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Hydrogels utilizing G-quadruplexes

Abstract

Among recently reported unique and interesting hydrogel systems utilizing DNA as a
component, those employing G-quadruplexes are particularly emerging. Their design

principles and achieved functions are briefly reviewed.
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Introduction

Recent development of various hydrogels with unique properties
is attracting scientists not only from material chemistry but also from
broad research fields such as medical science.> DNA is one of popular
materials used to prepare hydrogels since various functional DNA
motifs are already known, and easily employed to achieve intelligent
hydrogels.>” In addition to simple duplexes or single-stranded DNA,
G-quadruplexes, unique tetrameric higher-order structures of DNA,
started to be found in interesting hydrogel systems. In this mini-review,
recent hydrogels utilizing G-quadruplexes are briefly explained.

Discussion

G-quadruplexes are a tetrad complexes of guanine bases associated
through Hoogsteen hydrogen bonding.®’ Since all of the 2-oxo
groups with lone pairs point the central pore of the tetrads, cations,
particularly K* and Na', are strongly trapped in the center, stabilizing
the quadruplex (Figure 1). It is expected that G-quadruplex structures
are formed in GC-rich telomere region of chromosomes in nature, and
regulating lifetime of cells by protecting the ends of chromatins.
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Figure | Chemical structure of a G-quartet.

The first observation of hydrogels made of G-quadruplexes formed
by guanylic acids, even if the concept was not known then, had been
reported more than 100 years ago.® This finding gave rise to the first
discovery of tetrameric arrangement of the guanine bases 50 years
later.’ Gelation of oligo-G strands was found and has been studied
well thereafter.'

Despite its known long history, hydrogels of simple guanosine and
its derivatives have not often been reported in the context of materials
chemistry. In 2005, Sreenivasachary and Lehn have reported gelation-
mediated selection of acylhydrazone G-quartets from a dynamic
library of two kinds hydrazides involving guanosine-5’-hydrazide and
two kinds of aldehydes."" Quite recently, it was reported that addition
of polyamines such as spermine dramatically enhances the strength
of GMP hydrogels.'? Other group also reported selective attachment
of dopamine-conjugated platinum (IV) to G-quadruplexes by using
borate ester linkages and photocytotoxicity against cisplatin-resistant
cells of them."

The major strategy to utilize G-quadruplexes is to employ
G-quadruplex-forming single-stranded DNA. Except a few examples
such that Xiang et al. reported a combination of G-quadruplex-
forming single-stranded DNA with hydrogels formed with pure DNA
junctions to achieve enzymatic cascade systems in DNA hydrogels,'*
or that Huang et al. utilized rolling circle amplification to obtain
long single-stranded DNA forming G-quadruplexes,’ most of the
hydrogels involving G-quadruplexes studied to date are combinations
or hybrids of synthetic polymers and single-stranded DNA. Among
them, Willner’s group extensively studied stimuli-responsive
hydrogels utilizing G-quadruplexes.>'®!"° They first prepared acrydite-
DNA conjugate with relatively short DNA portion, 5-mer dAAAGGG
to polymerize poly-AAm bearing DNA strands.'® Addition of K* and
hemin to the solution of the polymer triggered formation of hydrogels
crosslinked by four-stranded hemin-G-quadruplex DNAzymes. They
later conjugated G-quadruplex-forming single-stranded DNA split
into halves into PNIPA Am backbone using acrydite modification, and
formed hydrogels by using G-quadruplexes as cross-linking points in
the presence of K* ions.'” The resulting hydrogels showed thermo-
responsive phase transition between gel and solid phases. They also
introduced hemin to the hydrogels to reconstitute hemin-DNAzyme
that shows peroxidase activity and capable of producing polyaniline
from aniline and H,O, in situ. By introducing the split G-quadruplex-
forming strand into acrylamide backbone, instead of PNIPAAm,
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an electric sensor was constructed by layer-by-layer deposition of
the DNA-acrylamide conjugate through G-quadruplex formation.'
Shape-memory hydrogels are also achievable by conjugating split
G-quadruplex-forming-single-stranded DNA to AAm backbone
together with duplex-forming DNA." G-quadruplexes and duplexes
both act as cross-linkers for hydrogel formation. Introduction of K*
to the system and removal of them by 18-crown-6 ether reversibly
trigger G-quadruplex formation and denaturation in the hydrogel, and
induces its shape-change between initial shaped state and soft and
shapeless state. Employment of another quadruplex structure, i-motif,
realized dual-triggered system both by pH change and K" introduction.

Similarly, but back in 2008, Wei et al.*® have already used
G-quadruplex-forming single-stranded DNA to crosslink poly-AAm
bearing DNA strands. The G-quadruplex they employed was thrombin
aptamer, and the hydrogel was used as a reversible matrix for thrombin
capturing. Shao et al.*! used G-quadruplexes as K'-responsive
crosslinking point of polypeptide network in combination with duplex
formation between single-stranded extensions from the G-quadruplex
portion and complementary strands conjugated to the polypeptides
via the copper-catalyzed click reaction. Lately, Zhang et al.?* prepared
molecularly imprinted PNIPAAm-AAm hydrogels containing hemin-
G-quadruplex DNAzymes together with specific substrates TMB or
ABTS, and observed enhanced enzymatic activities of the imprinted
hydrogels. Zhao et al.*® on the other hand, prepared four-stranded

Copyright:

©2017 Kuzuya et al. 202

hemin-G-quadruplex DNAzymes with single-stranded extensions,
and used this motif as a cross-linker for AAm bearing single-stranded
complementary DNA to construct a colorimetric H,O, sensing system.
When G-quadruplex-forming single-stranded DNA was conjugated to
two acrydite groups at both ends, and used as crosslinking points of
PNIPAAm hydrogel, thermo-responsive loosening of G-quadruplex
structure related to PNIPAAm dehydration was observed.*

We have recently developed a new class of hydrogels utilizing
G-quadruplexes without using AAm derivatives.” A versatile hydrogel
system consists of only two popular biocompatible materials; DNA
and polyethylene glycol (PEG) were prepared by applying High-
Efficiency Liquid Phase (HELP) synthesis of oligonucleotide,” to
overcome the scale barrier of automated solid-phase DNA syntheses.
DNA-PEG-DNA triblock conjugates, in which merely four or five
consecutive nucleotides are symmetrically introduced, prepared at
least in gram scale with HELP, realized intelligent and biodegradable
hydrogels. We named these hydrogels “DNA quadruplex gels”, since
they utilize reversible formation of G-quadruplexes as the crosslinking
points, which is responsive to various input signals, such as Na*, K*,
and complementary DNA strand (Figure 2). DNA quadruplex gels can
be instantly prepared by the addition of various body-related fluids
such as serum, artificial tear, saliva, sweat, or even cell culture media
and phosphate buffered saline. They even show self-healing properties
reflecting the reversible nature of G-quadruplexes.
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Figure 2 Schematic illustration of our DNA quadruplex hydrogels utilizing G-quadruplexes.”

Conclusion

Although most of the recent hydrogels utilizing G-quadruplexes
focus on their hemin-DNAzyme activity, G-quadruplexes themselves
still have many other advantageous. Quite high thermal stability
compared to simple right-handed B-type DNA duplexes is a typical
example. Development of still more useful hydrogel systems is quite
feasible employing G-quadruplexes in various ways.
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