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Strategic Advances in Spatiotemporal Control of
Bioinspired Phenolic Chemistries in Materials Science

Zhaojun Jia, Min Wen, Yan Cheng, and Yufeng Zheng*

Nature-inspired phenolic chemistries have substantially nourished the
engineering of advanced materials for widespread applications in energy,
catalysis, and biomedicine, among others. To achieve predictable yet
adaptable material structures and properties, the spatial and/or temporal
control over the phenolic chemistries per se is increasingly demanded.

In this review, a systematic overview of recent strategical advances

in the spatiotemporal control of phenolic chemistries in materials

science is given. The chemical diversity and reactivity of catechols and
polyphenols are first introduced as phenolic building blocks. With a main
focus on catechols (especially dopamine), renewed insights into their
mechanisms of polymerization/assembly, adhesion, and cohesion are
provided. The conditions for tuning phenolic polymerization/assembly
are also outlined. This paper focuses on the latest strategies for imparting
controlled manipulation of phenolic chemistries in terms of many aspects:
growth kinetics, chemical compositions and structures, dimensions

and architectures, spatial patterns, and surface functionality. Finally,
critical issues facing this field with perspectives delivered on future

1. Introduction

Nature’s abundance of phenolic com-
pounds or residues has inspired a myriad
of materials with unparalleled properties
for numerous applications.l!. One group
is catechol-containing molecules, which
are essential for the substrate adhesion
and/or structural reinforcement of living
organisms, including mussels, geckos,
sandcastle worms, insects, and squids.>-
As a noticeable example, marine mussels
secrete catecholic amino acid-consisting
proteins to form sticky byssus threads
for spectacular wet adhesion. This por-
tion of mussel powder has motivated the
development of poly(catecholamine) coat-
ings, showing universal robust substrate
adherence and the versatility for secondary
functionalization. The coating procedure
is facile, involving pH-triggered oxidative

research are discussed. As envisaged, this review will provide helpful
guidance to orchestrate state-of-the-art phenolic chemistries and materials
science for producing materials with intended, application-oriented

properties and functions.
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polymerization of catecholamines, such
as 3,4-dihydroxyphenylalanine (DOPA),!
dopamine (DA),”) and norepinephrine.!
On the other hand, pyrogallol (PG)-
derived polyphenolic compounds, such as
gallic acid (GA), tannic acid (TA), and epi-
catechin gallate (ECG), are found omni-
present in the plant kingdom (e.g., barnacle, green tea, grapes,
chocolate beans), where they play multiple biological roles as
pigments, flavonoids, and antioxidants.” These dietary phe-
nolics represent a new research spotlight owing to their low
cost, high availability, and great structural diversity. In par-
ticular, metal-phenolic networks (MPNs) have recently spurred
interest as dynamic materials for drug delivery and beyond.!'
Aside from these natural building blocks, the intentional incor-
poration of phenolic moieties into synthetic polymers derives a
near-infinite library of artificial polymeric materials (particles,
elastomers, gels, adhesives, etc.), whose chemical functionality
can be designed to be sophisticated.!!’]

Over the past decade, phenolic chemistries have been
extensively pursued in biomedicine, and energy and environ-
mental science, among others (for comprehensive reviews see
refs. [1,14-17]). This field is fast-growing, with an exponen-
tial number of publications, yet seems far from being fully
exploited. In the meantime, the community’s expectation for
what phenolics can further offer is on the rise. As our knowl-
edge on phenolic chemistries deepens,!’®2% the paradigm that
drives current research is shifting from simply “where to apply”
to a more critical one, regarding “how to apply well.” Controlled
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manipulation of phenolic chemistries and related materials,
in a spatiotemporally defined manner, has recently received
priority. Next-generation phenolic materials, as more and
more scientists come to agree, should be custom designed to
incorporate spatiotemporal precision in chemistry, processing,
mechanics, and architectures to render predictable yet adapt-
able application-oriented properties.01317:21

A major target is to impart control over the reversibility of
phenolic chemistries, which is key to developing intelligent
materials with durable dynamic self-healing or elastotic defor-
mation capacities. Strategies to this end include switchable
catechol/quinone transformation, metal-phenolic complexion,
and the protection/deprotection of catechol. First and fore-
most, it is central to tune the catechol/quinone ratios to effec-
tively surmount the dilemma between adhesion and cohesion
in adhesive science.??"23] Nanospace confined polymerization
has value for this by counteracting the oxidation of catechol.l*
In addition, substantial endeavors have been devoted to tailor
the growth kinetics (including the onset and termination) of
phenolic oxidization/assembly. The kinetics of catechol poly-
merization is reported to be adaptable across hour-to-second
time scales. By addition of oxidants (e.g., Cu?"),?’ and radical
species,?l and the use of ultraviolet (UV) irradiation,*’”! micro-
wave,?8l and atmospheric pressure plasma,?’! the deposition
time for polydopamine (PDA) coatings can be reduced by sev-
eral orders of magnitudes (e.g., =500 nm thickness in 60 s by
plasmal®” vs =50 nm thickness in 24 h traditionally). Some of
these conditions can even induce catechol polymerization in an
otherwise oxidization-inhibiting acidic environment.’% On the
contrary, metal-polyphenol assembly chemistry by its nature
has ultrafast kinetics (ceasing in seconds), which imposes a
problem to obtain thick and continuous films with exquisite
structures. In light of better temporal control, investigators
have recently adopted stepwise oxidization strategies including
Fe?* as the precursor metal, which can effectively slow down
the kinetics while increasing film thickness.}1-32]

Controlled synthesis of phenolic nanomaterials with regard
to size and morphology represents another imperative need.
Nanoparticles with defined sizes and monodispersed characters
are desirable for fluorescence imaging!®3! and structural color
displaying.?¥ They can be obtained by using unique polymeri-
zation conditions or emerging techniques such as microfluidic-
assisted polymerization.®® Based on a palette of controlled
polymerization strategies, current syntheses can cover low-
dimensional and higher-order architectures of PDA, to name
just a few, nanofibers, 3% nanosheets,?”] hollow nanospheres,®!
capsules,B3% nanotubes,"! and hierarchical flowers.*!! Implau-
sibly, chiral and twisted nanoribbons have been created lever-
aging chiral amphiphiles as modulators.*”! Moreover, the pref
erential growth of PDA has been well exemplified recently to
potentiate Janus nano-sheets/particles with anisotropic surface
properties,[# as well as to control the folding of reprogram-
mable DNA origami.[*’]

Aided by cutting-edge microfabrication technologies, such
as photolithography,*! microcontact printing,”! and 3D
printing,[* spatially and/or temporally controlled phenolic
polymerization/assembly has also become a reality, enabling
functional phenolic micropatterns/nanocoatings that are indis-
pensable to fabricate microelectronics, photonics, microdevices,
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Figure 1. Outline of the review. The spatiotemporal control of phenolic
chemistries (i.e., mussel-/plant-inspired catechol/polyphenol chemis-
tries), spanning across molecular-to-macro and second-to-hour scales,
can lead to advanced phenolic materials with controlled structures,
properties, and functionalities for a wide range of applications in energy,
environmental, and biomedical fields. The fundamentals of phenolic
chemistries, including PDA formation pathways, adhesion and cohesion
mechanisms of catechols, and conditions to tailor catechol/polyphenol
polymerization/assembly, are summarized in Section 2. The contexts of
spatial and temporal control are arbitrarily allocated into subsequent sec-
tions: 1) control of the dynamic redox structures and chemical reversibility
of phenolics (Section 3); 2) control of coating kinetics of PDA (Section 4);
3) size and morphology control for catechol-based nanomaterials (Sec-
tions 5 and 6); 4) surface patterning of catechols and polyphenolics
(Section 7); and 5) postmodifications of catechol/polyphenolics-based
coatings and nanomaterials (Section 8).

and tissue niches with extensive utilities. Finally, the postpoly-
merization control of phenolic chemistries offers a second oppor-
tunity for tailoring material properties.l*! The surface moieties or
bulk properties of catechol-based materials can be post-modified
by grafting,? doping,*! etching, carbonization,”! etc. to sat-
isfy a particular function demand, including roughness, hydro-
philia, and catalytic and biological properties, etc. Alternatively,
the post-control of phenolic chemistries allows for material recy-
cling. For instance, the often-useless PDA aggregates in solution
can be degraded and reassembled to form new coatings.?

The above constitutes key aspects of our latest efforts in con-
trolled manipulation of phenolic chemistries in contemporary
materials science. However, to the best of our knowledge, there
lacks a systematic review on these topics. Herein, we highlight
recent strategical innovations in the spatiotemporal control of
phenolic chemistries and provide a timely update on research
in various fields (Figure 1). The focus is on strategies, design
principles, and characteristics rather than comprehensiveness
in gathering field-specific examples. We begin by giving an over-
view of phenolic chemistries (Section 2), briefly encompassing
mechanisms of DA polymerization, the reversibility of phenolic
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chemistries, the catechol-amine synergism, and the reactivity
of quinones for crosslinking and functionalization. Additionally,
canonical and noncanonical conditions that are potent to steer
phenolic chemistries are outlined. In Section 3, we dedicate a
lot of space to elaborate the manifold reversibility in catechol
for production of smart dynamic materials. In Section 4, we out-
line possible routes to controlling the kinetics of PDA coating.
In Sections 5 and 6, we enumerate PDA-based materials with
dimensional and morphological diversity, while discussing
methodologies for their controlled synthesis. In Section 7, we
describe the current state-of-the-art techniques to install phe-
nolic chemistries with spatial precision for micropatterning and
substrate engineering. Furthermore, in Section 8, we survey
established and emerging approaches in the postpolymeriza-
tion control of catechol/polyphenol chemistries via surface engi-
neering. Finally, in Section 9, we assess existing limitations and
propose opportunities ahead for future innovations.

2. Fundamentals of Phenolic Chemistries

Before moving on, we organize this section to shed light on the
state-of-the-art phenolic chemistries, which are the key to devel-
oping strategies for imparting spatiotemporal control over the
relevant materials. We will discuss pathways for catechol poly-
merization, versatility of catechol/polyphenol chemistry, conditions
for polymerization/assembly of catechol/polyphenol compounds
and the properties of catechol/polyphenol derived materials.

2.1. Formation Pathways of PDA

Catecholamine compounds, such as DA, undergo self-polymer-
ization under mild conditions to produce a polymeric structure
of PDA.P?I Albeit for the widespread use of PDA, the mecha-
nism behind PDA formation remains elusive.>>] Lee et al.
suggested that the polymerization process begins with oxida-
tion of DA to DA quinone, followed by cyclization, further
oxidation, and rearrangement to 3,4-dihydroxyindole (DHI)
(Figure 2A).21 Although the oxidation conversion of DA to
DHI is widely acknowledged, it is controversial regarding the
subsequent processes. In particular, Hong et al. identified that
noncovalent self-assembly of trimeric complexes of (DA),/DHI
should constitute a complementary pathway for DHI oligomeri-
zation (Figure 2B).1%¢)

Noteworthily, however, DHI alone was found insufficient to
initiate a coating under standard conditions.’”) Copolymeriza-
tion studies using DA and DHI (with controls using either DA
or DHI) had suggested that both molecules serve as a building
block of PDA (Figure 2C). Researchers have become gradually
aware of the structural diversity of PDA since the identification
of pyrrolecarboxylic acid (PCA) moiety (Figure 2D), based on
which a mechanism of partial degradation of catechol rings was
proposed.l”® There is a growing recognition that noncovalent
interactions play a pivotal role at a later stage. Ding et al. sur-
mised that PDA is a supramolecular aggregate of (DHI),/PCA
trimer complexes.l’% Recently, Hong et al. have pointed out that
cation—7 interaction is crucial for the intermolecular assembly
in PDA.2% Observations from a set of computational studies
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also supported that PDA is composed of small oligomers that
appear to be stacked together via 77 interaction.[*"]

Other possible mechanisms have been proposed in parallel
to the above studies supporting the synergetic oligomeriza-
tion and supramolecular aggregation. For example, Dreyer
et al. believe that PDA is a supramolecular aggregate of DHI
and its dione derivative, which are held together through mul-
tiple interactions, including charge transfer, 77 stacking, and
hydrogen bonds (Figure 2E).°l By contrast, Liebscher et al.
demonstrated an alternative structure of PDA (Figure 2F). In
this model, DHI and indoledione units, with differing degrees
of (un)saturation, are covalently connected by C—C bonds
between their benzene rings.%? All these reports underline the
importance of DHI. However, a recent study postulated that
quinone-amine conjugation should be a major driving force for
PDA formation rather than the DHI-based oligomerization.®’]
The dispute might arise partly from the variations in experi-
mental conditions. The formation of PDA can be affected by a
couple of factors, including monomer concentration, buffer and
pH, and the existence of an oxidant.[®! Nonetheless, the main-
stream opinion is that both covalent and noncovalent interac-
tions are involved in PDA formation. This has been recently
validated by Messersmith group using single-molecule force
spectroscopy. As the authors believe, PDA films are a polymer
in essence, since they are composed of high-molecular-weight
polymeric chains with covalently linked subunits, while simul-
taneously showing weak, reversible, noncovalent intramolec-
ular interactions.*4

2.2. Phenolic Chemistry

Mussel-inspired PDA and its derivatives are abundant in catechol
and o-quinone groups. These two kinds of chemical groups are
interconvertible through a semiquinone structure,%>-%! a prop-
erty that, when combined with the versatile chemical reactivity of
catechol and quinone, endows PDA with a variety of capacities,
including strong and substrate-independent adhesion and the
ease for secondary material functionalization, etc.[-67-68]

2.2.1. Versatility and Chemical Reactivity of Catechols

PDA and its derivatives have exhibited impressive adhesive-
ness toward a diverse range of material substrates, regard-
less of their surface properties, sizes, and shapes. Numerous
studies have been performed to disclose the precise mechanism
of this behavior, with catechol found to have played a critical
role.®! The diverse reactivity of catechol groups is illustrated
in Figure 3. On the one hand, the aromaticity allows for the
interplay with aromatic compounds and many cations (sodium,
ammonium, etc.) via 77 stacking and cation—7 effect, respec-
tively.”>7 On the other, the OH groups of catechols form
hydrogen bonds with a multitude of inorganic and organic
materials, or alternatively, bind to metals and metal oxides via
coordination.°®®”] The effectiveness of the latter mechanism is
highly dependent on pH.[*’2l Catechols form relatively strong
and long-lasting bidentate hydrogen bonds with diverse hydro-
philic surfaces at lower pH conditions. According to Bell theory,
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Figure 2. Plausible mechanisms involved in PDA formation.

