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[bookmark: _Toc121134608]ABSTRACT

Numerous technological and scientific advancements have been developed by the structural organization and functional capabilities of natural materials. A field known as "biomaterials" focuses on adapting engineering concepts found in biological models to create materials that can solve enduring issues in the biomedical engineering field. The fundamental molecules in a living organism are comprised of proteins. Protein structures are guided by combined and complex intermolecular interactions of peptides which ultimately influence the functionality of proteins. Synthetic engineering approaches of peptides can overcome the limitations of the complexity of protein intermolecular interactions and provide scalable technological solutions. 
In the current dissertation, an engineering platform called CoOP (co-assembled oppositely charged peptides) was introduced and studied to understand the complex intermolecular interactions of proteins. Inspired by naturally found amyloid-beta (Ab) protein, a hexapeptide framework was designed to determine the effect of p- stacking, hydrophobic and electrostatic interactions. By using computational and experimental approaches, this unique framework showed the importance of electrostatic interactions to initiate peptide assembly and enhanced stability due to hydrophobic interactions. The usability of this framework was first tested by changing the hydrophobic interactions. Then, assembly kinetics and structural organizations were studied depending on hydrophobicity indexes of amino acids. It was found that the highest hydrophobicity in the framework called [II], formed by co-assembly of KFFIIK and EFFIIE, resulted in the fastest assembly kinetics, showed the most organized secondary structure and similar physical properties as in Ab protein. Given that there is a strong correlation between different aggregated states (fibrillar or globular aggregates) and toxicity of Ab, [II] platform provided to study and model these aggregated states. Similar to Ab, oligomeric and fibrillar forms of [II] resulted in a difference in cell membrane damage. However, unlike Ab,  [II] platform was implemented to modulate the aggregation where each aggregated state provided different toxicity levels depending on biophysical features. A change in aggregation had a control over cell membrane damage, leading to differential and synergistic release of immune system-related molecules. This approach was tested with model antigen Ovalbumin, and antigen-specific antibody production was achieved based on aggregation kinetics. Furthermore, a change of aggregation of [II] was applied to the prophylactic tumor vaccine application, which shows the potential of system for cancer-related applications.
Based on the aggregation kinetics, an engineering platform, CoOP, can be applied to correlate structural changes with a biological effect. In this thesis, biological effect is limited based on the applications related to cell membrane damage. However, CoOP provides the discovery of new peptides and functionalities with an understanding of intermolecular interactions. 
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[bookmark: _Toc114946688][bookmark: _Toc121134609]CHAPTER 1. INTRODUCTION
Part of this section is adapted from the following publication:
Hamsici, S., Gunay, G., Kirit, H., Kamatar, A., Loving, K., & Acar, H. (2020). Drug Delivery Applications of Peptide Materials. In Peptide-based Biomaterials (pp. 291-334).
Bioinspired or biomimetic materials are on the cutting edge of biological and material science, chemistry, physics and biotechnology.1,2 The combination of design principles inherent to these fields enables the creation of materials capable of quickly diagnosing diseases, delivering a drug directly to its target organ, presenting bioactive signals for the development of cells, regenerating tissues, and providing a vaccine platform.3–5 The scope of these efforts has been significantly broadened by recent developments in the synthesis of biomaterials, polymers, and natural or synthetic biomacromolecules, which enable the creation of multifunctional materials that induce desired biological effects due to surface chemistry, attached ligands, mechanical and physical properties.6,7
For a wide range of biomedical applications, material synthesis should be low-cost, high-yield, and impurity-free. Numerous bottom-up and top-down methodologies are available to accomplish this.8 Top-down approaches scale down the bulk material into its component parts, whereas bottom-up approaches assemble supramolecular structures from fundamental constituents like atoms and molecules.9 Specifically, top-down strategies involve a miniaturization of the bulk material and require an external force such as UV light and electron beam, which can be limited because of the high cost of equipment, fabrication facilities, and control of physical parameters such as homogeneity.10 However, the bottom-up strategy allows to engineer of a nanomaterial in which the final structure is formed by the self-assembly of precursor molecules, so that control over material properties can be achieved by modifications of precursor molecules or processing conditions.11 There are many examples taking advantage of self-assembly in biological systems, including the formation of cell membranes, DNA double helix formation, and the protein folding from a polypeptide chain into tertiary and quaternary structures.5 Synthetic nanomaterials have been produced using nature as an inspiration by small molecular building blocks. 
Peptides and peptide derivatives are particularly inspiring building blocks for the design of self-assembled materials due to the potential of exploiting of self-assembly processes in laboratory conditions.7 A specific advantage of synthetic peptides is that they can be generated as exact copies of protein fragments as well as in various chemical modifications, which can include the incorporation of an extensive range of non-proteinogenic amino acids, as well as the modification of the peptide backbone. Furthermore, peptide-based materials offer a variety of amino acid side chains (unlike what is currently possible with synthetic polymers) which are responsible for determining the structure, physicochemical characteristics, and biological functions.
1.1 [bookmark: _Toc114946689][bookmark: _Toc121134610]Protein Mimetic Peptides for Bio-material Design

Proteins are the primary functional molecules in organisms. They carry out a variety of tasks, such as acting as enzymes, hormones, membrane channels, extracellular matrix (ECM), and participating in cell signaling mechanisms.12 ECM acts as structural support and includes a wide range of polysaccharide chains and fibrous proteins such as laminin, fibronectin, elastin and collagen, offering the biochemical and biomechanical cues for cells to proliferate, differentiate and migrate.13 The fundamental concept that allowed evolution to use this class of molecules for a diverse range of functions is that proteins are biopolymers made from an infinite number of different building blocks, amino acids.14 The linear arrangement of the amino acids determines all the protein's characteristics. Still, most proteins must fold into a highly specific three-dimensional to carry out their intended function in the organism, limiting the use of proteins as a biomaterial. The other factors limiting the usefulness of protein as a biomaterial design are the complexity of preparation, instability, cost, and batch-to-batch variation.14 Therefore, instead of using a large protein, a reductionist approach known as a minimalistic design enables the identification of short peptide sequences that can organize themselves into well-ordered assembles similar to those found in larger proteins. 
1.1.1. [bookmark: _Toc114946690][bookmark: _Toc121134611]Peptides are Composed of Amino Acids

Peptides are composed of amino acids, which is consist of an alpha carbon atom, an amino group (-NH2), a hydrogen atom (H), a carboxy group (-COOH), and a side chain. Based on their side chains, amino acids can be categorized into four groups: hydrophobic, aromatic, charged (positive and negative) and hydrophilic (polar) (Figure 1.1)
[image: ]
[bookmark: _Toc114946647][bookmark: _Toc114947243]Figure 1. 1 Twenty natural amino acids. Classifications with their name and one-letter abbreviations.  Generated by BioRender.
Charged side chains of amino acids (positively charged (histidine (H), lysine (K), arginine (R)) or negatively charged (aspartic acid (D) and glutamic acid (E)) can be used to modify the self-assembly to promote the aggregation by adding oppositely charged amino acids through electrostatic interactions which resulted in the salt-bridge formation, or to halt the self-assembly by introducing similar charges through repelling forces. Another significant driving force for a structural organization is hydrogen bonding, form throughout the peptide backbone between amide and carboxylate groups. Also, polar (hydrophilic) amino acids are mainly part of hydrogen bonding interactions with their backbone carbonyl and amide groups.15 The amino acids containing hydrophilic side chains are cysteine (C), serine (S), asparagine (N), threonine (T) and glutamine (Q). Hydrophobic amino acids are divided into two categories aliphatic and aromatic. Aliphatic amino acids (alanine (A), proline (P), isoleucine (I), glycine (G), leucine (L), methionine (M), and valine (V)) are those amino acids that are non-polar and create a hydrophobic environment around them. Hydrophobicity contributes to the stabilization of the ordered peptide assemblies, and supports the growth of fibrillar formation.16 p-p interactions are another type of non-covalent interaction that defines and rule the self-assembly processes leading to the formation of supramolecular structures. p- stacking takes place between a p-electron deficient-unit and a p -electron-rich unit, which can occur between aromatic peptides (phenylalanine (F), tyrosine (Y), and tryptophan (W)).17
[image: A close up of a logo

Description automatically generated]
[bookmark: _Toc114946648][bookmark: _Toc114947244]Figure 1. 2 Non-covalent interactions during the assembly process. Electrostatic and hydrophobic interactions, hydrogen bonding, and p -stacking were illustrated.
The residues impact how peptides and proteins self-assemble, influencing how these molecules are structured at the higher ordered organization levels. Also, these non-covalent interactions (Figure 1.2) work together to create a synergistic effect that determines the thermodynamic stability and the minimum energy state of the final nanostructures.18 As a result, material properties (e.g., stiffness) and functionality (e.g., bioactivity) can be modulated and result in tunable characteristics. 
Unlike proteins, peptides do not fold into complex tertiary structures; instead, they may form α-helices and β-sheets, which are two main secondary structure motifs originating from intramolecular hydrogen bonding in localized regions of the sequence, producing specific arrangements of the peptide “backbone”.19 α-helices are formed as repeating helical structures involving a hydrogen bond between the carbonyl group of one amino acid and the amide group of the fourth amino acid ahead in the sequence.20 As a result, amino acid side chains become exposed on each helix’s surface. Two or more α-helices can bundle together and form coiled-coil structures.21 On the other hand, in β-sheet structures, two or more polypeptide chains line up with each other, and hydrogen bonding occurs between carbonyl and amide groups of the peptide backbone.22 This arrangement forms either in parallel arrays (where strands point in the same direction) or in antiparallel arrays (where strands point in the opposite directions). A β-sheet-forming peptide is generally designed by using hydrophobic and hydrophilic domains. While hydrophobic segments hide themselves from the aqueous environment within the core of the self-assembled structure, the hydrophilic parts expose themselves to the aqueous environment.23 By designing hydrophilic domains with amino acids of specific functionalities, the surface of the structure can be modified for specificity to particular tasks in certain types of cell.
The success of designing peptide structures inspires scientists to mimic the behavior of the proteins which can be complex to provide scalable technological solutions. Therefore, minimalistic versions like peptides can give rise to new technologies with tunable properties and functions instead of studying and using a whole protein. 
1.1.2 [bookmark: _Toc114946691][bookmark: _Toc121134612]Amyloid-like Peptides 
In more recent years, it has become apparent that a class of diseases with late onset and slow progression are caused by a gain in function brought on by a protein that has been folded abnormally.24 Common neurodegenerative pathologies like Alzheimer's (AD) and Parkinson's disease (PD) are among these conditions, which are characterized by ordered, fibrillar protein aggregates known as amyloid fibrils.25 b-sheet motif, which demonstrates distinct morphological and mechanical properties, is the structural hallmark of self-assembly into amyloid fibrils. 
1.1.2.1 [bookmark: _Toc114946692][bookmark: _Toc121134613]Kinetics of Amyloid Fibril Formation
The kinetics of amyloid fibril formation suggests a nucleation-dependent polymerization process that converts soluble monomeric forms of protein fragments (amyloid-forming peptides) into amyloid fibrils.26 Overall process is explained by a funnel-like landscape kinetic energy model, in which protein folding (purple part) and amyloid fibril formation (pink part) can be seen with an energy landscape (Figure 1.3).27 In this energy landscape, there are two pathways: on- and off-pathway folding.27 During on-pathway folding, unfolded polypeptide chains run through several folding intermediates to reach the native folded state (purple part).27 The energy landscape toward the thermodynamically advantageous native state is difficult, so molecules must overcome kinetic energy barriers to reach the native state. In the end, the highest energy states are occupied by on- or off-pathway intermediates (folding intermediates or partially folded states).27
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Description automatically generated]
[bookmark: _Toc114946649][bookmark: _Toc114947245]Figure 1. 3 A schematic of the energy landscape of amyloid folding (purple) and fibril formation (pink). The top part of the funnel represent the highest free energy. During folding process (purple part), free energy decreases and results in native state of folded protein. In the case of off-pathway folding (pink part), the lowest free energy observed in fibrillar form of amyloid, which yields the most stable thermodynamic state. Reproduced with permission from27
In the case of amyloid fibril formation, intermolecular interactions (mainly hydrophobic forces) initiate off-pathway folding (pink part). This step begins with forming “nuclei, N” from misfolded or unfolded proteins during the lag phase (Figure 1.4). Then, it proceeds with the formation of oligomers whose size is concentration dependent. Hence, nucleation is rate-limiting for amyloid fibril formation; the aggregation rate is expected to have a high-order dependence (the order is related to N) on protein or peptide monomer concentration. Following the lag phase, the growth phase occurs where larger aggregates of oligomers called protofibrils form. Then, protofibrils proceed with the formation of mature fibrils in the saturation phase. In addition, amyloid assemblies can bind specific amyloid dyes like Thioflavin T (explained in Section 1.3 in detail), which helps to observe the kinetics of amyloid fibril assembly.

[image: Details are in the caption following the image]
[bookmark: _Toc114946650][bookmark: _Toc114947246]Figure 1. 4 The kinetics of amyloid fibrillization follows a sigmoidal kinetic curve. There are three steps involved in kinetics which are lag phase, growth phase and saturation phase. Reproduced with permission from28
1.1.2.2 [bookmark: _Toc114946693][bookmark: _Toc121134614]Design Considerations of Amyloid-like Peptides 
In amyloid b- peptides, the central hydrophobic domain (LVFFA) has been involved in fibril formation.29 Particularly, the simplest peptide building block, FF, was found to be a core recognition motif of b- amyloid peptide.30 Furthermore, in the case of type-II diabetes, it was found that while FGAIL is involved in forming fibrillar structures similar to a natural polypeptide, GAIL did not form any fibrils.31 Those two examples highlighted the importance of the F side chain (common in both sequences) which contributes to p-p interaction. 
Besides p-p interaction, other non-covalent interactions such as hydrogen bonding, hydrophobic and electrostatic (ionic bonds) interactions can be coordinated to promote self-assembly into one-dimensional (1D) nanofibers.32 To determine some of the potential mechanisms in protein misfolding, extensive research on the amyloid formation of peptide fragments has also revealed the significance of hydrophobic interactions in short peptide assembly.33 It was found that hydrophobic interaction occurred between Land F at the central hydrophobic domain of amyloid b- peptide (LVFFA) is another strongest driving force for self-assembly besides FF.34  Furthermore, a computational analysis of all 400 natural dipeptide combinations previously demonstrated the propensity of hydrophobic residues to influence the self-assembly of short peptides. 35
Simplistic modifications of diphenylalanine peptides such as introducing an aromatic capping group,36 co-assembly with other hydrophobic residues37 can even further enhance the application areas such as producing hydrogels with tunable mechanical properties and creating structural diversity in self-assembly. In general, self-assembly of dipeptides is triggered by external stimuli such as pH changes,38 ion addition,39 temperature changes40 or solvent mediation.41 However,  temperature change, ion addition or solvent mediation could limit the usability of these systems for biomedical applications in terms of toxicity and limited range of temperature. 
1.1.2.3 [bookmark: _Toc121134615]Co-assembling Peptides

Compared with those techniques, the co-assembly strategy provides to control of the spatial orientation of peptides in the assembled state and the morphology of the assemblies at neutral pH.42 Also, it does not involve any external stimuli to create nanomaterials. 
The co-assembly strategy combines two or more peptide building blocks to form ordered structures, unlike peptide self-assembly which occurs within the same motif.5 There are three different co-assembly types: orthogonal (self-sorting), destructive and cooperative (Figure 1.5). 
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[bookmark: _Toc114946651][bookmark: _Toc114947247]Figure 1. 5 A schematic shows three different co-assembly strategies. Individual components are assembled separately in the presence of one another during orthogonal (self-sorting) co-assembly (a). Building blocks in cooperative co-assembly are very similar to each other and interact with one another with donor and acceptor molecules in the sequence (b). Components in disruptive co-assembly incorporate partially and one of the components is disrupted by the other (c). Reproduced with the permission from 43
In an orthogonal (self-sorted) co-assembly strategy, peptide building blocks are assembled independently while in the presence of each other. As a result, the rate of assembly of each component is likely different, and any variations in the assembly could be caused by the other component in the system, which can be seen in a mixture of Fmoc-FF and Fmoc-GG.44 Therefore, designing and controlling orthogonally co-assembled systems is difficult because two components involve various non-covalent interactions.45 Disruptive co-assembly is another type of co-assembly strategy in which one building block in the system serves as a barrier for the assembly; so that the physical properties of the resulting architectures can be easily controlled.46 It was shown that integration of FF peptides with Boc-FF (acts as a capping molecule) resulted in length control of nanotube formation.46 In cooperative co-assembly, two peptide components interact with each other and architectures are created in which both parts are arranged alternately. This assembly typically used when individual components are very similar and have only minor differences. Employing electrostatic interaction is the most common way for the co-assembly process, which was designed by two complementary charge peptides.45 Unlike other co-assembly strategies, cooperative co-assembly provides control of the assembly process by reducing the competition between self and co-association events due to the electrostatic repulsion of one component.3 For those reasons, our research focused on cooperative co-assembly for biomedical applications. 
1.1.2.4 [bookmark: _Toc121134616]Amyloid-like Peptides for Biomedical Applications

One of the most promising applications of nanobiotechnology in healthcare is regenerative medicine. By enabling scaffolds functionalized with cells and biologically active molecules, bioinspired materials seek to mimic the extracellular matrix (ECM) to replace the degenerated tissues of the human body.47 An ECM, a complex, three-dimensional (3D), fibrous, and hierarchically organized network that transmits various biochemical and physical signals, surrounds cells within tissues.48 In addition, the ECM supports cells, regulates cell behavior, initiates cascades of intracellular signaling pathways, and controls soluble factors in and between cells.49 Therefore, it is essential for regenerative medicine to mimic the same level of complexity and functionality of ECM with engineered biomaterials.50 
Development of amyloid-like peptide systems has attracted in the past years due to their ease of design, low cost, diverse functionalization options, and most importantly biocompatibility and biodegradability. Furthermore, having a short sequence (less than 8 amino acids) makes them non-immunogenic.6 A combination of two aromatic short peptide derivatives, Fmoc-FF, Fmoc-RGD (bioactive epitope), and Fmoc-RGE (non-bioactive epitope as a negative control) was used to create the hydrogel scaffold inspired by the ECM. Fibroblast encapsulated hydrogels support adhesion and cell spreading with the aid of RGD bioactive epitope.51 In addition to attaching bioactive ligands, FF-based hydrogels were also modified with the conductive polymer polyaniline (PAni).52 It was found that Fmoc-FF-PAni composite hydrogels were mechanically strong, conductive and showed self-healing properties. Also, they support cardiac cell growth with self-healing properties, allowing cardiac cells to endure the continuous contractions of the heart. Similar design approaches were conducted by using Fmoc-RGD with Fmoc-FF-PAni to enhance the application areas such as for DNA binding for rapid and effective detection of pathogens.53 FF motif was also used by modifying with additional cationic peptides (R and K) to evaluate membrane-interacting and delivery capability.54 The penetrating ability was performed with a model fluorophore carboxytetramethyrhodamine (TAMRA). R contained FF motif (RFFR) penetrated porcine skin and showed a potential transdermal penetration of small molecule drugs with RFFR peptide. 
Overall, FF-based designs were used in different biomedical applications including tissue engineering and drug delivery. However, FF designs based on hydrogel applications have some limitations. First, since the main intermolecular interaction driving the assembly is p-p stacking between the FF motif, hydrogels are formed in very concentrated forms and thus, additional moieties such as Fmoc group would be necessary. Second, to prepare FF-based systems, organic solvents such as acetone or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) are used for solubilization due to their highly hydrophobic nature. We consider both solubility and additional intermolecular interactions in our design to overcome these limitations. Furthermore, although general trends can be observed with respect to the hydrophobicity/aromaticity associated with the peptide sequence and the corresponding physical properties of the resultant systems; it is currently not possible to predict whether a given molecule will form a secondary structure or not reliably. 
1.1.2.4.1 [bookmark: _Toc121134617]The Relationship between Aggregation and Toxicity

The factors related to the mechanism of toxicity, the structure of amyloid fibrils and intermediate species are still open questions regarding amyloid fibril formation.55 During the series of processes that transform monomers into mature fibrils, several important intermediates, including soluble oligomers and protofilaments, are populated.56 Furthermore, aggregation is a complex process known to be influenced by several fundamental characteristics, such as secondary structure, hydrophobicity, and charge, as well as the composition and concentration of solutes in the surrounding environment. Therefore, understanding of this aggregation process, and kinetics of fibril formation is crucial because it is possible for soluble oligomers of amyloidogenic peptides to be even more toxic than the final amyloid fibril product.57
A major finding causing the cytotoxicity of amyloid-b is cell membrane perturbations.58–62 It was suggested that small size and hydrophobic surfaces of small intermediate molecules (such as oligomers) have a high affinity to biological membranes, and therefore they are toxic.63 The effect of hydrophobicity on cell cytotoxicity was further enhanced by systemically substituting hydrophobic core residues with polar amino acids. 64 It was found that if two-point mutations were introduced (F and I replaced by N), the assembly was suppressed from the early onset of aggregation and cell toxicity was reduced. 
However, there are several challenges in understanding the leading cause of this toxicity. First, no probes can track the various protein aggregate types created or structures produced during this dynamic process.65 Second, the variety of intermediate structures produced by different nucleation processes makes it more challenging to isolate and accurately predict the toxic agents causing amyloid disease.66 Third, since the amyloid fibrillation process is concentration-dependent phenomenon, higher concentrations of amyloid peptides are needed to observe fibril formation in vitro within hours. Otherwise, to compare with physiological concentrations (at nanomolar level), several days and even moths of incubation are needed to understand the process.67 
Hence, instead of using the whole sequence of amyloid peptide, amyloid mimicking peptides could be an alternative for understanding the amyloid aggregation and studying the intermolecular interactions with simplified models to find key residues that are responsible for toxicity.  Although key residues in amyloid-b are defined as mentioned in the previous section, there is no or very limited research in the literature using those residues to correlate the toxicity and aggregation based on simplified models. Therefore, the abovementioned examples about aggregation and toxicity are mainly based on the change of amino acids in amyloid-b protein. Nevertheless, it is still helpful to understand the key findings related to toxicity and the aggregation process to create a peptide-based tool to study the aggregation process.
1.2 [bookmark: _Toc114946695][bookmark: _Toc121134618]Characterization Techniques of Peptide Assembly

