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Supramolecular chemistry combines the strength of molecular assembly via various molecular
interactions. Hydrogen bonding facilitated self-assembly with the advantages of directionality, specificity,
reversibility, and strength is a promising approach for constructing advanced supramolecules. There are
still some challenges in hydrogen bonding based supramolecular polymers, such as complexity
originating from tautomerism of the molecular building modules, the assembly process, and structure
versatility of building blocks. In this review, examples are selected to give insights into multiple hydrogen
bonding driven emerging supramolecular architectures. We focus on chiral supramolecular assemblies,
multiple hydrogen bonding modules as stimuli responsive sources, interpenetrating polymer networks,
multiple hydrogen bonding assisted organic frameworks, supramolecular adhesives, energy dissipators,
and quantitative analysis of nano-adhesion. The applications in biomedical materials are focused with
detailed examples including drug design evolution for myotonic dystrophy, molecular assembly for
advanced drug delivery, an indicator displacement strategy for DNA detection, tissue engineering, and
self-assembly complexes as gene delivery vectors for gene transfection. In addition, insights into the
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current challenges and future perspectives of this field to propel the development of multiple hydrogen

rsc.li/chem-soc-rev bonding facilitated supramolecular materials are proposed.

interactions between molecules or secondary bonds is about
5-10% of the covalent bond energy.® It mainly studies mole-

1. Introduction
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Supramolecular polymers are the exciting spinoffs of polymer
and supramolecular science. They are known for their dynamic,
reversible, stimulus responsive, and versatile features. Supra-
molecular polymers formed and assembled with non-covalent
bonds become a hot topic of chemical science because of their
special structures and properties.”* In supramolecular systems,
the bond energy of host-guest interactions based on weak
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cular interactions between monomers through different non-
covalent interactions, for instance m-n stacking, hydrogen
bonding, ion-dipole, metal-ligand etc. (Fig. 1A).*> Molecular
aggregates are formed through the coordination of these inter-
molecular forces and space complementarity. These weak
interactions govern the assembly of extensive aspects from
the double helix in DNA to the bonding of H,O molecules in
liquid water.® The synergy, directionality, and selectivity of
various forces determine the validity of the molecular recogni-
tion process. Supramolecular polymers possess high recogni-
tion ability and can achieve many complex and advanced
functions.”®

The interaction energy of a hydrogen bond ranges from 5 to
120 kJ mol " (Fig. 1A).>° A hydrogen bond denoted as X-H- - Y
is an electrostatic interaction between a hydrogen bonding
donor (“D”, a hydrogen atom in a polar bond) and a hydrogen
bonding acceptor (‘“A”, a strongly electronegative atom with a
lone pair available for bonding, typically O, N, or F). Individual
hydrogen bonds are weak, while multiple hydrogen bonds, as
well as synergies with other non-covalent interactions, can form
high strength supramolecular aggregates. Increasing multiple
hydrogen bonding motifs can improve the strength and diver-
sity of the stimulus response of supramolecular polymers.°

This journal is © The Royal Society of Chemistry 2024
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When hydrogen bonds are arranged in order to form double,
triple, quadruple or even larger hydrogen bonding systems, the
synergistic and superimposed effects of multiple hydrogen
bonding significantly improve the binding energy for bond
cooperation and construct highly selective and specific pairing
forms."" Some groups not only form complementary multiple
hydrogen bonds by themselves, but also form complementary
multiple hydrogen bonds with other groups, which enriches the
types of multiple hydrogen bonds. Substantial secondary elec-
trostatic interactions, attractive or repulsive ones between
adjacent sites in hydrogen bonding complexes, significantly
contribute to complex stability and promote or even offset the
effect of extra hydrogen bonds (Fig. 1B).>™*

In nature, adhesion is usually driven by reversible interac-
tions at the molecular level.’® These interactions are controlled
by stimuli, either from the environment or from the organism,
to meet specific needs. Nature controls adhesion and
acquires complex functions through a variety of non-covalent
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interactions.'””>° Hydrogen bond motifs are most widely used
for achieving reversible bonding and debonding,”" possibly
because hydrogen bonding units are easily introduced into
polymeric structures or reactive monomers.*>"**

In both biological systems and industrial applications,
adhesive interactions have important effects on their surface
binding. Designing intermolecular and intramolecular hydro-
gen bond networks to construct high strength polymer materi-
als is an important bio-inspired strategy.>> Small molecules or
polymers with multiple hydrogen bonds are effective building
blocks to construct multifunctional supramolecular adhesives
and advanced molecular architecture.>®?” For nano-adhesion,
multiple hydrogen bonds can enhance the overall adhesive
forces between surfaces. The presence of multiple hydrogen
bonds in nano-adhesives provides opportunities to improve the
adhesion performance, resistance to mechanical stress, and
longevity of nano-adhesive materials. Supramolecular systems
based on hydrogen bonding are promising with great potential
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application prospects, ranging from nanoelectronics and bio-
materials to coatings and adhesive technologies, due to their
directionality, reversibility, and specificity.** >

Most reviews on supramolecular polymers are about their
synthesis, properties, and applications. Instead of providing a
comprehensive review, here we focus on bio-inspired hydrogen
bonding driven supramolecular architectures and their biome-
dical applications.?*013:33-46

This review focuses on the design and development of
emerging supramolecular architectures based on multiple
hydrogen bonding interactions, especially highlighting studies
on biomedical applications mainly published in recent years.
Firstly, we provide an overview of hydrogen bonding systems,
which prompts us to understand the development and princi-
ples of motifs’ design. Then the pathway complexity of multiple
hydrogen bonding pairs and structure versatility of building
blocks are discussed. Furthermore, several emerging hydrogen
bonding supramolecular architectures are highlighted. In addi-
tion, multiple hydrogen bonding modules as energy dissipators
and quantitative analysis of nano-adhesion are also described.
These help us to understand the structure-property relation-
ships more deeply. Finally, we highlight the application of
multiple hydrogen bonding stimulated supramolecular archi-
tectures in biomedical materials.

2. Multiple hydrogen bonding systems
and nano-adhesion
2.1 The power of the genetic code

Hydrogen bonding interactions are key to the genetic code and
are ubiquitous in natural systems. DNA forms a double helix
through hydrogen bonds, paired by double and triple hydrogen
bonds, respectively, between the purine and pyrimidine nucleic
acid bases. RNA-specific uracil replaces thymine in DNA
and pairs with adenine when DNA is transcribed (Fig. 2).*
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The hydrogen bonds in these two groups are parallel and the
bond lengths are similar (0.29 nm) and adjacent atoms form
approximate planar hexagons. The triple hydrogen bonding
complex guanine-cytosine (G-C) has a notable association
constant (K,) of 10°-10° M~" in CHCI;,"® much higher than a
K, of 130 M™" and 100 M~ " observed for complexes adenine-
thymine (A-T) and adenine-uracil (A-U), as well as others
between adenine and uracil derivatives (K, < 220 M~") with
two hydrogen bonds.” Thus, nature selected hydrogen
bonding motifs within base pairs, enabling the transmission
of genetic information to be transcribed in a simple and precise
manner.

In addition, hydrogen bonding interactions have great
influence on the properties and performance of materials.
Spider dragline silk exhibits excellent mechanical properties
due to its multiple hydrogen bonds and is the toughest natural
fiber known. A single hydrogen bond is weak and usually
cannot form stable self-assembled structures. Inspired by the
elegant design of nature, multiple hydrogen bonds can increase
the interaction energy and achieve nano-adhesion through
reasonable design, enabling the elegant modulation of materi-
als properties.’

2.2 Double and triple hydrogen bonding systems

Hydrogen bonding donors and receptors can form two types of
double hydrogen bond arrays, AA-DD and AD-DA. Sherrington
et al.>® reported that 2-acrylamidopyridine can self-associate by
hydrogen bonding, and the association constant is temperature-
dependent (Fig. 3).*®

Compared with the double hydrogen bonding systems, the
triple hydrogen bonding systems (AAA-DDD, AAD-DDA, and
ADA-DAD, Fig. 1B) can form stronger networks. Zimmerman’s
group®’ designed a series of triple hydrogen bonding com-
plexes (Fig. 4): ADA-DAD dimers 1-2 (K, = 78 M™" in CHCl,,
Fig. 4A) and 1-3 (K, = 70 M~' in CHCI; Fig. 4B) with four
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Fig. 1 (A) The interaction energy of some non-covalent interactions.®
interactions between proton donors (D, red) and acceptors (A, green) in (a) double, (b) triple, and (c) quadruple hydrogen bonding arrays.

repulsive secondary interactions,”>”® AAD-DDA dimers 4-5
(K, = 10* M " in CHCl,, Fig. 4C) and 6-7 (K, = 9.3 x 10° M "
in CHCl;, Fig. 4D) with medium secondary interactions and
AAA-DDD dimer 8-9 (K, > 10° M~ in CHCl;, Fig. 4E) with four
attractive secondary interactions. The K, of the AAA-DDD dimer
was much higher than that of the ADA-DAD dimer. DDD unit 9
is unstable under acidic conditions and becomes readily pro-
totropic to exist in the noncomplementary form.>* DDD unit
10 has a cationic charge character and the K, of complex 8:10
(Fig. 4F) exceeds 5 x 10° M~ ' in CH,Cl,.*” The K, of complex 11-
12 (Fig. 4G) is 2 x 10" M~" in CH,Cl, and that of complex 11-13
(Fig. 4H) is 3 x 10'® M ™" with the highest stability.’®**” The K,
of complex 12-14 (Fig. 41) is 1.1 x 10’ M~" in CH,Cl,.”®

2.3 Quadruple hydrogen bonding systems

The binding strength of quadruple hydrogen bonding units, and
their predictable and controllable recognition performance, has
attracted widespread attention for their applicability to the

A-T complex (R=CHj3)
Ka =130 M (CDCl3)
A-U complex (R=H)

K, =100 M (CDCl3)

-
r - lex
HN~/ N— H---N/ \> G-C comp
—10%.105 M1
N—( a NH K3=10%-10° M™' (CHCl3)
N-H---0O
H