the lifetime of bidentate hydrogen bonds is predicted to be 10°
folds greater than that of the monodentate.?'”3] This interaction
is disrupted at higher pHs as the aryl OH groups deprotonate.
Nonetheless, it does not necessarily cause declines in substrate
adhesion, because the loss of hydrogen bonds could be compen-
sated by much stronger coordinate crosslinks. For instance, it
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was found that the adhesion strength of Mfp-3f, a catechol-rich
adhesive protein of mussel adhesive plaque, to titanium oxides
decreased significantly as the pH was changed from 3 to 5.5, but
it was gradually restored when the pH was elevated to >70.74 Tt
is noteworthy however that such alkali-mediated curing effect
contributes only when catechols have been preabsorbed to a

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

“\Jdmgen bond

low

8,
Sy
) =
2 Co 3 3(9“0
Valent, irreV

Figure 3. The versatility and reactivity of catechol and quinone groups.
The diverse reactivity of catechol groups includes the pH-dependent coor-
dination to metal or metal oxides, the cation—m effect with special cations,
the hydrogen bonding to molecules or surfaces as catechol/donor, the
7—7 stacking with other aromatic moieties, and the reversible complexa-
tion to boronate. The reactivity of quinone groups includes the hydrogen
bonding to molecules or surfaces as quinone/acceptor, and the covalent
bonding to organic molecules or substrates via Schiff base reaction, and
Michael addition with amines and thiols.

surface. In other words, catecholic molecules must adhere to a
substrate prior to the occurrence of oxidative or coordination-
mediated curing, as induced by an increasing pH.?!! Similarly,
catechols can assume mono-, bis-, and tris-chelation to metal
ions as the pH decreases.”>78l In this sense, the interactions
between PDA and substrate material could be easily regulated
by pH-triggered protonation and deprotonation of catechols.
Furthermore, catechols interact with boron acids and silyl
species in a reversible way (despite some degree of covalent
bonding),”*8! which could be readily leveraged for synthe-
sizing various advanced dynamic materials (see details in
Section 3.2). Another attractive merit of catechols is their redox
activity, which is sufficient to reduce some noble metal ions such
as Ag®, Pt*, Pd?*, and Au** #8284 This character, along with the
mentioned metal-chelating ability, has found use in in situ syn-
thesis of diverse functional materials, such as the hydroxyapatites,
metal oxides, metal nanoparticles, and metal-doped materials,
which hold great promise in practical fields, ranging from bioma-
terials and nanomedicine to energy storage and conversion.[*8-58]

2.2.2. Synergy between Phenolics and Amines in Mussel Adhesion

Importantly, noncovalent interactions alone are insuffi-
cient to explain the strong, robust, yet material-independent
adhesiveness of PDA, especially considering that amine-
deficient catechol monomers lack equivalent adhesion behav-
iors. To give insights into the precise adhesion mechanism,
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control studies utilizing different catechol analogues have
proven helpful. For instance, when DA and its analog hydroxy-
tyrosol were employed for coating, only the former led to
a visually detectable coating.’¥ In a work from Lee group,
poly(catecholamine) coatings demonstrated adhesive strength
30 times greater than that of poly(catechol) coatings.[®% These
studies suggest a synergistic action between catechols and
amine groups in mussel-mimetic adhesion. Further work
revealed an adaptive synergy between catechol and vicinal
lysine (a cationic amino acid residue in Mfps) under seawater
through salt displacement.'®7] Specifically, the amine groups
in lysine can act as a molecular vanguard to evict surface hydra-
tion layers, which would otherwise disable efficient catechol
bidentate binding. While being well demonstrated, a contro-
versy persists as to the role of the adjacency of catecholic and
cationic moieties on the synergistic effects. A very recent work
from Messersmith group aims to address this question.'] The
authors compared the adhesion strength of separate monomers
with decoupled amino and catechol moieties to that of catecho-
lamines, where catechols and amines are coupled in the same
monomer side chain. Importantly, optimal cooperative effects
were observed only in the latter case, as indicated by the sig-
nificantly improved macroscopic adhesion performance. In
addition, amine groups can amplify the cation—r interplays of
DOPA, serving as a contributor to cohesion."” Intriguingly,
the mentioned synergistic effect seems to also hold true for
polyphenol systems, where the presence of amine groups sig-
nificantly enhanced the coating formation ability and stability
of PG coatings.”® Yet, it is worthy to note that some amine-
free catechols and polyphenol analogues can still adhere to
substrates and form coatings under tailored conditions, for
example, with a proper pH value or by addition of salts or tran-
sition metal ions. These shall be detailed below.

2.2.3. “Polymerization” of Amine-Free Phenolics

Some amine-free catechols, polyphenols and analogues also
possess the ability to develop multifunctional coatings. How-
ever, the substrate adhesion and coating stability are closely cor-
related to experimental factors, including pH, precursors, salts,
UV irradiation, and additional chemicals.'*! For example,
coating using extracts of cacao bean proved much more effec-
tive in buffered saline (0.6 m NaCl, pH 78) in comparison to
pure water. When PG and TA were employed as the precursor
to coat Au and titanium dioxide, the former resulted in an infe-
rior coating in regard to thickness (20 nm for PG vs 65 nm for
TA in 8 h).'!l Additionally, a slight increase of pH from 78 to
8.0 would largely eliminate the adhesion of both TA and PG
coatings.® In contrast to PG, GA, bearing a carboxyl on phenyl
ring, failed to develop coatings. The failure could be ascribed to
the altered electronic structure and elimination of the potential
reaction site on phenyl ring.”!! This issue can be bypassed by
assistance of UV irradiation. Accumulating evidence showed
the capability of UV light to trigger rapid deposition of GA, as
well as another carboxyl-containing phenolic compound caffeic
acid.*92I Tt is interesting to note that UV not only accelerates
the polymerization kinetics but also imparts exceptional spa-
tiotemporal control over coating deposition. In a very recent
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report, CuSO4/H,0, was also employed to promote poly(caffeic
acid) formation.”® To attain increased cohesion in coating, it
is fruitful to copolymerize catechols/polyphenols with amine-
rich compounds.®*! For instance, hexamethylenediamine
has been recently added to caffeic acid to allow a more stable
poly(caffeic acid) coating to form.[*4

Owing to the versatile chelation ability, phenolic mono-
mers such as TA can coordinate with a variety of metal ions,
providing a new material-independent surface modification
strategy referred to as MPNs.') A prominent advantage of
MPNs surface chemistry is its rapid kinetics, which allows
coating/film formation in seconds. Recently, spatiotemporally
tailorable formation of MPNs has also been accomplished,
which will be described in Section 3.5.

2.2.4. Versatility and Chemical Reactivity of Quinone

The oxidation of catechol to o-quinone is an essential step in
mussel-inspired polymerization. As catechol is oxidized to qui-
none, the intermolecular interfacial hydrogen bonding would
switch from the mode of catechol/donor to quinone/acceptor.®!
The quinone moieties endow catecholic polymers with great
chemical reactivity. Quinones can react with amine- or thiol-
molecules via Michael-type addition and/or Schiff base reac-
tion, affording covalent linkages to various organic substrates/
molecules (Figure 3).°%1 This property, coupled with the
operational simplicity and mildness in reaction, has made PDA
and derivatives widely useful in surface grafting. For example,
Sheng et al. demonstrated that the polymerization of DA on
self-assembled octadecylamine bilayers can lead to the forma-
tion of well-defined asymmetric Janus nanosheets (named after
the two-faced Roman God) with hydrophilic PDA and hydro-
phobic alkylchains on opposing sides.*® From another point
of view, the intermolecular Michael addition (or Schiff base
reaction) between quinones and monomer DA should have
also contributed to the strong cohesion of PDA materials. Con-
sidering their cooperative roles, it is critical to seek a balanced
point in the ratio of catechol/quinone so as to accomplish
desirable adhesion, cohesion, and material functionality.

2.2.5. Reversibility for Development of Dynamic Materials

The catechol chemistry features several dynamic processes,
briefly encompassing: i) pH-dependent catechol-metal com-
plexes; ii) pH-dependent catechol-boronate complexation;
iii) reversible catechol-silyl reaction; and iv) interconvert-
ible catechol and quinone moieties. Precise control of these
processes is nontrivial to the development of smart dynamic
materials, as shall be detailed further in Section 3.

2.3. Conditions for Phenolic Polymerization/Assembly
2.3.1. Classical Conditions for Catechol Polymerization

Typically, the polymerization of DA is implemented under weak
alkaline conditions involving oxygen as the oxidant. This would
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result in simultaneous deposition of both PDA coating (on a
substrate) and nanoparticles (in solution) in =24 h (Figure 4A).
The rate-determining step is the abstraction of a hydrogen atom
from the deprotonated hydroxyl by oxygen, which can be affected
by pH, temperature, DA concentration, and the abundance of
oxygen.”® In a nutshell, PDA develops more rapidly in an mild
alkaline condition in contrast to a neutral-to-acidic one. Increasing
DA concentrations expedites PDA coating, and verse visa. Higher
concentration of O, leads to highly uniform, ultrasmooth PDA
coating via accelerated reaction kinetics.”” In addition, the thick-
ness of a PDA coating increases over time before it starts to level
off, but the kinetics is dependent on other factors (see details in
Section 4). The constituent of buffer affects the way how PDA
forms as well. For example, Tris buffer has been reported to be
more or less incorporated into the final products.>®

2.3.2. Special Conditions for Catechol Polymerization

The canonical DA polymerization has encountered some limi-
tations. It is incompatible with alkali-sensitive materials, and
its slow kinetics adds cost to large-scale production. Modified
polymerization strategies on the basis of special conditions
have been increasingly researched and implemented to
address these issues. For example, UV-irradiation, micro-
wave, and microplasma electrochemistry are employed to
accelerate DA polymerization through the generation of free
radicals (Figure 4B, a—c).[?28100101 Alternatively, the electro-
chemical polymerization of PDA has been reported, which
utilizes electrons from electrodes to drive DA-to-DHI oxi-
dization and subsequent oxidative coupling, boding well
for rapid surface functionalization of conductive materials
(Figure 4B, d).1°2193] Moreover, the introduction of a hydro-
thermal condition was able to potentiate DA polymerization at
even pH = 1 (Figure 4B, e).’%

Innovations have also been made as to how to apply the
coating to a surface. Unlike the common dip coating process,
Lee group!'® found that, by spray coating, it took only 1 min
to obtain a 20 nm thick PDA film. Given the ultrafast kinetics
and minimal monomer dosages required, this method is
advantageous for large-scale surface modification of bulk sub-
strates (Figure 4B, f). Very recently, microfluidic technology has
received attention for controlled polymerization of DA.B3>10l
For example, the flow of DA solution through a double-crossing
step gradient led to a covalently conjugated gradient of PDA.[1%]
Particularly, superfast preparation of PDA nanoparticles with
tunable sizes and monodispersity has been enabled by an inno-
vative yet relatively simple microfluidic device.*™ As shown
in Figure 4B, g, the device is composed of three sequentially
aligned glass capillaries. DA solution flew within the inter cap-
illary and was then mixed with the outer one containing NaOH
fluid to initiate the polymerization. At a certain distance, the
polymerization was terminated by HCl. The high-precision
control of the distance enabled easy tuning of the size of PDA
nanoparticles. In addition to the solution per se, the mist of
DA solution has the ability to form membrane. As a prominent
example, Mun et al. reported that, by using the atmospheric
pressure plasma and DA mist, a =536 nm thick polymer film
could be deposited in 60 s.12°!
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Figure 4. A-C) Polymerization of DA at different conditions. (A) Classical polymerization.[ (B) Modified polymerization under special conditions.
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2.3.3. Catechol Polymerization Assisted with Additives

The inclusion of unique reagents is also a valuable approach
to regulate the polymerization of DA, aimed at altered depo-
sition dynamics and tailored structures and properties of
PDA.?>19-11 On the one hand, many oxidants, such as Cu®,
ClO5™, S,04%, and 10,7, have shown an impact on PDA deposi-
tion (Figure 4C, a).?>™ Especially, Cu** not only helps oxidize
DA to DA quinone and trigger subsequent polymerization,”’]
it also favors the selective formation of 2,2” dimers of DHIL.['2
Ball et. al. found that the PDA materials obtained by oxidization
of DA in air and by Cu?* had distinct optical and colloidal prop-
erties.'"l Likewise, reactive oxygen species can also accelerate
the polymerization. It is worth noting that, besides the in situ
generated free radicals, the introduction of either stable free
radicals (e.g., PTIO.) or free radical scavengers (e.g., edaravone)
can tune the polymerization process for size-controllable syn-
thesis of monodispersed PDA nanoparticles (Figure 4C, b).2¢!
The former accelerated the seed formation process, whilst the
latter inhibited the seeding and subsequent growth of PDA,
both leading to decreased particle sizes.

On the other hand, anions such as vanadyl and MoO,*,
have been adopted to modify the polymerization of DA.[37113]
The chelation between MoO,%>” and catechol enables mor-
phology control of PDA (see Section 6). As for vanadyl, its
effect is related to the ratio of [vanadyl]/[catechol] (Figure 4C,
). An excess of catechol can trigger more organic radicals
to allow a greater degree of chemical crosslinking. Contrarily,
excessive vanadium confines catechols in the chelates, inhib-
iting the polymerization. Biocatalysis is able to accelerate the
oxidation and polymerization of DA." For example, Li et al.
found that horseradish peroxidase could expedite the poly-
merization of DA by 300 times.[" More importantly, the ultra-
fast and localized deposition of PDA at the target catalytic sites
can lead to biosensors with enhanced sensitivity in biological
detection and highly concentrated colorimetric signal for spatial
biomarker labeling (Figure 4C, d)."">% Furthermore, organic
molecules, including folic acid,**! amino acids,™! pyridine,"®l
hexamethylenediamine,"*2%) and polymers!?!l (e.g., poly-
cations, polyanions, nonionic polymers, polysaccharides) are all
potent additives to tailor the structures and properties of PDA
for desired utilities (Figure 4C, e).