Different nanostructures can form with peptide assembly, which is crucial interest in biomaterials due to biocompatibility and other functionalities for biotechnological applications such as antimicrobial activities, tissue engineering, and drug and gene delivery.68 As discussed, amino acids have a variety of physical properties such as polarity, charge, and hydrophobicity. Those characteristics give a unique feature to peptides in terms of secondary structures leading to different mechanical, chemical and physical properties.69 Furthermore, environmental differences can also change those structures, including pH, temperature, and enzymatic reactions for desired applications. Therefore, it is essential to analyze the effect of intermolecular forces, which are part of the dynamic process of peptide assembly or aggregation process. In this part, the characterization techniques of peptide assembly will be discussed with recent studies. 
1.2.1 [bookmark: _Toc114946696][bookmark: _Toc121134619]Spectroscopic Methods

Spectroscopic tools provide information at the global or atomic level based on the measuring the electromagnetic radiation (i.e., light) produced, absorbed, or scattered by matter. In peptide assembly, absorption spectroscopy techniques, which use electromagnetic spectra in which substance absorbs, are widely used to determine secondary structures such as infrared (IR), nuclear magnetic (NMR) spectroscopy and circular dichroism (CD). 70
IR results from energy absorption by vibrating chemical bonds in the molecule so that each bond can vibrate in different ways such as stretching or bending motions and absorb in different wavelengths.71 These vibrational modes, which intermolecular forces can influence, can be quantitively measured by Fourier transform IR (FTIR) spectroscopy in a non-destructive manner. 72 In peptide self-assembly, amide I and II are major bands to analyze in the spectrum. The most sensitive region towards secondary structure is amide I (1600-1700 cm-1) which results from C=O stretching in the amide group of peptide backbone.73 Depending on the secondary structures: a-helical formation has strong amide I between 1650-1655 cm-1 while β-sheet show a strong band between 1612 and 1640 cm-1.74 Amide II is resulted from N-H bending and C-N stretching (strong band at 1540-1550 cm-1 and weaker shoulder at 1510-1525 cm-1) and give information about parallel (1530-1550 cm-1) or antiparallel (1510-1530 cm-1) structures. The supramolecular assembly behavior of pentapeptide, KYFIL, was analyzed by changing specific amino acid residues to identify the intermolecular forces behind the self-assembly.75 In FT-IR, self-assembly propensity was correlated based on b -sheet intensities (1700-1600 cm-1 region) and found that p- stacking and p- cation interactions with F play a major role in self-assembly. While KYAIL did not form any secondary structures, KYFIL showed the strongest and highest peak at b -sheet region. 
NMR is another spectroscopic technique that uses the local magnetic properties around atomic nuclei to understand the molecule’s structure in both solution and solid state.76 It has been widely used to analyze peptide secondary structures and self-assembly mechanisms at the atomic level.77 Since self-assembly is an equilibrium state in which both monomers and fibrils are at equilibrium, solution state NMR can be used to quantitively compare the amount of non-assembled monomers and fibrils. Rajbhandary et al. analyzed the self-assembly of Fmoc-FF peptides with pH 10.5 (monomeric stage) and pH 7 (fibril stage) and determined the percentage of fibril assembly by analyzing signal reduction.78 Another study used solution state NMR to understand the effect of peptide concentration in self-assembly. For this purpose, IF dipeptide was used with a range of concentrations. As peptide concentration increases, the signals corresponding to aromatic protons become broadened, indicating a decrease in molecular motion due to the supramolecular organizations.79 However, solution NMR can be limited in terms of spectra interpretation because molecular self-assembly causes frequency shifts, decrease intensity levels, and broadens the spectra.69 Therefore, solid state NMR (ssNMR) is often the method of choice if there are close intermolecular contacts between amino acids (i.e. co-assembled peptide structures) with highly constrained molecular motions.78 Jekhmane et al. discovered the design parameters in tissue scaffolds at the atomic level by using ssNMR to determine the effect of self-assembly degree and homogeneity in peptide functionalization.80 They found that decreased levels of secondary structures and conformational heterogeneity in tissue scaffolds were correlated with less favorable platform stem cells. Another study analyzed the co-assembly strategy of oppositely charged peptides with NMR and simulation techniques to understand the time-based kinetics of peptide aggregation and organization of β-sheet–rich structures of peptides.81 It was found that Lys and Glu residues contribute to self-assembly with equimolar concentrations and encode molecular level of organization. 
CD spectroscopy is another widely used technique to determine the secondary structures of peptides. The technique measures the actively chiral molecules based on the difference in absorbance of right and left circularly polarized light.82 For example, the optically active amino acids such as W, Y, F and C give spectra in the near-UV (320-250 nm). However, the far-UV CD spectra (260-180 nm) originate from absorbed light resulting from peptide bonds (amide bonds) which give information about peptide secondary structure.83 Although getting information about the physical interactions is limited when compared with NMR, it is useful in terms of analyzing a range of concentrations and environmental effects on peptide self-assembly in a short time and with a low sample volume.84 The secondary structure transition from a-helix to β-sheets was shown with pyrene (aromatic motif) conjugated RMLRF and IQEVN.85 While individual peptides showed a-helix in the solution (negative peaks and 202 and 228 nm), the mixture of two samples showed b-sheet like structure (positive peak at 202 nm and a negative peak at 220 nm), which highlights the importance of aromatic interactions to promote b-sheet structure. A similar secondary structure transition was also observed in amyloid-derived supramolecular structures with pyridine derivatives.86 The transition from β-sheet to a-helix was obtained by changing the molar ratios of Fmoc protected FF (Fmoc-FF) peptide and 4,4-bipyridine (BPY).  While β-sheet rich co-assembly was obtained with a 1:1 (Fmoc-FF:BPY) ratio at 192 (positive peak) and 216 nm (negative peak), a-helix transformation occurred with 2:1 (Fmoc-FF:BPY) ratio at 203 and 213 nm (two negative peaks) and twisted β-sheet was observed with 1:2 (Fmoc-FF:BPY) ratio at 196 nm (positive peak) and 226 nm (negative peak). The results demonstrated that stoichiometric change could be achieved by tuning the secondary structures and inhibiting intermolecular forces (hydrogen bonding and aromatic interactions).
1.3.1 [bookmark: _Toc114946697][bookmark: _Toc121134620]Fluorescence-based Methods

The application of fluorescent dyes for high throughput screening studies (being able to measure in small volumes) is a common and suitable technique to understand peptide self-assembly and aggregation behavior, including the kinetics.87 Amyloid β-peptide aggregation is a highly studied biomolecule to understand the molecular mechanisms of self-assembly and at the basis of the building blocks for nanotechnological applications.88 The aggregation mechanism is divided into three steps: i) lag phase in which peptides are mostly in monomeric form; ii) polymerization step where larger aggregates occur as a result of peptide monomer aggregation and iii) saturation where grown aggregates form nanostructures. In the case of peptide aggregation, interactions between fluorescent dyes and peptides can lead to a change in fluorescence emission which could be either a shift or an increase/decrease in maximum emission.89 Thioflavin T (ThT, benzothiazole dye, is a widely used fluorescent probe to identify and analyze β-sheet rich structures such as amyloid peptides.90 When ThT is introduced into a β-sheet rich environment, it results in enhanced fluorescence and shift in emission spectrum from 510 nm (unbound state) to 480 nm (bound state with peptide fibrils). With the ThT assay, the importance of the initial concentration of peptides (at monomeric state) for fibrillation was studied and minimum concentration was found to be as 0.2 mM.91 Time and concentration dependency were also analyzed with oppositely charged amyloid-like peptides and threshold concentration for the aggregation was visualized using confocal microscopy.92 Congo Red, azo dye, is another dye used mainly for histological analysis for amyloid detection that gives apple-green birefringence under polarized light.93 In aqueous solution, it gives maximum absorption at 490 nm; however, a strong shift from 490 nm to 540 nm occurred when bound to β-sheet rich structures due to specific orientation.94 Furthermore, it is also possible to stain peptide gel and acquire polarized images to imply the presence of β-sheet structures within the system.95 Although Congo Red and ThT are widely used for amyloid-like aggregation and be responsive to β-sheet structures, other fluorogenic dyes such as Nile Red and pyrene are primarily used in amphiphilic molecules to determine critical aggregation concentration (CAC) and be independent of β-sheet rich structures. Similar to Amyloid-β peptide aggregation, amphiphilic molecules can also undergo aggregation (generally results in fibrillar of micellar structures) when it reaches a specific concentration characterized by sharp transitions in fluorescence intensities.96 Pyrene, composed of four fused benzene ring and insoluble in water, show distinct solvent-dependent vibronic bands depending on the local hydrophobicity or polarity of the environment.97 The measurements are based on the third and first vibronic band intensities (I3/I1 or I1/I3) and are generally observed at between 375 and 405 nm when excited with 340 nm.98 An increase in the ratio of I3/I1 gives and information about the hydrophobicity of the microenvironment where pyrene is located at.99 Below the CAC, the decreased pyrene I3/I1 ratio value corresponds to a polar environments, whereas increased I3/I1 indicated that pyrene was located more in a hydrophobic environment.100 Since aggregation behavior depends on environmental factors such as temperature, salt concentration and pH; pyrene assay can easily be applied to understand how those factors affect the given systems. For example, the aggregation behavior of two amphiphilic peptides (palmitic acid conjugated IKPEAP and IKPEAPGE) were analyzed based on temperature and pH and found that increase pH resulted in increase in CAC, while temperature (20 and 70C) did not have effect on it.101 Nile red, a heterotetracyclic compound and known as lipophilic stain, also depends highly on the polarity of the medium.102 It was shown that the fluorescence emission of Nile Red at 587 nm was upregulated around 50 times when it was exposed to a hydrophobic environment.103 Furthermore, assembly of oppositely charged peptide structures (which is driven by p-, hydrophobic and electrostatic interactions) was also determined by Nile Red (Ex: 550 nm, Em:580-750) assay and found that individual counterparts have 10 times higher CAC values than co-assembled peptide structures.104 Fluorescent techniques give relevant information and help to analyze and determine/eliminate the conditions (with a range of parameters for further deep analysis of peptide self-assembly with other techniques (i.e. spectroscopic analysis). However, different experimental techniques are required for the conformational transition of peptide assembly, such as the identifying folding/unfolding states to characterize the thermal energy produced or consumed as a natural consequence of almost all physical, chemical, or biological process.
[bookmark: _Toc114946699]

[bookmark: _Toc121134621]CHAPTER 2. PEPTIDE FRAMEWORK FOR SCREENING THE EFFECT OF AMINO ACIDS ON ASSEMBLY

This section is adapted from the following publication: 
Hamsici, S., White, A. D., & Acar, H. (2022). Peptide framework for screening the effect of amino acids on assembly. Science advances, 8(3), eabj0305.
Discovery of peptide domains with unique intermolecular interactions is essential for engineering peptide-based materials. Rather than attempt a brute-force approach, we instead identify a new strategy for discovery and study of intermolecular interactions; ``co-assembly of oppositely charged peptide" (CoOP), a framework that `encourages' peptide assembly by mixing two oppositely charged hexapeptides. We used an integrated computational and experimental approach; probed the free energy of association and probability of amino acid contacts during co-assembly with atomic-resolution simulations and correlated them to the physical properties of the aggregates. In this study, CoOP is introduced with three examples: Dialanine, ditryptophan, and diisoleucine. Our results indicated that the opposite charges initiate the assembly, and the subsequent stability is enhanced by the presence of an undisturbed hydrophobic core. We showed that the CoOP represents a unique, simple, and elegant framework, can be used to identify the structure - property relations of self-assembling peptide-based materials.



[bookmark: _Toc114946700][bookmark: _Toc121134622]2.1 INTRODUCTION

Self-assembling small peptides are attractive building blocks because they are relatively easy to synthesize and enable systematic study using experimental and computational analyses to associate peptide sequence (structure) with its properties and functionality, making them promising candidates to fabricate functional nanomaterials.105 In particular, self-assembly into fibrillar peptide aggregates is abundant in nature and various synthetic technologies in biomedical research106–113 and materials science.14,114,115 The organization of peptide assemblies emerges from small changes in the amino acid sequence that provides non-covalent interactions, such as electrostatic forces, hydrogen bonds, hydrophobic effects, and aromatic stacking.116,117 Understanding the effects of these small changes is essential to identify the structure - property relation and create small peptides that do not simply mimic natural sequences but instead are rationally designed for the desired properties. Studies based on editing the peptide sequences of natural designs typically have an initial focus on a particular type of interactions for the property of interest, which may restrict the achievable materials properties.35 Screening all possible amino acids to create a wider range of properties, on the other hand, may encounter vast design spaces even for small peptides and is therefore impractical for full experimental exploration. Additional co-assembly strategies are beneficial as they can provide wider optimization of nanomaterials for various applications, but such approaches risk expanding the already vast design space.43,105 As a result, there is a need for an approach that can bridge the combinatorial explosion of amino acid sequence space with the benefits of editing known sequences to map and search new peptides for new functionalities.
Minimalist peptide designs that incorporate rational modification to produce robust structures have attracted significant interest over the past two decades.35 Diphenylalanine (FF), a motif found in amyloid- peptides, plays an important role in fiber formation via - stacking.17 Peptides with an FF motif have spurred the investigation of hierarchical structures and have been used in synthetic materials for various applications from biomedical research to energy harvesting and conversion.114,118 Consequently, identification of 1D assembly driven by FF domain has well-established tools that provide standardization and comparison of the results.119
Non-covalent interactions (ranging from 1 to 5 kcal/mol)120 are naturally weak and may not be sufficient for stable and highly ordered assemblies of minimalist peptide designs. To alleviate the low thermodynamic advantage for assembled structures, proximity (high concentration) in solution is required (kinetic threshold). Addition of hydrophobic groups may provide proximity via spontaneous aggregation in water to assist in assembly, but this approach can reduce or eliminate entirely the solubility of minimalist peptides, which can drastically reduce the utility of any potential application in aqueous environments.35 Therefore, a key challenge to the use of traditional minimalist peptides is to address the kinetic threshold for the aggregation. 
Here, we overcome the kinetic threshold with enhanced solubility in a hexapeptide, by combining charged and hydrophobic amino acids in a new design of Co-assembling Oppositely Charged Peptides (CoOP). Because of the relatively small number of interacting groups in a hexapeptide, the kinetic threshold is high. The oppositely charged system addresses this weakness in typical small peptide systems; charges not only assist with aqueous solubility, but also provide a relatively long-ranged attractive force to encourage peptides to come together. This effect is analogous to increasing the concentration of peptides without such charged groups.
In this paper, we introduce the CoOP strategy and explore the effects of alanine (A), tryptophan (W), and isoleucine (I) (we will use the standard single-letter amino-acid codes throughout) in this framework. We integrate computational methods to analyze, rather than to predict, the peptide assembly mechanism; atomic-resolution simulations are used to probe the free energy of association and probability of amino acid contact during co-assembly. The effects of the substitution domain on the aggregation kinetics are investigated via pyrene, Congo red staining, and dynamic light scattering. We use FTIR and circular dichroism to understand the secondary structures of peptides for understanding assembly mechanism and identify the physical properties of the emergent materials via TEM, AFM, and rheology. We combine the results to understand the relation of peptide sequence, association of intermolecular interactions on assembly kinetics, and structural and mechanical properties of the end products. Here, CoOP is shown to provide a valuable molecular discovery tool that is simple, water soluble, and assembles into 1D structure with quantifiable properties for exploring intermolecular interactions and harnessing the rules for peptide assembly phenomena.
2.2 [bookmark: _Toc121134623]RESULTS
2.2.1 [bookmark: _Toc114946702][bookmark: _Toc121134624]Co-assembled Peptide Design and Validation with Molecular Dynamics

We have designed a remarkably simple framework composed of soluble hexapeptides that assemble into 1D structures upon mixing via co-assembly of opposite charged peptides (CoOP) (Fig. 2.1). Hexapeptides are composed of three domains; charged, diphenylalanine (FF), and substitution domain [XX]. The sequences of the co-assembling hexapeptide system is given by Table 2.1, and chemical structures are in Fig. 2.1B. Framework sequence kept constant to enable the accurate assessment of the effects of inserting a specific two-amino-acid group into the substitution domain, [XX]. As shown in Fig. 2.1B, the partners of CoOP system have complementary charged amino acids on both ends of the peptides: KFFXXK sequence is the positive partner (pos) and EFFXXE is the negative partner (neg).
[bookmark: _Toc120782131]Table 2. 1 Sequences of the CoOPs used in this study. Each CoOPs has negatively and positively charged counterparts.
	Nomenclature
	(-) charged peptide
	(+) charged peptide

	[AA]
	Ac-EFFAAE-Am
	Ac-KFFAAK-Am

	[WW]
	Ac-EFFWWE-Am
	Ac-KFFWWK-Am

	[II]
	Ac-EFFIIE-Am
	Ac-KFFIIK-Am



Charged amino acids on the peptide termini induce the initial aggregation, followed by subsequent hierarchical assembly of 1D structure enables screening interactions of substitution domain and applying established methods to compare their effects on the properties of the resulted network. By introducing charged amino acids at both termini of the peptides, we increase solubility and allow the creation of “electrostatic mirror partners” (i.e., peptides with opposite net charge) that enhance aggregation by boosting initial peptide contacts.121 We select E and K to provide negative and positive charges, respectively. Our choice is informed by three key observations: first, salt bridges between K and E are known to enhance oligomer stability in amyloid- peptides;122 second, the interaction of R with E is stronger than with K in a very specific direction, providing molecular orientation of binding partners, whereas K salt bridges are effectively isotropic;123 finally, the additional methylene group of R can contribute non-specific interactions such as H-bonding with the backbone of the partner peptide.124,125 Acetylation on N-termini and amide group on C-termini restricts charged interactions to only the amino acid side chains. 
The substitution domain ([XX]) in the CoOP system in this paper is designed to be small but display measurable effects to demonstrate the capabilities of the strategy. We studied dialanine ([AA]), ditryptophan ([WW]), and diisoleucine ([II]), as shown in Fig. 2.1B, each having a different hydrophobicity index (I > W > A) due to the importance of this parameter for peptide aggregation.126,127 Hydrophobicity index is related to solvent accessible surface area (ASA), which defines as the exposed surface area of an amino acid to solvent.128 A comparison of the substituted residues based on the ratio of hydrophobic and hydrophilic ASA (ASA ratio) is I (3.9) > W (2.3) > A (1.5).129 Furthermore, the -sheet propensities of these amino acids that are calculated based on their frequencies of existence in a -sheet region of analyzed proteins by Chau-Fassman follow a similar trend; I(f:0.274) > W(f:0.203) > A(f:0.167).130
The assembly pathway and peptide-peptide orientation are defined by the basic molecular framework of CoOP (i.e., the FF domain and terminal charges) while the intermolecular interactions provided by the substitution domain influence the assembly kinetics and mechanism, as well as the physical properties of the hierarchical assembly of the fibrillar structure and its resultant network. As a result, this CoOP system is designed as a tool to screen different canonical and non-canonical amino acids to identify their effects on intermolecular interactions and to correlate them with the initial interactions and properties of the final hydrogel network.
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[bookmark: _Toc113560029][bookmark: _Toc115118617]Figure 2. 1 CoOP design composed of oppositely charged hexapeptide units which represent the minimalistic assembly template. Schematic description of peptide co-assembly triggered by oppositely charged hexapeptides (A). Chemical representation of hexapeptides (B). E and K residues at both ends provided electrostatic interactions, FF at the core contributed self-assembly with -stacking and replacing [XX] with either dialanine, ditryptophan or diisoleucine to enable tunable hydrophobic interactions.
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[bookmark: _Toc113560030][bookmark: _Toc115118618]Figure 2. 2 Free energy surfaces of three co-assembly systems from a metadynamics calculation. r is average distance between all centers of mass and Rg is the average radii of gyration (both only consider backbone atoms). Panels A-C show free energy as computed via the metadynamics bias. Panel D shows the integrated free energy surface along the average distance. This plot does not predict the occurrence of self-assembly but is instead a measure of solvated peptide aggregation.
First, we validated the design via molecular dynamics simulations (MD). All-atom MD was used to access microscopic details that are otherwise difficult to attain in experimental techniques. Specifically, we sought information regarding the initial contact and interactions between amino acid side chains during assembly to assess our design rationale instead of prediction of entire process. We do not intend the molecular simulations to provide a fully predictive view of the entire process of assembly as the time and length-scales accessible to molecular simulations cannot adequately reproduce experimental systems. Nonetheless, such techniques can help to examine reliability of our initial assumptions about the assembly process and measure free energies of pre-aggregated peptides.
Enhanced sampling or additional phenomenological modeling must be used to connect the relatively short timescales accessible using MD to the co-assembly experiments. For example, Amirkulava et al.131 relied on biasing methods to induce a small four peptide system to aggregate into structures consistent with experimental NMR measurements. Thurston et al.132 used Markov state models from all-atom simulations to model the self-assembly of a larger peptide system. Guo et al.133 used enhanced sampling methods to understand the dimerization process that nucleates fibrilization in A. Building on this past work, we use enhanced sampling of all-atom simulations to understand the free energy of contacts and initial aggregates of the co-assembly process. Then, we performed unbiased MD to understand the timescales of the peptide interactions. The minimum number of peptides to cover all possible co-assembly interactions is four, and so all MD contained four peptides (two positives, two negatives). To check if our conclusions hold to larger systems, we performed unbiased MD of the slowest co-assembling peptide system ([WW]) with 16 peptides for 392 ns (Fig 2.3).
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[bookmark: _Toc113560031][bookmark: _Toc115118619]Figure 2. 3 Free energy of intra- and inter-chain contact between amino acids in the WW sequence. Contact is defined as there being a pair of two heavy atoms in an amino acid within 3.5 . These are computed from a single 392 ns simulation via F = -kT lnP(c). No enhanced sampling was used, so should not be numerically comparable with main text due to inefficient sampling.
Free energy surfaces from 500 ns well-tempered metadynamics simulations of the four peptide co-assembling systems are shown in Fig. 2.4. The collective variables of these free energy surfaces are the average peptide-peptide distance and average intra-chain radius of gyration, which correspond to how close the peptides are and how compact they are, respectively. We observed that the order of distances among the pairs in their lowest energy levels Fig. 2.2D are correlated to the order of their ASA ratios and -sheet propensity constants (Table 2.2) Hexapeptides with [AA] in the substitution domain showed a close-packed low free energy aggregate state with the least compact peptide structure among the pairs we studied (Rg ~ 0.48 nm, Fig. 2.2A). The distance between [WW] was greater than that of [AA] in their lowest energy levels, but the [WW] showed the most compact structures (Rg ~ 0.35 - 0.4 nm, Fig. 2.2B} and D). In [WW], we observed two distinct interactions in the lowest level; cation- and - stacking, which leads to two separate local minima (Fig 2.2D). However, the CooP system with [II] in the substitution domain showed the greatest separation between peptides in their lowest energy levels, while the side chains were packed closer (as indicated by Rg ~ 0.43 nm, see Fig. 2.2B and D).
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[bookmark: _Toc113560032][bookmark: _Toc115118620]Figure 2. 4 Free energy of intra- and inter-chain contact between amino acids. Contact is defined as there is a pair of two side-chain heavy atoms in an amino acid within 3.5 . These are computed via reweighting the metadynamics simulations. (Bigger size of circles and lighter color defines lower free energy, higher probability of contact).
Fig 2.4 shows the free energy of side-chain contact for peptide pairs between hexapeptides of both same and opposite charges (with contacts defined as a distance  3.5). The reference state for these free energies is unbound, resulting in all positive free energies because there is not a single favored conformation for the hexapeptide aggregates. Peptide aggregation is still favored, as seen from Fig. 2.2D, but no single side-chain contact is found in all aggregate conformations. 
[bookmark: _Toc120782132]Table 2. 2 Physical properties of CoOPs. The overall characterization of substitution domains and CAC of CoOP pairs. N/A: not available, Pho: hydrophobic, and Phi: hydrophilic
	Substitution domain
	Total ASA
	Pho ASA
	Phi ASA
	Ratio (Pho/Phi)
	Side-chain pho index
	CAC (mM)
	b-sheet frequency

