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ABSTRACT 

 

Aptamers are experimentally-selected oligonucleotides (RNA, ssDNA) or peptide 

ligands that bind to specific target molecules. Although the primary function of aptamers is 

specific binding to targets, the incorporation of functional compounds in the aptamers can 

advance their functions for various applications. In this thesis, I tried to prepare two types of 

aptamer-based sensing probe by incorporation of functional compounds: a fluorogenic probe 

by modification of a previously selected aptamer with an environmental sensitive dye 

conjugated amino acid and an electrochemically sensing probe by selecting such aptamer 

from a peptide library containing electrochemically active amino acid. 

As the first project, I aimed to prepare a fluorogenic probe. Specifically, I modified a 

previously selected peptide aptamer (Ep114) for a marker of circulating tumor cell (CTC), 

epithelial cell adhesion molecule (EpCAM), with an environment sensitive dye, 7-nitro-2,1,3-

benzoxadiazole (NBD) coupled aminophenylalanine. For the modification of some amino 

acids in the aptamer with NBD-coupled aminophenylalanine one-by-one, I chose the less 

important amino acids in the aptamer to bind to the EpCAM. Among the six synthesized 

peptides, I have found that two peptides retained the Ep114's binding ability and specifically 

markedEpCAM-expressing cells by just adding these peptides to the cultivation medium. 

These wash-free, fluorogenic peptide ligands could be useful to capture CTCs without 

damage to the cell viability which is difficult from the current cell search technique. Thus, I 

believe that the technique boosts the development of the next-generation devices for CTC 

diagnoses. 

In the second project, I aimed to construct an electrochemical detection system for 

influenza virus by employing electro-polymerization properties of 3,4-
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ethylenedioxythiophene (EDOT). Here, the peptide aptamers were directly selected from the 

random sequence of a peptide library containing EDOT-coupled aminophenylalanine using 

the ribosomal display method. After six rounds of selection, sequences were analyzed using 

next-generation sequencing. The three highest frequency sequences were prepared using solid 

phase peptide synthesis method. I found that one of the peptides bound to the virus with a 

moderate affinity (EC50 = 9.6±2.3µM) and effective selectivity. As I expected, the aptamer, 

in the absence of virus was electrochemically polymerized via EDOT, although the 

polymerization was suppressed in the presence of virus presumably due to hindrance by the 

virus. As a result, the polymerized material deposited on the working electrode reduces the 

electric current with the decrease of virus concentration. The detection limit of this system 

was 12.5µg mL
−1

 (P < 0.05) of the virus, which is comparable to the sensitivity of immune-

chromatography. This work represents the first example of the in vitro selection of an 

electrosensitive peptide aptamer for the development of electrochemical biosensors. 
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List of Abbreviations 

 

BSA       Bovine serum albumin 

CatE   Cathepsin E 

CFU     Colony-forming unit 

CTC   Circulating tumor cell 

CV       Cyclic voltammetry 

DNA       Deoxyribonucleic acid 

EDOT    3,4-Ethylenedioxythiophene 

ELISA      Enzyme-linked immunosorbent assay 

EpCAM  Epithelial cell adhesion molecule 

FT-IR    Fourier transform infrared 

HER2      Human epidermal growth factor receptor 2 

IDP     Intrinsically disordered proteins 

LOD    Limit of detection 

mRNA    Messenger ribonucleic acid 

NBD               7-Nitro-2,1,3-benzoxadiazole 

NBDaa  NBD labeled aminophenylalanine 

NGS      Next generation sequencing 

NMP     N-Methyl-2-pyrrolidone 

PCR              Polymerase chain reaction 

pdCpA   5′-O-phosphoryl-2′-deoxycytidylyl-(3′-5′) adenosine 

PDGF     Platelet-derived growth factor 

PRM   Peptide-ribosome-mRNA 

PVDF   Polyvinylidene fluoride 

RBS   Ribosome binding site 
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Rmp   Rotation per minute 

r.t.   Room temperature 

RT-PCR            Reverse transcription polymerase chain reaction 

SD   Shine-Dalgarno 

SELEX   Systematic evolution of ligands by exponential enrichment 

ssDNA   Single strand Deoxyribonucleic acid 

tRNA   Transfer ribonucleic acid 

USFDA  United State Food and Drug Administration 

VEGF   Vascular endothelial growth factor 
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1. INTRODUCTION 

The concept of aptamer started in 1990 when two prominent studies reported the 

generation of high-affinity molecules against respective targets using an in vitro selection 

method. Tuerk and Gold selected ribonucleic acid (RNA) ligands against T4 

deoxyribonucleic acid (DNA) polymerase and introduced the term ―Systematic Evolution of 

Ligands by Exponential Enrichment‖ (SELEX).
1
 Similarly, Ellington and Szostak selected an 

RNA aptamer that binds to small organic dye and coined the term ―aptamer‖ which was 

derived from the Latin word―aptus‖ (fit) and Greek word―meros‖ (part).
2–4

 Since then, short 

RNA or single-stranded DNA (ssDNA) molecules selected against a specific target have been 

termed ―nucleic acid aptamers‖.
5
 Six years later, Colas et al.

6
 reported the construction of 

artificial combinatorial proteins that bind to human cyclin dependent kinase 2, and he defined 

the molecule as "peptide aptamers." Following his definition, peptide aptamers are 

combinatorial protein molecules in which a variable peptide sequence with the affinity for a 

given target protein is displayed on an inert, constant scaffold protein.
4,6–9

 Now, aptamers are 

small oligonucleotides (RNA or ssDNA) of 20 - 100 residual or peptides of 8 - 20 amino acid 

residues that can bind to their respective targets with high affinity and specificity.
10

 

Since the development of aptamer, they have gotten attention as a valuable substitute 

for antibodies in various applications such as medical diagnosis, therapeutic agents, and other 

basic researches
10, 11

, because there are some limitations for the production and application of 

antibodies. For example, antibodies are produced biologically, it is difficult to scale up their 

production, quality control, chemically ligation with functional molecules and store them for 

long time ina shelf.
12

 On the other hand, aptamers have much wider freedom than antibodies; 

for example, aptamers are selected and developed using in vitro system. Besides that, 

aptamers possess high specificity comparable to antibodies. For example, RNA aptamers 

selected against theophylline exhibited a >10,000-fold discrimination against caffeine, which 
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differs just by a methyl group
13

, and similarly, an anti-L-arginine RNA aptamer exhibited a 

12,000-fold affinity for L-arginine than D-arginine 
14

 (Figure 1-1). 

 

Figure 1-1.  RNA aptamers affinity and selectivity against small molecules 

 

In addition to the affinity and selectivity, aptamers have following advantages.
10, 12

 

 Aptamers can be easily synthesized in a scalable process and no lot-to-lot variability. 

 The production process is not prone to viral or bacterial contamination. 

 Aptamers are small in size, and it is expected that they efficiently enter into biological 

compartments. 

 Aptamers can be selected against any targets (including targets which cannot be used 

for immunization due to toxicity or less amount). 

 Because aptamers are chemically stable, they can be easily modified with compounds 

including dyes or functional groups. 

 Aptamers are low-immunogenic, low-toxic and they often exhibit good stability. 
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In this research, I developed two different kinds of aptamer-based biosensors for 

diagnostic applications. In the first approach (Chapter Two), I functionalized a previously 

selected peptide aptamer using an artificially prepared fluorogenic non-natural amino acid. 

The developed peptide biosensor exhibited an enhanced fluorescence in the presence of a 

target molecule (Figure1-2) 

 

Figure 1-2.Functionalization of a peptide aptamer with functional amino acid 

In the second approach (Chapter Three), I used a more advanced technique to develop 

peptide aptamer-based biosensor. Additionally, the modification of the selected aptamer with 

a signaling molecule sometimes leads to affinity loss with the target or weak signaling 

because of the hindrance to the target-recognizing domain or an unintended conformational 

change of the target-recognizing molecule. To realize an active role of the artificially 

introduced non-natural amino acid during peptide aptamers interaction, pre-incorporation of 

non- natural amino acid to the random peptide library was done. Specifically, a pool of 

random peptide library was prepared by using a bioorthogonaltRNA bearing functional non-

natural amino acid, then the peptide aptamer containing functional non-natural amino acid 

was selected against the desired target molecule by in vitro selection method (Figure 1-3). 

Compared to post-selection modification, this selection method can exclude some peptide 

sequences, which have a weak affinity because of the functional molecule conjugation. 
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Figure 1-3. Incorporation of functional non-natural amino acids into randomized library 

prior to selection 

 

2. APTAMER SELECTION 

The basic principle of the aptamer selection is the use of combinatorial strategies to generate 

a pool of various candidates, run selection against a designated target, amplify the selected 

candidates, and repeat the selection process (Figure 1-4). The technique used for aptamer 

preparation merely resembles the Charles Darwin theory of natural selection, a key 

mechanism of the evolution described in "The Origin of Species" book.
15

So, the method can 

be simply compared with Darwin's selection process. 
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Figure 1-4. Comparison of in vitro aptamer selection with Darwinian evolution theory 

"natural selection." 

 

However, from a specific technical point of view, the selection of aptamers is entirely 

different between the types of aptamers. For oligonucleotide aptamers, the selection process 

is carried out using SELEX technique. This is the most common technique because the wide 

range of targets (small molecules, proteins, viruses, bacteria, live cells, and even tissues) can 

be used directly for the selection.
16,17

The first step of the SELEX method is the preparation of 

a random sequence of oligonucleotides by synthesis. The primary libraries are prepared as 

single strand DNAs in length of 20-100 nucleotide.
18

The prepared libraries can be used 

directly for DNA aptamer selection. Whereas for RNA aptamer selection, single strand DNA 

libraries are transcribed to the libraries of RNA molecule, usually using T7 RNA polymerase 

by in vitro transcription system. For affinity selection, prepared libraries are exposed to the 

pre-immobilized target molecules. Washing removes unbound RNAs, and the bound RNAs 

are collected by elution. The collected RNAs are transcribed to cDNAs by reverse 

transcription and then perform polymerase chain reaction (PCR) to increase the copies of the 
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enriched sequences for the next round of the selection. Thus, the affinity-based selection is 

repeated to enrich desired DNA/RNA molecules.  

For peptide aptamer selection, a prerequisite is the coupling of genotype (RNA, DNA) 

and phenotype (protein). A linkage between genotype and phenotype is essential for 

amplification of phenotypically selected combinatorial peptide molecules for enrichment as 

well to know the genetic information of the binding aptamer generated from the random 

library. The peptide aptamer selection can be run using either in vivo or in vitro display 

methods. In in vivo screening method, both target and ligand are produced in a living cell. 

The concept was originally introduced by Fields and Song, and an important feature of in cell 

selection is the lack of competition among the expressed peptide aptamers within a cell.
19,20

 

The most common approach used for the selection of peptide aptamers is in 

vitromethods. In this approach, the selection of peptide aptamers carried out through the 

extracellular display technologies such as phage display 
21–23

, yeast display
24,25

, bacterial 

surface display
26

, ribosome display
27,28

, mRNA display 
25,29–32

, DNA display
33–36

 and in vitro 

compartmentalization.
37–40

 Because phage display, yeast display, bacterial surface displays 

are cell-based display technologies, their library sizes are limited due to the efficiency of 

DNA transformation into cells. Besides that, the toxicity of combinatorial library proteins to 

the host cells potentially a problem. This limitation is overcome in ribosomal display, mRNA 

display, DNA display and in vitro compartmentalization by employing a cell-free translation 

system. Although these display techniques can handle larger library than cell-based display 

techniques, these techniques have some concerns about the potential loss of peptide binders 

due to the expression of the peptide/protein outside of cell environment, which might lead to 

misfolding or post-translation modification. All these methods have their merit and demerits. 

