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1. Aim of studies and motivation 

Tissue engineering (TE) combines engineering, materials methods, and life science to create 

bioartificial substituents like cells, tissue, and organs. It can be used to repair and improve human body 

functions. TE helps to overcome the current drawback of organ transplantation, like finding an 

appropriate donor and immunosuppressive therapy. Research communities have proposed and 

developed different reliable tissue engineering models, including combinations of living cells with 

extracellular matrix (ECM), supporting the development of cells structurally, mechanically, and 

functionally into tissue by adding regulatory signals.[1] ECM is natural, synthetic macromolecule 

material specifically organized into a network-like structure.[2] The nanoscale ECM manipulation 

changes cell’s growth, functional and mechanical properties. The biggest challenge in regenerative 

medicine is finding and developing an artificial mimicking.[3]  

Structurally highly organized materials like self-assembled peptides (SAPs) and nanomaterials 

(NMs) on a macroscopic scale can simulate a natural ECM.[4] Self-assembling peptides and peptide 

conjugates have high potential capability due to their biocompatibility, morphology, biodegradability, 

and bio-functionality. Understanding and controlling the peptide self-assembly process may create more 

functional nanostructures.[5] The properties of SAPs can be controlled and scaled by temperature, pH, 

concentration, and nature of ions in the solution.[4] A significant challenge is to control the creation of 

large, homogeneous arrays of structures on macroscopic surfaces. 

A self-assembling amyloid-like peptides with well-structured nanoscale organization has been used 

as an artificial extracellular matrix on a defined substrate for the cell culture.[7] Amyloid-like β-sheet 

forming peptides are a particular group of peptides with alternative hydrophilic and hydrophobic amino 

acids arranged into highly ordered fibrils with a typical cross β-sheet structure. The physical properties 

of amyloid peptides, such as long-term stability in physiological environments, mechanical stiffness, 

and strong adhesion to various substrates, make them stand out.[8] 

The conventional self-assembly techniques can only create comparatively inhomogeneous 

topography of such a fibrillar structure on a small substrate area.[9] Meniscus guided coating (MGC) 

techniques are used in the organic semiconductor field to create controlled morphology and high 

crystalline thin films on a large substrate from the solution.[10] By controlling parameters such as 

solution concentration, solution and substrate temperature, and deposition speed, various surface 

morphologies: aligned crystals or fibers, dendritic or polycrystalline film can be created. Nowadays, 

MGC can be theoretically modelled and used to predict surface morphology for different experimental 

approaches.[78] It is considered that such advancement in experimental data collection predicated by 

theoretical modeling extends a new window for MGC techniques for its application in broad areas where 

well-defined and controlled surface morphologies are required, for example, tissue engineering. 
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The surface morphology affects the growth and function of the cell, and it can be tuned by creating 

a well-aligned homogenous fibrillar structure on the substrate. The deposition of nanostructures using 

MGC techniques can create a well-aligned homogenous structure on a large substrate area as a cell 

adhesive scaffold. This scaffold can be further used for efficient cell culture and bio-device fabrication. 

This project aims to deposit peptide nanofibrils on a defined substrate for the cell assays using MGC 

techniques. The controlled deposition of the peptide fibrils in a defined substrate could be used for cell 

assays like neurons. It allows the fabrication of electronic devices that monitor cell-cell communication 

concerning the cell surface morphology, controlled by the deposition parameters. In addition, this work 

is mainly focused on finding information on: 

 

• Understanding the peptide self-assembly process on a defined substrate 

 

• Controlling the peptide alignment on the substrate by MGC techniques 

 

• Defining processing parameters influencing the peptides morphology 

 

• Creating a well-aligned peptide scaffold for efficient cell culturing 
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2. Introduction 

This section discusses the underlying fundamental principles behind this research work. A brief 

introduction to tissue engineering is first presented, followed by the mimicking extracellular matrix 

[ECM] that is critical bottleneck in cell culturing process. Afterward, materials and characterization 

techniques used for this work are discussed in-depth, including preparation and characterization of: i) 

substrate, ii) peptides ECM matrix and iii) active cell films. In the last section, the meniscus guided 

coating method is presented as new technique to control peptides micro-and macro- scaffold structure. 

 

2.1. Principle of Tissue Engineering (TE) 

 
 
 

                
                                       Figure 1: Steps involved in the tissue engineering [12] 

 
 

Tissue engineering (TE) aims to restore, repair, and improve tissue and organ function by 

employing biological and engineering strategies for clinical problems.[11] The failure of tissues and 

organs is a serious and expensive healthcare problem as the availability of donors limits their 

replacements. Protheses and mechanical devices aid millions of people; however, these manufactured 

products are not an ideal solution due to poor long-term performance. This kind of artificial material 

rarely integrates with the host health system and can initiate a host immune response that may create 

health problems around the implant. For this reason, this strategy may fail to replace all the original 

tissue or organ functions. It can cause issues such as the growth of malignant tumors and surgical 
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complications in the recipient’s body part.[12] Thus, tissue engineering has evolved as an alternative 

solution for tissue or organ transplantation by combining engineering, biology, materials science, and 

chemistry.  

The tissue engineering application strategy is to restore, maintain, and improve tissue function, 

aiming to complete tissue or organ regeneration. The steps involved in tissue engineering are graphically 

explained in Figure 1.[12] The first step is the isolation of primary cells from the patient. They are further 

multiplied and cultivated into large numbers with the help of different growth factors and stimulators in 

the cell reactor. Then the cells are fed into the ECM and start to grow as a tissue. Finally, the tissue is 

implanted in the human body. The tissue-engineering process concern multiple components, including 

cells, a physical template (scaffold) or extracellular matrix (ECM), and a combination of biological cues 

that helps for the regeneration and integration of cells into tissue. 

The ECM plays a crucial role in the tissue engineering processes working firstly as structural and 

stability support for the cells. It acts as a biochemical interface between cell and surface for cell 

proliferation.[15] Secondly, it allows in vitro cell studies by creating in vivo cell microenvironments. So, 

investigators conducted significant ECM research to study different tissue culture model's biochemical 

and mechanical aspects. Till now several tissue-culture procedures have been proposed in order to study 

cell behaviour on various scaffolds. These models explore the interplay between the ECM biochemical 

and biophysical properties, learning the mechanism of cellular behaviours controlled by ECM, and it 

helps to develop ECM mimics for biomedical applications. As synthetic polymers, polyethylene glycol 

(PEG), polycaprolactone (PCL), poly lactic acid (PLA), and poly glutamic acid (PGA) are used as 

scaffolds for cell seeding. However, the main drawback of using synthetic polymers as structure blocks 

for ECM mimics is their incapability to deliver the biochemical signals required to “transmit” into the 

cell. Synthetic polymers can exist functionalized to crush this limitation by adding signalling 

biomolecules, such as peptides, growth factors, and glycans. 

In respect to synthetic polymer, natural materials like proteins and polysaccharides, such as 

collagen, gelatine, fibronectin (FN), hyaluronic acid (HA), poly sialic acid (PSA), and self-assembling 

peptides can be successfully used as a scaffold for cell culture application without any additives.[14] 
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2.2. Self-assembling peptides 

 
 
 

 
                                  

Figure 2: Possible self-assembled structures of peptides [5] 

 
The self-assembly process, which can be described as spontaneous organization of molecules into 

defined structure is well known in the nature. One of the most interesting examples are protein folding, 

DNA double-helix construction, and the building of cell membranes. The organization processes happen 

under thermodynamic and kinetic requirements resulting from specific and local molecular interchanges 

controlled by chemical structure of single biomolecules. Hydrogen bonding, hydrophobic and 

electrostatic exchanges, and van der Waals energies are responsible to keep molecules at a stable, low-

energy state. Self-association to create hierarchical networks at both the nano- and microscales happens 

to accomplish these energy minima.[19] The above-mentioned intramolecular interactions initiate 

organization of single molecules  into larger self-assembled structures like spherical, worm-like, or disk-

micelles shaped assemblies or lamellar, nanotube-like structures shown in Figure 2.[5]  

 

Self-assembled peptides are made from raw biomolecular building components such as 20 

natural L-amino acids.[22] Amino acids are the building units of peptides with different physico-

chemical properties due to differences in charge, hydrophobicity, size, and polarity. By changing the 

number, type, and sequence of amino acids, self-assembling peptides can be designed with features.[24] 

Based on the building blocks, peptides can be classified in different groups such as dipeptides, 
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surfactant-like peptides, peptide amphiphiles with an alkyl group, bolaamphiphilic peptides, cyclic 

peptides, ionic-complementary self-assembling peptides (Table 1).[85] 

 

 
Table 1: Different type of self-assembled peptides [85] 