	A-A
	111
	66
	45
	1.5
	41
	N/A
	0.167

	W-W
	249
	174
	76
	2.3
	97
	79.4
	0.203

	I-I
	173
	137
	35
	3.9
	99
	24.5
	0.274



The formation of salt bridges in [AA] is indicated by the favorable free energy for interactions of opposite charges (Fig. 2.4). Moreover, - stacking between F-F also appears to form. However, the hydrophobic core in the region between interacting hexapeptides did not form because of lack of A-A side chain interactions. The A-A interactions are significantly weaker than the I-I (p < 10-5) and W-W interactions (p < 10-10) showing indeed that the A-A side-chain interactions contribute little to forming an aggregate hydrophobic core. Additionally, as shown in Table 2.2, the order of -sheet propensity of these amino acids has a similar trend, which might be decisive in the ordered assembly process after initial aggregation. The [AA] system thus serves as a good control sequence, showing the role of the salt bridge and F-F interactions alone.
Unlike [II], [WW] has relatively favorable neg-neg and pos-pos interactions that are dominated by the interactions of W side chains. The pos-neg interactions involve salt bridges, cation-, and aromatic W-F interactions. It is important to note that the charged side-chains are also interacting with the core region of the [WW] in all alignments, disrupting the core hydrophobicity; for example, K forms interactions with aromatic groups (Fig. 2D). The [WW] contact map is qualitatively consistent with the 16-chain system, validating the assumption that the enhanced sampling on four chains is a reasonable approximation for larger systems. To understand the probability of first contacting residues in peptide chains, we ran 40 unbiased MD simulations to assess assembly kinetics, with each simulation terminating once all four chains were aggregating. Fig. 2.5 shows the first contact(s) recorded for simulations that resulted in four chains aggregating. These are sampled at a time resolution of 2 picoseconds.
Overall, the [II] and [AA] systems seem to start aggregation frequently with salt bridging. We found the W side chain to be a promiscuous group in the [WW] system, interacting with all residues in the first contacts. These results show that aggregation typically proceeds from pos-neg contact, and this contact can nucleate stable assemblies via either hydrophobic interactions or salt bridging. Such heterogeneous interactions create heterogeneous hierarchical assemblies, and so, fibrillar structures, as can be seen in TEM of [WW]. Fig. 2.6 shows the secondary structure of the three systems at initial contact and gives additional evidence of the heterogeneous nature of the [WW] system. Specifically, the negative chains are helical and the positive chains -sheet like.
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[bookmark: _Toc113560033][bookmark: _Toc115118621]Figure 2. 5 Probability of first contacting residues from 40 unbiased molecular dynamics simulations. Contact is defined as there being a pair of two side-chain heavy atoms in an amino acids within 3.5 . Simulations ended at a four-chain aggregate and began with the chains at least 2.5 nm apart. Working from end, this plot shows the minimum non-zero contact maps averaged across the 40 simulations. (Lighter color represent more contact).
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[bookmark: _Toc113560034][bookmark: _Toc115118622]Figure 2. 6 Secondary structure of peptides at initial contact. Coil is random coil, Strand includes beta-sheet forming dihedral angles. Reweighted as described in maintext.
Perhaps the closest co-assembly modeling work to that described here is the coarse-grained molecular dynamics simulations of conjugate acid/base co-assembly of CATCH peptides.134 Shao et al. studied a much larger system and found that co-assembly allows pos-pos and neg-neg pairs as fibers assemble. Regarding the amino acid interactions that drive co-assembly, Frederix et al.35 surveyed coarse grained models of tripeptides and found the FF motif was a consistently strong influence, as expected from its role in Amyloid βeta formation.30,135 The same group also showed that K can be a good choice for a positive amino acid in electrostatically-influenced assembly because of its stronger cation- interactions relative to R.
2.2.2 [bookmark: _Toc114946703][bookmark: _Toc121134625]Co-assembled Peptide Characterization
Upon validation of the design rationale of the CoOP system, we characterized the assembly kinetics and mechanism of the studied pairs experimentally; these aspects are dependent on the substitution domain.
2.2.2.1 [bookmark: _Toc114946704][bookmark: _Toc121134626]Co-assembly of Peptides into 1D Structures
The CoOP framework is designed to form 1D aggregations. At pH 7 all peptides were soluble in water and displayed the expected charges (pKa of (-COO-) of E is 4.25 and (-NH+of K is 10.53). When mixed with equal concentrations and volume, the total charge of the aggregate becomes neutral (Fig. 2.7). Upon simple mixing at room temperature by pipetting, [WW] and [II] rapidly assembled into 1D structures at a monomer concentration of 10mM (Fig, 2.8A) (weight% [AA]= 0.75w%, [WW]= 0.9w%, and [II]= 0.8w%) without temperature increase, sonication and pH adjustment. The diameter of the formed 1D nanostructures was measured at around 5-10 nm for [II] and [WW] (Fig. 2.8 and 2.9B). However, for the [AA] (featuring the narrowest hydrophobic ASA and the lowest -sheet frequency) no organized structure formed at a concentration of 0.75 w/v% which is lower than previously studied (2w/v %).136 These results indicate CoOP meets the three goals of our design rationale: a simple, water soluble hexapeptide system that assembles into 1D structures when mixed.
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[bookmark: _Toc113560035][bookmark: _Toc115118623]Figure 2. 7 Zeta potential measurements. Individual positively and negatively charged peptides and 1:1 (molar ratio) mixed forms.
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[bookmark: _Toc113560036][bookmark: _Toc115118624]Figure 2. 8 Morphological analysis of peptide structures. AFM images of CoOPs. Diameter analysis of [AA], [WW] and [II].

2.2.2.2 [bookmark: _Toc114946705][bookmark: _Toc121134627]Characterization of Assembly Kinetics and Mechanism
The FF domain of the CoOP system provides an amyloid-like 1D assembly that has well-established fluorescent-based analyses methods to compare the assembly kinetics of the system, which is dependent on the substitution domain. 
Critical aggregation concentration (CAC, the minimal concentration required for the onset of aggregation) was analyzed using the hydrophobic probe pyrene (solubility in water: 2-3 M). Pyrene preferentially aggregates in the interior hydrophobic regions of the assembled structures.137 An increase in the ratio of fluorescence intensities of the third and first vibronic peaks of pyrene, I3/I1, reveals the hydrophobicity of the local environment; the increased polarity of the local environment reduces the I3/I1ratio. At the CAC, pyrene moves into the hydrophobic inner core and sequesters within the FF domain with a requisite increase in I3/I1 ratio.138 Pyrene assay for our CoOP system showed an increase of I3/I1 fluorescent intensity ratio for [II] and [WW], indicating 1D structure formation, while no increase for [AA] indicates no assembly at this concentration. Measured I3/I1 values were plotted against log values of CoOP monomer concentrations and sigmoidal hyperbola of the graphs indicates CAC values for [II] and [WW] as 24.50 M (0.002 %w) and 79.4 M (0.007 %w), respectively (Fig. 2.9C).
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[bookmark: _Toc113560037][bookmark: _Toc115118625]Figure 2. 9 Hydrogel formation and 1D nanofibrillar assembly kinetics. Upon mixing two oppositely charged peptides, [II] and [WW] formed gels (A) consisting of nanofibers (B) while [AA] did not form any organized structure (A,B). Molecular co-assembly of the peptides was characterized by CAC determination (C). Characterization of amyloid-like aggregation mechanism probed by congo red assay for two days (D)

Congo red is an azo dye with a phenyl group, used for characterization of amyloid-like fibrillar assembly which requires specific orientations of FF domain derived -sheet rich structures.94 Congo red molecules participate in the fiber assembly process via H-bonding and -stacking.139 Such arrangement in the fibril assembly causes red shift in Congo red absorption from 498 nm. We observed a red shift in our Congo red analyses for [II] and [WW] (from 498 nm to 540 nm), but no change was observed for [AA] (Fig. 2.9D). The red shift for [II] was observed ~ 15 min after mixing and remained constant for 48 h. By contrast, the red shift of [WW] appeared 20 h after incubation. This indicates that hierarchical assembly into fibrillar structure continues after the initial interactions.
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[bookmark: _Toc113560038][bookmark: _Toc115118626]Figure 2. 10 Determination of aggregation concentration of CoOPs. Dynamic light scattering (DLS) measurements were performed by co-assembled peptides with immediate incubation.
Furthermore, dynamic light scattering (DLS) was performed for identification of the concentration when aggregates started to form, instead of measuring the size of the aggregates. When mixed, [AA] and [WW] did not show any aggregates at 25 M, while the signals of scattered light was observed in [II] in this concentration, which is correlated to the measured CAC of [II], 24.5 M. The intensity of the scattered light and corresponding aggregate sizes did not increase with increasing concentration of [AA] as expected, because no aggregation is observed for [AA] in these concentrations. [WW] system aggregations showed similar results after 50 M, due to CAC of [WW] being measured as 79.4 M. The intensity of the scattered light and its corresponding sizes increased with increasing concentrations for [WW], but no saturation is observed. The intensity of the scattered light increased for larger aggregate sizes for [II] with increasing concentration, and over saturated above 200 M (i.e., beyond the measurement limits) (Fig. 2.10)
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[bookmark: _Toc113560039][bookmark: _Toc115118627]Figure 2. 11 DLS measurements of CoOPs. DLS measurements were performed by co-assembled peptides with overnight incubation.
When the system was incubated overnight, the maturation of the fibrillar structures into network formations was enhanced, and likewise the intensity of the scattered light in DLS (Fig 2.11). The aggregates become larger for [AA] after 200 M, which might indicate some network formation. Similarly [WW] formed larger aggregates, likely with more uniform size as the intensity of the light increased in a small range of sizes and oversaturated at 500 M. The saturation concentration is observed at 200 M for overnight incubated [II] and the intensity of the scattered light increased in a smaller range for low concentrations.
As expected, the individual peptides alone did not show a significant aggregation at 500 M, even after overnight incubation (Fig. 2.12). A slight intensity and size changes were observed especially for positively charged groups, in agreement with MD simulation results that indicate the probability of contact points of positively charged peptides were higher than their negatively charged counterparts; however, the intensities were still insufficient to observe a trend with pyrene measurements, and thus the CAC could not be quantified.
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[bookmark: _Toc113560040][bookmark: _Toc115118628]Figure 2. 12 DLS measurements of single peptides. DLS measurements were performed with freshly prepared and overnight incubated samples for both positively (A) and negatively (B) charged peptides at 500 M.
2.2.2.3 [bookmark: _Toc114946706][bookmark: _Toc121134628]Secondary Structure Analysis of 1D Structures
Directed assembly of CoOP provides analyses of the effect of the substitution domain on the assembly mechanism. Upon initial aggregation, conformational changes of the amino acids side chains create the secondary structures and maturation of the fibrillar assemblies. We analyzed the secondary structures of these systems with FTIR spectroscopy and circular dichroism (CD) under different concentrations.
Amide I and II are two major bands of FTIR analysis for peptide aggregations as they indicate the conformation of individual peptides. The most sensitive region with regards to a secondary structure is amide I (1600-1700 cm-1 as a result of carbonyl (-C=O) stretching of peptide bonds in backbone.140 Strong amide I absorption between 1650-1655 cm-1 is attributed to -helical structures, while -sheet structures show a strong absorption band between 1612 and 1640 cm-1.141 Amide II results from (-N-H) bending and (-C-N-) stretching (strong band at 1540-1550 cm-1 with a weaker shoulder at 1510-1525 cm-1). FTIR spectrum of [AA] pairs showed a similar trend as in the pyrene and Congo red assays, with no apparent organized assembly at this concentration. The observed broad peak at 1647 cm-1 at different [AA] pair concentrations indicate random coil or disorganized structure (Fig. 2.13A). The positive and negative counterparts of [AA] pairs also showed a similar trend (Fig. 2.14) The intensity of the Amide I region at 1625 cm-1 was observed in [WW] pairs, but this signal was weaker compared to [II] pairs (Fig. 2.13A, blue). No Amide I peak is observed at 50 M [WW], which is below the CAC (79.4 M).
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[bookmark: _Toc113560041][bookmark: _Toc115118629]Figure 2. 13 Structural determination of CoOPs. Secondary structure analysis of CoOPs and the individual counterparts in water with different concentrations by using FTIR and CD measurements (A,B))
The strong band for Amide I regions (at 1627 cm-1) of [II] pair FTIR spectrum corresponds to highly ordered peptide assembly (Fig. 2.13A, green). The next band, occurring at 1545 cm-1, corresponds to Amide II regions (N–H bending and C–N stretching, 1450-1550 cm-1) which are hardly affected by side-chain vibrations.142 While 1 mM [II] showed the strongest intensity in Amide I and II regions, the peaks were observable even at 50 M (CAC [II] is 24.50 M), indicating that -sheet structures form at these low concentrations. In addition, individual counterparts of [II] (KFFIIK and EFFIIE) did not show peaks for any concentration studied, even at 1 mM concentration (Fig 2.14). This suggests that the highly hydrophobic core of this peptide sequence was insufficient to initiate aggregation.
Circular Dichroism (CD) provides information regarding the secondary structure of the peptide aggregates. CD spectra for different concentrations of [AA] showed negative peaks at 190-200 nm and weak broad shoulders around 217-220 nm, which typically indicates unordered or random coil peptide structures (Fig 2.13B), red).143 Individual members of [AA] pairs also showed the same trend, indicating no observable ordered structure for these peptides.
Peptides with -sheet conformation typically show broad positive and negative peaks at 195 and around 216-218 nm, respectively.105 [WW] showed a red-shift compared to standard -sheet peaks; a negative peak at 228 nm and a positive peak at 197 nm were observed for 200 M concentration, with further red-shift observed towards 204 nm as concentration decreases. The resultant shift in CD spectra corresponds to twisted and distorted arrangements, which are known to weaken the intermolecular forces because of increased distances for H-bonding.144 The observation of weakened structure in CD for [WW] is correlated to their FTIR results. The individual members of the [WW] pair showed opposite trends; while EFFWWE did not show any peak related to structured organization, KFFWWK showed similar two peaks at 195 (maximum) and 226 nm (minimum) as in the [WW] pair. The stacking of KFFWWK was also shown by side chains residues with a high probability of contact in Fig. 2.4. The stacking of aromatic rings of W shows a negative CD band around 227 nm.145 Among the CoOPs in this study, [II] showed the highest positive and negative peaks at 192 and 214 nm with a slight blue shift (2 nm), with all concentrations indicating -sheet rich structure (Fig. 2.13B, green).105 As the peptide concentration decreased, slight intensity differences and red shift were observed, indicating the expected weakening of - sheet content with decreasing concentration.146
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[bookmark: _Toc113560042][bookmark: _Toc115118630]Figure 2. 14 Secondary structure analysis CoOPs. Positively (A) and negatively charged (B) individual peptides in water by using FTIR.
2.2.3 [bookmark: _Toc114946707][bookmark: _Toc121134629]Mechanical Properties of Co-assembled Peptides
The network of 1D structures of CoOP assemblies encapsulate solvent and forms hydrogel at the macro level. The time-dependent mechanical properties of the hydrogels can be correlated to the assembly kinetics and mechanism for each substitution domain. Small amplitude oscillatory shear (SAOS) rheology measurements enable identification the shear storage modulus (G'), loss modulus (G") and loss factor (tan d), which are all critical hydrogel properties monitored as a function of time, frequency, and applied strain. Peptide-based hydrogels show viscoelastic behaviors. Therefore, we initially identified the linear viscoelastic regime (LVR) for all CoOPs (all 10 mM in water), where the moduli are independent of applied shear strain.
We identified the LVR through a strain sweep for two different time points after mixing the oppositely charged peptides: immediate (Fig. 2.15) and overnight (20h) (Fig. 2.16) incubation.
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[bookmark: _Toc113560043][bookmark: _Toc115118631]Figure 2. 15 Mechanical characterization of CoOPs. Time sweep and strain sweep tests of [AA], [WW] and [II] for immediate analysis.
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[bookmark: _Toc113560044][bookmark: _Toc115118632]Figure 2. 16 Mechanical characterization of CoOPs. Time sweep and strain sweep tests of [AA], [WW] and [II] for overnight characterization.
For [II] and [WW], LVR was observed at up to 1% strain, the hydrogel responses (G' and G") showed independent magnitudes to the changing strain; hydrogel structure maintained intact. 
After finding the linear region, time sweep scans were performed at 0.1\% strain for 20 min, again at immediate and overnight (20h) incubation. All peptide groups except [AA] achieved linear regime and showed hydrogel properties (G'>G") in 20 min (Fig. 2.15). We then analyzed the gelation time where G' and G" begin to show linear values as strain is applied in the LVR.  Upon mixing negative and positive counterparts of the CoOP pairs, an immediate increase in G' for [WW] and [II] was observed. We calculated the gelation time by non-linear fitting of G' data to one-phase association as shown in Fig. 2.16. [II] plateaued only 12 min after mixing according to the fitted data, while [WW] did not plateau during the time of the measurement. The gelation time of [II] is correlated to the kinetics information gathered from Congo red assay, where [II] showed the appropriate intensity in 15 min. [WW] showed continuous assembly over 24h in Congo red, also indicated by rheology as G' did not plateau in 20 min. G'[II] was estimated as 1927.3 Pa, nearly three times higher than [WW] (44.522) in measurements performed immediately upon mixing, and also showed faster gelation. These results indicate stronger and faster aggregation, in agreement with the previous characterization of these systems.
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[bookmark: _Toc113560045][bookmark: _Toc115118633]Figure 2. 17 Storage modulus of [WW] and [II]. One phase association of storage modulus of [WW] and [II] during 20 min.
Mechanical properties and time sweep analysis showed that while [II] showed the fastest and strongest gelation behavior, [AA] was found to be the slowest and weakest. These results were also correlated with a Congo Red assay, which showed no assembly for [AA], ongoing assembly for [WW] and immediate assembly for [II].
Co-assembly was still ongoing for at least [WW], and thus we measured the mechanical properties of the CoOPs after incubation at room temperature for an overnight interval (20 h, Fig. 2.16). The strain sweep analyses showed no significant change after overnight incubation for assembly of [II] and [WW]. The increased G' value of [AA] indicates some degree of the assembly after 20 h of incubation. The time sweep measurements revealed more significant differences of G' and G" values for all the CoOPs at 0.1% strain. G' of [II] increased approximately 3.5X (from 1927.3 Pa to 67555 Pa), indicating a higher degree of assembly after 20 h. The values for [WW] were more than 8X (from 44.522 Pa to 45347.5 Pa). Moreover, [AA] also showed hydrogel properties after overnight assembly (42.55.2 Pa). It is important to note that [WW] showed a steep increase of G' and G" overtime for time sweep analysis after overnight incubation, while the measurements were still in the LVR according to the previous strain sweep test. The reason for this slope might be the orientation of the 1D structures. The immediate measurements were performed directly after the addition of the first negative and then positive counterpart of each pair. However, for overnight incubation at room temperature, the pairs were mixed in an Eppendorf tube. The hydrogels were placed onto the rheology plate with a pipette, which might produce shear thinning of the hydrogel.147 A similar increase in G' was also observed for [II], but was insignificant compared to [WW] and G' values for the samples plateaued after a short time. In the case of [AA], the G' value reduced throughout the measurement, which might be due to the loss of weak interactions in [AA].
2.3 [bookmark: _Toc114946708][bookmark: _Toc121134630]DISCUSSION
In this study, we introduce CoOPs as a unique and simple molecular discovery tool to identify the effects of intermolecular interactions on the assembly mechanism and mechanical properties of end products. By changing only two amino acids in the appropriate substitution domain of hexapeptides (AA, WW, and II) (Fig 2.1), we show dramatic differences in peptide assembly kinetics, secondary structure, and mechanical properties. The design of this simple molecular framework drives the assembly along a certain pathway, into a 1D structure, to assess, quantify, and compare the effects of different interactions by simple substitutions. There are three important properties of this framework provide quantification: simplicity, assembly into 1D systems, and water solubility.
The analysis of free energy levels through molecular dynamics revealed that charged amino acids in this framework enhance the initial peptide aggregation; however, further assembly and stability are derived from interactions among the amino acid side chains in the core of the framework. Among the CoOPs we studied, [AA] side chains do not form a tight solvent-free core in the lowest free energy state (Fig. 2.2A). This is likely due to the size mismatch of sidechains preventing a compact packing of peptides. A similar side-chain size mismatch was shown previously where co-assembled monomer F and A amino acids phase-separated due to their different intermolecular packing distances.148 However, [II] side chains were found to be packed closer in their lowest energy levels (Fig. 2.2B). This indicates that, at this distance, the sidechains of [II] are strongly interacting. Previously, co-assembly of I and F amino acids led to merged structures due to their similar hydrophobicity and side-chain lengths.148 Observation of two local minima of distance between [WW] in Fig. 2.2 corresponds to cation-p interactions formed at r ~ 6,149 and p- p stacking at r ~ 3.92 .150 Furthermore, [WW] showed a slight local peak in the free energy profile at r ~ 1 nm that may be due to orientation in p- p stacking. To make the system energetically favorable, the preferred interaction between aromatic rings should be either face-to-face or edge-to-face;151 however, if two aromatic rings are different (a heteroaromatic system), the phenol group in the F side-chain may interact with the face of a W side-chain perpendicularly. Such an arrangement could disrupt the system and lead to a decrease in p- p stacking.
Further analysis of free energy levels was conducted by considering the side chains of individual hexapeptides and co-assembled forms (Fig. 2.4). For all hexapeptide pairs of the same charge (i.e., either pos-pos or neg-neg) the net charges repel, resulting in higher free energy values. Such repulsion among similar charges correlates with the design rationale for the CoOP system by enhancing the solubility. However, as seen in Fig. 2.4, even for hexapaptides with the same net charge the F-F interactions are more favorable - indicating that the addition of more F side chains to the peptides might eventually overcome electrostatic repulsion (a phenomena known as ``molecular frustration").152 Importantly, the same-charged CoOP system using [WW] showed markedly less favorable F-F interactions than indicated by the [AA] and [II] systems; instead the interactions between W-W and K-W appeared more favorable. Since there is no salt bridge formation in the same charged groups, this suggests that F-F did not reach the required distance or orientation to provide the low energy levels seen in other systems. For all groups, the presence of salt bridges appeared to support F-F interactions in co-assembled form as indicated by consistently low energy levels for these interactions compared [AA] and [II]. All these observations show the importance of salt bridges in the CoOP system.
The probability of first contacting side-chain residue analysis via MD as shown in Fig. 2.5 is particularly important as it shows the role of salt chains. In [II] and [AA] systems, the charged residues form the initial interactions. Because of favorable cation- p interactions between the (-NH3+) of K and high electron density aromatic ring of W,145,149 the effect of salt bridges is hindered in the [WW] system. In addition, the K sidechain produces a relatively weak repulsion compared to E side-chain, even when present at both ends of a peptide,153 which might also enhance the involvement of K in cation- p interactions. This involvement may reduce salt bridge formation by moderating the interactions between K and E, causing the final co-assembled structure to be more amorphous. Previously, hydrophobic core regions were found to dominate for a ``reverse assembly" process and salt bridges were the first to break, indicating that salt bridges are likely not essential for stability after co-assembly. Here we find that electrostatic interactions / salt bridges are important to initiate aggregation in the co-assembly of these peptides, but the subsequent assembly and stability are derived from the amino acids in the core of the hexapeptide. As a result, the computational analyses of the free energy levels revealed that the interactions among [AA] are the least favorable compared to [WW] and [II] systems. The ASA trend and β-sheet propensity of chosen amino acids defined the favorability of their CoOP systems, while the initial interactions are likely to happen between the electrostatic groups. The distance between the peptides is inversely correlated to their ASA, the higher the hydrophobicity of the substitution domain amino acid, the longer the distance between the peptides. 
The CAC values followed the trend of the distance between the peptides measured in the simulations (Table 2.2). The closer proximity of the peptides for the formation of interactions require higher concentrations, while interactions that act over even longer distances are more favorable (as in [II] system). Therefore, the most favorable [II] system showed the lowest CAC, while the least favorable [AA] interactions did not show CAC at the concentrations studied (Fig. 2.9). As shown in simulations, [AA] requires the closest proximity for the full interactions, which requires higher concentration, the CAC was not observed above 1 mM working conditions. Similarly, the simulations showed [WW] peptides in closer proximity than [II] peptides, as correlated to the narrower hydrophobic ASA of [WW] domain, which resulted in higher CAC concentration than [II]. The kinetics of the assembly of these systems are also relevant to the distance between the interacting peptides, which makes them also more favorable in terms of the free energy differences of the assembled systems. Inevitably, [II] assembles more rapidly than [WW], while [AA] does not assemble into hierarchical order at comparable timescales. Importantly, the simulation results indicate that interactions between the [AA] peptides might lead to short and instantaneous oligomers instead of large order assemblies without stable β-sheet structure. Furthermore, above the CAC, [II] gave the strongest intensity at 50 and 100 mM within the peptide groups in immediate DLS analysis (Fig. 2.10). Incubation for overnight (Fig. 2.11) did not change in intensity levels for 50 and 100 mM since the co-assembly of [II] was the highest among other peptide groups and [II] reached the stable state within 15 min as we observed with Congo red assay Fig. 2.9D). However, [WW] reached the stable state at 20 h (Congo red assay) and therefore we saw a dramatic increase in DLS measurement of aggregation for overnight incubation (Fig. 2.11). The results of experimental kinetics measurement are found to correlate to the distances between interacting peptides and the thermodynamic free energy measurements, and thus, the experimental and computational analyses are integrated to explain the complex assembly kinetics, demonstrating the advantage of the CoOP system's simple design. 
Upon assembly, the [II] system showed ordered β-sheet structures despite the longest distances between the interaction of KFFIIK and EFFIIE (Fig. 2.13B, green). It can be speculated that the distance between [II] peptides in their lowest energy level might be appropriate for salt bridge formation between K and E, and further favorable conformation of the hydrophobic I side chains. This also suggests that despite the slightly lower free energies and the shorter distance between [AA] and [WW] peptides, they do not form organized assemblies as [II] does at this low concentration. However, more studies are necessary to add further support for this speculation. 
Finally, the connection between the mechanical properties of the assembled end products and the results of the MD analyses is identified with the CoOP system. Analyses were performed immediately upon mixing the peptides to show the effects of the initial interactions over mechanical properties, which was also studied in MD simulations. The trend of the mechanical properties measured in the experiment was similar to the MD results, and to previous characterizations: [II] showed the fastest assembly and highest storage modulus upon mixing, followed by [WW], while [AA] did not show a hydrogel formation at this concentration. Overnight incubation increased the mechanical properties of all systems, including [AA], which shows the systems were dynamic and assembly continued, but the amplitude of change was still lowest for [II] system, showing that the conformation of the peptides in this system occurs fastest. The MD simulations indicate that the initial interactions (electrostatic, in these examples) are necessary for aggregation. The assembly into fibrillar structures requires conformational changes of the side-chains of the amino acids in the core, as well as hierarchical assembly of the fibrils. All of these assemblies are time-dependent and affect the length of the fibrils and their entanglement, and thus the mechanical properties of the overall structure. The enhanced mechanical properties of the network after overnight incubation at room temperature indicates time-dependent enhancement of the fibrillar and network structure, and thus the thermodynamic influences on this self-assembly (Fig. 2.15 and Fig. 2.16). As such, the time has a strong effect on fibrillar maturation (Fig. 2.10 and Fig 2.11). 
The hydrophobic ASA is directly affecting the interactions between the peptides (the lowest free energy and assembly kinetics), structural organizations (ordered $\beta$-sheet), as well as mechanical properties. Moreover, these results are highlighting the importance of salt bridges on stability in mechanical properties; [II] has the opposite charges around the hydrophobic core, the charges are interacting with each other rather than the hydrophobic core amino acids. In the [WW] case, charges are also interacting with the core, disrupting the hydrophobic core and make [WW] harder to be stabilized and change the mechanical properties the most significant way. This effect can also be seen in individual DLS measurements (Fig. 2.12). In immediate analysis, KFFWWK was the only group that resulted in the highest aggregation level. Furthermore, TEM and AFM images of [WW] showed more heterogenous fibrillar structures. Therefore, an undisrupted hydrophobic core was shown to be an important parameter for establishing the assembly in CoOP, while charges around the hydrophobic region enhance the stability.
2.4 [bookmark: _Toc114946709][bookmark: _Toc121134631]CONCLUSIONS

