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Abstract 

Metal ions are ubiquitous in nature and play significant roles in assembling functional materials in 

fields spanning chemistry, biology, and materials science. Metal–phenolic materials are assembled 

from phenolic components in the presence of metal ions through the formation of diverse metal–

organic complexes. Alkali, alkali-earth, and noble metal ions, as well as metalloids interacting 

with phenolic building blocks have been widely exploited to generate diverse hybrid materials. 

Despite extensive studies on the synthesis of metal–phenolic materials, a comprehensive summary 

of how metal ions guide the assembly of phenolic compounds is lacking. A fundamental 

understanding of the roles of metal ions in metal–phenolic material engineering will facilitate the 

assembly of materials with specific and functional properties. In this review, we focus on the 

diversity and function of metal ions in metal–phenolic material engineering and emerging 

applications. Specifically, we discuss the range of underlying interactions, including (i) cation–π, 

(ii) coordination, (iii) redox, and (iv) dynamic covalent interactions, and highlight the wide range 

of materials properties resulting from these interactions. Applications (e.g., biological, catalytic, 

and environmental) and perspectives of metal–phenolic materials are also highlighted.  
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1. Introduction 

Metal and metal ions are indispensable in daily life and participate in diverse biological 

activities, including photosynthesis, protein folding, nerve transmission, anaerobic digestion, and 

underwater adhesion of marine organisms.1-5 These metal-containing systems provide valuable 

paradigms for designing synthetic materials with desired properties.1,6 In particular, hybrid metal–

organic materials, which typically consist of metal ions or metal clusters that are interconnected 

by organic ligands,7,8 began to flourish with the revival of inorganic chemistry and coordination 

chemistry in the 1950s.9-11 For example, metal–organic frameworks (MOFs) are porous 

supramolecular materials engineered through diverse metal–organic interactions. More than 

20,000 types of MOFs have been reported and applied in catalysis, adsorption, filtration, energy 

storage, and biological applications.12-16 The type of organic coordination ligands not only 

determines the structure of the metal–organic materials but also significantly influences the 

properties of the assemblies.2,17 Surface-confined metal–organic materials, consisting of metal ions 

and phenolic ligands, have attracted widespread interest owing to the high affinity of phenolic 

compounds to a wide range of substrates.18,19 Phenolic compounds are a class of bioactive 

chemicals that consist of one or more phenol, catechol, or pyrogallol (PG) groups, that interact 

with diverse macromolecules through various interactions, including hydrogen bonds and 

hydrophobic interactions.20 They also have diverse interactions with metal ions, which are 

observed in various biological processes. For example, strong cation–π interactions between K+ 

and phenolic moieties of proteins in cell membranes result in the considerably higher selectivity 

of K+ channels toward K+ over Na+ (up to 1000:1).21,22 Sandcastle worms can secrete adhesive 

glue to construct tubular shells composed of L-3,4-dihydroxyphenylalanine (DOPA)-containing 

proteins and metal ions (e.g., Mg2+ and Ca2+).6 Mussel byssus exhibits a remarkable combination 

of high stiffness and extensibility due to the clustered distribution of Fe3+–catechol complexes in 

cuticles.23 Inspired by those biological process, considerable progress has been achieved in 

understanding the fundamental mechanisms and the engineering of metal–phenolic materials, 

which are assembled from a range of metal ions and phenolic ligands through diverse metal–



6 

organic interactions. For example, the use of iron gall ink composed of tannins (e.g., tannic acid 

(TA) and gallic acid (GA)) and Fe2+ can be traced back to the Middle Ages in Europe.24 Metal–

phenolic networks (MPNs) have also been exploited as a versatile platform for the surface 

modification of nanomaterials and biointerfaces.18 In addition, in situ reduction of noble metal 

nanoparticles (NPs) mediated by phenolic compounds has been reported as an effective synthetic 

tool to prepare nanocatalysts,25 and the potential of metalloid–phenolic interactions (e.g., boronate 

ester bonds) in materials science and drug delivery has been reported.26 

Comprehensive reviews are available in the area of metal–phenolic materials but largely focus 

on the roles of phenolic compounds during the assembly process, on the MPNs, or on a specific 

application of the materials, such as biomedical applications.19,27,28 There is a current need for an 

overview of the influence of metal ions on the engineering of metal–phenolic materials. The main 

theme of this review is centered on the role of metal ions in metal–phenolic material engineering, 

highlighting the diversity as well as functions of metal ions in phenolic chemistry. The review 

covers the essential principles and physicochemical properties of (i) cation–π interactions between 

alkali metal ions or alkaline-earth metal ions and phenolic compounds, (ii) coordination 

interactions that occur between transition metal ions and phenolic ligands to form MPNs, (iii) 

redox interactions between noble metal ions and phenolic compounds, and (iv) dynamic covalent 

interactions between metalloids and phenolics. This review also covers metal ions from alkali 

metal ions to metalloids, as well as a suite of phenolic compounds with intrinsic properties (e.g., 

radical scavenging, pH and redox responsiveness). Metalloids are included although they have 

properties that are intermediate between those of metals and nonmetals. By surveying the literature 

spanning from 2010 to 2021, this review summarizes the formation mechanisms, parameters of 

the assembly process, characterization techniques, the diverse structures of metal–phenolic 

materials, and potential applications. An outlook and the current challenges in the field of metal–

phenolic materials are also presented. This review is expected to help unravel fundamental 

understandings in metal–phenolic systems and guide the design of sophisticated metal–phenolic 

materials for tailored applications. 
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2. Metal–Phenolic Interactions 

There are 87 metals, 6 metalloids, and 18 nonmetals from element 1 (H) to element 111 (Rg) in 

the periodic table of elements. Both metal ions and metalloids have vacant orbitals in their electron 

configurations (thus they can serve as electron acceptors), whereas phenolic compounds are 

electron donors. Various interactions have been confirmed between phenolic molecules and metal 

ions, as illustrated in Figure 1a, spanning metal ions from alkali metal ions to metalloids (Figure 

1b). Phenolic compounds contain numerous dihydroxyphenyl (catechol) and/or trihydroxyphenyl 

(PG) groups with high π-electron content and aromaticity, which provide potent negative binding 

sites for the cations to form cation–π interactions (see (i) in Figure 1a).21 These cations include 

alkali or alkaline-earth metal ions with ns1 or ns2 electron configurations and are thus present as 

monovalent cations or divalent ions. However, covalent interactions appear to dominate 

noncovalent cation–π interactions in the presence of other competitive motifs to form stable metal–

phenolic structures.29 For instance, coordination bonds become the dominant forces in the presence 

of transition metal ions or main group metal ions with abundant vacant orbitals. The catechol or 

PG moieties of phenolic compounds are available as electron donors. Each hydroxyl oxygen atom 

can donate an electron pair to an empty orbital in the metal ions, leading to reversible coordination 

bonds and the resultant supramolecular structures known as MPNs (see (ii) in Figure 1a).30 When 

noble metal ions (e.g., Au3+, Ag+, and Pd2+) accept electrons donated by phenolic compounds, they 

can be reduced irreversibly to their stable metallic forms (e.g., Au, Ag, and Pd, respectively) (see 

(iii) in Figure 1a). During that process, it has been reported that the phenolic compounds are 

oxidized into quinones to further stabilize the noble metal atoms and form nanocomposite 

materials.31 Notably, some multivalent transition metal ions with high reduction potentials, such 

as Fe3+, can be reduced in the presence of phenolic compounds. Finally, metalloids, which are 

prototypical electron-deficient elements, can also accept electrons from the phenolic molecules. 

However, dynamic covalent bonds (e.g., boronate ester) show more covalent-like than 

coordination-like properties due to the high electronegativity of metalloids (see (iv) in Figure 1a).  



8 

 

Figure 1. (a) Various metal/metalloid–phenolic interactions: (i) Cation–π interactions formed 

between e.g., K+ and phenolic molecules; (ii) coordination interactions, operating within MPNs 

formed from e.g., Fe3+ and phenolic molecules; (ii) redox interactions, involving the mechanism 

of redox reaction between e.g., Ag+ and phenolic molecules; and (iv) dynamic covalent interactions 

involved in e.g., bis-complex formation between borate and phenolic molecules. (b) Periodic table: 

metal ions highlighted in red form cation–π interactions; metal ions highlighted in green form 

MPNs via coordination interactions; metal ions highlighted in purple are involved in redox 

interactions; and metalloid ions highlighted in yellow react with phenolic compounds via dynamic 

covalent interactions. 

2.1. Cation–π 

In 1996, inspired by cation-binding sites in protein structures, Dougherty and co-workers 

demonstrated that phenylalanine (Phe), tyrosine (Tyr), and tryptophan with electron-rich π systems 

could provide potent binding sites for cations (mainly alkali metal ions and alkaline-earth metal 

ions) to maintain the hierarchical structures of proteins.21,32 Strong cation–π binding occurs when 

cations are perpendicular to the plane of the aromatic rings of phenolic compounds. In 2012, 

cation–π interactions were detected experimentally in the foot proteins from Asian green mussels 
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for strong underwater adhesion, which led to subsequent studies on cation–π interactions in 

mussel-inspired phenolic chemistry and the underwater adhesion of marine organisms.33-35 The 

prevalent types of cation–π interactions are binary cation–π units and ternary π–cation–π units 

(Figure 2a). The former type of interaction plays an important role in generating interactions with 

a surface (e.g., mussel adhesion on rocks). The latter ternary π–cation–π interaction is important 

for maintaining the cross-linked structures (e.g., cohesion in mussel byssus and protein structures) 

in biological systems.36,37 These types of interaction have been extensively studied experimentally 

via, for example, circular dichroism spectroscopy,38 ultraviolet–visible (UV–vis) spectroscopy,38 

nuclear magnetic resonance spectroscopy,39-41 resonance Raman spectroscopy,42,43 X-ray 

crystallography.44 In 2013, for the first time the nanomechanics of cation–π interactions in aqueous 

media were probed directly using a surface force apparatus (SFA).45 To date, mechanical 

techniques, such as SFA and atomic force microscopy (AFM), have become effective approaches 

to study the influence of various parameters (e.g., hydrated cations, aromatic molecular structures 

and anion complexation) on the strength of cation–π interactions.34,42,45-47 

Cation–π interactions are a type of electrostatic force in nature. Thus, the type of aromatic side 

groups (e.g., hydroxyl group, catechol, PG) with different electron densities can influence the 

strength of the cation–π interactions (Figure 2b). SFA measurements showed that the adhesion 

strength between positively charged poly-L-lysine (PLL) and three aromatic polymers followed 

the order of polytryptophan (PTrp) > polystyrene (PS) > polytyrosine (PTyr).45 Gebbie et al. 

reported that the cohesion strength decreased in the order of Phe-rich peptide > Tyr-rich peptide ≈ 

DOPA-rich peptide.39 This trend indicates that the presence of a single electronegative hydroxyl 

group can lead to a pronounced decrease in cation–π-mediated cohesion strength; however, the 

presence of an additional hydroxyl group only has a marginal additional effect on the strength. 

Cation–π interactions are also influenced by the type of metal ions based on studies conducted 

on alkali metal ions (e.g., Li+, Na+, and K+),47,48 alkaline-earth metal ions (e.g., Mg2+ and Ca2+),49,50 

and transition metal ions (e.g., Ag+ and Cu2+).38 In general, cation–π interactions involving alkali 

and alkaline-earth metal ions are stronger than those that involve transition metal ions.29 The 
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experimental “binding” strength of mono-valent cations to PTrp measured by SFA in aqueous 

solution follows the order NH3R
+, NH4

+ > K+ > Na+ > Li+ (Figure 2c).45 This implies that although 

smaller ions (i.e., Li+, Na+) have stronger charge–quadrupole interactions, they have to overcome 

a higher desolvation energy barrier, which enables larger ions (i.e., K+) to have stronger binding 

affinities. Understanding the differences of metal ions on cation–π interaction strength can help to 

provide insights in rationalizing biological assembly and engineering metal–phenolic materials. 

 

Figure 2. (a) Main types of cation–π interactions. Effects of (b) aromatic groups and (c) cations 

on cation–π interactions. Tetraethylammonium (TEA), nicotinic acetylcholine (Ach). (b, c) 

Adapted with permission from ref 45. Copyright 2013 Wiley-VCH. 
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2.2. Coordination 

Metal–phenolic coordination occurs when two or more phenolic ligands donate a nonbonding 

electron pair to the empty orbitals of a metal ion. The rich choice of phenolic compounds (synthetic 

and naturally abundant phenolics, >8000 species)27,51,52 and metal ions enables the assembly of 

modular and programmable MPNs, which allows for control over their structures and 

functionality. One of the features of MPNs is their strong pH dependency.18 At low pH, mono-

complexes form because most of the catechol groups are protonated, whereas bis- and tris-

complexes are obtained at high pH (Figure 3).53 For example, mono-, bis-, and tris-complexes of 

Fe3+ and TA form at pH < 2, 3 < pH < 6, and pH > 7, respectively. These complexes in solution 

display characteristic ligand-to-metal charge transfer bands at >600, ~565 and ~510 nm, 

respectively, in their respective UV–vis spectra.18,54 The stability of MPNs decreases at low pH 

due to the transition from bis- or tris-complexes to mono-complexes.18 This pH-dependent 

coordination chemistry operates in mussels for establishing strong adhesion in the pad and 

cohesion in the byssus cuticles23,55 and has been widely used in the design of self-healing 

materials.56 

MPNs with different metal ions present different disassembly kinetics.30 The electronic structure 

of metal ions also determines the color of MPNs. Multivalent metal ions (e.g., Fe3+, Ti4+, and Mn2+) 

with partially filled d orbitals form strongly colored MPNs owing to the major contributions from 

d–d transitions.57 In contrast, main group metal ions (e.g., Al3+, Ga3+, and In3+) with empty or filled 

d/f-shells form light-colored MPNs.57 These specific properties of MPNs provide the potential for 

engineering materials with different colors. 
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Figure 3. pH-dependent coordination of Fe3+–catechol complexes. Adapted with permission from 

ref 53. Copyright 2011 National Academy of Sciences. 

2.3. Redox 

The reduction potentials of the noble metal ions including Ag0/Ag+, Au0/AuCl4
−, Pt0/PtCl4

2−, and 

Pd0/Pd2+ vs normal hydrogen electrode are 0.80, 1.0, 0.76, and 0.92 V, respectively.58 In contrast, 

the catechol groups in polydopamine (PDA) and TA have standard electrode potentials of 0.53 and 

0.89 V.58,59 Therefore, the catechol moieties of phenolic molecules can be easily oxidized to the 

corresponding semiquinone/quinones by these noble metal ions,58,60 and the noble metal ions are 

reduced to their metallic form (producing, for example, metal NPs) upon accepting the electrons 

donated by the phenolic compounds. The oxidized polyphenols can then function as capping 

agents to stabilize the noble metal NPs (Figure 4).61-63 As alternatives to surfactants and strong 

oxidizing agents, phenolics and their derivatives have been used as green and effective chemicals 

for the in situ synthesis of noble metal NPs. The obtained noble metal NPs can be imaged by 

electron microscopy and detected experimentally by X-ray photoelectron spectroscopy, X-ray 

diffraction, energy-dispersive X-ray spectroscopy, and UV–vis spectroscopy in aqueous 

solution.64,65 For example, the formation of Ag and Au NPs can be determined from the absorption 

peak around 420 and 525–560 nm, respectively, by UV–vis spectroscopy.25,31 The oxidation of the 

catechol to quinone groups can be detected by UV–vis spectroscopy and Fourier transform infrared 

spectroscopy. Redox reactions can be monitored by cyclic voltammetry and electron paramagnetic 

resonance (EPR) analysis.64,66 
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Figure 4. Schematic of the mechanism of the oxidation of phenolic molecules by Pd2+. Adapted 

with permission from ref 61. Copyright 2015 Elsevier. 

