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Barnacles adhere themselves robustly and permanently to diverse underwater substrates through strong interactions of a multi-protein complex layer called the "cement". However, the intermolecular interactions responsible for the strong adhesive properties of the barnacle cement remains poorly understood. A central hypothesis of this thesis is that underwater properties of the cement complex are intimately linked to the molecular characteristics of cement proteins (CPs) forming the cement complex.

Previous studies have shown that the cement is made of amyloid-like nanofibrils that may contribute to adhesion. However, the protein responsible for the formation of these nanofibrils remain unknown. In this study, the nanoscale morphological features of recombinant cement proteins (CPs) from the barnacle Megabalanus rosa (MrCP19 and MrCP20, with the numbers indicating molecular weight of 19 kDa and 20 kDa respectively) were characterized by Circular Dichroism (CD) measurement, Thioflavin T (ThT) assay, Atomic Force Microscopy (AFM), and Transmission Electron Microscopy (TEM), suggesting the potential to form nano-fibrillar structures under certain conditions. Based on the proteins' primary structure and surface morphology, mechanical, biochemical, and antimicrobial studies were conducted to understand the unique roles of these interfacial proteins on barnacle growth and surface attachment process, for instance biomineralization and biodegradation control. Measurements using Surface Force Apparatus (SFA) and Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) illustrated that electrostatic interactions play a key role in surface adsorption and adhesion of MrCP19 and MrCP20. In addition, the mutual influence of barnacle base plate growth (calcium carbonate mineralization) and the adjacent cement protein MrCP20 fibrillation was investigated using self-assembled monolayer (SAM) functionalized gold surfaces, Raman spectroscopy, QCM-D, X-ray photoelectron spectrometer (XPS), and Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). Concurrently, the influence of the external Abstract xxvi substrate adjacent cement protein MrCP19 on bacteria cells which are present in biofilm on underwater surfaces in marine environment was demonstrated using different microbiology tests including zone of inhibition test, Minimum inhibitory concentration (MIC) assay, TEM, fluorescence study, and so on. More interestingly, an intriguing hypothesis regarding amyloid fibrillation process and antimicrobial activity was suggested.

Based on these preliminary examinations, the two interfacial CPs showed distinctive potential responsibilities on barnacle settlement not only with its adhesion but also with other functional roles at the interfaces. This work will improve our knowledge about individual contributions of MrCP19 and MrCP20 in cement complex and hence in overall underwater adhesion capacity of barnacles. In this regard, the thesis aims at providing molecular guidelines towards the development of CPs inspired polymeric (peptide or protein based) mimics from this bio-adhesive molecular system.

I would like to express my sincere gratitude to people who supported my research not only in a technical aspect but also internally. I appreciate my supervisor Prof. Ali Miserez in Nanyang Technological University (NTU), who guided and influenced me the most with his strong support, academic guidance, and motivation. His good insight and consistent passion for research helped me proceed the professional career on the right direction with a good discern of the goal, by overcoming obstacles and difficult times. His patience and kind understanding enabled me to focus on work even during the Covid time and multiple lockdowns. Prof. Souhir Boujday in Sorbonne Université (SU) has offered huge guidance and insightful advice as a co-supervisor to improve research ideas and improve my project in her lab. It would not have been possible for me to continue my work and life in Paris without her warm supporting. She encouraged and motivated me greatly to focus on the most important things and to make the right choices when I faced difficulties. Prof. Chandra Shekhar Verma in Bioinformatics Institute, A*STAR, has provided excellent guidance for the project with his discerning advice as a mentor.

I am also sincerely grateful to Prof. Yu Chua Jia Qing Isaiah, Loke Jun Jie, Soon Wei Long, Kenrick Koh, and Sun Yue. I am thankful to my colleagues in LRS, for their constant motivation and encouragement, enthusiastic scientific discussions we had, and warm-hearted supporting, including Dr. David Hu, Dr. Yacine Mazouzi, Dr. Vincent Pellas, Dr. Somia Tomane, Dr. Nadia Nazi, and Mathieu Nicolas. Special thanks to Jining Wang from MSE as a great collaborator and a great friend, for sharing countless intellectual discussions with me during these few years. All these people willingly provided me with valuable tips for my professional and personal growth. The work done and written in this paper was possible by virtue of all the support given by these great colleagues around me. CD spectra of the bulk cement from the same barnacle originally settled as cyprids on quartz and CaF2 (green, dashed) and "secondary cement" (blue, solid; referring to cement used for reattachment). 35 different amino acids at an amino acid-to-calcium ratio of 2:1, and (B) Chemical structure and isoelectric point (pI) of amino acids used. The amino acids' side-chain acidity is directly related to the greater ability to inhibit crystal growth. 115 (C) Ion-residue interactions shown with MrCP20 in a white cartoon, interacting residues in cyan sticks, the interactions in dashed lines. 71 (D) MrCP20 adsorption onto the {101̅ 4} face of a calcite surface. MrCP20 is displayed as a cartoon and the interacting protein residues (cyan) and calcite surface are in stick representation. 71 

Table of Contents viii

Table of Figures

Problem Statement and Hypothesis

Barnacles are unique sessile crustaceans, recognized as the dominant hard shelled marine biofoulers. Combined with their gregarious nature, barnacles attach themselves to diverse foreign materials such as hull of ship, rocks, bivalve shells, and even on other barnacles' shells. 1 Their underwater adhesion is so robust that external forces cannot detach the adhesive joint without breaking the calcified shells of barnacles. Therefore, colonization or biofouling by barnacles damages ships' hulls and port infrastructures, causing serious economic problems especially to the shipping industry. 2 It also creates high friction between water and the hulls, thus reducing the ship's efficiency and increasing fuel consumption. [3][4][5][6] To mitigate these problems, antifouling coatings have been designed for underwater surfaces, which either showed unsuccessful results or were toxic to the marine ecosystem. 4 In the past decade, molecular strategies used by biofouling organisms for underwater adhesion have been studied in greater details in order to overcome the drawbacks of existing antifouling coatings. Indeed, a wide range of living organisms exhibit underwater adhesion 7 in a way that is still unmatched with their synthetic counterparts. Therefore, it is important to understand barnacle adhesion in order to improve strategies to combat fouling.

Biological adhesion has been studied successfully in mussels, which aggressively attach themselves to solid surfaces via protein-based filaments called the "byssus". [8][9][10] In contrast to the now well-established adhesive strategies of mussel adhesive proteins, very little is known about the barnacle holdfast system. Understanding the adhesion mechanism of barnacles at the same level of mussel adhesion will contribute to the development of eco-friendly antifouling coatings.

This project uses the common acorn barnacle Megabalanus rosa to study its molecular mechanism of underwater attachment. It exhibits unique adhesion by its multi-protein complex, "cement", which is secreted and cured underneath the base plate. As of date, amyloid fibrils, the mainly observed structure from the native cured cement, have been prominently believed to involve in the underwater adhesion. 11 Meanwhile, Kamino (2013) 12 has identified 5 unique proteins composing the cement and suggested their possible locations in the cement based on amino acid compositions and investigations from adsorption studies on various substrates. It has been suggested that hydrophobic MrCP100 and MrCP52 form the bulk of the cement, hydrophilic MrCP20 and MrCP68 constitute the interface between barnacle base plate and the cement, whereas hydrophilic MrCP19 is located at the bottom of the cement gland interacting with the foreign substrate. So far, experimental evidence confirming these proposed interactions is still sparse. The structure of the listed cement proteins in solution, their self-assembly (fibrillization) in the final cured state on the surface, and specific functional roles of each protein have not been fully clarified.

The current project specifically focuses on MrCP19 and MrCP20 that have been suggested to be located in the interfacial layers of the cement to perform the critical role of surface interaction. In addition, both proteins are known to be soluble after recombinant expression 13,14 , thereby facilitating in-depth characterization by surface sensitive techniques to elucidate the hypothesis. This work aims to correlate the primary structure of these cement proteins with their three-dimensional conformation and their resulting behavior on distinct model surfaces. Furthermore, additional potential functional roles of these proteins will be discussed, which will be necessary for surface adhesion and the barnacle growth process.

Consequently, these results will contribute to current knowledge of adhesive strategies of barnacles, and therefore provide bioinspired solutions to engineer synthetic yet biocompatible adhesives that are durable in wet environment, which is a longstanding issue in the biomedical field. 12,15

Objectives and Scope

A better understanding of barnacle adhesion at molecular level is targeted and will be achieved by characterizing the two interfacial cement proteins, MrCP19 and MrCP20.

Molecular level observations suggesting different functions of these recombinant cement proteins will demonstrate the physiology and evaluate the adhesive process of barnacles. The specific research goals of the project are the following:

i. Identify the morphology and surface characteristic of two soluble cement proteins MrCP19 and MrCP20 under acidic and basic pH conditions. This will be useful to gain knowledge on their individual properties on surfaces.

ⅱ.

Compare and analyze the nano-scale adsorption behavior and adhesion energy of MrCP19 and MrCP20 on mica and metal oxide surfaces mimicking the chemical environment of the immersed substrates for the above tested conditions.

ⅲ. Examine molecular-level coordination of MrCP20 with calcium carbonate to understand the protein's functional role participating in base plate biomineralization, and ultimately its contribution to regulating the growth of barnacles' shells.

ⅳ. Investigate the potential anti-microbial activity of MrCP19 on gram-positive and gramnegative bacteria. These results will elucidate one of the additional role of the cement, namely how it prevents bacterial degradation in the marine environment.

The thesis comprises seven Chapters to address the objectives above. Chapter 1 provides the basis and motivation for this PhD, and Chapter 2 introduces a comprehensive background of barnacle cement proteins. The objectives i -ⅳ will be presenting in Chapter 3-6, respectively, with the conclusion in Chapter 7.

Expected Outcomes

The current study characterizes recombinant cement proteins MrCP19 and MrCP20 to enhance the overall understanding of underwater adhesion of barnacles. Different observations on their structural behavior, surface morphology, surface interaction energy, mutual influence on biomineralization, and antimicrobial function will be performed to attain the above listed objectives, and the expected outcomes are outlined as follows:

i. Characterization of structural features of MrCP19 and MrCP20 on surfaces, based on understanding of their primary structure and conformational changes upon surface attachment. Biophysical analysis of the proteins in solution should be precedented to demonstrate critical process of surface adsorption.

ⅱ. Identification of intermolecular forces controlling surface adhesion. Interaction of MrCP19 and MrCP20 on surfaces will be investigated, and plausible hypotheses for interprotein interactions will be demonstrated. Adhesion is not only attributed to surface attachment but also to cohesive interactions of the bulk material.

ⅲ. Identification of structurally constrained domains of MrCP19 and MrCP20 to be used as motifs for controlled self-assembly into fibrils. Subsequently the generated nanofibrils will be investigated for surface adhesion measurements in order to help understand the role of nanofibrils observed on surfaces of the native cement.

iv. The role of MrCP20 in regulating mineralization of the shell will be studies to bring insights into the protein's multifunctional role and understand barnacle's strategies at the interface.

ⅴ. Bacterial membrane disruption mechanism of MrCP19 with regard to its putative fibrillation behavior into amyloid-like nanofibrils and possible applications will be discussed. The barnacle's lifecycle begins with the pelagic suspension-feeding nauplius stage.

Chapter 2 Literature Review

Depending on the larva's perception of surrounding habitat condition and proper diet, it undergoes metamorphosis to the cyprid at appropriate timing for ideal age, size, and lipid reserves. 3,4 When the non-feeding cyprid larva stage is reached, they start to explore potential surfaces with modified antennules, depositing footprints. 5,6 Once the cyprids successfully locate a conducive surface to settle down, they undergo metamorphosis into a juvenile barnacle changing its shape within 6-10 hours. [7][8][9][10][11][12][13][14][15][16][17] The juvenile grows into an adult by expanding its base and side plates with molting and calcification. 1 Adhesion is crucial for the survival of barnacles during the transition from cyprid larvae to juvenile state, and necessary to maintain permanent attachment as the juvenile grows into an adult barnacle. 18 As a result many studies have been done on barnacles, starting from their premature state. 8,15,19,20 Adult acorn barnacles are protected by a hard, volcano-shaped calcareous shell protecting their soft body tissue. Every few days they undergo periodic molts, where the base plate laterally extending while the outer shell expands in height by calcification at the bottom edges adjoining the base. 21,22 Organic compounds or cellular tissue within the parietal and base plates have been suggested to play roles in osmoregulation, biomineralization, and interlocking system at the growing boundary. [23][24][25] Most of barnacle

exoskeleton is known to consist of calcite and small percentage (less than 3 %) of organic material. 22,26,27 Calcite crystals are heterogeneous in their size, shape, and orientation, resulting in a biomineralized structure resistant against mechanical fracture. [27][28][29] The adhesive secreted underneath the base plate allows the barnacles to firmly and permanently adhere to foreign substrates. The development of the cement interface under the base plate involves multiple steps, which includes adhesive glue delivery to the perimeter of the base by radial canals located at the base plate. 31 The deposition and curing processes of the adhesive interface are protected by cuticular tissues and newly formed calcite in the base plate. It has been suggested that different regions in the horizontal plane exhibit different compositions, structures, and antibacterial activities. Barnacles' firm attachment can be explained by the secretion of a multi-protein complex "cement", followed by rapid curing of this adhesive. CD spectra of the bulk cement from the same barnacle originally settled as cyprids on quartz and CaF2 (green, dashed) and "secondary cement" (blue, solid; referring to cement used for reattachment). 35 Studies by surface spectroscopy and nano-scale structural investigations of the bulk barnacle cement [35][36][37][38] from the Balanus amphitrite species have suggested that it partially forms highly insoluble amyloid-like nanofibrils beneath the base plate. (Figure 2.4) Amyloids are fibrillar proteins with a cross β-sheet structure in which individual β-strands are arranged in a perpendicular direction to the long axis of the fiber, connected through a dense C=O and N-H hydrogen-bonding network over thousands of molecular units. [39][40][41][42][43] Mostly, two or more protofilaments twist around each other to form the fibril (Figure 2.5). Amyloid fibrils are identified by X-ray diffraction pattern comprised of one longitudinal and one transverse set of diffraction lines. Strong, sharp diffraction signals at 4.7 Å and 10 Å correspond to hydrogen bonded interstrand distance and β-sheets stacking distance, respectively. [44][45][46][47] There are labile amyloid-like fibrils as well as stable and irreversible ones, which are formed from Gly (G), Ser (S), and Tyr (Y) rich low-complexity domains. [48][49][50] Such fibrillar structures are considered to be highly advantageous for interfacial adhesion on account of their tolerance to environmental deterioration, 43 self-healing from self-polymerization, 51 and large fibrous surface area. 35,52 Also their mechanical benefits are well-established, with strong cohesion arising from intermolecular β-sheet structures and adhesive residues external to the amyloid core providing adhesion. 43,53 The presence of amyloid-like fibrils has been established in other adhesive proteins in living organisms, including curli and chaplins from bacteria, 54 hydrophobins of fungi, 43 chorion found in protective membranes of insect and fish eggs, 55 and other adhesives from algae and marine parasites. 43,55 Therefore, studies have been undertaken to identify such amyloid-like conformations in the barnacle cement, based on the hypothesis that barnacles might also share similar adhesion principles. In this regard, amyloid-like short sequences have been identified in MrCP52, 56 whereas MrCP20 has been shown to self-assemble into nanofibrils on calcite surfaces at a specific crystallographic directions, suggesting geometric binding of MrCP20 with calcite. 57 Furthermore, different experimental methods have been used to establish the presence of these nano-fibrils in barnacle cement, including staining assay for cross-beta structure of amyloids, 37 Scanning Electron Microscopy (SEM), 58 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), 35,36,38 UV Circular Dichroism (CD), 35 and Atomic Force Microscopy (AFM). 37,59 Although these reports suggest that the overall cement comprises of cross-β structure forming amyloid nanofibrils, how the initially soluble cement proteins assemble into these fibrils remains unknown. In addition, there is little understanding linking amyloid fibrils of cement proteins with their adhesive propensity.

Barnacle cement proteins

Sequence features of MrCPs

Among the five proteins composing barnacle cement layer as shown in The primary sequence of MrCP19 is abundant with Ser (S), Thr (T), Gly (G), Ala (A), and Lys (K), Asp (D), Glu (E) with approximate molecular weight of 18.1 kDa. The repetitive alternating pattern of flexible residues and charged residues of MrCP19 provides distinct polymerization behavior of the protein. 60 Hydroxyl groups of Ser and Thr are claimed to play significant role on water molecules displacement on surfaces which is necessary as priming process followed by coupling process. 61,62 Ala and/or methyl group of Thr of a relevant antifreeze protein are known to bind to the ice nucleus in several organisms. [63][64][65] The aforementioned amino acids comprise about two thirds of the total amino acids of MrCP19, which would be useful to interact with diverse foreign substratum via hydrogen bonding, electrostatic and hydrophobic interactions. 66 The biased amino acid compositions were well 34,70,72,73 The remaining free thiols can contribute to other types of intermolecular interactions possibly for barnacle shell adhesion or biomineralization. Pro residues are known to disrupt β-sheets incapable of hydrogen bonding and thereby destabilize tertiary structures of globular proteins. 74 Pro residues in MrCP20 are often distributed next to oxidized Cys residues, suggesting adjacent disulfide bonds' mitigation and stabilization effect. NMR analysis observed 6 intramolecular disulfide bonds, which helps to compensate for poor hydrophobic core formation in the protein structure. The abundance of Cys in MrCP20 is more essential for the intramolecular structure than for the surface function. 18 The rigid structure improved by intramolecular disulfide bonds are also observable from extracellular small protein compounds. [75][76][77] This structural dependency generally displays functional specificity, adsorbing to limited materials namely calcite and metal oxides but not to glass and synthetic polymers. 34,78 2.4 Plausible Surface functions of MrCP20 and MrCP19

Surface Interactions of Barnacle Cement

Beside biochemical investigations, barnacles' adhesive strength has been studied in vitro to understand their adhesion mechanisms at the macroscopic level. Various antifouling surfaces have been developed to minimize the adhesion of fouling organisms, including barnacles, and facilitate macroscopic adhesive tests using shear and tension tests. 79 Studies to improve antifouling behavior of polymers revealed that a combination of surface energy, mechanical properties such as elastic modulus or friction coefficient, [80][81][82][83] and glass transition temperature 84,85 affects the adhesion process. Phenomenological studies have been carried

out to elucidate the role of environmental conditions as well as mechanical and physiochemical properties of antifouling coatings on adhesion strength. [86][87][88][89][90] Efforts have been directed to understand the adhesion strength of barnacles on solid substrates using fracture mechanics concepts, by conducting "pseudo barnacle" tests, such as tension measurement on different coatings. 79,[91][92][93][94][95] However, there is lack of information on specific substrates preference of barnacles. Likewise, fundamental understanding on the correlation between macroscopic adhesion strength and molecular level adsorption of barnacle adhesive is

sparely understood. Analyzing the adhesion strength of the proteins of interest should provide a better understanding behind barnacle adhesion at both the micro-and macroscopic level.

