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ABSTRACT 

The rapid and robust adhesion of marine mussels to diverse solid surfaces in wet environments is 

mediated by the secreted mussel adhesive proteins which are abundant in a catecholic amino acid, 

L-3,4-dihydroxyphenylalanine (Dopa). Over the last two decades, enormous efforts have been 

devoted to the development of synthetic mussel-inspired adhesives with water-resistant adhesion 

and cohesion properties by modifying polymer systems with Dopa and its analogues. In the present 

review, an overview of the unique features of various mussel foot proteins is provided in 

combination with an up-to-date understanding of catechol chemistry, which contributes to the 

strong interfacial binding via balancing a variety of covalent and noncovalent interactions 

including oxidative cross-linking, electrostatic interaction, metal-catechol coordination, hydrogen 

bonding, hydrophobic interactions and π–π/cation-π interactions. The recent developments of 

novel Dopa-containing adhesives with on-demand mechanical properties and other functionalities 

are then summarized under four broad categories: viscous coacervated adhesives, soft adhesive 

hydrogels, smart adhesives, and stiff adhesive polyesters, where their emerging applications in 
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engineering, biological and biomedical fields are discussed. Limitations of the developed 

adhesives are identified and future research perspectives in this field are proposed. 
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I INTRODUCTION 

One grand challenge in material engineering is to engineer materials with strong adhesive 

properties in the moist environment 1, 2 since water has been known as a barrier to robust and 

durable adhesion. At the molecular level, interfacial water molecules can prevent the forming of 

adhesive bonds between the adhesives and the target surfaces, leading to weak adhesive binding 

even failure of the adhesives 3, 4. Marine mussels have mastered wet adhesion with strong 

attachment to a diversity of substrates in seawater by a holdfast structure known as the byssus, 

where a family of adhesive proteins (Fig 1a) 5, 6containing a post-translationally modified amino 

acid L-3,4-dihydroxyphenylalanine (Dopa). These mussel foot proteins (Mfps), also known as the 

mussel adhesive proteins, have strong wet adhesion on various surfaces through Dopa-mediated 

interfacial bonding. Over the years, researchers have paid great efforts to artificially synthesize 

adhesives, especially polymers containing catecholic functional groups, which mimic the adhesive 

proteins of mussels for various practical applications requiring underwater adhesion, ranging from 

tissue sealants to functional coatings. The interaction mechanisms of the mussel-inspired, water-

resistant adhesives and coating materials to different surfaces such as mica, SiO2, poly(methyl 

methacrylate) (PMMA), polystyrene (PS), TiO2, gold, metal oxides and organic thin films have 

attracted numerous interests for potential application in different fields, like biomedicine 7-11. The 

insights obtained from the understanding of the interaction mechanisms between individual mussel 

foot proteins (Mfps) and disparate substrates provide critical guidance for the design of next-

generation wet adhesive materials 12-15.  

This review covers recent progress on the design of adhesive materials derived from Mfps by 

focusing on two aspects: the adhesive mechanism of Mfps and the preparation of mussel-inspired 
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polymers. Comparing to other literature reviews on Mussel-inspired adhesives16-21, our review 

focuses more on the molecular mechanisms of mussel adhesion. We firstly describe the unique 

characteristics of some key proteins identified in the adhesive plaque of mussels and several 

essential factors influencing their functionalities. We then summarize the recent achievements in 

developing novel mussel-inspired materials, which involves Dopa-functionalized adhesives 

including coacervates 1, 15, 22, 23, adhesive hydrogels 20, 24-27, smart adhesives 28-31 and adhesive 

polyesters 32-35, holding great promise for a wide range of applications, including biomedicine 7-11, 

bioreactors36-38, coating materials 1, 23, 31, 39, 40 and drug delivery 41-43.  

 

II MUSSEL ADHESIVE PROTEINS 

2.1 Mussel Foot Proteins 

The mussel foot possesses an important functionality in term of synthesis, sensing and building. 

The entire byssus is produced in its ventral groove with one thread each time and the major 

component of the byssus thread is collagen (>90 wt%) (ref). The byssus takes function as a bundle 

of threads composed of proteins, and each of the thread links to an adhesive plaque at the distal 

end (Fig 1a). To overcome the mismatch between mussel body and the marine substrates, mussels 

employ byssus threads with a gradient stiffness. Such gradient byssus is achieved by the time-

regulated secretion, beginning with the interfacial proteins at the distal end, then bulk proteins in 

the plaque and thread components21. A new plaque can be assembled by the mussel in a few 

minutes after the secretion of proteins 44.  
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Fig. 1 Mytilus mussels. (a) A view of the mussel byssus from the base of the foot that distally 
attaches to the substratum. (b) Underside schematic view of a mussel foot indicates the distal 
depression lifting off from a completed plaque. The most distal part of a plaque attaching to the 
substrate surface is denoted in the footprint. The specific byssal proteins are synthesized and 
stockpiled by three gland clusters: accessory glands, phenol, and collagen. (c) Schematic 
distribution representation of as-studied proteins in the byssal plaque and at the distal end of thread. 
(d) Primary sequence of selected footprint protein variants of Mfp-1, Mfp-3S, Mfp-3F, Mfp-5, and 
Mfp-6 containing C (Cys), R (Arg) and K (Lys), G (Gly) and Y (Tyr). Color: blue (Y/Dopa), red 
(cationic side chains: H, K, R), green (anionic side chains: D, S, E) and purple (thiols). Reproduced 
with permission 45. Copyright © 2017, COMPANY OF BIOLOGISTS LTD 
 

Based on the reports 4, 45-66, the byssus consists of 20 different known protein components. Most 

of the proteins exhibit highly localized distributions, and many of them have not yet been fully 

characterized. At least twelve proteins within the adhesive plaques have been investigated for 

Mytilus species, and several of them are intensively characterized with mass, isoelectric point (pI), 

post-translational modifications, structure and locations in the plaque (Table 1) 4, 45-66. The six 
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important plaque proteins namely Mfp through 1–6 4, 45-66are generated from the major glands of 

the mussel foot and destined for the plaque (Figure 1b). All of these proteins contain different 

ratios of Dopa residue, derived from hydroxylation of tyrosine residue within the post-translational 

modification process. (Fig 1c, d). By injecting KCl to trigger the plaque protein secretion process, 

time-regulated secretion sequence is decrypted as Mfp-3 variants, Mfp-5 and Mfp-6 secreted 

within seconds to initial adhesion, then Mfp-2 and Mfp-4 comprising the foamy interior67, 68. A 

similar process has been reported for the Perna green mussel69. 

Mfp-1 is a coating protein of the byssal cuticle with high molecular weight (~ 110 kDa) and 

possesses local polyproline II structures 46-48. It functions as a protective layer with a combination 

of both high stiffness and extensibility, and presents in the cuticle of the byssus threads of the 

adhesive plaques. The most abundant protein (25 wt %) in the plaques is Mfp-2, with a mass of 45 

kDa found in M. edulis. Located within the plaque, Mfp-2 contains highly repetitive motifs and 

epidermal growth factor-like local structure connected by irregular sequences 70. It is reported that 

the repeated regions of localized structure are only 5 to 6 residues in length (PPII) in Mfp-1, but 

for Mfp-2 the amount of repeated regions increases to about 40 residues in length (EGF), despite 

that their global protein backbones are still flexible 47. 