2.4. Dynamic Covalent Bonding 

Metalloids are a class of chemical elements that present both metallic and nonmetallic 

physicochemical properties. B, Si, and Ge tend to form covalent bonds with ligands.67-69 They have 

a high binding affinity to phenolic compounds, forming covalently cross-linked networks. 

Boronate–phenolic networks (BPNs) are formed from boronic acid and vicinal diol groups in 

phenolic molecules, which display a pH-dependent and cis-diol responsiveness.70-72 It is worth 

noting that only when the surrounding pH is greater than the pKa values (4.5–10) of the boronic 

acid motifs, boron can transition from sp2 hybridization to tetrahedral sp3 hybridization and react 

with cis-diol to form cyclic boronate esters (Figure 5a). Thus, boronate covalent bonds are not 

stable in acidic conditions (when pH < pKa), which impedes their further use under physiological 

conditions.73-75 For application in a physiologically relevant pH range, a plethora of boronic acid 

ligands with adjustable pKa values, such as inorganic borates,76 phenylboronic acid-based 

compounds,70,75,77,78 boronic acid-conjugated (co)polymers,79-84 and boron-containing drugs (e.g., 

bortezomib (BTZ))82,85-87 have been developed. Incorporating an acidic moiety is another route to 

tune the pH of boronate–catechol complexation. Addition of acrylic acid (AA) into polymers 

consisting of dopamine (DA)-methacrylamide and 3-(acrylamido)phenylboronic acid could 

preserve catechol in its reduced state even at a pH of 8.5, potentially due to the localized buffering 



14 

capacity of AA.88,89 Thus, hydrogels formed from polymers with catechol moieties, boronic acid 

groups, and carboxylic acid side chains demonstrated strong adhesion to a quartz substrate at a 

neutral-to-mild basic pH (7.5−8.5).88 

Recently, there has been growing interest in probing the interactions between phenolics and 

other metalloids (e.g., Si and Ge).69,90 Silicate–phenolic networks (SiPNs) were recently examined 

experimentally by Tiainen and co-workers.91 Si binds to the vicinal phenolic O of the TA molecule 

to form a bis-complex (penta-coordinated Si(V) binding two phenolic ligands) and a tris-complex 

(hexa-coordinated Si(VI) binding three phenolic ligands) (Figure 5b and 5c).91 Studies have shown 

that introducing Si NPs into phenolic adhesives can considerably improve the adhesive and 

mechanical properties of the resulting materials.92,93 The interactions between germanium and 

phenolic molecules have been exploited to form germanium–phenolic networks (GePNs). The 

formation of bidentate Ge–O–C type covalent bonds is key for the formation of GePNs with 

pentagonal or hexagonal rings.68,94,95 It is reported that GePN assemblies are also influenced by 

pH values, Ge/phenol ratio, and the presence of other metal ions.90 

 

Figure 5. (a) Reaction scheme of the formation of boronate–catechol complexes. Schematic 

illustration of SiPNs forming (b) bis-complex and (c) tris-complex. (b, c) Adapted with permission 

from ref 91. Copyright 2019 Wiley-VCH. 
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3. Materials Formed via Cation–π Interactions 

In the past decade, significant progress has been made in the engineering of various advanced 

materials driven by cation–π interactions.96,97 Table 1 summarizes cation–π interaction studies 

involving different phenolic compounds and metal ions performed during the period 2010–2021. 

The cation–π interaction-driven functional materials, especially films and complex coacervates, 

hold potential in underwater adhesion applications.96 

Table 1. Cation–π interactions formed between metal ions and phenolics obtained from 

experimental studies during 2010–2021.a 

Phenolic ligand Metal ion Assembled 

structures 

Characterization Binding energy Ref. 

Phenol Ag+, Cu+, Au+ Ag+–phenol 

cationic complex 

IRMPD, quantum 

chemical 

calculations 

Au+ > Cu+ > Ag+ in gas phase 98 

Phe–Phe dipeptide Ba2+, Ca2+, Li+, 

Na+, K+, Cs+, 

Ag+ 

Cation–π ion 

cage 

IRMPD, density 

functional theory 

Ca2+ > Ba2+ > Li+ > Ag+ > Na+ > 

K+ > Cs+ 

99 

mcfp-1 K+ Films SFA Wad ~2.30 mJ m−2, Wco ~3.12 mJ 

m−2 (0.2 M salt, pH 3) 

34 

PTyr Li+, Na+, K+ Films SFA K+ > Na+ > Li+ 45 

rmfp-1 Na+ Coacervates SFA, UV resonance 

Raman spectroscopy 

Wco ∼5.0 mJ m−2 (0.6 M salt) 42 

PDA Na+, K+ Films UV–vis, XPS K+ > Na+ 48 

fp-3F  Na+ Coacervates SFA SO4
2− > Cl− > NO3

− (salt type) 43 

PDA K+ Films SFA, UV–vis 

 

100 
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Poly(catechol)  Li+, Na+, K+ Films SFA, XPS, AFM K+ > Na+ > Li+  36 

Tyr-rich peptide, 

DOPA-rich peptide 

K+ Films SFA Tyr-rich peptide > DOPA-rich 

peptide (cohesion) 

101 

Poly(PO4-DHB) Li+, Na+, K+ Films  SFA Cation–π facilitated anion–π 

interactions 

102 

Lignin Na+, K+ Films  SPA K+ > Na+ 103 

aAbbreviations: Mytilus californianus foot protein-1 (mcfp-1); polytyrosine (PTyr); recombinant mussel foot protein-1 (rmfp-1); foot protein type-

3 fast variant (fp-3F); polydopamine (PDA); 2-O-phosphorylethanol 2,3-hydroxybenzamide (PO4-DHB); infrared multiple photon dissociation 

(IRMPD); X-ray photoelectron spectroscopy (XPS); work of adhesion energy per unit area for the asymmetric configuration (Wad); work of adhesion 

energy per unit area for the symmetric configuration (Wco). 

3.1. Films  

Cation–π interactions exhibit attractive short-range forces and therefore ternary π–cation–π units 

play an important role in film engineering. For example, the adhesion force measured in SFA 

experiments of poly(catechol) films is ~0.68 mN m–1, which increases to ~1.32, ~4.42, ~11.44, 

~23.75 mN m–1, respectively, when the concentration of K+ in buffer aqueous solutions is 10, 50, 

100, 250 mM.36 The K+ can simultaneously interact with two π-conjugated groups on different 

poly(catechol) moieties through ternary π–cation–π interactions, hence enhancing the adhesion 

through physical bridging (Figure 6a). With gradual increase in the K+ concentration to 250 mM, 

the aggregate size increased, which resulted in rough coatings with a surface roughness of ~3.32 

nm (Figure 6b). Interestingly, when the K+ concentration increases from 250 to 600 mM, the 

adhesion decreases to ~5.23 mN m–1.36 This decrease is attributed to the presence of excess of K+ 

that could disrupt π–K+–π complexes into binary K+–π binding pairs, leading to the formation of 

smaller aggregates and smooth coatings with a surface roughness of ~1.2 nm at 600 mM K+ (Figure 

6c and 6d). Moreover, the adhesion strength and surface roughness of poly(catechol) coatings is 

enhanced in the presence of Li+ or Na+ at 250 mM.36 In another example, PDA films delaminate 

from polyurethane substrates upon sodium hydroxide treatment due to the deprotonation of amine 
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groups. Owing to the larger binding force of the K+–π interaction compared to the Na+–π 

interaction, the disassembled PDA films in alkaline conditions re-assemble by adding K+.48 The 

thickness of the PDA films increased with an increase in the concentration of K+ (green bars) and 

is similar to that before disassembly (blue bar) by adding 100 mM K+. Moreover, the roughness 

and water contact angles of the K+-mediated PDA films are controlled by the concentration of K+, 

where the ionic intervention between PDA molecules results in hydrophilic surfaces. 48 

An increasing number of studies have shown that phenolic coatings or MPNs are formed under 

high ionic strength conditions.104-107 Although the role of cation–π interactions was not examined 

in the studies, monovalent cations play an important role in controlling the final thickness and 

morphology of the phenolic films. Thus, the co-existence of alkali metal ions and phenolic 

molecules to form cation–π interactions is a potential factor for realizing material-independent 

surface coatings. 

 

Figure 6. Schematic illustrations of (a) ternary π–cation–π complex promoting the assembly of 

larger poly(catechol) aggregates and (c) binary cation–π binding pairs induced by excess K+ 

leading to smaller poly(catechol) aggregates. AFM images of poly(catechol) films after deposition 

in poly(catechol) solutions containing (b) 250 and (d) 600 mM K+. Adapted with permission from 

ref 36. Copyright 2020 Elsevier. 
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3.2. Coacervates 

Coacervates, an emerging class of soft materials, have attracted considerable interest owing to 

their implications for engineering lubricants and underwater adhesives.40,41,108,109 Coacervates 

formed from charged polyanionic and polycationic protein species have been thoroughly 

studied.110-112 Recently, coacervation driven by short-range cation–π interactions has been a focus 

of attention.42,43,113 Recombinant mussel foot protein-1 (rmfp-1; 12 repetitions of the foot protein-

1 decapeptide) has numerous cationic and phenolic groups, with no negatively charged residues 

(Figure 7a). rmfp-1 forms only finite complexes in the absence of Na+, which may be triggered by 

the longer-ranged electrostatic repulsion between positively charged residues (e.g., –NH3
+ of Lys) 

in rmfp-1 (Figure 7b). By increasing the concentration of Na+ to a level equivalent to that in 

seawater (∼0.7 M), infinite complexes of rmfp-1 formed into the coacervate phase (Figure 7c).42 

This is attributed to the screening of the electrostatic forces in rmfp-1 and the increasing 

prominence of cation–π interactions with increasing concentration of Na+. The formation of mussel 

foot protein type-3 fast variant (fp-3F)-based coacervates was observed in salt-containing buffers 

but not in an acetic acid/acetate buffer, indicating the importance of salts to coacervation.43 

Besides, mussel foot protein-3S (mfp-3S) was triggered to form adhesive coacervates by liquid–

liquid phase separation from equilibrium solution at a suitable pH and ionic strength.46 Those 

phenomena are attributed to the high concentration of salts that can screen the longer-ranged 

electrostatic repulsion in the charged polymers. In contrast, the short-ranged cation–π interactions 

remain unaffected, resulting in macroscopic phase separation. Salt-triggered coacervation is a 

facile approach to develop high-performance coacervates, which have promising applications in 

lubricants and underwater adhesives. 

The importance of cation–π interactions in attaining control over coacervation has been widely 

demonstrated. However, the development of synthetic metal–phenolic materials driven by cation–

π interactions in bulk hydrogels or freestanding films is of considerable interest but remains a 

challenge. Moreover, the assembly mechanisms, for example, the effect of cations or substituents 

on cation–π assembly, are yet to be studied theoretically and experimentally. 
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Figure 7. (a) Decapeptide sequence of rmfp-1. Schematics and cryogenic transmission electron 

microscope (cryo-TEM) images of (b) finite complexes of rmfp-1 in the absence of Na+ and (c) 

dense coacervates formed by rmfp-1 and Na+. (b, c) Adapted with permission from ref 42. 

Copyright 2017 American Chemical Society. 

4. Materials Formed via Coordination Interactions 

MPNs have emerged as a versatile platform to engineer various functional materials, and present 

many advantages, as illustrated in Figure 8. First, various phenolic ligands and metal ions used in 

MPN assembly allow for the facile generation of diverse materials with specific physiochemical 

properties.27 Second, the phenolic moieties can generate diverse interactions with different 

molecules and substrates,27 including hydrogen bonding (with poly(ethylene glycol) (PEG), as an 

example),114 metal coordination (with Fe3+ ions),115 π–π interaction (with graphene oxide),116 and 

hydrophobic interactions (with aliphatic side chains).117 Thus, MPNs have been assembled into a 

range of materials, including NPs,118 capsules,119 conformal coatings,120 and freestanding films.24 

Third, the dynamic coordination bonds between the metal ions and phenolic moieties can be 

broken and restored through various stimuli (e.g., pH and ionic strength), endowing MPN-based 
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materials with tunable permeability,121 high toughness,122 and self-healing properties.123 

Furthermore, owing to the hybrid and synergistic physicochemical properties imparted by the 

metal ions and phenolics, MPNs have potential in engineering materials with photothermal,124 

antioxidative,125 and highly biocompatible properties,18 with potential application in diverse fields 

ranging from confined catalysts,126 underwater adhesives,127,128 flexible electronics,129,130 artificial 

cells,131 separation membranes,132,133 drug delivery134 to soft actuators.135 

 

Figure 8. Overview of building blocks employed in the synthesis of MPN-based materials and a 

selection of the structures, properties, and potential applications of MPN-based materials.  

Over the last decade, especially since the pioneering work of Caruso and co-workers in 2013,18 

significant progress has been achieved in MPN-based materials relating to the building blocks 

employed in their synthesis, and their preparation methods and potential applications. Figure 9 

illustrates representative studies that highlight progress and breakthroughs in those areas: (i) the 
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choice of available building blocks has been expanded from natural to synthetic phenolic 

compounds, including monophenol-containing molecules; (ii) various methods are exploited to 

endow MPN-based materials with well-defined, hierarchal structures (e.g., mesoporous particles 

and hollow superstructured particles); and (iii) diverse applications have been explored from 

mussel-inspired byssus to environmental remediation, energy storage, and cancer therapy. 

 

Figure 9. Timeline illustrating the progress achieved to date, including the building blocks 

employed during synthesis, assembly methods, material structures, and potential applications 

toward the development of MPN-based materials. Adapted with permission from the following 

references: Ref 23. Copyright 2010 The American Association for the Advancement of Science; 

Ref 53. Copyright 2011 National Academy of Sciences; Ref 18. Copyright 2013 The American 

Association for the Advancement of Science; Ref 30. Copyright 2014 Wiley-VCH; Ref 136. 

Copyright 2014 Wiley-VCH; Ref 137. Copyright 2015 Wiley-VCH; Ref 138. Copyright 2015 

American Chemical Society; Ref 139. Copyright 2016 Wiley-VCH; Ref 140. Copyright 2016 

Springer Nature; Ref 141. Copyright 2017 Wiley-VCH; Ref 142. Copyright 2017 Wiley-VCH; 

Ref 143. Copyright 2018 Wiley-VCH; Ref 144. Copyright 2019 Wiley-VCH; Ref 145. Copyright 

2019 American Chemical Society; Ref 146. Copyright 2020 Wiley-VCH; Ref 147. Copyright 2020 
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American Chemical Society; Ref 148. Copyright 2021 Wiley-VCH; Ref 149. Copyright 2021 

Wiley-VCH. 

