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ABSTRACT

Fabrication of Peptide Nanofilms by 

Langmuir-Blodgett and Langmuir-Schaefer 

Method 

Seo Keong Choi 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

Tyrosine-containing peptide which can form self-assembled nanostructures 

has received much attention for various applications such as bio-catalyst, 

organic conducting film, and ion-selective membrane. In previous study, 

which 2D nanofilm formation of YYACAYY was reported on a surface of 

water droplet was driven by pi-pi interactions and stabilization by cross-

linked cysteine. In this thesis, new fabrication methods to form large-scale 

and thickness-controllable nanofilms of YYACAYY were developed, which 

are called Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS). 

YYACAYY showed typical surfactant properties, which was proved by the 

isotherm test (surface pressure - area) by spreading the YYACAYY solution 

in DMSO on air/water interface. Uniform and flat peptide nanofilms were 

successfully fabricated, characterized, and evaluated for possible electronic 

applications. 

Keywords: Tyrosine-containing peptide, peptide nanofilms, Langmuir-

Blodgett, Langmuir-Schaefer, micro-contact printing (µCP)  

Student number: 2015-21087
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I. Introduction
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I. 1. Self-assembly of Protein and Peptide for Nano 

Structures 

 

Ordered nanostructures through self-assembly of biomolecules 

have received much attention because of their versatile applications 

in the fields of nano to biotechnology.2 Self-assembly process 

converts the disordered system into ordered structure by non-

covalent bonding such as hydrogen bonding, phi-phi stacking, and 

hydrophobic interaction.  

Proteins, one of the fundamental elements of natural organisms, 

perform their biological tasks in a form of supramolecular self-

assemblies with delicate architectures and molecular interactions. 

Proteins in natural form could contribute to a three dimensional 

structures via non-covalent interactions. There are many 

representative examples such as cage-like micro-compartment, 

helical tobacco mosaic virus nanotube, planar bacteria surface layer, 

cyclic light-harvesting system, and filamentous MreB complex.3-5 So, 

biomimetic self-assembly is a promising approach for designing 

various nanostructures. 

Peptides have many outstanding features such as shape diversity 
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from various sequences, simple back-bone structure, chemical and 

physical stability, and easy synthesis.6 Therefore, there have been 

many attempts to develop nanostructures by self-assembly of 

peptides which can provide alternative ways in fabricating 

biomimetic materials.7 Peptides are useful building blocks for 

creating self-assembled nanostructures such as fibers, tubes, planes, 

and 3D networks.8,9 Peptide based nanosturctures enables versatile 

applications such as drug delivery, biosensing, tissue engineering, 

and surfactants due to their inherent biocompatibility.7 

For example, there are not a few examples about peptide self-

assembly. Zhang’s group demonstrated that a short designed peptide 

could self-assemble into nanofiber and hydrogel scaffold in bulk 

phase.10 Santoso et al. developed nanotubes and nanovesicles through 

self-assembly of peptides which consisted of glycines (Gly, G) and 

aspartic acids (Asp, D) (GnD2).11 Self-assembling peptide the at an 

interface have been reported. For example, two synthetic 15-mer 

peptides which contains tyrosines or tryptophans showed interfacial 

assembly as helical structure at the SiO2/water interface.12 

  



 

  5

 

 

Figure 1. Nanostructure of self-assembled peptide such as sphere (0D)13, nanotube 

(1D)8, film (2D), and 3D structure 14.
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I. 2. Tyrosine-containing Peptide   

 

Among the aromatic amino acids, tyrosine plays an important role in 

living organisms as neurotransmitters and has a key role in signal 

transduction.15 Tyrosine (Tyr) is related to the folding geometry of 

proteins and peptides by protonation and deprotonation of its hydroxyl 

group. Its phenol moiety enhances further structural stability by phi-phi 

stacking and hydrogen bonding interactions compared to phenylalanine 

(Phe) having a similar benzene moiety.16 Additionally, it has a proton-

mediated electron transporting ability in enzymatic processes such as  

ribonucleotide reductase, galactose oxidase, and photosystem II.15  

Applying tyrosine to the self-assembly gives rise to many benefits such 

as enhancing chemical/electrochemical reactions by redox process.       

Recently, fabrication of nanostructures by self-assembled tyrosine-

containg peptides was reported. Two dimensional (2-D) nanosheets 

(facet) was observed with heptamer peptide (YYACAYY) and 

pentamer peptide (YFCFY) on the surface of water droplet.1,17 

Dimerization process of disulfide bonding between cysteines was found 

to be a key factor of the facet formation. Also, these Tyr containing 

nanosheets showed redox-activity as a bio-inspired catalytic scaffold. 
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The other example is biomimetic dityrosine crosslinked self-assembled 

peptide nanostructures which have hollow nanocapsules and lamella 

film by UV crosslinking of a tyrosine rich short peptide (YYAYY).18 
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Figure 2. Nanostructures of self assembled peptide containing tyrosine units [a : 

pentamer (YFCFY), b :heptamer (YYACAYY), c: pentamer (YYAYY)].1,17,18 
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I. 3. Langmuir Film Deposition 

 

From the past, Langmuir film deposition has received much 

attention for the fabrication of 2D nanofilm structures at air/water 

interface.19 For several reasons, this is regarded as a powerful 

technique to form thin films, which can be applied in various fields 

such as electronic semiconductor devices, optical coatings, and 

pharmaceuticals20 First, it enables precise control of the thickness and 

packing density of the fabricated films. Second, homogeneous 

deposition over large areas is possible. Moreover, multilayered 

structures with varying layer composition can be also fabricated.  

