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Abstract 

Water and adhesives have a conflicting relationship as demonstrated by the failure of most 

man-made adhesives in underwater environments. However, living creatures routinely adhere to 

substrates underwater. For example, sandcastle worms create protective reefs underwater by 

secreting a cocktail of protein glue that binds mineral particles together, and mussels attach 

themselves to rocks near tide-swept sea shores using byssal threads formed from their extracellular 

secretions. Over the past few decades, the physicochemical examination of biological underwater 

adhesives has begun to decipher the mysteries behind underwater adhesion. These naturally 

occurring adhesives have inspired the creation of several synthetic materials that can stick 

underwater – a task that was once thought to be “impossible”. This review provides a 

comprehensive overview of the progress in the science of underwater adhesion over the past few 

decades. In this review, we introduce the basic thermodynamics processes and kinetic parameters 

involved in adhesion. Second, we describe the challenges brought by water when adhering 

underwater. Third, we explore the adhesive mechanisms showcased by mussels and sandcastle 

worms to overcome the challenges brought by water. We then present a detailed review of 

synthetic underwater adhesives that have been reported to date. Finally, we discuss some potential 

applications of underwater adhesives and the current challenges in the field by using a tandem 

analysis of the reported chemical structures and their adhesive strength. This review is aimed to 

inspire and facilitate the design of novel synthetic underwater adhesives, that will, in turn expand 

our understanding of the physical and chemical parameters that influence underwater adhesion. 

 

 

Keywords: Adhesives; underwater adhesion; bioinspired adhesion; interfacial interactions; 

cohesive network 
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1.0 Introduction 

Adhesives are ubiquitous in modern society. They are used in everyday items such as sticky 

notes and adhesive bandages and are essential components in the manufacturing and assembly of 

modern appliances and electronics. Most everyday adhesives are liquids that have superior wetting 

properties and weak cohesive strength prior to their application. Once applied, the liquid cures to 

form a cohesively strong solid material that can bond substrates together. Prominent examples of 

adhesives that undergo this liquid-to-solid transition include Krazy glue®, Elmer’s glue®, Loctite 

430™, and Gorilla® Superglue. All of the commercially available glues work remarkably well in 

their appropriate setting. However, if water is present on the bonding interfaces most of these 

adhesives will fail instantly.1–4 

Historically, much of the scientific developments in adhesive research were targeted towards 

engineering and household applications, where the chances of an encounter between the adhesive 

and water were prevented – at least until the adhesive had cured. But, the recent advancements in 

the field of automotive manufacturing, robotics, and healthcare call for the development of 

underwater adhesives – a new class of adhesive materials that can be spread, bonded, cured, and 

challenged underwater.5,6 For example, in tissue engineering, adhesives are proposed to be the 

successor of sutures for sealing wounds and preventing the loss of blood and other body fluids.7 

In such biological settings, the presence of moisture is certain.8–10 Therefore, the traditional 

adhesive materials that do not address the challenges brought about by water are ineffective in 

applications such as wound care and tissue fixation.11 

The difficulty in creating adhesion between substrates underwater originates from the versatile 

mechanisms through which water can prevent or deteriorate adhesion.12 In one mechanism, water 

molecules adsorb on the adhesive interfaces and reduce the molecular contact between the 
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adhesive and the substrate.13 In another mechanism, water molecules diffuse into the bulk adhesive 

material and reduce (or chemically degrade) the cohesive strength of the adhesive material.14 

Because of these mechanisms, it has been difficult for chemists and material scientists to engineer 

underwater adhesive materials.  

On the other hand, nature showcases a handful of elegant underwater adhesives.15 Prominent 

examples include adhesive holdfasts known as byssal threads created by mussels that enable them 

to cling to rocks near intertidal zones,16 the cement proteins secreted by sandcastle worms that aid 

them in assembling protective structures,17 and the glue secreted by barnacles that allows them to 

attach to underwater rocks.18 Within the past two decades, a fairly resolved picture of the 

biochemistry and adhesive mechanisms of these biological adhesives have been established,19 

which has led to a “bioinspired adhesive boom” for synthetic underwater adhesives.20 Many of the 

studies on synthetic bioinspired adhesives show promising results in joining substrates underwater 

by overcoming the challenges brought by the presence of water.1,2,28–31,3,21–27 

In this publication, we review the details of interfacial adhesion and the chemical design 

principles for creating bioinspired synthetic underwater adhesives. Compared to other excellent 

reviews,5,6,38–41,10,11,32–37 we have focused on the role of chemistry in contact phenomena, 

viscoelastic dissipation, and interstitial water in biological and synthetic underwater adhesives. 

First, we introduce the basic thermodynamic and kinetic parameters involved in adhesion. Next, 

we describe the challenges brought by water when adhering substrates underwater and we present 

examples of biological adhesives and describe the adhesive mechanisms used to overcome the 

challenges brought by water. We then present a detailed review of synthetic underwater adhesives 

reported to date. Finally, we discuss some of the potential applications of underwater adhesives 

and the existing challenges in the field. 
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Figure 1. Introduction to the basic parameters that determine the adhesion of viscoelastic 

materials. (A) A depiction of the contact between an adhesive and the substrate with surface 

energies A and S, respectively. The interfacial energy of the newly formed interface is AS. (B) 

The contact area (AA) and the overall work of adhesion (UT) (units of J) are determined by the 

thermodynamic work of adhesion (W0) and the peel rate and temperature-dependent viscoelasticity 

(f(R,T)) of the adhesive. The W0 is determined by the enthalpic interactions at the adhesive-

substrate interface. The radius of the spreading front (rA) of the adhesive is determined by A and 

the viscosity of the glue (A). (C) The dependence of Wad on the rate of the peel of a hydrocarbon 

elastomer. Reproduced from ref. 42 with permission from the American Chemical Society, 

copyright 1996. The mode of failure is dependent on peel rate and it transfers from adhesive to 

cohesive failure as the peel rate increases. The three zones can be visualized from the images on 

the right. (D) A qualitative understanding of the dependence of interfacial and viscoelastic 

components on the UT. With the changes in the viscosity or the modulus of the adhesive, the 

interfacial and cohesive strength of adhesion changes with opposing trends. An optimal balance 

between interfacial and cohesive strengths is required to achieve maximum adhesive performance. 

Reproduced from ref. 43 with permission from the American Chemical Society, copyright 2015. 
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2.0 An Introduction to the Adhesion Strength of the Viscoelastic Materials 

The adhesion energy between a viscoelastic material and a rigid substrate is determined by the 

combination of viscoelastic dissipation within the adhesive material (bulk cohesive strength) and 

the interfacial bonds (interfacial adhesion) at the contact interface (Figure 1).42 A simplified 

empirical model for the relationship between the cohesive and adhesive strengths on overall 

adhesion strength is as follows: 

 

𝑊𝑎𝑑 =  𝑊0  [1 +  𝑓(𝑅, 𝑇)] Equation 1 

Where 𝑊𝑎𝑑  is the experimentally determined work of adhesion (in units of J/m2), 𝑊0 is the 

thermodynamic work of adhesion energy, R is the rate of peeling, and T is the experimental 

temperature. In Equation 1, 𝑊0 is a function of the interfacial interactions and 𝑓(𝑅, 𝑇) represents 

the peel rate-dependent rheological functions that determine the cohesive strength.42 

 

2.1 The Enthalpy of Interfacial Interactions and Adhesion Strength 

The thermodynamic work of adhesion is defined by the following equation: 

 

𝑊0 =  𝛾𝐴 +  𝛾𝑆 −  𝛾𝐴𝑆 Equation 2 

where 𝛾𝐴 +  𝛾𝑆 is the sum of the surface energies of the adhesive and substrate, and 𝛾𝐴𝑆  is the 

interfacial energy at the contact between the adhesive and substrate.44 In a seminal work, Fowkes 

showed that 𝛾𝐴𝑆 is inversely proportional to the summation of the intermolecular enthalpic 

interactions (Hinterface).
45 For molecules in the gaseous phase, dispersive interactions (HD) from 

Keesom dipole-dipole, Debye dipole-induced dipole, and London dispersion forces dominate the 

Hinterface.
46–50 In liquids, the contribution of HD to Hinterface across nonpolar to polar liquids is 
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found to vary by only about 20%.45,50,51 This indicates that for condensed phases such as liquids 

and solids, other interactions (acid-base interactions, Hab) such as hydrogen bonding primarily 

influence the Hinterface.
45,50 

 

2.2 The Kinetics of Droplet Spreading and Adhesion Strength 

 As most common glues are initially in a liquid-like state, the contact area between the 

adhesive and substrate will depend on the efficiency of spreading of the liquid droplet. Therefore, 

the total peeling work, 𝑈𝑇 (units of J) can be regarded as: 

𝑈𝑇 =  𝑊0 𝐴𝐴 [1 +  𝑓(𝑅, 𝑇)] Equation 3 

where AA is the area of contact between the surface and the adhesive.42 This contact area is a 

function of the viscosity of the glue and the time for spreading. The advancement of droplet size 

(spreading kinetics) of the glue follows Tanner’s law: 

𝑟𝐴

𝑟𝐴,𝑡=0
=  (

𝛾𝐴𝑡


𝐴

𝑟𝐴,𝑡=0
)

𝛽

 
Equation 4 

where 𝑟𝐴 is the radius of the spreading front on the substrate, 𝑟𝐴,𝑡=0 is the initial radius of the glue, 

𝛾𝐴 and 
𝐴

 are the surface tension and viscosity of the glue, respectively; t is time, and β is a 

constant.52 From Equation 2 and Equation 4 one can infer that the low value of 𝛾𝐴𝑆 (higher 

interfacial interactions or low interfacial tension between the substrates) and low viscosity (higher 

spreading) increase the thermodynamic work of adhesion (W0) (as shown in Figure 1B). 

