-pDNA showed that complexation with
CB[7] markedly inhibited the rate of PEI-induced apoptosis.
Additionally, it was found that CB[7] significantly alleviated the
hemolytic activity of PEI. Confocal fluorescence microscopy
and flow cytometry studies of the PEI-Cy5 conjugates in 293T
cells clearly showed that complexation with CB[7] had just a
minor effect on the cellular uptake. The efficiency of gene
delivery of 9-pDNA moderately increased in the presence of
CB[7] that was attributed to the improved biocompatibility of
PEI upon encapsulation by CB[7].

This journal is © The Royal Society of Chemistry 2020

Another work of K. Kim and co-workers describes a target-
sensitive delivery system for the transfer of the genetic material
into hepatocytes based on the galactose-linked CB[6]
(Scheme 2).*° In this system, dextran functionalized with
spermine side chains 10 was responsible for the biodegrad-
ability as well as effective condensation of pDNA. Self-assembly
of the galactosylated CB[6] (gCB[6]) with the conjugate 10 was
provided by formation of the strong inclusion complexes
between gCB[6] and spermine residues on the dextran back-
bone (Scheme 2). It was found that the amount of gCB[6] bound
to the polyplex significantly influenced the efficiency of pDNA
condensation by reducing the amount of available spermine
binding sites for the electrostatic attraction to pDNA. For the
same reason, gCB[6] can decrease to some extent the affinity of
the polyplex towards a negatively charged cell surface. By
systematic alternation of several parameters, including the
molar ratios of 10/gCB[6] and spermine nitrogen/pDNA phos-
phate, the optimized DNA-encapsulating delivery systems were
identified. The delivery of the loaded pDNA was tested on the
human hepatoma cells HepG2 bearing the galactose-specific
asialoglycoprotein receptors (ASGPR). A control competition
assay with free galactose and HeLa cells that did not contain
ASGPR receptors confirmed that 10-(gCB[6]),5 polyplex with the
molar ratio of 25 exhibited target-specific interaction with
HepG2 cell surface and enhanced gene transfection efficiency.

In addition to commonly used dendrimer-DNA complexes,
several studies were focused on the development of novel types
of vector delivery systems. Particularly, Y. Liu and co-workers
reported a multifunctional supramolecular assembly consisting
of the bis-naphthalene-derivatized Ru(bpy); complexes 11a and
11b as guests and CB[8] as a host (Scheme 2).*° The encapsula-
tion of the naphthalene units in the CB[8] cavity yielded the
water-soluble linear supramolecular dimer (11a),-CB[8] or
polypseudorotaxane (11b-CB[8]), with high molecular weight.
As a gene delivery system, the polypseudorotaxane assembly

Chem. Commun., 2020, 56, 15360-15376 | 15363
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combined several advantages including not only the efficient
DNA condensation, but also inhibition of the DNA-cleaving
ability of the HindIll (Haemophilus influenzae derivative)
enzyme. Additionally, fluorescent properties of the polypseudo-
rotaxane allowed to follow the transfection of the supercoiled
pBR322 DNA into cells by confocal fluorescence microscopy.

2.3. Delivery and release of DNA-targeting drugs

The supramolecular design and fabrication of drug carrier
systems operating by host-guest interactions with high delivery
capacity and selectivity is a promising field of modern medicine
and pharmacology. During the last decade, significant progress
in the application of CB[n] in drug delivery systems has been
achieved that is reflected in several comprehensive review
articles."”™* These reviews highlight the important issues
regarding the enhancement of bioavailability and bioactivity
of drugs by complexation with CB[z], such as improvement of
solubility and stability, reduction of toxicity, protection against
aggregation, stimulus-triggered release of included guest and
other aspects. However, in view of the DNA-targeting systems, it
is necessary to study not only the problems that arise on the
route of a drug to a target, but also to understand mechanisms
governing the drug release from the molecular carrier with
subsequent association with DNA. To the best of our knowl-
edge, up to date, there are only two publications available on
the CB[n]-assisted delivery of clinically used drugs to DNA.*"*?