Most of the monolayers composed of amphiphilic molecules can be 

fabricated onto the surface of subphases. After dissolving them in an 

appropriate solvent, small amounts of the solution are applied on the 

subphase and then pressed by barriers. In standard LB experiments, 

deionized water is used as the subphase.21 This will push the 

disordered surfactant molecules to undergo phase transitions from the 

gas and liquid to the solid state within the trough. Monolayer structure 

will be formed if compression is sufficient. This compression affects 

the self-assembled structure formation by the entropically driven 
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aggregation or dissociation.22 Thus, the self-assembled structure of 

amphiphilic molecules will be influenced by the compression process.  

There are two typical methods to make the Langmuir film on a solid 

substrate (Fig. 3). First one is Langmuir-Blodgett (LB) method which 

is vertical dipping of a solid substrate. The other one is Langmuir-

Schaefer (LS) method which is performed by horizontal dipping. Well 

organized multilayers could be obtained through the repeating 

depositions by both LB and LS methods. In particular in the field of 

biomimetic membranes and electronic sensors, LB and LS technique 

have been applied to study on the interfacial properties of peptides and 

peptide derivatives under controlled conditions.23,24 
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Figure 3. Diagram of Langmuir film deposition (Langmuir-Blodgett deposition, 

Langmuir-Schaefer deposition, Multiple Langmuir Blodgett deposition)20. 
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Figure 4. Schematic curve of surface pressure versus area isotherm graph. 
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I. 4. Research Objectives 

 

Nanoscale structures have attracted great attention owing to their 

diverse applications ranging from nanotechnology to biotechnology. 

Proteins and peptides can fold into unique nanostructures by designing 

specific amino acids sequence. Among them, tyrosine-containing 

peptide which can form self-assembled nanostructures has a great 

potential in various applications such as bio-catalyst, organic 

conducting film, and ion-selective membrane.  

It was previously reported that two-dimensional (2D) thin film could 

be obtained with tyrosine-containing peptides (YYACAYY) on a 

surface of water droplet, which was driven by pi-pi interactions and 

stabilization by cross-linked cysteine. In this thesis, a new way to form 

nanofilms from the peptide on air/water interface by LB and LS 

deposition was demonstrated. Applying pressure by barriers caused the 

ordering of peptide molecules into a monolayer state and led to a 

different self-assembly structure from the one by faceting method. This 

peptide nanofilm was fabricated by spreading the YYACAYY solution 

in DMSO on air/water interface. To make a patterned peptide nanofilm, 

micro-contact printing (µCP) with polydimethylsiloxane (PDMS) 
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stamp was applied. A uniform, flat, and thickness-controllable peptide 

nanofilm was fabricated which could be easily transferred to solid 

substrates such as silicon wafer. Moreover, the peptide was applied as a 

template for the reduction of metal ions into metal nanoparticles such as 

silver, which could be further applied to various fields of such as 

electronics, medicine, biotechnology, or optical devices.25 
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Figure 5.  Diagram of fabrication peptide nanofilms with YYACAYY (mono & 

multilayer)
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II. Experimental Section
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II. 1. General 

 

II. 1. 1. Materials 

 

2-Chlorotrityl chloride (CTC) resin (100-200mesh, 1.34mmol/g), fil-

tered polypropylene reactors (Libra tube RT-20M, 20ml), 2-

(benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

(HBTU), hydroxybenzotriazole (HOBt) and Fmoc-protected amino  

acids were purchased from Science at Home (Seoul, Korea). diisopro-

pylethylamine (DIPEA), phenol, thioanisole, 1,2-ethanedithiol (EDT), 

Silver nitrate (AgNO3), were purchased from Sigma Aldrich (St. Louis, 

MO, USA). dichloromethane (DCM), dimethylformamide (DMF), 

methanol, piperidine, diethyl ether, trifluoroacetic acid (TFA), hydro-

gen peroxide solution (30%), sulfuric acid (98%), dimethyl sulfoxide 

(DMSO), and acetonitrile were obtained from Dae-Jung Chemicals 

(Korea).  
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II. 1. 2. Instrument 

 

High-Performance Liquid Chromatography (HPLC) 

Purification of peptide was performed with YL9100 HPLC System. 

