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   Foreword     

 Dr. Jing Yu conducted and pioneered outstanding research in many important areas 
including the wet adhesion of marine mussel adhesive proteins (his thesis topic), but 
also the reversible dry adhesion of geckos, and the biolubrication mechanism of 
human joints. 

 Dr. Yu’s thesis research was devoted to elucidating the adhesive mechanisms of 
protein-based adhesives inspired by marine mussels, which can strongly adhere to 
different surfaces even in highly contaminated water and even when surfaces are 
covered by contaminant layers, known as “biofi lms.” Adhesives that work in such 
adverse conditions are in high demand, especially in the medical fi eld, as dental 
adhesives, and for sealing tissues, for example, after surgery. The US market for 
medical adhesives and sealants is forecast to exceed $2 billion by the year 2017. 
However, existing tissue adhesives suffer from weak adhesive strength due to the 
presence of water and certain common organic or inorganic solutes, which severely 
limit their current adhesive applications. To overcome this problem, we look to 
nature, as marine mussels use protein-based adhesives to strongly and stably attach 
themselves to various wet surfaces in the ocean. Understanding the mechanism 
behind this natural, strong, moisture-resistant adhesive action is critical for design-
ing novel medical adhesives. 

 Previously, little was known about the molecular mechanism of mussel adhesion. 
Using a surface forces apparatus (SFA) and other physicochemical techniques, Yu 
was the fi rst person worldwide to conduct a detailed study of the molecular-binding 
(adhesion) mechanisms of marine mussel adhesive proteins on various surfaces, 
including mica, titanium dioxide, and thin organic fi lms, and identifi ed and clarifi ed 
the crucial role of the double hydrogen-bonding group,  L -3,4- dihydroxyphenylalanine 
(commonly known as  Dopa    ) in the bonding mechanism. More specifi cally, he dis-
covered that the surface redox of Dopa is extremely important for its adhesive prop-
erties. Dopa is not very stable at the pH of the human body, which prevents the wide 
use of Dopa-containing polymers as medical adhesives. However, Dr. Yu found that 
mussels make use of this property by imposing an acidic, low pH, regime in the 
confi ned space where the mussel secretes the adhesion protein. 
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 Dr. Yu’s research on mussel-inspired adhesives has had a profound affect world-
wide; his work has been cited many times internationally and has also drawn the 
attention of multiple international journals and online media sources including 
 Nature Chemical Biology ,  ABC Science,  and the  Faculty of 1000 . His work lays the 
foundation for developing mussel-inspired adhesives and biomimetic coatings for a 
wide range of biomedical applications such as cell encapsulants, bone/dental glues, 
paints for coronary arteries, fetal membrane sealants, and organ transplants.  

    Santa Barbara, CA, USA Jacob     Israelachvili    

Foreword
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  Pref ace     

 Improving our understanding of wet adhesion is crucial for developing the next 
generation of wet adhesives. Despite decades of efforts on developing better wet 
adhesives, water and moisture still undermine strong adhesion to polar surfaces. 
Nature may, however, be able to point human beings in the right direction: marine 
mussels achieve durable underwater adhesion using a suite of proteins that are pecu-
liar in having high levels of 3,4-dihydroxyphenylalanine (Dopa). The object of this 
research was to investigate the basic surface interactions employed by the mussels 
and roles of Dopa in mussel adhesion. I used the surface forces apparatus (SFA) and 
various other techniques to measure the interactions between mussel foot protein-3 
 fast  (Mfp-3  fast ) and the model substrate, mica, as well as the interactions between 
various Mfps. 

 Mussel adhesion is a complex biological system. To understand mussel adhe-
sion, we have to understand the biophysics, chemistry, and biology involved in the 
mussel adhesive plaque. To translate our understanding of mussel adhesion fur-
ther requires integrating established concepts from chemical engineering and 
materials science. This thesis is divided into four parts. The fi rst two chapters 
introduce the basic knowledge and principles of mussel adhesion and intermo-
lecular forces in biology. The third and fourth chapters describe the importance of 
interfacial redox to the adhesive properties of Mfp-3  fast . The adhesion of Mfp-3 
 fast  to mica is closely coupled with Dopa redox and pH. During the formation of 
their adhesive plaques, mussels delicately control the redox environment of the 
plaques to achieve strong and stable adhesion. The fi fth chapter shows the contri-
bution of hydrophobic interactions to the Dopa-mediated adhesion/cohesion in 
mussel foot protein-3  slow  (Mfp-3  slow ). For practical adhesives, cohesion within 
the adhesive is as important as the interfacial adhesion. The hydrophobic interac-
tion plays an important role in maintaining the structural integrity of mussel 
plaques. The last chapter presents a simple demonstration of how we can translate 
what we have learned from the mussel to making better wet adhesives by combin-
ing biology, biochemistry, and engineering. The simple peptide sequences 
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borrowed from mussel adhesive proteins could function as the basic building 
blocks for next generation wet adhesives. 

 I am deeply grateful to the following people who have read my thesis and made 
the publication of my thesis possible: Prof. Jacob Israelachvili, Prof. Herbert Waite, 
Nancy Emerson, and Abira Sengupta. Special thanks to my wife, Chen Chen, who 
has given great support to my life and research.  

    Pasadena, CA, USA Jing     Yu    

Preface
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1.1                        Introduction 

 Nature has developed many fascinating species mastering in adhesion through the 
evolution of millions of years. Geckos have developed an extraordinary ability of 
climbing on vertical surfaces with various surface roughness and textures [ 1 ]. Similar 
abilities have also been observed on many insects such as fl iers and ants [ 2 ]. Both 
geckos and insects apply hierarchical foot structures to maximize the real contact 
area and achieve reversible adhesion force via weak but universal van der Waals 
forces and sometimes capillary forces [ 2 ,  3 ]. The remarkable climbing ability of 
geckos and insects has inspired numerous studies on developing structured dry adhe-
sives. On the other hand, many marine creatures use special adhesive proteins as 
super “glues” in ocean. Barnacles attach themselves permanently on various hard 
surfaces through adhesive plaques containing amyloid-like nanofi brils [ 4 ]. Sandcastle 
worms build their palaces by secreting special complex coacervate to glue together 
sand granules on the ocean fl oor [ 5 ]. Marine mussels are masters in wet adhesion, 
achieving strong and stable wet adhesion in the ocean through adhesive plaques 
mainly composed by various proteins [ 6 ]. The wet adhesion of barnacles, sandcastle 
worms, and mussels has been interesting to many scientists for the ability to over-
come water and moisture, which are big enemies for many artifi cial adhesives.  

1.2     Mussel Foot Proteins 

 Mussel adhesion is mediated by a holdfast structure known as the byssus, essen-
tially a bundle of leathery threads tipped by fl at adhesive plaques that attach to a 
variety of hard surfaces (Fig.  1.1 ). The other ends of the threads, the proximal ends, 
attach to the living tissues through the stem. The threads are made by the foot one 
at a time by an injection molding process followed by chemical cross-linking [ 7 ].

    Chapter 1   
 Mussel Adhesion 
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   At least eight proteins have been characterized from the adhesive plaques of 
Mytilus species, and several of them are well characterized (Table  1.1 ) [ 8 – 17 ]. Six 
important plaque proteins are named mussel foot protein (Mfp) through 1–6, all of 
which contain a posttranslationally modifi ed amino acid 3,4-dihydroxyphenonyl- l   -
alanine (Dopa).

   Mfp-1 is a crucial protein of the byssal cuticle. The Dopa groups in Mfp-1 form 
charge transfer complexes with Fe 3+ . This charge transfer complex provides a mean 
of strong yet physical cross-linking and is responsible for the high hardness and high 
stiffness of the coating layer of the cuticle [ 18 ,  19 ]. Mfp-3 and Mfp-5 are the two 
major adhesive proteins in the plaque and have the highest Dopa content among all 
the Mfps [ 7 ,  20 ]. The high Dopa content gives both proteins strong adhesion on 
mineral surfaces, such as on mica and TiO 2  surfaces [ 8 ,  20 ,  21 ]. Although both pro-
teins are major adhesive proteins in the plaque, they are quite different in terms of 
amino acid sequence, mass, and polymorphism. Mfp-3 is the most polymorphic pro-
tein among all the Mfps with more than 35 variants detected, whereas Mfp-5 is the 

  Fig. 1.1    A mussel ( M. californianus ) attaches to a polymer plate. The plaques are shown in  dotted 
yellow box        

   Table 1.1       Biochemical comparison of the DOPA-containing proteins in the adhesive plaques and 
threads of Mytilus species   

 Protein  Mass (KDa)  pI  Dopa (mol%)  Repeating sequence  Location  References 

 Mfp-1  110  10  18  AKPSYPPTYK  Cuticle  [ 9 ,  12 ] 
 Mfp-2  45  10  5  EGF domain  Foam  [ 11 ] 
 Mfp-3  5–7  8–10  20  GYNG  Interface  [ 10 ] 
 Mfp-4  80  8.4  3  HVHRHRVLHG  Foam  [ 14 ] 
 Mfp-5  9  9.8  30  KY;YK  Interface  [ 13 ] 
 Mfp-6  11  9.3  4  None  Interface  [ 6 ] 
 pCOL-D  240  9.5  0.5  GlyXY, AH  Thr & plq  [ 16 ] 
 pCOLNG  240  8.8  0.5  GlyXY, AH  Thr & plq  [ 17 ] 
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least polymorphic of all plaque proteins. Only two variants were discovered [ 7 ,  20 ]. 
The great variety of Mfp-3 suggests that the protein possibly plays multiple roles in 
the plaque, which will be further discussed in the following chapters. 

 The main theme of this work is exploring and understanding possible binding 
mechanisms of mussel proteins. Dopa is the prominent functionality in most Mfps 
that allows them to adhere to various surfaces underwater, as well as contributing to 
the cohesion within the plaques. Adhesive versatility is facilitated by Dopa’s ability 
to form hydrogen bonds with hydrophilic surfaces (e.g., mica, hydroxyapatite) and 
participate in coordination bonding with metal ions and metal oxides and under-
mined by Dopa’s notorious susceptibility to oxidation [ 8 ,  18 ,  21 – 23 ]. Various 
aspects related to the mussel protein adhesion and the interfacial redox of Dopa will 
be discussed in later chapters. In the following sections of this chapter, I will briefl y 
review the rationales and goals of each subject studied and summarize the main 
conclusions.  

1.3     Dopa Oxidation 

 Chapter   3     describes the effect of Dopa oxidation on the adhesion of Mfp-3  fast . The 
Dopa-containing proteins of mussels and sandcastle worms provide attractive 
design paradigms for engineering synthetic polymers for many applications as wet 
adhesives [ 7 ,  24 – 28 ], antifouling coatings [ 29 ,  30 ], magnetic imaging agents [ 31 ], 
tissue glues [ 32 ], and pH sensitive hydrogels [ 33 ]. Two major approaches have been 
applied by various groups to synthesize Dopa-/catechol-functionalized polymers: 
one is to graft Dopa or other catecholic groups to linear or branched poly(ethylene 
glycol) (PEG) by employing various ligation chemistries [ 34 ,  35 ]; the second 
approach is to copolymerize Dopa- or catechol-based monomers with other func-
tional monomers by free radical polymerization [ 21 ]. Combined with different char-
acterization methods, such as atomic force microscopy (AFM) and X-ray 
photoelectron spectroscopy (XPS), synthetic Dopa-modifi ed polymers have pro-
vided some valuable insights of the binding mechanisms of Dopa to various sur-
faces [ 29 ,  36 ]. However, the effect of uncontrollable Dopa redox on the dependability 
of catechol as an anchoring functionality for polymers is a recognized problem in 
many applications and investigations mentioned above [ 21 ,  36 ]. A better under-
standing of interfacial Dopa chemistry is a crucial prerequisite to engineering the 
Dopa functionality for effective mussel-inspired polymer adhesion. 

 The aim of this study was to characterize and understand the role of Dopa in the 
adhesion of Mfp-3  fast  and its related interfacial chemistry. As one key protein on 
the interface of the plaque, Mfp-3  fast  functions as a biological glue, anchoring 
mussels on various surfaces. Mussels live in seawater with a pH of 8.2 and saturated 
with dissolved oxygen, under which Dopa can be readily oxidized to Dopaquinone. 
Given the vulnerable nature of Dopa, a general question rising up is that whether 
Dopa functions in its Dopa form in the mussel proteins. 

1.3 Dopa Oxidation
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 To answer this question, I deposited thin fi lms of Mfp-3  fast  on mica and tested 
whether the adhesion and fi lm thickness (hard wall) detected by the surface forces 
apparatus (SFA) is infl uenced by the presence or absence of Dopaquinone tauto-
mers in the protein. Mfp-3 acted as an excellent wet adhesive on mica surface under 
low pH buffer conditions (pH-3), showing a strong adhesion energy of 2 mJ/m 2 . 
Raising the pH of the solution to 7.5 completely abolished the bridging ability of 
Mfp-3 on the mica surface and signifi cantly increased the thickness of the Mfp-3 
fi lms, indicated by the increase of the hard wall distance. Dopaquinones were formed 
in Mfp-3 by autoxidation (raising the pH) or by periodate-mediated oxidation. Further 
Dopaquinone tautomerization was evident by UV–Vis spectrophotometry (UV–Vis) 
and circular dichroism (CD) spectroscopy measurements, suggesting that a tauto-
mer of Dopaquinone, α,β-dehydrodopa, is responsible for the size increase of Mfp-3 
fast molecules. 

 The experimental results led to a deeper understanding of the role of Dopa and 
interfacial Dopa chemistry in the adhesion of mussel proteins. The necessity of 
Dopa in its reduced form in maintaining strong adhesion of Mfp-3  fast  demonstrates 
that Dopa is the crucial anchoring group for Mfps. Protein Dopaquinone tautomer-
ization is intriguing because of its effect on the α,β-carbons in the peptide backbone 
and the suggestion that the backbone fl exibility of adhesive proteins may be adjusted 
by the selection of different resonance forms of Dopa following oxidation. This runs 
against the conventional wisdom that oxidation of Dopa-containing proteins serves 
exclusively as a cross-linking strategy. A spatially tuned control of α,β-dehydrodopa 
formation would enable an extraordinary versatility in how the proteins are packed 
as they approach a solid surface, which could be responsible for the obvious poros-
ity gradient in the plaque.  

1.4     Interfacial Redox in the Mussel Plaque 

 Chapter   4     describes the interfacial redox in the mussel plaque. Chapter   3     already 
elaborated that the importance of Dopa in the underwater adhesion of marine mus-
sels, and the susceptibility of Dopa to oxidation, often renders it unreliable for adhe-
sion and limits the application of Dopa-functionalized synthetic polymers as 
adhesives and coating materials [ 36 ,  37 ]. To perform both functions, the polymers 
have to intact strongly with one or both substrate surfaces, which requires Dopa 
staying in its reduced form on many inorganic and metal oxide surfaces [ 38 ]. This 
unreliability also raises the question why mussels chose to rely on the Dopa proteins 
for adhesion despite of the easy surrender of Dopa to oxidation. The answer of this 
question has considerable biological and technological value. 

 In the mussel plaque, Dopa functions not only in its reduced form but also in its 
oxidized form: oxidation-induced Dopa cross-linking plays an essential role in the 
cohesive strength of the plaque [ 7 ,  39 ,  40 ]. To achieve both strong adhesion and 
cohesion requires a careful control of the two redox states of Dopa, both temporally 

1 Mussel Adhesion
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and spatially, as demonstrated by mussels. The ability to precisely control the redox 
state of Dopa is also of great benefi t to many biomedical applications such as dental 
or bone glues, which usually require both strong adhesion (at the interface) and 
cohesion (in the glue). 

 The aim of this study was to investigate how mussels control the redox state of 
Dopa in plaques. Despite of the vulnerable nature of Dopa under seawater condi-
tions, mussels seem to achieve a perfect control over the interfacial redox of Dopa in 
their byssal attachment plaques. Exploring the redox chemistry in the mussel plaques 
can deepen our understanding on the mussel adhesion, as well as can guide people 
designing better synthetic Dopa-functionalized polymers for many engineering 
applications. 