Additional Plausible Functions of MrCP20

Biomineralization regulation by functionalized surfaces

Crystal growth process of CaCO 3 has been widely studied because of its commercial relevance from construction industry to biomedical applications, as well as the environmental role of biomineralization in marine biology. [START_REF] Boyjoo | Synthesis of micro and nano-sized calcium carbonate particles and their applications[END_REF][START_REF] Maleki Dizaj | Calcium carbonate nanoparticles as cancer drug delivery system[END_REF][START_REF] Som | Monodispersed calcium carbonate nanoparticles modulate local pH and inhibit tumor growth in vivo[END_REF][START_REF] Yu | Bioinspired fabrication of 3D hierarchical porous nanomicrostructures of calcium carbonate for bone regeneration[END_REF][100][101][102][103][104] Nucleation events as the first step must involve long-range ordering of atoms and molecules, and self-assembled excellent ability to inhibit the crystal growth. On the other hand, -COOH enhanced the surface crystallization compared to the bare gold surface, in quantity as well as in quality with higher stability and efficient saturation of the frequency shift. The higher ratio of -COOH on surface induced not only more crystals growth but also higher uniformity in size, morphology, and polymorphism.

Spatial orientation of the terminal functional groups

SAMs offer unique opportunities to understand self-organization, structure property, and various interfacial phenomenon. With variation of the chain length in either odd or even number while keeping the spacing of alkyl thiols constant, orientation of the terminal moiety is affected, which is one of well-known "odd-even" effects (Figure 2.8B). 112,113 For instance, carboxylic alkyl thiols with the odd-chain length (HS-C 7 , C 11 , C 15 -COOH) templated the calcite growth from (01l) faces (l = 2-5), while even-chain length thiols (HS-C 10 , C 14 , C 16 -COOH) had calcite crystals nucleated from the (11l) crystallographic planes. The ordered carboxylates on SAMs attract Ca 2+ ions and induce the oriented bonding of subsequent carbonates, resulting in a fixed, highly controlled, and oriented growth of the crystals. 108,114 Literature with MrCP20 in a white cartoon, interacting residues in cyan sticks, the interactions in dashed lines. 71 (D) MrCP20 adsorption onto the {101̅ 4} face of a calcite surface. MrCP20 is displayed as a cartoon and the interacting protein residues (cyan) and calcite surface are in stick representation. 71 Nature often uses organic compounds for the morphology control and apposite polymorph selection of CaCO 3 to design biologically structured crystal habits which is beneficial for mechanical properties in material such as, eggshells, antlers, and other sea creatures' shells. [116][117][118][119] Recent studies have extracted peptides from the invertebrates' shells, and shown that acidic amino acids bind to calcium ions and calcite crystal surfaces, retarding their growth. 120-125 A light transmission measurement following crystal growth in the presence of different amino acids discovered that the degree of side chain acidity is directly related to the inhibitory efficiency of the additives as well as vaterite stabilization, due to interaction between the additives and the crystal faces (Figure 2.9A-B). 115 The influence of charged domains of MrCP20 on dynamic nature of the protein was investigated, including calcite base coupling behavior. Salt bridges observed by NMR and MD provide dynamic flexibility of protein conformation via stabilizing interactions between different domains and loops of MrCP20. 70 The coordination of the charged residues with Ca 2+ and CO provide the flexibility to β-sheets and facilitate cross-β fibrillization forming amyloid-like nanofibrils. 57,[126][127][128] At the same time, water molecules near the amyloid fibrils have the countereffect on vaterite stabilization, which supports the discussion above. 46,129 

Biomineralization regulation by amino acids in solution

Potential link between calcite interaction and fibrillation

Additional Plausible Functions of MrCP19

Antimicrobial activity

Antimicrobial peptides (AMPs) are known to damage cell membranes and cause cell death by functioning as host-defense or host-offense components in many innate immune systems in plants, animals, and humans. 130 Like other biofouling organisms in the ocean, barnacles' larvae settle on various surface in response to natural product and biofilm stimuli. However, the role of biofilms in fostering or inhibiting barnacles' settlement is not clearly understood. [131][132][133][134][135][136][137][138][139] It has been known that barnacles' larvae settle on surfaces regardless of the biofilm state, and this behavior is usually encouraged by the presence of other barnacles, whose shells are also promoting biofilm formation. 7,8,13,[140][141][142][143] Studies on characterizing biofilm communities on barnacle substrata and on their shell surfaces 139,144-146 have been carried out to establish the correlation between the bacteria and barnacles, but little is known with regard to their direct causal relationship.

Gohad et al. 15 have proposed that the larval adhesive secreted by barnacle cyprid contains lipids and phospho-proteins, and that the lipid phase may protect the nascent adhesive plaque from bacterial biodegradation. Aldred and colleagues 6 have also suggested that bacteria may be attracted to and excluded from the adhesive material underneath the barnacle base plate.

Zardus et al. 145 have proposed that certain stage of settlement and metamorphosis for adhesion might be closely connected to the interaction with biofilms. Wahl and co-workers 17 have observed that the number of bacteria underneath the barnacle settlement changed throughout the process of settlement. Bacteria seemed to concentrate in specific regions under the base plate and then were annihilated during the last stages of settlement and metamorphosis.

These studies looking into the relationships between barnacles and biofilm on wet surfaces suggest specific, time-regulated interactions during initial attachment and subsequent growth.

However, which cement protein(s) may interact with biofilms and their respective mode of interactions remains unknown.

Potential link between antimicrobial and amyloid peptides

There have been suggestions that numerous AMPs such as bacteriocins, 147 temporins, 148 or proteins like lysozyme, 149 lactoferrin, 150 and eosinophil cationic protein 151 form amyloid-like structures. At the same time, a number of amyloid proteins are known to have membrane perturbing [152][153][154][155] or thinning abilities [155][156][157][158][159][160][161][162] , by binding to the negatively charged cell membranes. 163,164 Because of the similarities in amino acid composition between amyloidprone regions of proteins and AMPs, Torrent et al. 165 have proposed correlation between antimicrobial activity and amyloid propensity. He suggested that amyloid-prone regions of peptides and proteins with a mutation to adopt amphipathic structure may retain membranedisrupting function as AMPs. Additionally, it has been hypothesized that amyloid and antimicrobial peptides may act against their targets through a similar mechanism. 166 Fibril formation directly on cellular membranes is known to cause local membrane damage, 167,168 and the idea was supported by other research as well. 169,170 These studies, together with evidences that barnacle cement proteins form amyloid-like nanofibrils, lead us to hypothesize that cement proteins also exhibit antimicrobial activity, which will be tested in this project.

Introduction

Barnacles (Megabalanus Rosa) have evolved unique surface adhesion strategy using multiprotein complex "cement". The morphology and biophysical properties of this cement layer underneath the barnacles has been widely studied, but information of the individual cement components is still incomplete. The two soluble recombinant cement proteins we are focusing on in this project, MrCP19 and MrCP20, were characterized after expression and purification to shed light on their biophysical behavior for further experiments.

The transformation of the gene encoding MrCP19 and MrCP20 was successfully done in E.

coli with a heat shock method, followed by expression and a two-step purification protocol.

The Ni-NTA purification was used to selectively purify His 6 -tagged recombinant cement proteins. SEC was further used to separate monomeric MrCP19 and MrCP20 from their aggregated (oligomeric) proteins or from other bacterial components. The purity and molecular weight of the protein solution were confirmed by SDS-PAGE and MALDI-TOF.

To further study the molecular features of the proteins, their secondary structure was analyzed using CD spectroscopy. Additional conformation for amyloid fibrillation of the proteins was verified with ThT assay. These results were taken together to evaluate the hydrodynamic size of the proteins measured by DLS. Analysis of proteins structural behavior in this Section will be used to understand subsequent experimental results.

Materials and Methods

Transformation of Recombinant Plasmid of MrCP19 and MrCP20

The codon-optimized gene encoding His6-tagged at the C-terminus of MrCP19 and MrCP20

were purchased from DNA 2.0 (Newark, California). The expression-ready pJ431 vector has Biophysical Characterizations of Barnacle Cement Proteins Chapter 3 71 low copy number, yielding between 0.2 -1 μg DNA per mL of Luria-Bertani (LB) culture, with kanamycin resistance. The MrCP19 and MrCP20 genes were transformed into E. coli BL21 (DE3) competent cells with a heat shock method as follows. After 30 min of incubation on ice, a mixture of a chemically competent bacteria and DNA plasmids was placed at 45 ˚C for 30 sec and then placed back in ice for 5 min. 1 mL of ice-cold LB media was added and the transformed cells were incubated at 37 ˚C for 1h with agitation.

Subsequently, the cells were centrifuged at 3000 rpm at 25˚C for 5 min using a high-speed refrigerated centrifuge (model CT15E, Hitachi Koki Co., Ltd., Japan). The supernatant was discarded, and the pellet was re-suspended. 100 μL of the cells was spread on the LB agar plates with Kanamycin (50 μg/mL) and incubated overnight at 37˚C.

Protein Expression and Purification

Expression and purification methods for both MrCP19 and MrCP20 proteins were identical.

Single colonies from transformed cells were inoculated into selective LB media with Kanamycin (50 μg/mL). About 10 mL of this pre-culture was transferred into 1 L autoclaved LB medium containing 50 μg/mL Kanamycin and incubated at 37 ˚C, with shaking at 250 rpm for 3-4 hours until an optical density (OD 600 ) of 0.6-0.8 was achieved. OD 600 was measured with Nano Drop 2000c. Subsequently, 1 mL of 1 M Isopropyl β-D-1thiogalactopyranoside (IPTG) was added to induce cell expression, which was done at 25 ˚C, at 250 rpm overnight (16h). Comparatively low temperature was chosen to enhance the protein solubility and favor protein folding. The monomeric purified protein fractions were collected and the purity and the MW of recombinant MrCP19 and MrCP20 were assessed with SDS-PAGE.

The proteins collected in the running buffer, hereafter referred as "Tris", were concentrated to high concentration using microporous centrifuge tubes (Vivaspin20 ultrafiltration device with Molecular weight cut-off at 3 or 5 kDa) and kept at 4˚C for stability. Acidic buffer was prepared to characterize protein behavior under acidic condition in comparison to basic condition for further experiments. The basic buffer and the acidic buffer were prepared to reproduce natural seawater condition and natural intracellular environment, respectively.

Proteins in Tris were dialyzed into "AA" which is an acidic buffer with 10 mM Acetate (0.5 mM Sodium Acetate and 9.5 mM Acetic Acid) and 150 mM NaCl, at pH 3.6. The pH level of each solution was adjusted using 1.0 M HCl or 1.0 M NaOH and checked with either a pH meter (Seven Compact, Mettler Toledo) or pH indicator strips (MColorpHast).

MALDI-TOF

The MW of purified MrCP20 was measured using MALDI-TOF mass spectroscopy (SHIMADZU AXIMA Performance, Japan) equipped with a nitrogen laser light, and the data acquisition and process were performed using the equipment software.

The stock solution of matrix was prepared with Sinapinic Acid (3,5-dimethoxy-4-hydroxy cinnamic acid), containing 50% of acetonitrile and 0.1% of TFA. About 1 μl of protein sample (3.2 mg/mL concentration in 20mM Tris, 150 mM NaCl, pH 8.3) was mixed with 3 μL of matrix in a microcentrifuge tube to obtain a final protein concentration of 0.8 mg/mL.

Then 1 μl of the sample/matrix solution was loaded onto the plate, placed in the center of the cell, and air dried. The mass spectrometer was operated in the linear mode at a 20 kV accelerating voltage, with an ion flight path of 0.68 m. The spectrum over mass/charge (m/z) ratio was acquired in linear mode averaging 10 laser shots for 25 profiles on the sample spot, at a power setting of 120 system units. The data acquisition mass range was set up from 1 to 50 kDa.

Circular Dichroism Spectroscopy (CD)

The where MWi is the molecular weight of the protein (g/mol), C i is the protein concentration (g/mol), L is the optical path length through solvent (cm), and N i is the number of residues in the proteins.

ThT Assay for Assembled β-sheet Detection

Thioflavin T (ThT) is a fluorescent dye which is known to greatly increase its fluorescence yield upon binding to β-sheet rich structures. 4,5 The mechanism of fluorescence enhancement is attributed to the rotational immobilization of the central C-C bond connecting the benzothiazole and aniline rings since ThT binds to the side chain channels along the long axis of stacked β-sheets. 6,7 The minimal binding site of ThT is four consecutive β-strands.

The fluorescence depends on the number of binding sites, affinity and quantum yield, which can specifically and uniquely respond to the amount of β-sheet assemblies in the sample.

Thus, ThT assay has been used to visualize and quantify amyloid formation since 1989. 8 Prior to binding, ThT emits weakly around 427 nm. Upon binding to amyloid fibrils, ThT gives a strong fluorescence signal at approximately 482 nm when excited at 450 nm.

ThT assay on MrCPs was prepared to identify if any amyloid-like β-structure was present in the proteins. The protein samples were prepared in a 96-microwell plate (Thermo Fisher Scientific-Nuclon) with two-fold serial dilution starting from 2 mg/mL to 12 th well, in 

Dynamic Light Scattering (DLS)

The hydrodynamic radius of the cement proteins was determined by DLS, which is commonly used to detect aggregates or to determine the size of proteins and other complexes.

The samples were analyzed with Malvern Zetasizer Nano ZS (Malvern, UK), using a 90° detector angle at 25 °C. Protein samples were prepared in Tris or AA at 0.05 -1 mg/mL. Six measurement results were obtained and averaged, where each measurement was averaged over 30 readings. Each sample solution was filtered before the measurement through a sterile syringe filter with a 0.22 µm pore size.

Protein Charge Analysis with Zeta Potential Measurement

The zeta potentials of the proteins in solution were measured using an electrokinetic analyzer Litesizer 500 (Anton Paar, Austria). 0.5 mg/mL of each protein in Tris or AA with a reduced amount of salt was prepared in Omega Cuvette (No.225288, Anton Paar). 300 runs of measurements were carried out for each sample and the mean values were obtained. Homogenous monomeric conformation of the protein was thus separated from the polydisperse oligomeric conformation in this final purification step. The recombinant MrCP19 was more difficult to obtain and the yield was less compared to MrCP20. From multiple expression and purification batches, MrCP19 was more prone to aggregation behavior than MrCP20, which could affect efficient flow of the protein through the long SEC column. Not every SEC peak could be clearly assigned to a specific oligomeric species of MrCP19, so the whole range of peaks were collected by every 1.8 mL and analyzed by SDS-PAGE (Figure 3.2). The monomeric form of MrCP19 could be obtained from a small fraction of the elution peaks between 48-58 mL. minimum molar ellipticity around the wavelength of 202 nm. [9][10][11] These spectra match established CD data for the recombinant form of MrCP20. 12,13 The signal in the wavelength range of 200-210 nm became stronger with increasing protein concentrations. The pH shift from basic to acidic conditions did not shift the peak location but only increased its intensity. For MrCP19, it was challenging to achieve a concentration higher than 2 mg/mL due to the weak stability of the protein, which tended to aggregate. To measure the role of local dehydration of the protein without increasing the protein concentration, I conducted CD experiments with increasing salt concentration from 150 mM to 900 mM, as shown in Figure 3.5. The signal was not affected or slightly enhanced by the "salting in" effect at the salt concentration increasing to 450 mM. At higher amount of salt concentration in the buffer solution, the signal strongly diminished by a "salting out" effect. However, all the spectra showed the minimum molar ellipticity around the wavelength of 220 nm, which can be attributed to β-sheet structure. [9][10][11] The pH shift from basic to acidic conditions increased the contribution of β-sheet structure around the wavelength of 220 nm, and decreased the overall intensity and salt effect. Little hump with the 900 mM of salt and irregular edge of the curves in Figure 3.5B could be caused by the chloride ions adsorbing in the far UV range.

Results and discussion

Protein Expression and Purification

Secondary Structure Analysis

The CD results indicate that MrCP19 was more likely to contain β-sheet structures expected for amyloid-like proteins, and thus more plausible to exhibit amyloid-like behavior than MrCP20. 

Amyloid Fibrilization Investigation

Homogeneity of MrCPs

To monitor the homogeneity, the protein samples in different concentration were characterized using DLS (Figure 3 Accordingly, the hydrodynamic radius of MrCP20 in AA or Tris was recorded to be 4.9 ± 0.3 nm and 5.2 ± 0.8, respectively. (Figure 3.9) The hydrodynamic radius of MrCP19 in AA or Tris was estimated around 159.7 ± 34.0 nm and 29.1 ± 9.6, respectively. MrCP20 showed consistent and homogeneous hydrodynamic radius value at both pH conditions, while

MrCP19 showed greatly increased value in acidic environment. MrCP19 may aggregate or exhibit amyloid fibrillation more easily than MrCP20, especially at acidic pH condition. On the other hand, MrCP19 in water (pH 7) showed multiple and broad peaks with a very large standard deviation, showing highly heterogenous solution possibly due its pI value (6.89).

This value will be comparatively analyzed with the other experiments in this thesis. 

Effect of pH on Protein Net Charge

Conclusion

Preliminary biophysical investigations were performed to obtain molecular features of 

Introduction

For barnacle, as one of the most efficient marine biofouling macro-organisms, adhesion is crucial for its survival during the transition from cyprid to juvenile, and necessary to maintain the permanent attachment as the juvenile grows into an adult barnacle. Adhesion is performed by deposition of an adhesive secreted from the cement glands located at the base plate. This adhesive layer, as an intermediate material between the outer substratum and the inner base plate, is required to provide strong adhesion and cohesion joining two different surfaces in aqueous environment. [1][2][3] Multistep underwater adhesion involves removing weak boundary layers, wetting, establishing interfacial adhesion, and curing, which can be achieved by differently functioning components of bioadhesives. 4 Successful underwater attachment requires surface components to fulfill stable interfacial adhesion while the bulk components to develop strong bulk cohesion, as well as those components' interplay. Mussel adhesion system has been actively studied to represent a good example of the above theory. 5 There are interfacial proteins (foot protein-3 and -5) and internal linking proteins (foot protein-2 and -4), which are also cooperating each other. More interestingly, their attachment is regulated by in-vivo pH mediation regarding the biochemical structure of 3, 4-dihydroxyphenyl-l-alanine (DOPA). [6][7][8][9][10] Acid-mediated attachment is known to be not only limited to mussels but also applicable for other sessile organisms, such as sandcastle worms 11,12 , cnidarian hydroids 13 , and tunicates 14 . It may provide a significant potential for barnacle fouling mechanism. 15 Recent studies on barnacles proteins have suggested some possible mechanisms behind their underwater adhesion capability. Kamino 16 speculated that CP19 and CP20 perform surface binding function via non-covalent interactions. So et al. 17,18 suggested different CP composition for Amphibalanus Amphitrite and Megabalanus rosa (Mr), proposing that CP19 can play both interfacial adhesion and bulk cohesion roles. CP19 19 showed binding ability to wide variety of substrates, while CP20 [20][21][22][23] showed specific binding to calcite base via chemical bonding rather than physical adhesion. CP19 abundant with positively charged groups was believed to displace surface bound water layer as well as the adsorbed cations on Surface Adsorption and Adhesion Behavior of MrCP19 and MrCP20

Chapter 4 92 mineral substrates to promote the barnacle attachment. 4,10 CP19 contains a good amount of hydrophobic residues in addition to charged residues, and this heterogeneity has been proposed to achieve good asymmetric bridging between hydrophobic bulk cement and charged external substrates. 24 This supports the assumption that MrCP19 is located at the interface between cement and external substrate.