In 2016, P. Hazra and K. Gavvala with co-workers demon-
strated a concept of the stimuli responsive translocation of
guest-drug molecules from the CB[7] carrier to DNA."" This
approach was tested for two drugs, cryptolepine (12) (antima-
larial and antineoplastic agent) and proflavine (13) (antiseptic
drug), whose therapeutical activity arises from their interaction
with DNA (Fig. 1). The authors provided some insights into
modulation of photophysical properties of the CB[7]-bound
drugs and applied these findings for the monitoring of the
translocation process. Cryptolepine (12) forms a 1:1 inclusion
complex with CB[7] (K, = 4.2 x 10" M~ ") and can intercalate
between the DNA base pairs (K, = 2.1 x 10* M~").*! The similar
values of the association constants prevent full dissociation of
the 12-CB[7] complex in the presence of DNA. However, intro-
duction of acetylcholine chloride that had higher affinity
towards CB[7] (K, = 7.0 x 10° M ") resulted in the displacement
of cryptolepine molecules from the cavity and their subsequent
intercalation into DNA. A similar principle has been applied to
the displacement of the DNA binder proflavine (13) from the
CBJ[7] cavity, although quantitative data for the evaluation of
the equilibrium processes for the binary systems 13-CB[7] and
13-DNA were not obtained.*? It should be mentioned, however,
that for both systems no experimental data confirming appli-
cability of this concept in living cells were provided.

2.4. CB-Induced changing of the ligand-DNA binding mode

Governing of the DNA-binding mode of small molecules in
supramolecular assemblies is an attractive way to control
ligand-DNA interactions without additional covalent modifica-
tion of the binder. Along these lines, several three-component
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Fig. 1 Structures of the DNA-targeting drugs cryptolepine (12) and
proflavine (13) and structures of styryl(pyridinium) derivatives 14-17 used
for CB[7]-assisted manipulation of the DNA-binding mode.

systems were developed, in which cucurbituril acted as a
supramolecular control unit of the ligand-DNA binding mode.
The first example of this concept for a CB-containing system
was provided by S. Sun and co-workers in 2014 on fused
bis(styrylpyridinium) dye 14 with two cationic binding sites
(Fig. 1).*> Binding studies with ct DNA allowed to suggest that
at high ligand-to-DNA ratios compound 14 aggregated on the
DNA strand, whereas upon increasing the DNA concentration
the aggregation switched to intercalation. Complexation with
CB[7] resulted in the formation of the ternary system with one
arm of dye 14 intercalated into DNA and the second one
encapsulated in the macrocycle cavity. Such a supramolecular
arrangement presumably enhanced the intercalative binding
mode of 14. Complementary studies on the corresponding
monochromophoric dye 15 (minor groove binder) showed that
CB[7] extracted ligand 15 from the DNA binding site instead of
forming a ternary assembly and, therefore, had no influence on
the DNA binding mode of 15. In contrast to compound 15, it
was proposed that the related dye 16 switches its DNA binding
mode from groove binding to intercalation upon addition of
CB[7] (Fig. 1).** However, no unambiguous evidence for the
change of the binding mode in this case was provided.

Very recently, another contribution on CB-induced binding
mode modulation was made by the Fedorova group.*’ In this
work, a three-component assembly including ct DNA, CB[7] and
a bis(styryl)dye 17 was described (Fig. 1). In the presence of ct
DNA, bis(styryl) dye 17 readily formed aggregates that were
accommodated in the DNA minor groove. The addition of CB[7]
disassembled the aggregates by encapsulation of one styrylpyr-
idinium fragment of 17 whereas the second chromophore
remained in the minor groove. In other words, complexation
with CB[7] switched the system from aggregation towards the
monomer groove binding that was additionally accompanied
by increase of the fluorescence intensity of the bound ligand,
thus allowing easy monitoring of the system rearrangement.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cc06583h

Open Access Article. Published on 10 November 2020. Downloaded on 27/07/2024 9:36:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Highlight

As can be seen from these examples, complexation with
CB[n] mainly changes the ligand-DNA association from a rather
heterogeneous unspecific binding (aggregation) to a more
ordered one (partial groove binding). We envisage the future
development of this approach as a fine switching of binding
modes of a single ligand molecule, such as from minor groove
binding to intercalation or from minor groove binding to major
groove binding and vice versa.