Mfp-3 is a protein family normally located at the interface of the plaque and substratum, which is 

supposed to serve as an adhesive primer. Mfp-3 is a Dopa-rich protein which has the most 

polymorphic property and lowest molecular weight (5-7 kDa) 49. There are about 30 different 

variants of Mfp-3 detected in the mussel plaque, which can be classified into two sub-categories 

named Mfp-3 fast (Mfp-3F) and Mfp-3 slow (Mfp-3S) 51, 53. These two groups are defined based 

on the eluting fraction differences in reverse phase high-performance liquid chromatography  
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Table 1. Biochemical comparison of the DOPA-containing proteins of Mytilus species in the 
adhesive plaques and threads with regard to mass, pI, post-translational modifications, structure 
and localization in the foot glands and byssus 45. 
Protein Mass 

(kDa
) 

pI Modifications 
(mol%) 

Structure Location Referenc
es 

Mfp-1 ~110 8-10 Dopa (10-15), 
Hyp 

Disordered, PPII Cuticle 13-16 

Mfp-2 45 10 Dopa (5) Disordered, EGF Plaque core 15, 17 
Mfp-3F 5-7 8-10 Dopa (7-20), 

HOArg 
Disordered Plaque interface 18-21 

Mfp-3S 5-7 7-8 Dopa (8-14) Disordered Plaque interface 20- 23 
Mfp-4 90 8.4 Dopa (2) Disordered Plaque core 24 
Mfp-5 11 9.8 Dopa (30) pSer Disordered Plaque interface 25- 28 
Mfp-6 12 9.3 Dopa (5) Disordered, beta Plaque interface 29 
pCOL-D 240  9.5 Hyp; Dopa 

(0.1) 
Collagen core, silk Plaque, thread core 

(distal) 
30-32 

pCOL-P 240  9 Hyp; Dopa 
(0.1) 

Collagen core, elastin Plaque, thread core 
(proximal) 

31-33 

pCOL-
NG 

240  8.8 Hyp; Dopa 
(0.1) 

Collagen core, 
glycine rich 

Plaque, thread core  31, 32, 34 

PTMP-1 50 5.9 Glycosylation vWF fold Thread core (proximal) 32, 35, 36 
TMP-1 56.5 9.5 Dopa Discordered Thread core (distal) 32 
PPII: polyproline II helix; EGF: epidermal growth factor; vWF: von Willebrand factor; HOArg: 
hydroxyarginine; Hyp: hydroxyproline; pSer: phosphoserine; pCOL-D, -P and -NG: prepolymerized 
collagens with distal, proximal and nongradient distributions; PTMP-1: proximal thread matrix protein1; 
TMP-1: thread matrix protein1 

 

(HPLC), and are well separated on acetic acid urea polyacrylamide gels 71. Other than Dopa, the 

main components of Mfp-3 are glycine (25-29 mol %) and asparagine (10-18 mol %). All the 

tyrosine residues in Mfp-3F undergo post-translation modification by mussels themselves to Dopa 

(17−20 mol %), while about half of this value is found in Mfp-3S (8−14 mol %). Additionally, the 

yield of Mfp-3S is more than twice that of Mfp-3F, and this is the most abundant directly 

extractable protein from the byssus plaques 51. Mfp-3S is a key factor that enables the mussel 

adhesion by connecting the adhesion layer and other proteins in bulk of the plaque 54. Moreover, 
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Mfp-3S is the first known adhesive protein which could perform self-coacervation naturally. Such 

self-concertation is a potential and likely crucial way for the delivery of adhesives. 

Mfp-5 locates at the interface, and has the least polymorphic property compared to other plaque 

proteins 54, 56. It has a low molecular mass (10 kDa), consisting of one protein sequence with two 

closely related variants. Containing the highest content of Dopa (30 mol %) residues, and large 

amounts of glycine amino acid (15 mol %) and lysine amino acid (17 mol %), Mfp-5 serves as an 

important adhesive primer at the plaque interface, showing the highest adhesive energy (~ 14 

mJ/m2) among all the Mfps 66.  

Mfp-6 is a thiol-rich protein that is assumed to mediate the redox of Dopa and the cross-linking of 

the interfacial proteins with those in the plaque by cysteinyl-Dopa bonds 72. It is reported that Mfp-

6 is rich in cysteine residues (11 mol %) with only a small ratio of cysteine residues bridging by 

disulfide bonds (2 mol %). It also contains a large amount of charged residues (16 and 23 mol% 

cationic and anionic amino acids, separately) but a low content of Dopa (typically less than 5 

mol %) 56. The most outstanding feature of Mfp-6 is to mediate the redox environment of the 

plaque. When Dopa are oxidized to Dopa-quinone at seawater pH with dissolving oxygen, the thiol 

residues in Mfp-6 is capable of reducing Dopa-quinone to Dopa, which maintains a reducing 

environment for the Dopa-rich proteins to preserve the strong adhesion to the target surface 72.  

Byssus also composes of three divergent collagen proteins termed PCOLs, which are surrounded 

by matrix proteins. PCOLs are trimeric with secondary triple helical collagen cores flanked by 

silk-like β-sheets in PCOL-D and disordered elastin in PCOL-P and PCOL-NG 58. The features of 

matrix proteins between the distal part and proximal part, as well as between proteins in the thread 

cuticle and the adhesive plaque, are significantly different. Several matrix proteins have been 
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clarified and reported before, but only limited to the presumption of their structures and functions. 

Proximal thread matrix protein1 (PTMP1) locates in the proximal portion of each byssal thread 

and controls the alignment of the collagen fibers in the byssus62. It is reported that PTMP1 binds 

to heterologous collagens via electrostatic attractions73. It is also reported that Zn2+binds with the 

MIDAS motif of PTMP1, which enhances the collagen binding of PTMP173, 74. 

 

2.2 Dopa Mediated Interaction in Mussel Foot Proteins 

The Dopa-containing Mfps have been regarded as useful design models for the development of 

synthetic polymers with various applications, such as wet adhesives 1, 49, 51, 66, 75, 76, antifouling 

coatings 77, 78, magnetic imaging agents 79, tissue glues 24, surface modification 80 and pH-sensitive 

hydrogels 81. The most distinctive characteristic of Dopa in mussel protein adhesives is to mediate 

various interactions on different types of substrates, including bidentate hydrogen bond 9, 82, 83, 

metal-catechol coordination bond 84, 85, π–π/π-cation interactions 85-87, oxidative cross-linking 2, 88, 

89 and electrostatic interaction (Fig. 2). Many of these interactions have been identified using the 

surface forces apparatus (SFA) technique 90. Since the interactions of Dopa with different 

substrates play essential roles in the properties and functions of Mfps and mussel-inspired 

adhesives, we highlighted the Dopa-medicated interactions in several as-known adhesive proteins 

in this work. 
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Fig. 2 Schematic illustration of various interaction and reaction products with Dopa 
 

Recently, various studies on the adhesive proteins Mfp-3 and Mfp-5 have elucidated the critical 

role of Dopa in the mussel wet adhesion system, where bidentate hydrogen bond 4, 9 and metal 

coordination bond 91 are recognized as the major factors that contribute to the adhesive properties 

of Mfps. Bidentate hydrogen bond is proposed to be responsible for the adhesion of Mfp-3F on 

hydrophilic substrates such as mica and other mineral surfaces 92. Although a single hydrogen 

bond is relatively weak, forming a bidentate hydrogen bond can dramatically increase the lifetime 

of the bond by 106 times, providing the Dopa residues strong ability to adhere to diverse 

hydrophilic surfaces 90. Within the Mfps, Dopa facilitates the strong cohesion by forming Dopa-

Dopa bidentate hydrogen bonds 93. Dopa-metal coordination bonds play critical roles in the 

adhesion of Mfps on metal oxide surfaces 9. Studies on Mfp-3 reveals a pH-dependent binding 

mechanism on TiO2 surfaces that involves both bidentate hydrogen bonding at a low pH 

environment and coordination bond at elevated pHs (pH > 7). Raising the pH of the medium can 
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promote the forming of bidentate Dopa-Ti coordination bond, resulting in a further stabilization of 

the Dopa and thereof an increment in adhesion force 9. 