All these approaches could provoke the polymerization of
DA, but each has its pros and cons. In cases where special con-
ditions are employed, the resultant PDA materials usually fea-
ture a similar chemical structure and property as compared to
those fabricated in a standard condition. The same might not
be true in approaches that include an additional reagent, which
would likely interact with the building blocks via oxidative deg-
radation, chelation, or nucleophilic addition. The generated
PDA-based coatings or nanoparticles, however, could find new
utilities in biomedicine, catalysis, energy storage, and other
felds. [117.122-126]

2.3.4. Assembly of Polyphenols

The introduction of polyphenols with a polymerization or
assembly character akin to DA-based compounds has signifi-
cantly expanded the family of phenolic materials. Besides their
self-assembly ability, as already discussed in Section 2.2.3,
multidentate phenolic ligands can coordinate strongly with
metal ions to rapidly form an MPN coating on variety of sub-
strates (Figure 4D). Besides the dip-coating approach, other
techniques, including spray assembly, biphasic assembly, and
rust-mediated continuous assembly, have been pioneered for
the engineering of MPNs. These have been recently well doc-
umented'®! and will not be discussed further here. In addi-
tion, some polyphenols (e.g., TA) can form hydrogen and/or
electrostatic bonds with biomolecules and synthetic polymers
(e.g., chitosan), allowing for layer-by-layer construction of func-
tional films. Specially, copolymerization of polyphenols with
polymers that bear amines is possible, given the reactivity of
polyphenol-quinones toward amino groups (Figure 4E). For
example, hexamethylenediamine was efficient to crosslink GA
and form coatings on different substrates.l Recently, Lee and
co-workers demonstrated that atmospheric oxygen is effective
to trigger a rapid oxidative crosslinking between PG and poly-
ethylenimine (PEI), leading to the formation of robust adhesive
self-sealing PG/PEI films (Figure 4E, c).’! By further inclusion
of oxygen-delivering silica agglomerates into a polyphenol-PEI
copolymerization system, the same group prepared superglues
with impressive mechanical properties and versatile adhe-
sive properties.'?’] The synergy of polyphenol with amine-rich
polymer resulted in strong mechanical properties and versatile
adhesive properties, showing new prospects in the develop-
ment of gels and carbon materials.

2.4. Properties of Catechol/Polyphenol Derived Materials

As a typical poly(catecholamine) polymer, PDA exhibits many
important properties, including, among others, robust adhe-
sion, high reactivity, photothermal effect, biocompatibility, and
biodegradation (in detail reviewed in refs. [1,98]). These phys-
icochemical properties are closely related to their chemical
structure and composition, and most of them will be further
discussed in later sections with regard to how they can be tai-
lored. In this section, we highlight the antioxidant properties of
phenol-based, melanin-like polymers.

PDA resembles melanins in structure and property. Mela-
nins are distributed throughout the human body, such as hair,
eyes, epidermis, muscles, and viscera.[28! The most remarkable
aspect of melanins is their ability to scavenge radical species.[12’]
And the degree of activity is largely determined by the struc-
ture of as-formed polymers. In a pioneering study, the struc-
ture-property relationship of DHI and 5,6-dihydroxyindole-
2-carboxylic acid (DHICA) melanins was well elucidated.3%

poly(N-vinyl pyrrolidone) (PVP), polyethyleneimine (PEl), poly(allylamine hydrochloride) (PAH), poly(acrylic acid) (PAA), poly(styrene sulfonate) (PSS),
poly(sulfobetaine methacrylate) (PSBMA), poly (methacryloyloxyethyl phosphorylcholine) (PMPC), pyrogallol (PG)). D) Methods for assembly of MPNs.
Reproduced with permission.l'”l Copyright 2019, Wiley. E) Assembly of polymer-phenolic networks via a) layer-by-layer (LBL) assembly and b) coas-
sembly methods. c) Schematic reactions for crosslinking in PG/PE| copolymer. Reproduced with permission.’" Copyright 2020, Wiley. d) Polymeric
entanglement of PG/PE| network on surfaces of silica particles. Reproduced with permission.?l Copyright 2020, Wiley.
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DHICA melanin was found to be a far more efficient scavenger
than DHI and DOPA melanin. This superiority is attributed to
hindered interunit conjugation and weak aggregating interac-
tions derived from the twist inter-ring oligomeric angles. This
microstructure accounts for strong accessibility of free radi-
cals in comparison with the compact 7-stacked DHI melanin.
This discovery shed light on a promising approach to improve
the ROS scavenging activity of PDA materials. Recently, Yang
et al. reported that introduction of amino acid can destroy
the compact microstructures of PDA, leading to formation of
weak aggregate structures with super antioxidant effects.”]
It should also be noted that, unlike PDA with strong sub-
strate adherence, poly(DOPA) usually experiences difficulty
in forming adherent films by spontaneous autoxidation of
DOPA. However, in a report from Messersmith group, adherent
poly(DOPA) films were formed on a variety of substrates at
high ionic strengths.[13

The ability to scavenge free radicals is one of the most cel-
ebrated features of plant polyphenols, which is associated with
their abundant hydroxyl groups on the benzene ring.3?l Kim
et al. found that GA functionalized poly(2-hydroxyethyl meth-
acrylate) hydrogel had greater antioxidant activity compared to
DA-functionalized counterpart.33l Importantly, the antioxidant
activity of polyphenols can also be inherited by their coating
forms. The coating and ROS-scavenging abilities of plant poly-
phenols were fully leveraged by Messersmith group.! Impres-
sively, they demonstrated that TA-modified culture plates
could assist NIH 3T3 fibroblasts that grew on them to combat
intracellular radical stress. Such intracellular protective effect
was attributed to the liberation of dissolved polyphenols into
media.

3. Control of Phenolic Chemistry

Organisms in Nature, such as marine mussels and sandcastle
worms, can actively secrete unique catechol-containing adhe-
sive proteins to help implement two underwater activities:
i) to bind or absorb to a substrate via interfacial adhesion, and
ii) to bond or glue materials together via cohesion.”?! This
brings up the necessity of optimizing catechol contents, e.g.,
by tuning the catechol/quinone conversion, to achieve an ideal
adhesive—cohesive balance. Given that catechols can be easily
oxidized to quinones, it is of ultimate importance to prevent
their exposure to hostile oxidants, especially in the synthesis
and application of catechol-containing polymers. Protecting
chemistry and confined polymerization are useful strategies
to counteract such a liability. On the other hand, the abun-
dant catechol groups can reversibly chelate metal ions, boding
bell for the development of dynamic materials. This section is
dedicated to deal with the above issues.

3.1. Tunable Catechol/Quinone Transformation
The diverse reactivity of catechol and quinone moieties is the
foundation for the development of materials with dynamic

adhesion, robust cohesion, and versatile surface functionality
(Figure 5A, a). Catechol/quinone conversion can be realized by
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using various strategies, which are illustrated in Figure 5A, b.
Redox reactions and annealing have been applied to promote
the oxidization of catechol to quinone. Reversible switching
of catechol and quinone moieties has been achieved with the
aid of charged nanospace, external electrical field and plasmon
effects. Michael-type addition enables the conversion of quinone
to catechol, while facilitating the curing of catechol-based mate-
rials via covalent crosslinking. Examples of recent advances in
catechol/quinone conversion and the corresponding applica-
tions will be highlighted in this section.

3.1.1. Catechol-to-Quinone Oxidization

Catechol is convertible to quinone through three general
pathways: auto-oxidation, enzymatic oxidation, and chemical
oxidation (Figure 5B, a).’®13 Auto-oxidation here refers to
spontaneous oxidation by air O,. By contrast, enzymatic oxi-
dation using tyrosinase and horseradish peroxidase/H,0, can
help circumvent the huge energy barrier encountered in auto-
oxidation. Noticeably, not only catechol but also monophenol
could be converted to o-quinone by using tyrosinase. Chemical
oxidants, such as NalO,, (NH,),S,0s, and FeCls, are also fre-
quently adopted to drive the oxidation of catechol toward qui-
none. In addition, the conversion can be promoted by thermal
annealing. Sun et al. found that quinone-rich PDA could
be obtained when they treated the polymerization system
simultaneously with heat and (NH,),S,0s, both of which had
a role on catechol-to-quinone oxidation (Figure 5B, b).3%
Considering that the oxygen atom in o-quinone can
effectively coordinate with lithium or sodium ions, qui-
none-rich PDA promises efficient electrode material in the
fabrication of lithium- or sodium-ion batteries for energy
storage (Figure 5B, ¢).3>13% Impressively, as contrasted to
counterpart electrodes using classic PDA, superior capaci-
ties of 1818 mA h g! (lithium-ion batteries) and 500 mA h g™
(sodium-ion batteries) were afforded by using quinone-rich
PDA annealed at 180 °C (Figure 5B, d). Notwithstanding, the
following deserves attention: although a higher capacity is
favored by abundant quinone species, excessive oxidation
would presumably counteract the conductivity, thus deterio-
rating device performance.

The conversion of catechol to quinone was also achieved by
mild post-annealing of PDA at 130 °C.'37 The elevated quinone
amounts facilitated the attachment of nucleophiles to PDA
coatings. Simultaneously, annealing was found to enhance
the intermolecular and cohesive interactions in PDA. In con-
sequence, it led to enhanced mechanical robustness and the
chemical stability against alkalinity (Figure 5B, e).

3.1.2. Dynamic Catechol /Quinone Conversion

The dynamic catechol/quinone conversion greatly affects the
performances of catechol-based dynamic materials, including
adhesives and glues. In fact, mussel retains its long-term
adhesiveness by a reductive footprint protein with a dynamic
catechol/quinone balance.?3) Mimicking this, Lu group
devised a tough and reusable hydrogel composed of Ag-lignin

© 2021 Wiley-VCH GmbH
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Figure 5. A) a) Characteristics of catechol and quinone, and b) strategies for catechol/quinone conversion. B) Catechol-to-quinone oxidization. a) Over-
view of strategies. b) Comparison of the O 1s XPS spectra of PDA obtained at different conditions. c,d) PDA samples used as the electrode and
binder materials for lithium-ion batteries with different performances. Reproduced with permission.[¥51 Copyright 2016, Wiley. e) Comparison of the
mechanical property of PDA before and after annealing. Reproduced with permission.[*”] Copyright 2019, American Chemical Society. C) Reversible
catechol/quinone conversion. a) Reversible catechol-quinone redox by plasmon effect. b) Radicals generated by the redox between Ag—lignin NPs and
ammonium persulfate (APS) for c) triggering the gelation of the hydrogel. d) Hydrogels adhered to various substrates. e) Repeated adhesion behav-
jors to porcine skin. Reproduced under the terms of the CC-BY license.® Copyright 2019, The Author(s), Published by Springer Nature. f) Reversible
switching of quinone—catechol in charged nanospace between PEDOT and PSGO. Reproduced with permission.[3*l Copyright 2019, Wiley. g) Scheme
of the in situ deactivation of catechol-containing adhesive using electrochemistry. Reproduced with permission."2 Copyright 2020, American Chemical
Society. h) Typical JKR contact curve testing performed with in situ applied voltages for 1 min. D) Conversion from quinone to catechol via a) Michael-

type addition and b)Thiol-Michael-addition inspired crosslinking. Reproduced under the terms of the CC-BY license." Copyright 2020 The Authors.
Published by Wiley-VCH.
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nanoparticles (Figure 5C, a—e).’¥] The phenolic groups in
lignin reduced Ag* to Ag nanoparticles (AgNPs), while them-
selves were oxidized to quinones. As AgNPs are typical plas-
monic metal NPs, the surface plasmon resonance of Ag-lignin
NPs allowed free electrons to be relayed to quinone and reduce
the latter to phenolic groups. In this way, a dynamic redox
environment can be established inside the hydrogel network.
In addition, radicals generated by the redox reaction between
Ag-lignin NPs and ammonium persulfate can trigger self-
gelation of the hydrogel under ambient environment. Thanks
to the coexistence of covalent and noncovalent interactions,
this hydrogel exhibited adhesiveness to a variety of substrates
(Figure 5C, d). The inner dynamic redox balance was recog-
nized to account for the repeatable and long-term adhesive-
ness (Figure 5C, e). Gaining insights from this study, dynamic
catechol/quinone redox chemistry is achievable through a
designer electron transfer process.

Very recently, a confined nanospace-charged layer has also
been constructed to tune the content of catechol/quinone
by control of electron transfer (Figure 5C, f).13 Specifically,
PDA and sulfonate cofunctionalized graphene oxide (PSGO)
was used as template to direct poly(3,4-ethylenedioxythio-
phene) (PEDOT) assembly, which resulted in sandwich-like
PSGO-PEDOT nanosheets. Importantly, the nanosheets
formed a confined space-charge layer between the electron-
enriched PSGO and electron-depleted PEDOT, permitting a
dynamic switching in-between the “quinone” and “catechol”
statuses.

In addition, the catechol/quinone redox could be manipu-
lated by applying a sufficiently positive or negative poten-
tial.0-141 Harnessing the electrochemically dynamic switching,
Daboss et al. recently prepared a PDA-modified colloidal atomic
force-scanning electrochemical microscopy probe, which could
provide instrumental insights into the adhesion properties of
bacteria, cells, and tissues.™ In addition, the electrochem-
ical catechol/quinone switching can be a facile way to in situ
tailor the adhesiveness of catechol-based materials. Recently,
Akram Bhuiyan et al. evaluated the effect of electrical field on
the adhesive property of catechol using a Johnson-Kendall-
Roberts (JKR) contact mechanics test setup (Figure 5C, g).*
They found that an in situ electrical stimulation was efficient
to deactivate the adhesive property of catechol-containing adhe-
sive through oxidization of catechol. More elaborate control of
the adhesive properties was exerted by fine-tuning the applied
voltage, the exposure time to the applied electricity, and the salt
concentration of the interfacial buffer (Figure 5C, h). This rep-
resents a new dimension in the design of synthetic mimics of
mussel adhesive proteins. One inadequacy is that the accumu-
lated hydroxyl ions near the cathode would facilitate irreversible
cross-linking of catechol near the interface, thus compromising
the reversibility of inactivated catechol.

3.1.3. Nucleophilic Addition-Mediated Quinone/Catechol
Conversion
In addition to the foregoing dynamic conversion, quinone can

also be transformed to catechol by its reaction with nucleophiles.
Electrophilic quinone can undergo Michael addition with
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nucleophilic amine and thiols, while getting reduced to cat-
echol groups (Figure 5D, a). Noteworthily, Michael addition is
nonspecific and often competes with Schiff-base reaction, in
which catechol is not anticipated as a product. Additionally,
these reactions can be varied by a specific pH condition or the
types of nucleophiles and substituents in use. Details could be
found in this review.’®! In fact, the quinone-mediated Michael
addition with thiols is a natural mechanism that affords the
meticulous combination of adhesion and cohesion in mussel
glue apparatus. Nonetheless, replicating this property is any-
thing but easy, mainly due to the oversimplified biomimetic
system of catechol/quinone. To impart better control over the
adhesion/cohesion behaviors of artificial mussel-glue pro-
teins, tyrosinase-activated polymerization has recently gained
interest (Figure 5D, b).** Briefly, peptides containing
cysteine (Cys) and tyrosine (Tyr) residues are synthesized.
With the aid of tyrosinase, the Tyr residues can be oxidized
to quinones, which then react with Cys residues in adjacent
molecules via Michael addition to give crosslinked adhesive
polymers.

3.2. Protection and Deprotection of Catechols

For both natural adhesive proteins and synthetic catechol-
containing materials, the oxidation of catechol to quinone
can sacrifice their reversible adhesion ability, thus hindering
applications in high-performance adhesives and smart self-
healing materials.>1#0] In light of the oxygen-susceptibility
of catechol, measures for combating the oxidization have
become a rising demand in the application of catechol-based
adhesives. In this section, we summarize strategies for pro-
tection and deprotection of catechol groups and illustrate
some of the derived applications. Generally, it is possible to
temporarily mask the catechol functionalities by protecting
groups, which can be removed at a specified time by an
unmasking treatment. Because the removal of the mask is
somehow traumatic to the structure of catecholic polymers, it
is desirable to select protecting groups with a facile cleavage
mechanism (i.e., under conditions as mild as possible). Some
candidates include boronate, silyl, and nitrobenzyl moieties,
as described below.