Fig. 2 Watson-Crick coupling pairs and association constants in DNA (A—
T and G-C) and RNA (A-U) molecules.*®
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(B) The primary attractive hydrogen bonds and secondary electrostatic

12-15

construction of stimuli responsive assemblies, nanofibers, supra-
molecular polymers, etc.”*®® There are six different quadruple
hydrogen bonding dimers, DDDD-AAAA, DDDA-AAAD, DDAD-
AADA, DDAA-AADD, DADA-ADAD and DAAD-ADDA (Fig. 1B)."?
Self-complementary DDAA and DADA arrays have advantages in
the self-assembly of supramolecular polymers, although they may
limit their recognition ability."*

Meijer’s group'® focused on the synthesis of an ureido-
pyrimidinone (UPy) functionality containing quadruple hydro-
gen bonds. UPy-UPy is easy to synthesis and possesses a high
K, of 6 x 10" M™" in CDCl, (Fig. 5A). Functionalization of the
termini of telechelic polymers with quadruple hydrogen bonding
UPy units enables access to the selective formation of long linear
chains, thus improving the properties of the material.**®” The
tautomerism in the self-assembly process of UPy leads to cross
recognition and affects the specificity of recognition.®®”® For
the linear identification unit, the order of hydrogen bonds in
the donor and acceptor should be guaranteed to minimize the
tendency of self-aggregation. Zimmerman’s group>*”>7¢ devel-
oped quadruple hydrogen bonding units, such as deazapterin
(DeAP) (Fig. 5B), 2,7-diamido-1,8-naphthyridine (DAN) (Fig. 5C),”
butyl urea of guanosine (UG) (Fig. 5D), and 7-deazaguanine-based

Ko=13.4 M"! (CHCly)

I-=

Fig. 3 Self-association of 2-acrylaminopyridine.®*
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Fig. 4 Structures and association constants of triple hydrogen bonding complexes.

urea (DeUG) (Fig. 5D). The self-association constants of DAN (10—
70 M~ ') and UG (200-300 M~ ") are much weaker, while the K, of
DAN-UG is as high as 5 x 10’ M~" in CDCl, (Fig. 5D).”>">”” The
self-association constant of DeUG is 880 M~ * and the K, of DAN-
DeUG reaches up to 2 x 10° M~ in CDCl, (Fig. 5D).”® Fig. 5E and

Ar = 3-Nitropheny
Ka =2 x 107 M (CH,Cly)

Ka=3x10"0M" (CH,Cl,) K, =1.1x10" M (CH,Cly)

51-58

F shows the structure of some other quadruple hydrogen bonding
complexes, and their K, values are much lower than the expected
values. This is because K, is affected by undesired folded con-
formers and tautomeric equilibrium, the connected substituents
and the linker between neighbouring hydrogen bonds.”®™%°
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2.4 Multiple hydrogen bonding systems

Multiple hydrogen bonding systems are difficult to synthesize
because of their higher binding constants. If there are too many
hydrogen bonds, it becomes difficult for all hydrogen bonds to
be coplanar. In particular, the position and orientation of
hydrogen bonds are pre-designed using the intramolecular
hydrogen bonds and the rigidity of the molecules themselves.

Hamilton et al.®' synthesized a macrocyclic receptor con-
taining six hydrogen bonds within a cavity by binding two 2,6-
diamidopyridine units. The strong binding (K, =2.08 x 10*M "
in CDCl;, Fig. 6A) and recognition of barbiturate derivatives
was realized by the ADADAD-DADADA array. The K, of the
macrocyclic derivative (Fig. 6B) is 1.37 x 10° M™' in CDCl,
increased by 100 times, suggesting that enforced inwardly
pointing binding site is considerable. Gong et al.®* reported
an extremely stable hextuple hydrogen bonding system (K, =
(1.3 £ 0.7) x 10° M~ in CHCI;, Fig. 6C) between two oligoa-
mide molecular strands. The six hydrogen bond monomers
remained coplanar by means of intramolecular hydrogen
bonds. In nonpolar solvents, oligoamide strands can be com-
bined in a specific order to form hydrogen bonding double

R = CO(CH,),CHs
Ka =2.08 x 10* M1 (CDCl3)

Ka = 1.37 x 108 M"' (CDCl3)

Ka = 101 M1 (DMSO)
Ka = 170 M (water)
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HESPCRERS ¢ 5
Q Q O, N N. .0,
CgHy7 CgHi7 n-Bu H‘v, IX :’H
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I

Fig. 6 Structures and association constants of multiple hydrogen bonding complexes.
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duplexes, while in aqueous media, they can be converted to
disulfide crosslinked duplexes.®** In aqueous solution and
methanol, oligoamide strands combined with the trityl-
protected thiol group to form duplexes composed of comple-
mentary hydrogen bonding sequences. Wilson et al.®* synthe-
sized a six hydrogen bonding heterodimer (Fig. 6D) comprising
ditopic ureidoimidazole and amidoisocytosine motifs, showing
high stability in CDCl; (K, > 10° M 1).

Schmuck et al.® reported an efficient self-complementary
system (K, = 170 M~ " in water, Fig. 6E) with a water-soluble
zwitterion. The zwitterion combined with two interacting ion
pairs to form an extremely stable dimer linked together by a
hextuple hydrogen bonding network. A neutral dimer (Fig. 6F)
with solely hydrogen bonds was stable only in low polar organic
solvents, with K, above 10* M~* in CDCl; and K, below 10 M™*
in 5% DMSO-d4/CDCl;. Therefore, ion pair interactions play an
important role in the stable self-association of hydrogen bond-
ing motifs in water.

Zimmerman et al.®® developed an eight contiguous hydrogen
bonding ureido-naphthyridine oligomer (K, > 4.5 x 10° M ' in
10% DMSO-d¢/CDCl;, Fig. 6G), which shows a self-complementary
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hydrogen bonding array (DDAADDAA). Chen et al.®” reported a
highly stable homoduplex within four intermolecular tricenter
hydrogen bonds (K, = (4.4 + 0.5) x 10" M"" in 1% DMSO-d¢/
CDCl;,Fig. 6H) in low polar solvents. Li et al®® presented a
monomer (Fig. 6I) possessing a rigidified anthranilamide skeleton.
Intermolecular hydrogen bonds are formed by introducing amide
units into the preorganized skeleton. The non-continuous thirteen
hydrogen bonding supramolecular duplex is highly stable in CDCl;
(Ko > 23 x 10° M™Y. Ju et al® synthesized a glycyrrhetinic
acid conjugate (K, = 41 M~' CDCl,, Fig. 6]) containing uracil units
and 2,6-diaminopyridine. The six intermolecular hydrogen bonds
formed a supramolecular cyclic dimeric structure by self-assembly.
The formed cavity could recognize and encapsulate the polar
molecule in aprotic polar solvents.

2.5 Molecular recognition and nano-adhesion

The adhesion phenomenon exists widely in nature. Adhesion
occurs by covalent bonding or non-covalent interactions, for
example, the adhesion shown by secretions of mussels (metal
ligand and hydrogen bonding complexes) and gecko foot pads
(van der Waals forces).'® The adhesion phenomenon is impor-
tant in adhesive materials, hydrogels, coatings, adhesives, etc.
The surface protection ability and mechanical properties of
conventional covalent adhesion systems will be decreased
due to poor interfacial properties. Covalent and non-covalent
interactions can improve the interfacial properties of materials
synergically. According to this principle, many multi-functional
coupling agents and adhesion promoters have been designed to
act as bridges between the adhesive and the attachment.”

Inspired by bio-adhesion, nano-adhesion based on supra-
molecular interactions has been developed in recent years.”!
Hydrogen bonding is a common interaction in complex
organisms and is exploited as a molecular interaction tool to
manufacture a variety of biomimetic materials. Hydrogen
bonding not only increases the adhesion and mechanical
properties of polymers, but also dissipates material energy in
nonpolar solvents, due to their dynamic association/dissocia-
tion. The reversible assembly of the non-covalent nano-
adhesive offers the potential to guide the complexation process,
resulting in reversible and self-healing adhesive materials,’>
and for decreasing permanent damage to the assembled ele-
ments and for increased sustainability.®®

In view of industrial demand, high performance adhesives
have aroused great interest. Polymeric materials possess long
intertwined chains, and the introduction of multiple hydrogen
bonding modules with nano-adhesion and high affinity into the
polymer structure at main chains (Fig. 7A-C), end chains (Fig. 7D-
F) and side chains (Fig. 7G and H)’ can form a variety of
supramolecular polymers with adhesive properties, strength and
toughness. Many supramolecular nano-adhesives perform better
than commercial glues and reported adhesives.”* We believe that
these synthetic polymers can become “smart” materials sensitive
to stimuli such as heat, light, and mechanical forces.”* The nano-
adhesive supramolecular polymers with self-healing and scalabil-
ity are expected to be applied in wearable devices, wound dres-
sing, electronic skin, and other biomedical fields.
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2.6 Pathway complexity of multiple hydrogen bonding pairs

Multiple hydrogen bonding is a powerful means to synthesize
advanced supramolecular architectures.”®® When studying the
double helix structure of DNA, the alternation of hydrogen bond-
ing structures puzzles life science workers. Heterocycles can form
robust hydrogen bonding complexes in solution, but the proto-
tropy leads to complication. It not only reduces the association
constant, but also compromises the information content. The use
of heterocycles is complex and is identical to intramolecular
hydrogen bonding mediated molecular folding.””*® In the process
of self-assembly, the functional monomers have tautomerism, so
there is complexity in the initial design stage and the final material
evaluation stage.

