INVESTIGATION OF ADHESION MECHANISM
OF MUSSEL FOOT PROTEIN IN MARINE
ENVIRONMENT USING PERIODIC DENSITY
FUNCTIONAL THEORY

MUHAMMAD ILYAS
Ph.D (Scholar)

DEPARTMENT OF PHYSICS

UNIVERSITY OF PESHAWAR
(FEBRUARY, 2020)

INVESTIGATION OF ADHESION MECHANISM
OF MUSSEL FOOT PROTEIN IN MARINE
ENVIRONMENT USING PERIODIC DENSITY
FUNCTIONAL THEORY

This thesis report is submitted to the Department of Physics, University of
Peshawar in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY (PhD) IN PHYSICS

Supervised By:

DR. SHABEER AHMAD MIAN
Assistant Professor

DEPARTMENT OF PHYSICS

UNIVERSITY OF PESHAWAR
(FEBRUARY, 2020)

DEDICATED
I dedicate my Research Work to my Loving Parents,my Family members and
very respectable teachers for their love, prayers, support and encouragement
during my educational journey.

APPROVAL SHEET
The Research thesis entitled: “Investigation of Adhesion Mechanism of Mussel
Foot Protein in Marine Environment using Periodic Density Functional
Theory”, submitted by Mr.
M Muhammad Ilyas, in partial fulfillment of the
requirement for the degree of Doctor of Philosophy in Physics has been
approved by the undersigning Supervisory Committee.

Examiner

______

Supervisor

______

Chairman

Dated:

ACKNOWLEDGEMENTS
I would like to thanksto my academic advisor, Prof. Dr. Shabeer Ahmad
Mianfor his guidance and support. I have learnedmany things during this
course of time.Your constant pursuit of excellence has left an indelible
mark.Even though this filed was new for me but is closely related to classical
and quantum mechanics, one of the most favorite subject of mine in physics. It
was surprisingly great experience that broadened my purview and I’m glad to
learnnew skills and experience.I deeply appreciate all his contributions of
time, ideas and support to make my research productive.
The members of research group have contributed greatly to my professional
and personal matters. I would like to thanks to all the lab members, especially
Younas Khan, Abdur Rauf and Fazli Rabbani. I acknowledge the hardships
and moral and financial support of my family, especially my parents, my wife,
children’s, for the prayers and encouragement.
All the credit goes to my princes Husna my daughter and son Abdullah whom
I cherish and release my mental and physical stressduring the graduate study.

M.A

i

TABLE OF CONTENTS
Acknowledgements......................................................................................... i
List of tables .................................................................................................. v
List of figures ............................................................................................... vi
Abstract ........................................................................................................ xi
Chapter 1...................................................................................................... 1
Introduction ................................................................................................. 1
1.1

Background ........................................................................................ 1

1.2

Mussel Adhesion and Surfaces ........................................................... 4

1.3

Protein Adhesive of Marine Mussel and Dihdroxyphenyl-L-Alanine .. 5

1.4

Catechol Interactions at Surfaces ........................................................ 8

1.5

Silica Surface& Organic Molecule Interaction...................................10

1.6

Motivation and Objective ..................................................................12

1.7

Thesis Outlines..................................................................................13

1.8

References.........................................................................................14

Chapter 2.....................................................................................................21
Literature Review .......................................................................................21
2.1

Role of Amino Acid Protein in Mussel Adhesion: .............................21

2.2

Protein Based Adhesives ...................................................................22

2.3

Preparation of Adhesive from the Major Protein Sources...................23

2.4

Basics of Adhesion............................................................................23
2.4.1

Adhesion Mechanisms ...........................................................24

2.4.2

Adhesive Failure ....................................................................26

2.5

Work of Adhesion .............................................................................27

2.6

Derjaguin Approximation ..................................................................28

ii

2.7

2.8

Contact Mechanics ............................................................................28
2.7.1

Hertz Theory .........................................................................29

2.7.2

Johnson-Kendall-Roberts Theory ...........................................29

2.7.3

Elastic Modulus .....................................................................30

References: .......................................................................................31

Chapter 3.....................................................................................................37
Computational Techniques.........................................................................37
3.1

Density Functional Theory ................................................................37

3.2

Designing Materials ..........................................................................39

3.3

References.........................................................................................42

Chapter 4.....................................................................................................45
Controlled Stimulus Retroversion of the Permanent Attachment of
Adhesive Protein using Density Functional Theory ..................................45
4.1

Introduction.......................................................................................46

4.2

Computational Details .......................................................................49

4.3

Results and Discussion ......................................................................53

4.4

Structural Properties of Isolated and Adsorbed Alanine on Silica
Surface ..............................................................................................57

4.5

Adsorption Geometry of Alanine and Catechol on Silica Surface ......60

4.6

Experimental Proof Study: ................................................................73
4.6.1

Preparation of polymer coating: .............................................73

4.6.2

Application of electricity: ......................................................73

4.6.3

Fourier Transform Infrared Spectroscopy (FTIR):..................73

4.6.4

Contact Mechanics Adhesion Testing: ...................................74

4.7

Conclusions.......................................................................................76

4.8

Supplementary Information ...............................................................76

iii

4.9

References.........................................................................................82

Chapter 5.....................................................................................................93
Exploring the Role of Amino Acid Proteins in the Adhesion of Marine
Mussels to the Silica Substrate for Different Technological Applications at
the Nanoscale ..............................................................................................93
5.1

Introduction.......................................................................................94

5.2

Computational Details .......................................................................96

5.3

Result and Discussion .......................................................................98
5.3.1 Optimized Geometries of Alanine, Catechol, Glycine in the
Adsorbed State ......................................................................98

5.4

Applications: ...................................................................................112

5.5

Conclusions.....................................................................................113

5.6

References.......................................................................................115

Chapter 6...................................................................................................118
The Adsorption of Lysine and Proline from the Mussel Adhesive Protein
on Silica Substrate Using Density Functional Theory Approach............118
6.1

Introduction.....................................................................................118

6.2

Computational Details .....................................................................120

6.3

Results and Discussion ....................................................................121

6.4

References.......................................................................................126

iv

LIST OF TABLES

Table 4.1: Optimized structural parameters of the bulk α-Cristabolite .................... 56
Table 4.2: Structural variations of alanine adsorption on silica (SiO2) surface for
various alanine orientations .................................................................... 57
Table 5.1: Structural variations in bond length of isolated and adsorbed alanine on
SiO2 surface ........................................................................................... 100
Table 5.2: Structural variations in angles of isolated and adsorbed alanine on silica
(SiO2) surface. ....................................................................................... 101
Table 5.3: Structural variations in bond length of isolated and adsorbed Glycine on
SiO2 surface .......................................................................................... 103
Table 5.4: Structural variations in Angles of isolated and adsorbed Glycine on SiO2
surface ................................................................................................... 103
Table 5.5: Structural variations of isolated and adsorbed Catechol molecule in terms
of bond length after optimization process............................................. 105
Table 5.6: Angle variations of the relaxed Catechol molecule in isolated and
adsorbed form after the optimization .................................................... 106

v

LIST OF FIGURES
Figure 1.1:

Mussel attached to a surface and detail view of the substrate and
adhesive protein interface with byssal thread ............................ 5

Figure 1.2:

Optimize structure of L-Dopa of the Mussel adhesive protein ... 6

Figure 1.3:

Detail view of the Catechol optimized structure (L-Dopa) of the
Mussel adhesive protein. This part of L-Dopa molecule is
believed to be responsible for the strong attachment of the
Mussel protein .......................................................................... 8

Figure 1.4:

Catecol on silica surface .........................................................10

Figure 2.1:

Components of the amino acids connected by peptide linkages
and generalized protein structure .............................................22

Figure 2.2:

Schematic electrostatic interactions of the negatively charged
Silica surface and positively charged proteinresidues (A) and (B)
respectively. Fugacious and reversible interaction in the case of
hard proteins. While soft proteins, can deform on the surface and
establish other electrostatic contacts (C), leads to theprotein
spreading on the surface (D), a quasi-irreversible process. .......25

Figure 2.3:

Two different materials are bind together using Adhesive and
separated when the adhesive does not work properly ...............27

Figure 2.4:

Work of Adhesion when the flat surfaces are in close contact
with each other and after which they are separated using the
energy required ........................................................................27

Figure 2.5:

Contact mechanics models of adhesive JKR (red) and nonadhesive Hertz deformation of Solids (Blue) ............................30

Figure 3.1:

Range of the material designing and density functional theory
simulation ................................................................................40

Figure 4.1:

Optimized geometry of

isolated

Catechol and Alanine

molecules. ...............................................................................57

vi

Figure 4.2: Bond length variations between isolated and molecules adsorbed
SiO2 surface. ............................................................................58
Figure 4.3:

Angle variations between isolated and alanine-adsorbed SiO2
surface. ....................................................................................59

Figure 4.4:

Angle variations in isolated and alanine-adsorbed silica surface
in different orientations. ...........................................................59

Figure 4.5:

Simple optimized geometry of alanine molecule laying in the
XY-plane adsorbed on Silica (001) surface. .............................63

Figure 4.6:

Adsorbed state binding energy plot for different orientations of
alanine molecule without the influence of stimulus electric field
on the silica substrate. ..............................................................64

Figure 4.7:

Alanine molecule elongated its bonds length during complete
optimization

process

under

the

influence

of

electrical

stimulusfrom the adsorbed state. ..............................................64
Figure 4.8:

The behavior of the adsorbed alanine molecule after the
application of the stimulus electric field at 93 steps of DFT
based MD simulation. The carboxylic oxygen bond length
became 2.35Å, one of the CH3 hydrogen bond lengths became
2.79Å, the OH part of alanine bond length approached 2.23Å
and one hydrogen of NH2 bondlength became 3.04 Å with the
surface silanols. .......................................................................65

Figure 4.9:

Complete detachment of the adsorbed alanine molecule from the
surface due to an applied electric field of (2 and 20) V/mm at
body temperature. The top panel did not show any bond and the
bonds in the bottom panel are just shown for clarity to see that
the molecule is fully detached from the adsorbed state. ............66

Figure 4.10: Elongation in the bonds between the catechol molecule with the
surface from 1.74, 1.73, 1.93, and 1.82 Å to 1.83, 1.80, 1.96 and
2.21 Å, respectively, due to the influence of the external electric

vii

field. The top panel represents the top view while the bottom
panel shows the side view. .......................................................67
Figure 4.11: MD Simulation of completely detached catechol molecule from
the surface under the influence of the external electric field of (2
and 20) V/mm at human body temperature. The top and bottom
panels do not show any bond with the surface. .........................68
Figure 4.12: Comparison of both the alanine and catechol molecules
adsorption to the cristobalite silica surface and their detachment
(desorption) under the influence of external electric field which
clearly demonstrated that both the molecules were almost
detached from the surface. .......................................................69
Figure 4.13: Schematic view of the strongly attached mussel adhesive protein
coated electrode (top) and mussel adhesive protein coated
electrode raised up under the stimulus electric field. ................71
Figure 14:

Schematic view of the mussel adhesive protein coated stunt
under the influence of a non-stimulated electrode strongly
attached to the stunt (top view) and detached under the influence
of stimulated electrode (bottom part). ......................................72

Figure 4.15: Schematic of the proposedstimulus external electric field (2 and
20 V/mm) which can be used as antifouling to the ship exterior.
................................................................................................72
Figure 4.16: FTIR spectra of Ti and p(DMA-co-MEA) before and after
applied electricity. ...................................................................74
Figure 4.17: Contact curves of p(DMA-co-MEA)-coated Ti before and after
applied electricity. ...................................................................75
Figure 4.18: S1 Optimized geometry of the adsorbed alanine on silica surface
AlnSiO2_a making one hydrogen bond through the carboxylic
oxygen with the surface silanols. Top panel represents the top
view and bottom panel represents the side view. ......................77

viii

Figure 4.19: S2 the optimized geometry AlnSiO2_b of alanine molecule in
which OH and NH2 part laying down towards the surface and
OH part of the alanine molecule formingonly one hydrogen bond
with the surface OH (silanols). .................................................78
Figure 4.20: S3 the oriented geometry AlnSiO2_c of alanine adsorbed on the
Silica surface through OH forming one hydrogen bond with the
surface silanol. .........................................................................79
Figure 4.21: S4 The alanine molecular geometry AlnSiO2_d adsorbed
vertically in the surface normal direction during optimization,
bonding to the surface by forming single hydrogen bond with the
Silica surface. ..........................................................................80
Figure 4.22: S5 The geometry optimized is AlnSiO2_e in which the OH, C=O
and NH2 laying in the xy-plane above the silica surface forming
one hydrogen bond with the silanol of the surface clearly shown
in the top view of the top panel and side view in the bottom
panel. .......................................................................................81
Figure 5.1:

Optimized geometry of isolated Alanine, Catechol and Glycine
molecules. .............................................................................100

Figure 5.2:

Optimized geometry of alanine adsorbed on the silica surface
showing four hydrogen bonds with the surface silanols in top
and side view .........................................................................102

Figure 5.3:

Glycine adsorbed on the silica surface forming four hydrogen
bonds with surface depicted in top and side view ...................104

Figure 5.4:

Adsorbed geometry of Catechol establishing four hydrogen
bonds with silica substrate presented the top and side view ....108

Figure 5.5:

Variations in the bond length of Surface Silanols before and after
adsorption of organic molecules (Glycine, Catechol and Alanine)
..............................................................................................109

Figure 5.6:

Variations in the geometry of surface silanols due to the
adsorption of all three molecules in terms of bond angles.......110

ix

Figure 5.7:

Comparative binding of the three adsorbed amino acid in mussel
adhesive proteins and reversing the strongly adsorbed proteins
under Stimulus Electric Field .................................................111