Dopa-metal complexes also contribute to the mechanical integrity of mussel adhesive plaques. The 

Dopa-Fe3+ coordination complexes can provide extensibility, hardness, and self-healing features 

to the protective coatings which cover the exposing surfaces of byssus94, 95. It is reported that Mfp-

1 located at the cuticle can form various complexes with Fe3+, including bis- and tris- forms, owing 

to the high binding and stability constants of the catechol-Fe3+ coordination complexes91, 94. 

Recently, the Dopa-Fe3+ complexation has been investigated using Mfp-3F, and the results reveal 

that under low pH environment close to the local acid environment where the adhesive proteins 

are secreted, intrinsic strong surface adhesion dominates, and then strong cohesion occurs under 

higher pH close to the seawater environment mediated by the Dopa-Fe3+ complexation 91.  

Interestingly, the oxidative cross-linking has been detected for the thiol-rich Mfp-6 2, 56. At the pH 

of 8.2 where Dopa residues can be readily oxidized, 5-S-Cysteiny-lDopa was identified with the 

amount of nearly 1 mol %. These reports indicate that Mfp-6 can create a cohesive bonds between 

the surface-coupling Dopa-rich Mfps and the plaque proteins 56. In another research, the authors 

also demonstrate that during adhesive plaque formation, mussels can retard Dopa oxidation by 

exposing itself to an acidic, reducing environment with the existence of the thiol-rich Mfp-6, which 

protects Dopa by the combination of half reactions, the oxidation of thiols and reduction of 

Dopaquinone 2. 

The report on the cation-π and π-π interaction involved in the mussel adhesive proteins have 

pictured a complementary cross-linking mechanism critical to the underwater adhesion of the Mfps 

86, 87. The interaction between the aromatic ring of catechol and other aromatic groups can be 
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enhanced by the π-π interaction, which contributes to the adhesion of Mfps on surfaces rich in 

aromatic components (e.g., PS) 96. Recently, the possible synergistic relationship between Dopa 

and cationic amino acids is reported97, 98. Short-range cation-π interaction is generated when 

aromatic groups interact with positively charged residues, like lysine and arginine,  and has been 

recognized as an important non-covalent interaction. For example, strong cohesion of mfp-1 were 

measured at pH 3, which was mainly attributed to the cation–π interactions 87. Similarly, the robust 

adhesion and cohesion of pvfp-1 was demonstrated to be induced by cation–π interactions between 

Lys and 7OHManTrp and structural conformation changes, providing a promising approach to the 

design of novel bio-adhesives with effective underwater adhesion 86. For Dopa-rich and Lys-rich 

mussel foot proteins, cation- π interaction can greatly contributes to the cohesion of the Mfps. 

Besides Dopa, other aromatic amino acid residues, such as  phenylalanine (Phe) and tyrosine (Tyr), 

can also contribute to the strength of cation-π interaction98, 99.Additionally, positively charged 

residues, like lysine and arginine, show synergy effect with Dopa residues in Mfp-3 and Mfp-5 on 

negatively charged surfaces, such as mica and many other mineral surfaces, via electrostatic 

interactions4, 100. 

 

2.3 Effect of pH 

The mussels normally adapt to the seawater habitats with the pH values around 8. Since Dopa 

tends to be oxidized in neutral and basic pH 101, 102, the pH of the local environment has strong 

influences on the Dopa interaction mechanisms and the properties of the Mfps and mussel-inspired 

adhesives 90, 103-107.  
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Fig. 3 The pH dependence of plaque chemistry. The coordination between metal ions and Dopa 
increases in valency from no cross-linking at low pH (cohesion is very weak) to three at pH ~8 
(strong cohesion). Interfacial Dopa bonding of TiO2 surfaces changes from hydrogen bonds at low 
pH to bidentate coordination bonds at pH 8. Reproduced with permission 91. Copyright© 2016 
American Chemical Society 
 
At different pHs, Dopa can form stoichiometric mono-, bis-, and tris-complexes with Fe3+ in 

solution (Fig. 3) 91. It is reported that the pH required to form the bis- and tris-complexes of Dopa-

Fe3+ coordination is typically in the basic range 8, 9, 11. Recently, an original method, which mimics 

mussel’s byssus formation process, has been developed to form Dopa-Fe3+ polymer cross-links at 

basic pH to avoid Fe3+ precipitation 44, 81, 91. Another study on Dopa-boronate complexation 

indicated that the complex could be formed at pH 9 but absent when pH decreased to 3. The nature 



14 
 
 

of the catechol−boronate complex enabled the reversible transformation of adhesives between its 

adhesive and non-adhesive forms with the change of pH.  

The hydrogen bonding of Dopa to various substrates is also pH dependent 45. On metal oxides 

surfaces, the bonding of Dopa can be tuned from the bidentate hydrogen bonding to bidentate-

binuclear coordinative bonding (Fig. 3); in the process, one catechol group firstly forms two 

hydrogen bonds with the surface at pH ∼ 3, followed by one hydrogen bond and one coordination 

bond at pH ∼ 5, and finally two coordination bonds at pH ∼8 9, 104, 105, 108, 109. 

 

2.4 Interactions of Mussel Adhesive Proteins on Different Substrate Surfaces  

The marine mussels can establish robust attachment to various surfaces through the Dopa-

containing mussel foot proteins. The adhesion strongly depends on the features of the contacting 

surfaces, solution environment, the bulk deformation and the bonding/debonding mechanics 110. 

In this session we will briefly summarize the adhesion of Dopa-containing Mfps to various 

substrates. The binding mechanism of Dopa to metal oxide surfaces have been discussed in the 

previous session and therefore not covered here. 

Mica is a hydrophilic, negatively charged aluminosilicate mineral and its exposed surface in water 

is polysiloxane with minor replacement of Si by Al (Fig. 4a). Mica is used as a popular substrate 

in the investigation of mussel adhesive proteins due to its atomically smooth basal plane, which is 

needed in the SFA measurements. Dopa can form bidentate hydrogel bond on mica surfaces as the 

distances between adjacent O atoms on mica (0.28 nm) matches with the distance of the two OH 

groups of Dopa (0.29 nm) 19, 111, 112. Among all the Mfps tested, Mfp-5 consisting of the highest 

Dopa content demonstrates the strongest adhesion to mica when absorbed on the surface and 
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compressed at low pH 85. As mica is negatively charged, electrostatic interactions between the 

positively charged amino acid residues in the Mfps (e.g. lysine) and mica also contributes to the 

adhesion of the proteins to mica surfaces 90, 113.  

The interaction of Mfps with SiO2 (Fig. 4c) is similar to that on mica surfaces, in which bidentate 

hydrogen bonding by Dopa dominates and the electrostatic interactions also play a role. For Mfp-

3 in particular, the contact time dependence of the adhesion is stronger on SiO2 substrate than that 

of mica surface, with a proportional relationship 85, which is most likely ascribed to the high 

surface roughness of SiO2. Unlike Mfp-3 and Mfp-5, the adhesion of Mfp-1 to SiO2 substrate was 

lower than that of mica surface. Such results may be due to the higher chain flexibility and smaller 

molecular weights of Mfp-3 and Mfp-5 to fit better to the interfacial roughness of SiO2 than Mfp-

1 8.  

It is known that when solid surfaces are exposed to seawater or physiological fluids, they will be 

fouled by biomolecules within only a few minutes 10. Therefore, the adhesion of various Mfps on 

organic surfaces have been extensively studied. The adhesion of Mfps on organic surfaces has 

been conducted using organic thin films (Fig. 4b). At acidic pH, the strong adhesion forces were 

measured between various Mfps (Mfp-1, Mfp-3, and Mfp-5) and methyl-terminated self-

assembled monolayers (SAMs) on atomically smooth gold substrates due to the hydrophobic 

interactions 10.  

