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ABSTRACT: Noncovalent interactions, which usually feature tunable strength, reversibility,
and environmental adaptability, have been recognized as driving forces in a variety of
biological and chemical processes, contributing to the recognition between molecules, the
formation of molecule clusters, and the establishment of complex structures of
macromolecules. The marriage of noncovalent interactions and conventional covalent
polymers offers the systems novel mechanical, physicochemical, and biological properties,
which are highly dependent on the binding mechanisms of the noncovalent interactions that
can be illuminated via quantification. This review systematically discusses the nano-
mechanical characterization of typical noncovalent interactions in polymeric systems, mainly
through direct force measurements at microscopic, nanoscopic, and molecular levels, which
provide quantitative information (e.g., ranges, strengths, and dynamics) on the binding
behaviors. The fundamental understandings of intermolecular and interfacial interactions are
then correlated to the macroscopic performances of a series of noncovalently bonded
polymers, whose functions (e.g, stimuli-responsiveness, self-healing capacity, universal
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adhesiveness) can be customized through the manipulation of the noncovalent interactions, providing insights into the rational
design of advanced materials with applications in biomedical, energy, environmental, and other engineering fields.
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1. INTRODUCTION

1.1. Nature of Noncovalent Interactions

Unlike covalent bonds that involve the sharing of electrons
between atoms within a molecule, noncovalent interactions
occur between “distinct” units of one molecule (intramolecular)
or different molecules (intermolecular), where the electron
charge distributions of the involved atoms are barely changed.
While the short-range covalent bonds are mainly responsible for
the formation of individual molecules, noncovalent interactions
can act at long distances ranging from several angstroms (e.g.,
van der Waals forces, electrostatic interactions, hydrogen
bonding, 7 interactions) to hundreds of nanometers (e.g,
hydrophobic interactions), which extensively participate in
constructing molecule clusters and complex structures of
macromolecules."”” As noncovalent interactions usually exhibit
reversibility, weak specificity, and moderate directionality,” they
can act as regulating forces in many chemical and biological
processes, including molecular recognition,® self-assembly of
nanomaterials,” molecule—surface interactions, stabilization of
biomacromolecules,” and enzyme catalysis.” For example,
hydrogen bonding and #—r stacking play key roles in
constructing the double helix structure of DNA by directing
the assembly of nucleic acids,® and hydrophobic interactions
dominate the binding of many small-molecule ligands to their
cognate protein receptors.” The unique features of noncovalent
interactions also provide them numerous opportunities to be
exploited in research areas such as supramolecular chemistry,
biochemistry, pharmaceutics, and materials science, facilitating
the design of functional materials and the development of new
technologies.

In polymeric systems, noncovalent interactions mainly exhibit
two effects: (1) control the conformation of polymer chains via
regulating the intramolecular and intermolecular interactions;
(2) serve as recognition motifs to direct the assembly of building
blocks, leading to the formation of supramolecular structures
(Figure 1). With the rapid development of supramolecular
chemistry over the last decades, noncovalent interactions have
been widely used to assist the synthesis procedure of polymer
materials, whose shapes, sizes, and structures can be finely
tuned.'”'" Novel optical, physicochemical, mechanical, and
biological properties are therefore endowed in these systems
compared to the conventional ones only consisting of covalent
bonds, greatly promoting the development of advanced
materials and devices with desired functionalities for practical
applications. For instance, taking advantage of the high

reversibility of noncovalent interactions, the developed
polymers have the potential to be easily processed and
recycled,'” and more importantly, they can be endowed with
the ability to repair themselves after damage, which is commonly
called “self-healing” and of great significance to extend the
durability of materials, especially for those susceptible to damage
or applied in poorly accessible areas."* Noncovalent interactions
also contribute to or even govern the interfacial forces between
polymers and other surfaces that are in close contact.'* Marine
organisms such as mussels and sandcastle worms can rapidly and
tightly attach to diverse solid substrates like rocks, metal, and
wood in turbulent seawater, where a variety of noncovalent
interactions (e.g., electrostatic interactions, hydrogen bonding,
metal coordination, 7 interactions) are recognized to play a key
role in the strong adhesion between the secreted adhesive
proteins and the foreign surfaces.'> The revealed chemistry has
inspired the design of a series of biomimetic materials with
robust underwater adhesion, ranging from coacervates to
hydrogels and coatings, which can be applied as tissue adhesives,
drug delivery carriers, pollutant adsorbents, and so on."*"”
Although various types of noncovalent interactions have been
identified depending on the nature of interacting species, they
are generally governed by electrostatic interaction, polarization,
dispersion, steric repulsion, and charge transfer.” Therefore, the
binding of one site can easily influence the binding of the
neighboring site, either enhancing or weakening the affinity of
each other, which is called cooperativity or anticooperativity.'®
The cooperative/anticooperative effect can occur within one
type of noncovalent interaction, and a typical example is
hydrogen bonding. As a single hydrogen bond is usually
considered weak, multiple hydrogen-bonding arrays have been
extensively employed to direct the self-assembly of stable
structures, in which triple, quadruple, or even sextuple hydrogen
bonds can form between two complementary moieties.'” The
binding strength of the array is not only determined by the
number of hydrogen bonds formed (primary electrostatic
interaction) but also highly dependent on the arrangement of
the donor (D) and acceptor (A), which induces secondary
electrostatic interaction.”””" Additional stabilization arises when
donors and acceptors are located on different moieties (DD-
AA), while the alternate sequence of donor and acceptor in each
molecule (DA-AD) causes destabilizing effect. Some binding
motifs involve a combination of different types of noncovalent
interactions, which work cooperatively to produce stable and
specific associations. Macrocycle-based host—guest interactions
have drawn great research interest in molecular recognition
because of their high specificity, which is attributed to a variety
of noncovalent interactions.”> Normally, the formation of the
inclusion complexation is dominated by the shape and size fit
between the host cavity and guest molecule, whose stability can
be cooperatively enhanced by hydrophobic interactions, the
formation of hydrogen bonds, and maximized van der Waals
forces via conformational adjustment of the guest molecule.””**
Similar cooperativity has also been detected in other systems
such as catechol chemistry”® and aromatic compounds.***’
Because of the inherent dynamic nature and relatively low
energy, noncovalent interactions can be readily perturbed by the
changes of the surrounding environments, showing response to
a variety of physical (e.g,, temperature, light, electric/magnetic
field), chemical (e.g., solvent type, pH, ionic strength, redox
agent) and biological (e.g., enzymes) stimuli.”*~>° For example,
the effect of a solvent can be significant for many noncovalent
interactions, because hydrophobic interactions are totally
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Figure 1. Typical intramolecular and intermolecular noncovalent interactions in polymeric systems.

solvent-driven and the strengths of ion pairs, hydrogen bonds,
and polar interactions are all highly dependent on the medium.”’
The adjustment of the noncovalent interactions which are
triggered by external stimuli would lead to changes in structures
and functions of the resultant polymeric materials, and the
stimuli-responsive property, which is also known as environ-
mental adaptability, is the basis for the development of various
“smart” materials such as controlled drug delivery vehicles,
shape-memory materials, and sensing devices.”* ™" It should be
noted that although many polymers only or mainly involve a
specific type of noncovalent interaction, developing polymeric
materials which combine more than one type of interaction has
emerged as a hot topic.”®”” In such systems, the functional
arrays are orthogonally conjugated without disrupting the
specificity and thermodynamics of each other, thus the polymers
can be multiresponsive, which are capable of maintaining their
integrity and precisely adjusting their properties in response to a
broad range of environmental stimuli.*®

1.2. Experimental Quantification Techniques

Experimentally quantifying noncovalent interactions (e.g.,
strengths, lengths, stoichiometry, association/dissociation con-
stants) and identifying the influence of different environmental
factors not only are of fundamental interest to elucidate the
structures and properties of polymers but also lay the foundation
for the development of materials with practical applications.
Much effort has been devoted to addressing noncovalent
interactions via a variety of theoretical, computational, and
experimental approaches. Several reviews are available on
providing theoretical understandings of noncovalent interac-
tions in different states (e.g., gas phase, solution, solid
state),39_41 and in other reviews, the computational methods

used to analyze and predict noncovalent interactions are
summarized, including Quantum Monte Carlo,*” semiempirical
quantum mechanical methods,” wave function theory,**** and
density function theory,**” which are not the focus of this
review. The present review will mainly discuss the probing of
noncovalent interactions and the elucidation of their mecha-
nisms by experimental techniques, especially based on the
measurements in polymeric systems.

1.2.1. Structural and Thermodynamic Approaches. A
wide range of analytical methods are available for assessing the
structures and binding affinities of noncovalent complexes,
among which X-ray crystallography, spectroscopic analysis, and
isothermal titration calorimetry (ITC) are the most conven-
tionally used, providing useful information and insights of the
interactions from different aspects. X-ray crystallography offers
visualization of the position of atoms and their bonding
arrangements in solid-state crystals, revealing the lengths,
stoichiometries, and strengths of the interactions based on the
atomic-level structural information.*® It has been a powerful tool
to study noncovalent interactions (e.g, hydrogen bonding,
protein—ligand interactions) in biological molecules such as
proteins, DNA, and drugs but requires the formation of crystals
with reasonable quality and size.*’”>' Complementing the
characterization of solid structures, spectroscopic techniques
(e.g., X-ray emission spectroscopy (XES), X-ray absorption fine
structure (XAFS) spectroscopy, infrared (IR) spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy, ultraviolet—
visible (UV—vis) spectroscopy, and fluorescence spectroscopy)
have been widely used to detect noncovalent interactions and
identify the local structures of molecules in solutions and
amorphous materials, where the variations of electronic
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Table 1. Typical Parameters and Features of Different Force-Measuring Techniques

Spatial resolution

Length scale Force sensitivity =~ Normal Lateral Typical systems Features
SFA Macroscopic (10 mm) 1078 N <0.1 nm ~1pum  Large particles, flat or curved ~ Measures absolute surface separation, surface
surfaces deformation, local geometry, and contact area
AFM Microscopic, nanoscopic 1072-107"' N ~0.1 nm 1 nm Colloids, biological cells, Allows surface imaging and molecular
(10 nm ~10 pm) nanoparticles, manipulation with high lateral resolution
macromolecules
AFM- Nanoscopic, atomic 1072-107"' N ~0.1 nm 1 nm Small molecules, Detects individual bond strengths
SMES  (0.1-1 nm) intermolecular and
intramolecular bonds
oT Microscopic, nanoscopic, 100*N 0.2 nm 02nm  Biological cells, organisms, Provides high force sensitivity and manipulates
atomic (0.1 nm ~10 ym) macromolecules, small particles in a noninvasive way
molecules
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Figure 2. Schematic illustrations of typical experimental setups of (a) SFA and (b) AFM for intermolecular and surface force measurements. (c)
Working principle and representative force—distance curve of AFM-SMFS (single-molecule force spectroscopy) for the measurement of interactions

between two bonded molecules.

transitions, electron spin states, nuclear spin states, molecular
rotations, and molecular vibrations in atoms and molecules can
be probed via different techniques.”* ™" While a single spectrum
generally offers qualitative data of bond formation, spectro-
scopic (including NMR, UV—vis, fluorescence) titrations have
been commonly employed to estimate the binding affinity,
where the concentrations of the unbonded species and bonded
complexes are determined by the physio-chemical signals (e.g.,
intensity).>> >’ It should be noted that only equilibrium binding
constants can be obtained, and for complexes with multiple
binding sites, the maximum stoichiometry must be predeter-
mined.”® ITC directly measures the heat absorbed (endother-
mic reaction) or released (exothermic reaction) along with

complex formation, which is of particular interest for studying
noncovalent interactions in biological and polymeric systems as
it gives access to the entire thermodynamic profile at
equilibrium, including binding affinity, Gibbs free energy,
enthalpy, entropy, and stoichiometry.”” Sum frequency
generation (SFG) spectroscopy and surface plasmon resonance
(SPR) are surface/interface sensitive characterization techni-
ques with ultrafast time resolution, which can provide
information on the dynamics of the binding processes. SEG
generates vibrational spectra of ordered species at interfaces, and
it is mainly used to monitor the changes in molecular structure,
orientation and conformation of the ordered monolayers.®”*’
SPR detects the binding process between the surface-
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immobilized reactants and the species in solution, which can
identify the formation, equilibrium, and reversibility of the
complexes, revealing binding affinity and kinetics between the
molecules.”

1.2.2. Direct Force Measurements. The nature and range
of the force laws (i.e., force as a function of distance, F(D)) of
noncovalent interactions can be determined by direct force
measurements between two surfaces as a function of surface
separation, which was originally demonstrated by Derjaguin and
co-workers in 1954 by measuring attractive van der Waals forces
between a glass hemisphere and a flat surface.”” Since then, a
variety of force-measuring techniques have been developed to
evaluate the interactions between macroscopic surfaces, micro-
scopic particles, and nanoscopic molecules, such as surface
forces apparatus (SFA), atomic force microscopy (AFM), the
osmotic pressure (OP) technique, optical tweezers (OT), total
internal reflection microscopy (TIRM), microcantilevers, and
micropipettes. Because of their different ranges, resolutions, and
sensitivities, these techniques can provide reliable measure-
ments to different subjects with appropriate force magnitudes,
lengths, and time scales. For example, the OP technique detects
the osmotic pressure of a solution between two macroscopic
surfaces and can only be used for ordered colloidal structures
(e.g, lipid bilayers), while OT and microcantilevers are able to
distinguish sub-pico-Newton forces, which are generally applied
to the study of single-molecule and single-bond interactions.®*
Although the principle of force measurement is quite
straightforward, the real challenge lies in the accurate
determination of weak forces and the measurement and
correlation of absolute surface separations between the objects.
SFA, AFM, and OT can provide control and measurement of
surface forces and separations over a wide range with high force
sensitivities and spatial resolutions (Table 1), which have
become the most commonly employed force-measuring
techniques for the quantification of intermolecular and surface
interactions in diverse systems.

1.2.2.1. Surface Forces Apparatus (SFA). The SFA is a well-
established technique that allows in situ and real-time
measurements of interaction forces, absolute surface separation,
and local geometry of two interacting surfaces under various
conditions (e.g., vacuum, vapors, and liquids).®~%" A typical
SFA setup is schematically illustrated in Figure 2a, which
contains two crossed cylindrical silica disks (with a radius of ~2
cm) that are generally covered by a semireflective layer of silver
back-coated on a thin mica sheet. Mica serves as the most
common substrate in SFA measurements because of its
transparency, atomic smoothness, and versatility for surface
modification; alternative materials such as silica, sapphire, gold,
metal oxides, and polymer films have also been explored.**®’
The samples can be immobilized on the curved substrates or
dispersed in the solution, and the force measurements are
realized by driving one disk to approach and retract from the
other disk. During this process, the two surfaces can come into
contact or only be separated by a confined thin fluid film. The
absolute surface separation, thickness of the confined film,
contact area, and surface deformation of the interacting surfaces
can be monitored with multiple beam interferometry (MBI)
using fringes of equal chromatic order (FECO), where the
shapes and separation distances of the surfaces are reflected from
the shapes and positions of the interference fringes. On the basis
of the movement of the driven surface and the changes of
absolute separation between the surfaces, the deflection of the
cantilever spring (with a spring constant in the range of ~100 to

>2000 N/m) is determined and used for the calculation of the
interaction forces by Hooke’s law. Although the direct
visualization of interfacial phenomena is realized with a relatively
low lateral resolution (~1 um), the normal resolution
(resolution of separation distance) of an SFA can reach <0.1
nm with a force sensitivity of ~107® N, providing quantitative
information on a variety of fundamental interactions occurring
between two macroscopic surfaces, such as van der Waals forces,
electrostatic interactions, hydrophobic forces, and ligand—
receptor interactions.”’”’* Besides normal movement, the
surfaces can also be sheared laterally, allowing friction tests as
well as rheology measurements of the confined thin fluid
films.”>"*

1.2.2.2. Atomic Force Microscopy (AFM). Since its first
introduction in the early 1980s, AFM has become one of the
most widely used techniques for surface characterization, which
offers surface imaging, force measurements, and molecular
manipulation at the atomic level under diverse conditions.”” The
force measurement principle of AFM is similar to that of the
SEA, where the interaction forces are determined through a
cantilever deflection using Hooke’s law. However, in AFM, the
forces are generated between a microscopic/nanoscopic probe
and a surface rather than between two macroscopic surfaces.
Although sharp AFM probes (with radius of 10—100 nm) with a
pyramidal geometry have been extensively exploited for surface
imaging because of the high lateral resolution, colloidal probes
are generally preferable for the quantification of surface
interactions, as the well-defined geometry of the colloidal
particles can provide precise force results based on contact
mechanics models.”® The colloidal probes are prepared by
attaching microsized (radius of 0.1—10 um) particles such as
silica, gold, and polymer spheres to the tipples cantilevers,”” and
the particles can be easily modified with different chemical
groups. As shown in Figure 2b, in a typical force measurement,
the AFM probe is driven by a piezoelectric transducer to
approach, contact with, and retract from the substrate, during
which the deflection of the cantilever is detected by the position
displacement of the laser beam reflected from the back of
cantilever using a quadrant photodiode. The spring constant of
the cantilever is usually calibrated by the Hutter and Bechhoefer
method, which generally ranges from 0.05 to >1 N/ m.”
Therefore, with a distance resolution of ~0.1 nm, the force
sensitivity AFM can readily reach ~107** N. A major difference
between the SFA and AFM is how the surface separation/
interaction force is determined. The SFA possesses advantages
in the direct measurement of absolute surface separation, surface
deformation and contact area; however, material choice is
relatively limited in this approach as the surfaces or thin films
often need to be transparent or semitransparent. Although there
is no requirement for material transparency in AFM experi-
ments, it should be noted that the separation distance of the
probe and substrate is not directly measured but inferred from
the displacement and deflection of the cantilever, which is likely
to deviate from the absolute separation, especially for soft
surfaces with nonnegligible deformations (e.g,, soft polymers).””
For the study of molecular and surface interactions, the SFA and
AFM usually serve as complementary approaches. While an SEA
is generally used for quantifying physical forces between surfaces
with defined contact areas and the capability for measurements
close to or under thermodyanmic equilibrium conditions, AFM
measurements are intrinsically dynamic and better suited to
investigate events on a molecular scale.*
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1.2.2.3. Atomic Force Microscopy-Based Single-Molecule
Force Spectroscopy (AFM-SMFS). Because of the high spatial
resolution and force sensitivityy, AFM enables direct force
measurements of individual bonds at the single-molecule level,
which is primarily utilized to study the noncovalent interactions
within one molecule (intramolecular) or between a pair of
interacting molecules (intermolecular). This technique, known
as AFM-SMES, has been demonstrated to be a powerful tool for
investigating various chemical and biological phenomena,
including molecular assembly, molecule adsorption, DNA
base-pairing, and protein folding.*' = Figure 2c schematically
illustrates the principle of AFM-SMES for the detection of
intermolecular interactions between two bonded moieties. In
general, both the sharp AFM tip and the substrate are
functionalized with one of the groups, respectively, via either
physisorption or chemisorption with a flexible polymer linker.
While physisorption is widely utilized because of the simple
sample preparation, chemisorption provides a better perform-
ance because of the robust attachment. During a typical force
measurement cycle, the cantilever suspended above the
substrate first approaches the surface, allowing molecules on
the tip to interact with the functionalized surface, which induces
specific interactions and leads to the formation of a single-
molecule bridge between the tip and substrate. Then the
retraction of the AFM tip will result in the elongation of the
polymer bridge followed by bond rupture at a certain point,
showing a gradual increase and a sudden drop of the force—
distance curve. For the detection of intramolecular interactions,
the macromolecules (e.g.,, proteins) are normally absorbed/
immobilized on the substrate and then captured and extended
by the AFM tip. The regime showing the increasing attractive
force is related to the stretching of the polymer chain, which is
usually used to examine the characteristics (e.g., contour length,
elasticity) of the extended polymer.*** The maximum force is
referred to as “rupture force” and normally employed for the
investigation of molecular interactions, whose binding ranges,
kinetics, and affinities are commonly revealed by Bell-Evans
analysis.***” As the Bell—Evans theory predicts a simple (i.e.,
linear) relationship between rupture force and log-loading rate,
it has been most widely employed for data analysis in dynamic
force spectroscopy. However, it should be noted that the linear
trend predicted by the Bell-Evans model is only effective for
irreversible bond ruptures that are measured at relatively high
loading rates (ie., far-from-equilibrium regime), and when
highly dynamic interactions are detected at low loading rates,
nonlinearity would appear because of the rebinding of the
functional groups, which is referred to as near-equilibrium
regime. To address this limitation, Friddle and co-workers
introduced a new parameter (i.e., equilibrium force for bond
rupture) to modify the Bell-Evans equation, which was
successfully used to describe the full evolution of the force
spectra.®® Even at high loading rates, deviations from the Bell’s
theory could also be observed because of the change of energy
barrier distance, and Szabo et al. derived a generalization of Bell’s
equation by considering the position change during pulling.*
The main limitation of AFM-SMEFS is the relatively high stiffness
of AFM cantilevers, with which the low force ranges associated
with many biological processes are difficult to achieve.

1.2.2.4. Optical Tweezers (OT). OT, also known as optical
traps, are unique scientific techniques that can apply localized
and precise optical forces to hold and move microscale dialectic
particles without mechanically touching them.®*° This
technique usually employs a visible or near-infrared (NIR)

laser beam with a wavelength in the range of 0.5—1 ym, which is
strongly focused to a tiny region by passing through a high
numerical aperture objective, generating three-dimensional
optical gradients with the highest intensity at the center of the
beam. When a particle presents near the beam focus, the
gradient force tends to drive the particle toward the center and
focus of the beam, forming an optical trap to prevent the particle
from diffusing away.”" As any dielectric particle near the focus of
the beam can be traped, the solution that contains freely
diffusing colloidal samples must be kept at an extremely low
concentration to prevent the simultaneous trapping of a large
number of particles.”” Besides particle manipulation, OT has
also been used to conduct accurate force measurements, as the
optical force applied on the particle is proportional to its
displacement from the trap center. The position of the particle
can be monitored by recording the deflection of the laser beam
with a photodiode detector, yielding a spatial resolution of ~1
nm, and the trap stiffness (i.e., spring constant) is obtained by
calibration.”® Because of the noninvasive nature, OT has gained
special research interest in manipulating biological cells and
organisms, and the ultrahigh force sensitivity (10™'* N) allows
this technique to detect interactions of polymers and
biomolecules at the single molecular level.”* However, as the
small molecules (such as protein, RNA) of interest cannot
interact significantly with the trapping light, in most OT
experiments, they need to be attached to microscopic particles
(e.g., silica or polystyrene with radius >100 nm) through linker
molecules.” Although OT provides noninvasive force measure-
ments, the high intensity at the optical trap can cause local
heating and the resultant thermal gradients in the vicinity.
Moreover, photodamage of the trapped specimens may occur,
which might be minimized by exchanging the oxygen in the
medium with an inert gas.”®

The force-measuring techniques can not only provide the
force laws of specific interactions but also reveal the mechanical
properties (e.g., viscoelasticity, modulus, adhesion, deformation,
friction) of the detected materials at the microscopic/nano-
scopic/molecular level, which are directly correlated to the
structures and bulk performances of the materials. These
nanomechanical properties can be either directly obtained from
the force curves or extracted by fitting parts of the force curves
using contact mechanics models. For example, in AFM
measurements, the maximum attractive force obtained during
tip retraction can be used to indicate the surface adhesion, and
the elastic modulus of the sample surface was calculated by
applying a particular model of contact mechanics.”” The classical
and most commonly used models are developed by Hertz
(Hertz model), Derjaguin Miiller and Toporov (DMT model),
and Johnson Kendall and Roberts (JKR model), which describe
the surface deformation and adhesion between two elastic
surfaces. For soft and viscoelastic systems, more complicated
interaction models have been proposed with the consideration
of the viscous responses of the surfaces.”® Over the last two
decades, nanomechanical characterization has been extensively
employed to study intermolecular and surface interactions,
especially noncovalent interactions, in diverse chemical and
biological systems, contributing to the in-depth understanding
of the interfacial phenomena and interaction mechanisms. The
fundamental study of the noncovalent interactions significantly
promotes the development of functional materials, whose
properties and functionalities can be designed and modulated
based on the tunable interactions. This review aims to provide a
systematic overview of important noncovalent interactions
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Figure 3. Force—distance curves between sulfate latex particles () at various LPEI concentrations (fitted with Poisson—Boltzmann theory) and (b) at
different KCI concentrations in the presence of 0.28 mg/g LPEI (fitted with van der Waals theory). Reproduced with permission from ref 105.
Copyright 2011 American Chemical Society. (c) Schematic of surface force measurements conducted between a PMTAC brush coating and a BSA
coating and the force—distance profiles obtained in 0.1 mM and 1.0 M NaCl solutions. Reproduced with permission from ref 114. Copyright 2017
Elsevier. (d) Normal force—distance curves, friction forces and schematics of sliding of apposing PSS brushes in solutions (6 mM ionic strength) with
0.6 mM NaCl, 0.01 mM, 0.1 mM, and 0.5 mM Y(NOs;);. Reproduced with permission from ref 119. Copyright 2017 American Association for the
Advancement of Science. (e) Schematics and the measured stiffness of purple membranes at low (100 mM KCI) and high (300 mM KCl, 40 mM
MgCl,) electrolyte concentrations. Reproduced with permission from ref 122. Copyright 2013 American Chemical Society.

employed in polymeric systems. We first discuss the
quantification of various types of noncovalent interactions in
polymeric systems, including van der Waals forces, electrostatic
interactions, metal coordination, hydrogen bonding, 7/cation/
anion—7 interactions, hydrophobic interactions, and coopera-
tive interactions, with a focus on how the interaction
mechanisms are experimentally discovered and demonstrated
using force-measuring techniques (i.e, nanomechanical anal-
ysis). The revealed binding mechanisms are then correlated to
the structures and functionalities of a broad range of polymer

materials, ranging from microscopic colloids, two-dimensional
films to bulk coacervates and hydrogels, offering inspirations for
the design and optimization of materials and technologies with
cutting-edge applications.

2. NANOMECHANICS OF NONCOVALENT
INTERACTIONS IN POLYMERIC SYSTEMS

In this work, the nanomechanics or nanomechanical properties
of noncovalent interactions mainly refer to the force laws and
thermodynamic characteristics of these interactions.
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2.1. van der Waals Forces and Electrostatic Interactions

van der Waals forces arise from the interactions of the rotating or
fluctuating electric dipoles, which are present in all phenomena
driven by molecular and surface interactions. In practice, only a
few systems solely involve van der Waals forces. When molecules
and surfaces are immersed in water or other media with high
dielectric constants, they are generally charged and accom-
panied by the formation of an electric double layer consisting of
counterions close to the surface. The resultant electrical double
layer forces will act together with van der Waals forces to
determine the overall interactions of the colloids/surfaces,
which is referred to as classical Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory. Unlike van der Waals forces that are
generally attractive (except for cases such as a mineral solid—
water—air system), the double layer interactions can be
attractive for surfaces bearing opposite charges or repulsive for
similarly charged surfaces. Therefore, the net DLVO force can
either be attractive or repulsive as a function of the separation
distance, depending on the surface potentials and solution
conditions (e.g., pH, electrolyte type and concentration).99 Asa
fundamental framework to rationalize the long-range inter-
actions between colloidal particles and interfaces in aqueous
solutions, the DLVO theory has been widely used to evaluate
colloidal stability and their aggregation/dispersion behavior,
which facilitates the illumination of many chemical and
biological processes, including polymer adsorption, fabrication
of multilayers, protein binding, and cell adhesion.' %% It
should be noted that when surfaces carrying polymers or
biomolecules approach each other, their interactions generally
could not be fully described by the DLVO theory because of the
presence of other non-DLVO forces, such as polymer bridging,
polymer-mediated steric forces, hydrophobic interactions, and
hydration forces, which should also be considered to address the
limitation of the DLVO theory.

2.1.1. Polyelectrolyte-Modified Surfaces. Polyelectro-
lytes are polymers possessing ionizable repeating units, which
can be classified as anionic, cationic, and ampholytic according
to the nature of the carried charges. Polyelectrolytes can interact
with a broad range of neutral or charged surfaces/particles/
molecules and have been extensively used for surface
modification, providing good control of surface properties
such as wetting, adhesion, lubrication, and biological resist-
ance.'?>'% The fabrication of polyelectrolyte-modified surfaces
can be facilely realized by the direct adsorption of polyelec-
trolytes to oppositely charged surfaces, which is dominated by
electrostatic attraction, and the interactions between the
polyelectrolyte-coated surfaces generally follow the DLVO
theory, where non-DLVO forces, including steric forces and
polymer bridging, may also make a contribution. The adsorption
process of cationic polyvinylamine (PVAm) on negatively
charged glass surfaces was examined by an SFA.'”* In the
absence of a polymer, the interactions between the two surfaces
were dominated by the long-range double-layer repulsion, and
the addition of 1 ppm PVAm in the solution could neutralize the
surface charge by polymer adsorption, leading to the vanishment
of repulsion and the appearance of long-range attraction. It was
noted that the detected attractive force was substantially
stronger than the van der Waals force, which was attributed to
the bridging of polymers when they were absorbed on both
surfaces. With the further adsorption of PVAm, the surfaces
would be overcompensated and positively charged, and
electrostatic repulsion and steric repulsion from the adsorbed
polymer chains would dominate the surface interactions.

Similarly, the interactions between negatively charged sulfate
latex particles in the presence of cationic linear poly(ethylene
imine) (LPEI) were investigated using colloidal AFM, with
forces varying from repulsive to attractive and then back to
repulsive with the increase of polymer concentration (Figure
3a).'% The attractive forces measured at the isoelectric point
(with 0.28 mg/g LPEI) were totally governed by van der Waals
forces and insensitive to ionic strength, suggesting a high
homogeneity of the absorbed polymer layer (Figure 3b).
However, in many cases, the adsorption of polyelectrolytes
would result in heterogeneous surface charge distributions
because of the formation of polymer patches, and the
electrostatic patch—charge interactions contributed to the
additional attraction exceeding van der Waals forces.'*”'"”
Polyelectrolyte multilayers are formed by alternating adsorption
of polycations and polyanions, which has found a wide range of
engineering and biomedical applications.'”® The self-assembly
process of poly(allylamine) hydrochloride/poly-
(styrenesulfonate) sodium salt (PAH/PSS) multilayer was
deciphered by measuring the interactions of symmetric and
asymmetric surfaces.'”® It was found that the adsorption of
polyelectrolyte to an oppositely charged polyelectrolyte layer
was dominated by the long-range electrostatic attraction,
generating localized ion pairs and inversing the surface charge.
The further adsorption was controlled by a balance among
electrostatic repulsion, short-range attraction because of ion-pair
formation, and short-range electrosteric repulsion caused by the
extended polymer segments in the solution.'*”

Besides physical adsorption, polyelectrolytes can be chemi-
cally anchored to surfaces at high grafting densities, showing
stretched “brush” structures in contrast to coil configurations
because of the osmotic pressure created by the counterions
immobilized inside the brushes.''” The interactions between
two particles grafted by strong polyelectrolyte brushes poly(2-
(methacryloyloxy)ethyltrimethylammonium chloride)
(PMTAC) were detected by OT, and only weak electrostatic
interactions in the range of a few yN-m™! were measured.'"" The
calculated surface charge density was only 4% compared to fully
dissociated PMTAC, indicating the majority of the CI~
counterions were immobilized in the dense polymer brushes.
The conformation and properties of the polyelectrolyte brushes
are highly dependent on the surrounding environment,
including temperature, pH, and ionic strength. The pH effect
on the contact mechanics between cationic poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) brushes
and anionic poly(methacrylic acid) PMAA brushes was studied
using AFM.''” At a neutral pH, the strong electrostatic
attraction between the two oppositely charged surfaces resulted
in alarge contact area and adhesion force, while either a high ora
low pH could induce the solvation of one of the surfaces,
generating an osmotic pressure to resist deformation. Thus, both
the adhesion and the contact area were reduced. Typically, an
increase of the salt concentration induces the screening of
electrostatic interactions, which impairs polymer stretching.' "
The salinity-regulated property has been applied to control the
adsorption and desorption of biomolecules, and the interactions
between a PMTAC-grafted surface and a bovine serum albumin
(BSA) coating were examined."'* As shown in Figure 3¢, when
the NaCl concentration was 0.1 mM, the oppositely charged
surfaces jumped into contact around a separation of 60 nm upon
approaching, and a strong adhesion was detected during
separation. However, in a 1.0 M NaCl solution, the electrostatic
attraction was greatly suppressed, accompanied by an eliminated
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adhesion because the steric repulsion between the surfaces
overwhelmed the van der Waals forces. Besides salt concen-
tration, the type of ions also plays an important role in the
structure of the polyelectrolyte brushes. A study on the anion-
specific behavior of cationic poly(2-diisopropylamino)ethyl
methacrylate (PDPA) brushes revealed that kosmotropic
acetate (strong hydration, high charge density) could signifi-
cantly promote the swelling of PDPA by inducing high osmotic
forces, while the effect of chaotropic thioc?fa_nate (poor
hydration, low charge density) was not obvious. "> Tirrell and
co-workers performed SFA measurements on PSS brushes in the
presence of multivalent counterions, indicating that divalent
cation (e.g, Mg**, Ca’*, Ba") exhibited specific ion effects on
the shrinkage of PSS depending on the size and hydration state,
and the introduction of trivalent cation Y** resulted in abrupt
shrinkage of the brushes.''® The structural change greatly
influences the lubrication properties of the polymer brushes,
which plays a critical role in many technical and biological
applications. Normally, polyelectrolyte brushes are postulated to
show excellent wear resistance and low friction, ascribed to the
counterion osmotic pressure and the hydration layer around the
polymer segments.''” The friction coefficients measured
between sulfonated polyelectrolyte brushes could be lower
than 0.0006—0.001 in pure water.''® Although the excellent
lubrication could be maintained in monovalent salt solutions
(e.g, 6 mM NaCl) for PSS brushes, the addition of only 0.01
mM Y** would reduce the range of repulsion and increase the
friction force at a relatively high load (>3 mN), which resulted
from the electrostatic bridging medicated by the multivalent
ions that enhanced chain interpenetration of the apposing
brushes (Figure 3d).'"” The further increase of Y** concen-
tration (0.1 and 0.5 mM) induced strong hysteresis of the
repulsion and a rapid increase of friction even at a very low load
(0.2 mN), attributed to the collapse of the brushes into pinned-
micelle-like structures. Divalent cations Ca®>* and Ba®* also
exhibited similar trends with quantitative differences.