2.5. Supramolecular DNA sensing

Among various approaches towards real-time detection and
monitoring of nucleic acids and investigation of their functions
inside living cells, fluorescence spectroscopy offers many
advantages as a versatile, highly reliable and sensitive method
for both in vitro and in vivo assays.'® In general, fluorescent
organic ligands may be used as stains for biomolecules, if their
emission properties, i.e. emission intensity or emission color,
change significantly upon the direct interaction of a ligand with
an analyte.”’*° However, due to the large size of CB[n]-ligand
complexes, their insertion into the structure of biomolecules is
sterically limited. Therefore, CB[n]-based fluorescent sensing is
mainly based on competitive host-guest approaches, such as
indicator competition assay (ICA) and indicator displacement
assay (IDA).>

Application of complexes of tricyclic basic dyes acridine orange
(18), methylene blue (19), and pyronine Y (20) (Scheme 3) with
CBJ[8] for discrimination of DNA from RNA in solution and HeLa
cells was reported by S. Sun co-workers.>> All dyes 18-20 formed
supramolecular dimers inside the CB[8] cavity that resulted in
significant quenching of their fluorescence in solution in compar-
ison to the free dyes. In the presence of NA, the host-guest
complexes dissociated and liberated the dyes that in turn bound
to the NA leading to staining. Thus, the acridine orange complex
(18),-CB[8] interacted without selectivity with both ct DNA and
S. cerevisiae RNA as indicated by the increase of the fluorescence.
No significant effect was observed for the methylene blue complex
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(19),-CB[8] in the presence of NAs. At the same time, the
fluorescence of the pyronine Y complex (20),-CB[8] increased
only upon addition of DNA, whereas no response was obtained
in the presence of RNA. Confocal fluorescent microscopy studies
of 18, 20, (18),-CB[8] and (20),-CB[8] showed that 18 non-
specifically stained the interior of HeLa cells, whereas 20 could
not pass across the membrane and was accumulated in the
extracellular matrix. It should be noted, however, that the selec-
tivity of the fluorescence response of the dye-CB[8] complexes in
the presence of NA in solution and HeLa cells was governed
exclusively by the properties of the free dyes. Complexation with
CB[8] had no effect on the selectivity and efficiency of staining and
was helpful only to suppress autofluorescence of the free dyes
and, therefore, to increase a signal-to-noise ratio.

Abasic DNA sites (apurinic/apyrimidinic (AP) sites) are muta-
genic and toxic DNA lesions resulting from the loss of
nucleobases.> AP sites are formed in course of enzymatic
repair of damaged DNA or by the influence of external factors.
Considering the relevance of AP sites to carcinogenesis, these
lesions represent an important analytical and therapeutic
target.>>>* In 2018, Y. Shao and co-workers described a supra-
molecular multicolor DNA sensor for the selective recognition
of abasic DNA sites based on the ICA concept with CB[7].>> Two
natural alkaloids, namely coptisine (21) and palmatine (22)
have been used as fluorescent indicators for AP DNA sites
(Scheme 3). Both alkaloids form 1:1 inclusion complexes with
CB[7] that is accompanied by pronounced increase of their
fluorescence. The direct interaction of coptisine (21) with DNA
sequences containing an abasic site (AP-DNAs) results in the
increase of the fluorescence intensity without a wavelength
shift, irrespective of the opposite base type (purine or pyrimi-
dine). Complexation with CB[7] shifts the intrinsic fluorescence
of 21 from 548 nm to 520 nm, thus providing an opportunity to
distinguish between CB[7]-bound and AP-DNA-bound ligand by
emission color. Additionally, encapsulation of coptisine (21) by
CB[7] makes the binding of the guest competitive and it was
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Scheme 3 Fluorescent DNA markers 18—-23 used for supramolecular DNA sensing as well as structures of the components 24, 25 and operation mode