4.1. Films 

Phenolic compounds tend to exhibit high adhesion to different substrates150,151 and coordinate 

with metal ions for cross-linking. Therefore, MPNs have been widely used to fabricate substrate-

independent thin films and coatings.18,149 Due to the heterogeneous structures of polyphenols and 

the random complexation, most MPN films are amorphous. To this date, various naturally 

occurring polyphenols (Figure 10a) have been used to engineer MPNs with desired properties, 

including TA,18 epigallocatechin-3-O-gallate (EGCG, as an anticancer drug),152,153 and flavonoids 

(e.g., myricetin as a scavenger of reactive oxygen species (ROS)).125 Besides natural polyphenols, 

catechol moieties can be conjugated to other molecules (Figure 10b), such as PEG154 and 

hyaluronic acid,155 to synthesize functional compounds. For instance, PEG-polyphenol was 

synthesized by conjugating catechol groups to the termini of a branched PEG and subsequently 

chelated to Fe3+. Compared with Fe3+–TA capsules, the Fe3+–PEG-polyphenol capsules exhibited 

reduced nonspecific protein adsorption and more rapid disassembly at pH 5.154 Additionally, an 

enzyme-mediated strategy was developed to convert monophenol moieties into catechol moieties, 

resulting in a range of monophenol-containing molecules (Figure 10c), including small molecules 

(e.g., Tyr), peptides (e.g., poly(4-vinylphenol)), and proteins (e.g., trypsin), that were used as 

building blocks for MPN film synthesis.146 Recently it was demonstrated that the application of 

high-frequency ultrasound and the Fenton reaction synergistically convert phenol and phenyl 

derivatives into polyphenols for engineering MPNs.148 The assembly process is initiated by 

acoustic cavitation-induced hydroxyl radicals (•OH) from water using high frequency ultrasound 

(412 kHz). The metal ions (e.g., Fe2+, Fe3+, Cu2+, and Co2+) can accelerate the generation of •OH 

via Fenton reactions to induce the hydroxylation/phenolation of phenol- and phenyl-based 

molecules and coordinate with the resultant polyphenols for film formation. These methods unlock 

numerous opportunities for exploring metal–phenolic materials with functional phenol- and 

phenyl-containing molecules. 
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Figure 10. Examples of (a) naturally occurring, (b) synthetic, and (c) monophenol-containing 

phenols that are used for engineering MPN films and coatings. (d) Library of metal ions used for 

constructing MPN films. Scale bars are 5 μm. (e) Discrete growth of MPN films using phenolic 

ligands and Fe3+ ions. Continuous growth of MPN films using (f) rust and (g) Fe2+ ions as iron 

sources. (d) Adapted with permission from ref 30. Copyright 2014 Wiley-VCH. (e) Adapted with 

permission from ref 18. Copyright 2013 The American Association for the Advancement of 

Science. (f) Adapted with permission from ref 141. Copyright 2017 Wiley-VCH. (g) Adapted with 

permission from ref 144. Copyright 2019 Wiley-VCH. 

The incorporation of different metal ions further expands the toolbox of building blocks for MPN 

film fabrication. Eighteen metal ions, including Al3+, V3+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, 
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Zr4+, Mo2+, Ru3+, Rh3+, Cd2+, Ce3+, Eu2+, Gd3+, and Tb3+, were demonstrated to coordinate with 

TA and assemble into thin films (i.e., capsules) with metal-specific properties (Figure 10d).30 In 

particular, the use of Fe3+, Mn2+, and Gd3+ endows MPNs with magnetic resonance imaging (MRI) 

properties, the use of Tb3+ and Eu2+ affords fluorescence imaging properties, and the use of Cu2+ 

affords positron emission tomography (PET) imaging properties. In addition to obtaining MPN 

films with multiple functionalities, chelation with different metal ions fundamentally changes the 

pH response and Young’s modulus (EY) of the resultant films. For example, films prepared from 

TA and Zr4+, Cu2+, or Al3+ displayed different disassembly rates in the pH range of 5.0–7.4.30 At 

pH 7.4, the Zr4+–TA film showed negligible degradation even after incubation for 7 days, whereas 

~40% of Al3+–TA and ~80% of Cu2+–TA films disassembled. In contrast, ~25% of Cu2+–TA, 

Al3+–TA, and Zr4+–TA MPN capsules disassembled within 1, 6, and 168 h at pH 5.0.30 The Zr4+–

TA film displayed the slowest disassembly rate, whereas the Al3+–TA film showed intermediate 

disassembly properties, making them suitable vehicles for intracellular drug delivery.137 The Cu2+–

TA and Sr2+–TA films were more sensitive to the pH changes compared to the Zr4+–TA and Al3+–

TA films.30,156 The Mn2+–TA films coated on rapamycin-formed NPs disassembled in a sustainable 

manner at pH 7.4, leading to rapamycin release of 55% over 48 h and 70% within 4 h at pH 5.5.157 

For the Fe3+–TA films, it took about 4 h and 6 days to disassemble at pH 3.0 and 4.0, respectively. 

About ~70 and 90% of the Fe3+–TA films still remained intact until 10 days at pH 5.0 and pH 7.4, 

respectively.18 Fe3+–TA films showed high stability under physiological conditions, which is due 

to the ionic radius of Fe3+, which can form an octahedral complex with three catechol moieties.158 

MPN films prepared from TA and Tb3+, In3+, Ga3+, or Fe3+ displayed different EY values: 21.9 ± 

7.3 GPa for Tb3+–TA, 5.9 ± 1.5 GPa for In3+–TA, 5.9 ± 1.9 GPa for Ga3+–TA, and 2.9 ± 1.0 GPa 

for Fe3+–TA films.158 Recently, MPN films self-assembled from Fe3+, Co2+, Ni2+, and Zn2+ ions 

were shown to exhibit varying binding affinities to antibodies. The Co2+ system exhibited more 

than a 2-fold greater association than the other metal ion systems studied. The greater association 

of the Co2+ MPN system is attributed to the coordination of Co2+ to the histidine-rich portion of 

the antibody fragment, as revealed by molecular dynamics simulations.159 
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The state (solid or free ions), valence, and aggregation of metal ions can significantly influence 

the structures of the MPN films formed in terms of thickness and pore size.141,144,160 Previous 

studies, where Fe3+ ions were used as an iron source (Figure 10e), demonstrated the rapid 

termination of MPN film assembly within several minutes, resulting in a final film thickness of 

~10 nm, independent of the ligand or assembly conditions used.18 Such discrete assembly is 

possibly caused by kinetic trapping of the metal–phenolic complexes and symmetry breaking at 

the interface.160 Recently, several methods, including rust-mediated (Figure 10f),141 oxygen-

mediated (Figure 10g),24,144 and electro-triggered assembly approaches,161 have been employed to 

circumvent this issue by enhancing the reversibility and self-correction of the iron–catechol 

bonding. When Fe2+ ions were used as an iron source (Figure 10g), the low stability constant of 

Fe2+–catechol (log K1 = 8) allowed for increased reversibility,24 and the relatively low 

concentration of free Fe3+–TA complexes provided additional opportunities for conformational 

rearrangement and the self-correction of defects. As a result, MPN films can grow continuously 

with a thickness of up to ~2.5 μm at the water and air interface.24 Moreover, as opposed to films 

obtained by the discrete assembly method, which showed pores larger than 6 nm, the oxygen-

mediated strategy allowed for the formation of microporous MPN films with pores smaller than 

1.7 nm.144 Rust iron objects (solid-state iron source) can also afford the continuous growth of TA 

and GA films. Although the iron source is shown to strongly influence the structures of the MPN 

films formed, several questions related to the mechanisms remain unanswered. Specifically, (i) are 

there any common mechanisms (e.g., assembly kinetics)106,162,163 between the rust-mediated 

(dissolution of solid rust to soluble Fe3+ ions) and oxygen-mediated (oxidation of Fe2+ to Fe3+) 

methods that lead to the continuous growth of MPNs? and (ii) do the water molecules or µ-oxo 

species play a role in the coordination process and the resultant properties of the films?164 

Addressing the latter question will help gain a more detailed understanding of the coordination 

structures of Fe3+–TA at the molecular level (bis- or tris- as the dominant coordination state).  
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Additionally, various other fabrication techniques, including layer-by-layer assembly,165 spray 

coating,54,166 mechanochemistry,167 and biphasic assembly,142 have been developed to endow MPN 

films with specific structures and properties. 

Two-dimensional (2D) MPNs with crystalline structures have shown specific properties in 

electronics, sensing, and energy.168,169 Generally, the metal ions that have been examined for the 

engineering of 2D MPNs include Cu2+, Co2+, and Zn2+. Unlike the soft and asymmetric catechol-

containing ligands (e.g., TA) that are used for preparing amorphous MPN films, rigid and 

symmetric phenolic ligands with a planar configuration, such as 2,3-dihydroxy-1,4-

benzenedicarboxylic acid, hexahydroxybenzene (HHB), and 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP), are necessary for the assembly and preparation of these 2D 

crystalline structures. A facile method that is used for constructing such films is surfactant-assisted 

assembly,170 wherein the surfactants (e.g., sodium dodecyl sulfate) form a monolayer on the water 

surface, and the organic ligands adsorb and subsequently self-assemble under the surfactant 

monolayer. Metal ions (e.g., Cu2+) subsequently cross-link the ligands and stabilize the 2D films.171 

Using this strategy, various nanofilms with well-defined structures were prepared, including Cu2+–

HHB (~8–10 layers of a single molecular layer), Ni2+–HHB, and Cu2+–HHTP (~10 layers) films.172 

Compared with the bulk MPN-based materials, such crystalline MPN films showed excellent 

performance in electronics owing to their high electrical conductivity, their well-defined porous 

structures, and the presence of more active sites on the films.172,173 

4.2. Particles 

Owing to the high chelation ability of multivalent metal ions to phenolic compounds, diverse 

MPN-based particulate nanostructures have been engineered, including particles (i.e., amorphous 

and crystalline MPN particles) and capsules. The phenolic building blocks that have been used are 

similar to those used for the preparation of thin films discussed in Section 4.1. The incorporation 

of metal ions can not only endow MPN nanostructures with distinct properties, including 

mechanical, electronic, magnetic, and optical properties, but also produces novel structures, 

including core–satellite and hollow superstructures.134,140,174-176 
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Amorphous MPN particles can be prepared by mixing, for example, TA and Fe3+ in weak 

alkaline solutions in the absence of templates (Table 2). The Fe3+–TA NPs were ~5 nm in diameter 

and could cause autophagic cell death by forming autophagosomes.118 Through the chelation of 

Fe3+ ions to polyphenol-modified anticancer drugs, various MPN-based prodrugs can be prepared. 

For example, Dai et al. reported the synthesis of Pt-PEG prodrug NPs (~100 nm in diameter) 

through metal–polyphenol complexation using an emulsification method. Water-in-oil 

nanoemulsions were formed by mixing a complexed solution of Fe3+, Pt prodrug-polyphenols, and 

PEG-polyphenols with an oil phase, which were stabilized by another nanoemulsion containing 

Tris buffer to raise the pH.177 The MPN-based particles could incorporate other functional 

molecules such as a photosensitizer (e.g., chlorin e6)178 or an enzyme (e.g., myeloperoxidase)179 

for anticancer therapy. In another study, MPN particles were obtained by mixing poly(L-glutamic 

acid)-graft-methoxypoly(ethylene glycol), Fe3+, and anthocyanins in solution in the absence of a 

template. The prepared NPs were ~70 nm in diameter and stable in various solutions and 

environments (e.g., 60 °C).180 The hydrophobic drugs (i.e., anthocyanins), as the particle nuclei, 

enabled the growth of the MPN particles to the desired size. 

Another class of MPN particles are formed by doping specific metal ions into preformed 

phenolic networks (Table 2). Such particles typically exploit covalent interactions to form the 

primary networks, and the added metal ions form the secondary networks via coordination 

interactions with the primary networks. Wei et al. demonstrated the synthesis of such MPN 

particles, where the phenolic oligomers chelated with a range of metals to form mono‐metal (Co2+, 

Ni2+, Cu2+, Zn2+, Fe3+, Al3+, or Ce3+), bi‐metal (Fe3+/Co2+ and Co2+/Zn2+), and multimetal 

(Fe3+/Co2+/Ni2+/Cu2+/Zn2+) particles. The resultant MPN particles showed potential as biosensors 

for the analysis of nucleic acid variants.181 

Crystalline MPN particles have also been synthesized and reported. The phenolic ligands that 

have been explored include GA, ellagic acid (EA), tetrahydroxybenzoquinone, and HHTP (Table 

2), and the investigated metal ions include K+, Na+, Fe3+, Fe2+, Zn2+, Mg2+, Mn2+, Co2+, Bi3+, Ni2+, 

Cu2+, Zr4+, Ti4+, and V4+.138,182-188 For instance, Bi3+ can chelate with EA to form hierarchical 
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mesocrystals with ordered quaternary structure in a spatiotemporally controlled manner.189 Bi3+–

EA complexes driven by coordination interactions organized into secondary supramolecular 

threads via π–π interactions that further assembled into tertiary nanoscale filaments through 

dipole–dipole forces, and finally packing into quaternary mesocrystals.189 Owing to the high pKa 

of the Bi3+–catechol bonds, the resulting microporous Bi3+–EA particles exhibited high chemical 

stability over a wide pH range (i.e., 2–14), harsh hydrothermal conditions, and organic solvents.183 

Although the field of crystalline MPN particles is in its infancy, crystalline metal–phenolic 

complexes are expected to broaden the properties of existing MOFs as they (i) are often highly 

biocompatible and bioactive; (ii) can be extracted from plant-based materials that are often 

considered as waste, such as tree barks and fruit peels; (iii) can act as rigid spacers between cations, 

contributing to the porosity of the resulting framework; (iv) and can have a high proton 

conductivity owing to the mixed oxidation states of metal ions. 

Table 2. Summary of MPN particles.a 

Particle type Metal ion Phenolic ligand Application Comment Ref. 

Amorphous Fe2+ GA Glioblastoma therapy Co-assembly with PVP 190 

 Fe3+ CP   Formation of protein-responsive 

assemblies 

191 

 Fe3+ Pt-polyphenol, 

PEG-polyphenol 

Cancer therapy  177 

 Fe3+ TA MRI contrast (in liver cell 

lines) 

 118 

 Mn2+, Fe3+, 

Zn2+, Co2+, 

Ni2+, Cu2+, 

Ce3+ 

TA Sensors and electrode 

precursors 

 181 
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 Fe3+ TA, catechin, 

EGCG, 

procyanidin 

Cancer therapy Co-assembly with bortezomib 192 

 Fe3+ Anthocyanins Cancer therapy  180 

 Fe3+ TA Cancer therapy Co-assembly with PLG-g-mPEG 193 

 VO3
− TA Synergistic 

chemodynamic/phototherm

al therapy  

Formation of nanoenzymes 186 

 Fe3+ TA Multimodal imaging-

guided tumor-specific 

therapy 

Co-assembly with protoporphyrin 

IX 

194 

 Fe2+ DA Immunogenic cancer 

therapy 

Co-assembly with PEG, Ce6, 

gossypol 

178 

 Zn2+ TA Sepsis therapy Co-assembly with gentamicin 195 

 Sm3+ EGCG Metastatic melanoma 

therapy 

 134 

Crystalline Mn2+, Zn2+, 

Fe3+ 

EA Photothermal therapy Co-assembly with PVP 196 

 Zn2+ EA  Formation of mesocrystalline 

microparticles 

138 

 Bi3+ EA  Green MOF particles 183 

 Bi3+ EA Energy storage devices 

(sodium ion batteries) 

Formation of superstructured 

mesocrystals 

189 

 Fe2+, Co2+, 

Mn2+ 

THBQ  Paramagnetic conducting MOFs 197 

 Cu2+ HHB  Formation of conductive MOFs 173 



30 

 Ti4+, Fe3+, 

V3+, Fe2+ 

HHTP  MOF particles with high proton 

conductivity 

184 

 Fe3+ GA  Formation of MOF particles 198 

aAbbreviations: Catechol-modified polymers (CP); tetrahydroxybenzoquinone (THBQ); poly(L-glutamic acid)-graft-methoxypoly(ethylene glycol) 

(PLG-g-mPEG); chlorin e6 (Ce6); polyvinylpyrrolidone (PVP); dopamine (DA). 