In this study, we introduced a new approach to analyze the intermolecular interactions by combining computational simulations and experimental methods. We leverage MD to reveal information on the initial interactions between peptide sidechains at a molecular level to confirm our design principles, rather than ``predicting" the entire assembly process. Without appropriate sampling, the full time-and length-scale of the molecular simulations cannot fully reproduce the experimental systems. The rapid assembly process of CoOP systems is a problem for practical experimental sampling, but analysis of the initial interactions via MD confirmed our design rationale for the addition of charged peptides on both sides. Moreover, this approach enables the discovery of new peptide sequences and functionalities by combining both screening and editing of various amino acids with MD and experimental techniques. The strategy we describe here provides screening of both natural and non-canonical amino acids in a special substitution domain of the predetermined assembly framework, with the kinetics and assembly mechanism dependent on the substitution domain. 
 Applications of peptide-based nanostructures are growing, and it is, therefore, valuable to combine experimental, theoretical, and computational methods to explore and define structure-property relationships.154 A fundamental understanding of intermolecular interactions is the key to engineer complex soft materials that translate effectively from laboratory conditions into everyday life.118 A simple, carefully designed peptide platform that can deconvolute the otherwise complicated influence of non-covalent interactions on bulk material properties will therefore provide an important tool for molecular engineering. In this regard, the CoOP system is a minimalist approach (experimentally and computationally) for peptide assembly studies. CoOP provides a flexible and robust platform to study and compare the effects of intermolecular interactions and correlates the computational thermodynamic and experimental kinetic analyses to mechanical properties. Therefore, our results can provide the foundation for engineering peptides to produce soft materials with desired and predictable properties. CoOP thus has the potential to pave the way for a materials genome atlas for peptide-based materials.154


2.5 [bookmark: _Toc114946710][bookmark: _Toc121134632]MATERIALS AND METHODS
Materials. Congo red dye and pyrene were purchased from Sigma-Aldrich. Deionized water (resistance of 18.2 M.cm) was used during the experiments. Peptides were purchased from Biomatik (Biomatik Corporation, Canada) with higher than 95% purity. 
Critical Aggregation Concentration (CAC) determination. CAC of peptides were examined using pyrene based on previously published procedures with slight modifications.155 Aliquots of pyrene solutions (225 mM in acetone, 4 mL) were added to positively charged peptide (500, 250, 125, 62.5, 31.25, 15.6, 7.81, 3.9 mM) before the addition of negatively charged peptide (500, 250, 125, 62.5, 31.25, 15.6, 7.81, 3.9 mM). The final pyrene concentration in the system was 4.5 mM in micro-plates. Solutions were left for 30 min to reach equilibrium. Excitation was carried out at 334 nm, and emission spectra were recorded ranging from 360 to 600 nm with a microplate reader (BioTek Neo2SM). Both excitation and emission bandwidths were 9 nm. From the pyrene emission spectra, the fluorescence intensity ratio of the vibronic bands (I397/I380) was plotted against the logarithm of the concentration of the self-assembled peptides. Fitting of the data set was performed with a model of four-parameter logistic curve by using GraphPad Prism 9.0.0. Then CAC value was calculated from the intersection of the tangents. 
Congo Red Assay. Congo red assay is used for amyloid fibril detection. In the presence of high β-sheet organization, Congo red lies parallel to the fibril axis and induces a red shift in the absorption maximum (498 nm). Congo red dye was dissolved in water to a final concentration of 500 mM. For sample preparation, stock peptides in water (10 mM) diluted to 1 mM in water. Then 1 mM of negative peptide (50 mL) added to 96 black well plate, then 1 mM of positively charged peptide (50 mL) added to the same place. 2 mL of 500 mM Congo red is immediately added to the solution and read at microplate reader (Bio-Tek Neo2SM) at room temperature, spectral scanning for absorbance was adjusted between 400- 600 nm. The control group of only Congo red dye in water was also prepared with a final concentration of 10 mM. The analysis was performed for 2 days with 10 time points. Spectral shift was calculated based on Congo red only absorption maximum. 
DLS measurements. Hydrodynamic size and zeta potential of single and mixed peptides were measured by dynamic light scattering (DLS). A The ZetaSizer Nano ZS (Malvern, UK) instrument with detector angle of 173° was used for analysis. Clear disposable cell cuvettes first washed three times with 0.22 mm filtered deionized water (resistance of 18.2 M.cm). Before measurements, peptide solutions in PBS were also filtered with 0.22 mM filter to avoid any dust that can alter the measurements. For individual peptides, 500 mM (500 mL) positively and negatively charged peptides were used. For mixed peptides, equimolar (500, 200, 100, 50 and 25 mM with 200) of positively (250 mL) and negatively (250 mL) charged peptides were mixed. The analysis was performed with 3 scans and 21 measurements in each scan.
Rheology Measurements. Rheology measurements of 10 mM samples at pH 7 were performed to understand the mechanical properties of the resulting gels. At rheometer stage first negatively charged and then positively charged peptide was added then immediate analysis was performed. For overnight analysis, 10 mM equal volumes (200 mL each) of oppositely charged peptides were mixed in Eppendorf tubes and incubated at room temperature overnight (21 h). Total volume of samples was 200 mL (100 mL positively charged, 100 mL negatively charged peptide). A Discovery Hybrid Rheometer-2 (TA Instruments, New Castle, DE) equipped with parallel 20-mm plate was used for the analysis. Measuring distance was determined as 0.5 mm. Time sweep tests of each sample were carried out for 20 min. Angular frequency and strain magnitudes were determined as w = 10 rad/s and g= 0.1%, respectively. To determine linear viscoelastic region (LVE), amplitude sweep tests of 10 mM samples at pH 7 were performed in the same configuration and concentration. Strain value logarithmically increased from 0.1 to 10%, total of 17 value was measured. Angular frequency was kept as constant at w = 10 rad/s. 
FTIR and CD measurements. Peptides with different concentrations (1000, 500, 200, 100 and 50 mM) were prepared in water and analysis was performed immediately. For [AA], [WW] and [II] groups, equal volumes of charged peptides were mixed (as a total of 20 mL) and put directly into FTIR stage. Analysis was performed with Bruker Tensor II with BioATR II unit. For background spectrum, water was measured first then peptides in water subtracted automatically in the device. Analysis was performed between 1800 and 900 cm-1 with 4 cm-1 resolution and 60 scans. For CD measurements, analysis was performed in water with a concentration of 200, 100 and 50 M for co-assembled peptides and 200 mM for individual peptides with a volume of 1 mL. Jasco J-715 was used to collect spectra from 190 to 400 nm with 0.1 nm data pitch and bandwidth arranged as 1.0 nm. 
AFM measurements. Peptide samples were prepared by dilution of 10 mM of co-assembled samples to 0.2 mM with water. Then, 20 mL of diluted peptide samples were dropped onto silicon wafer and dried at room temperature. Topographic imaging was performed in contact mode using an Asylum Research MFP-3D AFM with an Asylum Research cantilever probe (Model: TR400PB, Lot number: 3733FB). Scanning frequency was 2 kHz and data points were taken in a 128x128 grid over 3x3 mm2 area.
Molecular Dynamics. Molecular dynamics calculations used Gromacs 2020.03 as driven by GromacsWrapper. The CHARMM27 forcefield was used for modeling the peptides because it has good parameters for acetylated and amidated N/C termini. A time step of 2 fs was used to integrate the forces and simulations were performed in the NVT ensemble using the Canonical Sampling through Velocity Rescaling (CSVR) thermostat. Long-range electrostatic forces were calculated with the particle mesh Ewald method. Shifted Van der Waals and short-range electrostatics were used with a cutoff distance of 1 nm. Hydrogen containing covalent bonds were constrained using the LINear Constraint Solver (LINCS) algorithm. Initial structures of peptides were generated with PeptideBuilder and Packmol was used to pack together multiple peptide chains into a single coordinates file under the constraint that peptides were at least 2.5 nm apart. Water and NaCl counter-ions were added to reach a peptide concentration of 25 mg/mL and a salt concentration of 10 mM. Although the concentration is relatively high, aggregation thermodynamics are relatively independent of box size. The PLUMED2 package was used to calculate radii of gyration, center of mass distances, and perform metadynamics enhanced sampling. MDTraj was used to compute contact maps, which were reweighed to account for the metadynamics bias. All systems were energy minimized. Metadynamics simulations were additionally equilibrated for 2 ns in the Berendsen isotropic NPT ensemble. Unbiased simulation used for kinetics analysis were run until all four peptide chains had a center of mass distance of less than 1.25 nm among their closes neighbor (~5-50 ns). Metadynamics simulations were run for 500 ns. The 16 peptide chain WW simulations were run for 392 ns. Metadynamics simulations were biased with the enhanced sampling well-tempered metadynamics method with a bias factor of 5, pace of 1 ns, and a hill height of 5 kJ/mol. The biased collective variables are average center of mass distances between chains (s=0.05 nm) and average radius of gyration of the chains (s=0.01 nm) with only backbone atoms considered.














[bookmark: _Toc121134633][bookmark: _Toc114946711]CHAPTER 3. CONTROLLABLE MEMBRANE DAMAGE BY TUNABLE AGGREGATION 
This section is adapted from the following publications: 
From: Hamsici#, S., Gunay, G.#, & Acar, H. (2022). Controllable membrane damage by tunable aggregation of PAIIR with albumin. AIChE Journal, e17893 #Contributed equally
Gunay, G., Hamsici, S., Lang, G. A., Lang, M. L., Kovats, S., & Acar, H. (2022). Peptide Aggregation Induced Immunogenic Rupture (PAIIR). Advanced Science, 9(21), 2105868.
Aggregation of otherwise soluble proteins into amyloid structures is a hallmark of many disorders, such as Alzheimer's and Parkinson's diseases. There is increasing evidence and acceptance that instead of ordered amyloid assemblies, the misfolded oligomer aggregations are the main toxic structures. However, there is no tool to be used to study the mechanism and kinetics of aggregation, differentiation of ordered structures from misfolded oligomers, and correlate it to the toxicity of the amyloid structures. Thus, their exact roles in the pathological process remain to be elucidated. This study shows the use of an engineered co-assembling oppositely charged amyloid-like peptide pair ([II]) to establish a correlation between its aggregation process and toxicity. The toxicity mechanism of [II] is through damage on cell membrane and stress as shown with YAP and eIF2a biomarkers, as in the amyloid protein-initiated diseases. Albumin is used to control over the aggregation mechanism of [II], and so toxicity. This study represents a molecular engineering strategy to study the aggregation process of amyloid-like structures in diseases. Understanding the nature of protein aggregation through engineered peptides can facilitate new designs and impact the future drug development applications.
[bookmark: _Toc114946712][bookmark: _Toc121134634]3.1 INTRODUCTION
Wide range of proteins aggregate into amyloids, cross β-sheet fibrillar structures, that are linked to numerous diseases, such as Alzheimer and Parkinson. Although for many decades the accumulation of amyloids plaques were associated to the pathology of the diseases, increasing evidence suggests that the misfolded protein aggregates, globular structures, that are soluble and form in the process of fibrillization, are the main cause of the toxicity.156–159 A part of their toxicity process occur through the interactions of oligomers of amyloid- b or a-synuclein with the lipid membranes of cells, which initiates a damage.62,160  The membrane damage often induces immunogenic cell death and inflammation.161–163 The aggregation and oligomer formation process is complex because of the convoluted conditions in the body. The dynamic conditions create transient heterogeneous misfolding of oligomers and makes the molecular level of understanding, quantifying, and correlating the aggregation mechanism and toxicity challenging, and thus the development of drug targets.159,164 Therefore, a minimalist and simplified synthetic model that mimic the structure, aggregation, and function of amyloids can serve as  a powerful tool for studying their aggregation mechanism.
The molecular events that occur during the formation of small aggregations of proteins and peptides (lag phase) are in a complex environment. Studies with the extracted proteins in an isolated system may not provide an adequate understanding of the pathophysiology of the disease. Yet, studies in biological fluids create huge complexity. Indeed, the amyloidogenic proteins' kinetics and free energy landscape in the initial aggregation phase are largely unknown and have been studied with variations of new experimental and computational approaches.133,165–167 A combination of these methodologies establishes strategies for a more accurate understanding of the aggregation process. Such a combination can be possible with molecular tools that have similar behaviors and biological functions in experimental conditions as amyloid-like proteins and are simple enough for computational simulations.168
Co-assembly of oppositely charged peptides (CoOP) is a minimalist strategy allows the study the role of intermolecular interactions in peptide aggregation.168 CoOPs are designed to assemble into amyloid fibrils. Among the studied peptide sequences, the oppositely charged pair, KFFIIK and EFFIIE (the pair will be shown as [II] in the rest of the paper), showed the highest order of amyloid-b assembly. On the cell membrane, [II] peptide-aggregation induces immunogenic rupture (PAIIR) that initiates immunogenic cell death (ICD) and release of damage associated molecular patterns (DAMPs) as an immunostimulatory tool.169 PAIIR induces secondary pyroptosis, an immunogenic programmed cell death and a common feature of amyloid inducing cell death as in Alzheimer and Parkinson.170,171 PAIIR is a simplified peptide-based tool, designed to mimic the function, instead of the sequence of a protein; thus there is no natural ortholog of [II]. 
Albumin is abundant in the human body, it is flexible, and mostly hydrophobic, and thus, have high non-specific binding capacity.172 It is known that albumin impedes the fibrillization of amyloids and increases the soluble misfolded oligomers that have higher toxicity than amyloid fibrils. 173–175 Akin to amyloid, co-aggregation with albumin creates soluble oligomeric form of [II] that is more toxic than its fibril form. In this study, we show the control over the aggregation kinetics and mechanism of [II] via albumin. The simplicity of [II] as an engineered tool allowed the detailed characterization of aggregates and their interactions with the lipid membranes that we showed with liposomes and fluorescent tagged peptides. We showed that the soluble form of peptides misfolded with albumin can integrate into the lipid membrane, while the ordered fibril structures do not interact with the liposomes. We studied the kinetics of the aggregations with spectroscopic methods with fluorescent probes. The morphology of globular aggregates to ordered fibrillar structures were analyzed by dynamic light scattering (DLS) and atomic force microscopy (AFM). In parallel with membrane localization, cellular cytotoxicity followed the similar trend. While fibrillar form of [II] did not cause any membrane damage and cellular cytotoxicity by delaying the peptide ordered fibrillization via albumin or by simply introducing the counterpart peptides in different time point, which allowed enough time for membrane localization to the soluble peptides. Lastly, the mechanism of cell death was correlated to the mechanical cell stress, identified through the phosphorylation of yes-associated protein (YAP) and eukaryotic initiation factor 2 alpha (eIF2a) and found that the cell stress markers like amyloid-b induced cytotoxicity. Importantly, we identified these stress markers in the cells treated with misfolded oligomers, not with ordered amyloid fibrillar form of [II]. Overall, [II] presents a simplistic tool to study the effects of physical and biological processes to understand aggregation process and function of amyloid like pathological proteins.