 

2.3 The Viscoelastic Dissipation and Adhesion Strength 
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The cohesive strength 𝑓(𝑅, 𝑇), of the adhesive is a variable that depends on the rate of peel 

at which the adhesive is removed. Studies by Gent have correlated the cohesive strength of the 

adhesive to the viscoelastic behavior of the adhesive materials.42,53,54 At a higher peel rate and 

lower temperature, it was found that the adhesion behavior of simple hydrocarbon elastomers 

overlaps with the William-Landel-Ferry (WLF) model of the rate-temperature dependent polymer 

chain movements. Thus, the cohesive strength is attributed to the segmental mobility of the 

adhesive (Figure 1C).53 For hydrocarbon elastomers, the second term of Equation 1, 𝑓(𝑅, 𝑇) = 

𝑓(𝑎𝑇𝑇), where 𝑎𝑇 is the ratio between the molecular motion of the adhesive at the glass transition 

temperature (Tg) and experimental temperature (T). Interestingly, the dependence of Wad on the 

peeling rate (R) of the adhesive resembles the dependence of the storage modulus (G’) on the 

angular frequency () for soft elastomers. Also, at low peeling rates and high temperatures, the 

cohesive strength decreases significantly (Figure 1C). These relations between the molecular 

motion and cohesive strength imply that the second term of Equation 1 relates to the viscoelastic 

parameters of the adhesive material.42 

Equations 3 and 4 show that the adhesion strength and viscoelastic properties of the 

adhesive are correlated through opposing contributions.43 Equation 3 suggests that the higher 

viscosity of the adhesive will increase the contribution of 𝑓(𝑅, 𝑇) to the Wad. However, Equation 

4 implies that higher the viscosity, lower will be the spreading of the adhesive (Figure 1D). 

Therefore, to create adhesives with maximum Wad, it is necessary to optimize both the adhesive 

and cohesive strengths. 
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Figure 2. A summary of the consequences of the presence of water when adhering underwater. 

(A) A pictorial depiction of the mechanisms through which water deteriorates the adhesion 

strength. Water molecules disrupt the performance of adhesives by swelling and hydrolyzing the 

cohesive network of the adhesive, crazing to the interstices, and preventing the molecular contact 

between adhesive and substrate by adsorbing at interfaces. (B) A schematic description of the 

contact between hydrophilic and hydrophobic substrates underwater. The interface between two 

hydrophobic surfaces submerged underwater does not have water at the interface. The contact 

interface between the hydrophilic surface and hydrophobic elastomer forms a patchy contact that 

has two populations of interfaces. The first population is where the molecular contact is present 

between the adhesive and substrate. The second population is patches of trapped water that reduce 

the adhesion. The contact interface between two hydrophilic surfaces underwater possesses an 

interfacial water layer that prevents their underwater adhesion. 

 

2.4 The Effect of Water on the Adhesion Strength 

Although numerous adhesives with optimized interfacial and viscoelastic properties are 

produced globally for a spectrum of applications, the majority of these adhesives fail to work 

efficiently in moist air or underwater conditions.1–4 This deterioration of adhesion in the presence 
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of water occurs through the following four pathways: (i) an adsorbed layer of water impedes the 

molecular contact between the adhesive and the substrate, (ii) the wicking and crazing of water 

molecules through the asperities of the substrate-adhesive interface, (iii) hydrolytic degradation of 

the adhesive, and (iv) plasticization of the cohesive network by water and swelling of the cured 

adhesive (Figure 2A).12 

When applying an adhesive in an underwater setting, the conditions under which the 

substrate and adhesive are brought into contact can also determine the characteristics of the 

molecular contact. For example, the pressure at which the adhesive is applied can alter the kinetics 

of drainage of interstitial water. Because of the fluid present at the interface at low separation, a 

hydrodynamic force can develop at the interface. This force can be represented by Reynold’s 

equation: 

 

𝐹𝐻 =  
6𝜋𝑅2𝜂𝑣

𝐷
 

Equation 5 

where R is the radius of the sphere, 𝜂 is the viscosity of the liquid, and D is the closest distance 

separating the spherical adhesive from the flat substrate.55,56 Frechette et al. measured the elastic 

deformation and hydrodynamic forces and provided insights regarding the dynamics of the contact 

interface due to the release of elastic energy.57 

Among the major mechanisms that hinder adhesion, we focus on interstitial water, because 

interstitial water not only prevents molecular contact between the adhesive and the substrate but 

also weakens the interfacial adhesive bonds.13,54,58,59 For example, the adhesion strength between 

epoxy and silica in dry conditions is 178 mJ/m2, but it drops to -56.2 mJ/m2 ( 
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Table 1) in the presence of water.58 The reduction in magnitude and the reversal in sign 

indicate the non-adhesive nature of these substrates underwater.60 Most adhesives rely on 

electrostatically driven molecular interactions such as Coulombic, dispersive, and acid-base 

interactions. The polar nature of water directs these interactions towards itself and weakens the 

adhesive-substrate interfacial bonds.45 

However, in water, hydrophobic interactions can facilitate underwater adhesion.13,27,61–63 

An example is the strong adhesion between two hydrophobic substrates underwater. The adhesion 

strength between two hydrophobic surfaces, polydimethylsiloxane (PDMS) and 

octadecyltrichlorosilane (OTS) underwater was found to be ~ 1.75-times higher than in dry 

conditions ( 

 

Table 1).62 Chaudhury and Whitesides had proposed that the nature of adhesive contact 

between two substrates is a function of their corresponding interfacial energies in water.13 In an 

underwater environment the two hydrophilic surfaces underwater tend to form a thick water bridge 

when they come into contact, and the contact between two hydrophobic surfaces develops a 

smooth molecular contact devoid of interstitial water. When a hydrophilic surface and a 

hydrophobic elastomer come into contact, a patchy contact is formed between the surfaces (as 

shown in Figure 2B).64 This patchy contact has two types of interfaces: in some regions, the 

adhesive is in molecular contact with the substrate, while in other regions, the water molecules 

adhered to the hydrophilic substrate prevent molecular contact between the adhesive and the 

substrate. The adhesion strength in such patchy contacts is dependent on maximizing the regions 
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of molecular contact between the adhesive and substrate.61,63 However, hydrophobic surfaces are 

susceptible to fouling in water and lose molecular interfacial contact in the presence of 

surfactants.65 

 

Table 1. A comparison of the adhesion strengths (Wad) measured between hydrophilic-hydrophilic 

(silica/epoxy) and hydrophobic-hydrophobic (PDMS/OTS) contacts in dry and underwater 

conditions. 

Contacting interface Wad (mJ/m2) Ref. 

Silica/epoxy (hydrophilic-hydrophilic contact) in dry conditions 178[a] 58 

Silica/epoxy (hydrophilic-hydrophilic contact) in water  56.2[a] 
58 

 

PDMS/OTS (hydrophobic-hydrophobic) in dry conditions 40[b] 62 

PDMS/OTS (hydrophobic-hydrophobic) in water 68[b] 62 

Wad is determined from [a]atomic force microscopy and [b]Johnson Kendall Roberts model contact 

adhesion measurements 
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Figure 3. Summary of the commonly used experimental techniques for measuring underwater 

adhesion strength. The different steps involved in fabricating the samples for underwater adhesive 

testing using (A) lapshear adhesion strength measurement, (B) peel adhesion strength 

measurement, and (C) JKR model adhesion strength measurements are shown. In all the 

experimental geometries, the adhesive is brought in contact with substrates underwater. The ratio 

between cohesive and adhesive interactions is quantified differently across the adhesion strength 

measurement techniques. For example, cohesive interactions are the major contributor to lapshear 

adhesion measurements compared to interfacial interactions. 

 

2.5 Experimental Techniques for Measuring Underwater Adhesion Strength 

 Adhesion force measurement methods such as lapshear strength measurement, the peel 

test, the tack probe test, and the Johnson Kendall Roberts (JKR) model have been used for 

measuring the adhesion strength of materials (Figure 3).39 These methods are vastly different in 

their sample preparation and measurement sensitivity. Comparison of adhesion force 

measurements obtained using different techniques is not advisable, as the measured outcome might 

have a different ratio of contributions between interfacial and cohesive interactions. A detailed 
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insight into the common experimental techniques for adhesion strength measurement is described 

elsewhere.39 In the following sub-sections, we introduce methods that have been adapted for 

underwater adhesion strength measurements.  

2.5.1 Lapshear adhesion strength measurements 

 Lapshear adhesion strength measurements are considered to be the gold standard for 

measuring adhesion strength. Most literature examples follow ASTM D1002 guidance to obtain 

these measurements.1,66 In ASTM D1002, the adhesive formulation is applied on two pieces of 

aluminum (Figure 3A). An overlapping area of 0.5 inch2 is created between the two substrates and 

the adhesive is allowed to cure for a predetermined time. After curing, the substrates are pulled 

apart in a tensile geometry (crosshead speed = 1.3 mm/min). The force-distance curve (Figure 4A) 

obtained from the experimental results is then converted to lapshear strength or lapshear work of 

adhesion by using the following equations: 

𝐿𝑎𝑝𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ, 𝐴𝐿𝑎𝑝 =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 𝑙𝑜𝑎𝑑

𝐿𝑎𝑝 𝑗𝑜𝑖𝑛𝑡 𝑎𝑟𝑒𝑎
 

Equation 6 

 

𝐿𝑎𝑝𝑠ℎ𝑒𝑎𝑟 𝑤𝑜𝑟𝑘 𝑜𝑓 𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 = ∫ 𝐹𝑜𝑟𝑐𝑒 ∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
Equation 7 

When testing the adhesive strength in lapshear strength measurement, the lap joint area is assumed 

to be constant. The lapshear adhesion strength for underwater adhesives typically varies between 

10 – 3000 kPa.1,20,27 Although lapshear adhesion strength measurement simulates the stress at 

adhesive interfaces, the major contributor to this measurement is the bulk cohesive interactions of 

the adhesive. In addition, the experimentally determined adhesion strength strongly correlates with 

the thickness of the adhesive coating.67,68 In the geometry of the adhesion measurement, 

characterizing the failure mode of the adhesive is also problematic, as adhesive residues can be 
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found on the substrate even in adhesive failure.69 Moreover, performing lapshear adhesion 

measurements underwater becomes more challenging since many of the adhesives cannot be 

spread underwater. Across the literature, there are wide variations in the procedures used for 

spreading, bonding, and curing the adhesive prior to obtaining the measurement.1,3,25,27 These 

variations make it challenging to compare the strength across studies from different research 

groups. 

 

 

Figure 4. Examples of representative force-distance profiles obtained during (A) lapshear, (B) 

peel, and (C) JKR model underwater adhesion strength measurements. These force-distance 

profiles are converted to adhesion strength and work of adhesion. The lapshear strength 

measurements are commonly used for quantifying the adhesive strength of bulk polymer adhesives 

and coacervates. The peel adhesion strength measurement is commonly used for pressure-sensitive 

adhesives. The JKR model adhesion strength measurements are used for inferring interfacial 

adhesion strength of adsorbed polymer chains and elastomers. 