Individual polypeptide chains control the supramolecular structures of self-assembling peptides 

in the solution. Distinct secondary structures influence the peptide self-assembly process. So, it is 

essential to understand different secondary structures formation and how these can influence the self-

assembly process. There are mainly three types of secondary structures that exist in protein folding (α-

helix, random coils, β-sheet). In α-helix, amino acids have a preference to form hydrogen bonds between 

the oxygen of the carbonyl group and the hydrogen of every third amide group, which provide 

stabilization to the peptide backbone. The random coils are very common in nature. It consists of two or 
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more α-helices entangled with each other in a manner that the hydrophobic components are excluded 

from the aqueous domain. Finally, in β-sheet structures, the hydrogen bonding groups point orthogonally 

to the direction of the peptide chain and connected laterally through hydrogen bonding.[86] Depending 

on processing parameters peptides can form specific secondary structures, giving a unique platform for 

creating nanomaterials with controllable structural features. For example, the self-assembling of PEP-1 

peptide can result in six different aggregate morphologies and creates up to four different secondary 

structures in a controlled way depending on pH, concentration, and temperature (Figure 3).[29] 

 
               Figure 3: PEP-1 self-assembly dependency of pH, Temperature, concentration [29] 

 

 

Self-assembling peptides remain the most attractive soft biomaterial for ECM option for several reasons: 

• Peptides are easy to synthesize using solid-phase methods and purify with standard high-

performance liquid chromatography (HPLC) methodology, which allows for sequence-specific 

modifications at the molecular level.[20,26] 

• Additional peptide functionalization can efficiently be achieved by introducing combinations 

such as photo responsive or fluorescent components to the peptide structure.[21] 

• Small size peptides can be developed to self-assemble by engineering molecular segments to 

construct supramolecular nanostructures.[21] 

• Natural self-assembly motifs such as α-helices, β-sheets, and coils can be used to steer the self-

assembly procedure.[23] 

• In regenerative medicine peptidic scaffolds are the most attractive biomaterials since their 

“signalling language” in the extracellular matrix (ECM) is mediated via peptide epitopes.[25]  
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2.3. β-Sheet peptides with alternating hydrophobic and hydrophilic amino acids 

The β sheet structure is constructed by the hydrogen bonds between the amino acids in different 

peptide strands. Peptides that create β-sheets and self-assemble into supramolecular structures are 

usually about 16–20 amino acids long with alternating patterns of hydrophobic and polar amino acids. 

The alignment of strands in β-sheets can be parallel or antiparallel, which results in different hydrogen 

bonding patterns for these two forms. Computational data showed that antiparallel β-sheets, because of 

the well-aligned hydrogen bonds, are energetically more preferred than parallel forms. Commonly β-

sheet forming peptides form indefinite assemblies, like peptide fibers with hundreds of nanometers to a 

few micrometers in length. These long peptide fibrils can act as a strong medium for cell adhesion and 

proliferation in a particular direction, especially in neuron cells.[30, 86] These long fibrils are created 

by SAPs with high cross β-sheet structures, featuring mechanical stiffness, intrinsic bioactivity, and 

strong adhesion to various substrates, and it improves the cell adhesion property.[84] 

Alkylated peptide amphiphiles consisting of hydrophobic and hydrophilic negatively charged 

remains (V and E) and an alkyl chain with 16 carbon chains (C16 H31 OVEVE) are self-assembled into 

flat 1D giant nanofibril structures.[31] Tapping-mode AFM imaging depicted in the figure 4 shows flat, 

belt-like morphology of the nanostructures created in an aqueous solution for two weeks. The researchers 

found that the alternating arrangement of amino acids directed to more effective chain packing within 

the peptide territory and the formation of the nanobelt morphology (Figure. 4).[32] 

 

         
Figure 4: (a) Chemical structure of nanofibrils assembled containing four amino acids and an alkyl tail. 

(b–d) AFM images of peptide nanofibrils at different scanning sizes [31] 
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The synthetic C3-symmetric conjugate trigonal (FKFE)2 holds a three-way junction conjugate 

consisting of three sheet-forming peptides FKFEFKFE. When these peptide components assemble into 

antiparallel sheets in water, incidental self-assembly of peptide networks are anticipated. The secondary 

structure formed in the solution was checked by Circular Dichroism (CD). In Figure 5-A, an octapeptide- 

GAGAGAGY CD spectrum shows a characteristic β-sheet peak at 215 nm that is directly indicating the 

formation of secondary β-sheet-like structures.[34] The CD spectrum of this FKFEFKFE peptide in 

aqueous HCl showed a negative peak at 219 nm and positive peak at 195 nm, suggesting the formation 

of β-sheet structures shown in Figure 5-B.[33]  

When rationally developing peptides to create either β-sheets or α-helices, sequence periodicity 

takes precedence over the preference of individual residues for a certain secondary structure. β-sheet 

conformations are preferred if sequences are composed of alternating polar and nonpolar residues. β-

sheet structure construction may well be a general feature of proteins and certainly polypeptides when 

placed under suitable conditions. The more controlled assembly needs the inclusion of elements to 

contain intractable aggregation and precipitation. 

 

  
Figure 5: (A)- CD spectrum of GAGAGAGY peptide (B)-CD spectrum of FKFEFKFE peptide [33, 34] 

 

2.3.1. Self-assemble (CKFKFQF) peptide  

 Peptide nanofibrils (PNFs) are capable of enhancing peripheral neuron/ cell regeneration without 

any supplementary bioactive peptides, growth factors, or hormones. Bioactive self-assembled fibers 

were recognized and made as a peptide library containing of short peptide sequences that were stabilized 

by intermolecular β-sheet structures. The generated fibril formation were studied, and qualitative fibril 

formation were determined via transmission electron microscopy and shown in table 2.  
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                                               Table 2: Characteristics of SAP library [37] 
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In the Table 2, the sign “+” represents the formation of the fibrils and “0” for the aggregates, and 

“−” represents no fibrils formation. The PNF form refers to peptide nanofibril formation, and the 

conversion rate (“Conver. rate”) is the number of SAPs forming PNFs.[37] As it is mentioned in the 

previous section, the formation of defined structures like β-sheets or α-helices is one of the major 

requirements for the creation of a cell scaffold in peptide nanofibrils. For this reason, various short 

peptide sequences that can exhibit robust fibril formation are intensively investigated.[35,36] The first 

sequence optimization of short peptides forming is based on single fibril analysis and quantitative 

infection data created a good library for the short peptides. 

One of the benchmark materials that shows high quantitative peptide-to-fibril conversion rates 

(CRs) is an amphiphilic peptide containing six amino acid sequences (KFKFQF). Additionally, the N-

terminal (C) is added to the chemical structure to improve fibril morphology by increasing the 

intermolecular β-sheet content, which also contributed to high bioactivity in short sequences. The 

structure-activity connection revealed an unbent correlation between the content of intermolecular β-

sheet structures of the PNFs. The (K)-segment was essential for binding both cells and PNFs surface 

structures by decreasing the electrostatic repulsion intensiveness between cells and fibrils, which is 

essential for bioactivity enhancement.[34] Seven monomer- CKFKFQF describes a minimum sequence 

connecting PNF formation with high CRs due to the high formation rate of cross-β-sheet structures; that 

interact with cellular membranes. CKFKFQF delivers more than 40% downsized sequence length 

compared to the large 12 monomer EF-C (QCKIKQIINMWQ) sequence enhancing optimized 

bioactivity with high efficiency outperforming the original EF-C sequence. CKFKFQF is less expensive 

to produce, it can be purified and produced without batch-to-batch variations, and it can be further 

introduced by reactive groups to make further chemical modifications and functionalization.[34]         

                    
Figure 6: Peptide sequence representation [37] 

In Figure 6, the amino acids in the short peptide are simplified into four basic features according 

to their hydrophobicity and charge, hydrophobic (H0), hydrophilic (P0), positively charged (P+), and 
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negatively charged (P−). This simplification drastically diminished the number of possible sequences 

while maintaining intact essential chemical features. The library of amino acid patterns comprises 3 to 

5 sequences. Further repetitions of these units provided an extensive library of polypeptide patterns. At 

1, 2, 4, and 5, the peptide positions were highly conserved in the patterns predicted for high neuron/cell 

activity, while the feature at position 3 has a higher variability. The patterns with high activity SAPs are 

recognized as the sequence H0P+H0P+H0, shown in Figure 6 with alternating hydrophobic and 

hydrophilic positively charged amino acids along the peptide chain. However, the CKFKFQF is one of 

the short peptides with alternating hydrophilic and hydrophobic amino acids. It has a total positive charge 

by peptide sequence notation in Figure 6. The CKFKFQF has high bioactivity with a high nanofibril 

conversion rate of 95% compared to other small short peptides (Table 2). It is the positively charged 

SAPs that are highly active and initiated to attach to the negatively charged cells.[37] So CKFKFQF can 

be used as an effective cell medium for the cell assays and further experiments. 