Mfps can form the hydrogen bonding and hydrophobic interactions to PMMA (Fig. 4d). On 

PMMA, the most hydrophobic protein, Mfp-3S, exhibits the highest adhesion force compared with 

Mfp-1 and Mfp-5, while Mfp-1 and Mfp-5 show similar values of the adhesion force. 51 The 

hydroxyl and amine groups on Mfps can form hydrogen bonds with the acrylate groups of PMMA, 
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while the hydrophobic interactions occur between the alkyl part of PMMA and the hydrophobic 

amino acid residues on Mfps 8, 110.  

 

 
Fig. 4 Dopa can form (a) bidentate hydrogen bonds on mica surface; (b) hydrophobic 
interactions on organic thin films; (c) bidentate hydrogen bonds on SiO2 surface; (d) bidentate 
hydrogen bonds and hydrophobic interactions on PMMA surface; (e) cation-π interactions, π–π 
interactions and hydrophobic interactions on PS surface. 
 

Hydrophobic, cation-π and π–π interactions are critical for the adhesion between Mfps and 

polystyrene (PS) (Fig. 4e) 8, 86, 114, 115. Strong adhesion was measured within an extremely short 

contact time (i.e. 2 min) for Mfp-3 and PS substrate. Similar to  PMMA surface, the hydrophobic 

interactions can originate from the hydrophobic amino acid residues in Mfp-3 and PS. The cation–

π interaction is mainly due to the positively charged residues, like amides in the Mfp-3 and benzene 
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groups on PS. Besides, aromatic groups in Mfp-3 interact with the benzene groups through π–π 

interaction.  

 
III MUSSEL-INSPIRED SYNTHETIC POLYMERS 

3.1 Coacervate Dopa-Functionalized Adhesives  

During the liquid protein adsorption process, mussel foot proteins exist as the form of coacervates51. 

Coacervation is the liquid-liquid phase separation of a colloidal system consisting of ionic 

polymers or proteins 116, and the dense fluid of concentrated polymers referred to as a coacervate 

plays an important role in the outstanding wet adhesion of marine organisms such as mussels and 

sandcastle worms 1, 117. For the well-studied Mfp-3S, it forms self-coacervation and it is driven by 

both electrostatic attraction and hydrophobic interaction51. Recent study also reveals that PCOLs 

can form confined a liquid crystal phase in the vesicles and this liquid phase could be harnessed 

into continuous birefringent fiber in the byssus formation process118. The formation of the 

coacervate is generally driven by weak and nonspecific interactions including electrostatic 

attraction, hydrophobic interaction and hydrogen bonding, followed by the entropic gains by 

releasing of ions and water molecules, 119-121 which is susceptible to the solution and environmental 

conditions (e.g., concentration, pH, ionic strength) 122, 123. Taking advantage of their relatively high 

viscosity, reduced interfacial energy and high diffusion coefficients of the solute and solvent 

molecules, the Dopa-functionalized coacervates with great wetting properties and adhesiveness 

have become promising candidates as effective underwater adhesives 6. 

Complex coacervation resulting from the neutralization of two oppositely charged polyelectrolytes 

has been thoroughly investigated since it was firstly systematized by Bungenberg de Jong (Fig. 5a) 
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124. Stewart et al. developed water-borne adhesives mimicking the sandcastle worm glue, where 

Dopa-containing polyphosphate and poly-aminated gelatin formed complex coacervates at the 

specific pH and ionic strength 117, 125. The coacervates showed great potential as bone adhesives, 

in which the Dopa residues not only facilitated the strong underwater adhesion but also hardened 

the adhesives by covalent crosslinking. To improve the bulk setting and adhesion of the 

coacervates, a polyelectrolyte complexation was developed by solvent exchange from a dimethyl 

sulphoxide (DMSO) solution of catechol-functionalized poly(acrylic acid) and quaternized 

chitosan 126. When the solution was applied underwater, coacervation, phase inversion, setting and 

solidification were rapidly induced (~25 s), and the synergy between electrostatic complexation 

and catechol chemistry resulted in a microporous adhesive showing robust underwater adhesion 

on various substrates. Mussel adhesive proteins are also exploited for coacervation, and since all 

the identified Mfps are positively charged under physiological conditions1, an anionic 

polysaccharide hyaluronic acid (HA) has been successfully employed to form complex coacervates 

with various cationic recombinant Mfps, exhibiting superior spreading and adhesive properties. 

Cha and coworkers prepared large quantities of recombinant Mfps (fp-151, mfp-151, fp-131 and 

mfp-131) and investigated their ability to form complex coacervates with HA in the pH range of 

3.0-4.6 15. The optimal mixing ratio of Mfp to HA was found to be 8:2 (wt/wt) confirmed by the 

droplet-like morphology, and the successful microencapsulation of oil particles within the 

coacervates suggested their great potential in drug delivery applications. Interestingly, although 

no adhesion could be detected in non-coacervated mfp-151 in the wet environment, the mfp-

151/HA coacervates showed a relatively good underwater adhesion of 0.24 MPa with aluminum 

due to the increased density of adhesive proteins. Hwang and coworkers examined the flow 

behaviors of Dopa-containing fp-151-RGD/HA coacervates with the help of a surface force 
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apparatus (SFA) 14. With the mixing ratio yielding maximum coacervation, the coacervate 

exhibited shear-thinning viscosity and extremely low interfacial energy with water (˂ 1 mJ/m2), 

which favored the spreading of the coacervates over surfaces, and the high friction coefficient (˃ 

1.2) indicated the further slippage of the wet adhesives was prevented. The wear protection 

capabilities and mechanisms of coacervates to surfaces were thoroughly investigated by shearing 

mfp-1/HA complex coacervates between two mica surfaces using the SFA 23. Without Dopa 

functionality, the coacervates lacked the stable attachment to surfaces, leading to surface damage 

under low applied load, while in the presence of Dopa, the enhanced adhesion between coacervates 

and surfaces would shift the slip-plane up from the surface into the intervening coacervate layer, 

significantly improving the wear protection capability by 5-fold. Recently, a zwitterionic protein 

rmfp-3b was reported to form upper critical solution temperature (UCST) mediated complex 

coacervates with citrate at pH 3.0, and the transition temperature could be easily adjusted between 

2 ºC to 16 ºC with different citrate and protein concentrations 127. The UCST behavior was 

attributed to the reduced hydrophilicity of proteins and deprotonation of citrate at low temperature, 

which inspires the development of novel coacervated adhesives with thermo-responsiveness. In 

addition to the aforementioned polycation/polyanion complex coacervation, Kim et al. reported a 

complex coacervate formation from two positively charged polyelectrolytes as indicated in Fig. 

5b 22. The like-charged coacervation was driven by short-range cation–π interaction85 between 

aromatic phenolic groups in rmfp-1 and cationic groups in poly(2-(trimethylamino)ethyl 

methacrylate, which was strong enough to overcome electrostatic repulsion.  