 

2.5.2 Peel adhesion strength measurements 

 Peel tests are commonly performed for testing the adhesive strength of pressure-sensitive 

adhesives, and ASTM D3330 is recommended for preparing the adhesive joints and testing.31,70 

Typically, the adhesive is coated over a plastic backing (polypropylene or polyethylene 

terephthalate) and applied on an aluminum substrate (Figure 3B). The overlapping area is secured 
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by rolling a heavy (2 kg) rubber roller on the overlapping area. The adhesive joint is then peeled 

off at an angle using a force probe. The force-distance curve is recorded during the peel and the 

peel adhesion strength is obtained from the force-distance curve (Figure 4B). Different variants of 

peel tests such as 180°, 90°, static shear tests are used in the literature.42,71,72 Typically, the peel 

adhesion strength is reported in the order of a few N/2.55 cm. 

 

 

2.5.3 Johnson Kendall Roberts model adhesion measurements 

 A popular and more sensitive approach to measure the adhesion strength is to use Johnson 

Kendall Roberts (JKR) model adhesion measurements.13,59,63,73–75 In a typical adhesion 

measurement, a hemispherical substrate is brought into contact with a flat surface (Figure 3C). 

Once the contact reaches a predetermined load and equilibration time, the substrates are pulled 

away from each other, and the adhesion force is recorded using sensitive force probes. JKR model 

adhesion measurements can be performed using a custom-built piezo setup,62,63 a surface force 

apparatus,74,76,77 or an atomic force microscope.73,78 From the force-distance curve (Figure 4C), the 

adhesion strength (Wad) can be determined using the JKR equation as follows: 

𝑊𝑎𝑑 =
𝐹𝑎𝑑

1.5 𝜋 𝑅𝑙
 

Equation 8 

where 𝐹𝑎𝑑 is the pull-off force and 𝑅𝑙 is the radius of the hemispherical lens. When performed at 

low contact or retraction rates, the adhesion strength measured using the JKR model corresponds 

to the interfacial interactions.13,61–63 Typically, the adhesion strength measured for the contact 

between a hard (substrate) and a soft (adhesive) is on the order of 1-100 mJ/m2. 
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Figure 5. Three marine organisms that produce extracellular underwater adhesive secretions. (A) 

A mussel adhered to a substrate using its byssal threads. Reproduced from ref. 79 with permission 

from the Company of Biologists LTD, copyright 2017. (B) A magnified image of one mussel 

adhesive thread. A clear distinction between adhesive plaque and the thread region can be 

observed. Reproduced from ref. 80 with permission from the Royal Society of Chemistry, 

copyright 2015. (C) The parathoracic organs of the sandcastle worm contain the secretory glands 

and the building organ that assembles the tubular structure. Reproduced from ref. 81 with 

permission from the Elsevier, copyright 2016. (D) A structure made by sandcastle worm with their 

adhesive using microscopic glass beads. Reproduced from ref. 82 with permission from the 

Elsevier, copyright 2010. (E) The picture of an adult barnacle and the (F) bottom view of the 

contact between barnacle and surface (left to right: normal, dried, and rehydrated contacts). 

Reproduced from ref. 83 with permission from the John Wiley and Sons, copyright 2012. (G) A 

cross-sectional fluorescent microscopic image of the deposition of the barnacle glue. Reproduced 

from ref. 84 with permission from the WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim, 

copyright 2018. 
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3.0 Natural Underwater Adhesive Engineers 

Organisms such as mussels, sandcastle worms, caddisfly larvae, and barnacle as well as 

bacteria in the genus Caulobacter exhibit adhesive mechanisms that enable their lifecycle in 

aqueous environments (Figure 5).15,19,60,79 For example, adult barnacles attach themselves to rocks 

along tide-swept shores with distinct protein recipes while they metamorphose from a free-

swimming cyprid phase to a sessile adult barnacle phase.85 The adult barnacle exoskeleton remains 

permanently attached to rocks even after the end of its lifecycle (Figure 5 E-G).86 Although these 

organisms belong to different phyla, mussels, sandcastle worms, and caddisfly larvae secrete a 

cocktail of distinct proteins that enable them to sustain their life in aquatic environments.19 The 

detailed review of the adhesive mechanisms of the organisms can be found elsewhere.5,15,19,79,87 

Inspired by numerous examples of biological underwater adhesives, synthetic underwater 

adhesives have been developed.5,6,20,32 Among these adhesives a majority of the underwater 

adhesives are created with inspiration from the adhesive mechanisms of mussels and sandcastle 

worms. Therefore, in this section, we limit the review to an introduction to the adhesive 

mechanisms of mussels and sandcastle worms adhesives and synthetic underwater adhesives 

inspired by these organisms. 
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Figure 6. An overview of the mechanism of the mussel adhesion. (A) The anatomy of the mussel 

foot containing the secretory glands that secrete the proteins necessary for the formation of the 

mussel byssal thread. (B) A pictorial representation of the proteins found in the mussel byssal 

thread with a list showing the amino acid composition of the proteins found in the plaque. 

Reproduced from ref. 6 with permission from the Royal Society of Chemistry, copyright 2020. (C) 

Proposed steps involved in the formation of mussel byssal thread. The biochemical events near the 

distal region of the mussel foot are shown. The first step is proposed to be a cavitation event where 

the mussel foot exerts a negative pressure to drive water away from the surface before the secretion 

of the proteins. Later, the proteins that regulate the biochemical processes of adhesion and curing 

are secreted. The adhesive proteins undergo coacervation and phase inversion before the formation 

of coating and byssal thread maturation. 

 

3.1 Underwater Adhesion of Mussels 

 Mussels are sessile organisms commonly found in inter-tidal zones (Figure 5A). To 

overcome the lift-off forces caused by wave action, each mussel creates more than 50 adhesive 

holdfasts knowns as the byssal threads.88 In a time interval of a few minutes, mussels secrete at 
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least 20 foot proteins (Mfp) through the ventral grove located in the core of the mussel foot (Figure 

6A and Figure 6B). Mfps undergo a series of physicochemical changes to become the final byssal 

threads.89 Waite suggests that the formation of the byssal thread involves at least five following 

steps: (i) first, the distal region of the mussel foot creates a cavity with negative pressure near the 

substrate, then (ii) the chemical environment inside the cavity is regulated by manipulating the pH, 

ionic strength, and redox potential, followed by the (iii) secretion of partially soluble proteins 

(coacervates) that later (iv) undergo water/protein phase inversion. Finally, the mussel foot 

assembles (v) the Mfp-1-based coating over the phase inverted immature byssal thread, which then 

solidifies through mineral and enzyme-assisted crosslinking reactions and form mature adhesive 

byssal threads.79 

 

Table 2. Summary of the location, molar mass, structure, DOPA content, and adhesion strength to 

mica (Wad, measured using surface force apparatus) of the proteins found in the mussel byssal 

thread. Reproduced from ref. 6 with permission from the Royal Society of Chemistry, copyright 

2020. 

Protein Location Molar mass 

(kDa) 

Structure DOPA content 

(mol%) 

Wad
 

(mJ/m2) 

Mfp-1 Cuticle ~ 110 Disordered 15 1 

Mfp-2 Plaque core 45 Disordered 5 1 

Mfp-3f Plaque-substrate interface 6 Disordered 20 6 

Mfp-3s Plaque-substrate interface 6 Disordered 10 3 

Mfp-4 Plaque core 90 Disordered 2 0 

Mfp-5 Plaque-substrate interface 11 Disordered 30 15 

Mfp-6 Plaque-substrate interface 12 Disordered; 

beta 

5 0.5 

Mfp-7 Plaque core 35 -- 0.2 -- 
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Collagen (preCOL-D, 

-P, -NG) 

Thread core 240 (trimer) Structured 0.1 -- 

 

The byssal threads of mussels consist of an adhesive plaque near the substrate-holdfast 

interface and a collagenous thread that connects the plaque to the mussel (Figure 6B).88,90,91 The 

proteins found across these two segments are vastly different in their structure and 

physicochemical properties (Figure 6B). Among the 20 proteins that have been identified in the 

byssal thread, Mfp-3f, -3s, -5, and -6 are found at the plaque-substrate interface. These interfacial 

proteins are proposed to play crucial roles in maintaining the adhesive strength of the mussel byssal 

threads.76,92–97 Interestingly, these four proteins found at the interface have low molar mass (Table 

2, 5 – 12 kDa) compared to the other proteins found in the byssal thread.79 It can be hypothesized 

that the low molar mass of the proteins found near the plaque-substrate interface reduces the 

viscosity of the adhesive and improves the interfacial interactions as indicated from Equation 3.54 
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Figure 7. Summary of the mechanisms through which DOPA units contribute to the adhesive and 

cohesive strength of Mfps and their mimics. (A) Interfacial and (B) cohesive strengthening 

mechanisms of DOPA. DOPA molecules are proposed to interact at the interfaces via single 

hydrogen bond (to -OH self-assembled monolayers, SAM), bidentate hydrogen bonds (to mica 

surfaces), weak and strong acid-base interactions (to hydroxylated surfaces), metal-coordinate 

bonds (to metallic surfaces), and hydrophobic interactions (to organic surfaces). DOPA molecules 

can form crosslink points in the cohesive network by multivalent coordination bonds, cation- 

interaction, and covalent bonds by quinone-mediated aromatic coupling and reacting with other 

nucleophilic amino acids variable groups. Reproduced from ref. 98 with permission from the 

American Chemical Society, copyright 1998. Reproduced from ref. 74 with permission from the 

WILEY‐VCH Verlag GmbH & Co. KGaA, copyright 2015. 

