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ABSTRACT  
 

Introduction: A truncated precursor form of prostate-specific 

antigen (PSA), proPSA, is a well-known biomarker for prostate 

cancer. Since the amount of proPSA in serum or semen is quite 

low (1), it is impractical to purify it from biological fluid. 

Thereby, recombinant proPSA proteins must highly pure to use 

as a standard reference. For detecting [-2]proPSA and [-5/-

7]proPSA in human serum, generation of selective and specific 

antibodies are essential. Based on reference materials and 

antibodies, an assay detecting [-2]proPSA and [-5/-

7]proPSA in human serum simultaneously would offer a 

usefulness for detecting the prostate cancer. 

 

Methods:  In this study, proPSAs were expressed in HEK 293F 

cell and purified recombinant proteins from cell culture 

supernatant. Expressed proteins were identified by protein 

Edman sequencing and LC-MS/MS. The protein properties 

such as aggregation, monomeric or oligomeric forms and 

stability were analyzed by SEC-HPLC. After chicken 

immunization with identified proteins and propeptide-carrier 

protein conjugates, generation of polyclonal antibodies in 
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chicken serum was tested by immunoblot analysis. Bio-panning 

and phage ELISA using phage display technique, antibodies 

binding [-2]proPSA and [-5/-7]proPSA were individually 

developed.  

The bispecific antibodies composed of 2 scFvs linked with 

human Fc domain were expressed in HEK 293F cells and 

purified by protein A beads. The characteristics of single walled 

carbon nanotube with bispecific antibody (SNA) were tested by 

Raman specrometry and BIAcore assay. The sensitivity and 

selectivity of SNA were analyzed by Raman imaging. 

 

Results: In the developed expression and purification system, 

[-2]proPSA and [-5/-7]proPSA were generated stably, and 

production yields of recombinant proteins were approximately 

585.6 µg/L, 522.2 µg/L, respectively. The antibodies targeting 

[-2]proPSA, [-5/-7]proPSA were developed form phage 

libraries constructed form chickens immunized with peptide 

conjugates or recombinant proteins. The screened out 

antibodies specifically bound to target proteins without cross-

reactivity to other proteins and peptides in ELISA and 

immunoblot analysis.  
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An interaction between cotinine on synthesized SNAs and 

anti-cotinine antibody in a bispecific antibody was confirmed in 

Raman specrometry and BIAcore assay. In Raman imaging, it 

was proved that SNAs complexed with anti-HER 2 × cotinine 

antibody attached selectively on HER2 molecules on SK-BR-3 

cell surface.  

 

Conclusions: Taken together, [-2]proPSA, [-5/-7]proPSA 

were generated purely in developed system, and antibodies for 

[-2]proPSA and [-5/-7]proPSA were discovered from 

immunized chicken libraries. SNAs with bispecific antibodies 

were synthsized well and it’s characteristics were confirmed by 

Raman spectroscopy and imaging. Based on developed materials 

such as recombinant proPSAs as the reference material, anti-

proPSA antibodies and SNA with bispecific antibody, the assay 

detecting [-2]proPSA and [-5/-7]proPSA simultanousely in a 

single tubes contaning human serum is under developing. If the 

assay is developed in near future, it could offer a usefulness for 

detecting the prostate cancer 

 

* These works are published in Biotechnology and applied 
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Biochemistry(2), and Nanoscale(3). 
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OVERVIEW 

The level of proteins existing in human surum is used as 

indicators for detecting an existence or progression of cancers. 

The measurement of protein biomarkers offers an enormous 

potential for detecting an early statge of cancers and monitoring 

of treatment outcomes (4). Among protein biomarkers in human 

serum, prostate specific antigen (PSA) have been a useful 

clinical biomarker for diagnosing the prostate cancer in several 

decades ago. PSA is a member of the tissue kallikrein family, 

located on chromosome 19q13.4 (5). Kallikreins are serine 

proteases digesting certain high molecular-weight proteins to 

release bioactive peptides termed kinins. The gene encoding 

hK1 (KLK1) is closest to the centromere and followed by 

KLK15, KLK3 (encoding PSA), and KLK2. The kallikrein genes 

are expressed in variety tissues, and many of them are 

regulated by steroid hormones. The PSA, hK2 and hK4 are 

expressed in prostate and regulated by androgen (6, 7). The 

close linkage of KLK2, KLK3, and KLK4 indicates that common 

prostate-specific regulatory elements (androgen-responsive 

elements) might control their expression. The PSA is a 

glycoprotein produced by the epithelial component of the 
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prostate gland (8). Men with prostatic diseases, including 

adenocarcinoma of the prostate, have high serum PSA levels 

due to over-production and architectural distortions in the 

gland (9). Most of the PSA in blood is complexed with various 

inhibitors including alpha-1-antichymotrypsin (ACT). The 

unbound form of PSA, known as free PSA, is present in three 

major molecular forms, i.e., inactive PSA (iPSA), benign PSA 

(BPSA), and proPSA (10). 