 The secretion of adhesive proteins was induced by injecting potassium chloride, 
and the pH in the distal depression was monitored by a microelectrode. Just prior to 
the secretion of plaque proteins, the pH of the distal depression dropped from a rest-
ing pH of 7.3–5.8 within 2 min of induction, suggesting that mussels limit Dopa 
oxidation by imposing an acidic, reducing regime in the confi ned space of Mfps 
deposition. MALDI TOF mass spectrometry showed that, after induced protein 
secretion, mussels fi rst secreted Mfp-3 on the substrate followed by Mfp-6, a 
cysteine- rich protein, in less than 1 min. The high cysteine/thiol content in Mfp-6 
suggests that it is a redox sensitive protein and may play a key role in the redox 
 balance of the plaque. 

 Using the SFA technique, I demonstrated that the adhesion of Mfp-3 to mica is 
closely coupled with Dopa redox and pH. Raising the pH from 3 to 7.5 decreased 
the adhesion energy of Mfp-3 on mica 20-fold and appeared to be driven by the pH- 
dependent oxidation of Dopa. Addition of thiol-rich Mfp-6 restored Mfp-3 adhesion 
by coupling the oxidation of thiols to the reduction of Dopaquinones. To confi rm 
this redox effect of Dopa in mussel adhesion, an artifi cial oxidant, sodium periodate 
(NaIO 4 ), was added into the gap of two fi lms of Mfp-3 fast at pH 3 to oxidize the 
Dopa group and titrate the adhesion of Mfp-3 fast. A correlation between the amount 
of periodate added into the gap and the decrease of adhesion was observed. With 
regard to antioxidants, ascorbic acid was applied to reduce Dopaquinone in oxi-
dized Mfp-3 and in doing so rescued a substantial proportion of adhesion. The con-
sistence between the loss of adhesion by autoxidation at pH 7.5 or periodate 
oxidation and the rescuing of adhesion by adding antioxidants, either thiol-rich 
Mfp-6 or ascorbic acid, supports the hypothesis that mussels control the local redox 
environment of the plaque to prevent Dopa oxidation.  

1.5     Cohesive Proteins in the Mussel Plaque 

 In Chap.   5    , I describe one possible strategy that mussels take to achieve the mechan-
ical strength of their plaques. Mussel byssal plaques have amazingly complicated 
hierarchical architectures, which consist of bundles of microfi bers separated by a 
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granular matrix, a porous plaque core with a gradient of pore sizes from the top 
to bottom of the plaque, and a hard but extensible cuticle coating layer [ 7 ]. 
This amazingly well-organized structure is constructed by 8–9 proteins in the plaque 
[ 7 ,  8 ,  41 ]. 

 Various intermolecular interactions are employed by the proteins to fulfi ll vari-
ous functions. Adhesive proteins Mfp-3  fast  and Mfp-5 locate at the front line of the 
plaque and act like “super glues,” providing strong adhesion on various substrates 
[ 8 ,  20 ,  23 ]. Mfp-6, a thiol-rich natural antioxidant, manipulates the interfacial redox 
of the Dopa in the plaque, preserving the adhesion power of Dopa during the forma-
tion of the plaque and later contributing to the cohesive strength of the plaque by 
covalently cross-linking with Dopaquinone [ 6 ,  15 ,  22 ]. The Dopa side chains in the 
protective protein, Mfp-1, can complex with Fe 3+ , offering both high hardness and 
high toughness to the cuticle coating layer [ 19 ,  21 ]. Recent SFA tests also suggest 
other types of metal bridging, including Ca 2+  and Mg 2+  ion binding, contributing to 
the protein–protein binding complex in the plaque [ 41 ]. Understanding various 
interactions involved in the adhesion and cohesion of the mussel plaque can help us 
better understand the structure–properties relationship of the mussel plaque. This 
sizing up biology also has profound impacts on bottom-up designs of better engi-
neering adhesives. 

 The primary aim of this research was to investigate the possible roles of Mfp-3 
in the mussel byssal thread. Dopa-rich Mfp-3 has about 30 different variants in the 
mussel plaque, which can be subdivided into two groups, Mfp-3  fast  and  slow , due 
to the posttranslational modifi cation of protein tyrosine and arginine to Dopa and 
4-hydroxyarginine [ 6 ]. In previous studies, focus had been on the adhesion proper-
ties and performance of Mfp-3  fast , which was shown to be able to bridge two mica 
surfaces. The other big family of the Mfp-3 variants, Mfp-3  slow , is less well under-
stood. The hydrophobic interaction, a long-range interaction, is signifi cant to pro-
tein function in terms of driving protein folding and self-assembly in 
biomacromolecules. The lower charge density results in Mfp-3  slow  being a very 
hydrophobic protein, suggesting the hydrophobic interaction may possibly play a 
major role in the mussel plaque. Given the abundance of Mfp-3  slow  in the mussel 
plaque, a close investigation of the function of this protein and the possible involve-
ment of the hydrophobic interaction were highly desired. 

 Using an SFA to investigate the adhesion of Mfp-3, I have discovered a subtle 
molecular strategy apparently based on hydrophobicity for tuning adhesion despite 
Dopa’s instability. In contrast to other adhesive proteins, (1) the adhesion energy of 
Mfp-3  slow  on mica surfaces at pH 3 is about half that of Mfp-3  fast  and roughly 
proportional to its lower Dopa content. The trend of decreasing adhesion with 
increasing pH is signifi cantly less pronounced than what was reported for Mfp-3 
 fast ; (2) there exists a reversibly strong cohesive interaction of about  E  ad  = −3 mJ/m 2  
between two Mfp-3  slow  protein fi lms over a wide range of pH (from 3 to 7.5). This 
cohesion probably refl ects the cumulative    effects of Dopa-mediated hydrogen bond-
ing, other inter-residue hydrogen bonding, and especially hydrophobic interactions 
since Mfp-3  slow  is the most hydrophobic of mussel adhesive proteins. Exploitation 
of hydrophobic sequences to protect Dopa against oxidation as well as 
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incorporating hydrophobic interactions and inter-residue H-bonding to strengthen 
adhesives expands our understanding of biological wet adhesion and also provides 
new perspectives for developing effective artifi cial underwater adhesives.  

1.6     Biomimetic Adhesive Peptides 

 Chapter   6     describes the binding mechanism of three mussel-inspired synthetic pep-
tides to the mica surface. All three peptides were derived from the amino acid 
sequence of the molecular superglue, Mfp-5. Of all the known Mfps, Mfp-5 holds 
the crown of having the highest Dopa content and exhibits the strongest adhesion 
energy on mica substrates [ 20 ]. Given these distinctions, Mfp-5 has become an 
attractive molecular paradigm for mimicking mussel adhesion and has inspired 
numerous investigations of Dopa- or catechol-functionalized synthetic materials for 
various applications [ 7 ,  25 ,  27 – 30 ,  33 ]. In previous chapters I have emphasized the 
importance of Dopa in mussel protein adhesion. However, due to the large size and 
complexity of the Mfps molecules, signifi cant details of the protein binding mecha-
nism remain unclear [ 20 ,  22 ,  23 ]. Two persistent questions are as follows: (1) How 
do the fl anking amino acid sequences affect Dopa adhesion? (2) How do interac-
tions besides those involving Dopa help to mediate the adhesion of Mfps [ 42 ]? 

 The answer to the fi rst question is highly desired since various reports have shown 
that Dopa-functionalized synthetic polymers cannot perform at the same level of 
Mfps [ 21 ,  29 ], indicating mussels may have developed some synergistic strategies, 
possibly by incorporating various amino acids with Dopa in the protein sequences, 
to optimize the adhesion of Mfps. Given that nature has optimized mussel proteins 
for adhesion over millions of years, these synergistic effects should not be so surpris-
ing. The second question arises from various SFA studies on Mfp-3 fast and Mfp-5. 
Both proteins have isoelectric points (pIs) around ten and are highly positively 
charged at the pH of seawater. At pH 7.5, strong attractive electrostatic interactions 
should be expected by the positively charged proteins and negatively charged mica 
surfaces. Such interactions, however, have not been observed by previous SFA mea-
surements, possibly because of the high ionic strength of the buffer (~0.3 M) and the 
steric repulsions due to the large sizes and complexities of the proteins [ 43 ]. 

 To answer these questions, three short, Mfp-5-derived synthetic peptides 15–16 
residues in length were prepared with and without enzymatic modifi cation of 
 tyrosine (Y* denotes tyr to Dopa): VGSGY*DGY*SDGY*Y*DG (PEP pI 4), 
HY*HSGGSY*HGSGY*HG (PEP pI 6.5), and GY*KGKY*Y*GKGKKY*Y*Y*K 
(PEP pI 10) [ 44 ]. The repulsive and attractive forces of these peptides on mica sur-
faces were investigated with an SFA. All three Mfp-5-derived peptides showed 
adhesion energies that are at least an order of magnitude lower than that of intact 
Mfp-5, suggesting that there are synergistic effects from the amino acid residues 
across the whole protein sequence, which cannot be achieved by protein fragments. 
Increasing pH signifi cantly reduces the adhesion energies of three peptides due to 
both Dopa oxidation and the change of both the magnitude and signs of charges on 
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the three peptides. Further evidences of the involvement of electrostatic interactions 
were provided by periodate oxidation control experiment with changing the solution 
pH; signifi cant differences in the adhesion energies of three peptides on mica were 
observed when oxidizing Dopa by autoxidation at pH 7.5 or periodate oxidation.  

1.7     Organization of This Dissertation 

 Chapter   2     starts with a brief description of some important surface interactions rel-
evant to this work, followed by a short description of the SFA technique. Chapter   3     
describes with the effect of interfacial redox on Mfp-3 adhesion, which demon-
strates how Dopa oxidation can lead to a loss of adhesion of Mfp-3 on the mica 
surface. Chapter   4     further explores the importance of interfacial redox in mussel 
adhesion and describes two strategies that mussels take to control the interfacial 
redox and Dopa adhesion: controlling the local pH of the plaque and adding antioxi-
dants. Chapter   5     describes the cohesive interaction of Mfp-3  slow . Hydrophobic 
interactions play a crucial role in the system. Finally, Chap.   6     shows an example of 
designing mussel-inspired peptide adhesives and demonstrates that the peptides 
adhere to the mica surface via multiple binding mechanisms.     
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2.1  �Overview of Intermolecular Interactions  
in Biological Systems

Intermolecular interactions are the attractive or repulsive interactions existing 
between molecules in a substrate. There are a number of seemingly different catego-
ries, but all of them originate from one fundamental force—the electromagnetic 
force [1]. The development of quantum theory greatly deepens our understanding 
on the nature of intermolecular interactions. Theoretically, all the intermolecular 
interactions can be calculated using the quantum theory; however, due to the extreme 
difficulty of solving the exact or even approximate solutions of the Schrödinger 
equation, the historical way of dividing the intermolecular interactions into several 
categories with each of them having a simple interaction potential is still the most 
effective and dominating approach. Assuming the pair potential between two atoms 
or molecules are additive, integrating the potentials over all the atoms or molecules 
in the substrates gives the interfacial interactions. While the origins of the additive 
interactions are similar to those of the intermolecular interactions, they can quite 
often exhibit new features when acting between two macroscopic bodies. Strictly, 
the words “force” and “interaction” have different meanings, but for the conve-
nience of the author, here I clarify the two words “force” and “interaction” will 
be used interchangeably in this dissertation when referring to surface interactions. 
The force is simply the derivative of the interaction potential, F = − dW/dD, and both 
of them are functions of distance D.

Due to the complexity of the biological systems, intermolecular interactions 
involved in biological systems are quite complex and dynamic [2]. The types of inter-
actions involved in biological molecules, however, are no different from those 
involved in any other systems (Fig. 2.1). Dealing with protein–substrate and protein–
protein interactions, some basic surface interactions are fundamental to this disserta-
tion and, therefore, a brief description of them, including the van der Waals (VDW) 
forces, electrostatic forces, steric (polymer-mediated) forces, and special interactions 
such as hydrogen bonding and hydrophobic forces, will be included in this chapter.

Chapter 2
Surface Interactions in Biological Systems
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2.1.1  �van der Waals (VDW) Forces

The VDW forces, or the dispersion forces, are a type of universal forces that act 
between all atoms and molecules, thus playing a major role in a number of impor-
tant phenomena such as adhesion, wetting, surface tension, the properties of gas and 
lipids, and the structure of condensed macromolecules. For polar molecules, the 
VDW forces contain three different types of forces: the induction force, the orienta-
tion force, and the dispersion force; whereas for nonpolar, only the third type of 
force, the dispersion force, contributes to the VDW forces. The dispersion forces 
present between all the atoms and molecules and, therefore, are probably the most 
important component to the VDW forces. The dispersion forces are long ranged and 
can be repulsive or attractive, depending on the types of molecules and the presence 
of neighboring molecules. The forces are quantum mechanical in origin, and a rig-
orous treatment requires using quantum electrodynamics, but the nature of the dis-
persion forces can be understood intuitively by considering a simple model of two 
nonpolar atoms (such as helium atoms) interacting in vacuum. For each helium 
atom, the time-averaged dipole moment is zero; however, at any given instant, there 
is a finite dipole moment due to the fluctuation of the electron clouds in relation to 
the nucleus. This instantaneous dipole moment creates an electric field which acts 
on the nearby helium atom and introduces an instantaneous dipole moment in it. 
The two dipole moments give rise to an instantaneous attractive interaction between 
two atoms that has a finite value when time averaged. For simplicity, the interaction 
potential of the VDW forces between two atoms can be expressed as

	
w r

c

r
( ) = − VDW

6
	

(2.1)

where CVDW is a constant depending on the type of molecules [1].

Fig. 2.1  Illustration of some 
common interactions in 
aqueous solutions. Figure 
adopted from Leckband and 
Israelachvili [2]
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Assuming a simple pairwise additivity (which is not always true), one can integrate 
the interaction potentials of all the atoms in two bodies to get the interaction potential 
for two surfaces with different geometries in terms of the Hamaker constant

	 A C= π ρ ρ2
1 2VDW 	 (2.2)

where ρ1 and ρ2 are the number of atoms or molecules per unit volume in the two 
bodies [1].

A more rigorous calculation of the Hamaker constant can be obtained though 
the  Lifshitz theory [1]. Here I just introduce an approximate expression for the 
nonretarded Hamaker constant for two media 1 and 2 across a third medium 3:
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where ε1, ε2, and ε3 are the dielectric constants for media 1, 2, and 3 and n1, n2, and 
n3 are the refractive indexes for media 1, 2, and 3, respectively [1].

2.1.2  �Electrostatic Interactions

The electrostatic Coulomb forces between two charged atoms or ions are the stron-
gest physical forces. The free energy between two charges Q1 and Q2 is given by the 
simple Coulomb Law:

	
W r

QQ

r
( ) = 1 2

04πε ε
,
	

(2.4)

where ε0 is the permittivity of free space. Coulomb force has a distance dependence 
of only 1/r; therefore it decays slowly with the distance and is strong and long range 
[1]. Like the VDW forces, the electrostatic static interactions between charged sur-
faces in a solution (usually water for biological systems) are more complicated and 
more interesting.

The long-ranged electrostatic interactions play important roles in many biologi-
cal processes. Many biological molecules and surfaces are charged due to the 
ionization/dissociation of surface groups or the adsorption of ions from solution 
onto an uncharged surface/molecules. The surface charge is balanced by counter-
ions in solution, distributed in a tightly bounded stern layer (or Helmholtz layer) and 
a diffuse electric double layer. The “thickness” of this layer can be described by the 
Debye length, 1/κ. κ is defined as
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where ρi∞ is the number density of ions of valency zi in the bulk solution [1]. In 
biological systems, due to the high ionic strength of the body fluid, this Debye 
length is usually small (less than 1 nm).

Theoretically the electrostatic interaction between two surfaces or two bodies 
can be obtained by solving the Poisson Boltzmann (PB) equation:
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dx
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(2.6)

where ψ is the electrostatic potential [1]. Applying various boundary conditions 
which correspond to different physical conditions, solutions for the PB equation can 
be taken out, although usually with great challenges due to the nonlinearity of this 
second-order differential equation.