 

3.1.1 DOPA-mediated interfacial interactions and interstitial water removal 

Perhaps the most recognized feature of the Mfps is the post-translational modifications 

found in their amino acids.16,99–102 One of the most discussed post-translational modifications in 

Mfps is the conversion of tyrosine units to 3,4-dihydroxyphenylalanine (DOPA).79 DOPA is found 

in substantial amounts (5 – 30 mol% DOPA) in the Mfps that form the cuticle (Mfp-1) around the 

byssal thread and the plaque-substrate (Mfp-3s, -3f, and -5) interface (Table 2). However, DOPA 
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is found in low amounts (2 – 5 mol% DOPA) in the Mfps that form the plaque core (Mfp-2 and 

Mfp-4).79 A wide variety of molecular-level adhesive mechanisms for Mfps are proposed based on 

the unusual presence of DOPA units in the adhesive proteins. DOPA units consist of a catechol 

group (3,4-dihydroxybenzene, referred to as DOPA in this review) that is proposed to improve the 

interfacial bonding and cohesive strength of the adhesive byssal threads.6 By studying the adhesive 

behavior of Mfps and their analogs, it is proposed that the dihydroxyl groups in DOPA form 

bidentate hydrogen bonds to the mica surface,73,103,104 multimodal acid-base interactions to 

hydroxylated Al2O3 surface,63,105 and coordinate bonds to metallic surfaces.73,93,106,107 Meanwhile, 

the phenyl groups of DOPA can form interfacial bonds through hydrophobic, - interactions, and 

weak acid-base interactions (Figure 7A).94,97,105 

Using ATR-IR spectroscopy in an adsorption geometry, Wei et al. showed that the Mfp-

3s-mimicking peptides with DOPA units dry the interstitial water more efficiently than the tyrosine 

variant on TiO2 and hydroxyapatite surfaces.108 Akdogan et al. studied the changes in diffusivity 

of interfacial water on polystyrene and silica surfaces when adsorbed with Mfp-3s, Mfp-3f, Mfp-

1, and Mfp-5 using Overhauser dynamic nuclear polarization (ODNP) relaxometry. Interestingly, 

the relatively hydrophobic protein - Mfp-3s, showed the capability of displacing interstitial water 

while adsorbing onto polystyrene surface.109 Notably, the relatively hydrophilic proteins Mfp-3f, 

Mfp-1, and Mfp-5 did not alter the dynamics of interstitial water. It was found that none of the 

proteins perturbed the interstitial water on hydrophilic silica surfaces. 

3.1.2 DOPA-mediated cohesive interactions 

In addition to the various mechanisms through which DOPA is proposed to improve 

interfacial interactions, DOPA units can also enhance the cohesive strength of the adhesive through 

various physical and chemical bonding (Figure 7B). DOPA enhances the cohesive strength of 
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Mfps by physical interactions such as DOPA-DOPA hydrogen bonding and DOPA-lysine cation-

 interactions.74,110,111 Since the adhesives are secreted in marine water where a substantial amount 

of minerals are present, DOPA units in Mfps form coordinate complexes with metal centers present 

in water.112 Often, 2-3 DOPA molecules form bidentate coordination complexes with one metal 

center in the protein structure and act as crosslinking points that improve the storage modulus (G’) 

of the Mfps.74 The dynamic nature of this DOPA-metal coordinate complex also helps in providing 

viscoelastic dissipation and provides toughness to Mfps.113–115 The DOPA units are noticeably 

active to changes in redox and pH of the active environment. At pH > 9 or in the presence of 

oxygen, DOPA converts to quinone which has an electrophilic site available for nucleophilic 

reactions with amino acids such as lysine and cysteine to form covalently crosslinked protein 

networks.95 The semiquinones formed from the oxidation of catechol units can also undergo 

aromatic cross-coupling and form crosslinking points (Figure 7B).116 

3.1.3 Disordered structure of Mfps and coacervation 

Many proteins found in nature adopt secondary structures to protect their active sites and 

maintain their functionality.117 On the contrary, Mfp-3s and -5 do not possess secondary structures 

and resemble an extended coil with intrinsically disordered domains (IDRs, Table 2).79,118,119 

Under suitable conditions, such disordered proteins can undergo a liquid-liquid phase separation 

(LLPS) process, known as coacervation.120 Proteins that display coacervation will form two 

distinct phases in aqueous solutions, namely, dilute and dense phases. The dense phase contains 

more protein compared to the dilute phase.121 Notably, the dense phase is denser than water, with 

viscosity optimal for efficient spreading, and shows low interfacial tension underwater.122 Wei et 

al. found that Mfp-3s undergo single-component coacervation at pH = 3 – 6 and NaCl 

concentration = 0.1 – 0.6 M.123 This coacervation behavior is proposed to help mussels coat 
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underwater surfaces with adhesive primers (Figure 6C). While other Mfps also exhibit IDRs in 

their protein structure,6 no studies exploring their coacervation behavior have been reported in the 

literature. 

 

 

Figure 8. An overview of the underwater adhesive mechanism of the sandcastle worm is shown 

at different length scales. The homogeneous and heterogeneous adhesive granules are initially 

secreted from the secretory cells in the parathoracic glands of the sandcastle worm. The 

components in the granules are shown at the bottom right. The granules are mixed by the cilia 

which leads to complex coacervation of the oppositely charged proteins and polysaccharides. The 

dense phase formed from the complex coacervation is initially cured by the changes in the 

environmental pH and ionic strength. The DOPA-based final curing of the adhesive is mediated 

by catechol oxidase. 

 

3.2 Underwater Adhesion of Sandcastle Worms 

 Sandcastle worms, often found on turbulent shoresides, protect themselves with elaborate 

structures they construct from adhering together mineral particles,.124 To build the sandcastle, these 

polychaete tubeworms stick minerals together with their intrinsically generated underwater glue 
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(Figure 5C and Figure 5D).125 The glue is rich in proteins and metal salts and is secreted as 

homogeneous and heterogeneous granules from secretory cells found near the parathoracic 

segments of the worm (Figure 8). Six sandcastle worm adhesive protein compositions have been 

characterized to date.81 Four of the proteins (Pc1, Pc2, Pc4, and Pc5) are polybasic and are rich in 

amino acids such as lysine, histidine, and tyrosine. The other two proteins are Pc3A, (which is 

polyacidic) and Pc3B (which is a polyampholyte). Interestingly, the polyacid nature of Pc3A 

originates from the post-translational phosphorylation of an unusual amount ( 90 %) of serine 

units into phosphoserine. The tyrosine units in Pc1 and Pc2 are modified to DOPA units (similar 

to that of interfacial Mfps. In addition to the proteins, the sandcastle worm glue contains Ca2+ and 

Mg2+ ions, sulfated polysaccharides, and catechol oxidase.15,82,126–128 

3.2.1 Complex coacervation of sandcastle worm adhesives 

The sandcastle worm glue precursors are rich in cationic and anionic groups ( 40 

mol%).126 It is proposed that a condensation between these cationic and anionic proteins occur at 

the paddle-shaped cilia covering the building organ of the sandcastle worm (Figure 5C and Figure 

8). Such complexation between the oppositely charged proteins forms a complex coacervate phase 

just before the application of the glue. Hence, the complex coacervation is suggested to be a crucial 

step in the initial adhesion of the sandcastle worm structures.82 Unlike Mfp-3s, the driving force 

for the complex coacervation of weak polyelectrolytes like polyphosphate (Pc3A) and polylysine 

(Pc2) is enthalpic interactions (electrostatic) between oppositely charged macromolecules.129,130 

Nevertheless, similar to the single-component coacervation of Mfp-3s, the complex coacervation 

also creates a water-immiscible dense phase that may be applied as an underwater adhesive. 
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3.2.2 Two-step curing of the sandcastle worm adhesive 

The sandcastle worm adhesive is proposed to undergo a two-step curing process for a 

permanent setting (Figure 8).82,131 In the first step, the liquid-like complex coacervate combines 

with divalent ions (Mg2+ and Ca2+) and responds to differences in pH between the secretory system 

(pH < 6) and seawater (pH > 8). Since the mode of interaction between proteins in this complex 

coacervate is electrostatic, the interfacial and viscoelastic properties of complex coacervates are 

highly sensitive to changes in ionic strength and pH.81 Therefore, the sandcastle worm adhesives 

solidify remarkably fast (first curing time < 30 s) once applied in seawater.17 In the second step, 

DOPA units are oxidized by catechol oxidase found in the adhesive granules of the sandcastle 

worm. This oxidation process leads to the phase transition of the glue from a white semi-solid to 

a tough, leathery, and brownish solid, indicating the o-quinone-mediated crosslinking reactions of 

DOPA units in Pc1 and Pc2 (Figure 7B).81 The combination of interfacial wetting properties of the 

complex coacervation and the cohesive strength derived from the two-step solidification process 

is responsible for the performance of sandcastle worm adhesives underwater. 

 

 

Table 3. Classification of synthetic bioinspired adhesives based on the fabrication and testing of 

adhesive joints. Representative examples of individual classes can be found in the references cited. 

Classification of 

bioinspired 

adhesive 

Steps involved in creating the adhesive joint and their wet/dry 

conditions 

Ref. 

Spreading Bonding Curing Testing 

Dry adhesive Dry Dry Dry Dry 132–137 

Water-resistant Dry Dry Dry Underwater 138–141 

Wet adhesive Wet Wet Humid Wet/Dry 98,142–145 

Underwater adhesive Underwater Underwater Underwater Underwater 2,21,27,31,146,147 

 

 

 

Page 27 of 66 Chemical Society Reviews



4.0 Bioinspired Synthetic Underwater Adhesives 

 Exciting discoveries over the past few decades have provided a deeper understanding of 

the temporal, biological, chemical, and physical mechanisms of the underwater adhesion of aquatic 

organisms.79,81 The biochemical and biomechanical studies of underwater biological adhesives 

over the past four decades have drafted design guidelines for synthetic chemists and engineers to 

use in creating adhesives that stick underwater.5,6,73,80,89,93,96 For example, inspired by the presence 

of DOPA units in Mfp and Pc, a wide variety of bioinspired adhesives have been created by 

appending DOPA units on various oligomer and polymer backbones.6,92,148 This method dates back 

to the pioneering study by Yamamoto in 1987 where a poly(decapeptide) containing 10 mol% 

DOPA showed an adhesion strength of  2.7 MPa when used to adhere two iron plates.142 

Similarly, Yu and Deming created an adhesive formulation of lysine-DOPA copolypeptide and 

tyrosinase, that showed a maximum lapshear adhesion strength (ALap) of  4.7 MPa when adhering 

together two Al2O3 plates.149  

These initial studies have created a “bioinspired adhesive boom” over the past decade, 

which has led to a wide variety of synthetic bioinspired adhesives with better adhesion than the 

mussel adhesive plaque.20 However, many of these studies were not able to emulate the elegance 

of the underwater adhesives of mussels or sandcastle worms because (i) all the steps involved in 

adhesion were not carried out underwater, (ii) use of toxic organic solvents or plasticizers in the 

adhesive formulation, and (iii) impractical curing time (some studies with > 1 h curing time). The 

elegance of mussel and sandcastle worm adhesion is the ability of these organisms to carry out all 

the steps involved in adhesion, i.e., spreading, bonding, and curing while underwater.19 In the past 

few years, researchers have demonstrated the ability to create adhesives that perform all the steps 
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of adhesion underwater (Table 3). In this review, we have only considered the literature examples 

in which all the steps of the adhesion process were performed underwater. 

 

  

 

Figure 9. Bioinspired synthetic underwater adhesives can be broadly categorized into three 

classes: Bulk polymers, Coacervates and Tacky Adhesives. Few of the examples of the underwater 

water adhesives in the Bulk polymers category  materials where the underwater adhesion depends 

on the liquid  solid transition of the polymer or the solution are shown here. Reproduced from 

ref. 1 with permission from the American Chemical Society, copyright 2011. 