2.1.2. Protein Surfaces. Proteins usually exhibit net charges
because of the charged groups carried by individual amino acids,
which play a critical role in their interactions with other objects.
Butt determined the local surface charge of purple membranes
(75 wt % bacteriorhodopsin and 25 wt % lipids) using a scanning
force microscope.'*” By comparing the force curves obtained on
bare alumina (with a known charge density) and purple
membrane-absorbed alumina substrates, the surface charge of
the purple membrane was estimated to be —0.05 C/m? For
AFM imaging or force measurements conducted in solutions, as
the tips usually carry charges, they tend to interact with the
charged protein surfaces via electrostatic interactions, influenc-
ing the results (e.g., image resolution, height, modulus) obtained
by AFM characterization. For example, a patterned catalase film
was imaged using a silicon nitride AFM tip in sodium phosphate
buffers at different pH and salt concentrations, where the force—
distance curve obtained at each condition was in good
agreement with the DLVO theory, indicating the interactions
were dominated by electrostatic and van der Waals forces.'*" It
was found that stable images could only be obtained when
electrostatic repulsion existed between the tip and protein
surface, and the screening of the electrostatic double layer (at
high salt concentration or pH around isoelectric point) could
lead to higher image resolution as well as a decrease in the
measured height of the protein. Medalsy and Miiller
demonstrated that the electrostatic repulsion between the
AFM tip and the purple membranes also influenced the

measured nanomechanical properties of the proteins.'”* As
shown in Figure 3e, at the loading rate of ~10 uN/s, the
detected mechanical stiffness of the purple membrane was
lowered by ~40% (from ~1.3 to 0.8 N/m) with an enhanced
electrostatic double layer repulsion (from 300 mM KCl, 40 mM
MgCl, to 100 mM KCl). It was because that the total mechanical
stiffness (k) was contributed by both the purple membrane
(kpm) and the electrostatic double layer (k,), where Ky was
much higher than k. In the presence of a lower electrolyte
concentration, the k., probed by AFM was dominated by the
softer electrostatic repulsion resulting from the thicker electro-
static double layer. The adhesion of proteins to surfaces was
highly dependent on their surface charges, and a study on the
adhesion between symmetric proteins layers (BSA or
apoferritin) indicated that strong adhesion forces could only
be detected near the isoelectric point of the proteins and at high
ionic strength, demonstrating the important contribution of
electrostatic interactions.'”> However, the AFM adhesion
measurements conducted between lysozyme molecules and
TiO, surfaces revealed that the solution condition could change
the charged state of the proteins, which altered the apparent or
effective size of the protein molecule. In this case, the adhesion
was regulated by the contact area between the proteins and
surfaces rather than the electrostatic interaction.'>* Besides their
interactions with other molecules or surfaces, the mechanical
stability of single proteins can also be affected by electrostatic
interactions, which was demonstrated by AFM-SMES of protein
GBI with two histidine residues.'** With the pH changing from
8.5 to 3, the unfolding force of the protein was decreased from
115 to 76 pN, attributed to the increased electrostatic repulsion
between the positively charged histidines.

2.2. Metal-Ligand Coordination

2.2.1. Structure of Coordination Complexes. Metal—
ligand coordination occurs between a metal ion and the
surrounding array of organic molecules, which are known as
coordination center and ligands, respectively, yielding metal-
containing compounds that are referred to as coordination
complexes. In polymer science, metal—ligand coordination
attracts special research interest because the generated
coordination polymers can combine the properties of organic
polymers with the specific features (e.g, optical, magnetic,
dielectric, and catalytic) of metals.'”® Metal—ligand coordina-
tion is fundamentally an acid—base reaction, where the metal
ions are viewed as Lewis acids that can accept at least one pair of
electrons and the ligands are Lewis bases to donate electron pairs
to metal ions. The nature and strength of the coordination bonds
can be semiquantified by hard—soft acid—base theory, which
classifies the acids and bases into hard (small and non-
polarizable) and soft (large and polarizable) categories.'”’
Hard acids bind strongly to hard bases with the formation of
ionic bonds, while soft acids bind strongly to soft bases via
covalent bonds. For interactions between hard acids—soft bases
or soft acids—hard bases, relatively weak and dynamic
coordination bonds can be generated. Because of the large
variety of metal ions (especially transition metals) and ligand
motifs (e.g, amine, pyridine, imidazole, nitrile, carboxylate,
phosphonate), the binding strength can be readily modulated
within a wide range (~25%—95% of a covalent bond)."*® The
structure of coordination complexes is largely determined by the
coordination number, which denotes the number of donor
atoms attached to the metal center. Although the formation of
most coordination bonds is thermodynamically favorable, the
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Figure 4. Typical examples of Zn*'—pyridine complexes formed with monodentate, bidentate, and tridentate ligands.
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Figure 5. (a) Force—distance curves of symmetric mfp-1 films at different concentrations of Fe** and the corresponding catechol—Fe®** coordination.
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coordination number cannot increase indefinitely because of the
steric effects between ligands and the repulsion between
electrons donated by different ligands.'*” The most common
coordination numbers are 2, 4, and 6, leading to linear, square
planar/tetrahedral, and octahedral geometries, respectively.

Compared to monodentate ligands that only form one
coordination bond with metal ions, many ligands are able to
bind to the metal centers through several donor atoms, which
are referred to as multidentate ligands and the formed complexes
are called chelate complexes. Generally, the chelate complexes

https://doi.org/10.1021/acs.chemrev.2c00215

Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00215?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

derived from multidentate ligands are much more stable than
those prepared with monodentate ligands, with typical examples
depicted in Figure 4. When different types of pyridine-
containing ligands coordinated to Zn**, the binding constant
for the first ligand (K;) dramatically increased from ~10° M™!
for the single coordination bond to >10° M~ with the tridentate
chelating ligand."*~"**

2.2.2. Metal—-Catechol Coordination. Metal—catechol
coordination is one of the most well-known interactions
occurring in marine mussels, where the high extensibility and
hardness of mussel byssal threads are postulated to be
contributed by the robust and dynamic coordination bonds
between Fe®* and the catechol-like amino acid 3,4-dihydrox-
yphenylalanine (DOPA)."** Catechol is a bidentate ligand that
can bind Fe3* via one, two, or three moieties, depending on the
molar ratio of metal ions and ligands as well as the pH of the
solution. The catechol—Fe*" coordination was quantitatively
investigated by Zeng and co-workers using an SFA, with an
examination of the interaction behaviors between two positively
changed mussel foot protein-1 (mfp-1) films at various Fe®*
concentrations.”” As shown in Figure 5a, without the presence of
Fe*', no attraction and adhesion were detected between the
films, but the introduction of only a low concentration (10 M)
of Fe** could result in robust bridging of the surfaces with an
adhesion energy of 4.3 mJ/ m?, which was ascribed to the
formation of tris-catechol—Fe** complexes. However, the
further increase of Fe** (100 yM) would induce the tris-
complexes to transform into mono-catechol—Fe®* complexes,
and the bridging adhesion was abolished. The effect of pH on the
coordination of Fe** and catechol groups was also studied, with
surface adhesion and cohesion characterization of mussel
adhesive proteins."”* When the pH of the Fe® solution
increased from 3 to 8, the cohesion energy between two in
vivo residue-specific DOPA-incorporated recombinant foot
protein fp-3F (drfp-3F) protein films was significantly enhanced
from 0.5 to 2.1 mJ/m?% with the surface adhesion (to mica)
reduced by over 90%. It was because the tris-catechol—Fe>* was
favored at a high pH, which facilitated the cohesion because of
intermolecular bridging and sacrificed the surface adhesion. The
mechanical properties of the catechol—Fe** complexes were also
investigated at the single-molecule scale by stretching a single-
chain polymeric nanoparticle held by catechol—Fe** bonds.'*®
The results revealed that the rupture force of the catechol—Fe**
complexes was in the range of 100 to 250 pN, much weaker than
covalent bonds (>1 nN) and stronger than typical hydrogen
bonding or hydrophobic interactions (<150 pN). With the
modulation of Fe** concentration and solution pH, the free
energy landscapes underlying the ruptures of both bis- and tris-
complexes were detected, where the rupture forces of the bis-
complexes were almost twice of that of the tris-complexes but
both structures showed similar energy barriers. It was possibly
ascribed to the different geometries (tetrahedral of bis and
octahedral of tris) of the complexes that influenced their
unbinding pathways. Besides Fe’*, catechol is also able to
coordinate with other metals (e.g, Cu, Zn, Al), and its
interaction with vanadium (in the form of V** and VO*~) was
investigated. At the same ion concentration, the cohesion
measured between two recombinant mfp-1 films in the presence
of Vis much higher than that with Fe, following the trend of v
>VO?™ > Fe*, and the formation of tris-catechol—V complexes
could occur at much lower pH values (e.g., pH = 4)."% Lee et al.
detected the interactions of an individual catechol group on a Ti
surface by SMFS, and the measured rupture force suggested a

dissociation energy of ~93 kJ/mol, attributed to a strong
catechol—Ti coordination."*” This coordination was also
demonstrated to be regulated by solution pH. With the increase
of pH from 3 to 7.5, the binding between one catechol group and
the TiO, surface would change from two hydrogen bonds to one
hydrogen bond and one coordination bond, and finally two
coordination bonds."**

2.2.3. Metal-Histidine Coordination. Besides metal—
catechol coordination, the interactions between histidine groups
and divalent cations also contribute to the tough and self-healing
behavior of mussel byssus, which is mainly ascribed to metal—
imidazole coordination and possibly facilitated by interactions
between metal ions and amine/carboxylate groups.'*” Harring-
ton and co-workers employed colloidal AFM to measure the
adhesion between two histidine-rich protein surfaces in the
presence of Ni**, which could be greater than 0.3 mJ/m?"*’
Similar to metal—catechol coordination, the bridging effect
because of histidine—Ni** complexation was also affected by
metal ion concentration and solution pH. An SMFS study on a
bihistidine-containing protein GB1 demonstrated the stability of
the protein could be greatly enhanced with the introduction of 4
mM Ni?¥, showing an increased unfolding force from ~120 to
~240 pN. However, the addition of 300 mM imidazole reduced
the unfolding force back to the previous level because of its
competition with histidine residues.'*’ Recently, a series of
histidine-rich peptides were designed to form different
coordination structures with Zn?*, and the mechanical stabilities
of these complexes were examined in detail.'** As presented in
Figure Sb, three types of binding motifs could interact with Zn**
and form complexes via different modes, which were single
ligand coordination, multiple ligands chelation, and two
multiple ligands chelation arranged in tandem, respectively.
The rupture forces of these structures were measured to be 90,
87, and 13$ pN, with calculated off-rate constants of 9.49, 2.91,
and 0.56 s, respectively. Therefore, compared to single ligand
coordination, the multiple ligands chelation was less dynamic,
and the tandem arrangement of two chelation sites would
significantly improve the mechanical stability of the complex,
because of the simultaneous break of the two sites upon bond
rupture.

2.2.4. Other Types of Metal-Ligand Coordination.
Pyridine ligands, including monopyridine, bipyridine, and
terpyridine, are widely used to form coordination complexes,
which can bind to a variety of metal ions via the electron pair
donated by nitrogen. The interactions of two types of
monodentate pyridine ligands with a pincer Pd metal center
were detected, showing similar dissociation pathways with
different rates. It suggested that the transition state geometry of
the coordination complexes was not affected by the specific
structures of the pyridines."*’ The unbinding force of two
terpyridine ligands bridged by a ruthenium ion was detected,
yielding a rupture force of 95 pN at a loading rate of I nN/s."** It
should be noted that the bis-terpyridine complex was only
formed in the presence of Ru**, and Ru** could coordinate with
only one terpyridine moiety. However, the same ligand was
found to be capable of coordinating with osmium ions in the
forms of both Os?* and Os®*, and the redox state of the central
metal ion could influence the binding strength.'*> At the fully
oxidized state, the unbinding force of the bis-terpyridine—Os**
complex was measured to be as high as 190 pN, which was
weakened to 80 pN for the fully reduced bis-terpyridine—Os>*.
When measured at an open circuit (a mixture of Os** and Os**),
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Figure 6. Unfolding of a titin-like polyprotein containing tandem repeats of immunoglobulin domains 127. (a) Typical force—extension curve showing
a sawtooth pattern and a hump. (b) Histogram with Gaussian fits for hump force and unfolding force, and (c) structures of 127 module simulated at
forces at 50 and 150 pN. Reproduced with permission from ref 155. Copyright 1999 Springer Nature.

the coordination bonds ruptured at around 100 pN, comparable
to the terpyridine—Ru system.

Thiolate ligands are regarded as soft Lewis bases that bind
strongly to transition metals. Li and co-workers detected the
mechanical unfolding events of rubredoxin, which consisted of
an FeS, center with one iron atom bounded by four cysteinyl
sulfur atoms. The bond rupture occurred at ~200 pN with a very
broad distribution, suggesting the coordination bond is much
more labile than typical covalent bonds.'*® Later, the chemical
reactivity of the Fe-thiolate coordination was studied at different
solution conditions. It was found that the rupture force was
evidently lowered (from 211 to 160 pN) when the pH changed
from 7 to S because of the protonation of the metal site, and the
addition of a nucleophilic ligand (SCN”) impaired the
mechanical stability of the FeS, center because of ligand
substitution.'*” Besides the unfolding studies, the folding
process of rubredoxin was recently investigated using OT,
taking advantage of the superb force resolution of this
technique.'** Compared to the unfolding forces that were
usually higher than 40 pN, the forces detected during refolding
were generally below 10 pN. Moreover, the reconstruction of the
FeS, center was highly dependent on the coordination state of
Fe—thiolate in the unfolded protein, which could only be
facilitated by the two-coordinate Fe site rather than mono-
coordinated Fe.

2.3. Hydrogen Bonding

A hydrogen bond is a dipole—dipole interaction occurring
between an electronegative atom (e.g., oxygen, nitrogen,
chlorine, fluorine) and a hydrogen atom that is covalently
bound to a similar electronegative atom. Hydrogen-bonding
interaction ubiquitously exists in biological systems and plays an
essential role in various biological processes such as DNA
pairing and protein folding. Because of the tunable affinity, fair
directionality, and reversibility, single or multiple hydrogen-
bonding arrays have evolved as one of the most developed
approaches to generate synthetic supramolecular polymers,
where the binding strength between the complementary units is
governed by the number of hydrogen bonds formed, nature of

donors and acceptors, arrangement of donor/acceptor sites, and
the type of solvent.'”'* In general, hydrogen bonds are favored
in nonpolar environments, and polar media, especially water, can
greatly weaken the hydrogen-bonding strength between the
bonded units, by providing competitive hydrogen bonds with
the dissolved hydrogen-bond donors and acceptors.*”

2.3.1. Hydrogen-Bonded Biomolecules. Base pairing
(i.e, adenine—thymine (A—T), cytosine—guanine (C—G)) in
the DNA duplex is one of the most well-known molecular
recognition events in nature, which is dominated by hydrogen
bonding. The first direct force measurements between the
complementary strands of DNA were performed by Lee and co-
workers using AFM, in which the single-stranded DNA
oligonucleotides with complementary sequences were cova-
lently immobilized on the tip ((ACTG);) and surface
((CAGT)j), respectively.”® These oligonucleotides did not
contain self-complementary regions and allowed the binding
between each other by forming 20, 16, 12, 8, and 4 base pairs.
Four populations of adhesive forces of 1.52, 1.11, 0.83, and 0.48
nN were detected. As the nonspecific interactions between the
noncomplementary strands were measured to be 0.38 nN, the
first three obtained forces were supposed to correspond to the
unbinding of the DNA complexes with 20, 16, and 12 base pairs.
To detect the binding strength of specific base pairs, Boland and
Ratner prepared self-assembled monolayers from each of the
four DNA base derivatives respectively and measured the
interactions between two monolayers with all 16 combina-
tions.">" Only when the opposite base-pair coatings (i.e., A—T
and C—G) interacted with each other, a large attractive force as
well as a hydrogen-bonding force could be detected, while the
other combinations only consisted of nonspecific attractive
force. When the enthalpy (7.5 kJ/mol) and distance (0.2 nm) of
a single hydrogen bond were assumed, the hydrogen-bonding
forces of each A—T and C—G pairs were simply estimated to be
125 and 188 pN, respectively. The direct quantification of a
single base pair was realized by stretching a DNA strand with an
alternating A—T or C—G sequence.”>> As these strands could
pair themselves to form hairpin structures because of their self-
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Figure 7. (a) Schematic experiment setup, force—extension curves, and loading rate dependence of the most probable rupture forces of the interactions
between Cn—UPy (n = 3, 6, and 12) dimers. Reproduced with permission from ref 164. Copyright 2019 American Chemical Society. (b)
Representative force curves during extension (red) and retraction (blue) cycles, and the constructed potential energy landscape for UPy dimer
unfolding. Reproduced with permission from ref 165. Copyright 2014 Springer Nature. (c) Force—extension curves of PA66 and PA6 and the
schematics of the change of hydrogen-bonding networks in the single crystals. Reproduced with permission from ref 173. Copyright 2018 American

Chemical Society.

complementary nature, a plateau would appear in the force curve
upon extension, corresponding to the force required to unzip the
individual base pairs. The unzipping force was found to be 9 pN
for the A—T sequence and 20 pN for the C—G sequence. The
mechanical unzipping of a double-strand DNA molecule with
thousands of base pairs was also examined by OT at a low
stretching velocity (close to thermal equilibrium), and the
opening of the double helix was observed to occur around 10—
15 pN with a rapid fluctuation and an amplitude of ~10%, which
was because of the differences in the pairing and stacking of
different base pairs, reflecting the sequence dependence of DNA
unzipping,153

The secondary structure of proteins has been known to be
regulated by hydrogen bonding between the neighboring amino
acids, among which the a-helix is held together by hydrogen
bonds nearly parallel to the long axis of the helix and the $-sheet
is bounded by hydrogen bonds between adjacent -strands that

are nearly perpendicular to the polypeptide chains. The
secondary structure of poly-L-lysine (PLL) was proved to play
an important role in its cohesion behavior, as the cohesion
energy measured between two symmetric films prepared from f-
sheet PLL was four times higher than that prepared from a-helix
PLL."* It was because the f-sheet conformation provided a
larger number of lysine side chains on the opposing surfaces for
hydrogen bonds formation. The cohesion energy was reduced
with an increase of ionic strength, attributed to the impaired
hydrogen-bonding capability of the amine groups. The
unfolding of titin modules containing tandem repeats of
immunoglobulin domains (e.g, 127) was detected by AFM-
SMFS.'*> As presented in Figure 6a,b, besides the characteristic
sawtooth patterns with rupture forces of ~200 pN, a
“hump”(~100 pN) was observed before the first peak with an
~0.7 nm extension of each domain. Along with steered
molecular dynamics (SMD) simulations, it was demonstrated
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that the hump correlated to a transition state because of the
rupture of the two hydrogen bonds bridging the A and B -
strands, while the large rupture force corresponded to the full
unfolding of the 127 module with the breakage of six hydrogen
bonds stabilizing the A’ and G f-strands (Figure 6¢). In SMFS
studies, the stability of protein was not only dependent on the
number and position of hydrogen bonds but also affected by the
direction of the applied force. When a protein E2lip3 was pulled
in the direction perpendicular to the hydrogen bonds (shear
geometry), the unfolding force was measured to be 177 pN;
however, when the direction of applied force was parallel to the
hydrogen bonds (unzipping geometry), the unfolding force
could not be detected as it was below the sensitivity of the
instrument."*® A similar phenomenon was also proved in a
protein containing the src SH3 domain that was stretched by OT
at a much lower pulling rate (near equilibrium). The unfolding
forces were determined to be 35 and 14 pN for the shear and
unzipping geometries, respectively.'>”

Polysaccharides are rich in hydroxyl groups and oxygen
atoms. Therefore, they tend to form networks via extensive
intermolecular and intramolecular hydrogen bonds. The
intramolecular hydrogen bonding of amylose was investigated
by examing the elasticity of individual molecules in solvents with
different dielectric constants.'>® It was found that when the
extension of each pyranose ring was above 0.5 nm, the slope of
the force curves (related to the polymer rigidity) increased with
a lower dielectric constant, which was ascribed to the formation
of hydrogen bonds between adjacent sugar rings in nonpolar
environments, and the differences disappeared when the
hydroxyl groups were substituted by acetates. Comparing the
free energies of amylose stretching in water and dimethyl
carbonate, the energy of each intramolecular hydrogen bond was
estimated to be 6.3 kJ/mol. It should be noted that in water, the
force curves of amylose displayed a fingerprint plateau, and this
feature gradually vanished with the decrease of water content in
the mixed solvent, which was likely related to the coordinated
hydrogen bonds provided by water molecules.">” A SMES study
on hyaluronan (HA) in aqueous solutions demonstrated that
HA behaved like a random coil at an elevated temperature (46
°C) but became semirigid at room temperature, attributed to the
intramolecular hydrogen bonds that generated directly between
the polar groups of polymer or by water bridges.'*’

2.3.2. Hydrogen-Bonded Synthetic Polymers. For the
fabrication of synthetic supramolecular polymers, a single
hydrogen bond is usually not strong enough and multiple
hydrogen-bonding arrays are extensively exploited. Among
them, the 2-ureido-4[1H]-pyrimidinone (UPy) group is pre-
eminent because of its strong dimerization ability through
quadruple hydrogen bonds and easy accessibility via a one-step
reaction.'®" Zeng and co-workers elaborately investigated the
surface self-adhesion of poly(butyl acrylate) (PBA) copolymers
carrying different amounts of the UPy comonomer (4% and
7.2%)."°> Compared to pure PBA with a surface energy of 34
mJ/m? the strong hydrogen bonding between UPy groups
increased the surface energies of the prepared polymers to 45—
56 mJ/m” The adhesion force was greatly dependent on the
UPy content and environment conditions (i.e., temperature,
humidity), which affected the strength of hydrogen bonding and
viscoelastic properties of the polymers. The unbinding strength
of a single UPy—UPy dimer was directly detected by AFM-
SMEFS, showing a rupture force of >145 pN in nonpolar
hexadecane.'® As solvents with high polarity, especially water,
are well-known to impair the pairwise interactions of the

hydrogen-bonded arrays, the unbinding of the UPy dimers was
also quantified in an aqueous environment, and the cooperative
effect of hydrophobic interactions was evaluated by adding
different len%ths of alkylene spacers beside the UPy group
(Figure 7a)."®* It was confirmed that the rupture forces
measured in water were much lower than that detected in
nonpolar environments but could be enhanced with the
increased length of the hydrophobic spacers. When the number
of carbon atoms of the alkylene spacer increased from 3 to 12,
the unbinding energy barrier was improved from 21 to 34 kJ/
mol in water, but still lower than ~50 kJ/mol determined in
nonpolar solvents. Chung et al. designed a polymer containing
several UPy dimers with a double closed loop architecture, thus
enabling cyclic detection of both unfolding and refolding
processes by pulling and retraction.'®® As presented in Figure
7b, sawtooth patterns appeared on both extension and retraction
force curves with a significant hysteresis, correlated to the large
energy dissipation of the bulk material. The energies associated
with the unbinding and rejoining events could be calculated
based on the rupture and rejoining forces, yielding an
asymmetric energy diagram with a short pathway (0.2 nm)
toward rupture and a broad pathway (1.2 nm) toward
redimerization, with an equilibrium free energy of 58 kJ/mol
(in toluene). Besides the detection of isolated dimers, the
stretching of single-chain polymeric nanoparticles assembled via
a series of hydrogen-bonding units (UPy or benzene-1,3,5-
tricarboxyamide (BTA)) was also realized. In this way, not only
the dimerization energy of UPy could be measured (44 kJ /mol)
but also the stacking energy of BTA was obtained (36 kJ/mol) in
a cooperative fashion.'®® The Hamilton receptor (HR) is a
hydrogen-bonding motif employed in molecular recognition
that can bind barbiturates/cyanurates via six hydrogen bonds.'®”
The rupture force of HR—barbituric acid was determined to be
172 pN by AFM-SMES in tetrahydrofuran, but the force for the
dissociation of HR—cyanuric acid in water was only 17 pN
measured by OT and decreased by 1—2 pN when one of the
hydrogen-bonding sites were blocked. The discrepancy arose
from the differences in pulling rates, geometries, and
solvents.'**'% Besides the coordination ability to metals, the
catechol group is also capable of forming hydrogen bonds with
diverse hydrophilic surfaces. When catechol-functionalized
acrylic polymers were immersed in metal-free water, metal-
chelating was inhibited and the underwater adhesion of the
polymer films was dominated by hydrogen bonding. By
subtracting the adhesion force of fully oxidized quinone surfaces
(100 mN) from that of unoxidized catechol surfaces (700 mN),
the adhesion contributed by pure hydrogen bonding was
calculated to be 600 mN in SFA measurements.'”’

Besides intermolecular recognition, intramolecular hydrogen
bonding was also detected mainly by investigating the elasticity
of single-polymer chains. In poly(vinyl alcohol) (PVA), the
intramolecular hydrogen bonds between adjacent hydroxyl
groups led to a remarkable deviation of the force—extension
curve from that of polyethylene, and the long plateau was
attributed to the additional energy consumed by the spatial
geometry change of the hydroxyl groups.'”" In a vacuum, the
average energy of hydrogen bonding increased with the degree
of alcoholysis (DA), which was determined to be 4.75, 3.46, and
2.87 kJ/mol for PVA with DA of 99%, 88%, and 80%,
respectively, suggesting the synergistic enhancement between
the intramolecular hydrogen bonds. Similarly, the intra-
molecular hydrogen bonds of poly(N-isopropylacrylamide)
(PNIPAm) were examined, yielding binding energy of 3.72
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kJ/mol in a vacuum, which rapidly dropped to 1.76 kJ/mol in a
nonpolar solvent (nonane) and could not be determined in
polar solvents.'”* A polyamide (PA) can form crystal structures
with hydrogen-bonded networks, where the intramolecular
bonding structures were revealed by detecting the stick—slip
motion in PA66 and PA6 single crystals.'”* As presented in
Figure 7c, the average gap between the sawtooth peaks of PA66
was 1.71 nm, close to the contour length of a repeat unit (1.72
nm), confirming the break and reformation of hydrogen bonds
with the shift of one repeat unit. For PA6, the distance between
the peaks showed two major distributions (0.87 and 1.70 nm),
corresponding to the length of one and two repeat units. It was
evident that the direct shift of two repeat units could result in the
formation of a new hydrogen-bonding network; however, when
the polymer chain shifted only by one repeat unit, it was capable
of rotating 180° to reconstruct the multiple hydrogen bonds.

2.4. & Interactions

2.4.1. 7—r Interactions. The 7—x interactions denote the
attraction between neutral and closed-shell aromatic rings,
which are prominent in aromatic systems and contribute to the
stabilization of DNA/protein structures, molecular recognition
in self-assemblies, and molecular packing in crystals."”*"”* The
geometries of the 7— interactions can be roughly classified into
three categories: edge-to-face/T-shaped, parallel-displaced, and
parallel-stacked. Normally, a benzene-type molecule possesses a
quadrupole moment with a negative potential above both sides
of the ring and a positive potential around the peripheral atoms.
When such two molecules interact with each other, they tend to
adopt T-shaped or parallel-displaced configurations. If an
aromatic ring is attached with atoms/groups with high
electronegativity, the electron cloud above the ring will be

withdrawn to the periphery, resulting in a reversal of the
quadrupole moment, and the parallel-stacked configuration is
preferred when the electron-deficient aromatic ring interacts
with an electron-rich aromatic ring, which is known as 7—n
stacking.'’® Although the physical origins of 7—7 interactions
have been revealed by numerous computational studies and
their bonding strengths were evaluated by some experimental
approaches based on the averaging of ensemble data,'’”"”® the
direct nanomechanical studies of 7— interactions are relatively
limited, possibly because this type of interaction usually works
synergistically with other interactions (e.g., hydrogen bonding,
hydrophobic interactions, electrostatic interactions) and is easily
affected by environmental disturbance.

Zhang et al. probed the 7—r interaction between a pyrene
molecule and graphite surface in water, yielding an unbinding
force of ~5S pN without loading rate dependence and an
estimated unbinding energy of ~26 kJ/mol.'”” The molecular
interactions between a cationic aromatic dye (methylene blue)
and graphene oxide (GO) were also investigated, indicating that
although the attraction was dominated by electrostatic
interactions at a neutral pH, z—7 interactions played a vital
role in acidic conditions. The methylene blue molecules could
adsorb on the GO surface via both parallel-stacked and T-
shaped configurations.'®” By peeling single-stranded DNA (i.e.,
polycytosine, polythymine, polyademine, polyguanine) from
single-crystal graphite, Vezenov and co-workers quantified the
m—n interactions of DNA bases with a flat graphite surface,
where the characteristic plateaus represented the peeling of the
homopolymer from the surface and the abrupt jumps denoted
the complete detachment of one or more polymer chains. The
estimated average binding energy per nucleotide of the four
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Figure 9. (a) Schematics of cation—7 interactions and typical force—distance curves with corresponding interaction energies between PLL and
different aromatic polymers (PTrp, PT yr, and PS). (b) Schematics of the hydrated cation effects and the energy changes between PLL and PTrp films
with the addition of different cations. Reproduced with permission from ref 190. Copyright 2013 John Wiley & Sons. (c) Representative force—
distance curves and the corresponding work of cohesion of symmetric films coated with different lysine- and aromatic-rich peptides. (d) Schematics of
the anion complexation with positive cation—7 binding pairs in lysine- and aromatic-rich peptides films. Reproduced with permission from ref 191.
Copyright 2017 Springer Nature. (e) Typical force—distance profiles and corresponding adhesion energies of symmetric peptide films with different
sequences of amino acids (lysine and Phe). Reproduced with permission from ref 196. Copyright 2021 American Chemical Society.

bases followed the order of T > A > G > C (11.3,9.9,8.3,and 7.5
kgT, respectively), which did not scale with the size of the bases
and was likely because of the different conformations of the
DNA backbones on graphite.""'** However, the binding
strengths of these DNA strands to single-walled carbon
nanotubes (SWCNTs) showed a different ranking of A > G >
T > C, with corresponding binding energies of 38.1, 33.9, 23.3,
and 17.1 kyT, respectively. Compared to that with flat graphite,
the enhanced interactions of DNA bases with curved SWCNTs
were attributed to the spontaneous curvature of DNA, which led
to preferred binding to curved surfaces.'®* To obtain direct force
measurements between two individual aromatic rings in the
near-equilibrium regime, a CNT force sensor was designed by

combining a suspended CNT with dual-trap OT.'"** As
illustrated in Figure 8a, a DNA molecule was tethered between
two polystyrene beads, whose movement was controlled by the
dual-trap OT in the perpendicular direction to the CNT, and the
forces along both the x and z directions were recorded. When
the DNA tether was pushed down toward the CNT, the force in
the z direction started to increase negatively after the contact
and then decrease during the following lifting up of DNA. By
further pulling the DNA tether up from the CNT, the force
gradually increased in the positive z direction and finally
exhibited a sudden drop, suggesting a complete detachment of
DNA from the CNT surface (Figure 8b). The detected
unbinding forces were distributed into three groups: 1.2, 3.3,
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and 4.8 pN, which corresponded to the binding of 1 to 3
nitrogenous bases to the hexagonal CNT sidewall, and the
binding free energy between a single base and CNT was
estimated to be 13.1 kT.