Choice of a method depends on an individual objective, an employed target, and strategies 

going to apply for the peptide aptamers section. Here, I aimed to develop functional peptide 
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aptamers for diagnosis application. The desired peptide aptamers were selected by phage 

display in chapter two and ribosomal display method in chapter three. 

 

2.1 Phage Display 

First-time phase display technique was used by Smith in 1985 to map epitope binding 

sites of immunoglobulins.
41

 Now the phage display method is well established and widely 

used to develop peptide aptamers against the variety of targets including small molecules to 

large polymers, bacteria, cells, and even tissues.
42-53

 In this technique, the random peptide 

libraries are fused with a bacteriophage coat protein and displayed on the surface of a virion. 

Then the displayed libraries are incubated with immobilized targets for affinity selection 

followed by extensive washing to remove nonbinding phages (Figure1-5). The peptide 

sequences bound to the target can be easily identified because the phages provide the physical 

link between phenotype (the displayed peptide) and genotype (the encoding DNA). 

Theoretically, one selection cycle would be enough to find the binding phages from the pool 

of phages.
41,45

 But in practice, the selection is repeated several times to obtain aptamer 

candidates that exhibit higher affinity than the original library. Finally, peptide sequences that 

bind specifically to target molecules are identified by sequence analysis of individual clones. 
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Figure 1-5. A schematic representation of the phage display technique 

 

2.2 Ribosome Display 

Ribosome display was introduced by Mattheakis et al. in 1994, and the method was 

subsequently adopted by Hanes and Pluckthun for selection of functional proteins.
27, 28

It has 

been widely used compared to other competing methods due to some advantages. Ribosomal 

display is performed entirely in vitro system. The diversity of the library is just limited by the 

number of ribosomes and mRNA molecules present in the system. Another important 

advantage of the ribosomal display is that random mutations can be introduced easily after 

each selection round, as no library must be transformed after any diversification step. These 

features made the ribosome display method an important technology to select high-affinity 

aptamers from diverse libraries of 10
9
-10

12
 clones.

54
Thus, I choose ribosomal display 

technology to introduce a functional molecule into a peptide library prior to affinity selection. 
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The ribosomal complex is the place where translation process, conversion of the 

information in mRNA into protein occurred. A ribosome contains four binding sites: one for 

mRNA and other three for tRNA (the A- site, the P-site and the E-site). During protein 

biosynthesis, mRNA is translated from 5' to 3' direction, and the protein synthesis is initiated 

from N terminal, each new amino acid is added to the elongating protein in a repeating cycle 

having four major steps as shown in Figure 1-6.
55

Four step reaction cycles are repeated each 

time until to get the desired protein 

 

 

Figure 1-6. Translating an mRNA molecule into the ribosome. The protein synthesis process 

completed with four major steps. In step 1, tRNA carrying the next amino acid binds to a 

vacant, where the selection of the tRNA depends on the codon on mRNA in A site. In step 2, 

the most important reaction of the protein synthesis occurred; a new peptide bond is formed. 

The carboxyl end of the polypeptide chain is released from tRNA and joins to the free amino 

group of next amino acid linked to tRNA. In step 3, the large subunit of the ribosomal 

complex move towards the 3' of mRNA followed by the small subunit translocates carrying its 
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mRNA distance of three nucleotides in step 4 to create an empty A site for the next 

aminoacyl-tRNA molecule to bind.
55

 

 

Finally, the release of the synthesized proteins from the ribosomal complex is 

signaled by the presence of stop codons on mRNA. A stop codon terminated the addition of 

further amino acids due to binding with release factor. The completed protein chain is 

immediately released (Figure 1-7) 

 

 

Figure 1-7. Termination of the polypeptide synthesis. Presence of stop codons are not 

recognized by tRNA, on A site of the ribosomal complex, a protein is known as releaser factor 

binds to stop codon. Where water molecule is added on the growing carboxylic end instead of 

next amino acyl-tRNA as a result terminated the addition of further amino acids. 

 

But, the idea of the ribosome display accomplished with the formation of a stable 

ternary complex consisting of the ribosome, the mRNA and the correctly foldednascent 

polypeptide during in vitro translation. That can be archived by removing the stop codon on 

mRNA which prevents the release factor from binding and triggering the disassembly of the 

translation complex. As a result, mRNA stays physically attached to the ribosomal system 

with newly synthesized nascent protein. Thus the peptide libraries for the affinity selection 

are designed by removing the stop codon from the sequences (Figure 1- 8) to form a complex 

for affinity selection. The library sequence not only contains the randomized region but also 
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contains region likeT7 promoter, ribosome binding site (RBS), a start codon (AUG), and 

spacer protein. T7 promoter that allows for mRNA synthesis, RBS base pair with ribosomal 

RNA and took the ribosome to the downstream start codon (AUG) where protein synthesis 

initiated. The translated protein of interest must be folded correctly into its three-dimensional 

structure to bind with the target molecule.
56,57

 So the spacer protein facilitates the complete 

exit of display protein outside of the ribosome tunnel, a spacer protein required at least 23-30 

amino acids length at C terminal to exit completely from the tunnel.
58

 Ribosomal display 

construct should also contain 5' and 3' stem loops to stabilize the mRNA in vivo or in vitro 

system. 

 

Figure 1-8.  DNA construct for ribosomal display. (a) Construct for ribosomal display using 

Escherichia coli ribosomes (b) Construct for eukaryotic ribosome display. A translation 

initiation system may be Shine-Dalgarno sequence for Escherichia coli S30 extract or Kozak 

sequence for the eukaryotic system. This sequence is followed by open reading frame 

encoding the library of binding proteins followed by a spacer sequence fused in frame to the 

protein of interest 
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The basic principle of the ribosomal display selection method is shown in Figure 1-

9.DNA constructs are converted to mRNA libraries by in vitro transcription. The obtained 

mRNAs are translated using a reconstructed cell-free translation system derived from 

typically E. coli, wheat germ or rabbit reticulocytes. Library sequences translations run to the 

end of mRNA due to the absence of stop codon. Ribosome itself serves as the connector to 

forms a ternary complex consists of the ribosome, translated peptide, and mRNA; additions 

of Mg
2+

 ions into the translation system stabilize the complex. These ternary complexes are 

incubated with surface-immobilized targets for affinity selection. The unbound complexes are 

washed away, mRNA of the complexes displaying binding polypeptides are recovered. 

Recovered mRNAs are purified and subjected to a reverse transcription-polymerase chain 

reaction for amplification into DNA library. These DNAs are subsequently employed in the 

next round of the selection process. The selection process is repeated to enrich the highest 

affinity sequences. On average, from 5 to 15 rounds of selection is sufficient to obtain high-

affinity aptamers. 
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Figure 1-9.In vitro selection of functional peptide aptamer using ribosomal display 

technique. 

 

3. APPLICATIONS OF APTAMERS 

Aptamers are a strong and versatile alternative to antibodies due to that they are 

smaller in size, exhibit strong binding affinity and can be easily modified for conjugations 

and labeling features. Moreover, aptamers are low-immunogenic and low-toxic materials 

which made them potential molecules for medical applications, such as diagnosis and 

treatment of disease. The target molecules for aptamers are theoretically unlimited, and the 

selection techniques have become powerful with the novel technologies. Thus, the aptamers 

have a potential for a wider range of applications. 
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3.1 Diagnosis Application 

Mono- and polyclonal antibodies have been used for the diagnosis of various diseases. 

After the advancement of aptamer development, antibodies are sometimes successfully 

replaced by aptamers, when highly selective and effective binding to a target is required.
59, 60

 

Some aptamer-based enzyme-linked immunosorbent assay (ELISA) and Western blotting 

type analysis also showed more sensitive and effective than antibodies.
61–64

 Moreover, 

aptamers possess the advantages of easy chemical modification, which enables them to be 

applied for novel techniques, such as flowcytometry, microfluidic cell separation, 

endogenous nucleic acid analysis, fluorescence imaging, nanoparticles-based sensing, and 

electropolymerization, to maximize their diagnostic functions. The first aptamer used as a 

diagnostic tool was developed by Bruno et al.
65

 in 1999 to detect anthrax spores. Now, 

aptamers have been widely applied for the diagnosis of cancer, viral infection, cardiac 

diseases, and ophthalmology. For example, Li et al. selected high-affinity aptamer against 

metastatic colon cancer cells and further modified the aptamer with fluorescence to image 

cancer tissues.
66

Lian et al. reported the aptamer-based sensor which can detect S. aureus 

rapidly and specifically within 60 minutes.
67

 Parekh et al. selected aptamers against Vaccinia 

virus; the selected aptamer was highly specific towards virus-encoded hemagglutinin 

expressed on the surface of infected cells.
68

 There are numerous aptamers selected recently to 

facilitate the detection of various diseases, and some representative aptamers are listed in 

Table 1-1. 

 

Table 1-1: Some examples of the aptamers selected for diagnosis applications. 

Aptamers Name Target Application References 

Myo040-7-27 Myoglobin Diagnosis – cardiovascular 

disease 

69 
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2008s Plasmodium 

falciparum lactate 

dehydrogenase 

Diagnosis – infectious 70 

HeA2_1 

/HeA2_3 

Human epidermal 

growth factor 

receptor 2(HER2) 

Diagnosis and therapy of 

HER2 positive breast 

cancer 

71 

XL-33 Metastatic colon 

cancer cells 

(SW620) 

Diagnosis- metastatic 

cancer recognition and 

imaging 

66 

yl19 Cholangiocarcino

ma cells (QBC-

939) 

Diagnosis 72 

XL-33 Metastatic colon 

cancer cells 

(SW620) 

Diagnosis- cancer 66 

LXL-1 Metastatic breast 

cancer cells 

(MDA-MB-231) 

Diagnosis- cancer 73 

SYL3-C Epithelial Cell 

Adhesion 

Molecule 

(EpCAM) 

Diagnosis- cancer cell 

imaging and capture 

74 

Myo040-7-27 Myoglobin Diagnosis -cardiovascular 

diseases 

69 

n/d Tat protein Detection- HIV-1 virus 75 
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PP3 Hemagglutinin Detection-vaccinia 68 

PA-1 and PA-3 Intrinsically 

disordered proteins 

(IDPs) 

To understand functional 

interactions or  molecular 

mechanism 

76 

VT4 Verotoxin Detection -verotoxin 77 

n/d Cathepsin E 

(CatE) 

Detection of CatE in 

serum for cancer 

78 

 

The developed medical biosensor should be highly specific and extremely sensitive 

for proper recognition and efficient signal transduction. Thus, the aptamer seems to be a 

promising agent due to their smaller size which can be arranged with a higher density on the 

biosensor surface to develop portable and extremely sensitive kits.
63,79

 

 

3.2 Therapeutic Application 

One of the most promising applications is the therapeutic application due to their 

specificity to the designated target. In this approach, aptamers are developed for either a 

therapeutic agent or a carrier for drug delivery. The first aptamer drug was Macugen 

approved by U.S. Food and Drug Administration (USFDA) in 2004, an anti-vascular 

endothelial growth factor (VEGF) aptamer that recognizes the majority of human VEGF-A 

isoforms for the treatment of age-related macular degeneration and diabetic macular 

edema.
80–82

Macugen is the most successful example of aptamer-based therapeutics in both 

clinical application and commercial viability with the first annual sales exceeding 200 million 