The Food and Drug Administration has approved a blood 

test to measure elevated total PSA level for detecting prostate 

cancer at early stage and monitoring patients after an radication 

therapy for prostate cancer or prostatic surgery. Normal levels 

of PSA is typically 0.5 to 2 ng/mL and patents with an early 

stage prostate cancer have levels of 4 to 10 ng/mL. PSA serum 

concentration with 4 to 10 ng/mL is known as the gray zone, 

the level indicating the possibility of early stage prostate cancer. 

Late stage prostate cancer is characterized by values of 10 to 

1000 ng/mL (11). Because the traditional threshold level of 

PSA is 4 ng/mL, an increasement of PSA level promptes a 

recommendation that the man undergo prostate biopsy (12). As 

PSA test is affected by prostatic hyperplasia, prostatitis, age, 
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race and personal variation, the PSA test is used as a 

suboptimal method for detecting early stage of prostate cancer. 

As an example, about 75% of men with the PSA levels of 4.0 to 

10 ng/mL who undergo a prostate biopsy and they do not have 

cancer. To increase a specificity of the PSA test, many 

methods including age-specific PSA reference ranges (13), 

adjusting the PSA level to account for the volume or density of 

a prostate measured ultrasonographically(14), PSA velocity 

(PSAV)(15), PSA density (PSAD) (16), and free-to-total 

PSA ratio (%fPSA) have been proposed (17).   

Among them, %fPSA and age-specific PSA cutoffs enhance 

the specificity of total PSA for cancer detection in men with 

PSA values between 4 and 10 ng/mL. %fPSA represents 

significantly higher sensitivities than age-specific PSA cutoffs 

in men older than 60 years of age (18). %fPSA could help 

distinguish between prostatitis and cancer, and it offers clinical 

utilities in men whose total serum PSA concentration is 2.5-10 

ng/mL (19, 20). Also, %fPSA is helpful in selecting patients 

representing elevated total PSA level whether they need biopsy 

or not after initial negative biopsies (21). There is a study 

screening volunteers, age 50 years and older, whose total PSA 
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levels were 4.1-10.0 ng/mL and digital rectal examinations 

were not suspicious for prostate cancer. In this study, a cut-off 

value with 23% fPSA would have detected 90% of cancer and 

eliminated 30% of negative biopsies. %fPSA would help to avoid 

unnessasery biopsy, but an issue with a probability of cancer is 

still remained.  

Because tPSA and %fPSA test represent unclear thresholds 

in aspects of specificity and sensitivity for the early detection 

of prostate cancer, many efforts are being made to discover 

new prostate specific markers. A truncated form of precursor 

of PSAs called proPSAs are new markers that are introduced to 

improve the accuracy of the PSA test (22). Native proPSA 

contains additional 7 amino acids named as pro-peptide in N-

terminus of PSA, and proPSA isoforms with different lengths of  

pro-peptides are found in human serum (23). The proPSAs are 

highly expressed in prostate cancer and [-2]proSPA (p2PSA) 

among proPSAs is appear to correlate with prostate cancer. In 

the current study, %p2PSA ([-2]proPSA/fPSA×100) and 

prostate health index (PHI, (p2PSA fPSA)×PSA1/2) based on 

[-2]proPSA level in serum represented the most accurate 

prediction of the presence of prostate cancer (24). When tPSA 
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threshold of 3.18 ng/mL showed a sensitivity of 90.1% with a 

PPV of 44.1%, but, same criteria (sensitivity of 90.1%), a 

threshold of 1.20 for %p2PSA and 25.5 for PHI (respective 

specificity of 37.9% and 23.0%) showed the best PPV (54.2 

and 48.9%, respectively). It is indicate that %p2PSA and PHI 

could be an effective screening tool for diagnosing prostate 

cancer (25).  

As [-2]proPSA existing in human serum with picograms 

per millilitre, a powerful tool with a high sensitivity is needed. 