Besides the 7—x interactions occurring on graphitic surfaces,
the intrachain 7—z stacking in a single polystyrene (PS) crystal
was studied.'®® It was found that in a high vacuum, the force
curve of PS during stretching strongly deviated from that in
cyclopentane (i.e., freely rotating chain) because of the 7—z
stacking formed among every-other phenyl groups (E-type)
(Figure 8c). In a free-state PS crystal, 91% of the phenyl groups
participated in this type of configuration. Upon stretching, the
geometry of phenyl groups would experience a transition from
the E-type to an adjacent (A-type) stacking state, leaving only
4% of E-type stacking at an external force of 1600 pN. By fitting
the force curve, the strength of each E-type stacking was
estimated to be 2.9 kJ/mol, which was much lower than that for a
benzene dimer, attributed to the longer center-of-mass distance
between the stacked phenyl groups.

2.4.2. Cation—z Interactions. The term “cation—z
interaction” was proposed by Dougherty to describe the
noncovalent attraction occurring between the face of an
electron-rich 7 system (e.g., benzene, phenol, indole, imidazole)
and the adjacent cations (e.g., Li*, Na*, K*, NH,") or molecules
carrying positive charges (e.g., lysine, arginine, histidine).'*®
The association between an ion and an electric quadruple was
primarily governed by electrostatic interactions, while inductive
interactions contributed to the attraction of ions to large and
polarizable 7 systems.'®” Therefore, the strength of cation—7x
interactions has been demonstrated to exceed other aromatic
interactions (e.g., 7— interactions), and the binding energies in
the gas phase could be rationalized by an electrostatic model.
Normally, stronger cation—7 interactions were expected from
aromatic species with higher negative electrostatic potentials
(contributed by electron-donating substituents) and cations
with smaller sizes and larger charge densities. For example, the
association free energies of the alkali metals with benzene in the
gas phase decreased in the order of Li* > Na* > K*."** However,
in aqueous solutions, this order was found to be inversed and
followed the trend of K* > Na" > Li*, which was in good
accordance with the Hofmeister series. It suggested that the
degree of cation hydration played an important role in the
cation— interactions in aqueous media. As larger monovalent
cations tended to possess more fragile hydration shells, they
could overcome the screening effect of the hydration shell more
easily and bind closely to the hydrophobic z-species.'®”

The first nanomechanical characterization of cation—n
interactions in an aqueous environment was conducted by
Zeng and co-workers using an SFA, building a model system to
elucidate the impact of different cations and aromatic
residues.'”” As presented in Figure 9a, cationic PLL bearing
positively charged NH;R* moieties was deposited on one mica
surface, and the other mica surface was coated with one of the
three aromatic polymers: poly L-tryptophan (PTrp), poly L-
tyrosine (PTyr), and polystyrene (PS), providing aromatic side
groups of indole, phenol, and benzene, respectively. The
adhesion energies between PLL and the three aromatic
polymers followed the order of PTrp > PS > PTyr (1.8, 1.3,
and 0.5 mJ/m? respectively), generally consistent with the
quadrupole moments of the 7z systems (indole > benzene ~
phenol). The interactions between different monovalent cations
(ie, Li*, Na*, K*, NH,*, NH;R") and indole were subsequently
investigated by injecting the cations between PLL and PTrp

surfaces (Figure 9b), where the affinity trend of the hydrated
cations to PTrp was measured to be Li* < Na" < K" < NH," <
NH;R", indicating that the monovalent cation—7 interactions in
aqueous media were dominated by the hydration degree of the
cations rather than the cation charge density. Later, the
underwater cohesion of three types of lysine- and aromatic-
rich peptides were quantitively investigated, with an increased
hydroxylation degree of the aromatic side groups, namely
phenylalanine (Phe), tyrosine (Tyr), and DOPA.'"" Figure 9¢
indicates that all three peptides exhibited strong cohesion
mediated by cation—x interactions, with measured adhesion
energies of 10.0, 4.0, and 3.6 mJ/ m?, respectively, which was
comparable to or even stronger than the metal coordination-
mediated adhesion of mussel-mimic proteins. It should be noted
that the energy of the cation—7 complexation was pronouncedly
weakened by the hydroxylation of the aromatic residues,
contradictory to the calculations of binary cation—z systems,
therefore, a ternary cation—z—anion interaction model was
proposed, where anions were required to complex with the
positive cation—z pairs to avoid the strong repulsion between
each pair and stabilize the whole system (Figure 9d). Because of
the presence of the electronegative hydroxyl groups, the number
of anion-favored binding sites (pink area) was reduced, leading
to a decreased configurational entropy within the films and thus
the reduced cohesion energy. Ternary 7—cation—x interactions
were experimentally confirmed by detecting the assembly
behaviors and cohesion forces of z-conjugated poly(catechol)
coatings with the coexistence of K*.'”” It was found that in the
absence of K, the poly(catechol) coating formed by in situ
polymerization of catechol was quite smooth, with a surface
roughness of 0.32 nm and a cohesion energy of 0.14 mJ/m?
while the gradual increase of the K* concentration (from 10 to
250 mM) could correspondingly result in larger aggregates of
poly(catechol) and enhance the adhesion between the
symmetric coatings (surface roughness of 3.32 nm and adhesion
energy of 4.98 mJ/m? with 250 mM K*). These phenomena
were ascribed to the formation of ternary 7—K"—7 complexes as
binary K'—7 interactions could not contribute to the cohesion
between the two films. However, a further increase of K*
concentration (600 mM) would induce a transition of the
binding mode from ternary complexes to binary pairs,
undermining the adhesion because of the lack of bridging.
Mussel foot proteins provide excellent platforms for the study
of cation—7 interactions as most of them are rich in cationic
(e.g, lysine) and aromatic (e.g., Trp, Tyr, DOPA) amino acids.
Although the underwater adhesion of mussel foot proteins was
transitionally attributed to DOPA-mediated interactions (e.g.,
covalent bonds, metal coordination, hydrogen bonding),
cation—7 interactions were proved to play a dominant role in
DOPA-deficient foot proteins. For example, for the Trp-rich
mussel foot protein from Perna viridis (pvip-1), the adhesion
energy between the two symmetric films could be >2.3 mJ/m?,
and for a Tyr-containing recombinant Mytilus foot protein
(rmfp-1), the symmetric adhesion was measured to be 2.9 mJ/
m? In both cases, the adhesion strength decreased with the
increase of K* concentration, demonstrating K™ could effectively
compete with the lysine—z interactions in the proteins.'”*'"*
Recently, the antisynergitic effect of amine-catechol pairs on
underwater cation—7 interactions was reported in a series of
mussel-mimic model peptides.'” It was found that when the
aromatic group (i.e,, DOPA, Phe, Tyr) and the cationic lysine
were separated by a linker of two glycine moieties, the cohesion
of the protein films would be significantly enhanced compared
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Figure 10. (a) Molecular structure of PO,-DHB and the schematic of SFA measurement with two opposing poly(PO,-DHB) films. (b) Adhesion
changes between poly(PO,-DHB) films with the addition of different anions and (c) adhesion changes between poly(PO,-DHB)/poly(pyrocatechol)
films with increased K* concentration. Reproduced with permission from ref 201. Copyright 2020 American Chemical Society. (d) Typical force
curves of TEG or NDI-modified substrates interacting with a negatively charged AFM probe in aqueous solutions. Reproduced with permission from

ref 202. Copyright 2021 The Royal Society of Chemistry.

to that of proteins with flanking lysine and aromatic residues.
Combining the results with Raman spectra, the authors
proposed that in a flanked protein, the positively charged lysine
was located near the aromatic ring, thus undermining the
association of this pair with another lysine group (intermolecular
interaction) because of the relatively strong electrostatic
repulsion between the amines. The sequence-dependent
adhesive properties were also probed in another class of
engineered short peptides.'”® As shown in Figure 9e, peptides
PEP 1-3 possessed identical lengths and compositions, which
only differed in the sequence of lysine (K) and Phe (F). PEP 1
consisting of alternating K and F residues exhibited the strongest
adhesion energy of 14.5 mJ/ m?, while the adhesion energies of
PEP 2 and 3 composed of blocks of more than one F or K groups
were only 0.5 and 4.2 mJ/m?, respectively. As the decrease of the
number of K residues (PEP 4) did not lead to an obvious change
of the adhesion, it was suggested that the strength of cation—x
interactions was mainly dependent on the binding efficiency of
the lysine groups, which was affected by the surrounding Phe.
When positively charged lysine was isolated and flanked by
hydrophobic Phe, the binding of water molecules to the cationic
amine would be impeded, resulting in a more labile hydration
shell to favor intermolecular interactions.

2.4.3. Anion—z Interactions. In addition to the well-
known 7—n and cation—7 interactions, attractive interactions
between anions and aromatic molecules were recently
recognized by theoretical calculations, occurring between
negatively charged species and electron-deficient heteroaro-
matic 1‘ings.197’198 As counterparts to cation—7x interactions,
anion—7 interactions are also governed by electrostatic
interactions and ion-induced polarization, but with relatively
smooth potential energy surfaces. Therefore, the anions are not
only located above the ring centroid but also can reside in the
same plane or over the periphery of the aromatic ring.'””
Compared to cation—7 interactions, the prediction of the
strength of anion— interactions is more complicated because of
the large variety of polyatomic anions, whose charge density,
size, shape, geometry, polarity, and hydration state can
contribute to the stability of anion—z complexes.”” As a
newly proposed interaction, only a few studies provide
experimental identification of anion—r interactions. Zeng and
co-workers quantitively probed the anion—7 interactions in a
bioadhesive-mimic compound 2-O-phosphorylethanol 2,3-
hydroxybenzamide (PO,-DHB), which consisted of an anionic
phosphate ester and a 7-conjugated catechol moiety (Figure
10a).”°" In saline buffer solutions (pH 8.4), the PO,-DHB was
polymerized into poly(PO,-DHB) coatings on the mica surfaces
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Figure 11. (a) Proposed three-regime hydrophobic interaction model with DLVO and modified DLVO force profiles for two PS surfaces interacting in
100 mM electrolyte. Reproduced with permission from ref 208. Copyright 2012 The Royal Society of Chemistry. (b) Molecular structures of
zwitterionic PMAPS, cationic PMTAC, anionic PSPAK and their interactions with a water droplet as well as water contact angles in toluene.
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in an SFA, and the adhesion energy between the symmetric
coatings was measured to be ~1.5 mJ/m? after 1 h of deposition.
Inhibition experiments were conducted using NO;, HPO42_,
and SO,*” as competing anions to phosphate ester in the
solution (Figure 10b), and the affinity of these anions to the
catecholic groups was found to obey the order of phosphate
ester > HPO,>~ > SO,>~ > NO;™. As the attractive force between
the electron-rich aromatic moieties and anions were expected to
be weak, the robust adhesion detected in this system was
ascribed to the enhanced anion—7 interactions because of the
presence of cations on the other side of the 7z system, where
stronger cation—z interactions led to higher stability of the
anion—7z complexes. Compared to poly(pyrocatechol) coatings
that only allowed the formation of cation—7 pairs, the bridging
effect of anion—7z interactions in poly(PO,-DHB) coating

resulted in its strong adhesion with cation concentration
insensitivity (Figure 10c), postulated to contribute to wet
adhesion of marine organisms. Akamatzu et al. prepared a
surface modified with an electron-deficient aromatic molecule
naphthalenediimide (NDI) and examined its interactions with a
negatively charged AFM probe.”*” As illustrated in Figure 10d,
in pure water, only repulsive forces were detected on the
substrate modified with hydrophilic triethylene glycol (TEG)
groups, while the surface functionalized with NDI molecules
exhibited an attraction of ~0.1 nN at a separation of 3—4 nm,
owning to anion—z interactions. The introduction of halide
anions could suppress the attraction to some extent because of
the competing effect, with an inhibition trend of CI” > Br™ > I".
According to the peak periodicity of the attractive force
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distribution, the interaction of a single anion—n pair was
speculated to be ~40 nN.

2.5. Hydrophobic Interactions

The term hydrophobic interactions or hydrophobic effects is
commonly used to describe the strong attraction (beyond the
expected van der Waals interactions) between nonpolar
molecules in aqueous environments, resulting in aggregates or
clusters of such hydrophobic moieties with rearranged structures
of the surrounding water molecules. Because a large number of
natural and synthetic polymers bear abundant nonpolar
moieties, hydrophobic interactions have been proved to play
prominent roles in a variety of biological phenomena and
engineering processes associated with aqueous solution
interfaces, including the folding of protein segments, the
association of proteins and small molecules, the self-assembly
of micelles/vesicles/membranes, the adsorption of molecules/
particles on surfaces, etc.”””® Although the exact physical
mechanism of intrinsic hydrophobic interactions has not been
fully revealed, it is well-accepted that the association of
hydrophobic solutes in water is entropy-dominated.”*** When
a nonpolar molecule without a hydrogen-bonding capability is
introduced into water, the original hydrogen-bonding network
of the interfacial water molecules will be disrupted and lead to a
rearrangement of these water molecules into an ordered
hydration shell. As the entropy loss accompanied by the
restricted mobility of water molecules is thermodynamically
unfavorable, the nonpolar molecules tend to aggregate together
to minimize the hydrophobic surface area exposed to water,
lowering the solvation free energy of the system. For interactions
between two hydrophobic surfaces, the situation is more
complicated because of the interference from some “pseudo-
hydrophobic interactions”, such as bridging of microscopic or
nanoscopic bubbles and electrostatic interactions resulting from
the charge fluctuations on surfaces.””>*’° The accurate
quantification of hydrophobic interactions at the nano and
molecular scale is critical to establish an understanding of the
nature of hydrophobic interactions in many interfacial, colloidal,
and biophysical pathways.

2.5.1. Hydrophobic Interactions between Polymer
Surfaces. The early nanomechanical studies on interfacial
hydrophobic interactions were generally conducted between
two surfaces that were hydrophobized via physical adsorption of
surfactant molecules, suggesting an exponential decay of
hydrophobic force with surface separation.””” Despite the ease
of preparation, these self-assembled monolayers could be
susceptible to solution conditions (e.g., temperature, salinity)
and bring difficulties to data interpretation. Therefore, stable
hydrophobic surfaces prepared with inherent hydrophobic
polymers provide an alternative approach to the investigation
of hydrophobic interactions. By directly measuring the
interactions between two physically adsorbed PS surfaces in
electrolyte solutions, Faghihnejad and Zeng revealed the
important role of the dissolved gas in the interfacial interactions
and proposed a three-regime interaction model (Figure 1 la).”%®
Above a separation distance of ~20 nm, the attraction was
mainly caused by the capillary briding because of the
coalescence of microscopic and submicroscopic bubbles or
electrostatic interactions, while the attractive force detected in
the intermediate regime (~10 to 20 nm) was ascribed to the
briding of nanobubbles or possibly enhanced proton hopping in
water, where spontaneous cavitation of water was observed even
in degassed solutions. Within a few nanometers of separation,

the interaction was considered to be related to the water
structure changes near the surface. The following study on the
interactions between an air bubble and a PS surface also
confirmed the existence of interfacial nanobubbles in solutions
of low and intermedium salinity (<100 mM NaCl), which could
stabilize the confined thin water film and lead to non-DLVO
repulsion but were greatly suppressed at high salinity (>500 mM
NaCl).**” When hydrophobic polymers were bonded to
substrates via chemical reactions, stable and smooth hydro-
phobic surfaces could be obtained, and the effect of pre-existing
nanobubbles could be eliminated in some systems. By
characterizing the interactions between poly(dimethylsioxane)
(PDMS) surfaces in water, a general interaction potential of the
hydrophobic interactions was established, where the interaction
energy exponentially decayed with a decay length (a key
parameter relating to the range of hydrophobic interactions) of
0.3—2 nm, providing a quantitative description of the attraction
between hydroghobic polymer films in addition to the classical
DLVO theory.”'” In this study, the hydrophobic interactions
were speculated to be originated from the density depletion
forces, water molecule orientation, and hydrogen-bonding
corrections, which could be weakened with the introduction
of amphiphilic solvents (e.g, tetrahydrofuran). Although surface
hydrophobicity has been traditionally postulated to dominate
the hydrophobic interactions (i.e., hydrophobic force range
monotonically increases with surface hydrophobicity), by
modulating the nanoscale structure and chemistry of the surface,
Cui et al. discovered that surfaces with similar hydrophobicity
could exhibit distinctly different ranges of hydrophobic
interactions with an air bubble, while surfaces with different
hydrophobicities could possess a similar range of hydrophobic
interactions.””” It suggested that the water structuring effect
(directly related to hydrophobic interactions) was highly
dependent on the heterogeneity of the surface nanoscale
structure and chemistry, which was facilitated on a crystalline-
like surface (low heterogeneity) and weakened on an
amorphous or liquid surface (high heterogeneity). The impact
of surface chemical heterogeneity on hydrophobic interactions
was also investigated by Ma et al,, using an AFM to characterize
how hydrophobic interactions between alkyl-functionalized
surfaces changed with proximally immobilized cations.”'" It
was found that when 40% of the terminal methyl groups on the
substrate were replaced by ammonium, hydrophobic inter-
actions could still be detected, and the strength was doubled
(pull-off force increased from 0.8 to 1.9 nN) with the
protonation of the amine groups (pH decreased from 10.5 to
7). However, further turning ammonium into guanidinium
would diminish the hydrophobic interaction below the
detectable range of the instrument, indicating that the effect of
the cationic groups on the solvation shells of the neighboring
(~1 nm) nonpolar domains was ion-specific. It is worth noting
that resembling hydrophobic interactions, long-range hydro-
philic interactions were reported between water droplets and
hydrophilic polyelectrolyte surfaces in a nonpolar media.”'> As
shown in Figure 11b, when a water droplet approached one of
the three types of polyelectrolyte surfaces (i.e. zwitterionic
poly(3-[dimethyl(2-methacryloyloxyethyl) ammonium] pro-
panesulfonate) (PMAPS), cationic poly(2-(methacryloyloxy)-
ethyl trimethylammonium chloride) (PMTAC), and anionic
poly(3-sulfopropyl acrylate potassium) (PSPAK)) in toluene, a
strong attraction could be detected before the final water
attachment on the surface. The strongest attraction was
measured on zwitterionic PMAPS with a force range up to 1
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um while the cationic PMTAC and anionic PSPAK exhibited
weaker attractions to the water droplet within 200 nm. The
strength of the attractive force directly correlated to the
hydrophilicity of the polymers (the water contact angles of
PMAPS, PMTA, and PSPAK in toluene were 18°, 75° and 57°,
respectively) and was ascribed to the dipolar interactions
induced by the large dipole moment of polyelectrolytes.

2.5.2. Hydrophobic Interactions within Single Poly-
mers. From the thermodynamic point of view, the free energy of

a hydrophobic interaction is the change of the hydration free
energy of the system before and after the interaction. Therefore,
to elucidate the hydrophobic interactions within polymers at the
molecular scale, Li and Walker performed SMES studies on the
hydration behaviors of single PS chains in aqueous solutions,
which collapsed into nanospheres because of the hydrophobic
"> When the PS
chain was stretched from the collapsed state to the extended
state in water, a force plateau region of ~80 pN appeared before

interactions between the nonpolar side groups.”
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the entropic elastic region, corresponding to the energy required
to hydrate the exposed monomers along the polymer chain
(Figure 11c). The force measurements were conducted in a
series of water—ethanol and water—salt mixtures, and by
excluding the entropic contribution from the stretching of a
freely jointed chain, the solvation free energy per monomer
could be estimated, showing a linear dependence on the
interfacial energy between PS and the solvent. In the following
study, the authors revealed that although the solvation free
energy of PS could be evaluated by the macroscopic interfacial
energy, the hydration behavior of the stretched polymer was not
controlled by interfacial thermodynamics (hydration free energy
scales with the solvent-accessible surface area) but resembled
those of small molecules (hydration free energy scales with the
volume of the molecule).””* As shown in Figure 11d, the
hydration free energies of three different types of hydrophobic
polymers (i.e., PS, poly(4-tert-butylstyrene) (PtBS), and poly(4-
vinylbiphenyl) (PVBP)) were thoroughly examined, strongly
dependent on both temperature and the size of the monomer,
which were signatures for the hydrophobic hydration of small
molecules (<1 nm). The overall hydration free energy per
monomer within a polymer chain was ~6 kJ/mol, much lower
than that of free monomers (20—30 kJ/mol), because strong
hydrophobic interactions still existed between the neighboring
side groups even in a stretched polymer chain. The hydration
free energies of the collapsed PS nanospheres were also
evaluated, showing a cubic dependence of the radius when the
particle is less than ~1 nm and turning to a square dependence
for larger paritlces.”’> By investigating the single-chain
mechanics of nature cellulose (NC) in different solvents, it
was found that although the insolubility of NC in water was
conventionally postulated to result from the dense hydrogen-
bonding network, hydrophobic interactions should also play a
vital role.”'® In nonpolar octane, a single NC behaved like a
freely jointed chain, while it adopted a globule conformation in
water and showed a long force plateau during stretching (~85
pN at 20 °C and increased monotonically with the increase of
temperatue), similar to the stretching collapsed PS spheres. This
hydration behavior was ascribed to hydrophobic effect as well as
the crystallization of the molecule.

2.6. Cooperative Interactions

As a variety of polymers and biomacromolecules contain more
than one type of motif that can noncovalently interact with other
objects and the complex structures of many interacting groups
allow the coexistence of different types of noncovalent
interactions, cooperativity or anticooperativity can arise
among these noncovalent interactions, which strongly impacts
the binding strength and plays a critical role in controlling the
structure and function of the resultant complexes. Mussel-
inspired chemistry and host—guest complexation are typical
systems involving the cooperative effect of different noncovalent
interactions.

2.6.1. Mussel-Inspired Chemistry. The strong and wet
adhesion of marine mussels to diverse substrates has been the
subject of extensive scientific research over the last few decades.
Since the first report by Waite and Tanzer,”’” DOPA has been
recognized as the key component responsible for the versatile
adhesion of mussel foot proteins (mfps), while other charged
(e.g, lysine, histidine, phosphate) and hydrophobic (e.g,
tyrosine, phenylalanine, leucine) residues also make a
contribution.'”*'® Besides the mentioned metal coordination,
cation—z, and anion—z interactions, DOPA also allows the

presence of other noncovalent interactions when interacting
with a variety of molecules and surfaces, including hydrogen
bonding, 7— interactions, and hydrophobic interactions, where
the types of interactions depend on the features of the
interacting objects. For example, DOPA can form bidentate
coordination and hydrogen bonds to mineral and oxide surfaces,
as well as hydrophobic interactions on some polymer
surfaces.”'” The binding energies of a single DOPA moiety to
a wide range of organic and inorganic surfaces were evaluated by
SMES, yielding a strong interaction to TiO, (29 kzT) because of
bidentate hydrogen bonding plus metal coordination, and
medium-strong interactions within the range of 13—17 k3T to
OH, NH, and COOH-terminated surfaces arising from
monodentate hydrogen bonding, and weak interactions (9
ksT) to gold (charge transfer or polarizability of the 7 system)
and alkyl-functionalized surfaces (hydrophobic interactions).”*’
Although superhydrophilic zwitterionic groups are famous for
their antifouling properties because of the tightly bound water
molecules, Xie et al. reported that DOPA could effectively bind
to zwitterions via cation—z interactions and/or hydrogen
bonding, where the binding strength and mechanism was
strongly dependent on the orientation of the dipole moment.**’
Figure 12a shows the rupture forces when pulling a single DOPA
molecule from two types of zwitterionic surfaces (ie., 2-
methacryloyloxyethyl phosphorylcholine (MPC) and
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium
hydroxide (DMAPS)) at different loading rates, revealing that
the interaction energy of DOPA with MPC (19.4 k;T) is much
stronger than that with DMAPS (10.8 kgT). The difference was
ascribed to the opposite dipole orientations of the two
molecules, where the structure of MPC allowed the coopera-
tivity of cation—r interactions (ammonium cation and aromatic
ring) and hydrogen bonding (phosphate and catecholic —OH)
when it interacted with DOPA, but only hydrogen bonding
(sulfonate and catecholic —OH) could occur for DMAPS—
DOPA binding.

In some mussel foot proteins (e.g., mfp-3 and mfp-5), DOPA
and positively charged lysine residues are generally positioned
adjacent to each other along the protein backbone, and the role
of the close proximity was illuminated by an SFA using a
siderophore and its analogs that contained paired catechol and
lysine groups.””” As presented in Figure 12b, when two bare
mica surfaces were brought into contact in the buffer solution
(50 mM acetate buffer and 150 mM KNO;), an intervening
compressed film with a thickness of 1.3 nm was detected along
with neglectable adhesion, because of the formation of hydration
layers on the interfaces. By injecting Tren-Lys-Cam (TLC)
molecules into the solution, the compressed film thinned to 0.9
nm with a dramatic increase of the adhesion (~15 mJ/m?),
suggesting a monolayer of TLC was generated by replacing the
hydrated K* and acted as the bridge between the surfaces.
Interestingly, the existence of either catechol or cationic
ammonium alone could only result in very weak adhesion (<2
mJ/m?), demonstrating a synergistic interplay between
catechols and lysines, where cationic lysines effectively breached
the hydrated salt layers on the mineral surfaces, thus facilitating
the bidentate binding of catechol residues to the substrates. This
cooperativity is not unique to amine cations, as enhanced
adhesion was still detected by replacing lysines with arginines
that bore guanidinium cations, but the catechol—cation synergy
of guanidinium was less effective than that of ammonium.”*
Although it was originally postulated that the proximity of the
paired catechol and cationic functionalities was critical for the
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Figure 13. (a) Schematic illustration of the van der Waals and solvophobic forces during the unbinding of the -CD/adamantane complex and the
measured unbinding forces as a function of the surface tension or mixing ratio of solvents. Reproduced with permission from ref 230. Copyright 2006
American Physical Society. (b) Typical force—extension curves and histograms of rupture forces for the unbinding of CB[7]/neutral adamantane and
CB[7]/charged adamantane pairs. Reproduced with permission from ref 234. Copyright 2019 American Chemical Society.

robust wet adhesion to other substrates, several studies
unraveled that the adjacency of the cationic and aromatic
residues was not necessary for their cooperative binding”>'”*"**
and no cutoff distance existed between the moieties. By only
increasing the intramolecular catechol—lysine spacing (the
molecular weight remained constant) with the zero to two
glycine residues, the adhesion force barely changed, however, if
the increase of spacing was accompanied by increased molecular
weight, the adhesion would be progressively reduced because of
the lowered density of binding groups.”> A series of adhesive
polymers was prepared by copolymerizing catechol and lysine-
rich monomers.””* When catechol and amine groups were
coupled together in the same monomer (i.e., in close proximity),
the stretching of a single polymer exhibited a rupture force of
430 pN, and the separation work for the detachment of an AFM
colloidal probe from the polymer-coated substrate was 9.72 X
107'6 J. When the catechol and amine functionalities were
decoupled into different monomers (i.e., the functional groups
were randomly distributed along the polymer backbone with
different spacings), these corresponding values were only
slightly decreased to 351 pN and 8.76 X 107' J, respectively,
indicating that adhesion synergy between catechol and amine
could be established without the proximity of these groups.
The coexistence of catechol and cationic residues can not only
promote the interfacial adhesion but also boost the cohesion of
polymers because of the enhanced cation— interactions. The
catechol—amine cooperativity was proved in a poly-
(catecholamine) coating, where the cohesion energy between
two symmetric poly(catecholamine) films was measured to be
6.4 mJ/m? 30 times higher than that of poly(catechol) films (0.2
mJ/m?) without the presence of charged primary amines
(Figure 12¢).”*® The robust cohesion was mainly contributed by
the amplified cation—7 interactions along with 7—x stacking,

while only 7—7 interactions were allowed in poly(catechol) film.
Similarly, by introducing primary amine groups to polydop-
amine (PDA), the very weak cohesion between pure PDA
coatings was significantly enhanced to 5.7 mJ/m? because of the
synergistic effect between PDA and amines, and the cohesion
energy could be further modulated by tuning the content and
position of the amine groups.”*

2.6.2. Host—Guest Complexation. Host—guest complex-
ation is a type of molecular recognition involving unique
structural relationships between two or more molecules (i.e.,
encapsulation of one within another), which generally combines
a series of noncovalent interactions (e.g,, hydrogen bonding,
electrostatic, hydrophobic, and van der Waals interactions) and
is largely dependent on the size, shape, and geometry of the
molecules. Among diverse host—guest systems, macrocyclic-
based host—guest complexation is most commonly employed in
supramolecular chemistry because of its high specificity, where
the large cavity volume of the host molecule (e.g., cyclodextrins
(CD), cucurbiturils (CB), calixarenes) can accept one or more
small organic guests mainly based on the size and shape
complementarity.”>**” CDs are water-soluble cyclic oligosac-
charides composed of six to eight glucose units linked by o 1—4
glycosidic bonds, creating a cone shape with a hydrophilic
exterior and a relatively hydrophobic cavity. The complexation
behaviors of #-CD (seven glucose units) to different types of
guest molecules, namely ferrocene, aniline, toluidine, tert-
butylphenol, and adamantane, were detected by SMFS between
a self-assemble monolayer of B-CD and guest molecule-
functionalized AFM tips, showing rupture forces of S5, 39, 45,
89, and 102 pN respectively for each individual host—guest pair,
which mainly arose from hydrophobic interactions and van der
Waals forces.””***” Although the rupture forces varied with
different geometries of the guest molecules, they were
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independent of the loading rates, suggesting fast complexation/
decomplexation of the host—guest systems. Later, the
contribution of the hydrophobic interactions and intrinsic van
der Waals forces to the complexation of f-CD and adamantane
was distinguished by examing the unbinding forces of the host—
guest pair in a series of methanol—water mixtures.”** As shown
in Figure 13a, the rupture force of the complex exhibited a linear
relationship with the surface tension of the solvent, indicating
the unbinding of the host—guest system at the single-molecule
scale could be directly related to the wetting of the molecules,
with an effective length (1.07 nm) comparable to the size of
adamantane. By extrapolating the linear relationship to zero
surface tension, the van der Waals force between the two
molecules was determined to be 18 pN, which was 25% of the
rupture force in water and 50% of that in methanol, suggesting
the host—guest complexation in water was dominated by
hydrophobic interactions. Pandey et al. used OT to characterize
the interactions of a single #-CD/cholesterol pair and found that
the binding strength is dependent on the direction of the
cholesterol molecule inserted in the f-CD cavity.””' When the
hydroxyl end of cholesterol entered the wide opening of 5-CD,
the majority of the hydrophobic rings were buried inside the
cavity, showing rupture forces with a center at 41 pN, while the
inclusion of the cholosterol through the alkyl end only yielded a
value of 32 pN because of the reduced hydrophobic and van der
Waals interactions.

CBs are pumpkin-shaped macrocyclic molecules containing
methylene-bridged glycoluril units, which also possess hydro-
philic exteriors and hydrophobic cavities. Besides hydrophobic
and van der Waals interactions, the carbonyl groups at the
portals can provide additional binding to guest molecules,
especially cations, through ion—dipole interactions and hydro-
gen bonding, greatly enhancing the binding affinity of CBs.””> A
SMES study reported a 26 pN unbinding force for separating a
positively charged phenyl guest from CB[7], which was reduced
to 18 pN when the charged group was removed, demonstrating
ion—dipole interactions contributed to the host—guest complex-
ation.””® The mechanical stabilities of CB[7]/adamantane
host—guest complexes were thoroughly investigated by OT,
where both neutral and positively charged adamantane guests
were employed and coupled with an adjacent hexyl group
(Figure 13b).”** When the host—guest complexes were forced
apart, two populations of rupture forces were observed, among
which the major population was ascribed to the direct inclusion
of adamantane into CB[7], increasing from 44 pN for neutral
adamantane to 49 pN for charged adamantane because of
additional ion—dipole interactions. The average values of the
minor population for both complexes were comparable (22 and
23 pN, respectively), resulting from the hydrophobic
interactions between the hexyl group and the CB[7] cavity.
Although this type of interaction was relatively weak, it could
help to bring adamantane and CB[7] into close proximity and
facilitate the formation of the CB[7]/adamantane pairs, leading
to increased binding probability and enhanced complex stability.

3. BUILDING FUNCTIONAL SOFT MATERIALS VIA
TUNABLE NONCOVALENT INTERACTIONS

On the basis of the nanomechanics of various noncovalent
interactions in polymer systems, the molecular interactions
within polymeric systems could be modulated by diverse factors
such as the type of monomers, the length of the polymer chain,
the concentration of functional groups, and the environmental
conditions, which lay the foundation for the design of functional

polymeric materials. It has received increasing attention for
fabricating diverse functional soft materials encompassing
colloidal systems, films and membranes, coatings, coacervates,
and hydrogels, through modulating single or cooperatively
multiple noncovalent interactions. These functional materials
built with tunable noncovalent interactions show wide
applications in many fields, such as drug delivery and releasing,
substances detection and separation, tissue engineering, flexible
electronics, and wastewater treatment. The following sub-
sections introduce various functional soft materials by
correlating design strategies of utilizing noncovalent interactions
with desirable applications.