U.S dollars. There are several aptamers based therapeutic agent that have undergone clinical 

trials 
83,84

 (Table 1-2). 
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Table1-2: Clinical trial of therapeutic aptamers 

Aptamer Name Target Medical Condition Phage 

 

Pegaptanib Vascular endothelial 

growth factor 

(VEGF)-165 

Ischaemic diabetic 

macular oedema 

Phase IV 

completed 

E10030 Platelet-derived 

growth factor (PDGF) 

Age-related macular 

degeneration 

Phase III 

REG1 (RB006 

and RB007) 

Coagulation factor IXa Coronary artery 

disease 

Phase III 

ARC1905 C5 (Complement 

component 5 

Age-related macular 

degeneration 

Phase III 

ARC1779 A1 domain of von 

Willebrand factor 

Von 

Willebranddiseasethro

mbocytopenic/purpura 

Phase II 

NOX-E36 and 

NOX-A12 

Chemokine C-C motif  

ligand 2 (CCL2) 

Chronic inflammatory 

diseases/type 2 

diabetes /systemic 

lupus erythematous 

Phase II 

NU172 Thrombin Heart disease Phase II 

ARC19499 Tissue factor pathway 

inhibitor (TFPI) 

Hemophilia Phase I 

EYE001 Protein encoded in 

exon 7 of VEGF gene 

Wet age-related 

macular degeneration 

Phase I 

NOX-H94 Hepcidin Anemia of chronic 

inflammation 

Phase I 

 

Besides the aptamers undergoing clinical trial, huge numbers of potential therapeutic 

aptamers have been reported in the literature. Some of them are anti-cancer agents. Dassie et 

al. reported an RNA aptamer against a prostate-specific membrane that inhibited the 

migration and invasion of prostate cancer cells in vivo.
85

 Simmons et al. reported a DNA 

aptamer that specifically binds to and inhibits up regulated in certain tumors and an in 
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vitrostudy aptamer inhibited invasion of carcinoma cells.
86

Soldevilla et al. reported an RNA 

aptamer specifically binding to CD40 and the aptamers could develop antitumor agent in 

future.
87

Kotula et al. reported an RNA aptamer that binds to β-arrestin 2 and the aptamer 

might be useful against leukemia treatment.
88

 Similarly, other examples of aptamers for 

various therapeutic activities were reported. Prodeus et al. reported DNA aptamer exhibiting 

immunosuppressive activity and may be useful for aiding transplantation of organ and 

tissue.
89

Ojima et al. developed a DNA aptamer useful in treating vascular injury by reducing 

PDGF-BB and macrophage infiltration via suppression of the glycation end products and 

their receptor (AGE-RAGE) mediated oxidative stress generation.
90

 Sakai et al. reported an 

RNA aptamer binding to phospholamban (PLA) protein, and the aptamer may be used as a 

therapeutic reagent for heart failure.
91

 Yu et al.
92

 reported a DNA aptamer binding to the 

protein of the C virus, and Kwon et al. 
93

 have selected an RNA aptamer binding to the 

protein, these aptamers have the potential to treat the respective viruses. Butzet al. selected a 

peptide aptamer targeting the core protein of hepatitis B virus which blocks viral replication 

by interfering with capsid formation.
94

 Liu et al. selected a peptide aptamer against the 

pathogenic Aeromonasveronii and inhibited the function of small protein B required for 

pathogenesis in zebrafish.
95

 Similarly, Blum et al. developed peptide aptamers against the 

Escherichia coli having bacteriostatic and bacteriocidal properties.
96

 Another, attractive 

therapeutic application of aptamer is drug carrier in targeted drug delivery (TDD), due to 

their chemically stable for drug conjugation. TDD is one of the best methods in clinical 

practice to reduce the side effect and treatment cost by reducing the amount of drug required 

for treatment. In this system, therapeutic molecules are directly delivered to specific cells or 

tissue with the help of selected aptamers. Some example of the aptamers reported as a drug 

carrier: Porciani et al. delivered the doxorubicin and NF-ϰB binding DNA with the help of an 

RNA aptamer specifically binding to tumor receptor protein and results showed greater 
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activity than doxorubicin only.
97

 Zhao et al. used DNA aptamer conjugated methotrexate and 

found a subdued proliferation of erythroleukemia cells and lymphoma cells in vitro.
98

 Chu et 

al. prepared an aptamer-gelonin conjugated construct for targeted delivery of gelonin into 

PSMA-positive prostate cancer cells and reported the activity of gelonin increased by 180-

fold in target cells.
99

 Min et al. reported the dual-aptamer complex of RNA and peptide to 

deliver doxorubicin into prostate cancer.
100

 

 

3.3 Other Applications 

Due to the specificity of the aptamers toward any kind of target ligand make them 

ideal tool not only for diagnosis and therapeutic application but also for other applications 

such as bio-imaging
101

, western blot analysis
61

, aptamers affinity chromatography system
102

, 

analytical reagent
103

, hazard detection
104

 food inspection
105

and many more. 
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1. INTRODUCTION 

Cancer is the second leading cause of death worldwide.
1-3

 More than 90% of cancer-

related mortalities are due to metastasis.
4-6

 In 1869 Thomas Ashworth proposed that the cause 

of cancer metastasis could be circulating tumor cells (CTCs).
7
 CTCs are the cells detached 

from a primary tumor, actively circulate in the peripheral blood and invade other distant 

organs to establish secondary tumor sites.
8-10

 After the correlations between the numbers of 

CTCs and prognosis were found from patients of some cancers, United State Food and Drug 

Administration (USFDA) approved a CTC-based diagnosis for breast cancer in 2004, in 

which the number of the CTC is used as diagnostic information. Although CTCs are 

extremely rare cells in peripheral blood (about 1 CTC /10
7 

blood cells)
10-12

, recent technical 

developments to isolate CTCs have made it possible that genetic information can be obtained 

from a single CTC level, maximizing the diagnostic information of CTCs.
12-15

 

In the current CTC-based diagnosis, an epithelial cell adhesion molecule (EpCAM) is 

used as a hallmark of CTCs.
16, 17

 The USFDA-approved Cell Search™ technique separates 

EpCAM-positive cells from other cells in blood using magnetic ferrofluid modified with anti-

EpCAM antibodies.
18

 However, the cost to produce antibodies is not low, and some 

cumbersome processes including washing steps are required to eliminate unbound antibodies 

from CTC-bound antibodies as well as fixation, which possibly hinders single-cell based 

genetic analyses (Figure 2-1). 

To overcome such problems related to the use of antibodies, fluorogenic detection 

using ligands has been recently developed for convenient detection of biological components. 

For example, Venkatramanet al.
19

 andSainlos et al.
20

 reported fluorogenic peptide ligands to 

understand the protein-mediated interaction. Walkup et al.
21

 and Ma et al.
22

 reported a 

fluorogenic peptidyl chemosensor and fluorescence-switching molecular probes, respectively, 

to sense small molecules. Zhuang et al. reported a fluorescence turn-on probe to detect both 
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enzymes and non-enzymatic proteins.
23

 We also generated peptide ligands to fluorescently 

detect proteins of interest; by virtue of an environment-sensitive fluorophore incorporated in 

the peptide ligands, the fluorescence intensity was either enhanced
24-26

 or suppressed
27

 due to 

the change of microenvironment of the fluorophore when the peptide ligands bind the 

proteins of interest. 

In this study, I generate new fluorogenic ligands to detect the EpCAM by modifying 

an EpCAM-binding peptide (Figure 2-1). So far, a few EpCAM-binding peptides have been 

reported. For example, Bai et al. created an EpCAM-binding peptide from de novo designed 

peptides and found that even inexpensive peptide exhibited strong binding affinity to the 

EpCAM (Kd = 1.98nM) and the peptide was applicable to capture CTCs.
28

 Iwasaki et al. 

generated an artificial macrocyclic peptide using an in vitro evolution system.
29 Co-authors 

of this study, Shiba et al. also selected an EpCAM-binding peptide, Ep114, using phage 

display
30

 and demonstrated that the Ep114 captures EpCAM-expressing vesicles.
31

 Because 

Ep114 is composed of the 12 canonical amino acids, we here functionalize Ep114 by 

replacing its amino acids (Table 2-1) to an aminophenylalanine modified with 

environmentally sensitive 7-nitro-2,1,3-benzoxadiazole (NBD-amPhe). I demonstrate that 

two of the synthesized peptide ligands can mark EpCAM-positive cells by just adding the 

peptide ligand into the cell cultivation medium. 
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Figure 2-1.Approaches to detect an EpCAM-positive cell. (A) In this approach, a fluorogenic 

peptide ligand can mark the EpCAM-positive cell by just adding the peptide ligand in the 

cultivation medium. (B) In a widely-used conventional approach, cumbersome processes 

including washing steps are required to eliminate unbound antibodies from CTC-bound 

antibodies. 
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Table 2-1: Experimental design to functionalize the EpCAM-binding peptide (Ep114) 

 

 

 

 

 

 

 

 

 

 

 

Note: I incorporated NBD-amPhe (X) into seven positions in Ep114. The five amino acids 

written in bold are expected to be important to bind the EpCAM
30

 

 

2. MATERIALS AND METHODS 

2.1 Chemical Synthesis 

2.1.1 Preparation of functional amino acid. 

An aminophenylalanine carrying NBD was prepared as shown in Figure 2. Briefly, 

the starting material 4-chloro-7-nitro-2,1,3-benzoxadiazole (Tokyo Chemical Industry, 

Tokyo, Japan), was conjugated with a linker 6-aminohexanoic acid (Wako Pure Chem. Ind. 

Ltd., Japan) in an equal molar ratio in the presence of three times excess molar concentration 

of sodium bicarbonate in the solvent system of methanol and water (1:1 volume). The 

mixture was stirred at 0°C for 30min, and then the reaction was performed at room 

Peptides 

name  

Residual  number 

1 2 3 4 5 6 7 8 9 10 11 12 

Ep114 K H L Q C V R N I C W S 

K1X X H L Q C V R N I C W S 

Q4X K H L X C V R N I C W S 

V6X K H L Q C X R N I C W S 

R7X K H L Q C V X N I C W S 

N8X K H L Q C V R X I C W S 

I9X K H L Q C V R N X C W S 

S12X K H L Q C V R N I C W X 
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temperature for 2 hours followed by another 2 hours at 50°C. After cooled down the solution 

to room temperature, carefully acidified the solution using 0.1 M HCl till pH reached 5. 

Methanol was removed by evaporation, and the obtained NBD-hexanoic acid was transferred 

to an organic phase by washing with ethyl acetate and dehydrated using magnesium sulfate. 