Self-coacervation involves only a single polyelectrolyte for coacervate formation and was 

demonstrated by zwitterionic and hydrophobic Mfp-3S (Fig. 5c) 128. The phase separation of Mfp-

3S was largely dependent on the pH and ionic strength, suggesting both electrostatic attraction 
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between basic and acidic residues and hydrophobic interactions contributed to the protein 

coalescence. Taking advantage of Mfp-3S’s unique capacity to self-coacervate and increase the 

oxidation potential of Dopa 129, a series of Mfp-3S-mimetic copolymers were prepared for the 

Fig. 5 Schematic representation of different coacervation systems. (a) Complex coacervation 
formed between oppositely charged polyelectrolytes. (b) Like-charged complex coacervation 
facilitated by short-range cation–π interaction. (c) Self-coacervation formed by zwitterionic and 
hydrophobic Mfp-3S with increasing pH. (d) Self-coacervation of cationic and polyphenolic rmfp-
1 with increasing salt concentration. Reproduced with permission 51. Copyright © 2013, 
COMPANY OF BIOLOGISTS LTD 
 

development of coacervated adhesives, which consisted of catechol functionality, ionic (cationic 

and anionic) and amphiphilic (nonionic hydrophilic and nonionic hydrophobic) groups 52. By 

optimizing the hydrophilic/hydrophobic as well as cationic/anionic ratios, the developed 

ampholytic copolymer exhibited stable coacervation and strong wet-cohesion (~32.9 mJ/m2) 

which was 9 times higher than that of native Mfp-3S. Moreover, a Dopa-containing peptide 

(mfp3S-pep) was designed in order to investigate the effect of Dopa on coacervation and 

adsorption of the peptide on bio-related surfaces such as TiO2 and hydroxyapatite (HAP) 4. 
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Although Dopa only showed slight influence on coacervation, it was indispensable for promoting 

peptide adsorption by removing interfacial water from the target surfaces. Waite and coworkers 

developed a simple wet adhesive primer from low-molecular-weight catecholic zwitterionic 

surfactants compromising amine, phosphate, hydrophobic and catechol functionalities130. The 

coacervated zwitterionic platform with reduced complexity offered smooth and thin coatings (˂ 4 

nm) on various substrates with strong wet adhesion up to ~50 mJ/m2, implicating great promise 

for nanofabrication. Besides zwitterionic systems, self-coacervation occurred in cationic and 

polyphenolic rmfp-1 (Fig. 5d), which was attributed to strong cation−π interaction at short range131. 

The coacervate formation was triggered by salt concentration similar to nature seawater condition 

(˃ 0.7 M), since salt screened the electrostatic repulsion while still maintained the attractive 

cation−π interaction. The friction coefficient (˂ 0.03) of the formed coacervate was remarkably 

lower than that of conventional coacervates, expanding their applications as lubricants.  

 

3.2 Adhesive Hydrogel 

As highly water-swollen three-dimensional networks, hydrogels possess structural resemblance to 

biological tissues and high permeability to oxygen and nutrients, which have been designed as 

platforms for diverse biomedical applications such as drug delivery, tissue engineering and 

implantable devices 132, 133. Particularly, intense efforts have been spent on the development of 

adhesive hydrogels with biocompatibility and sufficient wet adhesion, holding considerable 

promise as tissue adhesives to replace surgical sutures and tapes for wound management 134. Owing 

to the robust adhesion and cohesion of Mfps in wet conditions, hydrogels functionalized with Dopa 
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and its analogues have aroused great interest as a new family of tissue adhesives over the past two 

decades 20. 

Poly(ethylene glycol) (PEG) is one of the most widely-used synthetic polymers for the 

development of hydrogels with outstanding hydrophilicity and biocompatibility, and the 

Messersmith group has incorporated Dopa or catechol functionality as terminal or side groups to 

a family of PEG polymers with different structures (e.g., linear, hyperbranched, and block) 135-137. 

The in vivo performance of the catechol-modified PEG adhesive hydrogel was further investigated, 

where the in-situ gelation was induced within 1 min by oxidation and the transplanted islet was 

immobilized on the extrahepatic tissues up to one year with minimal inflammatory response138. 

When an Ala-Ala dipeptide substrate was incorporated between the catechol group and the 

branched PEG, the adhesive hydrogel displayed enzymatic degradation upon the addition of 

neutrophil elastase over several months, showing improved cellular infiltration after dorsal 

subcutaneous implantation in mice 24. A facile synthesis of injectable bio-adhesives (iCMBA) 

based on PEG, citrate and Dopamine was reported by Yang et al., and the adhesives displayed 

strong adhesion to wet tissue surfaces with 2.5–8.0 folds higher strength than that of fibrin glue 

139. Multi-functionality was demonstrated in the system, including tissue-like elastomeric behavior, 

capability to stop bleeding and facilitate wound healing, biocompatibility and degradability. 

Furthermore, the adhesive iCMBA was composited with HA to serve as an injectable implant for 

the treatment of comminuted bone fractures 140. The addition of HA significantly enhanced the 

mechanical strength and bio-mineralization process of the hydrogel without sacrificing 

adhesiveness, promoting neovascularization and bone formation in vivo. A highly branched PEG 

hydrogel was rendered wet adhesion by copolymerization with catechol-derived monomers 141. 

The mechanical strength and adhesion could be conveniently controlled by UV radiation that 
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modulated the crosslinking density, and the thermo-induced shrinking of the hydrogel not only 

avoided the mechanical weakening underwater but also expanded their practical application as 

smart drug carriers.  

Owing to their outstanding biocompatibility and biodegradability 142, naturally occurring polymers, 

especially polysaccharides, have been extensively explored for the development of injectable 

adhesive hydrogels in combination with Dopa derivatives. Catechol-modified HA 143 and chitosan 

144 were mixed with thiol-terminated Pluronic F-127, generating viscous solutions via Michael-

type catechol-thiol addition reaction. Taking advantage of the thermo-responsiveness of Pluronic, 

the sol-gel transition could be rapidly triggered at body temperature after injection. The redundant 

catechol units imparted the HA/Pluronic and chitosan/Pluronic with strong adhesive strength to 

soft tissues of 7 kPa and 15 kPa, respectively. Catechol-conjugated alginate 145 and HA 146 

hydrogels prepared by oxidative catechol polymerization exhibited low immunogenicity and no 

cytotoxicity, and the cell-containing HA-catechol adhesive was successfully utilized for minimally 

invasive cell therapy showing improved therapeutic and regenerative capacity of transplanted cells. 

To simplify the preparation process of Dopa-containing polymers, Cho and coworkers reported an 

enzyme-mediated biosynthesis method which converted the tyrosine residues on extracted human 

gelatin into Dopa 147. The Dopa-modified gelatin was crosslinked upon addition of Fe3+ through 

Dopa-Fe3+ complexation, where the hydrogel maintained the stability underwater and showed 

adhesion to a rat liver with hemostatic ability. The poly(γ-glutamic acid) grafted with Dopamine 

(with a 36.5% degree of substitution) could lead to an injectable hydrogel via enzymatic 

crosslinking method, displaying extremely strong adhesion to wet tissues of 58.2 kPa which is 10–

12 times higher than fibrin glue 148. Since the consumption of catechol groups during metal 
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coordination or oxidation for gel formation generally undermines the adhesive property of the 

 

Fig. 6 A mussel-inspired adhesive hydrogel (PPD). (a) Mfp-5 mimetic polymer formation from 
Dopamine and ε-poly-L-lysine. (b) Preparation of PPD hydrogels through a HRP crosslinking 
reaction. (c) Schematic illustration of the lap-shear test and the proposed mechanisms of the 
catechol–Lys cooperative effect for the enhanced wet adhesion. (d) Bleeding level of the damaged 
mouse liver treated with PPD hydrogel, fibrin glue, and untreated after 120 s. Reproduced with 
permission 149. Copyright © 2017, Wiley–VCH, GmbH & Co. KGaA 
 
mussel-inspired hydrogels, Schiff base reaction was employed for the crosslinking of an injectable 

hydrogel from hydrazide-modified poly(γ-glutamic acid) and dual (i.e. aldehyde and catechol)-

functionalized alginate 150. With a large number of preserved catechol units, the unoxidized 

hydrogel maintained the strong adhesion after several attachment-detachment cycles due to the 

reversible interactions between catechol moieties and the substrates. Adhesive hydrogels based on 

a Dopa-containing recombinant Mfp-1 were developed via both Fe3+-mediated noncovalent and 

quinone-mediated covalent crosslinking 151. Fe3+-crosslinked hydrogel was deformable with a bulk 
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adhesion to porcine skin up to ~130 kPa, while the quinone-crosslinked hydrogel via oxidation 

showed enhanced mechanical strength and stronger wet adhesion of ~200 kPa. Recently, Xu et al. 