UPy has three tautomeric forms, 6[1H]-pyrimidinone tauto-
mer (U,), 4[1H]-pyrimidinone tautomer (Up) and pyrimidinol
tautomer (U,) (Fig. 8A). The tautomerism of the UPy unit leads
to self-assembly cross recognition, which makes the specificity
of recognition unsatisfactory.’>®® U, and U, can be dimerized
via AADD and DADA arrays, respectively. AADD-DDAA arrays
are more stable than ADAD-DADA arrays.>> The NH group of
pyrimidine and O or N atoms of urea formed a linear array of
quadruple hydrogen bonds through intramolecular hydrogen
bonding, which considerably enhances the stability of
dimers. U, without self-association can induce an association
constant loss, which leads to defects and limits its application.
Prototropy does not affect the self-association process of
heterocycles. Deazapterin heterocycle DeAP (D,) with a self-
complementary hydrogen bonding array AADD has three
tautomerism forms (Fig. 8B), independent of its protomeric
form.>*’* There are four homodimers and heterodimers,
D,-D,, Dy-Dp, Dp-Dp, and D.-D.. These dimers are 13%,
46%, 39%, and 2% in toluene-dg, respectively, while those in
CDCl; are 40%, 43%, 11%, and 6%, respectively. UPy and DeAP
formed robust hydrogen bonding complexes with DAN through
ADDA forms, generating non-complementary conformers
Uy, Dg, and D.. When excess DAN was added to the solution
(toluene-dg or CDCls) of D, and Dj, dimers, complexes with
DAN can be obtained, and the dimers were completely
dissociated.

This journal is © The Royal Society of Chemistry 2024
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Guo et al.®® constructed single-molecule junctions with
hydrogen bond bridges (HBB-SMJs). The quadruple hydrogen
bonding system was sandwiched between graphene point con-
tacts to form SMJs. To determine the metastable structures,
possible configurations for intermolecular proton transfer reac-
tions or tautomerism were investigated theoretically (Fig. 9).
Five low-lying energy structures (Fig. 9A-E) were identified.
Studies have shown the lactam-lactim tautomerism process
occurs almost simultaneously, which is highly correlated with
the configuration of HBB-SM]Js and diphenyl ether molecules.

The pathway complexity not only exists at the molecular
level in the initial assembly stage, but also later in the process
to form highly ordered supramolecular aggregates and poly-
mers. The pathway complexity in supramolecular polymeriza-
tion can be mediated by the equilibrium with free monomers
and temperature.'® Meijer et al.'®* described a supramolecular
polymer that undergoes four different conformers, two helici-
ties (P and M) with two dihedral angle 6 (45° and 35°) between
the hydrogen bonding amides and the central benzene ring
(Fig. 10A). 1,3,5-Benzenetricarboxamide (BTA) is a commonly
used supramolecular polymer scaffold that can be directly self-
assembled by hydrogen bonding and stacking of cores. (S,S,S)-
p-BTA was self-assembled through three intermolecular amide
hydrogen bonding, the stacking between benzene rings
through solvophobic effects further stabilized the hydrogen
bonding. Notably, hydrogen bonding affects the persistence
of monomer stacking and the orderliness of supramolecular

This journal is © The Royal Society of Chemistry 2024

polymers.'®® Chiral centers at the side-chains of amides make
aggregates exhibit helical chirality. In supramolecular polymer-
izations, temperature, solvent and supramolecular aggregates
are very important factors.

Understanding the effect of solvents on the aggregate beha-
vior of supramolecular modules helps us to find out how the
final structures are formed.'*'** Hierarchical self-assembly of
amphiphilic BiPy-BTA discotics initially formed a supramole-
cular fiber and then organized into a triple helical bundle by
solvent effects (Fig. 10B). With the decrease of solvent polarity,
the hydrophobic force was gradually weakened, which led to
the formation of a 1D fiber. Water induced the bundling of
supramolecular fibers that transformed into a triple helical
bundle at high water content.'® The rich phase behaviour of
the supramolecular assembly is closely related to the thermo-
dynamics of the water-alcohol mixtures.

Self-recognition and competing equilibria may cause dele-
terious effects for many applications. Sanjayan et al.'°® utilized
intramolecular bifurcated hydrogen bonding interactions and
addressed the prototropy challenges of heterocyclic AADD self-
assembly complexes by freezing hydrogen bonding codes. The
resulting hydroquinone conjugated AADD system was charac-
terized by a built-in fluorophore, high duplex stability
and prototropy free dimerization to produce single duplexes.
Clayden et al.'”” prepared symmetric oligourea foldamers from
cyclohexane-1,2-diamine, using terminal groups (carbamate,
urea, or thiourea) with different hydrogen bonding capabilities
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to desymmetrize. The foldamers were dynamically balanced

between the
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(Fig. 10C) and are solvent independent. The hydrogen bonding
two-alternative screw-sense configurations properties of the terminal groups determined the relative
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population of the two conformations. The foldamers exhibit a
molecular torsion balance.

The final nanoscale morphology and the advanced properties
of supramolecular materials are not only related to the basic
building block structure, but also clearly related to the dynamics of
the polymerization process.'’ Meijer et al.'* addressed manifesta-
tions of pathway complexity and reported that the aggregation
process of 1,3,5-benzenetricarboxamides (BiPy-1) in n-butanol is a
competitive two-pathway mechanism, which refers to the processes
of monomer nucleation and growth (Fig. 10D). The free monomer
firstly aggregated in the cooling process into a disordered polymer
and then continuous cooling makes the disordered polymer dis-
associate into monomers and form an ordered polymer.

2.7 Structure versatility of multiple hydrogen bonding
building blocks

The development of non-covalently bonded supramolecular
polymers has made great progress in recent decades,**''® but
controllable synthesis of supramolecular polymers remains a
challenge."* Normally, supramolecular polymers are achieved
along two ways."">'"® One is the traditional strategy involving
assembly of covalently synthesized heterotopic monomers via
non-covalent interactions. The other is supramolecular strategy
in which non-covalently synthesized monomers also called
supramonomers experienced traditional covalent polymeriza-
tion (Fig. 11A)."** Covalent polymerization of supramonomers
makes the reaction process predictable and provides new
perspectives for controllable synthesis of supramolecular

This journal is © The Royal Society of Chemistry 2024

polymers.’" In addition, self-sorting is a self-assembly process
based on reversible chemistry that forms complexes through
selective recognition between specific monomers.'**''” Linear
supramolecular polymers were created by changing the rigidity
of the bifunctional monomers in the self-sorting process and
regulating their molecular weight,"*®*°

Zimmerman et al."*® designed a module eDAN (Fig. 11B) that
can be used for the reversible control of polymer networks. The
weak binding between DeUG and the oxidized form was enhanced
after reduction. Zhang et al."*' integrated supramolecular chem-
istry and traditional interfacial polymerization, and introduced a
controllable strategy, supramolecular interfacial polymerization,
to construct supramolecular polymeric materials (Fig. 11C). (UPy-
SH), (oil soluble) involved in the thiol-maleimide click reaction
and was polymerized with MA-C12 (water soluble) containing two
maleimide at the water-chloroform interface. Amorphous supra-
molecular polymer films with a molecular weight of 68 kDa were
formed, showing good thermal stability (238 °C, 5% weight loss).
Compared with supramolecular polymerization in homogenous
media, supramolecular interfacial polymerization is simple and
controllable, which can be used with a variety of monomers, even
if they are immiscible. Meanwhile, supramolecular polymers with
high molecular weight can be fabricated unconfined to the mole
ratio or concentration of the monomers.

Kinetically controlled living supramolecular polymerization
(LSP) can control the length and dispersion of polymers.'*?
George et al."> achieved structural and stereo co-control of
supramolecular  polymerization through implementing

Chem. Soc. Rev,, 2024, 53,1592-1623 | 1601
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R- and S-Binam-NDI.*23

stereoselective seed-induced LSP. The enantiomers R- and S-
Binam-NDI were synthesized by bischromophoric naphthalene
diimide (NDI) and the chiral core (+)-1,1’-binaphthyl-2,2'-
diamine (Fig. 11D).

Synergy of multiple non-covalent forces favors thermodyna-
mically stable assemblies with predictable chemical
transformation.”* "> Hydrogen bonds narrow the distance
between two reaction sites, enabling interacting sites spatially
favorable in terms of position and orientation. Moreover, hydro-
gen bonds can activate the reaction sites and increase the effective
concentration of the substrates. Kelly et al.">® proposed a linear
template for the reaction of two substrates assembled in a liquid
phase (Fig. 12A). The template possessed two binding sites and
interacted with two organic substrates simultaneously by triple
hydrogen bonding, respectively. The reaction rate of the nucleo-
philic substitution reaction between the two organic substrates
increased by 6 times. Two oligoamide strands were paired
through hetero-complementary hydrogen bonding sequences,
and then crosslinked into a macrocyclic structure followed by
the introduction of S-trityl groups capable of forming reversible
disulfide bonds with iodine (Fig. 12B)."*” The system showed high
length-dependent selectivity, shorter strands possessing hydrogen
bonding sequences that can be partially complementary to longer
chains but not crosslinked. Complementary oligosamides have
sequentially specific crosslinking in nonpolar solutions (methy-
lene chloride) and competitive media (aqueous).

Tiefenbacher et al'*® reported a large hexameric cage
(Fig. 12C) based on intermolecular amido-amide dimerization.
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The organic cage had a cavity volume of ~2800 A® and its
structure was held together by 24 hydrogen bonds. It formed
host-guest complexes with fullerenes (Cgo and Cy) through
favorable dispersion force and n—m interactions. The formation
of the hexameric structure depended on concentration. Cyclo-
triveratrylenes (CTVs) are rigid concave cyclophanes,***** and
many aromatic units with CTVs show enhanced binding capacity
because of the additional stacking between fullerenes and aro-
matic units."*"""*> Li et al'*® developed CTV-based capsular
structures by using C;-symmertric CTV precursors to guide the
aramido-derived foldamer segments to form three imine bonds
via hydrogen bonding (Fig. 12D). The capsules form supramole-
cular host-guest systems with Cg, and C,, in discrete solvents.