3.2 [bookmark: _Toc114946713][bookmark: _Toc121134635]RESULTS AND DISCUSSION
3.2.1 [bookmark: _Toc121134636]Peptide Design and Aggregation Analysis
Engineering the fine-tuned cellular aggregation of peptides requires well-characterized intermolecular interactions106,116. Understanding these interactions allows the rational design of peptides to encompass desired properties, such as aggregation on the cell that induces stress for inducing ICD and cell membrane rupturing for DAMP release. We utilized the CoOP strategy to design peptides with strong enough affinity to aggregate in the cellular environment. The local charges in this design promote electrostatic interactions between two oppositely charged amino acids; the anionic carboxylate of Glutamic acid (E) and the cationic ammonium from Lysine (K) (Fig 3.1) The deliberately short, charged design enables the internalization of CoOP-based peptides into cells176. Design studies on multidomain peptides revealed the importance of hydrophobic amino acid localization in the core of the structures177. In particular, the interplay between the backbone hydrogen bonding and hydrophobic interactions among amino acid side-chains is crucial to the formation of fibrillar structures127. Therefore, to change the aggregation kinetics, we studied the hydrophobic amino acids in the substitution domain ("[XX]"), with increasing hydrophobicity indices; [AA] < [VV] < [WW] < [LL] < [II] (Fig. 3.1). LC and MS results were shown in Fig. 3.2. 
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[bookmark: _Toc115118638]Figure 3. 1 Peptide groups and aggregation kinetics. (A) CoOP groups and individual counterparts were used in this study. (B) CAC of co-assembled peptides with DPH. (C) Macroscopic CoOP aggregates incubated with Congo Red. (D) Determination of aggregation kinetics of CoOPs and (E) individual counterparts by ThT assay. Data are representative of three experiments.
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[bookmark: _Toc115118639]Figure 3. 2. LC and MS analysis of [LL] and [VV] peptides. The exact molecular weight of KFFVVK: 765.49, KFFLLK:793.52 , EFFVVE: 809.4 and EFFLLE: 837.43 m/z.



Characterization assays were performed in 1XPBS to mimic the salt concentration in the physiological conditions. The critical aggregation concentrations (CAC), i.e., the minimum concentration needed for co-assembly of the peptides, are measured with DPH ((1,6-diphenyl-1,3,5-hexatriene)), which becomes fluorescent when located in aggregates with hydrophobic cores178. The CAC values of [VV]=20026 mM [WW]=78.57 mM [LL]=44.712.5 mM and [II]=3210 mM followed the same trend as the hydrophobicity of the amino acids at their core. (Fig 3.1B) The identified CAC values were correlated to our previous study168. No fluorescence was observed for [AA] even at 10 mM indicating no aggregation; therefore, this situation represents an excellent control for studying the effects of peptide aggregation, as the same concentration of peptides with similar sequences and charges will remain free components in solution. 
The aggregation kinetics of the peptide pairs were measured with Congo Red and Thioflavin T (ThT) assays. Congo Red staining has been used to identify amyloid fibrils in vitro and tissue sections, emitting red light due to the binding of β-sheet rich domains, leading to a redshift in its absorbance peak from 490 to 512 nm179. We monitored the fluorescence of Congo red for 720 min (12 h) (Fig 3.1C) at 0.5 mM peptide concentration. [AA] precipitation appeared after 720 min; these are not likely to be ordered aggregates with hydrophobic cores because no DPH fluorescence was observed at this concentration. [II] aggregated instantaneously (0 min), while [LL] aggregates were deposited initially and became stable until 720 min. [WW] and [VV] did not show any initial aggregates but deposited after 30 min and 120 min, respectively. Despite the ease of visualization with red light, Congo Red is not as sensitive as ThT in understanding ordered structures since fluorescence methods (rather than absorption) are preferred for high-sensitivity detection180. Therefore, we use Congo Red as a visualization method, with ThT used for quantitative temporal measurements of oppositely charged pairs and each counterpart individually for 1200 min (20 h). To determine the time needed for equilibrium assembly of CoOPs, we applied curve fitting to the ThT analysis (Fig 3.1D). [AA] did not assemble and thus did not show any fluorescence in ThT. For the remaining peptide pairs, the time to reach equilibrium assembly was calculated as [VV] (660 min) > [WW] (675 min) > [LL] (630 min) > [II] (510 min). Individual counterparts did not produce any fluorescence signal (Fig 3.1E). We observed that the like-charged groups alone did not aggregate, highlighting the importance of electrostatic attractions in the aggregation process (Fig 3.1D). Among the studied peptides, [II] showed the fastest aggregation and the highest fluorescence intensity, indicating that [II] has the highest affinity to each other, and these peptides are stacked in a more well-ordered structure than the other CoOPs. The TEM images of the aggregates showed one-dimensional structures (Fig 3.3). The use of the FF group in the CoOP sequence was for enhancing the one-dimensional aggregation; thus, the observed structures were expected. These results indicate that control over peptide aggregation is achieved by changing the hydrophobicity of amino acids in the substitution domain.
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[bookmark: _Toc115118640]Figure 3. 3 Morphological analysis of peptide structures. TEM images of [VV], [WW], [LL] and [II] peptides. Scale bar: 500 nm.
3.2.2 [bookmark: _Toc121134637]Cell Viability Analysis
We used the human ovarian cancer cell line OVCAR-8 as our initial model to identify the effect of the peptides on cells. All cell culture experiments were performed in an RPMI cell culture medium with 10% FBS. At 0.5 mM (i.e., above the overall CAC), the individual peptides mixed on the cells by promptly adding the first negative, then positive counterparts. The viability of the cells was measured for 6h through live-dead imaging (Fig 3.4A) Among the peptide groups studied, [AA], [VV], and [LL] did not affect cell viability in the measured time frame (Fig 3.4A). Only [WW] and [II] caused cell death compared to the control group. Because the peptides, if aggregate, form one-dimensional structures, the shape of the aggregates is not likely to be effective on the action of the peptides. [II] has the lowest CAC and highest ordered aggregation (Fig 3.2B, C, D). Additionally, the equilibrium time of [II] aggregations was the shortest among the tried groups. These all indicate that [II] peptides have the highest affinity to each other, which creates aggregations strong and fast enough to induce cell death.
To understand the effect of peptide aggregates versus peptides alone on the cell death identified with [WW] and [II], we performed a live/dead assay with individual peptides at 0.5 mm after 6h (Fig 3.4A). Despite the dramatic cell death observed with the [II] mixture at this concentration, the individual [II] peptides did not induce cell death. Similarly, the negative [WW] (EFFWWE) peptide alone did not show any cell death, yet the positive [WW] (KFFWWK) peptide induced the cell death (as indicated by red-stained cells). Positive charged peptides containing W are promiscuous residues for membrane damaging peptides, possibly because of W's ``anchoring'' role; W is abundant in membrane proteins, particularly near the lipid–water interface181,182. Furthermore, as analyzed by zeta-potential, individual peptides showed the expected overall charges at pH 7.0 ((pKa of (-COO-) of E is  4.25 and (-NH3+) of K is 10.53) (Fig 3.4B, inset). In an aqueous solution, the [II] aggregates acquire a neutral charge in 5 min, while [WW] showed a slight positive charge after 30 min, possibly due to incomplete assembly (Fig 3.4B).
Given the effects of individual [II] and [WW] on cell viability, we examined the order of addition of the peptide counterparts; first positive and then negative peptide, and vice versa (Fig 3.4C).The addition of KFFWWK first induced significantly higher cell death (****p<0.0001) compared to the initial addition of negative peptide, indicating that the cell death is due to the positive charge of KFFWWK (Fig 3.4D). Yet, any order change did not affect the membrane damage activity levels for [II] (Fig 3.4E). Moreover, mixing the peptides for 30 min or 24h before addition to the cells completely abolished the effect of [WW] (Fig 3.4D), indicating that the initial membrane damage was due to the positive charge of KFFWWK which was neutralized upon mixing and aggregation with its counterpart. Nevertheless, the pre-mixing did not alter the effect of [II] under these conditions (Fig 3.4E), highlighting that [II] is the only peptide pair among those studied that induces cell death through the aggregation of its charged counterparts. Although these charges help peptides find each other even in low concentrations, the electrostatic interactions do not contribute to the stability or thermodynamic assembly of the peptides, which happens only through the hydrophobic amino acids in the core of the sequence168. Our results show that increasing the hydrophobicity of the amino acid decreases the aggregation time, which has a direct effect on cell membrane damage.  Isoleucine is the most hydrophobic canonical amino acid, and [II] peptides have the highest affinity among the studied pairs and showed the lowest CAC in the shortest aggregation equilibrium time. The affinity among [II] creates strong aggregates to induce cell cytotoxicity.
3.2.3 [bookmark: _Toc121134638]Cell Membrane Rupture through Peptide Aggregation
The aggregation-induced membrane damage activity was only observed with [II]; we analyzed how it induces cell death. We used propidium iodide (PI) to understand cell membrane damage, a dye that does not permeate intact cell membranes183. Fig. 3.5A shows cells treated with three concentrations of [II]: 0.25 mM 0.5 mM and 1 mM for 1, 6, and 24h. Increasing the concentration to 1 mM resulted in faster membrane damage, while decreasing the concentration to 0.25 mM (although still higher than the [II] CAC of 38 mM did not have sufficient aggregation to trigger membrane damage in this time frame. The time and concentration dependence membrane damage activity of [II] is likely to result from faster aggregation in higher concentrations. These results show that [II] induced cell death can be controlled through time and concentration. 
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[bookmark: _Toc115118641]Figure 3. 4 Cytotoxicity of peptides to ovcar-8 cells. Negative peptides were added to the cells, followed by corresponding positive peptides. (A) live-dead images of ovcar-8 cells treated with peptide combinations and corresponding individual counterparts at 6h (peptide concentration is 0.5 mm) (B) zeta potential of individual and combined peptides. (C) illustration of peptide preparation for [WW] and [II]. The effect of peptide preparation on cell viability for [WW] (D) and [II] (E). The scale bar is 200 mm. Data are representative of at least three experiments. Statistical analysis via one-way anova test, data are mean ± sd, ****p<0.0001.
The confocal images analyses of 0.5 mM [II], which induces >85% of death in 6h (Fig.3.5 B) showed cell swelling and nuclear condensation; hallmarks of necrotic cell death (Fig.3.5C,D). 184 Aggregation was visualized by labeling the positive charged [II] (KFFIIK) peptide with FITC (green fluorescent). We monitored the internalization and aggregation of KFFIIK through fluorescence microscopy. KFFIIK alone was internalized into the cells starting at 1h (Fig.3.5E), and cellular morphology did not change over time as KFFIIK alone does not cause cell death. When KFFIIK was introduced with its negatively charged counterpart, EFFIIE, the peptide-aggregation (more localized green KFFIIK) was apparent around and within the cells starting at 3h (Fig.3.5F). The peptide-aggregation induced nuclear area shrinking and loss of integrity of the cells (observed through the absence of actin fibers), indicating [II] aggregation-induced cell membrane damage and death.
Overall, among the peptides we studied [II] has the highest hydrophobicity which leads to lowest aggregation and fastest assembly. [II] aggregation also causes the highest cell death in serum albumin conditions. Next, we analyzed how [II] aggregated on cell membrane and how albumin affects the cell membrane damage. 
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[bookmark: _Toc115118642]Figure 3. 5 [II] induces membrane rupture. (A) time and concentration-dependent cell membrane damage of [II] were analyzed through pi uptake (scale bar is 100 mm). (B) time-dependent viability measurement and (C) time-dependent nuclear size analysis. (d) actin cytoskeleton staining of [II] treated ovcar-8 cells at 1,3 and 6h, scale bar is 20 mm. (e) internalization of FITC-KFFIIK and (f) FITC-[II] for 1, 3 and 6h, scale bar is 100 mm. Data are representative of at least three experiments. Statistical analysis was done with one-way anova test. Data are mean ± sd, ****p<0.0001.
3.2.4 [bookmark: _Toc114946714][bookmark: _Toc121134639]Integration of [II] Peptides into Liposome Membranes
The membrane interaction of [II] peptides (Fig. 3.7) was analyzed using a liposomal membrane. Liposomes are commonly used tools for the analysis of interactions between amyloids and lipid membranes.185,186 We used the agarose embedded liposomes (blue, app. 100 mm in diameter, Fig 3.6) for long time imaging and the fluorescence tagged [II] peptides (KFFIIK with FITC (green) and EFFIIE with rhodamine B (red)) mixed with unlabeled counterparts (Fig 3.2) to identify their membrane interactions (Fig. 3.8A).187 30 min premixed [II] as in Fig. 3.8Ai initiates the interaction of oppositely charged groups, as the charge neutralization was observed through zeta potential (Fig. 3.9). The high affinity of peptides prevented disassembly and localizing on the lipid membrane of liposomes (Fig. 3.8B).
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[bookmark: _Toc109311844][bookmark: _Toc115118643]Figure 3. 6 Liposome diameters. Films of agarose enable rapid formation of giant liposomes having around 100 mm in diameter. 
Incubation of EFFIIE alone for 60 min as in Fig. 3.8Aii allowed the integration of the peptide into the cell membrane (red fluorescence on blue liposomes). Despite the charge similarities with the lipid, the hydrophobicity of the FFII group might be the reason of this integration. After introducing KFFIIK on the EFFIIE+liposome, green fluorescent (KFFIIK) increased immediately in 5 min, which shows the localized interaction of [II] on the membrane (Fig. 3.8C). Additionally, formation of amyloid fibril aggregation around the liposomes was also observed, indicates the remaining soluble EFFIIE interacts to its soluble counterpart peptide before integration into the lipids. Similarly, incubation of KFFIIK alone, as in Fig. 3.8Aiii, showed integration into the lipid (Fig. 3.8D). The membrane localization of KFFIIK was faster than EFFIIE, likely because of the opposite liposome surface charge.188 Addition of EFFIIE 60 min later also showed membrane integration of both peptides and fibrillar aggregations of [II] outside of the membrane. 
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[bookmark: _Toc109311845][bookmark: _Toc115118644]Figure 3. 7 Characterization of peptides after purification. LC and MS analysis of KFFIIK and EFFIIE peptides
Overall, these results demonstrated that the soluble forms of individual [II] peptides integrate into membrane. The pre-mixed [II] did not show a peptide integration, they were stable. The membrane-binding capacity of [II] is correlated to the amount of free peptides in the medium. Controlling the aggregation kinetics of [II], in another words, controlling the time and amount of free peptides in the medium, can control the amount of peptides integrate into the membrane.
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[bookmark: _Toc109311846][bookmark: _Toc115118645]Figure 3. 8 Liposome (blue) membrane integration of [II] and individual peptides; KFFIIK (green), EFFIIE (red). (A) The schematic of membrane localization experiment by using agarose embedded liposomes. (B) Membrane localization of 30 min premixed of EFFIIE+KFFIIK. (C) EFFIIE addition followed by KFFIIK and (D) KFFIIK addition followed by EFFIIE.  (Scale bar = 100 mm).
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[bookmark: _Toc109311847][bookmark: _Toc115118646]Figure 3. 9 Charge measurements. Zeta potential of individual oppositely charged peptides, co-assembled form and albumin only in PBS. 