3.1. Colloidal Systems

3.1.1. Responsive Nanoparticles (RNPs). A colloidal
system usually refers to a two-phase mixture, where one divided
phase is uniformly dispersed in a second continuous
phase.”*>**® The dispersed colloidal particles are available
from various materials like metals, minerals, polymers, proteins,
etc., and can range from nanometers to micrometers. Besides the
large specific surface areas and facile surface modification of
colloidal particles, RNPs have attracted extensive research
interest because of their versatile size- and environmental-
dependent properties, which are able to change their optical,
photothermal, ultrasonic, electrical, and magnetic properties in
the response of specific stimuli, holding great potential in
applications of biomedical and environmental engineering. The
commonly employed stimuli can be broadly classified into two
categories: exogenous incentives including light, temperature,
ultrasound, electricity, and magnetic field; and endogenous
stimulants such as pH, enzyme, reactive oxygen species (ROS),
hypoxia, and redox potential. The design, fabrication, and
application of RNPs usually rely on the combination of multiple
covalent and/or noncovalent intermolecular interactions, where
the manipulation of the noncovalent ones would be elucidated
and summarized in this section.

Polymers and biomacromolecules have been most frequently
employed to fabricate RNPs because of the substantial choices
of building blocks and modification methods, and the assembly
as well as application of RNPs can be controlled via various
noncovalent intermolecular interactions including hydrophobic
interactions, electrostatic interactions, host—guest interactions,
hydrogen bonding, ligand—receptor interactions, 7—7 inter-
actions, etc. Hydrophobic interactions play a significant role in
constructing RNPs by directing the association of hydrophobic
moieties of polymers or biomacromolecules to form particles,
micelles or polymersomes, which enable the encapsulation of
hydrophobic drugs and allow the on-demand release of the
drugs because of the dissociation of self-assemblies upon specific
stimuli. For polymers whose hydrophobic moieties and
hydrophilic chains are linked with cleavable bonds, the
hydrophobic interaction-driven assembled micelles or polymer-
somes could be facilely dissociated by disrupting the cleavable
bonds. For example, when hydrophobic doxorubicin (DOX)
was decorated on the end of a hydrophilic pectin chain via an
acyl hydrazone bond, the polymers were able to self-assemble
into micellar nanoparticles and encapsulate hydrophobic
dihydroartemisinin (DHA). Because of the cleavage of acyl
hydrazone bonds upon acid environments, DOX and DHA
molecules could be simultaneously released with the dissocia-
tion of the micellar NPs.”*” Another widely exploited cleavable
bond is azo bond, where an azobenzene derivative can be
reduced to two separated aniline derivatives under hypoxic
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Figure 14. Polymeric RNPs assembled by noncovalent molecular interactions. (a) Hydrophobic interaction-driven NPs enter cell via endocytosis,
followed by the collapse of the NPs because of the cleavage of the azobenzene bonds in the hypoxia environment inside the cell. Reproduced with
permission from ref 238. Copyright 2018 Elsevier. (b) NPs assembled by hydrophobic interactions among hydrophobic drugs (poly(propylene
sulfide),o-OH (PPS,,,-OH) and berberine (BBR)) and the hydrophobic blocks of the amphiphile block copolymers (lecithin, DSPE(1,2-distearoyl-
sn-glycero-3-phosphoethanolamine)-PEG (poly(ethylene glycol) ),400) DSPE-PEG,o-PrTP2 (Prestin-targeting peptide 2)). The NPs are dissociated
by the hydrophobic—hydrophilic transition of the PPS;,,-OH caused by ROS. Reproduced with permission from ref 243. Copyright 2021 American
Chemical Society. (c) Electrostatic interaction-driven NPs between cationic DOX molecules and negatively charged hyaluronate (HA), which are
further cross-linked by the addition of CaCOj; and dissociate with the dissolution of CaCOj core at acid environment. Reproduced with permission
from ref 248. Copyright 2018 Springer Nature. (d) Micellar vaccine NPs enabled by the synergy of hydrophobic interactions, electrostatic interactions,
and ligand—receptor interactions. Reproduced with permission from ref 252. Copyright 2013 American Chemical Society. (e) NPs associated by the
synergy of hydrophobic interactions and host—guest interactions. Reproduced with permission from ref 257. Copyright 2017 The Royal Society of
Chemistry. (f) NPs assembled by hydrophobic interactions and 7—r interactions. Reproduced with permission from ref 258. Copyright 2021 Elsevier.
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backbones, resulting in the destruction of NPs and the release of
DOX.*** Diblock copolymer poly(lactic acid) (PLA)-azoben-
zene-poly(ethylene glycol) (PEG) formed polymersomes in an
aqueous medium because of the hydrophobic interactions
among hydrophobic PLA blocks, whose cores were laden with
anticancer drugs gemcitabine and erlotinib. A hypoxic environ-
ment induced the breakage of the azo bond linkers between PLA
and PEG blocks, followed by the disintegration of the
polymersomes as well as the release of the anticancer drugs.**”
Polymers containing self-immolative monomers with hydro-
phobic groups such as quinone-methide moieties could self-
assemble into polymeric NPs but disassemble upon specific
stimuli (e.g., light) via a cascade of reactions, leading to complete
depolymerization.”*’ Another way to collapse hydrophobic
interaction-directed NPs is converting the hydrophobic moieties
to be hydrophilic. It was reported that diblock copolymers with a
hydrophilic block and a tertiary amine-containing hydrophobic
block could assemble into micellar NPs, which would dissociate
under acidic environments because of the charge repulsion
within the hydrophobic cores caused by the protonation of the
tertiary amines.”*' Hydrophilic CMD backbones modified with
hydrophobic 2-nitroimidazole derivative side chains could
conjugate into NPs with hydrophobic cores being able to
encapsulate DOX, which would collapse under hypoxic
conditions with the reduction of nitro groups into amino
groups.”*” Some diblock and/or triblock polymers, such as
lecithin, lipid-PEG, Pluronic PEG-poly(propylene glycol)
(PPG)-PEG, composed of both hydrophilic and hydrophobic
blocks, have been extensively employed to assist the fabrication
of RNPs. The hydrophobic blocks of these diblock or triblock
polymers interact with the responsive polymers to form the
hydrophobic cores of NPs, which would then be disassembled
with the change of specific stimuli like ROS (Figure 14b),**
glutathione,”** hypoxia,”*>**° and cooling.”*” Electrostatic
interaction is also utilized to frame RNPs. It was reported that
cationic DOX molecules could interact with negatively charged
hyaluronate (HA) with anionic carboxyl groups via electrostatic
interactions and generate NPs, which could be further cross-
linked by subsequently adding Ca*>" and CO*" (Figure 14c). The
release of DOX was proposed to be attributed to the acid-
responsiveness of CaCO; in the cores.”*® Another work
demonstrated that an anionic insulin-heparin aggregate could
be protected in harsh stomach acid environment by coated with
positively charged chitosan (CS), which teneded to dissociate in
the basic environment of the mucus layer ascribed to the
deprotonation of the positively charged groups.”*’ Positively
charged poly(ethylenimine) (PEI) conjugated with NIR
fluorochrome Cy5.5 and protein kinase A peptide motif could
interact with negatively charged poly(aspartic acid) to form
polyelectrolyte complex NPs. Upon protein phosphorylation,
negative charged phosphate destroyed the balance of electro-
static interaction to induce the solubilization of polyelectrolytes,
where the separated CyS5.5 moieties exhibited strong NIR
fluorescence for imaging protein kinase activities.”” Besides the
exploration of one type of noncovalent interaction, RNPs
enabled by the synergy of two or more noncovalent
intermolecular interactions have been widely investigated. The
cooperation of hydrophobic interactions and electrostatic
interactions have been employed, sometimes assisted by
ligand—receptor interactions for specific binding. For example,
in a diblock copolymer, the hydrophilic block not only contained
pyridyl disulfide groups (pyridyl disulfide ethyl methacrylate,
PDSEMA monomer) for the decoration of thiolated protein

antigen but also possessed cationic dimethylaminoethyl
methacrylate (DMAEMA) monomers for the electrostatic
complexation with negatively charged nucleic acid adjuvant,
while the pH-responsive hydrophobic block (copolymerization
of acrylic acid (AA), butyl methacrylate (BMA), and DMAEMA
monomers) impelled the assembly of micellar vaccine NPs. The
NPs could collapse to expose the membrane-destabilizing core
to promote the antigen delivery and enhance the immune
response (Figure 14d).”>"*°* A recent study presented that the
positively charged hypoxia-targeting NIR dye (Cy7) moieties
linked with a hydrophobic antitumor agent gambogic acid (GA)
and negatively charged surfactins could generate nanoparticles
via hydrophobic interaction among GA moieties and alkyl chains
of surfactins. The positively charged Cy7 groups were
immobilized in the hydrophilic corona of the NPs through
electrostatic interaction with the anionic ends of the surfactins,
and they would be released by interacting with organic anion-
transporting polypeptides on the cytomembrane.””’ Redox-
responsive NPs composed of a cationic lipid/anionic siRNA
complex-containing hydrophobic poly(disulfide amide) core
and a lipid-PEG shell could undergo fast intracellular siRNA
release through rapid degradation of disulfide bonds triggered by
the highly concentrated glutathione (GSH) in the cytoplasm.**”*
Pluronic F127 (PEG-PPG-PEG) with two end groups modified
with chitosan self-assembled into micelles via hydrophobic
interaction among PPG blocks with curcumin molecules
encapsulated. These micellar NPs were positively charged
under mind hyperthermia of 43 °C, offering them increased
uptake by negatively charged nuclear membrane via electrostatic
interactions to enhance the delivery of curcumin to target cancer
cells.”> The synergy of hydrophobic interaction and host—guest
interaction was also studied. Hydrophilic comb shaped supra-
molecular copolymer could be generated by mixing sodium
alginate (SA) with #-CD side chains and methoxypolyethylene
glycol (mPEG) end-capped with uncharged hydrophobic
ferrocene (Fc) through host—guest interaction between -CD
and Fc. The addition of a-CD would turn the comb-shaped
copolymer into a coil—rod structure through the host—guest
inclusion of a-CD with mPEG, leading to the self-assembly of
NPs with a hydrophobic associated rod core and a hydrophilic
coiled shell. The loaded bovine serum albumin (BSA) could be
released with presence of H,0, which induced the dissociation
of Fc-3-CD by oxidizing Fc to Fc*.**® Similarly, an amphiphile
supramolecular copolymer was obtained by mixing S-CD-
modified HA and camptothecin (CPT) that was functionalized
by the guest molecule adamantane (ADA) via a disulfide bond.
The dissociation of the hydrophobic CPT core was induced by
the breakage of the disulfide bonds resulted from the presence of
an acid environment and a high concentration of GSH (Figure
14e).”” The combinations of hydrophobic and z—z inter-
actions, hydrophobic and ligand—receptor interactions, electro-
static and ligand—receptor interactions, etc. were also
investigated. Copolymer poly(L-glutamic acid-L-tyrosine) can
form NPs with hematoporphyrin (HP) via hydrophobic and
7—r interactions among benzene rings of tyrosine and aromatic
rings of HP (Figure 14f). Upon the digestion of polyglutamate
by a proteolytic enzyme, cathepsin B, the size of the NPs
gradually reduced with the release of the loaded drug.””® A
dandelion-like NP with a hydrophilic PEG corona end-capped
with bradykinin receptor 1 (B1R) for tumor detection and a
hydrophobic core comprising interacted poly(aspartic acid),
DOX and adenosine-5'-triphosphate ATP aptamer could enter
into cancer cells and release anticancer DOX assisted by BIR
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Figure 15. Inorganic NPs-based RNPs and the related noncovalent interactions. (a) Assembly and dissociation of functionalized AuNPs enabled by
the modulation of electrostatic interactions. Reproduced with permission from ref 262. Copyright 2014 American Chemical Society. (b) AuNRs
modified with HA and matrix metalloproteinase-2 (MMP2)-responsive M2pep fusion peptides (M-M2pep). Reproduced with permission from ref
265. Copyright 2021 Elsevier. (c) DOX-loaded MSNPs encapsulated by complexes of streptavidin and biotin-modified HA can enter cell via ligand—
receptor interactions between HA and CD44 receptor. Reproduced with permission from ref 269. Copyright 2016 American Association for Cancer
Research. (d) Thermal- and magnetic-responsiveness are integrated by combining biomarker-targeted PNIPAm-modified AuNPs with PNIPAm-
coated iron oxide magnetic NPs (mNPs). Reproduced with permission from ref 274. Copyright 2012 American Chemical Society.

and ATP.”” Positively charged PEI conjugated with hydro- nanoshapes (sphere, rod, shell, etc.), specific physical properties,
phobic photosensitizer pheophorbide A (PheoA) could and chemically active surface for modifications. It was reported
complex with negatively charged antigen ovalbumin (OVA) to that AuNPs thiolated with lipoyl tertiary amines (LA-NR") and
generate NPs which was able to strengthen antigen-specific PEG-glycyrrhetinic acid (GA)-N(CH,), chains could self-

CD8" T cell immune response for cancer immunotherapy.”* assemble into nanoaggregates with hydrophobic GA-N(CH;,),
Apart from polymer- and biomacromolecule-based RNPs, a groups buried inside the assembly at physiological conditions
novel metal—metal-to-ligand coordination was reported to (Figure 15a). When exposed to the acidic tumor environment,
direct controllable and imageable self-assembly of small the assemblies would disperse into single AuNPs stabilized by
molecules. In the square-planar platinum(II) complex, the electrostatic repulsion because of the protonation of tertiary
metal—metal-to-ligand charge transfer states were enabled by amines, with GA acting as ligands for targeting tumor cells.*®*
directional metallophilic interaction, face-to-face 7—x inter- AuNPs simultaneously decorated with Au—S linkages and
action, and directional N—H hydrogen bond interaction mercaptoalkanoic acid groups exhibited ligand configuration-
between neighboring platinum(II) compound molecules.**’ associated photoluminescent variation in response to pH. To be
Gold NPs (AuNPs) are popular building blocks for the specific, the carboxyl groups were deprotonated at high pH and
construction of RNPs taking advantage of their multiple the polymers extended as molecular brushes to stabilize the NPs
AA https://doi.org/10.1021/acs.chemrev.2c00215
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Figure 16. NPs with recognition ability. (a) NPs with recognition ability derived from customized sites of MIPs. Reproduced with permission from ref
278. Copyright 2020 American Chemical Society. (b) AuNPs absorbed with ssDNA act as a multidimensional sensor for protein discrimination.
Reproduced with permission from ref 290. Copyright 2015 American Chemical Society. (c) Competing recognition of CB[7] on ADA over
diaminohexane activates the cytotoxic property of the diaminohexane-terminated AuNPs. Reproduced with permission from ref 294. Copyright 2010
Springer Nature. (d) DOC NPs were anchored with tailor-made aptamer for the recognition of protein overexpressed on the surface of tumor cells and
fluorescent probe for the monitoring of the NPs. Reproduced with permission from ref 296. Copyright 2017 American Chemical Society.

by electrostatic repulsion. However, a low pH would protonate
the carboxyl groups and the molecular brushes collapsed
because of the van der Waals interactions between the polymers
and AuNPs.”** AuNPs could also undergo chemically/electro-
chemically reversible molecular template-directed self-assembly
based on host—guest interactions between the r-electron-
deficient cyclobis(paraquat-p-phenylene) tetracationic cyclo-
phane (CBPQT4") host and the z-electron-rich diethylene
glycol-disubstituted tetrathiafulvalene (TTF-DEG) guest, pro-
viding an approach to precisely manipulate the molecular
templates at the nanoscale.”** Au nanorods (AuNRs) were
modified with HA and metalloproteinase-2 (MMP2)-responsive
M2pep fusion peptides (M-M2pep) to target tumor cells and
realize precise tumor photothermal therapy (PTT) upon NIR
light irradiation (Figure 15b). Via ligand—receptor interactions,
released M2pep and HA-AuNRs could attack immunosuppres-
sive M2-type tumor-associated macrophages (TAMs) and
induce immunogenic cell death, respectively, to elicit antitumor
immunity.”*> Optomechanical actuator (OMA) NPs composed

AB

of an AuNR core and a temperature-responsive PNIPAm shell
were demonstrated to enhance myoblast differentiation and
muscle growth in vitro and in vivo via cyclic strain induced by the
heat-dependent volume transition, where PNIPAm chains
experienced cyclic coil—globule transitions through the
formation and collapse of hydro §en bonds between backbone
amide C=0 and N—H groups.**>**’

Other NPs such as silica NPs and Fe;O, NPs also have been
harnessed individually or cooperatively to construct RNPs via
the manipulation of noncovalent intermolecular interactions.
For example, by tuning the distance between charged silica NPs
via electrostatic interactions, RNPs with various structural colors
could be obtained.”*® Mesoporous silica nanoparticles
(MSNPs) have attracted extensive research attention because
of their well-defined structures and tunable pore size, which are
excellent carriers of responsive moieties and/or drugs. DOX-
loaded MSNPs encapsulated by complexes of streptavidin and
biotin-modified HA could enter cancer cells via receptor-
mediated endocytosis (ligand—receptor interaction between
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HA and a cluster of differentiation protein such as CD44
receptors), after which the drug release would be triggered with
the presence of hyaluronidase and intracellular biotin (Figure
15¢).2% Redox-responsive peptides were anchored on the
surface of MSNPs via disulfide bonds, which served as tumor-
targeting ligands and gatekeepers of the loaded DOX.””’ Fe;0,
NPs are usually utilized taking advantage of their magnetic
responsiveness. Generally, they are functionalized with charged
polymers and then brought into contact with oppositely charged
membranes or cells. The corresponding assembly could respond
to specific magnetic fields to act as antifouling surface coating,””"
where the adsorbed foulants could be detached from the
membrane facilitated by magnetic fields.””> Thermal- and
magnetic-responsiveness could be integrated into one platform
by mixing biomarker-targeted PNIPAm-modified AuNPs with
PNIPAm-coated iron oxide magnetic NPs, which could be
combined with each other upon heating (above the lower critical
solution temperature (LCST) of PNIPAm) (Figure 15d). The
aggregated NP system could be facilely separated and collected
using a magnet for rapid purification, enrichment, and detection
of biomarkers in human plasma.””**”* Multiresponsive hybrid
NPs were fabricated by making use of silica NPs, Fe;O, NPs, and
AuNRs. Silica-coated Fe;O, NPs were encapsulated within a
thermoresponsive and negatively charged p(NIPAM-co-acrylic
acid) hydrogel network, which electrostatically interacted with
positively charged AuNRs to become hybrid NPs, exhibiting
thermo-, pH-, photo-, and magneto-responsiveness for con-
trolled drug delivery applications.””

3.1.2. Nanoparticles with Recognition Ability. Highly
specific molecular recognition based on noncovalent inter-
actions plays a vital role in diverse biological processes (e.g.,
transcription factors’ specific recognition toward the certain
sequence of DNA, specific catalysis of enzymes) and has inspired
the development of NPs with recognition abilities,”’® which
have applications in various fields such as separation, drug
delivery, biosensors, bioimaging, and so on.””’ Several strategies
have been exploited to fabricate NPs with a recognition ability,
among which NPs with molecularly imprinting polymers
(MIPs), functionalized AuNPs, and self-assembled polymeric
NPs are the most commonly investigated ones.

MIPs are synthetic receptors with customized sites for target
molecules.””” They are usually linked to silica nanopar-
ticles,>’57%83 upconversion NPs,>8* Fe;0, NPs,*8928¢ and
carbon dots (CDs).*®” Either in the fabrication of the NPs or
especially in the recognition process of target molecules,
noncovalent interactions play an essential role. As shown in
Figure 16a, the formation of polymer imprinted NPs started with
the production of silica NPs, which was generally obtained via
the hydrolysis of alkyl silicates such as tetraethyl orthosilicate
(TEOS) and the subsequent condensation of silicic acid in
alcoholic solutions.””*** Herein, gadolinium-doped silicon
quantum dots (Sig4QDs, the agent for fluorescent/magnetic
resonance dual-imaging) and chlorin e6 (Ce6, photosensitizers
being capable of emitting ROS under light irradiation for
photodynamic therapy) were simultaneously doped within the
silica NPs, followed by the surface coating of 3-methacrylox-
ypropyltrimethoxysilane (MPS) to provide sufficient accessible
vinyl for the subsequent polymerization. Sequentially, the
epitope (YNCPNPTADCK) of the CDS9 protein, which is
usually overexpressed on the surface of solid tumors, and the
antitumor agent DOX were added into the aqueous solution of
functional monomers including NIPAm, N-tert-butyl acrylamide
(TBAm), acrylamide (AAm), and cross-linker N,N-

AC

methylenebis(acrylamide) (BIS). The polymerization and
subsequent elution endowed the imprinted polymer shell with
tailor-made sites of epitope and DOX. The silica NPs with MIPs
could recognize and bind the CD59 protein to enter the cancer
cells, where the released DOX and Ce6 synergistically
performed antitumor properties aided by the acid environment
and laser irradiation. The recognition ability of the polymer
imprinted silica NPs toward the CD59 protein and DOX was
attributed to the noncovalent interactions including hydrogen
bonding and van der Waals forces between the customized
cavities of the imprinted polymers and the epitope or DOX
molecules. The silica NP cores could be further etched out to
receive the hollow MIPs, promotin% the penetration of target
molecules into the imprinted sites.”’” The imprinted polymer
shells of NPs could be integrated into a membrane by decorating
the NPs onto PDA-modified regenerated cellulose membranes,
which was realized through bidentate hydrogen bonds and
electrostatic interactions between the negatively charged surface
of the NPs and the positively charged amine groups of the
PDA.”®" In addition, the polymerization of vinyl monomers
could be substituted by the self-polymerization of dopamine to
form the MIPs.”** Upconversion NPs could be coated by zeolite
imazolate framework-8 (ZIF-8) because of the electrostatic
interaction between the negatively charged surface of
upconversion NPs and the cationic Zn>* of ZIF-8. Because of
the hydrogen bonding and van der Waals forces, the cavities
suitable to accommodate target molecules (e.g., octopamine)
could be framed via golymer imprinting on the ZIF-8-modified
upconversion NPs.”** Magnetic NPs with imprinted polymers
were beneficial for the separation process after recognizinsg and
binding enough target molecules such as glycoproteins.”®
AuNPs have become one of the most popular templates for
numerous functionalizations because of their unique optical,
electrical, chemical, and catalytic properties. AuNPs and DNA
sequences are favorable pairs as they can be facilely associated
either via physical adsorption (van der Waals forces) or chemical
bonds (thiol, disulfide, and bisdisulfide groups).”*”**° It was
reported that the conjugates of AuNPs and dye-labeled DNA
sequences could work as multidimensional sensors to recognize
proteins with the exhibition of different combinations of UV
absorption and fluorescence intensity, which was induced by
aggregation and dispersion of AuNPs as well as quenching and
dequenching of fluorescent dyes, respectively. As illustrated in
Figure 16b, fluorescent dye carboxyfluorescein (FAM)-labeled
single-stranded DNA (ssDNA) would be quenched once
adsorbed on AuNPs via van der Waals forces. In the process
of protein recognition, AuNPs would aggregate because of the
screen of long-range electrostatic repulsion with the addition of
salt and the competitive binding of the protein, and the
fluorescence recovered through desorbing from the AuNPs
(protein 2). Meanwhile, three Fe-containing proteins (e.g,
hemoglobin, myoglobin, and transferrin) could also initiate the
aggregation of AuNPs but quench the fluorescence with the
presence of Fe, which corresponded to protein 1. In contrast,
proteins including pepsin, bovine serum albumin (BSA),
horseradish peroxidase (HRP), human serum albumin (HSA),
trypsin, and egg white albumin (EA) exhibited higher affinity to
AuNPs, preventing the AuNPs from aggregation and enhancing
the fluorescence of the released FAM-labeled ssDNA (protein
3). Similarly, the variation of the ssDNA sequences would
expand the discrimination ability of this sensor to proteins. In
another work, bare AuNPs and citrate-stabilized AuNPs were
separately brought to contact with different proteins ensued
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with the addition of HAuCl, to trigger the growth of AuNPs.
The resultant solution exhibited distinct colors, ascribed to the
different growth modes of AuNPs caused by the variable
interactions with different proteins, and the quantification via
UV /vis spectra could be used to build a colorimetric response
pattern map for protein recognition.””" Citrate-stabilized
AuNPs were also harnessed to detect glucose in rat brains.””
Briefly, the high charge density of ssDNA adsorbed on AuNPs
could suppress the salt-induced aggregation between the
negatively charged citrate-modified AuNDPs, but they tended to
decompose into fragments by hydroxyl radicals generated from
the Fe*'-catalyzed Fenton reaction of H,0,, impairing the
stabilizing capability. As H,0, could be generated from glucose
and O, in the presence of glucose oxidase, the amount of
aggregated AuNPs could be quantified by UV/vis spectrometry
and directly correlated to the concentration of glucose. Au—S
bond is a widely used approach to the modification of AuNPs
with desired functional groups.””**** For example, AuNPs were
anchored with 4-amino-3-mercaptobenzoic acid (AMBA)
through a thiol group and utilized to detect pesticide
cyhalothrin. The AMBA-AuNPs showed specific recognition
to cyhalothrin, demonstrated by the changes of color and UV/
vis absorption compared with other pyrethroid pesticides. It was
proposed that only cyhalothrin contained the trifluoromethyl
groups which could facilely form hydrogen bonds with the
amine and carboxyl groups of AMBA, thereby breaking the
balance of the electrostatic repulsion among AuNPs and leading
to the aggregation.”” Besides the recognition-based detection
and separation of certain substances, the recognition ability of
functionalized AuNPs could also serve as a trigger to activate the
therapeutic property of the AuNPs. As presented in Figure 16,
diaminohexane-terminated AuNPs (AuNP-NH,, functionalized
by Au—S bonds) could be decorated with a monolayer of
cucurbit[7]uril (CB[7]) via the host—guest interaction between
CB[7] and diaminohexane moieties, where the hydrophobic
cavities of CB[7] circumvented the diaminohexane moieties to
eliminate their therapeutic cytotoxicity. The host—guest
complexes would dissociate after endocytosis with the addition
of a competitive orthogonal guest molecule 1-adamantylamine
(ADA, an antiviral or anti-Parkinsonian drug), thereby releasing
the cytotoxic AuNP-NH,.””* The chiral recognition ability of L-
tartaric acid-modified AuNPs on mandelic acid (MA) was
studied,®® with results showing that the addition of L-MA
induced the aggregation of the tartaric acid-modified AuNPs
while the addition of b-MA imposed no effect on the dispersion,
indicating the recognition was controlled by the hydrogen-
bonding interactions between L-tartaric acid-modified AuNPs
and L-MA.

The polymeric NPs with a recognition ability are usually
fabricated by the self-assembly of amphiphile polymers and
modification with functional groups. For example, two oleic acid
molecules were connected to the adenosine analogue clofar-
abine by an esterification reaction to form a prodrug 3’,5’-
dioleoyl clofarabine (DOC), which could self-assemble into NPs
enabled by hydrophobic interactions among alkyl groups of the
oleic acid with a hydrophilic shell of clofarabine exposed to the
surrounding environment (Figure 16d).”°° Then the designed
aptamer (AS1411) and DNA fluorescence probe (CyS.5) were
simultaneously anchored onto the DOC NPs by forming
multiple hydrogen bonds with clofarabine. After injection, the
NPs were effectively accumulated at the tumor sites because of
the specific aptamer—receptor interaction between the G-rich
segment of the aptamer and the nucleolin protein overexpressed

AD

on the surface of the tumor cells, thereby demonstrating the
antitumor property. Simillarly, ligands EXP3174 (ligand for the
angiotensin-II type 1 receptor (AT1R)) and Ang-1 (the pro-
ligand angiotensin-I, which can be recognized by the angiotensin
converting enzyme (ACE) and be converted into the active
ligand angiotensin-II (Ang-I1)) were linked to the amphiphile
block polymer poly(lactic acid),q—poly(ethylene glycol)s;
(PLA,(-PEGy,) ended with —NH, and —COOH groups
(PLA,(-PEGg-NH, and PLA,y-PEG-COOH), respec-
tively.””” The self-assembly of the polymeric micelles was
initiated by the hydrophobic interaction among the hydro-
phobic PLA blocks while the ligands-capped hydrophilic PEG
shells were faced toward the aqueous solution to interact with
the AT1R and ACE receptors located on the surfaces of the
target cells. The ligand—receptor interaction between Ang-I and
ACE could convert Ang-I to Ang-II, which subsequently
interacted with ATIR to actuate the endocytosis. Therefore,
polymeric micelles can effectively serve as transporters into
mesangial cells, holding great promises as drug carriers with viral
cell recognition.

3.2. Films, Membranes, and Coatings

Films, membranes, and coatings play a crucial role in functional
soft materials as they possess large surfaces that can be facilely
tailored for various demands. All of them are generally built on
substrates, where coatings usually adhere to the substrates while
films and membranes sometimes could be free-standing. Surface
modification is a widely used strategy to endow substrates with
responsiveness and/or functionalities, which can be achieved via
both chemical and physical approaches. Covalent functionaliza-
tion commonly involves thiol chemistry (Au-SH), click
chemistry (alkyne coating followed by azide—alkyne reaction),
polymer brushes (initiator immobilization followed by polymer-
ization of monomers), anchor molecules (silane, catechol,
phosphate) followed by a polymer graft, 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide
(EDC/NHS) linker, and so on."'*#*?*73%* Physical approaches,
from the perspective of surface morphology, usually include
roughening (plasma etching and mechanical roughening) and
patterning (lithography, direct-writing, 3D patterning), which
would not be discussed in details in this review.’** The following
subsections would emphasize the approaches toward surface
functionalization based on noncovalent molecular interactions,
among which layer-by-layer assembly is first elucidated from the
aspects of sensing, drug delivery, functional coatings, fuel cells,
catalysis, packaging, water treatment, and so on. Adaptable
films/membranes are then introduced by highlighting their
applications in oil/water separation and bone regeneration.
Adhesive layers that bridge substrates and functional coatings
are also discussed.

3.2.1. Layer-by-Layer (LBL) Assembly. LBL assembly is a
mature and widely used technique for the fabrication of
multilayered composites (films, membranes, capsules, etc.)
with controlled compositions and architectures at the nano- and
microscales, which has been extensively exploited in various
research fields such sensing, drug delivery, functional coatings,
tuel cells, catalysis, packaging, water treatment, and so on.>047306
Compared to the conventional Langmuir—Blodgett (LB)
technique, which is dominant in the fabrication of nano-
structured films/membranes, the LBL assembly exhibits over-
whelming advantages in massive choices of the substrate
regardless of their shape (plates, tubes, spheres, rods, etc.) or
surface morphology (smooth, rough, porous, etc.).””” More-
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over, LBL assembly is not confined to specialized instruments or
amphiphile materials, which are required for the LB
technique.’®® LBL assembly is mainly driven by strong
electrostatic interactions, allowing the facile buildup of multi-
layers on charged surfaces via sequential adsorption of
oppositely charged polyelectrolytes. Other noncovalent inter-
actions including hydrogen-bonding interactions, host—guest
interactions, hydrophobic interactions, biological specific
ligand—receptor interactions also widen the flexibility of the
LBL technique in the selection of materials,”****” including
polymers, carbon nanotubes, 2D materials, clays, nanoparticles,
dyes, metal oxides, proteins, peptides, nucleic acids, enzymes,
and viruses.