The dried NBD-hexanoic acid was activated by 1-(3-Dimethylaminopropyl) -3-

ethylcarbodiimide hydrochloride (Tokyo Chemical Industry, Tokyo, Japan) and N-

Hydroxysuccinimide (Wako Pure Chem. Ind. Ltd., Japan) in dimethylformamide by 

overnight incubation at room temperature. The activated NBD-hexanoic acid was extracted 

with ethyl acetate in the presence of 1N HCl, subsequently washed with saturated sodium 

bicarbonate solvent, and dehydrated by magnesium sulfate. The obtained NBD-linker-NHS 

ester was conjugated with Fmoc-4-amino-L-phenylalanine (AnaSpec Inc., USA) at the molar 

ratio of 1.2:1 for overnight incubation at 37°C in a solvent system of pyridine-HCl (pH 5) and 

dimethyl sulfoxide (1:1 volume). After the incubation, ethyl acetate was added to transfer the 

product into the organic phase and washed with saturated citric acid followed by ultrapure 

water. After dehydration using magnesium sulfate, ethyl acetate was evaporated under 

reduced pressure. The obtained, product was purified the by flash chromatography on silica 

gel (CH2Cl2: CH3OH, 100:1 to 50:1, v/v). 
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Figure 2-2. A scheme to prepare NBD- aminophenylalanine 

Finally, the resultant NBD-amPhe was characterized by 
1
H NMR (Appendix 1) and 

MALDI-TOF MS (Microflex, Bruker, USA) (found m/z = 701.208, calc. m/z =701.24 

monoisotopic mass [M+Na]
+
) and HPLC (JASCO, Tokyo, Japan) before used for peptide 

synthesis (Appendix 2). 

2.1.2 Preparation of peptides by solid phase synthesis 

All peptides used in this study were synthesized on Rink Amide MBHA resin 

(Novabiochem, China) in 0.1mmol scale. The coupling and deprotection reactions  were 

performed by following a standard CEM protocol using the reagents N-

ethyldiisopropylamine (Wako Pure Chem. Ind. Ltd., Japan) and 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxid 

hexafluorophosphate (AnaSpec Inc., USA) and 20% piperidine (Wako Pure Chem. Ind. Ltd., 

Japan) in N-Methyl-2-pyrrolidone, NMP (Wako Pure Chem. Ind. Ltd., Japan). For the 
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coupling reaction of NBD-amPhe; we used an optimized condition for the coupling reaction 

of NBD-amPhe (17.5 minutes at 50 ± 5°C, 20W of power). After coupling all the amino 

acids, synthesized peptides were cleaved from the resin after 2 and 1.5 hours incubation on 

ice and room temperature, respectively. Cleavage cocktail consisting of 81.5:5:5:5:2.5:1 (v/v) 

mixture of trifluoroacetic acid (Wako Pure Chem. Ind. Ltd., Japan), thioanisole (Tokyo 

Chemical Industry, Japan), phenol (Wako Pure Chem. Ind. Ltd., Japan), ultrapure water 

(Milli-Q), 1,2-ethanedithiol (Tokyo Chemical Industry, Japan) and tri-isopropylsilane (Tokyo 

Chemical Industry, Japan). The collected peptides were purified using the Extrema HPLC 

(JASCO, Japan) equipped with the C18 column (COSMOSIL AR-II, NacalaiTesqueInc, 

Japan) in a linear gradient of acetonitrile (Sigma-Aldrich, USA) and water solvent system 

containing 0.1% TFA. Purity was characterized by HPLC using C18 column (5C18-AR-II 

/4.6mm ID x 250 mm, NacalaiTesqueInc, Japan) and MALDI-TOFMS (Appendix 3). 

 

2.3 Solubility Test 

Synthesized peptide candidates were dissolved in water, and then concentration was 

calculated using the extinction coefficient of NBD (25,000M
-1

cm
-1

at 480nm).
32

 For solubility 

measurement, 10µM concentration of peptides solution was prepared in water and 

centrifuged at 10,000 revolutions per minute (rpm) / (9,100g) for 10 minutes. Peptide 

absorbance was measured before and after centrifuge as well as sedimentation was observed. 

 

2.4 Preparation of Cells for Imaging 

Two cell lines of an EpCAM-positive human colon adenocarcinoma (HT-29) and an 

EpCAM-negative human fibrosarcoma (HT1080) were purchased from American Type 

Culture Collection. The HT-29 cell line was cultured in 10% Fetal Bovine Serum (Thermo 

Fisher Scientific, New York, USA) supplemented with Dulbecco's Modified Eagle Medium 
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(Invitrogen, New York, USA) using a poly-L-lysine coated glass-bottom dish (Matsunami 

Glass, Osaka, Japan). For the HT1080 cell line, RPMI1640 medium (Thermo Fisher 

Scientific, New York, USA) was used. I incubated the cells together with the peptide ligands 

(5μM) for 1 hour at room temperature and observed their brightfield and fluorescence images 

using a microscope (FV1000, Olympus, Japan) equipped with a 60X objective lens (PlanApo 

N, NA. 1.40, Olympus, Japan). Then I analyzed the obtained fluorescence images to estimate 

the fluorescence intensity of the cell membrane. 

 

2.5 Image Analysis to Obtain Fluorescence Intensity 

The purpose of this image analysis is to obtain the intensity of fluorescence from the 

cell surface (membrane), based on the fluorescence images taken by the confocal microscopy. 

Due to the following features of the fluorescence images, analysis was not straightforward 

even though the cell membranes were clearly visualized. 

a) The extracellular cultivation medium presents relatively high fluorescence. 

b) The intracellular area present lower fluorescence. 

c) Thickness of the cell membrane (< 10nm) is much smaller than the pixel size (~ 400nm). 

d) There are two cell membranes at the border between two cells, while there is one 

membrane at the cell border exposed to the extracellular cultivation medium. Indeed, the 

images show higher fluorescence intensity at the intercellular membranes than that at the cell 

membranes exposed to the external cultivation medium. 

From (c), we can assume that most of the pixel area is occupied by the extracellular or 

intracellular area, and the area of the cell membrane(s) is only a few percentages or less of the 

pixel area. To obtain the intensity of fluorescence from the cell membrane(s), therefore, the 

intensity of the extracellular or intracellular area must be subtracted as the background. More 

concretely, for the pixels at the intercellular membranes, the intensity at the intracellular area 
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is subtracted as the background, while for the pixels at the cell membranes exposed to the 

extracellular medium, the weighted average of the intensities at the extracellular medium and 

at the intracellular area. In the latter case, we can expect that, in average, the extracellular 

area and the intracellular one occupies each 50% of the pixel area, so that we can use a 

simple average as the background. After subtraction of the background, we divide the 

intensity of fluorescence from the intercellular membranes by 2, based on d). Then the 

fluorescence intensity was averaged over the pixels of membrane of each cell, and finally the 

average and standard deviation of the intensity was calculated over the cells of interest. 

Image analysis was performed using ImageJ software (National Institute of Health, 

USA). More concrete procedure is as follows: 

1)The color fluorescence images were separated into red(R), green(G), and blue(B) 

components, and only G component was converted into 256-level grey-scale image. 

2)Averaged intensities at the extracellular medium Iext and intracellular area Iint were 

obtained. 

3)10 cells in each image were randomly selected. There are two images for each 

concentration of Q4X, and thus 20 cells were used for analysis at each concentration. 

4)Pixels at the cell membranes were traced as the region of interest (ROI) for each cell. In 

each cell, averaged intensity over the ROI for the single membrane exposed to the 

extracellular medium Ime and that for the intercellular double membranes Imi were 

obtained. 

5)For each cell, {Ime - (Iext +Iint) / 2 } for the single membrane and ( Imi - Iint)/2 for the double 

membrane were calculated, and averaged with the weight of number of pixels. This is the 

intensity of fluorescence from the membrane of cell #iIcell-i. 

6)Average and standard deviation of Icell-i.(i=1,…,20, for each concentration) was obtained 

and shown in Figure 2-5b. 
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3. RESULTS AND DISCUSSION 

3.1 Fluorogenic Functionalization of an EpCAM-Binding Peptide. 

To establish an easy-to-use and inexpensive method to detect the EpCAM, I here 

designed and synthesized a series of fluorogenic peptides. Specifically, I functionalized 

Ep114 that was previously selected using phage display.
30

 Because Ep114 is composed of the 

12 canonical amino acids, I functionalized Ep114 by replacing its amino acid to the 

aminophenylalanine modified with environmentally sensitive NBD-amPhe (Figure 2-1). I 

chose seven amino acids to be replaced with NBD-amPhe (Table 2-1) because these were 

expected to be less important for the binding of Ep114 to the EpCAM from alanine scanning 

results.
30

 Although the synthesis of R7X met failure presumably due to the poor solubility, I 

synthesized the other six peptides by solid phase chemistry (Table 2-2). 

Table2- 2: Synthesized peptide sequences and their MALDI TOFMS results. 

Name Peptide sequences Calculated ([M+H]
+
) Found ([M+H]

+
) 

K1X XHLQCVRNICWS 1795.82 1795.86 

Q4X KHLXCVRNICWS 1795.86 1795.96 

V6X KHLQCXRNICWS 1824.85 1824.87 

R7X KHLQCVXNICWS 1767.44 --------- 

N8X KHLQCVRXICWS 1809.87 1809.96 

I9X KHLQCVRNXCWS 1810.85 1810.94 

S12X KHLQCVRNICWX 1836.89 1837.07 

Note: X represents NBD-amPhe. R7X met failure in the synthesis. 



51 

 

3.2 Solubility 

To examine whether the synthesized peptide ligands were soluble in water, I 

compared two absorbance spectra for each peptide (10μM peptide in ultrapure water) before 

and after the centrifuge. I confirmed that these six peptides were soluble in ultrapure water 

(Figure 2-3) and used them for further experiments. 

 

Figure 2-3. All six peptides were soluble in ultrapure water. The absorbance spectra were 

effectively same as the spectra after centrifuge, implying that there were almost negligible 

precipitations for all peptides. 
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3.3 Cell Imaging and Image Analysis to Obtain Fluorescence Intensity. 

To examine the fluorogenic activity of these peptides against EpCAM-positive cells, I 

added each peptide to the cultivation media of an EpCAM-positive cell line, HT-29. The 

fluorescence images clearly indicate that the two peptides, Q4X and V6X, emit fluorescence 

on the surface of HT-29 (Figure 2-4). On the other hand, none of the peptides emit 

fluorescence on the surface of an EpCAM-negative cell line, HT-1080 (Figure 2-4). 
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Figure 2-4. The fluorescence images clearly indicate that the two peptides, Q4X and V6X, 

emit fluorescence on the surface of the EpCAM-positive cell line (HT-29). In contrast 

sharply, all peptides do not remarkably emit fluorescence on the surface of the EpCAM-

negative cell line (HT-1080). 
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Next, I examined whether the fluorescence intensity on the surface of HT29 depends 

on the Q4X concentration (Figure 2-5). I decided to use Q4X because Q4X exhibited a higher 

fluorescence signal for HT-29 than V6X. As I expect, the fluorescence intensity depends on 

the concentration of Q4X. I also note that even when I use Q4X at even 50μM, the 

background signal from the cultivation medium is relatively low, and the cell boundary is 

clearly visible. This is one of the essential features of a fluorogenic ligand to minimize the 

possibility of getting a false positive result. 

 

Figure 2-5. The fluorescence intensity on the cell membrane of HT-29 depends on the Q4X 

concentration. (a) Fluorescence images obtained by adding 5, 25, 50μM of Q4X into the 

cultivation media. (b) Fluorescence intensity of the cell membranes obtained from image 

analysis. 
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4. CONCLUSION 

In this approach, the EpCAM binding peptide was functionalized with the 

environmentally sensitive fluorophore. The functionalized peptide ligand can fluorescently 

mark the EpCAM-positive cells by just adding the peptide ligand to the cultivation medium. 