reported an Mfp-5 analogue hydrogel (PPD) for wound management with robust wet adhesion 

(147 kPa) provided by a cooperative effect between catechol and lysine residues 149. As shown in 

Fig. 6, when the hydrogel was applied on soft tissues, the cationic amines of lysine would displace 

hydrated cations from the wet surfaces, leading to a drier patch for catechol cohering with the 

nucleophiles of biological molecules. The outstanding bio-adhesion endow the hydrogel 

hemostatic capacity to accelerate wound healing and tissue regeneration, and the anti-infection 

property was also integrated into the multifunctional hydrogel due to the inherent antibacterial 

ability of ε-poly-l-lysine. 

Although soft adhesive hydrogels with injectability offer unique advantages of easy administration 

and minimal invasion 152, they usually suffer from poor mechanical properties and short-term 

stability. Therefore, tough hydrogels with sufficient mechanical strength and adhesiveness have 

drawn considerable attention as strong tissue adhesives. Nitro-Dopamine methacrylamide and 3-

acrylamido phenylboronic acid were conjugated in a polyamide hydrogel to enhance its interfacial 

adhesion as well as bulk cohesion 153. The excellent mechanical strength (toughness of 590 J/m2) 

was mainly ascribed to the formation of dynamic boronate ester bond, and the high adhesion 

energy (˃ 400 J/m2) was contributed by a faster quinone–nucleophile coupling of nitro-catechol 

with tissue surfaces, compared to unmodified catechol groups. Incorporating nanoparticles into 

hydrogels have been demonstrated to improve the performances of the materials, and N-

hydroxysuccinimide modified poly(lactic-co-glycolic acid) (PLGA) nanoparticles (PLGA-NHS) 

were blended with alginate–Dopamine polymer (Alg-Dopa) to enhance its adhesiveness to 33 kPa 

from 14 kPa of Alg-Dopa hydrogel alone 154. An ultra-tough double-network hydrogel was formed 
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by Dopamine-grafted oxidized sodium alginate (OSA-DA) and polyacrylamide (PAM) through 

Schiff base reaction  and  hydrogen bonding interaction 25. The chemically and physically 

crosslinked network possessed a high tensile strength of 109 kPa and ultra-stretchability of 2550%, 

with proper adhesiveness to various substrates and excellent cell affinity.  

In addition to hydrogels developed from catechol-functionalized polymers, Lu and coworkers 

reported a general approach to tough and adhesive hydrogels by facilely introducing poly-

Dopamine (PDA) into hydrogel networks 155. As illustrated in Fig. 7a and b, PDA polymerization 

was induced in alkali solutions, where overoxidation was prevented to maintain sufficient free 

catechol groups for tissue adhesion. After free radical polymerization of acrylamide monomers 

dispersed in PDA solution, a PDA-PAM hydrogel with a super stretchability (3300%) and a high 

fracture energy (2400 J/m2) was generated due to the great balance between non-covalent 

interactions (i.e. hydrogen bonds, π–π stacking, hydrophobic interactions) and covalent bonds in 

the hydrogel. The oxidation of Dopamine could also be triggered by clay, and the resultant PDA 

was confined between the clay nanosheets 156. The nanocomposite hydrogel displayed good 

adhesion to various substrates including glass, metal, plastics and tissues. It is worth mentioning 

that the 28.5 kPa adhesive strength of the hydrogel to porcine skin could be completely maintained 

even after 20 cycles of peel-off test. The universal platform was further explored to produce 

multifunctional hydrogels. When graphene oxide was introduced to the PDA solution, it would be 

partially or fully reduced, rendering the hydrogel high conductivity in combination with the 

toughness and adhesiveness for applications in motion sensing 156. Besides, A transparent, 

conductive and adhesive hydrogel was developed by oxidizing Dopamine and pyrrole molecules 

together, which gave rise to conductive PDA−PPy nanofibrils in the network, holding great 

promise as transparent electronic skin and smart implantable devices 26. Inspired by algae and 
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mussel, a simple combination of PDA, alginate, and Fe3+ ions could also form adhesive hydrogels. 

The adhesive hydrogels exhibited a high tensile adhesive strength of 400 kPa and a high tolerance 

towards humidity gradually got hardened. 157 Very recently, a conductive and adhesive PDA-CNTs 

based hydrogel was designed.  DA was polymerized on carbon nanotubes (CNTs) to form 

uniformly dispersed PDA-CNTs, and then acrylamide (AM) monomers, acrylic acid (AA) 

monomers and glycerol were added. By UV-initiated copolymerization, the GW-hydrogel was 

generated. The hydrogel could maintain normal mechanical properties under extreme temperature 

conditions (from -20 oC to 60 oC). It exhibited tissue adhesiveness of 60 kPa, high stretching ability 

of 700%, great toughness of 2300 Jm-2 and excellent recoverability generated from the noncovalent 

interactions.158  

As a natural polyphenol, tannic acid (TA) involves five pyrogallol and five catechol groups 159, 

and it was employed for the preparation of wet adhesives with hemostatic property by simply 

mixing it with PEG solution 160. Jin et al. developed a TA-based polyphenol hydrogel with cationic 

poly(dimethyl diallyl ammonium chloride) (PDDA) showing both strong cohesion and adhesion 

(Fig. 7c and d) 161. Owing to the high density of pyrogallol/catechol groups of TA, the high 

crosslinking density via noncovalent interactions (e.g., ionic interactions, hydrogen bonding, and 

coordination with Fe3+) endowed the hydrogel enhanced cohesion, and simultaneously, the acidic 

condition prevented the oxidation of TA functional groups, which guaranteed the robust adhesion 

to diverse substrates. Combining TA with poly(vinyl alcohol) led to a dual-cross-linked hydrogel 

with superior mechanical strength (e.g., tensile strength of 9.5 MPa, elongation of 1000% and 

adhesiveness over 70 kPa), which was mainly attributed to multiple hydrogel bonds provided by 

TA 162. When TA-coated cellulose nanocrystals were incorporated into ionic hydrogels, the 
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dynamic coordination bonds formed with TA contributed to the excellent mechanical property, 

self-healing ability and repeatable adhesiveness of the system 163.  