The condition was a linear gradient of 10-80% buffer B/buffer A over 

20 min. (buffer A : 1% trifluoroacetic acid in water, buffer B : 1% tri-

fluoroacetic acid in acetonitrile) (YL9100 HPLC System, YL IN-

STRUMENT, KOREA) 

 

Electrospray Ionization Mass Spectrometer (ESI-MS) 

The peptide film was dissolved in 0.5% acetic acid/methanol. Mass 

data were confirmed by a analytical HPLC–ESI–mass spectrometer 

(MS; Thermo—Finnigan LCQ deca XP MS ESI–MS) and Phenomenex 

C4 reverse-phase column (4 mm, 100*3mm2). The gradient was 10–

65% acetonitrile in H2O with 0.5% formic acid over 21 min. 

 

Langmuir Film Deposition Instrument 

The measurement of surface pressure – area (π–A) isotherms was 

accomplished with Minitrough (KSV, Finland). Aliquot of YYACAYY 

1 mg/ml solution in DMSO was spread on the surface of the aqueous or 
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ionic (10-3 or 10-2 M CuCl2 solution) subphase and waited for 20 min 

before π–A isotherm recording. It was necessary to spread YYACAYY 

solution onto the subphase surface immediately after peptide dissolving 

to avoid its oxidation by DMSO, which could lead to dimer formation. 

 

Atomic Force Microscope (AFM) 

Morphology and thickness of LB films were analyzed by atomic 

force microscopy (AFM) using Digital Instruments (DI) Nanoscope 

IIIa. Topographical images were recorded in a contact mode under the 

ambient conditions. Silicon nitride cantilevers (DNP-10 from Bruker) 

with spring constant 0.06-0.12 N/m were used. Images analysis was 

performed with DI software, version 4.23r6. 

 

Transmission Electron Microscope (TEM) 

A carbon-coated copper grid was horizontally immersed on the 

air/water surface when the surface pressure of peptide reached to solid 

monolayer state and dried by N2 blowing. For negative staining, 2% 

aqueous uranyl acetate was used. The microscopic images were ob-

served at 80kV, using JEOL JEM-1010 TEM. 

 



 

  20

Raman Spectroscopy 

Raman spectra of YYACAYY (monomer or peptide films) were ob-

tained with Horiba Jobin–Yvon/LabRam Aramis Raman spectrometer 

(diode laser 785 nm, power = 1 mW). A single transfered film did not 

give significant signals. Therefore, multiple transfers of the films were 

necessary on the substrate. The scanned wave numbers ranged between 

200 and 3,000 cm-1 with 300 s scanning in average. 

 

Solid Circular Dichroism (CD) Spectroscopy 

Solid CD spectra of peptide sheets were measured with J-815 spec-

tropolarimeter (Jasco, Tokyo, Japan) at 25 °C. Spectra were collected 

from 180 to 260 nm while keeping HT voltage < 500 V for reliability. 

The experiment conditions were 0.5 nm data pitch, 20 nm/min scan 

speed, 16 s response time, and 1 nm bandwidth. The data were accumu-

lated from three repeated runs for reproducibility. In order to acquire 

conformational information on peptide films, peptide sheets were trans-

ferred onto a quartz substrate by PDMS micro-stamping. 

 

UV-Vis Spectrophotometer 

UV-vis transmittance of peptide sheets transferred on a quartz sub-
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strate was measured with Cary 5000 (Agilent Technologies, USA). 

Cyclic Voltammetry (CV) 

Current density of YYACAYY film on FTO glass in 0.1M NaCl 

electrolyte was measured during potential sweeping from 0.4 V to 1.6 

V versus Ag/AgCl electrode, and measured at a scan rate of 50 mV s−1.  

Thermogravimetry Analysis (TGA) 

The loss of mass from YYACAYY peptide monomer and dimer 

sample during a linear increase of temperature was measured. (Q-5000 

IR, TA Instrument, USA) The initial weight was about 5 mg, the tem-

perature range was 30–600°C, and the heating rate was 10°C/min under 

N2 blowing. 

X-ray Photoelectron Spectroscopy (XPS)

Oxidation state of silver on YYACAYY peptide nanofilms was in-

vestigated by XPS (XPS SIGMA PROBE, Thermo VG, U.K).
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II. 2. Preparation of YYACAYY  

 

II. 2. 1. Solid-Phase Peptide Synthesis (SPPS)          

 

The YYACAYY peptide was synthesized on a 2-chlorotrityl 

chloride (CTC) resin (1.34mmol/g) using Fmoc/tBu chemistry. Fmoc-

amino acid (2eq), HBTU (2eq), HOBt (2eq), DIPEA (4eq) were 

dissolved in DMF and used as a coupling solution. This reaction was 

performed in a shaking incubator for 2 hours at room temperature. 

After the each coupling and deprotection reaction, the resin was 

washed with DCM, DMF, and methanol sequentially. To deprotect the 

Fmoc group, 20% piperidine/DMF was added to the resin and reacted 

for 30 min. The steps of coupling and deprotection were repeated with 

Fmoc-Tyr(tBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Ala-OH, Fmoc-

Cys(Trt)-OH, Fmoc-Ala-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Tyr(tBu)-OH. 