                                

2.4. Bioactive-self assembling peptide thin films for cell adhesion. 

 

 

 
  

                           Figure 7: Schematic work flow of cell-gradient creation [7] 

 

Two-dimensional self-assemblies are basic geometries that bridge the gap between low-

dimensional assemblies and three-dimensional structures because of the considerable impact on many 
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fundamental and applied biological and material sciences elements. The development of bioactive 

surfaces capable of mimicking in vivo conditions has immense importance to the future of cell and tissue 

therapy. Due to the complexities of manufacturing biomimetic three-dimensional substrates, the scaling 

up of engineered tissue-based therapies may be more straightforward if based on proven two-

dimensional cell culture systems.[38]  

A straightforward way to attach amyloid fibrils to the surface of a substrate is via a coating, which 

is nonspecific physical adsorption on a surface [39]. Different conventional coating techniques like drop-

casting and spray coating are explored for making a tissue scaffold. For example, the self-assembling β-

sheet forming peptide (RGD-CKFKFQF) with photosensitive nitrobenzyl linker was spray-coated on 

glass substrates, and UV-light generated macroscopic gradients over a centimeter-scale to modulate cell 

adhesion (Figure 7).[7] In another work, the self-assembling peptide amphiphiles (PAs) C16G3 RGD 

(RGD) and C16G3 RGD DS (RGDS) were successfully drop-cast and showed the control cell 

adhesion.[38] The coating techniques are cost-efficient and desirable method for cell culture. In addition, 

it is advantageous that coating methods can be performed in aqueous solutions.[39] The conventional 

coating also has limitations like non-homogeneity in the surface morphology, and it is hard to control 

the thickness and morphology of the thin film. 

 

 

2.5. Meniscus-guided coating (MGC) techniques  

              
                           Figure 8: Schematic representation of MGC techniques [43] 
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Meniscus-guided coating (MGC) is widely used cost-effective technique which allows to deposit 

organic semiconducting molecules on large area into ordered structure: fibers, crystals or polycrystalline 

domains. Several examples of MGC are presented in literature dip-coating [87], blade-coating [90], slot-

die coating [88], bar coating [90], solution shearing [46], hollow pen writing [43], zone casting 

[89](Figure 8). In these methods, when solution is supplied into gap between the coating head and the 

substrate, a meniscus in the liquid air interface is formed and it connects the coating head to the substrate 

due to capillary action. Then, the meniscus is moved across the substrate by the help of either the 

substrate or the coating instrument. After solvent evaporation, the solute is deposited as thin film. The 

solute can be a small molecule, polymeric, hybrid, colloidal or blend. The main advantage of MGC is 

the possibility to create continuous film with a long-range order of molecules on large area.[43] 

MGC techniques depend on external shearing forces (dip coating-gravity, zone casting-

mechanical movement). Nowadays, they have drawn notable attention due to the potential to deposit 

aligned morphologies and highly ordered molecular structures. Based on the relation between coating 

speed and film thickness, deposition process is classified into an evaporative, a Landau-Levich, and a 

mixed-regime which define the surface morphology (Figure 9).[44] The evaporative regime is defined 

by decreasing film deposition thickness (h) to increase coating speed (h ∝ ν-1 ). For the Landau-Levich 

regime, film deposition thickness increases with coating speed since high coating speed drags solution 

by viscous force. The transition region is called the mixed regime, and the minimum film thickness 

occurs in the mixed regime. The surface morphology of the deposited films highly depends on the 

solvent evaporation rate and coating speed. The proper proportion between coating speed and mass 

transport will contribute to a homogeneous and continuous film with morphology improving properties 

of deposited films, for example efficient charge carrier transport in organic semiconducting films.[45] 
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Figure 9: Deposition regimes of meniscus-guided coating characterized by differences in film 

thickness [44] 

 

One of the major parameters which influences film surface morphology is the fluid flow in a 

meniscus during meniscus-guided coating. For example, during the dip coating, the viscous force 

established by the substrate will induce Couette flow near the substrate (Figure 10.a). The flow 

streamlines finishing at the stagnation point describes the boundary between an “upward flow region,” 

which persists into the coating film, and a “recirculation region,” which stretches back to the bulk liquid. 

The position of the stagnation position (S*) can influence the thickness of the dip-coated film.[48] For 

solution shearing, the streamlines of different fluid flows is pictured in Figure 10.b. The fluid at the 

meniscus is determined by capillary flow, Marangoni flow, and Couette flow during the mass transport 

of molecules. It creates a concentration and temperature gradient at the meniscus for the film growth. 

This controlled mass transport and self-assembling properties of deposited molecules define the created 

2-dimensional structures. Additionally, parameter like solvent boiling point influences the solidification 

(fibrillation) speed, and it can determine the size and micro-organization of the deposited structure.[46] 

In such cases, the elevated substrate temperature is used to increase the solvent evaporation rate from 

meniscus and control temperature gradient across the air-liquid interface responsible for crystallization 

process. 
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Figure 10: Upward flow and recirculation flow regions during dip-coating [48]. (b)Summary of the 

flows, gradient, mechanical phenomena [47] 

 

In the conventional coating techniques like drop-casting and spray coating, controlling the 

morphology is a challenge for thin films in laboratory-scale processes. Under optimized states, MGC 

allows controlling the morphology of the dry film. The theoretical calculation can foretell dry-film 

morphologies produced by a meniscus-guided coating of small solute molecules. The model predicts 

how the coating velocity and evaporation rate influence on the domain size, shape anisotropy, and 

regularity. 

 

 

 
Figure 11: Numerically calculated dry-film morphologies as a function of coating speed [78] 
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Successive deposition of peptides in a particular direction was always a challenging task. Here 

the MGC solute peptide molecule can be deposited in a controlled manner. By controlling deposition 

parameters like casting speed, solution and substrate temperature the surface morphology of peptides 

structure can be obtained. Moreover, last work dedicated to MGC method shows that it is possible to 

predict the surface morphology by theoretical calculation. The proposed model [78] (Figure 11) predicts 

various surface morphologies which were further confirmed by experimental results.[91]  Films of 4-

tolyl-bithiophenyl-diketopyrrolopyrrole (DPP(Th2 Bn)2 in Figure 12 corresponds to the theoretical 

morphology showed in Figure 11.  A similar outcome was also reported for solution-sheared films of 

6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene.[93] 

Figure 12: POM images of zone-cast films of DPP(Th2Bn)2 in different velocities [78] 
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3. Fabrication and characterisation methods 

The current work deals with the fabrication of amyloid-like peptide thin films for cell culture. In 

addition, the morphological analysis of the thin film and influencing factors of the thin film formation 

is also to be studied. The specific fabrication and characterization techniques used for the film fabrication 

are discussed here in this chapter. The most important aspect of this work is the fabrication of peptide 

thin films, which is achieved with meniscus guided coating techniques mentioned in section 3.1. Section 

3.2 describes details of microscopic techniques such as Atomic Force Microscopy (AFM) technique, 

scanning electron microscope (SEM), and Fluorescence microscopy. Circular Dichroism (CD) and 

Dynamic light scattering (DLS) are discussed in sections 3.3 and 3.4, respectively. 

3.1. Meniscus-guided coating (MGC) techniques 

3.1.1. Zone casting 

                 

 
Figure 13: Schematic representation of Zone casting equipment [49] 

 

 

 Zone casting is one of the meniscus-guided coating techniques mainly used to fabricate organic 

semiconductor thin films. Here zone casting was used for the fabrication of biomolecule (peptide) 

scaffold for the cell culture. It is a simple and low-cost method to produce highly oriented large 

crystalline layers in the defined substrate. 

This zone casting setup (Figure 13) consists of a solution supply, nozzle, and moving substrate 

holder.[49] The substrates for deposition are positioned on a heatable platform driven at different speeds 

below a heated nozzle that supplies the peptide dissolved solution. The solute (polymers, blend, peptide) 

containing solution was loaded in a glass syringe and supplied through a small pipe to the top of the 

metallic nozzle and ran through it. The coating head with the width of the substrate at the base of the 

nozzle applies the solution over the whole substrate. The meniscus was created between the substrate 

and the cylinder of the nozzle, and the platform was moved at a constant speed forward, generating the 

aligned crystallization as the meniscus dragged over the substrate. The temperature of substrate and 
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solution and the casting speed and supply rate of solution have an essential role in the formation of the 

thin film. Similarly, the organic solvent, and solution concentration, influence the casting method.[50] 

An optimized film morphology with highly ordered domains requires intensive optimization procedures 

(Figure 14).[51] 

   

                 
Figure 14: Microscopic analysis (left image:  POM, right image:  AFM) of zone-cast C8-BTBT films 

obtained for the coating speeds [51] 

 

3.1.2. Dip coating. 

Dip coating is one of the meniscus guided coating methods used to make highly ordered 

crystalline arrays of colloidal particles. Here dip coating is used to create homogenous cell repellent 

thin-film agarose, which makes sure that the cell attachment is only happening on the peptides. The dip 

coating method is a process in which a clean, wettable substrate is vertically dipped into the suspension 

containing depositing particles and then withdrawn from the suspension at a slow speed. Dip Coating is 

a straightforward technique which is very easy to operate. It can give enough thickness coverage 

throughout the whole substrate. When a substrate is immersed into the particle suspension, a meniscus 

region is formed on the substrate due to wetting; evaporation of the water or any solvent from this 

meniscus makes a constant suspension flux which brings the particles into the region of meniscus. Then 

the wet film is dried and initiates capillary forces between the particles. After that these particles get 

well organized on the substrate.[52] The critical parameters that reflect on the thickness and morphology 

of the dip-coated films are speed, temperature, atmosphere, solvent and solution concentration.[53] The 

thickness does not always increase when the withdrawal speed increases. Thickness and speed 

dependency are explained in the Figure 15. Typical figure of thickness versus speed which shows the 3 

regimes of deposition in three different colors. The open rings correspond to experimental data for a 

typical mesoporous silica film. The purple and orange curves explain the temperature and concentration 

dependency during the dip coating.  
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                                 Figure 15: Thickness v/s speed dependency in dip coating [53] 

3.2. Microscopic techniques. 

3.2.1. Atomic force microscopy. 

The atomic force microscope (AFM) is one of the finest tools for fine surface and geometrical 

analysis. It is one of the commonly used scanning probe microscopy (SPM) techniques that images the 

surface using a surface moving probe point by point on the surface. Atomic Force Microscope (AFM) 

is one of the finest morphologies analysis tools that is used in nanotechnology.[54,55] In this project, 

AFM is used to analyze the topography and thickness of different layers of the thin film scaffolds. 