 
Fig 7. (a) Schematic representation of the two-step formation of PDA-PAM hydrogel from 
Dopamine polymerization and free radical polymerization. Photo: the prepared hydrogel firmly 
adhered to human skin. (b) Reversible adhesion of the PDA–PAM hydrogels to porcine skins over 
attachment-detachment cycles. Reproduced with permission 155. Copyright © 2017 Nature 
Publishing Group (c) Schematic illustration of the TA-based PDDA hydrogel with abundant 
pyrogallol/catechol groups. (d) The comparison of the storage modulus and adhesive strength of 
the prepared TA-based hydrogel with other reported catechol-based hydrogels. Reproduced with 
permission 161. Copyright © 2017 American Chemical Society 
 

The various physical and chemical interactions offer by catechol groups have been utilized not 

only for wet adhesion but also for the design of self-healing hydrogels. The reversible coordination 

between Mfps and metals have inspired the development of a series of self-healing hydrogels by 

mixing catechol-functionalized 4-arm PEG with a variety of trivalent metal ions (i.e. Fe3+, V3+, 

Al3+) 81, 164. The formation of mono-, bis- and tris-catechol-metal complexes could be finely tuned 
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by the pH of the environment, and the viscoelastic properties of the material were facilely 

modulated over several orders of magnitude by the selection of solution condition as well as metal 

ion identity. Similarly, catechol functionality was integrated into polymers containing amine 

groups such as polyallylamine and chitosan, and self-healing hydrogels were generated upon 

coordinating with Fe3+, Al3+, Ga3+ and In3+ around physiological pH 27, 165. Since the oxidation of 

catechol groups plays a critical role in the mechanical strength and self-healing property of the 

hydrogels, Birkedal and coworkers reported a catechol-based hydrogel with controlled oxidation 

degree by employing two kinds of catechol analogues, where the oxidation-resistant moieties 

formed reversible coordination bonds with Fe3+, and the oxidation-sensitive units generated 

covalent crosslinks. Thus, both mechanical stiffness and self-healing property were achieved and 

could be conveniently modulated 166. When chitosan was modified with nitro-catechol, the 

catechol–Fe3+ complexation permitted self-healing ability in an extremely strong and stiff polymer 

(with an elastic modulus of 862 MPa) 167. Catechol-boronate complexation was also exploited to 

design pH-responsive hydrogels with self-healing properties due to the dynamic nature of the 

boronate ester linkages. As phenylboric acid was able to form phenylborate ester with other vicinal 

diols in addition to catechol units, the hydrogels based on phenylborate esters were demonstrated 

to display responsiveness to monosaccharide such as glucose, galactose, and fructose 168, 169. 

However, most hydrogels based on boronate esters were formed at pH > 8 due to the high pKa, 

and recently, a self-healing and biocompatible hydrogel was developed via benzoxaborole-

catechol complexation, in which the gelation easily occurred in at physiological pH (7.4) 170. In a 

metal-free and acidic environment, self-healing ability was also evidenced in catechol-

functionalized polyacrylate and polymethacrylate materials, which was mainly attributed to 

bidentate hydrogen bonding between catechol groups and facilitated by other physical interactions 
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93. Zeng et al. reported a thermo-responsive ABA tri-block copolymer consisting of catechol-

functionalized poly(N-isopropylacrylamide) as A block and hydrophilic PEG as B block 171. The 

rapid self-healing property of the injectable hydrogel was contributed not only by hydrogen 

bonding but also aromatic interactions (i.e. quadrupolar interactions and π−π stacking) between 

the catechol moieties. The antifouling property and biocompatibility of the hydrogel revealed its 

potential applications in biomedical fields. Following the same principle, when cationic 

poly[2(methacryloyloxy)ethyl trimethylammonium iodide] served as B block, the antibacterial 

performance to E. coli was imparted to the hydrogel with a combination of other aforementioned 

properties desired for bioengineering applications 172.  

 

3.3 Smart Adhesives 

Smart adhesives that can undergo on-demand bonding/debonding transition to substrates in 

response to external stimuli (e.g. temperature, pH, light) have gained growing interest for 

developing advanced functional adhesives, because the precise control of the adhesiveness is 

intriguing for numerous practical applications such as removable wound dressings, recyclable 

packaging and reusable structural components 173-175. Mussel-inspired smart adhesives have been 

generated taking advantage of the strong wet adhesion of Dopa and the responsiveness of catechol 

chemistry.  

Enzyme-activated adhesives were developed from Mfp-derived peptides containing tyrosine 

residues, where the adhesive state could be switched on from the non-adhesive state by tyrosinase 

31. Single molecule force spectroscopy revealed that the binding force of per peptide molecule to 

aluminum oxide surface was enhanced by an order of magnitude from nonactivated state to 
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activated state 28. When PEG was end-functionalized with nitro-Dopamine, adhesive hydrogels 

were facilely induced by oxidation or metal coordination, in which light-triggered debonding and 

degradation were achieved on demand due to the photocleavability of the o-nitrophenyl ethyl 

moiety 176. Similarly, a zwitterionic hydrogel was developed with a combination of adhesive 

catechol functionalities and o-nitrobenzyl crosslinkers. The initial high adhesion strength of 341 

kPa could be reduced by 35% upon a short-time (30 min) UV irradiation resulted from the 

photocleavage of o-nitrobenzyl esters 29. Locklin and coworkers designed an adhesive hydrogel 

crosslinked by catechol–Fe3+ complexation which was doped with a photo-acid generator 30. After 

exposure to UV light, the decrease in pH was induced as a consequence of acid production, 

resulting in a gel-to-sol transition with a weakened adhesiveness of the material. As pH plays an 

important role in catechol oxidation, a hydrogel with pH-modulated adhesive/cohesive property 

was prepared from catechol-conjugated HA 177. Under acidic conditions, the adhesive polymer 

could improve the attachment of neural stem cells, while the alkaline-induced hydrogel with strong 

cohesion was suitable for cell encapsulation. To overcome the limited reversibility provided by 

oxidation crosslinking, Lee et al. developed a series of hydrogels with completely reversible 

adhesive/non-adhesive transition based on catechol−boronate complex 108. As shown in Fig. 8, in 

an acidic solution (pH 3), both of the catechol and boronic acid moieties contributed to strong 

interfacial interaction (i.e., hydrogen bonding) with the wetted glass surface, and the work of 

adhesion measured by contact mechanics test was determined to be 2000 mJ/m2. At pH 9, the work 

of adhesion significantly decreased to 180 mJ/m2, which was ascribed to the formation of the 

catechol−boronate complex in the network that undermined the interfacial binding. Owing to the 

reversible nature of this complex and the interfacial interactions, the adhesiveness could be finely 

and repeatedly tuned by changing pH. With the incorporation of an anionic monomer, acrylic acid, 
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in the network, a higher pH was required for catechol−boronate complex formation, which 

preserved the robust interfacial adhesion of the hydrogel in a neutral to mildly basic environment 

178. Huang and coworkers constructed PAPBA-stat-PDMA/PGMA/rGO@PDA NC hydrogels by 

mixing PAPBA-stat-PDMA, PGMA, and rGO@PDA in solution. The hydrogels possess excellent 

pH and glucose responsive sol-gel transitions based on the reversible boronic ester bonds and the 

strong complexation between glucose and PBA.179 

 

 
Fig. 8 A smart hydrogel containing catechol and boronic acid functional groups. (a) 
Schematic illustration of the adhesive/non-adhesive transition of the hydrogel as a function of pH. 
(b) Schematic representation of the setup for contact mechanics tests. (c) Successive contact curves 
(pH 3, pH 9, and then pH 3) for the adhesive hydrogel. Reproduced with permission 108. Copyright 
© 2016 American Chemical Society 
 
Chao and coworkers designed amyloid protein-based underwater adhesives using recombinant 

Dopa containing proteins. By pairing LLPS-driven LC domains from humans and Mfp-5 domains, 

an amyloid forming recombinant protein denoted TDP43 LC-Mfp-5 (TLC-M) experiences phase 

separation-induced assembly and forms nanofibers, This amyloid protein-based underwater 

adhesives show strong adhesion energy approaching 48.1 mJ/m2 and could be applied to “nonstick” 

surface coating and repairing damage over a wide range of pH and salt conditions180. Another 

functional adhesive nanofibers named (CsgA-Mfp3)-co-(Mfp5-CsgA) are composed of Mfp-3S 

domains, Mfp-5 domains and CsgA domains generated from an amyloidogenic protein, which also 

exhibited excellent underwater adhesion energy (~20.9 mJ/m2) 181. Furthermore, newly engineered 
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biofilms have been proposed to take function as cellular glues, with enhanced environmental 

tolerance and self-regenerating ability 182. Since Dopa-incorporated recombinant protein adhesives 

have attracted lots of attention, here we refer readers to several literatures describing the expression 

of Dopa-incorporated engineered recombinant proteins183, 184. 