In solutions, the total interaction between two charged surfaces must include 
both the VDW interactions and electrostatic interactions. Those two interactions 
form the basis of the landmark Derjaguin-Landau-Verwey-Overbeek theory [3, 4], 
which has been widely applied in explaining the interactions between colloidal par-
ticles and membrane surfaces [5, 6].

2.1.3  �Polymer-Mediated Interactions: Steric Repulsion  
and Bridging Adhesion

(1)	 Steric Repulsion
Polymers can adsorb on surfaces either through physical interactions (physisorp-
tion) or via chemical reactions (chemisorption). Depending on the interactions 
between the polymers and surfaces, the grafting density, and the solvent conditions, 
the adsorbed polymers can exhibit different states on a surface: they can stay the 
same as their coiled state in solution, such as the mushroom state, or they can form 
a surface-induced structure, for instance, a brush layer. When the adsorbed polymer 
layer approaches another surface, it experiences a repulsive osmotic force due to the 
loss of entropy caused by compressing the polymer chains between two surfaces. 
This entropic repulsion is usually referred to as the steric repulsion [1, 2].

The actual range and magnitude of the steric repulsion depend on the type of 
polymers, the molecular weight of the polymer chains, graft density, solution con-
ditions, temperature, and the interactions between the polymer chains and surfaces. 
The steric repulsion typically starts no further than the contour length L of the 
polymer chains (2L if both surfaces are coated by polymers) and grows exponen-
tially over a range of distance, till the distance reaches a few times of the radius of 
gyration of the polymer chains, Rg, beyond which the repulsion becomes much 
steeper as the polymer chains become increasingly compacted.

2  Surface Interactions in Biological Systems
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(2)	 Attractive Intersegment and Bridging Forces
In a poor solvent, segments of polymers attract each other due to VDW, hydropho-
bic, electrostatic, and H-bonding interactions. This attractive intersegment interac-
tion is extremely important in biology, giving rise to the secondary structures of 
proteins and the double helical structure of DNA, perhaps two most important struc-
tures for all the lives on earth [1, 2]. Similarly, when two polymer-coated or protein-
coated surfaces come together in a poor solvent, the intersegment attraction between 
polymer or protein chains gives rise to an attractive interaction between two sur-
faces [1]. If two surfaces are further compressed, the steric interaction eventually 
wins out and the overall interaction becomes repulsive. But an adhesion force can 
be measured during the separation of two surfaces. I will come back to this scenario 
in Chap. 5.

Another important polymer-mediated attraction is the so-called bridging forces. 
According to the origin of the adhesion, the bridging forces can be divided into two 
groups: specific and nonspecific. The former involves specific interactions or chem-
ical reactions and commonly exists in biological system, whereas the latter exists 
mostly in nonbiological systems. Specific bridging adhesion is a centerpiece of this 
dissertation, thanks to the bidentate H-bonding nature of Dopa-mediated adhesion 
on the mica surface.

2.1.4  �Water-Mediated Interactions: The Hydrogen Bond 
and the Hydrophobic Interaction

(1) Hydrogen Bond
Water is unique, not only because it is the solvent for life, but also because the 
anomalous properties and special interactions associated to water: the hydrogen 
bond and the hydrophobic interaction.

The hydrogen bond is responsible for most of water’s unique properties: the 
unusually high melting and boiling temperatures, the density maximum at 4 °C, and 
the less density of solid ice in comparison to liquid water. Hydrogen bonds are also 
very important for the structure of many biological macromolecules, helping stabi-
lize the double helical structure of DNA and the secondary structures of proteins, 
such as the α-helix and the β sheets [1]. Like many other proteins, mussel adhesive 
proteins also utilize hydrogen bonds: Dopa is capable of forming a bidentate hydro-
gen binding (two hydrogen bonds) to many mineral surfaces, including mica [7, 8].

The hydrogen bond is mostly electrostatic in nature, but it shears some features of 
covalent bonds, such as high single bond strength and fairly directional. Both features 
are important to the binding of Dopa to the mica surface. The surprising matching 
between the distance of two hydroxyl groups of Dopa and the lattice structure of mica 
makes it possible for Dopa to form a bidentate hydrogen binding to the mica surface, 
giving rise to the strong adhesion force between different Mfps and the mica surface 
[7]. More details will be covered in Chap. 3.

2.1  Overview of Intermolecular Interactions in Biological Systems
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(2)	 Hydrophobic Interaction
The second important water-mediated interaction, the hydrophobic interaction, is 
related to the H-bonding network of water molecules and the resulting tetrahedral 
structure of water [1]. When water molecules interact with nonpolar molecules (such 
as hydrocarbons) that are incapable of forming hydrogen bonds with water mole-
cules, they lose the ability of maintaining their normal H-bonding network. Water 
solves this problem by two ways, which give the two limits of the hydrophobic inter-
actions. When the nonpolar solute molecule is small (the diameter is typically smaller 
than 1 nm), water molecules can rearrange themselves around it without breaking 
their H-bonding network. Although its rearrangement requires an entropy penalty, it 
is energetically favorable [9]. The other extreme happens when water molecules are 
facing a big hydrophobic surface or subject, on which water molecules cannot main-
tain the tetrahedral H-bonding network. How water molecules deal with this situation 
is still not clear and is a very hot research topic [10]. Some computer simulations 
suggest that under such conditions, hydrophobic surfaces create excluded volume 
regions where the density of water molecules vanishes [11], whereas others suggest 
the hydrophobic surface does not create excluded volume, instead, it increases the 
fluctuations of the density of water molecules near the surface [10, 12]. Despite 
numerous efforts on trying to uncover the nature of the hydrophobic interaction, no 
satisfactory theory yet has been established. I am hoping this situation will be 
reversed in the next decade, thanks to the brilliant minds that devote their careers to 
studying this mysterious but extremely important interaction.

The hydrophobic interaction is certainly one of the most important interactions 
for life, if not the most important interaction [13]. It holds the membrane together 
for cells, directly guides the self-assembly of proteins, and is responsible for the 
stability of the double helical structure of DNA [1]. It also plays a key role in main-
taining the mechanical strength of the mussel plaque, as I will describe in details in 
Chap. 5.

2.2  �Adhesion

2.2.1  �Surface Energy, Interfacial Energy, and Work 
of Adhesion/Cohesion

The free energy changes to separate two surfaces or media from contact to infinity 
in a vacuum is called the work of adhesion W12 (for two different media) or the work 
of cohesion W11 (for two identical media) [1].

Surface energy γ is the free energy change when the surface area of a medium is 
increased by unit area. The surface energy is related to the work of cohesion W11 by 
a simple relation of

	
γ1 11

1

2
= W .

	
(2.7)
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The interfacial energy γ12 is the free energy change in expanding the interface 
area of two immiscible liquids 1 and 2 or one solid 1 and one liquid 2 by unit area. 
The work of adhesion and the interfacial energy are related through the Dupoé 
equation:

	 W12 1 2 12= + −γ γ γ 	 (2.8)

A similar equation can be derived for separating two dissimilar media 1 and 2 in 
medium 3:

	 W132 13 23 12= + −γ γ γ . 	 (2.9)

2.2.2  �Adhesion Energies and Adhesion Forces

Although sometimes used interchangeably, we have to notice that the adhesion 
energy and the adhesion force are two different things. Strictly, the adhesion energy 
is an equilibrium term, and it should only depend on the initial and final states. To 
measure it accurately, the measurement has to be infinitely slow or, in other words, 
in a reversible process. Adhesion force, on the other hand, is a dynamic term and 
usually depends on the pathway through which the measurement is preformed (e.g., 
pulling off a tape as a whole requires a much larger force in comparison to peeling 
off the tape from one side), the experimental geometry, and the rate at which the 
measurement is performed. For example, when nonequilibrium and rate-dependent 
interactions are involved, very different forces can be measured depending on the 
rates at which the surfaces are separated, though the net energy change is the same 
[1]. This problem is also encountered in our surface forces apparatus (SFA) mea-
surement. Here I clarify that I will use the terms “adhesion energy” and “work of 
adhesion” throughout this dissertation, but the “adhesion energies” I report here are 
not the equilibrium values. Depending on various interactions involved and differ-
ent natures of different proteins, some values are close to the equilibrium values, 
while others may be off by quite a bit.

2.3  �Surface Forces Apparatus

The main technique I have used in my research is the SFA. The SFA is a powerful 
instrument to measure forces between surfaces. It was first developed in the 1960s 
and then modified by Israelachvili et al. in the 1970s to measure the VDW forces in 
air down to a few nanometers [14]. Since then, the SFA technique has been continu-
ously modified [15, 16]. The ability to measure forces in various liquids greatly 
extended the territory of the SFA, allowing it to measure almost all the surface 
forces: the VDW, electrostatic, DLVO, hydrophobic, hydration, and polymer-
mediated steric forces [5, 14–16]. Starting in the 1990s, the SFA technique has been 
applied to measure the interactions in complex biological systems involving 
membranes and membrane proteins [17–19].

2.3  Surface Forces Apparatus
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2.3.1  �SFA 2000

The most recent model of SFA, the SFA 2000, is shown in Fig. 2.2 [20]. An impor-
tant feature of an SFA is its ability to control the distance between two surfaces 
through four different controls, from a coarse control of a micrometer, which can 
move the surfaces by millimeters, to an extra fine control of a piezoelectric tube, 
which allows for a sub-nanometer control for the distance between the surfaces. In 
a basic SFA setup, the upper surface is mounted to a piezoelectric tube, and the bot-
tom surface is mounted to a force measuring double cantilever spring. Upon deflec-
tion, the double cantilever spring bends normally to the upper surface, which also 
gives the normal forces according to Hooke’s Law, F = KΔx, where K is the spring 
constant and Δx is the deflection of the spring.

2.3.2  �Multiple Beam Interferometry

The distance between the surfaces and the shape of the surface are measured in the 
SFA using the method of multiple beam interferometry (MBI) [14]. For an accurate 
distance resolution, the MBI technique requires very smooth and highly reflective 
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surfaces. In a typically SFA experiment (Fig. 2.3), a pair of freshly cleaved, uni-
formly thick, thin (usually 2–5 μm) mica surfaces are used as the surface substrate. 
The mica is coated with a thin (~55 nm) silver film on the back for providing a good 
interfering pattern between the reflecting surfaces. The surfaces are then glued on 
two cylindrical-shaped silica disks and mounted in the SFA with a cross-cylinder 
geometry, which is equivalent to a sphere on a flat surface geometrically.

White light is guided to the surface, but due to the constructive interference of the 
light within the silver mirrors, only discrete wavelengths λn

0 (n = 1, 2, 3, …) can pass 
though the surfaces, creating interference fringes known as fringes of equal chromatic 

Fig. 2.3  Schematic of the multiple beam interferometry technique in the SFA

2.3  Surface Forces Apparatus
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order (FECO), which can be separated by a spectrometer and recorded by a video 
camera. The order of the fringe, n, is equal to the number of antinodes in the electro-
magnetic standing wave between two mirrors. Since mica is birefringent, FECO 
fringes appear as doublets with the β and γ components. For a mica-medium-mica 
geometry, the distance between the surfaces can be determined by a master equation:
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where μ is the refractive index of the medium, µ µ µ= mica /  is the effective refractive 
index, and ± refers to odd and even order fringes, respectively.
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3.1                       Introduction 

 The 3,4-dihydroxyphenylalanine(Dopa)-containing proteins of mussels and sand-
castle worms provide attractive design paradigms for engineering synthetic poly-
mers as wet adhesives and coatings [ 1 ]. Despite this, a generally accepted explanation 
of how Dopa interacts with most surfaces is not available. Indeed, given the facile 
oxidation of Dopa, even the question as to whether Dopa (Fig.  3.1a ) is the only 
interacting functionality on all surfaces remains uncertain. The effect of uncontrol-
lable Dopa redox on the dependability of catechol as an anchoring functionality for 
polymers is a recognized problem and best illustrated in coatings engineered for 
superparamagnetic nanoparticles used in magnetic resonance imaging [ 2 ]. A one-
electron oxidation of Dopa produces a semiquinone (Fig.  3.1a ) whereas a two-elec-
tron oxidation results in Dopa o-quinone or Dopaquinone (Fig.  3.1b ); both have 
wide- ranging reaction chemistries. Semiquinones are present in the mussel adhe-
sive but their contribution to adhesion is unknown [ 3 ]. Dopaquinone is far inferior 
to Dopa at mediating adhesion to titania and mica surfaces [ 4 ,  5 ], but on amine- 
functionalized surfaces, it provides up to 200-fold more strength than Dopa itself 
[ 4 ]. In addition, under some solution conditions, tautomers of Dopaquinone, namely 
Dopaquinone methide (Fig.  3.1c ) and α,β-dehydrodopa (Δ-Dopa) (Fig.  3.1d ), are 
more stable than the o-quinone parent. Quinone tautomers were previously detected 
in oxidized Dopa peptides and proteins [ 6 ] and could be associated with structural 
changes in oxidized adhesive mussel foot proteins such as Mfp-3.

   A better understanding of interfacial Dopa chemistry is a crucial prerequisite to 
engineering the functionality for effective polymer adhesion. In the present study, 
I deposited thin fi lms of Mfp-3 on mica and tested whether the adhesion and fi lm 
thickness (hard wall) detected by the surface forces apparatus (SFA) is infl uenced 
by the presence or absence of Dopaquinone tautomers in the protein. Dopaquinones 
were formed in Mfp-3 by autoxidation (raising the pH) or by periodate-mediated 
oxidation. Protein Dopaquinone tautomerization is intriguing because of its effect 
on the α-carbons in the peptide backbone and the suggestion that the backbone 

    Chapter 3   
 Effects of Interfacial Redox in Mussel 
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fl exibility of adhesive proteins may be adjusted by the selection of different 
 resonance forms of Dopa following oxidation. This runs against the conventional 
wisdom that oxidation of Dopa-containing proteins serves exclusively as a 
 cross-linking strategy [ 7 ,  8 ].  

3.2    The Adhesion Properties of Mfp-3  Fast  on Mica 

 A strong adhesion force ~12 mN/m equivalent to an adhesion energy of −2 mJ/m 2  
was measured at pH 3 during separation of two Mfp-3 fi lms after a 1 min compres-
sion (Fig.  3.2a ). Strong adhesion is also consistent with the abrupt jumping apart of 
two surfaces as manifested by the rapid movement of the fringes of equal chromatic 
order (FECO). Following introduction of pH 5.5 buffer into the gap solution, the 

  Fig. 3.1    Reaction products 
for the stepwise 1- and 
2-electron oxidation of Dopa 
( a ) to Dopa semiquinone ( a’ ), 
Dopaquinone ( b ), and the 
quinone tautomers, Dopa 
quinone methide ( c ) and 
α,β-dehydrodopa ( d ). 
Dihedral torsional angles are 
shown around a Dopaquinone 
side chain ( e ); the essentially 
planar peptide bonds fl ank 
the side chain on both sides. 
Migration of the double bond 
to between the α–β carbons in 
Δ-Dopa abolishes optical 
activity and places NH, C=O, 
αC, and βC into the same 
plane ( f )       
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surfaces were then brought into brief contact again without changing the contact 
position. An adhesion force of 4.5 mN/m was measured at pH 5.5 (Fig.  3.2b ), decreas-
ing more than 60 % from the Mfp-3 mica adhesion at pH 3. During a  second approach 
at pH 5.5 followed by separation, the measured adhesion force dropped to only 
2.5 mN/m (Fig.  3.2c ), and the adhesion associated with a third approach-separation 
cycle measured only ~1 mN/m (Fig.  3.2d ). After this, adhesion exhibited no further 
change. The pH-dependent decrease in adhesion suggests a pH- dependent chemical 

  Fig. 3.2       Mfp-3 adhesion and Dopa oxidation. ( a ) The adhesion force of Mfp-3 at pH 3 with three 
successive approach and separation cycles. ( b ) At pH 5.5, in the fi rst run, an adhesion force of 
4.5 mN/m was measured. ( c ) The adhesion decreased to about 2.5 mN/m during the second run and 
to about 1 mN/m during the third run ( d ). Oxidizing Dopa in Mfp-3 with increasing periodate gives 
rise to a similar behavior ( e ), ( f ), and ( g )       
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or structural change in Mfp-3. The most likely chemistry involved is Dopa oxidation. 
Dopa is known to be unstable at elevated pH, undergoing facile oxidation to 
Dopaquinone [ 4 ,  5 ,  9 ]. As Dopaquinones accumulate in Mfp- 3, adhesion is dimin-
ished with each successive approach and separation cycle and/or time lapsed.