  

It is well-established that DOPA molecules can interact with surfaces to improve interfacial 

interactions (Figure 7).63,73,104,106,107 Also, the formation of DOPA-metal complexes and oxidative 

crosslinking of DOPA underwater enhance the cohesive strength of the material (Figure 7).95,112,150 

This versatility of DOPA for improving the overall adhesion strength has motivated researchers to 

design underwater adhesives by synthesizing polymers functionalized with DOPA (or 

catechol).5,6,36,92 These adhesives have a broad range of adhesive mechanisms, material properties, 

and adhesion strength. Since the adhesion strength measurement technique of choice depends on 

the material properties of the adhesive formulation, in this review we classified the underwater 

adhesives based on their material properties and the geometry of adhesion strength measurements 

used in the report. Broadly, bioinspired underwater adhesives can be categorized into three major 
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categories (Figure 9, Figure 11, and Figure 12). The first category is polymers that are spread (or 

injected) on surfaces dissolved with or without organic solvents – bulk polymer underwater 

adhesives. These adhesives are cured via polymer chain entanglements, solvent evaporation, 

oxidation reactions, or crosslinking reactions. The second category of underwater adhesives is the 

liquid-like dense phase adhesives formed from the coacervation process which is later cured 

through environment switching and crosslinking reactions. Typically, lapshear adhesion strength 

measurements are used in testing the adhesion strength of these two classes of materials. The third 

category is tacky adhesives that are thermoplastic elastomers or crosslinked networks. The 

adhesion strength is typically measured using a contact adhesion geometry for this class of 

materials. In the following section, we will review these three categories of underwater adhesives 

(Table 4). 

 

Table 4. Summary of the underwater adhesive formulations, curing mechanism, time (t), and 

temperature (T), maximum lapshear adhesion strength (ALap), and the corresponding references. 

Polymer Other reagents Curing conditions ALap (MPa) Ref 

Mechanism t 

(h) 

T 

(ºC) 

Dry Under 

water 

Bulk polymers 

Poly(styrene-

co-+NEt3-co-

DOPA) 

Bu4N+(IO4
-), 

methanol and 

CHCl3 

Oxidation of DOPA 

and chain entanglement 

24 50 2.8  0.6 

 

0.4  0.2 

 

1 

Poly(styrene-

co-DOPA) 

Methanol and 

CHCl3 

Autoxidation of DOPA 

and chain entanglement 

24 r.t. 3 ± 1 2.2 ± 0.9 2,136 
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Poly(MMA-co-

DOPA-co-

phosphate) 

Acetone, water, 

and Bu4N+(IO4
-) 

Oxidation of DOPA 

and chain entanglement 

24 r.t. 2.4 0.5 69 

(DOPA-PLA) 

copolyester 

Bu4N+(IO4
-) and 

acetone 

Oxidation of DOPA 

and chain entanglement 

24 37 2.6 ± 0.4 1.0 ± 0.3 151 

(DOPA-

Coumarin-

Hydrocarbon) 

copolyester 

None Photocrosslinking of 

coumarin 

0.2 r.t. 0.87 ± 

0.08 

0.65 ± 

0.09 

27 

DOPA-bis(4-

glycidyloxyphe

nyl) alternating 

copolymer 

FeCl3, methanol, 

and CHCl3 

Oxidation of DOPA, 

metal coordination, and 

chain entanglement 

168 r.t. n.d. 0.91 ± 

0.08 

152 

Poly(DOPAmet

hacrylamide-

co- 

ethylmethoxy 

acrylate) 

FeCl3, methanol, 

and CHCl3 

Oxidation of DOPA, 

metal coordination, and 

chain entanglement 

24 r.t. 0.9 0.4 22 

DOPA-

ethylmethoxy 

copolymethacry

lamide 

FeCl3, methanol, 

and CHCl3 

Oxidation of DOPA, 

metal coordination, and 

chain entanglement 

24 r.t. 1.1 0.6 22 

poly(N-

vinylpyrrolidon

e-co-DOPA) 

FeCl3, methanol, 

and CHCl3 

Oxidation of DOPA, 

metal coordination, and 

chain entanglement 

24 r.t. 1.3 1.3 22,153 

Poly(DOPA-

co-

butylacrylate) 

Methanol and 

CHCl3 

Autoxidation of DOPA 

and chain entanglement 

144 r.t. 0.7 0.5 3 
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Poly(pyrogallol

-co-

butylacrylate) 

Methanol and 

CHCl3 

Autoxidation of DOPA 

and chain entanglement 

144 r.t. 3 1.35 ± 

0.17 

3 

Coacervates 

Poly(phosphate

-co-DOPA) and 

Polyamine 

Water, Ca2+, 

NaIO4, PEGDA, 

and free-radical 

initiators 

Oxidation of DOPA, 

crosslinking of 

PEGDA, and 

environment switching 

24 r.t. n.d. 0.97 ±  

0.26 

21 

Poly(phosphate

-co-DOPA) and 

Gelatin-amine 

Water, Mg2+, and 

NaIO4 

Oxidation of DOPA 

and environment 

switching 

24 r.t. n.d. 0.75 25 

Rmfp and 

hyaluronic acid 

Water Autoxidation of DOPA 24 r.t. 4.0  0.5 0.24  

0.10 

147 

PAH and TPP Water and salt Complexation of 

charged groups 

4 r.t. n.d. 0.4 29 

DOPA-

conjugated 

elastin 

Water Autoxidation of DOPA 24 37 2.6 ± 0.6 0.24 ± 

0.09 

28 

(DOPA-

Coumarin) non-

ionic 

copolyester 

Water Photocrosslinking of 

coumarin 

0.2 r.t. n.d. 0.10  

0.02 

24 
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4.1 Bulk Polymer Underwater Adhesives 

Wilker and coworkers have carried out a series of pioneering studies in optimizing the 

adhesion of DOPA-conjugated styrenic copolymers (Figure 9).132,136,137,154 For example, in the 

study by White et al., a library of statistical copolymers with styrene, DOPA, and triethylamine 

repeating units were synthesized using free radical polymerization.1 Since these copolymers are 

solid-like at room temperature with high glass transition temperatures (Tg > 80 ºC), they needed to 

be dissolved in a 90:10 mixture of chloroform:methanol to achieve effective spreading of the 

adhesive formulation in an aqueous environment. To initiate oxidative crosslinking of DOPA 

units, Bu4N
+(IO4

-) was used as an oxidant in the adhesive formulation. The adhesive formulation 

showed ALap of  0.4 MPa when used to bond two Al2O3 substrates underwater. In the same study, 

the authors found that poly(vinyl acetate) and ethyl cyanoacrylate-based commercial glues showed 

negligible adhesion underwater. Interestingly, the incorporation of cationic groups in the polymer 

sidechain had a molar composition-dependent effect on the performance of the adhesive 

underwater. While the copolymer with 7% cation content showed the highest ALap of  0.4 MPa, 

the formulations with 0% and 16% cation content showed ALap of  0.18 and 0.15 MPa, 

respectively. White et al. suggested that the cationic groups are not the only reason for underwater 

adhesion, but may significantly contribute to bonding.1 In a more recent study, the Wilker group 

designed a statistical copolymer with styrene and DOPA repeating units.2 This styrene and DOPA 

copolymer with molar mass = 85 kDa with 20 mol% DOPA showed a maximum underwater tensile 

adhesion strength of   3 MPa to Al2O3 substrates submerged in seawater. Interestingly, the mussel 

byssal threads tested under the same conditions showed a tensile adhesion strength of  0.1 MPa 

only. Recently, the Wilker group reported an adhesive formulation that contains an acrylate-based 

copolymer with DOPA, methyl methacrylate, phosphate pendant groups, organic solvents 
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(chloroform and methanol), and Bu4N
+(IO4

-) oxidant, that showed a maximum ALap of  0.5 MPa 

underwater.69 

Other researchers have also developed adhesives based on DOPA copolymers. Sha et al. 

reported an alternating copolymer made of DOPA and bis(4-glycidyloxyphenyl) repeating units. 

An adhesive formulation of this alternating copolymer, organic solvents (chloroform and 

methanol), FeCl3 (oxidant and crosslinker), showed ALap  0.9 MPa underwater.152 Mu et al. tested 

the effect of polymer backbone and created four different variants of DOPA-conjugated polymers 

with increasing polarity of the polymer backbone.22 Each adhesive formulation contained a 

copolymer with DOPA repeating units, organic solvents (methylene chloride and methanol), and 

crosslinking initiator (FeCl3). In dry conditions, the ALap of three of the four polymers were 

identical. However, in the presence of water, the ALap increased as a function of the dielectric 

constant (polarity) of the polymer backbone. The adhesive formulation with poly(N-

vinylpyrrolidone) backbone (highest dielectric constant) showed an ALap of  1.1 MPa while 

adhering to Al2O3 substrates in seawater. 

Joy and Dhinojwala and coworkers demonstrated the importance of hydrophobic 

functional groups in addition to the DOPA groups in the design of underwater adhesives.27,63,155 

Xu et al. created a statistical copolyester composed of long aliphatic hydrocarbon, DOPA, and 

coumarin pendant groups.27 Recognizing the importance of avoiding the use of organic solvents 

for in vivo applications, low viscosity copolyester adhesives with Tg < -50 ºC were designed from 

the above composition, allowing the adhesive to be applied underwater without the assistance of 

any solvents (Figure 9). The coumarin units in the copolyester undergo a photocycloaddition when 

exposed to UV light, which allows temporal and spatial control of the curing of the adhesive 

underwater. The copolyester adhesive was spread, cured, and tested underwater and showed a 
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maximum ALap of  0.65 MPa underwater. Interestingly, the authors found that the underwater 

adhesion was possible even in the absence of DOPA units. However, in the absence of hydrophobic 

functional groups, the underwater adhesion strength became negligible. Though the photo-

crosslinking is very fast (< 10 min), at least one side of the substrate must be transparent for this 

formulation to be used. Kaur et al. showed that these hydrophobic adhesive elastomers form a 

patchy contact underwater.63 The spectroscopic signals collected from the underwater contact of 

these elastomers suggest that DOPA is crucial in forming multimodal acid-base interactions with 

the substrate. However, the DOPA units do not displace interstitial water from the Al2O3 surface, 

and the hydrophobic groups help in displacing a significant amount of interstitial water. The 

combination of interstitial water displacement by hydrophobic groups and interfacial interactions 

at the dry patch of the patchy contact are the determining factors for the underwater adhesion of 

these mussel-inspired hydrophobic elastomers.63 In a follow-up study, Narayanan et al. found that 

this copolyester adhesive showed 5-fold higher adhesion to porcine skin surface submerged in 

buffer compared to a commercial fibrin-based sealant.155 

Another copolyester was developed by Jenkins et al., who created a biobased copolyester 

with methyl and DOPA pendant groups. This adhesive was applied underwater with the assistance 

of acetone:water mixture and oxidatively crosslinked with Bu4N
+IO4 and it showed an ALap of  

1.0 MPa underwater.151 Both copolyester systems reported by Xu and Jenkins et al. are 

biodegradable and derived from renewable resources, making them environmentally friendly 

adhesives compared to most commercial adhesives. 
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Figure 10. Most coacervating adhesive formulations are created from (A) polyelectrolyte 

complexation or (B) single component coacervation. In the polyelectrolyte complexes, the 

condensation between oppositely charged polyelectrolytes (enthalpic) or the release of counterions 

(entropy-driven) leads to phase separation. In the single-component coacervation, the enthalpic 

interaction between the functional groups or the entropy of hydration leads to phase separation. 