3. Multiple hydrogen bonding driven
emerging supramolecular architectures
3.1 Chiral supramolecular assemblies

One advantage of supramolecular systems is that achiral mole-
cules can be induced into chiral self-assembly. Chiral induc-
tion, also known as asymmetric induction, was proposed by
Hermann Emil Fischer based on his work on carbohydrates."**
The most common approach is to induce helical supramole-
cular assembly by chiral molecules.’** The helical conforma-
tion of foldamers is dynamic in nature. Different helical
conformations can be induced by non-covalent intermolecular
bonding with chiral additives or by introducing chiral residues

This journal is © The Royal Society of Chemistry 2024
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directed self-assembly.??°

at the chain end or pendant.'®*® Their helical conformation
changes depending on the solvent used.**™*® Fig. 13A(a)
shows chirality transfer between covalent/supramolecular poly-
mers and small molecules.**™*° Ishida et al.'*® designed the
helical supramolecular polymers from dendritic carboxylic acid
1 (achiral) and amino alcohols (chiral, X = 2%/2%, 3%/3%, 45/4%. ).
The monomers form salt pairs 1-X by electrostatic interaction,
and then form a supramolecule through hydrogen bonding
(Fig. 13A(b)). Copolymerization occurs when two salts with the
same chirality are mixed, but not with oppositely chiral salts
(Fig. 13A(c)). Because of this stereoselective copolymerization,
helical supramolecular polymers can favour the enantiomeric
composition of chiral amino alcohols. Xing et al.**" realized the
transformation of supramolecular chirality from supramolecu-
lar tilted chiral helical arrangement to nanoscale helical fibers.
Amino acids provide chiral factors and grow in the 1D direction
by hydrogen bonding with melamine. Octafluoronaphthalene
and pyrene tune the wavelength of fluorescence emission by
arene-perfluoroarene interaction.

Chiral amplification is a phenomenon in low molecular
weight systems with helical supramolecular polymers and
non-covalent bonds.***'** Green’s group investigated the “ser-
geants and soldiers” principle'**'** and the “majority-rules”
effect that affect chiral amplification.'*® The principle of “ser-
geants and soldiers” is that a small number of chiral motifs
(sergeants) manipulate the direction of many collective chiral
motifs (soldiers). The “majority rule” effect is when a slight

This journal is © The Royal Society of Chemistry 2024

excess of one enantiomer relative to another creates potent
helical sense that most enantiomers prefer. Ikai et al.'®” studied
the polymerization of isocyanide a (Fig. 13B); the macromolecular
components linked end-to-end by hydrogen bonding between
amide chains. Based on “sergeant and soldier” effects, polymer-
ization with 1 mol% chiral isocyanide b, 99 mol% achiral a,
preferred-handed helix is formed based on dual intramolecular/
intermolecular chiral amplifications.

Synthesis of enantiopure self-assembly from achiral components
has been achieved using the “memory of chirality” (MOC),"**
through which enantiomerically enriched self-assembly can be
preserved after the chirality inducer is replaced or removed by an
achiral analogue while none of the components are chiral. Rebeck
et al'*® reported the assembly of symmetrical molecules via
hydrogen bonding to form chiral molecular capsules with dis-
symmetrical cavities. This process involved hydrogen bonding
donors on the terminal glycolurils and acceptors in the central
bicyclic unit. The dimeric assembly was racemic due to an equal
amount of two mirror-image forms in the presence of symmetrical
guests. When the guests were chiral, these assemblies preferen-
tially formed one of the two possible diastereomeric complexes.
Yashima et al.**® reported that optically active amines can induce
macromolecular helicity. This helicity can be “memorized” when
it was substituted with different achiral amines. While helicity
was not maintained perfectly in the polymer, it can self-heal over
time. Minor structural changes of achiral amines have significant
effects on helicity retention efficiency.
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In most cases, the induction and modulation of supramo-
lecular chirality require the presence of intrinsic chirality
components, including the assembly molecules themselves,
chiral co-assemblies or chiral dopants. In fact, supramolecular
chirality or macroscopic chirality can be achieved with achiral
molecules."® Controlling the chirality of functional supramo-
lecules in self-assembled systems is essential for possible
applications in enantioselective catalysis mimicking the cataly-
tic activity of enzymes, molecular recognition or materials
science.”™* The enantioselective non-covalent synthesis of
enantiomerically pure self-assembled structures is crucially
challenging, because these assemblies possess low kinetic
stability. Wei et al."®® prepared chiral twisted nanoribbons of
achiral oliganiline derivatives C,,H,,03N, by chemical oxida-
tion of aniline in solvents (alcohol and water). n-n stacking
and hydrogen bonding are the driving forces for twisted nano-
ribbon formation, which are controlled by ethanol content in
the solvent. Zhang et al.'*® studied the chiral generation of a
binary charge transfer complex from achiral components. The
complex has C-H:--N torsional backbone hydrogen bonds,
lattice strain of torsional receptor and solvent-solute induces
symmetry-breaking interactions, allowing metastable achiral
groups to spontaneously pass through simple solutions (polar
solvents) assembled to form helical aggregates. Zhao et al.*>’
reported that N-terminal aromatic amino acids can assemble
into lamellar microsheets, which molecularly stack on the 2D
direction and therefore devoid of chirality. The introduction of
achiral pyridine-based binders can bind to these aromatic
amino acids by hydrogen bonding to assemble chiral nanos-
tructures (Fig. 13C).

Supramolecular assemblies with chiral structures show
attractive and promising application value as novel chiral
materials in chemistry and nanotechnology, such as chiral
recognition, chiral optical switching, asymmetric catalysis,
and circular polarization luminescence.

3.2 Multiple hydrogen bonding module as a stimuli
responsive source

Hydrogen bonds with high strength and good reversibility are
ideal non-covalent bonds employed in constructing supramole-
cular polymers."®®'>® The systems generate macroscopic
responses based on changes in the molecular architecture of
materials induced by an external environment (temperature,
light, chemical, stress, redox, and ultrasound).>”'**"'®> Hydro-
gen bonding helps supramolecular polymers achieve intriguing
properties, self-healing,'**'®” folding,'®® mechanochemistry,"®’
and shape memory.'”%7*

A UPy motif possesses high dimerization constant, exceptional
bonding energy and dynamic nature, promoting the development
of stimuli responsive supramolecular polymers."”>™”” Weder
et al.'’® prepared a light and temperature-responsive supramole-
cular polymer adhesive by introducing UPy motifs into copolymers
provided by poly(alkyl methacrylate)s. Materials can be rebonded or
de-bonded with light or heat. The supramolecular crosslinks
formed by UPy dimerization significantly improved the adhesion
in the rubbery state, and permit good adhesion over a wide

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

temperature range. Linear supramolecular polymers prepared by
Tang et al. were self-assembled from E-isomers containing azoben-
zene with UPy motifs."”® The E-isomer was transformed into the
Z-isomer under UV irradiation, which can form supramolecular
polymers as well (Fig. 14A). Reversible trans/cis-isomerization of
supramolecular polymers was achieved under the alternating irra-
diation of visible and UV light. The siloxane oligomers (UP);T
synthesized by Yao et al.'® formed 3D networks with UPy dimers,
which are further assembled into larger highly crystalline stacks
(Fig. 14B). The material showed water-enhanced healing properties,
enabling ambient water molecules to facilitate the dissociation of
polyvalent hydrogen bonds via the gas permeable siloxane network
for efficient and rapid healing (70 °C, 5 minutes, strength recovery
98%). Anthamatten et al."*® obtained biocompatible soft materials
by integrating UPy into linear and crosslinked polydimethylsiloxane
using a hydrosilylation reaction. Macromolecular structures with
tight side substituents avoid the stacking of hydrogen bonding
moieties. The obtained siloxane network features the presence of
both thermoreversible crosslinks and covalent crosslinks. Yan
et al'® reported a supramolecular polymer material imitating
the impact resistance of sea cucumber dermis. The aromatic
structure of UPy predisposes the dimers to fibrous assembly, which
can further enhance the soft polymer network.

Changing the concentration of the crosslinker can tune the
degree of crosslinking in the hydrogen bonding based polymer
network, resulting in the preparation of tailor-made materials.
Weck et al.*®* prepared terpolymers containing metal coordina-
tion sites and hydrogen bonds using ring-opening metathesis
polymerization (Fig. 15). The addition of two corresponding
complementary modules or crosslinkers caused crosslinking
via cyanuric acid groups and the activated SCS pincer Pd centers.
The network formed using both crosslinkers was stronger
(higher dynamic modulus) than the network formed using one
crosslinker. Hydrogen bonding and metal-coordination cross-
linking networks endow polymers with thermally reversible and
chemically responsive behavior, respectively. Lin et al.'®® synthe-
sized a conductive self-healable gel supramolecular network in
which hydrogen bonds, ionic bonds, and coordinate bonds form
reversible non-covalent networks, providing injectable conduc-
tive self-healable gels. The gels are highly stretchable (>5000%)
and ultra-fast self-healable (restore mechanical performance in
90 s, restore 95% electrical performance in 0.7 s). Huang et al.'®*
synthesized supramolecular gels with polystyrene (PS) and
poly(butyl methacrylate) (PBMA) via host-guest interactions
and quadruple hydrogen bonding. eDAN destroyed the DAN-
DeUG network, causing the supramolecular gels to swell. How-
ever, the oxidized eDAN cannot compete with the DAN unit, and
DAN:-DeUG was re-formed, accompanied by gel shrinkage. After
reduction of oxidized eDAN, the gel expanded again. The gel was
ion-responsive because of the host-guest interactions. K and
Cl™ disassembled the host-guest interactions. After the addition
of 18-crown-6 and Ag", respectively, the threaded structure was
recovered, resulting in a change in the gel volume. The size of
the gel can be regulated by a competitive guest or a counterion.
This supramolecular gel can mimic muscles and can be used in
the design of biomaterials.
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Fig. 14 (A) Supramolecular assembly processes of E- and Z-isomers containing azobenzene and UPy.}”® (B) Self-assembly of (UP)sT units into 3D

networks and dissociation of UPy dimers with water molecules.*®°

3.3 Multiple hydrogen bonding for interpenetrating polymer
networks

Polymer blends are superior to individual components and can
have multiple functions, such as good mechanical properties,
biodegradability, and low cost, and enable wider applications of
polymer materials.'®> Most polymer blends are immiscible due to
a high polymerization degree. Therefore, it is very important to
reduce the interfacial energy and phase separation propensity.
An interpenetrating polymer network (IPN) is a polymer blend
composed of two or more polymer networks that are individually
crosslinked and interpenetrating.'®® Miscible properties are
obtained by introducing IPNs into polymer blends, which are
supposed to be nearly a single-phase structure. In addition,
monomers with weak hydrogen bonds (amino, hydroxyl, carboxyl,
and pyridyl) are also used to improve the compatibility of
blends."®”'®® IPNs can be generated through reversible crosslink-
ing between and within polymer chains through homo- or hetero-

hydrogen bonding units."**'*° Tang et al'®* created physical
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crosslinks and entanglements for polymers with pendant fatty
chains (Fig. 16A). Hydrogen bonding between poly(4-vinylpyridine)
(P4VP) and acid-containing copolymers created physical crosslink-
ing and further wrapped around them with PAVP chains. The
mechanical strength and toughness of bio-based polymers are
improved by hydrogen bonding and chain entanglement.