   The adhesive strength of Mfp-3 to mica was found to increase with the time of 
the fi lm in contact with both mica surfaces (Fig.  3.3 ). When the two surfaces were 
left in contact for 10 min, the adhesion energy increased to  W  ad  = −2.4 mJ/m 2 . 
However, there is no obvious difference in adhesion energy between 10 and 60 min 
contact time, indicating that the adhesion energy rapidly reaches a plateau. The 
increase of adhesion energy with contact time is likely due to the rearrangement of 
the Dopa residues in Mfp-3 chains under confi nement. At short contact time, the 
Dopa residues are likely to be orientated in all the directions, and some of them are 
not able to bind to the other mica surface due to the steric confi nement of the protein 
chains. Given enough contact time, the protein chains can rearrange their confi gura-
tion, so more Dopa residues can adhere to the other mica surface. Another plausible 
explanation is since the protein fi lm was deposited before the SFA experiment, most 
Dopa residues might adhere to one mica surface during short time contact. A longer 
contact time gives the Dopa residues a better chance to bind to the other mica sur-
face. Therefore the system is closer to the equilibrium state. Both explanations 
could lead to a higher adhesive strength with a longer contact time. Once the system 
reaches its equilibrium state, increasing the contact time does not help increase the 
strength of adhesion; therefore the adhesion reaches its plateau. In both pH 5.5 and 
7.5, the adhesive strength is found to slightly increase with the contact time, but still 
an order of magnitude lower than the strength measured at pH 3.

3.3       The Effect of Dopa Oxidation 

 To explore the hypothesis that Dopa oxidation is coupled with a loss in adhesion to 
mica, a controlled Dopa oxidation experiment was done by adding periodate at pH 
3 where Dopa undergoes negligible autoxidation (Fig.  3.2e, f ). Periodate, a strong 

  Fig. 3.3    The adhesion 
energy of the Mfp-3 fi lm and 
mica as a function of contact 
time at pH 3, 5.5, and 7.5. At 
all pHs tested, the adhesion 
energy slightly increases with 
contact time. Error bars are 
the standard deviation of 
9–12 measurements for 1 min 
test and 4–6 measurements 
for 10 and 60 min test       
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2-electron oxidant, stoichiometrically oxidizes catechols including Dopa to 
o- quinones [ 6 ,  8 ]. After achieving a Dopa-mica adhesion at pH 3 of more than 
12 mN/m, 200 pmol of periodate (20 μL) was injected into the gap between the 
Mfp-3 fi lms. Adhesion dropped to 7.5 mN/m in the fi rst approach-separation cycle 
following injection and further to 1.5 mN/m during the second force cycle. No fur-
ther decrease in adhesion was observed during subsequent approach-separation 
cycles. The periodate results support the notion that oxidation of Dopa to 
Dopaquinone decreases Mfp-3 adhesion to mica at pH 5.5 and 7. The obvious paral-
lels between increasing the pH from 3 to 5.5 of the gap solution and periodate addi-
tion at pH 3 suggest that signifi cant Dopa oxidation happens even at pH 5.5 in the 
SFA. In solution at pH 5.5, Dopa is ordinarily stable for hours, not minutes. In 
contrast, at seawater pH ~8 and saturating levels of dissolved oxygen, the oxidation 
of Dopa to quinone is nearly spontaneous [ 10 ].  

3.4    Dopaquinone Tautomerization 

 The SFA data reveal a second important trend: the hard wall, an indicator of repul-
sive interactions and an approximation of the hydrodynamic diameter of Mfp-3, 
changed dramatically with pH. The fi lm thickness of Mfp-3 on mica at pH 3 was 
just ~3 nm (Fig.  3.4a ). After increasing the pH of the gap solution to 7.5 followed 
by a short equilibration time, repulsion was fi rst noticeable at a distance of 40 nm 
during the approach, with an increase in the hard wall to ~20 nm (Fig.  3.4a ). The 
hard wall increase suggests that the Mfp-3 fi lm expands at higher pH. I know of 
only two chemical pathways relevant to quinone formation in Mfps in this pH range: 
(1) cross-linking and (2) the tautomerization of the Dopaquinone to Δ-Dopa. Cross- 
linking is not a plausible scenario for swelling since dilute Mfp-1 in solution under-
goes a signifi cant diminution in hydrodynamic radius upon oxidation [ 11 ] and 
cross-linked Mfp-1 fi lms exhibit an irreversible decrease in fi lm thickness as mea-
sured by surface plasmon resonance and the quartz crystal microbalance [ 12 ]. In 
contrast, the hard wall increase measured here was largely reversible and thus is 
more consistent with tautomerization than cross-linking. The tautomerization 
involves migration of the double bond from the quinone nucleus via the quinone 
methide to the alpha carbon in the backbone (Fig.  3.1c, d ). At pH 7, the Δ-Dopa 
tautomer is favored, whereas at pH 3 the Dopaquinone prevails [ 6 ]. The reversible 
reduction in the hard wall from 20 to 10 nm by decreasing the pH of the gap solution 
from 7.5 to 3 is consistent with the reversibility of quinone tautomers but does not 
prove their involvement (Fig.  3.4a ).

   Tautomerization of Dopaquinone to Δ-Dopa needs a Lewis base to extract the 
acidic proton on the αC (Fig.  3.1e, f ) [ 6 ]. In our experiments, acetate and phosphate 
buffers, certain Mfp-3 side chains, and even the mica surface [ 13 ] itself could act as 
Lewis bases to catalyze the rearrangement. UV–Vis spectra were performed to test 
whether the Dopaquinone to Δ-Dopa tautomerization occurs in bulk Mfp-3 solution 
upon Dopa oxidation. Due to the precipitation of Mfp-3 at near-neutral pH, UV–Vis 
readings were only reliable up to pH 5.5. Dopa oxidation was enhanced at pH 5.5 
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(acetate buffer) by adding excess periodate. After periodate addition, a typical 
 quinone spectrum ( λ  max  ≈ 390 ~ 400 nm) developed within the mixing time 
(Fig.  3.4b ). As the oxidation proceeded, the quinone peak decayed, and an increase 
in absorbance at about 320 ~ 330 nm occurred; this is the characteristic maximum 
for ∆-Dopa and is consistent with Dopaquinone tautomerization to ∆-Dopa in a low 
molecular weight peptide [ 6 ]. However, in contrast to the SFA experiments, 

  Fig. 3.4    The change of the 
structure of Mfp-3 with 
different pHs. ( a ) After 
increasing the pH of the gap 
solution from 3 to 7.5, the 
fi lm thickness measured by 
the SFA increased from 3 nm 
to about 20 nm. The hard 
wall of the protein layer was 
shifted back to 10 nm when 
the pH of the gap solution 
was brought back to 3, but no 
strong adhesion recovery 
occurred. ( b ) UV–Vis 
spectral sequences obtained 
during the oxidation of 1 mg/
mL Mfp-3 by excess 
periodate in acetate buffer 
at pH 5.5. Curve 1 ( black ): 
without periodate; curve 2 
( red ): after adding periodate 
within the mixing time; curve 
3 ( blue ): 30 min; curve 4 
( purple ): 100 min. The peaks 
around 320 ~ 330 nm and 
390 ~ 400 nm increase and 
decrease, respectively, in 
absorbance with time. ( c ) CD 
spectrum of 0.3 mg/mL 
Mfp-3 in PBS buffer at pH 
5.5 ( a ) before and ( b ) after 
adding excess periodate       
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periodate addition to the bulk solution reaction system was necessary to observe 
detectable oxidation. The greater susceptibility of Mfp-3 to oxidation in the SFA 
compared with bulk solution is intriguing and worthy of greater scrutiny. Perhaps 
the confi nement of Mfp-3 between mica surfaces during an SFA experiment 
enhances its oxidation kinetics [ 14 ]. An even more promising possibility could be 
mechanochemistry, i.e., that a mechanical deformation of Mfp-3 enhances Dopa 
oxidation. For example, during wood milling, lignins are degraded to benzoqui-
nones [ 15 ], and free radicals are generated from catechols during stirring [ 16 ]. 

 Considering the double bond between αC and βC atoms, the conformational 
fl exibility of the protein backbone as well as the ∆-Dopa side chain is likely to be 
more restricted. Without periodate addition, circular dichroism of Mfp-3 exhibits an 
ellipticity suggestive of random coil structure. After adding periodate to Mfp-3, the 
ellipticity at 199 nm decreased more than 60 %, indicating a loss of protein confor-
mational fl exibility and reduced optical activity (Fig.  3.4c ). 

 In the absence of folding, reduced fl exibility of the protein backbone should 
increase the hydrodynamic size of the protein molecule. The increase in the hydro-
dynamic dimensions of Mfp-3 was confi rmed by dynamic light scattering (DLS). 
From DLS analysis, Mfp-3 has a hydrodynamic radius of about 1–2 nm or a diam-
eter of ~2–4 nm at pH 3. This diameter approximates the fi lm thickness of the 
Mfp-3 layer (~3–4 nm) measured by SFA experiment at the same pH (Fig.  3.4a ). 
At pH 5.5, however, the hydrodynamic    radius remains at 1–2 nm, much less than the 
value deduced from SFA measurements (thickness 30–40 nm), and as already men-
tioned, is attributed to confi nement effects in the SFA. Upon raising the pH to 7.5 or 
adding periodate to pH 5.5 buffer, the hydrodynamic radius of Mfp-3 increased 
abruptly to 10–25 nm. Dialysis of a solution of Mfp-3 at pH 7 against acetic acid 
buffer at pH 3 decreased the hydrodynamic radius of Mfp-3 to 4–6 nm. Thus, the 
DLS-determined increase in hydrodynamic radius following Dopa oxidation also 
quantitatively agrees with observations from SFA experiments. Although oxidation 
of Mfp-3 in bulk solution is not necessarily a good approximation of Mfp-3 
reactivity on mica surfaces during SFA experiments, it still provides a reasonable 
basis for assessing the role of Dopa oxidation and quinone tautomers in relation to 
the adhesion loss and hard wall increase with pH.  

3.5    The Binding Mechanism of Dopa to the Mica Substrate 

 Freshly cleaved mica surfaces are known to consist of chemically inert polysilox-
anes, and there is no evidence for a specifi c coordination complex as that proposed 
between Dopa and titania surfaces [ 17 ]. The moderate adhesion of Mfp-3 to mica is 
probably due to hydrogen bonding between the bidentate OH groups of the catechol 
and the O atoms in the mica crystal. The fi t should be a snug one as the distance 
between adjacent O atoms in the mica crystal (~0.28 nm) is about the same as the 
distance between OH groups in Dopa, ~0.29 nm [ 5 ]. As predicted by Bell theory 
and by analogy to the A-T pairs in DNA, the well-oriented bidentate hydrogen 
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bonding ( E  = ~ −28 kT ) of Dopa to mica should have a binding lifetime ( τ  =  τ  0 e −  E / kT  ) 
that is 10 6  times as long as the monodentate form ( E  = ~ −14 kT ) [ 18 ]. 

 At pH 3, maximal adhesion energy measured between an Mfp-3-coated mica 
surface and bare mica after a 60 min contact time is  E  ad  = −2.5 mJ/m 2 . Typically, the 
surface area of a mica sheet glued to the SFA cylindrical support is about 1 cm 2 . 
Assuming every molecule in the 20 μL of Mfp-3 solution (20 μg/mL) is adsorbed to 
mica would deposit about 5.7 × 10 −11  mol Mfp-3s on each surface with a correspond-
ing Dopa density of about 5.7 × 10 −6  mol/m 2 . Although we do not know the actual 
adsorption effi ciency of Dopa to each mica surface, a 50 % adsorption to each sur-
face, the maximum possible amount of Dopa in direct adhesive contact with the 
mica surface, would give a lower boundary for the Dopa-mica binding of 0.87 kJ/
mol. This number is an order of magnitude smaller than the hydrogen bond energy, 
typically 10–40 kJ/mol. Assuming a lower coverage of 10 %, for example, would 
give a higher binding, i.e., 4.4 kJ/mol, and may be more realistic.  

3.6    The Importance of Dopa Interfacial Redox 

 Dopa redox plays a dual role in wet adhesion and cohesion within mussel plaques. 
Our SFA results indicate that Dopa oxidizes to Dopaquinone at even moderately 
acidic pH, causing a signifi cant drop in adhesion. Once Dopaquinone forms, it 
quickly undergoes tautomerization to ∆-Dopa, which abolishes side-chain rotation 
and optical activity in the alpha carbon (Fig.  3.1f ). The reaction has also been 
observed in some Dopa-PEG constructs [ 19 ]. Because Dopaquinone tautomerization 
to ∆-Dopa in Dopa-containing proteins and peptides imposes severe local confi gura-
tional constraints, it would be expected to increase the hydrodynamic radius of a 
single protein chain. The double bond between the α and β carbons (Fig.  3.1f ) puts 
them in the same plane as the α-amine and carbonyl groups of the backbone with 
120° angles around the sp 2  α-carbon and a loss of optical activity [ 20 ]. Given the ten 
fairly evenly distributed Dopa residues in the Mfp-3 sequence [ 21 ], converting all of 
these to ∆-Dopa would be expected to decrease entropy in the chain and perhaps 
impose a new secondary conformation. The nature of this conformation in Mfp-3 is 
not known at this time but reasonable conjecture is possible. Mathur et al. [ 21 ] pre-
pared a synthetic octapeptide with alternating ∆-Phe residues that exhibited a distinct 
preference for a 3 10  helix. This resembles an α-helix in being internally H-bonded but 
with fewer amino acids ( i  to  i  + 3) between each donor-acceptor pair [ 22 ]. 

 It is not currently known whether ∆-Dopa formation in Mfp-3 on surfaces is 
adaptive or adventitious. The former would require a certain degree of local redox 
and pH control. Mussels can retard oxidative losses in the plaque by co-secreting a 
thiol-containing protein antioxidant with Mfp-3 and Mfp-5 at relatively low pH 
regimes during plaque deposition [ 23 ]. A spatially tuned control of ∆-Dopa forma-
tion would enable an extraordinary versatility in how the proteins are packed as they 
approach a solid surface. Indeed, the obvious porosity gradient in the plaque could 
be taken as evidence of such versatility [ 24 ].  
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3.7    Experimental Section 

  Materials : Mfp-3 was purifi ed according to a procedure previously described [ 21 ]. 
Purifi ed Mfp-3 performs consistently by SFA after storage for 100 days at pH 3 and 
−50  °C.  Before the experiment, 20 μL of Mfp-3 solution (20 μg/mL) was injected 
onto one or both mica surfaces. After allowing 30 min absorption followed by rins-
ing with buffer, the two surfaces were then transferred into an SFA chamber with a 
droplet of buffer in between the surfaces for measurement. The volume of the drop-
let solution is about 50 μL. Buffer preparation: 0.1 M acetic acid (EMD Chemicals, 
Gibbstown, NJ) and 0.25 M potassium nitrate (Aldrich, St. Louis, MO) (pH 3); 
0.1 M sodium acetate (EM Science, Gibbstown, NJ) and 0.25 M potassium nitrate 
titrated by acetic acid (PH 5.5); 0.016 M potassium phosphate monobasic 
(Mallinckrodt, Hazelwood, MO) and 0.084 M potassium phosphate dibasic (EMD 
Chemicals, Gibbstown, NJ) (PH 7.5). Milli-Q water (Millipore, Bedford, MA) was 
used for all the glassware cleaning and solution preparation. 

  UV–Vis Spectrophotometry : UV–Vis spectra were obtained using a Nanodrop 1000 
spectrophotometer (Thermo Fisher Scientifi c, Wilmington, DE). 20 μL of 1 mg/mL 
Mfp-3, caffeic acid, and hydrocaffeic acid were made in acetate buffer at pH 5.5, 
respectively (0.1 M sodium acetate titrated by acetic acid). Excess sodium periodate 
was used to oxidize hydrocaffeic acid and Dopa in Mfp-3. 