After all of the amino acids were coupled on the resin, peptides was 

cleaved from the resin for 90 min by using cleavage cocktail (TFA : 

phenol : water : thioanisole : EDT = 82.5 : 5 : 5 : 5 : 2.5, v/v). The 

peptide-cleaved resin was filtered and the peptide-containing filtrate 

was taken to round-bottom flask. The filtered resin was washed with 

DCM and methanol to extract the cleaved peptides that remained in 
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the resin, and then all of the filtrate solution was concentrated. To 

precipitate the peptide product, cold diethyl ether was added and 

centrifuged. The precipitated product was dried in vacuum. The 

peptide was purified with reverse-phase HPLC and confirmed by ESI-

MS.  
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Figure 6. Scheme of solid-phase peptide synthesis (SPPS) of YYACAYY peptide. 
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II. 3. Fabrication of YYACAYY Nanofilms by

Langmuir Film Deposition Method

II. 3. 1. Measurements of Surface Pressure-Area

(π–A) Isotherm

Surface pressure – area (π–A) isotherms was with measured KSV 

Minitrough (KSV Instruments, Finland) based upon Wilhelmy plate 

method. The solution of YYACAYY (5 mg/ml in DMSO) was 

carefully spread onto ultra-pure water subphase in a Teflon trough. The 

system was allowed for 20 minutes to equilibrate, during which the 

spreading solvent could partly evaporate but mostly mixed with the 

subphase, and the peptide molecules were uniformly distributed at the 

air-water interface. After that, The YYACAYY molecules on air/water 

interface were then slowly compressed with constant rate of 10mm/min 

using two Teflon barriers from both sides to decrease the available 

surface area. During this compression, the surface pressure was 

continuously recorded by a balance, Wilhelmy plate, which resulted in 

a curve of surface pressure versus surface area.  
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II. 3. 2. Langmuir-Blodgett (LB) Film Deposition

The LB film deopsition (vertical deposition) was performed for 

peptide nanofilms formation on the surface of Si substrate. Firstly, Si 

wafers were treated with piranha solution (H2SO4 / H2O2, 7 : 3, v/v) 

for 30 min for removing impurities and hydroxylation followed by 

rinsing with deionized water, and kept in EtOH. Surface pressure – 

area (π–A) isotherms was measured with KSV Minitrough (KSV 

Instruments, Finland). The precleaned Si substrate fixed with tweezer 

was dipped into the subphase volume in a vertical position. The 

solution of YYACAYY (5 mg/ml) in DMSO was carefully spread on 

the surface of water and waited for 20 min. After 20 min, the peptide 

monolayer was compressed upto the required surface pressure 

(11mN/m) and transferred to Si substrate through a slow (5mm/min) 

upstroke of the substrate while the surface pressure was kept constant. 



27

II. 3. 3. Langmuir-Schaefer (LS) Film Deposition

and Fabrication of Patterned Peptide Nanofilms

I I .  3 .  3. 1 .  Langmuir-Schaefer (LS) Film 

Deposition 

The LS film deposition (horizontal deposition) was performed for 

peptide nanofilms formation on a surface of Si substrate. The 

measurement of surface pressure – area (π–A) isotherms was 

accomplished with KSV Minitrough (KSV Instruments, Finland). The 

solution of YYACAYY (5 mg/ml) in DMSO was spread on the 

surface of water and waited for 20 min. After 20 min, the peptide 

monolayer was compressed at the required surface pressure (11mN/m) 

and transferred to a precleaned Si substrate dipped horizontally on the 

interface of the subphase, and upstroked.  
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Figure 7. Schematic images of fabrication of YYACAYY peptide nanofilms by 1) 

LB and 2) LS deposition method respectively.
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II. 3. 3. 2. Fabrication of Monolayer and Multi-

layer of Patterned Peptide Nanofilms by Micro-   

contact Printing (µCP)

The patterned films were obtained by micro-contact printing (µCP) 

technique with polydimethylsiloxane (PDMS) stamp. The PDMS 

stamps for µCP were fabricated by replica molding using a master 

and SYLGARD® 184 silicone elastomer kit (Dow Corning, Midland). 

Briefly, prepolymer and catalyst were thoroughly mixed in a ratio of 

10/1 (w/w). The mixture was degassed for about 30min and spread as 

a ~1mm-thick layer onto the master and then cured at 60°C for 30 

min. After cooling to room temperature, the elastomeric stamp was 

peeled off from the master and used for μCP. 