Multiple hydrogen bonding units with high fidelity and
affinity can be used to prepare polymer blends.”*”® Konkolewicz
et al.’* reported an IPN material in which the first network was
crosslinked with UPy and the second network was crosslinked
with a furan-maleimide Diels-Alder adduct (FMI) (Fig. 16B). IPNs
outperformed the single network composed of FMI and UPy
crosslinkers in terms of mechanical properties, self-healing, and
malleability. Zeng et al'®® developed a conductive polymer
hydrogel consisting of a supramolecular network of negatively
charged poly(4-styrene sulfonate) crosslinked by UPy groups to
form an interpenetrating conductive network, and electrostatic
interactions with PSS chains occurred (Fig. 16C). Hydrogen
bonds endow hydrogels with stretchable and self-healing proper-
ties. Ion transport assists electron conduction, enabling the
hydrogel to exhibit excellent electrical conductivity and high
sensitivity to external strain. Li et al."®* introduced puerarin into
chitosan physical crosslinking hydrogels to prepare IPN compo-
site hydrogels, and their storage modulus and loss modulus were
increased by 3 orders of magnitude. The amino groups of
chitosan formed hydrogen bonding with puerarin hydroxyl
groups, and the molecular chains of chitosan and the nanofibers
of puerarin were intertwined, making the network structure of
the composite hydrogel denser. The hydroxy group of puerarin
forms hydrogen bonds with the amino group of chitosan, and
the nanofibers of puerarin intertwine with the molecular chain
of chitosan, which makes the network structure of the composite
hydrogel denser.
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Multiple hydrogen bonding is an emerging and efficient
strategy for IPNs. The resultant blends via highly stable hetero-
or homo-pairing units can overcome the repulsive force between
polymers to form reversible supramolecular networks.'®®> This
method is currently limited to certain polymer pairs and requires
large amounts of comonomers to induce miscibility."*® It pre-
sents a method for developing new polymers using the dynamic
reversible multiple hydrogen bonding interactions as building
blocks.

3.4 Multiple hydrogen bonding assisted organic frameworks

Hydrogen bonded organic frames (HOFs) are crystalline porous
materials, generally composed of organic or metal-organic building
units interlinked by intermolecular hydrogen bonds.'*”'*® Com-
pared with covalent organic frameworks (COFs) and metal-organic
frameworks (MOFs), HOFs possess characteristics of mild synthesis
conditions, high crystallinity, solvent processing, easy repair, and
regeneration.*®"*® Stable and porous HOFs are prepared by properly
selecting rigid building units with specific geometric configurations
and introducing other forces, such as interpenetration or m-m
interaction and electrostatic interaction.”*®**" Several hydrogen
bonding motifs, such as carboxylic acid, pyridine, and imidazole,
have been used to construct porous HOFs,'?%?%>2%

Two dihydropyridyl products L1 and L2 were prepared by
Schréder et al. (Fig. 17A).°° L1 assembled a porous organic
framework [L1]-2.5DMF-3MeOH (SOF-1) with pyridyl-modified
channels by hydrogen bonding and n-n stacking. It has perma-
nent pores, exhibits excellent thermal stability and gas absorp-
tion capacity. SOF-1 can be used to purify C,H, and natural gas
and can remove carbon dioxide from the air. Under the
crystallization conditions of L1, the analogue L2 formed two
solvates of pale yellow tablet and block without a 3D network
structure. Chen et al.>** prepared HOFs with larger surface area
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Fig. 16 (A) P4VP interacts and wraps oil-based copolymers, producing physical crosslinking toward more efficient supramolecular chain

entanglements.*®* (B) IPN and single network with UPy and FMI linkers.
hydrogels.'**
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(C) Schematic structure of supramolecular conductive PANI/PSS-UPy
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(2573 m* g~ ') and pore size (pore volume 1.36 cm® g~ ') using
organic  building units of 6,6’,6',6""'-(pyrene-1,3,6,8-
tetrayl)tetrakis(2-naphthoic acid). n-n stacking and hydrogen
bonding in HOFs endow them with excellent thermal and
chemical stability. After soaking in strong acid, strong alkali,
and boiling water, HOFs retained their crystallinity. The HOFs
can effectively separate CH, from C; and C, hydrocarbons.
Zhang et al.”®> assembled flexible porous HOF 8PN with
permanent porosity (Fig. 17B). Nine crystal conformations were
obtained based on different stimuli, such as guest, tempera-
ture, and pressure. The void space varies from 89.4A% to
1816.0A%. Under the external stimulation, the multimode
reversible structure transformations of HOF 8PN were realized
with the change of luminescence characteristics. Adjusting the
molecular conformation and assembly of HOF 8PN building
blocks can be adapted to guests of different aggregation states,
sizes, and shapes, resulting in high-quality co-crystals. Stoddart
et al.”®® prepared two 3D interpenetrating isomers of HOFs by
changing the crystallization conditions. PETHOF-1 is
composed of two separate networks connected symmetrically
in reverse, forming an interwoven topology. However, PETHOF-
2 is composed of five individual networks that are related to
each other by specific symmetry and packed in an alternating
fashion. After desolvation, the two approaches produced micro-
porous superstructures with surface areas of over 1100 m* g~ "

$<:2>1

Flexible Organic
Molecule

" w’*’

Hydrogen Bond Acceptor

BUIIdlng Block: TPE-4PN

Fig. 17 (A) Molecular structures of L1 and L2, and the nanochannel of SOF-1, the red dashed lines are hydrogen bonds.*°

of HOF 8PN from TPE-4PN.?%°
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3.5 Multiple hydrogen bonding supramolecular adhesives

Hydrogen bonding affects the mechanical properties and
macroscopic adhesion behavior of a supramolecular polymer
and its dynamic association/dissociation can achieve energy
dissipation in materials. Zimmerman et al.>*” reported supra-
molecular coupling agents based on units DAN-DeUG (K, = 2 X
10> M~ in CHCI;) (Fig. 18A). These quadruple hydrogen
bonding units have been used for functional modification of
material surfaces.”>*°®?°® The DAN-DeUG interaction is con-
sistent with the mechanical properties of the supramolecular
adhesive. Non-specific adhesion occurs when urea-based supra-
molecules are attached to the surface of the material.**® The
fluoroalkyl surface maximizes DeUG-DAN interaction and
minimizes nonspecific adhesion. Films prepared using mono-
alkoxy silane have larger contact angles, thicker film layers, and
weaker adhesion than those prepared with trialkoxy silane. Zhu
et al.’" reported a supramolecular hydrogen bonding adhesive
(Fig. 18B) with shear strength greater than 12 MPa. The hetero-
complementary barbiturate (Ba) and Hamilton wedge (HW)
moieties interact to produce hydrogen bonding supramolecular
polymer networks. Ba or HW units adhere firmly to the sub-
strate through hydrogen bonding interactions. The supramole-
cular adhesion to the glass can bear 10.8 kg.

Gao et al.*"" designed an intelligent adhesive hydrogel based
on adenine and thymine, which were distributed in a pure

HOF 8PN

Crystal model of
HOF 8PN framework

(B) Schematic representation
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acrylamide hydrogel as adhesion groups. Hydrogen bonding,
metal complexation, and hydrophobicity are the forces respon-
sible for the hydrogel’s adhesion. The maximum peeling
strength of the hydrogel on an aluminum surface was
330 N m™ . After repeated peeling tests for more than 30 times,
the adhesive properties were still strong.

Supramolecular adhesives can be used in some special
environments. Sun et al*'? prepared a durable atomic oxygen-
resistant coating for low Earth orbit (LEO) space with self-healing
properties. The coating is a 3D supramolecular polymer formed by
hydrogen bonding of UPy-functionalized polyhedral oligomeric
silsesquioxane. The coating can quickly repair mechanical damage
sustained at 80 °C or LEO space, restoring its atomic oxygen-
resistant function. Dong et al.>** prepared supramolecular adhesives
by hydrogen bonding interactions between water and pillar{5Jarene-
crown ether. The adhesive showed high adhesive strength
(1.17 MPa) to metallic materials in liquid nitrogen at —196 °C.

3.6 Multiple hydrogen bonding modules as energy dissipators

The strength of hydrogen bonding has important influence on the
viscoelasticity of supramolecular polymers.*'* The bond energy of
hydrogen bonding is about 25-30 k] mol*,*"* which is responsive
to external stimuli like mechanical stress, light, and heat. It can be
applied to the research and development of smart materials.
Zhang et al.> proposed that DAN-DeUG/UPy/UG functiona-
lized materials could be used as energy dissipators (Fig. 19A).
Entangled polymer chains are cross-linked within and between

polymer chains by hydrogen bonding interactions. Multiple
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hydrogen bonding modules provide additional energy dissipa-
tion sources when stretching interlocking polymer chains and
rupturing hydrogen bonding pairs.