(C) Initially, the microscopic phase separation occurs creating coacervate droplets which later 

coalesce to form the distinct dilute and dense phases. The dense phase is typically used as the 

adhesive. The bottom panel shows the spreading of the coacervate dense phase underwater. 

Reproduced from ref. 24 with permission from the American Chemical Society, copyright 2011. 

 

4.2 Synthetic Underwater Adhesive Coacervates 

 Most synthetic underwater adhesives reported in the literature consist of polymers with 

high storage moduli (> 1 MPa) and Tg > room temperature. Thus, they require the assistance of an 

organic solvent or a plasticizer to spread underwater. However, toxic plasticizers and organic 

solvents are harmful to the environment and are, thus, impractical for use in biomedical 

applications. Aquatic organisms, in contrast, use coacervation (i.e., LLPS) to overcome the 

challenge of spreading a relatively high modulus material underwater. The formation of a dense 

phase as a consequence of coacervation presents an elegant solution for spreading high moduli 
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proteins with water as a plasticizer. By mimicking this underwater adhesive delivery mechanism 

displayed by mussels and sandcastle worms, synthetic coacervating underwater adhesives have 

been created (Figure 10). Coacervating underwater adhesives have been fabricated from three 

classes of materials: (i) polyelectrolyte complexation (PECs): mixing of oppositely charged 

polymers (similar to mechanism used by the sandcastle worm), (ii) single-component coacervation 

(SCC): self-coacervation of polymers as a function of external stimuli such as temperature and salt 

concentration (similar to the process for Mfp-3s), and (iii) recombinant proteins: proteins 

synthesized using recombinant gene technology to exhibit coacervation through PEC or SCC 

mechanism. 

 

 

Figure 11. A few examples of coacervate underwater adhesives are shown here. Coacervates – the 

adhesive formulations that undergo a liquid-liquid phase separation process and a form dense 

phase. Synthetic coacervate underwater adhesives are formed from complex coacervation of 

polymers with opposite charges (yellow box), recombinant proteins (black box), and single 

component coacervates formed from polyampholytes and nonionic polyesters (red box). 
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Reproduced from ref. 30 with permission from the John Wiley and Sons, copyright 2009. 

Reproduced from ref. 146 with permission from the American Chemical Society, copyright 2015. 

Reproduced from ref. 24 with permission from the American Chemical Society, copyright 2021. 

 

4.2.1 Synthetic polyelectrolyte complex coacervate underwater adhesives 

Stewart and coworkers pioneered studies on sandcastle worm adhesives and theirs were 

among the first efforts to create a synthetic PEC adhesive formulation. In the first study by Shao 

et al., two oppositely charged copolyacrylates were made (Figure 11).30 The first polymer 

resembled Pc3 with phosphate, acrylamide, and DOPA pendant groups and the second polymer 

resembled Pc1 with amine and acrylamide end groups. Mixing these two polymers in an aqueous 

solution at near-neutral pH resulted in PECs that separated into dense and dilute phases. The dense 

phase when oxidized with NaIO4 showed an ALap of  0.25 MPa when used to bond together two 

bone specimens. In a follow-up study, the authors created an adhesive formulation with the dense 

phase formed from the PEC of the Pc3 analog and amine-terminated gelatin, Mg2+, and NaIO4.
25 

The adhesive showed ALap of  0.75 MPa when adhering two Al2O3 substrates together. Kaur et 

al. further modified the adhesive formulation with dense phase formed from the PEC of Pc3 and 

Pc1, Ca2+, PEG-diacrylate, NaIO4, and polymerization initiators, which showed a remarkable ALap 

of  1 MPa when adhering to Al2O3 substrates.21 Interestingly, the authors found that the adhesive 

formulation showed shear-thinning behavior, which aided in delivering the adhesive underwater 

through narrow nozzles. Although the underwater adhesives created by the Stewart group show 

strong adhesion underwater, the adhesives were not spread on the substrates underwater. Rather, 

the adhesive samples were prepared by applying the adhesives on the substrates outside water. In 

a more recent study, Lawrence et al. created two different PECs by mixing poly(allyl amine) 

(PAH) with pyrophosphate (PPi) or tripolyphosphate (TPP).29 The underwater adhesion strength 
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of the dense phase formed from the PAH/PPi and PAH/TPP PECs showed a strong dependence 

on pH and ionic strength of the surrounding environment. For example, at pH = 7.0, the PAH/TPP 

complex showed an ALap of  0.4 MPa, which reduced to 0.05 MPa at pH = 6.0. 

 In other research, Kamperman and coworkers created PEC underwater adhesives from 

temperature-responsive cationic and anionic copolymers.26,156–159 In the study by Dompé et al., a 

PEC formulation was prepared from a polyanionic polymer and a polycationic polymer each 

grafted with poly(N-isopropylacrylamide) (PNIPAM).26 In aqueous solutions, PNIPAM shows a 

lower critical solution temperature (LCST)  32 ºC. Above 32 ºC, the PNIPAM segment of the 

copolymers dehydrates and increases the storage modulus of the adhesive.160 The oppositely 

charged polymers grafted with PNIPAM were mixed near-neutral pH at room temperature, and 

the temperature was raised above the LCST upon which the solution transforms to a solid-like gel. 

The adhesion strength of this PNIPAM-based PEC was measured using a contact probe test.161 A 

contact between glass and the PECs was made at 20 ºC and the temperature was raised to 50 ºC 

before pull-off. A maximum work of adhesion of 3.8 J/m2 was obtained underwater by increasing 

the temperature. Notably, when the salt concentration was reduced, a roughly 3-fold increase in 

adhesion strength was observed compared to the sample where only the temperature was 

changed.156 

 Liquid-liquid phase separation behavior was recently observed while mixing polar organic 

molecules and polyoxometalates (POM).162 Peng et al. observed that when silicotungstic acid was 

mixed with PEG, the mixture phase separates to form a dense phase similar to that of other reported 

coacervates. This dense phase showed a cohesive strength of  40 mJ/m2 and an ALap of  70 kPa 

underwater.163 Similar observation was reported by Li et al. in which the mixture between a short 

peptide and POM showed LLPS behavior.164 The adhesive formulation showed an ALap of  30 
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kPa when adhering to stainless steel substrates underwater. Unlike other PECs, it is proposed that 

the hydrogen bonding between the polar organic molecule and POMs is responsible for the 

formation of LLPS in these systems.163 

4.2.2 Synthetic single-component coacervate underwater adhesives 

 Inspired by the self-coacervation behavior of Mfp-3s, Seo et al. created acrylic 

copolyampholytes with varying molar ratios of polar, nonpolar, charged, and DOPA groups.146 

These copolyampholytes undergo a single-component coacervation behavior to form 

microdroplets (Figure 11). The copolyampholyte with a molar ratio of 

DOPA:cationic:anionic:polar:nonpolar = 30:6:4:51:9 showed an underwater adhesion strength of 

 39 mJ/m2 when adsorbed to mica, which is nine-fold higher than that for Mfp-3s. However, the 

coacervates showed poor stability to changes in pH and ionic strength (only stable at pH between 

4-5 and ionic strength < 20 mM) compared to Mfp-3s (stable at pH between 3-6 and ionic strength 

100-600 mM). Ahn et al. simplified the design of the copolyampholytes with a DOPA-conjugated 

zwitterionic Gemini surfactant that undergoes LLPS. It was found that when treated with NaIO4, 

the Gemini surfactant with a DOPA-head and 10 carbon tail showed an underwater adhesion 

strength of 50 mJ/m2.165 Kaminker et al. reported a simplistic Mfp-3s-inspired peptide sequence 

with 25 amino acid units that undergo self-coacervation in salty water. The dense phase formed 

from this coacervate deposited on an underwater surface showed underwater adhesion of  2 N/m 

without the assistance of any oxidants.166 

 Zhu et al. demonstrated a DOPA-free coacervating adhesive that can adhere to substrates 

in salty water.167 They prepared a poly(amidoamine-epichlorohydrin) having an azetidinium cation 

with chloride (Cl) counterion. When this polymer was exposed to 
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bis(trifluoromethanesulfonyl)imide (TFSI) anion, the azetidinium cation exchanged the Cl with 

TFSI. Macroscopically, this counterion exchange transforms the initially clear polymer solution 

to a turbid liquid that later forms a dense phase. The authors suggest that this counterion exchange-

induced coacervation is a unique approach for creating strong underwater adhesives (with ALap  

80 kPa on glass substrates). 

 Most synthetic coacervates reported to date contain charged units, which result in a strong 

correlation between the pH or ionic strength and the physicochemical properties of the dense 

phase. Hence, adhesive formulations based on the adhesion of dense phases formed from PECs 

may not be applicable in a wet environment with a dynamic flow (as is the case for blood or 

physiologic fluids). Motivated by this unmet need in creating coacervate adhesives that are stable 

towards changes in pH and ionic strength, Narayanan et al. created non-ionic self-coacervating 

copolyesters.24 These copolyesters were made from a temperature-responsive unit, DOPA, and 

coumarin. These copolyesters show liquid-liquid phase separation above their LCST. Due to the 

non-ionic nature of the copolyesters, the dense phase formation can be found in most ranges of pH 

(3-12) and ionic strength (0-1 M). Notably, these polyesters were spread, bonded, cured, and 

challenged underwater. The adhesives can be cured in less than 10 min and show a maximum 

adhesion strength of 0.1 MPa underwater. The authors suggested that the cytocompatibility, 

biodegradability, rapid curing, and insensitivity to environmental changes may position these 

polyesters to be useful for sealing tissue wounds even in the presence of blood. 