The last two decades have witnessed a rapid increase of
research regarding the modulation of various noncovalent
interactions toward new fabrication strategies, functionalization
methods, and applications of the LBL technique, especially in
biomedical- and bioengineering-related fields such as drug
delivery, tissue engineering, cell encapsulation, biosensors,
biocatalysts, and biomimetics. For example, DNA- or protein-
containing polyelectrolyte multilayers (PEMs) were built up on
stainless steel microneedles via LBL assembly for the trans-
dermal delivery of DNA- or protein-based therapeutics to skin.
Stainless steel microneedles were first precoated with 10 bilayers
of a multilayered film composed of positively charged linear
poly(ethylene imine) (LPEI) and negatively charged sodium
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poly(4-styrenesulfonate) (SPS), terminated with a topmost
layer of SPS, and then coated with alternating deposition of
positively charged poly(f-amino ester)/bovine pancreatic
ribonuclease A (RNase A) and negatively charged plasmid
DNA/sodium SPS, respectively, until 16 bilayers were
deposited.’'’ Dual-delivery of osteogenic and angiogenic
growth factors for the regeneration of bone tissue was
accomplished through LBL assembly of core—shell nanofibers.
The core with a negative surface charge was constructed by
coaxial electrospinning of the bone morphogenetic protein 2
(BMP2)-containing poly(vinyl alcohol) (PVA) aqueous
solution and silk fibroin/polycaprolactone (SF/PCL) blend
solution, while the shell was fabricated via LBL assembly by
alternatively depositing a positively charged chitosan (CS)
solution and a negatively charged connective tissue growth
factor (CTGF) solution (Figure 17a).>" Drug release is
generally conducive for tissue regeneration, while cell trans-
plantation usually induces side effects like deleterious host
responses, for which minimizing the transplant volume might be
a feasible approach to attenuate the situation. It was reported
that the intraportal islet transplantation through encapsulating
individual pancreatic islets with conformal nanothin PEG-rich
coating via LBL assembly could significantly reduce void volume
as well as confer tailored bioactivity compared with micro-
capsules formed via various drop generating processes. The
positively charged lysine moieties of poly(L-lysine)-g-poly-
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(ethylene glycol) (biotin/PPB) electrostatically interacted with
negatively charged cell surfaces and the subsequent alternating
deposition of streptavidin (SA) and PPB through the receptor—
ligand interaction resulted in the formation of LBL assembled
coating of cell islets.”’” LBL assembly has also been applied in
biosensing and biocatalysts. For instance, LBL-assembled
graphene multilayer films were employed as enzyme-based
biosensors for the detection of glucose and maltose because of
their excellent electrocatalytic activity for H,0,, which was a
common product of enzyme-catalyzed reactions. The sensors
were fabricated by alternating deposition of positively charged
poly(ethylenimine) (PEI) and negatively charged pyrene-
grafted poly(acrylic acid)-modified reduced graphene oxide
codissolved with the glucoamylase on glassy carbon electro-
des.”"® Meanwhile, negatively charged 2D reduced graphene
(RG) and 1D multiwalled carbon nanotubes (MWCTs) could
be simultaneously incorporated into the interface of the LBL-
assembled composite electrode, via electrostatic interactions
with positively charged poly(diallyldimethylammonium chlor-
ide) (PDDA), leading to an electrochemical immunosensor
(denoted as (PDDA/RG/PDDA/MWCT),/antihuman IgG
(immunoglobulin G)) for the detection of IgG concentration in
human serum.”'* LBL-assembled multilayers could also be
constructed into nanotubes in the pores of a template membrane
as a carrier of biocatalysts, where negatively charged poly-
(sodium styrenesulfonate) (PSS) and redox protein cytochrome
¢ (cyto-c, involved in the cell respiration process and is a
significant electron transfer agent during bio-oxidation,
possessing a positive charge at pH below 10.4) were sequentially
adsorbed onto the positively charged PEI-modified inner wall of
the template membrane.”"> The LBL technique also serves as an
economic, efficient, and facile approach toward biomimetic
engineering such as artificial nacre, whose ordered brick-and-
mortar arrangement of organic and inorganic layers is similar to
lamellar bones, holding great potential as bone implants. The
structure was constructed by sequential deposition of positively
charged PDDA and negatively charged montmorillonite clay
platelets, which were connected via strong attractive electro-
static and van der Waals interactions at the interfaces, and free-
standing artificial nacre films were obtained by dissolving the
supporting SiO, coating with HF solution.*'® By incorporating a
layer of starch-stabilized Ag NPs to the artificial nacre, it could
be endowed with antimicrobial properties.”’” The exquisite
porous organic layers of nacre were imitated by LBL deposition
of negatively charged poly(acrylic acid) (PAA) and positively
charged poly(4-vinylpyridine) (PVP) on a glass substrate with
the desired thickness, followed by etching out the PAA with a
solution of pH 10. Further immersion in PVP induced the
formation of nanopores by PVP dewetting through repulsive
electrostatic interaction, and the final immersion in PAA enabled
the PVP surface to be negatively charged for the subsequent
growth of a smooth amorphous CaCO; mineral layer.”"®

With the rapid development of the information era, there are
urgent demands for highly integrated chips aiming at large-scale
data processing as well as power sources with high energy
densities and small volumes for portability. The LBL assembly
method can provide nanoscale accuracy of both material
composition and architecture. It was demonstrated that wafer-
scale semiconductor films with vertical compositions of atomic-
scale precision could be acquired via LBL assembly facilitated by
metal organic chemical vapor deposition (MOCVD). Two-
dimensional building blocks of graphene and transition-metal
dichalcogenides such as monolayer MoS,, WS,, and MoSe, one-
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and three-atom-thick were vertically stacked via van der Waals
interactions, being able to be formulated into large-scale
superlattice films, batch-fabricated tunnel device arrays, or
band-engineered heterostructure tunnel diodes.”’” Oppositely
charged reduced graphene oxide (rGO) sheets were employed
to assemble multilayers held together by electrostatic
interactions on interdigitated electrodes for the fabrication of
solution-gated field-effect transistors (FETs) with high trans-
conductance.””® Negatively charged graphene oxide (GO)
nanosheets and negatively charged polyoxometalate clusters
(H;PW,0,, (PW)) were able to be LBL assembled on the
supporting substrates with the aid of positively charged PEI and
poly(allylamine hydrochloride) (PAH) (Figure 17b). Because
of the UV photoreduction and the photocatalytic activity of PW
clusters, GO could be facilely converted to rGO with an
enhanced conductivity, and the corresponding multilayered was
utilized to fabricate FETs and photodetector devices.””" As for
batteries and fuel cells, all the cathodes, anodes, and electrolytes
could take advantage of the LBL technique for higher
performance. Sulfur as a conversion cathode has a higher
theoretical capacity of 1672 mA h g™’ compared with the
maximum capacity of ~300 mA h g for lithium-ion cathodes
transition metal oxides, or phosphates. A nanostructured sulfur
cathode was designed to strengthen the performance of Li—S
batteries. The single sulfur particle was first embedded with
hollow carbon nanospheres, which were then encapsulated into
an ion-selective, flexible nanomembrane built up by LBL
assembly of positively charged poly(diallyldimethylammonium
chloride) (PDADMAC) and negatively charged poly(3,4-
ethylenedioxythiophene)—poly(styrenesulfonate) (PE-
DOT:PSS) polyelectrolytes. The sequential adsorption of
polyelectrolytes ended with PDADMAC and finally decorated
the sulfur particles with conductive carboxyl-modified car-
bon.”** Exoelectrogens hold great potential as bioanodes of
photoassisted microbial fuel cells (MFCs) with surface
modification of photoelectric materials. To avoid the poor
conductivity of most photoelectric materials, the positively
charged PDDA-protected conductive AuNPs and negatively
charged 3-mercaptopropionic acid-modified photoresponsive
CdS NPs were alternatively adsorbed onto the surface of
Escherichia coli (E. coli) (Figure 17c). The photocurrent
generated by the CdS layers upon solar light irradiation could
transfer with the bioelectrons through the conductive AuNPs
channel, enhancing the power output of the MFCs by 2.5-fold
compared with unmodified E. coli.”*® As one of the most widely
used polymeric ion conductors, PEG usually suffers from
impairment of mechanical properties with the enhancement of
ionic conductivity. Mechanically strong and self-healable solid
electrolyte composite thin films with high lithium ion
conductance of 2.3 + 0.8 X 107* S cm™ at 30 °C could be
prepared by LBL self-assembly of PEG and PAA, where heat-
induced covalent bonding between the terminal groups of PEO
and the carboxyl groups of PAA and the hydrogen-bonding
interaction between the etheric oxygens of PEO and the
hydroxyl groups of PAA played a synergetic role.”**
Functionalized coatings have attracted increasing attention in
industrial fields such as clothing, food packaging, medical
supplies, and construction materials, aiming at flame retardant/
fire protection, healthy food packaging, antibacterial perform-
ance, anticorrosion, and so on, where the LBL technique
provides an easy, cost-effective, and green way for surface
nanostructuring. For instance, cationic starch and anionic
poly(phosphoric acid) (PPA) solutions were alternatively
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Figure 18. continued

negatively charged poly(phosphoric acid) (PPA). Reproduced with permission from ref 325. Copyright 2015 American Chemical Society. (b) Paper-
based packaging materials functionalized by LBL assembly of cationic PEI and anionic GO showing capabilities of air barrier and water vapor
permeability. Reproduced with permission from ref 330. Copyright 2021 Elsevier. (c) Bamboo cellulose-based nanofiltration membrane prepared by
LBL assembly of anionic CMC and cationic CS for efficient sodium chloride removal. Reproduced with permission from ref 334. Copyright 2021
Elsevier. (d) LBL assembly of anionic GO nanosheets with controlled porous 3D macrostructures enabled by the diffusion of cationic branched PEI (b-
PEI) (scale bar: S mm). Reproduced with permission from ref 340. Copyright 2014 Springer Nature.

dipped on poly(acrylic acid)-modified cotton fabrics to enhance
the char forming ability of cellulose assisted by the dehydration
ability of PPA (Figure 18a). It was reported that the deposition
of only two bilayers could enable the cotton fabrics to self-
extinguish a flame.””” Similarly, positively charged chitosan and
negatively charged phytic acid were alternatively coated on
polyester/cotton blend fabrics to endow the substrate with eco-
friendly flame retardant and dripping-resistant properties.”*
Besides, cationic PDDA, polyhedral oligomeric silsesquioxane
or alumina-coated silica nanoparticles and anionic @-zirconium
phosphate nanoplatelets could also be used to build flame
retardant LBL-assembled multilayered coatings on textiles,
respectively.””” LBL-assembled colloidal multilayers, such as
oppositely charged silica colloidal suspensions, could also be
constructed to form fire protection coatings on fabrics.””* When
it comes to food packaging, the number of bilayers of LBL
assembly plays a significant role, as it can influence the diffusion
pathway of air. To build an excellent air barrier, anionic sodium
montmorillonite clay and cationic polyacrylamide (PAM) were
grown on a polyethylene terephthalate (PET) film with 30 clay—
polymer bilayers, where the as-prepared transparent and
microwaveable film possessed oxygen transmission rate
(OTR) below the detection limit of commercial instrumenta-
tion (<0.005 cc/m*/day/atm), holding great gotential in the
packaging of food and in flexible electronics.””” Paper-based
packaging materials treated with the LBL assembly technique
could achieve an excellent air barrier and favorable water vapor
permeability (WVP). It was demonstrated that 10 bilayers of
LBL-assembled PEI and GO on a filter paper substrate could
decrease air permeability by 99.99% as well as improve the WVP
by 15.82% compared with the pristine substrate, being a good
candidate for the preservation of agricultural products (Figure
18b).>*° Medical textiles and devices with antibacterial coatings
are in urgent need to prevent healthcare-related infections,
especially because of the COVID-19 epidemic since December
2019, because the SARS-CoV-2 virus would transmit via
respiratory droplet-contaminated surfaces.”>’ To address this
issue, LBL assembly was exploited for the construction of
antibacterial coatings on various surfaces. N-Halamines have
been widely used as biocides ascribing to their superior
antibacterial property against a broad spectrum of micro-
organisms through directly transferring oxidative halogen to cell
membranes of microbials as well as being able to be simply
replenished by aqueous chlorine exposure. Therefore, oppo-
sitely charged N-halamine copolymers could be repeatedly and
sequentially deposited on the negatively charged bleached
cotton fabrics to inactivate both Staphylococcus aureus (S. aureus)
and E. coli O157:H7 within 15 min of contact time.”*” The
corrosion of metals is one of the main destructive processes of
metal structures, which would result in big economic losses.
Although chromate-containing coatings can effectively provide
corrosion protections, their applications are limited because the
hexavalent chromium species have been demonstrated to be
responsible for some diseases such as DNA damage and cancer.

AH

Hence, LBL assembly serves as an accessible approach to the
fabrication of anticorrosive coatings with alternative layers. By
the LBL technique, SiO,-based nanoreservoirs were formed by
alternating deposition of anionic PSS and cationic benzotriazole
on cationic PEI-treated SiO, NPs, which were then incorporated
into the matrix of a hybrid sol—gel protective coating to act as
containers of corrosion inhibitors. Corrosion inhibitor benzo-
triazole exhibited prolonged release to damaged zones, endow-
ing the protective coating with a self-healing ability.**’

From the perspective of environmental engineering, both
water treatment and gas monitoring (toxic, harmful, or
humidity) have benefited from the LBL technique, by which
multilayered membranes with desired functions can be
fabricated via the manipulation of noncovalent interactions
between various polyelectrolytes. An anionic carboxymethyl
cellulose (CMC) solution and a cationic chitosan (CS) solution
were sequentially sprayed onto a chitosan-incorporated bamboo
cellulose-based membrane (BCM) until 15 bilayers were
deposited, achieving a pore size of 2.2 nm (Figure 18c). The
composite membrane exhibited a rejection rate of 36.11%
against a 500 ppm of NaCl solution and a membrane flux of
12.08 L (m* h)™' under an ultralow pressure of 0.3 MPa,
showing great potential for efficient sodium chloride removal.***
Furthermore, the organic contaminants in saline wastewater
could be readily purified by a hierarchical composite membrane
with a robust omniphobic surface, which was fabricated via LBL
assembly of cationic PDDA, anionic silica aerogel NPs, cationic
PDDA, and anionic 1H,1H,2H,2H-perfluorodecyltriethoxysi-
lane (FTCS) in sequence on a negatively charged polyvinylidene
fluoride (PVDF) phase inversion membrane.*>> Forward
osmosis (FO) membranes have attracted considerable attention
in recent years because of their low energy consumption, as
external pressures are not required during the purification
process. When positively charged PAH and negatively charged
GO nanosheets were alternately deposited on both sides of a
negatively charged porous poly(acrylonitrile) (PAN) support,
an LBL-assembled FO membrane was prepared and exhibited
higher solute flux for ionic species than that for sucrose because
of the swelling of the membrane in ionic solutions. The as-
prepared FO membrane could be used to purify low ionic
strength water with sugary draw solutions.”*® Nanofiltration
(NF)-like FO membranes with good magnesium chloride
retention were built up through the alternating deposition of
cationic PAH and anionic PSS on negatively charged PAN.>’
LBL assembly has been demonstrated to serve as an
intermediate template for the synthesis of metal oxide (e.g,
In,0;) nanotubes with ultrahigh surface-to-volume ratios,
generating excellent gas-sensing candidates. First, LBL assembly
of cationic PDDA and anionic PSS was prepared on CNTs,
which could absorb InCl; and citric acid onto the surface via
electrostatic interactions. Porous and polycrystalline In,O,
nanotubes were attained through the reduction of In’",
following the oxidation of In, and the final calcination of
In,0;_,, showing a superior sensitivity to the detection of NH;
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(at25 ppm).338
the resistance of two parallel metal electrodes that were vapor
deposited on an LBL-assembled composite film, which was
prepared by alternating deposition of cationic PEI and anionic
carboxy group-decorated MWCNTs on a glass substrate.”
The development of the LBL technique has been accelerated
via the manipulation of noncovalent interactions. For example, it
was reported that diffusion-driven LBL assembly of GO
nanosheets could enable the construction of functional
macroscale architectures with controlled size and shape from
tiny building blocks. In this case, droplets of a positively charged
branched PEI solution were added into a suspension of
negatively charged GO nanosheets, where a layer of PEI-GO
complex formed around the droplets and further grew into a

Humidity monitoring was realized by measuring

Al

LBL 3D macrostructure driven by diffusion of PEI from the
inner droplet to the outside (Figure 18d).>** When neutral and
hydrophobic materials are used as substrates for LBL assembly,
harsh chemical or physical treatments are usually required to
modify the surfaces with specific charged groups. To achieve
substrate-independent deposition, mussel-adhesive-inspired
catechol-containing and amine-rich polymers were employed,
because of their robust adhesion on multifarious substrates
through the synergy of bidentate hydrogen bonding and
electrostatic interactions. It was demonstrated that catechol-
functionalized cationic PEI and catechol-functionalized anionic
HA could be alternatingly deposited on various untreated
substrates such as poly(tetrafluoroethylene) (PTFE), poly-
ethylene (PE), poly(ethylene terephthalate) (PET), polycar-
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bonate (PC), poly(methyl methacrylate) (PMMA), Au, and formation.**> The LBL technique was also combined with

SiO,, in a stable and controllable way. Besides, the latent redox
property of catechol could reduce metallic ions (e.g,, Ag") into
NPs, endowing the LBL-assembled multilayers with additional
functions such as antibacterial activity and antifouling
property.”*" Reiterative rinsing is generally inevitable during
the LBL process in order to get rid of the excessive unstably
absorbed components. To avoid the time-consuming and water-
wasting operations, dewetting effect was introduced to the LBL
method to provide the solid—liquid interfaces with self-cleaning
ability, significantly reducing the time for the multilayer

electrodeposition toward the construction of superhydrophobic
surfaces, which was realized by potentiostatically electro-
depositing Ag aggregates on an LBL-assembled PDDA/PSS
polyelectrolyte multilayer followed by chemisorption of a self-
assembled monolayer of n-dodecanethiol.’** To expand the
materials for fabricating LBL-assembled multilayer films/
membranes, hydrogen bonding (e.g, between PVA and
PAA),*** host—guest interactions (e.g, between cyclodextrin
group and azobenzene group),’* halogen bonding (usually
involving a halogen as halogen bonding donor and a Lewis base
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as halogen bonding acceptor)**® have also been utilized to build
LBL structures.

3.2.2. Adaptable Films/Membranes. Adaptable films/
membranes are capable of switching their innate properties (e.g.,
wettability, stiffness) to accommodate the changes of environ-
ments, holding great promise for engineering and biological
applications such as oil/water separation, bone regeneration,
etc.”” ™" Zeng and co-workers designed an amphiphile
synthetic copolymer membrane, which was deposited on a
steel mesh with an intermediate PDA layer, showing adaptable
wettability upon prewetting the membrane with water or oil.**’
As shown in Figure 19a, PEG side chains, catechol groups, and
tertiary amine groups were simultaneously incorporated into the
copolymer. When the membrane was prewetted by water, the
hydrophilic PEG side chains, catechol groups, and ionized
quaternary amine groups would be saturated by water, and the
formed water film could prevent the penetration of oil, offering
the membrane underwater superoleophobicity. In contrast,
when the membrane was prewetted by oil, the hydrophobic
dimethyl groups and aromatic rings would induce the generation
of an oil film, impeding the interactions between water
molecules and the polymer membrane and endowing the
membrane with underoil superhydrophobicity. Therefore, the
substrate-independent adaptable membrane could be applied to
on-demand oil/water separation by facilely modulating the
properties of the membrane surface. Likewise, catechol-rich
tannic acid and diethylenetriamine were directly codeposited on
a commercial polypropylene membrane to endow the
membrane with switchable wettability, where the hydro-
phobicity of this membrane was induced by immersion in
ethanol. It was proposed that the superhydrophilicity was caused
by the deprotonation of the phenolic groups of tannic acid when
soaked in water, and the superhydrophobicity of the membrane
was driven by the strong hydrogen bonding between the
protonated tannic acid and diethylenetriamine which would
repel the penetration of water.”>’ Apart from adaptable films/
membranes with switchable wettability, some films/membranes
could exhibit enhanced stiffness upon external stress.”*® Human
tissues such as bone, teeth, and coral reefs are capable of
adjusting their mechanical properties to resist external loading,
and their adaptive properties have attracted numerous research
interests in the development of biomimic self-stiffening
materials.”**”*" Through imitating bone’s control in adding or
removing substances collected from surrounding media such as
blood according to cellular signals, a piezoelectric polyvinyli-
dene fluoride (PVDF) membrane was utilized as the substrate to
build adaptable films. A PVDF membrane with oppositely
charged surfaces induced by external bending force was
immersed in a simulated body fluid (SBF). The mineralized
film significantly accumulated on the negatively charged surface
because of that the electrostatic interaction-driven adsorption of
Ca® initiated the nucleation of hydroxyapatite and/or calcite
depending on the composition of the SBF (Figure 19b). The
strategy could not only stiffen films/membranes but also be able
to construct graded materials by controlling the deformation of
the piezoelectric PVDF film. On the contrary, some polymer
films could soften themselves in response to the surrounding
environment such as moisture, which have also benn utilized to
modulate the mechanical property of polymer films.**’ For
instance, a tough polymer film, poly(n-butyl acrylate-co-2-
hydroxy-3-dipicolylamino methacrylate) (P(nBA-co-GMAD-
PA)), was prepared via metal coordination between Eu®" and
dipicolylamine (DPA) groups (Figure 19c). When exposed to

AK

moisture, the polymer film would be softened via the
dissociation of metal coordination and the generation of
hydrogen bonds between Eu’* and water molecules, which
could restore the toughness after drying in N,. The chain
mobility-induced softening was usually accompanied by the
reduction of the fluorescence intensity of Eu’* ions, allowing
accurate detection of the mechanical property by optical read-
out. Replacing the DPA groups with iminodiacetate (IDA)
groups could also resulted in tough polymer films with moisture-
endowed switchable mechanical and fluorescent properties.*>*

3.2.3. Adhesive Layer in Coating Technology. The
adhesive layer plays an important role in constructing films/
membranes on a certain substrate. For example, LBL deposition
of polyelectrolytes usually requires the pretreatment of the
substrates with charged substances, and metal or inorganic oxide
substrates are generally linked to polymer coatings via thiols or
silanes.”**** In 2007, Lee and Messersmith reported that PDA
could act as a universal adhesive layer between various substrates
and functional coatings, providing a versatile strategy for
substrate-independent surface modification.’****® The forma-
tion of PDA was ascribed to the synergy of covalent
polymerization and noncovalent self-assembly (numerous
possible intermolecular interactions such as ionic, cation—z,
m—1, quadrupole—quadrupole and hz_dro_%en—bonding interac-
tions) as illustrated in Figure 20a, 35357 and the resultant
coating could strongly bind to a variety of substrates (e.g,, mica,
methyl-terminated self-assembled monolayers (SAMs), SiO,,
poly(methyl methacrylate) (PMMA), polystyrene (PS)) via
multiple noncovalent interactions such as bidentate hydrogen
bonds, hydrophobic interactions, cation—7 interactions, and/or
m—n interactions (Figure 20b).>*® Biomolecules can be
covalently immobilized on PDA coatings through the reactions
between PDA and the amine/thiol groups of the biomole-
cules.™ A polyelectrolyte coating composed of zwitterionic
polymer poly(3-[dimethyl(2-methacryloyloxyethyl)-
ammonium ]propanesulfonate) (PMAPS) was fabricated via
Michael addition between the quinone groups of PDA and thiol
groups of PMAPS (Figure 20¢),>*° which exhibited a self-
cleaning ability underwater and could separate water residues
from heavy oil. Similarly, chitooligosaccharide (COS) was
anchored onto a polyurethane (PU) membrane through an
adhesive PDA layer, imparting the membrane with an enhanced
antibacterial activity and cytocompatibility.**' Lee and co-
workers decorated growth factors and adhesive peptides with
thiol and amine groups, which could be anchored to various
substrates through a PDA coating, improving the differentiation
and proliferation of human neural stem cell (NSC).**
Noncovalent interactions are extensively exploited to immobi-
lize polymer coatings on the PDA layer. A PDA-assisted
hydroxyapatite formation (pHAF) method was reported as a
universal strategy to mimic the biomineralization of bone tissue,
where the PDA coating could enrich Ca** via metal coordination
to promote its nucleation and growth in the form of
hydroxyapatite crystals. The as-formed mineral layer showed
the same alignment of crystals in bone tissues, holdin§ §reat
promise as the next-generation mineralized materials.”” To
simplify the coating process, a one-step surface modification
strategy was presented, where the targeting molecules were
mixed with dopamine in the solution and then deposited on the
substrate via the polymerization of dopamine.****** In addition
to PDA, other catechol-containing materials including plant-
derived tannic acid (TA), gallic acid, pyrogallol, catechin,
epigallocatechin, epicatechin gallate, epigallocatechin gallate,
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Figure 21. Coacervate-based biological tissues. (a) Coacervate droplets driven by electrostatic interaction between cationic PDDA and anionic ATP.
The coacervate droplets were then circumvented by the membrane of polyelectrolyte complexes formed from positively charged PDDA and negatively
charged PTA and Ru,POM. The redox property of Ru,POM could decompose H,0, into H,O and O,. Reproduced with permission from ref 383.
Copyright 2020 Springer Nature. (b) Transition processes of tropoelastin into an elastic fiber. Reproduced with permission from ref 378. Copyright
2011 Elsevier. (c) Exons sequence of the mature human tropoelastin and the molecular structures of some related amino acids. (d) Schematic
mechanism of the formation of a squid beak. Reproduced with permission from ref 374. Copyright 2015 Springer Nature.

hydroxyhydroquinol, morin, bioderived neurotransmitter nor-
epinephrine, and dihydroxybenzaldehyde have been explored as
adhesive layers.’*>*” For instance, the neurotransmitter
norepinephrine has been successfully employed as a substrate-
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independent surface modification reagent in a similar way to
dopamine.®*®® Zeng and co-workers developed a universal
strategy for the construction of robust and antifouling coatings
through a TA-containing adhesive layer, where the super-
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hydrophilic cellulose nanocrystals (CNCs) were adsorbed on
the intermediate adhesive layer of TA/PEI/V** via electrostatic
interaction between sulfonate groups and PEI/V** as well as
multiple hydrogen bonds between hydroxyl moieties and
catechol groups (Figure 20d). Moreover, dopamine and
catechol groups could be directly incorporated into polymers,
simultaneously acting as an adhesive layer and a functional
coating.369’370

3.3. Coacervate Systems

Coacervation is a liquid—liquid phase separation phenomenon,
where the material-rich coacervate phase is dispersed in the
material-sparse supernatant phase. The coacervate droplets were
considered as possible protocells related to the origin of life,
which could dynamically concentrate nutritious materials within
certain bounded spaces’’” and protect nutritious substances
from decomposition caused by UV radiation.””® Coacervation
has been demonstrated to play a significant role in constructing
protoplasm, extracellular matrix, mechanical gradient materials
(squid beak), skin, lung, blood vessels, sessile organisms’ wet
adhesives, and so on.>”*"*"® The driving force of coacervation
has expanded from electrostatic interaction to various physical
noncovalent interactions such as hydrophobic interaction,
hydrogen bonding, and cation—7 interaction, facilitating the
development of diverse functional materials.””” The following
section focuses on the formation of coacervate-based biological
tissues and adhesives with the modulation of noncovalent
interactions.

3.3.1. Coacervate-Based Biological Tissues. Coacerva-
tion plays a vital role in the formation of diverse biological tissues
such as organelles, protocells, skin, lungs, blood vessels, and
mechanically gradient materials (e.g., squid beak). For example,
P granules, as a membrane-less organelle to regulate germ cell
biology across animal cells, were proposed to be generated by
intracellular phase separation. It was demonstrated that the
Caenorhabditis elegans protein LAF-1 (an RNA helicase) in P
granules could undergo self-coacervation to form P granule-like
droplets in vitro. Further sequence analysis revealed that the
intrinsically disordered RGG domain of the LAF-1 protein was
responsible for the coacervation. As the RGG domain
simultaneously possessed abundant positively charged arginine
and negatively charged aspartic acid and glutamic acid, the
electrostatic interactions between them allowed the occurrence
of the coacervation.”®® Because of the tunable phase separation
enabled by sequence modification, the RGG domain derivatives
were developed as responsive drug carriers.”®' A membrane-free
protocell model was constructed with negatively charged low-
molecular-weight mononucleotides such as nucleoside triphos-
phates and positively charged peptides like polylysine. The
electrostatic interaction-driven nucleotide—peptide coacervate
microdroplets could serve as an all-purpose paradigm to
encapsulate energy-rich molecules, shedding light on the
development of prebiotic metabolic building blocks.”””
Similarly, coacervation between anionic carboxymethyl dextran
sodium salt (CM-Dex) and cationic polylysine resulted in a
membrane-free protocell model, which could support isolated
RNA catalysis, selectively concentrate ribozymes, and allow the
exchanging of low-molecular-weight oligonucleotides.”®* A
membrane-bounded protocell model with catalytic property
was proposed by Mann and co-workers. The coacervate droplets
were generated upon mixing positively charged polydiallyldi-
methylammonium chloride (PDDA) and negatively charged
adenosine $'-triphosphate (ATP) aqueous solutions (Figure

AM

21a). Herein, the corresponding membranes were formed with
the sequential addition of sodium phosphotungstate
([PW,,04]77, PTA) and a Ru(IV)-based polyoxometalate
polyanionic catalyst Na;o[Ruy(¢-0),(u-OH),(H,0),(y-
SiW,0036)>] (Ru,POM), which interacted with cationic
PDDA to form a membrane of polyelectrolyte complexes.
With the introduction of H,0,, it would be decomposed into
H,O and O, because of the redox active sites of the Ru,POM,
imitating the production of O, during photosynthesis.**’ Elastin
is the key component of elastic fibers, which offers elasticity to
various tissues including skin, lungs, blood vessels, etc. The
precursor of elastin is a soluble tropoelastin secreted by
elastogenic cells, which undergoes coacervation to aggregate
as spherical globules on the cell surfaces, followed by the
deposition on microfibrillar bundles and the further cross-
linking into elastic fibers (Figure 21b).””® As shown in Figure
21¢, mature human tropoelastin is composed of 32 exons with
alternating hydrophobic domains, KP-type cross-linking do-
mains, and KA-type cross-linking domains, where the
percentage of the hydrophobic domains is about 53%.*** The
KP-type and KA-type domains are critical for tropoelastin
coacervate droplets to convert into fibrous elastic networks,
while the hydrophobic domains are responsible for the
coacervation process induced by temperature. The hydrophobic
domains are rich in proline (P, hydrophobic), valine (V,
hydrophobic), and glycine (G, hydrophilic for solubility in
aqueous media) residues, which are usually arranged in the array
of VPG or PGVG. Nose and co-workers verified that the
synthesized dimeric elastin-like peptides (ELPs) analogue (H-
C(WPGVG);-NH,), (W, tryptophan) could go through
reversible and temperature-controlled coacervation at a critical
concentration.”®” Tropoelastin with excellent biocompatibility
was modified with methacryloyl, where coacervation could
occur, and the coacervate would be formed at body temperature
followed by photopolymerization to fulfill the function of a
sealant.’®® Coacervation has been demonstrated to be a key
procedure toward an elastin membrane, and recombinant ELPs
were harnessed to investigate medial arterial calcification.”®’
Both linear and dendritic/branched ELPs with the same number
of GLPGL (L, leucine) pentamer repeat units possessed an
intramolecular second structure transition in response to
temperature and could undergo hydrophobic interaction-driven
coacervation, where the dendritic ELPs required a higher
temperature to induce the intramolecular second structure
transition.”™ ELPs have also been widely exploited as drug
carriers as they could be easily functionalized with both
hydrophobic and hydrophilic blocks, encapsulating either
hydrophobic or hydrophilic drugs because of the temperature-
dependent hydrophobic interaction-driven coacervation or
hydrophobic interaction-directed self-assembly.”*” Except for
membrane-free organelles, protocells, and elastin, mechanical
gradient materials such as squid beak (the difference of stiffness
between dehydrated distal rostrum and the hydrated chitin of
the soft beak base is 200 times) were found to be related with
coacervation.””"*”" It was revealed that the squid beak
contained two protein families. One of them was the
Dinomyrmex gigas chitin-binding proteins (DgCBPs) respon-
sible for the construction of chitin scaffolds, and the other one
was the D. gigas histidine-rich beak proteins (DgHBPs).374 The
secreted DgHBPs could become a coacervate in seawater and
directionally penetrate into the chitin scaffolds because of the
innate low interfacial tension and shear thinning property of the
coacervate (Figure 21d). The GHGXY (H, histidine; Y,
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Figure 22. Coacervate adhesives of sessile organisms. (a) Formation process of sandcastle worm’s wet adhesive. (b) Amino acid sequence of Mfp-3S
and the structure of a designed simplified molecule mimicking Mfp-3 with dimethylamine, phosphate, catechol, and alkyl groups. Reproduced with
permission from refs 397, 398. Copyright 2014 Elsevier. Copyright 2015 Springer Nature. (c) Force—distance profiles of the intermolecular
interactions between Rmfp-1 film and MADQUAT film coated on mica surfaces. Reproduced with permission from ref 399. Copyright 2016 National
Academy of Sciences. (d) Salt-triggered simple coacervation of Rmfp-1 enabled by strong short-range cation—r interactions between the amine groups
of lysine and the aromatic rings of tyrosine. Reproduced with permission from ref 400. Copyright 2017 American Chemical Society.

tyrosine) motif of DgHBPs played a crucial role in coacervation,
where the X usually denoted hydrophobic valine or leucine. It
was proposed that the coacervation of the DgHBPs was first
initiated by the hydrogen bonding between the hydroxyl groups
of tyrosine and the deprotonated amine groups of histidine,
strengthened by the hydrophobic interactions at specific pH and
ionic conditions, and stabilized by the 7—7 interaction between
the hydrophobic aromatic rings of tyrosine.””" The coacervation
of an Alzheimer-related protein Tau was also reported, which
generated aggregations of amyloid-promoting elements of Tau
when the positively charged lysine-rich microtubule-binding
domain of Tau interacted with the negatively charged
surrounding molecules such as heparin or ribonucleic acids
(RNA). Solid-like neurotoxic deposits were then formed via
further cross-linking.