 

When phenolics were used to coat MOF particles, an acidic solution of phenolic molecules (e.g., 

TA, GA) could etch the MOFs, resulting in the release free of metal ions,199,200 which progressively 

coordinated with the surrounding phenolic molecules owing to the high affinity between catechol 

groups and metal ions.201 The synergetic etching and coordination provides an opportunity to 

fabricate diverse nanostructures, including core–shell particles, hollow cages, and multishell 

particles. Although these MPN–MOF structures show desirable properties and functions for 

various applications, such as catalysis and drug delivery,199,201 a more complete understanding of 

the mechanism of the etching process could provide insights into the chemistry of MPN 

coordination while unlocking the potential uses of MPNs in the field of fine chemicals, for instance 

as pharmaceutical crystals.202,203  

To broaden the scope of MPN particles in various fields, hollow MPN particles (i.e., capsules) 

with tunable cavity and shell thickness have been engineered.18 The preparation of capsules 

typically involves two stages: (i) film formation on particle templates and (ii) subsequent removal 

of the templates. The assembly details for MPN capsules have been reviewed.19,204-206 Such 

structures have afforded the incorporation of higher amounts and diverse types of cargos, as 

relevant in the drug delivery field.207 For instance, indocyanine green (ICG, a photosensitizer) was 

encapsulated into the pores of ZIF-8 NPs, after which a Fe3+–TA shell was grown on the surface 

of the NPs. Removal of the ZIF-8 NPs resulted in ICG@Fe3+–TA capsules that displayed 

photo/chemodynamic properties that are useful for cancer therapy.200 MPN capsules were also 

applied as cell-mimic microreactors. Owing to the dynamic bonding of MPN capsules, the shell 

could function as a gate to cargos of different sizes.131 In Table 3, we summarize the metal ions 
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and phenolic ligands used in the synthesis of core–shell particles and capsules and their associated 

application as a result of the properties conferred by the metal ions and phenolic ligands. 

Table 3. Summary of MPN Core–Shell Particles and Capsules.a 

Type Metal ion Phenolic ligand Template Application Comment Ref. 

Core–shell particles Fe3+ TA Paclitaxel 

nanocore 

Cancer therapy  208 

 Fe3+ TA HeLa, NIH 3T3 

fibroblast, Jurkat 

cells 

Cytoprotective coating  209 

 Fe3+ TA Yeast cells, E. 

coli., PC-12 cells 

Cellular surface 

engineering 

 210 

 Fe3+ TA Brome mosaic 

virus 

Virus stability  211 

 Ti4+ TA Chitin 

microspheres 

Enzyme immobilization  212 

 Fe3+, Al3+, 

Eu3+ 

TA Zein/quaternized 

chitosan 

Drug delivery  213 

 Fe3+ TA Yeast, S. 

cerevisiae 

Cytoprotective coating  136 

 Fe3+ TA Polyethylenimine/

p53 plasmid 

complexes 

Ferroptosis for cancer 

therapy 

 214 

 Fe3+ TA Acrylic latex 

particles 

Controlled release of 

urea 

 215 

 Fe3+ TA Fe3O4, Au, CdS 

particles 

Encapsulation of 

particles 

 216 
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 89Zr4+ TA Pluronic F-12 Tumor NIRF/PET 

imaging 

 217 

 Fe3+ TA Oleic acid 

emulsions 

 Low-fouling and 

pH-responsive 

particles 

218 

 Fe3+ TA Fe3O4@SiO2 

particles 

Enzyme immobilization  219 

 Fe3+ TA Sorafenib 

nanocrystal 

Imaging-guided 

photodynamic therapy 

 220 

 Fe3+ TA Den–DOX 

nanocomplexes 

Cancer therapy  221 

 Fe3+ TA Starch NPs  Antioxidant, 

antimicrobial, and 

pH-sensitive 

starch NPs 

222 

 Fe3+ TA PS, MF, 

mesoporous SiO2 

particles 

Endosomal escape of 

particles 

 145 

 Fe2+ Phenol, HQ, 4-

CP, 4-BP, TyA, L-

tyrosine, AP, RR, 

P4VP, PTyr, 

trypsin, GFP, CT, 

pepsin  

PS, SiO2, CaCO3 

particles 

Surface modification Tyrosinase-

mediated 

assembly 

146 

 Cu2+ TA Mesoporous SiO2-

coated 

upconversion NPs 

Controlled release  223 
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 Ru3+  TA BiVO4 particles Photocatalysis  224 

 Fe3+, Cu2+, 

Co2+, Ni2+, 

Zn2+ 

TA Au particles Antibody assembly on 

particles 

 159 

 Fe3+ TA PDA NPs Cancer therapy  225 

 Fe3+ TA PDA@Fe2O3 

particles 

MRI-guided cancer 

therapy 

 226 

 Ni2+ TA WO3/BiVO4 

heterojunction 

Photolectrochemical 

water splitting 

Fabrication of 

photoanodes with 

enhanced 

photolectrochemic

al activity and 

stability 

227 

 Ga3+, In3+ TA EGaIn ink 

particles 

Surface patterning (pen 

writing)  

Approach is 

applicable to a 

range of substrates 

228 

Capsules Fe3+, V3+, 

Gd3+, Cr3+ 

TA, EGCG PS, SiO2, SiO2-

NH2, MF, E. Coli, 

S. epidermidis, 

Fe3O4, PDMS, 

PLGA, Au 

particles 

 Engineering MPN 

capsules via 

discrete assembly 

18 

 Fe3+, Mn3+, 

Gd3+, Cu2+, 

Eu3+, Tb3+, 

Rh3+, V3+, 

Cr3+, Co2+, 

TA PS particles  Multifunctional 

MPN capsules 

30 
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Ni2+, Cu2+, 

Zn2+, Zr4+, 

Mo2+, Ru3+, 

Rh3+, Cd2+, 

Ce3+ 

 Fe3+ TA ZIF-8 Chemodynamic therapy Enzyme 

encapsulation to 

trigger 

intracellular 

cascade reactions 

119 

 Ti4+ TA CaCO3 particles Enzyme encapsulation  229 

 Fe3+ TA CaCO3 particles  Magnetic and 

enzyme-loaded 

capsules 

230 

 Fe3+ GA, PG, PC PS particles  Smallest phenolic 

molecules used 

for MPN capsules 

198 

 Al3+ TA  CaCO3 particles Drug delivery  137 

 Fe3+ Lignin Emulsion  Preparation of 

nanocapsules 

231 

 Fe3+ PEG-polyphenol CaCO3 particles  Low-fouling and 

pH-degradable 

capsules 

154 

 Fe3+ HA-polyphenol CaCO3 particles  Protein corona-

coated MPN 

capsules 

232 
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 Fe3+ PEG-polyphenol, 

HA-polyphenol 

CaCO3 particles Cancer cell targeting  155 

 Fe3+ GA, TA ZIF-8, MIL-68, 

Tb-CP, 

Fe3O4@ZIF-8 

particles 

Surface functionalization  199 

 Fe3+ TA Lignin particles  MPN capsules 233 

 Fe3+ TA PS particles  MPN capsules  165 

 Fe3+ Que, Myr PS particles Radical scavenging  125 

 Rust GA, TA PS particles  Rust-mediated 

assembly 

141 

 Fe3+ TA Oil droplet, 

microbeads, 

yeasts 

Cell encapsulation Biphasic assembly 229 

 Fe2+ TA Hexadecane 

droplet 

 MPN capsules 

with controllable 

thickness 

24 

 Fe2+ TA PS particles  Oxygen-mediated 

assembly methods 

(O2 and ROS) 

144 

 Fe2+ L-tyrosine PS particles  Engineering MPN 

capsules with 

monophenols 

146 

 Fe3+ CG, CC CaCO3, PS 

particles 

 MPN capsules 

with macrocyclic 

cyclodextrins 

234 
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using host–guest 

chemistry 

 Fe3+ TA ZIF‐L, GOx–ZIF‐

L, HRP–ZIF‐L 

particles 

Artificial cells  131 

 Fe3+ Turkish galls 

gallotannins 

CaCO3 particles Ulcerative colitis therapy  235 

 Fe3+ Eucalyptus leaf 

extracts 

PMMA particles  Selective 

assembly of 

phenolic 

compounds with 

Fe3+ ions 

120 

 Fe3+ TA PS particles  Engineering MPN 

capsules using 

mechanochemistr

y 

167 

 Fe3+ PDA CaCO3 particles Surface modification  236 

 Al3+ EGCG Tumor cells Vaccines  237 

 Fe3+, Cu2+, 

Zr4+ 

GA, EGCG PS-b-PEO 

particles 

Enzyme encapsulation Mesoporous MPN 

particles 

147 

 Fe3+ TA CaCO3 particles Controlled pulmonary 

deposition 

 238 

 Fe3+ TA ZIF-8 particles Cancer therapy Encapsulation of 

ICG 

200 

 Fe3+ TA PS particles  MPN capsules 

with 

121 
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programmable 

gating 

 Co2+ TA ZIF-8 particles Lithium ion recovery  239 

 Fe3+ TA CaCO3 particles Virus (Epstein–Barr) 

detection 

 240 

 Cu2+ EGCG CaCO3 particles Peripheral artery disease 

therapy 

 152 

aAbbreviations: Hydroquinone (HQ); 4-chlorophenol (4-CP); 4-bromophenol (4-BP); tyramine (TyA); acetaminophen (AP); resveratrol (RR); 

poly(4-vinylphenol) (P4VP); green fluorescent protein (GFP); catalase (CT); pyrocatechol (PC); hyaluronic acid (HA); quercetin (Que); myricetin 

(Myr); cyclodextrin catechol (CC); cyclodextrin galloyl (CG); Saccharomyces cerevisiae (S. cerevisiae); Escherichia coli (E. coli); Staphylococcus 

epidermidis (S. epidermidis); dendrimer–doxorubicin (Den–DOX); melamine formaldehyde (MF); eutectic gallium–indium alloy (EGaIn); 

polydimethylsiloxane (PDMS); poly(lactic-co-glycolic acid) (PLGA); Tb-coordination polymer (Tb-CP); glucose oxidase (GOx); peroxidase from 

horseradish (HRP); poly(methyl methacrylate) (PMMA); polystyrene-block-poly(ethylene oxide) (PS-b-PEO); near-infrared fluorescence (NIRF); 

positron emission tomography (PET); layer-by-layer (LbL). 

 

Metal ions can also be used to connect polyphenol-coated micro- and nanoobjects to form 

complex superstructures, where the metal ions serve as the binders and curing agents. For example, 

15 types of materials with different sizes, shapes, and compositions were assembled using MPNs 

or PDA as a surface coating and subsequently “locked together” by metal ions (e.g., Fe3+ and Al3+). 

As a result, complex three-dimensional (3D) superstructures, including core–satellite, 

hierarchically organized particles, and macroscopic materials, were engineered.140 Superstructures 

of various shapes and sizes of 10–500 nm were assembled in a water/ethanol system using Mo2+–

PDA complexes as binders and various nanomaterials (e.g., SiO2, nano Si, Fe2O3 nanocubes, 

SiO2@C, NiNH4PO4·H2O nanorods, and SnO2 hollow spheres) as building blocks. The shape of 

the superstructures was regulated from the morphology of the particle building blocks 

(nanospheres, nanocubes, nanorods, and hollow spheres).241 Using MPN assembly to form 

hierarchical structures can open new avenues in synthetic cells or artificial organs.28 
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4.3. Hydrogels  

As a promising type of soft material, hydrogels have been explored in various fields, including 

underwater adhesives, tissue engineering, artificial skin, and water treatment.242-245 Despite their 

potential and progress achieved to date, conventional hydrogels present some challenges in their 

functionality in regard to the limited choice in the building blocks available for their synthesis and 

in generating adequate interactions (e.g., adhesion) with substrates (i.e., skin). To this end, MPN-

based hydrogels have been engineered from modular building blocks, affording enhanced material 

properties including high adhesion with substrates. 

MPN hydrogels have been extensively studied, as highlighted in recent reviews.129,135,246 This 

section provides a general overview of MPN-based hydrogels with an emphasis on metal ion-

directed gelation. Various metal ions have been reported to chelate with various catechol/PG-

containing polymers, including PEG,53,247,248 chitosan,249 chondroitin sulfate,250 gelatin,251,252 

polyallylamine,57 generating reversible cross-linked hydrogel networks. For instance, a solution 

mixture of 4-arm-PEG-catechol and Fe3+ with a low viscosity could transform into an elastomeric 

gel upon the formation of tris-Fe3+–catechol complexes by raising the pH of the solution from ~5 

to ~12.53 The use of the metal ions V5+, Au3+, and Ag+ also led to the gelation of 4-arm-PEG-

catechol but with different gelation kinetics, mechanical properties, cross-link density, and self-

healing capacity.253 In contrast, the addition of Cu2+, Al3+, or V4+ did not lead to the gelation of 4-

arm-PEG-catechol, suggesting that the valency and redox potential of metal ions are important 

factors for the design of catechol-bearing hydrogel networks.253 Metal oxide nanomaterials (e.g., 

nanosheets and NPs) were also used as building blocks for the preparation of hydrogels. For 

example, Fe3O4 NPs induced the gelation of 4-arm-PEG-catechol networks to produce a composite 

hydrogel. The hydrogel displayed a viscoelastic solid-like behavior, similar to covalently cross-

linked hydrogels, but reversible mechanics.254 Such material rheology properties were attributed 

to the dominant cross-links of particle–polymer interfacial Fe3+–catechol coordination bonds and 

finely controlled by the number of polymer chains bound to each NP. Furthermore, Fe3O4 NPs 

were synthesized in situ by adding Fe2+ to the 4-arm-PEG-catechol/Fe3+ hydrogels under alkaline 
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conditions (Figure 11a).248 The rheology measurements demonstrated that in situ mineralization 

significantly improved the mechanical performance of the hydrogels compared with that achieved 

by ex situ mineralization, mineral-free hydrogels and ligand-free hydrogels (Figure 11b–d). The 

strategy can be extended to other inorganic nanomaterials through coordination interactions, thus 

providing a facile approach to construct biological organic–inorganic composite materials. 