3.2.1. Reversible Catechol-Boronate Complexation

The fact that seawater is composed of 0.45 x 1073 m[*] of
borate provides a new clue to recapitulate the robust yet
reversible mussel adhesion. Under basic conditions, boron
acids form 1:1 complexes (via boronate ester linkage) with cat-
echols, while the complexion could be reversed by decreasing
the pH to the acid range.'™¥! This catechol-boronate chem-
istry has emerged as a valuable tool to engineer smart adhe-
sives that can switch between their adhesive/nonadhesive
statuses on demand.! Narkar et al. recently developed such
an adhesive by copolymerization of catechols and boronic
acid based precursors (Figure 6A, a).””! Strong adhesion was
secured in an acidic pH that favors catechol/borate-substrate
binding. Nevertheless, the opposite is true at a basic pH as

© 2021 Wiley-VCH GmbH
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inspires the strategy of DA polymerization in interlayer of clay nanosheets. b) The layered architecture and interconnected networks in PDA—clay—-PAM
hydrogel. c) The adhesion behavior to various surfaces, and d) the stretching and recovery of PDA—clay-PAM hydrogel. Reproduced with permission.[24

Copyright 2017, American Chemical Society.

catechol-boronate complexes can be formed instead. Addi-
tionally, this chemistry has been widely exploited to prepare
pH-responsive capsules,®” assemblies,™ and coatings,>?
which have utilities in bioimaging, cancer cell targeting, and
drug delivery (Figure 6A, b,c). It has also ignited great interest
in the development of self-healing materials that work under
ambient humidity conditions.[>3-1>]

The reversibility of catechol-boronate complexation can also
be established via ligand exchange that substitutes catechol. Liu
et al. developed a biointerface capable of dynamic presentation
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of cell-binding motifs, through exploring a sugar-responsive
catechol-boronate chemistry (Figure 6A, d).'*% Specifically, a
mussel-inspired biomimetic peptide was synthesized, showing
a catechol end and a bioactive-sequence-displaying end. The
former can anchor to a phenylboronic acid (PBA)-modified
substrate, making the latter available for cell recognition. Fur-
ther, by addition of cis-diol group containing sugars, catechol
groups were disassociated with PBA by sugar-induced mole-
cular exchange, liberating surface-bound peptides. Through
using designer Dbioactive peptide sequences, the resulting
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biointerface exhibited activities in dynamic modulation of stem
cell adhesion and selective isolation of targeted tumor cells
(Figure 6A, e,f).

3.2.2. Nitrobenzyl Protection

Photoremovable protecting groups (PPGs) hold promise in
eliciting spatiotemporal control over catechol chemistry.117]
Nitrobenzyl compounds, one of the most established PPGs,
have recently been explored for producing biomimetic catechol-
containing glues with light-controlled wet adhesion power in
vivo (Figure 6B).'®! Specially, nitrobenzyl was applied to tem-
porarily mask the catechol functionality, which can be recovered
in response to precise light triggers. This approach surmounts
the reliance on external chemicals for deprotection. However,
it is faced with other issues. For example, the cleavage of pro-
tecting groups might generate hostile reactive intermediates,
such as nitrosobenzaldehydes, which might induce unfavorable
modifications at deprotected sites.

3.2.3. Silyl Protection

Silyl protection, classically employed to reserve oxidization-
liable catechol moieties during chemical synthesis, can
provide an alternative approach to tuning the reactivity of
catechol-derived smart materials. The silation of catechol can
be catalyzed by tris(pentafluorophenyl)borane, whereas the
silyl-protecting groups could be eliminated in a moderate acid
environment to restore catechol functionality.™ With silane-
protected eugenol acrylates or methacrylates as monomer, Ahn
et al. synthesized catecholic polymers that were able to self-heal
in water (Figure 6C).] Immersing the half-cut materials in a
low-pH buffer rapidly regenerated catechol moieties by initi-
ating hydrogen bonding to bridge the scission, culminating in
complete wet self-mending.

3.3. Catechol Polymerization in Confined Nanospace

In the above, we have discussed various chemical approaches
to mask/unmask catechols for on-demand catechol reactivity.
Since catechol is oxidized by dissolved oxygen, catechol poly-
merization can also be tailored by means of oxygen content.
Actually, mussels “perform” catechol polymerization in nano-
confined plaques, seemingly a Nature’s strategy to reduce pre-
mature or excessive oxidation. Emulating this, nanoconfined
polymerization of catechols has recently prompted intrigue.
The core idea is to use hollow nanomaterials (e.g., nanoclays) to
physically isolate DA molecules from dissolved oxygen under-
water. As a notable example, Han et al. intercalated DA into
the oxygen-deficient interlayer nanospace of layered double
hydroxides clays (Figure 6D, a).?4 In this way, the very limited
free-oxygen in the nanoclays allowed DA to be only partially
polymerized. The resulting catechol-enriched PDA-interca-
lated nanoclay sheets were then mixed with acrylamide, the
monomer for polyacrylamide (PAM) formation, to form
PDA-clay-PAM double-network hydrogels with durable and
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repeatable adhesiveness (Figure 6D, b—d). Other nanolayered
or nanospaced materials are deemed to have a similar property.

3.4. Reversible Catechol-Metal Complexes

Robust yet reversible crosslinking can be rendered via cat-
echol-metal complexion. It has been widely documented that
catechol-Fe* complexes constitute an important crosslinking
mechanism of mussel glue proteins. Depending on the pH,
three catechol-Fe*" complexes are accessible: mono, bis, and
tris (Figure 7A).771% Specially, the noncovalent coordination
bonds provide the uniqueness of being dynamic and spatially
reconfigurable, as is highly desired in dynamic materials, such
as toughening elastomers, batteries, and self-healing hydrogels.
Generally, three approaches can allow for reversible conversion
of catechol-Fe complexes: elastic deformation, pH, and redox.
These have increasingly become a toolkit for constructing
dynamic functional materials, as will be detailed below.

3.4.1. Catechol-Metal Mediated Dynamic Elastic Deformation

The spatial reconfigurability of catechol-Fe** chemistry has
been taken advantage of to induce elastic deformation of elas-
tomers, conferring simultaneously high stiffness and exten-
sibility.””16 For example, by incorporating the reversible
catechol-Fe?* crosslinks into a dry and loosely crosslinked
epoxy network, Filippidi and co-workers obtained a self-
toughening elastomer (Figure 7B, a). The Fe*"-treated networks
were found to exhibit pronounced stiffness, tensile strength,
and tensile toughness, which were 2-3 orders of magnitude of
those of Fe**free counterparts (Figure 7B, b). Such toughing
effects arise from the high dissociation energy of catechol-Fe3*
coordination bonds, which is comparable to covalent bonds,
while the strain recovery is attributed to the dynamic catechol
chemistry. It is worth noting that the recovery is also dependent
on the strains applied. Upon small strains (£ < 30%) that fell
within the shape-memory capacity, the network can be fully
restored to the unstretched state. However, with strains greater
than 50%, residual strain was observed as coordinate bonds
broke and deformed at newly accessible sites (Figure 7B, c).

Such self-healing capability of catechol-Fe** complexes is
useful in designing batteries that can undergo large-volume
changes. Specifically, the lithiation/delithiation is usually
accompanied with large volume expansion that is detrimental
to battery performance. The dynamic and robust catechol-Fe3*
coordination can withstand large strain and thus the volume
change. Recently, Jeong and Choi developed a copolymer
binder with catechol-Fe* crosslinks, which contributed to the
self-healing effects of silicon anodes (Figure 7B, d).%2 The high
strength of the coordination bonds prompted the recovery of
dissociated bonds during lithiation/delithiation processes, prof-
iting the development of sustainable batteries (Figure 7B, e).
Furthermore, the recoverable nature of catechol-metal ions
could be extended to other metallopolymers to customize the
physicochemical properties of self-healing polymers.

In addition to the reversible bonding with free ferric ions, the
catechol chemistry can also work to afford dynamic interfacial
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coordination with solid materials. Li et al. has reported such
a dynamics in a catechol-modified polymer network that had
Fe;0, nanoparticles as crosslinking motifs (Figure 7B, f).16]
The resulting composite hydrogels, compared to their (intercat-
echol) covalently crosslinked and fluid-like ionic counterparts,
showed dramatically distinct mechanical properties, featuring
solid-like yet reversible hydrogel mechanics (Figure 7B, g).

3.4.2. Dynamic Catechol-Metal Complex from pH

The three pH-dependent coordination states of catechol-Fe3*
complexes are mono at pH < 5.6, bis at 5.6 < pH < 9.1, and
tris at pH > 9.1. Self-healing materials can be prepared by lever-
aging the pH-responsiveness of catechol-Fe** complexes.””) By
synergizing this chemistry with an ionoprinted technique, Lee
and Konst successfully created a hydrogel actuator (Figure 7C,
a,b).l% In their study, electrochemical oxidation of iron
electrode led to local deposition of Fe3* into catechol-based
hydrogel. The catechol groups formed a tris-complex with the
deposited Fe** at a basic pH to afford a higher crosslinking
density. The variations in crosslinking density between
the ionoprinted site and the bulk counterpart actuated the
hydrogel. Benefitted from the dynamics of multiple catechol—
Fe crosslinks, the bending status of hydrogel can be restored
by simple treatment with acid. In addition to Fe**, other metal
ions (copper, zinc, aluminum, and titanium) can also induce
the movements of such catechol-metal hydrogel actuators.['*]

3.4.3. Dynamic Catechol-Metal Complex from Redox

Cuticles of mussel byssal threads, primarily containing DOPA
and ferric ions, exhibit remarkable hardness, extensibility,
and selfhealing capability.'! The metal-coordination in
the crosslinks can self-adapt in response to a changing envi-
ronment.”716017) Apart from the well-known Fe®*, Xu et al.
provided direct evidence of Fe?" inside the cuticle recently.l®]
The interconversion of different catechol-Fe species, plays
a crucial role in maintaining the self-healing capacity of the
cuticle (Figure 7D, a). With the adsorption of oxygen, the tris-
catechol-Fe*" crosslinks are weakened and even converted to
the bis- catechol-Fe?" form, leading to decreased strength and
extensibility of the mussel byssus cuticle (Figure 7D, b). How-
ever, spraying water can restore the catechol-Fe** complexes
(Figure 7D, c). The gradient distribution of Fe** and Fe*" across
the cuticle thickness may contribute to the overall properties
of the threads. These findings provide a theoretical basis in
the design of robust, extensible, and self-healing bioinspired
materials.

3.5. Reversible Polyphenol-Metal Complexes
3.5.1. Classical Assembly of MPNs
MPNs, originally constructed as the coordination complexes of

natural polyphenols (e.g., TA) and metal ions (e.g., Fe**), are
emerging self-adherent nanomaterials.'¥! Like PDA, they can be
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applied as a coating to various material substrates (Figure 8A,
a). On the other hand, distinct from PDA, the MPN coatings
and capsules exhibit pH-triggered disassembly behaviors owing
to the pH-dependent metal/polyphenol coordination.'®! In
addition, the MPN assembly features a much faster kinetics,
giving rise to films and capsules within seconds. It should be
also noted that MPNs can be preferentially assembled onto
one material over another, potentiating site-specific patterning.
Recently, Caruso group has demonstrated patterned MPN
films by site-specific deposition of TA-Fe** onto templated
patterns of natural biomolecules (e.g., lipids, proteins, poly-
saccharides, and nucleic acids) (Figure 8A, b). Subsequent
deposition of AgNPs can confer enhanced optical properties
to visualize biological patterns, such as latent fingerprints
(Figure 8A, c,d).["0)

The diversity of MPNs is well dictated by the palette of phe-
nolic ligands and metal ions (Figure 8A, e). The identity of
both metals and phenolics can significantly affect the assembly
and properties of MPNs. At least one vicinal diol group in
the phenolic structure is needed to induce MPN assembly
into films.”%72 The assembly/disassembly characteristics,
film thickness, and fluorescence properties vary when dif-
ferent metal ions come to mate the same phenolic ligand.[73!
For example, Al**-based MPNs can disassemble at physio-
logically-relevant pHs (5 = 74), boding well for drug-delivery
applications.["”4

Attractively, MPNs can also form in situ on living matters
(e.g., yeasts, bacteria, mammalian cells), producing cell-in-shell
structures (a.k.a. “artificial spores”) (Figure 8B, a).l”>V6l The
coating procedure is facile, requiring simply bathing the tar-
geted cells with polyphenols and metal ions for a timeframe of
seconds. The resultant shell layers are mechanically durable and
widely protective against harsh conditions, while providing the
versatility to manipulate cell metabolism and division, amongst
other functions.'”! In particular, the pH sensitivity of MPNs
(e.g., TA-Fe3" MPN) can install the semiartificial system with
on-demand degradability and reconfgurability that is promising
in biocatalysis and cell-based sensors and therapies.[”8 Aside
from the co-incubation strategy, a “feeding/assembly” approach
has also proven success. In one representative example, yeast
cells were continuously fed with Fe3* ions and then subjected
to TA solution, leading to interfacial assembly of TA-Fe3* MPN
(Figure 8B, b). In addition, the resultant MPN allowed good cell
survival and secondary surface functionalization of serum pro-
teins (Figure 8B, c).

3.5.2. Emerging Methods for Control of MPN Assembly

It remains a demanding challenge in the field of MPNs to
engineer thick, continuous films. Owing to the coordination-
driven interfacial assembly, conventional MPNs feature dis-
crete film growth that would typically cease in 1 min. Rahim
et al. have recently developed a solid-state etching/interfacial
assembly strategy aimed at continuous growth of MPN films.
Specifically, GA was employed to etch iron rust, during which
GA-Fe** complexes were continuously assembled at the sub-
strate/solution interface.l””) More recently, Kang et al. found
that thick MPN films can be prepared in a solvent-free manner
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via tribochemistry to promise mechanosynthesis.'®l The film
thickness was tailorable from 1.5 nm to 2.2 um by simply var-
ying the friction parameters and reaction time. Further inves-
tigations showed that these films harbored a gradient bilayer
structure. The bottom layer was formed as a result of the chela-
tion of TA and metal ions, while the top layer was dominant
by hydrogen bonding or 77 stacking among oligomers of phe-
nolic moieties.