More importantly, the self-assembly behavior of MrCP19 into nanofibers in certain conditions and the resultant improved adhesive ability as well as resistance to basic and high-salinity seawater condition have been studied. 25,26 The nanofibrillar structure is observable not only from MrCP19 but throughout the barnacle cement layer as a form of amyloid fibers. 2,15,27,28 This unique molecular design is known to be beneficial for exceptional mechanical stability and resistance to enzymatic degradation. [29][30][31][32] However, as molting and calcification of the base plate take place simultaneously with cement development and curing underneath the barnacle, the interaction between the proteinaceous secretion and external surfaces has yet to be fully investigated. The functional role of each individual cement component remains uncertain as well, due to their insoluble nature 18,27,33 .

In this chapter, I aimed to understand barnacle's surface adsorption and adhesion behavior by studying MrCP20 and MrCP19, that have been suggested to play an important role in the wet resistance adhesion of barnacles. Mica and metal oxide surfaces were used to mimic the chemical environment of the immersed substrates that barnacles attach to 34,35 . The adsorption of the proteins on oxide surfaces in basic and acidic conditions was investigated using Quartz Crystal Microbalance with Dissipation monitoring (QCM-D), which is a highly suitable method to study protein-surface interactions as it allows real-time monitoring of mass and energy loss changes, providing quantitative and viscoelastic information on thin layers deposited on surfaces [36][37][38] . Surface morphology of the proteins with nanometer resolution was investigated ex-situ by atomic force microscopy (AFM) and transmission electron microscopy (TEM), whereas their secondary structure was analyzed using attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) to reveal conformational transitions upon their interaction with surfaces. Finally, the nanoscale Surface Adsorption and Adhesion Behavior of MrCP19 and MrCP20

Chapter 4 93 adhesion behavior was evaluated using the surface force apparatus (SFA). Combined together, these experiments provide a deeper understanding of adsorption and adhesion behavior of MrCPs specific to their primary structures as well as the formation of nanofibrils on surfaces. This work also provides guidelines to design wet-resistant peptide adhesives inspired by barnacle CPs for biomedical applications.

Materials and Methods

Protein and Buffer Preparation

The codon-optimized gene encoding His6-tagged at the C-terminus of MrCP19 and MrCP20

were purchased from DNA 2.0 (Newark, California). The MrCP19 and MrCP20 genes were transformed into E. coli BL21 (DE3) competent cells with a heat shock method. Expression and purification methods for both MrCP19 and MrCP20 proteins were explained in Chapter 3.2. The purified proteins were dialyzed in basic buffer Tris or acidic buffer AA.

Protein Adsorption and Surface Secondary Structure Study by ATR-FTIR

ATR FTIR measurements were performed using a Bruker VERTEX v80 spectrometer. The spectrometer is equipped with A225/Q Platinum ATR and multiple crystals CRY diamond ATR plate. All measurements were done at a pressure of 25 Pa in the spectral range from 500 cm -1 to 7800 cm -1 with a spectral resolution 4 cm -1 . 1000 scans were acquired for the background, and 250 scans were acquired for each spectrum. Spectral analysis was performed using Omnic 9 software (Thermo Scientific). All samples were prepared in the same way of preparing AFM samples in 4.2.3. Freshly cleaved mica discs (0.24 mm thickness) (JBG METAFIX, France) were used as substrate.
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Protein Morphology Study Using AFM

The morphology and nanostructure of MrCP19 and MrCP20 on surface was investigated using AFM imaging. The micrographs were acquired with a Park system NX10 on noncontact mode in air after adsorbed in different pH conditions. Prepared samples were deposited on freshly cleaved Mica Discs (PELCO, 9.9 mm, TED PELLA), attached on round magnets. 10 μL of 0.05 mg/mL protein solution was adsorbed for 30 min and was subsequently washed with water to prevent salt crystallization. The discs were air dried. Soft tips (Non-contact or soft tapping mode Reflex coating AFM probes, NanoWorld Point probe, tip radius of curvature less than 8 nm) were used in the tapping mode. The obtained images were analyzed using SmartScanTM.

Protein Morphology Study Using TEM

The morphology of the protein MrCP19 was also investigated using Energy filtered Carl Zeiss TEM, LIBRA® 120 equipped with an in -column Omega spectrometer. 3 μL of the sample was applied on a grid made of copper with 400 mesh (TED PELLA, CA, USA)

spacing. It was subsequently washed with a drop of water to reduce amount of salt and prevent salt crystallization on the grid, and air dried. The acceleration voltage was 120 kV. The quartz crystals were inserted in the chambers and equilibrated with air and buffer flow (20 µL/min) until the signal stabilized, followed by injection of the samples with the same flow rate. MrCP19 and MrCP20 solutions at 0.1 mg/mL were prepared in either or AA. Each protein injection was followed by buffer wash for 10 min to remove weakly bound proteins.

Protein Adsorption Study

All the QCM-D measurements data were analyzed with Qtools and Origin software.

The adsorbed protein mass on the QCM sensor was calculated from the frequency shift, using the Sauerbrey equation, ∆m = -C∆f, where Δm is mass per unit area, Δf is frequency shift (Hz), and C is the Sauerbrey constant (17.7 ng/cm 2 Hz). The frequency and dissipation data with the overtone of n = 9 are represented in the plots and compared to each other.

Protein Adhesion Study by SFA

The interaction forces between the CPs and the surface were measured by Surface Force Apparatus 2000. Freshly cleaved thin mica was used as a surface substrate, coated on reflective silver layer, and glued onto cylindrical glass disks (radius of curvature R = 2 cm) facing to each other at a right angle. The interaction force F between the two surfaces was measured as a function of the separation distance D, and the energy between the two surfaces is directly proportional to the normalized force F/R, according to the Derjaguin approximation 39 .

MrCP19 and MrCP20 were prepared in Tris and AA to be 20 μg/mL. 30 μL of each sample was placed on the top mica surface, giving 30 min for protein adsorption. After gentle wash with the buffer solution to remove non-absorbed proteins, a drop of buffer solution was deposited on the bottom mica surface so that it could prevent drying of the protein sample when the two surfaces were mounted in the chamber and brought in close to form a capillary bridge without contact. The sample was thermally equilibrated for 20 min, which was monitored with FECO (fringes of equal chromatic order) by the spectrometer.

All the experiments were performed at room temperature of 22 °C in a dark room. The speed of surface approach/separation was controlled with the motor voltage of 3.5 V. This renders the speed of ~10 nm/sec for approach/separation for each run.

Results and Discussion

Effect of pH on Proteins' Surface Morphology

The amide Ⅰ band from ATR-FTIR contains the signals from the peptide backbone, which is proportional to the adsorbed amount of proteins on the surface 40,41 . According to Yang et al. 42 MrCP19 displayed a high β-sheet content > 40% at both pH conditions. For MrCP20, the βsheet content also approached 40% at basic pH, but was significantly reduced (~ 20%) at acidic pH. These results were in good agreement with AFM observations ( Comparing Figure 4.7A and 4.7B, MrCP19 exhibited a higher binding affinity to all oxide surfaces than MrCP20, while the final surface coverages of the proteins after the second injection were similar. These results are consistent with the lower fraction of acidic residues in MrCP19, which should minimize electrostatic repulsion on negatively charged surfaces.

Further, these results are in line with the point of zero charge (PZC) of these oxide surfaces.

Indeed, the surface adsorption at pH 8.3 was the highest on Al2O3 (PZC = 8~9) followed by TiO 2 (PZC = 4.9), whereas it was the weakest on SiO 2 (PZC = 2.8). [46][47][48][49][50][51] The surfaces with higher PZC are more easily protonated thereby reducing electrostatic repulsion with the negatively-charged proteins.

Proteins in acidic buffer were injected with a similar sequence. When MrCP20 was injected was initially bound. Especially upon additional binding of the second protein, the adsorbed layer on Al 2 O 3 surfaces exhibited a higher dissipation up to 3.8 x 10 -7 , which was recovered after the buffer rinse. These data suggest that MrCP20 could interact with the surface, resulting in a significant shift of frequency without affecting the viscoelastic property of the whole protein complex. We note that the binding behavior of the two CPs on the surfaces were opposite between the two different pH conditions (Figure 4.8 and Table 4.3). These relative adsorption behaviors are in a good agreement with the results obtained from ATR-FTIR experiments (Figure 4.

3).

Although the mica environment is not identical to the oxide surfaces employed in QCM -D experiments, the results are comparable to each other. Protein adsorption at basic pH showed better adsorption behavior using ATR-FTIR (static system) compared to QCM-D (dynamic system), since the protein solutions in static system was more advantageous for adsorption by providing more time until it was dried to adjust their confirmation on surface.

Higher adsorption onto the oxide surfaces was achieved for MrCP19 at basic pH, whereas MrCP20 adsorption was more pronounced at acidic pH. Indeed, adsorption of MrCP19 was similar at the two different pH conditions (Figure 4.8B, D), suggesting that MrCP19 surface adsorption is not strongly dependent on pH conditions and that other structural mechanisms play an important role on surface adsorption. In general, MrCP19 containing less acidic residues than MrCP20 is less affected by electrostatic repulsion at basic pH. Alternatively, MrCP20 with abundance in negatively charged residues showed stronger adsorption behavior at acidic pH.

MrCP19 mostly governed the viscoelastic properties of the protein complex at both pH, especially on positively charged surfaces showing linear increase of dissipation, while MrCP20 did not play a significant role on the dissipation. MrCP19 has flexible and dynamic structure 52 as well as hydrophobic nature and thus MrCP19 is inclined to reorient itself in favorable positions for fibril formation and protein-protein interaction on surface. As the surface coverage increased, the protein-protein interactions became the dominant parameter controlling dissipation. Rearrangement, self-assembly, or fibrillation took place which improved its capacity of surface adsorption in addition to direct interaction with the surface. [53][54][55] This also explains why we observed MrCP20 reaching saturation coverage much faster than MrCP19 at both pH. To further analyze the viscoelasticity of MrCP19 films, the energy dissipation ΔD was normalized by Δf, as such information provides the viscoelastic characteristics independent of adsorbed mass. 38,56 The linear fit of ΔD/Δf slope of MrCP19 on the oxide surfaces for each condition was calculated.(Table 4. with values of adhesion comparable to that of DOPA-rich mussel adhesive proteins (mfp-2,3,5,6) on mica surface. 60,61 On the other hand, repulsive interactions for both proteins and the mica surface were noted at basic pH. The range of the repulsion, referred to the maximum distance where the force per radius raising above the noise level of 0.1 mN/m, was larger for MrCP19 (34.3 nm) than MrCP20 (13.3 nm). The thickness of the protein film can be inferred from the distance D, which is reached on approach at an applied load of 10 mN/m . It is also referred as the "hardwall", which provides information of the surfacesurface separation at which the thickness of adsorbed layer becomes asymptotic upon with the increasing load. 62 The hardwall value was 9.4 nm for MrCP19 and 4.2 nm for MrCP20 at pH 8.3, and 3.4 nm for MrCP19 and 7.2 nm for MrCP20 at pH 3.6, respectively. These results agree with the relative adsorption amount of proteins measured at each pH condition.

Moreover, MrCP19 adsorbed in basic pH condition formed the thickest layer, in agreement with the surface morphology observed from AFM as well as ATR-FTIR results, both of which indicating the largest amount of nanofibrillar morphologies on the surface.

Considering that the thickness obtained by AFM measurements of single protein nanofibrils was 2-4 nm and group of protein fibrils was up ~10 nm (Figure 4.4-5), these results confirmed that MrCP19 does not form a uniform monolayer. 
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There are other surface interactions taking place between mica surfaces. In general, mica attracts each other with van der Waals (VdW) interactions 63 and ions and proteins in the solution can mitigate these attractive interactions. As the ionic strength of buffer solutions used for all our SFA measurements was 150 mM, hydrated Na + cations were expected to adsorb onto mica as outer-sphere species in basic pH, resulting in short-range (~1 nm) hydration forces. 64 It is possible that a small proportion of proteins formed complexes with these ions through the negatively charged domains of MrCP20 and hydrophilic domains of MrCP19. At acidic pH, there is less steric hydration repulsion occurring at the surface due to the neutralized surface charge. 63 and MrCP20 jumped when they stretched to 9 nm and 12 nm of length, respectively (Figure

4.11)

. This is a smaller value than the rough estimation for the linear chain of the proteins, which is about 70 nm for both (with an assumption of 3.5 Å per amino acid). At the same time, the SFA results of asymmetric deposition of the two proteins also showed a similar value of ~9 nm at the start of the jump-in instability (Figure 4.12). Considering the contour length, similar values of hardwall, and "jump-off" distance, Figure 4.12 is comprehended as:

(i) when both proteins are deposited and compressed upon approach, a dense compact layer composed of two proteins is formed. This is possible because of imperfect surface coverage of the proteins, leaving the mica surfaces partially uncovered; (ii) both surfaces are covered by positively charged proteins and possess electrostatic repulsion, which affects separation curves, and jump-off will occur before the proteins reach their maximum stretch length.

The three asymmetric adhesion measurements at basic pH (Figure 4.11-12) shows that the range of repulsion between MrCP19 and mica was twice larger than the other two measurements. Accordingly, the slope of the force-distance curve during the approach was showing the highest value for MrCP20-mica, and smaller values for MrCP19-MrCP20, and MrCP19-mica in descending order. It is possible to conclude that the compressibility of the MrCP20 film is larger since there are other factors affecting repulsion between the surfaces:

(i) proteins' surface coverage on mica surface differs from each other; (ii) entropic repulsion is inevitable due to the loss of entropy during compression, also called steric repulsion 65,66 ;

and (iii) electrostatic repulsion also stems from the electrolytes of the buffer (NaCl in this case). Thus, the comparison of repulsive interaction will not be discussed in this report.
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113 Critically, it is only possible to conclude that the slope of the force-distance profile is roughly proportional to the compressibility of the films. Further investigations on intermolecular interaction of each protein were conducted with symmetric deposition of each protein under acidic conditions (MrCP19-MrCP20-MrCP19 and MrCP20-MrCP19-MrCP20). Firstly, when Mrcp19 was deposited on both surfaces (Figure 4.13A), adhesion energy of -0.32 mJ/m 2 was measured. Despite of the same charge of the protein films on both surfaces, protein-protein or fibril-fibril interaction took place and it enhanced the adhesion energy through strong cohesion, as amyloid fibrils are reported to significantly enhance mechanical stability 31,[67][68][69] .
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114 Afterwards, MrCP20 in acidic condition was injected in between the surfaces, which brought stronger adhesion of E = -0.78 mJ/m 2 . The hardwall increased from 2-4 nm to 6-8 nm range, as well as the range of repulsion during the approach from ~2 nm to ~11 nm. It shows that MrCP20 cannot fully infuse into the MrCP19 matrix, decreasing the compressibility. The adhesion could be favored even more strongly due to enhanced cohesive interactions between the proteins and entropy increase from depletion energy. 65 On the other hand, when MrCP20 was deposited on both surfaces (Figure 4.13B), the force curve showed different patterns from any other condition, with discontinuity in the repulsive force region. There was no adhesion between the symmetric films of MrCP20. Different from MrCP19, there was no specific structural behavior to compensate electrostatic repulsion between positively charged MrCP20. Huge repulsion range was observed, and the break point could be caused by the baseline correction or movement of the pathway.

However, adhesion energy of -1.14 mJ/m 2 was measured after the injection of MrCP19 in between the surfaces. In addition to the previous discussion about increased cohesive interactions and entropy from depletion energy, MrCP19 possibly mediated bridging between the protein layers or moreover, flushed out MrCP20, and achieved thinner hardwall.

MrCP19 possesses alternating binary patterns of charged residues and it can readily change and adjust its structure to favor self-assembly, which might minimize hydrophobic residues exposure to water molecules. As the self-assembled fibrils covered large amount of surface area, they dehydrated the surface efficiently. Surface dehydration (initially ordered water molecules being displaced from the surface) drove entropy gain and thus thermodynamically favored protein adsorption as a spontaneous and irreversible process, together with conformational changes. [70][71][72] The summary of all the measurements with expected results and experimental results is shown in the Table 4.5. 

Conclusion

Protein adsorption and adhesion are complex processes, and it is essential to consider the nature of protein-surface interaction and kinetics, energetics, material chemistry, solution conditions (pH, ionic force, protein concentration, temperature), hydration layer, and so on. 

Introduction

Barnacle's lifecycle begins with free-swimming nauplius larva stages. An early transition to the cyprid larva stage readies the organism to explore potential surfaces to settle down. 1,2 Once the cyprid (planktonic phase) successfully locates a conductive surface, it undergoes dramatic metamorphosis in the adhered state, first transforming into a juvenile barnacle (sessile phase) state, growing ultimately into the adult stage by expanding its base and side plates via processes of molting and calcification. [3][4][5][6][7] These hard calcareous shell plates are structurally robust and mechanically hard, evolved to not only protect the soft body tissue of the barnacle from the harsh, and often extreme, marine environment but also secrete an adhesive layer, which permanently binds the organism to foreign surface. 8 Adhesion is crucial for barnacles' survival during the transition from cyprid to juvenile, and necessary to maintain the permanent attachment as the juvenile grows into an adult barnacle. [9][10][11] Adhesion is achieved by the deposition and curing of the adhesive cement layer, which exudes from the cement glands located at the base plate. [12][13][14][15][16][17][18][19] Acting as an intermediate material between the outer substratum and the inner base plate, this adhesive layer is also called upon to perform additional functional roles including surface binding and bulk cohesion, as well as coupling with the expanding base plate and the cuticle layer. 20,21 Megabalanus rosa (M. rosa) is an acorn barnacle that has been extensively investigated. Its adhesive cement layer is composed of at least five different cement proteins (CPs). [22][23][24][25] Among these, the 20 kDa cement protein (MrCP20) has been suggested to play important roles in facilitating a robust attachment to the basal plate. The protein MrCP20 contains significant percentages of both negatively charged (Asp 11% and Glu 10%) and positively charged (Lys 5% and Arg 2%) residues. Together, these molecular features confer a high degree of conformational flexibility to the protein as revealed previously by solution-state nuclear magnetic resonance (NMR) spectroscopy and molecular dynamics (MD) simulations. 26,27 It appears that these same molecular attributes -namely the intrinsic balance of charged amino acids and the accompanying conformational flexibility -might also enable
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Recent studies on the interaction between MrCP20 and calcium carbonate base plate reveal the protein's major function on the barnacle's biomineralization. 21,22,[28][29][30][31][32] Kamino et al. 24 suggested that MrCP20 promotes adsorption and adhesion binding the adhesive layer with the calcareous base plate through noncovalent and electrostatic interactions. Mori et al. 33 noted that MrCP20 adheres to calcite better than other minerals in marine environment. So et al. 34 revealed that MrCP20 exhibits special morphology on the {1014} face of the calcite surface and subsequently assembles into fibril formation with average thickness of 1.5 nm.