Furthermore, the addition of preformed metal–phenolic complexes to polymer solutions, such 

as polyvinylpyrrolidone (PVP),255,256 poly(sodium 4-styrenesulfonate), 

poly(dimethyldiallylammonium chloride), and PEG,257 can lead to gelation through both hydrogen 

bonding and coordination bonding. Both synthetic molecules and naturally occurring phenolic 

compounds have been reported for engineering hydrogels via direct gelation. Supramolecular 

hydrogels were obtained by directly mixing TA with Ti4+ or Zr4+ ions in solution.139 Incorporating 

diverse functional materials endowed TA/Ti4+ hydrogels with multiple properties, including self-

healing, pH-responsiveness, photothermal performance, and electrical conductivity.139 TA/Ti4+ 

metallogels were subsequently developed as a generic platform for the crystallization of active 

pharmaceutical ingredients (e.g., caffeine, carbamazepine, and piroxicam).202 The 

biocompatibility and immunogenicity of TA/Ti4+ metallogels were studied in immunocompetent 

mice over 14 weeks, which highlighted the potential suitability of the supramolecular hydrogels 

for biomedical applications.258 The application of MPN-based hydrogels is thus widespread and 

has been demonstrated in a variety of fields, especially in biomedical engineering246 (e.g., drug 

delivery202,258 and tissue repair259,260), electronics129 (e.g., skin-like sensors,261,262 soft actuators,255 

and bioelectronic implants263), wet adhesives,264 and environmental remediation and catalysis.265 
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Figure 11. (a) In situ mineralization of a gel formed by introducing Fe2+ to a mineral-free gel, 

cross-linked by 4-arm-PEG-catechol−Fe3+ interactions. (b) Ex situ mineralization of a gel formed 

by mixing Fe3O4 minerals with 4-arm-PEG-catechol. (c) Preparation of a ligand-free hydrogel 

using the same protocol as that used for the in situ mineralized gel except that 4-arm PEG with no 

catechol modification was used. (d) Plateau modulus (Gp) values of the mineral-free gel, gels 

formed in situ and ex situ, and ligand-free gel at 1% strain. Adapted with permission from ref 248. 

Copyright 2021 Springer Nature. 

5. Materials Formed via Redox Interactions 

Recent advances in the field of in situ reduction of noble metal ions by phenolic compounds are 

demonstrated in Figure 12. Specifically, the choice of the phenolic building blocks employed has 

expanded from simple phenolic molecules to synthetic catechol-containing polymers, as well as 

biomass-derived lignin. Furthermore, well-defined nanostructures, such as multishell NPs, core–

shell NPs, and multifunctional hydrogels have been effectively prepared through in situ reduction 

of noble metal ions by diverse phenolic building blocks.31,266-270 Moreover, the dynamic redox 
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balance of phenol–quinone mediated by Ag NPs is a promising strategy for the development of 

long-lasting adhesive materials.64,66,271 The particles and hydrogels formed via redox interactions 

not only retain the properties of the building blocks (e.g., antioxidant properties of phenolics), but 

also emerge new functions, such as enzyme-like activity of TA–Ag NPs.66,272 The noble metal NPs 

obtained by the reduction of natural polyphenols represent potential applications in catalysis, 

sensing, and nanomedicine. 

 

Figure 12. Recent progress in the redox interactions between noble metal ions and phenolic 

compounds. Adapted with permission from the following references: Ref 266. Copyright 2010 

Royal Society of Chemistry; Ref 31. Copyright 2011 American Chemical Society; Ref 267. 

Copyright 2012 Elsevier; Ref 271. Copyright 2013 Elsevier; Ref 273. Copyright 2014 American 

Chemical Society; Ref 268. Copyright 2015 American Chemical Society; Ref 269. Copyright 2016 

American Chemical Society; Ref 274. Copyright 2018 Wiley-VCH; Ref 275. Copyright 2018 

American Chemical Society; Ref 66. Copyright 2019 Springer Nature; Ref 64. Copyright 2020 

American Chemical Society; Ref 272. Copyright 2021 Elsevier. 
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5.1. Particles 

Individual noble metal NPs, nanoplates, and nanofibers have been synthesized in various 

phenolic solutions such as TA,59,276 DA,58,275 GA61,277,278 and various catechol-conjugated 

polymers.65,279 Owing to the conformal coating properties displayed by phenolic compounds, noble 

metal NPs were fabricated on PDA or MPN-coated substrates such as polymer films,280 metallic 

oxide NPs,281 metal NPs,282 gauze,274,283 polymer microspheres,59 3D nickel hydroxide 

nanowalls,284 and carbon nitride.285  

Furthermore, complex nanostructures (e.g., multi-shell and core–shell NPs) were fabricated 

using a one-step redox reaction between phenolic compounds and noble metal ions. Well-defined 

core–shell nanocomposites were assembled by one-pot preparation under microwave irradiation 

in the presence of tea polyphenols (TPs) and Ag+ or Au+.273 The core–shell Ag–TP nanocomposites 

showed strong inhibition activity toward the growth of Escherichia coli (E. coli) while showing 

negligible cytotoxicity against normal cells (i.e., COS-7, a monkey fibroblast-like cell line).273 The 

use of microwave irradiation played an important role in the self-assembly and aggregation of the 

noble metal complexes. The addition of AuCl4
+ or Ag+ salts to DOPA-containing PEG solutions 

not only led to metal reduction but also simultaneously produced reactive quinones that covalently 

cross-linked the PEG shell onto the NP surfaces (Figure 13a).31 A metal core and less electron 

dense coatings were shown in a transmission electron microscopy (TEM) image (Figure 13b). 

Owing to the protection provided by the PEG shell, the obtained metal NPs with polymeric shells 

provided high stability from aggregation in aqueous solutions even under high ionic strength 

conditions.31 Potentially, this facile surface functionalization strategy can be broadened by using 

different catechol-containing molecules, such as PDA, DOPA-modified peptides, proteins, or 

polysaccharides for broader biological and catalytic applications. Duan and co-workers fabricated 

a series of multifunctional core–shell nanohybrids of NP@MOF and multishell nanogapped 

NPs.268,269 The PDA-coated colloidal substrates enabled localized reduction of gold precursors and 

directed the subsequent heterogeneous nucleation of MOFs (e.g., ZIF-8, UiO-66) or the growth of 

Au shells. Specifically, simply repeating the cycles of PDA coating and metallization, 
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nanostructures with multiple concentric nanoshells around the core were obtained. As shown in 

Figure 13c, nanostructures with a single shell featured a 50 nm Au core and a 13 nm nanogap, 

where the size of single-shell nanostructures was smaller than that of the double-shell or triple-

shell nanostructures based on the TEM images. The UV–vis absorption of the nanostructures 

increased significantly as the number of Au shells increased, and the surface-enhanced Raman 

scattering was strongly activated by nanogaps between the Au shells (Figure 13d and 13e).269 The 

reduced Au sandwiched between the NP core and MOF or Au shell is expected to provide 

opportunities for flexible, rational functionality integration into the final materials. A class of 

compact monodisperse Au plasmonic blackbodies (AuPBs) were prepared via reduction of AuCl4
+ 

by DA. The AuPBs exhibited intense and uniform broadband absorption in the first near-infrared 

and the second near-infrared (NIR-II) spectral windows.275 In photothermal therapy (PTT) for 

tumors, the NIR-II laser could penetrate tissues 5 mm thick and induce prominent tumor cell death 

in 4T1 (a mouse breast cancer cell line) tumor-bearing mice after injection of the AuPBs.275 
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Figure 13. (a) Schematic and (b) TEM and SEM (inset) images of metal core–polymer shell NPs 

formed by DOPA-containing PEG polymers (Ac-DOPA4-mPEG) and noble metal ions. (c) TEM 

images, (d) UV–vis spectra, and (e) surface-enhanced Raman scattering spectra of nanogapped Au 

NPs coated with PDA and single, double, or triple Au shells. (a, b) Adapted with permission from 

ref 31. Copyright 2011 American Chemical Society. (c–e) Adapted with permission from ref 269. 

Copyright 2016 American Chemical Society. 

5.2. Hydrogels 

Nanocomposite hydrogels are 3D hybrid networks that are formed by incorporation of 

nanomaterials (e.g., metallic, polymeric NPs) into bulk hydrogels.242,286,287 The properties of the 

NPs and hydrogel constituents can be synergistically combined, enabling nanocomposite 

hydrogels with excellent mechanical properties and functionalities, such as conductivity, magnetic 

responsiveness, and photothermal effect.286,288 The presence of metal NPs in phenolic hydrogel 

engineering presents several advantages. Firstly, the inclusion of metal NPs endows hydrogels 

with additional functions such as antibacterial properties (provided by Ag)267 and catalytic 

activities (provided, for example, by Au).289 Secondly, the composite hydrogels (with the 

incorporated metal NPs) present different physical properties including rheological properties, 

gelation kinetics, and cross-linking densities from those of hydrogels prepared without 

NPs.253,289,290 Thirdly, the quinone–catechol redox reactions using noble metal ions as oxidizing 

agents leads to covalent cross-linking of the phenolic moieties that facilitate hydrogel formation,267 

thus promoting the adhesion and cohesion of the hydrogels.66 As further exemplified in the 

literature, the oxidative covalent polymerization of catechols coupled with the reduction of Ag+ to 

Ag NPs resulted in the formation of antibacterial hydrogels.267 Biomass-derived lignin with 

numerous catechol and PG groups is an effective reducing agent. The lignin spontaneously loses 

electrons in the presence of metal ion precursors including Ag+,271 Au3+, Pd2+, Ru3+, Re+,291 Pd2+, 

Cu2+, Fe3+, Ni2+, and Zn2+,64 resulting in the concurrent formation of metal–lignin NPs. Among 

lignin-based NPs, Ag–lignin NPs are stable redox pairs that can provide a long-lasting reductive–

oxidative environment.64,66 This redox system of generating catechol groups continuously is 
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attributed to the localized surface plasmon resonance effect of the Ag NPs, producing numerous 

photogenerated electrons that are accepted by quinones in lignin to form adherent phenolic 

hydroxyl groups.64,66 The quinone–catechol reversible redox reaction has been widely used to 

trigger gelation based on free radical polymerization.64,66,272,290 For example, Ag–lignin NPs 

combined with ammonium persulfate (APS) generated large amounts of free radicals, which 

initiated controlled free-radical polymerization of AA monomers into polyacrylic acid (PAA) to 

generate a hydrogel (Figure 14a).66 Recently, it was reported that Ag–lignin NPs could catalyze 

oxidative decarboxylation reactions leading to intermolecular cross-linking of COOH-containing 

polymers in the presence of APS (Figure 14b).64 Active radicals in the Ag–lignin NPs–PAA 

hydrogel were detected by EPR spectroscopy even after 24 h, suggesting that the radicals could 

maintain long lifetimes in the reductive environment provided by the Ag–lignin NPs (Figure 14c). 

In another study, Ag–TA NPs with an average diameter of 5 nm were prepared by in situ reduction 

of Ag NPs with TA. The Ag–TA NPs exhibited stable peroxidase-like catalytic activity (Figure 

14d).272 The resulting hydrogels formed from the Ag–TA NPs possessed conductive (Figure 14e), 

antibacterial, and adhesive properties. Thus, the Ag NPs and polyphenols can form suitable 

electron donor–acceptor complexes, which provides a facile and ecofriendly strategy for 

engineering durable adhesive and functional hydrogels. Nevertheless, a limitation that needs to be 

considered is the ability of lignin or TA and the corresponding quinones to act as radical 

scavengers, which could potentially inhibit intermolecular cross-linking, consequently preventing 

the formation of a self-standing hydrogel. 
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Figure 14. (a) Quinone–catechol reversible reactions of Ag–lignin NPs triggering gelation. 

Adapted with permission from ref 66. Copyright 2019 Springer Nature. (b) Intermolecular cross-

linking of PAA via oxidative–decarboxylation reactions. (c) EPR spectra of the reaction for 

engineering Ag–lignin NPs–PAA hydrogel at various time points. (b, c) Adapted with permission 

from ref 64. Copyright 2020 American Chemical Society. (d) Schematic of the antibacterial 

activity displayed by Ag–TA NPs, as demonstrated via the generation of reactive oxygen species 

during a peroxidase (POD)-like catalytic process. (e) Conductivity of Ag–TA NP-containing 

hydrogels as a function of Ag–TA content. (d, e) Adapted with permission from ref 272. Copyright 

2021 Elsevier. 
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6. Materials Formed via Dynamic Covalent Interactions 

Recent findings in metalloid–phenolic networks including BPNs, SiPNs, and GePNs are shown 

in Figure 15. BPNs with pH- and sugar-responsiveness have gained considerable attention in 

material engineering from NPs,80,292 micelles,79,293 capsules,70 bulk hydrogels76,77,81,294,295 to 

coacervates,88,296 and have shown potential applications in drug delivery,79,82,85,86,297 tissue 

repair,76-78 disease diagnostics,75 3D cell encapsulation,73,294 molecular recognition,75,266,298 and 

separation.299 Other progress reported in the field of metalloid–phenolic networks relates to 

SiPNs.69,91,300 The strong bonding interactions between Si and catechol or PG groups were 

demonstrated from the improved mechanical properties of polyphenol-containing hydrogels by 

addition of nanosilica (e.g., laponite, Na0.7
+(Mg5.5Li0.3Si8)O20(OH)4)0.7

−),301-304 as well as the 

formation of continuous TA nanocoatings mediated by silicic acid.305 Studies have shown that 

introducing Si NPs into phenolic adhesives can considerably improve the adhesive and mechanical 

properties of the resulting materials.92,93 In addition, GePNs have attracted increasing attention in 

engineering materials due to the strong interactions between Ge and phenolic materials. It is 

reported that the use of germanic acid together with TA enables a continuous coating.305 Ge–

mangiferin complexes have been shown to exhibit higher antioxidant and anti-cancer activities 

than free mangiferin or Ge.306 Given the specific nature of metalloids, such as semiconducting 

properties and pharmacological effects, further studies on metalloid–phenolic networks will help 

to broaden the potential technological and biomedical applications of phenolic materials. 
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Figure 15. Timeline of recent development in metalloid–phenolic networks. Adapted with 

permission from the following references: Ref 292. Copyright 2010 Springer Nature; Ref 86. 

Copyright 2011 American Chemical Society; Ref 79. Copyright 2012 Wiley-VCH; Ref 302. 

Copyright 2013 Royal Society of Chemistry; Ref 83. Copyright 2014 American Chemical Society; 

Ref 70. Copyright 2015 Wiley-VCH; Ref 296. Copyright 2016 American Chemical Society; Ref 

301. Copyright 2017 Wiley-VCH; Ref 294. Copyright 2018 Wiley-VCH; Ref 91. Copyright 2019 

Wiley-VCH; Ref 105. Copyright 2020 American Chemical Society; Ref 307. Copyright 2021 

American Chemical Society. 

6.1. Particles 

Boronate-based nanocarriers typically exhibit fast dual responsiveness to external pH and diols, 

which provides a facile way to release cargos in an acidic microenvironment (e.g., tumor sites) or 

in the presence of elevated glucose.79,84,308,309 Lam and co-workers developed a class of stimuli-

responsive micelles using reversible boronate ester bonds to cross-link dendritic PEG polymers 

(Figure 16a).79 The cross-linked micelles remained stable under physiological conditions and 

dissociated at pH 5.0 or in 100 mM mannitol, which offers an opportunity for designing smart drug 
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delivery systems in a controllable manner (Figure 16b).310 The micelles loaded with paclitaxel 

(PTX) displayed a long blood circulation time in vivo and the release of PTX via dissociation, 

triggered in acidic tumor microenvironments. Mannitol was administered intravenously, serving 

as an additional trigger to induce drug release on demand, thereby improving tumor therapeutic 

effects and extending survival of the mice.293 Thus, multi-responsive boronate-based nanocarriers 

possess advantages in combination therapy for solid tumors, showing promise for improving 

therapeutic efficacy while minimizing side effects. 