Thus, wash-free fluorogenic peptide ligand would boost the development of next-generation 

devices for CTC diagnoses. 
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CHAPTER 3: IN VITRO SELECTION OF 

ELECTROCHEMICAL PEPTIDE PROBES 

USING BIOORTHOGONAL tRNA FOR 

INFLUENZA VIRUS DETECTION 

 

 

 

 

 

1. INTRODUCTION 

The preparation of molecular-recognition ligands is important for basic research, as 

well as for clinical applications. To prepare a ligand for an arbitrary target, antibodies are 
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most commonly used.
1
 However, some inherent characteristics related to antibody properties 

and production limits the usefulness and clinical efficacy of this approach. The generation of 

antibodies depends on animal immunization, which rules out some targets, and requires 

laborious and expensive biological processes. To overcome these problems, during the last 

three decades it has become possible to select a peptide in vitro from a library of random 

sequences.
2,3

 The selected peptides, consisting of 5–20 amino acids, are called peptide 

aptamers and can specifically bind to arbitrary targets. 

Progress in bioorthogonal approaches 
4,5

 has enabled the selection of peptides from a 

library containing non-natural amino acids that do not appear in the standard codon table.
6
 

For example, by incorporating a ligand onto a peptide or macrocyclic molecule, the binding 

affinity of the peptide aptamer can be enhanced.
7-13

 The addition of p-boronphenylalanine
14

, 

or 3,4-dihydroxyphenylalanine
15

 has been reported to enhance the specific binding affinity to 

glycans and metal oxides, respectively. In addition to these enhancements in affinity, other 

functions can be introduced to the peptide aptamers. For example, incorporation of an 

azobenzene moiety produced a photo-switching function.
16-19

 Incorporation of environment-

sensitive fluorescent groups produced a fluorogenic function in in vitro-selected peptide 

probes.
20-22
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Figure 3-1.Basic strategy for detection of influenza virus using an electrosensitive peptide 

ligand. 

Here, I have developed a new sensing mechanism for detecting the influenza virus by 

incorporating an electrochemically sensitive 3,4-ethylenedioxythiophene (EDOT) moiety into 

a peptide ligand. The EDOT molecule has been widely employed as a conducting substrate 

for various biosensing platforms either in its monomeric form or as the polymer PEDOT, 

mainly because it has good biocompatibility and stability in biological buffers. The target 

molecules have ranged from small molecules, including gases
23

, ions
24

, and a 

neurotransmitter
25

to large biomolecules, including DNA
26,27

and proteins.
28-30

For most of 

these studies, the sensing mechanism was based on monitoring changes in the PEDOT 

conductivity or surface charge, after the targeted molecules were captured. The use of 

amperometric biosensors 
31, 32

 and electrochemical transistors
33, 34

 were also reported in 

previous researches. Here I present a new detection system. While in most electrochemical 

biosensors the probes are immobilized on substrates, in our detection system the selected 

peptide ligands are dispersed in biological buffers to capture the virus. This homogeneous 
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capture process is theoretically favorable for efficient and selective capture. As shown in 

Figure 3-1, this system works by monitoring the electropolymerization of the peptide ligand. 

During the procedure, if no influenza virus is present after mixing a sample with a solution 

containing the peptide ligand, the peptide ligands become electropolymerized and are 

deposited as a polymer layer on the electrode surface. This peptide deposition on the 

electrode reduces the electron transfer between the redox molecules and the electrode. In 

contrast, if the influenza virus is present in a sample, some of the peptide ligands bind to the 

virus and are unavailable for the electropolymerization of EDOT. In this case, the overall 

electron transfer to the electrode increases, depending on the amount of influenza virus 

present in the original sample. Therefore, an amplified "turn-on" signal should be observed 

with this sensing platform. 

 

2. MATERIALS AND METHODS 

2.1 Synthesis of EDOT-Aminophenylalanyl-tRNA 

EDOT-aminophenylalanine-tRNA was prepared as shown in Figure 3-2.  tBoc-ε-

aminophenylalanine was coupled to 5′-O-phosphoryl-2′-deoxycytidylyl-(3′-5′) adenosine 

(pdCpA) to give the corresponding aminophenylalanine-pdCpA, (AF-pdCpA). Then, a 

DMSO solution of EDOT-succinimidyl ester was treated with a DMSO solution of AF-

pdCpA(5mM, 40µL) in aqueous pyridine-HCl (5M, pH 5.0, 80µL), and the resulting mixture 

was incubated at 37°C for three hour. The EDOT-AF-pdCpA product was purified by 

reversed-phase HPLC using an XTerra C18 column (4.6 × 20mm, 2.5µm particle size; 

Waters, Milford, MA, USA), which was eluted at a flow rate of 1.5mL min
-1

 with a linear 

gradient of 0–100% acetonitrile in 0.1% trifluoroacetic acid over a period of 10min. The 

identity of the product was confirmed by matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (Voyager, Applied Biosystems, Foster City, CA, USA). The 
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resulting EDOT-AF-pdCpA was ligated to an amber-suppressor tRNA, which was derived 

from Mycoplasma capricolum Trp1tRNA without the 3′ dinucleotide, using a previously 

reported chemical ligation method.
35

The purified EDOT-AF-tRNA molecules were 

lyophilized and stored at –80°C. 

 

Figure 3-2. Scheme for the preparation of EDOT-aminophenylalanyl-tRNA 

2.2 In Vitro Selection of an Electrosensitive Peptide Ligand 

The selection protocol is shown schematically in Figure 3-3. A 13Trx plasmid was 

employed in the current study carrying a promoter sequence for the T7 RNA polymerase, an 

Escherichia coli ribosome-binding sequence, anSfiI restriction enzyme sequence, a protein-

linker sequence, and a ribosome-arrest sequence. Random double-stranded DNA (dsDNA) 

was also prepared in parallel. The library sequences were obtained from Eurofins Genomics 

(Tokyo, Japan). These sequences were based on the general sequence 5′-

ATATGGCCATGCAGGCC (VVN)3TAG(VVN)7GGCCAGCTAGGCCAGTT-3′, where V 

represents G, C, or A; and N represents G, C, T, or A. The VVN sequence covers only 10 of 

the naturally-occurring amino acids, and was selected to exclude hydrophobic amino acids, 

such as leucine, valine, and tryptophan, and stop codons (e.g., TAG, TAA, and TGA). This 

design strategy was selected for peptides with high solubility in an aqueous buffer, and to 
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allow for the incorporation of one EDOT molecule at the same position in each library 

sequence, whilst avoiding the unintentional incorporation of additional EDOT molecules. 

 

Figure 3-3.Basic principles of the in vitro selection process using ribosome display and 

misacylatedtRNA. A DNA library was transcribed into an mRNA library. The mRNA library 

and EDOT-AF-tRNA (tRNA carrying EDOT-coupled aminophenylalanine) were then 

introduced into a cell-free translation system, resulting in the production of an EDOT-

modified peptide, which was displayed on the surface of the ribosome. After an affinity 

selection process, the eluted complexes were collected and subsequently dissociated. The 

mRNA responsible for encoding the peptide sequence was recovered and used for the next 

round of selection after RT-PCR. 

To run selection, dsDNA was prepared by one cycle of a polymerase chain reaction 

(PCR) using Takara Ex taq DNA polymerase (Takara Bio Inc., Otsu, Shiga, Japan), and the 

crude material was purified with a QIAquick PCR Purification kit (Qiagen, Valencia, CA, 

USA). The resulting dsDNA and 13Trx plasmid were digested with a restriction enzyme 

(SfiI; New England Biolabs, Ipswich, MA, USA) and fused (DNA Ligation Kit; Takara Bio). 
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Finally, a dsDNA library was prepared by PCR with new primers (New-T7-fp-rec-1: 5′-

GTAATACGACTCACTATAGGCCGCGTCGACAATAA-3′ and New-rp-fp-M13-NS: 5′-

GATTACGCCAAGCTGAGTGAGA-3′). Transcription was performed at 37°C for three h, 

and the product was then treated with DNase. The mRNA was purified using an RNeasy kit 

(Qiagen). In vitro translation was performed using a PURESYSTEM Classic II kit (Wako 

Pure Chemical Industries Ltd., Osaka, Japan) with EDOT-AF-tRNAs. Given that the mRNA 

did not contain any stop codons, it was not possible for the ribosome to release the mRNA or 

the translated peptide, and the mRNA, ribosome, and peptide became coupled as a ternary 

complex (the PRM complex, see Figure 3-3). The reaction was stopped by placing the 

mixture on ice for 10 min. The translated solution was then incubated with inactivated 

influenza virus A/California/07/2009 (H1N1, kindly provided as a gift from Denka Seiken 

Co., Ltd., Tokyo, Japan), which was immobilized on silica affinity beads (Sumitomo Bakelite 

Co., Ltd., Tokyo, Japan) in the selection buffer (0.1% Tween 20, 50mM Tris-acetate, 150 

mMNaCl, 50 mM magnesium acetate, pH 7.4) at 4°C for 1h. The virus-immobilized beads 

were collected by centrifugation at 10,000×g for 5 min and washed with buffer (50mM Tris-

acetate, 150mM NaCl, 50mM magnesium acetate, pH 7.4) at 4°C to remove any free mRNA-

ribosome-peptide complexes. The mRNA was recovered from the bound mRNA-ribosome-

peptide complex following a 30min period of incubation with ethylenediaminetetraacetatic 

acid at room temperature, which allowed for the removal of the Mg
2+

ions and resulted in the 

detachment of the ribosomes from the mRNA. The isolated mRNA was purified using an 

RNeasy kit. Preparative PCR was performed to amplify the reverse transcription products, 

and the DNA product was purified using a QIAquick PCR purification kit (Qiagen). The 

isolated DNA was used as the template for the next round of selection. 

After six rounds, the sequences of the selected DNAs were analyzed by the Next-

Generation Sequencing (NGS) service provided by Takara-bio (Otsu, Japan) using a 
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MiSeqsequencer (Illumina, San Diego, CA, USA). The obtained sequences (approximately 

200,000) were trimmed to use only the random library sequences and converted from 

nucleotide sequences to amino acid sequences. The trimmed and translated reads were 

aggregated, and those with 90% sequence identity were clustered using Cd-hit.
36

The clusters 

representing singletons (with a multiplicity of one) were discarded, and the remaining 

clusters were ranked based on the sum of multiplicities within each cluster. Representative 

sequences, which are defined as the reads with highest multiplicities, were determined for the 

clusters. Representative sequences and multiplicities for each cluster were tabulated, and the 

top 100 clusters were identified as the enriched sequences mediated by the selection process 

(Appendix 4). 

2.3 Preparation of EDOT Aminophenylalanine 

To add electrochemical functionality into to synthesized peptides. A non-natural 

amino acid, Fmoc-aminophenylalanyl EDOT (EDOTaa), was prepared according to the 

scheme shown in Figure 3-4 and product was confirmed by NMR analysis in each step 

(Appendix 5 and 6). 
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Figure 3-4. The synthesis scheme of Fmoc protected EDOT-coupled aminophenylalanine 

Step 1: Synthesis of methyl 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)acetate 

(1). A 100mL round-bottom flask was charged hydroxymethyl EDOT (430mg, 2.62mmol), 

sodium iodide (NaI, 7.5mg, 0.5mmol) and sodium hydride (NaH, 60% suspension in mineral 

oil, 120mg, and 3.0mmol). The flask was backfilled with argon gas (3 times). Then, 

dehydrated tetrahydrofuran (10mL) was introduced, and the suspension was stirred for 15 

min at room temperature (r.t.) before cooled in an ice bath. To this, added dropwise methyl 

bromoacetate (0.28mL, 0.46 g, 3.0mmol), and the reaction mixture was stirred for 46 h in an 

ice bath. The solvent was removed with a rotary evaporator and added water to the reaction 

mixture. The crude product was extracted with ethyl acetate three times, and combined 

organic layers were washed with brine before drying on MgSO4, filtered, and the filtrate was 

evaporated. The residue was purified with a size exclusion chromatography (Yield 62 %). 