of a ratiometric host—guest FRET sensor for DNA detection.
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shown that the AP-DNA competition of 21 with CB[7] occurs to
TXT-C/-T other than TXT-A/-G sites. The simultaneous presence
of TXT-G, TXT-A, mismatched DNA and fully matched DNA
does not interfere with the selective recognition of the TXT-C/-T
sites by 21-CB[7] complex with a limit of detection of about
300 nM (S/N = 3). This strategy has been successively expanded
to the recognition of the transversed abasic DNA sequences
with adenine flanking the AP site and palmatine (22) as
indicator. Thus, the addition of AXA-A/-C/-G/-T DNAs to the
22-CB[7] complex causes a red shift of the emission maximum
of 18 nm irrespective of the opposite nucleotide structure. At
the same time, addition of the fully matched DNA does not alter
the emission wavelength, which allows to detect the presence of
abasic sites. Overall, these results represent a promising
CB-based ICA strategy for the multicolor AP-DNA detection.
However, no in vitro studies were performed in this work.

The ability of CB[8] to accommodate two guest molecules
provided an efficient way to construct two-dimensional frame-
works with an aggregation-induced emission (AIE) effect.”® To
achieve this, branched guest molecules 23 comprising three
styrylpyridinium arms attached to a phenyl core were designed
(Scheme 3). The supramolecular components assembled
through head-to-tail stacking between the 4-styrylpyridinium
fragments inside the CB[8] cavity yielding stable 2 : 1 host-guest
complexes. A highly ordered two-dimensional structure of
23-CB[8] has been confirmed both in solution and as a mono-
layer by various methods including NMR spectroscopy,
dynamic light scattering and microscopic measurements. The
formation of the rigid assembly 23-CB[8] was accompanied by a
25-fold enhancement of the fluorescence intensity and a red-
shift of the emission maximum from 520 nm to 600 nm.
Confocal fluorescence imaging demonstrated that complex
23-CB[8] can easily penetrate the membrane of HeLa cells,
presumably through endocytosis or phagocytosis. The color of
the intracellular emission is highly sensitive to the wavelength
of the excitation light. Thus, the probe 23-CB[8] reveals orange
fluorescence in the cytoplasmic region upon excitation with
blue light (BP 460-495 nm, U-FUN) whereas the UV light
excitation (BP 340-390 nm, U-FUW) simultaneously lights up
the green emission in the cell nuclei along with orange emis-
sion in the cytoplasmic region. A possible reason for the green
staining of the nuclei arises from a dynamic self-assembly
process of 23-CB[8] or competition process between 23-CB[8]
and DNA. Overall, supramolecular AIE probe 23-CB[8] can be
considered as a new class of fluorescent probes for the intra-
cellular DNA imaging.

In 2019, W. Nau and co-workers applied the IDA concept to
design a ratiometric host-guest DNA sensor based on Forster
resonance energy transfer (FRET) process.”” In this system, the
CB[7] host was labeled with an acceptor fluorophore carboxy-
fluorescein to give conjugate 25 (Scheme 3). The carboxyfluor-
escein residue was equatorially attached at the outer side of the
macrocycle, so that the interior of conjugate 25 remained
available for guest molecules. A well-known blue-fluorescent
DNA stain 4’,6-diamidino-2-phenylindole (DAPI) 24 was chosen
as a FRET acceptor guest. The host-guest complexation
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ensured the close proximity of the donor and acceptor dyes
and prompted the highly efficient (>99%) intermolecular
FRET process in the 24-25 system. The host-guest FRET pair
was applied for the quantitative sensing of salmon sperm DNA.
Upon gradual addition of double-stranded DNA (dsDNA) to the
solution containing the pre-assembled FRET pair (0.5 pM
24 and 1 pM 25) a pronounced decrease of carboxyfluorescein
fluorescence at 520 nm (FRET acceptor) along with enhance-
ment of DAPI fluorescence at 450 nm (FRET donor) was
observed. This clearly indicated the relocation of the guest
24 from the macrocyclic cavity of 25 to the DNA binding pocket.
Notably, the ratio of the fluorescence intensities at two emis-
sion wavelengths (Aep, = 420 nm and Aey, = 520 nm) depended
linearly on the DNA concentration thus allowing the quantita-
tive detection of dsDNA from a picomolar range up to 20 mg mL ™,
with a lower detection limit of 60 ng mL~'. Notably, the reliable
DNA detection range provided by the CB[7]-based ratiometric
chemosensor exceeded that of the commercial DNA staining dye
SYBR Green 1.