AFM can provide the highest resolution without any sample destruction. The system contains a 

scanning system, a probe, a probe motion sensor, a controller, a noise isolator, and a computer. The tip 

is located at the end of a cantilever 100 to 400 µm long which has a wide range of applications based on 

the functionalized tip. This tip curvature, commonly less than 10 nm with high force sensitivities 

(between 10-7 between 10-10 N), makes it possible to acquire the actual surface features and atomic 

resolutions. Advancements in piezoelectric transducers (PZT) enable SPMs to probe a surface with sub-

angstrom level. The tip scanning over the sample causes spatial deflections and oscillations of the 

cantilever. These deflections and oscillations are gathered and quantified by the optical system attached 

with a position-sensitive photodiode.[56] 
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                     Figure 16: Optical lever AFM with silicon microfabricated cantilever probe [55] 

 

The cantilever probe is driven by x, y, and z piezoelectric actuator(s), as shown in Figure 16.[55] 

The cantilevers used are most commonly microfabricated silicon with well-defined probe tip radii. In 

Figure 16, the tip is shown in contact with the sample, and as x-y scanning happens (line-scan or line-

raster), the optical lever acquires the z displacement. Care is needed to choose the cantilever spring 

constant and the vibrational frequency to suit the application being considered for the soft polymers and 

biomaterials. AFM is also possible to operate in a so-called non-contact or tapping mode in which a 

constant force condition is constantly kept across surface and tip.[55] 

Different forces contribute to the deflection of the AFM cantilever. Van der Waals force 

(interatomic weak force) is one of the associated forces with AFM. The energy associated with Van der 

Waals effect is shown in the Figure 17. 

 

Two different regions are seen in the Figure 17.  

- The violet colored area, below the distance minimum energy (<1 nm), force between the tip and 

sample is repulsive. 

 

- The green colored area, above the distance of minimum energy (1-30 nm), force between sample 

and tip is attractive. 
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Figure 17:  Energy of interaction as a function of the distance between the tip and the surface atoms [56] 

 

Different modes of AFM are shown in the Figure 18. The repulsive region is normally called contact 

mode. In contact mode, cantilever is normally kept at a few angstroms from the specimen. Contact mode 

can be challenging as the high-lateral forces between the tip and the sample can induce crack in the 

sample surface and weakening of the probe tip. In the non-contact mode (attractive), the cantilever is 

kept in the order of tens to hundreds of angstroms from the surface, and the interatomic force between 

the cantilever and sample is attractive (mainly effect of the long-range van der Waals interactions).[56] 

The tapping mode (non-contact mode) is suitable for fragile samples like soft organic molecules that 

could not resist the lateral forces of conventional contact mode.  Normal tapping mode enables rapid 

high-resolution surface imaging of susceptible samples like peptides without any interference.[79] So, 

here in this project, the tapping mode is used to analyze the topography of the different sensitive layers 

of biomolecules without damaging the surface. 
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                   Figure 18: Contact and non-contact AFM images with water droplet [57] 

 

3.2.2. Scanning electron microscopy. 

 

 
                                   Figure 19: The electron interaction with the sample [58] 



 

  24 

 A scanning electron microscope (SEM) is used to obtain morphological information from solid 

samples. The SEM generates mixed signals at the surface of the samples utilizing a focused beam of 

high-energy electrons (elastic and inelastic interactions). The signals disclose details about the sample, 

including its morphology, chemical composition, and crystalline structure. Here SEM is used to analyze 

the morphology of different layers of the cell scaffold. 

 In the case of elastic scattering, the light continues its way after the interaction without losing 

kinetic energy (or the energy loss is insignificant). In the case of SEM specimens, the electrons scattered 

at low angles are beneficial. During inelastic scattering, the incoming electron loses part of its kinetic 

energy and can excite the specimen's atoms. In Figure 19, a few interactions are demonstrated. Images 

created using these electrons bear information on the fundamental composition of the specimen 

(qualitatively). Those escaping from the sample can be collected among the elastically scattered 

electrons in the SEM; these electrons are named backscattered electrons (BSE). Inelastic scattering 

results in X-ray emission, Auger-electron emission, light emission, and electron-hole pair generation. 

These interactions give sufficient energy to electrons to separate from the nucleus and move in a random 

direction. These electrons are called secondary electrons (SE), and they can gather to provide topological 

information about the sample. With Auger electrons, one can obtain information about the elemental 

composition of the specimen.[58,59] Schematic diagram of a scanning electron microscope is shown in 

Figure 20.[60] 

 
                          Figure 20: Schematic diagram of a scanning electron microscope [60].                                                                                                                                                                                                                                                    
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3.2.3. Fluorescence microscopy. 

Fluorescence is the effect of atoms and molecules, so-called fluorophores, to absorb light at a 

specific wavelength and afterward emit light of a longer wavelength. Fluorescence microscopy works 

based on autofluorescence or the addition of fluorescent dyes. It is mainly utilized in biology and 

medicine to mark structures and processes within a specimen.[61] Here fluorescence microscopy is 

mainly used to check the homogeneity of the peptide structure in the thin film and to label the cell during 

the cell culture. 

Fluorescence is defined as the emission of photons at one wavelength resulting from absorption 

of the photon, typically shorter wavelength. At the atomic level, absorption of a photon-induced by an 

electron in the fluorophore molecule causes an electron to hop into higher energy, or excited state (Figure 

21). However, the electron in the excited state is inconsistent, and when it replaces its ground state, a 

longer wavelength photon is radiated to dissipate the surplus energy – this is known as fluorescence. 

[61]  

 

 

 

 

                                 Figure 21: The basic principle of fluorescence [61] 

 

From 1990 onwards, different amino acid sequences and structures of the green fluorescent 

protein (GFP) created different fluorescent proteins with greater stability and brightness as well as a 

suite of different colors.[63] Fluorescent proteins can be utilized in a variety of applications as either 

reporters or linked to proteins and can track protein movements as well as explore a range of cellular 

processes within live cells. Figure 22 shows the fundamental structure of an inverted widefield 

fluorescence microscope imaging a sample containing GFP.  
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Figure 22: Basic setup of an inverted widefield fluorescence microscope [61] 

 

The first important piece is the light source that produces the optimal wavelength for a particular 

fluorophore. An excitation filter is placed in the light path between the light source and the sample. The 

components in the filter cube consist of an excitation filter, dichroic mirror, and an emission or barrier 

filter. The excitation filter is basically a bandpass filter that can transmit light of a narrow range of 

wavelengths while blocking others. Once screened, the excitatory light is reflected towards the sample 

by using the dichroic mirror. This filter sits at a 45° angle between the light from the light source and 

the sample. A dichroic mirror allows longer wavelength emitted light to be transmitted through the filter 

to the detector. Thus, the dichroic mirror also needs to match the excitation and emission spectra of the 

selected fluorophore for optimal imaging. Then, the exciting light is focused and magnified by the 

objective in the microscope. The objective catches the light emitted from the specimen and sends it back 

towards the dichroic mirror in the filter cube. The dichroic mirror also prevents excited light from 

reaching the detector, and an emission filter is usually inserted between these parts to block irrelevant 

excitatory light or background fluorescence. When using a single fluorophore, the emission filter will 

be an extended pass filter, which transfers light of longer wavelengths while blocking shorter 

wavelengths. However, both the filters are usually bandpass filters with a limited spectrum of transmitted 
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wavelengths. This allows imaging of more than one fluorophore in a single sample. The design of the 

filter cube evolves more complex when imaging more than one fluorophore. The fluorescence 

microscope can keep several filter cubes tailored to match several fluorophores' excitation and emission 

spectra. Swapping between filter cubes allows imaging of several fluorophores in a single sample. 

Fluorescence microscopy is used as an important tool for investigating all aspects of cellular and 

molecular biology.[61,62]  

                               

3.3. Circular dichroism 

Circular dichroism (CD) drives it feasible to follow secondary and tertiary structure modifications 

due to self-assembly. CD identified the secondary structure formation and changes during the peptide 

fibril formation in this project. CD is one of the most helpful non-destructive methods for measuring 

conformational transformations in different processes, such as protein aggregation, thermal or chemical 

unfolding, and binding interactions. This approach analyzes protein structural characteristics in solution, 

mimicking physiological conditions, utilizing a relatively lower amount of protein, and the data obtained 

in a short period. This method utilizes circularly polarized light in which the electric field rotates around 

the propagation axis at a constant magnitude.[67] The kind of polarized light could be left- and right-

handed polarized. Optical active compounds like proteins show differential absorption of those 

components producing an elliptically polarized light. As an outcome of this, the differential absorption 

is defined by the Lambert and Beer Law.[68] 

 

                                                           ∆A = Al – Ar = ∆ε cl 

 

 ∆A is the absorption signal, Al and Ar are the absorption (in the left and right orientation), ∆ε is the 

difference between the left- and right-handed molar extinction coefficients, c is the concentration, and l 

is the optical path length.  