Efficient energy dissipation structures and homogeneous
networks are the key factors to fabricate high stiffness and
toughness polymer materials. Energy dissipative networks
containing sacrificial bonds (hydrogen bonding, electrostatic
interactions, and metal-ligand coordination) generally have
high toughness; however their stiffness is low due to the
inherently weak nature of these interactions. This problem can
be solved by introducing multiple hydrogen bonding systems
into the polymer, which form stronger intrachain and bonding
interactions and increase the ability to dissipate energy. Liu
et al.>*® developed nucleobase-functionalized homopolymers by
thiol-ene polymerization (Fig. 19B). The intermolecular and
intramolecular hydrogen bonding interactions of the homopo-
lymer mixture makes it have better damping capacity and
energy dissipation. Its toughness and adhesive strength were
73.8 MJ m* and 16.2 MPa, respectively. Creton et al.>*” obtained
biurea-functionalized polyisobutenes (PIBUT) with low molecu-
lar weight through the reaction of 2,4-toluene diisocyanate
and polyisobutene (PIB). The introduction of biureas formed
supramolecular hydrogen bonds, which enabled the ordered
self-assembly of the polymer materials at room temperature.
At 80 °C, PIBUT behaved as a highly viscoelastic fluid, and
annealing restored its ordered structure. PIBUT was highly
dissipative when deformed and exhibited good adhesion on
steel and silicone surfaces.

Hydrogen binding Adhesives
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Fig. 18 (A) Hydrogen bonding adhesive based on units DAN-DeUG.>%’ (B) Interfacial gluing between P(nBuA-co-Ba-co-HW) and the substrate via

hydrogen bonding.®*
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(b) schematic representations of a hydrogen bonding network of the copolymers.

3.7 Quantitative analysis of nano-adhesion

In advanced functional material design, quantitative analysis of
multiple hydrogen bonding interactions is of great significance
to understand the structure-property relationship. Studying the
interactions of multiple hydrogen bonding in a material matrix
is a challenge because the various non-covalent interactions are
related. It is important to directly measure the forces between
multiple hydrogen bonds,*'®*2?° and atomic force microscopy
(AFM) is applied not only to provide images on an atomic
scale,?*'*** but also to study the interactions between single
strands of DNA®** as well as other aspects.””***??> Gaub was
a pioneer in using AFM to measure the interaction forces
of single molecules. The adhesion of biotinylated agarose
bead was measured using an avidin functionalized AFM tip

1610 | Chem. Soc. Rev,, 2024, 53,1592-1623
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(Fig. 20A)."” During force scans, the deflection of the cantilever
approaching and retreating from the bead was recorded and
was converted into force by the measured cantilever spring
constant. Avidin blocked most of the biotin on the agarose
bead, and the unbinding force of single molecular pairs was
detected to be 160 + 20 pN, and the adhesion force was an
integer multiple of that. Single molecular force spectroscopy
(SMFS) based on AFM can explore molecular recognition inter-
actions at the single molecular level, and obtain quantitative
data on macromolecular bond rupture force and molecular
stretching behavior.>® Gaub et al.?*® measured base pairing
forces of nucleotides using SMFS. When double-strand DNA was
overstretched, the resulting single strands paired into hairpins
because the bases complement each other (Fig. 20B). The

This journal is © The Royal Society of Chemistry 2024
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unzipping of these hairpins indicated that the unbinding forces
of the base pair of A-T and G-C were 9 + 3 pN and 20 £+ 3 pN.

Quadruple hydrogen bonding interactions in poly(ethylene
glycol) (PEG)-linked UPy polymers were studied by SMFS
between the Au-coated AFM tip and PEG-UPy immobilized on
the Au substrate (Fig. 20C).>'® PEG decoupled the complexation
process from the surface, enabling calculation of single-
molecule bond-rupture,®*’ thus directly determining the exact
force of single UPy-UPy complex rupture. There is a logarithmic
relationship between the rupture forces and loading rates at
301 K, but no dependence at 330 K. This was predicted by Evans
et al.**®**° and confirmed by several studies.”**">** The rupture
force of the single UPy-UPy complex in hexadecane was mea-
sured as 180 + 21 pN.??° The rupture force of the supramole-
cular polymer chain decreased with the increase of stretching
length (Fig. 20D). However, the rupture force of a single
complex decreased with the increase of spacer length and
consecutive bond number,*?92337235

Zhang et al.*'® studied the interactions of quadruple hydro-
gen bonding under mechanical stress using DAN modified
polystyrene, DeUG modified polybutyl methacrylate (PBMA-
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DEUG) and UPy modified polybutyl methacrylate (PBA-UPy)
as adhesive agents by measuring the adhesion force (Fig. 20E).
The maximum load at failure showed quadruple hydrogen
bonding interactions contributed significantly (72%) to the
total adhesive force. For quadruple hydrogen bonding modified
glass surfaces, their pairing efficiency was greatly improved
using polymers modified by complementary quadruple hydro-
gen bonding partners, with the DAN-DeUG pairing efficiency of
up to 40%. The rupture force of UPy-UPy was 160 pN, and that
of DAN-DeUG was 193 pN. Detecting single pairs of rupture
forces of quadruple hydrogen bonding motifs through nano-
adhesion measurements is helpful to understand its recogni-
tion behavior at material surfaces and interfaces.

4. Multiple hydrogen bonding
stimulated supramolecular
architectures in biomedical application

In biological system and biomedicine area, nano-adhesion is an
important force at the molecular level which is associated with
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Fig. 20 (A) Avidin functionalized AFM tip measured the base pairing power of biotinylated agarose bead.*’ (B) Two strands of DNA form hairpins.22 (C)

PEG-UPy disulfide self-assembled into quadruple hydrogen bonding dimers.

218 (D) Single supramolecular polymer chain, Adapted from ref. 220,

Copyright 2005, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Testing rupture force of single pairs DAN-DeUG.2*
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the molecular recognition process for signal transduction, cell-
cell adhesion and proliferation. It is vitally important for eluci-
dating the working mechanism and diagnosis of different dis-
eases. Biomedical applications often require specific functions,
such as biocompatibility, aqueous compatibility, biodegradabil-
ity, stimulus responsiveness and biological activity.>***%”

4.1 Unique drug design evolution for myotonic dystrophy

Myotonic dystrophy (DM) is an autosomal dominant genetic disease
affecting multiple organs. It is characterized by progressive
myasthenia, endocrine disorders, muscular atrophy and
myotonia.”*®* DM1 is derived by abnormal expression of
cytosine-thymine-guanine (CTG) repeats (dCTG or CTG®P,
>50-2000) in the 3’-untranslated region of DMPK gene on
chromosome 19.2*>?*® CTG repeats, along with the corres-
ponding expanded transcripts r(CUG), have large amounts of
weakly paired T-T/U-U mismatch. The r(CUG) complexes
sequester muscleblind-like (MBNL) proteins that should be
involved in RNA splicing, editing, and translation. In compar-
ison to DM1, myotonic dystrophy type 2 (DM2) is rarer and has
relatively mild symptoms. DM2 is associated with abnormal
expansion of cytosine-cytosine-thymine-guanosine (CCTG)
repeats (75-11000) in intron 1 of the zinc finger protein gene
(ZNF9) on chromosome 3. Then at the RNA level, transcribed
CCUG repeat, r(CCUG), also sequesters muscleblind-like pro-
tein 1 (MBNL1) and thus induces DM2. It has been suggested
that the high affinity unit is selective for T-T/U-U mismatches
in the CTG and CUG repeats and can reverse as the phenotype
through inhibiting the MBNL1 protein from binding, thus
allowing mRNAs and the protein to function normally
(Fig. 21).2*

Although D, strongly binds to CCTG-containing DNA, it does
not recognize CCUG repeats and therefore cannot inhibit the
binding of MBNL1 to (CCUG)s. Ligands D, and Dj (Fig. 22C)
exhibit good selectivity for CCUG.>** D, is active in vitro and is a
potent inhibitor of (CUG);,-MBNL1 interaction. However, it was
not active in the DM1 cellular model, due to the low solubility
in water, inability to penetrate cell membranes, and limited
drug effectiveness. Ligand D, (Fig. 22C) can penetrate cellular
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and nuclear membranes by conjugating D1 to a polyamine
derivative side chain.?** In the DM1 cell model, D, disperses
(CUG)ogp ribonuclear foci (a hallmark of DM1 cells from
MBNL1-CUG®® aggregate) and releases MBNL1. Besides, D,
partially reverses the missplicing of insulin receptor pre-mRNA.
Zimmerman et al.>***** designed a system for the analysis
of MBNL1-CUG®?® inhibitors, ligands and MBNL1 formed
complexes on (CUG),. The oligomylamine-linked ligand Dy
(Fig. 22C) showed effective inhibition of the formation of the
(CUG);,-MBNL1 complex due to greater affinity to (CUG)s.

Acridine-containing ligands D,-D5 and Dy (Fig. 22C) may
undergo undesirable off-target activity and exhibit an unaccep-
tably high level of inherently cytotoxicity, which limits their
application in vivo. Zimmerman et al.>*® obtained D, (Fig. 22C)
by connecting two triaminotriazine units to target A-form RNA
using the bisamidinium unit as the binding moiety. Ligand Dy
can selectively bind to a single T-T/U-U mismatch, while D, can
target three consecutive CUG units. Ligand D, has a very good
affinity for r(CUG),, and can effectively destroy the interaction of
MBNL1-1(CUG);,. D, can penetrate cell membranes and nuclei
with negligible toxicity. In a DM1 Drosophila model, D, dissolved
MBNL1-r(CUG)*® ribonuclear foci, restored missplicting of insu-
lin receptors and cardiac troponin T, and inhibited r(CUG)*?
RNA-induced toxicity.