3.3.2. Coacervate Adhesives. Coacervation has been
demonstrated to be a key process in the formation of wet
adhesives secreted by sessile organisms,”’®*°> which was first
reported by Stewart et al. using oppositely charged polyacid and
polybasic glue proteins secreted by sandcastle worms’ glands.*”?
Sequence analysis of the proteinous adhesive reveals that Pc-1
and Pc-2 proteins are positively charged with abundant glycine,
lysine, and tyrosine groups, while Pc-3 proteins are rich in
tyrosine and serine with a molar percentage of 60—90%, most of
which are postphosphorylated into negatively charged phos-
phoryl groups. The tyrosine groups can be modified into DOPA
moieties, some of which would react with cystine in Pc-1, Pc-2,

AN

and Pc-3 proteins, forming 5-S-cysteinyl—-DOPA cross-links. As
illustrated in Figure 22a, the separately secreted cationic Pc-1,
Pc-2 proteins and anionic Pc-3 proteins interacted with each
other within the cement glands at an acidic condition (pH ~ )
in the presence of Ca**/Mg*, yielding a coacervate phase via
electrostatic interactions. Successively, the viscous proteinous
coacervate was excreted out of the specific glands of the
sandcastle worm to target positions, during which the gelation of
the coacervate was induced by the lowered concentration of
Capr/Mg2+ as well as the oxidation of DOPA in the seawater
(pH ~ 8).*’* To mimic the formation of the wet adhesive,
oppositely charged polyelectrolytes are employed, where the
positively charged polymers were usually functionalized with
amine groups while the negatively charged polymers generally
contained phosphoryl and DOPA groups.””>**® For example,
DOPA-containing polyphosphate and polyaminated gelatin
were utilized to form an adhesive coacervate with the addition
of divalent cations (e.g,, Ca®*, Mg®"). It was noted that the ratio
of phosphate group, amine group, and divalent cations should be
carefully maintained in a specific range to guarantee the balance
of electrostatic interactions and prevent the formation of a
solution, gel, or aggregates. The cured coacervate adhesive
exhibited a shear strength up to 765 kPa between polished
aluminum adherends, which was over twice that of the natural
Phragmatopoma californica adhesive.*”® To further reinforce the
adhesive strength of the synthesized coacervate, a second
polymer network was introduced into the coacervate phase by
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Figure 23. Sessile organism-inspired coacervate adhesives. (a) Electrostatic interaction-driven coacervate adhesive enabled by solvent exchange.
Reproduced with permission from ref 401. Copyright 2016 Springer Nature. (b) Hydrogen bonding-actuated coacervation between tannic acid and
PEG. Reproduced with permission from ref 403. Copyright 2015 John Wiley & Sons. (c) Coacervate adhesive based on the assembly of SiW and
histidine via the synergy of electrostatic interactions and hydrogen bonding. Reproduced with permission from ref 405. Copyright 2017 John Wiley &
Sons. (d) Coacervate adhesive formed from one-step mixing of SiW and PEG was driven by hydrogen-bonding interactions. Reprinted with permission

from ref 406. Copyright 2020 John Wiley & Sons.

adding polyethylene glycol diacrylate (PEG-dA) monomers,
leading to an elevated shear strength up to 1.2 MPa.’*”
Israelachvili and Waite et al. reported that a mussel foot protein
(mfp) Mfp-3S (Figure 22b) alone could undergo coacervation,
which played a critical role in the formation of mussels’” adhesive
plaques.””” Because of the pH and ionic strength dependence of
the liquid—liquid phase separation, electrostatic interactions
were considered as the main driving force for the self-
coacervation of the Mfp-3S. Although Mfp-3S is a zwitterionic
protein with abundant hydrophobic amino acid residues, it is
generally positively charged, which can dissolve in a buffer
solution with low pH and low monovalent salt concentration
because of the long-range EDL repulsion. With the increase of
ionic strength and pH, EDL repulsion would be screened and
electrostatic interactions between oppositely charged groups
would be maximized, resulting in the coacervation process. The
contribution of hydrophobic interaction to the coacervation
should not be overlooked considering the high percentage of
hydrophobic amino acid residues. To reduce the complexity of
the natural adhesive protein, a low-molecular-weight molecule
with dimethylamine, phosphoryl, catechol, and hydrophobic
alkyl groups was designed as depicted in Figure 22b to mimic
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Mfp-3."% As the imitated molecule bearing both hydrophobic
and hydrophilic groups, its critical aggregation concentration
(CAC) was investigated with a variable length of the alkyl tail. It
was reported that the surfactant with ten carbons in the alky tail
could spontaneously undergo liquid—liquid phase separation
when the concentration was over 100 mg mL™". The driving
force of the coacervation was ascribed to the synergy of
hydrophobic interactions (among alkyl groups to initiate the
self-assembly of micelles), electrostatic interactions (between
zwitterionic domains for both micelle assembly and the physical
cross-linking among micelles), and hydrogen bonding (biden-
tate hydrogen bonds between catechol groups for physical cross-
linking among micelles). The resultant coacervate adhesive
exhibited a strong wet adhesion of ~50 mJ m™> Although
electrostatic interactions between opposite charges have long
been considered as the primary driving force for the
coacervation of mfps, most of the known mfps are net positively
charged and abundant in aromatic residues, and negatively
charged mfp has not been reported.””” For example,
recombinant mfp-1 (Rmfp-1, M(AKPSYPPTYK),,; M, methio-
nine; S, serine; Y, tyrosine; T, threonine) is composed of equal
molar amount (~19.8%) of cationic lysine and aromatic
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tyrosine. Therefore, cation—z interactions between the
positively charged groups and aromatic rings can serve as an
impetus to initiate coacervation. Similarly charged Rmfp-1 and
poly(2-(trimethylamino)ethyl methacrylate) (MADQUAT)
have been demonstrated to undergo coacervation in the
presence of high-concentration sodium chloride, which was
induced by the strong short-range cation—7 interactions
between the positively charged trimethylammonium group
and the aromatic phenolic group of Rmfp-1 to overcome the
electrostatic repulsion (Figure 22c). Furthermore, Zeng and
Hwang et al. reported that cation—z interaction-enabled
coacervation could occur within a single Rmfp-1, triggered by
salt concentration at seawater level (>0.7 M) (Figure 22d),
which screened the long-range electrostatic repulsion between
positively charged amine groups.

Inspired by the excellent adhesiveness of sessile organisms’
coacervate, the coacervation phenomenon has been explored for
the development of wet and underwater adhesives. For example,
a catechol-modified PAA (PAAcat) and a quaternized chitosan
ion-paired with bis(trifluoromethane-sulphonyl)imide (Tf,N~)
(QCS-Tf,N) were simultaneously dissolved in dimethyl
sulfoxide (DMSO). After injection into water, the solvent
exchange between DMSO and water triggered the deprotona-
tion of the carboxyl groups of PAAcat, resulting in the formation
of a coacervate via the electrostatic interactions between the
anionic PAAcat and cationic QCS-T£,N (Figure 23a). The rapid
setting of the coacervate phase was achieved by continuous
solvent exchange, leading to a robust wet adhesion of 2 J m™2.%!
To simplify the polymer synthesis, plant-derived sulfonate
group-rich lignin was employed as the negatively charged
component to form coacervate with a positively charged
polyamidoamine epichlorohydrin (PAE-Cl, inexpensive indus-
trial additive). The resultant coacervate could achieve an
underwater adhesion up to 400 kPa after the ring-open cross-
linking reaction between the azetinidium and amine groups,
which was inhibited in acidic conditions and activated in neutral
and basic environments.*”> Other noncovalent interactions such
as hydrogen bonding have also been exploited for the fabrication
of coacervate adhesives.”**** Lee and co-workers showed that
plant-derived tannic acid could interact with linear and 4-arm
PEG to generate a coacervate adhesive (TAPE) through the
intermolecular hydrogen bonds formed between the hydroxyl
groups of tannic acid and the etheric oxygens of PEG (Figure
23b). The as-prepared coacervate adhesive exhibited a wet
adhesion strength up to 180 kPa between porcine skins without
further cross-linking and successfully served as an effective
hemostatic.””> Zeng and co-workers improved the system by
replacing the PEG/4-arm PEG with poly(ethylene glycol),,-b-
poly(propylene glycol),q-b-poly(ethylene glycol),, (PEG-PPG-
PEG, F68) micelles, where the hydrophobic core of the micelles
offered additional cross-linking to enhance the mechanical
property of the coacervate adhesive. The coacervate adhesive
exhibited instant and repeatable underwater adhesion with
adhesion strength up to 1.1 MPa on porcine skin and of 602.1
kPa on a poly(methyl methacrylate) (PMMA) substrate.*"*
Inorganic materials have been harnessed to endow the
coacervate adhesive with multifunctionalities such as an
electrochromic property, an antibacterial property, a tunable
optical property, and so on.**>™*"” For example, Li and co-
workers found that polyoxometalate silicotungstic acid
H,SiW,,0,, (SiW) and amino acid histidine could self-assemble
into coacervate adhesives through one-step mixing."”> The
positively charged imidazole groups of histidine could be
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absorbed onto the surface of SiW clusters via electrostatic
interactions, while the protonated amine groups and deproto-
nated carboxyl groups of different histidine molecules interacted
with each other by hydrogen bonds, leading to a self-assembly
network of in coacervate phase (Figure 23c). The coacervate
adhesive showed a wet adhesion strength of 38.3 kPa between
copper plates and exhibited an electrochromic property because
of the reduction-associated color change of the tungsten
element. Zeng and co-workers reported that SiW and PEG
could generate coacervate adhesives via one-step mixing.*’° The
coacervation process was attributed to the hydrogen bonding
between oxygens of SiW and etheric oxygens of PEG bridged by
hydrated protons (Figure 23d). Because of the innate
antibacterial property of SiW, the coacervate adhesive acted as
an effective hemostatic with the capability to avoid microbial
infection. When the linear PEG was replaced by poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol)
(P123) micelles, the stability of the coacervate could be
improved because of the stronger hydrogen-bonding interaction
and the additional cross-linking endowed by the hydrophobic
cores of the micelles.*”” Moreover, the adhesion strength was
saliently raised from ~100 kPa at wet conditions to ~420 kPa
obtained underwater. Besides the electrochromic property
conferred by SiW, P123 micelles imparted thermoresponsive-
ness to the coacervate adhesive, yielding a promising candidate
for energy-saving materials.

The design of coacervate adhesives is generally based on the
manipulation of three types of noncovalent interactions (i.e.,
electrostatic interactions, cation—7 interactions, and hydrogen-
bonding interactions), and the characteristics of different
coacervation strategies are summarized in Table 2. Inspired by
the sandcastle worm, researchers have shown the electrostatic
interaction-driven coacervation between two oppositely charged
proteins generally requires complex polymer synthesis, where
charged functional moieties such as amine and phosphate
groups are introduced into different polymers.*”***® Under this
circumstance, the stoichiometry and pH adjustment of the two
polyelectrolytes as well as the addition of salt should be
delicately balanced to qualitatively tune the strength of the
electrostatic interaction within the coacervate, otherwise,
solutions, gels, or solid precipitates would be obtained. Herein,
if the molecular interactions between the oppositely charged
pairs of polyelectrolytes could be quantitatively measured under
different environmental condictions, reasonable design of
coacervate adhesives would have more reliable information to
refer to. Meanwhile, DOPA has been incorporated into one of
the two charged polyelectrolytes to facilitate the setting of the
biological coacervate adhesives. However, as the setting process
is irreversible, the repeatable adhesion is inaccessible. Cation—7z
interactions can not only drive coacervation between two like-
charged polyelectrolytes but also induce coacervation within a
single cationic polyelectrolyte, where the recombination of
mussel foot proteins is usually involved to ensure the presence of
both amine and phenol groups.”””**° Compared with electro-
static interactions, cation— interactions are less sensitive to pH
adjustment. Therefore, the positively charged functional groups
of these systems could remain cationic over a wide range of pH
values. However, this stragtegy is restricted to acidic conditions
because of the premature oxidation of DOPA in basic
environments. Cation—7 interactions are also highly sensitive
to salt concentration because the long-range -electrostatic
repulsion between the positively charged polymers needs to be
screened with a sufficient addition of salt to allow cation—z
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Table 2. Typical Features of Different Coacervation Strategies

pH

adjustment
Highly

Involved noncovalent

Ref

395, 396

Setting Repeatability

Yes

Salt

Highly sensitive

Stoichiometry

Highly

Polymer synthesis

Coacervation components

Inspiration

interactions

No

Two oppositely charged polymers Complex polymer

Sandcastle worm

Electrostatic

sensitive sensitive

Highly

synthesis

interactions

No 399, 400

Yes

Highly sensitive

Sensitive

sensitive

synthesis

Complex polymer
No

Two positively charged polymers or one

positively charged polymer

Mussel

Cation—r interactions

403, 406,
408

Yes

No

Sensitive but for the cohesion of
the coacervate

No

Sensitive

Generally nonionic polymers, commercially

available

Prevalent interaction in
living organisms

Hydrogen bonding
interactions

AQ

interactions to occur. As a prevalent interaction in living
organisms, hydrogen bonding has been widely applied in
designing self-healing hydrogels attributed to its modulated
strength, excellent biocompatibility, and a rapid association/
dissociation behavior.'" It has been reported that hydrogen-
bonding interaction-driven coacervation can occur between
pairs of commercially available products, such as tannic acid and
PEG,"® tannic acid and PVA**® as well as SiW and PEG.**
Generally, these coacervate adhesives can be acquired through
simple one-step mixing without further treatment of the two
counterparts, which could act as hydrogen donors and hydrogen
acceptors during the coacervation process, respectively. The
resultant coacervate adhesives can be facilely obtained over a
wide range of mixing ratios and readily scaled up. Despite the
existence of catechol groups, oxidation or cross-linking setting is
dispensable to achieve wet/underwater adhesion as the cohesion
of the coacervate adhesives can be easily tuned to be strong
enough to support appropriate loading. The hydrogen donors,
hydrogen acceptors, as well as catechol groups can provide
reversible molecular interactions to bond the targeted surfaces
repeatedly. Besides the approaches exploiting only one type of
noncovalent interactions, more attention should be paid to the
designs where two or more molecular interactions are involved.

3.4. Hydrogel Systems

Hydrogels are three-dimensional (3D) cross-linked polymer
networks with a high content of water and have had applications
in various fields, such as drug delivery, tissue engineering,
wearable flexible electronics, and environmental engineering,
because of their biocompatibility, easy fabrication, and facile
tunability in mechanical and functional properties.”””*'* Both
chemical and physical cross-linking strategies can be exploited
for the construction of hydrogels, and this section only focuses
on the development of functional (e,g, self-healing, adhesive,
stimuli-responsive, adsorbent) hydrogels via noncovalent
interactions.

3.4.1. Self-Healing Hydrogels. Inspired by the self-healing
ability of living organisms, such as the healing of wounds in skin
and the reparation of mussel byssal threads, the self-healing
property has been pursued in lots of synthesized materials,
which are expected to autonomously recover from damages
induced by external forces, showing enhanced stability and
extended lifespans.*'" Both dynamic covalent bonds (e.g., Schiff
base imine bonds, disulfide bonds, phenylboronic ester
complexation)*'**'* and noncovalent interactions (e.g, hydro-
gen bonding, hydrophobic interactions, host—guest interac-
tions, metal—ligand coordination, electrostatic interactions,
cation—r interactions, 7—x stacking interactions) have been
employed for the fabrication of self-healing hydrogels,*'**'>
where the noncovalent interactions can bestow hydrogels with
injectability and phase transition between a liquid-like state with
high free volume and a low-free-volume solid state with elastic
and plastic properties.*''

Hydrogen bonding is one of the most prevalent noncovalent
interactions for the construction of self-healing hydrogels, taking
advantage of its biocompatibility, directionality, facilely tunable
strength, and fast association/dissociation behavior.' %!
Recently, hydrogen-bonding interaction-driven self-healing
hydrogels have been prevailing in applications of flexible
electronics because they can automatically self-heal from
damages caused by frequent movements or unexpected breaks
without external stimuli. For example, in situ polymerization of
acrylic acid (AA) with the existence of ethylene glycol (EG)
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Figure 24. Self-healing hydrogels enabled by hydrogen-bonding interactions. (a) Preparation of a self-healing PANI/PSS-UPy hydrogel based on the
formation of quadruple hydrogen bonds. Reproduced with permission from ref 409. Copyright 2019 American Chemical Society. (b) Polyacrylate and
polymethacrylate hydrogels functionalized with mussel-inspired catechols showing underwater self-healing enabled by catechol-mediated interfacial
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followed by the adsorption of KOH aqueous solution led to a
self-healing hydrogel electrolyte for the fabrication of a flexible
solid-state supercapacitor, which could retain 68% of its initial
capacitance after 40 breaking/healing cycles because of the
reconstruction of hydrogen bonds between carboxyl groups of
poly(acrylic acid) (PAA) and hydroxyl groups of EG.”'” The
abundant hydrogen bonds between hydroxyl side groups of PVA
could impart the self-healing ability to a PVA-based hydrogel,
which could further serve as the electrolyte of a zinc-ion battery
when doped with zinc trifluoromethanesulfonate (Zn-
(CF;803),). The mechanical strength of the PVA hydrogel
was enhanced by a facile freeze/thaw method with the formation
of crystalline microdomains as cross-linkers.”'® The copoly-
merization of hygroscopic vinylimidazole(VI) monomer and
hydroxypropyl acrylate (HPA) monomer in the NaNO,
aqueous solution resulted in a p(VI-co-HPA) hydrogel electro-
lyte, where the integrated supercapacitor could restore its
capacitance at temperatures ranging from +25 to —15 °C after 9
cycles of cut/healing. The self-healable capacitive performance
was mainly ascribed to the hydrogen-bonding interactions
between imidazole groups of VI and hydroxyl groups of HPA in
addition to the ionic conduction and high mobility of polymer
chains.*'” A conductive and self-healing nanocomposite hydro-
gel with an antifreezing property was prepared through the
polymerization of oligo(ethylene glycol) methacrylate

AR

(OEGMA)-based monomers in a glycerol—water cosolvent
with inorganic clay as physical cross-linkers and conductive ions.
Because of the strong hydrogen-bonding interactions between
polymer chains and clay, between polymer chains and glycerol/
water molecules, as well as between glycerol and water
molecules, hydrogel-based skin sensor with multifunctionalities
including self-healing, antifreezing, and thermoresponsiveness
was obtained.*” The above-mentioned hydrogels were all
constructed based on single hydrogel bonds, whose strength
could be enhanced by the introduction of multiple hydrogen-
bonding motifs includinﬁ triple, quadruple, and sixtuple
hydrogen-bonding arrays.”> A stretchable, injectable, and self-
healing conductive hydrogel was developed via incorporating
quadruple hydrogen-bonding 2-ureido-4[1H]-pyrimidinone
(UPy) groups as cross-linking points into a brittle polyaniline/
poly(4styrenesulfonate) (PANI/PSS) network. The hydrogel
could recover to the initial state within 30 s even after enduring a
large strain of 1000% and preserve the identical relative
resistance change and sensibility after 20 cyclic loading/
unloading tests (Figure 24a).*”” When it comes to biomedical
and environmental applications, self-healable hydrogels at wet or
moist conditions are in pressing need. Israelachvili and Waite,
etc. demonstrated that synthetic polyacrylate and polymetha-
crylate hydrogels functionalized with mussel-inspired catechols
could undergo underwater self-healing enabled by catechol-
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Figure 25. Self-healing hydrogels enabled by host—guest interactions. (a) Self-healing hydrogels driven by host—guest interaction between -CD-HA

and Ad-HA for the delivery of therapeutics and cells. Reproduced with permission from ref 433. Copyright 2017 Springer Nature. (b) Host ($-CD)
and guest (nBu or Ad) monomers were preorganized into inclusion complexes via host—guest interaction and then copolymerized with AM for the
fabrication of self-healing hydrogels. Reproduced with permission from ref 438. Copyright 2013 John Wiley & Sons. (c) Acrylated host (5-CD)
monomers and two different guest (Ad and Fc) monomers were simultaneously copolymerized in a hydrogel system, whose self-healing property was
endowed by host—guest interaction between the host groups and the two guest moieties. Reproduced with permission from ref 441. Copyright 2015
John Wiley & Sons. (d) Supramolecular self-healing hydrogel prepared by adding CB[8] into the mixture of HEC-Np and PVA-MV aqueous solution.

Reproduced with permission from ref 442. Copyright 2012 American Chemical Society.

mediated interfacial bidentate hydrogen bonds (Figure 24b).*!
Self-healing hydrogel also has been applied in filtration of water.
The filtration membranes were coated with a self-healing
hydrogel via in situ graft polymerization of 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS) onto microporous
poly(ether sulfone) (PES) substrates, which could recover
from damages caused during installation and operation. The
self-healing ability was enabled by hydrogen bonding between
AMPS side chains as well as molecular interdiffusion.**” Some
other studies focused on developing novel self-healing strategies
of hydrogen-bonding interaction-driven hydrogels as well as
improving the mechanical properties of the hydrogels.”** For
instance, a double network (DN) hydrogel was developed to
optimize the balance between the mechanical strength and the
self-healing property. The first network was hydrogen bond-
associated entanglements of poly(acrylamide-co-acrylic acid)

AS

(PAM-co-PAA) and the second network was hydrogen-bonding
interaction-driven PVA, which was reinforced through cyclic
freezing/thawing. The hydrogel possessed a high strength of
1230 + 90 kPa and toughness of 1250 + S0 k] m™ with a
sacrifice of the self-healing ability. The self-healing efficiency was
evaluated by comparing the elongation at break for original and
healed gel samples, where the hydrogel sample healed 12 h at 37
°C only exhibited a self-healing efficiency of 37%.*** The
incorporation of nanomaterials such as GO nanosheets into
hydrogels was another strategy to fabricating self-healing and
tough hydrogels. When acrylamide was in situ polymerized with
the presence of GO nanosheets, massive hydrogen bonds were
generated between the carbonyl groups of PAM and hydroxyl
groups of GO, simultaneously endowing the hydrogel with a
high strength of 580 kPa and a high elongation of 3300%. The
hydrogels could reach a self-healing efficiency of 88% for tensile
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Stren%th and 98% for elongation by varying the concentration of
GO."™ The strength of hydrogen-bonding interactions within
self-healing hydrogels could be modulated via optimizing the
ratio of hydrophilic moieties to hydrophobic moieties.
Copolymerization of N-acryloyl amino acid and N,N-
methylenebis(acrylamide) monomers created rapid (within
seconds) self-healing hydrogels, whose recovery degree was
tunable through changing the side chain length (length of
alkylene spacers) of N-acryloyl amino acid to mediate hydrogen
bonds with minimal steric hindrance and hydrophobic
collapse.***

Hydrophobic interactions have been utilized to build self-
healing hydrogels inspired by the hydrophobic interaction-
associated elastin, which is the main component of elastic, self-
healable, hydrogel-like biological soft tissues including skin,
blood vessels, and lungs.””®**” Micelle copolymerization is
commonly used in the fabrication self-healing hydrogels, where
the hydrophobic monomers are encapsulated within the
hydrophobic cores of micelles and the hydrophilic monomers
are dissolved in the aqueous solution. The tightly entangled
hydrophobic chains in the micellar cores serve as dynamic cross-
linking sites to achieve the self-healing ability. It was reported
that large hydrophobic monomers stearyl methacrylate (SMA/
C18) or dococyl acrylate (C22) could be copolymerized with
the hydrophilic acrylamide in a micellar solution of sodium
dodecyl sulfate (SDS) to prepare self-healing hydrogels. A high
concentration NaCl was required to induce the growth of
micelles through shielding electrostatic interactions, allowing
the high solubility of hydrophobic monomers within the
hydrophobic cores of micelles. The as-prepared self-healing
hydrogels could achieve an elongation up to 3600%, and the
healed sample could also reach an elongation of 3580%."*° The
effects of hydrophobe size and surfactant concentration were
further investigated, and the utilization of a hydrophobic
monomer with an alkyl chain length of 18 carbon atoms led to
the highest self-healing efficiency (88%) of the hydrogels.
Moreover, hydrogels prepared with hydrophobic methacrylates
exhibited a higher self-healing ability over those prepared with
acrylates, as the constrained flexibility of backbones could set
free more nonassociated hydrophobic blocks to mediate
hydrophobic interactions. In addition, the self-healing ability
of the hydrogels gradually disappeared along with the decrease
of the SDS content.*”” When the poly(AM-co-SMA) hydrogel
was doped with cellulose nanofiber (CNF)-stabilized
MWCNTs, the tensile strength and electrical conductivity
were enhanced with a compromised self-healing ability (77.2%
of elongation recovery after healingfor 7 days). However, the as-
prepared hydrophobic interaction-associated hydrogel exhibited
an efficient electromagnetic interference (EMI) shielding
performance of about 28.5 dB, holding great potential in the
protection of precision electronics.”’ Surfactant-free hydro-
phobic interaction-associated self-healing hydrogels could be
prepared via a controlled dehydration procedure. Specifically,
benzyl methacrylate (B), octadecyl methacrylate (O), and
methacrylic acid (MA) monomers were copolymerized in a
solution and strong hydrophobic interaction among octadecyl
groups was gradually initiated with the dehydration of the
solution, generating a self-healing hydrogel. The cut interface of
the hydrogel was capable of healing within 0.5 h, and perfect
welding was achieved after 18 h."*' Further incorporating
PNIPAm nanogels into the polymer solution followed by
controlled evaporation of water resulted in a hydrophobic
interaction-driven self-healing hydrogel with thermoresponsive
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optical property. The addition of PNIPAm did not weaken the
self-healing ability of the hydrogel but only enabled the hydrogel
to exhibit heat-induced variation of transgarency, which show
potential applications as smart windows.*"*

Host—guest interactions can serve as a driving force for
supramolecular assembly and the fabrication of self-healing
hydrogels. For example, a self-healing hydrogel was generated by
mixing f-CD-modified HA (f-CD-HA) and Ad-modified HA
(Ad-HA), which was induced by the host—guest interaction
between -CD and Ad moieties. The high self-healing and shear-
thinning efliciencies within seconds offered the hydrogel
injectability and it could be loaded with therapeutics and cells
(Figure 25a)."® The self-healing hydrogels could serve as
extruded inks and supportive scaffolds for 3D-bioprinting with
high precision through modulating the grafting degree of HA
and the concentrations of host/guest polymers.**>"** Because
of the biocompatibility of the polymers, the corresponding
host—guest interaction-associated self-healing hydrogels hold
great promise in biomedical applications. It was demonstrated
that f-CD-modified alginate could interact with the aromatic
residues of the methacrylated gelatin via a host—guest
interaction, yielding a shear-thinning and self-healing hydrogel
with potential applications in tissue engineering and cell/drug
delivery.*® In addition, f-CD-modified N,N’-dimethylacryla-
mide (DMA) and cholic acid (CA)-modified DMA could
generate self-healing hydrogels suitable for injectable in situ
gelling devices.**® Some special inclusion complexes such as the
inclusion of a #-CD macrocycle with an a-bromonaphthalene
(a-BrNp) moiety could emit room-temperature phosphores-
cence (RTP) signals under specific excitation. Therefore, mixing
poly(AM-co-$-CD) and poly(AM-co-a-BrNp) could result in a
rapidly (within 1 min) self-healing hydrogel with phototriggered
RTP responsiveness for smart soft materials, which could be
further adjusted via competitive host—guest interaction between
B-CD and Azo moiety through the addition of poly(AM-co-
Az0)."*” Moreover, in order to get optimal self-healing efficiency
of the host—guest interaction-enabled hydrogels, preorganizing
host—guest pairs before polymerization could enhance their
interaction opportunities. For instance, f-CD-modified and Ad-
modified AM monomers or a-CD-modified and n-butyl acrylate
(n-BuAc)-modified AM monomers formed inclusion complexes
via host—guest interactions, respectively, followed by subse-
quent polymerization of inclusion complexes to yield host—
guest interaction-driven self-healing hydrogels (Figure 25b).**
A light-switchable self-healing hydrogel was prepared by
polymerization of AM monomers and a host—guest macro-
cross-linker assembled from a poly(f-CD) nanogel and
azobenzeneacrylamide. The self-healing property of the hydro-
gel could be modulated by light as the azo moiety experienced
trans—cis isomerization upon UV irradiation, where cis-state azo
moieties were less favorable to -CD cavities compared with
those in the trans-state.**” A three-arm supramolecule monomer
associated by the host—guest interaction between isocyana-
toethyl acrylate modified #-CD and a 2-(2-(2-(2-(adamantyl-1-
oxy)ethoxy)ethoxy)ethoxy)ethanol acrylate guest monomer
was polymerized, leading to a rapidly self-healing hydro§el
with high mechanical strength and excellent biocompatibility. ™’
Host and guest moieties could be also simultaneously
copolymerized into the same polymer. When the S-CD
monomer and two different guest monomers, Ad and Fc, were
copolymerized, a hydrogel was generated, whose self-healing
efficiency could be tuned by host—guest interactions between /-
CD and Ad/Fc, respectively. The self-healing hydrogel exhibited
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stimuli-responsiveness, which were light-responsiveness be-
stowed by Ad and redox-responsiveness endowed by Fc (its
oxidized form is hydrophilic) (Figure 25¢).**' CB[n]s have been
employed to formulate self-healing hydrogels through host—
guest interactions with various guest moieties. Scherman and co-
workers have made a significant contribute to CB[n]-related
host—guest interaction-driven hydrogels toward multifunction-
alities. Naphthalene (Np)-modified hydroxyethyl cellulose
(HEC) and methyl viologen (MV)-modified PVA were mixed
with CB[8] with a molar ratio of 1:1:1, where each CB[8] cavity

AU

could concurrently accommodate one electron-deficient guest
MV and one electron-rich guest Np (Figure 25d). The as-
prepared hydrogel exhibited rapid self-healing within a few
seconds after being destructed by high-magnitude shear rate of
500 s7!, and displayed multiple response to temperature,
chemical potential, and competing guests.”** The ternary self-
healing hydrogel system could be improved by replacing Np-
decorated HEC with cellulose nanocrystals (CNC)-modified
Np-containing polymer brushes, leading to hydrogels with high
storage modulus of more than 10 kPa and rapid sol—gel
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was in situ polymerized within the polymer network formed by the first monomer with an opposite charge. Reproduced with permission from ref 459.
Copyright 2015 John Wiley & Sons. (c) Self-healing hydrogel based on cation—z interactions. Reproduced with permission from ref 462. Copyright

2019 Springer Nature.

transition within less than 6 s.*** Through direct radical
polymerization of AM monomers and inclusion complex
monomers associated between CB[8] and polymerizable guest
molecules (1-benzyl-3-vinylimidazolium), tough hydrogels
(support object 2000 times of their weight) with extreme
stretchability (elongation of 10000%) and fast room-temper-
ature self-healing (self-healing efficiency of about 35% within 1
h) were obtained.***

Metal—ligand coordination has attracted increasing attention
for the construction of self-healing hydrogels as metal-
containing polymer networks are widespread in biology,
especially in load-bearing biomaterials such as the Mytilus byssal
cuticle.**® Besides the widely studied Fe**—catechol coordina-
tion inspired by mussels,"**~** other metal—ligand coordina-
tion interactions like Fe®*/AI**—carboxylic group interac-
tion,"*~*** metal—thiolate coordination (Ag/Au and
—SH),***7*%% Ca?*—bisphosphonate coordination®*” were also
investigated. To circumvent ferric hydroxide precipitation, a
mussel-inspired strategy of preorganizing Fe’" in Fe’*—
monocatechol complexes at acidic pH could successfully protect
Fe®" to subsequently interact with DOPA via bis- and/or tris-
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catechol—Fe®* complexes along with increasing the pH (Figure
26a). At a pH of about 12, a self-healing hydrogel was generated
based on tris-catechol—Fe** coordination between DOPA-
modified 4-arm PEG and Fe®', which could recover from a
fracture within 3 min (Figure 26a). DOPA-PEG-based
adhesives and coatings could be used in both dry and wet
environments ascribing to the universal adhesion on various
substrates of DOPA.**® DOPA-functionalized polyallylamine
and Fe’ could adopt this strategy to form a self-healing
hydrogel, which resumed from a destructive strain of 200% in
less than 10 s."*” Metal-ligand coordination between DOPA-
modified chitosan and Fe®* could engender a self-healing
hydrogel, where genipin was introduced as cross-linkers to form
covalent bonds with free amine groups of chitosan the enhance
the mechanical property of the hydrogel with a reduced self-
healing efficiency.**® Free-radical polymerization of acrylic acid
(AA) in the presence of Fe’" was a facile way to fabricate self-
healing hydrogels because of the dynamic and reversible metal—
ligand coordination between Fe** and carboxylic groups of
PAA."® Further incorporating polypyrrole (PPy)-grafted
chitosan into the aqueous solution with Fe®* prior to the
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polymerization of AA could confer the self-healing hydrogel
good conductivity to be applied for human motion detection
and 3D-printed flexible electronics. The hydrogel possessed
high stretchability of 1500% and 100% mechanical recovery in 2
min because of the metal—ligand coordination between Fe®" and
carboxylic groups of PAA as well as NH groups of PPy.**' The
Fe*"—catechols and Fe** —carboxylic groups coordinations were
combined into one self-healing hydrogel by polymerizing AA in
the presence of Fe** and DOPA-functionalized rGO nanosheets.
Two separated parts of this hydrogel could heal overnight and
recover 75% of the initial elongation of about 600%. The
hydrogel displayed excellent biocompatibility considering that
fibroblasts differentiated from human embryonic stem cells
showed a flourishing living state on it, holding great potential as
electronic skin and biosensors.**’ In addition, AI**—carboxylic
coordination was used to fabricate a self-healing and photo-
luminescent hydrogel through introducing specific amounts of
AIP* and photoluminescent citric acid derivatives (PCADs) into
carboxymethyl cellulose (CMC) polymer networks. The
hydrogel was demonstrated to be an effective vessel sealant for
solution leakage and mucoadhesive for stomach perforations.***
Ca*"—bisphosphonate coordination was employed to build a
self-healing silk fibroin (SF)-based hydrogel for bone regener-
ation. Specifically, SF microfibers were first coated with a layer of
calcium phosphate (CaP) particles, followed by interacting with
bisphosphonate-functionalized polysaccharide binders (Figure
26b)."” Recently, Ag-related metal—ligand coordination has
been exploited to fabricate self-healing hydrogels with potential
application in biomedical engineering mainly because of the
innate antibacterial characteristic of Ag*. For example, one step
mixing of 4-arm thiolated PEG (PEG-SH) and AgNO; aqueous
solutions resulted in an injectable and self-healing hydrogel with
antibacterial property for diabetic skin wound repair, where
doping the PEG-SH solution with angiogenic drug desferriox-
amine (DFO) would further facilitate the wound healing (Figure
26¢)."> Similarly, replacing DFO with mangiferin liposomes
(MF-Lip) within the above hydrogel enabled it to be conducive
for the healing process of skin flap regeneration.”** Furthermore,
Ag NPs and a water-soluble and disulfide bond (S—S)-contained
surface ligand N,N-bis(acryloyl)cystamine (BACA) could
associate with each other through RS-Ag coordination between
the highly active silver atoms on the surface of the Ag NPs and
RS ligand, where the S—S bond cleaved upon the adsorption
BACA onto Ag NPs (Figure 26d). UV irradiation initiated the
uniform distribution of BACA on the surface of Ag NPs and
induced the hydrophobization of Ag@BACA nanocomposite,
because of surface energy change originated from the photo-
thermal of Ag NPs and the dissociation of RS—Ag bonds at a
high temperature. Within the Ag@BACA nanocomposite, Ag
NPs served as electron acceptors while RS acted as electron
donors, and the electrostatic repulsion among Ag NPs assisted
by the hydrophobic interaction of the nanocomposite led to the
2D lamellar Ag NPs assemblies in single-nanoparticle thickness.
Followed by the copolymerization with AM monomers, an
anisotropic hydrogel with NIR irradiation- and low pH-
mediated self-healing performance was fabricated, which
afforded the hydrogel with great potential as a superior soft
actuator.”” Replacing Ag NPs with AuNPs and shifting AM
monomers with NIPAM monomers also resulted in a hydrogel
with a NIR-initiated self-healing property enabled by the
dynamic RS—Au coordination interaction.”*® In addition, the
newly discovered photodynamic Ru—Se coordination bond has
been exploited for the preparation of visible-light-responsive
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self-healing hydrogels, which could experience reversible sol—
gel transitions without side reactions upon cyclic mild visible-
light irradiation and storage in the dark.™®