Overall, these inspiring examples of the CB-assisted DNA
sensing demonstrate a potential of the supramolecular
approach for increasing sensitivity and selectivity of DNA
detection both in vitro and in vivo. We are surprised, however,
that the CB-based strategies have never been applied for the
sensing of quadruplex DNA and other non-canonical nucleic
acid structures.

2.6. Photoresponsive systems

Viologen (4,4"-bipyridinium, V>*) 26 and its derivatives are well-
known cationic redox active guests that form stable inclusion
complexes with cucurbiturils.”® Viologens are extensively uti-
lized as good electron acceptors in the electron transfer (ET)
reactions in multi-component systems. Moreover, the viologen
radical cation (V'*) readily reduces oxygen in aqueous solution
and generates reactive oxygen species (ROS), such as the super-
oxide anion-radical (O, *), singlet oxygen (*0,), and the hydroxyl
radical (*OH).>® In view of these properties, X. Peng and co-
workers used the combination of the methylviologen residue with
aromatic photosensitizers and complexation with CB[8] to con-
struct several systems for DNA photocleavage.®®®* Thus, a stable
ternary 1:1:1 complex was obtained by association of the donor-
acceptor dyad comprising methylviologen 26 and phenothiazine
27 with CB[8] (Scheme 4).°° Upon light excitation, phenothiazine
27 transfers an electron to methylviologen inside the CB[8] cavity
generating the corresponding radical ions 27'* and V'*. The
phenothiazine radical cation is subsequently ejected from CB[8]
due to predominant formation of a stable viologen radical dimer
(V*"*),~CB[8] inside the cavity. Such encapsulation of the radical
dimer significantly inhibits the charge recombination between
27" and V'*, thus extending the lifetime of V'* and favoring the
generation of ROS. Given to this effect, the ternary assembly
26-27-CBJ[8] exhibits pronounced photocleavage of super-coiled
PBR322 plasmid DNA upon irradiation with white light.

Two more systems developed by the Peng group represent
covalent conjugates of viologens with Ru(bpy);>" complexes
28a-28¢®" and aromatic hydrocarbons 29a-29d (Scheme 4).°>

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Structures of the photoresponsive redox guests 26-31
applied in the CB-based systems for DNA photocleavage.

Apart from lightinduced generation of ROS by the viologen
radical, covalent attachment of Ru(bpy);>" in 28a-28c allows to
recruit an additional mechanism of the DNA damage by the
generation of the oxidized Ru®" through the photoinduced intra-
molecular ET from Ru®* to the viologen residue. Consequently,
Ru*" oxidizes guanine nucleobases and photocleave DNA without
generating ROS. The increase of the alkyl spacer length in 28a-28¢
allows to improve the photocleavage efficiency by extending the
lifetime of the charge transfer state. Encapsulation of the viologen
moiety by CB[8] in 1:1 complex further inhibits the intramolecular
electron back transfer in the conjugates 28a-28c resulting in a
relatively long-living charge transfer oxidation state (¢t ~ 2 ms),
which improves the photocleavage efficiency.®*

Conjugates of viologen with aromatic hydrocarbons 29a-29d
(Scheme 4) show a different behaviour.®” Thus, 2-anthryl 29¢
and 1-pyrenyl 29d derivatives bind to ct DNA through a mixed
binding mode and both of them induce pronounced cleavage of
plasmid pBR322 DNA upon irradiation with a xenon lamp. At
the same time, phenyl 29a and 2-naphthyl 29b derivatives do
not interact with DNA. However, upon complexation with CB[8]
yielding 1:1 complexes, all compounds 29a-29d exhibit
efficient DNA photocleavage. As discussed above, the reason
of this effect is encapsulation-induced inhibition of the intra-
molecular backwards ET in the conjugates that extends the
lifetime of the charge separated excited state. Overall, X. Peng
and colleagues clearly demonstrated the potential application
of CB-based host-guest chemistry for DNA photocleavage.