Figure 5.8:

Schematic implementation view of the strongly attached mussel
adhesive protein coated electrode (top) and mussel adhesive
protein coated electrode raised up under the stimulus electric
field. ......................................................................................113

Figure 6.1:

Optimized Geometry of the strongly adsorbed Lysine on Silica
substrate ................................................................................122

Figure 6.2:

Comparative adsorption of Lysine, Glycine and Catechol on the
Silica surface .........................................................................123

Figure 6.3:

Proline adsorbed on the Silica surface forming four Hydrogen
bonds with Silica Surface top and side view...........................124

Figure 6.4:

Lysine and Proline Comparative adsorption with catechol and
Glycine on the Silica surface..................................................125

x

ABSTRACT
Density functional theory was employed to investigate the mussel adhesion of
foot protein i.e. catechol, alanine, proline and lysine adhesion on dry and wet
silica surfaces. It is believed that for the strong and unique attachment of
mussels is only because of the catechol on different surfaces in sea water. To
elaborate adhesion features, calculations based on DFT were implemented for
all the molecules adsorption on the surface of silica. The adsorption energy for
the structures were calculated on the cristobalite silica (100) substrate. All the
organic molecules adhered to the surface with 3 to 4 bonds which are
hydrogen bond in nature. This strong versatile attachment of molecules was
attained through twisting of the hydroxyls.
The purposely secreted adhesive protein by mussels is their interaction with
material objects to strongly attach is the animal survival in marine
environment. The interaction of adhesive protein gravely damages the
materials surfaces to it binds is bio fouling. The associated problems with
biofouling are, stimulate corrosion, resistance and energy wastage especially
of marine vessels, and damage of biomedical implants such as orthopedics,
catheters and neural electrodes to name a few. Researchers are still far to
confront the permanent attachment of mussel adhesive protein or even to
revert it. An in-depth understanding of the underlying principle and
mechanism of such interaction can play a key role in designing new materials
and modifying the existing ones. In order to address the grievous problems
induced by permanent binding of adhesive protein, a novel as well as
challenging method is developed to electrically control the retroversion of
permanently attached adhesive proteins.This technique will make it easier to
integrate with electronic devicesdue to which detaching could be automated
like pushing a button." which can be used underwater glue, prostatic
attachment, wound dressings and car parts. Density functional theory (DFT)
based molecular dynamic simulation has been employed to minimize bio
fouling via adsorption and controlled retroversion; the detachment of
permanently attached adhesive protein by electrical stimulus.
To overcome the damages caused to the vessels in sea, under water
construction, medical implants in terms of bio fouling an electric stimulus
were applied to the strongly attached molecules in order to reverse the fouling
i.e. the strong attachment to different materials in the environment. The
xi

magnitude of electric field was human bearable if implemented for biomedical
purpose i.e. 2 eV ~ 20eV at 300 K. Reversing the strong adhesion of all the
molecules were attained successfully.

xii

CHAPTER 1

INTRODUCTION

1.1

Background
Since ancient civilizations till this time, the human being are trying to

use natural or man-made materials to repairthe things or cure the injuries of
living organism. Remarkable developments have been made in this field since
1960sin the name of biomaterials or biomedical [1]. Theaim of biomaterials is
to explore the mechanical properties, and negligible toxicity of the materials to
improve function recovery of affected orinjured tissues and organs to facilitate
human beings in their hard time of life.
New developmental directions of biomaterials are the wound healing,
tissue engineering and drug delivery. Such development in this field will
certainly improve to replace the conventional medical devices and techniques,
such as sutures and implants, bioadhesives and tissue scaffolds are developed
for wound healing and tissue engineering tasks, respectively. For instance to
repair injuries, suturing provide large malleable strength with less probability
of failure [2]. However, it severely damage the surrounding tissues, causing
nerve damages, inflammation and besides fluid leakage prevention is very
difficult.
Wound healing dressingmaterials are porous for allowing oxygen to
quickly heal the wounds, prevent tissue dehydration and bacterial infections
with

negligible

toxic

effects

which

adhere

to

the

surrounding
1

tissues.Bioadhesive materials have been developed to provide more efficient
wound closure and healing with convenience and minimized disruption to
vascularization. In tissue engineering tissue scaffolds are used as adhesive
substrates to support physical retention, proliferation and differentiation of
implanted cells to grow into new tissues or organs. The mechanical properties
of

the

materials

for

tissue

scaffolds

should,allow

the

underlying

tissuescapability of being processed into a three-dimensional structure with
acoordinated porous network.This will work as a model for the cell retention,
nutrientstransportation and elimination of metabolic waste. As a result cell
growthpossess biocompatibility and biodegradability. The criteria for
bioadhesives include adequate adhesive strength,bio-compatibility, and
underwater adhesion capability.
In addition, strong adhesive strength and porosity are required for
applications involving bones and cartilage, broadening the application range of
bioadhesives to wound dressings, tissue scaffolds, and its response towards
electrical stimulus. Hence, the desirable properties for bioadhesives include
strong

water-resistant

adhesion,

biocompatibility

and

porosity.

The

chemicallysynthetic bio-adhesives materials are mostly used for ex vivo
injuries. Nevertheless, toxicity is usually associated with it, i.e., the in vivo
applications of cyanoacrylatesis strictly forbidden. Polyethylene glycol (PEG)
based materials applications are limited due to their high cost and largeswelling index. The strong adhesive strength in water medium is shown by
state-of-the-art synthetic polymers, but due to the usage of toxic oxidizing
agents, and undetermined biocompatibility they are also facing some

2

problems. Chitosanand fibrin, are the less toxic adhesive materials extracted
from abundant natural sources to human body, but their adhesive
performanceis relatively poor. Furthermore, gelatin and fibrin are the protein
materials that exist naturally, butuse of toxic crosslinkers can introduce
infective agents and allergenic reactions.
Nature is furnished fortunately with nontoxic and excellent adhesives
exhibiting mechanical properties to fulfil the requirements of an outstanding
bioadhesives such as glues of marine mussels [6], invertebrate resilin [3],
Apismelliferaand spiders silks and mucilage [4-5]and silicasticking R5 peptide
of diatoms [7] etc. Conventional i.e. the extraction and synthesis are the
conventional methods to get proteins. Aseries of processes are involved for the
natural extractionwhich can filter one or more proteins from a composite
mixture [8]. There are limitations to obtained adhesive protein because of the
organism produced it in a very quantity which ultimately make it difficult to
be extracted. For instance, 1 mg of adhesive proteins requires 10,000 of
mussels for extraction [9]. Moreover, although enough amounts of the
candidate proteins can be obtained, but it is also challenging to mix the
proteins and tune the performance of the resultant materials. The machine
driven solid-phase peptide synthesis [10] and chemical ligation techniques
[11], has the advantages to easily consolidate non-natural functionality into
proteins, and ease the purification [12]

3

1.2

Mussel Adhesion and Surfaces
The tremendous role of adhesion in our daily life is evident; a

phenomenon we often consider for granted. The dependency on adhesive is
rapidly increasing. Joining of dissimilar materials, to symmetrically distribute
stress in the bonded joints, facilitating flexible design and cheap availability is
only possible with adhesives.To develop adhesive tissues which help in wound
repair, healing and biomedical implants is the main focus of research study in
the near past either passive or electrically active. The most important
limitation or problem associated with adhesion is the fouling or biofouling.
Adhesion is more difficult for the man made adhesives in marine environment
due to water intervention in adhesive than dry substrates. Water may destroy
adhesion because of the following reasons:
a)

weak boundary layer of water between substrate and adhesive

b)

maddening into the interfaces

c)

adhesive material hydroxylation

d)

protrusion or plasticization2

e)

Fouling or biofouling
It is of great interest to explore new adhesives which can resist the

above reasons to the adhesive tissues designs or altering the biomaterial
surfaces.

4

Figure 1.1:

Mussel attached to a surface and detail view of the

substrate and adhesive protein interface with byssal thread

1.3

Protein Adhesive of Marine Mussel and Dihydroxy
phenyl-L-Alanine
Nature is the best source of inspiration in all respect but specifically

the already existing adhesives for surface modifications at the nanoscale to
develop new adhesive strategies. Everyone is well aware of the ability of
marine musselsto adhere in marine environment for their smoothly survival to
any different kind of substrates for their survival in turbulent intertidal marine
environment[13]. The animal create retentive bonds at the surfacewith
underlying surface (substrate),in the nutritive seawater the animal overwork to
obviate themselves from detachment during the waves swift. It is a natural
characteristics and purpose of the mussel adhesive. Mytilus edulis like all
other marine animals stick to the substrate using a byssal thread composed of
adhesive proteins similar to silk thread commonly known.Formation
mechanism of byssus is a process of different stages [14].

5

Figure 1.2: Optimize structure of L-Dopa of the Mussel adhesive protein
The animal binding to the substrate depends on mussel foot having
injectors similar to rubber plunger. The animal locates the substrate at the
start with its foot to bind with and intercedes scratching the surface.
Simultaneously the muscle compression of foot impels the slump at the lateral
down the substrate till it touches the surface to expel water from it. This
process of the marine mussel foot produce vacuum in the cavity by extending
and pull back after which the protein plaque is interjected. The ciliated tubules
carries the protein precursor from the exocrine gland to the target substrate
cavity. In an instant precursor becomes hard after which the animal retrieve its
foot and the substrate is now connected to the byssal thread.
Theinteraction of the adhesive protein secreted by mussel with the
underlying substrate has been interestingly observed.Conventional concept
about adhesive material is that good in spreading, which is vitalin most
systems for adhesion, generally where all the three phases are present. Such
phases are in the form liquid, solid (adhesive precursor), and liquid
(seawater)in mussel which meansa direct competition between seawater and
the substrate precursor.

6

The Mytilus edulis foot protein 1 create low contact angle with
substrate, for example PTFE while on the other hand with polar surfaces and
high energy the angle is very high i.e. the glass and slate [15].Low contact
angle indicate that at such surface water can be easily displaced on PTFE
surface. But on the other hand it astonishing when the adhesive strength of the
two are compared that on the glass and slate surfaces adhesive strength is ~50
times higher than PTFE[16].It can be concluded adhesive plaque in
comparison to the hydrogen bond and dispersion forces hold water at the
surface is much stronger.
It is important to know the chemical process of the protein used in the
mussel adhesion to different substrates. A total of thirty four (34) proteins
exist in the adhesive plaque of the mussel foot protein in mefp-1 is
characterized at the best [17-20].The composition of Mefp-1 consist of
approximately 80 decapeptide and hexapeptiderepeated in linear way. The
most commondecapeptidesequence looks like as: Ala-Lys-Pro-Ser-Tyr-DHPHyp-Thr-DOPA-Lys [21].Mostly the large number is the residuesof hydroxyl
group or groups i.e. tyrosine, dopa, serine and threonine etc. Mytilus edulis
foot protein 1 of mussel adhesive protein comprises of 10–20 mol% of DOPA,
which is formed when tyrosine is hydroxylase earlier than the precursor
secretion. It is believed that the cohesive and adhesive properties of the strong
attachment is only because of dopa [22-24].It is observed that catechol the
lower part of DOPA play important role in the adhesive feature of mussel
adhesive protein (MAPs) and it is crosslinked when dopa is oxidized.

7

Twoother types of mussel adhesive proteins i.e. mefp-3[25
3[25-26]and
mefp-5[27]exist
5[27]exist in greater amount near the boundary of the adhesive plaque
and substrate [28-29].
29]. The content of DOPA in these two proteins is nearly (20
and 30 mol%, respectively) which is high in number comparatively
comparatively to the
other six adhesive proteins in the plaques. Similar to mefp
mefp-11 protein these
sequences have a more number of DOPA-Lys
DOPA Lys arrangement. The significance
of the above two proteins will play important role at the formation of plaque
and substrate boundary
dary in the future to modify surfaces.

1.4

Catechol Interactions at Surfaces
The chemical interaction of mussel adhesive protein for the useful

examination and capability of DOPA appears to be mainly bond formation i.e.,
hydrogen, molecule metal attachment,
attachmen Michael-type
type addition, and redox
chargetransfer complexation[14].Adhesive and cohesive properties of mussel
adhesion is due to these interactions appear to contribute, even though the
specific mechanisms are not entirely clear[24,30].

Figure 1.3: Detail view of the Catechol optimized structure (L-Dopa)
(L Dopa) of
the Mussel adhesive protein. This part of L-Dopa
L Dopa molecule is believed to
be responsible for the strong attachment of the Mussel protein

The DOPA in mussel adhesive protein is a phenol or, more
specifically, a catechol mediety.

In wet environment the investigations

performed earlier observed very high affinity of the phenol and
catecholtowards metals [19, 31-35]. Surfaceenhanced Raman spectroscopy
(SERS) suggested that DOPA functionality of Mytilus edulis foot protein1to
metal surface (gold)are coordinated sidewise with the phenoxy groups toward
the surface [19]. Phenol has the demonstrated ability to chelate metal ions
[31], stuck to metallic and metal oxides particles and surfaces [3234].Theelectrochemical studies of thin layer shows that catechol form
irreversible organometallic complexes i.e. with platinum [35]. Catechol has
the ability to strongly attachwith metal surfaces, which means that coating
metal surfaces with catechol can resist corrosion in water medium. This is
anestablished process [36] and for this reason major phenolic compounds are
used as rustproofing coating materials in automotive industry [37].
Organisms other than marine mussel also follow the same mechanism
for binding to surfaces same as the catechol interaction with metals surface.
The molecule siderophores is secreted by one type of bacteria among different
bacteria’s which experience to isolate iron and entailed surfaces for attachment
[38-39].Pseudomonas aeruginosa using catechol part to attach themselves to
the TiO2 surface is confirmed by Attenuated total reflection infrared (ATR-IR)
spectroscopy [40].