Step 2: Synthesis of 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)acetic acid (2). 
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To methyl 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl) methoxy) acetate (Compound 1, 400 

mg, 1.63mmol) was dissolved in tetrahydrofuran (10mL) in a 100mL round-bottom flask, and 

freshly prepared aqueous NaOH solution (2M, 11mL) was added. The reaction mixture was 

stirred vigorously overnight until the starting material was completely consumed which was 

confirmed by thin layer chromatography (TLC). Then, the mixture was acidified to pH <3 

using diluted HCl aqueous solution and then extracted with ethyl acetate (5 times). The 

combined organic layers were washed with water (until a neutral pH obtained) over ten times 

before drying over MgSO4, filtered and the filtrate was evaporated. The compound 2 was 

obtained as thick, colorless oil that solidified upon standing overnight (White solid, Yield: 

69%). 

Step 3: Synthesis of 2,5-dioxopyrrolidin-1-yl 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)methoxy)acetate (3). A mixture of 2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)methoxy)acetic acid (Compound 2, 175 mg, 0.71 mmol), 1-(3-dimethyl- aminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC HCl, 190mg, 0.99mmol), and N-hydroxysuccinimide 

(98mg, 0.86mmol, 1.2 eq) in 5mL of anhydrous DMF was stirred under argon atmosphere at 

room temperature for 24 h. After completion of the reaction, acetone (10mL) and water (10 

mL) were added, and the mixture was extracted (3X30mL) with a solvent mixture of diethyl 

ether and ethylacetate (2/1 vol/vol). The combined organic layers were washed with water 

before drying over MgSO4, filtered, and the filtrate was evaporated. The obtained crude 

product was then purified through column chromatography using a solvent ratio of 5:95 

methanol and dichloromethane, and then further purified by size exclusion chromatography 

(yield: 75 %). 

Step 4: Synthesis of EDOT-Fmoc-Phenylalanine (4). 2,5-dioxopyrrolidin-1-yl 2-((2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl) methoxy)acetate (200mg, 0.61mmol) and  Fmoc-Phe-

(4-NH2)-OH ( 245mg, 0.61mmol) were dissolved in a 5ml dehydrated dimethylsulfoxide. 
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Pyridine-HCl (5M, pH= 5) was separately prepared by mixing 5ml of Hydrochloric acid, 

4.75ml pyridine and 1.95ml of water at 0°C. A freshly prepared pyridine-HCl solution was 

then injected to the reaction mixture and stirred at 37°C for 24h. After completion of the 

reaction, ethyl acetate was added to the reaction mixture and the organic layer was washed 

with citric acid aqueous solution for three times before drying over MgSO4, filtered, 

evaporated the solvent to obtain the crude product (yield: 46%). 

2.3 Synthesis and Purification of Peptide Sequences. 

Selected peptides sequences from the NGS analysis were synthesized using a 

conventional Fmoc-solid phase peptide synthesis method on preloaded Wang resin 

(Watanabe Chemical Industries, Hiroshima, Japan). Peptide coupling and deprotection 

reactions were performed with a Discover microwave (CEM Corporation, Matthews, NC, 

USA) using standard CEM protocols, with mild N2 bubbling, at a 0.1mmol scale (at 70°C, 5 

and 3min for coupling and deprotection, respectively). EDOTaa was attached using 

optimized conditions for coupling (10min at 25°C and 25 min at 50°C) and deprotection (5 

min at 50°C). After coupling EDOTaa, elongation with other amino acids was also carried 

out at reduced temperature but for prolonged times (at 50°C, 7 and 5min for coupling and 

deprotection, respectively) to prevent the degradation of the non-natural amino acid. The 

elongation of the peptide sequence was confirmed by checking the MALDI MS at various 

steps, and after final cleavage from the resin. For cleavage, a ΔTIS cocktail consisting of an 

85:5:4:4:2 (v/v) mixture of trifluoroacetic acid: phenol: thioanisole: ddH2O: ethanedithiol was 

used to avoid reducing the thiophene moiety. The cleaved peptides were precipitated via 

chilled diethyl ether and centrifuged, and the peptide pellet was washed and lyophilized for 

further purification. For the peptide-binding assay, the N-terminal primary amine group of the 

peptide was modified with fluorescein at the RIKEN Brain Science Institute, Japan. The 

fluorescein-labeled reaction was carried out on a solid support using a fluorescein-NHS ester 
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(Thermo Fisher Scientific Inc., Rockford, IL, USA). After confirming the reaction, the resin 

was thoroughly washed, and the peptide was cleaved as described above. 

Peptide purification and analysis were performed using an Extrema HPLC (JASCO, 

Tokyo, Japan). Purification was performed with a linear gradient using 0.1% trifluoroacetic 

acid in water, and acetonitrile in a COSMOSIL 5C18-AR-II column (NacalaiTesque, Kyoto, 

Japan). Finally, the prepared peptides were characterized by HPLC, as well as MALDI-TOF 

MS before the interaction analysis. 

2.4 Evaluation of Peptide Binding Affinity 

To determine the binding affinity using immobilized microbeads, first, the inactivated 

influenza virus (1µg) was immobilized on 20mg of silica microbeads (Sumitomo Bakelite, 

Tokyo, Japan) following the manufacturer's protocol. Then, the peptides labeled with 

fluorescein were incubated with 300µg of the virus-immobilized silica microbeads containing 

approximately 15ng of inactivated influenza viral particles, maintaining the volume at 200µL 

in the selection buffer at 25°C for one hour. During the incubation process, the beads and 

peptide solution were continuously mixed using a microtube mixer (ThermoMixer C; 

Eppendorf, Hamburg, Germany) at 1000rpm. After incubation, the beads and peptide solution 

were centrifuged at 10,000rpm for 5min, and the solution containing unbound peptide was 

discarded. The peptide-bound beads were washed three times with 300µL washing buffer 

(50mM Tris-acetate, 150mMNaCl, 50mM magnesium acetate, pH7.4) and were protected 

from light during the experiment. For the fluorescence measurements, the bead volume was 

adjusted to 100µL, and the suspension was transferred to a 96-well black microplate 

(PerkinElmer, Waltham, MA, USA), and the fluorescence intensities were quantified at 530 

nm using a microplate reader (Enspire 2300; PerkinElmer, Hamburg, Germany). All data are 

presented as the mean values ± SD (n = 3). 
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2.5 Biological Specificity 

The biological specificity of the binding of the Sequence 2 peptide to the influenza 

virus was studied using a dot blot analysis. A polyvinylidene fluoride (PVDF) membrane 

(Immobilon-P Transfer Membrane, pore size: 0.2µm; Millipore, Bedford, MA, USA) was 

immersed in methanol followed by blotting with a buffer solution [25mM Tris, 

192mMglycine, 20% (v/v) methanol]. The membrane was then placed on wet filter paper to 

avoid excessive drying. A 2µL portion of 1mg mL
−1

 inactivated influenza virus in PBS buffer 

was then dropped onto the membrane. Similar samples of Epstein–Barr virus, gelatine, and 

bovine serum albumin (Sigma-Aldrich) were also dropped onto the membrane as negative 

controls. After it had dried out, the membrane was immersed in methanol, followed by the 

blotting buffer. The membrane was then immersed in a blocking buffer (5% w/v of ECL 

Advance blocking agent) and a TBS-T buffer (50mM Tris, 150mMNaCl, 0.05% Tween 20, 

pH 7.4), and incubated for one hour at room temperature to block any nonspecific binding. 

The membrane was briefly washed with TBS-T buffer and put on parafilm to keep it wet. 

Fluorescein-labeled Sequence 2 peptide (500nM) was dropped on to the membrane to cover 

the entire area. After being incubated for 1h at room temperature in the dark, the membrane 

was washed three times with TBS-T buffer for 10min each time, and an image of the surface 

of the membrane was recorded using a Molecular Imager FX system (Bio-Rad Laboratories, 

Hercules, CA, USA) at the RIKEN Brain Science Institute, Japan. The image was analyzed 

using the ImageJ64 software package to find the integrated densities of the spots. 

 

2.6 Electropolymerization of EDOT-Conjugated Peptide Ligand 

Electrochemical experiments were carried out using an Autolabpotentiostat system 

(ALS/CH, electrochemical analyzer, 700C, CH Instruments Inc. Austin, TX, USA). A gold 

electrode (ALS Au 6 X 3.0 mm; ALS Co., Ltd., Tokyo, Japan) was used as the working 
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electrode, and a platinum wire and an Ag/AgCl electrode (RE-1S, ALS Co., Ltd., Tokyo, 

Japan) were used as the counter and reference electrodes, respectively (Figure 3-5). After 

setup, the distance between the counter/reference electrodes and the working electrode was 

kept at 1mm. Twelve microliters of the Sequence 2 peptide solution were dropped onto the 

working electrode, ensuring that the counter and reference electrodes were submerged in the 

solution. Cyclic voltammetry (CV) (−0.6 to 0.95V vs. Ag/AgCl, scanning at 0.1Vs
−1

) was 

conducted during the polymerization reaction in 0.1M Tris-HCl buffer (pH 7.0) supporting 

electrolyte. After the polymerization reaction, the gold electrode was gently washed with 

Milli-Q water to remove unpolymerized peptide. For the optimization of the 

electropolymerizing conditions, Sequence 2 peptide polymerization was performed at various 

oxidative potentials (−0.6 and +0.70 to +1.4V). At lower potentials (below +0.75V) the 

peptide did not polymerize, because no current inhibition was detected on the gold electrode 

even after 15 cycles of polymerization. At higher potentials, the peptide polymerized after 

fewer cycles and started to be destroyed. Thus, I selected the parameters of –0.6 to 0.95V at 

0.1Vs
−1

 scanning speed for 12 cycles for further analysis. 
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Figure 3-5. Electrochemical Analysis (a) Laboratory experimental setup (b) Process of 

electrochemical measurement.  

For the Fourier transform infrared (FT-IR) measurements, electropolymerization of 

the peptide was performed on a gold-coated chip (5 x 10 mm) cut from a gold-coated silicon 

wafer (Sigma-Aldrich). The experimental setup was similar to the peptide 

electropolymerization experiment described above, but a gold-coated silicon chip was used 

instead of the gold working electrode. A 20µL portion of a 2mg mL
−1

 solution of Sequence 2 

peptide in 0.1M Tris-HCl buffer (pH 7.0) was dropped onto the gold-coated silicon chip, and 

cyclic voltammetry (−0.6 to 0.95V vs. Ag/AgCl, at a scanning speed of 0.1Vs
−1

 for 12 cycles) 

was performed using a potentiostat system. The gold-coated chip was dipped in Milli-Q water 

to remove any unpolymerized peptide. After drying, the sample was analyzed by FT-IR 

spectroscopy using an FT-IR 4100 system (Jasco, Tokyo, Japan). The FT-IR spectra were 

recorded in the range of 4500–600cm
−1

 using an average of 80 scans to increase the signal to 
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noise ratio, and the spectral resolution was 4cm
−1

. The FT-IR spectrum of the Sequence 2 

peptide monomer was also measured for comparison. 