Self-healing hydrogels driven by electrostatic interactions and
other interactions (e.g., cation—7 interactions) have been
extensively explored. For the preparation of self-healing
hydrogels driven by electrostatic interactions, a fast formation
of inhomogeneous precipitation would be commonly observed
because of a rapid complexation reaction between bulk aqueous
solutions of polycations and polyanions.*” To address this
issue, Gong and co-workers employed the strategy of
copolymerization of oppositely charged monomers to generate
polyampholyte hydrogels, which simultaneously bear randomly
spread cationic and anionic repeat groups, resulting in a a
hierarchical distribution of ionic bonds with various bond
strengths (Figure 27a). The elasticity of the hydrogels was
credited to the relatively strong ionic bonds; the self-healing
performance and the capacity of dissipating energy were
ascribed to those relatively weak bonds (Figure 27a). The
mechanical properties of these electrostatic interaction-driven
self-healing hydrogels could be modulated over a wide range by
utiliziné% various combinations of oppositely charged mono-
mers.* """ However, these inhomogeneous polyampholytes
hydrogels usually suffer from uncontrollable mechanical proper-
ties caused by globular conformation of polymer chains. To
surmount these shotcomings, a double network approach was
employed, where one charged monomer was first polymerized
into a network with the subsequent in situ polymerization of
another oppositely charged monomer (Figure 27b). The two
interacted oppositely charged homopolymers with an extended
coil polymer conformation were obtained to compose the
electrostatic interaction-enabled self-healing hydrogels with
controllable mechanical properties.”” As a strong noncovalent
interaction, cation—z interactions have attracted a lot of
research attention for constructing self-healing hydrogels with
underwater adhesiveness. As the aromatic monomer is hydro-
phobic, Gong and co-workers proposed a strategy for
preorganizing cation—7 interaction-associated monomer pair
complexes to enable homogeneous distribution of divinyl-like or
multivinyl-like monomers for subsequent polymerization
(Figure 27c). Free radical polymerization of adjacent
cationic—aromatic monomer pairs gave rise to underwater
adhesive hydrogels, which were able to bind negatively charged
surfaces in saline environments. Because of the dynamic feature
of the cation—r interaction, these hydrogels could fully recover
from 300% strain within 30 5.*>*** The 7—7 interactions were
also utilized for fabricating self-healing hydrogels. An amino-
acid-based self-healing hydrogel was developed from 11-
(4(pyrene-1-yl)butanamido)undecanoic acid and graphene/
SWCNTs based on 7—7 interactions between the pyrene
moieties and the 7 surface of the graphene/ SWCNTs.

Various types of noncovalent interactions have been
introduced to construct self-healing hydrogels, which are
summarized in Table 3. Among them, hydrogen bonding is
primarily investigated because of the readily accessible pairs of
hydrogen donors and hydrogen acceptors. The introduction of
salts and/or other conductive nanomaterials generally will not
impair the self-healing efficiency of the hydrogels, and when the
nanomaterials were modified with hydrogen donors and/or
hydrogen acceptors, the self-healing efficiency might be
enhanced. Therefore, hydrogen-bonding-driven self-healing
hydrogels have been extensively studied for the fabrication of
flexible electronics including supercapacitors, ionic batteries,

https://doi.org/10.1021/acs.chemrev.2c00215
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Figure 28. Self-healing hydrogels enabled by multiple noncovalent interactions. (a) Self-healing hydrogel formed via the synergy of hydrogen bonding
and hydrophobic interactions. Reproduced with permission from ref 474. Copyright 2016 John Wiley & Sons. (b) Self-healing hydrogel enabled by the
cooperation of metal coordination, hydrogen bonding, and electrostatic interactions. Reproduced with permission from ref 477. Copyright 2020

American Chemical Society.

strain sensors, biosensors, etc., where the electrical and/or ionic
conductivity is indispensable, and the self-healing property
could greatly enhance their life span. Although water-based self-
healing hydrogels usually possess good biocompatibility, the
weak water retention capability and antifreezing property would
practically hinder their long-term usage. Strategies such as
adding a high concentration of hygroscopic LiCl salt or
wrapping the hydrogels with an elastomer as an outer layer
have been proposed, but they are either expensive or
complicated. Therefore, the development of water-free self-
healing elastomers has become a promising strategy.**>~**” For
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example, bidentate urea hydrogen bonds, urethane hydrogen
bonds, bidentate carboxylated hydrogen bonds, and quadruple
hydrogen bonds between UPy moieties have been extensively
studied for the fabrication of self-healing elastomers toward
applications in flexible electronics such as soft robots,*® e-
skin,**® triboelectric nanogenerators,470 capacitive sensors,*”"
etc. A major challenge for the preparation of self-healing
hydrogels based on hydrophobic interactions is the poor
solubility of hydrophobic monomers in aqueous solutions,
which could be addressed by the formation of micelles or
controlled dehydration. Host—guest interaction usually suffers

https://doi.org/10.1021/acs.chemrev.2c00215
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from the poor pairing percentage of the inclusion complexes,
which may lead to low self-healing efficiency. Preorganizing
host—guest monomer pairs before polymerization was brought
up to tackle this problem. The design of self-healing hydrogels
based on metal—ligand coordination also allows a wide range of
choices in materials. However, when DOPA is involved, special
attention should be paid to avoiding the preoxidation of the
catechol groups. Directly mixing oppositely charged polyelec-
trolytes usually leads to the generation of precipitates attributed
to the strong and unevenly distributed electrostatic interactions.
Therefore, copolymerization of oppositely charged monomers
to generate polyampholyte hydrogels as well as in situ
polymerization of a charged monomer within the polymer
network of another oppositely charged monomer are preferred.
For cation—r interaction-enabled self-healing hydrogels, the
poor solubility of the hydrophobic aromatic monomers requires
organic solvents to be the polymerization medium. The
corresponding self-healing hydrogels could be obtained after
solvent exchange between organic solvent and water in the
presence of sea-level salt.

Different types of noncovalent interactions can be combined
into one hydrogel system to optimally satisfy various require-
ments of practical applications. Generally, the number and type
of noncovalent interactions depend on the design strategy and
materials used for the construction of hydrogels. The double
network strategy is usually the preferable design method of a
self-healing hydrogel as one polymer network could maintain
the mechanical property of the hydrogel while the other one
could work for self-healing. For example, a negatively charged
sodium 4-vinyl-benzenesulfonate (NaSS) monomer and a
positively charged N-(2-(methacryloyloxy)ethyl)-N,N-dime-
thylbutan-1-aminium bromide (MOBAB) monomer were
copolymerized in an aqueous solution of soluble starch with
the addition of GO nanosheets. The prepared hydrogel could
restore its shear modulus from a destructive shear strain of
1000% within about 120 s, because of the reversible electrostatic
interactions between the oppositely charged functional groups
as well as hydrogel bonds among soluble starch, GO sheets, and
P(NaSS-co-MOBAB) polymer chains.*’* Similarly, NIPAm and
acrylated f-cyclodextrin (f-CD) were copolymerized in the
presence of MWCNTs, followed by the in situ polymerization of
pyrrole. The self-healing property of this hydrogel was endowed
by dominant host—guest interactions and the weak hydrogen-
bonding interactions between S-CD and NIPAm. The as-
prepared hydrogel could recover its shear modulus immediately
(less than S s) from a shear strain of 400%.*”* A single network
hydrogel could also reach excellent self-healing efficiency with
the combination of different types of noncovalent interactions.
As shown in Figure 28a, acrylated UPy monomers with a
hydrophobic spacer were encapsulated within the hydrophobic
cores of the SDS micelles, which prevented the quadruple
hydrogen bonds between the UPy moieties from dissociation in
an external aqueous solution. Then the acrylated UPy
monomers were copolymerized with the acrylamide monomers
dispersed in the surrounding aqueous solution, resulting in a
hydrogel cross-linked by interacted UPy moieties protected by
SDS micelles. The corresponding hydrogel could retain its
stretchability after healed within 30 s, ascribing to the quadruple
hydrogen bonds between the UPy moieties and the single
hydrogen bonds between the amide groups of the hydrophobic
spacers.””* Recently, self-healing hydrogels have been widely
explored as wearable sensors, which usually required an
appropriate balance among mechanical properties, self-healing
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efficiency, and conductivity. As mechanical properties are mainly
guaranteed by strong covalent cross-linking, the self-healing
efficiency generally relies on the synergy of multiple physical
noncovalent interactions. Conductive compositions can be
introduced to the systems via direct doping of metallic and
carbon nanomaterials or in situ polymerization of conductive
polymers.*”> It was reported that hydrophilic monomer AA,
hydrophobic monomer lauryl methacrylate (LMA) could be
copolymerized into a hydrogel via micellar polymerization with
the presence of hexadecyl trimethylammonium bromide
(CTMAB), followed by sequential dehydration. Then this
dehydrated hydrogel was immersed in the mixture solution of
aniline (ANI) and phytic acid (PA), after which ANI monomers
were in situ polymerized into homogeneously distributed
polyaniline (PANI) networks. The hydrogel possessed a high
tensile strength of 0.9 MPa and a high stretchability of 2590%
with a recovery of 72% (1866%) of the stretchability and 67%
(0.6 MPa) of the tensile strength after healing for 72 h, because
of the electrostatic interactions and hydrogen bonding between
the abundant —N—H groups of PANI and —COOH groups of
PAA, the electrostatic interactions between positively charged
PANI and negatively charged PA, the hydrogen bonding
between PANI networks, and the hydrophobic interaction
among lauryl groups and the hydrophobic cores of SDS
micelles.*’® Inspired by the fascicle-enhanced microstructure
of human muscles, PANI nanofibers was mixed with PAA with
addition of Fe" in the glycerol/water binary solvent, where the
metal coordination (between Fe** and —COOH), electrostatic
interactions (between —N—H groups of PANI and —COOH
groups of PAA), and the hydrogen bonding (between —N—H
groups of PANI and —COOH groups of PAA as well as between
PANI networks) were responsible for the desirable mechanical
property and the satisfactory self-healing ability (Figure 28b).
The wedge-shaped hydrogel restored 91% (900%; original,
991%) of the stretchability and ~70% (~25 kPa; original, 36
kPa) of the tensile strength after healing for 6 h after breakage.
Besides, the strong hydrogen bonding between glycerol and
water inhibited the crystallization of water, which endowed the
hydrogel with antifreezing property and self-healing ability
under —26 °C.""”

Although we have emphasized the importance of noncovalent
interactions in the design of self-healing hydrogels, covalent
bonds are omnipresent for all the systems. On the one hand, the
functional groups able to generate noncovalent interactions are
usually grafted to the ends or the side chains of the covalently
bonded polymer chains, or be polymerized into polymer chains
as part of monomer, or be a part of the polymer backbone. Small
molecules and metal ions need to associate with covalently
bonded polymers with counterpart functional groups to form a
stable network. To further optimize the overall mechanical
property of the self-healing hydrogels, a second polymer
network can be introduced, where the cooperation and balance
between the covalent and noncovalent bonds play an important
role. For example, Gong and co-workers developed a double
networks (DN) tough hydrogel by in situ polymerization of a
loosely cross-linked second network in the presence of a first
highly cross-linked network, where the first network was
responsible for increasing the elastic stress while the second
one contributed to withstand strain.”’® Compared with the
single network PAAm hydrogel (break stress, 0.8 MPa; fracture
strain, 84%) and PAMPS hydrogel (break stress, 0.4 MPa;
fracture strain, 41%), the reported DN PAMPS (poly(2-
acrylamido-2-methylpropanesulfonic acid)-PAAm hydrogel ex-

https://doi.org/10.1021/acs.chemrev.2c00215
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(a) Adhesive hydrogel Hydrogen bonding

HQ OH HO OH HO OH OH
\ ¢ ; I K ‘ o] (i)

HO
HoP H B HO R, [0
N—C N \

HO
\ Si

y M :
Tissue, metal, glass, mica, etc.  Metal coordination

Cation-1r interaction Electrostatic interaction

fg é@w d
e i HO O
HO" | OH =\H

T -7 interaction

(b) OH OH _ Transplantation After 2 weeks
Liver / TS ga s e oz se oo
ay .
4 \
i NH OH /" ~],‘J( -
by § 0 %0$ ;o 5 5 i Yy
< HO™ OH NH \\d ﬂ y
07 CH, )
C .
( ) . e "5 Pyrrole h;.’
NH, }vg_, e
+ + ) —> ) ¥ — /
3\4 J [ Michael \A{ "é» g\ Michael “'(N,{ )N.‘
' addition S addition !
PETA Dopa : PEGDA ) “'}\l
(d)
DA PDA -
Q ~o $m
AM PAM ém

~y
CNF

........ i
H-bond  lonic bond

e P
s W0 16 2 2 0 ¥
Time (s)
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DOPA-functionalized HA. Reproduced with permission from ref 486. Copyright 2015 John Wiley & Sons. (c) Paintable and rapidly bondable
hydrogel therapeutic cardiac patches through directly incorporating DOPA into the polymer hydrogel matrix via Michael addition. Reproduced with
permission from ref 493. Copyright 2018 John Wiley & Sons. (d) DOPA was introduced into a hydrogel in the form of PDA polymer chains. The triple-
network adhesive hydrogel was composed of PDA, CNF, and PAAm polymer networks, successfully serving as an epidermal sensor. Reproduced with
permission from ref 494. Copyright 2020 The Royal Society of Chemistry.

hibited break stress of 17.2 MPa and fracture strain of 92%.
However, the two networks of this kind of DN hydrogels were
both covalently bonded, so the hydrogels could not recover from
permanent fractures. Suo and co-workers addressed this
problem by replacing the first network with reversible
electrostatically cross-linked carboxylic groups of alginate and
Ca?".*'" The resultant alginate-PAAm DN hydrogel showed
extremely high stretchability of ~2300% and an enhanced
rupture stress of 156 kPa with an extra self-healing property. The
recoverable ability and mechanical strength are highly depend-
ent on the molar ratio of the first to the second network and their
cross-linking density, which involves the cooperation of covalent
and noncovalent interactions.

3.4.2. Adhesive Hydrogels. Adhesive hydrogels have been
widely utilized for wearable flexible electronics, wound dressing,
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hemostatics, and tissue repair/regeneration, because they can
adhere to versatile substrates through harnessing both covalent
bonds and noncovalent molecular interactions. Several design
strategies (e.g., double networks hydrogels, nanocomposite-
reinforced hydrogels)*”> and building blocks are available to
construct adhesive hydrogels with specific functionalities and
benign biocompatibility. The adhesive property is usually
endowed by the outward/exposed functional groups on the
surfaces of the hydrogels and in some cases achieved through the
functionalization of the hydrogel surface.””” The employed
materials directly determine the types and strengths of the
bindings between the adhesive hydrogels and the substrates.
Covalent cross-linking of the interfaces usually associated with

y . . . 480
toxicity and side reactions as well as disposable permanence,
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Copyright 2019 Springer Nature.

while noncovalent interactions elicit their advantages of
biocompatibility, tunability, and reversibility.

Mussel-inspired adhesive hydrogels have attracted intensive
research attention as they are effective in both dry and wet
conditions, which are similar to sweaty skins and bleeding
organs/tissues, providing imitable examples for the design of
adhesive hydrogels, especially for biomedical applications. The
key component of mussel’s wet proteinous adhesives is DOPA,
which is formed by post-translational modification of tyrosine.
The catechol group of DOPA plays a vital role in bridging
surfaces because of the formation of multiple noncovalent
interactions including hydrogen bonding, metal—catechol
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coordination, electrostatic interactions, cation—7x interactions,
and 7—x aromatic interactions (Figure 29a).'® One of the most
frequently employed strategies to incooprate DOPA into
hydrogel systems is grafting DOPA onto the polymer backbones
such as alginate,48 chitosan,"**™*** oxidized hyaluronic acid
(OHA) or HA,"**¢ chondroitin sulfate,*” and e-polyly-
sine.**® For example, DOPA-grafted alginate, chondroitin
sulfate, and regenerated silk fibroin (RSF) were cross-linked
via oxidation by horseradish peroxidase (HRP), forming an
injectable adhesive hydrogel that could load exosomes for
endogenous cell recruitment and cartilage defect regeneration.
Apart from DOPA-related adhesion on wet tissues, the presence
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of deprotonated lysine and tyrosine in RSF strengthened the
adhesion through establishing electrostatic interactions as well
as phenolic hydroxyl group-involved hydrogen bonding,
cation—x interactions, and #7—7x interactions.”®’ DOPA-
modified quaternized chitosan was directly incorporated into a
poly(p,L-lactide)-poly(ethylene glycol)-poly(p,L-lactide)
(PLEL) hydrogel to endow the hydrogel with adhesiveness
and antibacterial property. The positively charged trimethy-
lammonium groups could enhance the tissue adhesion via
electrostatic interactions.**> DOPA-decorated chitosan was
further modified with glycol moieties to enhance biocompati-
bility and alleviate its undesired immune responses.”** DOPA-
functionalized OHA, adipic acid dihydrazide-modified HA, and
aldehyde-terminated Pluronic F127 were mainly cross-linked by
dynamic covalent bonds via Schiff base reaction and an adhesive
hydrogel was developed for skin wound dressing, where the
unreacted catechol groups served as auxiliary noncovalent
interactions for tissue adhesion since the oxidized catechol
groups could generate covalent bonds with amine, imidazole and
mercaptan groups on the biological substrates.**> DOPA-
functionalized HA could form a hydrogel via oxidative cross-
linking, which worked as a stem-cell-encapsulated tissue
adhesive with minimal invasion and improved angiogenesis
while overcoming the tissue damage and hemorrhage of certain
vulnerable organs caused by injection (Figure 29b)."* Inspired
by the polysaccharides/protein structure of natural epineurium
matrices, DOPA-modified polylysine with maleimide groups
and thiolated chitosan cross-linked via a Michael addition
reaction, yielding a hydrogel as an effective tissue adhesive for
peripheral nerve anastomosis."*® The synergy between lysine
and catechol could enhance the wet adhesion by surface salt
displacement.”****” DOPA can also be directly copolymerized
into polymer chains in the form of DOPA acrylamide/
methacrylamide monomers. It was reported that the mixture
of DOPA acrylamide, N-butyl acrylate (BA), acrylic acid (AAc)
monomers and cross-linkers was photopolymerized into an
adhesive conductive hydrogel in the presence of NaCl. The
hydrogel worked well as wearable strain sensors for monitorin

human motions including frowning, speaking, and bending.49

DOPA methacrylamide and 3-(methacryloylamino) propyltri-
methylammonium chloride were copolymerized and introduced
into allyl cellulose with subsequent blue light-initiated polymer-
ization. It was postulated that the existence of quaternary
ammonium cationic groups could cooperate with catechol
groups to reinforce tissue adhesion for wound dressing.*”" AAc
and 3-((8,11,13)-pentadeca-trienyl)benzene-1,2-diol (UCAT)
monomers were in situ polymerized within the polymer
networks of chitosan. A hydrogel with strong and repeatable
wet tissue adhesion was developed based on the synergy effect
among catechol groups, negatively charged carboxyl groups,
positively charged amine groups, and alkyl chains, which
exhibited interfacial water-repelling property.*”> DOPA was
also reported to be directly introduced into hydrogel polymer
networks via Michael addition. DOPA and pyrrole molecules
were sequentially introduced into the mixture of pentaerythritol
triacrylate (PETA) and poly(ethylene glycol) diacrylate
(PEGDA) via two-step Michael addition reactions with the
formation of a hyperbranched polymer. This polymer was
further cross-linked by Fe** in the presence of gelatin to generate
a paintable and rapidly bondable conductive hydrogel as
therapeutic cardiac patches (Figure 29¢).*”* PDA is a frequently
utilized composition of adhesive hydrogels. A triple-network
adhesive hydrogel was composed of a cellulose nanofiber (CNF)
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network, an oxidatively polymerized PDA network, and a
radically polymerized polyacrylamide (PAAm) network, which
was further enhanced by addition of Fe®* via metal coordination.
This adhesive hydrogel was successfully applied as epidermal
sensors (Figure 29d)."”* Acrylamide monomers were in situ
polymerized in PDA solution to form adhesive hydrogel patches,
which were simultaneously doped with extra-large pore
mesoporous silica nanoparticles as drug carriers. The adhesive
strength of the hydrogel was fortified by the multiple hydrogen
bonds formed between silanol groups of the NPs and potential
substrates.””> An adhesive hydrogel was obtained through
concurrently polymerizing AAc and acrylamide monomers in
the PDA solution with the existence of a temperature-sensitive
positively charged PNIPAm microgel (MR), which tackified the
adhesiveness of the hydrogel by the concentration effect of weak
bonds in the large cross-linking point of spherical MR.**° Aside
from homogeneously dispersing PDA chains within hydrogel
matrices to endow adhesive property, PDA was also used to
enhance the hydrophilicity of some hydrophobic inorganic
materials such as rGO nanosheets,”’ talc nanoflakes,*® and
clay nanosheets.””” Incorporation of the PDA-coated nano-
composite materials into hydrogels could not only impart
catechol-based adhesiveness but also confer conductivity (rGO
nanosheets), high stretchability (talc nanoflakes), or high
toughness (clay nanosheets).

Plant-derived materials such as tannic acid (TA),>°%°"'
pyrogallol,”** gallic acid,”***** and lignin®* possess similar
phenolic structures to that of DOPA (Figure 30a). Hence, they
are also exploited as low-cost alternatives to fabricate hydrogels
as adhesive moieties. For instance, in situ polymerized PAAc in
the aqueous dispersion of tannic acid-coated cellulose nano-
crystals (TA@CNCs) was further strengthened by AP’* through
metal coordination. The hydrogel served as wearable strain
sensors on human skin without an inflammatory response and
residual effect.””’ A facile and universal double-network strategy
was utilized for the fabrication of tough, swelling-resistant, self-
healing and adhesive hydrogels, taking advantage of the multiple
hydrogel bonds between polymer chains and TA. The hydrogels
such as poly(vinyl alcohol) (PVA) and polyacrylamide (PAAm)
were first freeze-dried and then were immersed in TA aqueous
solution to initiate the intermolecular hydrogen-bonding
interaction toward double-network hydrogels, where the free
catechol groups served as adhesive functional groups (Figure
30b).>"" A pyrogallol derivative 2,3,4-trihydroxybenzaldehyde
(THB) was introduced into a Fe**-containing gelatin aqueous
solution via the Schiff base reaction between the amino groups of
gelatin and the aldehyde groups of THB, resulting in the
generation of an adhesive hydrogel with antibacterial property
for application of wound healing. The triple adjacent hydroxyl
groups on the aromatic rings of THB enabled the hydrogel with
adhesiveness through multiple noncovalent interactions akin to
those of DOPA on various substrates (Figure 30¢).%” Alginate
was modified by gallic acid through hydrogen bonds between
hydroxyl groups and carboxyl groups, and then served as the first
polymer matrix for in situ polymerization of the second polymer
network, PAAc. If drugs like caffeine were loaded in the hydrogel
at the gallic acid-modification step, the resulting hydrogel could
act as an adhesive hydrogel for transdermal delivery. It was noted
that the hydrogel exhibited an excellent adhesive strength of 74.7
kPa on aluminum foil, which was assumed to arise from the
multiple catechol groups-enabled metal coordination.”” Gallic
acid could be grafted onto chitin nanofibers through 1-ethyl-3-
(3-(dimethylamino)propyl) carbodiimide (EDC) chemistry
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Figure 31. Design of adhesive hydrogels through manipulating noncovalent interactions. (a) Barnacle-inspired adhesive hydrogel through mimicking
the composition of CP19k. Reproduced with permission from ref 463. Copyright 2020 John Wiley & Sons. (b) DNA-inspired adhesive hydrogel,
which tackified the PAAm hydrogel by incorporation of acrylated A and T monomers. Reproduced with permission from ref 508. Copyright 2017
American Chemical Society. (c) Nanocomposite- and PDA-reinforced zwitterionic polymer hydrogel. Reproduced with permission from ref 510.
Copyright 2020 The Royal Society of Chemistry. (d) Adhesive hydrogel with three hydroxy groups cluster-enabled triple hydrogen bonds.
Reproduced with permission from ref 511. Copyright 2020 John Wiley & Sons.

between the amine groups of chitin and the carboxyl groups of
gallic acid. Further cross-linking the gallic acid-modified chitin
nanofibers by Fe** or sodium periodate NalO, resulted in an
adhesive hydrogel with enhanced cohesion and adhesion
because of the multiple catechol groups of gallic acid.** Tt
was reported the long-term wet adhesion of mussels on versatile
substrates was enabled by the continuous secretion of a
reductive protein, which maintained the dynamic equilibrium
of catechol and quinone groups. Inspired by this, lignin was
expected to continuously generate catechol groups under the aid
of Ag* and the solar light in the ambient environment (Figure
30d). In detail, the phenolic hydroxyls or methoxy groups of
lignin could reduce Ag® into Ag NPs, accompanied by the
oxidation to redox-active quinone or hydroquinone. The Ag
NPs could conversely generate electrons from surface plasmon
resonance triggered by light in the ambient environment to
convert the quinone or hydroquinone into catechol groups.
‘When an aqueous solution of AA, Ag-lignin NPs, and pectin was
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polymerized into a hydrogel, the aqueous environment could
continuously generate both catechol and quinone groups to
retain long-term and repeatable adhesiveness.”"’

Other strategies have been also applied for developing
adhesive hydrogels, such as polymerization and nanocomposite
reinforcement. For example, inspired by barnacle cement
proteins (CPs), one of which (CP19k) is composed of a high
content of cationic lysine (Lys) as well as hydrophobic amino
acids valine (Val) and leucine (Leu), it was envisioned that
cationic and aromatic monomers could be polymerized into a
hydrogel, mimicking barnacles’ wet adhesion. Then cationic 2-
(acryloyloxy)ethyl trimethylammonium chloride (ATAC) and
aromatic 2-phenoxyethyl acrylate (PEA) monomers were
copolymerized in dimethyl sulfoxide (DMSO), which converted
into a hydrogel with subsequent swelling in water (Figure 31a).
The as-prepared hydrogel elicited excellent repeatable wet
adhesion on negatively charged, hydrophobic, and metal
surfaces, suggesting that electrostatic interactions, hydrophobic
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interactions, and cation—7 interactions all played significant
roles in achieving adhesion. It was noted that the adhesion to the
negatively charged surface was the strongest, indicating the
predominant role of electrostatic interaction. The hydrophobic
aromatic groups were verified to be able to enhance the

BE

electrostatic interaction-bridged surfaces by inducing dehydra-
tion at the interface.**>*®* Inspired by DNA'’s stable double helix
structure enabled by hydrophobic aromatic rings-protected
multiple hydrogel bonds, nucleobases including adenine (A),
thymine (T), guanine (G), cytosine (C), and uracil (U) have
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been explored for constructing adhesive hydrogels.””* ">’ For

example, A and T were employed to tackify a PAAm adhesive
hydrogel through copolymerization with AAm monomers in the
form of acrylated monomers. The —C=0, —NH,, and —N=
groups were considered to contribute to both cohesion and
adhesion of the hydrogel via multiple hydrogel bonds within the
hydrogel (Figure 31b) and with various substrates (N, O, F, OH
and/or —NH, functional moieties in the substrates). The
—C=0 and —N- groups could form a metal coordination via
interacting with metal ions. The heterocyclic structure could
generate hydrophobic interactions, 7—n interactions, and
cation—7 interactions with hydrophobic groups, unsaturated
(poly)cyclic molecules, and cations in the substrates, respec-
tively, because of the hydrophobic and electron-rich aromatic
rings. It was demonstrated that the A- and T-integrated PAAm
hydrogel exhibited maximum peeling strength of 330 N m~/,
more than four times that of a pure PAAm hydrogel (70 N
m™!).°% The adhesive strength of the zwitterionic poly[2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium
hydroxide (PSBMA) hydrogel was enhanced by incorporating
PDA-modified laponite clay nanosheets into the hydrogel matrix
because itself possessed low adhesion to various substrates
because of weak ion—dipole and/or dipole—dipole interactions.
The hydrogel firmly and repeatably adhered to a tissue substrate
via Schiff base and Michael addition chemical cross-linking as
well as hydrogen bonding and dipole—dipole physical
interactions enabled by DOPA and zwitterionic groups (Figure
31c).>'” The copolymer of N-[tris(hydroxymethyl)methyl]-
acrylamide (THMA) and N-(3-aminopropyl)methacrylamide
hydrochloride (APMA) was converted into a hydrogel with the
addition of a sodium tripolyphosphate (STTP) via ionically
cross-linking between amine groups and phosphate groups
(Figure 31d). The resulting p(APMA-co-THMA) hydrogel
could firmly adhere to various substrates, especially to mouse
liver, which is superior to a lot of hydrogen bonds-involved
hydrogels such as pAPMA, poly(ethylenimine) (PEI), chitosan,
PAAc, pTHMA, and poly(vinyl alcohol) (PVA), because of the
intensive triple hydrogen bonds and the unique equal load
sharing (ELS) configuration of the three hydroxy groups
cluster.”"’

3.4.3. Stimuli-Responsive Hydrogels. Stimuli-responsive
hydrogels have drawn great research interest because of their
versatile applications such as controlled drug delivery,”"*~>*’
protein delivery,”*® chemical-/biosensors,”*' ~>*" actua-
tors, > #°36:5397546 energy-saving smart windows,>*”**® disease
diagnosis,549 soft robotics,>*>>° 3D printing,551 fluorescent
printing,”** antibacterial,”>>*** tissue engineering,’>”**° shape
memory systems,” cell capture/release/harvest,”’ ">’ tuna-
ble surface wettability,**°" and so on. Basically, the stimuli can
be classified into two categories: physical stimuli like
light,1>51652505LS53857 oo iric fields, %5*%5% magnetic
mechanical forces (shear, strain, artificial
fracture),SSl’562 and temperature (refs S1S, 519, 521,
523-525, 531, 536, 540, 541, 544—546, 548, 549, 551, 552,
554, 555, 558, 559, and 561); and chemical stimuli including

H,3137S15,517,519,321,522,527,529,531,532,539,545,552,360,363 ¢ 1uane
changes,"**! gases, 9% jons, 1 #9955 engymes, 516922526534
1‘eductants,516’°18 oxidants,518 ROS,555 saccharides,558 and
specific ligands/receptors.520’530’535’537’538565 Extensive strat-
egies are available for the fabrication of hydrogel matrices and
the achievement of stimuli-responsive properties, and this
section only summarizes hydrogels whose stimuli-responsive-
ness are based on noncovalent interactions. Physical stimuli and

2l
525,539,550
fields,>*>>°7>>
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chemical stimuli could directly or indirectly affect/alter
molecular structures or inter-/intramolecular interactions,
among which temperature and pH are the most common
triggers, usually inducing reversible volumetric changes or
reversible sol—gel transitions via tuning noncovalent inter-
actions.