3.2.5 [bookmark: _Toc114946715][bookmark: _Toc121134640]Controlling Peptide Aggregation Kinetics
The mechanism of ordered fibrillar amyloid assembly follows a sigmoidal growth divided into three steps: i) lag phase (nucleation) in which the peptides are mostly in misfolded monomeric form; ii) growth (elongation) phase in which the larger aggregates (misfolded or ordered) form of peptides and iii) final plateau in which grown aggregates (misfolded or ordered) dominate at the final equilibrium.189 Amyloid forming proteins have hydrophobic domains which can misfold and form non-specific interactions and disordered aggregates with the other hydrophobic molecules in the body. The stability of these aggregates depends on the affinity of each component. Because ordered amyloid assembly of peptides have specific interactions that require a specific conformation, they are often more stable than non-specific hydrophobicity driven misfolded aggregates. However, the same conformational specificity creates an energy barrier. Any aggregation in the intermediate energy level, particularly when it is highly non-specific, impede the conformational orientation for the ordered assembly and delay the equilibrium in the final plateau of stable fibrils. In another words, misfolding of monomers increases the initial lag and growth phase where the monomeric structures are soluble and less stable. 
Albumin, as a flexible hydrophobic protein, aggregates with amyloid forming proteins, elongates the lag phase.173–175  The unstable and soluble monomers in the lag phase are mostly able to integrate to the cell membrane and become more toxic.190 Although the elongated lag time is known to be more toxic, there is no correlation between the lag time, aggregate structures, and cell membrane damage. Since [II] showed amyloid-b characteristics such as highly ordered secondary structure, we hypothesized that albumin can change the aggregation behavior and fibrillar assembly kinetics of [II].168 Fig. 3.10 shows the kinetics and morphology of [II] aggregates in increasing amount of albumin (0, 0.002, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and 2 w%) in PBS. To distinguish the kinetics of ordered amyloid assembly from misfolded oligomer aggregates, we used Thioflavin T (ThT) and 1,6-diphenyl-1,3,5-hexatriene (DPH) assays, respectively. The morphology and size of the aggregates were studied with AFM and DLS.
ThT is a fluorescent dye, commonly used for β-sheet structure identification.191 The transition from oligomers to fibrils was characterized with ThT in prion protein.192 Individual peptides prepared in PBS with increasing albumin content and constant ThT, and the fluorescent of ThT was tracked for 4h (Fig. 3.10B). Albumin only groups with different w% were measured with constant ThT as the background, which also showed some degree of intensity as the structures have hydrophobic core but did not increase by time (Fig. 3.11). When mixed, [II] assemble into ordered structures and achieve final equilibrium of fibrillar form in less than 10 min.168 The final equilibrium where the fibrils form was only observed in the medium without albumin (0 w%) and 0.002, 0.02, 0.05, and 0.1 w% albumin in 4h (Fig. 3.10B). Similarly, the fibrillar structures were observed in the overnight incubated samples in these parameters with AFM (Fig. 3.10D). The addition of albumin delayed the formation of ordered of amyloid-b by increasing the rate of the lag phase (nucleation) and growth (elongation) phase.193 There was also a reduction in the total amount of fibers generated as indicated by ThT fluorescence signals as shown with AFM, and no fibrillar structure was observed for 0.2 and 2w% albumin incubated overnight (Fig. 3.10D).
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[bookmark: _Toc109311848][bookmark: _Toc115118647]Figure 3. 10 Aggregation kinetics depend on albumin concentration. (A) The schematic of [II] aggregation with albumin. Aggregation kinetics performed with (B) ThT and (C) DPH assays in increasing albumin content. (D) AFM images of [II]-albumin structures (Scale bar = 100 nm). (E) DLS measurements [II]-albumin mixtures.
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[bookmark: _Toc109311849][bookmark: _Toc115118648]Figure 3. 11 ThT analysis of albumin and individual peptides in different concentrations. Albumin only and peptide counterparts did not give any fluorescence increase respect to time due to non-fibrillar organization. 
The formation of disordered structures were identified with DPH assay; a fluorescent dye that has increasing intensity in the hydrophobic environment.194 Because albumin itself is a hydrophobic protein and form soluble aggregates in PBS, the initial measurements were performed with only DPH and albumin as the background (Fig. 3.12). Individual peptides prepared in PBS, increasing amount of albumin, and constant concentration of DPH, mixed and tracked for 4h (Fig. 3.5C). The decreased intensity of DPH with increasing albumin is interpreted as the decrease the number and sizes of the aggregates. This might be due to the cover of the hydrophobic parts of the albumin with the charged peptides created more soluble and smaller albumin aggregates in PBS. In the PBS with the lowest amount of albumin, 0.002 w%, albumin showed an insignificant intensity, as the structures in this solution are mostly fibrillar, as observed through increasing ThT assay, which indicates that the amount of disorganized aggregates were negligible. Presence of increased albumin concentrations showed slowly lowered intensities, in another words, more change between the intensity of the [II]+peptide complexes compared to the same amount of albumin alone, is because of formation of smaller aggregates.
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[bookmark: _Toc109311850][bookmark: _Toc115118649]Figure 3. 12 DPH analysis of albumin and albumin+[II] in different concentrations. Albumin intensity increased with increased concentration, however [II] disrupted albumin aggregation which leads to decrease in DPH intensity. 
While the aggregation of individual peptides did not change with the addition of albumin, several observations of trends are worth to note. When alone, KFFIIK showed slightly higher and stable ThT intensity, which reduced but remained stable by time with increasing albumin (Fig. 3.11). Similarly, the DPH assay showed increasing intensity by time in KFFIIK alone (Fig. 3.13). These measurements were all preformed in PBS in which the charges of the peptides are screened by the salt ions. Therefore, KFFIIK alone shows misfolded aggregation due to the hydrophobic nature of the alkyl tail of Lysine (K). Yet, when KFFIIK is mixed with EFFIIK, the ThT intensity changes immediately and dramatically, indicates that the peptides co-assembling in PBS (Fig. 3.10B). The negative counterpart, EFFIE, in the PBS without albumin, does not aggregate in ordered or disordered manner (Fig. 3.11 and 13). It might be a result of the hydrophobic amino acids' lower contact probability in the core of EFFIIE compared to KFFIIK and [II].168 Considering albumin alone also has ThT and DPH intensities due to its hydrophobic nature (Fig. 3.11 and 3.12), the observed negative and consistent intensities of EFFIIE and KFFIIK solutions with increasing albumin indicates formation of smaller and stable aggregates; peptides interact and aggregate with albumin individually. However, when mixed, the increase of ThT intensities, or formation of peptide fibers, indicates that the individual peptide and albumin aggregations are not as favorable as peptide-to-peptide interactions. Addition of the same amount of albumins on the same amount of [II] that is premixed in PBS for 60 min showed stable DPH intensity that were lower than the albumin only (Fig. 3.13, no background subtraction), which might be because albumin falls apart and form non-specific bindings with the fibrillar structures.
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[bookmark: _Toc109311851][bookmark: _Toc115118650]Figure 3. 13 DPH analysis of individual peptides in different albumin concentrations. Individual peptides did not form aggregation. 
Size measurements of the aggregates was performed in three different time points; immediately, after 30 min and overnight incubation with DLS (Fig. 3.10E). Without albumin, [II] aggregated immediately with average bigger than 1000 nm structures with a shift toward higher sizes after 30 min (Fig. 3.10E, 0w% albumin). Similarly, the shift toward bigger structures was observed for the conditions between 0.002 to 0.1w% albumin, which are the conditions where the final fibrillar equilibrium was observed with ThT. After 0.2 w%, size distribution and intensity profiles were almost similar to the 2 w\% albumin-only group. The population of structures around 10 nm were higher in the presence of peptides compared to 2 w% albumin-only, indicates smaller aggregates in the presence of peptides, and explains the reduce in intensities observed with DPH. In overall, the observed trend of behavior of [II] with albumin is similar to amyloid; the increasing albumin causes the decrease of the maximum fluorescence intensity, or the total amount of fibrils generated, and increases soluble disordered aggregates; oligomers.
3.2.6 [bookmark: _Toc114946716][bookmark: _Toc121134641]Delayed Aggregation Increased the Lipid Membrane Integration of [II]
Among the studied albumin concentrations, 0.2w% showed the threshold for diminishing the ordered fibril formation, therefore the rest of the analyses were performed in 0.2w\% albumin. To compare the integration on the lipid membrane of the liposomes, [II] prepared in 0.2w%, incubated for 30 min, then added on the liposomes (Fig. 3.14A). Unlike the premixed [II] in 0w% albumin (Fig. 3.8B), the individual peptides were localized in the liposomes starting from 5 min. Albumin slows down the peptide-peptide interactions by aggregating with the membrane and the interactions of peptides with the lipid membrane is likely to be more stable than their interactions with albumin. Incubation of individual peptides with 0.2w% albumin for 60 min showed that KFFIIK integrates to the lipid bilayer even in 5 min, while the negative one, EFFIIE, does not integrate, which is likely due to the charges of the lipids (Fig. 3.15). The integration of EFFIIE when incubated with albumin and KFFIIK might be because of initial membrane integration of soluble KFFIIK followed by the aggregation of EFFIIE, even in the lipid interface. These results indicates that without albumin KFFIIK and EFFIIE co-assemble, form fibers, which do not interfere with the integrity of the lipid membrane. In the presence of albumin, the co-assembly process delays due to the aggregation of the individual peptides with albumin. The delay time (lag time or the time require to achieve equilibrium fibril phase) is correlated to the amount of albumin in the solvent.
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[bookmark: _Toc109311852][bookmark: _Toc115118651]Figure 3. 14 Delayed [II] aggregation increases its integration on the lipid membranes. (A) Liposomal membrane localization of 0.5 mM [II] in 0.2 w% albumin; liposome = blue, EFFIIE = red, KFFIIK = green (Scale bar = 100 mm). (B) Relative viability and (C) LDH release of EMT6 cells treated with individual and aggregates with 0.5 mM [II] in 0 and 0.2 w% of albumin in PBS.
The effect of enhanced lipid membrane accumulation of [II] altered its toxicity (Fig. 3.14B, C). [II] induces immunogenic rupture of mammalian cell membranes, initiates immunogenic cell death in 6h in cell medium supplemented with 10v% FBS (has app. 0.2w% albumin) as shown before.169 During 3h of treatment, [II] in 0% (without) albumin did not cause any membrane damage (Fig. 3.14B), as [II] fibrils do not interact with the lipid membrane (Fig. 3.8B). Addition of [II] with 0.2w\% albumin showed increasing membrane damage over time which is quantified by the release of lactate dehydrogenase (LDH), a cytoplasmic enzyme released upon membrane damage.195 These results correlate with ThT (high intensity, high ordered fibril assembly) and DPH results (low intensity, high disordered aggregation) indicating that delayed fibril formation increases the membrane damage. Furthermore, we also tested the effects of consecutively introduced peptides to cells without albumin to correlate the toxicity to the membrane integration. When KFFIIK was given first (green bar) followed by EFFIIE addition, cellular viability decreased to 50% at 30 min and reduced to 25% at 3h (Fig. 3.14B). The opposite scenario where EFFIIE added first and then KFFIIK (red bar), started from 75% cell viability at 30 min and decreased to 25\% at 3h. As observed from liposomal experiments (Fig. 3.8C, D), KFFIIK accumulated faster on the membrane compared to EFFIIE. Therefore, when peptides were introduced consecutively (30 min), we observed faster cell death in K then E condition. However, cell death was similar at 3h regardless of the addition order (Fig. 3.14B). These results show that the toxicity of [II] can be controlled through control over its aggregation kinetics.
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[bookmark: _Toc109311853][bookmark: _Toc115118652]Figure 3. 15 Individual peptide localization on the liposomal membrane. (A) EFFIIE and KFFIIK (B) localization on the liposomal membrane with and without 0.2w% albumin
3.2.7 [bookmark: _Toc114946717][bookmark: _Toc121134642]Fret Analysis for Albumin and [II] Interactions
FITC and TRITC are fluorescent dyes and FRET couples. When the distance of the two fluorophores is less than 8 nm, the excitation of light with 488 nm wavelength triggers FRET; emission from FITC (donor) at 520 nm excites TRITC (acceptor) that emits light at 578 nm.196 We used albumin conjugated with TRITC and incubated with FITC-KFFIIK for this analysis. Incubation of FITC-KFFIIK with 0.2w% albumin for 30 min and 24h which did not show FRET, indicates that they are not in proximity (Fig. 3.16A). In the presence of EFFIIE (not fluorescent tagged) also in 0.2w% albumin showed the FRET intensity, TRITC emission at 580 nm and FITC emission at 488 nm was reduced (Fig. 3.16B), indicating the peptides and albumin are aggregated in closer proximity than 8 nm.
The cell membranes were stained with Wheat Germ Agglutinin (WGA) (gray) and incubated with [II] (FITC-KFFIIK (green) and Rhodamine-EFFIIE (red)) in 0.2w% albumin for 1h and 2h to identify the localization of the peptides. Accumulation of each peptide increased from 1h to 2h with lost integrity of the membrane, which also explained the higher LDH release (Fig. 3.14C). When the peptides were preincubated in the absence of albumin for 30 min, no cell membrane localization was observed (Fig. 3.17), also in line with viability results. Overall, these results demonstrates that in the absence of albumin, peptides assemble into ordered fibrillar structures and do not localize to the cell membrane. Presence of the albumin in the solution prevents immediate peptide-peptide interactions and allows time for peptide aggregation to occur within the cell and at the membrane. Therefore, changing albumin concentration is changing the peptide aggregation kinetics, which results in controllable membrane accumulation and cell death.
[image: ]
[bookmark: _Toc109311854][bookmark: _Toc115118653]Figure 3. 16 Albumin and [II] interaction. (A) The FRET analysis of the presence and absence of TRITC-albumin with FITC-KFFIIK and (B) with [II]. (C) Confocal analysis of cells treated with 0.5 mM [II] for 30 min, 1h, and 2h in the presence of 0.2 w% albumin. Membrane stained with WGA, gray; cells treated with Rhodamine B labelled EFFIIE, red; FITC labelled KFFIIK, green. (Scale bar = 10 mm)
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[bookmark: _Toc109311855][bookmark: _Toc115118654]Figure 3. 17 The treatment of cells with preincubated [II] without albumin for 1h and 2h. [II] did not accumulate on the cell membrane due to fibrillar formation. 
3.2.8 [bookmark: _Toc114946718][bookmark: _Toc121134643]Aggregation of [II] Induces Cell Stress
The cell plasma membrane senses external stimuli to adapt to changes through intracellular signaling. One of the pathways responding against a variety of external stimuli such as mechanical stress is the Hippo pathway. Ab1-42-mediated neurodegeneration involves the activation of the Hippo pathway.197 One of the central proteins within the Hippo pathway is YAP. YAP is a transcription factor found in the nucleus in active form and gets inactivated when translocate to the cytoplasm. We treated the cells to analyze the effect of [II] aggregation on YAP localization. At the early time points, 30 min, YAP localized in the cytoplasm (Fig. 3.18A). More specifically, cytoplasmic localization of YAP is mediated by its phosphorylation (Serine 127 (S127)), leading to its inactivation198 and degradation.199 Upon administration of [II] with 0.2w% albumin, YAP phosphorylation in the cytoplasm can be observed green at 30 min and 1h (Fig. 3.18B) However, after 1h, phosphorylated YAP in the cytoplasm starts to degrade, which is parallel with YAP localization to the cytoplasm at early time points (30 min). Western blot results also confirmed the phosphorylation of YAP and degradation (Fig. 3.18C). Together these results show that [II] aggregation is inducing cytoplasmic localization of YAP through its phosphorylation, thus related to the mechanical stress on the cell membrane.
eIF2a is another factor integrated into the stress response to external stimuli. Under cell stress, eIF2a gets phosphorylated and initiates the activation of genes responsible for stress response. Phosphorylation of eIF2a is a consistent marker in a variety of neurodegenerative diseases,200 including AD.201 Histological analysis on AD patients showed elevated phosphorylation of eIF2a.202 Moreover, in in vitro studies, Ab1-42 was shown to induce eIF2a phosphorylation in human neuroblastoma cells.203 We analyzed eIF2a phosphorylation for 0.5mM [II] in 0.2w% albumin and 0.5mM [II] in 0% albumin (non-membrane damaging condition). [II] aggregation-induced eIF2a phosphorylation at 1h (Fig. 3.18C) followed by rapid degradation due to proteasome activity reported previously.204
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[bookmark: _Toc109311856][bookmark: _Toc115118655]Figure 3. 18 [II] aggregation on the cell membrane induces cell stress. (A) Immunocytochemistry of YAP localization (YAP = green, Actin = red, Nuclei = blue) (B) and phosphorylation based on aggregation (YAP-P = green). (C) Western blot analysis of YAP, YAP phosphorylation, eIF2a and eIF2a phosphorylation in different time points b-actin was used as an internal loading control. (D) Immunocytochemistry of calreticulin cell surface localization (calreticulin = green, Actin = red, Nuclei = blue). (Scale bars = 20 mm)
3.3 [bookmark: _Toc114946719][bookmark: _Toc121134644]CONCLUSIONS