BTZ is not only a boronic acid analogue but also a commercial proteasome inhibitor for multiple 

myeloma and mantle cell lymphoma treatment (Figure 16c).85,86 Substantial efforts have been 

focused on developing nanocarriers (e.g., NPs,192 prodrugs,86,87 micelles82,85) based on phenolic 

compounds and BTZ, which act as structural and functional components. PEG–catechol–BTZ 

conjugates showed a pH-dependent release behavior with high proteasome-inhibiting activity 

toward breast carcinoma cells.86 To enhance drug delivery specificity to tumor sites, nanocarriers 

have often been incorporated with cell-targeting functions. For instance, tripeptide 

arginylglycylaspartic acid as a targeting ligand was grafted onto catechol/BTZ-modified 

polyamidoamine dendrimers to precisely deliver BTZ to MDA-MB-231 cells.297 Another feasible 

strategy is to design nanocarriers that can undergo structural transformation in response to changes 

in temperature, magnetic field, or pH. For instance, BTZ-loaded micellar NPs were prepared from 

a diblock copolymer composed of PEG block and polycarbonate block linked through an acid-

sensitive acetal junction. The NPs could shed the hydrophilic PEG shell in acidic tumor tissues or 

inside cancer cells, hence accelerating drug release at the target sites.85 However, it was reported 

that boronate–catechol complexation could inhibit the therapeutic efficacy of BTZ to a certain 

degree.192 Therefore, supramolecular self-assembly using small molecular natural polyphenols 

(e.g., TA, EGCG, catechin) and BTZ not only retains the bioactivity (e.g., anticancer activity) of 

the natural phenolic compounds but also reduces the inhibition effects on BTZ (Figure 16d).192 
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Figure 16. (a) Fabrication of micelles by using reversible boronate ester bonds to cross-link 

dendritic PEG polymers. (b) Controlled drug release profiles of the cross-linked micelles. (c) 

Proteasome inhibition by BTZ by chemically blocking the active sites. (d) Supramolecular 

nanomedicine involving natural polyphenols, BTZ, and Fe3+ for cancer therapy. Cholic acid (CA); 

non-crosslinked micelle (NCM); boronate cross-linked micelles formed by PEG5k-

nitrophenylboronic acid4-CA8 and PEG5k-catechol4-CA8 (BCM4). (a, b) Adapted with permission 

from ref 79. Copyright 2012 Wiley-VCH. (c, d) Adapted with permission from ref 192. Copyright 

2018 American Chemical Society. 

6.2. Hydrogels 

The introduction of functional boronic acid moieties affords phenolic hydrogels with diverse 

properties such as pH-reversibility, self-healing, and glucose sensitivity.78,83,295,311,312 Considering 

the bioactivities of phenolic compounds and negligible toxicity of boronic acid-derived 

compounds, BPN-based hydrogels are suitable for biomedical applications. A number of plant-
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derived polyphenols as cross-linkers and therapeutics were used to form injectable hydrogels by 

mixing with boronic acid-modified PEG.81 The reversible boronate ester bond afforded a long-

term steady-state release of therapeutic polyphenols (i.e., EA) that led to a decrease in the survival 

rate of CAL-27 oral cancer cells.81 Moreover, the dynamic nature of boronate ester bonds endows 

hydrogels with a stress-relaxing property (Figure 17a), which is important for 3D cell 

encapsulation to promote cell–matrix interactions. Human mesenchymal stem cells (hMSCs) were 

encapsulated in the fast stress-relaxing hydrogels promoted by both reversible boronate bonds and 

azide-alkyne cycloaddition.294 hMSCs spread significantly within day 1, and cell volume was 

nearly four times as large as that in a control group comprising an elastic hydrogel prepared from 

permanent azide-alkyne cycloaddition chemistry alone at day 7 (Figure 17b).294 The dynamic 

boronate ester bonds endow BPN hydrogels with high flexibility to afford tunable physicochemical 

properties and responsiveness for diverse applications. 

Nanocomposite hydrogels that are formed from NPs and hydrogels hold promising prospects in 

many fields owing to their combined attributes from the respective NP and hydrogel components. 

The strong interfacial bonding between phenolic groups and nanosilicate (i.e., laponite) has been 

widely reported.91,302 The addition of laponite enhanced the bulk mechanical and adhesive 

properties of catechol-conjugated polyacrylamide hydrogels302,303 and catechol-modified PEG 

hydrogels.301,304 For hydrogels formed by 8-armed PEG-catechol and laponite (PEG-Lapo), the 

storage modulus (G') continued to increase over 4 days, and the damping ratio (loss modulus 

(G″)/G') decreased with incubation time, indicated that the reversible laponite–catechol 

interactions in hydrogels were slowly replaced by covalent bonds of phenolic autoxidation.301,302 

As a result, PEG-Lapo hydrogels were remolded into different shapes according to surrounding 

environment features (e.g., adhesion to a convex pericardium or collagen tubing) and shape-fixed 

as the density of covalent cross-linking increased (Figure 17c), which provides a simple approach 

to construct moldable nanocomposite hydrogels.  
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Figure 17. (a) Design of covalent adaptable networks based on dynamic boronate bonds. (b) 

Representative maximum intensity projection images of cells in elastic and stress-relaxing 

hydrogels on day 1 and day 7. Scale bars are 100 μm. (a, b) Adapted with permission from ref 294. 

Copyright 2018 Wiley-VCH. (c) Moldability and adhesiveness of a nanocomposite hydrogel 

formed from DA-modified PEG and laponite. Scale bars are 10 mm. 2-fluorophenylboronic acid 

(FPBA), boroxole (BX), Wulff-type-like boronic acid (WBA), catechol (CAT), and nitro-

dopamine (ND). Adapted with permission from ref 301. Copyright 2017 Wiley-VCH. 
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7. Applications 

Metal ions not only are important building blocks in the preparation of metal–phenolic materials 

but also endow metal–phenolic materials with diverse functionalities such as conductivity, 

imaging capability, and pH-responsiveness.313 Such features allow the broad application of metal–

phenolic materials in the biological, mechanical, catalytic, and environmental areas. Furthermore, 

liquid metals (LMs) have recently been developed as metal building blocks for metal–phenolic 

materials, which expands the use of metal–phenolic materials in soft electronics and sensors.228,314 

Scientific advances of metal–phenolic materials have been shown in emerging areas such as 

agriculture315 and information visualization.316,317 This section will give an overview of the 

applications of metal–phenolic materials. 

7.1. Biological Applications 

Numerous reviews on the biological applications of PDA or polyphenols have been published 

in the last few years, and many of them involve metal–phenolic materials, particularly 

MPNs.19,27,60,313,318-320 Herein, we summarize some of the recent (2017–2021) reviews on the 

biological/biomedical applications of MPN-based materials (Table 4), followed by a focused 

discussion on predominant applications, such as theranostics, antibacterial, degradable 

biointerfaces, and the importance of metal ions. 

Table 4. Overview of reviews published in 2017–2021 on the biological/biomedical applications 

of metal–phenolic materials 

Year Material Biological/biomedical application Ref. 

2017 MPNs Engineering of various biointerfaces (bacteria, yeast, 

animal cells, viruses, teeth) 

19 

2018  Metal-containing PDA (nano)materials Cancer therapy (imaging, therapy, nanotechnology)  321 

Metal-containing DA-based materials Cancer diagnosis, therapy and theranostics 322 

Polyphenol-metal ion/boronate/noble Cell encapsulation, antimicrobial and antioxidant 323 
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metal NP complexes applications 

2019 Metal-containing PDA platforms  Biosensing, bioimaging, cancer therapy, cancer 

theranostics, antimicrobials 

324 

Metal-containing melanin/PDA-based 

nanomaterials  

Bioimaging, disease treatment, theranostics, antibacterial 

applications, UV/radiation protection, biosensor, tissue 

engineering 

325 

MPN-based particles Cancer therapy, imaging and diagnosing, treatment of 

other diseases 

318 

MPN films, particles and bulk 

materials 

Drug delivery, sensing and imaging, artificial sporulation 28 

2020 Metal–phenolic hydrogels Antibacterial, wound dressing  135 

Metal–phenolic biomaterials Drug delivery 326 

Metal-containing catechol-

functionalized hydrogels 

Tissue sealants and adhesives, antifouling and 

antimicrobial applications, drug delivery, cell 

encapsulation and delivery 

246 

Metal-containing PDA nanomaterials Theranostics, antifouling and antimicrobial applications 313 

2021 Metal-containing polyphenol scaffolds Tissue engineering 327 

Metal-phenolic particles and 

nanohybrid materials 

Particle–cell interactions, pharmacokinetics, and 

toxicology, in vitro biosensing, in vivo bioimaging, 

disease therapy 

176 

Metal–phenolic NPs Biodetection, multimodal bioimaging, protein and gene 

delivery, bone repair, antibiosis, and cancer theranostics 

328 

MPN-assembled complexes Cancer theranostics 329 

MPNs Cancer theranostics 330 

MPN coatings Bioactive interfaces 331 
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7.1.1. Theranostics 

Metal ions play vital roles in the field of therapy and diagnosis.332 Metal-containing phenolic 

NPs for various diagnostic and therapeutic applications have been discussed in other reviews.313,318 

Herein, we focus on the comparison of different metal–phenolic complexes (including those 

prepared from different metal ions and the same phenolics or from different phenolics and the 

same metal ions) applied in the theranostics field. MPNs are highly versatile in terms of their 

ability to incorporate various diagnostic metal ions. In addition, owing to the adhesion nature of 

MPNs, the functionalized (MPN-coated) templates could enable versatile cooperation with 

different theragnostic approaches. For example, a number of metal ion/TA assemblies were 

fabricated using poly(lactic-co-glycolic acid)-based nanovesicles (PNVs) as templates to explore 

the influence of metal ions on the photothermal effects of the assemblies.124 Among the metal ions 

examined, Gd3+-, Cu2+-, Mn2+-, and Ni2+-based PNVs displayed negligible absorption, whereas the 

use of Fe3+, V3+, and Ru3+ afforded excellent photothermal efficiency (η ~40%). The photothermal 

performance increased in the order of Ru3+–TA < V3+–TA < Fe3+–TA under 660 nm irradiation, 

which correlated to the color darkness of the assembly solution. Furthermore, PNV@Fe3+–TA 

were applied in tumor-specific photoactivated PTT, photothermal imaging (PTI), photoacoustic 

imaging (PAI), and T1-weighted MRI (Figure 18a–e). PNV@Fe3+–TA were endowed with T2-

MRI imaging capability by additionally doping with Mn2+ (Figure 18e) and with near-infrared 

fluorescence imaging capability by encapsulating hydrophilic NIR fluoroprobes (Figure 18f).124 

In addition to natural polyphenols, there are growing interests in synthesized phenolic compounds 

to form multifunctional MPNs due to their high physiological stability and bioavailability. Dai and 

co-workers designed a range of progressive therapeutic systems for cancer based on the 

coordination interactions of metal ions (e.g., Fe3+) with catechol-modified PEG and PG-modified 

platinum prodrugs.143,178,333 In addition, MPN-based NPs conjugated with 89Zr or 64Cu were 

applied for PET imaging.143,179,334 As the Gd3+ was encapsulated and chelated with polyphenols, 

MPN-based NPs were used as an excellent T1-weighted MRI contrast agent for monitoring acidic 
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tumor microenvironments.334 Chelating hafnium with phenolic agents would be promising for 

MPN-based NPs as nano-radiosensitizers to improve radiotherapy performance.335 

Fe3+–phenolic complexes with different phenolic structures of non-ortho-substituted phenol 

(nophenol), catechol (odiphenol), and PG (otriphenol) moieties were synthesized, and their effects 

on particle size, absorption in the NIR region, and PTT and PAI properties were evaluated.336 The 

Fe3+–catechol and Fe3+–PG complexes displayed higher PTT and PAI performance than Fe3+–

nophenol complexes, suggesting that at least one vicinal diol group is necessary to construct Fe3+–

phenolic complexes for PTT and PAI applications. To date, a variety of metal–phenolic 

nanomaterials have been widely designed for treatment of cancer and many other diseases, 

indicated their potential biomedical applications in various diagnostic and therapeutic 

applications.221,329,337,338 
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Figure 18. Application of PNV@Fe3+–TA in (a) PTI, (b) PAI, (c, d) PTT in vivo, (e) MRI in the 

presence of Mn2+, and (f) NIRF imaging of tumor and major organs with NIR fluoroprobes. 

Adapted with permission from ref 124. Copyright 2018 American Chemical Society. 
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7.1.2. Antibacterial 

Metals (such as V, Ti, Cr, Co, Ni, Cu, Zn, Tb, W, Ag, Cd, Au, and Hg) have been used in various 

forms as antimicrobials for centuries.339 The metal ions released from metal compounds can inhibit 

the growth of bacteria by breaking through cell walls, binding with intracellular DNA chains, 

producing ROS, eventually leading to bacterial death.339 Owing to the importance of preparing 

antibacterial coatings and the facile incorporation of phenolic nanostructures with metal ions, 

metal–phenolic materials serve as a versatile platform to transport the desired metals for interaction 

with bacteria cells. For example, Ag NPs, one of the most commonly used metal antimicrobials, 

were synthesized on polyphenol or MPN-coated surfaces (e.g., textile) via in situ reduction of Ag+ 

by polyphenols (Figure 19a). Textiles decorated with MPN@Ag NPs exhibited antibacterial 

activity against Gram-negative bacteria and outperformed a commercial bandage.274 Transition 

metal ions coordinated with phenolics have demonstrated their potential as antibacterial coatings 

for medical devices or implants (Figure 19b); among the transition metal ions studied, Cu2+ ions 

have been the most extensively studied.340-342 In a representative study, Huang and co-workers 

harnessed the antibacterial and antithrombotic properties of Cu2+ to fabricate metal–phenolic–

amine network-based coatings.341 The Cu2+-chelating coatings endowed the polyvinyl chloride 

tubes with durable and excellent antibacterial performance, as well as the capability to produce the 

antithrombotic mediator nitric oxide gas in the presence of endogenous S-nitrosothiols from 

blood.340 This Cu2+–phenolic–amine surface functionalization strategy offers a simple and 

multifunctional solution to complications (e.g., infections, thrombosis) encountered in the use of 

indwelled blood-contacting biomedical devices.340,343 

Rare-earth ions (Re3+) have also been recently investigated for antibacterial applications (Figure 

19c).344,345 The inhibition effect of microbial growth by Re3+ relies on the substitution of Ca2+ (with 

Re3+) from the binding sites of the cell membranes. Owing to the high adhesion of phenolic 

compounds, Re3+-containing MPNs show good bioavailability and stability on the surface of cells. 

In a typical study, catechin (Cat), and Re3+ (La3+, Gd3+, and Tb3+) were used for the self-assembly 

of Re3+–Cat NPs. The NPs were coated on the surface of a polyamide membrane to prevent the 
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adhesion of bacteria and subsequent formation of a biofilm. The Re3+–Cat nanocoating showed 

excellent antibacterial (>90% inhibition activity) and anti-adhesion activities against 

Pseudomonas aeruginosa, as well as good reusability and long-term stability, therefore 

successfully inhibiting the formation of a biofilm on the polyamide membrane.344 

In addition, antifouling polymers such as PEG or polycarboxybetaine conjugated with catechol 

moieties were assembled with metal ions to form antifouling and antimicrobial coatings (Figure 

19d).346,347 The metal ions (e.g., Fe3+) not only cross-linked and stabilized the antifouling coatings 

but also were released to effectively suppress the growth of bacteria. Therefore, MPN-based 

materials offer an excellent platform to load antibacterial metal NPs and metal ions, as well as 

antifouling polymers, providing simple, yet effective antibacterial coatings for potential clinical 

applications. 