The LS film deposition (horizontal deposition) with PDMS stamp 

was applied for the formation of patterned peptide nanofilms on the 

surface of Si substrate. The Surface pressure – Area (π–A) isotherms 

was measured with KSV Minitrough (KSV Instruments, Finland). The 

solution of YYACAYY (5 mg/ml) in DMSO was spread on the 

surface of water and waited for 20 min. After 20 min, the peptide 

monolayer was compressed at the required surface pressure (11mN/m) 
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and transferred on the PDMS stamp by dipping horizontally into the 

surface of the subphase and upstroked. For the formation of 

multilayered nanofilms, dip and drawing upward was repeated.   
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Figure 8. Schematic steps of the micro-contact printing with PDMS stamp 

combined with Langmuir-Schaefer (LS) transfer technique for patterned peptide   

nanofilms.
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II .  3 .  3. 3 .  Fabrication of Patterned Peptide 

Nanofilms with Ag Nanopaticles 

 

The LS film deposition (horizontal deposition) with PDMS stamp 

was applied for the formation of patterned peptide nanofilms 

containing silver nanoparticles. The measurement of Surface pressure 

– Area (π–A) isotherms was accomplished with KSV Minitrough 

(KSV Instruments, Finland). AgNO3 aqueous solution (1mM) was 

used as subphase to fabricate silver nanoparticles on YYACAYY 

peptide nanofilms by redox reaction. The solution of YYACAYY (5 

mg/ml) in DMSO was spread on the surface of AgNO3 aqueous 

solution (1mM) and waited for 30 min. After 30 min, the peptide 

monolayer was compressed at the required surface pressure 5mN/m 

and transferred on the PDMS stamp by horizontal dipping onto the 

surface of the subphase and upstroking. 
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III. Results and Discussion
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III. 1. Preparation of YYACAYY peptide 

 

III. 1. 1. Preparation and Characterization of 

YYACAYY 

  

The peptide YYACAYY (H-Tyr-Tyr-Ala-Cys-Ala-Tyr-Tyr-NH2) 

was synthesized on CTC-resin via Fmoc/tBu chemistry. The steps of 

coupling and deprotecting were repeated with Fmoc-Tyr(tBu)-OH, 

Fmoc-Tyr(tBu)-OH, Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH, Fmoc-Ala-

OH, Fmoc-Tyr(tBu)-OH, Fmoc-Tyr(tBu)-OH. The synthesized peptide 

was cleaved by using cleavage cocktail (TFA : phenol : water : 

thioanisole : EDT = 82.5 : 5 : 5 : 5 : 2.5, volume ratio). Cleavage is one 

of the most crucial steps in solid-phase peptide synthesis process. It 

seperates the peptide from the supported resin while removing all the 

protecting groups from the side-chains. Cleavage with TFA only make 

it hard to remove all the tBu protecting group from Tyr. Also, Trt 

protecting group tends to reattach to the free sulfhydryl group if thiol 

scavenger is not used. Therefore, EDT, thioanisole, and phenol were 

added to the cleavage cocktail for preventing the modification of Cys 

and removing all the tBu group completely.26 The yield and purity of 

the synthesized peptide were determined by HPLC and ESI-MS. The 
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peak at 10.9 min was assigned as YYACAYY peptide monomer which 

was and confirmed by mass analysis (915.3). The yield was 80% based on 

the amount of the first amino acid (Tyr) on the resin. 
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Figure 9. High-performance liquid chromatography (HPLC) and electrospray 

ionization mass spectrometer (ESI-MS) data of synthesized YYACAYY. 
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III. 2. Preparation and Characterization of Peptide 

Nanofilms  

 

III. 2. 1. π–A Isotherm of Peptide Nanofilm    

 

Fabrication of Langmuir films with an amphiphilic molecules is 

performed by two-steps. First step is the formation a monolayer on 

water subphase surface. This can be determined by π–A isotherm 

graphs. The second one is to transfer of the monolayer onto a solid 

substrate.  

A typical surfactant-like peptide molecule is composed of two parts, 

a hydrophobic tail and a hydrophilic head composed of one or two 

charged amino acids.27 The YYACAYY peptide has different structure. 

It is difficult to differentiate the hydrophobic tail and the hydrophilic 

head in this molecule. Nevertheless, from the π-A isotherm test (Fig. 

10), the YYACAYY peptide presented a typical surfactant like 

property. The peptide showed low solubility in water and immiscible 

in organic solvents such as chloroform which is a typically used 

solvent in Langmuir film deposition. In here, DMSO was used as a 

peptide dissolving solvent which could lead probable loss of the 

peptide molecules in the subphase volume. Therefore, area per 
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molecule can not be exactly calculated from the π-A isotherm of 

YYACAYY. From the π-A isotherms graph, the surface pressure for 

fabrication of peptide monolayer was determined as 11 mN/m. 
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Figure 10. π–A isotherms of YYACAYY on ultra pure water subphase. 
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III. 2. 2. Thickness and Morphology Analysis of 

Peptide Monolayer by LB Deposition Method 

 

LB deposition method (i.e. vertical deposition) is considered as a 

useful technique to prepare thin molecular films of ranging from one 

to several tens of molecular layers. When the surface pressure is 

sufficiently high to ensure lateral cohesion in the interfacial film, the 

solid monolayer could be transferred onto a substrate28. The 

YYACAYY peptide monolayer was compressed by 10 mm/min until 

reaching to the required surface pressure (11 mN/m) and transferred 

on precleaned Si wafter through the slow (5 mm/min) upstroke of the 

substrate while the surface pressure was kept constant. 