Besides the utilization of solid-state reactants, oxidation-
mediated kinetic strategy has shown effectiveness to impart spa-
tial and temporal control over MPN growth by Caruso group.3!
Instead of Fe*t ions, Fe?" ions acted as the precursors to be
oxidized to Fe*', thereafter mediating coordination assembly
of polyphenols (Figure 8C). This strategy has two latent ben-
efits. On the one hand, the inferior reactivity of Fe** toward
polyphenol inhibits instantaneous coordination. On the other
hand, the gradual oxidation of TA-Fe?" into TA-Fe’* allows
for conformational rearrangement and self-correction. Overall,
the initial coordination and subsequent oxidation process are
dependent on time and concentration, signifying spatiotem-
poral control over the thickness and microstructure of MPN
films. In addition, by using reactive oxygen species, the oxida-
tion of TA-Fe?" into TA-Fe3* could be significantly accelerated,
showing =30 times’ increase in film growth. Furthermore,
the same group has newly combined the oxidation-mediated
assembly with an enzymatic strategy for controlled MPN
assembly (Figure 8D, a,b)."8!l This time, they demonstrated
in situ conversion of monophenols to catechols via tyrosinase,
which substantially expands the toolbox of MPNs, by including
various small molecules, peptides, and proteins (Figure 8D, c).

In fact, continuous MPN growth can also be realized by salt-
induced assembly (Figure 8E).!82] Through addition of salts,
Park et al. turned the one-off coating kinetics of Fe**~TA com-
plex to a continuous one. Systematic investigations identified
cations as the key factor. Salts with higher-valence and larger-
size cations can minimize the concentrations of salts required
to plateau the coating growth. A charge screening mechanism
was postulated, wherein the negative surface charges of Fe’'—
TA complexes can be screened by positively-charged salt cat-
ions, resulting in coagulation and continuous film deposition.

Despite those efforts in controlled film growth, the robust
adhesion of MPNs hinders the acquisition of freestanding
films. Recently, Yun et al. developed a dynamical electrophoretic
approach to regulate the cohesion and adhesion behaviors of
MPNs (Figure 8F).1% The electrophoretic movement and locally
concentrated metal-phenolic species increased film growth rates
by 2-3 orders of magnitude (Figure 8F, a). Promisingly, simple
positive-to-negative current switching can detach the films, even
those cultured with living cells, suiting utilities in tissue engi-
neering and nanomedicine (Figure 8F, b). Furthermore, free-
standing films with tunable thickness can be obtained.

4. Control of PDA Coating Kinetics

Surface coating using DA occurs normally slow, but the
kinetics is tailorable, for example, by external additives. The
kinetic curves of DA polymerization under various condi-
tions are summarized in Table 1. Classically, the thickness of
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PDA film increases as a function of reaction time, plateauing
at about 50 nm after 24 h (curve 1).2! However, a near-linear
kinetics is possible if fresh DA is regularly introduced to
repeatedly coat the surface (curve 2).1°% Ponzio et al. investi-
gated the effects of three oxidants, namely NalO,, (NH,),S,0s,
and CuSO,, on the coating kinetics (curve 3).* The pres-
ence of NalO, speeded up the formation of a PDA film; how-
ever, it was encountered with a plateau in 2 h. By contrast,
when (NH,),S,05 was used as the oxidant, the film thickness
increased gradually to overtake that of the NalO, oxidized film
in 5 h. The addition of CuSO, can significantly expedite DA
polymerization, especially in the presence of O, or H,0,. For
example, the CuSO,/H,0, couple triggered a =30 nm thick
PDA coating in 40 min (curve 4), a process that is attributed
to in situ generated reactive oxygen species.'””] In the deoxy-
genated atmosphere, Cu?-assisted PDA deposition clearly
showed a slower but linear growth (curve 5), resulting in a
thickness greater than 70 nm in 80 h.1% More interestingly,
the deposition kinetics can be elevated with chloride ions
(CI") that have the ability to enhance the oxidizing power of
Cu?". Tt was reported that the formal potential of the Cu®*/
Cu* could be positively shifted to +0.53 V in the presence of
0.1 m CI~.[108.184)

Likewise, reactive oxygen species generated from UV irra-
diation can accelerate PDA deposition (curve 6).271% Du
et al. investigated the polymerization of DA under pH 70 and
8.5, with/without UV irradiation.*” For substrates immersed
in a neutral solution (pH 70), a 4 nm thick PDA coating was
obtained in 2 h under UV irradiation, which was comparable to
that obtained in an alkaline condition (pH 8.5). While, no PDA
layer was formed for the counterparts without illumination.
Additionally, the UV-induced polymerization is controllable via
the ON/OFF flexibility, as well as by varying the light intensity
applied. In another report, the thickness of PDA films climbed
to =80 nm in 10 h under UV irradiation.'’”] Plasma is another
approach for radical generation. Wang et al. found that the
microplasma cathode could dramatically accelerate the poly-
merization kinetics, leading to a 35.3 nm thick PDA coating in
40 min (curve 7). The kinetics could be easily regulated by
the input current.

Microwave irradiation is also well suited for rapid PDA
coating, which produces free radicals while raising the reac-
tion temperature.?® As studied by Lee and co-workers, the
thickness of PDA coating was increased to =18 nm under
1000 W microwave irradiation for 15 min (curve 8). Two con-
tributors were proposed: i) the O,-involved oxidation at the
early stage, and ii) the microwave-based, radical/heat-assisted
oxidation throughout the coating process. As discussed in
Section 2.3, organic radical species generated in the presence of
DA and vanadium can facilitate PDA coating. Surface coating
was observed only in solutions with a higher portion of DA.
For example, a [catechol]/[V] ratio of 4.0 led to PDA coating
(58.1 nm) nearly six times thicker than a pure PDA coating
(8.6 nm) that lacked vanadium (curve 9).'"¥ Electrochemical
polymerization of DA at 0.5 V produced an =10 nm PDA film
(curve 10). Although the thickness increased drastically in the
first 25 min, its growth was slowed down later on.'%3] Apart
from the aforementioned, ionic strength is another important
factor affecting the coating kinetics.[3!
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Table 1. Kinetics of DA polymerization at different conditions. Curve 1: Reproduced with permission.[l Copyright 2007, The American Association for
the Advancement of Science. Curves 2 and 5: Reproduced with permission.%! Copyright 2011, American Chemical Society. Curve 3: Reproduced with
permission.l?’l Copyright 2016, American Chemical Society. Curve 4: Reproduced with permission.%l Copyright 2016, Wiley. Curve 6: Reproduced with
open access permission from ref. [100]. Curve 7: Reproduced with permission.ll Copyright 2017, The Royal Society of Chemistry. Curve 8: Repro-
duced with permission.[?8l Copyright 2017, Wiley. Curve 9: Reproduced with permission."® Copyright 2014, American Chemical Society. Curve 10:

Reproduced with permission.['3] Copyright 2012, Wiley.
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5. Size Control for PDA Nanomaterials

Defined sizes are desirable for practical applications of PDA
nanoparticles, especially in the fields of biomaterials, struc-
tural color materials, and pollutant disposal. For example,
the optical property of nanoparticles is related to the particle
size.'®] Nanoparticles smaller than 200 nm are preferred for
drug delivery so as to avoid rapid biorecognition and thus
clearance by host immune. And the enlarged specific surface
areas provided by smaller nanoparticles will benefit the adsorp-
tion and degradation of pollutants.!8¢] However, it is difficult
to obtain size-tailored monodisperse PDA nanoparticles by a
classic polymerization condition (Tris buffer, pH 8.5), mainly
concerning the diverse covalent and noncovalent interactions
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that foster particle aggregation. In this section, we will describe
methods for the preparation of size-tunable PDA nanoparticles
for demonstrated applications.

5.1. Classical Methods for Size Control

The size of PDA nanomaterials is highly dependent on para-
meters that can influence the rate constant of DA oxidation,
briefly including pH, temperature, and DA concentration
(Figure 9A). Size-defined nanoparticles of PDA could be
obtained through neutralizing DA hydrochloride with NaOH,
followed by spontaneous oxidation of DA.34187.188] The resulting
size can range from dozens to hundreds of nanometers,
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Figure 9. A) Size control of PDA nanoparticles for various applications. B) Fluorescent PDA nanodots for cell imaging. a) Synthesis and characteriza-
tion of PDA dots. Reproduced with permission.l Copyright 2019, American Chemical Society. b) Fluorescence emission spectra of PDA dots under
different excitation wavelengths. c) Imaging live cells using PDA dots. C) Fluorescent PDA nanoparticles for nucleus labeling. a) In situ synthesis of PDA
within live cell nucleus. b) Confocal images of live A549 cells with nuclei labeled by PDA. Reproduced with permission.'””} Copyright 2017, American
Chemical Society. D) PDA dots for reversible detection of glutamic acid and AI**. Reproduced with permission.[®8 Copyright 2018, American Chemical
Society. E) Noniridescent structural color materials based on monodispersed PDA nanoparticles. a) Reflection spectra, and b) digital camera images
of PDA at different sizes. c) Influence of nanoparticle arrangement on the structural colors of PDA. d) Photographs of structural color films from PDA
black particles. Reproduced with permission.'l Copyright 2015, The Royal Society of Chemistry. F) PDA inks for creating micropatterns. a) Reflectance
spectra of PEGDA films containing PDA nanospheres with different diameters, and b) photographs of micropatterns under spot light. Reproduced
with permission.34 Copyright 2017, Wiley.

depending on the reaction temperature, the amount of DA,
and the ratio of DA to NaOH. In specific, it decreased as
reaction temperature rose, whilst increased as DA concentra-
tion increased. By contrast, a greater amount of NaOH led to
smaller PDA nanoparticles until the molar ratio of NaOH/DA
reached 1.0. When the amount of NaOH exceeded that of DA,
an amorphous structure instead of particles was obtained.

The introduction of alcohols, such as methanol and ethanol,
represents another versatile strategy for size control of PDA
nanoparticles.[18%186.189-191 The presence of alcohols was found
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to significantly retard DA polymerization, implying a more
controllable kinetics than that in water-phase.”?l Ammonia
has been adopted as a new source of alkali ions alternative to
Tris to buffer the polymerization system. It was found that the
particle sizes decreased with an increase in ammonia input.!8¢!
On the basis of this, monodisperse PDA nanospheres of dia-
meters ranging from 2 to 900 nm can be easily attained. Addi-
tionally, the microfluidic technology has arisen as an emerging
tool to control the size of PDA nanoparticles, as discussed in
Section 2.3.
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5.2. Controllable Preparation of PDA Nanodots

Like natural melanins, PDA shows extremely low radia-
tive quantum yields, as the majority of absorbed energy is
subjected to ultrafast nonradiative relaxation.'®3 It was also
observed that the intermolecular or intramolecular stacking
of PDA backbones is unfavorable for fluorescence emission.
Rather, the oligomers of DA, with a lower degree of 7w
interaction, are the main source of fluorescence.' Tt could
be envisioned that the PDA nanodots could serve as fluo-
rescent probes.V1%7198] [iy et al. demonstrated a route for
ultrafast synthesis of PDA nanodots for fluorescent imaging
(Figure 9B).1%1 Specifically, ultrasmall PDA nanodots, with
an average size of 3 nm, were obtained in 1 min by non-
thermal plasma treatment (Figure 9B, a). These PDA nanodots
exhibited excitation-dependent emission property and size-
dependent nucleus-targeting capability, promising live cell
imaging (Figure 9B, b,c). In a recent report,'””] through coin-
cubating DA and EDC (an oxidant) with cells, fluorescent PDA
nanodots were synthesized in situ within live-cell nucleus
(Figure 9C). The resultant nanodots displayed minimal cyto-
toxicity and superior quantum yield (=35.8%), allowing for
label-free and prolonged tracking of nucleus. Ci et al. devel-
oped a PDA dot-based fluorescent nanoswitch assay that was
able to reversibly detect glutamate (Glu) and Al3* in serum/
cells at a limit of 0.12 x 107® and 0.2 x 107® m, respectively.['*8]
The working principle is that the fluorescence of PDA dots
could be quenched by Glu and resumed by addition of AI**
(Figure 9D).

5.3. Size-Dependent Structural Colors

The light reflection of PDA nanoparticles has motivated the
development of structural colors. In nature, amorphous arrays
of melanin granules produce beautiful structural colors.®]
Small changes in the granule size can significantly alter the
color reflected.’ Given their biomimicry to eumelanin, PDA
particles are potential structural color materials.34185200 The
structural colors and resultant textures capitalize on the size
and monodispersity of PDA particles. For example, Kohri et al.
prepared a series of monodispersed PDA black nanoparticles,
which showed noniridescent size-dependent structural colors
(Figure 9E).®5] Such structural color is also related to the topo-
graphy of substrates on which PDA nanoparticles are depos-
ited. Flat surfaces increased the specular reflectance and thus
produced a metallic texture, whereas rough surfaces featuring
diffuse reflection led to a matte texture (Figure 9E, c). Using
these PDA nanoparticles as inks, structurally colored patterns
could be sketched easily (Figure 9E, d). Specifically, Cho et al.
investigated the coloration of PDA nanospheres under strong
white light. They found that the high absorbance of PDA would
suppress multiple scattering, making resonant Mie scattering
a predominant pattern (Figure 9F, a).34 Apart from the size
effect, the resonant colors were found dependent on disper-
sion medium. Therefore, the prepared PDA inks can be utilized
to encrypt and selectively disclose multicolor micropatterns
(Figure 9F, ).
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6. Morphology Control for PDA Nanomaterials

It is well recognized that the properties of PDA materials are
highly dependent on their morphologies. For one example,
hollow structures hold promise as nanoreactors/reservoirs for
drug delivery and energy storage. For another, 3D hierarchical
nanostructures built from 2D nanosheets can provide syner-
gistic catalytic performances. In this section, we summarize
methods that impart morphology control in the preparation of
PDA-based materials of different dimensions (Figure 10A).

6.1. Overview of Morphologies

Although the oxidative polymerization of DA normally produces
solid nanoparticles, various morphologies, including hollow
nanospheres, nanotubes, capsules, nanofibers, nanosheets,
hierarchical flowers, bowl-like nanoparticles, chiral and spiral
nanoribbons, and so on, can be strategically prepared under
noncanonical conditions.