9

1.5

Silica Surface& Organic Molecule Interaction
Extensive studies were performed to understand the driving force

which adsorb organic molecules at the surface of silica. To investigate the
mechanism based on which the organic molecules adsorb and to determine
number of forces of attraction between the substrate and adsorbed molecule
most modern techniques were utilized. To understand the physical and
chemical changes that occurs during butane binds or attached at varying
temperatures to the silica surface [37]. Correlation of the adsorption properties
were drawn for the prepared samples without heat and heat treated silica
samples for the butane adsorbed energy. It was concluded from the analysis
that the complex nature of silica is due to the microspores and hydroxyl at the
surface. Dehydrated silica was also used for the adsorption of butane using
infrared spectroscopy [38]. The surface sites involved for the adsorption of
molecule were characterized by in situ FTIR measurement.

Figure 1.4:

Catecholon silica surface

10

It was a mystery for the scientist that how the permanent binding of
marine mussels and other organism occur in water environment and has
stronglyattracted especially for a silica surface with hydrophilic nature. This
means that amorphous silica is more suitable for mussel adhesion in a marine
environment. The modeled surface of cristobalite is more close to the
amorphous silica in terms of its density and a refractive index [23-25].
Silanols are the hydroxyl (OH) that forms as a result of the silicon (Si) atoms
of a freshly cleaved silica surface in humidity [42]. The hydroxylated silica
surfaces are of two different types according to silanols distributed on the
surface.The germinal silanols have two OH groups terminated each Si atomat
the surface while the isolated silanols have one OH group attached to the
surface Si atom, for the (001) and (111) surfaces [42]. The density of the
silanolsat each surface are 4.3and8.1pernm2 for 111 and 001 surface
respectively, which is the amorphous silica density (5 OH per nm2) [43].The
physical and chemical nature of catechol adsorption were investigated using
density functional theory calculations.Cluster model [37-39, 43]or a periodic
system [23-24, 37, 39-42,]were the two options to simulate the surfaces. a
periodic density functional theory was adopted for different reason of cluster
model. Large enough periodic cell was chosen to avert ordering at artiﬁcial
level. The adsorbed catechol and water molecule energies were compared to
observe adhesion strength at the two surfaces. We carefully examine the
geometry of catechol adsorbed onto each surface. The geometrical changes
occurred after binding with surfaces were also carefully inquired for the
catechol and water adhesion.
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1.6

Motivation and Objective
To understandthat how molecules can interact with the substrate of

biomaterials which is important for future development andto further advance
in materials designing to improve the life standards. Undesired protein
adsorption or attachment to the substrate is biofouling which has ruinous
impact on the capacity, duration and safety of the materials [45]. Unwanted
attachment of proteins from extra cellular fluids to the surfaces of materials
can accelerate contrary biological responses i.e., can disrupt function of
biomedical devices such as intraocular lenses, surgical tools, implants etc.,
[46-48].In addition to it arrangement of tissue for engineering purpose, bioactive usable bio-sensors, implant surface and welfare of bio-inert background
to extract the desired responses.To reduce or minimized such unwanted
interaction biomaterials have perceptible gains between the contact of the
material and extra cellular fluid.
It is well known that the protein secreted by marine mussels has unique
characteristics of binding to number of substrate in dry and wet environment
[23]. It is believed that among the number of amino acids present in mussel
adhesive only DOPA is main the reason for the strong attachment of the
mussel. In this study some of the other proteins in the adhesive plaque is to be
investigated to find their role in this strong binding of mussel. Beside catechol,
alanine, proline and lysine are the protein component of mussel adhesive to
observe their binding to the silica surface and compare their binding energies
with that of catechol. An electric field will also be applied to the adsorbed
state of the molecule in order to confirm the detachment. The binding energies
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of the detached molecule under stimulus electric field will also be compared
with catechol detachment [24-25].

1.7

Thesis Outlines
The forthcoming chapters of the thesis are organizedas; chapter 2

describes the literature related to the role of amino acid in mussel adhesive
protein. Chapter 3 is devoted to materials modelling and density functional
theory simulation. We mainly focused on how we model the geometry of
dopa, catechol etc., and the substrate for the adsorption of these amino acid
proteins. Chapter 4 is devoted to the protein adsorbed on silica surface using
density functional theory study. The adsorbed protein under stimulus electric
field were observed to reverse the attached protein. Beside this comparison
were drawn between them. Chapter 4 describes the catechol adhesion on
geminal silica surface in the presence of water molecules, illustrating the
underwater adhesion

phenomena. Chapter 5 is the conclusion of about the

catechol adhesion in dry and wet environment.
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CHAPTER 2

LITERATURE REVIEW

2.1

Role of Amino Acid Protein in Mussel Adhesion:
In living organism proteins are the main source of organic molecules

which play their important role in every aspect of cell structure and function.
Every organism depends mainly on protein and its role is evident in the
metabolic process of cell shape, defense signal and movement [1]. The
composition of proteins are mainly from the 20 amino acid in every organism
despite of the huge diversity in structure and function, with uncommon
exceptions of selenocysteine [2] and pyrrolysine [3]. Post-translational
modifications and cofactors are required for the natural amino acids due to
their chemistry which is comparatively confined i.e. (sulfhydryl, hydroxyl,
carboxyl, amide and amine groups) to become fully functional. The
biopolymer of α-amino acids has the carbonyl group just before the amine
group bonded to the carbon atom. The constituent amino acids decided the
physical and chemical properties of a protein. The amide linkages joined the
subunits of an amino acid are known by peptide bonds. The general structure
of an acid and a protein is shown Figure 1
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Figure 2.1: Components of the amino acids connected by peptide linkages
and generalized protein structure
The chemical variety of amino acids extend in addition to that
accessible in nature could allow to protein engineering or to construct new
having chemical and physical properties. Synthetic or artificial amino acids
(Uaa’s) can be rationally designed to have desired properties that will be
conferred to a peptide or protein on incorporation. Possible application of
unnatural amino acids include instigation for spectroscopy (NMR, X-ray
crystallography),

imaging

(MRI,

fluorescence)

and

post-translational

adjustment.

2.2

Protein Based Adhesives
The preparation for an adhesive is based on the distinct properties of its

structure and function proteins allow broad range of potential modification
[2].To improve function of a protein the modification depends upon the ionic
strength, pH sensitivity, temperature, ionic strength, and the conditions for
processing [3]. The hierarchical geometry of proteins determines the functions
for specific purpose [4]. The polypeptidechain is the primary structure of
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protein which is obtained from amino acids connect via amide bonds.
Different types of bond and linkages corresponds the interaction of these
bonds and ease protein folding for the secondary and tertiary structures [1, 4].
Protein quaternary structures is organizing various polypeptides in three
dimension. In the process of protein folding reorganization of the specific
functional groups occur for the purpose to make hydrophilic and hydrophobic
surface [4]. The molecular interactions may be enhance after the modification
and denaturation of the adhesive protein [5-7].

2.3

Preparation of Adhesive from the Major Protein Sources
In early civilization as glue blood, proteins from milk, and extract from

fish skin have been used. As a component of the wood adhesive bovine serum
albumin proteins are using yet [8-9]. Earlier in adhesive preparation Casein
and collagen were also used [10]; however, researchers are encouraged to
explore substitute protein sources from the byproducts of agriculture and food
industry [5, 11-12]. A number of sources of protein can be generated from
agricultural and processing industry byproducts i.e. meal of soybean, canola,
brewers spent grain containing greater amount of proteins [8-9, 13-16]. For the
adhesive application wheat gluten and soy protein [17-18]is studied in great
extent, on the other hand corn [5, 12-13, 19]were less studied.

2.4

Basics of Adhesion
Avariety of mechanisms between two opposing surfaces can occur

during adhesion. For instance, the physical interlocking between surfaces to
hold them together in mechanical adhesion explains the mechanism, which
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enablesstrongattachmentsin materials. It can also be due to dispersion forces,
where the sum of many vander Waals forces between surfaces allow them to
attach to one another. The type of adhesion might be a chemical adhesion in
which a chemical bonds form between the atoms at the surfaces can be
covalent, ionic, or hydrogen bonds.

2.4.1 Adhesion Mechanisms
Theories and mechanism regarding adhesion were proposed to explain
adhesion process between the surface and adhesive. The most important
theories at that time were the adsorption, chemical bonding, mechanical
interlocking, boundary layers and interfaces, diffusion and electronic, among
other theories. The first theory on adhesion was the mechanicalinterlocking
proposedin 1924 [20]. The penetrated adhesive displaced the trapped air in the
pores, cavities, and surface irregularities, results in attachment of the substrate
during the adhesive curing [20-22]. This model technically explains how to
enhance adsorption of the adhesive through surface treatment rather to
improve it at molecular level, i.e. increase in roughness, porosity, and
irregularities of the surface [21]. Also surfacewettingis vital in this model
where adhesive infiltrate into the material [23].
The most acceptable theory of adhesion is the adsorption theory, also
called thermodynamic or acid base theory according to which adhesion occur
because of inter-atomic/molecular forces between the adhesive and surfacein
contact [21, 24-25]. Thistheory also guide us for the secondary interactions i.e.
vander Waals forces, H-bonds; which mainly contribute in adhesion while the
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primary interactions such as ionic, covalent and metallic bonds [22].To guide
the industry to develop materials with low surface tension than the adhered
tension surface and wetting adhesion surface is critical factor [21-22, 24].
Adhesion is the interdiffusion of moleculesat the interface [25-26]. Both the
adhesive and the adherent are supposed to bepolymeric material that are
mutually miscible and compatible [21-25]. Nature of the materials such as
chain length and molecular movements plays a vital role in inter-diffusion
theory [22].

Figure 2.2:

Schematic electrostatic interactions of the negatively

charged Silica surface and positively charged proteinresidues (A) and (B)
respectively. Fugacious and reversible interaction in the case of hard
proteins. While soft proteins, can deform on the surface and establish
other electrostatic contacts (C), leads to theprotein spreading on the
surface (D), a quasi-irreversible process.
The joining of two materials is explained by the electrostatic attraction
theoryaccording towhich electrons are shared at the interface between the
adhesive and substrate [27-28]. The adhesion between two different materials
is due to the electron deficiency at the interface of the two materials to transfer
the electron [29]. Therefore, in order to fulfill the adhesion criteria the two
materials must be oppositely charged i.e. positive and negative charge [21].
Weak layer edge model iswhen at the adhesion interface a weak layer formed
at the boundary[22]. Failure of the adhesion is usuallycaused only due to this
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week boundary layer which established at the interface. In order to improve
adhesion one should minimize the formation potential of weak boundary layer
[21-22, 27]. As an example, the formation of metal oxide layer at the metal
surface interfacedeteriorate adhesionwhich can be improved only to remove
the surface oxide layer.
Adhesive and adherendformed chemical bonds at the interface are the
key factorof the chemical or molecular bond theory. The intermolecular
interactions i.e., opposite charge (dipoles)interactions, vander Walls forces and
all types of the chemical bonds are the basic cause of adhesion [21-22, 3031].The strong interaction of adhesive and adherend depends on the bond
types and functional groups between the two at the joining part [30-31].
Differenttheories of adhesion is concluded into two groups which are the
mechanical, diffusion and charge interactions [30]. For large scale interactions
the adhesion depends on the mechanical interlocking.The molecular or nano
level interactions are of charge type with the exclusion of electrostatic
interactions working on a big [21, 30].

2.4.2 Adhesive Failure
At the adhesion interface tensileload is applied in vertical direction to
record the utmost tensile strength in order to apart the bonded materials to
measure the adhesion strength [32]. The adhesive failure mode is represented
in Fig 2 in which the two surfaces are shown separated after the adhesive
failure [33].
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Figure 2.3:

Two different materials are bind together using Adhesive

and separated when the adhesive does not work properly

After the bond failure if adhesive is intact with the surfaces, this means
it is cohesive failure [22, 33]. But practically bond failure may happen due to
many possible reasons which is usually described in terms of percentage [22,
33].

2.5

Work of Adhesion
The adhesion work may be stated as WAB, is deﬁned as the energy

required to separate two ﬂat, smooth surfaces from full contact to inﬁnite
separation Figure 3 [34]. The work of adhesion is related to the surface
energies γi of each solid and the energy of interface γAB by the Young-Dupr´e
equation:
W

Figure 2.4:

=

+

−

Work of Adhesion when the flat surfaces are in close

contact with each other and after which they are separated using the
energy required
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2.6

Derjaguin Approximation
The work of adhesion is a materials-speciﬁc property and independent

of the geometry of contact. For a more experimentally relevant analysis of
surface interactions, however, it is necessary to account for this. For contact
between two spheres, with radii R1 and R2, the Derjaguin approximation
relates the normal force F(D) to the work of adhesion W(D) through the
following relation[35]:

F(D)

= −

= 2πR
Where,R

∂W(D)
∂D

W(D)

=

Thesphere-on
ﬂatgeometryemployedintheAFMexperimentsisconsideredas
alimitingcaseoftwospheres,inwhichtheradiusoftheﬂatsample surface is treated
as R2>> R1. In this case, the effective radius Reff = R1.

2.7

Contact Mechanics
Contact mechanics theories describe the interactions of solid surfaces

at interfaces. When a compressive normal force (Fn) is applied, the solids
press into one another to an indentation depth (δ) and ﬂatten with a
corresponding change in contact radius (a). These quantities, which can be
measured experimentally, arerelated to one another based on the geometry of
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the contact, the interfacial free energy (W) and the stiffness of each surface
(K) [36-37].