4.2.3 Coacervating recombinant protein-based underwater adhesives  

 Purified adhesive proteins from nature are experimentally challenging to obtain in 

sufficient amounts for performing macroscopic adhesion measurements.168 Hence, recombinant 
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genetic technology has been used to create proteins that mimic the structure of Mfp-3s.169 Cha and 

coworkers created PECs from the complexation of cationic recombinant mussel foot protein (rmfp) 

and anionic hyaluronic acid.147 This PEC showed an ALap of  0.2 MPa when adhering two 

aluminum sheets in wet conditions (100% humidity). Hwang et al. studied the interfacial and 

viscoelastic properties of the PECs created from rmfp (polycationic) and hyaluronic acid 

(polyanionic) using the surface force apparatus (SFA) (Figure 11).122 It was found that the PECs 

showed shear-thinning properties and had low interfacial tension underwater. Hwang et al. 

suggested that the cation- interactions in the rmfp are the dominant molecular interactions that 

lead to the LLPS behavior of rmfp. It was shown that a variant of this rmfp reported by Hwang et 

al. undergoes self-coacervation at a high salt concentration.170 Also, this variant of rmfp undergoes 

LLPS in the presence of a cationic polymer (poly(2-(trimethylamino)ethyl methacrylate).171 Both 

coacervating systems showed adhesive behavior underwater (Wad  5.0 mJ/m2, measured with SFA 

on a mica surface).170,171 Yang et al. reported a rmfp variant with high charge density that 

undergoes an enthalpy-driven upper critical solution temperature (UCST) behavior. They further 

showed that the adhesion behavior of this rmfp was elevated when the tyrosine units were modified 

to DOPA.172 

 Tropoelastin is a precursor of the mammalian protein elastin, which has an intrinsically 

disordered protein sequence with regions of alternating hydrophobic and hydrophilic amino acid 

residues.173 Interestingly, tropoelastin shows LCST behavior in aqueous solutions, and above the 

LCST temperature it undergoes a single-component LCST-driven coacervation.174 Brennan et al. 

created elastin-like polypeptides (ELPs) using recombinant gene expression technology.28 These 

ELPs showed LCST behavior in water and formed a dense phase. After purification of the obtained 

protein, the authors converted the tyrosine units in the ELPs to DOPA using tyrosinase (Figure 
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11). Raising the temperature above LCST resulted in a dense-phase adhesive formulation of the 

DOPA-conjugated ELPs with an ALap of  0.2 MPa when adhering to Al2O3 substrates underwater. 

 

 

Figure 12. Some examples of tacky underwater adhesive materials. Tacky adhesives are mostly 

elastomer-like polymeric materials where the underwater adhesion is measured using a contact 

probe. Some of the popular examples of each class are provided. Reproduced from ref. 175 with 

permission from the American Chemical Society, copyright 2006. Reproduced from ref. 176 with 

permission from the American Chemical Society, copyright 2016. 

 

4.3 DOPA-Conjugated Tacky Adhesives 

Geckos are able to climb vertical walls by maximizing the contact area using miniature 

hairy adhesive structures found on their toe pad.177 The reversible nature of the gecko toe pad 

adhesive has been mimicked using nanopatterned soft substrates.178 However, these gecko-inspired 

nanopatterned adhesives show a significant reduction (3-fold) in adhesion when challenged to 

adhere to hydrophilic underwater surfaces.179 To overcome this weak underwater adhesion of 

nanopatterned soft substrates, Lee et al. created a gecko-mussel-hybrid reversible adhesive named 

Geckel, that incorporates elements of both gecko and mussel adhesives (Figure 12).180 Geckel is a 

nanopatterned PDMS surface that is coated with poly(dopaminemethacrylamide-co-

methoxyethylacrylate). The coating of DOPA-conjugated polymer resulted in  7-fold increase in 

the underwater adhesion strength compared to the copolymer-free gecko-inspired adhesive. Tiu et 
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al. fabricated pressure-sensitive underwater adhesives using a similar polymer backbone. In this 

study, a library of polyacrylate copolymers was created with n-butylacrylate, DOPA, and anionic 

or cationic pendant groups.31,71 The copolymer with n-butylacrylate:DOPA:anionic ratio of 

80:5:10 (pendant groups) showed an underwater adhesion strength of  50 N/25 mm in a 180º peel 

test, which was not statistically different from its DOPA-free variant.31 

Clancy et al. created acrylic copolymers with DOPA/phenyl, cationic, anionic, and 

hydrophobic groups that mimic Mfp-3s (which contains DOPA) and barnacle cement proteins 

(which contain phenyl instead of DOPA).176 The adhesion strength of these copolymers was tested 

underwater using a tack adhesion geometry (Figure 12). The copolymer that was devoid of charged 

groups showed the highest underwater adhesion. Conspicuously, it was found that the barnacle 

cement mimetic copolymer (which used phenyl instead of DOPA) showed a higher underwater 

adhesion strength than the Mfp-mimetic copolymers in the presence or absence of charged species. 

Lee et al. created a series of amphiphilic block copolymers with poly(ethylene oxide) 

(PEG), polylactic acid (PLA), and DOPA repeating units and methacrylate (MA) end groups.175 

In the presence of a photoinitiator and light, the aqueous solution of this MA-terminated triblock 

copolymer crosslinks to form a DOPA-conjugated hydrogel. A contact work of adhesion of 410 

mJ/m2 was required to separate the interface between this amphiphilic DOPA-hydrogel and Ti-

surface underwater. 
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Figure 13. A few examples of biomedical applications of wet adhesives. (A) A light guide 

containing device is used for crosslinking and delivering bioinspired hydrophobic light-activated 

adhesive (HLAA)-polymer adhesive. The right side shows the photocrosslinking reaction through 

which the HLAA polymer crosslinks to create the viscoelastic network. Reproduced from ref. 9 

with permission from the American Association for the Advancement of Science, copyright 2014. 

(B) The application of HLAA adhesive on a pig heart defect and the histological images that show 

the area of the adhesive-pericardium interface. (C) Application of a coacervate-based underwater 

adhesive for embolization of arteries. Preparation of the dense phase from protamine sulfate and 

sodium inositol hexaphosphate (left) and the (D) microscopic images of the embolized rabbit 

kidney artery. Reproduced from ref. 181 with permission from the WILEY‐VCH Verlag GmbH 

& Co. KGaA, Weinheim, copyright 2016. 
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5.0 Summary 

The past decade has witnessed a paradigm shift in the field of synthetic underwater adhesives 

due to the detailed research on adhesive mechanisms of aquatic organisms. In the previous 

sections, we highlighted several studies that demonstrated the ability of synthetic adhesives to 

spread, bond, cure in water, and resist water infiltration into the adhesive joint, all of which were 

once thought to be very difficult. These advances have positioned some of the bioinspired 

adhesives as potential replacements for current tissue sealants.32,36–38,182,183 For example, Lang et 

al. created bioinspired blood-immiscible photocrosslinkable adhesives that act as a hemostatic glue 

as demonstrated in pigs with bleeding cardiac wounds (Figure 13A and Figure 13B).9 In a different 

application, Jones et al. demonstrated the embolization of blood vessels in a rabbit kidney using a 

PEC system that solidifies in intravascular ionic concentrations (Figure 13C and Figure 13D).181 

Park et al. used the rmfp-hyaluronic acid PEC formulation developed by Cha and coworkers to 

improve the persistence of stem cells.184 The authors found that fixing stem cells using the dense 

phase of the coacervates improved the multipotency and angiogenesis of stem cells. With the 

recent advancements in creating underwater adhesives, in the coming years, we anticipate that 

underwater adhesives will become an important tool in modern surgery,7,32,33 biomaterial 

development,6,185 soft robotics,186,187 restoration of architecture and art, and high-performance 

coatings. 
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Figure 14. A summary of the underexplored pathways of mussel adhesion for creating underwater 

adhesives. (A) Chemical structures of the siderophores were created by mimicking the bacterial 

secretions. (B) The adhesion strength of the siderophores was measured using SFA against mica 

surfaces. The synergistic action between cationic and DOPA units helps to displace the interfacial 

ions and increase the adhesion strength. Reproduced from ref. 77 with permission from the 

American Association for the Advancement of Science, copyright 2015. (C) An updated schematic 

of the mussel byssal thread adhesive mechanism. The fatty acids found in the byssal thread are 

added to the scheme. (D) Proposed mechanism of mussel adhesion with the help of fatty acids. 

The authors propose that the fatty acids may help in removing the interstitial water before the 

protein deposition. Reproduced from ref. 188 with permission from the Royal Society of 

Chemistry, copyright 2018. 

 

6.0 Future Directions 

6.1 What More Can We Learn From Mussels? 

Mussel-inspired adhesives have certainly set the path to creating underwater adhesives. 

However, there is much more to be translated from the mussel adhesion phenomena that will 

further help in designing synthetic adhesives with improved underwater adhesion. In a recent 

review, Herbert Waite wrote “the reluctance of biotechnology to mimic anything but DOPA is 

unfortunate because mussels offer profound insights at multiple length scales and time scales for 

implementing wet adhesion”.79 We believe that synthetic underwater adhesives have not yet 

advanced to the stage of our current understanding of mussel adhesion science. For example, other 

Structure of the 

siderophores

Mussel 

byssal 

thread

1. 2.

3. 4.