In 2014, Y. Liu and co-workers synthesized and investigated
host-guest complexes of photoresponsive azobenzene-viologen
conjugates 30 and 31 (Scheme 4).% Initially, upon association
with CB[8], the conjugate molecules adopt a folded conforma-
tion with both E-azobenzene and viologen moieties immersed
in the macrocycle cavity forming a 1:1 inclusion complex.
Irradiation of 30 and 31 at 365 nm results in the E-Z isomer-
ization of the azobenzene fragment followed by the ejection
of the viologen residue from the cavity and formation of
pseudorotaxanes with different positioning of CB[8]. Thermal
or photochemical backwards Z-E-isomerization of azobenzene
restores the initial loop-shaped structures of the E-30-CB[8]
and E-31-CB[8]. Most notably, the E-configured complexes
show a remarkable DNA condensation effect on pBR322
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plasmid DNA. In contrast, the pseudorotaxane structures
Z-30-CB[8] and Z-31-CB[8] possess no DNA condensation abil-
ity but rather display significant DNA cleaving properties upon
UV light irradiation. This can be explained by liberation of the
viologen residue from the cavity upon isomerization of azoben-
zene and consequent UV-induced generation of ROS by violo-
gen radical in solution. Overall, host-guest interactions of
conjugates 30 and 31 with CB[8] represent an example of the
photoswitching between DNA-condensing and DNA-cleaving
properties.

A conceptually different application of a photoreaction in
the host-guest system involving CB[7], DNA and hydroxypropyl-
B-cyclodextrin (HP-B-CD) has been provided by our groups in
2015 and is described in detail in Section 2.7.

2.7. Functional systems comprising a cucurbituril/
cyclodextrin pair

Cyclodextrins (CD) represent another important class of macro-
cyclic host molecules that are widely applied in biochemistry,
pharmacy and medicine due to their low toxicity, biocompat-
ibility and chemical stability.°®® In contrast to cucurbiturils
with their affinity towards cationic guests, cyclodextrins tend to
encapsulate preferentially neutral hydrophobic guests. Hence,
simultaneous presence of both macrocycles in one supramole-
cular system allows to enhance its functionality due to the
interplay of orthogonal binding preferences of the hosts. In this
section, we describe the examples of assemblies including both
CD and CB[n] macrocycles and NAs.

In 2015, our groups have developed a supramolecular five-
component cascade that allowed to control ligand-DNA interac-
tions in real time by light.®® Such a DNA-binding/displacement
system has been realized based on a fine balance between
different host-guest interactions of the precursor 32 and the
photoinduced intercalator 33 with HP-B-CD, dsDNA and CB[7]
(Scheme 5). Starting from the encapsulation of precursor 32 by
HP-B-CD to provide the delivery of the substrate in aqueous
solution, the cascade continues with photoinduced in situ
formation of the intercalator 33, its release from the cyclodextrin
host and subsequent association with DNA. The final step of
the cascade is the removal of 33 from the DNA binding site by
CB[7]. Notably, despite the simultaneous presence of several host
molecules, each step of the cascade is not affected by

HP-, p -CD 70,
g OMe
+CB[7]
—DNA DNA = /
p— WA OMe

+DNA
—CB[7]

33

Scheme 5 Association and redistribution equilibria of the precursor 32
and photocyclization product 33 in the presence of HP-3-CD, CB[7] and
DNA.
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the presence of the non-involved components, thus making
this approach potentially applicable for a photocontrolled
DNA-targeting therapy. Additionally, this study anticipates the
application of CB[n] not only for drug delivery (Section 2.3) but
also for drug deactivation/overdose treatment by elimination of
the active substance due to complexation with CB[x].