Kumar et al. 27 performed molecular dynamic (MD) simulations of calcium carbonate ions surrounding MrCP20 protein, identifying electrostatic and water-mediated interaction between the calcium and carbonate ions, and charged amino acid residues. However, as molting and calcification of the base plate take place concurrently with the cement development and curing -which are all hidden underneath the barnacle -the molecular level interactions between the proteinaceous secretion and mineral surfaces has yet to be fully investigated. 15,21,35 In this Chapter, I sought to examine the association of MrCP20 with calcium and carbonate ions during the entire mineralization process starting from the nucleation to the final phase transition, which determines the crystal habit. In order to achieve a high control over the CaCO 3 crystal growth on surface, self-assembled monolayers (SAMs) of 11mercaptoundecanoic acid (MUA) with acidic functional group (-COOH) were formed on gold surfaces. MUA/Au surfaces are chemically well defined, and the crystal growth can be controlled by orientation of the terminal group. [36][37][38] The MUA possesses an even number of carbon chain that is known to orient the CaCO 3 crystal growth with (113) nucleating plane 39,40 . On these surfaces, I monitored CaCO 3 growth in the presence or absence of MrCP20 using quartz crystal microbalance with dissipation facility (QCM-D), and the surface mass of CaCO 3 was estimated using X-ray photoelectron spectrometry (XPS). The crystallographic structure of the CaCO 3 crystals was characterized by Raman spectroscopy.

Molecular structure information of MrCP20 adsorbed on surfaces upon the crystal growth 131 was studied with polarization modulated infrared reflection absorption spectroscopy (PM-IRRAS).

Materials and Methods

Protein and buffer preparation

The codon-optimized gene encoding His6-tagged at the C-terminus of mr19 and MrCP20

were purchased from DNA 2.0 (Newark, California). The MrCP20 genes was transformed into E. coli BL21 (DE3) competent cells with a heat shock method 41 . Expression and purification methods for both MrCP19 and MrCP20 proteins were performed following the protocol mentioned in Mohanram et al 26 . The purified proteins were dialyzed from basic buffer (20 mM Tris, 150 mM NaCl, pH 8.3) into CaCl 2 10mM solution, and kept at 4˚C. in ethanol (1 mM, 5 mL/substrate) and left covered overnight with gentle agitation. The surfaces were then washed with ethanol, ultrasonicated for 30 s to remove thiol molecules not covalently bound to the gold surfaces and washed once again with ethanol followed by water.

Surface functionalization

CaCO 3 Mineralization by Vapor Diffusion

Slow-growth mineralization experiments were performed on MUA/Au (Figure 5.2A)

following the well-established techniques of introducing ammonium carbonate vapor diffusion into calcium chloride solution, with the initial pH of 4.5. 36 This method is widely used for a slow crystallization, stable temperature, and great control of ion concentration. 42,43 The CO 2 gas was supplied by excessive amount of (NH 4 ) 2 CO 3 powder located on a grove surrounding the surface (Figure 5 Where C is the Sauerbrey constant (17.7 ng/cm 2 Hz for an AT-cut quartz crystal with a fundamental frequency of 5 MHz) and N is the number of harmonic waves. In this study, the third resonance (N = 3) is shown in the figures and used for all mass calculations, which was comparable to Kelvin-Voigt model calculation. 49-51

Raman spectroscopy

The Raman spectra were recorded on a commercial RAMAN RXN1 analyzer (Kaiser Optical Systems, Inc.) equipped with a high-powered near-IR laser diode working at 785 nm. A cubic model was chosen for the CaCO 3 crystals rather than sphere or hemisphere models, which is closer to the actual crystal structure. The parameters in the equation are as follow: 𝑚𝑚 is the surface mass, 𝑙𝑙 is the cubic length of crystal , 𝛩𝛩 is the CaCO 3 coverage, and 𝜌𝜌 is density.

𝑚𝑚 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 = Θ𝑙𝑙𝜌𝜌 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 (eq. 3)
The crystal surface mass value can be estimated by using the ratio of photoelectron intensity coming from CaCO According to the model A (Figure 5.3), the I Ca2s /I Au4d can be calculated as follows (eqs. 4-6).

The parameters in the following equations represent; 𝑀𝑀 𝑥𝑥 is molecular weight of x (g/mol), 𝜎𝜎 𝑥𝑥 is the sensitivity factor including scofield photoionization cross section and transmission function, 𝑑𝑑 is the layer thicknes, 𝜃𝜃 is the photoelectron collection angle (0° in this work), and 𝜆𝜆 𝑥𝑥 𝑦𝑦 is inelastic mean free paths of electrons x in the matrix y, calculated using the Quases program based on the TPP2M formula. 52 The analyzed area of gold surface is 1 -𝛩𝛩 since CaCO 3 crystallites are thick enough to screen Au 4d photoelectrons emitted beneath CaCO 3 particles and not to be detected by the XPS analyzer.

𝐼𝐼 𝐶𝐶𝐶𝐶2𝑜𝑜 = � 𝑙𝑙 0 𝑑𝑑𝐼𝐼 = 𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑜𝑜 𝐶𝐶 � 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 � 𝑙𝑙 0 𝑑𝑑𝑑𝑑 = 𝛩𝛩 𝜌𝜌 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑜𝑜 𝜆𝜆 𝐶𝐶𝐶𝐶2𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝐶𝐶(1 -𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑙𝑙 𝜆𝜆 𝐶𝐶𝐶𝐶2𝑠𝑠 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 �) (eq. 4) 𝐼𝐼 𝐴𝐴𝐴𝐴4𝑑𝑑 = � ∞ 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 𝑑𝑑𝐼𝐼 = 𝐴𝐴 𝐴𝐴𝐴𝐴 𝑛𝑛 𝐴𝐴𝐴𝐴 𝜎𝜎 𝐴𝐴𝐴𝐴 𝐶𝐶 � 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 � ∞ 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 𝑑𝑑𝑑𝑑 = (1 -𝛩𝛩) 𝜌𝜌 𝐴𝐴𝐴𝐴 𝑀𝑀 𝐴𝐴𝐴𝐴 𝜎𝜎 𝐴𝐴𝐴𝐴4𝑑𝑑 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝐴𝐴𝐴𝐴 𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 �
(eq. 5)

𝐼𝐼 𝐶𝐶𝐶𝐶2𝑠𝑠 𝐼𝐼 𝐴𝐴𝐴𝐴4𝑑𝑑 = Θ 𝜌𝜌 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑠𝑠 𝜆𝜆 𝐶𝐶𝐶𝐶2s 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 (1-Θ) 𝜌𝜌 𝐴𝐴𝐴𝐴 𝑀𝑀 𝐴𝐴𝐴𝐴 𝜎𝜎 𝐴𝐴𝐴𝐴4𝑑𝑑 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝐴𝐴𝐴𝐴 𝑒𝑒𝑥𝑥𝑒𝑒�- 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 � (eq. 6) 
According to the model B (Figure 5.3) on the other hand, the I Ca2s /I Au4d can be calculated with consideration of protein layer, whose thickness value can be calculated from I N1s signal as follows (eq. 7-10).

𝐼𝐼 𝐶𝐶𝐶𝐶2𝑜𝑜 = � 𝑙𝑙 0 𝑑𝑑𝐼𝐼 = 𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑜𝑜 𝐶𝐶 � 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 � 𝑙𝑙 0 𝑑𝑑𝑑𝑑 = 𝛩𝛩 𝜌𝜌 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑜𝑜 𝜆𝜆 𝐶𝐶𝐶𝐶2𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 𝐶𝐶(1 -𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑙𝑙 𝜆𝜆 𝐶𝐶𝐶𝐶2𝑠𝑠 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 �) (eq. 7) 𝐼𝐼 N1𝑜𝑜 = � 𝑑𝑑 𝑚𝑚𝑚𝑚 0 𝑑𝑑𝐼𝐼 = 𝐴𝐴 𝑚𝑚𝑚𝑚 𝑛𝑛 𝑚𝑚𝑚𝑚 𝜎𝜎 𝑁𝑁1𝑜𝑜 𝐶𝐶 � 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 � 𝑑𝑑 𝑚𝑚𝑚𝑚 0 𝑑𝑑𝑑𝑑 = (1 -𝛩𝛩) 𝜌𝜌 𝑚𝑚𝑚𝑚 𝑀𝑀 𝑚𝑚𝑚𝑚 𝜎𝜎 𝐶𝐶𝐶𝐶2𝑜𝑜 𝜆𝜆 𝑁𝑁1𝑜𝑜 𝑚𝑚𝑚𝑚 𝐶𝐶 (1 -𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝒅𝒅 𝒎𝒎𝒎𝒎 𝜆𝜆 𝑁𝑁1𝑠𝑠 𝑚𝑚𝑚𝑚 �) (eq. 8) 𝐼𝐼 𝐴𝐴𝐴𝐴4𝑑𝑑 = � ∞ 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 +𝑑𝑑𝑚𝑚𝑚𝑚 𝑑𝑑𝐼𝐼 = 𝐴𝐴 𝐴𝐴𝐴𝐴 𝑛𝑛 𝐴𝐴𝐴𝐴 𝜎𝜎 𝐴𝐴𝐴𝐴4𝑑𝑑 𝐶𝐶 � 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 � 𝑑𝑑𝑑𝑑 = (1 -𝛩𝛩) 𝜌𝜌 𝐴𝐴𝐴𝐴 𝑀𝑀 𝐴𝐴𝐴𝐴 𝜎𝜎 𝐴𝐴𝐴𝐴4𝑑𝑑 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝐴𝐴𝐴𝐴 𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 𝜆𝜆 𝐴𝐴𝐴𝐴4𝑑𝑑 𝑀𝑀𝑀𝑀𝐴𝐴 �
(eq. 9)
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(eq. 10)
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Results and Discussion

Surface Functionalization with SAM

The surface characteristic of Au/MUA was assessed by PM-IRRAS before and after the functionalization. QCM-D quartz surfaces were prepared in the same thiol solution together with Au slides, and their surface property could be followed up by referencing the Au slides. Bands at 2927.5 cm -1 and 2854.2 cm -1 of Figure 5.4 are attributed to the asymmetric and symmetric stretches of CH 2 in the alkyl chain, respectively. Bands at 1739.5 cm -1 and 1712.5 cm -1 are attributed to free and H-bonded C=O stretch of COOH, respectively. Band at 1457.9 cm -1 arises from the scissoring mode of CH 2 in the alkyl chain. Band at 1434.8 cm -1 indicates the symmetric stretching of COO -. It indicates that carboxylic groups coexist in the protonated form and carboxylated forms. Since pKa value of MUA/Au surface is 6.2, 53 To observe crystal growth with the effect of the proteins, I prepared four different surfaces (Figure 5.5) including: 1 control protein adsorbed surface; 2 crystal grown on top of adsorbed protein layer on surface; 3 crystal grown with the existence of protein in solution;

Crystallization with Proteins

and 4 control calcium carbonate grown surface.

Crystal Morphology

Optical Microscopy

Optical microscope images were taken after crystal growth (Figure 5 (C-D) The crystals also contained damaged, shattered, or decomposed structures after 4 days.

Raman Spectroscopy

Calcium carbonate crystallization includes nucleation, growth, and the phase transition from amorphous through metastable vaterite (hexagonal) to the most stable calcite (trigonal).

Nucleation mainly takes place in the early stage after an induction time, followed by growth process. During this mineralization, they undergo phase transformation from one morphology to another, towards the most stable phase. Amorphous CaCO 3 (ACC) is the thermodynamically least stable phases, followed by metastable vaterite and aragonite phases, and the thermodynamically most stable phase, calcite. Multistep transformation of the morphology derives from successive dissolution and recrystallization processes in the aqueous system 54,55 .

rhombohedral and spherical shape crystals in the presence of MrCP20 on surface (2) or in solution (3).

The effect of the protein on the crystal morphology was studied using Raman spectroscopy (Figure 5.7). CaCO 3 crystals formed in the absence of MrCP20 (4) in rhombohedral shape were exclusively calcite, according to the Raman spectra showing the bands at 285.9 cm -1 , 715.5 cm -1 , and 1088.1 cm -1 . [56][57][58][59][60][61][62][63][64] CaCO 3 crystals formed in the presence of 2 µg of MrCP20

showed both (3-1) spherical-and (3-2) rhombohedral-shape crystals and the corresponding Raman signal was attributed to vaterite and calcite phases, where vaterite exhibits bands at 274.5 cm -1 , 307.2 cm -1 , 743.4 cm -1 , 753.3 cm -1 , 1078.5 cm -1 , 1092.9 cm -1 . [56][57][58][59][60][61][62][63][64] CaCO 3 crystals formed in the presence of 20 µg of MrCP20 showed smaller and more spherical shaped crystals (3-3) at the same incubation time, dominated by vaterite Raman bands. These results indicate that high quantity of protein in solution had the strongest effect regarding stabilization of vaterite. The crystal morphology was also studied when the calcium carbonate was grown on surfaces initially adsorbed with 20 µg of MrCP20 (2). The crystal shape was mostly spherical based on the microscope connected to the Raman equipment, but the Raman spectra indicated that both vaterite and calcite were present. The protein layer on top of the MUA surface hindered controlled growth of (113) nucleating calcite, but it did not completely inhibit phase transition towards thermodynamically the most stable calcite morphology. All the Raman spectra represented were taken after one day when the crystal growth was stabilized. Although the vaterite morphology did not last for more than a week, the data strongly suggested that MrCP20 has a significant influence on the Ostwald's steps 65 , representing successive phase transformation and recrystallization of CaCO 3 polymorphs.

The theoretical scheme (Figure 5.8) is suggested for the potential effect of MrCP20 on Ostwald's steps. CaCO 3 crystallization often proceeds by multi-step pathways from amorphous to calcite through metastable intermediates with activation energy barriers (∆G). 66,67 Transition process of the phases depends on the solubility of each mineral phase and activation energy of their interconversion, which is known to be strongly influenced by additives. 68 The presence of MrCP20 either in solution or on surface during the mineralization process possibly encouraged the involvement of vaterite stage by decreasing the energy barrier of the amorphous-to-vaterite transformation (∆G vat > ∆G vat *) or increasing the energy barrier of the vaterite-to-calcite transformation (∆G cal < ∆G cal *), or both of them. The phase of aragonite was not represented in the figure since the pathway did not take place under our temperature condition. [69][70][71] The potential function of MrCP20 may benefit the growing process of mineral periphery shell at the bottom edge and the base plate by maintaining the vaterite morphology for prolonged period before transforming into calcite.

5.3.4

In-situ Crystal Growth Kinetics Observed with QCM-D

Vapor diffusion

Real time information of crystallization on -COOH modified surface was obtained by QCM-D. The resonant frequency was stabilized in air for 5 min followed by stabilization in CaCl 2 solution for 20 min. Upon supply of CO 2 , the resonant frequency decreased significantly as crystal formation took place and being adsorbed on the quartz. ng/cm 2 ). By obtaining the best fits of the QCM-D measured frequency (Δf) and dissipation (ΔD) changes at different harmonics (n = 3, 5), film viscosity, film elasticity and film mass on sensors were calculated. The calculated mass was 86.5 µg/cm 2 , which was comparable to the value calculated using Sauerbrey equation from the third harmonic (n = 3), which was 92.4 µg/cm 2 . The more harmonics we have for fitting curves with the Kelvin-Voigt model, the more accurate mass values we can estimate. Unfortunately, as the load on the sensor increased drastically upon crystal growth, the oscillation of the sensors was beyond the capability of the equipment, and the system lost signals from the highest harmonics to either Chapter 5 147 7 th or 5 th . Hereby, surface mass from all the QCM-D measurements in this chapter were calculated using the 3 rd harmonic and the Sauerbrey equation. 

Quantification Model

Crystal Growth Inhibition with Increasing Amount of MrCP20

The influence of MrCP20 on crystal growth kinetics was analyzed as a function of the protein concentration. As the amount of MrCP20 in CaCl 2 solution increased, the frequency drop upon crystal growth decreased accordingly, as shown in Figure 5.10. One could observe not only the final saturated frequency value, but also a gradient of frequency by the time CO 2 was introduced, likely affected by the increasing amount of MrCP20. This data indicated that the protein regulated crystal growth from the beginning of the nucleation process. The crystal mass upon the growth saturation was calculated using the Sauerbrey equation, and is represented in Figure 5.11. The effect of impurities on crystallization process has been extensively studied and most of the growth mechanisms are based on the concept of adsorption of impurities on a growing surface [73][74][75] . CaCO 3 crystal growth kinetics in the 149 presence of additives has been interpreted in terms of a Langmuir-type isotherm in many studies to explain the growth inhibition effect [76][77][78] . In the present study, the inhibited mass relative to the fully grown crystal mass (control without any MrCP20) was linearly fitted to the inverse of the protein concentration with an R square value of 93.1% (Figure 5.11B).

The discrepancy occurred from the effect of direct chelation of the proteins with the crystal ions in the solution which influenced the multistep crystallization process. 

Crystal Growth influenced by MrCP20

In order to study the effect of proteins in solution or on surface upon crystal growth, the insitu crystallization process taking place on surfaces 2-4 was carried out on a QCM-D chip and the frequency change and dissipation were concomitantly monitored as shown in Figure 5.12. CaCl 2 in the absence of MrCP20 (4), showed an immediate frequency shift, dropping at -1628 Hz after 10 min, while CaCl 2 containing 1 mg/mL of MrCP20 (3) took four times longer to achieve the same frequency shift. Crystal growth rate on the surface 3 was also 150 very slow compared to surface 4. During the linear growth phase, the Δf/t slope was -1.19

(Hz/sec) on the surface 3 and -3.13 (Hz/sec) on the surface 4, respectively. In short, MrCP20 in solution led to a longer induction time and slower nucleation and growth kinetics of crystallization.