  Circular Dichroism Spectroscopy : Circular dichroism (CD) measurements were 
performed on an OLIS RSM circular dichroism spectropolarimeter. The cell was 
maintained at 25 °C using a quantum temperature controller. Far-UV (250–190 nm) 
scans were performed in a micro cell (with a path length of 0.05 cm) that required 
only 300 μL of solution. The computer-averaged trace of ten scans was employed in 
all calculations. Signal due to solvent was subtracted. 0.3 mg/mL of Mfp-3 was 
measured in PBS buffer at pH 5.5 before and after adding 10 μL of 3.2 mg/mL 
NaIO 4 . The data were normally plotted as mean-residue-weight ellipticity ([θ]; 
units.degrees.cm 2  dmol −1 ) versus wavelength in nm, calculated via the following 
equation:

  
θ

θ
= obsm r w

cD

. . .
,

10   
 ( 3.1 ) 

   

where  θ  obs . is the observed ellipticity in degrees,  m.r.w . is the mean residue weight, 
 c  is the concentration in g/mL, and  D  is the path length in cm. 

  DLS : DLS was used to evaluate the hydrodynamic dimensions of the protein sam-
ples. The hydrodynamic radius of Mfp-3 at pH 3 (acetic acid), 5.5 (sodium acetate), 
7.5 (phosphate), and pH 5.5 (phosphate) was determined after adding excess amount 
of oxidant NaIO 4  at 20 °C using a Dynapro DLS temperature- controlled micro-
sampler with an 824.7 nm laser diode (Protein Solutions, Charlottesville, VA). DLS 
scattering counts were recorded every 10 s (10 acquisitions/sample) and scattering 
intensity data were processed using Dynamics Dynapro Control software v.6.3.40.     

3.7 Experimental Section
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4.1                        Introduction 

 Moisture is the nemesis of strong polymer adhesion to polar surfaces. Despite this, 
marine mussels achieve durable underwater adhesion using a suite of proteins that 
are peculiar in having high levels of Dopa [ 1 ,  2 ]. The recent demonstration that a 
single tethered Dopa residue adsorbed to titania in water requires a breaking force 
of nearly 1 nN and is completely reversible [ 3 ] has spawned the design of many 
synthetic polymers with Dopa-like side chains for diverse applications [ 4 – 7 ]. 
Despite its many virtues as a sticky side chain [ 8 ], Dopa has a troubling side that 
presents signifi cant challenges to its use, i.e., coupled to the reduction of atmo-
spheric oxygen, it is readily oxidized to Dopaquinone. Dopaquinone formation 
diminishes adhesion on TiO 2  by at least 80 % and is very prone to further chemical 
modifi cation including protein cross-linking reactions [ 3 ]. Given the little effort 
devoted so far to controlling the stability of Dopa, it is not surprising that the range 
of adhesive strengths reported for Dopa-containing polymers varies widely [ 9 – 12 ]. 
At the single-molecule level, for example, the reported breaking force of Dopa 
adsorbed to titania at pH 7.5 differed by an order of magnitude in two reports [ 3 ,  13 ]. 

 The holdfast or byssus of a California mussel ( Mytilus californianus  Conrad) 
resembles a bundle of threads, each of which is distally tipped with a fl ared adhesive 
plaque (Fig.  4.1a ). About ten plaque proteins have been characterized and half of 
these are unique to the plaque whereas the others are distributed in both threads and 
plaques [ 14 ]. The mussel assembles each new plaque in a few minutes from proteins 
stockpiled in its foot. The fi rst proteins the foot squirts onto the surface of a rock are 
mussel foot proteins Mfp-3 and Mfp-5 with Dopa contents of 20 mol% and 30 mol%, 
respectively [ 1 ,  2 ] (Fig.  4.1b, c ). With the surrounding seawater at pH ~8 and satu-
rating levels of dissolved oxygen, the 2-electron oxidation of Dopa to Dopaquinone 
is predicted to be highly favorable (Fig.  4.1d ) but is retarded to a signifi cant extent 
in the native adhesive footprints of mussels [ 1 ,  2 ]. Here I investigated whether 
reduced Dopa is necessary for good adhesion to a mineral such as mica and, if so, 
how the redox of these oxidation-prone proteins is manipulated.

    Chapter 4   
 Antioxidant is a Key Factor in Mussel Protein 
Adhesion 
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4.2        The pH of Mussel Adhesive Protein Secretion 

 The adhesion of  M. californianus  was investigated in two parts: fi rst, solution condi-
tions in the foot during plaque formation were determined, and second, using the 
surface forces apparatus (SFA), I measured the adhesive interactions between puri-
fi ed Mfps and mica at three pHs [ 15 ]. With respect to solution conditions, research-
ers have always assumed that sessile marine organisms attach to surfaces at seawater 
pH (≈ 8.2). Each adhesive plaque is injection molded by the mussel into a small 
dimple known as the distal depression located near the tip of the foot (Fig.  4.1b ); the 
depression is placed like an inverted cup over a selected surface and a minute or so 
later, proteins are exuded from pores in the depression ceiling. Given the unpredict-
ability of byssal thread formation by captive mussels, we gave up the idea of 

  Fig. 4.1    Byssal adhesion in the California mussel  Mytilus californianus . ( a ) An adult mussel 
attached to a mica sheet by a byssus containing three threads. Extended foot is making a new 
plaque and thread; ( b ) zoom of a foot viewed from the underside showing the distal depression 
lifting off from a completed plaque. The footprint denotes the distalmost part of each plaque in 
intimate contact with the surface; ( c ) primary sequence of selected footprint protein variants of 
Mfp-3 (> 25 known variants ), Mfp-5 ( 2 known variants ), and Mfp-6 ( 5 known variants ); the high 
proportion of Dopa ( red  Y) and cysteine ( blue   C ) in mefp-3, Mfp-5, and Mfp-6, respectively, is as 
shown. Masses were calculated from the cDNA-deduced sequences. ( d ) Standard oxidation- 
reduction half-reactions of oxygen, Dopa, and cysteine thiols at pH 7 ( from ref      19 ).  Dashed arrows  
denote only partially reversible reactions       
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sampling solution conditions in the distal depression during the natural deposition 
of a plaque. Instead, changes occurring following byssus secretion induced by 
injecting a potassium chloride solution into the pedal nerve were measured. Previous 
reports maintain that the products of induced and natural secretion are indistin-
guishable [ 16 ,  17 ]. To confi rm these claims, we sampled the distal depression of a 
mussel foot for proteins before injection and at 1, 2, 5, and 10 min post-injection by 
MALDI TOF mass spectrometry (Fig.  4.2a–e ). Mfp-3 variants, specifi cally Mfp-
3- 1α (5.3 kDa), Mfp-3-1β (5.4 kDa), Mfp-3-2 (5.5 kDa), and Mfp-3-3α (6.6 kDa) 
[ 1 ], are secreted fi rst followed closely by Mfp-6 (~11.6 kDa). The cumulative pat-
tern of induced secretion is nearly identical to the distribution of proteins in a natu-
ral plaque footprint (Fig.  4.2f ). The estimated fi nal molar ratio of Mfp-3/Mfp-6 
averages about 2.5:1, but whether this ratio is fi xed or adjustable on different sur-
faces requires further investigation.

   With a calibrated microelectrode inserted into the distal depression (1–2 mm 
diameter in adult  M. californianus ), we followed the time course of pH after inject-
ing KCl into the pedal nerve, known to induce plaque and thread formation. Just 
prior to the secretion of plaque proteins, the pH of the distal depression dropped by 
an average of 1.5 pH units (SD ± 0.3  n  = 15) from a resting pH of pH 7.3 to 5.8 
within 2 min of induction. Given how densely adhesive proteins fouled the micro-
electrode tip, the pH decrease of 1.5 units should be considered as a minimum. 
Conductivity tests of the induced byssal secretions of fi ve mussels indicated an 
average ionic strength of 80 mM (SD ± 23 mM) compared with ionic strengths of 
215 and 700 mM for cytoplasmic fl uid [ 18 ] and seawater, respectively.  

  Fig. 4.2    Mass analysis of proteins in the distal depression during plaque formation induced by 
stimulating the pedal nerve. ( a ) Pre-injection swab of proteins in the distal depression; ( b)  1 min 
post-injection swab of distal depression; ( c)  2 min post-injection swab; ( d)  5 min post-injection 
swab; ( e)  10 min post-injection swab; ( f)  proteins of a mature plaque footprint; ( g)  purifi ed Mfp-3 
protein variants (5.3 kDa peak mass) used in SFA experiments; ( h)  purifi ed Mfp-6 variants 
(11.6 kDa) used in SFA experiments. Note absence of Mfp-5 (9.5 kDa) which requires much 
higher laser power to desorb during analysis by MALDI       
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4.3     The Wet Adhesion of Mfp-3 Fast on Mica 

 Using pH regimes ranging from pH 3 to 7.5 at a salt concentration (0.25 M KNO 3 ) 
intermediate between the adhesive exudate and seawater, the adhesion of Mfp-3 to 
mica was tested in the SFA [ 15 ]. The greatest adhesion energy ( E  ~ −2.0 mJ/m 2 , 
SD ± 0.3,  n  = 6), observed at pH 3 following the brief contact and separation of two 
Mfp-3 fi lms (Fig.  4.3 ), is consistent with Dopa residues that are H-bonded to mica 
surfaces. Apparently, during contact, Mfp-3 chains already bound to a mica surface 
rearrange to span the gap to bind another surface. A single Mfp-3 fi lm had a thick-
ness (hard wall) of 5 nm when compressed. The strong adhesion between two Mfp-3 
fi lms at pH 3 (Fig.  4.3 ) underwent a surprising 75 % diminution at pH 5.5 
to ~ −0.50 mJ/m 2  (SD ± 0.15,  n  = 6) within a few minutes of raising the pH. When the 
pH of the gap solution was further increased to 7.5, only weak adhesion remained. 
Given that the autoxidation of catechols increases with increasing pH [ 19 ], I tested 
whether adhesion loss is correlated with Dopa oxidation. Titration with an oxidant 
at pH 3 supports this premise (Fig.  4.4 ). In periodate oxidation, for example, each 
periodate ion produces a stoichiometric 2-electron oxidation per Dopa [ 20 ,  22 ]. 
At 600 pmol periodate, adhesion is essentially abolished.

    Another pH-dependent change in Mfp-3 is the greater repulsion in fi lms of Mfp-3 
at pH 5.5 and 7.5 during approach. Using the hard wall as a measure of repulsion, 
there is an outward shift from 5 to 35 nm at pH 5.5, and 50 nm at pH 7.5 (Fig.  4.3a ). 
The greater repulsion at higher pH could refl ect Mfp-3 cross-linking [ 23 ] and/or the 
tautomerization of peptidyl-Dopaquinone to α,β-dehydrodopa, which would have 
the effect of locking the peptide backbone into a planar double bond at every oxi-
dized Dopa residue [ 21 ,  24 ]. Given its reversibility, tautomerization is the more 
plausible explanation. Compliant protein chains pulled out normal to the mica sur-
face during separation would be stiffened during the pH-induced oxidation and tau-
tomerization steps, and the stiffened chains would begin resisting compression 
earlier during the next approach. Antioxidants would reduce quinones and related 
tautomers back to Dopa and restore chain fl exibility. 

  Fig. 4.3    Force-distance 
profi les of two Mfp-3-coated 
mica surfaces at different pH. 
At pH 3 ( red ), up to 
−13.5 mN/m ( E  ad  = −2.08 mJ/
m 2 ) adhesion was measured. 
The adhesion decreased to 
about  E  ad  = −0.42 mJ/m 2  
( blue ) at pH 5.5. Only a slight 
adhesion of  E  ad  = −0.12 mJ/m 2  
was measured when the pH 
of the gap solution was raised 
to 7.5 ( magenta )       
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 Clearly, Dopa in purifi ed Mfp-3 is susceptible to oxidation during testing in the 
SFA. In contrast, however, biochemical analysis of plaques shows that the Dopa 
content of adhesive proteins such as Mfp-3 and Mfp-5 remains largely intact while 
they reside in the plaque footprints [ 1 ]. Presumably mussels are adding something 
else to the plaque footprints to stabilize the redox of the adhesive proteins there. 

 In order to determine whether Dopa oxidization is responsible for adhesion loss 
and the longer-range repulsion, the effect of oxidants and antioxidants on Mfp-3 
adhesion was examined. An artifi cial oxidant, sodium periodate (NaIO 4 ), was added 
into the gap of two fi lms of Mfp-3 at pH 3 at which the autoxidation of Dopa is low. 
Each periodate stoichiometrically oxidizes a Dopa to Dopaquinone. A 45 % loss of 
adhesion was measured within a few minutes after introducing 400 pmol of peri-
odate into the gap solution between the mica surfaces (Fig.  4.4a, b ). An essentially 
complete adhesion loss as well as a signifi cant increase in repulsion occurred with an 
additional 200 pmol of periodate (Fig.  4.4c ). The correlation between the amount of 
periodate added into the gap and the decrease of adhesion indicates that the oxidiza-
tion of Dopa is an important factor in adhesion loss and consistent with the autoxida-
tion at pH 5.5 and 7.5. The shift of the hard wall also supports contribution of chain 

  Fig. 4.4    The force-distance profi les of Mfp-3 on mica before and after adding artifi cial oxidant, 
NaIO 4 , and antioxidant, ascorbic acid. ( a ) Mfp-3 on mica at pH 3. ( b ) A 30 % loss of adhesion was 
measured after adding 400 pmol NaIO 4  into the gap at pH 3. ( c ) Near-abolition of adhesion after 
adding 600 pmol NaIO 4  into the gap solution at pH 3. ( d ) Adding 20 μL ascorbic acid (0.25 mM) 
into the gap solution recovered about 30 % of the adhesion       
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stiffening or cross-linking to longer range repulsion. With regard to antioxidants, 
I introduced ascorbic acid (2.5 nmol) to reduce Dopaquinone in oxidized Mfp-3 and 
in doing so rescued a substantial proportion of adhesion (Fig.  4.4d ).  

4.4     Adhesion and the Antioxidant Effect of Mfp-6 

 In situ matrix-assisted laser desorption mass spectrometry of mussel adhesive foot-
prints and induced adhesive secretion detected Mfp-3 and Mfp-6 variants (Fig.  4.2 ) 
[ 1 ,  2 ]. Mfp-6 composition differs from Mfp-3 variants by its low Dopa and high 
cysteine content [ 2 ]. In freshly isolated Mfp-6, of the eleven cysteines known to 
exist in the protein, two are coupled as a disulfi de leaving nine to occur presumably 
as thiols [ 1 ]. These nine thiols are not readily accessible to modifi cation: at best 1–2 
thiols can be carboxymethylated with iodoacetamide at pH 7, whereas 4–5 react 
with Ellman’s reagent (   Table  4.1 ). With respect to adhesion in the SFA, Mfp-6 
adsorbed to one or both mica surfaces exhibits only weak adhesion (Fig.  4.5 ).

    Given Mfp-6’s poor adhesion, I surmised it bestowed other adaptive advantages 
on mussel attachment. To explore these, two Mfp-3 fi lms were autoxidized at pH 
7.5; the gap solution was returned to pH 5.5 by buffer replacement. Adhesion, how-
ever, remained unchanged (Fig.  4.6a ) suggesting that pH alone is insuffi cient to 
reverse the autoxidation of Dopa. About 100 pmol of Mfp-6 was then introduced 
into the gap at pH 5.5. The fi lms were brought into brief contact and upon separation 
exhibited an adhesive energy of about −0.70 ± 0.05 mJ/m 2  ( n  = 6), a 130 % recovery 
of adhesion; following a 60 min contact, there was a 200 % recovery of initial adhe-
sion (Fig.  4.6b ). At pH 3, Mfp-6 further increased adhesion of two Mfp-3 fi lms to 
−1.21 ± 0.05 mJ/m 2  and −1.85 mJ/m 2  after ~1 and 60 min contacts, respectively 
(Fig.  4.6c ). These results resemble, but are more potent than, the effects of ascorbate 
on adhesion loss (Fig.  4.4d ) and implicate Mfp-6 as an antioxidant to restore 
Dopaquinone to Dopa in Mfp-3.