Temperature (T) is one of the most common environmental
variates, usually being employed as a trigger to initiate responses
of thermosensitive ingredient-contained hydrogels. As the most
studied thermally responsive polymer, PNIPAm can experience
a rapid and reversible volume change at a critical temperature,
that is, the LCST. At a low temperature (<LCST), the
hydrophilic amide groups are well hydrated by water molecules
via hydrogen-bonding interactions, which are weakened when
the temperature is above the LCST while the hydrogen-bonding
interaction between the amide groups as well as the hydrophobic
interactions among the isopropyl groups play a predominant
role in molecular interactions (Figure 32a). These variations of
noncovalent interactions within the hydrogels resulted in the
transition of polymer chains from hydrated coils to dehydrated
globules, t_o§_ether with volume shrinkage of the hydro-
gels.>*@347561365 1t has been demonstrated that this thermoin-
duced volume transition could be turned into mechanical energy
to drive actuators, where the different deswellings of the two
hydrogel layers lead to the desired bending direction. For
example, it was reported that a snap-buckling was designed
comprising two layers of PNIPAm-contained hydrogels but with
different percentages of NIPAm monomers. Upon heat
treatment in the water to above the LCST, the two layers of
hydrogels exhibited different volume shrinkages, which gave rise
to the hydrogel snap-buckling bending toward to the side with
more NIPAAm monomers (Figure 32b). The accumulation of
the bending deformation endowed the bilayer hydrogels with
internal elastic energy, consequently engendering the jumping of
the snap-buckling.544 In another example, NIPAm was in situ
polymerized within a polyaniline hydrogel to be a conductive
photothermally responsive hydrogel. It could serve as a
somatosensory actuator when bonded with a passive layer
because of sensing endowed by conductive polyaniline and
actuation (soft gripper in hot water) enabled by different
shrinkages between the thermoresponsive PNIPAm hydrogel
and the passive layer.”*’ Various T-driven deformations could be
achieved by pattern designs via microfabrication. For instance,
multiresponsive connected PNIPAm hydrogel nanobeads were
constructed through the photopolymerization of liquid bilayers-
encapsulated aqueous pregel droplets, where AuNPs-incorpo-
rated PNIPAm hydrogel nanobeads enabled photothermal
responsiveness while magnetic particles-doped PNIPAm hydro-
gel nanobeads served as a magnetic handle (Figure 32¢ left).>>°
Spring-shaped actuators with tunable large deformations were
made with the aid of simple capillaries and syringe pumps. The
solution of poly(NIPAAm-co-acrylic acid) and alginate was
extruded into a CaCl, solution to generate hydrogels with single-
layered, double-layered, or inside—outside patterns (Figure 32c
middle).>*® The assembly of diverse microparticle endoskeleton
structures within the PNIPAm hydrogels could also direct
various deformations of the hydrogels upon elevating the
temperature above the LCST (Figure 32c right).546 Besides
actuators, PNIPAm hydrogels with T-associated volume
changes could have applications in disease diagnosis, anti-
bacterial materials, and cell harvesting. PNIPAm hydrogel
microspheres could act as thermally responsive probes for
mapping mechanical properties of tissues at cellular length
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Figure 33. pH-responsive hydrogels. (a) Reversible volume change or sol—gel transition of the pH-responsive PAAc hydrogel. (b) Drug-loadable
capsule with pH-responsive PAAc-PAAm bilayer hydrogel switch. Reproduced with permission from ref 514. Copyright 2020 American Chemical
Society. (c) pH-responsive sol—gel transition of a triblock terpolymer P2VP-PAA-PnBMA. Reproduced with permission from ref 527. Copyright 2011
American Chemical Society. (d) pH-responsive hydrogel cilia shrunk with the decrease of pH and could rotate following the external rotating magnetic
field because of the doping with iron particles. Reproduced with permission from ref 5$39. Copyright 2013 John Wiley & Sons. (e) Thickness change of
the pH-responsive hydrogel capsule measured by colloidal probe AFM technique. Reproduced with permission from ref 563. Copyright 2013
American Chemical Society. (f) Poly(methacrylic acid-co-ethylene glycol diacrylate) hydrogel-coated VACNT array with tunable wettability at
different pH values. Reproduced with permission from ref 560. Copyright 2012 The Royal Society of Chemistry.

scales. These microspheres injected into tissues kept at the
compacted status but started to expand upon being cooled,
whose degrees of expansion were dependent on the rigidity (soft
or hard) of the surrounding tissues. The swelling percentages
could be quantitatively associated with the stiffness of the
surrounding tissue matrix by comparing the residual elasticities
of the expanded PNIPAm hydrogel microspheres with those of
the tissue phantoms.”*” Molecularly imprinting and removing f3-
lactamase molecules in the PNIPAm hydrogel could generate a
hydrogel with T-responsive recognition toward pf-lactamase

BG

(being able to hydrolyze the f-lactam ring to deactivate f-lactam
antibiotics), which could bind f-lactamase expressed by bacteria
while providing opportunities for $-lactam antibiotics to kill the
bacteria. Subsequently, decreasing the temperature would make
the PNIPAm hydrogel template swell, or in other words, shrink
the imprinted sites to be no longer appropriate for binding
lactamase, therefore being ready for the next cyclic utilization.””
Replacing the f-lactamase with cell-adhesive peptide Arg-Gly-
Asp-Ser (RGDS) enabled the surfaces of the molecularly

imprinted PNIPAm hydrogel to be thermoresponsive cell
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culture substrates. Cultured monolayer cell sheets would
spontaneously detach from the substrates as lowering the
temperature would turn the hydrogel surface from hydrophobic
to hydrophilic and release the RGDS because of the changed
shapes of the imprinted sites.”>” On the other hand, the sol—gel
transition is a common phenomenon accompanied by the coil-
to-globule transition of thermoresponsive polymers. T-sensitive
polymers like PNIPAm and methylcellulose both undergo sol—
gel transitions as elevating the temperature above their LCSTs,
which is ascribed to reinforced intermolecular and intra-
molecular hydrogen-bonding interactions as well as hydro-
phobic interactions. This transition enables minimally invasive
drug delivery or tissue injection with precise sites and/or
controlled release of drugs.”*”****>* Zeng and co-workers
combined catechol functionalized PNIPAm and poly(ethylene
oxide) (PEO) to form a thermoresponsive triblock copolymer,
which could form a hydrogel once injected into 37 °C deionized
(DI) water because of the thermosensitivity of PNIPAm.
Meanwhile, the hydrogel possessed a self-healing property
because of hydrogen bonding and aromatic interaction between
catechol groups and an antibiofouling property because of the
presence of PEO (Figure 32d). ° This thermo-induced
protection strategy was also used to ensure the close contact
of cation and aromatic groups. Additionally, the coil—globule
transition of thermoresponsive polymers is associated with
transparency variations as the light would be greatly blocked
when passing through the colloidal solution distributed with
polymer globules (Figure 32e). Therefore, this characteristic
was employed to design T-responsive energy-saving smart
windows by incorporating a thermoresponsive hydrogel layer,
which absorbed the heat of the solar radiation and turned
opaque to resist further transmission, saving energy required for
space cooling.>*7>**

As hydrogels are abundant with water and usually applied in
aqueous environments, an ambient variate that can be
conveniently tuned is pH. pH-responsive hydrogels are usually
composed of weak polyelectrolytes, whose functional groups
such as carboxyl groups or amine groups tend to protonate at pH
values lower than their pK, values, while they deprotonate at pH
values higher than their pK, values. Correspondingly, ionized
functional groups extend the polymer networks of the hydrogels
to exhibit swollen volumes because of the repulsive electrostatic
interaction among likely charged ionized functional groups and
dominant hydrogen-bonding interactions between hydrophilic
ionized functional groups and water molecules. Conversely,
protonated functional groups interact with each other with
strong hydrogen bonding, leading to compacted polymer
networks and shrunken volumes (Figure 33a).”'**'7** Differ-
ent volume changes of poly(acrylic acid) (PAAc)-polyacryla-
mide (PAAm) bilayer hydrogels in response to pH could be
utilized to construct a drug-laden capsule with a pH-responsive
hydrogel switch (Figure 33b). The switch was turned on when
the capsule was in the acid environment in which the PAAc
hydrogel layer shrunk while the PAAm hydrogel layer expanded.
Inversely, the switch was turned off when the capsule was
immersed in a basic medium.”'* This kind of drug carrier capsule
could load and release both hydrophilic and lipophilic drugs via a
hydrogel actuator switch, being different from hydrophilic
hydrogels that release encapsulated hydrophilic drugs through
direct diffusion from the bulky hydrogel.”'” Sometimes, pH
would affect the self-assembly of polymers through modulating
charged functional groups to be hydrophobic through
protonation (Figure 33c).””” Triblock terpolymer poly(2-
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vinylpyridine)-b-poly(acrylic acid)-b-poly(n-butyl methacry-
late) (P2VP-PAA-PnBMA) self-assembled into spherical
compact nanostructures dispersed in an aqueous solution with
the hydrophilic corona formed through electrostatic interactions
between positively charged P2VP chains and negatively charged
PAA chains and the hydrophobic core generated via
intermolecular hydrophobic interactions of the PBuMA blocks.
However, it changed into flower-like micelles because of the
hydrophobic interactions between the deprotonated P2VP and
PnBMA blocks, which enabled the association of the hydro-
phobic core, while the repulsive electrostatic interactions
between the negatively charged PAA chains induced them to
expand to be the hydrophilic shell of the micelle. The
overlapping of adjacent flower-like micelles to a certain extent
resulted in the formation of 3D hydrogel networks. This pH-
responsive sol—gel system was demonstrated to be a promising
injectable drug delivery system.””” Besides drug delivery, the
pH-responsive hydrogels could also serve as biosensors. For
instance, biomimetic cilia arrays with both motility and
sensation could be achieved by making use of the pH-responsive
PAAm hydrogel doped with iron particles. The PAAm hydrogel
cilia arrays were first hydrolyzed in 2 M NaOH and then swelled
from a square to a round shape in the cross section because of
the repulsive electrostatic interactions among the ionized
carboxyl groups which were converted from amine groups of
PAAm under strong alkaline situation. When the pH dropped
from 6 to 1, the cilia arrays shrunk in both cross section and
length (the direction vertical to the substrate) and then started
to rotate following the rotation of the external magnetic field
because of the presence of the iron particles (Figure 33d).>*”
Apart from the qualitative interpretation of pH-associated
volume change of hydrogels from the perspective of
intermolecular interactions, quantitative measurements were
also demonstrated by the colloidal probe AFM technique.”®® As
the pH decreased from 7.4 to 4.0, the film thickness / of the
pendant-thiol-modified poly(methacrylic acid) hydrogel capsu-
les decreased from h; to h, as the strong hydrogen-bonding
interaction between the protonated carboxyl groups densified
the hydrogel film. Correspondingly, the stiffness of the hydrogel
film increased from Ey(;) to Ey(;y (Figure 33e). Besides, pH-
responsive hydrogels can modify the wettability of surfaces as
adjustable coatings.’®” Vertically aligned carbon nanotube
(VACNT) arrays vapor-coated with a poly(methacrylic acid-
co-ethylene glycol diacrylate) hydrogel changed from a pristine
hydrophobic state with a water contact angle of 112° to a
hydrophilic state with very small water contact angles (Figure
33f). The wettability of the hydrogel-coated surface could be
further tuned via varying pH value and the thickness of the
hydrogel coating. The patterned surface with a hydrogel coating
of 50 nm exhibited superwettability (water contact angle = 0°) at
a pH of 7, because of the appropriate porosity of the VACNT
arrays and the superhydrophilicity induced by the ionization of
the carboxyl groups, but it would become less hydrophilic in
acidic conditions, attributed to the strong hydrogen bonding
between the protonated carboxyl groups.

T-responsiveness and pH-responsiveness can coexist in
pressing need with the increasing number of multifunctional
smart materials. To this end, the generally used strategy is
integrating T-responsive and pH-responsive functional groups
into one hydrogel system. For example, NIPAm and AAc
monomers were copolymerized into one hydrogel to endow the
system with dual controllable drug release. A triblock copolymer
with PNIPAm and PAAc end chains would self-assemble into
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Figure 34. (a) Aptamer—target interaction enabled different permeability of target solution through DNA hydrogel. Reproduced with permission from
ref 535. Copyright 2019 Springer Nature. (b) Ligand—receptor interaction enabled portable visual quantitative detection of uranium. Reproduced with
permission from ref $37. Copyright 2016 Elsevier. (c) Deformation and recovery of stimuli-responsive hydrogels based on the coordination of chitosan
with various metal ions. Reproduced with permission from ref 556. Copyright 2016 Royal Society of Chemistry. (d) Host—guest complexation
between K" and crown ether triggered drug release. Reproduced with permission from ref 528. Copyright 2010 Elsevier.

micelles with a hydrophobic PNIPAm core and a hydrophilic could circumvent the uncontrollable volume shrinkage caused
PAACc shell when increasing the T to some extent. A subsequent by attractive electrostatic interaction between deprotonated
decrease of pH transferred the micelles into a network structure carboxyl groups and positively charged drugs.’”"”% It was
with both PNIPAm and PAAc knots because of the strong proven that the pH-responsiveness of the pH and T dual-
hydrogen-bonding interactions among the protonated AAc responsive hydrogel could be achieved through tuning the
groups and the hydrophobic interactions among the isopropyl hydrogen-bonding interaction between the loaded drugs and the
groups. Further elevating T resulted in a more compacted NIPAAm-contained polymer networks of the hydrogel. At alow
network structure for drug loading, attributed to the reinforced pH, drugs released slower below the LCST of PNIPAm because
hydrophobic interactions, and the drug release was initiated by of an enhanced hydrogen-bonding interaction between the
the increase of pH, because of the partially collapse of the protonated drugs and the polymer networks. While at a neutral
network structure induced by dissociation of the PAAc knots."” pH, drugs were released faster below the LCST because the
Decoupled thermo- and pH-responsive hydrogel microspheres deprotonated drugs such as indomethacin were not inclined to
could also be obtained by introducing cross-linkers formed form hydrogen bonds with the polymer networks.”'® Besides,
through complexing polyethylene glycol (PEG)-based terminal double networks hydrogels incorporating p(NIPAAm-co-AAc)
bulky macromonomers with y-cyclodextrin (y-CD) into with sodium alginate and Ca** could realize T-/pH-responsive
polymerization of NIPAAm monomers. The hydrogen bonds isotropic/anisotropic shrinkage/swelling of the hydrogels
between the hydroxyl groups of y-CD and the etheric oxygens of through modulating processing methods of the hydrogels.”*
the macromonomers developed in acidic or neutral solutions Hydrogels in response to other stimuli were also reported with
would be impaired in alkali solutions, serving as manipulable the modulation of noncovalent interactions. A responsive DNA
noncovalent interactions for pH-responsiveness. This method hydrogel was fabricated by connecting DNA strands PS-A and
Bl https://doi.org/10.1021/acs.chemrev.2c00215
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PS-B with a cocaine aptamer as the cross-linker. In the presence
of cocaine, the responsive DNA hydrogel would dissociate
because of the competitive ligand—receptor interaction between
cocaine and the cocaine aptamer, which would decrease the
cross-linking density of the hydrogel and consequently increase
the permeability of the hydrogel. Cocaine solutions of different
concentrations could be quantitatively distinguished by
comparing flow speed calculated from flow distance divided
by flow time (Figure 34a).”* Similarly, Pt NPs or Pt shell NPs
with a Au core were loaded in the DNA hydrogel, which would
release the NPs upon adding targets such as cocaine, ochratoxin
A, and lead ion. Taking advantage of the catalytic property of the
Pt NPs, H,0, could be decomposed into O,, whose
corresponding pressure could be facilely read out via a
pressuremeter and was proportional to the concentration of
the target solution.”””*** Ligand—receptor interaction was also
employed for portable visual quantitative detection of uranium
(existing as the most stable form of uranyl ion (UO,*) in
water). The DNAzyme complex was formed via the interacting
substrate strand with the enzyme strand, which could cross-link
DNA-grafted polyacrylamide into the DNA hydrogel and
specifically recognize UO,*. UO,*" dissociated the DNA
hydrogel by cleaving the substrate strands and separating them
from the enzyme strands, leading to the release of the AuNPs
(Figure 34b). Dispersed AuNPs displayed a red color, which
could be quantitatively measured by a developed volumetric bar-
chart chip. The detection of UO,*" with different concentrations
in water, therefore, could be correlated with the color of the
dispersed AuNPs.>*” Metal coordination was utilized to induce
deformation of hydrogel (in situ polymerization of acrylamide in
the presence of chitosan and oxidized dextran) through
adjusting the chelation interactions between the amino groups,
the hydroxyl groups and the secondary amine groups of chitosan
and various metal ions. The hydrogel could quickly recover to its

BJ

original shape if being immersed in solutions of EDTA, oxalate,
halide ions or H,SO,, which have a stronger affinity with these
metal ions to replace their coordination with chitosan (Figure
34¢).>*° Crown ether 15-crown-5 and K* could form host—guest
complexes at a ratio of 2:1, which lowers the LCST of the
poly(N—isopropylacrylamide—co—benzo—15cr0wn—5—acrylamide)
(P(NIPAM-co-B15CSAm)) from LCST, to LCST, (Figure
34d). Within the range of temperatures, the hydrogel could
undergo isothermally volume shrinkage upon the recognition of
K", which served as a trigger to release preloaded drugs.”*® In
summary, noncovalent interactions have been a powerful tool
for designing stimuli-responsive hydrogels, because of extensive
choices of building blocks, facile tunability, easy controllability,
benign biocompatibility, and so on.

3.4.4. Hydrogel Adsorbents. Hydrogel adsorbents are
generally applied for the treatment of industrial/agricultural
wastewater and domestic sewage discharged with diverse
organic dyes, heavy metal ions, pesticides, and/or antibiotics/
drugs, etc. Organic dyes are predominant components of
tannery wastewater, which usually include both cationic dyes
(Figure 35a) such as methylene blue (MB), crystal violet (CV),
methyl violet (MV), malachite green (MG), rhodamine B
(RhB), and brilliant green (BG) as well as anionic dyes (Figure
35b) such as methyl orange (MO), fluorescein sodium (FS),
congo red (CR), methyl red (MR), acid black 1 (AB-1), and
Eosin Y. In wastewater, heavy metals usually exist in the form of
cationic ions including Pb**, Hg**, Cu**, Cd**, Ni**, La**, Ce*",
Mn*, Zn**, Fe**, Cr**, Ag®, U(VI), etc. In addition, antibiotic
ciprofloxacin (CIP), the anti-inflammatory drug diclofenac
sodium (DFS) as well as other drugs are present in domestic
sewage through intake and excretion by human beings (Figure
35¢). Inorganic nonmetallic ions ammonium-nitrogen (NH,—
N), NH,", and H,PO,” tend to induce eutrophication of the
water system. Besides, neutral molecules (Figure 35d) pesticide
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component 2,4-dichlorophenol (2,4-DCP), polymer products
ingredient bisphenol A (BPA), 1-naphthyl amine (1-NA), and
common petrochemical material toluene (Tol) are also
considered as significant pollutants. Most of these pollutants
are known to be harmful to the environment, human beings, and
other living organisms because of their toxicity, carcinogenicity,
radioactivity, nondegradability, and so on.’****” Various
techniques have been employed to remove these pollutants
from water systems, including chemical precipitation, ion
exchange, membrane filtration, coagulation, flocculation,
flotation, electrochemical treatment, and adsorption, among
which adsorption by hydrogel adsorbents has attracted great
attention because of their high efficiency of adsorption and
desorption, reusability, free from second-time pollution as well
as diverse fabrication methods.*~>""

Hydrogel adsorbents usually adsorb pollutants via non-
covalent interactions between active sites on the hydrogel
adsorbents and pollutant molecules, including electrostatic
interactions, metal—ligand coordination, hydrogen bonding,
m—n interactions, host—guest interactions, etc. Through
modulating types and amounts of active adsorbing sites on the
hydrogels, diverse pollutant molecules could be effectively
separated and collected from contaminated water resources via
single or combinational noncovalent interactions. As listed in
Table 4, diversified methods (3D-printed porous structures,”””
hydrogel beads/granules,”””*"*~>"> incorporation of nanoma-
terials such as calcium hydroxide nanospherulites,”’*™>"* GO
nanosheets,””>”? CN'Ts,”* etc.) have been adopted to improve
the total number of the active adsorbing sites on hydrogel
adsorbents. According to the types of pollutants, the main
associated noncovalent interacions between the active adsorbing
sites and the pollutants in the adsorption process have been
summarized, and the corresponding maximum adsorption
capacities are listed as a reference. Electrostatic interactions
are the principle noncovalent interactions for the adsorption of
charged organic dyes. Cationic organic dyes were generally
adsorped via negatively charged functional groups in the
hydrogel (Figure 36a), including the carboxyl grou
—COQ7, 7793787389 ¢lectronegative phenolic group,”””*”!
negatively charged montmorillonite (MMT),>”® sulfonic group
—S0,7,7"7°% and negatively charged ionic liquids (1-butyl-3-
methylimidazolium bromide (BmImBr)).””* These negatively
charged groups-containing materials such as PAA, 2-acrylamido-
2-methyl-1-propanesulfonic acid (AMPSA), alginate, polydop-
amine, and tannins are easily accessible for the fabrication of
hydrogel adsorbents to remove cationic organic dyes. As for the
adsorption of anionic organic dyes, positively charged functional
groups are frequently utilized (Figure 36b), including amine
group —NH;",*”” dimethylammonium groups =N(CHj,)," and
—NH(CH,),*,*"”°?* and triethylamine group —N-
(CH,CH,),*.>% Building materials such as chitosan,””’
quaternized starch,”®” cationic monomers diallyldimethylam-
monium chloride (DADMAC),*”” and 2-(dimethylamino)ethyl
methacrylate (DMAEMA)>"” are usually employed as major
components of the hydrogels with positively charged active sites
for the adsorption of anionic organic dyes. When oppositely
charged functional groups were simultaneously introduced into
the hydrogel adsorbents, both cationic and anionic organic dyes
could be scavenged via electrostatic interaction between charged
functional groups and oppositely charged organic dyes at the
same time.”””>*” As hydrogen bonds are ubiquitous in nature,
hydrogen bonding can be utilized to enhance the adsorption of
hydrogel adsorbents on organic dyes. For example, hydrogen
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Figure 36. Typical functional groups and ligands in hydrogel
absorbents. (a) Functional groups for the adsorption of cationic
organic dyes. (b) Functional groups for the adsorption of anionic
organic dyes. (c) Typical ligands for the adsorption of pollutant metallic
ions.

bonding between the hydrogen atom of hydroxyl groups and the
electronegative nitrogen atoms on organic dyes could serve as a
minor intermolecular interaction to assist removal of organic
dyes.>’>°79380582591 The jncorporation of nanomaterials like
GO nanosheets”””**”** and CNTs** could reinforce the
adsorption capacities of hydrogel adsorbents because of the 7—x
interactions between the aromatic ring-abundant nanomaterials
and the aromatic ring-included organic dyes. Metal—ligand
coordination has been demonstrated as the dominant non-
covalent interaction for the adsorption of heavy metal cations.
Common ligands generally involve carboxyl group
—COOH,37%577,584-586,893-599 1o qr0yv] group
—OH,S575,593-596,600-602 ,pning’ group
_NH, S75594596600602-60+ o4 ulfonic group —SO,H S
as well as nitrogen-containing —NHCOCH; and C=N
groups,””® etc. (Figure 36¢). It was demonstrated that metal
ions could strongly bond to electron-rich groups via
coordination bonds with oxygen or nitrogen atoms. Charged
organic dyes and heavy metal cations could be eliminated
together through synergy of specific functional groups
considerin§ the complexity of actual discharged waste-
water, 5* 7380589591595 "Regarding the removal of positively
charged inorganic nonmetallic ammonium ions, PAA with
abundant negatively charged carboxyl groups —COO~ greferred
adsorbing the pollutant via electrostatic interactions.”**~*® For
the separation of dihydrogen phosphate H,PO,”, the Cu**-
adsorbed chitosan hydrogel beads were secondarily utilized to
eliminate dihydrogen phosphate H,PO,™ through metal—ligand
coordination between Cu** adsorbed on the hydrogel adsorbent
and oxygen atoms of the dihydrogen phosphate.”’* The
extraction of CIP was demonstrated to rely on hydrogen
bonding, n—n interactions, and hydrophobic interactions
between CIP and the graphene hydrogel adsorbent.’”” The
removal of DFS was found to be based on electrostatic
interactions, hydrogen bonding, and 7— interactions between
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DFS and PEI-modified egg albumin hydrogel.®'® The
preconcentration of catechin in water and tea samples was
ascribed to the hydrogen-bonding interaction between the
electronegative oxygen atoms of the chitosan hydrogel-coated
magnetic GO and the hydroxyl groups of catechin as well as the
anion—7 interaction between the deprotonated carboxyl groups
and the aromatic rings of catechin.”'’ Huang and co-workers
reported that electrically neutral pollutants such as 2,4-DCP,
BPA, 1-NA, and Tol could be removed by a pillar[ S ]arene-based
hydrogel adsorbent via host—guest interaction, which con-
currently could adsorb both cationic and anionic organic d}res,
providing a new approach for the adsorption of pollutants.®"

4. CONCLUSIONS AND PERSPECTIVES

Noncovalent interactions have long been recognized as binding
motifs for the construction of various functional polymers. With
the development of state-of-art techniques, the last two decades
have witnessed much progress in the fundamental under-
standing of noncovalent interactions, which promotes the design
of advanced functional materials based on these tunable
interactions. In this review, we systematically summarize the
nanomechanical quantification of different types of noncovalent
interactions in polymeric systems, whose binding mechanisms
(e.g., ranges, strengths, and time scales of the interactions) are
elucidated by direct force measurements conducted at the
microscopic, nanoscopic, and molecular levels. The design
principles and emerging applications of a series of noncovalently
bonded polymeric materials are also discussed, where the
mechanical, physicochemical, and biochemical properties of the
materials can be modulated by tuning the noncovalent
interactions in these systems. Despite considerable achieve-
ments in the characterization and manipulation of noncovalent
interactions, some challenging issues and opportunities still
remain in this field.

For force measurements conducted between two microscopic
or nanoscopic surfaces, the detected forces and the interpreted
nanomechanical properties of the polymers films are not only
dependent on surface chemistry (i.e,, the types and numbers of
the binding moieties that allow noncovalent interactions) but
also affected by surface structure (e.g, roughness, cluster
formation, distribution of active sites, orientation of binding
groups). For instance, in most molecular and surface force
measurements, surfaces or coatings with subnanometer rough-
ness are generally required to allow the accurate determination
of the intrinsic interaction force—distance correlation and other
information such as molecular or surface deformation and
contact area, reducing or even eliminating the influence of
surface roughness. Most SFA measurements also require the
surfaces or coatings to be transparent or semitransparent.
Although AFM allows the detection of rough surfaces, the
intrinsic roughness may result in ill-defined contact as surface
separation is inferred from the measured force curves. To obtain
a complete understanding of the physicochemical principles of
the interfacial noncovalent interactions, other surface or
structure-sensitive analytical techniques, such as X-ray and
neutron reflectometry, X-ray photoelectron spectroscopy, and
surface plasmon resonance, should be employed, which can be
coupled to force techniques or used separately, to provide a
systematic characterization on the composition and topology of
the surfaces, facilitating the accurate interpretation of the results
from the direct force measurements. For example, an X-ray beam
has been coupled with a conventional SFA to determine the
structure and molecular orientation of the confined liquids

BO

. . . 615616 :
during surface interaction,” ™" ° and AFM can also be integrated

with infrared or Raman spectroscopy to simultaneously provide
topographical and chemical information on a surface.’’” As
force-measuring techniques allow the in situ detection of
interfacial evolution at the micro- and nanoscales, they have
attracted special interest in the characterization of dynamic
processes, such as adsorption/desorption of molecules, charge/
discharge reactions in batteries, and immune responses of
biological systems. These measurements require accurate
control of the surrounding environment, where potentiostat/
galvanostat can be coupled with the instrument to provide
desired electrochemical gradients.”’® The damage of the
detected surfaces, especially soft biological tissues, should be
prevented by carefully modulating the applied forces.

SMES is a powerful tool for exploring intramolecular and
intermolecular noncovalent interactions between two specific
groups, whose energy landscape is usually composed of
asymmetric dissociative (from bounded state to transition
state) and associative (from separated state to transition state)
pathways. In most SMFS studies, only unbinding (i.e.,
dissociative) dynamics of the complexes are examined because
of the explicit characteristics of the force-induced extension of
polymers chains, and the binding (i.e., associative) processes are
rarely investigated because it is difficult to control the relaxation
of immobilized polymer chains, which is a prerequisite for the
detection of the binding events. An effective approach is to add a
flexible linker between the binding moieties to maintain their
proximity and the integrity of the polymer chain, thus the
relaxation of the polymers can be governed by the external force
similar to the pulling process, 163 holding great promise to reveal
the dissociation/association lifetimes and complete energy
profiles (e.g,, ranges and depths of the energy barriers) of
diverse noncovalent interactions.

Although the origin and nature of some types of noncovalent
interactions have been illustrated by the quantitative force
measurements, the formation of many molecular complexes
(e.g, DNA, protein—ligand, polymer—organics) exploits a
number of “element interactions”, whose contributions are not
easy to be differentiated because of the net effect. From an
experimental perspective, the distinction of different interaction
mechanisms could be achieved by systematic chemical
modification of the molecules and careful selection of solvents,
which is not feasible in all circumstances. With the development
of computational chemistry, many computational approaches,
including density functional theory calculations and molecular
dynamics simulation, have been successfully combined with the
force-measuring techniques to reveal the binding mechanisms of
some complex systems, *°'? which is a promising direction for
future study. Up to now, the quantitative measurements of
molecular and surface interactions are usually achieved in
relatively simple systems with a few model polymers and limited
solution conditions. As most biological and engineering
processes involve a variety of ions, macromolecules, polymers,
particles, and colloidal assemblies, an intriguing research topic is
extending the direct force measurements to more complex and
realistic systems. Moreover, harsh conditions (e.g, high or low
temperature, elevated pressure, high salinity, extremely acid or
alkaline solutions) can be encountered in many practical
applications, such as energy storage and conversion, sensing,
and water treatment, which are expected to influence the
physicochemical properties of the polymers and their interaction
behaviors. The quantification of polymer—polymer and
polymer-surface interaction forces under such conditions is
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rarely reported because of the difficulties in experiment setup
and data interpretation, which requires further investigation.

Although the elucidation, control, and manipulation of many
noncovalent interactions have been extensively explored at the
micro- and nanoscales, it remains a challenge to directly
correlate the nanomechanical properties of the materials to their
macroscopic performances. It has been reported that in some
noncovalently bonded materials, the force spectroscopy
measured between single functional groups agrees well with
the mechanical properties of materials.'®”**° For the rational
design of functional polymeric materials, more efforts should be
devoted to establishing a clear relationship between molecular
interactions and bulk properties, where the cooperation of
covalent interactions, noncovalent interactions and micro-
structures should be considered. Another challenge toward the
fabrication of materials with programmable structures and
functions is to scale up controlled molecular recognition and
self-assembly from microscopic to macroscopic world, which
can be facilitated by the application of a magnetic/electric
field.**!

Because of the dynamic and reversible nature of noncovalent
interactions, supramolecular polymers have been endowed with
numerous advantages (e.g, self-healing and adaptive proper-
ties), but one major limitation of this type of materials is their
mechanical instability, which means they can be damaged or
disassembled under a high or continuous mechanical load. One
effective strategy to overcome this issue is to combine multiple
noncovalent interactions with a broad range of binding affinities
in an orthogonal manner, where the strong interactions are used
to retain the integrity and robustness of the material while the
weak interactions allow the responses to external stimuli.
Another approach is to tune the structures of the materials, such
as modulating the topologies of polymers, introducing micro/
nanofillers, and creating crystalline domains, which can induce
synergetic effects of the molecular interactions for mechanical
enhancement.

Compared to living organisms that exploit a large variety of
noncovalent interactions in an orderly and programmable way,
the manipulation of noncovalent interactions in synthetic
polymeric materials requires tedious processes and very often
lacks precise control. The applications of the relevant functional
materials in many emerging fields (e.g., drug delivery, tissue
regeneration, sensing) are still in the infant stage. More efforts
are needed to truly mimic the compositions, structures, and
functions of the biological systems, leading to the development
of smarter materials with tunable molecular interactions than
those available to date toward clinical practice and engineering
applications. For example, although numerous underwater
adhesives have been developed by mimicking the key
components (e.g., catechol chemistry) of mussel adhesive
proteins, their performances are still significantly limited
compared to that of marine mussels, especially for load-bearing
applications, because the compositional gradients and complex
structural features of mussel plaque are generally ignored in the
biomimetic translation. For future studies, the investigations of
bioinspired adhesives can focus on both the modulation of
chemical compositions and the control of the delivery process
(e.g., coacervation and surface priming),””***" which is essential
to achieving superior adhesion and cohesion in practical
applications.
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