6.2. Methods for Morphology Control
6.2.1. Templating Methods

Hollow PDA nanostructures with controlled shape, size, com-
position, and porosity are typically prepared via templating
approaches. A wide range of materials, including SiO,, CaCO;,
ZnO, CdS, organic polymers, emulsions, curcumin, and
sodium citrate, etc., have shown success to template the syn-
thesis of hollow-structured PDA (Figure 10A, a—c).[38-40201-203]
These sacrificial materials are often categorized into hard, soft,
and salts templates. Compared to the hard ones, the soft and
salt templating methods permit easier removal of the template.
For example, Caruso group prepared PDA capsules on the soft
template of dimethyldiethoxysilane emulsion droplets, which
can be removed with ethanol (Figure 10A, a).3% Additionally,
by virtue of emulsion preloading, such a template allows for
facile encapsulation of functional substances, such as magnetic
nanoparticles, quantum dots, and hydrophobic drugs. Recently,
Li et al. presented a green route for fast synthesis of PDA
nanospheres. Simply by washing with water, the authors were
able to remove the sodium citrate template (Figure 10A, c).®
Noticeably, the mentioned templating approaches can be inte-
grated with a further annealing step to produce functionalized
carbonaceous materials. For example, the direct pyrolysis of
CdS-PDA nanospheres generated S-doped carbon with hierar-
chically porous structures owing to the evaporation of Cd.[2%%]
Self-etching of templates offers an in situ mild approach to
prepare PDA nanocapsules.?* Ye et al. found that the catechol
chelation of metal nodes would automatically etch the metal-
organic framework (MOF) templates during PDA coating,
giving rise to nonspherical PDA capsules (Figure 10B, a).
In addition, the MOF@PDA hybrids, with a biocompatible
PDA shell and a metastable MOF core, could be internalized
by cancer cells. The self-etching of the MOF core resulted in
continuous releasing of metal ions that killed HeLa cells. In
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another report, Lou group prepared multishelled Mo-PDA
hollow structures using Mo-glycerate (MoG) as the template
(Figure 10B, b).2%! Under alkaline condition, DA polymer-
ized at the surface of MoG spheres while simultaneously
etching the spheres, forming multishelled Mo—-PDA hollow
structures (Figure 10B, c). Furthermore, the number of shells
can be tuned by the size of MoG template and the amount of
ammonia used. Owing to the increasing amounts of active
species and enhanced structure stability of multishells, these
hollow spheres have great potential in energy storage.

6.2.2. Additive-Mediated Synthesis

The introduction of certain additives can have a dramatic
effect on the morphologies of PDA.%205-207l QOne class of
such additives are organic molecules that can exert supramo-
lecular interactions to modulate the initial internal interac-
tions. 3642208209 vy et al. introduced folic acid to modulate the
formation of PDA nanobelts and nanofibers (Figure 10A, d).*%
The underlying mechanism was deemed to involve the folic
acid-assisted stacking of protomolecules of PDA via 7 effects
and hydrogen bonds. Using chiral phenylalanine-based amphi-
philes as modulators, Awasthi et al. fabricated chirally twisted
ultrathin PDA nanoarchitectures, e.g., helical nanoribbons and
nanotubes. Intriguingly, the resulting structures allowed spon-
taneous assembly of AgNPs along their edges (Figure 10C).1*
This study verifies that nucleophilic functional groups such as
amines and thiols are useful for controlled synthesis of PDA.

Certain inorganic modulators, e.g., phosphotungstic acid
(PTA) and molybdate, have been utilized to fabricate novel
PDA-like nanostructures. The strong hydrogen bonding and
electrostatic interaction between DA and PTA can trigger their
coassembly, leading to 3D flowerlike hierarchical nanostruc-
tures.?%! MoO,% anions can chelate DA molecules to form
Mo-DA precursors.’’#* In water, the Mo-DA precursors would
self-assemble into hierarchical flowers with Mo—PDA nanopetals.
Notably, when the surfactant sodium lauryl sulfate was added
to inhibit the nanopetals assembled process, uniform 2D single
nanopetals of Mo-PDA were obtained instead (Figure 10D, a,b).l*"]
Under a water-in-oil environment, the Mo—DA precursors would
self-assemble at the water/oil interface. And this self-assembly
could be controlled by altering the amounts of DA, giving rise
to hollow spheres with tunable cavities (Figure 10D, c).!l These
works signify the promise of using DA for controllable synthesis
of organic—inorganic hybrid materials.

Owing to the universal adhesion of catechol groups, the
3D Mo-PDA complex can act as a binder and curing agent
to control the assembly of superstructures at the microscale
(Figure 10D, d).[1% This system was shown compatible with
various particle building blocks, such as nanospheres, nano-
cubes, nanorods, and hollow spheres, etc. (Figure 10D, e). The

resultant materials after thermal and etching treatments quali-
fied multifunctional carriers for energy storage.

6.2.3. Reassembly and Transformation of PDA Nanostructures

Either templates or additives control the morphologies of PDA
by regulating particle nucleation and growth during synthesis.
Differently, the postsynthesis assembly of PDA nanoparticles
can also lead to innovative PDA-based nanostructures. For
example, Chen et al. reported a novel interface-directed coas-
sembly approach to fabricate mesoporous PDA hollow spheres
(Figure 10A, f).21 They prepared primary solid PDA nanoparti-
cles and coassembled them with Pluronic F127 stabilized emul-
sion droplets at the interfaces of water/1,3,5-trimethylbenzene
(TMB), in which the 77 interactions between PDA and TMB
played a key role. In addition to reassembly, the morphology
transformation of PDA nanostructures is also feasible. In a
recent study by Qi et al., PDA dots with an aggregated plate-
like morphology were transformed to a uniform willow-leaf-like
morphology by addition of Fe3* (Figure 10A, g).?'? Interest-
ingly, this morphology transformation was associated with fluo-
rescence quenching, which allowed for easy detection of Fe3*.

6.2.4. Gas Diffusion-Assisted Synthesis

Other innovative approaches have also been exploited to impart
precise control over PDA’s morphologies. For example, Liu
group reported a simple gas diffusion procedure to prepare
CaCO;-PDA hollow spheres (Figure 11A).27] In their method, a
solution of Ca?* ions and DA was placed in an enclosed chamber
along with a metastable solid compound of NH,HCO;. The
growth of hollow CaCO3;—PDA nanoparticles followed an inside-
out ripening mechanism (Figure 11A, a). First, the oxidatively
generated PDA would coordinate with Ca?* to form Ca-PDA
seeds. Then, the CO, by natural decomposition of NH,HCO,
would continuously diffuse into the solution and interact with
Ca?*, depositing CaCO; on surface of the Ca~PDA core. Since
Ca?* ions compared to PDA have greater affinity with CO;%-,
they would gradually diffuse out from the core to bind to sur-
face CO;%, eventually forming CaCO;~PDA hollow spheres
(Figure 11A, b,c). With their acid-sensitive decomposition prop-
erty, these hollow nanoparticles can find utility in pH-triggered
on-demand delivery of theranostic drugs (Figure 114, d).

6.2.5. Seed-Mediated Anisotropic Growth

Anisotropic growth can provide new options for synthesizing
spatially defined PDA-based materials. However, its realization is
technically challenging. The inherent adhesive/cohesive ability of

unfolding of the nanotubes. d) Helical arrangement of AgNPs on the nanoribbons. Reproduced with permission.*sl Copyright 2019, Wiley. D) Molybdate
mediated morphological control of Mo—-PDA. a) Synthesis of Mo—PDA whose morphologies were changed from 2D single nanopetal to hierarchical
microflowers. b) SEM image of nanopetals in (a). Reproduced with permission.’”] Copyright 2018, Wiley. c) Synthesis of hollow spheres with tunable
cavities via self-assembly of Mo—DA. Reproduced with permission.!l Copyright 2017, Wiley. d) Assembly process of SiO, nanospheres and Mo—PDA
for superstructure fabrication. e) Superstructures constructed using Mo—PDA and different building blocks. Reproduced with permission.[?'% Copyright

2018, American Chemical Society.
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Figure 11. Emerging methods for morphology control of PDA-based nanostructures. A) Gas diffusion-assisted preparation of hollow biomineralized
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sion.2l Copyright 2020, Wiley.

PDA accounts for indiscriminate molecule adsorption and par-
ticle aggregation, which prevents a zonal coating to be formed.
Recently, Zhang and co-workers found that the PDA can be
deposited onto only one side of polyacrylic acid (PAA) nanopar-
ticles (Figure 11B).J The mechanism involves a Volmer—Weber-
like growth mode. As envisaged, a portion of PDA molecules
selectively nucleated on PAA to form primary islands that served
as seeds for further anisotropic growth of PDA. The morphology
of PDA can be progressively steered by the reaction time: from
a plate-like one to a bowl-like one, followed by a single-hole
morphology, and finally to intact PDA NPs without openings
(Figure 11B, a). These are useful to fabricate polymer—inorganic
Janus nanoparticles, which promise multipurpose applications
in drug delivery, bioimaging, and biosensing.[!3!

6.2.6. Tailored PDA on Biomacromolecules

PDA architectures with distinct shapes could also be gener-
ated in situ on DNA origami (Figure 11C).%] Weil group

Adv. Funct. Mater. 2021, 2008821 2008821

found that a G-quadruplex/hemin-based DNA enzyme can
be employed as a redox catalyst to accelerate the polymeriza-
tion of DA. The DNA enzyme had reaction centers at distinct
nanodomains on the DNA origami, which provided a catalytic
microenvironment for triggering site-specific PDA deposition
(Figure 11C, a).%! In return, the precisely positioned, bioad-
hesive PDA served as a local nanoglue to induce and control
DNA origami folding. Importantly, the unique PDA nano-
structures preserved their initial geometry after removal of the
origami. Very recently, the same group accomplished another
way of topical PDA coating on DNA origami. This time, they
installed DNA origami with a photosensitive polymeriza-
tion system, whose ON/OFF switching allowed facile spa-
tiotemporal control of DA polymerization at the nanoscale
(Figure 11C, b).2" As an added merit, the deposition of PDA
could enhance the stability of DNA origami, so that it can
withstand even pure water conditions (typically DNA is vul-
nerable to unbuffered water), thus broadening the scope of
application.
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6.2.7. Liquid Metal Assisted Synthesis

A liquid metal-assisted polymerization-exfoliation strategy
has been recently demonstrated capable to fabricate quasi-
2D nanosheets of PDA (Figure 11D, a,b).?™ Succinctly, liquid
EGaln (a liquid metal) was printed onto a glass slide to form a
continuous film, onto which PDA was deposited. Subsequently,
the Ga,0; skin between the liquid metal and PDA was removed,
and the interface between EGaln and glass was disrupted by
acid. The rupturing and fusing of the EGaln film, as induced
by surface tension effects, led to the formation of “hot spots”
that broke apart the PDA coating. The resulting nanosheets
inherited the versatile chemical reactivity of PDA, suggesting a
potent platform for fabricating tailored 2D composite materials.
For example, the quasi-2D nanosheets could be used as both
a reductant and template to help assemble silver nanocubes.
Interestingly, the obtained silver nanocubes preferentially
adhered to the edges and precisely sketched the boundaries of
the nanosheets (Figure 11D, c). It should be noted that this is
distinct from the classic PDA-assisted silver deposition that is
incapable of obtaining nanocubes.

7. Spatially Controlled Polymerization: Patterning
and Beyond

Micropatterning and substrate engineering are indispen-
sable tools in the development of microelectronics, photonics,
microdevices, tissue engineering constructs, and so on.216:217]
Recently, the tying of micropatterning and mussel-inspired
chemistries has attracted much attention, permitting versatility
in creating spatially defined chemical compositions and/or top-
ographic features. Adding to this, PDA micropatterns further
allow for site-specific immobilization of metal particles, chem-
ical molecules, proteins, and cells, thus advancing applications,
including but not limited to, biochips and biosensors. In this
section, we summarize the repertoire of micro-/nanofabrication
technologies for spatially controlled mussel-inspired patterning
(Figure 124), including photolithography,#/46:100218-220] mjcro.
contact printing,[#221-223] inkjet printing,*®2* electropolymeri-
zation,22>226] microfluidics,'9>2?’1 colloidal lithography,??®l and
atomic force microscopy (AFM)-assisted lithography.l2?’]

7.1. Photolithography

In 2007, Lee et al. reported photopatterning of PDA by coup-
ling DA polymerization with photolithography, which may
represent the first-ever attempt for patterning PDA layers.?!
Audaciously, in 2014, Levkin group utilized UV irradiation

as a spatiotemporal trigger (with ON/OFF possibility) to ini-
tiate and terminate the process of DA polymerization while
allowing photopatterning. The authors realized tailor-made
PDA patterns in short time (Figure 12B, a).l?”} This research
team in 2017 ascertained that, in addition to DA, polyphenolic
compounds, including PG, GA, TA, and caffeic acid, can also
form spatially defined patterns and gradients via the photo-
lithographic approach, extending the scope of potential appli-
cations (Figure 12B, b).[*l Critically, though being interesting,
these micropatterns have limited practical value. In a follow-up
work, they developed micropatterns with defined wettability
(Figure 12B, ¢).2*% To this end, hydrophilic/hydrophobic mole-
cules were grafted onto photopatterns of an alkenyl-terminal
derivative of macrocyclic polyphenols via thiol-ene photoclick
reaction.

The above methods grossly fall into the category of “grafting
to” photopatterning strategy. By contrast, it is also feasible to
implement photolithographic patterning in a “grafting from”
fashion leveraging catechol precursor coatings. Instead of
directly patterning PDA, Rodriguez-Emmenegger et al. grew
PDA film on a Si substrate and functionalized it with a photoac-
tive tetrazole, onto which they photopatterned maleimide-atom
transfer radical polymerization (ATRP) initiators via nitrile
imine-mediated tetrazole—ene cycloaddition. Assisted by the
ATRP initiators, they easily grew poly(MeOEGMA) brushes on
the patterned areas, which showed site-selective cell-repellent
property (Figure 12B, d).2'%22% In theory, it is also viable to
directly synthesize catechol-ATRP precursors and use them
for the photoassisted spatially controlled growth of antifouling
brushes. The reported strategy, with tailorable property and
functionality in the resultant patterns, can find applications in
membrane science, tissue engineering, biosensing, and regen-
erative medicine./?*

Very recently, rapidly formed, dynamic, erasable micropat-
terns have been achieved, through wavelength-selective UV-
triggered secondary modification of PDA.[?32 The authors dem-
onstrated that 365 nm UV irradiation remarkably increased the
kinetics of Michael-addition (or Schiff base reaction) by 12 folds.
In addition, the metallization kinetics was accelerated by more
than 550 times (Figure 12B, e). Sophisticated metal patterns can
be generated at intended locations by spatially manipulating the
metallization (Figure 12B, f). More importantly, the deposited
metallic patterns could be erased by UV irradiation at 254 nm,
affording a dynamic, controllable, yet reversible patterning pro-
cess (Figure 12B, g). This metallization/erasure mechanism can
find use in the recyclable extraction of noble metal.