Y. Liu and co-workers have shown that assemblies compris-
ing a CB/CD pair can efficiently provide the condensation of
DNA in a controllable way.®”"*® Condensation of NAs represents
one of the key steps in gene therapy that allows to prevent rapid
degradation of oligonucleotides by nucleases.®® Thus, in 2007,
the authors constructed a pseudopolyrotaxane 35 by threading
poly(propylene glycol) diamine (PPG4000) through the modi-
fied B-cyclodextrins 34 and subsequent assembly with different
amounts of CB[6] to give the complexes with various content of
the CB[6]-bound alkylammonium pendants (0, 20, 40, 70,
100%) (Fig. 2).°” It was found, that the resulting supramolecu-
lar assemblies can efficiently provide condensation of pEGFP-
C2 plasmid DNA consisting of circular supercoiled DNA (form I)
and relaxed circular DNA (form II) into nanoparticles. Depending
on the percentage of CB[6], the DNA condensation efficiency of
pseudopolyrotaxanes 35 varied nonlinearly reaching the highest
value when 70% of the cationic B-CDs in the supramolecular
strand were associated with CB[6].

In 2016, the same group developed a more simple, yet
efficient DNA condensation system including the CB[6]/B-CD
pair.®® Thus, a ternary supramolecular complex was obtained
by self-assembly of modified B-cyclodextrin 34, CB[6] and
anthryl adamantane 36 (Fig. 2). Specifically, like in the case
of pseudopolyrotaxane 35, CB[6] associated with the cationic
alkylammonium tail of B-CD 34, whereas the adamantane
residue of 36 formed the inclusion complex with the cyclodex-
trin cavity. It was found that the synergistic effect of the
components in the ternary assembly resulted in pronounced
condensation of pBR322 plasmid DNA into uniform spherical
nanoparticles. At the same time, no obvious condensation
effect was observed upon interaction of individual compounds
or binary inclusion complexes with DNA, except for the
36-CB[6] complex that slightly induced DNA-condensation. In
2016, the Liu group also described a supramolecular assembly
comprising a CB[6]/B-CD pair for the condensation and delivery
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Fig. 2 Supramolecular systems for DNA condensation comprising a CB/
CD pair.
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of siRNA to cancer cells. This system is described in detail in
Section 5.

Overall, the supramolecular systems highlighted above mainly
include double-helix DNAs obtained from natural sources, such
as calf thymus DNA, salmon testes DNA and various types of
plasmid DNAs. However, the application of CB[xn]-containing
assemblies is by no means limited to the canonical double-
stranded forms of DNA. Below we collected examples of the
CB[n]-based supramolecular systems with G-quadruplex DNA,
synthetic and modified DNA oligonucleotides and RNA.

3. G-Quadruplex DNA

G-Quadruplex DNA (G4-DNA) represents one of the non-canonical
types of DNA that is formed in G-rich DNA sequences upon
stacking of two or more guanine quartets.”” In mammalian cells,
quadruplex DNA structures participate in several important pro-
cesses, such as gene suppression, senescence and initiation of the
cellular response to DNA damage.”* Due to the essential biological
role of G4-DNA, control of its folding and functions by interaction
with exogenous ligands offers new possibilities for biology and
medicine. Along these lines, a CB-based approach has been
developed that allows to manipulate folding of G4-DNA by
supramolecular assembly.

In 2017, X. Zhou and co-workers described the first example
of the CB-assisted supramolecular control of G-quadruplex
DNA formation.”” In this study, the quadruplex-forming oligo-
nucleotide 5'-TTAGGGTTAGGGTTAGGGTTAGGG-3' (H24) from
the human telomere sequence was used. It was shown that
azobenzene derivatives 37 and 38 induced folding of the single-
stranded H24 oligonucleotide into a parallel G-quadruplex
structure (Scheme 6). Addition of CB[7] resulted in the disas-
sembly of the 37-DNA complexes and subsequent unfolding of
the quadruplex due to the translocation of dye 37 to the CB[7]
cavity. Introduction of a competitive CB-binder 1-amino-
adamantane led to the displacement of ligand 37 from the
CB[7] cavity that consequently resulted in the refolding of the
G4 structure of the 37-DNA complex. Therefore, the supra-
molecular interplay between the DNA-binder, CB[7] and 1-amino-
adamantane provided a general principle for the reversible