In agreement with previous studies on acidic amino acids retarding the crystallization kinetics of CaCO 3 [79][80][81][82] , the large number of negative residues in MrCP20 can result in significant interference on the crystal growth. Strong interactions between the negative surface charge of MrCP20 and Ca 2+ ions in solution forms an additional layer of the counterions, and this double layer (DLVO) 83,84 around the protein decreases the ability of both ions to reach the MUA surface. This mechanism occurs from the beginning of crystallization since the nucleation is predominantly dependent on the number density of nuclei, a mechanism referred as the classic nucleation theory (CNT) 85 . The ions partially captured by MrCP20 in solution deplete ions on the MUA surface, which increases the induction time and consequently inhibits the total nucleation and growth process of CaCO 3 . This is also supported by MD simulation on MrCP20 and surrounding ions 27 , which showed ion clusters formed around the protein interacting with the charged sites of the protein via electrostatic and water-mediated interactions. Additionally, reduced free cysteine residues have been suggested to participate in mineral growth as much as Asp 86 and MrCP20 possesses 6 disulfide bonds (12 Cys) and 20 free Cys in its natural state. Finally, steric hindrance from the protein can interfere electrostatic interactions between the Ca 2+ and CO 3 2ions in a broader range, resulting in inhibition of lattice construction. With the presence of MrCP20 on the surface, surface 2 showed a slightly longer induction time (5 min) and slightly slower growth rate than the control (surface 4), with the Δf/t slope of -2.76 (Hz/sec). Similar nucleation and growth rate indicated that there was no interference from the protein in the liquid environment, but a minor interference from the protein on surface. On the other hand, much less crystals were grown compared to surface 4, and this was due to the protein layer partially covering MUA surface that changed the overall surface property. Due to the protein layer, Ca 2+ ions were not homogeneously distributed on the surface, but rather locally concentrated on top of MUA/Au or MrCP20/MUA/Au. When CO 2 was introduced, CO 3 2-ions reaching the Ca 2+ ions near the MUA surface were highly interrupted as they were partially attracted to the positive surface residues of MrCP20 (if any of them were exposed to the solution) as well as the Ca 2+ layer formed around MrCP20. This also explains the lower number of nucleation sites and their more heterogeneous distribution 

Quantification of Crystal using XPS

After QCM-D measurements, the quartz surfaces were prepared for XPS analysis to quantitatively analyze the grown crystals. The crystals formed on the surface were first probed by optical microscopy measured from different scanning areas, averaged, and converted to the length of cube for calculations. In the absence of MrCP20, smooth calcite crystals of (113) nucleating plane 40 with a rhombohedral shape were observed with an average width of 7.7 ± 3.3 µm. In contrast to surface 4, which showed homogeneously spread crystals, surfaces 2 and 3 had more random distributions in space, shape, and size of crystals. The mean width of the crystal was measured and averaged to be 6.6 ± 4.4 µm for surface 3 and 4.8 ± 3.2 for surface 2. MrCP20 on surface and in solution interrupted nucleation on the surface, resulting in higher variability in size of the crystals, grown from fewer nuclei. Additionally, the protein diminished the surface's orienting effect for crystal Biomineralization and MrCP20
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According to Beer-Lambert law, the surface mass of the crystal was obtained from eq.6.

The Therefore, d mr was calculated to be 1.7 nm, and this value was in the range of radius of gyration (1.2 ~ 2.2 nm). 27,87 With consideration of the protein layer on surface 2, surface 3 achieved 13% higher adsorbed mass compared to surface 2.

The resulting surface mass of CaCO 3 investigated using XPS was compared with the relative Sauerbrey mass obtained by QCM-D experiments as shown in Table 5.5. The results were in close agreement with each other. 

Protein Morphology in the Presence of CaCO 3

Calcium carbonate grown on SAM-modified Au surfaces (4) were characterized using PM-IRRAS (Figure 5.17). A sharp band at 1415 cm -1 was detected corresponding to the antisymmetric stretching (v 3 ) in the ab plane of the carbonate group 88 . This band was also visible when it was grown on MrCP20/MUA/Au (2), and when it was grown in the presence of MrCP20 in solution (3). that it assembled into fibrillar structures reminiscent of amyloid. 12,30,34 Such fibrillar structures are known to have significant mechanical stability and resistance to enzymatic degradation, which might contribute to the cement's tenacity 30,[92][93][94][95] .

According to the discussions above, MrCP20 affected the nucleation and growth of CaCO 3 by electrostatic and water-mediated interactions. As protein influenced crystal formation, the crystal showed the mutual effect on MrCP20 to have more structured ordering in favor for βsheet packing and fibril formation. MrCP20 is potentially a good candidate to regulate the calcareous base plate's biomineralization process, as well as to interact with substratum from other marine creature or sedimentary minerals that are often made of calcium carbonate.

Conclusion

In this Chapter, different surface sensitive techniques were used to investigate proteinmediated calcium carbonate mineralization, as well as ions-mediated reconstruction of the adsorbed protein layer. Chapter 6 Antimicrobial activity and Amyloid-like

Structure of MrCP19

The potential antimicrobial activities of MrCP19 and MrCP20 

Introduction

In marine environment, underwater adhesion of fouling organisms is challenging as interfacial water layers and additional biofilms form on the submerged surfaces. [1][2][3] Biofilms are complex microbial assemblages embedded within extracellular polymeric substances (EPS) matrix. 4 The marine biofilms' influence on biofouling process has been studied to develop eco-friendly biofouling control strategies. 5 Barnacle, as a dominant macrofouling organism, is under particular scrutiny as it settles firmly on different substrates irrespective of the different environmental conditions. In order to understand the fouling process, it is necessary to understand the structure of barnacle's base material, the surface structure to which barnacle attaches, and the communication system between the surface and the barnacle.

Detecting appropriate substratum to settle is a critical stage for barnacles to subsequently secure adhesion. Recent studies indicate that marine biofilms can guide barnacle larval recruitment for pre-settlement assessment, thereby either promoting or discouraging barnacle biofouling. [6][7][8][9] Variety of sources composing the biofilm such as quorum sensing (QS) molecules, or ion channels with different electrical signals, provide important cues. 5 Following the communication between the biofilm and the barnacles for pre-settlement, firm and irreversible settlement using cement adhesive takes place. 10 During the first stage of permanent attachment, lipids have been observed to clean the surface and to protect the adhesive proteins from excessive hydration and bacterial degradation. 11,12 However, dead bacteria cells were still observed underneath the juvenile barnacle base plate, with a high density of dead bacteria located close to the cyprid antennule adhesive plaques and a mixture of live and dead bacteria around the cuticle. 13 The presence or even condensation of bacteria cells underneath the barnacle followed by their eradication have not been completely understood.

Recent studies observing dead bacteria underneath the barnacle base plate support the intriguing hypothesis that one of the cement proteins performs antibacterial activity. 11,[13][14][15] As MrCP19 is suggested to be located in the interfacial layer of cement adjacent to the external substratum, the interaction between the protein and bacteria cells was investigated for its potential antimicrobial activity. MrCP20 was used as comparison for some experiments. Zone of inhibition test and Minimum Inhibitory Concentration (MIC) assay were performed to identify the minimum protein concentration for effective bactericidal activity. TEM observations indicated partial cell rupture in the presence of MrCP19 as well as protein fibrillization. The fibrillization of MrCP19 into amyloid-like nanofibrils at the cell membrane was confirmed using the thioflavin T (ThT) assay. Lastly, fluorescence microscopy was used to compare the live/dead behavior E.coli of in the presence or absence of the protein.

Materials and Methods

Zone of Inhibition Test (The Kirby-Bauer Test)

Mueller-Hinton (MH) agar was autoclaved at 121°C for 15 minutes and cooled down to be poured into the plates to a depth of approximately 4 mm. The plates were placed under the hood, partially covered with the lid, until the agar was fully solidified. The plates were used directly or after storage at 4 °C.

A single colony of E. coli was precultured in Mueller-Hinton broth (MHB) to mid-log phase and then diluted to an OD600 value of 0.05. Using a sterile swab, a drop of inoculum was taken and spread on prepared MH agar plate by streaking the swab and rotating the plate for even distribution of inoculum. A paper disk containing MrCP up to 1 mg/mL of concentration was put in the middle of agar plates, gently pressed to ensure complete contact with the agar surface. The zone of inhibition was observed after the plates were incubated at 

Minimum Inhibitory Concentration (MIC) Verification

Results and Discussion

Weak Inhibitory Effect of MrCP19 on Bacteria

Zone of Inhibition

The zone of inhibition test, or also known as Kirby-Bauer disk diffusion method, was performed to assess the antimicrobial activity of the proteins in relation to E. coli. (Figure 6.2) Only 1 mg/mL MrCP19 showed a zone of inhibition with the diameter of 20 mm, whereas 0.8 mg/mL of MrCP19 showed a smaller inhibition zone with a diameter of 13 mm, while MrCP20 did not show any zone of inhibition. According to previously reported inhibition zone diameter of prescribed antibiotics against E. coli, 20 mm indicates that the bacteria is in the boundary range between susceptible and resistant. [16][17][18][19][20] Figure 6.2 Inhibition zone diameter of (A) 20 mm observed with 1 mg/mL of MrCP19, (B) 13 mm observed with 0.8 mg/mL of MrCP19, while (C) no zone of inhibition was observed with 1 mg/mL of MrCP20.

Minimum Inhibitory Concentration

MIC is the lowest concentration of an antimicrobial agent that prevents visible growth of a microorganism. This MIC assay can provide quantitative information of the exact concentration needed to inhibit the bacterial growth, compared to Kirby-Bauer method. 21 In order to assess the proteins inhibitory effect on bacterial growth, MIC assay was conducted with both gram-positive and gram-negative cells, using E. faecalis and PAO1 strains, respectively. PAO1 is known to be more resistant to antibiotics than E.coli, due to extremely restricted membrane permeability. [22][23][24] MrCP19 incubated with E. faecalis (Figure 6.3A) showed a bactericidal efficiency of 13.7 %

(1.3 mg/mL) and 6.3 % (0.65 mg/mL). Lower concentration of the proteins (under 0.1 mg/mL) still showed growth inhibition but eventually the bacteria had all grown after 24 h.

For the lowest concentration of MrCP19 (10 µg/mL and below), the growth curve was 182 almost identical to the positive control. MrCP20 also showed weak inhibitory affect by 11.1 % (1.3 mg/mL), and at the lowest concentration, it had no effect on bacterial growth (Figure 6.3B). Both protein solutions were confirmed to be sterilized from the black curve whose OD values were consistent during the experiment. A more significant bactericidal effect of both proteins was detected for PAO1. MrCP19 incubated with PAO1 showed a bactericidal efficiency of 30.3 % at 1.3 mg/mL) and 16.3 % at 0.65 mg/mL (Figure 6.4A). At lower protein concentrations (under 0.1 mg/mL), an inhibitory effect was still observed on the growth curve. MrCP20 also showed an inhibitory efficiency of 30.0 % at 1.3 mg/mL) and of 11.2 % at 0.65 mg/mL. However, at lower proteins had concentration, there were no effect on bacterial growth (Figure 6.4B). Both protein solutions were confirmed to be sterilized from the black curves whose OD values were consistent during the experiment.

In summary, both proteins showed improved inhibitory effect for gram-negative PAO1 compared to gram-positive E. faecalis. PAO1 and E. faecalis have differences in structure, thickness, and composition of cells, but the main difference is that gram-negative cells have Antimicrobial Activity and Amyloid-like Structure of MrCP19

Chapter 6 183 double membrane layers while gram-positive cells have only a single plasma membrane which is covered with a thick peptidoglycan layer on the outmost part. 25 Gram-negative cells possess a much thinner peptidoglycan layer between the outer membrane containing lipopolysaccharides (LPS), and the inner membrane. These results suggest that the presence of membrane, and thus membrane permeability, is important for the proteins to exhibit antimicrobial activity. On the other hand, the bactericidal activities of the two proteins were quite similar. At the protein concentration of 1.3 mg/mL, MrCP19 was slightly more effective than MrCP20, and at lower concentration, MrCP19 showed better bactericidal activity. Still the result was not as efficient as commercial antimicrobial agents due to the experimental limitations, such as the restricted concentration of the proteins and the experimental temperature over 35 o C for bacteria growth, which is not favorable for the proteins.

Potential Link

Between Antimicrobial Activity and Amyloid-like Structure

TEM

To identify the cell membrane damage of bacteria caused by barnacle cement proteins, TEM images of E. coli treated with the cement proteins at 0.5 mg/mL or 1 mg/mL were obtained and compared with untreated E. coli. One antimicrobial activity mechanism exerted by antimicrobial peptides (AMPs) is through binding to the bacterial cell membrane followed by disrupting it. [26][27][28][29] Among various membrane invasion mechanisms for AMPs, one of the recent models suggests that AMPs permeate bacterial membranes via an amyloid mediated mechanism. 30,31 One model used for describing amyloid formation by AMP suggests that unstructured monomer peptides or proteins in aqueous solutions can adopt α helical structures at the membrane interface, and later undergo conformational transition to form β-sheet rich amyloid fibrils (Figure 4.8). 32,33 As discussed in Chapter 2.3, MrCP19 possesses a lot of hydrophobic residues as well as hydrophilic residues composed of similar amount of negatively charged and positively charged residues. This amphiphilic characteristic of MrCP19 is hypothesized to be a viable candidate favoring membrane binding and pore formation. Furthermore, the protein can undergo conformational change to accommodate amphiphilic characteristics during alignment and oligomerization upon membrane binding, which might eventually adopt βsheet conformation, aggregating and forming amyloid fibers. 32 The anti-bacterial activity of MrCP19, or more precisely bacteria membrane disruption behavior of MrCP19 together with fibril formation, is further discussed in the following section to better understanding the membrane invasion mechanism.

ThT Assay

ThT assay can provide quantitative information on amyloid fibril formation by fluorescence intensity arising from ThT dye bound to consecutive β-sheet structures, as discussed in Chapter 3.3.3. [34][35][36][37][38] In order to assess the proteins fibril formation in the presence of bacteria 187 membrane, ThT assay was conducted using E. coli as well as PAO1 strains, as both species contain LPS as the outmost layer of their cell membrane. The results of ThT assay on E. coli incubated with MrCPs are shown in Figure 6.9. E.coli control samples in this experiment (red curves) showed strong amyloid detection in 20 hours of incubation, attributing to the cells natural curli fibers. 39,40 Results from the protein control samples (green curves) showed that fiber quantity of the proteins is relatively marginal compared to the fiber quantity of the cells, which was carried out for 24 hours.

For bacteria samples incubated with different concentration of MrCP19 (Figure 6.9A), there were two main observations. (ⅰ) The fluorescence intensity from fibril structure was diminished after 24 hours for the bacteria samples with increasing amount of MrCP19. As discussed in Chapter 6.3.1, MrCP19 showed some bactericidal effect, and the decrease of fibril detection can be explained by inhibited growth of E.coli due to the protein. (ⅱ) There is another clear trend that higher concentration of MrCP19 led to amyloid fiber formation in shorter time of incubation (more precisely, it started to show fluorescence intensity increase), 188 which was much faster compared to the control E. coli sample. Once it reached a maximum intensity, it did not further increase. It is possible that MrCP19 fibril formation was triggered the cells to produce amyloid structure in shorter time starting from 9 hours and at the same time, these protein amyloid fibrils either inhibited the bacterial growth or protruded the membrane of the bacteria cells, preventing further fiber increase. Another theory is that these instant small increases of fibrils resulted from curli fibers of E. coli instead of protein fibers.

Regarding the cell growth inhibition starting from 8-10 hours of protein treatment (Figure 6.3-4), the increase of curli fibers could take place upon unique interaction between MrCP19 and LPS, followed by cell protrusion and membrane damage. Different hypothesis can be tested and confirmed in the future by timewise TEM observations over 24 hours of E. coli with and without the protein.

MrCP20 on the other hand (Figure 6.9B), greatly decreased the fluorescence intensity after 24 hours of incubation at 1.3 mg/mL, and showed little decrease of fluorescence intensity for the lower concentrations. The fluorescence intensity values were comparable with that of MrCP19 for 1.3 mg/mL, but not at the lower concentrations. All inhibition of fibril formation was observed only after 20 hours, which is likely due to inhibited curli fiber growth. In contrast to MrCP19, no effect of promoting fibril formation was observed, neither forming its own amyloid fibers nor inducing curli fibers from E. coli. 1.3 mg/mL MrCP20 had not shown a strong bactericidal activity from the experiments, but its potential effect on curli fibril has been detected. PAO1 control samples in this experiment (red curves) indicated strong amyloid detection within 10 hours of incubation, due to their own amyloid fibrils, mainly the wild type FapC protein. 41,42 Similar with E. coli containing curli fiber, PAO1 is known to utilize the functional amyloid fibrils to fortify the biofilm extracellular matrix. Results from the protein control samples (green curves) show that fiber quantity of the proteins was relatively marginal compared to the fiber quantity of the cells, which was carried out during for 24 hours.

Similar with the results from Figure 6.9, increasing the protein concentration tended to reduce the fluorescence intensity of PAO1 incubated with MrCPs after 24 hours.

Considering that the bacterial growth inhibition effect of the two proteins on PAO1 was quite similar (Figure 6.4), MrCP20 inhibited fiber growth more efficiently than MrCP19, or In order to achieve a better understanding of interacting mechanisms between the proteins and LPS of the gram-negative cells, AFM and ThT assay as additional experiments (the results are not shown) on vesicles, were conducted with Phosphatidylethanolamine (PE) to simply mimic E. coli cell membrane (75 % composed of PE). However, no vesicles were observed to experience membrane damage, nor improving fibril formation of MrCPs. More than the simplified PE structure will be required to understand mechanisms of the proteins' fiber formation upon membrane interaction and antimicrobial activity. the cells. This aggregation might be detrimental to the cells since the oxygen consumption would be locally concentrated to deplete oxygen supply.

Fluorescence Microscopy

Conclusion

In this Chapter, various microbiology tests were conducted using E. coli and other bacteria species to assess the potential antimicrobial activity of MrCPs. Zone of inhibition and MIC tests showed that MrCP19 exhibits a slightly stronger antimicrobial activity than MrCP20.

MIC test suggested that E. faecalis (gram-negative bacteria) is more resistant to the proteins than PAO1 (known to be more resistant than E. coli, gram-negative bacteria). TEM imaging indicated: (ⅰ) cell disruption through membrane damage or penetration, as well as (ⅱ) fibril formation in the presence of MrCP19. From MIC test and TEM imaging, we propose an amyloid formation and penetration mechanism of the proteins as they interact with the cell membrane, with LPS that mainly composes the outer membrane of gram-negative cells.

The β-sheet propensity structure of MrCP19 seemed to be the underlying commonality for understanding both amyloid fibril formation and cell membrane permeation. Thus, ThT assay was conducted to monitor β-sheet amount of the proteins and bacteria cells, which suggested acceleration of fibril formation at increasing concentration of MrCP19 in the presence of gram-negative bacteria cells. The amphiphilic structure of the cell membrane might favor interaction with amphiphilic MrCP19, enabling antimicrobial activity. It is also plausible that MrCP19 forms fibrils are encouraged by lipid components of the putative primer, not only by bacteria cells, and this can be investigated in further experiments. On the other hand, the possibility of increased production of amyloid fibrils by the bacteria as a selfdefence in the exposure to the proteins cannot be neglected. 43,44 Further studies for proving MrCP19 amyloid fibrillation without the effect of natural bacterial amyloid fibrils will strengthen our understanding of antimicrobial mechanism as one of functional roles of 

General Conclusion and Discussion

In this thesis, an integrative approach from protein analysis to surface sensitive techniques was used to understand the structural behavior of the two barnacle cement proteins MrCP19 and MrCP20, as well as their biophysical functional roles during the barnacle's growth and firm attachment on surfaces.

The first aim to obtain recombinant proteins using heat shock method and identify the protein morphology was presented in Chapter 3. The results demonstrated that the monomeric form of the proteins was obtained after using two-step purification methods, with higher amount of β-sheet component and amyloid fibrils detected from MrCP19 compared to MrCP20.

In Pursuing these outcomes met several minor and major challenges.

i. Above all, protein loss was inevitable during and after protein purification due to their susceptibility to aggregation in solution and/or on surfaces, and adsorption to various surfaces. Careful observations on their behavior were necessary, and efforts to prevent them from premature aggregation or adhesion should have been followed in every step of the expression and purification process. Since MrCP19 and MrCP20 are adhesive proteins, they tended to stick to the columns used for purification. Manually controlling the injection of the protein solution and elution buffer into Ni-NTA columns improved protein binding to the beads as well as protein harvest by providing good pressure to the proteins and keeping favorable local concentration of the proteins inside the columns. Dialysis in Tris buffer was followed to remove impurities from the eluted solution. This method could minimize protein attachment to the SEC column and valves. Spinning rate and running time for protein concentration step was maintained at moderate levels, with continuous pipetting between each run to prevent protein aggregation. 