 Generally, LB film thickness is estimated by AFM cross-section 

analysis as the natural blemish depth. However, if the film tranferred 

to a solid substrate by vertical deposition is highly uniform, it is 

necessary to make an artificial defect. Thus, artificial line inside the 

peptide nanofilm was generated by AFM-tip with the force loading of 

10 nN in contact mode. The film was supposed to be completely 

removed (down to the substrate) from that place.  

Fig. 11 shows AFM images of YYACAYY LB films on Si substrate 
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deposited from air/water interface while the surface pressure was 

maintained as 11 mN/m. The thickness and morphology of self-

assembled YYACAYY peptide monolayer was characterized by AFM. 

From the AFM images, the thickness of peptide monolayer by LB 

method was measured as 3.2 nm. The surface of peptide nanofilm 

appeared to be completely uniform and flat.  
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Figure 11. AFM analysis of peptide monolayer by LB deposition method. 
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III. 2. 3. Analysis of Patterned Peptide Nanofilms 

by LS Deposition Method with PDMS Stamp 

 

Soft lithography using a soft polymeric stamp has been widely used 

among various lithography techniques because it has many advantages 

such as simplicity, low price, and high applicability to various 

substrates29. In this experiment, patterend peptide nanofilms were 

fabricated by using µCP technique with a PDMS stamp via the LS film 

deposition method. Mono and stacked peptide nanofilms were 

successfully transferred onto the Si substrates with the patterned stamp.  

 The Langmuir film of YYACAYY peptide was formed by dropping 

the peptide solution onto the air/water interface in a trough, followed 

by molecular self-assembly with compression. For inking the patterned 

PDMS stamp with the peptide layer, the stamp was contacted and 

detached sequentially from the self-assembled peptide monolayer 

formed on the water surface. After that, the remaining water on the 

stamp was removed by generate N2 blowing. These 3-steps (contact, 

detachment, and N2 blowing) are one cycle for inking the patterned 

PDMS stamp with peptide nanofilms. Multiple inking of the peptide 

monolayer to the PDMS stamp could be carried out via repeating the 
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above procedure.30 Therefore, thickness-controlled nano-patterned 

peptide films were easily obtained on a solid substrate such as Si and 

quartz.  

According to the AFM cross-section analysis (Fig. 12-13) the 

thicknesses of the patterned 1, 3, 5, and 10-layer films are ~3.0nm, 

~9.3nm, ~15.7nm, and 33.4nm respectively. Figure 13 shows the 

thickness of the patterned peptide nanofilms as a function of the 

number of stamping. As expected, the thickness of the patterned 

peptide film increased linearly with the number of stamping and could 

be controlled on nanometer scale. 

From the TEM image of the fully developed Langmuir film (Fig. 14) 

taken from the air/water interface, uniform film of micro-scale and 

some fiber structures inside the film can be observed. It could be 

explained that the YYACAYY peptide has two favored self-assembling 

pathways according to the environment conditions. Two-dimensional 

nanofilm was formed from air/water interface and the fiber structure 

might be formed inside the bulk water phase. 
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Figure 12. AFM images of patterned peptide nanofilms (1, 3, 5, 10 layers) by   

microcontact printing (µCP) with polydimethylsiloxane (PDMS) stamp. 
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Figure 13. The thickness of patterned peptide nanofilms according to the number 

of stamping. 
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Figure 14. TEM image of YYACAYY peptide monolayer by LS deposition   

(Peptide monolayer was presented inside of red dot line).

Peptide Nanofilm Region 



 

  48

III. 2. 4. Characterization of Peptide Nanofilms  

 

III. 2. 4. 1. UV-Vis Spectroscopy Analysis of 

Peptide Nanofilms  

 

Ten layers of the Langmuir film of YYACAYY peptide was 

transferred onto a quartz (1cmⅹ1cm) substrates by LS deposition 

method while the surface pressure maintained at 11 mN/m for UV-Vis 

transmission spectroscopy. Amino acids which have aromatic residues 

such as tyrosine (Tyr), tryptophan (Trp), and phenylalanine (Phe) 

absorb light near 260 to 280 nm region and the peptide bond absorbs 

light in the range of 180 to 230 nm which is called the far-UV 

region.16 

According to the result of UV/Vis analysis, the Langmuir film of 

peptide which has four Tyr residues in the peptide sequence shows a 

distinct absorption at 280 nm and near 220nm, indicating the presence 

of aromatic amino acids and peptide bonds in its structure. 
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Figure 15. UV/Vis-Transmission spectra of YYACAYY thin film (10-layers) by 

LS deposition with PDMS stamp. 
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III. 2. 4. 2. Raman Spectroscopy Analysis of Peptide 

Nanofilms by Langmuir Film Deposition 

 