In short, taken together the temporal and spatial controlla-
bility of light and the substrate-independent adhesiveness of
catechols/polyphenols, mussel-inspired photolithographic pat-
terning should bode well for fabricating functional patterns

printing. b) Preparation of a spatially defined PDA coating for guided growth of HUVECs. Reproduced with permission.”} Copyright 2019, Wiley.
c) Images of latent fingerprint on glass slide (positive image, left) and PDMS flake (negative image, right). Reproduced with permission.??3l Copyright
2016, American Chemical Society. D) Inkjet printing. Reproduced with open access permission from ref. [226]. a—c) Schematic of the evaporation-driven
convective particle self-assembly at the liquid contact line of printed pattern. d) Optical micrographs of “twin lines” formed on PET substrates and
the as-printed line arrays of PDA nanoparticles. e) Capacitance variation for a touched sensor. Reproduced with permission.*l Copyright 2020, Wiley.
E) Electropolymerization. a) Procedures for the preparation, removal, and transfer of freestanding, patterned films of PDA, and b) the embedding of
phospholipid nanodiscs with an integrated transmembrane domain of glycophorin A into the PDA film. Reproduced with open access permission
from ref. [226].
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for applications in various fields. Despite its attractive features,
constraints of photopatterning, such as the required specifica-
tions for costly specialized equipment, clean room facilities,
and multistep exquisite operations, have prevented interested
researchers from stepping into this field. By contrast, some
alternative technologies, as discussed below, could offer greater
accessibility, simplicity, and cost-effectiveness.

7.2. Microcontact Printing

Microcontact printing ranks amongst the most popular micro-
fabrication techniques. Positive and negative microcontact
printing constitute the two common working modes, as sche-
matically illustrated in Figure 12C, a. Generally, this technique
is based on the contact transfer of a material of interest from
a “stamp” to the target substrate, a process reminiscent of
imprinting. PDA patterns have been imprinted onto a broad
variety of substrates via the positive microcontact printing using
soft poly(dimethylsiloxane) (PDMS) stamps.?2 With additional
preactivation by oxygen plasma, PDMS stamps can also be used
to create PDA patterns via a negative microcontact manner.1???!
Besides soft lithography, patterned PDA layers can be selectively
transferred from one “hard” substrate to another via the so-
called “subtractive thermal transfer printing” (Figure 12C, b).[*]
The imprinted PDA patterns retained the capability for sec-
ondary functionalization, which further led to spatially defined
patterns of proteins, cells, and bacteria.[#-221:222:233-235] Addition-
ally and interestingly, the process of interfacial transfer of PDA
and subsequent selective silver deposition was shown potent
to render direct visualization of latent fingerprints for personal
identification (Figure 12C, ¢).??3] In addition, synthetic ana-
logues of DA have also been adopted for microcontact printing
to generate functional catechol-based patterns. For example,
using a 4-dibenzocyclooctynol containing, catechol-derived mole-
cule, Zheng et al. successfully fabricated organic dye-patterned
surfaces via microcontact printing and adhesion-assisted,
copper-free click reaction.?3l

7.3. Inkjet Printing

Drop-on-demand inkjet printing, one of the most promising
3D printing technologies, has emerged as a scalable, benign,
and cost-effective approach to realizing arbitrary 3D patterning.
Fine lines of PDA can be created by inkjet printing of aqueous
PDA nanoparticles inks.*®224 Recently, Liu et al. reported the
fabrication of evenly-spaced and ultrafine PDA line arrays
(Figure 12D).¥I Assisted by evaporation-driven convective par-
ticle self-assembly (Figure 12D, a—c), as well as control of the
surface energy of substrate, patterns of defined single line width
and line-to-line spacing could be attained (Figure 12D, d). After
electroless metallization of silver, conductive patterns were
readily generated to suit applications as fatigue-tolerant flexible
transparent touch sensors (Figure 12D, e f). This unique tech-
nique offers the advantages of fabricating conductive micropat-
terns at low-costs while provoking minimal environmental
impact. It signifies the great potential for sustainable manufac-
turing of flexible electronics devices in the future.
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7.4. Electropolymerization and Film Transfer

In addition to the discussed microfabrication techniques, elec-
tropolymerization offers a latent alternative for spatial control
of DA polymerization in the fabrication of stable ultrathin
PDA micropatterns. This method relies on the use of well-
designed masking templates to allow for selective deposition
of PDA. For example, PDA arrays could be fabricated via elec-
tropolymerization of DA onto a pre-patterned Au electrode.!?%’]
Further, D’Alvise et al. recently prepared patterned PDA films
by electropolymerization at the conductive areas of a PDMS
selectively masked surface. Moreover, they demonstrated that
these films could be delaminated and transferred to another
substrate without disrupting their intactness (Figure 12E, a).[220l
In addition, it offers the opportunity to embed nonconductive
molecules or supramolecular structures into the PDA film. For
instance, nonconductive phospholipid nanodiscs, with an inte-
grated transmembrane domain of glycophorin A, were success-
fully embedded into the PDA films to form protein nanopores
(Figure 12E, b). The incorporation of functional biological enti-
ties in the nanopores increased the permeability of PDA films.
In this design, the embedded pores control material trans-
port, closely mimicking the structure and functions of cellular
membranes.

7.5. Others

Spatial control and patterning of PDA could also be accom-
plished by other modalities, including microfluidics, AFM-
assisted lithography, and colloidal lithography.[195:227-229]
Using a microfluidic technique, Shi et al. generated gradient
of PDA which can be used to conjugate serum protein for
instructing cell adhesion.'%! In another study, an AFM tip
was adopted to directly deliver femtolitre volumes of DA
solution onto specific locations of a substrate.l??’] Defined
patterns of PDA motifs would then be left on substrate after
polymerization and solvent evaporation. Colloidal litho-
graphy, a benchtop and scalable method, has been presented
by Ogaki et al. for cost-effective and precise positioning of
biomolecules at the nanoscale.l??!] Briefly, polystyrene parti-
cles were orderly self-assembled onto a PDA coating. After
background filling, the polystyrene particles were lifted
to leave uncoated zones that can be used for secondary
functionalization.

8. Postpolymerization Control

Recall that PDA and derivative materials are consisted of var-
ious building blocks, including DA-, DHI-, and PCA-type oli-
gomers. Such versatile surface compositions permit secondary
reactions and thus post-tailoring of corresponding material
properties. In this section, we shall deal with the following
emergent topics: i) material recycling of PDA by deaggregation
and reassembly, ii) altering physiochemical properties of PDA
via degradation or deaggregation, and iii) secondary functionali-
zation of PDA by ion chelation, inorganic deposition, molecular
grafting, etc.
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8.1. Deaggregation and Reassembly

A prime concern about the practical use of biopolymers is
their stability under different physical, chemical, and biolog-
ical conditions. Insufficient stability would adversely affect
the performance and lifespan of PDA-based materials. PDA
is inherently metastable owing to the existence of noncova-
lent bonds and environmentally sensitive moieties. Indeed,
UV-induced structure changes of PDA have been observed.
Under intensive UV exposure, a fraction of the six-membered
benzyl ring can be broken and the indole can be potentially
converted to furo[3,4-blpyrrole.?”] In addition, PDA under-
goes differing degrees of deaggregation/degradation in strong
acidic/basic solutions and polar organic solvents.[’*238 Spe-
cially, particle detachment in basic milieus could be inhib-
ited by an increased ionic strength, an occasion whereby the
disassembly and further polymerization of PDA race with
each other.’%l As we know, the PDA coating process is associ-
ated with unwanted particle formation in the solution. These
particles can be disassembled by alkali. The resulting subu-
nits, with abundant catechol groups, tend to complex with
Fe3* to develop coatings on various substrates, signifying the
recyclability of PDA.P? Recently, Lee group demonstrated
the controlled disassembly and reassembly of PDA film by
virtue of disrupting and restoring cation-z interactions.
They suggested that NaOH would destroy the cation—r inter-
action through deprotonation of amines. However, under
the same pH condition, the presence of additional cations,
such as K¥, was able to effectively restore the noncovalent
interaction.[2%

The deaggregation/degradation is expected to bring about
totally different properties to PDA by simply altering its intra-
molecular and/or intermolecular interactions. A notable effect
is the tunable fluorescence emission property. As already
documented, PDA by classic synthesis is minimally fluores-
cent. This is primarily ascribed to its high degrees of chain
entanglement and intra/intermolecular stacking (e.g., 77
stacking), which negatively affect fluorescence emission.l**l
Whereas, after degradation of PDA, a process that destroys
77 stacking interactions and decreases the degree of conju-
gation, fluorescent PDA could be obtained.'*>?3% In addition
to that, chemical oxidation of PDA by certain oxidants (e.g.,
hydrogen peroxide) also favors fluorescence emission as it
prompts structural rearrangement against the mentioned 77
effect.'9124] Detailed mechanisms on these can be found in a
recent review.3]

In addition to its optical behaviors, the paramagnetism and
redox properties of PDA were reported to be alterable by dis-
assembly. Both suspensions and conformal coatings of PDA
have manifested susceptibility to ionic liquids (ILs). Specifi-
cally, ILs can cause intact PDA to dissemble into nanoscale
particles, which would then interact with the anion component
in ILs. The resulting materials display altered paramagnetism
and redox activity.?*'2*2l The differences originate from the
ILs-mediated reorganization of free radical centers from C-cen-
tered radicals to O-centered semiquinone-type components.
The redox-tuning properties of PDA can be utilized to install
materials with exceptional photothermal effect, and pro-oxidant
or radical-scavenging activities.?*’!
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8.2. Grafting Functionalization

Since its monumental discovery in 2007, mussel-inspired
chemistry has served as a versatile platform for secondary func-
tionalization to tailor the surface compositions and properties
of different materials for widespread applications. To attain
desirable efficacy for a specific material utility, the selection
of a suitable functionalization route is of vital importance. On
one side, the ability of PDA to coordinate with metals has been
employed to immobilize inorganic species, including metal
ions, metals, metal oxidants (M,0,), metal sulfides (M,S,), and
MOF. On the other, the rich functional moieties in PDA allow
for covalent grafting of organic species (e.g., biomolecules and
polymers) by nucleophilic addition or supramolecular interac-
tions or the combination thereof. Another feature deserving a
particular remark is that the catechol chemistry can be easily
coupled with other chemistries, such as surface-initiated ATRP
(SI-ATRP) and click chemistry, to create robust multifunctional
surfaces. Additionally, the synergistic use of surface patterning,
PDA, and postfunctionalization gives rise to spatially defined
chemical or biological functionalities. Furthermore, the carbon-
ization of PDA and its functionalized derivatives has emerged
as a beneficial approach to manufacture functional carbon
materials. These shall be discussed below.

8.2.1. Immobilization of Inorganic Species

Precious and earth-abundant metals play an integral role in
catalysis for production of modern chemicals, materials, fuels,
and medicines.?* A myriad of metals ions are beneficial for
human health; for example, Mg?*, Ca2*, Sr?*, and Cu?" for bone
development and function; Cu?*, Co?*, and Si*" for blood vessel
formation; Ag*, Cu?*, and Zn?* for defense against microorgan-
isms.?®] In addition, metal ions like Mn?* have wide use as
contrast enhancers for bioimaging.[?*®! In the structure of PDA,
there exists multiple sites capable of recruiting metallic species,
including catechol, amine, and imine.* Besides the intrinsic
affinity to various metal ions, the mild reducing capability of
PDA toward noble metal ions favors the in situ nucleation and
growth of metallic nanomaterials, a process that is known oth-
erwise as electroless metallization. We have currently developed
four types of PDA-metal hybrid materials with varying compo-
sitions and properties, namely, PDA-M"" 2] PDA-M,>*¥l and
PDA-M,0,®/PDA-M,S,**! and PDA-MOF.»*%1  These
hybrids, with strong coordination between PDA and metals,
can have greater stability and functionality for applications in
energy, catalysis, and others.

Notwithstanding this, the binding of metal ions to PDA-dec-
orated surfaces is hindered by the limited binding sites avail-
able, accounting for nonadjustable, low ion-loading capacity.
Fortunately, this can be addressed by using a one-step coassem-
bling strategy that enables simultaneous metal-assisted oxida-
tion of DA to PDA, and the chelating of metal ions by PDA.
For instance, adopting this strategy, Huang group has system-
atically demonstrated catechol/polyphenol-Cu?* coatings with
glutathione peroxidase-like catalytic activity for simultaneous
generating therapeutic Cu?* and nitric oxide (NO) to prevent
stent thrombosis and restenosis.?>2-2%¥ Whereas, the basic
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or oxidative conditions demanded by DA polymerization are
detrimental to certain metal ions. The metal ion coordination
can also affect the polymerization process, thus causing unde-
sirable amorphous aggregates.”) Recently, an ion exchange
strategy has been put forward to remedy this,!?>! which makes
use of the variable affinities of PDA toward different metallic
ions.[?% In this strategy, DA first copolymerizes with metal ion
“M;” to form a hybrid; and then, M, is preferentially substi-
tuted by another metal ion “M,” to produce M,~PDA hybrid. To
sum, PDA can not only template classic assembling of metallic
structures, but it might as well provide a useful platform for
the immobilization of single-atom catalysts, alloy metal com-
pounds, and biologically active metal ions.[2>728]

8.2.2. Immobilization of Organic Species

We have known that quinones moieties of PDA can react with
amine/thiol-presenting molecules through Michael addition or
Schiff-base reaction. Such reactivity enables easy-to-perform
secondary surface functionalization, which has markedly low-
ered the barriers-to-entry for generating multifunctional mate-
rials. Noteworthily, both PDA per se and PDA-modified bulk
surfaces and nanomaterials hold that reactivity. For example,
Zhou et al. incorporated monodispersed PDA-functionalized
bioactive glass nanoparticles into an amine-containing polymer
network through Schiff-base reaction.””) The resulting hybrid
had self-healing capacity and was effective against multidrug-
resistant infections and skin tumors, while promoting wound
healing. In addition to quinones, the amino groups can react
with acyl chloride compounds for the covalent immobilization
of particular organic molecules.?”) Furthermore, the hydroxy
groups were reported reactive to initiate ring-opening poly-
merization.?>?2%% The hyperbranched polyglycerol (HPG) layer
from glycerol polymerization allows for excellent dispersibility
of PDA in salt-containing solution and strong resistance against
aggregation in extremely acidic or basic solutions (Figure 13a).
Apart from these, norepinephrine-derived coatings have been
used to activate ring-opening polymerization, which can show
greater efficacy due to the presence of alkyl hydroxyl.l®l

Another opportunity worthwhile pointing out is the coupling
of catechol chemistry with SI-ATRP, which enables “grafting
from” polymer brushes on various substrates.?®!l Typically, a
layer of ATRP initiator is anchored to a surface via catechol-
substrate binding, followed by surface imitated polymeriza-
tion.l?6!l For example, Liu et al. developed a rapid DA codepo-
sition-mediated SI-ATRP strategy to grow branched PDMS
brushes on commercial melamine-formaldehyde (MF) sponge
for multitasking and highly efficient oil-water separation.?%l In
particular, magnetic Fe;O, nanoparticles were simultaneously
incorporated into the system to result in a nonflammable, mag-
netic, and superhydrophobic sponge (Figure 13b).