RNase catalyzes the degradation of RNA and cleaves the 3’
end of single-stranded unpaired C and U residues. A number of
RNase A analog molecules have been designed.**”**® Binding
CUG®® does not reverse all disease pathways, destroying toxic
RNA transcripts or inhibiting their formation is an important to
study.?**>*' Nguyen et al>**> proposed ligands Ds and Dg
(Fig. 22C) with side-chains at the 2- or 4-position of the acridine
ring and Dy (Fig. 22C) with side-chains attached to the triami-
notriazine rings aimed at multi-target treatment. In vitro, these
ligands showed similar activity to RNase A to selectively cleave
(CUG);6. In a DM1 Drosophila model, they can inhibit CTGP
transcription and sequestrate the nuclear foci of MBNL1.

Ligand drug D, (Fig. 224) is a simple triaminotriazine-acridine
conjugate that recognizes T-T and U-U mismatches via hydrogen
bonding (Fig. 22B).>*>"**° The equilibrium dissociation constants

cuGexe
cleavage

MBNL
sequestration

MBNL binding
inhibited

Fig. 21 CTG repeat expansion in DMPK gene produces expanded transcripts, CUG®*® sequesters splicing regulator MBNL1.2** Reproduced under the
terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0).
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Fig. 22 (A) Chemical structure of ligand D;.2>* (B) Binding mode of D, to
T-T/U-U mismatch.2*47246 (C) The designed ligands of three generations
G1, G2, and G3. D,-D3 aimed at DM2 and D4—Dg aimed at DM1.24772%7

(K4) of Dy for T-T and U-U pairs in d(CTG) and r(CUG) were 390 +
80 nM and 430 = 110 nM, respectively, which are much higher
than that of C-C, A-A and G-G mismatches. D, showed better
affinity for T-T and U-U mismatch than C-C, A-A and G-G.
Ligand D, strongly and selectively binds CUG in RNA and inhibits
binding of MBNL1.

The aforementioned ligands can be classified into two
generations. The first-generation ligands D;-D5 hold only one
triaminotriazine recognition unit, while the second-generation
ligands Dg-Do have two. The third-generation ligand Dyo
(Fig. 22C), formed by linking two D units, is a potent inhibitor
for MBNL1-rCUG®®.**” Compared to monomeric compound
D,, D;o has a almost 1000-fold lower inhibition constant K;
(25 £ 8 nm) than D, (189 £ 32 um) for inhibition of MBNL1-
(CUG)46. The toxicity of benzamidinium-based D;, to HeLa cell
was negligible at lower concentrations versus acridine-based
dimeric ligands. 1 uM Dy, was as active as 100 pM D, in
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MBNL1-rCUG*® nuclear foci dispersion, but no complete foci
dispersion was observed at 100 pM. Meanwhile, D4, at lower
concentration cannot fully correct the insulin receptor splicing
defect than D,. In addition, the insufficient cellular penetration
of D;o was due to its high molecular weight (M, = 1166.4 Da)
and the abundant hydrogen bonding donors and receptors.>*®
In a DM1 Drosophila model, D;, improved two separate disease
phenotypes, larval crawling defect and adult external eye
degeneration.

The use of multivalency is an effective way to develop
biological inhibitors.***?* Zimmerman et al.**'*** developed mul-
tivalent ligands that bind to CTG®™® and CUG®® using cell-
penetrating peptide mimics, which reduced unwanted cytotoxicity
and increased local drug concentrations, resulting in a multivalent
effect that enhanced selectivity and affinity.”****>*%® Zimmerman
et al*** established a ligand screening method to identify dimers
that bind to d(CTG)®? and inhibit r(CUG)®? and r(CAG)“? produc-
tion. This method is suitable for trinucleotide repeat diseases and
targeting nucleic acid sequences associated with other diseases.

4.2 Molecular assembly for advanced drug delivery

Supramolecular polymers facilitate the dissolution, transport
and controlled release of small molecule agents, bioactive
proteins or other effective vectors relevant to therapy.?>2
Drugs can be added to self-assembled peptides as cogroups
through hydrolysis to promote sustained and local drug release
on the basis of supramolecular hydrogels.?>?*¢”>°® Aliphatic
hybridized peptides encapsulate insoluble drugs within their
hydrophobic nuclei and serve as effective drug carriers.®’
Supramolecular interactions can be used to regulate drug
release kinetics.

The enzymes produced by cancer cells were used to induce
control of supramolecular assembly. They can change the
conformation of supramolecular nanostructures and promote
the release of chemotherapeutic agents. Ulijn et al.?’® devel-
oped a peptide-based enzymatic reaction system capable of
undergoing morphological changes from micelle aggregations
to fibers via intramolecular hydrogen bonding during matrix
metalloproteinases (MMPs)-9 cleavage. Through morphological
changes, doxorubicin payload was retained in the formed fibers
for slow release of anticancer drugs. The assembled fibers
provide scaffold for local drug delivery due to the partial
encapsulation of the drug and the biodegradable nature of
the peptide carrier itself. The system also responds specifically
to other MMPs and specifically to MMP-2 due to the overlap of
specific spectra in vivo.

The structure of the anticancer drug methotrexate (MTX) is
like that of melamine, can form complementary hydrogen
bonds with cyanuric acid. Zhang et al®>’" synthesized a
tumor-targeting amphiphilic peptide and conjugated cyanuric
acid to the hydrophobic tail of the peptide (Fig. 23). In aqueous
solution, the hydrophobic interactions between hydrophobic
tails of amphiphilic peptides promoted the aggregation of
molecules to form spherical micelles. The complementary
hydrogen bonding interactions between terminal cyanate
groups and MTX increased the hydrophobicity of the system,
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Fig. 23 (A) Molecular structures of methotrexate (MTX) and hydrogen bonding of cyanuric acid and melamine, and (B) assembly of amphiphilic peptide

with MTX.27*

resulting in the formation of MTX-loaded nanorods or nanofi-
bers. MTX release disrupted the hydrophilic and hydrophobic
balance, and micelles were recovered from the nanorods or
nanofibers. The MTX-loaded nanorods targeted tumor cells
with cytotoxicity (ICs, = 0.38 mg L") more than twice that of
normal cells.

The acidic environment of tumor sites and inflammatory
tissues enables them to induce the release of antitumor and
anti-inflammatory drugs. Hydrogen bonding rupture in acidic
media leads to the decomposition of micellar aggregates for pH
responsive drug delivery. Zhu et al.>”* prepared supramolecular
nucleoside phospholipids with hydrogen bonding. Uridine
functionalized phosphatidylcholine or phosphatidylethanol-
amine were used as hydrophilic head. And adenosine functio-
nalized myristic acid and oleic acid were used as hydrophobic
tails. Due to their amphiphilic properties, liposome-like bilayer
nanovesicles were further self-assembled in aqueous solution.
The acid responsiveness of hydrogen bonds enables the vesicles
to disassemble in acidic environments. Supramolecular lipo-
somes loaded with doxorubicin showed higher antitumor activ-
ity than traditional liposomes constructed from 1,2-dioleoyl-sn-
glycero-3-phosphocholine. Zhu et al.?>”® assembled two anti-
cancer drugs purine nucleoside analogues chlorfarabine and
folate analogues raltitrexed into clear structure nanoparticles
with high quantitative drug loading through hydrogen bonding
interactions. Clofarabine/raltitrexed nanoparticles improved
the synergistic effect by blocking more cell cycle G1 phases
and reducing the intracellular deoxynucleotide pools. Nano-
drugs increased the blood retention half-life of free drugs,
improved the drugs accumulation at tumor sites and promoted
the synergistic antitumor performance in vivo.

Cao et al.”’* prepared HOF (PFC-1, surface area 2122 m> g~ ")
with 1,3,6,8-tetrakis (p-benzoic acid) pyrene. Doxorubicin was
encapsulated in Nano-PFC-1 and showed low cytotoxicity and
excellent chemo-photodynamic effects in cancer therapy (HeLa
cells). Sun et al.>”> prepared HOF (TCPP-1,3-DPP) using meso-
tetra(carboxy-phenyl)-porphyrin (TCPP) with 1,3-di(4-pyridyl)
propane (1,3-DPP). TCPP and DPP were connected by hydrogen

1614 | Chem. Soc. Rev., 2024, 53,1592-1623

bonds, carboxylic acid-pyridine supramolecular synthesizer, to
form 1D porous stripes. The 1D stripes were stacked into 3D
framework by n—r interactions. TCPP-1,3-DPP can slip outwards
under pressure and the morphology of HOF changes from
prismatic to 2D nanocrystal. Sun et al.>’® separated the 1D
porous stripes from the TCPP-1,3-DPP structure using the
ultrasound-assisted liquid stripping technology. Nanoribbons
with atomic thickness (nr-HOF) have good dispersibility and
large specific surface in aqueous solution. Porphyrins produced
singlet oxygen under light in oxygen-containing environment,
giving nr-HOF@Doxo the properties of photodynamic therapy.
nr-HOF@Doxo was very effective and has a cell survival rate
of 1.3%.

4.3 Indicator displacement strategy for DNA detection

Fluorescence biosensors based on nucleic acid is an important
technology in the field of analytical chemistry and
biochemistry.>””>”® Aggregation induced emission (AIE) is an
unusual photo emission phenomenon, and its mechanism is
the restriction of intramolecular rotations (RIR).>° AIE mole-
cules have been applied as fluorescent techniques for DNA
detection through hydrogen bonding interactions within base
pairing.*®" Controllable fluorescence supramolecular polymers
with AIE properties can be prepared by modifying the molecu-
lar structure of AIE through multiple hydrogen bonding inter-
actions. These supramolecular structures restrict the active
intramolecular rotations of AIE molecule.”®*

Tang et al®®® created a DNA probe TPE-T by decorating
tetraphenylethene (TPE) with thymine motif (Fig. 24A).
Adenine-rich ssDNA triggered fluorescence of AIE-containing
TPE-T. The fluorescence was caused by RIM process induced by
hydrogen bonds formation between thymine of the TPE-T
molecules and adenine in ssDNA. TPE-T showed superb speci-
ficity for adenine containing ssDNA. Yang et al.>®® incorporated
a base analog diaminopurine in TPE derivatives to extend the
detection of ssDNA in water solutions. The obtained TPE-NH,,
(Fig. 24B) was proposed to link up ssDNA via electrostatic
interactions or hydrogen bonding between the bases. In
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detecting ssDNA, TPE units aggregated with DNA strands
through hydrophobic interactions, resulting in enhanced
fluorescence. The detection of poly deoxyadenylic acid with
high selectivity in solution was carried out by forming chemical
sensing ensemble with phenol red and TPE-NH,. The strategy is
to improve selectivity by reducing background fluorescence.