From the Raman spectroscopy data, dimerization of the peptide 

between the sulfhydryl groups was confirmed. As shown in Fig. 16, 

the –SH stretching vibration (2571cm-1) was observed in the 

monomeric YYACAYY peptide (powderform) but it disappeared after 

the peptide film was formed. At the same time, a new strong peak 

which corresponds to S-S stretching frequency (489cm-1) appeared in 

the peptide film due to the formation of disulfide bond between two 

cysteins during the peptide self-assembly. The intensity of S-S 

stretching frequency of the peptide film by Langmuir deposition was 

stronger than the one from faceting in our previous works. It could be 

expected that the compression of the peptide molecules by the barrier 

generated high ratio of disulfide bonding during the process of peptide 

self-assembling to form the film structure.17,31 
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Figure 16. Raman spectra of monomeric peptide (black line) and peptide LB films 

(red line). 
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III. 2. 4. 3. CD Analysis of Peptide Nanofilms by 

Langmuir Film Deposition 

 

CD spectra between 260nm and 180 nm can be analyzed for the 

secondary structure of proteins and peptides such as alpha helix, 

parallel and antiparallel beta sheet, random coil, and others. To inves-

tigate the molecular conformations of the assembled secondary 

nanostructures of YYACAYY peptide films by Langmuir deposition, 

solid circular dichroism (CD) analysis was performed. The solid CD 

spectra of the peptide multilayer transferred onto the quartz (1cmⅹ

2cm) by LS deposition with PDMS stamp is shown in Fig. 17. It  

contains a positive peak at 238 nm and a strong positive peak at 198 

nm (n−π* transition) and minima at 218 nm (π−π* transition).  

Beta-sheet structures typically show a negative band at 217 nm and 

a positive band at 195 nm. These results indicate that the dimerized 

peptide assembled sheets has a typical beta-sheet conformation. Addi-

tionally, a weak positive peak at 238 nm, which appears in the spectra 

for the dimer sheets, can be assigned to a disulfide bond transition.32 
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Figure 17. Solid CD spectra of YYACAYY nanofilms (20-layers) directly transferred 

to a quartz substrate by the PDMS stamping method. 
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III. 2. 4. 4. CV Analysis of Peptide Nanofilms by 

Langmuir Deposition 

 

The 20-layers of YYACAYY nanofilm were transferred onto FTO 

glass by using PDMS stamp. The voltammetric behavior of 

multilayered YYACAYY film was investigated in 0.1 M NaCl 

electrolyte solution (PH 6.5) with Ag/AgCl electrode under the 

potential range of 0.4 to 1.6 V at a scan rate of 50 mV·s−1. One 

oxidation peak for tyrosine was be observed and no reduction peak 

appeared in the reverse scan. The largest oxidation current peak was 

obtained at 0.9V which means tyrosyl radicals can be easily generated 

from our peptide nanofilms (Tyr →Tyr∙).1 This indicates that 

tyrosine-containing peptide film was successfully fabricated and could 

be applied to redox reaction with metal ion such as Ag+. 
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Figure 18. Cyclic Voltammetry (CV) polarization analysis of peptide nanofilms. 
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I I I .  3 .  P re p a r a t i o n  and Characterization of Ag 

Nanoparticles Deposited on Peptide Nanofilms  

 

III. 3. 1. π–A Isotherm of Peptide Monolayer on 

Subphase of Aqueous AgNO3 Solution   

 

From the CV analysis of the YYACAYY nanofilms, we found out 

the possibility that this peptide nanofilms could be used as a template 

for generating metal nanoparticles (NPs) by redox reaction with metal 

ions. Among metal NPs, Ag NPs have been intensively studied as a 

substrate for sensors due to its unique optical properties25. In our case, 

Ag+ ions was applied to comfirm the capability of the peptide nanofilms 

as a reducing agent. For fabricating Ag NPs with the YYACAYY 

peptide nanofilm, Ag+ ions and peptide molecules were interacted at the 

air/water interface. The π–A isotherm graph of the peptide monolayer 

on AgNO3 solution as subphase was shown in Fig.19. From this graph, 

we could find out that the surface pressure for monolayer state was 

lower than when using only pure water as a subphase. Thus, it can be 

expected that the reduction of Ag+ ions by tyrosine residue could 

further promote the formation of disulfide bonding between two 

cysteins. The use of metal ion containing subphase makes it ambiguous 
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to determine the analogous characteristics for non-compressed and 

collapsed films because the presence of metal NPs could lead to 

multiple aggregates on their surface.33 It can be attributed to 

nanocrystallization or Ag0 NP formation during reduction process.  
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Figure 19. π–A isotherms of YYACAYY on silver nitrate solution subphase. 
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III. 3. 2. Characterization of Ag Nanoparticles on 

Peptide Nanofilms     

 

 The Ag NPs on tyrosine-containing peptide nanofilms was 

analyzed by XPS, AFM, and TEM to characterize the morphology of 

Ag NPs and peptide nanofilms as well and to determine the oxidation 

states of Ag NPs (Fig.20-21). The AFM image showed that Ag NPs of 

nanosize were immobilized well on the patterned peptide nanofilm. 