 

CD documented in ellipticity θ: 

θ = tan'(
𝑏
𝑎 

Here b is minor, and a is the principal axes of the ellipse.  

 

A numerical connection between ∆A and θ (in degrees): θ = 33 ∆A. The circular dichroism spectra are 

the plot of ∆A, θ, or ∆ε against the wavelength change.  
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The equation normalizes the CD spectra: [θ]MRW, 

 

 

																																																																																		[θ]MRW = 1	2
3456'(	

,  

 

Mean residue weight ([θ]MRW) is the mean molar residue ellipticity in degree cm2/mol, c is the 

concentration (g/cm3), l is the path length in cm, and nr-1 is the number of residues of the protein minus 

1. 

 
            Figure 23: Characteristic CD spectrum secondary structures of a polypeptide chain [69] 

 

There are regions to explore protein absorption by CD, the far-UV, and the near-UV areas. In the 

far-UV section (Figure 23) [69], two electronic transitions were observed, n®p*, which are found at 

around 220 nm as a negative band and is sensitive to hydrogen bond creation, and p®p*, which is 

observed as an upbeat band at about 190 nm and a negative band at about 210 nm. These bands provide 

a picture of the secondary structure composition of the studied protein or peptide. For illustration, the -

helix shows two negative bands at 208 nm and 222 nm and a positive one near 193 nm. A broad negative 

band around 215–225 nm and a marked upbeat band at 195 nm are observed for the beta structure. A 

unique negative band near 200 nm is observed for the disordered random coil structures.[67] 

From the instrumentation part (Figure 24), the equipment utilized in CD is similar to the UV-Vis 

spectrometer, despite in CD equipment, there is a light polarizer, and a photo-elastic modulator between 

the sample and the monochromator placed. The light source produces left and right-handed circular light. 
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The light from the sample goes to the detector, which is connected to an amplifier and a modulator. 

Furthermore, the data is processed and analyzed.  Due to oxygen interference, the measurement were 

performed in a nitrogen atmosphere. There are few critical parameters to consider before executing any 

CD measurements: the choice of the buffer, the cuvette, and the concentration of the protein.[67] 

 

                                  
    

                  Figure 24: Schematic representation of the Circular Dichroism instrument [67] 

 

3.4. Dynamic light scattering (DLS) 

 
 

 
Figure 25:  Surfactants in different phases [75] 

 
CKFKFQF has alternative hydrophilic and hydrophobic building blocks, commonly called an 

amphiphilic peptide. Amphiphilic peptides act as surfactants with some surface-active properties.[70] 

At low concentrations, surfactant molecules exist as unassociated independent monomers. As the 

concentration of surfactant molecules (peptides)increases, the attractive and repulsive forces between 
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the molecules induce a self-aggregation; as a result, monolayers or micelles are formed (Figure 25). The 

typical concentration at which these micelles form is known as the critical micelle concentration (cmc). 

The micelles formation can be controlled by small changes in the disperse phase, pH, ionic strength, 

concentration, and temperature. These factors also influence the size and shape of surfactant micelles 

formation. 

Dynamic light scattering (DLS) is a technique utilized for particle sizing, generally at the sub-

micron level. The instrument counts the time-dependent fluctuations in the intensity of scattered light 

from a suspension of particles experiencing random Brownian movement. Investigation of these 

intensity fluctuations enables the determination of the diffusion coefficients, yielding the particle size of 

surfactant micelles through the Stokes-Einstein equation. The cmc has been measured and studied 

through conductivity, surface tension, and fluorescence measurements. DLS is a technique well suited 

for determining the critical micelle concentration (cmc). 

 

   

                      
 Figure 26:  A plot of the intensity of scattered light (in kilo counts per second) and hydrodynamic 

diameter (in nanometers) obtained for various concentrations of triton X-100 prepared in deionized water  

[75] 

 

For example, Figure 26 is a plot of the intensity of scattered light (in kilo counts per second) and 

concentration (mM) of triton X-100 prepared in deionized water. The data indicates that the scattering 

noticed for triton X-100 concentrations below the cmc are analogous to that of deionized water. When 
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the cmc is achieved, the scattering intensity displays a linear increase with concentration. The crossing 

between the two lines at 0.25 mM concentration corresponds to the cmc of triton X-100.[75] Here, the 

critical concentration-specific peptide (CKFKFQF) sequence is measured using DLS techniques. 

 

4. Experimental Procedures 
 

                    
Figure 27: Schematic representation of cell scaffold. 

 

The experimentation is aimed to understand and control of peptides self-assembly process, which 

can be further used for the cell culture. Schematic diagram of cell scaffold is shown in Figure 27. 

Meniscus guided coating techniques such as dip-coating and zone-casting were applied with optimized 

parameters to obtain required surface morphology and film thickness allowing. Detailed description of 

applied materials and methods are discussed in the section below. AFM, SEM, and fluorescence 

microscopy were used to obtain morphological information. However, at the same time, peptide fibril 

formation and secondary structure information were investigated by Dynamic light scattering (DLS) and 

Circular dichroism (CD), respectively. 

                      

4.1. Materials 

CKFKFQF peptide sequence (Figure 28) were purchased from PHTD peptides industrial co. Ltd, 

Hanan China. Dimethyl sulfoxide (DMSO, ≥99.97+%) was purchased from Acros Organics, LE.  

Agarose (Figure 28) was obtained from Biozym Scientific. A549 cells, Dulbecco’s Modified Eagle’s 

Medium (DMEM, 4.5 g/L glucose/glutamine), penicillin/ streptavidin, fetal bovine serum (FBS), and 

minimum essential medium non-essential amino acids (MEM NEAA, 100×) were purchased from 
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Thermo Fisher Scientific. The ProteoStat Amyloid Plaque detection kit was purchased from Enzo Life 

Sciences, Inc. αCyano-4-hydroxycinnamic acid (HCCA) was purchased from Sigma Aldrich. 

 

 

 

 
 

Figure 28: CKFKFQF peptide sequence chemical structure 

 

 
Figure 29: Agarose chemical structure 

 

Agarose is a thermal-responsive polymer consisting of β-d-galactopyranose and 3,6-anhydro-αl-

galactopyranose divisions, which can experience a sol-gel change upon cooling (through thermal cross-

linking). LE Agarose (Figure 29) purchased from Biozym has a transition temperature of 36o C. At this 

temperature, agarose solution turned to gel-like structures. 

 

4.2. Fabrication and Characterization methods 

4.2.1. Nanofibril formation. 

The peptides were pre-dissolved in DMSO to a concentration of 10 mg/mL. The solution was 

immediately diluted to 1 mg/mL using MilliQ water. The pH was adjusted to 7.40 ± 0.40 using 0.2 M 

NaOH and 0.1 M HCl solutions. To induce fibril formation, the pH adjusted peptide solution was 

incubated 24 h at room temperature. 
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4.2.2. Dip coating of microscope slides with Agarose. 

The cell repellent material agarose is deposited by dip coating. This prepared agarose thin film 

acts as a covering layer on the glass substrate and makes sure the cell adhesion happens on the peptide 

fibrils. Dip coating machine is handmade instrument. It consists of motor (controlled electronically), 

substrate holder and heating plate. Glass (75x25x1 mm) slides were precleaned with acetone 

and isopropanol. An aqueous agarose solution (1 wt. %) was cooked for 1 h (1700 C) to obtain a fully 

dissolved and transparent solution. The slides were then dipped in the hot (90°C) agarose solution for 3 

minutes, and after that, slowly (800 µm/s) were lifted from the solution with an automated stage (Figure 

30). The slides were air-dried before further usage. 

 

 

 
Figure 30: Dip-coating setup for the agarose deposition 

 

 

4.2.3. Fabrication of Nanofibril-coated surfaces by zone casting techniques. 

Zone-casting conducted in setup shown in Figure 31. The height distance between the Teflon 

blade and the substrate was fixed to 1 mm. The zone casting substrate temperature was set to 750 C and 

heated for 1hr. The substrate speed can be controlled in the range from 20 to 5000 µm/s. Before 

deposition, the peptide solution was diluted further 0.1 mg/mL. Peptides were deposited on the Agarose 

coated glass plates with different casting speeds (25 ,50, 75, 100 µ/s) 
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                          Figure 31: Zone casting setup for the peptide deposition 

 

4.2.4. Morphology and thickness measurement by AFM. 

 
 

 
Figure 32: Dimension Icon FS AFM 

 

Atomic force microscopy (AFM) measurement was conducted with a Bruker Dimension Icon fast 

scan atomic force microscope (Figure 32), which was operated in tapping mode. AFM probes with a 

nominal force constant of 26 N/m and resonance frequency of 300 kHz (OTESPA-R3, Bruker) were 

used. Images were processed with Gwyddion 2.59. Film thickness measurements were performed with 

the help of a Bruker Dimension Icon FS AFM by scratching. 