2.7.1 Hertz Theory
The elastic contact between two non-adhering solids is described by
the Hertz model of contact mechanics [38], and governed by the following
equations:
=

=

Since the surfaces in this model do not interact energetically, there is
no adhesion force Fad between them. When contact is formed or broken at
δ=0, the contact radius is also zero.

2.7.2 Johnson-Kendall-Roberts Theory
While the Hertz model is appropriate for non-adhering solids, soft and
biological materials are often adhesive. The Johnson-Kendall-Roberts (JKR)
theory accounts for the effects of surface energy on the contact between solids
[39]. Here, the adhesion force Fad when the surfaces are separated is related to
the interfacial energy according to the following equation:

(

)

=

3
2

UnlikeintheHertztheory,inJKRmechanics,bothcontactandindentation
arepositiveatzeroappliedload. Thesequantitiesarerelatedtotheapplied normal
load by the following equations, respectively.
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Figure 2.5:

Contact mechanics models of adhesive JKR (red) and nonadhesive Hertz deformation of Solids (Blue)

In viscoelastic materials, as typical for soft and biological materials, a
hysteresis in adhesion energy is often measured between the loading and
unloading contact regimes. When this disparity occurs, the adhesion force is
lower at the onset of contact than during separation. This occurs because the
formationof interfacial bonds, and by extension the increase in contact area,
are timedependent processes.

2.7.3 Elastic Modulus
Elastic modulus is extracted from the contact mechanics relations
calculated

from

the

Assumingthatonesurfaceismuchmorerigidthanthe other,

stiffnessvalues.
i.e.

E1>>E2, the

modulus of the more compliant material can be determined using the
following equation

=

3
4

(1 −

)

Where ν is the Poisson’s ratio. According to convention, biological
materials are considered incompressible, and are assigned ν=0.5.
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CHAPTER3

COMPUTATIONAL TECHNIQUES

3.1

Density Functional Theory
Among all scientists Hartree preceded to approximate wave functions

and energies for atoms and ions in 1927 also called the Hartree function [1].
His students some years later, proposed using Pauli principles a self-consistent
function and the multi-electron wave function in the form of a determinant of
one-particle orbitals, to overcome the totally no-consideration of the antisymmetry of the electron system. The complicated Hartree-Fock model was
not popular till 1950s. The spirit of this proposed model considered gives idea
to the scientist only an approximation to the real result.
Thomas and Fermi proposed a statistical model in the same year,[2, 3]
to compute the energy of atoms by approximate the distribution of electrons in
an atom. The functional of electron density represented the kinetic energy of
an atom, and two terms were added i.e. nuclear-electron and electron-electron
interactions to compute the energy of an atom. They miss to include the
exchange energy of an atom, introduced in the Hartree-Fock theory, which
was added by Dirac in 1928 [4].

In spite of the errors and lack of electron

correlation term, Thomas-Fermi model serves as a predecessor of the Density
Functional Theory (DFT).
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Later, Hohenberg and Kohn in 1964, correct all the errors and
incorporated the lacking terms and thus made the foundation of the DFT
mansion firm [5].

The many electron wavefunction which contains 3N

variable in which N is the number of electrons and each electron has 3 spatial
variables, thus making it complicated to be computed. Density functional
theory uses the electron density which only contains three variables and thus
easy to handle many electron system. This is the main spirit of density
functional theory. The first theory presented by Hohenberg and Kohn deals
with the ground state energy dealing with the electron density i.e. functional of
electron density. The second theorem proved that by minimizing the energy of
the system according to the electron density, ground state energy can be
obtained.
One year later Kohn and Sham (KS) simplified the multi-electron
problem into a problem of non-interaction electrons in an effective potential
after the important work of Hohenberg and Kohn [6, 7]. This time they
included the exchange and correlation interactions related to the Coulombs
interaction and the external potential. It is difficult to handle the exchange and
correlation interaction within the Kohn and Sham DFT. However, LocalDensity Approximation (LDA) is the simplest approximation based on the
uniform electron gas model to get the exchange energy and to get the
correlation energy from fits to the uniform electron gas [8].
Quantum mechanics is the basic requirement to determine material
properties by the interactions of electrons and nuclei [9]. To implement the KS
equations efficient algorithms were devised for the general purpose codes. The
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computer power combined with such versatile codes, can be studied with
density functional theory. A critical insight into experimentally examined
quantities can be reproduced with the well-designed set of DFT calculations to
obtain predictive and accurate results. However, the accuracy and prediction
of computational result is totally depends on simulation types.
To carefully construct a model it requires physical property of the
system, and manipulation of options available in a simulation code. With
respect to computational variables checking and verification of adequacy is
repeatedly needed. Also salient calculation details are the secondary goal for
encourage publication. The reproduction of simulation may not be feasible if it
is computationally very costly and to evaluate its ﬁdelity is to know
comprehensive details. Well-planned density functional theory calculations
can have great scientiﬁc and technical importance, but the fully documented
simulation can make it only possible.

3.2

Designing Materials
Currently a variety of modelling software are available for commercial

and academic purpose [10-21].These software accelerate the research culture
among the students due to the graphical user interface which is friendly to use.
It not only improve the quality design of different materials i.e. molecule, thin
layer, different kinds of nanotubes, substrates, complex organic and inorganic
structures to name a few. The freely available material modelling software are,
visual molecular dynamics (VMD), gauss view (GV), visualization of
electronic and structural analysis (VESTA), Jmol and materials studio etc.
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Figure 3.1:

Range of the material designing and density functional
theory simulation

One can design from nanoscale to mesoscale materials in which all
kind of information can be stored and analyze, bond distance, lattice
parameters, angles, dihedral, symmetry properties and many more.
Visual molecular dynamics is graphical software developed for the
analysis of assembly of molecules especially protein polymers such as nucleic
acids etc. one can visualize a structure in different format according to the
standard colors. The analysis techniques used in VMD are in variety i.e. root
mean square, IR spectra, electrostatic, and radial distribution function to name
a few. Beside this periodic images, animation of the simulation performed can
also be visualized with bond lengths, angles and dihedral angles. The same can
be imported and exported to a number of different format for different
simulation software’s i.e. VASP, Gausian, SIESTA, Dmol, CHARMM,
ABINIT, Gromacs, LAMMPs ect.
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The analysis of the data can also be performed using origin software to
plot different graphs of binding energies, comparison of the bond length,
angles and torsion angles. During this research work a series of learning new
techniques to modeling geometries, adjusting density functional theory
simulation input parameters, exchange correlation functions, interaction of
molecule with substrate, analysis of these interactions and their impact on the
structure, ground state energy calculation, charge interaction, implementation
of electric field in SIESTA simulation, development of partial bonds between
the molecules and surface were carefully studied and observed in the form of
numerical values and visualization.
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CHAPTER 4
CONTROLLED STIMULUS RETROVERSION OF
THE PERMANENT ATTACHMENT OF ADHESIVE
PROTEIN USING DENSITY FUNCTIONAL
THEORY
Abstract
The purpose of adhesive protein secreted by mussels is its interaction
with material objects to strongly attach for their survival in marine
environment. The adhesive protein interaction gravely damages the materials
surfaces to which mussels binds in terms of biofouling. The problems
associated with biofouling are stimulate corrosion, resistance and energy
wastage especially of marine vessels, and damage of biomedical implants such
as orthopedics, catheters and neural electrodes to name a few. Researcher are
still far to confront the permanent attachment of mussel adhesive protein or
even to revert it. An in-depth understanding of the underlying principle and
mechanism of such interaction can play a key role in designing new materials
and modifying the existing ones. In order to address the grievous problems
induced by permanent binding of adhesive protein, a novel as well as
challenging method is developed to electrically control the retroversion of
permanently attached adhesive proteins. Density functional theory (DFT)
based molecular dynamic simulation has been employed to minimize bio
fouling via adsorption and controlled retroversion; the detachment of
permanently attached adhesive protein by electrical stimulus.To imitate the
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adhesion of mussel protein,catechol and alanine from the mytilus edulis foot
protein chain was adsorbed onto silica (mineral) surface using density
functional theory (DFT). The permanent attachment of catechol and alanine
protein to the substrate was confirmed by the strong binding energy in this
study. In the second step, the retroversion of the permanent attachment could
be achieved by electrical stimulus to address colligated problems with bioadhesion, biomaterials engineering and bio-fouling. A biocompatible electrical
stimulus of 2 and 20 V/mm was applied to the strongly adsorbed material at
human body temperature (~310.15 K or 37 °C). The detachment of strongly
bonded catechol and alanine molecule demonstrated significant changes in the
bond lengths and binding energy. The reported new findings propose
permanent attachment of adhesive proteins to revert its atrocious
disadvantages.
Keywords:

Biofouling, adsorption; mussel, protein, catechol, alanine, silica

surface, coating, DFT, electrical stimulus, desorption, biomaterials, electrode,
implants

4.1

Introduction
The undesirable attachment of organism or nonliving substances to

material surfaces is the fouling, known to mankind since its birth [1-2].
Almost all material objects in terms of devices and implants [3-4], marine
vessels[5],

and

underwater

construction[1]

are

susceptible

to

biofouling.Acquiring natural antifouling mechanism is extremely complex to
be implemented in minimizing the effects of biofouling. Alternatively,
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researcher has developed an antifouling coating technique to downplay
biofouling consequences in terms of friction and resources wastage [6]. In
addition to reinstate biological functions, transplanted devices play crucial role
in medical treatment, but unfortunately it triggers immunogenic response
which results in biofouling [7-13]. The life threatening biofouling causes
serious infections which kills more than 99,000 people in the U.S in 2007 [14].
It is obvious that depositing adhesive protein on dissimilar materials is
a pre-requisite for the survival, mobility, and self-protection of a mussel.
Keeping in view the monstrous effects of biofouling, scientists are developing
multiple techniques to either fully control or derogate the problem. At the
earliest they adopted alike method of coating the substrate materials for
different application purposes.The commercially available synthetic adhesives
confront moisture-related problems to resist debonding of materials.
Consequently, researchers are doing their best to explore realistic ways to
mimic the mechanism of natural adhesives secreted by mussels [15-18]. The
strong mussel adhesion is ascribed to either hydrogen or covalent bonding.
The resemblance of mussel-inspired polymeric hydrogels to natural
tissues, self-adhesiveness and the extracellular matrix, high water content,
flexibility as well as their melody with human body made them suitable for its
utilization in coating materials [19-28]. Among multiple characteristics of
hydrogel, the most important one is it retain their shape and physical
properties

specifically

Conventionally

used

used
neural

in

biomedical

electrode

has

applications

several

issues

[29-36].
such

as

biocompatibility, slackening with the passage of time, and impedance to name
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a few. To resolve these issues adhesive protein based hydrogels are feasible
for neural electrode coating to substitute conventional neural electrode.
The mechanism of this organic-inorganic interaction at molecular level
is still a mystery. To uncover mystery of the mussel’s protein attachment
mechanism, the density functional theory might be a suitable tool to obviate
experimental limitations to fill in the gaps in understanding this phenomenon.
DOPA molecule is composed of two components i.e. phenyl and alanine [3738]. Several studies have been carried out on the phenyl part [15, 17, 39-44],
while the alanine part in comparison with catechol has not been investigated
and is, therefore, the focus of the present study. All the parameters used in the
previous studies [15, 39-41] have been kept in the same order for the sake of
comparison.
The beneficial use of permanent attachment of adhesive protein for
materials coating was attained and confirmed by the alanine adsorption energy
much stronger than catechol, glycine and L-DOPA on the silica surface from
the previous studies [15-16, 37, 39-41]. Functionalizing polymer with mussel
adhesive protein is exploited to revert biofouling behavior of adhesive
proteins. Up to date developed coatings cannot barricades biofouling [45-49].
For this purpose, we adopted a novel approach of a stimulus electric field on
the permanent binding of mussel foot protein[50-51] to denigrate the problem.
This idea has been implemented for the first time to observe the step-wise
detachment of the adsorbed amino acid protein from the silica surface.
According to author’s knowledge, nobody has implemented it to control the
permanent adhesion of mussel protein. The external electric field [52] in this

48

experiment has been kept at the lowest strength to be tolerable for the human
body i.e. 2 and 20V/mm at human body temperature to observe the effect of
electric field on the adsorbed material. Different simulations were performed
at human body temperature and other temperatures to clearly observe the slow
detachment of the adsorbed material from the silica surface. The successful
DFT simulation to explore the adhesion and detachment mechanisms is
expected to open new ways for its use in biomedical applications.