First, we designed peptide sequences to cause cell membrane damage by mimicking Ab protein. CoOP strategy is based on a framework (i.e., the diphenylalanine (FF) domain and terminal charges) that defines the peptide-peptide orientation and thus initiates the interactions of the peptides. However, the forces that affect the kinetics of the assembly and the properties of the final product are provided by the two amino acids of the substitution domain which is the hydrophibic domain that we changed with different amino acids such as VV, LL, WW and II. Our CoOP strategy provides a quantitative correlations between changes in the amino acid sequence of the framework and the properties of the assembly168. Hence, CoOP represents a uniquely powerful strategy to create small peptides with controllable aggregation profiles that can be used to design peptide-aggregation-induced cell membrane. 
Second, we show that [II] aggregation induces cell membrane damage and engages cell stress markers as in a variety of neurodegenerative disorders. Furthermore, we showed that this aggregation can be controlled by using albumin. [II] aggregation-induced the phosphorylation of eIF2a and calreticulin surface localization, which highlighted ICD. Overall, the modulation of peptide aggregation presented here, allows us to control cell membrane damage and offers us to modulate immunogenic cell death.
Protein and peptide aggregation is a phenomenon that can be seen in both pathogenic conditions and during developmental stages of amyloid proteins.157,158 Oligomeric species form transiently during the aggregation process and not only act as essential intermediates but also represent major pathogenic agents in disorders.159 However, the transient and complex structures and aggregates of oligomers create confusing results and challenge in drug development.164 In this study, we showed an engineered peptide complex via CoOP strategy as a synthetic and simple tool to study the amyloid aggregation mechanism into ordered assemblies (fibrils) and disordered aggregates (oligomers) with the presence of albumin, and correlate it to its toxicity. Importantly, we showed that, albumin can control the aggregation kinetics of [II], which induce mechanical stress on the cells and ICD. The immune response against ICD is potent. Controlling ICD means control over the immune response and progress of amyloidosis-related diseases. 
Overall, [II] offers a unique engineered platform to study aggregation kinetics of amyloidosis. The simplicity of [II] as an engineered tool allowed the detailed characterization of disorganized structures to fibril aggregation kinetics and the effects of each step on cell. Studies with [II] can serve to establish clear and direct results for drug development with amyloidosis.
3.4 [bookmark: _Toc114946720][bookmark: _Toc121134645]MATERIALS AND METHODS
Peptide synthesis. KFFWWK and EFFWWE were purchased from Biomatik (Biomatik Corportaion, Canada). KFFIIK, EFFIIE, KFFLLK, EFFLLE, KFFVVK and EFFVVE peptides were synthesized via solid phase peptide synthesis with PreludeX automatic peptide synthesizer (Protein Technologies, Inc., Tucson, AZ). They were prepared on a 0.25 scale by repeated amino acid couplings using Fmoc protected amino acid (3 eq. 1mL),DIC (7.5 eq. 1mL) and Oxyma (7.5 eq. 1mL). MBHA Rink Amide resin (High-Loaded, Gyros Protein Technologies) was used as solid support to construct the peptides. Fmoc protected amino acids (Gyros Protein Technologies) were removed through treatment with 20% piperidine/DMF solution for 45 min (three times for 15 min) at 80C. All the peptide conjugation was performed for 2h at 80C and acetylated with a treatment with 10% acetonitrile/DMF solution for 15 min twice. Cleavage of the peptides from resin and deprotection of acid labile protected amino acids were carried out with a mixture of TFA/ TIS/ water in a ratio of 95:2.5:2.5 for 3h at room temperature. Excess TFA and organic solvents were removed by evaporation and the remaining peptide was precipitated using diethyl ether at −80C by using 1:4 volume ratio and stayed overnight. After precipitation, peptides in ether solutions were centrifuged at 8000 rpm for 15 min. Peptide precipitates were collected and ether was removed. The centrifuged white peptide precipitate was dissolved in either (0.1% formic acid in water for KFFIIK peptide) or (0.1% ammonium hydroxide in water for EFFIIE peptide). Peptides were purified with preparative HPLC (Agilent 1260) with Agilent ZORBAX 300 SB-C18 (9.4 x 250 mm) column with a mobile phase of water/acetonitrile mixture (0.1% ammonium hydroxide) used for negatively charged peptides; water/acetonitrile mixture (0.1% formic acid) was used for positively charged peptides. All peptides were tested with a purity >95%. HPLC run started with 100% water for 3 min, followed by a gradient increase in acetonitrile from 0% to 100% over 25 min, followed 100% acetonitrile for 3 min, and ended with 100% for 2 min. The flow rate is 2 mL/min and injection volumes are 10 mL.
Critical Aggregation Determination and Congo Red analysis. All peptide aggregation analyses were performed in PBS. DPH assay was performed to understand the CAC. Peptides (except [AA]) were prepared in PBS starting from a concentration of 500 µm to 3.9 µm with serial dilution. [AA] was prepared from 10 mm to 15.6 µm to check the aggregation behavior even in higher concentrations. First, negatively charged peptide (48 µL) was put to the black 96 well- plate, then 4 µL (from 4 µm in PBS) DPH was added, and finally, positively charged peptide (48 µL) was added to each well. The solutions were incubated at 37 °C for an hour. After the incubation, fluorescence intensity was collected immediately with Ex:360±40 nm, Em: 460±40 nm with BioTek Neo2SM microplate reader. We performed a Congo Red assay to visualize aggregations deposited on the well plate. Peptides having 0.5 mm concentration and equal volume (48 µL each) were prepared in PBS. Then first, negatively charged peptide was put to 96 well-plate. Congo red having a final concentration of 20 µm (4 µL), was added, followed by the addition of a positively charged peptide (48 µL each). Brightfield images were taken immediately with Keyence bz-x710 microscope at defined time points. 
TEM analysis. Peptide samples were prepared from 10 mm stock solutions (incubated for 24h) of co-assembled samples to 0.02 mm with water. Then, 10 µL of diluted peptide samples were dropped onto the TEM grid (Ted Pella, Catalog number:01813-F) and incubated for 10 min. Then, samples were taken with a pipette, negatively stained with 2% uranyl acetate and imaged using JEOL 2010F Field Emission Transmission Electron Microscope.
Liposome formation and imaging. Giant liposomes were formed based on previously published data with simple modifications.187 First, agarose (UltraPure Agarose, ThermoFisher Scientific) was prepared with 1%w/v in water and boiled in a microwave oven until all agarose powder was dissolved. Then, it was poured down into a petri dish to cool down at room temperature to form a gel for 2-3h. Before coating the glass slides, agarose gel was melted in a microwave until all gel turned into a solution. One side of glass slides was dipped into agarose solution and excess solution was removed. After coating, glass slides were placed on a hotplate (37C) and waited for 1-2h until an agarose film was formed on top of the glass slides. For making liposomes, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, Inc.) was used with cholesterol (Sigma-Aldrich). At first, DPPC was prepared in 2 mM in chloroform, and cholesterol was prepared in 400 mm in chloroform. Both of the solutions were mixed with equal volume (1 mL each) to have 5:1 molar ratio (DPPC:cholesterol). For staining the liposomes with DiR (1,1'-Dioctadecyl-3,3,3',3'-Tetra methylindotricarbocyanine Iodide) dye, 4 mL of DiR (1 mM in chloroform) was mixed with 2 mL DPPC:cholesterol. Then, 50 mL of labeled liposomes was dropped onto agarose-covered glass slides and spread out homogeneously by rolling a glass rod. Then, slides were placed in a vacuum chamber for 30 min. After removing from the vacuum chamber, slides were placed in a clean petri dish and 1xPBS was added from the side of the petri dish to allow hydration and swelling of liposomes for 3h. For peptide-membrane localization assay, FITC labeled KFFIIK and Rhodamine-B labeled EFFIIE peptides (Biomatik Corporation) were used. KFFIIK and EFFIIE were first solubilized in 10 mM as a stock solution in water, which was diluted to 0.5 mM with 1x PBS. The fluorescent portion consisted of 1:100 molar ratio. For example, FITC-KFFIIK was 50 mM in 0.5 mM KFFIIK peptide as a final concentration. After liposome formation, 0.5 mM of fluorescent labeled one peptide counterpart (200 mL) were incubated with liposomes for 60 min, then oppositely charged 0.5 mM of fluorescent labeled peptide (200 mL) was added and incubated for another 60 min. The imaging was performed with Keyence BZ-X800 with BZ-X filter Cy7 (DiR labeled liposome), BZ-X filter GFP (FITC-KFFIIK), and BZ-X filter mCherry (Rho-EFFIIE).
Assembly and aggregation kinetics determination. Thioflavin T (ThT) (Sigma-Aldrich) and 1,6-Diphenyl-1,3,5-hexatriene (DPH) (Sigma-Aldrich) were used to understand the kinetics involved in ordered assembly and aggregation kinetics. Both fluorescence measurements included albumin (bovine serum albumin, Sigma-Aldrich) with different concentrations indicated based on weight/volume% (w%) and without albumin (in 1x PBS). At first, fresh albumin (40mg/mL, 4 w%) was dissolved in 1x PBS and diluted into 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.002 w% in 1x PBS. Then, stock peptides (10 mM in water) were diluted (0.5 mM) in different albumin concentrations, individually. For ThT measurements, 5 mL from 400 mM ThT in PBS was added to 195 mL of 0.5 mM KFFIIK and EFFIIE (either in different albumin concentrations or in 1x PBS), individually. Then, each peptide in the same albumin concentration was mixed and read with BioTek Neo2SM microplate reader for 4 h with 10 min intervals (Ex: 440, Em:480 with gain:90). For DPH analysis, stock DPH (1 mM in water) was diluted to 80 mM working concentration in 1x PBS. Similar to ThT assay, 5 mL from 80 mM DPH in 1x PBS was added to 195 mL of 0.5 mM KFFIIK and EFFIIE (in different albumin concentrations for in 1x PBS), individually. Then, each peptide in the same albumin concentration was mixed and read with BioTek Neo2SM microplate reader for 4h with 10 min intervals (Ex: 360, Em:450 with gain:100). Albumin with different concentrations (without any peptide) was also analyzed for both of the assays and subtracted from [II]+Albumin data. For [II] in 0w% albumin, 1x PBS (with ThT or DPH) was used as a background for subtraction. For ThT analysis, relative intensity values were calculated within each group. Data fitting was applied with a one-phase association to calculate half-time in ordered assembly kinetics by using GraphPad Prism 9.3.0.
AFM analysis. Morphological characterization of [II] was performed with AFM (NX-10 Park Systems Corp) with a non-contact mode by using cantilever probe (OMCL-AC160TS 5M). Peptide were prepared by either with albumin (0.002 w%, 0.02 w%, 0.2 w%, 2 w%) or without albumin (0 w%) in PBS. At first, 0.5 mM KFFIIK (50 μL) was prepared with or without albumin and 0.5 mM EFFIIE (50 μL) was prepared with or without albumin in PBS. Then, two oppositely charged peptides were mixed and incubated overnight (~ 20h). For sample preparation, mixed samples were diluted to 0.1 mM with water and 20 μL dropped onto silicon wafer. Prepared samples were dried at room temperature and imaged with a 1 kHz scanning frequency. Data points were taken in a 256 x 256 grid over 5 μm–by–5 μm area.
Dynamic Light scattering (DLS). Hydrodynamic size and ζ potential of single and mixed peptides were measured by DLS.205 For particle size analysis, intensity of scattered light was measured under Brownian motion and hydrodynamic radius, R_h, was calculated by using stokes- Einstein equation (Eq. 1):
R_h=kT/(6πηD_t )
where k is the Boltzmann’s constant, T is temperature in K (298 K) and η is the solvent viscosity. Diameter that measures in DLS is value that refers to diffusion of the particle. A ZetaSizer Nano ZS (Malvern, UK) instrument with a detector angle of 173° in a backscatter mode was used for analysis. Clear disposable cell cuvettes were first washed three times with 0.22-μm filtered deionized water (resistance of 18.2 megohm·cm). Before measurements, peptide solutions in phosphate-buffered saline were also filtered with a 0.22-μm filter to avoid any dust that can alter the measurements. For individual peptides, 500 μM (500 μl) positively and negatively charged peptides were used in PBS. For [II], equimolar (500 μM, 250 μl) of KFFIIK and, equimolar (500 μM, 250 μl) EFFIIE were mixed analyzed immediately, at 30 min and overnight (~20 h). For [II] with albumin samples, individual peptides (500 μM each) were prepared in albumin solution (0.002, 0.02, 0.05, 0.1, 0.2, 0.5, 1, or 2 w% albumin in PBS) individually and mixed with equal volume (250 μL each). Then analyzed immediately, at 30 min and overnight (~20 h). ζ potential measurements were performed at 30 min.
FRET analysis. FITC and TRITC could act as the donor and acceptor of a FRET pair, respectively.196 FITC-KFFIIK peptide was prepared as 500 mM (1:50 FITC-KFFIIK:KFFIIK molar ratio) and albumin was prepared as 2 w% (20 mg/mL, 300 mM) mixed with TRITC-albumin as 1:100 molar ratio. EFFIIE peptide was prepared as 500 mM. For a group consisting of FITC-KFFIIK and TRITC-albumin, 50 mL of FITC-KFFIIK was mixed 10 mL TRITC-albumin and 50 mL of PBS was added to have a final volume 110 mL. For 0w\% albumin, 50 mL of FITC-KFFIIK was mixed with 60 mL of PBS. [II] was prepared as follows. F0r 0.2 w% albumin. 50 mL of FITC-KFFIIK was mixed with 50 mL of EFFIIE and 10 mL of TRITC-albumin was added to have a final volume 110 mL. For 0% albumin, 50 mL of FITC-KFFIIK was mixed with 50 mL of EFFIIE and 10 mL of PBS was added. These mixtures were incubated for 30 min and 24h at room temperature and subjected to fluorescence measurements with an excitation of 488 nm for FITC as donor and scan between the emission of 500 and 700 nm for TRITC as acceptor. 
Cell Culture. EMT6 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium, supplemented with 10% FBS (Hyclone SH30910.03) and 1% antibiotics; penicillin (100 U/mL), and streptomycin (100 mg/mL) (Thermo Fisher 15240062) according to the manufacturer’s instructions. Cells were cultured in a humidified incubator at 37C supplied with 5% CO2. T75 flasks (TPP 90076) were used for culturing and cells were passaged upon 85% confluency by using trypsin (Sigma 59418C). Cell culture media was changed every 2 days. 
Peptide preparation for in vitro experiments. [II] peptides were prepared in either 0.2 w% albumin or 0 w% albumin for in vitro conditions. First, albumin was prepared as a stock solution in 2 w% (20 mg in 1 mL the RPMI medium). Then, was diluted 1:10 to reach 0.2 w% in the RPMI medium. The prepared KFFIIK and EFFIIE stock peptides (10 mM in water) were diluted to 0.5 mM separately into 0.2 w% albumin/medium. For 0 w% albumin condition, KFFIIK and EFFIIE stock peptides 10 mM in water) were diluted to 0.5 mM separately into albumin/medium. For 96 well plate, each well consisted of 100 mL of peptide having 50 mL EFFIIE and 50 mL KFFIIK in either only RPMI medium (0 w% albumin) or 0.2 w% albumin in RPMI medium. 
Viability assay. Cells were seeded onto 96 well plates and left for O/N attachment. The next day, media was removed and treatments were carried out. Viability was measured with Cell Titer Glo 2.0 solution (Promega G9248). The luminescent signal was measured in accordance with the manufacturer’s instructions. Measurements were carried out with BioTek Neo2SM microplate reader and relative viability was calculated by using untreated control group. Live-Dead assay was carried out using Viability/Cytotoxicity Assay kit (BIOTIUM 30002). After peptide treatment, cells were treated with calcein and ethidium homodimer in accordance with the manufacturer's instructions. Fluorescent images were taken by using Keyence bz-x710 microscope.
LDH Release. LDH release was measured with Cytoscan-LDH Cytotoxicity Assay (G-BIOSCIENCES 786-210). Briefly, at the end the treatments, collected supernatants were mixed with reaction mixture and incubated for 20 min at 37C. Reaction was stopped with stop solution, and absorbance was measured at 490 nm and 680 nm. Triton-X treatment is used as a 100% LDH release control. Absorbance at 680 nm is used as the background signal and values were subtracted from absorbance values at 490 nm. Measurements were carried out with BioTek Neo2SM microplate reader and relative LDH release was quantified based on the positive control for LDH release (maximum LDH release through Triton-X treatment).
Immunocytochemistry. Phalloidin staining OVCAR-8 cells were seeded on glass coverslips in a 24 well plate. Cells were treated with [II] for 1-3 and 6h. After each treatment period, cells were washed with 1X PBS and fixed with 4% PFA for 20 min, then, stained for 30 min with Phalloidin-iFluor 555 (Abcam ab176756) in 1% BSA. After the staining coverslips were mounted in ProLong Glass Antifade Mountant with NucBlue Stain (Thermo Fisher P36981) and stored in the dark until imaging.
Confocal Imaging. EMT6 cells were seeded on glass coverslips in a 24 well plate and incubated overnight for attachment. Prior to the experiment, cells were labeled with WGA 633 membrane stain (ThermoFisher W21404) accordingly with the manufacturer's instructions. After membrane staining, cells were washed 2x with PBS and treated in the presence (0.2 w%) and absence (0 w%) of albumin.
Immunoblotting, Reagents. Acrylamide/Bis-acrylamide, 30% solution (Sigma A3699), 1.5 M Tris-HCl, pH 8.8 (Teknova T1588), Tris HCl Buffer 0.5 M solution, sterile pH 6.8 (Bio Basic SD8122), Ammonium persulfate (Sigma A3678), UltraPure 10% SDS (Invitrogen 15553-027), TEMED (Thermo Fisher Scientific 17919), Dithiothreitol (DTT) (BIO-RAD 1610610) Tris Base (Fisher Bioreagents BP152), Glycine (Fisher Bioreagents BP381), 4x Laemmli sample buffer (BIO-RAD 1610747), TWEEN 20 (Sigma P9416), Mini Trans-Blot filter paper (BIO-RAD 1703932), Nitrocellulose Membranes 0.45 mm (BIO-RAD 1620115), EveryBlot Blocking Buffer (BIO-RAD 12010020), Clarity Western ECL Substrate (BIO-RAD 170-5060).
Procedure. Samples were prepared in Laemmli buffer and boiled for 8 min at 96C. Then, proteins were separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (8.5% and 15%) and transferred to nitrocellulose membranes (45 mm). After transfer, the membranes were blocked EverBlot Blocking Buffer and washed with Tris Buffered Saline with 0.1% Tween 20 (TBST). Blots were incubated with Phospho-YAP (Ser127) (Cell Signaling 13008), YAP (Cell Signaling 4912), Phospho-eIF2a (S51) (Cell Signaling 9721), eIF2a (Cell Signaling 9722) overnight. The next day blots were washed and incubated with Goat anti rabbit secondary antibody (Invitrogen 31460) and imaged with Clarity Western ECL substrate (BIO RAD 170-5060). b-actin (Santa Cruz sc-47778 HRP) was used as an internal loading control. Blots were imaged by using Azure c600.
Immunocytochemistry. EMT6 cells were seeded on glass coverslips in a 24 well plate and incubated overnight for attachment. After indicated treatments, samples were washed with 1X PBS, and fixed with 4% PFA for 20 min. Then, Triton-X (0.5%) was used to permeabilize the cells for 20 min on shaker. Samples were blocked with 3% BSA for 1h on shaker, washed 3 times with 1X PBS and incubated with the following antibodies Phospho-YAP (S127) (Cell Signaling 13008), YAP (Cell Signaling 4912) or calreticulin (Cell Signaling D3E6) overnight on shaker on ice. The next day samples were washed and incubated for 1h on shaker with DyLight™ 488 Donkey anti-rabbit IgG (minimal x-reactivity) Antibody (BioLegend 406404). After the incubation period, samples were washed and incubated with Flash Phalloidin™ Red 594 (BioLegend 424203) for 30 min on shaker. Lastly, samples were washed and mounted in ProLong™ Glass Antifade Mountant with NucBlue™ Stain (Thermo Fisher P36981) and stored in the dark until imaging.
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The formation of heterogenous mixtures of peptide aggregates is closely related to neurodegenerative diseases like Alzheimer’s disease. Structural rearrangements during aggregation are important because they affect the kinetics of toxic globular aggregates. However, the heterogeneity of structures and the dynamic process make the identification of this process extremely difficult. Here, we designed a co-assembled peptide aggregation model to study the structure-property and toxicity of amyloid-like structure. This strategy offers a simple and controllable aggregation model which mimics the cell membrane damaging functionality of  amyloid forming proteins. We utilized the controllable aggregation model to develop two vaccination strategies: antigen-specific antibody production against model antigen ovalbumin and prophylactic tumor vaccine application. Overall, control over aggregation kinetics and structure provided modulation of immune system.



4.1 [bookmark: _Toc121134647]INTRODUCTION
A wide variety of human disorders are characterized by the formation of supramolecular aggregates.206 For instance, more than 30 human proteins, including transthyretin (TTR), islet amyloid polypeptide (IAPP), -synuclein, and amyloid-beta (A), contribute to a variety of degenerative disorders by misfolding and/or misassembling into different aggregate structures.207 It is still unclear how the disease is brought on and how aggregation occurs structurally and molecularly since no probes can track the various aggregate types created or structures produced during this dynamic process.65 Also, the variety of intermediate structures produced by different nucleation processes makes it more challenging to isolate and accurately predict the toxic agents causing amyloid disease.66 However, according to the latest hypothesis, which is called toxic oligomer hypothesis, the smaller diffusible oligomers, which display a variety of structural variations, rather than the insoluble cross--sheet amyloid fibrils, are the cause of degenerative effects.208 Therefore, it is important to analyze oligomeric structures during the aggregation pathway to understand the relationship between oligomers and toxicity.
It is widely accepted that amyloid fibrillization is a nucleated polymerization phenomenon because the kinetics of fibril formation is mostly sigmoidal.165 According to this model, there are three distinct steps which are the lag phase, nucleation or elongation phase and plateau phase.165 Through hydrophobic and aromatic interactions, a hydrophobic core - also known as the amyloidogenic core, form and self-associate with another peptide during the lag phase.209 Monomers and oligomers above their critical concentration, combine to form protofibrils, yielding the final, highly ordered -sheet structures.165 In general, the formation of oligomeric aggregation nuclei (nucleation) is considered a key event in the onset of protein aggregation and often the rate-limiting step of fibril growth.210 For the nucleation step, intermolecular hydrophobic interactions are among the key determinants of the rate and extent of the hydrophobic collapse of the misfolded monomers into oligomers, along with A concentration, medium temperature, and polarity.67,210 The critical determinants of the propensity of proteins to form amyloid structures varies with amino acid mutations within the sequence,211 external stimuli such as the addition of ions212 or chaperons like albumin.213  These determinants affect the kinetics of fibrilization, and so the toxicity of the amyloids. The experimental understanding of the kinetics landscape of any amyloid structure can be determined by the fluorescent intensity change of Thioflavin T (ThT, a fluorescent marker for amyloid structure, more explanation is in Section 1.3.1) by time. The information collected from the amyloid fibrilization kinetics of samples with different determinants was combined in a mathematical model to identify the affected parameters63,189. 
The determination of the kinetics landscape parameters can be identified by fitting the model to the collected ThT data of the amyloid samples in different concentrations.214 This approach is applicable when the aggregation mechanism follows a sigmoidal curve, having a lag time. In other words, if the sample form a detectable amount of pre-fibrilization seeds or oligomers.90 However, when the fibrilization of the protein is exponential, no lag time was observed.63 The possible reason is increased hydrophobicity overcome the nucleation process due to exceeding the kinetic barrier of the lag phase formation. Another study showed the importance of concentration-based aggregation mechanism of a small peptide, FGAIL, forming amyloid-like structures. 165 These studies revealed that the concentration and the size of the peptides are also affective in slowing aggregation, extending the lag time, and stabilizing the population of oligomers, which all steps of the free energy change of monomers to fibril formation.165 If oligomeric intermediates refold into amyloid fibrils, a free energy for “oligomer activation" was met.165 
Proteins that are in the unfolded oligomeric state interact with the cell membrane in a higher level. The hydrophobic residues that are typically in the core of the folded proteins become dispersed on the surface of unfolded oligomer proteins. These hydrophobic residues facilitate the adherence and penetration of the unfolded peptides into the plasma membrane. Cell membrane interactions of the early oligomers are causing lipid membrane disruption and initiating essential cellular functions.215 For example, A42 (which has additional I and A) is more hydrophobic and more cytotoxic than A40 isoform.216 Furthermore, the size of the oligomers is another parameter showing the membrane localization and penetration; the decrease in size of the oligomers has known increase effect on the cytotoxicity, due to the enhanced binding capability of small oligomers to the membrane.217 The accumulation of the amyloid-structures on the plasma membrane create damage which results in an inflammatory response and causes chronic activation of innate-immune systems by releasing damage-associated molecular patterns (DAMPs).218,219 
Despite the evidenced importance of understanding the structure-property relationship of the amyloid-forming cytotoxic peptides for understanding the mechanism and progression of the disease, the dynamic process of amyloid aggregation and heterogeneity limits the studies related to oligomer-based cytotoxicity. To understand the relationship of structure-property of amyloidogenic oligomers: i. samples were taken in different times of the fibrilization,220 ii. aggregation was stopped by using various inhibitors,221 iii. oligomers were isolated based on their sizes and conformation with highly challenging techniques.222 However, there is no technique that allows the formation of oligomers with different aggregation kinetics of the same peptide, which could provide a systematic understanding of the structure-property and cytotoxicity relationship of amyloids. 
Previously, we created a co-assembling oppositely charged (CoOP) as a strategy to study the effects of intermolecular interactions on the amyloid formation with small peptides.168 By utilizing this tool, we identified that CoOPs formed with diisoleucine [II] show amyloid-like structures that also induced membrane damage and immunogenic cell death, of which effects we harvested as a vaccine adjuvant against influenza.169 Furthermore, we applied this tool to induce controllable membrane damage by changing the peptide aggregation with albumin, the degree of DAMP release from cells, which regulated the antigen specific antibody production in vivo.213  In this study, we analyzed a correlation between the properties of the globular and fibrillar aggregates and their function. We studied the peptide and albumin concentrations as the critical determinants of the kinetics, which altered the cytotoxicity. We hypothesized that the defined correlation between the structure, kinetic parameters, and immune responses can create a defined trend for [II] as an immunoengineering tool with predictable effects. Finally, controlled cytotoxicity levels were further applied to modulate the immune response, which was used for prophylactic breast cancer vaccine application and the level of antigen-specific antibody production against the model antigen Ovalbumin (OVA). This study shows the first molecular engineering tool that can be modulated with predictable immune responses and define global rules for peptide-based immunoengineering tools.

4.2 [bookmark: _Toc121134648]RESULTS AND DISCUSSION

4.2.1 [bookmark: _Toc121134649]The Change of Peptide Aggregation Kinetics Affects Cellular Viability

Albumin serves as the primary chaperone for A in the blood (albumin amount: 640 M)  and cerebrospinal fluid (albumin amount: 3 M), and is the most abundant protein in both plasma and cerebrospinal fluid.223 Albumin inhibits the kinetics of Ab fibrillization, which contributes to the formation of increase oligomers.190 Similarly, albumin also slows down [II] fibrilization, while in the absence of albumin [II] peptide aggregation favors fibrillization.213 To analyze the changes in fibrillization, we prepared [II] peptides in different albumin concentrations (%w/v) and measured ThT intensity over time. Increased albumin concentration resulted in lower ThT intensities, favoring globular aggregates. On the other hand, a decrease in albumin concentration resulted in higher ThT intensities and favored fibrillar aggregates (Figure 4. 1 A,B). ThT analysis also showed that changes in albumin resulted in different ThT intensities indicating different amount of fibrillization (Figure 4. 1A). Previously, we showed the individual peptides of [II] were able to integrate into the lipid membrane, separately.213 The treatment of HEK293T cells with the same amount of [II] prepared with different albumin concentrations (thus having different aggregation kinetics) for 3, 6 and 24h showed increased cytotoxicity with increasing albumin concentration (Figure 4. 1C). On the other hand, higher fibrillization resulted in lower cell death.
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[bookmark: _Ref115635297][bookmark: _Toc121134659]Figure 4. 1 The change of peptide aggregation kinetics affects the cellular viability. ThT measurement of [II] aggregation controlled through albumin concentration (A). Albumin modulates the [II] aggregation state (B). Relative viability of cells treated with 0.5 mM [II] peptide prepared in indicated albumin %w/v for 3, 6 and 24h (C).






4.2.2 [bookmark: _Toc121134650]Cell Membrane Damage Modulated through Control of [II] Aggregation

A aggregation induces membrane damage and contributes to neuroinflammation161. This effect depends on the aggregation status, which can be fibrillar (ordered) or globular structures (unordered). During the amyloid growth process, membrane damage is associated with oligomer-like structures. 189,215 This effect conveys through the interaction of oligomer-like structures with the cell membrane and subsequent disassembly of the lipid bilayer.224 
Aggregation of [II] induces ICD and DAMP release in multiple cell types through cell membrane damage.169 To understand the controllability of membrane damage through modulating aggregation, we quantified lactate dehydrogenase (LDH) release (Figure 4. 2A). Organized fibrillar structures induced lower to no membrane damage (Figure 4. 2B). Increased globular structures resulted in higher membrane damage analyzed by propidium iodide (PI) staining (Figure 4. 2C). Treating the cells with fibrillar structures showed no effect on cell morphology (Figure 4. 2D). However, as the globular structures increased, cells rounded up and lost membrane integrity and protrusions, which are the morphological hallmarks for ICD225 as opposed to apoptosis (non-ICD). These results showed that the cytotoxicity is dependent on both aggregation kinetics and time. 