                                              

4.2.5. Morphological evaluation by SEM. 

The LEO Gemini 1530, Figure 33 is a dedicated scanning electron microscope, permitting a high 

sample throughput with outstanding image quality. It´s low-kV capability permits to inspect non-

conductive samples without the requirement for a conductive coating prior to the examination. 

Furthermore, the in-lens SE detector yields good image contrast at simultaneously shallow beam 
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currents. It works in 0.1 to 30 keV. Images were acquired at 160-180 pA. SEM measurements were 

performed in collaboration with Dr. Ingo Lieberwirth (MPIP). 

 

 
Figure 33: LEO Gemini 1530 

4.2.6. Imaging Surface via Proteostat Assay (fluorescence microscopy). 

 
 

 
  Figure 34: Leica Thunder microscope coupled to a Leica DFC9000GTC-VSC12365 camera [95] 

 

Proteostat-staining was used as a confirmation of fibril formation on the substrate. A Proteostat 

kit by Enzo Lifesciences was utilized for investigation. 1 µL of the assay buffer was diluted in 99 µL 

MilliQ water. 0.1 µL of the Proteostat stock solution was added and thoroughly mixed, and a sufficient 

amount of the solution was put on the sample to cover the peptide-coated area and a part of the non-

coated area for reference. After incubation in the dark for 15 min, the solution was removed, and samples 

were dried for measurement on a Leica Thunder microscope coupled to a Leica DFC9000GTC-
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VSC12365 camera with an HC PL FLUOTAR 10x/0.32 DRY objective (Figure 34). The fluorescence 

emission was seen at 519/25 nm upon 479/33 nm excitation. The output images were processed with 

Leica Application Suite X (LAS X). 

 
4.2.7. Secondary structure stability evaluation by CD technique. 

Circular Dichroism measurements were conducted on a JASCO 1500 (Figure 35) instrument in a 

1 mm quartz cuvette (Hellma Analytics) from 190–260 nm with preformed fibrils diluted to 0.1 mg/mL. 

Measurements were conducted from 20 – 80°C and 80°C-20°C (the reverse direction) in 10°C intervals 

with 15 min equilibrium time for each measurement. Each measurement takes approx. 15 min.; heating 

is done at 10°C/min.  

 

 

                                                                           
                                                    Figure 35: JASCO 1500 

 

 

4.2.8. Role of pH and concentration in fibril formation – DLS measurements. 

DLS measurements were conducted on Zetasizer nano-s, Malvern (Figure 36) in 3 mm quartz 

cuvette (Hellma Analytics). Peptide solutions were prepared in different concentrations (2 µM, 4µM, 

6µM, 8µM, 10µM, 50µM, 100µM, 500µM) in different pH for the DLS measurement.  
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Figure 36: Zetasizer  nano-s 

4.2.9. A549 cell culture. 

Cell culture measurements, validation and interpretation of the results were done by Adriana 

Ender and Jasmina Gacanin. A549 cells, a human alveolar basal epithelial carcinoma cell line, were 

grown in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Darmstadt, Germany) supplemented 

with 10% heat-inactivated (30 min at 56°C) fetal calf serum (FCS, Gibco, Darmstadt, Germany), 1% 

MEM non-essential amino acid solution (Sigma-Aldrich Chemie GmbH) as well as 1% penicillin (100 

U mL−1) and streptomycin (100 mg mL−1) (Sigma-Aldrich Chemie GmbH) at 37 °C under a humidified 

atmosphere with 5% CO2. Cells were reseeded at least twice weekly. For splitting, cells were washed 

with PBS, trypsinated for 5 min, and resuspended in supplemented DMEM. The pre-cultured A549 cells 

were then washed with PBS, trypsinated, centrifuged (4 min, RT, 700 rpm), resuspended in 

supplemented DMEM, and seeded on the respective surfaces with a density of 1x105 cells per petri dish 

in a 16 mL medium. This was followed by overnight (15 h) incubation in the supplemented DMEM 

medium (1% MEM, 1% penicillin-streptomycin) at 37 °C under a humidified atmosphere with 5% CO2. 

Cells were treated with Calcein-AM staining. Therefore, cells were washed three times with DMEM 

medium. The cell-culture medium was replaced by 15-16 mL supplemented DMEM medium containing 

5 µM calcein-AM solution (prepared from 10 mg/mL solution in DMSO), and cells were incubated at 

37°C under a humidified atmosphere with 5% CO2 for 30 min. Subsequently, live imaging was 

performed on a Leica Thunder microscope coupled to a Leica DFC9000GTC-VSC12365 camera with 

an HC PL FLUOTAR 5x/0.32 DRY objective. The fluorescence emission was detected and images were 

processed with Leica Application Suite X (LAS X). All cell-culture experiments were repeated at least 

in triplicates. 
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5. Results and Discussion 

5.1 Design of the Self-Assembling Peptide for Cell Adhesion 

 
 

 
                                       Figure 37: Cell scaffold on agarose coated glass substrate 

 As mentioned in the introduction section, many peptides can fold into typical secondary 

structures and self-assemble into fibrous molecular structures, which are useful for cell culture.[70] 

However, correlation between the chemical structure of peptides and its impact on the self-assembly 

properties into fibrillary structure or film as well as the resulting in cell culturing, is thus far from being 

enough.  As a benchmark cell, the A549 cancer cell of 10 µm size has been chosen due to the easiness 

of the cell assay protocol, and it grows as a monolayer in in-vitro experiments. Unfortunately, a high 

affinity toward the glass substrate is observed for this specific cell.[73] A549 cells can easily attach to 

the glass substrate without an additional external scaffold. The attachment of cells to the glass substrate 

affects cell proliferation and growth, which can further influence the application. 

The strong adhesion of A549 cells to glass substrate needs to be solved. In order to solve this 

problem, it was proposed to used agarose coating between the CKFKQF fibril and the glass substrate. 
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Agarose is a perfect cell repellent material [7], and it can prevent the cell attachment directly to the glass 

substrate. Schematic illustration of the agarose protective film, peptides scaffold and cell membrane are 

shown in Figure 37. 

The fabrication of the cell scaffold consists of 3 steps. In the first step, cell repellent - agarose thin 

film is created on the glass substrate. Agarose deposition is done by the dip coating method. In the next 

step, CKFKFQF fibrils are deposited and optimized using zone casting techniques. Finally, the cell 

scaffold is used for the cell culture and cell viability test. However, before the peptides deposition and 

cell culture is obtained the optimization process of agarose film creation and it’s influence of the peptide 

deposition and cell growth mechanism needs to be optimized.  

 

5.1. Agarose deposition optimization process. 

 

 
Figure 38: A, B, C, D-Different AFM morphology Top(height) below(phase) with scale bar 500 nm. 

 
 

 

The agarose deposition is done by dip coating. Agarose is fully dissolved in distilled water with 

a concentration of 10 mg/mL and a temperature 170°C for 2 hrs by magnetic stirring. Then the deposition 

happened at 90°C, and this temperature is above the gelling point (sol-gel point) of specific agarose. The 

sol-gel process occurs in the different stages of agarose deposition. Agarose exhibits a random-coil 

conformation in solution and the structure changes to a double helix upon cooling. Some helices then 
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aggregate, forming hydrogen bonds between water and galactose to stabilize the structure.[92] The 

agarose thin film shows different morphology and thickness depending on cooking and dipping times. 

Cooking time is the processing time under which morphological behavior of the agarose changes from 

the liquid state to a gel-like structure, and the dipping time is the duration in which the glass substrate is 

kept immersed in the agarose solution.  

 

Table 3: Thickness, RMS value, Cell adhesion test of different type of agarose A, B, C, D 

 

Different types of agarose thin-film morphology were obtained in the different cooking times by 

keeping the dipping time at 3 minutes, as shown in Figure 38. Figure 38 displays the different agarose 

thermal gelation process. Figure 38-A displays the morphology of agarose film in the starting stage of 

deposition. The fibers (random coils), which have length of more than 500 nm, were randomly arranged 

on the substrate. By increasing cooking time, the morphology changed to Figure 38-B. Here the fibers 

are arranged very close, staying one over the other on the surface. After 15 minutes of cooking, the 

morphology changed from a randomly oriented coil structure to a helical structure due to a temperature 

change of the polymer molecules controlled by substrate temperature with extended cooking time 

(Figure 38-C). Near the agarose solution's gelling point, the agarose morphology changed to a plate-like 

structure (Figure 38-D). The thick helices assemble in clusters joined together and formed these plate-

like structures.  