4.2

Computational Details
In this study, density functional theory simulations were performed

using the SIESTA package. The initially modelled structures were optimized
separately using the same parameters for the three considered geometries. The
initially modelled structure of silica (α-cristobalite) surface was drawn from
the unit cell of the relevant bulk structure having the tetragonal (P4121)
symmetry with lattice parameters a = b = 4.97Å and c = 6.93Å [15-16, 40-41,
53].A 3 x 3 supercell of the unit cell was considered to prepare the slab
comprised of 16 atomic layers in the surface normal direction. The top and
bottom layers of the surface silicon atoms were hydrogen terminated which
bonded the surface silicon with two hydroxyl groups (OH’s), called geminal
silanols [16-16, 54]. The Si and H atoms in the bottom layer were under
constrain in order to maintain the bulk properties of the system during the
optimization. The 16 atomic layers of thecristobalite system contain 198
atomsin total. To avoid periodic image interaction, a large simulation box ~40
Å inlength was considered in the surface normal direction to optimize the
silica surface [15-16, 40-41, 54].
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To perform DFT calculations for different configurations considered in
this study (i.e. the isolated system of the molecule, surface and their combined
geometries), a SIESTA simulation package was used [15-16, 39-41]. The
generalized gradient approximation (GGA) for the ‘exchange correlation
functional’ and the ‘exchange correlation authors’ revised Perdew BurkeErnzerhof (RPBE) [16] were applied within the SIESTA simulation software.
Adapting the Troullier and Martins scheme, core electrons were treated using
norm-conserving pseudopotential [55].
Double zeta with polarizations (DZP) was used for the treatment of
valence electrons using atomic orbitals with mesh cutoff 2.72 keV [15-16, 4041, 56]. A 3 x 3 x 1 k points in Monkhorst pack [57] scheme were used for
sampling at the Brillouin zone. All the calculations were performed using the
conjugated gradient method (CG) [58] with variable cell to fully relax the
geometries. During the optimization, the criterion for convergence was set to
be smaller than 0.04 eV/Å for maximal atomic force.
The separately optimized geometries of both the molecule (alanine)
and surface (001) were combined i.e. the optimized alanine molecule was
placed on the top of the optimized silica surface. Different orientations of
alanine molecule were considered on the silica surface to obtain the most
stable adsorption energy of the combined system. The alanine molecule was
initially positioned in such a way that the NH3 group and carboxyl group
became parallel to the silica surface. The separation distance between the
alanine molecule and silica surface was kept nearly 3Å above the normal to
the surface plane for different orientations. The silica molecule’s surface
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complex wasoptimized using the abovementioned optimization criteria. After
the geometry optimization, the binding energy ∆ was calculated using
equation (1)
∆Ε = −[Ε

(

)−Ε ( )− Ε ( )+

](1)

The notation E (Z) represents the energy of the system Z in the
geometry of Y using the basis set of X. Therefore, in the above equation,
E

(MS) is the energy of the molecule and surface complex, E (M) is the

energy of an isolated molecule i.e. (alanine) and E (S) is the energy of the
silica (001) surface.
The implementation of counterpoise correction method in the DFT
calculation was used to eliminate the basis set superposition error (BSSE) [1516, 40-41, 53, 59]given by equation (2)
δ

= [E

(M) − E

(MS)] + E

(M) − E

(MS)](2)

In the above equation, the molecule and surface energies were
calculated for the geometries taken from the molecule-surface complex
geometry.
(M),

(M) and

(MS) were obtained using the molecule,

surface, and molecule-surface (combined) structures, respectively. The
deformation energies of the molecule and surface,were calculated using
equations (3-4)
dE = E

(M) − E (M)(3)
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dE = E

(M) − E (M)(4)

The semi-empirical formula reported in Ref [60] was used to calculate
the dispersion energy term proposed by Grimme [53, 61]. The Grimme
correction does not describe the actual source of the interaction (fluctuating
dipoles) but rather its effect on the DFT mean-field effective potential.The
dispersion energy(

) between atoms i and j, is given by equation (5)

E

=

(5)

Where,S is the global scaling factor which depends upon the function
used (0.75 for PBE), and

is the geometric mean of the dispersive

coefficient of atom i.Rij is the interatomic distance and Rr is the sum of the
atomic radii [60]. The Grimme dispersion equation was summed over all
possible atomic pairs and considered the two-dimensional periodic boundary
condition with the least possible pattern [62].
In order to minimize the basis set superposition error (BSSE) [15-16,
40-41, 53] and calculate a relatively more accurate binding energy, only the
most stable (strongly bonded) geometry of the systemwas considered. An
energy shift was applied by decreasing the cutoff radius for the basis to the
most stable bonded geometry which increased the number of basis sets in the
double zeta polarizations. The applied energy shift significantly decreased the
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basis set superposition error (BSSE) without too much compromise on the
binding energy of the system.
The possible technological applications of the mussel protein adhesion
(adsorption) mechanism include; capsule endoscopy, drug delivery skin
patches, ship building, underwater construction, and dental cement etc. [37].
Keeping in view these applications, a human bearable external electric field
was applied to the strongly bonded geometry to observe its detachment at
human body temperature. This idea was implemented under two different
conditions i.e. peeling off through simple optimization and molecular
dynamics simulation. The simple optimization peeling off of the adsorbed
material resulted in extending the bond lengths from 1.64, 1.65, 2.20 and 2.44
Å respectively to 1.78, 1.75, 2.37 and 2.68 Å. Molecular dynamics simulation
demonstrated that the adhered molecule visibly raised up from the substrate
surface as compared to the lifting up in the simple optimization process.

4.3

Results and Discussion

Alanine, Silica, and Alanine Adsorbed on Top of the Silica Surface
Previously, the interaction of alanine molecule has been studied
computationally using density functional theory [63]. The present study
considered different orientations of the optimized alanine and placed it 3Å
above the silica surface to observe its adsorption onto the surface. The strong
binding of alanine [64] to the surface was found only in the case when the
alanine molecule was symmetrically laying down on the silica surface in the
XY- plane. This orientation of alanine molecule on the surface means that the
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carboxylic, OH, NH2 and CH3 parts were almost in the x-y plane of the silica
surface. At all the other orientations of the alanine, either one or two of its
parts were off the x-y planeof the surface. Only in the former case, the alanine
molecule formed four (4) hydrogen bonds with the surface silanols. The
lengths of hydrogen bonds with the surface silanols were 1.64, 1.65, 2.20 and
2.44 Å, respectively. The binding energy for a single hydrogen bond can be
figured out as the ΔE of the combined system divided bythe number of H
bonds formed by the adsorbed alanine with the substrate surface. This
implicated an average binding energy of 6.79 kcal/mol/H bond, which falls
withinthe range of the typical binding energy of a H bond (i.e. 0-26kcal/mol)
[65].In all the other cases, alanine molecule adsorbed onto the surface forming
just one hydrogen bond. The isolated optimized geometry of alanine molecule
is shown in Figure 1.
To increase the number of basis set, an energy shift was employed in
the DFT simulation to observe its effect on the binding of the alanine molecule
to the surface. It was observed that an increase in the number of basis set
drastically decreased the basis set superposition error while its effect on the
binding energy was minimal. Also, the alanine molecule was found to be more
tightly bonded with silica surface. This demonstrated that the adsorbed
molecule strength can be measured using the binding energy per hydrogen
bond formed during the adsorption process. If the binding energy per
hydrogen bond is higher, then the molecule will be strongly adsorbed
(adhered) to the mineral surface. The strong binding of the adhesive protein in
this study indicated the strength of mussel protein attachment to the material
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objects. Their strong attachment fouled the substrates and material objects for
their survival in marine environment. This strong attachment characteristic of
the mussel protein can be employed for coating the substrate materials for
different applications such as ECoG neural electrodes, medical devices (e.g.
sutures, implants etc.), hydrogels and conductive polymers.
In the present study, a novel idea was introduced to strongly adsorb the
alanine molecule onto the silica surface. An external electric field was applied
to investigate its effect on the adsorption of alanine to the silica surface in the
positive z-direction. This caused no further strengthening in terms of the bond
length of the adsorbed alanine on the surface or in terms of its binding energy.
Peeling off force technique is commonly used for the adhesive material [59] in
atomic force microscopy (AFM) to measure the strength of the adhered mussel
protein. For peeling off the adsorbed materials, an external electric field was
applied in the negative z-direction to see the detachment of the strongly
adsorbed alanine molecule on the silica surface. Interestingly, the application
of the electrical stimulation in the opposite direction successfully confirmed
the detachment of the strongly adsorbed molecule from the silica surface. In
order to verify this detachment of the molecule from the surface, external
electrical stimulus was applied to the adsorbed catechol on silica surface as
well. The results obtained under the stimulus (electric field) confirmed peeling
off the adsorbed catechol from the silica surface. The stimulus desorption of
the adhesive protein decreed that fouling or fibrosis could be possibly
minimized or eliminated easily. It also indicated that coating of all the
materials susceptible to fouling or fibrosis with adhesive protein could
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increase the hydrophobic nature of the materials. Furthermore, if biofouling or
fibrosis to adhesive protein coated material object occurs, the application of
electrical stimulus will not allow it to attach to it. The same procedure can be
followed for skin patches, implanted neural or other types of electrodes for
biomedical applications. The electrical stimulus can be implemented to the
fouled marine vessel, water filtration membranes, and medical devices coated
with adhesive protein. This may also be used for capsule endoscopy to
completely scan the internal system from top to bottom. Coating the capsule
with adhesive protein will help to stick itself inside a wet medium while the
electrical stimulus will help to move it in controlled manner.
The structural parameters for the α-cristobalite surfaceare given in
Table 4.1. A comparison of the calculated and experimental lattice parameters,
Si-O bond length (dSi-O), and the bond angle for the Si-O-Si, demonstrated that
the calculated values were almost consistent with the experimental results.
Table 4.1:

Optimized structural parameters of the bulk α-Cristabolite

Silica(α)

Lattices (Å)

dSi O(Å)

Cell Vol. (Å)

GGA Cal.

4.94, 7.03

1.66

171.9

137.3

Exp. [64]

4.97, 6.93

1.63

171.2

146.7

Exp. [66]

4.97, 6.92

-

171.1

146.5

SiOSi 

The measured bond lengths between different atoms of isolated alanine
and the adsorbed alanine molecule on silica surface are listed in Table 4.2. The
bond lengths for CH, CO, OH, C=O, CN, CC, and NH are denoted by
d1, d2, d3, d4, d5, d6 and d7, respectively.
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Table 4.2:

Structural variations of alanine adsorption on silica (SiO2)
surface for various alanine orientations

Alanine

d1(Å)

d2(Å)

d3(Å)

d4(Å)

d5(Å)

d6(Å)

d7(Å)

Isolated

1.11

1.35

1.00

1.22

1.477

1.55

1.02

AlnSiO2-a

1.11

1.37

1.04

1.21

1.482

1.55

1.03

AlnSiO2-b

1.11

1.36

1.03

1.21

1.474

1.55

1.03

AlnSiO2-c

1.11

1.36

1.04

1.21

1.472

1.55

1.02

AlnSiO2-e

1.11

1.33

1.02

1.23

1.475

1.54

1.02

It can be seen from Table 4.2 that the C-H bond length does not
significantly change after the alanine adsorption while in all the other cases,
the bond length either increases or decreases. The optimized geometry of
catechol and alanine is shown in Figure 4.1.

Figure 4.1:

Optimized geometry of isolated Catechol and Alanine
molecules.

4.4

Structural Properties of Isolated and Adsorbed Alanine
on Silica Surface
The variations in the bond length for the isolated silica surface and

alanine-adsorbed silica surface areshown in Figure 4.2 which demonstrates
structural variations in the silica surface silanols. The structural variations in
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alanine molecule, especially the variations in bond angle before and after
adsorption on the mineral surface are shown graphically in Figure 4.3. This
indicates that the organic molecule modifies itself from the initial optimized
geometry on the surface of the inorganic mineral surface. The strong bonding
of alanine to the surface can also be determined from the changes that occur in
the geometry of alanine. The variations in the structure were also determined
for other orientations of alanine on the silica surface as shown in Figure 4.4.
This demonstrates that variations in bond angles are prominent only in the
geometry of AlnSiO2-e (shown in red color) and it is the geometry in which
the alanine molecule sits in the XY-plane above the surface giving the highest
binding energy of alanine on the silica surface. Furthermore, the geometrical
variations in all the other orientations are not that significant as compared to
the AlnSiO2-e.

Figure 4.2: Bond length variations between isolated and molecules
adsorbedSiO2surface.
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Figure 4.3:

Angle variations between isolated and alanine-adsorbed
SiO2surface.

Figure 4.4:

Angle variations in isolated and alanine-adsorbed silica
surface in different orientations.
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4.5

Adsorption Geometry of Alanine and Catechol on Silica
Surface
The optimized geometries of both the silica surface and alanine

molecule were also considered. In order to avoid initial bond formation, the
optimum distance of alanine molecule above the substrate was kept 3 Å in the
surface normal direction. The DFT simulation parameters were kept the same
for all calculations in this work. Also, the alanine molecule was placed parallel
(in the XY-plane) to the silica surface in order to observe the formation of all
the possible bonds after complete optimization of the geometry. Alanine
molecule, surface silicon atoms and silanols are represented as balls and sticks
for visual clarity of the adsorption phenomenon while the solid dashed lines
representhydrogen bonds. The formation of four (04) hydrogen bonds to the
surface silanols were observed only for the geometry in which the alanine
molecule was placed 3 Å above the surface normal direction as shown in
Figure 4.5. Six different orientations of alanine molecule initially placed above
the surface were investigated to determine the strength of its adhesion onto the
cristobalite silica surface. The alanine adsorption laying in the XY-plane on
the silica surface demonstrated that this amino acid protein strongly adsorbed
onto the surface, consistent with the binding energy plot (Figure 4.6). The
other weakly bonded orientations of alanine on the silica surface are given in
the supporting information.
The energy shift and stimulus external electric field were applied only
to the strongly bonded geometry of the alanine molecule i.e. the geometry
which resulted in the formation of four hydrogen bonds with the silica surface.
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The applied energy shift caused a decrease in the basis set superposition error
without too much compromise on the binding energy of the system.
The marine mussel adhesion is a kind of permanent adhesion. The idea
of marine mussel adhesion was exploited to control and regulate these
permanent adhesion properties of mussel. An electrical stimulus was used for
the detachment of the strongly bonded mussel foot protein. It was discovered
during the optimization process under the influence of the external electric
field that the molecule slowly elongated the bonds, formed in the absence of
electric field shown in Figure 4.7. To further confirm the observed
detachment, molecular dynamic simulation was also run in the presence of the
external electric field which demonstrated an almost detached molecule from
the surface demonstrated in Figures 4.8 and 4.9.
The external electric field was also applied to the strongly adsorbed
catechol molecule to the silica cristobalite surface to make sure the role of
electric field in the detachment of the strongly bonded molecule. The catechol
molecule was bonded to the silica surface with four hydrogen bonds with bond
lengths of 1.74, 1.73, 1.93, and 1.82 Å in the absence of the external electric
field. When the field was applied to the adsorbed system in the simple
optimization procedure, these bonds elongated to 1.83, 1.80, 1.96 and 2.21 Å,
respectively in Figure 4.10.
Besides the DFT energy calculation, DFT based molecular dynamics
simulation was also performed to further explore the phenomena. The
simulation was run with GGA and RPBE as mentioned earlier in the text
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without applying any constraint on the geometries. Complete simulation input
information included NVT ensemble with electrical stimulus of 2 and 20
V/mm and 1 fs time step along with double zeta polarization. The temperature
was set to human body temperature with the MD force tolerance of 0.04
eV/Ang. The strongly bonded alanine and catechol molecules to the surface
were investigated in the MD simulation to observe the complete detachment of
both the molecules from the adsorbed state given in Figure 4.9 and Figure 4.11
respectively. It was noticed that both the molecules detached from the surface
in the binding energy plot shown in Figure 4.12. The catechol detachment is
more evident than the alanine molecule.
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Figure 4.5:

Simpleoptimized
Simple
geometry of alanine molecule laying in the
XY--planeadsorbed on Silica (001) surface.