 

2.7 Electrochemical Detection of Influenza Virus 

Three electrodes were set up as described above for the peptide polymerization 

(Figure 3-5). First, the effective concentration of the peptide was determined by running the 

polymerization reaction on the gold electrode (−0.6 to 0.95V vs. Ag/AgCl, at a scanning 

speed of 0.1Vs
−1

 for 12 cycles) using various concentrations, and then the current was 

measured. The cathodic current was effectively suppressed at 0.1mg mL
−1

 of the peptide 

(Appendix 8), so this concentration of peptide was used. For the detection system, 12µL of 

Sequence 2 peptide was dropped on to the gold electrode, ensuring that the entire surface of 

the electrode was covered. Cyclic voltammetry was performed for the polymerization 

reaction, as described above. After cleaning, the working electrodes were set up in the same 

manner as before, and 12µL of 10mM potassium ferricyanide/K3[Fe(CN)6] was dropped onto 

the surface of the gold electrode. Then, cyclic voltammetry (−0.3 to 0.65V vs. Ag/AgCl, at 

0.1Vs
−1

) was performed, and the current at the gold electrode was recorded. In the same way, 

12µL of the mixture of Sequence 2 peptide (final concentration, 0.1mg mL
−1

) and various 

concentrations of influenza virus were applied to the detection system, and the current at the 

gold electrode was recorded as a function of the influenza virus concentration. The spectrum 

of the second cycle is shown in the figures because the spectra stabilized after the second 

cycle. To determine the limit of detection (LOD) of the system, the anodic current obtained 

after the electrochemical analysis of inactivated influenza virus at different concentrations in 

the presence of a fixed amount of Sequence 2 Peptide was analyzed statistically at the 95% 

confidence interval. The p-values of the different concentrations were calculated by 
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comparing the results with those recorded in the absence of influenza virus using Student's t-

test. 

 

2.8 Interference of Microorganism on Electrochemical Detection System. 

The interference of the common microorganism in an electrochemical detection 

system was examined using Staphylococcus aureus and Streptococcus pneumonia. They were 

kindly provided by Dr. Suresh Panthee at Teikyo University Institute of Medical Mycology, 

Japan, after heat treatment at 121
o
C for 15min by an autoclave. For this measurement, we 

used the much higher number of the microorganisms (1 × 10
6
 colony-forming unit (CFU) 

mL
-1

), than the number of staphylococci species in saliva (10
2
–10

4
 CFU mL

-1
).

37
   

Specifically, all three electrodes were set up as described above for the peptide 

polymerization and then the current on clean working electrode was recorded by cyclic 

voltammetry (−0.3 to 0.65V vs. Ag/AgCl, at 0.1Vs
−1

) measurement using 12µL of 

10mMK3[Fe(CN)6] in 0.1M Tris-HCl buffer (pH 7.0). Cyclic voltammetry was performed 

along the polymerization cycle (−0.6 to 0.95V vs. Ag/AgCl, at a scanning speed of 0.1Vs
−1

 

for 12 cycles) using 12µL of Sequence 2 peptide (0.1 mg mL
−1

) in presence of1x10
6
CFU mL

-

1
of microorganism, only Sequence 2 peptide (0.1mg mL

−1
) and only the microorganism 

1x10
6
 CFU mL

-1
in 0.1M Tris-HCl buffer (pH 7.0). Then the current at the gold electrode was 

re-recorded, as described above, and the obtained cyclic voltammograms were compared. 

 

3. RESULTS AND DISCUSSION 

3.1 Selection of Electrosensitive Peptides 

3.1.1 In vitro selection using ribosomal display 

I designed a random peptide library composed of 11 amino acids with the sequence, 

(VVN)3TAG(VVN)7, where V = G, C, or A; and N = G, C, T, or A. The VVN sequence was 
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selected to exclude stop codons and minimize the possibility of incorporation of hydrophobic 

amino acids. I introduced an EDOT moiety into a random peptide library using a 

bioorthogonaltRNA-bearing EDOT-conjugated aminophenylalanine (EDOT-amPhe) to add 

an electrochemical functionality into the selected peptide ligands. I incorporated EDOT-

amPhe at the TAG codon in the middle of the peptides in the library. I avoided the 

incorporation of EDOT at the terminus of peptides in the library because I expected an 

effective inhibition of electropolymerization after the peptide binds to the target. I performed 

an in vitro selection of a peptide aptamer against inactivated influenza virus 

(A/California/07/2009, H1N1) using ribosome display (Figure 3-3) to select an aptamer, 

which not only binds to the influenza virus but also generates a quantitative electrochemical-

signal. At the end of the sixth round of selection, I analyzed the obtained DNA library using 

NGS. I arranged the 200,000 obtained sequences based on repetition numbers and 100 

sequences tabulated (Appendix 4). The analysis indicated the enrichment of selected peptide 

sequences against the influenza virus, and the three peptide sequences with the highest 

enrichment top three were selected for interaction analysis (Table3-1). 

Table 3-1: Nominated peptide sequences for the interaction analysis. 

Peptide Name Amino acid sequences
[a]

 Ratio
[b]

 

Sequence 1 AAPBKAGKGAP 2.65 

Sequence 2 ARRBGHRKPRR 2.52 

Sequence 3 AGRBRRGAHDT 1.93 

[a] B stands for EDOT-coupled aminophenylalanine, which is a non-natural amino acid. [b] 

Sequence repetition percentage out of the total number of sequences. 
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3.1.2 Preparation of selected peptides 

Three peptide sequences with the highest enrichment were selected for interaction 

analysis (Table 3-1). For the incorporation of EDOT into the synthesized peptide sequences, 

a non-natural amino acid, Fmoc-aminophenylalanyl EDOT (EDOTaa), was prepared 

according to the scheme shown in Figure 3-4.  Before electrochemical analysis, binding 

affinity was performed by fluorescence titration for that peptide sequences prepared with 

Fluorescein on N terminal. But the Sequence 2 peptide also prepared without EDOT amino 

acid to know the role of introduced non-natural amino acid during interaction (Table 3-2). 

Finally, synthesized peptides characterized MALDI-TOF MS and HPLC (Table 3-2 and 

Appendix 7) before interaction analysis. 

Table 3-2: Synthesized peptide sequences by SPPS method for interaction analysis.  

Peptide Name Calculate(M+H) Found (M+H) 

Sequence 1 1241.67 1241.81 

Sequence 2 1663.95 1664.04 

Sequence 3 1470.96 1471.11 

Sequence 2 (∆EDOT) 1436.85 1436.90 

Note: All three peptides were prepared without and with fluorescein on N terminal to 

perform the binding analysis. Sequence 2 peptide also prepared withoutEDOT-coupled 

aminophenylalanineas a sequence ARRFGHRKPRR. F indicates phenylalanine which was 

used in place of B to synthesize the Sequence 2 peptide without EDOT (∆EDOT). 

 

3.2Affinity and Selectivity Analysis 

3.2.1 Binding affinity 

I examined the affinities of the individual peptide ligands for the influenza virus using 

these three peptides coupled with fluorescein at the N-termini. I incubated the fluorescein-
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labeled peptides with the influenza virus immobilized on silica microbeads. After the 

unbound peptides were washed out, the fluorescence intensity from the bound peptides was 

measured using a microplate reader. Even though the presence of the fluorescein might 

interfere with the binding of the peptides to the virus, the Sequence 2 peptide exhibited the 

highest binding affinity among the three peptides (Figure 3-6). The binding affinity was 

estimated by calculating the half-maximal effective concentration (EC50) and was 9.6 ± 

2.3µM for the Sequence 2 peptide. To evaluate the effect of EDOT on the interaction 

between the Sequence 2 peptide and the influenza virus, I synthesized the Sequence 2 peptide 

without EDOT. The affinity measurements indicated that Sequence 2 (∆EDOT) did not bind 

to the influenza virus immobilized on beads as well as the original Sequence 2 peptide 

(Figure 3-7), suggesting that EDOT contributes to the interaction between the Sequence 2 

peptide and the influenza virus particles. 

 

Figure 3-6. Comparison of affinities of the selected peptide sequences. The fluorescein-

labelled peptides were incubated with inactivated influenza virus-immobilised on silica beads 

and the fluorescence intensities of the bound peptides were measured.  
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Figure 3-7. Comparison of binding affinity of Sequence 2 peptide and Sequence 2 (∆EDOT) 

peptides to the influenza virus immobilised on microbeads. 

 

3.2.2 Target selectivity  

The biological specificity of the Sequence 2 peptide, in terms of its binding to the 

influenza virus, was confirmed using a dot blot analysis. The fluorescence image of the 

membrane indicated that the Sequence 2 peptide specifically bound to the influenza virus 

(Figure 3-8). Therefore, the Sequence 2 peptide was used for the electrochemical 

experiments. 
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Figure 3-8. Biological specificity of the Sequence 2 peptide ligand. (a)  A dot blot analysis 

result. The targets Influenza virus, Epstein–Barr virus, BSA, and Gelatine were dropped 

(2µL portion of 1 mg mL
−1

)on the PVDF membrane and detected with fluorescein-labeled 

Sequence 2 peptide. (b) Integrated density of the fluorescence after the dot blots analysis. 

Data are presented as the mean values ± SD (n = 3). 

 

3.3 Electrochemical Analysis 

3.3.1 Electrochemical polymerizationof EDOT-conjugated peptide. 

For the electrochemical polymerization measurements using the EDOT-conjugated 

peptide, a gold electrode was used as the working electrode, and platinum wire and an 

Ag/AgCl electrode were used as the counter and reference electrodes, respectively. After 
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setting a 1-mm distance between the gold and Ag/AgCl electrodes, a solution containing the 

peptide was dropped onto the working electrode, and an optimized CV sequence was run (–

0.6 to 0.95V vs. Ag/AgCl, scanning at 0.1 V s
−1

 for 12 cycles) in 0.1M Tris-HCl buffer (pH 

7.0). The cyclic voltammogram suggested that the electrochemical reaction occurred at the 

working electrode (Figure 3-9) because the observed phenomenon was similar to a reported 

EDOT polymerization.
38

 To confirm the decrease in current at the working gold electrode 

because of deposition of the peptide polymer on its surface, I subsequently performed CV 

using a 10mM K3[Fe(CN)6] solution (Figure 3-10). After electropolymerization, the current 

of the cyclic voltammogram was remarkably decreased. 

 

Figure 3-9. Cyclic voltammograms of Sequence 2 peptide polymerisation on gold electrode 

using a potentiostat system. 
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Figure 3-10.  Cyclic voltammograms measured on a gold electrode. Before polymerisation 

reaction on clean gold electrode (blue), after polymerisation of 0.1mg mL
−1

 (green) and 

0mg mL
−1

 (red) of Sequence 2 peptide, respectively. 