[image: A picture containing calendar

Description automatically generated]
[bookmark: _Ref115635626][bookmark: _Toc121134660]Figure 4. 2 Cell membrane damage can be modulated through control of [II] peptide aggregation. LDH release of cells treated with 0.5 mM [II] peptide prepared in indicated albumin %w/v for 3, 6 and 24h (A). Schematic illustrating the effect of fibrillar networks and globular structures on the membrane damage (B). Propidium iodide staining of cells treated with 0.5 mM [II] peptide prepared in indicated albumin %w/v for 3, 6 and 24h, the scale bar is 50 mm (C). SEM images of the cells (top row) and magnified images (bottom row) treated with 0.5mM peptide prepared in indicated albumin %w/v for 6h (D). The scale bars are 20 m and 5 m. (%w/v indicates weight/volume)
4.2.3 [bookmark: _Toc121134651]DAMP Release with Peptide Aggregation

The stage of cell death and the composition of DAMPs ultimately alter the immunogenicity of dying cells.226 Blocking or silencing of individual DAMPs partially reduce the immunogenic effects but not completely,227 suggesting synergistic effects of released DAMPs. To understand if the controlled membrane damage is effecting the amplitude of ICD and DAMP release, we studied  four different conditions involving the highest globular aggregates to the highest fibrillar network and prepared 0.5mM [II] peptide in 0.2 w/v% (highest globular structures), 0.1 w/v%, 0.05 w/v%, and 0.02 w/v% (highest fibrillar structures) albumin and analyzed the release of HMGB-1, HSP90, extracellular ATP and dsDNA at different time points. Faster cell death was induced by  0.5mM [II] peptide in 0.2 w/v%, which showed the highest globular structures, induced the highest levels of HMGB-1, HSP90, and dsDNA release at 3 and 6h (Figure 4. 3). DAMPs could be detected at later time points for cells treated with [II] peptide prepared in 0.1% and 0.05% albumin due to slower cell death. The DAMP release heat map for the conditions we studied showed the present of all DAMPs at 3h in the supernatant of the cells treated with [II] peptide in 0.2 w/v% albumin, while other conditions had one or two DAMPs. Release of HMGB-1, HSP90, and dsDNA increased overtime at 6h (Figure 4. 3A, B, D). However, ATP is rapidly degraded as the cell death continues (Figure 4. 3C). Therefore, at 6h, the condition which had all the DAMPs in the supernatant was [II] peptide in 0.05 w/v% albumin.  These data shows the importance of controlling aggregation for time-dependent modulation of DAMP release.
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[bookmark: _Ref115635899][bookmark: _Toc121134661]Figure 4. 3 DAMP release can be modulated through control of [II] peptide aggregation. Cells were treated with 0.5mM [II] peptide in indicated albumin w/v% for 1.5, 3 and 6h. Western blot images of HMGB-1 release (A) and HSP90 release (B) at 3 and 6h. Extracellular ATP (C) and dsDNA release (D) release at 1.5, 3 and 6h. Heat map of DAMP release at 3 and 6h (E).
4.2.4 [bookmark: _Toc121134652]The Change of Peptide Aggregation Kinetics Affects the Antibody Levels in Vaccine Applications

To analyze whether control over aggregation would lead to modulation of adaptive immunity, we analyzed the level of antigen-specific antibody production against model antigen OVA by varying [II] peptide aggregation. Higher globular structures led to higher antibody production due to inducing higher local DAMP release. We used [II] prepared in 0.2 w/v%, 0.02 w/v% and 0 w/v% mouse serum albumin (MSA). Given that the aggregation changes with the presence of albumin, we tested whether the addition of OVA into the peptide mixture alters the aggregation kinetics and viability of the cells. 10 ug of OVA (the amount used in vaccination) did not alter the fluorescent intensity of ThT measurement, indicating that OVA addition does not alter the aggregation process after reaching equilibrium (Figure 4. 4A). Moreover, addition of OVA did not alter the cytotoxicity (Figure 4. 4B). These results confirmed that OVA addition did not alter the kinetics of aggregation and cytotoxicity.
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[bookmark: _Ref115995852][bookmark: _Toc121134662]Figure 4. 4 OVA addition does not change aggregation and cell membrane damage. 10g of OVA was added into the [II] peptide mixture prepared in indicated albumin w/v% and ThT measurement was carried out (A). Viability measurement at 6h with 0.5mM [II] peptide prepared in indicated albumin w/v% with and without the addition of 10 g OVA. Statistical analysis was done by one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test, data are mean ± SD, ns, not significant.
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[bookmark: _Ref115995902][bookmark: _Toc121134663]Figure 4. 5 Experimental planning of vaccination and antibody responses. Injection groups were control (only PBS), only OVA and 0.5mM [II] prepared in 0 w/v%, 0.02 w/v% and 0.2 w/v% MSA. Booster vaccinations were carried out at week 4 and 8, identical to first vaccination. Serum was collected to analyze antibody levels at week 3, 4, 6 and 10. Statistical analysis was done by one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test, data are mean ± SD, **** p<0.0001, *** p<0.001, ** p<0.01.
Then, we vaccinated mice (n=5) and used only OVA and only PBS condition as vaccination controls. Vaccinations were identical and were carried out at t=0, week 4 and week 8. Serum was collected to analyze the OVA-specific antibody formation at week 3, 4, 6 and 10 (Figure 4. 5A). Weight loss is an important safety criterion for vaccines228; therefore, we tracked the weight of the mice throughout the study and found no differences (Figure 4. 5B), indicating the safety of the vaccine. We found significantly increased IgG and IgG1 antibody levels when vaccination formulation had higher globular structures ([II] in 0.2 w/v% MSA) (Figure 4. 5C, D). [II] in 0 w/v% and 0.02 w/v% resulted in similar antibody levels as OVA control group, potentially due to very high fibrillar structures and not enough globular structures to induce local DAMP release. These results show that [II] is a safe vaccine adjuvant tool that can be modulated to increase antigen-specific antibody levels.
4.2.5 [bookmark: _Toc121134653]Controlled Peptide Aggregation for Controlling the Cellular Immunity

Inducing protective immunity using dying cells through ICD and DAMP release is vital for prophylactic vaccination strategies, However, immunogenicity of dying cells change depending on the stage of cell death.226 We used different aggregation profiles to induce different cell death using EMT6 breast cancer cells and developed a prophylactic vaccine. ICD and DAMP release was induced with 0.5 mM [II] in either 0.2 w/v% or 2 w/v% albumin for 1.5 and 3h, respectively. Prior to vaccination cell death was confirmed with propidium iodide (Figure 4. 6A), and intracellular ATP measurement (Figure 4. 6B). Dying cells and released DAMPs were injected subcutaneously and mice were challenged with live EMT6 cells 7 days later (Figure 4. 6C). Tumor formation on both the vaccination and challenge site were monitored and tumor-free mice were plotted as a survival graph (Figure 4. 6D). Dying cells in both conditions prolonged the tumor formation time and resulted in 40% ([II] in 0.2% albumin) and 20% ([II] in 2% albumin) complete protection against challenge. At the time of vaccination cell death profiles were similar in both groups, however, differed in protection. These results showed that modulating aggregation to control cell death alters the immunogenicity cells.
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[bookmark: _Ref115995967][bookmark: _Toc121134664]Figure 4. 6 Peptide aggregation induced cell death stages effect immunogenicity. Experimental design involving the treatment of EMT6 cells for 1.5 and 3h with 0.5 mM [II] peptide prepared in 0.02 w/v%, 0.2 w/v% and 2 w/v% albumin. Propidium iodide uptake (A) and ATP analysis (B) of dying cells prior to injection. Experimental design for prophylactic vaccination (C). Tumor-free mice survival graph (D). Statistical analysis was done by one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test, data are mean ± SD, **** p<0.0001, ** p<0.01, * p<0.1.

4.3 [bookmark: _Toc121134654]CONCLUSIONS

Interest in peptide-based materials has flourished in health, energy, materials science, and national security.116 By advancing the discovery of peptide domains with unique intermolecular interactions, the design of peptides with desired properties in appropriate conditions can be achievable. Inspired by the mechanism of natural membrane rupturing proteins that aggregate and induce ICD and DAMP release, we showed the controllability of DAMP release through modulating [II] peptide aggregation. Using albumin, we showed different aggregation profiles of [II] peptides like fibrillar, globular aggregates, or a mixture of fibrillar and globular aggregates. We found that fibrillar structures do not interact with the cell membrane and therefore are not cytotoxic; however, globular structures localize on the cell membrane leading to ICD and DAMP release. This platform was utilized as a controllable adjuvant and showed differential production of antigen-specific antibodies also applied for prophylactic vaccination. 
4.4 [bookmark: _Toc121134655]MATERIALS AND METHODS

Assembly and Aggregation Kinetics. Thioﬂavin T (ThT) was used to understand the fibrillization of [II] in the presence and absence of albumin (bovine serum albumin, Sigma-Aldrich). Different albumin concentration indicated based on weight/volume (%w/v) and without albumin (in 1x PBS) was indicated as %0. At first, fresh albumin (20 mg/mL, 2% w/v) was dissolved in 1x PBS and diluted into 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.002 w/v % in 1x PBS. For kinetic modeling analysis, 0.1 and 0.2 µM of albumin was used. Both KFFIIK and EFFIIE peptides were purchased from Biomatik Corporation (Canada) with higher than 95% purity. Stock peptides (10 mM in water) were diluted (0.5 mM, 0.35mM, 0.25 mM and 0.2 mM) in diﬀerent albumin concentrations, individually. Each peptide counterparts were dissolved in different albumin concentrations in separate tubes. ThT was prepared as 400 µM ThT in PBS, and 5 µL was added to 195 µL of 0.5 mM KFFIIK and EFFIIE (either in diﬀerent albumin concentrations or in 1x PBS), individually. Each tube were sonicated at room temperature for 10 sec before mixing. Then, each peptide in the same albumin concentration was mixed and read with BioTek Neo2SM microplate reader for 2h with 5 min intervals (Ex: 440, Em:480 with gain:90). Results were plotted by using GraphPad Prism 9.0 and initial fluorescence measurements of each group were subtracted from the rest of intensity in the same group. 
Cell Culture. HEK293T and EMT-6 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Sigma, D6429), supplemented with 10\% FBS (Hyclone SH30910.03) and 1% antibiotics; penicillin (100 U/mL), and streptomycin (100 g/mL) (Thermo Fisher 15240062) according to the manufacturer’s instructions. Cells were cultured in humidified incubator at 37ºC supplied with 5% CO2. T75 flask (TPP 90076) were used for culturing and cells were passaged upon 85% confluency by using trypsin (Sigma 59418C). Media was changed every 2 days. 
Peptide preparation for in vitro and in vivo experiments. For in vitro analyses, individual counterparts of [II] peptide (EFFIIE and KFFIIK) were separately prepared in RPMI medium different albumin concentrations and mixed for 30 min prior to cell culture experiments. For in vivo analyses, individual counterparts of [II] peptide were separately prepared in 1X PBS containing either 0.2%, 0.02% or 0% mouse serum albumin (Innovative Research IMSALB100MG) and mixed for 30 min and OVA was introduced to the vaccine before injection. 
Cell Titer Glo2.0 Viability. Cells were seeded onto 96 well plates and left for O/N attachment. Next day, media was removed, and treatments were carried out. Viability was measured with Cell Titer Glo 2.0 solution (Promega G9248). Luminescent signal was measured in accordance with the manufacturer’s instructions. Measurements were carried out with BioTek Neo2SM microplate reader and relative viability was calculated by using untreated control group. 
LDH Release. LDH release was measured with Cytoscan-LDH Cytotoxicity Assay (Cat# 786-210). Briefly, collected supernatants were mixed with reaction mixture and incubated for 20 min at 37ºC Reaction was stopped with stop solution and absorbance was measured at 490nm and 680nm. Triton-X treatment is used as a 100 % LDH release control. 680 nm absorbance is used as the background signal and values were subtracted from 490nm absorbance values. Relative LDH release was quantified based on the positive control for LDH release (maximum LDH release through Triton-X treatment).
SEM imaging. SEM imaging was conducted by Zeiss Neon 40EsB with 2 kV at Samuel Roberts Noble Microscopy Laboratory, University of Oklahoma. Briefly, specimens treated with 0.02, 0.2, 0.5, 1% albumin with [II] and only [II] were fixed with 2% gluteraldehyde in PBS (1x pH: 7.4) and left for 6h. Then, specimens were washed with PBS for 10 minutes three times. Then, secondary fixation was performed with 1% osmium tetroxide in PBS and left at 4ºC for 1 h. After fixation, specimens were immersed three times in MilliQ water to remove all fixative solutions and PBS buffer. Washing was followed by dehydration, which performed for 10 minutes each in 25, 50, 70, 85, 95 and 100% ethanol to remove water. After dehydration, specimens were exposed to critical point dry, mounted onto SEM stubs and coated with 5 nm of AuPd. 
PI Staining. Propidium iodide (Thermo Fisher Scientific V13242) was used to stain the cells after treatment. Briefly, PI was added onto each well and images were captured with Keyence BZ-X710 microscope at indicated time points.
Supernatant proteins. Acetone precipitation was used to isolate supernatant proteins. Supernatants were added ice-cold acetone (4:1, v:v), incubated at -20ºC for 1h and centrifuged for 10 min at 10,000 g. RIPA buffer supplemented with protease and phosphatase inhibitor cocktail was used to resuspend the proteins. Protein concentrations were determined through BCA protein assay kit (Thermo Fisher Scientific 23225) by measuring the absorbance at 562 nm in accordance with the manufacturer’s instructions. 
Immunoblotting, Reagents.  Acrylamide/Bis-acrylamide, 30% solution (Sigma A3699), 1.5 M Tris-HCl, pH 8.8 (Teknova T1588), Tris HCl Buffer 0.5 M solution, sterile pH 6.8 (Bio Basic SD8122), Ammonium persulfate (Sigma A3678), UltraPure 10% SDS (Invitrogen 15553-027), TEMED (Thermo Fisher Scientific 17919), Dithiothreitol (DTT) (BIO-RAD 1610610) Tris Base (Fisher Bioreagents BP152), Glycine (Fisher Bioreagents BP381), 4x Laemmli sample buffer (BIO-RAD 1610747), TWEEN 20 (Sigma P9416), Mini Trans-Blot filter paper (BIO-RAD 1703932), Nitrocellulose Membranes 0.45 µm (BIO-RAD 1620115), EveryBlot Blocking Buffer (BIO-RAD 12010020), Clarity Western ECL Substrate (BIO-RAD 170-5060).
Procedure. Samples were prepared in Laemmli buffer and boiled for 8 min at 96 ºC. Then, proteins were separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (8.5% and 15%) and transferred to nitrocellulose membranes. After transfer, the membranes were blocked EverBlot Blocking Buffer and washed with Tris Buffered Saline with 0.1% Tween 20 (TBST). Blots were incubated with Direct-Blot™ HRP anti-HMGB1 Antibody (Biolegend 651411) or HSP90 overnight.  Next day, the blots were washed with TBST and ECL substrate was added on top of the membranes to detect chemiluminescence signal by Azure c600 Imaging Biosystems. HRP conjugated secondary goat-mouse antibody was used for nob-HRP conjugated primary HSP90 antibody.
Extracellular ATP release. Cell Titer Glo 2.0 solution (Promega G9248) was used to detect extracellular ATP levels. Briefly, supernatants were taken after each treatment and mixed with (1:1 v:v) with Cell Titer Glo 2.0 solution. Luminescent signal was measured in accordance with the manufacturer’s instructions. Measurements were carried out with BioTek Neo2SM microplate reader.
Extracellular dsDNA release. AccuGreen™ High Sensitivity dsDNA Quantitation Kit (31066-T) was used to detect dsDNA from supernatants. Briefly, supernatants were taken after indicated treatment and time points and dsDNA release was measured in accordance with the manufacturer’s instructions. Standard curve was generated and used to quantify the released dsDNA amounts.
Ethics. This study was carried out in accordance with the recommendations of Guide for the Care and Use of Laboratory Animals from National Institute of Health. Animal procedures were approved by the OU Health Sciences Center (OUHSC) Institutional Animal Care and Use Committee (protocol number R19-017A).
Immunization and Sera Collection. Model antigen Ovalbumin (OVA) (InvivoGen vac-pova) was used for immunization studies. C57BL/6 mice (n=5) were immunized subcutaneously with PBS, only OVA, 0.5 mM [II] in 0% MSA, 0.5 mM [II] in 0.02% MSA and 0.5 mM [II] in 0.2% MSA. Total of three vaccinations were carried out on t=0, week 4 and week 8. Peptides are mixed for 30 min as explained in the manuscript and mixed with OVA at room temperature to formulate the vaccines before immunizations. Blood was collected on weeks; 3, 4, 6 and 10 through submandibular vein for antibody analyses.
Prophylactic Vaccination. BALB/c mice (n=5) were vaccinated subcutaneously with PBS, 100.000 EMT6 cells treated with 0.5 mM [II] peptide in 2% MSA for 1.5h or 100.000 EMT6 cells treated with 0.5 mM [II] peptide in 0.2% MSA for 3h. 7 days later all mice were challenged with 50.000 EMT6 cells at the contralateral site subcutaneously. Formation of palpable tumor on both vaccination site and challenge site were recorded and presented as a survival graph indicating tumor-free mice.   
[bookmark: OLE_LINK1]Enzyme Linked Immunosorbent Assay. Enzyme-linked immunosorbent assay (ELISA) Nunc MaxiSorp™ flat-bottom plates (Invitrogen 44-2404-21) were coated with 10 µg/mL with OVA phosphate coating buffer (0.1 M Na2HPO4 in deionized water, pH 9.0) overnight at 4ºC. Next day, coated plates were blocked with 1% BSA in phosphate buffered saline-Tween (1X PBS, 0.05% Tween (PBS-T)) for 2h at room temperature. Then plates were washed 4x (200 µL for each wash) with PBS-T and incubated overnight at 4ºC with serially diluted sera collected from mice in PBS-T. Next day, wells were washed 4x with PBS-T (200 µL for each wash) and incubated for 1h at room temperature either with HRP-IgG (SouthernBiotech 1030-05) (1:4000) or HRP-IgG1 (SouthernBiotech 1070-05) (1:4000). Then, wells were washed 4x with PBS-T and developed with Component Microwell Peroxidase Substrate Kit (SeraCare 5120-0043) substrate for 5 min at room temperature. Lastly, reaction was stopped with 10% SDS solution. Absorbance was measured at 405 nm to determine endpoint antibody titers.

[bookmark: _Toc121134656]CHAPTER 5. CONCLUSIONS AND FUTURE PERSPECTIVES
The structural organization and functional capabilities of natural materials have led to numerous technological and scientific developments. Creating materials that can address enduring problems in biomedical engineering involves adapting engineering concepts found in biological models, which is the focus of the field known as "biomaterials." Proteins are the basic building blocks of all living things. Combinational peptide intermolecular interactions direct protein structures, affecting proteins' functionality. The complexity of protein intermolecular interactions can be overcome using synthetic engineering techniques for peptides, which also offer scalable technological solutions.
Minimalistic supramolecular peptide co-assembly is paving the way to offer a convenient replacement for challenging, uncontrollable, and expensive synthesis. By taking inspiration from a natural protein, Ab, we engineered peptide building blocks with multiple functions to enhance the chemical diversity and structural diversity. Co-assembly of oppositely charged peptide (CoOP) platform provides to study of intermolecular interactions in a simplistic way. CoOP consists of two oppositely charged hexapeptides, diphenylalanine (FF) at the core, and replacement units of amino acids (XX) that can be changed to understand the role of hydrophobic interactions. In the first part of this thesis, we explained the roles of electrostatic interactions between Lys (K) and Glu (E) in initiating the assembly of peptides, and a hydrophobic portion at the core contributed to the secondary structure organization. Among the CoOPs we studied, peptides consisting of diisoleucine (KFFIIK+EFFIIE, [II]) showed the highest level of organization. In the second part of the thesis, other aliphatic amino acids (V, L) were included to study hydrophobic interactions. It was found that peptide aggregation followed the trend of hydrophobicity, where [II] was the highest, [LL] and [VV] were the second and third, respectively. All CoOPs were tested in vitro and found that [II] resulted in membrane damage due to the highest hydrophobicity index and having structural and physical similarities with the core motif of Ab16-22 (KLVFFAE). Membrane damage of [II] was tested by changing the aggregation of albumin. Membrane accumulation was enhanced when [II] showed globular aggregates, whereas fibrillar formation did not interact with the membrane. These findings were correlated with the oligomer toxicity hypothesis driven from Ab. Controllable membrane damage of [II] leads to DAMP release, which was further used with two different vaccination applications.
This thesis provides a detailed account of the ability of CoOPs to form tunable assemblies by self-organization. The formation of nanostructures with unique physical and biological properties demonstrates the utility of CoOPs in the design of peptide structures. In the future, this unique design can be further modulated for tissue engineering and therapeutic delivery applications by changing the intermolecular interactions, such as hydrophobicity. 
In chapter 2, we showed the modulation of aggregation kinetics by using different hydrophobic amino acids. The next steps may involve integrating non-canonical (unnatural) amino acids and combine with a bioactive epitope for tissue engineering applications. With the CoOP strategy, tissue scaffolds can be formulated by integrating biologically active epitopes such as RGD, IKVAV, and YIGSR. Furthermore, the mechanical properties of the peptide hydrogel can be tuned by changing the hydrophobicity, which is useful in creating scaffolds for engineering different tissues such as bone, cartilage, cardiac, muscle, skin, and neural. A similar strategy could also be applied to therapeutic delivery applications. The release kinetics can be tuned by changing mesh size, affected by hydrogel assembly. Because of the variety of therapeutic windows of drugs, combining both mathematical and computational models to predict release from hydrogel networks would be significant in controlling the release of therapeutics and such technology would be an important contribution to clinical applications. Release kinetic models could also be applied to enhance the application area of the prophylactic vaccine development. We already showed aggregation-dependent immunological cell death by using albumin. Cells that are under stress because of the triggered immunogenic cell death and secreted DAMPs can be encapsulated in different peptide gels having different release kinetics. These engineered CoOP based peptide gels can facilitate the slow release of DAMPs in a localized area. Creating a local inflammatory niche coupled with the sustained DAMP release will enhance the magnitude and protective capacity of anticancer vaccines.
Furthermore, control over the CoOP strategy via enzymatic reaction is a promising approach. Using enzymes as an external stimulus for co-assembly, peptide units can be converted into cytotoxic assembly in/on the targeted cancer cells. For example, Matrix metalloproteinases (MMPs) degrade a range of extracellular matrix proteins allowing cancer cells to migrate and invade.229 Inserting MMP cleavable domain in [II] offers that the active form of peptide that will not be exposed to other parts of metabolically active tissues and avoid damage to healthy tissues. Indeed, enzyme-specific co-assembly allows the modification of peptides for different cancer types by changing enzyme-specific domains. 
In summary, this thesis serves as the basis for a novel approach to developing peptide-based tools for a range of biomedical applications. The framework that is created and examined in this thesis is simple enough to combine computational and mathematical methods in the design, as well as being modular and adaptable. The method we presented in this thesis will be a significant step forward in the design and development of peptide-based materials, especially in light of recent developments in machine learning and artificial intelligence.
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