Figure 4.6:

Adsorbed state binding energy plot for different

orientations of alanine molecule without the influence of stimulus electric
field on the silica substrate.

Figure 4.7:

Alanine molecule elongated its bonds length during

complete optimization process under the influence of electrical
stimulusfrom the adsorbed state.
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Figure 4.8:

The behavior of the adsorbed alanine molecule after the

application of the stimulus electric field at 93 steps of DFT based MD
simulation. The carboxylic oxygen bond length became 2.35Å, one of the
CH3 hydrogen bond lengths became 2.79Å, the OH part of alanine bond
length approached 2.23Å and one hydrogen
hyd
of NH2 bondlength became
3.04 Å with the surface silanols

Figure 4.9:

Complete detachment of the adsorbed alaninemolecule

from the surface due to an applied electric field of (2 and 20)
V/mm at body temperature. The top panel did not show any
bond and the bonds in the bottom panel are just shown for
clarity to see that the molecule is fully detached from the
adsorbed state

Figure 4.10: Elongation in the bonds between the catechol molecule with
the surface from 1.74, 1.73, 1.93, and 1.82 Å to 1.83, 1.80, 1.96 and 2.21 Å,
respectively, due to the influence of the external electric field. The top
panel represents the top view while the bottom panel shows the side view.
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Figure 4.11: MD Simulation of completely detached catechol molec
molecule
from the surface under the influence of the external electric field of (2 and
20) V/mm at human body temperature. The top and bottom panels do not
show any bond with the surface.

Figure 4.12: Comparison of both the alanine and catechol molecules
adsorption to the cristobalite silica surface and their detachment
(desorption) under the influence of external electric field which clearly
demonstrated that both the molecules were almost detached from the
surface.

Figure 13 illustrates design of a patch placed on the surface of skin.
The electrodes are embedded in the patch. Coating the patch with adhesive
protein (alanine), and the conductive polymers might be used as conducting
elements of the electrodes. Loading the patch with drug can be effective in
rapid wound closure. The patch can be loaded with drug and placed on the
skin surface. Adhesive protein coated patch will strongly adhere to the skin
surface. Conventionally patches are used for different applications but the
patch removal is generally a painful process. Mostly the sticky patches holds
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the skin hairs tightly which causes severe pain on the removal of the patch.
The patches designed with mussel adhesive protein hold the skin tight for
longer time and would be able to detach easily by providing electrical stimulus
to overcome the painful or harmful effects depicted in Figure 4.13. The
adhesive protein (alanine) mixed with conductive polymer can be used as
surface electrode to record the potential generated by the human body. It can
be also used as patch type electrodes which detect the signal from the body
surface such are ECG, EMG EOG, and EEG etc. The mussel protein (i.e.
alanine) is a fully biocompatible material and can be used as implantable
electrodes. The alanine mixed polymer based electrode can be used in the
implantable surface electrodes such as ECG electrodes array. It can be also
used as implantable neural electrodes which can be inserted in the brain such
as microelectrodes arrays. The adhesive protein can be also used as the neural
electrode coating for the commercially available neural electrodes which will
increase the biocompatibility of the neural electrode.Other aspects of using
mussel protein for the neural engineering need to be investigated in future
such as the use of alanine for coating of the electrodes for in-vitro culturing of
the neuronal network. The alanine can be used as the base material for the
implantable antennas to send information from the body to the external
devices. The stunt coated with adhesive protein used in the artery can
permanently stick to the artery wall. The stuck stunt to artery wall can be
removed using electrical stimulus tolerable for the human body shown in
Figure 4.14. Biofouling of marine vessels is another main problem caused by
marine organism which costs huge sums of money every year in marine
industry. The marine vessel outer surface is coated with antifouling polymer
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which is made by functionalizing polymer with L-DOPA
L DOPA to minimize
biofouling. Furthermore,
ermore, the application of electrical stimulus (2 and 20
V/mm) to the vessel outer surface can possibly remove the biofouling as
shown in Figure 4.15.
15.

Figure 4.13: Schematic view of the strongly attached mussel adhesive
protein coated electrode (top) and
and mussel adhesive protein coated
electrode raised up under the stimulus electric field.

Figure 14:

Schematic view of the mussel adhesive protein coated stunt

under the influence of a non-stimulated
non stimulated electrode strongly attached to the
stunt (top view) and detached under the influence of stimulated electrode
(bottom part).

Figure 4.15: Schematic of the proposedstimulus external electric field (2
and 20 V/mm) which can be used as antifouling to the ship exterior.

4.6

Experimental Proof Study:

4.6.1 Preparation of polymer coating:
The catechol-containing polymer,poly(dopamine methacrylamide-comethoxyethyl acrylate) (p(DMA-co-MEA)) was synthesized according to our
previously published protocol [67]. Titanium (Ti, 99.7%, 6.4-mm diameter)
rods (Alfa Aesar (Ward Hill, MA)) were cut into thin discs. 5µl of 10mg/ml of
p(DMA-co-MEA) in chloroformwas added ontoTi disk. The solvent was
allowed to evaporate to yield a coating with a coating density of 0.16 mg/cm2.

4.6.2 Application of electricity:
The anode consists of the Ti-coated with p(DMA-co-MEA), which
was connected to a graphene strip(Graphene Supermarket). Another graphene
strip was used as the cathode. Both the electrodes were submerged in an
electrolyte consisted of 500 L of 0.1 M NaCl buffered to pH 3. 5 V of
electricity was applied using a portable DC power supply(Extech
Instruments)for 5 minutes.

4.6.3 Fourier Transform Infrared Spectroscopy (FTIR):
FTIR spectroscopy (Perkin Elmer Spectrum One spectrometer) with
the attenuated total reflectance technique was used to determine the presence
of the p(DMA-co-MEA) coating before and after applied electricity. Before
application of electricity, FTIR spectra confirmed the characteristics peaks for
polyMEA (C=O 1732 cm-1) and catechol (-OH 2931 cm-1 and benzene rings
1447 cm-1) (Figure 4.16). After application of 5V for 5 minutes, there was
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significant reduction of the FTIR peak intensity indicating the detachment of
the p(DMA-co-MEA)
MEA) coating.

Figure 4.16: FTIR spectra of Ti and p(DMA-co-MEA)
p(DMA
before and after
applied electricity.
4.6.4 Contact Mechanics Adhesion Testing:
The interfacial binding property of the p(DMA-co-MEA)p(DMA
-coated Ti
was characterized using Johnson Kendall Roberts (JKR) contact mechanics
test [68]. A custom-built
built indentation device comprising
co
of a 10-gg load cell
(Transducer Techniques), high resolution miniature linear stage stepper motor
(MFA-PPD,, Newport), and a polytetrafluoroethylene indenter affixed with a
glass
lass hemisphere (ISP Optics Corp). The thickness and base radius of the
hemisphere
misphere are 2.9 and 3 mm, respectively.
respectively The indenter was compressed at 1
μm/s until reaching a maximum preload of 20 mN and remained in contact for
10 s before it was retracted at the same rate. The p(DMA-co-MEA)p(DMA
-coated Ti
was submerged in 500 L of 0.1 M NaCl buffered to pH 3 during the contact

cycle. Adhesion testing was performed before and after application of 5V for 5
min to the coating. The force-displacement
force displacement curves were used to determine
maximum pull-off
off force (Fmax) and the work of adhesion (Wadh) as previously
described[68].
Without applied electricity, the contact curve demonstrated a large
pull-off force (Fmax = 51  3.64 mN) signifying strong adhesion due to the
presence of the p(DMA-co-MEA)
p(DMA
coating (Figure 4.17).
). The contact curve
also enclosed a large area which corresponded to elevated work of adhesion
(Wadh= 1950  67.1mJ/m2). The p(DMA-co-MEA)
MEA) coating exhibited a
significant reduction in the level of adhesion after treatment with 5V (Fmax =
12  0.62 mN, Wadh = 460  10.1 mJ/m2). Thiss reduction in measured
interfacial binding property is associated with the dissociation of the p(DMA
p(DMACO-MEA) coating.

Figure 4.17:

Contact curves of p(DMA-co-MEA)-coated
p(DMA
coated Ti before and
after applied electricity.

4.7

Conclusions
This study aims to discuss the most suitable solutions of two main

problems associated with mussel adhesive protein. The strong and irreversible
attachment of the adhesive protein have severely affected various biomedical,
marine and other technological fields. Controlled adhesion and retroversion of
mussel protein will explore new dimension in multiple disciplines. To do so
catechol and alanine from the mussel protein sequence was adsorbed onto the
silica surface. The binding energy of alanine compared to the other studied
protein so far by the same group indicates the strong and permanent adsorption
that could be used for coating or bio fouling purpose. To overcome the
problems associated with bio fouling an electrical stimulus of (2 and 20)
Vmm-1 at human body temperature was applied to reverse bio fouling. It was
found that the permanently attached protein was successfully reversed in a
controlled manner similar to peeling off any substrate surface. Both the
investigated molecules were observed to detach from the surface due to the
stimulus (electric field) and raised up from the surface to almost to the same
position above the surfacewhere they were initially placed. Furthermore the
experimental study also confirms the adhesive strength of the mussel adhesive
protein decreases with the applied electricity.

4.8

Supplementary Information
The alanine molecule adsorption on the silica surface was studied in

detail to achieve its strong bonding onto the surface. Six different orientations
of the alanine molecule on the surface were considered to achieve strong
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bonding of this mussel adhesive protein. The initial position of alanine for all
the orientations was kept the same i.e. 3Å above the substrate surface. The
density functional theory (DFT) simulation study
study of the alanine molecule
reveals that only one geometry gives the highest binding energy by forming
four hydrogen bonds with the surface compared to the rest of the five different
geometries. Only one hydrogen bond formed with the surface silanols with
relatively
elatively less binding energy for other orientations in comparison to the
geometry laying in the xy-plane
xy plane above the surface as shown in the following
figures:

Figure 4.18: S1Optimized
Optimized geometry of the adsorbed alanine on silica
surface AlnSiO2_a making one hydrogen bond through the carboxylic
oxygen with the surface silanols. Top panel represents the top view and
bottom panel represents the side view.

Figure 4.19: S2 the
he optimized geometry AlnSiO2_b of alanine molecule
in which OH and NH2 part
art laying down towards the surface and OH part
of the alanine molecule formingonly one hydrogen bond with the surface
OH (silanols).

Figure 4.20: S3 the
he oriented geometry AlnSiO2_c of alanine adsorbed on
the Silicasurface through OH forming one hydrogen
hydrogen bond with the
surface silanols.

Figure 4.21: S4The alanine molecular geometry AlnSiO2_d adsorbed
vertically in the surface normal direction during optimization, bonding to
the surface by forming single hydrogen bond with the Silica surface.
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Figure 4.22: S5The geometry optimized is AlnSiO2_e in which the OH,
C=O and NH2 laying in the XY-plane above the silica surface forming one
hydrogen bond with the silanol of the surface clearly shown in the top
view of the top panel and side view in the bottom panel.
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CHAPTER 5
EXPLORING THE ROLE OF AMINO ACID
PROTEINSIN THE ADHESION OF MARINE
MUSSELS TO THE SILICA SUBSTRATE FOR
DIFFERENT TECHNOLOGICAL APPLICATIONS
AT THE NANOSCALE

Abstract
The interaction of amino acid proteins present in marine mussel adhesive, with
solid surfaces confront great challenges to understand in the field of
biomaterials engineering. The study will provide clue to materials engineer in
designing new one or modifying the existing materials. To enlighten the
characteristics ofamino acid proteins in such adhesion, we performed a
periodic density functional theory calculation for catechol, glycine and alanine
adsorption on to the silica surface and their detachment in the presence of
applied electrical stimulus. The binding energies wereobtained for the strongly
adsorbed molecules on (001) surface of α-cristobalite silica by making 3 to 4,
hydrogen bonds with the substrate. It is concluded that the contribution of
electrical stimulus was observed insignificant in the adsorption of molecules to
the surface. The electrical stimulus evidently changed from the strongly
adsorbed amino acid proteins (adhesive proteins) to the desorbed state.
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5.1