37-CB[7] A 37

! unfolded DNA strand

P

G-quadruplex

- Rt
(zwitterionic form)

39 0o
(cationic form)

Scheme 6 Governing the folding of G-quadruplex DNA by reversible
association of DNA binders 37-39 with CBI[7].
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supramolecular switching of the G-quadruplex structure.
Notably, the folding/unfolding of the G4-DNA can be performed
reversibly over several cycles by repetitive addition of CB[7]
and 1-aminoadamantane. It should be noted that in contrast to
the piperidine-substituted 37, the trimethyl-
ammonium-substituted azobenzene 38 failed to form a stable
complex with CB[7], thus making the supramolecular control of
the G4 folding impossible. Additionally, the described supramo-
lecular switching was applied to manipulate the enzymatic reac-
tion between thrombin and fibrinogen with a specially designed
thrombin inhibitor consisting of two thrombin-binding aptamers
connected by H24 DNA sequence. Folding/unfolding of the linker
into the quadruplex structure switched the activity of the inhibitor
and, therefore, regulated the thrombin-catalysed conversion of
fibrinogen to fibrin.

In 2018, P. Hazra and co-workers applied a similar concept for
supramolecular G-quadruplex manipulation.” Like in the previous
study, the authors used human telomeric DNA H24 and CB[7] as a
molecular container. The antitumor drug topotecan (39) was chosen
as a mediator of the quadruplex folding (Scheme 6). Complexation
of 39 with H24 DNA induced the formation of the G-quadruplex,
whereas addition of CB[7] led to the translocation of the ligand to
the CB[7] cavity and subsequent quadruplex unfolding. Notably,
upon addition of CB[7], the fluorescence of the ligand changed
from green to violet due to the transition of topotecan (39) from
the zwitterionic to cationic form upon translocation from the
DNA binding site to the CB[7] cavity because of the CB-induced
pK, shift. Therefore, this system offered an advantage to follow
the DNA structural transformations by fluorescence spectroscopy.
Overall, these two studies provided a proof-of-principle for the
supramolecular control of the G4-DNA structure by competitive
interaction of the quadruplex-binding ligands with CB[7]. How-
ever, further development of this approach is required to reveal
its potential for the practical applications.

azobenzene

4. Synthetic and modified DNA

In this section, we collected the systems comprising epigeneti-
cally modified DNAs as well as artificially synthesized sequences
that do not have naturally occurring analogues. Some of these
studies are focused on the biological functions of DNA, whereas
in other ones DNA is utilized as a supramolecular building block
without a reference to its biological role.

4.1. CB-Assisted supramolecular sensing and imaging

The nanopore sensing is a powerful analytical method that
relies on monitoring of ionic current fluctuations produced by
the interactions between the analyte and the binding sites of
nanopores.”* The frequency of current signatures is used to
identify the analyte and quantify its concentration. Since 2015,
H.-C. Wu and co-workers are developing a versatile method for
nanopore sensing of biologically related analytes based on
DNA-CB[7] host-guest probes.””>”®® In the method developed
by H.-C. Wu and co-workers, introduction of the analyte leads
to the release or in situ formation of the single-stranded DNA
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Fig. 3 Schematic representation of the CB-assisted nanopore sensing,
including the trapping of the DNA probe, its dissociation, translocation,
and CB[7] oscillation in the vestibule of the a-hemolysin nanopore.

(ssDNA) bearing a ferrocene-CB[7] or adamantane-CB[7] complex,
referred to as a DNA probe. Threading of the DNA probe through
the o-hemolysin (¢HL) nanopore results in the dissociation of the
host-guest complex and liberation of CB[7] (Fig. 3). Subsequent
trapping and oscillation of free CB[7] in the vestibule of oHL
produces a unique pattern of the current signature events that
endows the detection with very high confidence at the single
molecule level. The application of this strategy allowed to detect a
large range of analytes of different size and nature, such as vascular
endothelial growth factor (VEGF), thrombin, cocaine,”” ssDNA,
mono-/multivalent antibodies,”® microRNA,”” and cancer bi