In-time Crystallization Observation Using Surface Sensitive Technique

From this thesis, quantitative and kinetic information during CaCO 3 crystallization process regulated by MrCP20 was obtained in Chapter 5. The final crystallized mass of CaCO 3 was decreased by ~30% with the protein and the growth kinetic was also retarded due to the interaction between the charged amino acid residues composing the protein and Ca In order to map the phase transformation mechanism of calcium carbonate from amorphous to vaterite to calcite regulated by MrCP20, more precise x-ray diffraction information at the earlier stages of phase transformation is required. Synchrotron studies, which enables in-situ and time-resolved diffraction at the solid/liquid interface, would help achieve this objective. 
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 23 Figure 2.3 (A) Barnacle cement protein complex indicated with possible functions and (B) schematic illustration of cement protein primary structures with relative length indicating the molecular weight of each protein.33 

  Kamino 33 identified at least 5 proteins from the cured cement of adult barnacle Megabalanus rosa, namely MrCP19, MrCP20, MrCP52, MrCP68, and MrCP100, with the numbers indicating the molecular weight (MW) of each protein. He proposed the spatial location of these proteins within the complex through adsorption studies of the proteins on various substrates such as calcite, gold, glass and polystyrene.34 Figure 2.3 shows the putative location of cement proteins and illustration of their sequence design. According to his hypothesis, hydrophobic MrCP100 and MrCP52are located in the bulk of the cement, hydrophilic MrCP20 and MrCP68 exist at the interface between barnacle base plate and bulk cement, and hydrophilic MrCP19 forms the layer that interacts with the external substrate. Since MrCP19 and MrCP20 are the proteins assumed to be in the interfacial regions, there is a strong interest to investigate their functional role in the cement complex.

Figure 2 . 4 (

 24 Figure 2.4 (A) AFM topography from the base plate region of Balanus amphitrite and (B)CD spectra of the bulk cement from the same barnacle originally settled as cyprids on quartz and CaF2 (green, dashed) and "secondary cement" (blue, solid; referring to cement used for reattachment).35 

Figure 2 . 5 A

 25 Figure 2.5 A hierarchical illustration of amyloid fibrils at structural level. Generic amyloid fibril structure is defined by a cross-β structure, where β-strands are aligned perpendicular to the fibril axis with the inter-strand distance of approximately 4.7 Å, and β-sheets are parallel to the same axis with the inter-sheet distance of approximately 10 Å.

Figure 2 . 3 ,

 23 MrCP19 and MrCP20 have been suggested in various studies as the most plausible cement proteins for surface adhesion studies. These proteins are also convenient to work with because they express relatively well in bacteria likely due to their low molecular weight and high solubility. The sequences of the proteins are shown in Figure 2.6, as obtained from Peptide Property Calculator (Bio-Synthesis, Inc.). MrCP20 is less hydrophobic at both acidic and neutral pH than MrCP19, possessing more charged (both acidic and basic) components and less hydrophobic content. The comparison is shown in Table 2.1.
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 26 Figure 2.6 Amino acid sequence of the two cement proteins from Megabalanus rosa, MrCP19 and MrCP20. MrCP19 is enriched in Ser (S), Thr (T), Gly (G), Ala (A) amino acids (blue), as well as Lys (K), Asp (D), and Glu (E) (red). MrCP20 is more abundant in charged residues (orange) and Cys (green).
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 6927 Figure 2.7 (A) Tertiary structure of MrCP20 in solution with disulfide linkages (pink spheres), α-helices (red) and β-sheets (blue). 70 (B) Surface representation of calculated electrostatic potential with the colors represent -5 kT/e (red) to +5 kT/e (blue).71

  monolayers (SAMs) on gold substrates have been significantly used in order to test different surface parameters affecting the nucleation and growth, morphology, polymorphism of the crystals, and so on. The use of structured SAMs can discuss the quantitative control of crystal growth as well as orientational specificity for crystal nucleating faces.[105][106][107][108][109][110] 
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 281 Figure 2.8 (A) Frequency shift of the QCM-D due to the crystallization of CaCO 3 on the -N(CH 3 ) 3 , bare gold, and -COOH modified surfaces. Excess solid (NH 4 ) 2 CO 3 was located aside the CaCl 2 solution to provide CO 2 . 111 (B) Schematic illustration of odd and even chain

Figure 2 . 9

 29 Figure 2.9 (A) Light transmission curve for the CaCO 3 crystallization in the presence of different amino acids at an amino acid-to-calcium ratio of 2:1, and (B) Chemical structure and isoelectric point (pI) of amino acids used.The amino acids' side-chain acidity is directly related to the greater ability to inhibit crystal growth. 115 (C) Ion-residue interactions shown with MrCP20 in a white cartoon, interacting residues in cyan sticks, the interactions in dashed lines.71 (D) MrCP20 adsorption onto the {101̅ 4} face of a calcite surface. MrCP20 is displayed as a cartoon and the interacting protein residues (cyan) and calcite surface are in stick representation.71 
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 2 ions through electrostatic or water mediated interactions was demonstrated (Figure 2.9C). The alternatively layered charge distribution of the solutes surrounding MrCP20 affects the CaCO 3 network. NMR analysis on MrCP20 in the presence of CaCO 3 confirmed that Asp (D) is critical and that the mineral ions form clusters around the acidic residue rich domains. 126 MrCP20 adsorption onto the {101̅ 4} calcite crystal face was studied in simulation (Figure 2.9D). Conformational lability of MrCP20 upon calcite surfacecoupling is aided by disulfide bridges being distant from the residues interacting with the mineral surface.71 

Figure 2 .

 2 Figure 2.10 (A) Model illustrating the steps involved in MrCP20-mediated vaterite crystallization. (i) Domains rich in acidic residues of MrCP20 capture inorganic ions that aggregate into (ii) liquid condensed phase (LCP) microdroplets. (iii) Inside the droplets, fibrillization of MrCP20 and the growth of cluster aggregates into proto-vaterite ACC take place simultaneously. (B) 1 H-15 N HSQC spectra of MrCP20 in 0.1 M CaCl 2 in the absence (purple) and in the presence (pink) of 0.1 M NaHCO 3 . 126

  CD measurements were made with AVIV Model 420 CD spectrometer (Biomedical, INC. Lakewood, NJ USA) in the wavelength range of 195-250 nm. High transparency quartz CD cuvettes with different path lengths of 0.01-1 cm were used. Each scan was recorded at the rate of 20 nm/min. Three scans were obtained for each sample with their respective baseline. The averaged baseline spectrum was subtracted from the averaged protein sample spectrum acquired. The raw ellipticity (θ) was converted to mean residue molar ellipticity ([θ]) using the following equation:

  volume of 80 uL. 20 µL of ThT solution was added to reach the final ThT concentration of 20 µM and the final sample solution volume of 100 µL. The fluorescence was measured with excitation at 440 nm and emission at 485 nm, at 25 o C, 9 reads per well, every 15 min followed by 5 sec orbital shaking during 24 hr, using Infinite 200 Pro (Tecan, Switzerland).

Figure 3 . 1

 31 Figure 3.1 MrCP20 purification. (A) Representative SEC chromatogram and (B) the corresponding SDS-PAGE gel. Each lane corresponds to specific fractions collected during SEC purification. Elution from peak 2 (blue in the chromatogram) indicated pure monomeric form of MrCP20 protein, while elution from peak 1 (red in the chromatogram) and shoulder peak (green in the chromatogram) contained higher MW components.

Figure 3 . 2

 32 Figure 3.2 MrCP19 purification. (A) Representative SEC chromatogram and (B) the corresponding SDS-PAGE result. Each lane corresponds to different fractions collected during SEC purification. From the left to right, each row indicates MW marker, supernatant after cell lysis (SN), protein purified after Ni-NTA (Ni), and 6 different fractions from SEC elution, respectively. Only fraction 5 showed pure and good amount of MrCP19.

Figure 3 . 3

 33 Figure 3.3 MALDI-TOF spectra of purified MrCP20 with a major peak at a MW at 21.5 kDa, corresponding to the theoretical value of 21.4 kDa.

Figure 3 . 4

 34 Figure 3.4 CD spectra of MrCP20 (A) in Tris or (B) in AA at different protein concentrations. Far-UV CD spectra of recombinant MrCP20 shown in Figure 3.4 at different protein concentrations indicates a mixture of β-sheet and random coil structure, exhibiting a

Figure 3 . 5

 35 Figure 3.5 CD spectra of 1 mg/mL MrCP19 (A) in Tris or (B) in AA at different salt concentrations from 150 mM to 900 mM.

Figure 3 . 6

 36 Figure 3.6 24 h fluorescence intensity measurement of (A) MrCP20 and (B) MrCP19 in Tris.The protein concentration was serially diluted in two-fold, starting from 1 mg/mL (green) to 0.002 mg/mL (red).

. 7 -

 7 Figure 3.8). The proteins had no correlated aggregation behaviour complied to the increasing protein concentration in the measurement range of 0.04 mg/mL ~ 1.0 mg/mL. MrCP19 showed already big radius in the very low concentration (Figure 3.8B). Different from all three other measurements which showed a coexistence of multiple populations, MrCP19 in acidic condition showed a single population at the size over 120 nm, without the presence of a smaller size distribution. Number and volume analysis of DLS confirmed that there was single population over 120 nm, while other three measurements indicated a single population around 4-5 nm for MrCP20 or 12-40 nm for MrCP19.

Figure 3 . 7 Figure 3 . 9

 3739 Figure 3.7 Hydrodynamic radius distribution of MrCP20 at (A) pH 8.3 and (B) pH 3.6. The protein concentrations are 1 mg/mL, 0.2 mg/mL, and 0.04 mg/mL from the top to the bottom,

Figure 3 . 10

 310 Figure 3.10 Theoretical protein net charge (dotted line added as guide to the eye) and experimental mean zeta potential (solid line added as guide to the eye) in different buffer condition obtained for (A) MrCP20 (pI = 5.05) and (B) MrCP19 (pI = 6.89). Both proteins are positively charged at pH 3.6, and negatively charged at pH 8.3.
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 444 MrCP19 and MrCP20. The proteins were soluble in Tris and AA buffer at pH 8.3 and pH 3.6, respectively. MrCP19 exhibited more β-sheet secondary structure compared to MrCP20 as observed by CD, which was also confirmed by ThT assay. Hydrodynamic radius of MrCP19 was a lot bigger than that of MrCP20 at both pH 8.3 and pH 3.6 as obtained by DLS. Zeta potential of the proteins were measured within the range of theoretical value except for MrCP19 in acidic condition, showing unusually great value, possibly related to its unique structural behavior. Taken together, CD, ThT assay, DLS, and Zeta potential allow us to conclude that MrCP19 more readily assembles into β-sheet structures than MrCP20, which is the characteristic feature of amyloid proteins. This fibrillation of MrCP19 can result in Biophysical Characterizations of Barnacle Cement Proteins Chapter 3 84 specific functionalities. Furthermore, the unique properties of MrCPs can be useful to investigate their functional roles as bioadhesives. 12. Mori, Y., Urushida, Y., Nakano, M., Uchiyama, S. & Kamino, K. Calcitespecific coupling protein in barnacle underwater cement. FEBS Journal 11 (2007). 13. So, C. R., Liu, J., Fears, K. P., Leary, D. H., Golden, J. P. & Wahl, K. J. Self-assembly of protein nanofibrils orchestrates calcite step movement through selective nonchiral interactions. ACS nano 9, 5782-5791 (2015).Chapter Surface Adsorption and Adhesion Behavior ofMrCP19 and MrCP20Barnacle has attracted significant interest for the robust and permanent attachment it confers to diverse underwater substrates through strong interaction of a multi-protein complex layer, "cement". However, the intermolecular interactions responsible for the strong adhesive properties of the barnacle cement remains poorly understood. Herein, the molecular characteristics of cement proteins (CPs) were studied to understand their contribution to the underwater adhesion properties of the cement complex. The nanoscale morphological features of recombinant cement proteins from the barnacle Megabalanus rosa (MrCP19 and MrCP20) adsorbed on metal oxide substrates were characterized using Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM), and their secondary structure using Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR). The adsorption behavior of the CPs is evaluated using a Quartz Crystal Microbalance with Dissipation (QCM-D) monitoring.The adhesion force of each protein was analyzed via Surface Force Apparatus (SFA). These results demonstrated that the cement proteins exhibited the adhesion behavior according to their own molecularSurface Adsorption and Adhesion Behavior of MrCP19 and MrCP20 Chapter structure and surface behavior, which provided fundamental insights into the molecular adhesion mechanism at interface.

95 (

 95 Using QCM-D Real time surface adsorption of MrCP19 and 20 on different oxide surfaces at different pH conditions was investigated using a QCM-D analyzer (Q-Sense, Biolin, Sweden) at 20 ± 0.05 °C. The instrument collects all the odd number harmonics from the first to the thirteenth, and the ninth harmonic of the fundamental resonance frequency was used for data analysis. Prior to the protein adsorption measurements, SiO 2 (QSX 303), TiO 2 (QSX 310), and Al 2 O 3 Surface Adsorption and Adhesion Behavior of MrCP19 and MrCP20 Chapter 4 QSX 309) coated quartz crystals were rinsed with SDS and milliQ water following a protocol provided by the company.

  , the component bands of amide Ⅰ band are assigned as follows: 1610-1638, 1640-1654, 1645-1662, 1663-1685, and 1685-1696 cm -1 for parallel β-sheet, random coil, α-helix, β-turn, and antiparallel β-sheet, respectively. In order to understand the relationship between proteins' structures and adsorption behaviors, fibrillization of each protein in each condition was assessed by quantifying the β-sheet component from the amide Ⅰ band[42][43][44][45] . The original ATR-FTIR spectra of the proteins on mica (Figure4.1) were obtained multiple times from different spots on surface, averaged, and background corrected with mica, between 2000 and 1200 cm -1 . Each spectrum was deconvoluted with secondary structure contributions of the amide Ⅰ band together with the amide II band and side chains, with Gaussian profiles by using OPUS 5.5 software (Figure4.2). Significant overlapping between random coil and ahelix, as well as β-turn and antiparallel β-sheet, made the assignment and separation challenging. The fitted curve (black) corresponded nicely with the original spectra (grey).The result of deconvolution is presented in Table4.2.

Figure 4 . 1

 41 Figure 4.1 ATR-FTIR spectra of proteins adsorbed on mica surface were measured multiple times. (A) MrCP19 in Tris, (B) MrCP20 in Tris, (C) MrCP19 in AA, and (D) MrCP20 in AA.

Figure 4 . 2 Table 4 . 1 2 ,

 42412 Figure 4.2 Deconvolution of amide Ⅰ band from ATR-FTIR spectra of proteins adsorbed on mica surface. (A) MrCP19 in Tris, (B) MrCP20 in Tris, (C) MrCP19 in AA, and (D) MrCP20 in AA.

Figure 4 . 3

 43 Figure 4.3 Amide Ⅰ band intensity and β-sheet component obtained from ATR-FTIR. The adsorption trend of the two proteins on mica surfaces are opposite at the two different pH conditions.

Figure 4 . 4 )

 44 , with nanofibrils observed for all three conditions where a β-sheet content in the 40% range was measured by ATR-FTIR. The height of the fibrils was mostly 2-4 nm range, while the group of fibrils observed with MrCP19 indicated the height of up to 10 nm. (Figure 4.5) The nanofibrils were shorter for MrCP20 in acidic conditions (Figure 4.4D), whereas they were 100 more elongated for MrCP19, especially at basic pH (Figure 4.4A) and these results were further confirmed by TEM (Figure 4.6).

Figure 4 . 4 Figure 4 . 4 - 4 . 6 )

 444446 Figure 4.4 Representative AFM height images (A-C) and amplitude analysis (D) of 0.05 mg/mL of (A) MrCP19 and (B) MrCP20 in Tris, (C) MrCP19 and (D) MrCP20 in AA, adsorbed on mica surface. The red and green colored lines were drawn for height measurement.

first (Figure 4 .

 4 7C), it adsorbed on the surfaces with frequency shifts Δf = -18 Hz (SiO 2 ), -24 Hz (TiO 2 ), and -23 Hz (Al 2 O 3 ) respectively, with saturation reached after 30 min. Loosely 104 bound proteins on SiO 2 were washed away after 10 min of buffer flow, reducing Δf to -16 Hz, while no desorption occurred on the other two surfaces. SiO 2 surface has a lower PZC value than TiO 2 and Al 2 O 3 , which is below pH 3.6 used in our experiments. Thus, the SiO 2 surface is not fully protonated and protein adsorption is weak and partially reversible, resulting in partial desorption. When MrCP19 was added for 50 min, the frequency showed a slow and linear decrease reaching -19 Hz (SiO 2 ), -25 Hz (TiO 2 ), and -27 Hz (Al 2 O 3 ), respectively. Dissipation on all three surfaces increased in a linear fashion up to nearly 2 x 10 -7 , forming relatively soft protein layers on the surface. In the reversed order (injection of MrCP19 for 50 min followed by MrCP20, Figure 4.7D), the frequency initially dropped by 6 Hz on SiO 2 , 16 Hz on TiO 2 , and 16 Hz on Al 2 O 3 , while the dissipation increased up to 2 x 10 -7 on TiO 2 and Al 2 O 3 surfaces. Protein adsorption on TiO 2 and Al 2 O 3 was showing a similar behavior as both surfaces are protonated at pH 3.6. After 10 min of rinsing, MrCP20 was added for another 50 min and the frequency dropped further to -23 Hz (SiO 2 ), -28 Hz (TiO 2 ), and -33 Hz (Al 2 O 3 ), respectively. In contrast to basic pH conditions (Figure 4.7B), MrCP20 was able to adsorb to the surfaces even if MrCP19

Figure 4 . 8

 48 Figure 4.8 Hydrodynamic mass uptake (μg/cm2) calculated from QCM-D measurements using Sauerbrey Equation at (A-B) pH 8.3 and (C-D) pH 3.6, with the protein adsorption order of MrCP20-MrCP19 (A, C) and MrCP19-MrCP20 (B, D). The adsorption trend of the two proteins on bare oxide surfaces are opposite at the two different pH conditions. The final surface mass after the second injection is not influenced by the order of protein injection, but only by the pH conditions. Filled bar and non-filled bar represents MrCP20 and MrCP19, respectively. The three bars for each experimental condition A-D indicate SiO 2 , TiO 2 , and Al 2 O 3 from left to right.

Figure 4 . 9

 49 Figure 4.9 The dissipation shift (∆D) normalized with the frequency shift (∆f) during proteins adsorption MrCP20 was injected, followed by MrCP19 at pH 3.6, and the blue arrows indicate the second protein injection.

4 )

 4 In basic pH condition, Al 2 O 3 resulted in the softest MrCP19 layer among the three oxide surfaces with the highest ΔD/Δf slope. The similar values of ΔD/Δf slope at basic pH between A and B infers that MrCP19 attached on the oxide surfaces with a similar conformation regardless of the presence of MrCP20.