Sample Film Thickness RMS value Cell Adhesion test 

A 41 nm 1.5 nm  Positive 

B 103 nm 3.8 nm Negative 

C 226 nm 2.5 nm Negative 

D 362 nm 2.4 nm Negative 
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The AFM is used to measure the thickness of various substrates by scratching, and the thickness 

of different samples is listed in Table 3. The thickness increased from 41 nm to 362 nm from randomly 

oriented fibers to agarose plate-like structures. Agarose substrate is also subjected to a cell adhesion test 

to ensure its repellent behavior. Figure 39 portrays that the cell attachment is independent of the 

morphology and depends on the agarose thickness. Optimizing film thickness and cell adhesion test 

confirmed that the minimum thickness of agarose thin film is 50 nm, which can be further used for the 

cell culture. RMS (Root mean square) roughness value is calculated using Gwyddion software and 

exhibited in Table 3. The RMS roughness value of different samples was comparable, and a significant 

trend was also not observed. The morphology and homogeneity of the agarose-coated substrate are also 

verified by using SEM imaging (Figure 40). The closely packed fibrillar agarose structures are visible 

in the SEM image.  

 

 

 

 
Figure 39: Cell attachment results of different samples with scale bar 200 µm. A has cell attachment 

(positive cell attachment), B no cell attachment (negative cell attachment), C no cell attachment 
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(negative cell attachment), D no cell attachment (negative cell attachment). Cell culture measurement 

were performed and evaluated by Jasmina Gacanin. 

 

 
                                                 Figure 40: Agarose morphology-SEM image 

 

 

5.3 Cell patterning on optimized agarose film. 

 The optimization of the agarose coating was important for further cell experiments because of 

the cell repellent character of the agarose coating towards the A549 cell line. In further experiments, the 

customized agarose coating was used in order to create cell patterning on surfaces. Cell patterning was 

carried out on the optimized agarose thin film, which has a thickness of more than 50 nm. The agarose 

layer has a cell-repellent character and is applied to ensure that nonspecific cell adhesion could occur.[7]  

 

 
Figure 41: Molecular structure of photo responsive peptide CKFK-PCL-FQF. 

 

 The used peptide sequence CKFKFQF is modified with a photocleavable linker (PCL) between 

the third (F) and fourth (K) amino acid (CKFK-PCL-FQF) (Figure 41), creating amyloid-like fibrils, 

which facilitate cell attachment. 
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Figure 42: Schematic representation of the workflow. (A)Agarose coated glass slide(B)Peptide fibril 

coated glass slide irradiated through photo mask(C)Fibril patterning proteostat staining(D)Cell 

patterning and calceine staining [80].  

 

The peptide sequence CKFKF-PCL-FQF leads to molecular breakage. Thus, the preformed 

amyloid-like nanofibril character will be destructed after UV exposure. Coating preformed fibrils on 

surfaces and exposure to UV light via a photomask generates a pattern utilized for controlled cell 

adhesion. The cell patterning steps are explained in the Figure 42. As an initial step of photo patterning, 

the optimized agarose-coated slides were used with an amyloid-like fibril layer through drop-casting. 

The drop cast peptide fibrils are exposed to UV light through a photo mask. The proteostat assay is used 

to stain intact amyloid structures for fluorescence microscopy. The parts exposed to UV light showed 

less fluorescence and appeared darker than the non-exposed region. Finally, A549 cells were used as a 

model cell line and incubated on the photo patterned slides for one day. The results from the cell assays 

show that the A549 cells do not attach to irradiated areas, whereas non-irradiated areas with intact fibril-

coating exhibit strong cell attachment (Figure 43). In summary, the optimized agarose thickness defined 

for the cell culture is effectively used in the cell patterning application. The agarose film, which has a 

thickness of more than 50 nm, can also be used as a cell repellent for other applications like cell assays 

and bio-device fabrication.[80]  
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Figure 43: (A)Fluorescence microscopy image of calceine –stained A549 cells seeded on photopatterned 

peptide layer (B)Enlarged detail of C (scalebar 500 µm) [80] A549 cell attachment study was performed 

and evaluated by Jasmina Gacanin and Adriana Ender. 

 

 

 

 

5.4 Peptide deposition. 

 

 
Figure 44: TEM images of CKFKFQF fibrils (A) After 24 hrs. of incubation at room temperature. (B) 

TEM image of preformed CKFKFQF fibrils after heating up to 80°C and cooling back to room 

temperature.  
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Agarose film was successfully used for the specific CKFK-PCL-FQF peptide sequence, similar 

to the planned CKFKFQF sequence for the cell culture. Peptide deposition was done by zone casting. 

The zone casting setup was heated during peptide deposition to evaporate the solvent from the peptide 

solution. Initially, the morphology of CKFKFQF peptide fibrils was checked using a Transmission 

electron microscope (TEM). The CKFKFQF peptide fibrils solution was prepared by standard protocol. 

TEM measurements were conducted after 24h incubation before heating (Figure 44-A) and after heating 

up to 80°C and cooling down to the room temperature (Figure 44-B). Heat-treated samples showed 

higher, more extended fiber structures (more than 2 µm) than the fibrils without heat treatment. From 

Figure 44, Initially created fibrils (without heating) are relatively quiet, less than 500 nm, and very 

closely oriented, forming cluster-like structures. As proposed, the long and narrow fibers are favorable 

for effective cell assays and proliferation, and the cell can grow in the direction of peptide alignment.       

Figure 45 compares AFM images of CKFKFQF drop and zone-cast peptide thin films. An 

evident difference in the surface morphology due to variation in packing density and homogeneity 

between the drop- and zone-cast films is visible in the AFM image. As observed, the CKFKFQF zone-

cast films are homogenous with minor defects in nanometer-scale concerning the few micrometers 

“empty space” in drop-cast film. This "empty space" in the micrometer range affects the cell attachment 

of A549 cells, which has a size of 10 µm. The obtained morphology by zone casting technique increases 

the possible interaction area between cell and peptides structure. 

 
Figure 45: AFM images of CKFKFQF fibrils (A) drop cast film(B) zone cast film 

 

The fluorescence microscopy confirmed the morphology and uniformity of the zone cast peptide 

films. Fluorescence microscopy image was taken utilizing CKFKFQF fibrils sensitive ThT (Thioflavin 

T) dye. ThT is an intercalation dye that gives strong fluorescence upon binding to amyloids [81]. The 

pure agarose thin film was stained and imaged as a negative control (Figure 46-B) for reference. The 
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fluorescence microscopy image of zone cast film (Figure 46-A) established clear and bright fluorescence 

throughout the region. It implied that the film created by the zone casting is homogenous.  

 

 
Figure 46: Fluorescence microscopy images (A)-Zone cast peptide thin film, (B)- Agarose thin film (C)-

Agarose-peptide thin film, starting point of peptide film. 

 

Further, the SEM image also assures homogeneity in thin-film morphology. Figure 47 displayed 

the starting point of the peptide film on agarose; two layers of agarose and CKFKFQF peptide sequence 

were also clearly visible from the image. 

           
                              Figure 47: SEM images zone cast peptide on agarose thin film  
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                                    Figure 48: CD spectra of 20°C – 80°C (forward direction). 

 
         Figure 49: CD spectra of 20°C – 80°C 80°C – 20°C (reverse direction) 

 

Due to the fact that in zone casting technique substrate needs to be heated in order to remove 

solvent from the substrate surface an application of the temperature close to the degradation of peptides 
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open the question concerning secondary structure stability in created thin peptides films. For this reason, 

secondary structure stability is checked by using Circular dichroism (CD) techniques. The measurements 

were conducted from 20 °C – 80°C and 80°C – 20°C (reverse direction “R”) in 10°C intervals with a 

rate of 10°C/min shown in Figures 48, 49 respectively.    

In the case of peptide secondary structures, the CD absorption of light in the far-UV (wavelength 

between 180-240 nm) comes from the peptide bond (amide bond) electronic transitions: p®p* and 

n®p* around the region of 190 nm and 210- 220 nm, respectively. [76] Both Figures 48 and 49 show 

the typical b-sheet like structure CD spectrum. However, the CD spectrum of 20 °C – 80° C showed that 

the intensity of CD signals decreases with elevated temperature. Nevertheless, the spectrum of 80°C- 

20°C (reverse direction “R”) showed increased CD signals with decreased temperature. The CD 

spectrums have a characteristic positive peak around 195 nm (p®p*) and a negative maximum near 210 

nm (n®p*), these typical transitions are confirmed the b-sheet secondary structure.[77] 

Summarizing, CD measurements conclude that the heat treatment does not destroy the secondary 

structure, and the secondary structure is maintained in its original state during heating and cooling. 

 

 
Figure 50: AFM images of zone cast peptide film in different casting speed (A)100 µm/s (B) 75 µm/s  

(C) 50 µm/s (D) 25 µm/s.  Above (Height) Below (Phase). 

 

To control the orientation of fibers in the evaporative regime (ER), where solvent evaporation 

process occurs relatively close to the meniscus contact line is chosen. In this regime, mass transport and 

structure formation are largely controlled by solvent evaporation. In the ER, under optimal processing 
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conditions, the unidirectionality of the casting process is expressed in the fibrillar morphology. 

Irrespective of fiber forming conditions like concentration and pH, coating speed changes by keeping 

casting temperature at 750 C. 