 

Figure 19. Preparation of polyphenol-based antibacterial coatings via (a) the formation of Ag NPs 

reduced by phenolic compounds, (b) the incorporation of transition metal ions, (c) association with 

rare-earth metal ions, and (d) conjugation with antifouling polymers.  

7.1.3. Cell Encapsulation 

Abiotic substrates including metal, organic, and inorganic materials can be functionalized by 

PDA or MPNs, as discussed in recent reviews.28,324,348 Choi and co-workers have made significant 
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progress on the formation of biointerfaces using polyphenols or MPNs.349 In 2011, PDA was first 

introduced onto living yeast cells, which provided a synthetic strategy for cell–surface 

modification beyond the traditional layer-by-layer method.350 MPNs can disassemble under acidic 

conditions, which offers potential for forming cytoprotective shells that can degrade on demand.136 

Accordingly, the formation of a Fe3+–TA shell on yeast cell surfaces that could degrade upon HCl 

treatment (Figure 20a) was successfully demonstrated. The Fe3+–TA shell with average thickness 

of ~40 nm was observed in the TEM images (Figure 20b).136 In addition to yeast, bacteria including 

E. coli18,210 and Staphylococcus epidermidis,18 individual mammalian cells, such as HeLa cells, 

NIH 3T3 fibroblast cells, Jurkat cells,209 red blood cells,351 and PC-12 cells,210 were successfully 

coated with Fe3+–TA complexes by one-step assembly. 

A pericellular Fe3+–TA shell was also formed by incubating Fe3+-fed yeast cells in a TA solution 

via biphasic supramolecular self-assembly (Figure 20c).142 The Fe3+–TA shell could protect cells 

against external UV-C (200–275 nm) irradiation, Ag NPs, lyticase, and ROS. The shells degraded 

upon addition of acid or ethylenediaminetetraacetic acid.136,142,210 Recently, it was found that L-

ascorbic acid could also lead to the disassembly of MPN shells via the reduction of Fe3+, resulting 

in the formation of loosely bound and readily degradable Fe2+ complexes. Thus, the addition of L-

ascorbic acid to yeast@Fe3+–TA enabled the degradation of the shell under physiological 

conditions, without any negative effects on cell growth and proliferation.352 To fabricate 

multifunctional coatings, magnetic NPs and DNA molecules were incorporated into the Fe3+–TA 

shells for on-demand collection and release of cells (Figure 20d and 20e). In addition, Fe3+–TA, 

Mn2+–TA, or Gd3+–TA shells on yeast cells could serve as MRI contrast agents, where MRI signals 

were enhanced with the increase in the concentrations of coated yeast cells (Figure 20f).210 MPNs 

with degradable properties and a high affinity for biomolecules provide a versatile platform for 

cell surface engineering. 
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Figure 20. (a) Schematic of one-step assembly and degradation of the Fe3+–TA shell on individual 

yeast cell. (b) TEM images of yeast cells with Fe3+–TA shells. (c) Schematic of self-responsive 

Fe3+–TA nanoshell formation on a yeast cell via biphasic supramolecular self-assembly. (d) On-

demand collection, release and assembly of magnetic NP-modified yeast cells at Fe3+–TA shells 

with magnetic field. (e) Comparison of the number of control yeast cells with Fe3+–TA shells and 

DNA-linked yeast cells with Fe3+–TA shells cultured on the complementary DNA-presenting 

substrate. (f) T1-weighted MRI images of the yeast cells with Fe3+–TA shells, yeast cells with 

Mn2+–TA shells, and yeast cells with Gd3+–TA shells. (a, b) Adapted with permission from ref 

136. Copyright 2014 Wiley-VCH. (c) Adapted with permission from ref 142. Copyright 2017 

Wiley-VCH. (d–f) Adapted with permission from ref 210. Copyright 2015 Wiley-VCH. 

7.2. Mechanical Applications 

7.2.1. Flexible Electronic Devices 

Incorporated metal ions not only direct the assembly of metal–phenolic materials but also can 

be employed as carriers for electronic conduction.129,255,261,262,353 Phenol-containing electro-

conductive hydrogels offer several advantages in designing bioelectronics, particularly wearable 

electronic devices, which could significantly facilitate interface affinity with human tissues and 

improve electronic performances.129 Lu and co-workers developed self-catalytic and conductive 

hydrogels composed of metal ions (e.g., Fe3+, Co2+, Ni3+, and Zr3+), phenolic molecules (e.g., DA, 

TA, and TP), and vinyl-containing monomers (e.g., AA and acrylamide).262 The conductivity of 
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DA-Fe3+-AA hydrogels varied as a function of Fe3+ content, reaching a maximum value of 38 S 

m−1 at 1 wt% of Fe3+. Moreover, a stronger conductivity was obtained by using higher valence 

state ions at a given metal ion concentration. Thus, Al3+ and Fe3+ have typically been chosen to 

endow hydrogels with conductivity properties.354 The resulting hydrogels were applied for the 

detection of electrocardiogram and electromyography signals, as well as the facial movements of 

humans (Figure 21a and 21b).262 The optical transparency of bioelectronics is another essential 

feature for wearable electronic devices. Improved transparency was achieved by fabricating 

ultrathin hydrogels,255 as well as using metal ions with empty or filled d orbitals, such as Al3+, 

Ga3+, and In3+, which formed lighter colored hydrogels.57,354 Antifreezing and moisture retention 

properties are also essential and broaden the extreme environment adaptability and service life of 

hydrogel sensors. To achieve extreme environmental stability of hydrogel sensors, an 

organohydrogel-based electronic device was developed using TA-coated talc, Al3+, and polyvinyl 

alcohol in ethylene glycol/H2O.354 

Hydrogels with high conductivity are used as implantable bioelectronics in tissue engineering to 

enhance signal transmission among cells.263,353,355 A conducting polymer hydrogel fabricated from 

polypyrrole, TA, and Fe3+ exhibited a high conductivity of 0.05–0.18 S cm−1.263 In general, Fe3+ 

assisted the gelation process via promoting in situ polymerization of pyrrole and interacted with 

TA to form ionically cross-linked networks. The adhesive hydrogels with excellent electroactivity 

could activate endogenous neural stem cell neurogenesis in the lesion area (Figure 21c), thus 

promoting spinal cord injury recovery by restoring the interrupted spinal circuit. Metal–phenolic 

hydrogels with excellent self-adhesiveness and biocompatibility have been applied in the design 

of a wide variety of bioelectronics, ranging from wearable skin adhesive patches to implantable 

integrated scaffolds.129 
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Figure 21. Conductive hydrogels acting as electrodes to detect (a) electrocardiogram (ECG) and 

(b) electromyography (EMG) signals. (c) Neural stem cell differentiation treated by pristine 

polypyrrole (PPy) and TA–PPy hydrogel (Fe3+ acts as an oxidant and cross-linker) samples into 

neurons and for astrocytes. Scale bar are 50 μm. (a, b) Adapted with permission from ref 262. 

Copyright 2019 American Chemical Society. (c) Adapted with permission from ref 263. Copyright 

2018 American Chemical Society. 

7.2.2. Underwater Adhesives 

Marine organisms (e.g., mussels and sandcastle worms) that are able to secrete complex 

coacervates underwater provide inspiration for the synthesis of waterproof adhesives.150,356-358 

Pairs generating cation–π interactions possess hydrophobic aromatic rings and hydrophilic cations, 

which can play a synergetic role in breaching the interfacial water barrier to engineer underwater 

adhesives.39,40 Numerous mussel-inspired proteins or analogues, such as cationic rmfp-1,42 fp-3F,43 

mfp-3S,46 and mfp-3S analogue (containing 25 amino acids to mimic the native mfp-3S with 45 

amino acids),359 were triggered to form adhesive coacervates in the presence of cations and in the 

suitable pH environment. For example, the adhesion energy of rmfp-1 measured by SFA was ∼5.0 

mJ m−2 with the addition of 600 mM NaCl in acetic acid solution.42 Furthermore, those biomimetic 

adhesives showed diverse mechanical properties including low friction, high viscosity, and low 

interfacial tension, making them promising candidates for high-performance adhesives in 

underwater environments. Inspired by sandcastle worm glue proteins, Stewart and co-workers 



64 

created a water-borne polyacrylate adhesive containing phosphate, primary amine, catechol 

sidechains, and divalent cations. The adhesives showed adhesive ability on wet bones.360,361 The 

modulus and bond strength increased with increasing concentration of the divalent cation (e.g., 

Mg2+ and Ca2+), which reached nearly 40% of the strength of commercial cyanoacrylate 

adhesives.361 For potential application in the medical field, a biodegradable complex coacervate 

was prepared using aminated collagen, polymer with catechol and phosphate residues, and divalent 

cations (Figure 22a).362 Increasing the ratio of the divalent cations and covalent cross-linking 

density of the catechol sidechains resulted in a higher bond strength. The maximum bond strength 

was 765 kPa in the presence of Mg2+ at 1 wt%, which was more than twice the bond strength of 

Phragmatopoma californica glue.362 When incubated with osteoblastic cells, the adhesives showed 

negligible cytotoxicity.363 In cranial fracture rats, the adhesive fragments were associated with 

osteocytes and could hold wet bones together within the craniotomy region over 12 weeks (Figure 

22b).363 Furthermore, the adhesives were used as fetal membrane patches to seal iatrogenic defects 

of fetal membranes in an aqueous environment.364 

MPN-based adhesive hydrogels for wet substrates and their applications have also been reported 

and reviewed in various fields such as tissue engineering, surgical glues, drug delivery, surface 

modification, supercapacitors, and catalysis.19,246,365-369 Furthermore catechol-containing polymers 

are viable alternative underwater adhesives using metal ions as cross-linkers. Figure 22c shows a 

schematic of underwater adhesion displayed by adhesive polymers; the polymers are dissolved in 

organic solvents and applied onto a substrate underwater together with cross-linkers (e.g., FeCl3). 

The adhesive polymer based on a catechol-modified PVP backbone exhibited bonding strength of 

~0.74 MPa under wet conditions.370 The bonding strength increased with the addition of FeCl3, 

reaching a maximum bonding strength of 1.63 MPa (average 1.33 MPa) at an optimal Fe3+-to-

catechol molar ratio of 1:1.370 The effect of cross-linker type (i.e., FeCl3, iron(III) 

acetonylacetonate, KMnO4, and [(C4H9)4N]IO4) on bonding strength was also investigated for 

poly(dopamine-alt-2,2-bis(4-glycidyloxyphenyl)propane) (poly(DA-a-BGOP)) copolymers. The 

highest bonding strength (average 0.57 MPa) was obtained by using FeCl3 and iron 
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acetylacetonate), demonstrating that Fe3+ was important toward realizing high underwater 

adhesive properties.371 Under optimized formulation parameters (i.e., Fe3+-to-catechol groups 

molar ratio of 1:3 and polymer concentration of 0.45 g mL−1), poly(DA-a-BGOP) exhibited a dry-

state bonding strength as high as 16.39 ± 2.13 MPa, and an underwater bonding strength of 0.91 ± 

0.08 MPa on stainless steel substrates, which were higher than that of commercial glues, such as 

cyanoacrylates (≈ 0) and epoxy (0.23 ± 0.18 MPa) in an underwater condition.371 Maximum 

adhesion strength was obtained at a different optimal Fe3+-to-catechol molar ratio of 1:3371 from 

that reported previously.370 The different optimal ratio obtained may be attributed to differences 

in the polymer backbones displaying different polarity and hydrophobic/hydrophilic and 

cationic/anionic units and so on. For instance, Mu et al. investigated the underwater adhesive 

strength of four mussel-inspired polymers with similar catechol contents and molecular weights, 

but different amide/lactam contents, in the presence of same dosage of the cross-linker (i.e., FeCl3). 

It was found that the underwater bonding strength increased with the increase in the amide/lactam 

content, which correlates to the polarity of polymers (Figure 22d).372 The contribution of polarity 

of polymer backbones on bonding strength provides some guidance for designing novel 

underwater adhesives. 

 

Figure 22. (a) Adhesives composed of polymers with catechol and phosphate residues, aminated 

collagen, and divalent cations. Adapted with permission from ref 362. Copyright 2010 Wiley-

VCH. (b) Confocal laser scanning microscopy images of osteocytes in normal uninjured rat 
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calvaria (top) and with adhesive fragments (red) within the craniotomy region at 12 weeks 

(bottom). Scale bar is 50 µm. Adapted with permission from ref 363. Copyright 2010 Elsevier. (c) 

Schematic illustration of underwater adhesion of phenolic polymers. (d) Influence of polarity of 

polymer backbones on underwater bonding strength of mussel-inspired polymers. (c, d) Adapted 

with permission from ref 372. Copyright 2017 American Chemical Society. 

7.3. Catalytic and Environmental Applications 

7.3.1. Catalysis 

The ability to interact with a variety of metals makes phenolic materials attractive candidates as 

catalysts. Metal–organic catalysts are promising in environmentally benign organic synthesis.373-

375 Owing to the high-efficiency activity and tunable selectivity of nanostructured noble metal ions, 

the in situ reduction of metal ions by phenolic molecules or MPNs has widely been used to catalyze 

the reduction of nitroaromatics,285,289,376-378 as well as the Suzuki–Miyaura coupling 

reactions274,277,379 and styrene hydrogenation reactions.58 For example, PDA-coated graphitic 

carbon nitride (g-C3N4) acted as both the reductant and stabilizer in the formation of Au NPs on 

surfaces.285 Owing to the synergistic charge-transfer effects of plasmonic Au NPs, the PDA-g-

C3N4@Au nanocatalysts achieved highly efficient reduction of various nitroaromatics (e.g., 2-

nitrophenol, 4-dinitrophenol, methyl orange, congo red, and eriochrome black T), showing 

promising application in the removal of those organic pollutants from wastewater.285 A redox 

reaction between DA and Ag+ in solution induced the growth of an Ag shell on Au nanocrystals, 

which generated core–shell Au@Ag@PDA nanocrystals.376 The Au@Ag@PDA nanocrystals 

showed excellent catalytic activity in the reduction of 4-nitrophenol to 4-aminopheol by NaBH4 

(Figure 23a). The decomposition of organic dyes (e.g., crystal violet, alizarin red S, malachite 

green, and rhodamine B) by singlet oxygen (1O2) was also reported. 1O2 was generated by metal 

ion-mediated catechol oxidation (Figure 23b).380 The Suzuki–Miyaura cross-coupling reaction is 

one of the most effective methods for synthesizing pharmaceuticals and biologically active 

compounds277 and generally employs Pd NPs as the coupling catalyst. However, these reactions 
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are performed under organic conditions, which require laborious and time-consuming protocols to 

remove the residual organic solvents.274,277 To circumvent these issues, Pd NPs were immobilized 

on PDA-decorated Fe3O4 or reduced in GA solution, thus allowing the Suzuki–Miyaura coupling 

reaction to proceed in water instead of organic solvents (Figure 23c).277,379 The reaction showed 

>99% conversion in the presence of Pd NPs@Fe3+–TA@textiles in water, which displayed high 

recyclability up to five cycles with negligible activity loss.274 

7.3.2. Water Remediation 

Surface modification strategies mediated by phenolics or MPNs provide opportunities for 

material design to address environmental issues, such as water pollution.60,245 Considerable efforts 

have been devoted to purifying industrial wastewater using metal-directed phenolic materials (e.g., 

membranes and aerogels) for the removal of trace organic contaminants (Figure 23d),381 heavy 

metals (Figure 23e),382-384 degradation of soluble organic dyes,385,386 inhibition of microorganism 

growth (Figure 23f),382 and oil−water separation (Figure 23g).54,387 For instance, a hydrophilic and 

underwater superoleophobic polyvinylidene fluoride (PVDF) membrane coated with EGCG and 

Ag+ displayed a significantly higher permeate flux of 735 L (m2 h)−1 for diesel-in-water emulsions 

compared to the uncoated PVDF membrane (0 L (m2 h)−1).388 The decomposition of soluble dyes 

was demonstrated using reduced Ag NPs with visible light photocatalytic activity.385 TA and 

transitional metals, including Ag+, Co2+, Ni2+, Cu2+, and Fe3+, have been successfully applied to 

prepare highly efficient membranes for wastewater remediation.389 In particular, 3D porous 

structures were proven to be promising in oil–water separation. They could absorb and collect 

insoluble oil from water.390 Ag–TA NP-functionalized sponges exhibited a high absorption 

capacity of 73–175× of their own weight for oils/organic solvents.281 To improve the exposed area 

of adsorbents, MOFs were incorporated into Fe3+–TA films. The resulting films featured 

superhydrophobic surfaces with a water contact angle greater than 150°.216,391 A hydrophilic 

hierarchical hybrid layer derived fromTi4+–TA networks and ZIF-8 endowed PVDF membranes 

with robust superhydrophilicity, underwater superoleophobicity, and high-efficiency oil/water 



68 

emulsion separation capability; the resulting membranes showed a high oil rejection rate (above 

99.4%) and recyclable antifouling properties.392 

 

Figure 23. (a) Recyclable Au@Ag@PDA NPs for the catalytic reduction of nitroaromatics. 