Figure 4 . 10

 410 Figure 4.10 Schematic representation of symmetric and asymmetric modes of SFA. In our work, we use A for evaluating individual CP's surface adsorption behavior, B for cohesion between the two CPs, and C for cohesion of one protein followed by injection of the

Figure 4 . 11

 411 Figure 4.11 Representative normalized force (F/R) measured as a function of the mica-mica distance D with (A) MrCP19 and (B) MrCP20 deposited on the top surface at both basic (blue) and acidic (orange) pH conditions. Force curves measured on approach are indicated with open dots (○) and on separation with solid dots (•). No adhesion was observed for both proteins on mica in basic condition, but adhesion energy of -0.23 mJ/m 2 (MrCP19) and -1.25 mJ/m 2 (MrCP20) were measured in acidic conditions.

Figure 4 . 12

 412 Figure 4.12 Interaction between MrCP19 and MrCP20 was measured at basic (blue) and acidic (orange) pH conditions. There was no adhesion observed at basic pH, with only repulsive interaction starting from 20 nm distance of approach. Adhesion energy of -0.81 mJ/m 2 was observed at acidic pH.

Figure 4 . 13

 413 Figure 4.13 Interactions between MrCP19 and MrCP20 measured at pH3.6. (A) Geometry of the symmetric SFA measurement followed by injection of another protein. (B) Symmetric interaction of MrCP19 films showing interaction energy of -0.32 mJ/m 2 , followed by Mrcp20 injection in between the surfaces, which increased the interaction energy to -0.78 mJ/m 2 . (C) Symmetric interaction of MrCP20 films showing no adhesion but only thick repulsive interaction distance from 80 nm of approach. Adding MrCP19 in between the surfaces decreased the hardwall to 1 nm range and showed high adhesion energy of -1.14 mJ/m 2 .

Chapter 5

 5 Thus, we evaluated surface adsorption and adhesion by analyzing basic protein properties and their morphology beyond chemical binding.Our comparative studies of the two barnacle cement proteins MrCP19 and MrCP20 indicate that they exhibit specific structures on oxide and mica surfaces, with surface adhesion largely governed by electrostatic interactions. Under basic pH condition, no electrostatic attraction was observed between the negatively charged mica surface and the negatively charged proteins. Adsorption of MrCP19 on oxide surfaces was larger than MrCP20, with the formation of long nanofibrils, resulting in larger repulsive interactions compared to MrCP20. Under acidic pH condition, MrCP19 and MrCP20 are positively-charged and adhesion was detected on mica surface by SFA. The adsorption of MrCP20 on oxide surfaces was larger than MrCP19, due to electrostatic interactions via the acidic amino acid residues of MrCP20. For both pH conditions, MrCP19 self-assembled into larger nanofibrils Surface Adsorption and Adhesion Behavior of MrCP19 and MrCP20 Chapter 4 116 owing to its primary structure and secondary structure abundant in β-sheet, thereby enhancing the overall dissipation of the adsorbed protein film on oxide surfaces. The nanofibrils of MrCP19 contribute not only to the viscoelastic behavior of the adsorbed protein layer but also to adhesion on mica with the effects of structure and entropy. From the barnacle's perspective, it is possible to have its own in-vivo mechanism to create an acidic environment during the cement secretion, before or even never getting exposed to the sea water condition. It is also interesting to observe the two proteins' collaborative adhesion activity between mica surfaces, which can provide an idea for designing a cement layer adhesion model as a whole composite. Our results cannot directly infer that fibrillation occurs upon the protein deposition on surface. However, the possibility that the fibrillation takes place after the deposition on the surface or upon dehydration cannot be ignored, as well as the possibility that reactions under the barnacle base plate in nature derives fibrillation. This can bring insights into the adsorption, adhesion and self-assembly characteristics of barnacle cement proteins on underwater mineral mimicking surfaces encountered in their natural environments. Biomineralization and MrCP20 MrCP20 present within the calcareous base plate of the barnacle Megabalanus rosa (M. rosa) was investigated for its role in regulating biomineralization and growth of the barnacle base plate, as well as the influence of the mineral on the protein structure and corresponding functional role. I followed calcium carbonate growth on gold surfaces modified by mercaptoundecanoic acid (MUA/Au) with or without the protein using quartz crystal microbalance with dissipation (QCM-D) and identified the grown crystal morphology with Raman spectroscopy. I find that MrCP20 either in solution or on surface affects the kinetics of nucleation and growth of the crystal and stabilizes the metastable vaterite morphology of CaCO 3 . A comparative study using QCM-D Sauerbrey mass equation and quantitative X-ray photoelectron spectroscopy (XPS) determined that the final surface mass of the crystals as well as the crystallization kinetics is influenced by MrCP20. In addition, polarization modulated infrared reflection absorption spectroscopy (PM-IRRAS) study on MrCP20 amide band established that during crystal growth, the amount of β-sheet in MrCP20 increases, in line with evidence for amyloid-like fibril formation. The results provide insights into the molecular strategy by which MrCP20 regulate the overall biomineralization process at the cement layer, whilst favoring fibril formation which is advantageous for other functional roles such as adhesion and cohesion.

Figure 5 . 1

 51 Figure 5.1 Schematic representation of gold surface functionalization with carboxylic acidterminated alkanethiol, 11-mercaptoundecanoic acid (MUA)

  .2B). The custom cuvette presented in the top figure was 3D printed in polylactic acid (PLA) using an Ultimaker 3 printer (Ultimaker, Utrecht, Netherlands). The CO 2 was diffused into 20 μL of 10 mM calcium chloride solution with MrCP20 or without MrCP20, and induced solid CaCO 3 formation.

Figure 5 . 2 (

 52 Figure 5.2 (A) Schematic representation of calcium carbonate formation on MUA/Au surface using vapor diffusion method. (B) 3D printed cuvette (top) and QCM-D open

  photoelectron collection angle (0° in this work).

  3 and Au surface with eqs. 2-3. Especially the intensity ration of Ca 2s to Au 4d was used as the mean free path of the electrons from Ca 2s and Au 4d are similar and the result is not affected by the carbon layer. The intensity values were taken from the areas of the Ca 2s and Au 4d 5/2 peaks.

Figure 5 . 3

 53 Figure 5.3 Schematic representation of two different surface models of XPS measurements, (A) without or (B) with the homogenous protein layer on the outermost surface. The different layers are indicated on the left side of each scheme. l is the cubic length of CaCO 3 crystal, d mr is the thickness of protein adsorbed layer, d MUA is the thickness of MUA layer. The maximum XPS depth analysis (with photoelectron collection angle of 0°) is around 10 nm.

Figure 5 . 4

 54 Figure 5.4 PM-IRRAS measurements after MUA adsorption on gold substrate.

Figure 5 . 5

 55 Figure 5.5 Different MUA/Au surface preparations with protein and calcium carbonate. 1 MrCP20 adsorbed on MUA/Au surface and dried (protein control). 2 Calcium ions solution and carbonate ions from CO 2 introduced to the MUA/Au surface which has adsorbed layer of MrCP20 (MrCP20/MUA/Au), CaCO 3 crystal formation occurs on top of the adsorbed protein layer. 3 Calcium ions solution with the presence of protein is introduced on MUA/Au with CO 2 supply. 4 Calcium ions solution without the protein is introduced on MUA/Au with CO 2 supply (CaCO 3 control).

. 6 )Figure 5 .

 65 . CaCO 3 grown without MrCP20 protein showed stable rhombohedral-shaped crystal structures (6A). CaCO 3 grown with MrCP20 protein (Figure 5.6B) showed mixture of rhombohedraland spherical-shaped crystals, whose crystal morphology will be confirmed further with Raman spectroscopy in 5.3.3.2. The crystals were not homogeneously spread, forming several clusters. Proteins were not observable by optical microscopy, but they may have attracted the ions by electrostatic interaction, interfering the mineralization process, and consequently affecting the distribution of the crystals. Interestingly, after 4 days, the crystals showed damaged, shattered, or even decomposed structures from the outer surface of the crystal (Figure 5.6C-D).

Figure 5 . 6

 56 Figure 5.6 Optical microscopy images of CaCO3 crystals grown (A) without MrCP20 (control) and (B-D) with MrCP20. (A) The control crystals showed exclusively rhombohedral structure, from 2 hours after the start of growth reaction. (B) Crystals grown

Figure 5 . 8

 58 Figure 5.8 Multi-step CaCO3 crystallization pathways from amorphous precursors through vaterite towards the most stable calcite, with schematic indication of free energy change and activation energy barrier for each step. MrCP20 may decrease the activation energy required for phase transformation into vaterite (∆G vat > ∆G vat *), while increasing what is required to reach calcite phase (∆G cal < ∆G cal *).

  Voinova et al. (1999) 72 developed the Kelvin-Voigt viscoelastic model, describing the resonant frequency (Δf) and dissipation changes (ΔD) of sensors for Newtonian fluids as a viscoelastic film formed on the surface. It is usually applicable to homogeneous and isotropic layer, or anisotropic layers which can be averaged over the bulk. Δf and ΔD are calculated as functions of fluid density, fluid viscosity, film viscosity, film density, film elasticity (shear modulus), and film thickness/mass. I input the model parameters of the density of calcite as 2710 kg/m 3 , the fluid density as 1.1098 kg/m 3 , and fluid viscosity as 0.001 kg/m⋅s, respectively. The other parameters were given within certain ranges: film viscosity (0.0005 -0.01 kg/m⋅s), film elasticity (10 4 -10 9 Pa) and film mass(10 -10 6 

Figure 5 . 9

 59 Figure 5.9 A representative QCM-D curve processed for the Kelvin-Voigt model fitting. (A) 3 rd and 5 th harmonics (grey) were taken for the fitting, and the resulting fitted curves are presented in vivid lines (frequency in red, dissipation in black). (B) Calculated mass (red) and shear modulus (blue) by the model fitting shows that the CaCO 3 mass on the surface reaches 86.5 (µg/cm 2 ) upon saturation.
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 510525 Figure 5.10 The frequency and dissipation shift of the QCM-D associated with crystallization of CaCO 3 on -COOH modified Au surface. After the surfaces were stabilized in air, 10 mM CaCl 2 with 0.25 mg/mL, 0.50 mg/mL, or 0.75 mg/mL of MrCP20 or without MrCP20 was dropped on the QCM quartz at 5 min and an excessive amount of (NH 4 ) 2 CO 3 was introduced to the solution to provide CO 2 after 20 min.

Figure 5 . 11

 511 Figure 5.11 CaCO3 growth affected by the presence of MrCP20 in CaCl 2 solution. (A) Plot of the crystal mass as a function of MrCP20 concentration in solution, and (B) linearly fitted Langmuir isotherm plot.

Figure 5 .

 5 Figure 5.12 (A) Frequency and dissipation shift measured by QCM-D over time due to the crystallization of CaCO 3 on -COOH modified Au surface. After the surfaces were stabilized in air, 10 mM CaCl 2 with (3) or without (2,4) 1 mg/mL MrCP20 was dropped on the QCM quartz surfaces at 5 min and excessive amount of (NH 4 ) 2 CO 3 was introduced aside the solution to provide CO 2 after 20 min. Highlighted section of each curve was linearly fitted to compare growth rate of the crystals regarding presence of MrCP20. (B) Corresponding ΔD/Δf plot, and highlighted section of each curve was linearly fitted to compare viscoelastic property of adsorbed layer regarding presence of MrCP20.

Figure 5 .

 5 Figure 5.14 (A) Frequency and dissipation shift measured by QCM-D over time due to the crystallization of CaCO 3 on -COOH modified Au surface. Highlighted section of each curve was linearly fitted and represented in the inserted table to compare the growth rate of the crystals. (B) Corresponding ΔD/Δf plot, and highlighted section of each curve was linearly fitted and represented in the inserted table to compare viscoelastic properties of adsorbed layer.

  photoelectron intensity values were taken from the area of Ca 2s and Au 4d 5/2 peaks as illustrated in Figure5.15-16. Surface 2 had 6% less, and surface 4 had 62% more, respectively, of CaCO 3 grown on the surface compared to surface 3.

Figure 5 .

 5 Figure 5.15 XPS spectrum for (A) Ca 2s, (B) N 1s, and (C) Au 4d peaks from surface 2 (top) and surface 3 (bottom).

Figure 5 .(Figure 5 .

 55 Figure 5.16 XPS spectrum for (A) Ca 2s and (B) Au 4d peaks from surface 3 (top) and surface 4 (bottom).

Figure 5 .

 5 Figure 5.17 (A) PM-IRRAS measurement after protein adsorption showing the presence of the Amide Ⅰ band at 1600-1700 cm -1 or CaCO 3 at 1415 cm -1 on MUA/Au. (B) Histogram showing relative parallel (dark) and antiparallel (bright) β-sheet contents of the adsorbed MrCP20 in different condition by PM-IRRAS.
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 518543 Figure 5.18 Deconvolution of the PM-IRRAS in the amide Ⅰ region for (A) 1 MrCP20, (B) 2 MrCP20 on surface, and (C) 3 MrCP20 in solution. Each PM-IRRAS signal was baseline corrected and normalized with the signal coming from the surface.

Figure 5 . 19

 519 Figure 5.19 Schematic representation of the interaction between MrCP20 and CaCO 3 ions (top) and summary of the crystallization behavior (bottom) on surfaces 2-4. The numbers indicate relative values.

  were evaluated using E. coli and other bacteria strains. Minimum inhibitory concentration of MrCPs was measured using the broth dilution method. Together with the Kirby-Bauer test, MrCP19 showed potential bacterial inhibiting activity, which is sufficiently strong to terminate bacterial cell growth. TEM micrographs illustrated that, in contrast to the control sample, the morphology of E. coli cells is affected by exposure to MrCP19. MrCP19 in the presence of bacteria assembled into distinct and long nanofibers reminiscent of amyloid formation. Using the thioflavin T (ThT) assay, the influence of bacteria cells on amyloid formation of the proteins is also studied. Moreover, fluorescence microscopy revealed aggregation behavior of the cells in the presence of MrCP19.

Figure 6 . 1 A

 61 Figure 6.1 A schematic representation of a typical MIC assay plate. The wells in the column 2-11 at the top of the plate contain an antimicrobial agent at decreasing concentration from column 2 down to column 11. The MIC is defined as the lowest concentration preventing visible growth of microorganism. The well in column 1 is sterility control (antimicrobial agent without bacteria) and the well in column 12 is positive control (bacteria solution without antimicrobial agent).

Figure 6 . 1

 61 Figure 6.1 depicts a typical MIC assay, where MIC is defined as the lowest concentration that can inhibit cell growth. The negative control (sterility control, antimicrobial agent without bacteria) and positive control (growth control, bacteria solution without antimicrobial agent) were used to check the sterility of sample and the stability of bacteria cells, respectively. From column 2, 50 μL of 2.6 mg/mL protein solution was serially diluted in two-fold, and the last 50 μL from column 11 was discarded. To prepare bacteria solutions, the gram-positive and gram-negative bacteria, Enterococcus faecalis (E. faecalis) and Pseudomonas aeruginosa (PAO1) strains, respectively, were grown in Mueller-Hinton broth (MHB) media to mid-log phase. The cultured bacteria solution was diluted to contain target Colony-forming unit per volume (CFU/mL) of 10 6 . 50 μL of the solution was added to each well of 96-well plate, to make the total measurement volume of 100 μL for each well. The plates were covered but not sealed, to allow gas exchange, and they were inserted into a Spark multimode microplate reader (Tecan) with the temperature set to 35 °C. OD 600

Figure 6 . 3

 63 Figure 6.3 Cell growth of E. faecalis observed for 24 hours, incubated with different concentration of (A) MrCP19 or (B) MrCP20. The black curve indicates negative control showing no cell growth, and the blue curve indicates positive control showing bacterial growth without the presence of protein. The curves in between contain decreasing protein concentration in two-fold starting from 1.3 mg/mL (green) down to 2.5 µg/mL (red).

Figure 6 . 4

 64 Figure 6.4 Cell growth of PAO1 observed for 24 hours, incubated with different concentrations of (A) MrCP19 or (B) MrCP20. The black curve indicates negative control showing no cell growth, and the blue curve indicates positive control showing bacterial growth without the presence of protein. The curves in between contain decreasing protein concentration in two-fold starting from 1.3 mg/mL (green) down to 2.5 µg/mL (red).

Figure 6 . 5

 65 Figure 6.5 TEM images of negatively stained E. coli (A) in the absence or in the presence of (B) 0.5 mg/mL or (C) 1 mg/mL of MrCP20. Smooth cell surface was observed regardless of the presence of MrCP20.

Figure 6 . 6

 66 Figure 6.6 TEM images of E. coli sample in the presence of (A-B) 0.5 mg/mL or (C) 1 mg/mL of MrCP19 were taken. A small blebbing or swelling of the cell membrane was observed in (A), and a greater damage and large protrusion on the cell wall was observed in (B). Smooth cell membranes were hardly detected at higher concentration of MrCP19 (C).

Figure 6 . 7

 67 Figure 6.7 TEM images of E. coli incubated with 0.5 mg/mL of MrCP19, showing fibrous structures with a length ranging from 200 nm (B-C) to over 1 µm (A).

Figure 6 . 8 (

 68 Figure 6.8 (A) Putative schematic representation for amyloid formation by amyloidogenic AMPs. Peptides attracted to the membrane undergo conformational changes into helical structures, followed by membrane penetration. It may become reoriented to accommodate amphiphilic property with alignment and oligomerization, along with the anionic lipid membrane neutralizing positively charged domains of the peptide. The oligomers might eventually adopt β-sheet conformation, aggregating and forming into amyloid fiber. (B) "Leaky slit" model 33 of bacterial membrane permeabilization proposes a linear arrangement of peptides possessing amphiphilic characteristics. This arrangement forces the membrane to rearrange their hydrophobic core and the hydrophilic head groups, resulting in irreversible permeabilization.

Figure 6 . 9

 69 Figure 6.9 Fluorescence intensity measurements during amyloid fibril formation using ThT assay conducted with (A) MrCP19 or (B) MrCP20 incubated with E. coli in MHB. The black curve indicates negative control of pure protein solution showing no cell growth, and the red curve is positive control of pure bacteria solution without any protein. The curves in the middle contain decreasing protein concentration in two-fold starting from 1.3 mg/mL (green) down to less than 100 µg/mL (yellow).

Figure 6 . 5

 65 Figure 6.5 Fluorescence intensity measurement for amyloid fibril detection using ThT assay conducted with (A) MrCP19 or (B) MrCP20 incubated with PAO1 in MHB. The black curve indicates negative control of pure protein solution showing no cell growth, and the red curve is positive control of pure bacteria solution without any protein. The curves in the middle contain decreasing protein concentration in two-fold starting from 2.25 mg/mL (green) down to less than 100 µg/mL (yellow).

6 190MrCP20 (Figure 6 .

 66 fibers from MrCP19 contributed to the ThT detection. It is also possible that MrCP20 interferes with the fiber detection by structural hindrance surrounding β-sheet structure of curli. Higher concentration of MrCP19 (Figure 6.10A) enhanced fibril formation compared to the earlier incubation time but reached a weaker signal after 24 hours. On the other hand, Antimicrobial Activity and Amyloid-like Structure of MrCP19 Chapter 10B) did not have promote fibril formation but only resulted in a huge decrease of final fluorescence intensity. As proposed for E. coli samples above, MrCP19 can synergistically form amyloid fibers with FapC protein, or promote amyloid FapC protein formation by interacting with the cell membrane.