Introduction
Mussels produces an adhesive composite for the protective shells of

their habitations, these invertebrate have a remarkable ability of adhesion with
different surfaces in wet environment. They adhesive strategy starts with
elongation of their feet from the shell and attachit with the surface. After
growing a specific protein on the substrate, they retract back their feet inside
the shell to attached with the surfaces via freshly deposited plaque.
Manyrepetitions of such process established a strong adhesion typically
consisting of 10 to 40 plaques [1]. The study of these adhesive material hinder
experimentalist to study such biological systems due to the small execrated
quantity by mussels and also due to the irregular shapes of the surfaces used as
a substrate1. Many attempts have been made from the last few decades to
explore mussel adhesion mechanism, but till now very little has been known
and understood [2-3].The literature study if one can conclude is that mussel
adhesion to rocks, organic and inorganic surfaces is via 3,4 di hydro-oxy
phenyl-l alanine secreted by mussels.
The clear interpretation of mussel adhesion will lead easy apery to
captivate researchers for the potential applications in different fields such as
cell &molecular biology, tissue engineering, pharmacogenetics, dental
cements, and ship building [4-8].The research study performed so far
determinedthat the strong mussel adhesion is mainly due to the hydrogen bond
interaction or covalent bond formation. Presently, the molecular detail of
inorganic-bioorganic interactions is a big challenge for researcher to get
inside.
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A

theoretical

complicationsinexperimentation,canfillinthegapsin

probe,byaverting
our

understanding

of

mussels’ adhesion. It remains unclear how mussels demonstrate permanent
adhesion

in

the

dominant

environment

of

water,

especially

forahydrophilicsurface.Mefp-1 offers a good model for investigating marine
bio adhesion. The DOPA residue of Mefp-1 play a key role in sticking,
although many other residues have characteristics in participating adhesive
interactions whereas Mefp-1 consists of 75-85 repeating hexa- and
decapeptide domains with the sequence Ala-Lys-Pro-Ser-Tyr- Hyp-Hyp-ThrDOPA-Lys [9].
The mussel adhesive plaque 3, 4dihydroxy phenyl L-alanine
participate significantly in adhesion. Furthermore the researchers
observed that the catechol part of the dopa molecule is responsible for
strong mussel’s adhesion.The adhesion on amorphous silicashowed
that the catechol part of the dopa molecule is indeed responsible for the
strong binding of mussels with binding energy much greater than the water
binding energy [10]. But in mussel’sadhesion the contribution of alanine and
glycine has not been studied in detail.Nonila et.al has studied the alanine
interaction with silica surface but did not calculate the binding energy. We
here in made an attempt in finding the binding energy of some of the amino
acid proteinincluding the catechol, glycine and alanine with silica surface for
the sake of good comparison. We also studied the changesoccurred at the
surface due to the adsorption of these molecules.A comparison of this study
has been performed with experimental and computational studies. The recent
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experimental studyconsider the Alanine adhesion with silica surface [1112].Alanine, beside catechol is the other major part of 3.4 di hydroxy-phenyl L
alanine,andα-amino acid used for biosynthesis of protein which is also present
along with glycine in the adhesive protein chain.
Metallic surfaces such as titanium and gold were studied for the
adhesive adsorption while the silica surface is only studied for the catechol
adsorption to unveil the adhesion mechanism [10]. This study investigates the
interaction of alanine, glycine and catechol on the silica surface to understand
the strongly adsorbed adhesive protein mechanism.

5.2

Computational Details
We use density functional theory simulationswithin the SIESTA

software package. The considered geometries were initially modelled and
were optimized separately to find the ground state energies. The simulation
parameters were kept the same for the considered geometries. The modelled
geometry of the silica (α-cristobalite) surface was drawn from the bulk unit
cell with lattice parameters a = b = 4.97Å and c = 6.93Å having tetragonal
(P4121) symmetry [10, 13-16]. The sixteen atomic layer surfaceswere drawn
with a 3 x 3 supercell from the bulk unit cell in the surface normal direction.
The surface top and bottom layers were hydrogen terminated due to which the
surface oxygen were terminated with two hydrogen called germinal silanols
[15-16, 29]. The bottom layers were kept under constrains in order to maintain
the bulk properties of the system during the optimization. The total 198 atoms
formed the complete the surface for the adsorption of amino acid proteins.A
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large simulation box of~40 Å in the surface normal direction was considered
for the optimization of the surface [10, 13-17].
The generalized gradient approximation (GGA) for the ‘exchange
correlation functional’ and the ‘exchange correlation authors’ revised Perdew
Burke-Ernzerhof (RPBE) [14] were applied within the SIESTA simulation.
Coreelectrons were treated using norm-conserving pseudopotential to adapt
the Troullier and Martins scheme [18].
Within the basis set, double zeta with polarizations (DZP) was used to
treat valence electrons with mesh cutoff 200 Ry [10, 13-15, 19]. For sampling
at the Brillouin zone a 3 x 3 x 1 k points in Monck horst pack [20] scheme was
used. Using the variable cell to fully relax the geometries we used the
conjugated gradient method (CG) [21]. Thecriteria for convergence was set to
0.04 eV/Å for maximal atomic force during the optimization.
We combined the geometries of both the molecule and surface (001)
separately optimized i.e. the optimized catechol was initially placed 3Å above
the surface to avoid initial bond formation. After the geometry optimization,
the binding energy was calculated using equation (1)
∆Ε = − E(

)

− E(

)

− E(

)

(1)

The above equation can be explained in such a way that the notation E
with parenthesis represents the energy of the system for the geometry given in
the subscript using the basis set given superscript. Toeliminate the basis set
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superposition error (BSSE) we used the counterpoise correction method [10,
13-16, 22].
Thedispersion energy can be calculated using the semi-empirical
formulaproposed by Grimme [15, 23-24]. The effect on the density functional
theory mean-field effective potentialis due to the Grimme correction rather
than describing the actual source fluctuating dipoles.The Grimme dispersion
equation was summed over all possible atomic pairs and considered the twodimensional periodic boundary condition with the least possible pattern [25].
The applied energy shift significantly decreased the basis set
superposition error (BSSE) without compromising the binding energy of the
system. A human bearable electric field was applied to the strongly bonded
geometry to observe its detachment at human body temperature. This idea was
implemented under two different conditions i.e. peeling off through simple
optimization and molecular dynamics simulation. Molecular dynamics
simulation demonstrated that the adhered molecule visibly raised up from the
substrate surface as compared to the lifting up in the simple optimization
process.

5.3

Result and Discussion

5.3.1 Optimized Geometries of Alanine, Catechol, Glycine in the
Adsorbed State
Simulation study has been performed for the interaction of alanine,
catechol and glycine molecules using density functional theory [11]. Among
different orientations of the alanine only the strongly adsorbed geometry on
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the silica surface is considered in this study [26]. At this orientation of alanine
on the surface shows that the carboxylic, OH, NH2 and CH3 parts were almost
in the XY-plane
plane of the surface.
surface. Alanine molecule established four (4)
hydrogen bonds of lengths 1.64, 1.65, 2.19 and 2.44 Å, with the surface
silanols respectively. The binding energy for a single hydrogen bond can be
figured out as the binding energy (ΔE)
(Δ of the combined system divid
divided bythe
number of H bonds formed by alanine with the substrate surface. This
implicated an average binding energy of 6.79 kcal/mol./H bond, which falls
withinthe range of the typical binding energy of H bond (i.e. 00-26kcal/mol
26kcal/mol
[27]).The isolated optimized geometry of alanine molecule is shown in Figure
5.1.

Figure 5.1:

Optimized geometry of isolated Alanine, Catechol and
Glycine molecules.

Table 5.1:

Structural variations in bond length of isolated and
adsorbed alanine on SiO2surface

Alanine

d1(Å) d2(Å) d3(Å)

d4(Å)

d5(Å)

d6(Å) d7(Å)

Isolated

1.005 1.348 1.215

1.552

1.11

1.477 1.02

Adsorbed

1.072 1.337 1.224

1.551

1.112

1.485 1.02

d8(Å) d9(Å) d10(Å) d11(Å) d12(Å)
1.023 1.529 1.105

1.105

1.107

1.031 1.529 1.105

1.105

1.103

The variations in the geometry of alanine in isolated and adsorbed state
in terms of the bond length are clearly indicated in Table 5.1. These variations
indicate that how alanine molecule adopted the structural changes when it is
adsorbed on the silica substrate. The alanine adsorption on silica surface
severely affected the surface morphology both in the form of bond length and
angles variations. The variations in the geometries of the adsorbed molecule
and surface provide evidence of the strong adsorption of alanine molecule.
Alanine molecule in the adsorbed state to the surface is shown in Fig. 5.2 both
side and top view.
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Table 5.2:

Structural variations in angles of isolated and adsorbed
alanine on silica (SiO2) surface.

Alanine

1

2

Isolated

102.831

124.797 122.331 109.126 106.523 108.525 108.525

Adsorbed 99.206

3

4

5

6

7

122.693 127.243 109.818 108.193 108.077 107.665

8

9

10

107.455

114.957 112.018 111.622 112.811 108.528 102.832

109.206

116.084 111.894 110.806 113.447 107.39
15

11

16

12

17

13

14

99.206

18

107.298 111.622 108.525 109.523
107.842 110.756 107.78 108.193
The bond angles analysis of both isolated and adsorbed alanine presented in
Table 5.2, clearly indicate the effect of strong adsorption of alanine over the
silica surface. Alanine molecule evidently reorients its geometry in terms of
bond length and angles to achieve the strong binding to the surface shown in
Figure 5.2.
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Figure 5.2:

Optimized geometry of alanine adsorbed on the silica

surface showing
g four hydrogen bonds with the surface silanols in top and
side view

There are eighteen number of possible bond angles of alanine and each
angle of the geometry is visibly changed from the isolated geometry after its
binding to the surface. All the variations in the geometry of alanine after
adsorption contributed to the strong binding.Furthermore the same silica
surface was considered to adsorb another amino acid molecule glycine which

also exist in the mussel adhesive protein chain [28]. The variations in the
optimized geometry of glycine before and after its adsorption on the substrate
demonstrated significant changes depicted in Table 5.3. The values in Table
5.3 belongs to the bond length changes which is due to the binding of glycine
to the surface. We also measure the bond angle variations to observe the
geometrical variations in the glycine structure. The angle variations of both
isolated and adsorbed glycine on the silica surface is shown in Table 5.4. The
bond length variations in the case of glycine adsorption is more evident than
that of alanine and catechol adsorption on the same surface.
Table 5.3:

Structural variations in bond length of isolated and
adsorbed Glycine onSiO2 surface

Glycine

d1(Å) d2(Å) d3(Å) d4(Å) d5(Å) d6(Å) d7(Å) d8(Å) d9(Å)

Isolated

1.212 1.35

1.002 1.546 1.108 1.107 1.469 1.022 1.019

Adsorbed 1.216 1.331 1.727 1.562 1.103 1.103 1.493 1.045 1.039

Table 5.4:

Structural variations in Angles of isolated and adsorbed
Glycine onSiO2 surface

Glycine
Isolated

1

2

3

4

5

6

7

8

124.424 103.538 123.517 108.145 106.566 106.718 112.043 110.231

Adsorbed 129.389 88.815 116.685 109.895 110.025 108.827 114.09 109.588
9

10

11

12

13

14

15

110.066 114.744 113.256 112.829 107.783 111.338 126.119
109.244 109.243 112.884 113.918 108.322 101.831 109.699
Glycine also formed four hydrogen bonds with the surface silanols and
one hydrogen bond is formed with in the glycine itself.

Glycine in the
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adsorbed state to the surface established four hydrogen bonds with the ssurface
as shown in Fig. 5.3.
3.

Figure 5.3:

Glycine adsorbed on the silica surface forming four

hydrogen bonds with surface depicted in top and side view

According to bond length analysis of all the molecules the variations in
the glycine ismuch
much evident from the tabulated values but it does not portray
the strong binding to the surface. The strong binding is only attributed to the

binding energy per hydrogen bond formation with the surface. The greater the
binding energy per hydrogen bond formation the stronger the binding of
molecule to the surface. The structural changes in the catechol molecule in
terms of its geometrical bond length before and after its binding to the surface
is depicted in Table 5.5.