   The mechanism of antioxidant action by Mfp-6 is suggested by its cysteinyl thiol 
content. I surmised that thiols in Mfp-6 provide reducing equivalents for 

     Table 4.1    Cysteine detection in purifi ed Mfp-6 (mass 11,887 Da)   

 Treatments and detection in mol% 

 Cys derivative 
 Untreated 
Mfp-6 

 Mfp-6 + 
Ellman’s 

 Mfp-6 + 
iodoacetamide 
pH 7.5 

 Mfp-6 + DTT 
iodoacetamide 
GuHCl pH 7.5 

 Performate 
oxidized 

 Cys-SO 2 H  0  0  0  0  10.6 ± 0.4 
 CM-Cys  0  0  2.5 ± 0.2  4.3 ± 0.2  0 
 Cystine  1.1 ± 0.2  1.1  1.1 ± 0.2  0  0 
 NBT  0  4.6 ± 0.2  0  0  0 

  Comparison of untreated, performic acid-oxidized, and carboxymethylated cysteines in Mfp-6 in 
mol%. Measurements are means + standard deviation for  N  = 4 
  DTT  dithithreitol,  GuHCl  guanidine hydrochloride  
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  Fig. 4.5    Typical force- 
distance profi le of two 
Mfp-6-coated mica surfaces. 
Only weak adhesion was 
measured during separation 
following a brief contact. 
The Mfp-6 deposition was 
done using the same method 
demonstrated in the methods 
section with an Mfp-6 
solution of 20 μg/mL       

  Fig. 4.6    Adhesion of Mfp-3 at different pH values before and after adding Mfp-6. ( a ) Simply 
decreasing the pH from 7.5 to 5.5 did not recover signifi cant adhesion. ( b ) After injecting Mfp-6 
into the gap solution at pH 5.5, an adhesion force corresponding to  E  ad  ~ −0.7 mJ/m 2  was measured 
after keeping the two surfaces in contact for 1 min. The adhesion energy increased to −1.15 mJ/m 2  
when the surfaces were in contact for 60 min. ( c ) Even stronger recovery of adhesion was evident 
after injecting Mfp-6 at pH 3. The adhesion energy was −1.21 mJ/m 2  for 1 min contact and 
−1.85 mJ/m 2  for 60 min contact. ( d ) Injecting S-carboxymethylated Mfp-6 at pH 3 failed to recover 
the lost adhesion of Mfp-3       
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Dopaquinone formed in Mfp-3 (Fig.  4.1d ). To test this, accessible cysteinyl thiols in 
Mfp-6 were S-carboxymethylated with iodoacetate at pH 7.5 (Table  4.1 ), and the 
modifi ed protein was then added to fi lms of oxidized Mfp-3 at pH 3. 
Carboxymethylated Mfp-6’s ability to rescue the adhesion of Mfp-3 was at best 
feeble after a short contact (Fig.  4.6d ) and did not improve after a 60 min contact. 
The slight adhesive rescue suggests that the SH groups were not fully blocked. The 
failure of carboxymethylated Mfp-6 to rescue the adhesion of Mfp-3 (Fig.  4.6d ) 
supports the premise that cysteinyl residues of Mfp-6 provide a limited pool of 
reducing thiols to regenerate Dopa from Dopa lost by oxidation to Dopaquinone. As 
thiolates not thiols are the more strongly reducing, the persistence of reducing activ-
ity even to pH 3.0 suggests that the thiols in Mfp-6 have unusually low pK a s.  

4.5     Discussion 

 My results show that a mussel imposes a specifi c chemical microenvironment on the 
distal depression of the foot during the initial stages of plaque formation. Niche 
conditions include an acidic pH and ionic strength only 10–15 % that of seawater. 
The low pH regime is reminiscent of the proton pumping vacuoles of ascidian vana-
docytes, which achieve a pH below 4 [ 25 ]. Redox control also appears to be impor-
tant during adhesion. Use of the SFA to reenact initial molecular events in Mfp-3 
adhesion reveals the surprising susceptibility of Dopa residues to oxidation even at 
pH 5.5. Adhesion loss in Mfp-3 is highly correlated to Dopa oxidation and can be 
partially counteracted by antioxidants such as ascorbate that reduce Dopaquinone 
back to Dopa (Fig.  4.6 ). A fully potent antioxidant effect is produced by adding 
Mfp-6—a protein that resides naturally in plaques at an abundance about a third that 
of Mfp-3 and is secreted shortly after Mfp-3. The mechanism of Mfp-6 action is 
only partially understood. The effect of Mfp-6 carboxymethylation on Mfp-3 adhe-
sion suggests that Mfp-6 action is thiol-mediated involving up to fi ve thiols per 
molecule [ 1 ] (Table  4.1 ). The thiolate not thiol form is the operative antioxidant 
group and blocking thiolates diminishes the antioxidant activity of Mfp-6 [ 25 ]. 
Thiolates in Mfp-6 react almost as readily at pH 4–5 as at pH 7.5 suggesting thiol 
pK a s in Mfp-6 that are substantially lower than typical cysteine pK a s at 8–9. The 
lowest reported thiol pK a  is 3.5, which occurs at Cys-30 in the sequence CxxC in the 
redox protein DsbA from  E. coli  [ 25 ]. Lowering the thiol pK a  would give Mfp-6 
more reducing power for Dopa rescue from Dopaquinone at the pH of plaque for-
mation [ 25 ,  26 ] (Fig.  4.7 ).

   Redox control in Mfp-3 must be considered in the context of plaque formation. A 
small volume (~10–20 μL) of fl uid containing Mfp-3 variants is secreted into the 
distal depression (Fig.  4.7a ) at a pH ≤ 5.5. The proteins are rapidly adsorbed onto the 
mica surface by Dopa-mediated H-bonds (Fig.  4.7a ). Each Mfp-3 has ten Dopa resi-
dues. Given the small size of Mfp-3 (5–6 kDa) and its extended unstructured confor-
mation, adsorption is rapid and irreversible [ 15 ,  27 ]. The nearly identical spacing 
(0.29 nm) between the ortho hydroxyl groups in Dopa to the O-O distances (0.28 nm) 
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of the polysiloxane surface of mica [ 27 ] probably shields Dopa H-bonded to mica 
from oxidation (Fig.  4.6b ). As predicted by Bell theory and by analogy to the A-T 
pairs in DNA, the well-oriented bidentate hydrogen bonding ( E  = ~ −28 kT ) of Dopa 
to mica should have a binding lifetime ( τ  =  τ  0 e −  E / kT  ) that is 10 6  times as long as the 
monodentate form ( E  = ~ −14 kT ) [ 28 ]. In contrast, the Dopa residues not initially 
adsorbed are prone to oxidation (Fig.  4.7b ). This loss is transiently repaired by the 
thiols of Mfp-6 (Fig.  4.7c ) enabling fuller adsorption of Mfp-3 (Fig.  4.7d ). However, 
keeping all Dopa reduced in the plaque cannot be sustained for long by Mfp-6. As 
the population of available reducing thiols dwindles, the coupled thiol- quinone 
redox system accumulates S-cysteinyl Dopa adducts (Fig.  4.7e ). As shown in sup-
porting data (Fig.  4.8 ), the quinone reducing action of thiolates consists of two steps: 
a nucleophilic attack of the quinone by the fi rst thiolate anion to form S-cysteinyl-
Dopa adducts, followed by the attack of the thioether by the second thiolate anion to 
form a disulfi de and Dopa [ 29 ]. This scheme is consistent with the detection of 
0.5–1.0 mol% 5-S-cysteinyl-Dopa cross-links in acid-hydrolyzed plaques [ 1 ].

   The emerging picture is that Mfp-6 may be effi ciently adapted to be fi rst an anti-
oxidant and then a cross-linking partner for Mfp-3, the latter function being crucial 
for improving cohesion among the plaque proteins [ 30 ]. It must be stressed, how-
ever, that cohesive interactions between plaque proteins do not depend solely or 
predominantly on quinone adducts. The intrinsic protein–protein binding energy 
between Mfp-5 and Mfp-2 is independent of quinones and requires up to 1.5 mJ/m 2  
to break [ 15 ]; equally important, the iron-mediated bridges between Dopa residues 
in Mfp-2 and Mfp-1 range from 2 to 5 mJ/m 2  [ 2 ,  31 ]. 

 Redox regulation of cellular compartments such as the nucleus, cytosol, Golgi, 
and the periplasmic space using glutathione and thioredoxins is well known [ 25 , 
 26 ,  32 ]. Secreted variants of the same or similar antioxidants are also used to regu-
late redox of extracellular tissues and plasma [ 33 ]. Byssal plaque formation is an 
unprecedented example of redox control beyond the living organism. Perhaps 
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because of the unusual requirements of this adaptation, the cDNA-deduced sequence 
of Mfp-6 has no homology with any proteins in the database (BLAST). Although 
Mfp-6 is 11 mol% cysteine, only 1–3 cysteines are thiols, two form a disulfi de, and 
the remaining seven occur in an unknown nonreducible form. The low thiol level 
defi ning the reducing power of Mfp-6 in  Mytilus  is not representative of all mussels; 
the cysteine thiol content of plaque proteins from other mussel species (e.g.,  Perna ) 
can be as high as 20 mol% [ 32 ]. There is no evidence so far that the thiols of Mfp-6 
can be regenerated from disulfi des as they are within compartments of living cells. 

 With regard to promoting energetic surface interactions, I have treated reduced 
Dopa as the only productive interaction on mica. However, Dopaquinone formation 
is also known to be an asset for adhesion particularly on protein- and amine- 
functionalized surfaces [ 3 ,  7 ]. In this case, covalent Michael-type additions and aryl 
coupling reactions are proposed to occur across the interface. A provocative ques-
tion for future research to consider is whether mussels can tune the interfacial redox 
environment to favor quinones on organic surfaces and Dopa on minerals and met-
als. Mussels certainly adhere well to both, and understanding the details of their 
adaptability can bring signifi cant insights to optimizing future wet adhesives.     
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5.1                        Introduction 

 The California mussel,  Mytilus californianus , thrives in the exposed wave-swept 
habitats along the Pacifi c coast of North America, secured by its versatile, rapid, and 
permanent adhesion to diverse solid substrata. Given the hundreds of reports on 
mussel-inspired adhesives in recent years [ 1 – 6 ], investigations of the adhesion 
mechanism of  M. californianus  have had a profound impact on the design and pro-
duction of man-made adhesives that work in a wet environment as well as spurring 
new approaches to prevent fouling which is of major economic concern to marine 
shipping [ 7 ], heat exchangers [ 8 ], and biomedical implants    [ 9 – 11 ]. 

 Mussel adhesion is mediated by a holdfast structure known as the byssus, essen-
tially a bundle of leathery threads tipped by fl at adhesive plaques that attach to a 
variety of hard surfaces (Fig.  5.1 ) [ 12 ]. At least nine proteins have been characterized 
from the adhesive plaques of Mytilus species and several of them are well character-
ized. Dopa is the prominent functionality in most Mfps (mussel foot proteins) that 
allows them to adhere to various surfaces underwater, as well as contributing to the 
cohesion within the plaques. Adhesive versatility is facilitated by Dopa’s ability to 
form hydrogen bonds with hydrophilic surfaces (e.g., mica, hydroxyapatite) [ 13 ,  14 ] 
and participate in coordination bonding with metal ions and metal oxides, and under-
mined by Dopa’s notorious susceptibility to oxidation [ 15 ]. For example, following 
the pH induced autoxidation of Dopa at neutral to basic pH, the adhesion of Dopa-
rich Mfp-3  fast  to a mica surface is almost completely abolished [ 13 ,  16 ]. Clearly 
there is little to be gained by adopting a Dopa-like chemistry in synthetic adhesive 
polymers if autoxidation cannot be controlled. Mussels stringently control Dopa oxi-
dation, and a better understanding of their control mechanisms would help to engi-
neer better biomimetic adhesives. In one known mechanism, antioxidant thiolates in 
Mfp-6 rescue Dopa in Mfp-3 and Mfp-5 from oxidized Dopaquinones    [ 16 ].

    Chapter 5   
 Hydrophobic Enhancement of Dopa-Mediated 
Adhesion in a Mussel Foot Protein 



44

   In this chapter, I show that mussels have another strategy to improve the adhesive 
performance of Dopa at neutral pH. Nor is Dopa the only cohesive linker in mussel 
plaque; hydrophobic interaction and inter-residue H-bonding also play important 
roles. These important new insights are both observed in the Mfp-3  slow  group of 
Mfp-3 variants. Dopa-rich Mfp-3  has  about 30 different variants in the mussel 
plaque, which can be subdivided into two groups, Mfp-3  fast and slow . In previous 
studies, focus had been on the adhesion properties and performance of Mfp-3  fast , 
which was shown to be able to bridge two mica surfaces, acting like a molecular 
glue [ 13 ,  16 ,  17 ]. The other big family of the Mfp-3 variants, Mfp-3  slow , is less 
well understood [ 18 ]. The defi ning differences between Mfp-3  fast  and Mfp-3  slow  
variants are that their eluting fractions in reverse phase HPLC are well separated as 
are their progress on acetic acid-urea polyacrylamide gel (AU-PAGE). 

 Both Mfp-3  fast and slow  have low molecular weights with masses between 
5 and 7 KDa. Compositionally (Fig.  5.2 ), Mfp-3  slow  has much lower content of 
basic arginine and lysine; in Mfp-3  fast , almost all the tyrosine residues are post-
translationally modifi ed to Dopa (17–20 mol%), whereas in Mfp-3  slow , approxi-
mately half are modifi ed (8–14 mol%). The lower charge density results in Mfp-3 
 slow  being a very hydrophobic protein as seen in the hydropathy plot in Fig.  5.2c . 
Mfp-3  slow  is the most abundant directly extractable protein from the byssus 
plaques of  M. californianus , with a yield more than twice that of Mfp-3  fast . Based 
on a comparison of the tryptophan (Trp) content of Mfp-3 and whole plaque, it is 
estimated that the proportion of Mfp-3  slow  in plaque to be at least 16 %.

  Fig. 5.1    Byssal plaque proteins of Mytilus. A mussel ( M. californianus ,  inset ) is shown attached 
to a polymer plate. One of its plaques (shown in  dotted yellow box ) is schematically enlarged to 
illustrate the approximate distribution of known proteins       
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   In this chapter, the adhesion of Mfp-3  slow  to mica, the self-interactions between 
Mfp-3  slow  layers, and the interactions between Mfp-3  slow  and other proteins 
(Mfp-3  fast  and Mfp-2) were tested using a surface forces apparatus (SFA). The 
SFA has proven to be a suitable and powerful technique for studying protein adhe-
sion [ 12 ,  17 ,  20 – 22 ]. The present SFA studies demonstrate that Mfp-3  slow  binds to 
mica surfaces and exhibits signifi cant cohesion between two Mfp-3  slow  layers over 
a wide range of pH (from 3 to 7.5). Interchain and inter-residue hydrogen-bonding 
characteristic of secondary structure, together with hydrophobic interaction, could 
be the main sources of Mfp-3  slow  cohesion at pH 5.5 and 7.5.  