Figure 6 . 6 6 191MrCP20 (Figure 6 .

 6666 Figure 6.6 Fluorescence imaging of E. coli grown in MHB.

Figure 6 . 7

 67 Figure 6.7 Fluorescence imaging of E. coli incubated with MrCP20 (A) in Tris or (B) in AA, or with MrCP19 (C) in Tris or (D) in AA, for 1 hour. They were also measured after 24 hours of incubation at 35 o C (E-H). MrCP19 in both condition (G-H) was observed to aggregate the cells into multiple groups.

Chapter 7

 7 Conclusions and Future Work This final chapter highlights the main outcomes and conclusions achieved in the project about MrCP19 and MrCP20's surface behavior in relation to their molecular structure. Based on the results and their contribution to current knowledge of the function of barnacle cement proteins, further experiments are suggested. Future work is proposed to further elucidate how these proteins, together with other cement components and surrounding materials, can contribute to the barnacle adhesion as well as provide guidelines to develop new types of water-

Chapter 4 ,Chapter 6

 46 the second objective to understand the proteins' surface adsorption and adhesion behavior based on their biochemical properties was accomplished by employing different surface sensitive techniques. Intermolecular forces controlling surface adhesion was discussed and different interfacial role of MrCP19 and MrCP20 were suggested. Molecular-level coordination of MrCP20 with calcium carbonate to understand the protein's functional role in participating to base plate biomineralization was examined for the third objective in Chapter 5. The mutual influence of MrCP20 and calcium carbonate was observed, elucidating the protein's contribution to barnacle base and side plates growth regulation for synchronizing adhesive development and protective calcareous plate growth. discussed the last aim, namely the investigation of the potential antimicrobial activity of MrCP19 relating to its amyloid-like fibrillar structure. The results suggested that MrCP19 can inhibit bacterial growth by aggregating group of cells mediated by the amyloid structure of MrCP19. In summary, this work successfully broadened the knowledge of two key MrCPs, which improves our overall understanding of barnacles' cement components and their functional roles at interfaces. MrCP19 showed strong fibrillation behavior in solution, especially under Conclusion and Future Work Chapter 7 202 acidic condition, and this was directly related to its fibrous and dissipative structure when adsorbed on surface. We observed the unique structural behavior of MrCP19 on surface to perform distinguishing adherence between two surfaces, as well as potential antimicrobial effect. MrCP20 possessing great amount of negatively charged residues, adsorbed on surfaces as a strong and rigid layer, playing great adhesion energy. More interestingly, mutual influence of MrCP20 and CaCO 3 was discussed, and potential mineralization regulation function of the protein. These results can describe the distinct functional roles of the two proteins, and furthermore, it can bring one step forward to understand the multi protein cement layer together with discovery of cooperation with other components in the future. Barnacle underwater adhesion is still being investigated through multidisciplinary research approaches, and the work has potential to develop barnacle-inspired technologies for biocompatible bacterial-resistant wet adhesives.

ⅱ.

  Controlled fibril formation of the proteins on surfaces was difficult to achieve. Different model surfaces were prepared to optimize consistent fibrillation, and different buffers were prepared under different pH conditions, salt concentrations, protein concentration, and time point of incubation. All the possible factors affecting fibril formation had to be carefully compared to infer reliable conditions for fibril formation.ⅲ. Protecting the proteins and bacteria cells from infection was challenging especially when both were used for experiments in the same spaces. The protein samples and the cells cultures or plates were handled carefully throughout the experiments. iv. CaCO 3 crystals for the experiment were grown using vapor diffusion method, where the CO 2 diffusion kinetics can be affected by various factors. The freshness of materials, any little defect from experimental tools, timing for different steps, and other experimental methods were carefully controlled. Multiple sets of the experiment were repeated to minimize non-constant environmental conditions (such as temperature and humidity) and achieve statistical significance.

7. 2 Future Perspectives 7 . 2 . 1 Figure 7 . 1 - 2 ). 3 , 4 7 205Figure 7 . 1 3 Conclusion and Future Work Chapter 7 206Figure 7 . 2 (

 2721712347713772 Figure 7.1 Deconvolution of the PM-IRRA spectra in the amide I region recorded for hIAPP adsorption onto a (A) NH 2 -and (B) COOH-terminated SAM on a Au substrate, respectively. Black lines correspond to the experimental data while red lines represent the sums of the fitted components. (C-D) Schematic representation of hIAPP fibrillization at the different SAMs.3
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 7 . While the pure CaCO 3 showed only calcite phase existing according to Raman spectroscopy, CaCO 3 grown in the presence of MrCP20 contained both vaterite and calcite phase (Figure5.1A). In an attempt to measure the evolution of the structure of calcite microparticles (µPs) on Au/MUA, X-ray diffraction (XRD) was performed on crystals grown on MUA/Au using Rigaku Smartlab in/out plane diffractometer (Appendix).As we observed the destruction or decomposition of calcite crystals by microscopy in Chapter 5, enhanced heterogeneity due to the protein was confirmed by XRD. Due to longer preparation time and limited experimental condition (specifically, the transition fromConclusion and Future WorkChapter closed liquid environment for the crystal growth to an open-air environment for XRD measurement without external influence, was difficult to achieve), it was challenging to follow crystal phase transformation and its kinetics using XRD.

Figure 7 . 3 (

 73 Figure 7.3 (A) Three-dimensional representation of time-resolved ED-XRD patterns showing the evolution of vaterite (101), (102) and calcite (104) and (110) reflections. (B) Xray diffraction patterns of solids collected at different elapsed times during the off-line experiments, showing ACC, vaterite and calcite solid phases. 5
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  17,32 Aldred et al.6 also conducted observations on the adhesives released

	from the cyprid stage. They revealed that dual-component adhesives do not merge into one
	continuous plaque nor mix homogeneously but remain separate and interact with surfaces
	with different chemistry. Research on the process of adhering, curing, molting, and
	mineralization are still ongoing.

Table 2 . 1

 21 Amino acid composition and primary structure analysis of the two cement proteins from Megabalanus rosa, MrCP19 and MrCP20.

	pI	Amino Acids	MW (kDa)	Positive (Arg + Lys)	Negative (Asp + Glu)	Hydrophobic Residues	Theoretical Net Charge
	MrCP19 6.89	182	18.1	18	20	85	-5 (pH 8.3) +18 (pH3.6)
	MrCP20 5.05	191	21.4	15	40	44	-50 (pH 8.3) +25 (pH3.6)

  [1][2][3] The 1 M IPTG stock solution was prepared by dissolving 2.38 g of IPTG in 10 mL H2O and filtering through 0.2 μm sterile filters.

	Biophysical Characterizations of Barnacle Cement Proteins	Chapter 3
	HisTrap HP 1 mL or FF crude 5 mL) and then by SEC (HiLoad 16/600 Superdex 75pg)
	using the AKTA Purifier UPC10 (Sweden).	
	The supernatant was loaded onto a Ni-NTA column after an initial wash of the column with
	the binding buffer (50 mM Tris, 300 mM NaCl, 10 mM Imidazole, 5 mM β-Mercaptoethanol,
	pH 8.3), and then eluted with the elution buffer (50 mM Tris, 300 mM NaCl, 500 mM
	Imidazole, 5 mM β-Mercaptoethanol, pH 8.3). Subsequently, the eluted protein was loaded
	onto the SEC column. The column was washed with water and equilibrated with the running
	buffer (20 mM Tris, 150 mM NaCl, pH 8.3) followed by His-tag purified protein injections.
	The cells were harvested by centrifugation at 8000 rpm for 15 min at 4 ˚C (model CR22N,
	Hitachi Koki Co., Ltd., Japan). The cell pellet was gently washed with the buffer solution
	(50 mM Tris, 300 mM NaCl, 10 mM Imidazole, 5 mM β-Mercaptoethanol, pH 8.3), and then
	lysed by sonication with 35% amp and 1sec on/off pulse for 20 min. The lysate was then
	centrifuged at 18000 rpm for 60 min at 4 ˚C. The supernatant was collected and used for Fast
	72	

Protein Liquid Chromatography purification (FPLC) in two steps: first with IMAC (Ni-NTA,

Table 3 . 1

 31 Theoretical and experimental zeta potential values of MrCP20 and MrCP19 in basic and acidic pH condition. Prior to studying surface adsorption and adhesion behavior of MrCPs, we investigated the net surface charge the proteins compared to their theoretical values, as shown in Figure 3.10

	Protein		MrCP20	MrCP19
	Buffer	AA	Tris	AA	Tris
	Theoretical zeta potential [mV]	+ 25	-50	+ 15.6	-5
	Experimental Mean zeta potential [mV]	+ 16.0 ± 1.5	-15.6 ± 0.49	+ 288.9 ± 3.8	-20.8 ± 0.6

and Table

3

.1. Both theoretically and experimentally, MrCPs were positively charged at pH 3.6, and negatively charged at pH 8.3. Experimental zeta potential values of MrCP20 indicated a less strongly charged protein compared to the theorical values, at both pH. On the other hand, MrCP19 tended to be strongly charged at both pH, especially at acidic pH.

MrCP19 could have restructured itself upon pH drop to expose more positively charged residues at acidic pH. Together with the DLS result, this could cause exclusively great hydrodynamic radius of the protein in the solution, and the size effect on zeta potential calculation might have brought the great deviation.

Table 4 .

 4 

		Tris		AA	
		MrCP19	MrCP20	MrCP19 MrCP20
	β-sheet (%)	42.6	18.0	41.7	37.9
	Integrated area of Amide Ⅰ (a.u.)	10.2	4.3	4.4	8.2

2 Amide Ⅰ band intensity and β-sheet component obtained from ATR-FTIR

Integrated area of β-sheet (a.u.)

  

	4.3	0.8	1.8	3.1

Table 4 . 3

 43 Hydrodynamic mass uptake value (μg/cm 2 ) of adsorbed proteins on different oxide surfaces, averaged, at pH 8.3 and pH 3.6.

	pH 8.3	A		B		pH 3.6	C		D	
	μg/cm 2	MrCP20	+ MrCP19	MrCP19	+ MrCP20	μg/cm 2	MrCP20	+ MrCP19	MrCP19	+MrCP20
	SiO 2	16	74	48	48	SiO 2	285	342	105	360
	TiO 2	81	202	212	212	TiO 2	409	452	250	452
	Al 2 O 3	169	418	460	460	Al 2 O 3	401	452	250	551
	Avr.	88.67	231.33	240	240	Avr.	365	415.33	201.67	454.33
	St.Dev	62.70	141.96	169.36	169.36	St.Dev	56.66	51.85	68.35	77.99

Table 4 .

 4 

	ΔD/Δf (10	-7 /Hz)	A	B	C	D
	SiO2	0.46	0.98	3.12	0.69
	TiO2	0.47	0.46	6.36	1.25
	Al2O3	1.8	1.3	3.52	1.5

4 Normalized energy dissipation (ΔD/Δf) of MrCP19 on surfaces under different conditions, with A-D corresponding to Figure 4.9.

Table 4 . 5

 45 Summary of SFA measurements of MrCP19 and MrCP20 under different conditions

		Condition	Adhesion Energy (-mJ/m 2 )	Hardwall (nm)
		20 µg/mL	pH 3	pH 8	pH 3	pH 8
	MrCP19-mica MrCP20-mica	Deposit	0.23 1.25	Repulsion Repulsion	3-6 8-10	9-12 4-6
	MrCP19-MrCP20	Deposit each	0.81	Repulsion	2-4	12-14
		pH 3	Deposit one	Inject another	Deposit	Inject
	MrCP19-20-19	Deposit	0.32	0.78	2-4	5-8
		-Wash -				
	MrCP20-19-20	Inject	Repulsion	1.14	35-38	2-4

  the

							0.01
	PM-IRRAS signal	ν as (CH 2 ) 2927.5 ν s (CH 2 ) 2854.2	1712.5 ν C=O (COOH) ν C=O (COOH) 1739.5	δ(CH 2 ) 1457.9 ν s (COO -) 1434.8
		3000	2800 2000	1800	1600	1400	1200
			Wavenumber (cm -1 )	

140 surface was more oxidized upon the crystallization reaction during which the pH increased due to NH 3 .

Table 5 . 3

 53 Surface mass (µg/cm 2 ) obtained from XPS compared to the Sauerbrey mass obtained from QCM-D. For Surface 2, surface layer modeling with b or without a considering the protein layer were used, resulting in surface 3 to have a relative mass range of 7-13%.

	Surface mass (µg/cm 2 )			XPS			QCM-D
	2	179.05	a	169.79	b	61.31 ± 12.17
	3			191.44			67.70 ±15.45
	Relative mass 3/2 (%)	+ 7	a		+ 13	b	+ 10
	3			78.73			67.70 ±15.45
	4			127.87			105.39 ± 22.70
	Relative mass 4/3 (%)			+ 62			+ 56
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When MrCP19 was injected after MrCP20 in acidic condition, the average ΔD/Δf slope of the three surfaces showed a significant increase from 0.12 to 4.33 (10 -7 /Hz), and it was the most dissipative layer from our experiments (Figure 4.9). Compared to the basic condition, where MrCP20 did not affect the dissipative behavior of MrCP19, the presence of MrCP20 highly enhanced the surface mobility of MrCP19 layer at acidic pH. Little amount of MrCP19 (0.9 μg/cm 2 ) could result in the most dissipative matrix, with the effect of substantial amount of MrCP20 on surface. Interactions with MrCP20 may have induced MrCP19 to take a more favorable conformation for fibrillization, such as exposing more hydrophobic residues. This viscoelastic behavior of the three different oxide surfaces was consistent regardless of the surface charge, and the ΔD/Δf slope was averaged in inserted in the Figure 4.9. On the other hand, MrCP19 injected first in acidic condition formed the most rigid layer on negatively charged SiO 2 compared to the other surfaces, where stronger attractive surface-protein interactions are known to inhibit fibrillization at interfaces. 57,58 The following MrCP20 contributed little to the viscoelastic property of the layer.

Protein Surface Adhesion Behavior

To further quantify the adhesive properties of MrCPs, we conducted SFA measurements.

SFA provides the separation distance and the interaction force between two macroscopic surfaces with 0.1 nm and 10 nN resolution, respectively, and has been widely used to characterize the adhesive behavior of adsorbed layers. 59 During the experiments, the surfaces were brought together in contact and further compressed for one minute. Subsequently, the surfaces were separated by reversing the motor. Once the surfaces were separated, adhesion energy was calculated from the forces during jump-out events. The force vs. surface separation distance profiles were measured in different modes as shown in 

PM-IRRAS measurements

The samples were placed in the external beam of a Nicolet Nexus 5700 FT-IR spectrometer (Thermo Electron Scientific Instruments Corporation, Madison, WI USA). A ZnSe grid polarizer and ZnSe photo-elastic modulator were used to modulate the incident beam between p and s polarization of the sample. The spectrometer was interfaced to the UHV chamber via ZnSe windows. The reflected light was focused on a liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT) wide-band detector at an optimal incident angle of 85 o .

The detector output was processed and undergo Fourier transformation to produce the PM-IRRA signal (ΔR/R0) = (Rp -Rs) / (Rp + Rs). All spectra were obtained with 128 and 256 scans at 8 cm -1 resolutions. The references for the peaks are taken from literatures and the peaks we used are shown in the A CCD detector with 1024×256 pixels provides full spectral collection of Raman data from 100 to 3450 cm -1 with a resolution of 4 cm -1 and holographic notch filters. Before spectra acquisition, an optical microscope (Leica, objective x50) was used to focus the laser beam on the surface. The laser output power was 100 mW. For each spectrum, 16 acquisitions of 40 s were recorded to improve the signal-to-noise ratio. To ensure a representative characterization of surfaces, a minimum of ten measurements were taken on different crystal structures on the surface.

Optical Microscopy

Optical microscope images of CaCO 3 crystals were taken using Olympus Microscope (U-CMAD3 and BX51M, Japan) and TopView software.

X-ray photoelectron spectrometer (XPS)

XPS analysis was performed by using a PHOIBOS 100 X-ray photoelectron spectrometer from SPECS GmbH (Berlin, Germany) with a monochromatic Al Kα X-ray source (hν =1486.6 eV) operating at 1x10 -10 Torr. The spectra were recorded with a 100 eV pass energy for the survey scan and a 20 eV pass energy for the Ca 2s, C 1s, O 1s, N 1s, S 2p, and Au 4d regions. The photoelectron collection angle θ between the normal to the sample surface and the analyzer axis was 0˚. The data treatment was carried out using Casa XPS software (Casa Software Ltd., UK). The Ca 2s peak was decomposed using a linear baseline, and the Au 4d 5/2 peak was decomposed using a U2 Tougaard baseline and applied with Gaussian/Lorentzian ratio (G/L) of 92 and asymmetric Gelius function of (0.2,0.1,0).

Quantitative information of surface mass can be obtained from Beer-Lambert law (eq. 2) and structural modeling of the crystals (eq. 3). The parameters are as follow: I is photoelectron intensity, A is the analyzed area, n is the number density of atoms, C is a constant involving Chapter Chapter 6 179 readings were taken every 30 minutes for 24 hours, with orbital shaking at 180 rpm between reads.

TEM

E. coli cells were incubated with various concentrations of MrCP19 or MrCP20 proteins (0.5 mg/mL, 1 mg/mL) for 2 hours at 35 °C. The cells were centrifuged at 5000 rpm for 5 minutes, and the pellet was resuspended in 10 μL of Tris buffer (pH 8.3). A drop containing protein with treated or untreated bacteria was loaded onto copper-coated electron microscopy grids. The grids were then negatively stained with 2% phosphotungstic acid (PTA) for a better contrast giving dark hallow on the edge of the biological samples. The samples were examined using Energy filtered Carl Zeiss TEM, LIBRA® 120 with incolumn Omega spectrometer.

ThT Assay for Assembled β-sheet Detection

Thioflavin T (ThT) was used for amyloid detection as described in Chapter 3.2.5. The sample solution of 120 µL was prepared in each well of 96-microwell plate (Thermo Fisher Scientific-Nuclon). 50 µL of protein solution was prepared with two-fold serial dilution starting from 2.7 mg/mL. 50 µL of bacteria solution and 20 µL ThT solution was added to reach the final CFU/mL of 10 6 , the final ThT concentration of 16 µM, and the final sample volume of 120 µL. The fluorescence was measured at an excitation at 440 nm and emission of 485 nm, every 15 minute for 24 hours at 35 o C using Infinite 200 Pro (Tecan, Switzerland). Each measurement was averaged from 9 readings per well, followed by 5 seconds orbital shaking.

Fluorescence Microscopy

Additional studies

XRD patterns provide information of thin-film structure, such as crystal orientation, lattice distortion, and crystallite anisotropy, where in-plane XRD has strength in analyzing an extremely thin-film. 1,2 The evolution of the CaCO 3 crystal grown on Au/MUA was studied using Rigaku Smartlab in/out of plane X-ray diffraction analysis (