4.4 Bio-inspired adhesive hydrogels for tissue engineering

Cell-biomaterial interactions and biological environment are
important in implantation biomaterials.’®> Supramolecular
polymers are degradable and mechanically adjustable, providing
a favourable biological environment to encapsulate bioactive
ingredients growth factors and cells, stimulate the continuous
growth of tissues.?%>28¢

A peptidyl supramolecular polymer is a kind of bioactive
material used in tissue engineering. Akashi et al.>®” constructed
an injectable fibrous with a triple helix structure by hydrogen
bonding using multi-arm PEG and collagen mimetic peptide.
This hydrogel can be used as tissue crosslinking agent and drug
carrier for cornea and can also be used for tissue engineering of
skin, cartilage, and bone. Polydopamine (PDA) has strong
adhesion to a variety of substrates and can promote cell
attachment and proliferation. Lu et al.>®® prepared a hydrogel
dressing PDA-CS-PAM for the treatment of cartilage regenera-
tion without growth factors (Fig. 25). The non-covalent inter-
action between catechol-group-enriched polydopamine-
chondroitin sulfate (PDA-CS) and covalent cross-linked poly-
acrylamide (PAM) network makes the hydrogel has super
toughness and elasticity. PDA with adhesive catechol groups
endowed the hydrogel with good cell affinity and high tissue
adhesiveness. The CS and PDA components in the hydrogel
create a suitable biomimetic extracellular matrix microenviron-
ment to induce cartilage regeneration without the need for any
chondrogenic cytokines. The hydrogel enhanced the adsorp-
tion and fixation of blood clots, and further induced tissue
regeneration in the defect.

UPy-based supramolecular polymers synthesized through
quadruple hydrogen bonding show low temperature processing
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performance, good degradation, and biocompatibility, which can
be used for the preparation of bioactive polymer scaffolds.**’
Meijer et al.>*® prepared biomaterials using Upy-modified oligo-
caprolactone and Upy-functionalized UPy-Pro-His-Ser-Arg-Asn and
UPy-Gly-Arg-Gly-Asp-Ser peptide sequences. The material showed
good biodegradability, biocompatibility, and mechanical proper-
ties, and possessed specific binding ability with fibroblast
to promote cell proliferation. The end group functionalized UPy-
oligocaprolactone (PCL,0oUPy,) and the chain extended UPy-
oligocaprolactone (PCL;,5,UPy,) were formed through quadruple
hydrogen bonding interactions.”** The blend obtained by mixing
the two polymers (2: 8) showed good mechanical properties, very
mild foreign body reaction and no deformation or crystallization
after implanted into male Albino Oxford rats. The performance of
scaffold materials can be tuneed according to requirements using
the bioactive factors synthesized by self-complementary hydrogen
bonding units UPy. Guo et al>*> synthesized a physical dual
network hydrogel using catechol-Fe*" coordination crosslinked
poly(glycerol sebacate)-co-poly(ethylene glycol)-g-catechol and
quadruple hydrogen bonding crosslinked UPy modified gelatin.
The hydrogel can be used as wound dressing due to it has high
hemostatic effect, accelerates wound healing, and has a higher
killing rate against methicillin-resistant Staphylococcus aureus.

4.5 Self-assembly complexes as gene delivery vectors for gene
transfection

With the progress of medical technology, gene therapy has
become a common method to treat gene diseases, such as cancer
and autoimmune/mutation-induced metabolic syndromes. Tra-
ditional non-viral vectors used in gene therapy, such as cationic
phospholipids, polypeptides, and polymers, can efficiently com-
press DNA to achieve good gene transfection, but they have
disadvantages such as complex preparation methods and lack of
responsiveness. Supramolecular polymers constructed by small
molecule building units through non-covalent interactions pos-
sess controllable structures and can be depolymerized when
stimulated by external stimuli. Supramolecular polymers pro-
duce incomparable advantages when applied in gene therapy.

Weak Emission Strong Emission

Fig. 24 (A) ssDNA detection by TPE-T through hydrogen bonding between base pairs (T—A).?®* (B) DNA detection by TPE-NH, using indicator-
displacement strategy, phenol red formed chemo-sensing ensemble with TPE-NH,.2%%
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Liu et al.**® prepared hydrogen bonding strengthened hydrogel
using 2-vinyl-4,6-diamino-1,3,5-triazine (VDT) and poly(ethylene
glycol) methacrylated B-cyclodextrin (PEG-B-CD). The bases of
plasmid DNA are anchored to the hydrogel by hydrogen bonding
with diaminotriazine, allowing for reverse gene transfection of
luciferase gene in African green monkey kidney cells cultured on
the gel surface. PEG-f-CD can encapsulate hydrophobic drugs,
and the smaller the amount of its copolymerization, the higher
the release rate of ibuprofen. Gao et al.>** synthesized quaternary
complex pDNA-TPE/BSA (PDTB) for intracellular imaging and
gene transfection through non-covalent interactions (hydropho-
bic, hydrogen bonding, electrostatic interactions, etc.) (Fig. 26).
Gene transfection was achieved due to bovine serum albumin

(BSA) promoted dissociation of the polymer after protonation,
reduced
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membrane stability and enhanced endosomal escape of pDNA
payload. The positive surface charge of PDTB was lower than that
of PD, and the addition of biocompatible BSA was helpful to
improve cell viability. The AIE property of TPE enabled the
polymer to stably track the delivery of pDNA into cancer cells.
Cheng et al.**® developed gene vectors with low-generation
dendrimers. DAT was modified on the generation 3 (G3) poly-
amide (PAMAM) dendrimer with an average of 13 DAT moieties
per G3 dendrimer, forming G3-DAT;;. Cyanuric acid (CyA)
formed supramolecular complex with G3-DAT;;/DNA, which
effectively delivered genes through hydrogen bond recognition.
Without CyA, the transfection efficacy of EGFP with G3-DAT;3
on HEK293 cells was less than 1%. While in the presence of
CyA, EGFP expression efficacy was more than 20%. CyA can
increase cellular uptake of the G3-DAT; 3/DNA complex without
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Fig. 26 Schematic representation of PDTB complexes as gene delivery vectors.?%*
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introducing additional toxicity to transfected cells. This supra-
molecular approach provides an innovative concept for design-
ing non-viral gene delivery vectors. In addition, Cheng et al.>*®
used hydrogen bonding and hydrophobic interactions of
natural polyphenol (—)-epigallocatechin-3-O-gallate (EGCG) to
bind siRNA to form nanoparticles which were negatively
charged, helping low molecular weight cationic polymers bind
siRNA to uniform size green nanoparticles (GNPs) at low doses.
Compared with low molecular weight cationic polymers alone,
GNPs significantly improved siRNA delivery efficiency and
effectively silenced multiple target genes in a variety of cells.
Because EGCG is a pure natural green plant extract, the low
molecular weight cationic polymer has low cytotoxicity, and the
complex shows excellent biocompatibility. In vivo experiments,
GNPs inhibited TNF-a expression by effectively silencing PHD2
gene. It effectively reduced chronic intestinal inflammation in
inflammatory bowel disease model. This supramolecular
method can be used in low molecular weight cationic polymers
with different molecular weight, chemical composition, and
topological structure. It is a universal, high efficiency, and low
toxicity method for siRNA delivery.

5. Conclusions and perspectives

Supramolecular polymers possess dynamically switchable
structures and peculiar functions compared to traditional
polymers, which are endowed with reversible non-covalent
interactions. A single hydrogen bond is not strong enough to
form stable self-assembled structures. Fortunately, multiple
hydrogen bonding modules are desirable nano-adhesion pro-
moters and ideal building blocks for the reasonable design of
polymer blends, IPNs, and energy dissipation materials due to
their exceptional specificity, binding affinity, and stimulus
response. Tautomerism, self-recognition and competing equili-
bria of hydrogen bonding motifs, temperature, and types of
solvents all influence the structure of supramolecular polymers.
The controllable synthesis of hydrogen bonding supramolecu-
lar polymers with the assembly process is achieved by many
methods, for example, covalent polymerization of supramole-
cular functional monomers, in situ self-sorting process, combi-
nation with interfacial polymerization, kinetically controlled
living supramolecular polymerization, orthogonal non-covalent
interactions. There is growing interest in multiple hydrogen
bonding recognition systems for supramolecular architectures,
chiral supramolecular assemblies, stimuli responsive polymers,
IPNs, HOFs, adhesive supramolecules, and energy dissipater.
The quantitative analysis of hydrogen bonding interactions is
fundamental yet significant for designing advanced material.
The single pair rupture forces of multiple hydrogen bonding
modules can be measured by AFM and SMFS. The studies
reviewed here demonstrate the potential of multiple hydrogen
bonding stimulated supramolecular architectures in biomedical
application, including drug design, drug delivery, bio-detection,
tissue engineering, and gene transfection, and showcase the role
of nature as a source of inspiration.

This journal is © The Royal Society of Chemistry 2024
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From the practical application perspective, many meaningful
supramolecular building units and systems are still at the mono-
mer design stage. Available versatile hydrogen bonding systems
are still quite limited for constructing specific supramolecular
materials. Noteworthy, supramolecular systems in organisms are
almost dynamic with continuous recognition, production, con-
sumption, and transmission, which are superior compared to the
relatively static supramolecular self-assembly approach. These
basic challenges remain to be solved before much broader
practical applications. Multiple hydrogen bonding alone is not
enough for obtaining multidimensional and multifunctional
supramolecular polymers, only if other non-covalent interactions
are fused together. It is foreseen that more innovative supramo-
lecular functional materials will emerge and play an important
role in expanded practical fields, not limited to the examples
highlighted in this review.
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