Adapted with permission from ref 376. Copyright 2014 Wiley-VCH. (b) Photographs of dye 

solutions before and after incubation with catechol-containing Fe3O4 NPs. Adapted with 

permission from ref 380. Copyright 2020 American Chemical Society. (c) Pd/Fe3O4@PDA 

nanocatalysts for Suzuki–Miyaura cross-coupling reaction. Adapted with permission from ref 313. 

Copyright 2020 Wiley-VCH. (d) Rejection values of trace organic contaminants for Fe3+–TA-

coated membranes. Adapted with permission from ref 381. Copyright 2017 American Chemical 

Society. (e) Rejection rates of heavy metal ions of Fe3+–TA-coated poly(ether sulfone) (PES) 

membranes. (f) Antimicrobial property of Fe3+–TA-coated PES membrane. (e, f) Adapted with 

permission from ref 382. Copyright 2015 Wiley-VCH. (g) Oil–water separation capability of Ti4+–

TA/ZIF-8/Ti4+–TA-modified PVDF membrane. Adapted with permission from ref 392. Copyright 

2020 American Chemical Society. 

7.4. Emerging Applications 

Functional assemblies formed from interactions between metal ions and phenolic compounds 

have attracted increasing interest in many emerging fields. For instance, although iron gall inks 
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have been used historically, a reformative visual information storage strategy was recently 

developed that involved surface modification of substrates with polyphenols and subsequently 

with various metal ions (e.g., Cu2+, Fe3+, and Ti4+) as inks (Figure 24a).316 The use of LMs as inks 

for surface patterning is a facile approach to develop functional substrates. Furthermore, the 

adhesive ink obtained by mixing TA and EGaIn enabled patterning on diverse substrates and 

broadened the interactions of LMs with substrate surfaces.228 These inks not only were applied for 

hand-written texts using a ballpoint pen but also achieved complex conductive patterns using an 

automated setup (Figure 24b). The application of MPNs as hair dyes was also examined owing to 

strong interactions between phenolic molecules and hair surface proteins driven by hydrophobic 

interactions and hydrogen bonds. In addition, the desired colors were achieved by adjusting the 

type of metal ions.393,394 The experimental results showed that Fe2+ was superior for dyeing black 

hair to other metal ions, including commonly used Fe3+ (Figure 24c).393-396 The superior 

performance was attributed to the slow oxidation process of Fe2+ to Fe3+, which provides additional 

opportunities for the adjustment of MPN conformations on the hair surfaces.393 Recently, an oil-

in-water emulsion by homogenizing a mixture of polyphenols, Fe2+, and natural oil was used for 

black hair dyeing.396 The Fe2+–polyphenol complexes were used to stabilize the emulsion and for 

hair dyeing, whereas the natural oil was used to strengthen the hair. The advanced hair dyes in a 

form of surfactant-free emulsions presented distinct advantages in haircare applications.396 The 

development of suitable hair dyes featuring biocompatibility, stable ingredients, and color 

resistance to detergents, and that are easy to use is desirable. 

In the agriculture area, various smart delivery systems have been developed to transport 

micronutrients to plants through foliar uptake. To enhance the load capability of poly(allylamine) 

hydrochloride microgels for micronutrients (e.g., metal ions), the surface of the microgels was 

modified with 2,3-dihydroxybenzoic acid (DHBA) to enable binding to Fe3+ (Figure 24d).315 The 

Fe3+–DHBA microgel provided a controllable and sustainable release of the nutrient Fe3+ to the 

iron-deficient cucumber leaf surfaces (Figure 24e). As a result, the leaf showed significant “re-

greening” and increased chlorophyll content. Excessive aluminum in soils inhibits growth and 
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function of the plant roots. Polyphenols have been identified as effective aluminum-detoxifying 

agents due to their high affinity for aluminum.397 Exogenously added polyphenols in culture 

solution is an easy way to achieve aluminum resistance in plants. PEG/dextran phase-separated 

microdroplets containing Fe3+–TA complexes were prepared and used for protein condensation 

owing to the high affinity between polyphenols and proteins.398 Bovine serum albumin in the PEG 

phase was collected into small coacervate particles and TA moved into the PEG phase from the 

dextran phase in the microdroplets (Figure 24f). Another example of using the specific interactions 

between polyphenols and biomolecules is via patterning MPNs on proteins, lipids, nucleic acids, 

polysaccharides, and fingerprints.317 The MPNs grew preferentially on biomolecule patterns. By 

subsequently reducing Ag NPs on the deposited MPNs in situ, patterns were visualized.317 Inspired 

by this visualization method, the latent fingerprint patterns became visible after MPN growth. 

Furthermore, visualization of the fingerprint pattern was enhanced through Ag NP formation 

(Figure 24g). This platform has potential application in relevant areas of forensics and 

biomedicine.317 
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Figure 24. (a) Metal ions used as inks on polyphenol-coated substrates for visual information 

storage via the formation of MPNs. Adapted with permission from ref 316. Copyright 2019 

American Chemical Society. (b) Writing process using a ballpoint pen filled with TA/EGaIn inks. 

Adapted with permission from ref 228. Copyright 2020 Wiley-VCH. (c) Optical images and SEM 

images of native hair (left) and metal–phenolic network (middle)-coated hair (right). Adapted with 

permission from ref 393. Copyright 2020 American Chemical Society. (d) Functionalization of 

microgels with DHBA. N-hydroxysuccinimide (NHS); poly(allylamine) hydrochloride (PAH). (e) 

Functional microgel-based fertilizers for controlled foliar delivery of nutrients to plants. (d, e) 
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Adapted with permission from ref 315. Copyright 2017 Wiley-VCH. (f) Fe3+–TA coacervate 

particles in PEG/dextran microdroplets for protein condensation. Adapted with permission from 

ref 398. Copyright 2019 Royal Society of Chemistry. (g) SEM and reflectance microscopy images 

of the films before and after the formation of Ag NPs on MPN-coated fingerprints. Adapted with 

permission from ref 317. Copyright 2020 Wiley-VCH. 

8. Conclusions and Outlook 

Exploiting the interactions between metal ions and phenolic compounds has proved to be a 

versatile strategy to engineer functional materials. Cation–π interactions play important roles in 

protein structures and molecular recognition, which present advantages in designing materials for 

underwater adhesion.39,96 MPNs and metalloid–phenolic interactions both involve dynamic 

covalent bonds and are widely used in the fabrication of various functional materials such as NPs, 

hydrogels, and films. In addition, MPN coatings, as a versatile surface modification platform, are 

promising for engineering materials with desired properties that are conferred by the metals and 

phenolic building blocks.19 In situ reduction reactions between noble metal ions and phenolic 

conjugates are not only relevant to chemical catalysis but also a useful strategy for constructing 

hierarchal structures.268,269,272 Despite the significant achievements that have been attained in 

engineering metal–phenolic materials, there are still ample opportunities for further improvement 

in future research. 

(i) Elucidation of how the physicochemical properties (e.g., size, valence state, electron 

configuration, reduction potential, and stability constant) of metal ions alter the stability and 

responsiveness of metal–phenolic interactions is an essential fundamental question to address. In 

addition, a thorough understanding of the fundamental mechanisms (e.g., kinetics and dynamics) 

of the different interactions between metal ions and phenolic compounds is desirable. 

(ii) Expanding the choice of phenol derivatives and metallic building blocks offers a wide range 

of possibilities for developing novel metal–phenolic assemblies, and subsequently realizing 

synergistic or emergent properties.148 For example, cation–π interactions reported to date are 

typically limited to catechols, phenols, and benzene rings. Alternatively, PG-containing molecules 
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could potentially provide potent binding sites for cations but are yet to be reported for materials 

engineering based on cation–π interactions. Most MPN-based supramolecular structures are 

mainly formed by first-row transition metal ions and phenolics. Exploring other transition metal 

ions (e.g., late transition metals and rare-earth metals) as building blocks is expected to broaden 

the scope of MPNs and endow MPNs with specific properties. 

(iii) Incorporation of new characterization (e.g., X-ray absorption fine structure spectroscopy) 

and computer simulations to characterize supramolecular metal–phenolic structures at the 

molecular or atomic level, especially amorphous assemblies, will shed light on the 

assembly/disassembly mechanisms of metal–phenolic materials. Further exploiting force 

techniques (e.g., SFA and single-molecule force spectroscopy based on AFM) to probe the 

energetics and nanomechanics of various metal–phenolic interactions will be important for further 

manipulation of metal–phenolic materials in a controlled manner. 

In summary, the developments of metal–phenolic materials in the past decade represent 

significant advances. Powerful analytical techniques, computational chemistry, and advanced 

processing technologies are expected to further elucidate the relationships of structure–property–

function in the formation of metal ion-directed phenolic materials. We envision that a 

comprehensive understanding of the effects of metal ions on diverse interactions in metal–phenolic 

materials will provide further advances and opportunities in promising applications. 
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•OH: hydroxyl radicals; 1O2: singlet oxygen; 2D: two-dimensional; 3D: three-dimensional; 4-BP: 

4-bromophenol; 4-CP: 4-chlorophenol; AA: acrylic acid; Ach: nicotinic acetylcholine; AFM: 

atomic force microscopy; AP: acetaminophen; APS: ammonium persulfate; BPNs: boronate–

phenolic networks; BTZ: bortezomib; BX: boroxole; CA: cholic acid; Cat: catechin; CC: 

cyclodextrin catechol; Ce6: chlorin e6; CG: cyclodextrin galloyl; CP: Random polymer conjugated 

with catechol moieties; cryo-TEM: cryogenic transmission electron microscopy; CT: catalase; DA: 

dopamine; Den–DOX: dendrimer–doxorubicin; DHBA: 2,3-dihydroxybenzoic acid; DOPA: L-

3,4-dihydroxyphenylalanine; E. coli.: Escherichia coli; EA: ellagic acid; ECG: electrocardiogram; 
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EGaIn: eutectic gallium–indium alloy; EGCG: epigallocatechin-3-O-gallate; EMG: 

electromyography; EPR: electron paramagnetic resonance; EY: Young’s modulus; fp-3F: foot 

protein type-3 fast variant; FPBA: 2-fluorophenylboronic acid; G': storage modulus; G″: loss 

modulus; GA: gallic acid; g-C3N4: graphitic carbon nitride; GePNs: germanium–phenolic 

networks; GFP: green fluorescent protein; GOx: glucose oxidase; HA: hyaluronic acid; HHB: 

hexahydroxybenzene; HHTP: 2,3,6,7,10,11-hexahydroxytriphenylene; hMSCs: human 

mesenchymal stem cells; HQ: hydroquinone; HRP: peroxidase from horseradish; ICG: 

indocyanine green; IRMPD: infrared multiple photon dissociation; LbL: layer-by-layer; LM: 

liquid metal; mcfp-1: Mytilus californianus foot protein-1; MF: melamine formaldehyde; mfp-3S: 

mussel foot protein-3S; mfp-5: mussel foot protein 5; MOF: metal–organic framework; MPN: 

metal–phenolic network; MRI: magnetic resonance imaging; Myr: myricetin; NCM: non-

crosslinked micelles; ND: nitro-dopamine; NHS: N-hydroxysuccinimide; NIR-II: second near-

infrared; NIRF: near-infrared resonance fluorescence; NP: nanoparticle; P4VP: poly(4-

vinylphenol); PAA: polyacrylic acid; PAH: poly(allylamine) hydrochloride; PAI: photoacoustic 

imaging; PBS: phosphate-buffered saline; PC: pyrocatechol; PDA: polydopamine; PDMS: 

polydimethylsiloxane; PEG: poly(ethylene glycol); PES: poly(ether sulfone); PET: positron 

emission tomography; PG: pyrogallol; Phe: Phenylalanine; PLGA: poly(lactic-co-glycolic acid); 

PLG-g-mPEG: poly(L-glutamic acid)-graft-methoxypoly(ethylene glycol); PLL: poly-L-lysine; 

PMMA: poly(methyl methacrylate); PNV: poly(lactic-co-glycolic acid)-based nanovesicle; PO4-

DHB: 2-O-phosphorylethanol 2,3-hydroxybenzamide; POD: peroxidase; poly(DA-a-BGOP): 

poly(dopamine-alt-2,2-bis(4-glycidyloxyphenyl)propane); PPy: polypyrrole; PS: polystyrene; PS-

b-PEO: polystyrene-block-poly(ethylene oxide); PTI: photothermal imaging; PTrp: 

polytryptophan; PTT: photothermal therapy; PTX: paclitaxel; PTyr: polytyrosine; PVDF: 

polyvinylidene fluoride; PVP: polyvinylpyrrolidone; Que: quercetin; rmfp-1: recombinant mussel 

foot protein-1; ROS: reactive oxygen species; RR: resveratrol; S. cerevisiae: Saccharomyces 

cerevisiae; S. epidermidis: Staphylococcus epidermidis; SEM: scanning electron microscopy; SFA: 

surface force apparatus; SiPNs: silicate–phenolic networks; TA: tannic acid; Tb-CP: Tb-



77 

coordination polymer; TEA: tetraethylammonium; TEM: transmission electron microscopy; 

THBQ: tetrahydroxybenzoquinone; TP: tea polyphenol; TyA: tyramine; Tyr: tyrosine; UV–vis: 

ultraviolet–visible; WBA: Wulff-type-like boronic acid; Wco: work of adhesion energy per unit 
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