 

FT-IR measurements further confirmed the peptide deposition on the electrode 

surface. For an FT-IR sample measurement, 2mg mL
−1

 of the peptide was polymerized 

compared with that of the unpolymerized peptide powder. The FT-IR spectra (Figure 3-11) 

contained two peaks at 1652 and 1540cm
−1

, which were attributed to the stretching 

vibrations of the carbonyl (C=O) group of amide I, and the amine (N-H) bending mode of 

amide II, respectively. These peaks indicated the presence of a peptide backbone and 

demonstrated that deposition of the peptide occurred on the electrode surface. Moreover, 

other differences were observed in the spectra at 1100–1250 and 600–900cm
−1

. These 

differences provided further confirmation that the peptide monomer underwent the desired 

polymerization reaction under the electrochemical conditions. 
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Figure 3-11. FT-IR spectra of Sequence 2 peptide after electrochemical polymerisation 

(blue) and unpolymerised powder (red) on the surface of the gold-coated silicon chip. 

 

3.3.2 Electrochemical sensing of the influenza virus. 

To establish a protocol to quantify the amount of influenza virus in a sample, first 

determined the effective peptide concentration, 0.1mg mL
−1

, (Appendix 8) for the 

electrochemical polymerization. Then, I incubated 0.1mg mL
−1

 peptide solution with 

different concentrations of inactivated influenza virus. The concentration of influenza virus 

was determined from the total amount of protein, as measured by the Bicinchoninic Acid 

Protein Assay. Then the analyte was polymerized on a working electrode, and CV was 

subsequently performed using the K3[Fe(CN)6] solution. The CV current increased with an 

increase in the concentration of influenza virus (Figure 3-12a), presumably because 

polymerization on the electrode was suppressed because of binding of the influenza virus to 

the peptide ligand. The cathodic peak current at the highest concentration of the influenza 

virus (100μA at 150μg mL
−1

 influenza virus, Figure 3-12b) was not same as the current 
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obtained from a clean gold electrode (150μA, Fig. 3-12a). This current saturation arose from 

adsorption of the influenza virus on the working electrode (Appendix 9).  Below 150μg mL
−1

 

of influenza virus, this system exhibited a wide linear detection range from 12.5 to 100µg 

mL
−1

 (R2 = 0.986, Figure3-13). The LOD was found to be 12.5µg mL
−1

[statistical 

significance (p < 0.05, Appendix 10), Figure 3-13] by comparing the results with those 

recorded in the absence of influenza virus using the Student's t-test. I further evaluated the 

specificity of this system using the Epstein-Barr virus and BSA. In these control experiments, 

the current measured from the electrode remained constant (Figure 3-12b). 
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Figure 3-12.  Electrochemical detection and specificity of detection (a) Detection of the 

inactivated influenza virus using the electropolymerisationtechnique (b) Averaged cathodic 

peak currents on the surface of the working gold electrode with respect to the targeted 

molecule influenza virus and control samples (Epstein Barr virus and BSA) after the 

interaction analysis using the electrochemical technique.  

a 

b 
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Figure 3-13. Limits of detection analysisaveraged cathodic peak currents on the surface of 

the working gold electrode with respect to the target influenza virus molecule and control 

samples. 

 

3.3.3 Interference of common microorganism on detection system. 

During clinical measurement, we can expect the presence of other common 

microorganisms in clinical samples. To tackle such issues, interference of the other 

microorganism in electrochemical detection system also examined using commonly found 

bacteria in the oral cavity (Staphylococcus aureus and Streptococcus pneumonia. The result 

showed that microorganisms did not interfere with this influenza detection system. Both 

microorganisms neither remarkably suppressed the CV current measured after the 

polymerization cycle (blue and red lines in Figure 3-14) nor did their presence affect the 

peptide polymerization (green and purple in Figure 3-14). These results indicated that the 

peptide specifically binds to the target influenza virus. 
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Figure 3-14.Comparison of cyclic voltammogram (CV) current on a working electrode. CV 

current on clean electrode (blue), after polymerization of Sequence 2 peptide in presence of 

microorganism (green), only microorganism (red) and only Sequence 2 peptide (purple). (a) 

Staphylococcus aureus and (b) Strepotococcus pneumonia. 

Here I became able to obtain peptide ligands that specifically bind to the influenza 

virus, using an artificially introduced EDOT molecule. Modification of target-recognition 

probes with a signaling molecule, such as a fluorophore, sometimes leads to loss of affinity to 

a target, or too weak signaling, because the modification may hinder access to the target-

a 

b 
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recognizing domain, or cause an unintended conformational change of the probe molecule. 

However, in the case of our peptide probe, the binding affinity was not reduced even with the 

EDOT moiety, in fact, EDOT itself contributed to the binding with the target (Figure 3-7). 

This involvement of EDOT in the binding affinity was realized by pre-incorporation of 

EDOT in the random peptide library for the in vitro selection of the probes. The selection 

method may exclude burden to work with some peptides that might intrinsically possess high 

affinity but lose that affinity after post-modification of functional groups. 

The developed influenza detection system using an electrochemical technique may be 

a good choice for a diagnosis method compared with the current methods, such as reverse 

transcriptase polymerase chain reaction, ELISA, and immunochromatography. For point-of-

care testing, detection systems should be easy to run, low-cost, portable, and sensitive. The 

obtained LOD of this system was found to be comparable with the fluorescent 

immunochromatographic strip test (10µg mL
−1

), which is 2.5-fold more sensitive than the dot 

blot immune assay or conventional rapid diagnosis test.
39

 In previously reported 

electrochemical detection systems 
40, 41

 redox probes were immobilized on an electrode, and 

binding with the target induced a current decrease at the working electrode. In contrast, our 

detection system provides a current increase in the presence of the influenza virus, which is a 

form of "turn-on detection" that does not require a negative control measurement for practical 

analysis. In this measurement, as the concentration of the influenza virus increased, 

increasing amounts of the peptide became bound to the influenza virus, and less of the 

peptide was available for the polymerization. Because EDOT is an essential component of the 

polymerization reaction, binding with the virus decreases the polymer yield. Thus, by 

increasing the viral concentration, progressively thinner layers of peptide polymers were 

deposited on the working electrode, allowing more current to flow at this electrode (Figure 3-

12 a and b). 
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4. CONCLUSION 

I have successfully developed a new type of electrochemical biosensor for detecting 

the influenza virus using a peptide ligand selected from a random peptide library containing 

the electrosensitive EDOT molecule. To my knowledge, this is the first reported example of 

the direct in vitro evolution of an electrochemically sensitive peptide ligand for 

electrochemical analysis. It is envisaged that the strategy described in this study could also be 

used for the in vitro selection of sensing peptide ligands toward a variety of other target 

molecules. 
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CHAPTER 4:CONCLUSION 
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CONCLUSION 

The works presented in this thesis describe the design, development, and study of 

peptide aptamer-based biosensors for diagnostic applications. To get the desired applications 

of the peptide aptamers, two techniques were used. In the first one, an environment sensitive 

fluorophore, 7-nitro-2, 1, 3-benzoxadiazole (NBD) was functionalized into selected peptide 

aptamer preparing non-natural amino acid, and in the second approach, an electroreactive 

molecule 3,4-ethylenedioxythiophene (EDOT) was introduced into a pool of random peptide 

library to get the desired function of selected aptamer.  

Chapter One. It gives general overviews about the concept of aptamer development, 

their advantages, the present scenario of aptamer-based researches and their scope in 

biomedical and other applications with some examples. It also describes the idea of the 

research work carried out: functionalization of sensing molecules into peptide aptamers. 

Chapter Two.In this research, the post selection modification of the peptide aptamer 

was successfully carried out to add the molecular functionality. I generated newfluorogenic 

ligands to detect circulating tumor cells (CTC) by modifying a previously reported EP114 

peptide aptamer binding to a glycoprotein, epithelial cell adhesion molecule (EpCAM) 

hallmark of CTC. The functional modification was done with an environmentally sensitive 

fluorophore NBD preparing in a non-natural amino acid form. One of the functionalized 

peptide ligands, Q4X can specifically detect the EpCAM-positive cells with an enhance 

fluorescence by just adding the peptide ligand to the cultivation medium. 

I hope the developed method could be used to capture CTC without damage the cell 

viability for the phenotype identification and the molecular analysis to reach an ultimate goal, 

which is difficult from the current cell search technique. Indeed, the functionalized 

fluorogenic peptide ligand has a potential to develop the third generation CTC detection tool 
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which will enable a more comprehensive picture of the cancer diagnosis, prognosis and lead 

towards the personalized medication.  

ChapterThree.In this research, a new strategy has been developed to detect influenza 

virus using an electrochemical technique, which works based on simple Cyclic Voltammetry 

measurement. For that, electrochemically sensitive peptide ligands were selected by ribosome 

display method against the influenza virus from a pool of random peptide library 

incorporating electroreactive non-natural amino acid using the bioorthogonaltRNA-bearing 

EDOT-conjugated aminophenylalanine. One of the selected peptide ligands, Sequence 2 

specifically binds to influenza virus with a binding affinity (EC50 = 9.6 ± 2.3µM) and 

detected influenza virus lower to 12.5µg mL
−1

 (p < 0.05) concentration based on the total 

protein measurement. To my knowledge, this is the first reported electrochemical peptide 

ligands selected from a combinatorial library. 

I believe that the electropolymerizable peptide ligand developed in this research has 

the potential to develop a promising point-of-care testing tool to detect influenza virus in 

primary care to address the current expensive and time consuming diagnosis method. In 

addition to, the approach used in this strategy can also be applied to other variety of target 

molecules to develop the desired biosensors.  

 

In the end, the studies carried out in this thesis disclose the importance of functional 

non-natural amino acid incorporation into peptide ligands using various techniques. The 

optimizations of the functionality of the developed peptide ligands have the potential to 

develop a point-of-care testing tool to capture CTC and detection of influence virus in 

primary care setting, which are highly desirable. 
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Appendix 1.H-NMR analysis of the synthesized NBD-amPhe 
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Appendix 2.Characterization of non-canonical amino acid (A) MALDI MS analysis of NBD 

conjugated phenylalnine, where calculated (M+H=678.24) and found spectra were 

M+Na=701.2, as well M+H-16= 663.22 and M+H-32=646.24, due to NO2). (B) HPLC 

analysis of non-canonical amino acid (NBD-amPhe) for purity, fluorescence spectra was 

measured. 
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Appendix 3. Characterization of synthesized peptides (A) HPLC results of the purified Q4X 

indicated that Q4X was well-purified. All other peptides also exhibited similar HPLC charts. 

(B) MALDI MS analysis of Q4X peptide for product confirmation and purity. 
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Appendix 4.Sequences list of the selected peptides from the NGS analysis.

 

Where B indicates the non-natural amino acid, EDOT conjugated 

aminophenylalanine residues  
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Appendix 5.Intermediate product confirmation by NMR during EDOTaa synthesis. 
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Appendix 6.Synthesis productconfirmation by NMR analysis (a) Intermediate product (b) 

Final EDOT aa 
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Appendix 7.Characterisation of Sequence 2 peptide a) HPLC analysis showing the 

absorbance at 220nm b) MALDI MS analysis (Calculated M+H=1663.99, experimental 

monoisotopic mass M+H= 1664.32). HPLC and MALDI indicate the purity of sequence 2 

peptide and other peptides characterization also showed similar result.  
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Appendix 8.Averaged cathodic current after the polymerisation of various concentrations of 

Sequence 2 peptide on a gold electrode. 
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Appendix 9.Adsorption effect of the influenza viruses on working electrode at maximum 

concentration. 
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Appendix 10.P-values calculated using the Student’s t-test for the detection limit of the 

influenza virus. 
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