From XPS result, we found that the oxidation Ag NPs formed on 

peptide nanofilms existed as two kinds of oxidation state, Ag0 and 

Ag2O.34 Thus, Ag NPs/peptide hybrid material was succefully 

fabricated in an aqueous environment. This technique could be applied 

to various fields such as medicine, biotechnology, or optical devices.  
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Figure 20. XPS Analysis of Ag NPs incorporated YYACAYY peptide nanofilms 

by LS deposition method. 
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Figure 21. AFM analysis of Ag NPs incorporated YYACAYY peptide nanofilms 

by LS deposition method. 
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Figure 22. TEM image of Ag NPs incorporated YYACAYY peptide nanofilms by 

LS deposition method. 
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IV. Conclusions 
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Tyrosine-containing peptide, YYACAYY, was synthesized by the 

solid-phase peptide synthesis method and confirmed by HPLC and ESI-

MS. Using this peptide, 2D nanofilms which are uniform, thickness-

controllable, and biocompatible was successfully fabricated by 

Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) method at 

air/water interface and transffered onto a solid substrate such as Si and 

quartz. Patterned peptide nanofilm was also prepared by using uCP 

with PDMS stamp. The thickness of peptide monolayer by Langmuir 

deposition was about 3nm. The thickness of peptide nanofilms was 

increased linearly according to the increased number of deposition 

layers. Dimerization and beta-sheet formation during peptide nanofilms 

formation was confirmed by using UV/Vis, Raman, and CD 

spectroscopy. The hybrid material of Ag NPs@peptide nanofilm was 

fabricated through the redox reaction between the peptide nanofilm and 

silver ions. The metal-peptide nanofilm hybrides could be applicated in 

biocompatible nano sensor or conducting material for organic thin film 

transistor in a near future. 
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요   약 

 

최근 단백질과 펩타이드의 자기조립 현상을 이용하여 여러 

나노 구조체들을 제작하고 이를 다양한 분야로 적용하려는 

연구가 이루어지고 있다. 특히, 타이로신을 포함하는 

펩타이드 구조체는 페놀기로 인해 2차원 시트구조를 형성할 

수 있는 높은 경향성을 나타낸다. 본 논문에서는 기존의 

타이로신을 포함하는 펩타이드 (YYACAYY)를 CTC 레진을 

이용하여 고체상 합성을 하였고 Langmuir-Blodgett (LB) 과 

Langmuir-Schaefer (LS) 방법을 이용하여 실리콘과 같은 고체 

기판 위에서 펩타이드 단일층 박막을 쉽게 옮길 수 있는 

방법을 개발하였다. DMSO에 녹인 펩타이드 용액을 물/공기 

계면에 적용하여 표면 압력-면적 등온선 그래프를 통해 

단분자막의 형성 조건을 확인하였다. 또한 PDMS 도장을 

이용한 uCP을 통해 무늬가 있는 펩타이드 나노 필름을 

제작하였다. Langmuir 필름 증착에 의한 펩타이드 단분자막의 

두께는 약 3nm정도인 것을 AFM분석을 통해 확인 하였다. 

또한 UV/Vis, CD, Raman Spectroscopy 분석을 통해 펩타이드가 

시스테인 간의 산화로 인해 형성된 디설파이드 결합으로 

이합체를 형성하고, 자기조립 하면서 물/공기 계면에서의 

장벽을 통한 표면압력의 증가로 인해 분자 배열이 

일어나면서 전형적인 베타시트 구조의 이차 구조를 갖는 

펩타이드 나노필름이 형성 되는 것을 확인 하였다. 



66

결과적으로, 압력의 증가로 인한 열역학적 요인으로 인해 

공기/물 계면상에서 형성된 Faceting에서와 다른 구조로 

자기조립이 일어나는 것을 확인 하였다. CV 분석결과, 

펩타이드는 0.9 volt에서 환원력이 있음을 알았고 이를 

바탕으로 펩타이드 나노필름과 은이온의 산화환원 반응을 

통해 펩타이드 필름 위에 은 나노입자를 형성시켰다. 이를 

통해 펩타이드는 다양한 금속나노입자를 형성시킬 수 있는 

템플릿으로의 적용이 가능함을 알 수 있었고, 향후 생체친화 

나노 센서 및 유기 전도성 물질로의 응용이 가능할 것으로 

기대된다.    
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V. Appendix 
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Appendix 1. High-performance liquid chromatography (HPLC) and electrospray 

ionization mass spectrometer (ESI-MS) data of the side product, which appeared at 

12.4 min elution time.

side product (S) 
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Appendix 2.   Thermogravimetry analysis (TGA) of peptide (YYACAYY).   

 

The mass decrease of YYACAYY peptide during the heating was shown. In general, 

the weight loss (~15%) is related with evaporation of water in the peptide at the initial 

stage (between 25 and 200℃). The degradation step of peptide appeared between 200 

and 400℃ which shows significant loss of peptide weight. This degradation is caused 

by breaking of peptide bond with deamination and decarboxylation. From the results 

of TGA curve, we have found that the dimer structure of peptide (red line) has slightly 

higher thermal stability than the monomer (black line).
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