  Fig. 5.2    Sequences of 
( a ) Mcfp3-5γ and ( b ) 
Mfp-3-1α, with ( c ) their 
Hopp and Woods hydropathy 
(ExPaSy tools) plots using 
hydropathy values from 
Nozaki and Tanford [ 10 ] for 
standard amino acids and 
Dopa with window size 9 
( Orange spots  denote Dopa; 
 green spots  denote Tyr). The 
Dopa residues in the Mfp-3-5 
sequence are unassigned 
and could occur wherever 
Tyr is present       
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5.2     SFA Measurement 

 The interactions between the Mfp-3  slow  fi lms and an Mfp-3  slow  fi lm with another 
Mfp fi lm were measured by an SFA 2000. The protein deposition was done by plac-
ing 20 μL of Mfp-3  slow  solution (20 μg/mL) together with 100 μL of pH 3 buffer 
onto one or both mica surfaces. After 30 min absorption followed by rinsing with 
buffer with the desired pH, the two surfaces were mounted in the SFA chamber with 
a droplet of buffer (~100 μL) sandwiched in between for measurement. All experi-
ments were performed at a controlled room temperature (22 °C). To adjust the pH 
of protein solution droplets on mica surfaces, the following stock buffers were used 
for rinsing: 0.1 M sodium acetate (EM Science, Gibbstown, NJ) and 0.25 M potas-
sium nitrate titrated by acetic acid (pH 5.5); 0.016 M potassium phosphate monoba-
sic (Mallinckrodt, Hazelwood, MO), 0.084 M potassium phosphate dibasic (EMD 
Chemicals, Gibbstown, NJ), and 0.25 M potassium nitrate (pH 7.5). Milli-Q water 
(Millipore, Bedford, MA) was used for all the glassware cleaning and solution 
preparation.  

5.3     The Adhesive Properties of Mfp-3 Slow on Mica 

 The adhesive properties of Mfp-3  slow  on mica surfaces were investigated by SFA 
at three different pHs (Fig.  5.3a ). The SFA provides a precise and sensitive means 
of quantifying the interaction forces between polymers or between polymers and 
surfaces. Mica is atomically smooth and biologically relevant (cf. clay-based rocks) 
as a support/substrate surface onto which various Mfps can be adsorbed and their 
interactions examined at appropriate solution conditions (salinities, pH, tempera-
tures, etc.) [ 16 ].

   The interaction between one Mfp-3  slow  coated and another bare mica surface 
was measured as a function of surface separation distance at pH 3 (Fig.  5.3b ). 
During the approach, the fi rst observable interaction was the “steric” repulsion 
caused by the entropic confi nement of proteins. The surfaces were further com-
pressed until the distance between two surfaces reached a constant value (the “hard 
wall”). After a short holding period (~3 min), the surfaces were separated and an 
adhesion energy of  E  ad  ~ −0.95 mJ/m 2  when the surfaces “jumped” apart. When the 
same experiment was repeated at pH 5.5 and 7.5, the adhesion energy decreased to 
−0.42 mJ/m 2  and −0.32 mJ/m 2 , respectively (Fig.  5.3c, d ). 

 These results showed that, similar to the fast Mfp-3 variants, an Mfp-3  slow  fi lm 
is also capable of adhering well to a bare mica surface (asymmetric confi guration). 
Given that the Dopa-rich Mfp-to-mica interaction is attributed to hydrogen bonds 
(H-bonds) between the bidentate OH groups of the catecholic side groups and the 
O atoms in the mica polysiloxane lattice [ 13 ,  16 ] and that on average Mfp-3  slow  
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has half as much Dopa as Mfp-3  fast , it is reasonable to expect weaker adhesion 
for Mfp-3  slow  to mica ( E  ad  ~ −0.95 mJ/m 2 ) at pH 3 than for Mfp-3  fast  ( E  ad  ~ −2 mJ/
m 2 ). The trend of decreased adhesion with increasing pH (Fig.  5.3d ) also parallels 
what was previously observed for Mfp-3  fast  [ 13 ]. However, at pH 7.5, the adhe-
sion of Mfp-3  slow  is still signifi cant, being about 1/3 of that measured at pH 3, 
whereas for Mfp-3  fast  no adhesion was measurable at pH 7.5. This discrepancy 
suggests that Dopa residues in the two protein variants (Mfp-3  fast  and  slow ) may 
be differentially prone to oxidation at the same pH. To verify that Dopa is essential 
for Dopa/mica bonding, Dopa of Mfp-3  slow  in the asymmetric confi guration was 
periodate oxidized. Following periodate addition, the adhesion was abolished 
(Fig.  5.4 ), which suggests Mfp-3  slow  with oxidized Dopa cannot adhere to mica.

  Fig. 5.3       Interaction between mica and Mfp-3  slow  adsorbed to mica at pH 3 ( b ), 5.5 ( c ), 7.5 The 
experimental geometry is show in ( a ). ( d ). The  y  axis on the left gives the measured force,  F / R  
(normalized by the radius of the surface), whereas the  y  axis on the right gives the corresponding 
adhesion energy  E  per unit area between two fl at surfaces, defi ned by  E  =  F /2 πR . Approach ( unfi lled 
symbols ); separation ( unfi lled symbols ). Separation followed a brief (~3–5 min) contact. The inter-
action between Dopa and mica is H-bonding, which decreases as pH increases due to Dopa 
oxidation       
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5.4        The Cohesion (Self-Interaction) of Mfp-3 Slow 

    The self-interaction or cohesion of Mfp-3  slow  layers was measured using a sym-
metric confi guration, i.e., having Mfp-3  slow  fi lms on both mica surfaces (Fig.  5.5 ). 
At pH 3, moderately strong adhesion of  E  ad  ~ −1.8 mJ/m 2  (Fig.  5.5b ) was measured 
on separating the surfaces. Surprisingly, the adhesion forces measured at higher pHs 
did not exhibit a signifi cant pH dependence. The strong adhesion forces persisted, 
with adhesion energies of −1.8 mJ/m 2  and −1.4 mJ/m 2 , respectively, (Fig.  5.5c, d ) at 
the two higher pHs studied (pH 5.5 and 7.5). At all three pH conditions, a longer 
contact time prior to separation resulted in a stronger interaction. In particular, after 
the two surfaces were in contact for 65 min, Mfp-3  slow  showed even higher inter-
action energies at pH 5.5 (−3.7 mJ/m 2 ) and 7.5 (−3.0 mJ/m 2 ) compared with that at 
pH 3 (−2.9 mJ/m 2 ). The ability to maintain strong interactions at pH 5.5 and 7.5 
distinguishes Mfp-3  slow  cohesive self-interactions from those of both Mfp-3  fast  
and  slow  on mica surfaces. In the asymmetric confi guration experiments, the adhe-
sion strength—attributed to the formation of H-bonds between Dopa residues in 
Mfp-3  slow  and mica—dropped as pH-dependent Dopa autoxidation increased. 
Does the Dopa oxidation associated with increased pH also diminish the cohesive 
interactions in the Mfp-3  slow  symmetric experiment? Clearly, it does not (Fig.  5.5 ). 
Cohesion between Mfp-3  slow  layers remains as strong at pH 5.5 and 7.5 as at pH 3, 
thereby suggesting that other interactions are contributing.

   As mentioned earlier, at least 60 % of the amino acid residues in the sequence of 
Mfp-3  slow  are more hydrophobic than glycine. The pI values of Mfp-3  slow  variants 
range from 8 to 9. Indeed, as the pH approaches the protein pI, the electrostatic repul-
sion between two symmetric protein surfaces is eliminated leading to enhanced hydro-
phobic interactions. Hydrophobic interactions may thus account for the strong cohesion 
between symmetric Mfp-3  slow  fi lms when the pH increases from 3 to 5.5 then 7.5. 

 Excess periodate was also introduced between the mica surfaces with symmetri-
cally deposited Mfp-3  slow  at pH 3. Almost no attractive interaction (adhesion) and 

  Fig. 5.4    Interaction between mica and Mfp-3  slow  adsorbed on mica at pH 3 ( a ) before 
and ( b ) after adding excess NaIO 4        
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a threefold greater hardwall (repulsion) occurred (Fig.  5.6 ). One interpretation of 
this result is that if the hydrophobic contribution to the protein–protein interaction 
remains high, the interface between Mfp-3  slow  and mica becomes the weak link. 
However, the measured E ad  of the asymmetrically deposited Mfp-3  slow  at pH 3 was 
−0.89 mJ/m 2  (Fig.  5.3 ), less than half that for the symmetric confi guration 
( E  ad  = −2.3 mJ/m 2  Fig.  5.6 ); hence it is not clear that that the Mfp-3-mica interface 
became the new weak link. Moreover, the Dopa already bound to the polysiloxane 
mica surface should not be readily available to periodate oxidation unless the Dopa- 
periodate complex formed is more stable. Periodate must form a bidentate chelate 
with the catecholic moiety of Dopa in order to oxidize it [ 24 ].

  Fig. 5.5       Interaction between Mfp-3  slow  layers absorbed onto mica at ( b ) pH 3; ( c ) pH 5.5; ( d ) pH 7.5. 
Contact times were as shown. Approach ( unfi lled symbols ); separation ( unfi lled symbols ). The 
experimental geometry is shown in ( a )       
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5.5        ATR-FTIR Measurement 

 H-bonding is an important interaction that is abundantly common within a protein 
molecule as well as between different molecules; it also stabilizes protein secondary 
structure. Correspondingly, secondary structure in proteins could be an indication of 
H-bonding between chains or side groups. In order to determine if Mfp-3  slow  
structure changes with pH, FTIR spectra of Mfp-3  slow  were taken at pD 3, 5.5, and 
7.5 in deuterated acetate or phosphate-buffered saline (Fig.  5.7 ). The results are 
shown in Fig.  5.6 . The primary peak for pD 3 was at 1,643 cm −1 , which can be 
assigned to a random coil secondary structure.

   At both pD 5.5 and 7.5, the proteins phase-separate from the solvent, some of 
which is deposited on the surface of ATR crystal forming a patchy hydrated layer. 
ATR-FTIR spectra at both pDs showed that Mfp-3  slow  has an ordered secondary 
structure at these higher pD regimes compared with the random coil confi guration 
under pD 3 conditions. 

 Signifi cant differences in the amide I′ peak were observed in the pD 5.5 spec-
trum compared to that of pD 3: notably, there was a complete loss of the random coil 
signature (1,643 cm −1 ) and the appearance of new bands at 1,632, 1,652, 1,669, and 
1,682 cm −1 . The prominent peak at 1,632 cm −1  and smaller peak at 1,682 cm −1  are 
both associated with β sheets. The peak at 1,669 cm −1  is generally assigned to 
reverse turns [ 23 ,  25 – 28 ]. The 1,652 cm −1  peak indicates the presence of α-helices. 
Upon further increasing pD value to 7.5, a slight shift of low frequency β sheet from 
1,632 to 1,630 cm −1  was observed, together with a smaller peak at 1,661 cm −1  which 
is associated with both α-helices and extended turns [ 21 ]. A shift was also observed 
for the high frequency β-sheet feature at 1,677 cm −1  (1,682 cm −1  for pD 5.5). 

 To summarize, as pD was increased from 3 to 5.5, Mfp-3  slow  transformed from 
a random coil to highly ordered structure, which consists mostly of β sheet and turns 
mixed with some α-helices. At pD 7.5, β sheet and turns prevail as well, accompa-
nied by α-helices and random coils. The random structure of soluble Mfp-3  slow  at 

  Fig. 5.6    Interaction measured at pH 3 between two mica surfaces with Mfp-3  slow  absorbed sym-
metrically ( a ) before and ( b ) after adding excess amount NaIO 4        
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pH 3 was confi rmed by CD spectroscopy (Fig.  5.7 ). CD measurements at the other 
two pH conditions were not possible as the phase-separated proteins tended to scat-
ter light. According to ATR-FTIR results, H-bonds contribute more to protein sec-
ondary structure at pH 5.5 and 7.5 than at pH 3.  
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  Fig. 5.7    ATR-FRIR Spectra 
of Mfp-3  slow  at different 
pD. ( a ) ATR-FTIR spectra of 
0.5 mg/mL Mfp-3  slow  in 
deuterated buffers at three 
different pH conditions used 
for SFA experiments. The 
signal of pD 3 and 7.5 were 
magnifi ed 20 and 5 times 
respectively for the 
convenience of comparison. 
( b ) Second derivative of 
spectra ( a ): The primary peak 
at pD 3 at 1,643 cm −1  can be 
assigned to random coils. At 
pD 5.5, The prominent peak 
1,632 cm −1  is associated with 
β sheet, and 1,682 cm −1  with 
high β sheet. Band at 
1,669 cm −1  is generally 
assigned to turns. Peak at 
1,652 cm −1  indicates the 
existence of α-helices. At pD 
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5.6     Discussion 

 Dopa has emerged as a crucial component for achieving both adhesion of protein to 
various surfaces and for cohesion between mussel adhesive proteins. As a result, 
diverse synthetic systems have been engineered with Dopa to provide wet adhesion. 
However, in a number of synthetic polymers and purifi ed adhesive proteins, adhesion 
failure on various substrates due to Dopa oxidation is well known, especially at neu-
tral to basic pH. The decrease of adhesion to mica with increasing pH from 3 to 5.5 
then 7.5 was also observed for Mfp-3  slow  but was less pronounced than its electro-
phoretically fast variant. For example, almost no adhesion was measured at pH 7.5 for 
Mfp-3  fast , whereas 1/3 of the adhesion energy at pH 3 still remained for Mfp-3  slow . 

 Mfp-3  slow  is the most hydrophobic protein in mussel plaques. At pH 7.5, which 
is close to its pI, the Mfp-3  slow  protein molecules will therefore tend to pack more 
closely due to the absence of electrostatic repulsion and (likely enhanced) hydro-
phobic interaction. It is likely that the Dopa residues in Mfp-3  slow  are nested in a 
hydrophobic microenvironment, which prevents them from being naturally exposed 
to the surrounding aqueous environment. As such, the measured redox potential of 
Mfp-3  slow  is higher than that of Mfp-3  fast . This could also explain why in the SFA 
data, the loss of Dopa/mica hydrogen-bonding interaction in Mfp-3  slow  is much 
less than in Mfp-3  fast  when the pH is raised from fairly acidic to slightly basic. 

 For practical adhesive bonding, cohesion within the adhesive is as important as 
the interfacial adhesion. For marine mussels, while the interfacial adhesion between 
plaques and various surfaces infl uences how strongly mussel adhesive proteins bind 
to surfaces, they also need strong cohesive interactions to maintain the integrity of 
their byssal plaques and threads. Till now, two Mfps have been shown to contribute 
to the cohesive strength of mussel plaques by SFA measurements in which proteins 
are deposited on both surfaces: Mfp1 forms Dopa-Fe 3+  coordination complexes, 
which increase both the stiffness and hardness of the plaque cuticle [ 29 ,  30 ]; Mfp-2 
binds to Mfp-5 at the interface and to other Mfp-2 in the presence of Ca 2+  and Fe 3+  
in the plaque, functioning as a bridge between the plaque interface and the scaffold-
ing collagens and associated matrix proteins that join the thread to the plaque [ 31 ]. 
From these two cases, Dopa/metal ion coordination is the mechanism that can be 
extracted for translation into synthetic systems. My studies have shown that Mfp-3 
 slow  is also an important participant in the cohesion of mussel plaque, which is not 
mediated by metal ions. Given the strong cohesive interaction shown over the pH 
range of 3–7.5, it is unreasonable to attribute the interaction to Dopa/Dopa or Dopa/
residues H-bonding completely, which should diminish with increasing pH. 

 The hydrophobic interaction, a long-range interaction, is signifi cant to protein 
function in terms of driving protein folding and self-assembly in biomacromole-
cules [ 32 – 34 ]. But its importance in wet adhesion has barely been investigated [ 35 ] 
especially in the sense of reinforcing the self-self protein interactions. Considering 
the high content of amino acids with hydrophobic side chains in Mfp-3  slow , it is 
reasonable to conclude claim that inter- and intramolecular hydrophobic interac-
tions are playing a role in the impressive cohesion measured by SFA. But at this 
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point, it is still unclear how pH affects the hydrophobic interaction [ 36 ]; thus I am 
not able quantify the contribution of the hydrophobic interaction to protein cohesion 
in these measured conditions. Secondary structure transformation of Mfp-3  slow  
suggested by FTIR results indicates the development of inter-residue H-bonding 
when switching the pH from 3 to 5.5 and 7.5. As the pH approaches the pI, the 
elimination of the electrostatic repulsion between protein molecules and enhanced 
hydrophobic interaction leads the proteins to assemble and enables the occurrence 
of local H-bonding. Based on these analyses, the strong hydrophobic character of 
Mfp-3  slow  is a key factor for increasing cohesion within layers.  