A Model for mussel adhesionB

C

D

Page 47 of 66 Chemical Society Reviews



than DOPA, interfacial Mfps are also rich in cationic lysine residues (Figure 6B). Using Mfp-

mimetic dendrimers with DOPA-lysine siderophores, Maier et al. showed that the cationic groups 

can displace interstitial K+ ions and water from mica surfaces (Figure 14A and Figure 14B).77,189,190 

It is proposed that once cationic groups are anchored on the substrate surface, DOPA groups form 

bidentate bonds more efficiently than the lysine-free siderophore variant. However, a conclusive 

correlation between the DOPA-lysine synergy and bulk adhesion strength was not found due to 

the influence of DOPA and lysine on both interfacial and cohesive interactions.31,191–193 

Without water-free contact between the adhesive and substrate, underwater adhesion is 

impossible. Therefore, we propose that the design principles for the removal of interstitial water 

using DOPA-conjugated molecules require further scrutiny. While adsorbing onto a TiO2 surface, 

a DOPA-conjugated Mfp-3s mimetic peptide was able to remove interstitial water more efficiently 

than the tyrosine variant.108 However, Kaur et al. found that an elastomeric adhesive conjugated 

with DOPA does not remove interstitial water as compared to the acetonide-protected DOPA 

variant while adhering to Al2O3 underwater.63 This suggests that DOPA molecules may require 

cooperativity from other amino acids or by other Mfp properties such as disordered protein 

structure, coacervation, or environmental design (pH or ionic strength regulation) to remove 

interstitial water. Interestingly, a recent study revealed that the mussel byssal thread and plaque 

are enriched with lipids.188 From this unusual observation the authors suggested that the 

hydrophobic nature of the lipids helps to establish the initial contact to surfaces submerged in water 

(Figure 14C and Figure 14D) and the lipids are then expelled or adsorbed by the Mfps while 

transforming to the mature byssal thread. A combination of multiple adhesive mechanisms may 

help mussels remove interstitial water. Therefore, further research is required to understand how 

mussels drain the interstitial water with an assumption that the components in the adhesive plaque 
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may likely be more efficient in removing interstitial water than the Mfps found in the plaque core 

or byssal thread. A deeper understanding of the mechanisms that natural organisms use to repel 

interstitial water will substantially help in designing improved underwater adhesives. 

 

 

Figure 15. (A) The indirect relationship between the mussel adhesive holdfast (left) and the 

multilayer tough adhesives (right) developed by Zhao and coworkers.194 The mussel adhesive 

cuticle, collagen, and plaque resemble the stiff backing, tough network, and interfacial layer of the 

multilayered adhesive. (B) The peel adhesion energy measurements of multilayer adhesives were 

demonstrated on a pig heart defect as a function of contact time (left) and their comparison to 

cyanoacrylate-based (CA) medical glue (right). The pictures on the bottom and right shows the 

application and adhesive nature of the tough adhesives on pig heart. Reproduced from ref. 195  

with permission from the American Association for the Advancement of Science, copyright 2017. 

 

An underexplored principle of mussel adhesion is the multicomponent hierarchical nature of 

the adhesive thread. For example, mussels secrete proteins that are specific for individual adhesive 

tasks such as surface priming (Mfp-3 and -5), viscoelastic dissipation (Mfp-1 and collagen), and 

protection (Mfp-1).79 This task-oriented multi-component nature of the mussel byssal thread is 

rarely mimicked by adhesives described in the literature. An indirect example of a task-oriented 

multicomponent adhesive is the tough adhesive hydrogel created by Zhao and coworkers (Figure 

15A).72,194 The design of this adhesive consists of at least three layers: an interfacial layer designed 
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to react with the surface, a middle layer which is a multi-crosslinked tough network that is an 

excellent viscoelastic dissipator, and a top-most layer which is a high moduli plastic that protects 

the cohesive network from cracking.194 In dry conditions, such adhesives show an interfacial 

toughness (similar to peel strength) of  1000 J/m2. The Mooney and Zhao groups have 

independently demonstrated that such adhesives can be used for sealing wounds created in the 

internal organs of large animals (Figure 15B).195–197 

The majority of mussel foot proteins show a disordered structure (Table 2). Such proteins with 

disordered regions have the propensity to phase separate in aqueous solutions.198,199 For example, 

the single-component liquid-liquid phase separation behavior of Mfp-3s was recently 

documented.123 The phase separation (e.g. coacervation) may help the proteins to spread onto 

surfaces submerged in water.30,200,201 We suggest that molecular biologists and material scientists 

should study the proteomics of mussel foot proteins to understand the consequences of their 

disordered nature on phase separation behavior and underwater adhesion. Oftentimes, the phase 

separation is modulated in the presence of salt,130 other disordered protein segments,202 post-

translational modifications,203,204 and nucleic acids.205 Since the Mfps are enriched with cationic 

and anionic residues in their molecular composition, cooperation between proteins is expected to 

modify their phase behavior. We think that understanding the cooperativity between mussel foot 

proteins to modulate their molecular and microscopic behavior will strengthen our understanding 

of mussel adhesion and inspire new multicomponent adhesive designs. 
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6.2 Where to Look for Further Inspirations? 

Synthetic chemists and engineers can take inspiration for underwater adhesive designs from 

organisms other than mussels and sandcastle worms. For example, barnacles are proposed to show 

a unique method for adhering underwater.85 While most of the mussel foot proteins have 

disordered structures, barnacle adhesive proteins consist of beta-sheet structures.206 Recently, So 

et al. identified an alternating sequence between charged and simple amino acid domains in 

barnacle adhesive protein that only polymerizes and forms a fibrous network in the presence of 

another protein with an antiparallel structure.207 Such molecular-level control over the formation 

of amyloid-like structures in barnacle adhesive sets forth a novel mechanism for the temporal 

control over the solidification of underwater adhesives. Using synthetic polymers that form 

secondary structures in response to a stimulus or secondary molecule, researchers may design 

barnacle-inspired glues that stick to surfaces using the amyloid-like fibrous adhesive networks. 

Adhesives used by spiders have also been studied to explore their mechanism of adhesion in 

humid conditions. Spiders hunt in wet habitats and capture prey using sticky aggregate glue 

droplets whose adhesion is resistant to humid conditions.208,209 These spider silk glue drops are a 

mixture of glycoproteins and low molecular weight inorganic and organic compounds.208 Singla 

et al. propose that the low molecular weight, hygroscopic salts found in the spider silk glue droplets 

help in removing the interstitial water from hydrophilic surfaces by adsorbing water into the 

cohesive network of the glue.210 Inspired by this mechanism, Yuk et al. improvised the wet 

adhesion of reactive tough hydrogel adhesives.197 In this design, the tough hydrogels are dried 

under a vacuum. This dried hydrogel is proposed to act as a water adsorber and provide interfacial 

contact with wet surfaces. The dry tough hydrogel adhesives showed an ALap of  100 kPa when 

adhering to wet porcine skin. 
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6.3 Supramolecular Underwater Adhesives 

Supramolecular underwater adhesives that do not mimic biological adhesives are also getting 

attention. For example, Liu et al. created nucleobase-containing organogels that show an ALap of  

0.1 MPa when adhering to iron plates underwater.211 An elegant example of supramolecular 

adhesion was shown by Li et al. in which a low molecular weight molecule was created with 

dibenzo-24-crown-8 building blocks.212 The 4-arm version of this molecule shows a melting point 

 50 ºC. The melted material was deposited on surfaces submerged underwater. These 

supramolecular adhesives showed an ALap of  3 MPa while adhering steel plates underwater. A 

small-molecule adhesive was synthesized by Giuri et al. that adheres to substrates only when 

applied underwater.213 The authors found that the protection of hydroxyl groups in the DOPA-

conjugated molecule improved the underwater adhesion compared to the free-DOPA variant. 

 

6.4 Challenges to Resolve in Underwater Adhesive Design, Testing, and Characterization 

The transformation of an adhesive from a low viscous fluid that can spread on underwater 

surfaces to a solid-like cured structure usually relies on adhesive formulations that use toxic 

organic solvents as diluents (Table 4).2,151 A proposed mechanism to overcome the dependence on 

solvents is to rely on polymers with low Tg and viscosity which can be crosslinked to create solid-

like structures.27 However, it is experimentally challenging to convert polymers with low viscosity 

to high Young’s moduli polymers (typically to Young’s modulus more than 1 MPa). Thus, 

maintaining wetting properties to enable efficient surface contact and later transforming to a high 

modulus adhesive underwater remains the central problem in creating underwater adhesives. The 
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use of supramolecular adhesives212 and the phase inversion mechanism79 observed in mussel 

adhesives (Figure 6C) may provide a solution to overcome this problem. 

From section 4.0 of this review, one can understand that researchers are starting to resolve 

some of the outstanding challenges brought by water that prevent adhesion to surfaces submerged 

in water. Most of the substrates used in these studies are atomically or microscopically 

smooth,2,21,27,94 even though the practical adhesive interfaces such as tires gripping the road, mussel 

byssal threads on rocks, geckos climbing the walls are rough in diverse length scales. Adhering to 

such rough surfaces underwater is an arduous task since rough surfaces have asperities that prevent 

the adhesive from wetting underwater. Such asperities reduce the adhesive-substrate contact and 

weaken the adhesive performance.214 Interestingly, Bradley et al. found that when roughness was 

introduced to the adhesive hydrogel surfaces, they become more adhesive (ALap  2.4 kPa to 

polystyrene dish) to surfaces submerged in water compared to their smooth counterpart (no 

adhesion).215 Wang et al. created a cupped bioinspired microstructure that sticks to rough surfaces 

underwater.216 It was found that the instability caused by the roughness at the contact interface 

squeezes the water from the asperities of the substrate. The elastic force generated from the 

collapse of these asperities resisted the peeling of the cupped adhesive from the rough substrate. 

These two studies set a starting point for researchers to create adhesives for rough surfaces 

underwater. We believe that there needs to be a collective effort from physicists, engineers, and 

material scientists for improving our understanding of the adhesive contacts between rough 

surfaces underwater and design solutions to overcome the challenges brought by water and surface 

roughness. 

It is impossible to find a single type of adhesion measurement technique that is suitable for 

measuring the adhesion strength of different types of adhesive materials. For example, the bulk 
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and coacervating polymer adhesives are tested using the lapshear adhesion strength 

measurements,1,3,21,25,151 the pressure-sensitive adhesives are commonly tested with peel 

tests,71,197,217 and the elastomeric and adsorbed polymers are tested using JKR model adhesion 

measurements.63,96,218 Hence, the magnitude and units of adhesion strength vary significantly 

across different studies. If the authors are comparing their formulation with other adhesives, 

instead of reporting from other literature examples, we encourage the authors to test a few of the 

comparable adhesives in similar conditions as the newly created adhesive formulation. Also, this 

review calls for an initiative to develop experimental kits with protocols for underwater adhesion 

measurements. We believe that the errors caused by the variations in experimental conditions 

followed in different research labs can be minimized with the approaches suggested. 

Future underwater adhesive designs should focus on overcoming the challenges brought on by 

interstitial water with a multitude of design principles. To achieve this, the characterization of the 

interface between the adhesive and substrate underwater is crucial. Experimental techniques such 

as ATR-IR,108,219 sum-frequency generation spectroscopy,63,64,133,220–222 interferometry,96,165,223 and 

ODNP109,201,224 are currently available to characterize the buried adhesive interfaces. However, due 

to the very few studies in this area, characterizing the interface between the adhesive and the 

underwater surface has been a tremendous experimental challenge and there is an urgent need for 

developing simple microscopic tools that characterize the underwater adhesive contacts. 
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