Highly efficient and chemoselective secondary functionali-
zation can be achieved when catechol chemistry is synergized
with click chemistry, such as copper-catalyzed azide-alkyne
cycloaddition (CuAAC), strain promoted azide-alkyne cycload-
dition (SPAAC), temperature-dependent Diels—Alder reaction,
and photoclick reaction (Figure 13c).[236:263-266] For example,
CuAAC chemistry has been incorporated into mussel-inspired
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citrate-based antimicrobial bioadhesives to enhance their
wet adhesion strength (Figure 13d).2%”! Very recently, taking
advantage of the efficient, orthogonal, and metal-free SPAAC
reaction, Huang group grafted a NO-generating molecule,
organoselenium, and an endothelial progenitor cell-targeting
peptide onto a stent modified with mussel-inspired peptide
(Figure 13e).128] Thanks to the local release of therapeutic NO,
the surface-engineered stents inhibited thrombosis and pro-
moted the recruitment, adhesion, and proliferation of endothe-
lial progenitor cells (Figure 13f-h), thus preventing in-stent
restenosis (Figure 13i). In addition, catechol-based biomimetic
anchors have been designed to allow temperature-dependent
Diels—Alder reaction, by which titanium substrate can be func-
tionalized with hydrophobic/hydrophilic molecules for tailored
surface wettability.?*¥l Last but not least, certain molecules or
nanomaterials could effectively interplay with PDA via supra-
molecular interactions, thus being attached. Recently, photo-
sensitizer indocyanine green has been anchored onto PDA
by mrm stacking to afford low-temperature photothermal
therapy for biofilm elimination.?® By means of electro-
static interaction, PDA was decorated with graphitic carbon
nitride nanosheets, giving rise to a photocatalytic system with
enhanced performance.?”"!

8.3. Carbonization

The thermal annealing of PDA, which typically takes place
in moderate temperature ranges (e.g., 100-300 °C), is known
to convert catechol to quinone for enhanced intermolecular
crosslinking and thus cohesion.'”-#1 At sufficiently high tem-
peratures, PDA undergoes carbonization to give carbon mate-
rials.® Compared to carbon materials obtained by traditional
carbonization of phenol/formaldehyde resins, the content of
sp® C is minimized by using PDA, thus favoring enhanced elec-
troconductivity. There are additional merits about PDA. First,
high-levels of electroactive nitrogen can be readily introduced
into the carbon matrix as soon as carbonization is completed.
Second, the carbonization of doped PDA is a facile approach
to prepare heteroatoms (e.g., metal, N, S, B) codoped materials
that are particularly valued for energy applications. Qiao group
systematically investigated the effects of secondary heteroatoms
of B, S, and P on the water-splitting performances of N-doped
carbon nanosheets for hydrogen evolution. It was interesting
to find that S, followed by P, had a promotional effect, while
B decreased the activity of N-doped carbons.*”?l One step fur-
ther, they accomplished bifunctional catalytic activity for both
hydrogen evolution reaction and oxygen evolution reaction, by
codoping N and S into carbon nanotubes.”’?]

8.4. Post-Tailoring of Polyphenol-Based Materials

Pertaining to the capability to be post-tailored, polyphenol (with
gallol and quinone moieties) and PDA-based (with catechol and
quinone moieties) materials should be equivalent, although cur-
rent focus is more on the latter. It is envisioned that polyphenol-
rendered functionalization would receive increasing interest
in near future. Distinguished from catechols, polyphenols are
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Figure 13. a) Hydroxy groups on PDA initiated the ring-opening polymerization of glycidol to form an HPG. Reproduced with permission.?l Copyright
2019, American Chemical Society. b) Fabrication of PDMS—Fe;0,@ MF for oil-water separation. Reproduced with permission.?62 Copyright 2019, Wiley.
c) Surface anchoring for chemoselective grafting conjugation by click reaction. The red and blue ellipses refer to different chemical groups. d) CuAAC
click reaction enhanced the crosslinking of citrate-based bioadhesive. Reproduced with permission.?5’ Copyright 2017, Elsevier. e) Strain click reaction
enabled the grafting of NO-generating organoselenium and an endothelial progenitor cell-targeting peptide, which led to f-h) inhibition of thrombosis
and smooth muscle cell migration and i) prevention of in-stent restenosis. Reproduced with permission.?58 Copyright 2020, PNAS.

unique for eliciting reversible pH-sensitive hydrogen bonding/
debonding and metal-polyphenol assembly/disassembly.
Besides, the greater abundance of residual phenolic groups,
as contrasted to catechols, signifies more robust, long-lasting
adhesion. These properties could shift the current paradigm for
producing dynamic functional materials/surfaces with stimuli-
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triggerable drug/ion delivery in biomedicine. Nevertheless,
materials in other application sectors, such as bioadhesives and
biocatalysts, are expected to be durable enough to long main-
tain their intended functionalities. In these cases, polyphenol—
amine copolymerized networks would be a more suitable
priming structure than pure polyphenols/MPNs for secondary
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functionalization.»'#?’4 For example, Lee group has very

recently developed a polymeric superglue by copolymeriza-
tion of a polyphenol (PG) and an amine-containing polymer
(PEI).%] The observed superglue performances are majorly
ascribed to the formation of phenol-amine crosslink networks,
as well as adhesiveness from residual phenolic groups. Gaining
inspiration from the coalification of phenolics, Lee group pre-
pared conductive carbon sealant by carbonization of adhesive
phenol-amine networks.>!

9. Challenges and Future Prospects

In this review, we have summarized recent strategical inno-
vations in spatiotemporal control of phenolic chemistries for
the design, development, and applications of advanced func-
tional phenolic materials. Specifically, we have introduced the
chemical diversity and reactivity of catechols and polyphenols,
while revisiting the mechanisms of polymerization/assembly,
adhesion, and cohesion, as well as factors that have an impact
on these. Meanwhile, the various modes of reversibility in cat-
echol have been described for controlled production of dynamic
materials. Measures for tuning the kinetics of PDA coatings
have also been examined briefly. Then our focus has been
turned onto how to synthesize PDA-based materials with tai-
lored size and morphology, as well as how to impart spatial
control to phenolic coatings via micropatterning and substrate
engineering. Furthermore, an update on recent advances in
postsynthesis modification of phenolic coatings and materials
has been delivered, such as deaggregation and reassembly and
post-polymerization grafting. Concomitantly, we have presented
state-of-the-art examples in the applications of phenolic coat-
ings, nanoparticles, adhesives, and other bulk or nanomaterials
in many areas, ranging from biomedicine to energy, catalysis,
and environmental science. Without any doubt, impressive
achievements have been made in this fruitful field thus far, and
the number and scope of investigations are likely to further
expand. Nevertheless, what has been revealed thus far might
be the tip of the iceberg. In order to fulfill the rising expecta-
tions, we consider it crucial to examine critical issues, which
may serve both as an inspiration and stimulus to push forward
this realm. Based on current limitations, in the below we sug-
gest future goals and possibilities (Figure 14).

9.1. Mechanism

The first daunting challenge is to fully understand the under-
lying mechanisms. Specifically, we now have incomplete and
sometimes controversial interpretations of PDA formation
pathways, the structure of PDA, and effects of experimental var-
iables on the former two. Another open question remains as to
whether natural or synthetic analogs of DA/DOPA can undergo
similar polymerization routes.[*”! Additional uncertainties arise
in several themes:'! i) the role of the adjacency of catecholic
and cationic moieties in cooperative adhesion; ii) the degrada-
bility and degradation mechanism of PDA and related mate-
rials; iii) the mechanism of copolymerization/codeposition. In
order to elucidate these, further investigations should follow
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Figure 14. Challenges and opportunities for future research and
applications.

to gather compelling evidence or full details based on compre-
hensive decoupling designs,!'®'%l macro-to-atomic level analytic
tools,” and rationale computational simulation,”?l among
other tools and resources.

It is also essential to gain a causal understanding of the
structure—property relationships for each type of phenolic
materials in a given application. For example, rough PDA
coatings have shown elevated bioactivity in orthopedics com-
pared to a smooth one.?”7l Compared to PDA and poly(DOPA),
poly(norepinephrine) proves a more desirable blood-contacting
material to coat cardiovascular stents and grafts owing to its uni-
form coverage and great anticoagulant activity.?’8! Unlocking
related knowledge will unquestionably provide clues for appli-
cation-oriented spatiotemporal control of phenolic chemistries.
Since the major challenge lies in the lack of inter-/intrastudy
comparison power, the importance of consistent control for var-
iables is worthy of attention in future research designs.

9.2. Biomimicry

Albeit for the tremendous excitement and vigor, to our mind, we
are still far away from being capable of truly recreating Nature’s
masterpieces. For example, mussels’ rapid, robust, durable, yet
reversible wet adhesion is associated with, including but not
limited to, catechol-substrate binding, catechol-thiol/amine
crosslinking, and catechol-Fe coordination. Irrespective of
insights into any of these, it remains a formidable challenge
at the present state-of-the-art to synergize all these design ele-
ments into one material. The failure to do so might explain
the inferior properties of artificial gules compared to that of
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mussels. Additionally, in most researches, the roles of local
environments, such as the gradient of pH and coexistence of
multiphase materials and chemicals, have been significantly
overlooked and often missing.

Spatiotemporally controlled phenolic chemistries, which
are the key to replicating the dynamic behaviors of natural
systems, are still in their infancy. We need to improve the level
of spatial/temporal control in many aspects, e.g., the onset and
termination, reaction kinetics, and reversibility of phenolic
oxidization/assembly. Protecting chemistry, photochemistry,
confined polymerization, stepwise enzymatic oxidization, etc.
are effective strategies to achieve these, but they are less lever-
aged by the majority of material researchers, to whom poly-
merizing DA is a routine practice.l’l Another noticeable trend
is to mimic PG-derived plant chemistries to develop dynamic
materials/surfaces, targeting at stimuli-triggerable degrada-
tion and liberation behaviors.?”l Polyphenol-amine copoly-
merized networks are instrumental to the development of adhe-
sives and catalysts with durable properties.’"'?’l On the other
hand, there is a paucity of work that mirrors Nature’s strategy
of synergizing phenolic chemistries with sophisticated multi-
scale architectures.®! In other words, it is highly desirable to
consider topology and microstructure engineering of phenolic
materials to amplify the performances and add functionality.

9.3. Integration

To diversify this field, future efforts should be continuously
dedicated to the judicious integration of phenolic chemis-
tries with other lesser-explored or unvisited chemistries,
such as SI-ATRP, click-like chemistry, lipid chemistry, and
supramolecular interactions. Hopefully, synthetic deriva-
tives of catechols and polyphenolics, carrying defined handle
moieties or modular sequences, would provide a platform to
orchestrate the diverse merits of universal substrate adhesive-
ness, on-demand chemical reactivity, and high fidelity and
orthogonality. In addition, emerging opportunities lie in the
marriage between phenolic chemistries and spatiotemporally
precise fabrication tools, including micro/nanofabrication
and additive manufacturing techniques and others. In par-
ticular, phenolic chemistries can readily fused with 3D and
4D printing in the form of phenolics-based inks to afford
design freedom, spatial controllability, novel curing mecha-
nism, and versatile functionality.?8-282] The hybridization of
phenolic chemistries and nanomaterials is also conducive to
attain enhanced or enriched properties for promising utili-
ties in electronics, energy storage, and biomedicine. In such
a composite material system, the latter can play multiple
roles, including reinforcing fillers, templates for polymeri-
zation, anchors for crosslinking, and reservoirs of oxidants.
Candidate nanomaterials include carbon nanomaterials,
transition-metal dichalcogenide, black phosphorus, hexagonal
boron nitride, layered double hydroxides, MOF, and covalent—
organic frameworks. Last but not least, outstanding opportu-
nities can lie ahead as a surprise in the integration of phenolic
chemistries and living systems and biotechnology.l?#3-2%1 For
example, phenolic polymerization/assembly can be adapted to
engineer the interface or intracellular structures of living cells
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or protocells,[76:279-286287] which can find emergent applica-
tions in cytoprotection, bioimaging, single cell manipulation,
and origin-of-life modeling. Furthermore, we are keen to see
the incorporation of phenolic chemistries into DNA origami
and CRISPR-Cas technologies, which would give birth to
programmable phenolic materials.[?®] To bring these to frui-
tion, hand-in-hand cooperation of researches from various
disciplines is highly advocated.

9.4. Translation

Despite a near-ripe area, critically, many of the derivative mate-
rials fail to elicit real-world impact. Perhaps most restrictive
is the inferior performances versus commercial products. For
example, compared to glues on the market, catechol-containing
adhesives have displayed slower curing kinetics and less
stable or even unreliable bonding for different substrates and
environments. The applications of phenolic materials in elec-
trocatalysis and Datteries are also frustrated by their low resil-
ience in daily usages. Additionally, the translation is hindered
by the limited capacity for scale-up production, which is asso-
ciated with high-costs and low efficiency in material utiliza-
tion. Indeed, catechol polymerization in solution leads to side
products and waste of precursors, especially as the coating is
priority. To address this, reagent-saving or site-specific coating
methods and material-recycling approaches deserve serious
consideration. On the other hand, the naturally abundant and
cost-effective polyphenolics can be a future avenue of explora-
tion. Methods for generating large-dimension and stable phe-
nolic films can be invaluable in real application settings, thus
desiderating development. Furthermore, PDA-based nanoma-
terials are restricted by their low dispersity and tendency to
aggregate, which poses challenges in their storage, transporta-
tion, and thus commercialization.

In addition, the translation is impeded by field-specific
requirements. There are instances where applying phenolic-
based biomaterials and devices require higher levels of caution,
especially in biomedicine. For example, PDA, the most studied
phenolic material, has been regarded biocompatible from pre-
liminary cell and animal studies, but its effects on human
subjects are still unknown. The reactivity of catechols can be a
double-edged sword, as it allows ease in functionalization but
might also interference with biological activities of enzymes,
proteins, and cells. Catechol-based adhesives can provoke safety
issues with regard to special curing conditions (elevated pH,
addition of oxidants, etc.) and the generation of detrimental
radical species. Therefore, their effects on the biological systems
should be monitored systematically yet in the long term as unde-
sirable side effects can occur in many ways in vivo.*¥! Any con-
clusion drawn needs case-specific justification with respect to
factors such as particle sizes and geometries, surface properties,
colloidal stability, degradation behaviors, etc. Only when these
uncertainties are satisfactorily tackled, can PDA and its deriva-
tive materials/devices enter the phase of clinical translation.

To sum up, phenolic chemistries will continue to fuel mate-
rials science and the future is undoubtedly bright, especially
as the outlined hurdles are gradually cleared. We expect that
this tutorial review will not only provide a panoramic view of

(310f37) © 2021 Wiley-VCH GmbH
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strategies for spatiotemporal control of phenolic chemistries,
but also inspire researchers to develop innovative phenolic
materials with elegant and reliable properties in both research
and translational settings.
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