 
3.4 Adhesive polyesters 

Synthetic polyesters have been extensively applied in diverse biomedical applications, especially 

in tissue engineering due to their good mechanical property, easy producibility and controllable 

biodegradation 185, 186. Combining adhesive Dopa derivatives with biocompatible polyesters have 

led to strong tissue adhesives successfully served as bone glues. Wang et al.  synthesized a 

hyperbranched poly(β-amino ester) with Dopamine and triacrylate monomers through Michael 

addition reaction, which exhibited 37 kPa adhesion strength to wet tissue surface after crosslinking 

by fibrinogen within 15 min 33. The low cytotoxic adhesive degraded to 58.5% of the original mass 

after a month, and the degradation rate could be tailored by optimizing the polymer composition. 

The mechanical properties of the prepared adhesive were further improved by reinforcement with 

nano-sized hydroxyapatite particles, and it was demonstrated that the nanocomposite was able to 

act as efficient bone adhesive for sternal closure with tunable curing speed and sufficient load-

bearing capacity 32. A poly(ester urea)-based adhesive showing adhesive strength comparable with 

fibrin glue was developed by introducing pendant catechol groups 35, and after the incorporation 

of poly(propylene glycol) into the backbone, the adhesive was rendered ethanol solubility that is 

favorable for clinical applications 34. When a plant-based poly(lactic acid) (PLA) was modified 

with catechol functionality, the biomimetic adhesive possessed strong adhesion strength of 2.6 

MPa in air and 1.0 MPa under wet conditions to aluminum substrates 187. As indicated in Fig. 9,  
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Fig. 9 A catechol-modified PLA adhesive. (a) Schematic representation of the adhesive 
copolymer combining PLA from corn and mussel-inspired catechol functionality. (b) Degradation 
of cylindrical samples of catechol-modified PLA with and without periodate crosslinking in 
phosphate buffered saline (PBS). (c, d) Mass loss and adhesion change of unmodified PLA, 
catechol-modified PLA (with/without crosslinking) over time when submerged in PBS. 
Reproduced with permission 187. Copyright © 2017 American Chemical Society 
 

the hydrolytic degradation of the adhesive could be tailored to be faster or slower than pure PLA 

by the introduced hydrophilic catechol units and oxidation crosslinking, and the underwater 

adhesion decreased as a consequence of degradation. Joy et al. reported a polyester adhesive based 

on catechol-containing soybean oil, where the hydrophobic aliphatic groups facilitated the 

underwater adhesion (with a lap shear strength of 0.65 MPa to glass surface) by preventing water 

penetration. Moreover, the low molecular weight of the polyester resulted in a viscous adhesive 

without requirement of any organic solvents, which is beneficial to surgical applications 188. 
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Besides the functionalization of catechol groups into the backbone of polyesters, polyDopamine 

(PDA) deposition on polyester substrates provides a convenient approach to the development of 

adhesive scaffolds and patches 189. The PDA coatings on biodegradable poly(ε-caprolactone) 

(PCL), poly(L-lactide) (PLLA), poly(lactic-co-glycolic acid) (PLGA) and poly(alanine ethyl ester-

co-glycine ethyl ester) phosphazene (PAGP) scaffolds were demonstrated to promote the adhesion 

and proliferation of osteoblast cells, and the enhanced mineralization indicated the potential of this 

method for bone tissue engineering 40, 190. By controlling the oxygen supply in the Dopamine 

solution during deposition, graded PDA coatings were generated on PLLA nanofibers, resulting 

in a gradient in surface roughness, hydrophilicity and adhesion, and a graded immobilization of 

various biomolecules including RGD peptide, siRNA and cells was proved 39. PDA also served as 

an adhesive layer between a PLLA matrix and bioactive glass nanoparticles, which facilitated the 

uniform dispersion of nanoparticles and produced a reinforced scaffold 191. Since PDA not only 

provides adhesive property but also can bind to metal ions and act as a reducing agent during 

oxidation, silver conductive patterns on polyester fabric (PET) were fabricated via electroless 

plating, where Ag nanoparticles were generated by the in situ reduction from Ag+ with PDA 192. 

The silver patterns displayed excellent conductivity (0.86 Ω/sq) and strong adhesion to the flexible 

fabric, which was ideal for wearable and implantable devices. The readers can refer to some recent 

reviewer paper on PDA coatings for more details193-195. 

 

IV CONCLUSIONS AND OUTLOOK 

The rapid and robust wet adhesion of marine mussels has been gaining considerable interest in the 

development of advanced adhesives. The improved understanding of the adhesion mechanisms of 
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mussel foot proteins reveals that Dopa plays a critical role in the universal adhesion under wet 

conditions via various interactions including electrostatic interaction, hydrogen bonding, metal-

catechol coordination bond, π–π/cation-π interactions, and covalent cross-linking. Combining 

recombinant Mfps or catecholic moieties with diverse synthetic and natural polymers, a series of 

mussel-inspired adhesives with on-demand mechanical properties (e.g., viscous coacervates, soft 

hydrogels and stiff polyesters) and other functionalities have been successfully designed for a 

broad range of biomedical and engineering applications such as tissue/bone adhesives, drug 

carriers, surgical implants as well as pollutant adsorbents and plastic adhesives. The pH-

responsiveness of catechol-metal coordination and catechol-boronate complexation have been 

exploited for the preparation of stimuli-responsive materials and smart adhesive. However, 

catecholic groups generally suffer from oxidation in neutral and basic conditions, which 

significantly undermines the adhesion and reversibility of the materials and limits their practical 

applications. Thus, the control of the redox reaction of catechol is necessary for the modulation 

and optimization of polymer properties. 

Multifunctional materials have attracted growing attention nowadays, and adhesive catechol 

moieties have been combined with polymer networks exhibiting other intriguing properties such 

as biodegradability, stimuli-responsibility, antibacterial activity and self-healing ability. Since 

most of the systems are complicated and require tedious synthesis process, it still remains a 

challenge to develop a facile and universal approach to multifunctional adhesives on demand. 

Besides the catechol group, other phenolic compounds (e.g., gallic acid, epigallocatechin gallate 

and tannic acid) also hold promise as building blocks for adhesive materials due to their structural 

similarity. Compared to catechol-based polymers, these phenol-containing materials are much less 

reported and are worth further studying due to their easy accessibility and unique properties. 
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In the mussel plaque, the mussels deliberately control the redox environment of the plaque, which 

regulates the inner adhesion and cohesion have of the proteins, yet we still lack a complete 

understanding of how the mussels control the redox environment of the plaque. Moreover, to 

achieve such redox balance in the catechol-functionalized polymeric adhesive systems is still a 

tough problem and needs further investigations.  

Up to now, the development of mussel-mimetic adhesives has generally focused on the catechol 

chemistry, but the biological system is far more complex than the Dopa residue. In natural Mfps, 

other amino acid residues (i.e. cationic, anionic, hydrophobic and thiol groups) also contribute to 

the strong interfacial binding of mussels to a variety of surfaces by maintaining a balance of 

different interactions51, 68, 100, 113. The synergetic effect between catecholic and cationic moieties in 

the mussel adhesion system awaits further investigations. Additionally, the mussel plaque also 

contains various levels of micro and macro structures that are critical to its mechanical properties126, 

196, 197. More efforts are still needed to incorporate such structures in to the synthetic adhesive 

systems, which can further promote the design of next-generation adhesives for a broad range of 

engineering and bioengineering applications. 
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