 Figures 50 shows the different topographical information of zone cast peptide film on agarose 

film by varying the casting speed. Figure 50-A shows the AFM images of zone cast peptide film with a 

casting speed of 100 µm/s. From the height image; It is seen that peptide fibrils are arranged randomly 

on the agarose morphology. Further decrease in the casting speed to 75 µm/s witnessed the peptide fibril 

comes closer and randomly arranged on the agarose morphology in Figure 50-B. The arrangements of 

fibrils were more explicit and more visible in the 50 µm/s (Figure 50-C). At the casting speed of 50µm/s, 

the fibrils came very close and formed a randomly oriented structure. The lowest casting speed, 25µm/s, 

showed well-aligned unidirectional morphology of peptide fibrils in the coating direction (Figure 50-D). 

In the zone casting, the peptide fibrils aligned on the agarose substrates are long (more than 1 µm) and 

aligned separately without forming peptide clusters like in drop cast. From an application point of view, 

such morphology is intuitively compatible with unidirectional cell growth (like neurons). 

 

5.5 Cell assays. 

 

 
Figure 51: A549 cell assays for 0.1 mg/mL samples using the zone casting speed of 100 µm/s and 25 

µm/s. In both samples a cell attachment and viability can be observed. A549 cell attachment assays 

were performed by Adriana Ender. 

 

Agarose Agarose 



 

  50 

Preliminary A549 cell assays were performed on randomly oriented, 100 µm/s (Figure 51-A) and 

well-aligned 25 µm/s (Figure 51-B) fibers slides. In both samples, the calceine staining shows in 

comparison to the brightfield images that only alive cells attach to the surface. As a negative control, 

agarose-coated glass slides were used in the cell culture, and no cell attachment is shown in the figure 

51. The cell assays conclude that the bioactive character given by the amyloid-like character of the fibrils 

and fiber morphology is still active after the fabrication of the scaffold. The cell culture results prove 

that the meniscus-guided coating technique effectively deposits nanofibrils without destructing the 

bioactive character of the scaffold.  

5.7 Role of concentration and pH in fibril formation. 

During the peptide deposition, it was noticed that the full control of fibrillar arrangement on the 

substrate is not possible – Fibers were self-assembled in initial solution. The fibril deposition could not 

use the advantages of morphology control during the zone casting because the peptide fibrils are formed 

during the solution preparation. In parallel to the previously discussed results, the solution fibril 

formation process and the depending parameter are investigated. Peptide’s secondary structures and 

nanoscale morphologies can be controlled by external stimuli and changing environmental conditions 

like temperature, pH, and concentration.[29] Here, the fibril formation process was checked in different 

concentrations, and pH. 

 
                                      Figure 52: Role of concentration and pH in fibril formation. 
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The concentration and pH dependency were checked using the DLS technique. The critical 

concentration is optimized for different pHs using this data. The typical concentration at which these 

peptide monomers start to form fibril entanglement or agglomeration is known as the critical 

concentration. The DLS data is plotted as count v/s concentration in the Figure 52. The graph showed 

different count rate acquired for different concentration 2 µM, 4 µM, 6 µM, 8 µM, 10 µM, 50 µM, 100 

µM, 500 µM in different pH (6.2 and 7.2).  

CKFKFQF are amphiphilic molecules with alternative hydrophilic and hydrophobic amino acids 

that act as surfactants in the polar solvent water. Due to the active surface molecule in the peptide 

sequence, CKFKFQF forms complex structures due to the hydrophobic effect in the higher 

concentration. In the low concentration, the peptide sequence exists as monomers below the critical 

concentration. As the concentration increases, peptide sequences arrange into complex structures to 

minimize the system's overall energy.[95] In Figure 52, At low concentrations until the critical 

concentration at 10 µM in both pH, the peptide molecule molecules exist in solutions as unassociated 

monomers. As the concentration of peptide increases above critical concentration (10 µM), the attractive 

and repulsive forces between the molecules cause self-aggregation to minimize the energy. That results 

in the formation of agglomeration and the entanglement of fibers in higher concentrations.[75] The 

peptide deposition by zone casting occurred at a concentration of 100 µM, So the formation of the fibrils 

at this concentration caused a self-aggregation of molecules. It directly affected the controlled deposition 

of the peptide during zone casting.  

In summary, the zone casting deposition concentration is too high because fibrils are already 

created in the initial solution. So, the obtained morphology is determined by self-assembly properties of 

peptide monomers. In order to control the fiber creation process by solidification of the monomers in 

the meniscus crystallization zone much lower concentration was suggested to use. Better fiber 

unidirectional alignment will help future cell assays, especially neuron cell assays. The unidirectional 

neuron growth can be further used to fabricate electronic devices that monitor cell-cell communication, 

and this is the main motive of the fibrillar alignment project. 
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  Figure 53: OM Images of peptides in different concentration on SiO2 Substrate [pH: 7.4] (A) 2µM (B) 

4 µM (C) 6 µM (D) 8 µM (E) 10 µM (F) 50 µM  

 

    The DLS result was further confirmed by the drop cast Optical microscopy (OM) images of 

peptides on SiO2 substrates. The Figure 53 shows drop cast images of peptides at pH 7.4. In the figure 

at 2 µM, there is no indication of fibril formation. By increasing the concentration to 4 µM, fibril 

formation is initiated at this point. At 6 and 8 µM, it reveals the formation of long fibril on the substrate. 

Further increase in the concentration to 10, 50 µM, created entanglement of fibrils or self-aggregation 

of molecules. 

The OM images also verified the concentration dependency of the fibril formation process at pH 

6.2 on SiO2 substrates (Figure 54). It clearly shows that the peptide fibril formation starts at 4 µM. Long 

fibrils were formed in the low concentration at 6 µM, which supported the result from the DLS 

measurements. At 8 µM, the formed fibril has a length of 2000 µM. Further increase of concentration 

(10, 50, µM) leads to the entanglement of fibrils or agglomeration of molecules. It can conclude that the 

critical concentration has an essential role in the fibril formation process. During zone casting, fibrillar 

alignment and morphology can only control if the deposition is happening below the critical 

concentration. 
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Figure 54: POM Images of peptides in different concentration on SiO2 Substrate [pH: 6.2] (A)2µM (B) 

4 µM (C) 6 µM (D)8 µM (E)10 µM (F) 50µM. 
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6. Conclusion and outlook 

This study aimed to investigate the possibility of using meniscus-guided coating techniques to 

deposit biomolecules like peptides. The amyloid-like peptide CKFKFQF ranked as a promising short 

peptide with a high fibril conversion rate and b-sheet forming ability for the efficient cell culture. 

Existing methods like drop-casting and spray coating failed to create homogenous well-aligned fibrils 

on the substrate that helps for the cell culture and proliferation, especially for the neurons. The main 

objectives were to align peptide fibrils in one direction on a defined substrate, define the processing 

parameter for the peptide deposition, and create a scaffold for efficient cell culturing. 

At the very beginning, a new agarose layer was introduced on the glass substrate. This cell repellant 

material ensures that all the cell attaches to the peptides layer. The agarose was deposited using dip 

coating techniques. Different agarose morphologies were obtained during deposition. The cell assays 

show that cell attachment is independent of morphology. Moreover, the cell attachment depends on the 

thickness of agarose film and defines a minimum 50 nm thickness for the cell assays. 

During the zone casting for peptide deposition, higher temperatures were used to evaporate the 

solvent from the substrate. So, the stability of peptide secondary structure in higher temperatures were 

checked using CD measurements. The results show that the secondary b sheet-like structure is stable at 

a higher temperature. AFM image of zone cast peptide on the agarose showed a strong influence on the 

coating speed during the peptide deposition; lower coating speed showed better fibrillar arrangement on 

the substrate. At a higher coating speed, 100 µm/s showed randomly oriented fibers on the agarose 

substrate. At 25 µm/s, fibers aligned in one direction. The SEM and fluorescence microscopy also 

validated the homogeneity of the peptide-coated thin film. 

After the creation of the cell scaffolds, Preliminary A549 cell assays were performed on randomly 

oriented 100 µm/s and well-aligned 25 µm/s fibers slides. In both samples, cells are attached to the 

surface, which proves that the meniscus-guided coating technique is effectively used to deposit peptides 

without destructing the fibril deposition and cannot use the advantages of morphology control during 

the zone casting b sheet secondary structure for the cell culture. 

          In zone cast peptide film, it was observed that fibers could not align throughout the surface. The 

fibril deposition cannot use the advantages of morphology control during the zone casting. DLS 

measurements checked the fibers forming condition in solution with different concentrations. The result 

showed that fiber creation starts at a very low concentration like 10 µM (critical concentration) and 

further increase of concentration creates agglomeration and fiber entanglement. The DLS data is 

supported by OM images from different concentrations. Zone casting happened in a very high 
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concentration of 100 µM; at this stage, fibers have already formed in the solution and are not able to 

fully control the alignment and morphology during zone casting. 

The results obtained from this work suggested using low concentration for the zone cast peptide 

deposition. Then the morphology and fibrillar alignment can control effectively. To support the initial 

finding planned to perform smFLIM measurements, which help to observe the fiber growth. By tracking 

the individual fibril's growth, the fibril formation mechanism can be investigated effectively.[82] 

Furthermore, smFRET and ThT-Assays will help to analyze the fiber and oligomer forming kinetics and 

dynamics before and after the heating process.[83] This measurement can help to better understand the 

use of the zone casting technique for controlled fiber and further cell alignment. 
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