Table 5.5:

Structural variations of isolated and adsorbed Catechol
molecule in terms of bond length after optimization process

Catechol

d1(Å)

d2(Å)

d3(Å)

d4(Å)

d5(Å)

d6(Å)

d7(Å)

Isolated

0.977

1.364

1.400

1.098

1.404

1.098

1.402

Adsorbed 0.991

1.377

1.403

1.098

1.402

1.097

1.404

d8(Å)

d9(Å)

d10(Å)

d11(Å)

d12(Å)

d13(Å)

d14(Å)

1.097

1.406

1.100

1.397

1.415

1.377

0.968

1.097

1.402

1.098

1.400

1.412

1.395

0.985
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Table 5.6:

Angle variations of the relaxed Catechol molecule in
isolated and adsorbed form after the optimization

Catechol
Isolated

1

2

3

4

5

6

7

8

107.062 119.671 120.711 118.516 119.702 121.781 119.593 120.455

Adsorbed 109.996 121.395 119.042 118.575 119.684 121.727 119.426 120.722
9

10

11

12

13

14

15

119.952 120.37 120.177 119.452 120.715 119.359 120.687
119.849 120.521 119.658 119.82 121.851 119.897 120.468
16

17

18

19

20

119.617 119.926 125.867 111.269 113.446
119.563 118.252 120.334 108.261 119.197

The angle variation is clearly evident from the tables in all three
molecules which means that during the adsorption how the molecules modifies
its geometry for the strong binding to the surface. The geometrical variations
have critical role in the strong binding of molecules. In the next step the
separately optimized geometries of molecule and surface were combined i.e.
the optimized alanine molecule was placed above the optimized surface in the
surface normal direction. The initial separation distance between molecule and
surface was such that no initial bond formed before starting the optimization
process (Simulation). The optimization criteria for convergence was set to the
maximum force tolerance less than the specified value. The fully relaxed
geometry of the combined system was obtained in which the alanine molecule
formed four hydrogen bonds with the surface silanols.
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The same optimization criteria was adopted for the catechol and its
adsorption on the surface. The variations occurred in the isolated and adsorbed
catechol after simulations are presented in table5.5 and5.6. It also makes four
hydrogen bonds with the surface silanols to attach itself to the surface. The
catechol with different hydrogen bonds of length 1.73, 1.74, 1.82 and 1.93 Å
respectively attached itself with the substrate surface. The morphology of
catechol binding to the surface has shown in Fig. 5.4 which clearly
demonstrates the four hydrogen bonds.
To increase the number of basis set, an energy shift was employed in
the DFT simulation to observe its effect on the binding energy of all the
molecules adsorbed on the surface. It was observed that an increase in the
number of basis set drastically decreased the basis set superposition error
while its effect on the binding energy was minimal. This demonstrate that the
adsorbed molecule strength can be measured using the binding energy per
hydrogen bond formed during the adsorption process. If the binding energy
per hydrogen bond is higher, then the molecule will be strongly adsorbed
(adhered) to the mineral surface.
The strong binding of the adhesive protein in this study indicated the
strength of mussel protein attachment to the material objects. Their strong
attachment fouled the substrates and material objects for their survival in
marine environment. This strong attachment characteristic of the mussel
protein can be employed for coating the substrate materials for different
applications such as ECoG neural electrodes, medical devices (e.g. sutures,
implants etc.), hydrogels and conductive polymers.
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Figure 5.4:

Adsorbed geometry of Catechol establishing four hydrogen

bonds with silica substrate presented the top and side view
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The effects of the amino acid molecules adsorbed on the silica surface
can be observed in Fig. 5.5. It is evident from the figure that how the three
molecules drastically affects the surface silanols bond length. The variations
are visible in all the three molecules adsorption cases than the un-adsorbed
surface silanols. At the silanols no. 9, 12, 14 and 15 the surface silanols extend
itself to bind to the glycine at certain distance above the surface while in the
case of catechol and alanine adsorption the change in the silanols bond length
is comparatively less. Visible changes can be observed in the silanols bond
length due to attachment of the molecules in Fig. 5.5. The elongated silanols
bond length to the molecules shows that whether it is strongly adsorbed or not,
greater the elongation of silanols mean weakly bonded the molecule is.

Figure 5.5:

Variations in the bond length of Surface Silanols before and

after adsorption of organic molecules (Glycine, Catechol and Alanine)
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The geometrical distortion occurred due to the adsorption of adhesive
protein on the silica surface, drastically change the angles of surface silanols.
The angle variations of the surface silanols are demonstrated in Figure 5.6.
The angle variations from the mean position i.e. “isolated silica data” fluctuate
in all the three molecule case of alanine molecule while in the other two
molecules some points fluctuate only. The stronger the fluctuation of data
from the isolated silica the stronger the attachment of molecule to the surface.
The angle fluctuation in the catechol case is dominant than alanine and
glycine.

Figure 5.6:

Variations in the geometry of surface silanols due to the

adsorption of all three molecules in terms of bond angles
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Figure 5.7:

Comparative binding of the three adsorbed amino acid in

mussel adhesive proteins and reversing the strongly adsorbed proteins
under Stimulus Electric Field
In this study, a novel idea was introduced to reverse the permanent
attachment of mussel adhesive protein to a controllable attachment and
detachment. An external electric field was applied to investigate its effect on
the adsorption of molecule to the silica surface along the z-direction. This
caused no further strengthening in terms of the bond length of the adsorbed
molecules on the surface or in terms of its binding energy. Peeling off force
technique is commonly used for the adhesive material [22] in atomic force
microscopy (AFM) to measure the strength of the adhered mussel protein. For
peeling off the adsorbed materials, an external electric field was applied in the
negative z-direction to see the detachment of the strongly adsorbed molecule
on the silica surface. Interestingly, the application of the electrical stimulation
in the opposite direction successfully confirmed the detachment of the strongly
adsorbed molecule from the silica surface. To further verify the detachment of
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the molecule from the surface, external electrical stimulus was applied to the
adsorbed i.e. catechol and glycine on silica surface. The results obtained under
the stimulus (electric field) confirmed peeling off the adsorbed catechol and
glycine from the silica surface. The stimulus desorption of the adhesive
protein decreed that fouling or fibrosis could be possibly minimized or
eliminated easily. This phenomenon is shown above in Figure 5.7. It also
indicated that coating of all the materials susceptible to fouling or fibrosis with
adhesive protein could increase the hydrophobic nature of the materials.
Furthermore, if biofouling or fibrosis to adhesive protein coated material
object occur, the application of electrical stimulus will not allow it to attach to
it permanently. The same procedure can be followed for skin patches,
implanted neural or other types of electrodes for biomedical applications. The
electrical stimulus can be implemented to the fouled marine vessel, water
filtration membranes, and medical devices coated with adhesive protein. This
may also be used for capsule endoscopy to completely scan the internal system
from top to bottom. Coating the capsule with adhesive protein will help to
stick itself inside a wet medium while the electrical stimulus will help to move
it in controlled manner.

5.4

Applications:
Figure 7 illustrates design of a patch placed on the surface of skin. The

electrodes are embedded in the patch. Coating the patch with adhesive protein,
and the conductive polymers might be used as conducting elements of the
electrodes. Loading the patch with drug can be effective in rapid wound
closure. The patch can be loaded with drug and placed on the skin surface.
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Adhesive protein coated patch will strongly adhere to the skin surface.
Conventionally patches are used for different applications but the ppatch
removal is generally a painful process. Mostly the sticky patches holds the
skin and skin hairs tightly which causes severe pain on the removal of the
patch. The patches designed with mussel adhesive protein hold the skin tight
for longer time and would
would be able to detach easily by providing electrical
stimulus to overcome the painful or harmful effects depicted in Figure 5.8.

Figure 5.8:

Schematic implementation view of the strongly attached

mussel adhesive protein coated electrode (top) and mussel adhesive
adhesive
protein coated electrode raised up under the stimulus electric field.

5.5

Conclusions
Amino acids proteins are the key factors for the existence of life on

earth. The strong and irreversible attachment of the mussel adhesive protein
rely on the amino acid exist in greater amount in the mussel foot proteins.
Their attachment to a number of hydrophilic and hydrophobic surfaces gives
foot print for coating, joints, filling gaps or cavities etc. in biomedical, marine

and other technological fields. Controlled adhesion and retroversion of the
amino acid protein in marine mussel will open new dimension in multiple
disciplines. Alanine, catechol and glycine from the marine mussel protein
sequence were adsorbed onto the silica surface. The binding energy of alanine
compared to glycine and catechol molecules indicated strong and permanent
binding which mussel’s used for coating or biofouling purpose. This strong
and permanent binding of marine mussels can be controlled with an electrical
stimulus. It was observed that the permanently attached proteins were
successfully reversed in a controlled manner similar to peeling off the
substrate surface. The adhesive strength of the mussel adhesive protein
decreases with the increased in applied electricity.
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CHAPTER 6
THE ADSORPTION OF LYSINE AND PROLINE
FROM THE MUSSEL ADHESIVE PROTEIN ON
SILICA SUBSTRATE USING DENSITY
FUNCTIONAL THEORY APPROACH
6.1

Introduction
It is well known that marine mussel secrete adhesive proteins (MAPs)

to utilize their adhesive ability to form strong bond to different substrates in
marine environment[1-5]. Efforts have been made for the isolation of these
proteins to design adhesives for biomedical applications [6-8].Manmade
polymers are potentially equivalent adhesives, despite of knowing very little
about the functions of MAPs. The catechol functionality of DOPA is believed
to be the main reason for binding and cross-linking but its binding
mechanisms is still a mystery. Analytical complication arises due to the
potential participation of polar residues and L-lysine in the reactions [1-2].It is
determined from the amino acid protein derivatives and simple copolypeptides that adhesive used for curing only, DOPA has the ability to
reproduce mussel adhesive proteins properties [3-5,9].In addition to catechol
and oxidized form (o-quinone) of DOPA has the primary role in adhesive
bonding and cross-linking respectively [10-12]. The blue mussel, Mytilus
edulis is the widely studied MAPs. The mussel firmly fix itself to the substrate
by an adhesive plaques of the byssal thread. The mass of the proteins range
from ca. 5 to 120 kDa, containingDOPA high levels of 5-20 mol % [13]. The
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composition also contain polar amino acids i.e. prolines, lysine, and 4hydroxyarginine at the high levels. The non-uniformityin sequences,
composition and chain lengths induces difficultyto identify the responsible
protein playing important role in adhesion. The main cause for the high
reactive oxidized (quinone) functionality is the presence of catechol oxidize
enzymes in mussel adhesive proteins [14]. Numerous reactions have been
proposed to replicate cross-linking of the quinones, yet none of these have
been experimentally verified in MAPs [1-2]. The mytilus edulis foot protein
(Mefp-1)contain 50% of theaminoacids in the form of mono- or dihydroxylated. The lysine residues contain 20% of the total protein. It is
strongly believed that the hydroxyl- and amine-functionalized residues are
contributingin

the

strong

adhesion

of

Mefp-1tometalsandhydrogen-

bondingsubstrates.
To study the Mefp-1 and peptide analogues potential application for
commercial purpose is the relationship of the structure and function.The
tensile strength is determined for the primary sequence of Mefp-1, to know its
mussel adhesion contribution [15-17]. The possible mucoadhesive properties
of mefp-1 are promising as a cellular adhesive[18-20]. TheMytilus edulis foot
protein (Mefp-1) thin ﬁlms adhesion and stability were also studied on various
substrates [20, 22-26].Thesestudies revealed that DOPA and lysine residues
mainly contribute to protein adhesion, even though the adhesive substrate
interaction was not exactly characterized.
To enlighten the adhesion contribution of DOPA and Lysine in Mefp-1
adhesion, their adhesion strengths was analyzed in homo and co-polymers
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ﬁlms on the substrate of aluminum [9]. Analysis reveal that adhesion to
aluminum substrate was only due to DOPA. The homopolymer poly(LDOPA) adhesive strength is almost 10 times that of poly(L-Lys)[9]. Mian et
al. computationally demonstrated that the adhesion of mussel adhesive
proteins is only because of the catechol part of the Dopamolecule.Beside this
the catechol part of L-DOPA adhesion on the silica substrate was demonstrate
both in dry and wet environment. Furthermore the O-quinone oxidized form of
L-Dopa strongly crosslinked to the transition metal.

6.2

Computational Details
The SIESTA simulation package based on density functional theory

simulations was used for the adhesive protein components i.e. lysine and
proline. The initially modelled geometries were optimized for the ground state
energies of the isolated molecules. The simulation parameters were kept the
same for the considered geometries. The same modelled geometry of the silica
(α-cristobalite) surface was used with lattice parameters a = b = 4.97Å and c =
6.93Å having tetragonal (P4121) symmetry [3-5, 27-28].The total 198 atoms
formed the complete the surface for the adsorption of amino acid proteins.A
large simulation box of~40 Å in the surface normal direction was considered
for the optimization of the surface [3-5, 27-29].
The generalized gradient approximation (GGA) for the ‘exchange
correlation functional’ and the conjugated gradient molecular dynamic
simulation with the revised version Perdew–Burke–Ernzerhof functional [5]
were applied within the SIESTA simulation. Coreelectrons were treated using
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norm-conserving pseudopotential to adapt the Troullier and Martins scheme
[30]. Within the basis set, double zeta with polarizations (DZP) was used to
treat valence electrons with mesh cutoff 200 Ry [3-5, 27, 31]. For sampling at
the Brillouin zone, a 3 x 3 x 1 k points in Monckhorst pack [32] scheme was
used. Using the variable cell to fully relax the geometries we used the
conjugated gradient method (CG) [33]. Thecriteria for convergence was set to
0.04 eV/Å for maximal atomic force during the optimization.

6.3

Results and Discussion
The initially model geometries of lysine and proline were optimized

using the SIESTA simulation package. First the optimized lysine was placed
3Å above the surface to observe its interaction with the surface. The same
procedure was adopted for the proline molecule. It was observed that the
lysine molecule form five hydrogen bonds with the silica surface silanols as
shown in Figure 6.1.
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Figure 6.1:

Optimized Geometry of the strongly adsorbed Lysine on
Silica substrate

The bond distance of each hydrogen bonds were 2.523, 2.360, 2.533,
2.538 and 2.402 Å respectively. Average bond length of the five hydrogen
bonds were almost of 2.471Å representing the strong binding of the amino
acid protein to the silica substrate. In Figure 6.2 the effect of the adsorbed
lysine on the bond length of the surface silanols is comparative to that of
glycine and catechol.
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Figure 6.2:

Comparative adsorption of Lysine, Glycine and Catechol on
the Silica surface

The bond length of the adsorbed lysine on surface silanols number
five, twelve, thirteen and fifteen is longer suggesting loosely bonded to the
surface as compared to that of catechol adsorption to the surface. While the
glycine is loosely bonded at the surface silanols number eight, Nine, twelve,
fourteen and fifteen to that of catechol. This indicate that catechol part of the ldopa molecule strongly bonded to the surface than any other amino acid
protein adsorption to the surface. In other sense the catechol molecule during
adsorption come closer to the silica surface while the glycine and lysine create
their contact with surface from longer distance at certain points.
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Figure 6.3:

Proline adsorbed on the Silica surface forming four

Hydrogen bonds with Silica Surface top and side view.
The adsorption of proline to that of the glycine and lysine is strongly bonded
to the surface silanols as shown in Figure 6.3. During the optimization process
proline connect itself to the surface silanols by forming four hydrogen bonds.
In Figure 6.4 proline slightly affect the surface silanols suggesting that the
adsorption is very strong to the silica surface.
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Figure 6.4:

Lysine and Proline Comparative adsorption with catechol
and Glycine on the Silica surface

.
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