5.7     Conclusion 

 I have shown that Dopa nested in hydrophobic aromatic sequences not only enhances 
adhesion at neutral pH (pI or IEP) but also contributes signifi cantly to the cohesive 
interactions between adhesive proteins. The high proportion of hydrophobic amino 
acid residues in Mfp-3  slow  sequence provides Dopa with a microenvironment that 
retards oxidation by shielding the amino acids from the solvent and endows the 
protein with the ability to maintain adhesion at slightly basic pH. 

 More importantly, hydrophobic interactions and inter-residue H-bonding com-
bine to result in strong cohesion within Mfp-3  slow  layers over a relatively wide 
range of pH. This strategy provides an alternative to Dopa/metal ion chelation and 
compensates in part for limitations imposed by facile Dopa autoxidation. By explor-
ing the adhesive and cohesive mechanisms of bonding by Mfp-3  slow , these studies 
reveal that the wet adhesion of mussels is more complicated than a simple Dopa- 
mediated recipe and provide a rationale for engineering Dopa into a new generation 
of bio-inspired synthetic adhesive polymers.     
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6.1                        Introduction 

 Marine mussels have an extraordinary ability to achieve and maintain strong wet 
adhesion that relies on adhesive proteins rich in 3,4- L -dihydroxyphenylalanine 
(Dopa). Dopa forms bidentate coordination complexes with many metal oxide 
 surfaces and multivalent cations in solution [ 1 – 5 ], hydrogen bonds with many 
hydrophilic surfaces [ 6 – 11 ] and, when oxidized, covalent cross-links with biomac-
romolecules [ 12 ,  13 ]. Of the ten known mussel foot proteins (Mfps), Mfp-5 has the 
highest Dopa content and exhibits the strongest adhesion energy on mica substrates 
[ 6 ,  14 ,  15 ]. Given these distinctions, Mfp-5 has become an attractive molecular 
paradigm for mimicking mussel adhesion and has inspired numerous investigations 
of Dopa- or catechol-functionalized synthetic materials for various applications 
including wet adhesives [ 13 ,  16 – 20 ], antifouling coatings [ 21 ,  22 ], magnetic imag-
ing agents [ 23 ], tissue glues [ 24 ], and pH-sensitive hydrogels [ 3 ]. Although several 
reports have emphasized the importance of Dopa in mussel protein adhesion, due to 
the large size and complexity of the Mfp molecules, signifi cant details remain 
unclear [ 10 ,  11 ,  22 ]. Two persistent questions are as follows: (1) How do the fl ank-
ing amino acid sequences effect Dopa adhesion? (2) How do interactions besides 
those involving Dopa help to mediate the adhesion of Mfps [ 25 ]? To answer these 
questions, we prepared three short, Mfp-5-derived synthetic peptides 15–16 resi-
dues in length with and without enzymatic modifi cation of tyrosine (Y* denotes tyr 
to Dopa): VGSGY*DGY*SDGY*Y*DG (PEP pI 4), HY*HSGGSY*HGSGY*- -HG 
(PEP pI 6.5), and GY*KGKY*Y*GKG KKY*Y*Y*K (PEP pI 10) (Figs.  6.1  and  6.2 ). 
The repulsive and attractive forces of these peptides on mica surfaces were investi-
gated with an SFA 2000.
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6.2         Enzymatic Modifi cation of the Peptides 

 Here, a mushroom tyrosinase was used to o-hydroxylate peptidyl tyr to Dopa 
(Fig.  6.3a ), but this enzymatic conversion requires safeguards to reduce the forma-
tion of undesirable side products such as 3,4,5-trihydroxyphenylalanine (Topa   ) and 

  Fig. 6.1    ( a ) An adult mussel attached to a glass surface by a byssus containing many threads and 
adhesive plaques. ( b ) Schematic zoom of a plaque, showing the “super glue” Mfp-5 at the plaque 
interface. ( c ) Three unique sequences with 15–16 amino acid residues were selected from the 
Mfp-5 sequence. All three peptides have different pIs       

 

6 Learning from the Pieces: The Adhesion of Mussel-Inspired Peptides



57

Dopaquinone (Fig.  6.3b ) [ 26 ]. By reversibly capturing Dopa immediately after it 
has formed, borate signifi cantly improves Dopa yield and decreases side reactions. 
After stopping the reaction, modifi ed peptides were separated by reverse-phase 
HPLC, which typically revealed three types of modifi ed peptides, i.e., those that 
were (a) partially modifi ed (some tyr residues are not modifi ed), (b) completely 
modifi ed (every tyr residue is modifi ed), or (c) hypermodifi ed (one or more tyr resi-
dues are converted to Topa) peptides. Electrospray ionization mass spectrometry 
(ESI) was used to measure the peptide masses in the eluting fractions. Those frac-
tions with masses matching the calculated mass of completely modifi ed (type b) 
peptides were pooled for amino acid analysis and sequencing by tandem MS 
(Fig.  6.3d ). Amino acid analysis results (Fig.  6.3c ) demonstrate that the composi-
tions of pure modifi ed PEP pI 4 and PEP pI 6.5 are consistent with calculated 
masses: Only traces of tyr remained, and no Topa was detectable. For PEP pI 10, 
there is persistently one tyr that eludes conversion to Dopa: This is Y-14, the central 
member in the Y-triad. Contact between tyrosinase and Y-14 is presumably impeded 
by the bulky borate groups on Y*-13 and Y*-15 during the modifi cation.

6.3        The Adhesion Properties of the Peptides 

 The adhesion forces of modifi ed peptides PEP pI 4, PEP pI 6.5, and PEP pI 10 on 
mica surfaces were measured using an SFA 2000. Prior to each experiment, 10 μL 
of peptide solution was added on top of one mica surface, letting the peptide adsorb 
on mica for 20 min followed by rinsing excessively with the same buffer to remove 
the non-adsorbed peptide molecules. All three peptides adhered to mica surfaces, 
with the strongest adhesion force, −4 mN/m (corresponding to a work of adhesion 
of 0.7 mJ/m 2 ), exhibited by PEP pI 10. PEP pI 6.5, although having the lowest Dopa 

  Fig. 6.2    Aligned sequences of Mfp-5 from  Mytilus californianus  (Mc) and  Mytilus edulis  (Me) 
showing the locations of synthetic PEP pI 4, PEP pI 6.5, and PEP pI 10. Whereas PEP pI 10 is 
nearly the same in both species, the others show degrees of difference. Although the sequence of 
PEP pI 4 is acidic in both, the Mc sequence was preferred as the basis of the synthetic 
VGSGYDGYSDGYYDG because serines in the Me cluster (S23–S26) are known to be phos-
phorylated. PEP pI 6.5 was synthesized based on the Me sequence because with more histidine 
residues, its pI is better defi ned       
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  Fig. 6.3    ( a ) The tyrosine residues in three peptides are enzymatically hydroxylated to Dopa. 
( b ) Mushroom tyrosinase action is not limited to hydroxylation but further converts Dopa to 
Dopaquinone or Topa. To avoid these reaction products, borate is added to the solution to capture 
Dopa by formation of a reversible borate-Dopa chelate. ( c ) Amino acid analysis of the modifi ed 
peptides after complete hydrolysis. ( d ) ESI results of PEP pI 6.5 before and after modifi cation. 
Mass differences confi rm that tyrosinase has introduced three hydroxylations to PEP pI 6.5 and the 
detection of Dopa by amino acid analysis confi rm tyr as the modifi ed target       
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content (only 3 Dopa out of 15 residues), exhibited an intermediate adhesion force 
of −3.0 mN/m, whereas the weakest adhesion force (−2.6 mN/m) belongs to PEP pI 4 
(Fig.  6.4a ). SFA results also demonstrate that Dopa plays an essential role in the 
adhesion of the peptides on mica surfaces. All three peptides adhered most strongly 
to mica surfaces at pH 3, at which Dopa is stable. Increasing the solution pH to 7.5, 
however, signifi cantly reduced the adhesion. The work of adhesion dropped by 
80 %, 60 %, and 35 % for PEP pI 6.5, PEP pI 4, and PEP pI 10, respectively 
(Fig.  6.4b ). Given the different pIs of the three peptides, this drop of adhesion could 
be due to two possible reasons: (1) Dopa oxidation at high pH and (2) change of 
electrostatic interactions. Previous tests on mussel proteins [ 6 ,  10 ,  11 ] have shown 

  Fig. 6.4    ( a ) The force profi les of three peptides on mica surfaces. ( b ) A summary of adhesion 
energy of three peptides measured in pH 3, pH 7.5, and pH 3 with sodium periodate buffers. 
( c ) The differences in  E  ad  per Dopa for three peptides before and after Dopa oxidation by periodate 
at pH 3. ( d ) A comparison of the adhesion energy of three peptides with and without tyrosinase 
modifi cation and Mfp-5. The adhesion energies of three peptides shown in ( b ) and ( d ) are averaged 
from between 6 and 12 repetitive force runs from 2 to 4 different experiments at each treatment. 
Mfp-5 data are from [ 8 ].    ( e ) The charges (positive or negative) of three peptides in pH 3 and pH 
7.5 buffers, respectively       
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that Dopa undergoes autoxidation at pH 7.5, leading to diminished Mfp adhesion. 
Given their derivation from Mfp-5 sequences, the Dopa-containing peptides should 
be prone to similar oxidation tendencies. Dopa oxidation, however, does not explain 
why the pH affects the three peptides so differently.

6.4        Electrostatic Interactions Between the Peptides and Mica 

 Increasing pH also signifi cantly changes the charge densities or the overall charge 
in three peptides. At pH 3, PEP pI 6.5 and PEP pI 10 are both positively charged, 
and both can interact with negatively charged mica surfaces through attractive elec-
trostatic interactions [ 27 ]. Increasing the solution pH to 7.5 neutralizes the charges 
in PEP pI 6.5; therefore PEP pI 6.5 loses both the hydrogen bond of Dopa to mica 
surface (due to oxidation) and the attractive electrostatic interaction (histidine 
deprotonation), which results in the biggest drop in terms of the percentage of the 
adhesion force. In comparison, the sign and density of the charges in PEP pI 10 
remain unchanged at pH 7.5, which enable PEP pI 10 to maintain attractive interac-
tions between two mica surfaces despite depletion of Dopa by oxidation. Increasing 
pH also turns PEP pI 4 from a neutral to negatively charged molecule, thereby 
enhancing the electrostatic repulsion between PEP pI 4 and mica. The overall inter-
action, between mica and PEP pI 4, however, is still adhesive. The remaining adhe-
sion force of PEP pI 4 after Dopa oxidation suggests other interactions involved in 
the peptide adhesion mechanism, possibly van der Waals force or hydrogen bonding 
from other hydrophilic groups in the peptide sequence, such as the serines. 

 The importance of electrostatic interactions is corroborated by injecting peri-
odate, an artifi cial oxidant, into the solution between two mica surfaces at pH 3: The 
adhesion force of PEP pI 6.5 and PEP pI 4 both decreased by increasing the solution 
pH to 7.5 but to different degrees; in contrast to PEP pI 10, PEP pI 6.5 and PEP pI 4 
both exhibited similar reduced attractive forces. The work of adhesion in PEP pI 6.5 
at pH 3 is 0.28 mJ/m 2 , almost three times the value measured at pH 7.5 (0.1 mJ/m 2 ). 
The increase of adhesion force by PEP pI 4 after oxidation by periodate at pH 3 
compared with pH-dependent oxidation at 7.5 also strengthens our hypothesis about 
the involvement of electrostatic interactions in the binding of peptides to mica sur-
faces (Fig.  6.4b ). 

 To further resolve the contributions of charged groups and Dopa in the adhesion 
of three peptides, I performed SFA tests on the unmodifi ed peptides (no tyrosines 
converted to Dopa). All unmodifi ed peptides showed similar work of adhesion to 
mica surface (0.27 ~ 0.35 mJ/m 2  Fig.  6.3c ). Converting tyrosine to Dopa as much as 
doubled the adhesion energies of three peptides on mica surface, which confi rms the 
importance of Dopa for the bridging adhesion of all the peptides. After oxidizing 
the Dopa group in the peptides by adding sodium periodate, the adhesion energies 
of three modifi ed peptides dropped to values close to the unmodifi ed peptides, also 
indicating the effect of enzymatic modifi cation (Figs.  6.5  and  6.6 ).
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6.5         Comparing Mfp-5-Derived Peptides to Mfp-5 

 All three Mfp-5-derived peptides showed adhesion energies that are at least an order 
of magnitude lower than the adhesion energy of intact Mfp-5, about 7.1 mJ/m 2  
(adjusted according to the Derjaguin approximation  F /2 πR ), measured by the SFA 
[ 6 ]. Mfp-5 consists of about 74 amino acid residues, 20 of which are Dopa 
(~30 mol% as per molecule) [ 14 ]. Given their size and fl exible extended conforma-
tions, Mfp-5 molecules are likely to have worm-like structures on the mica surface. 
The long protein backbone and many Dopa side chains give Mfp-5 molecules an 
excellent opportunity to bridge two surfaces and with Dopa residues connected to 
the same peptide backbone fi rmly planted on both sides (Fig.  6.7a ). The peptides, 
meanwhile, are much shorter, with between 3 and 5 Dopa groups in their sequence. 
During the deposition, a whole peptide molecule may stick to a single mica surface 
with most of Dopa residues bound to the same surface, leaving no or few Dopa 

  Fig. 6.5    The adhesion of 
three peptides after periodate 
modifi cation are similar to 
the adhesion energy of three 
unmodifi ed peptides. The 
adhesion energies are 
averaged from the values 
of 6–12 repeating force runs 
under each condition       

  Fig. 6.6    The force-distance 
curves of unmodifi ed PEP pI 
10 before and after adding 
sodium periodate while 
remaining the pH unchanged 
(pH = 3). Adding sodium 
periodate does not change the 
adhesion force of unmodifi ed 
PEP pI 10, although the hard 
wall slightly increased       
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groups to bridge to the other mica surface and resulting in lower adhesion (Fig.  6.7b ). 
This unevenly distributed Dopa binding is further suggested by the strong adhesion 
force (~3 mJ/m 2 ) of PEP pI 10 in a gold/peptide/mica geometry by measuring the 
adhesion force of a Pep pI 10 deposited mica surface against an opposing gold sur-
face in pH 3 buffer (Fig.  6.8 ). On the peptide/gold interface, PEP pI 10 mainly 
interacts with the gold surface through the hydrophobic interaction or interactions 
between the charges on the peptide and the gold surface (the so-called image force), 
while no Dopa bridging is required [ 27 ]. This different binding mechanism gives 
PEP pI 10 a much higher chance to bridge the mica and gold surface, giving strong 
adhesion force. This high adhesion energy suggests the binding strength on the PEP 
pI 10/mica interface is at least, if no stronger than, 3 mJ/m 2 , which is about 40 % of 
the value of Mfp-5 on the mica surface [ 6 ].

  Fig. 6.7    A comparison of the 
binding models of Mfp-5 
( a ) and PEP pI 10 ( b ). The 
 red dots  represent Dopa and 
 blue dots  represent positive 
charge, both of which are 
involved in the binding of the 
peptides and possibly Mfp-5 
on a mica surface       

  Fig. 6.8    The force-distance 
profi le of PEP pI 10 coated 
on one mica surface against 
a gold surface. PEP pI 10 
showed fi ve times stronger 
adhesion force in comparison 
to the adhesion force between 
two mica surfaces       
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    All three peptides show lower binding strength to mica surface; however, these 
simplifi ed peptides allow us to investigate the effect of electrostatic interactions on 
the binding mechanism of the peptides, which was not previously detected in Mfp-5 
by the SFA, possibly due to the steric effect of the native protein backbone [ 27 ]. The 
differences between Mfp-5 and the peptide adhesion demonstrate that peptide frag-
ments of Mfp-5 cannot recapitulate the adhesion of the whole protein, e.g., there are 
synergistic effects from the amino acid residues across the whole protein sequence, 
which cannot be achieved by protein fragments. Given the fact that nature has opti-
mized mussel proteins for adhesion over millions of years, these synergistic effects 
should not be so surprising. Taking short sequences from the mussel adhesive pro-
teins, however, gives us a much simpler way to design better mussel-inspired adhe-
sives and is more cost-effective from the engineering perspective.     
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