The highly sensitive immunoassay with various signal 

amplification strategies coupled with nanomaterials have been 

developed as novel tools and platforms for biomedical research 

and applications(26). Carbon nanotubes (CNTs) are remarkable 

nanomaterials and defined as allotropes of carbon with 

cylinders of graphene sheets (27). Wang et al. investigated 

their novel applications by using CNTs as labels for 

ultrasensitive electrochemical immunoassays (28). In the study, 

CNTs could load numerous enzyme tracers via chemical 

reactions on their long surface. The numerous enzyme-loaded 

CNT super labels were applied for the magnetic beads-based 

immunoassay, and a detection limit of the assay was 50−150 
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fg/mL. A signal enhancement was around 100-fold than a 

system consisting of a single-enzyme label. Hence, CNTs could 

be useful probes in signal-enhanced immunoassay for detecting 

low-level of proteins in human serum. CNTs are classified as a 

single layer of graphene sheet (single-walled CNT; SWNT)(29) 

and cylinderic muli-layers form (multi-walled CNT; 

MWNT)(30). MWCNTs are usually generated with diameters in 

the range of 1–3 nm for the inner tubes and 2–100 nm for the 

outer tubes (31). The SWNT have diameters of 1-2 nm, and 

lengths ranging from as short as 50 nm up to 1 cm (32).  

In near-infrared (NIR) light, SWNTs exhibit a strong 

resonance Raman scattering through their electronic density of 

states at the van Hove singularities (33). SWNTs represent 

several distinctive Raman scattering including the radial 

breathing mode (RBM) and tangential mode (G-band) (34). 

RBM and G-band demonstrate a sharp and strong peak which 

could be distinguishable from a noise or background. Because of 

the physiological properties of SWNTs generating a strong and 

intrinsic Raman spectra (35), SWNTs show a large shift of 

peaks compared with traditional fluorescence reagents. Chen et 

al. reported that they developed an immunoassay using 
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functionalized SWNTs and detection limit of the assay was 1 

fmol/L, approximately three orders of magnitude than 

commonly used fluorescence assay (36). Moreover, SWNTs 

could be synthesized with different isotope compositions 

exhibited different G band peaks, and thus it could be used as 

multicolor contrast agents for multiplexed Raman imaging. 

Zhuang et. al (37) reported that three kinds of SWNTs labeled 

with different isotope compositions were sucessfully 

synthesized and conjugated with three ligands such as 

Herceptin (anti-Her2), Erbitux (anti-Her1), and RGD peptide, 

respectively. In confocal Raman imaging, it was confirmed that 

functionalized SWNTs selectively bound cancer cells 

expressing a specific recpetor. Raman signals of SWNTs rarely 

photobleached even under high excitation powers, hence 

SWNTs are promising materials for biosensing and biomedical 

imaging (38). 
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INTRODUCTION 

Precursor Prostate specific antigen (proPSA) 

Prostate-specific antigen (PSA) is a glycoprotein produced by 

the epithelial component of the prostate gland (39). Men with 

prostatic diseases, including adenocarcinoma of the prostate, 

may have high serum PSA levels due to its enhanced production 

and architectural distortions in the gland that allow PSA to 

enter the circulation (40). It was well known that several forms 

of PSA exist in blood and seminal fluid. Most of the PSA in 

blood is complexed with various inhibitors including alpha-1-

antichymotrypsin (ACT). The unbound form of PSA, known as 

free PSA, is present in three major molecular forms, i.e., 

inactive PSA (iPSA), benign PSA (BPSA), and proPSA (41).  

PSA is also one of the few organ-specific markers routinely 

used to detect cancer and monitor the effectiveness of 

treatment or progression. Men with serum PSA levels above 10 

ng/mL have a 50% or higher chance of developing prostate 

cancer (42). Use of the PSA test has increased early detection 

of prostate cancer (43, 44). Despite the overall success of this 

test, its use is limited by a lack of specificity, especially in men 

with a total PSA (tPSA) level of <10 ng/mL. Patients with this 
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level of serum tPSA frequently harbor both benign and 

malignant prostatic conditions (45, 46). Men with PSA levels 

between 4–10 ng/mL are considered candidates for prostate 

biopsy to confirm the presence of cancer. However, one study 

showed that only 20–40% of men within this range have 

prostate cancer (47).  

A truncated form of precursor of PSA called [-2]proPSA is 

an additional marker that was introduced to improve the 

accuracy of the PSA test. The [-2]proPSA was found to be 

overexpressed in malignant cells relative to benign prostate 

cells, as well as significantly elevated in serum of men with 

prostate cancer (48). In the large multicenter prospective study, 

percent [-2]proPSA ([-2]proPSA/freePSA) showed clinical 

value (49). At a fixed sensitivity of 80%, percent [-2]proPSA 

showed higher specificity (51.6%) than PSA (29.9%) in the 2-

4 ng/mL PSA range. In the PSA range of 2-10 ng/mL, its 

specificity was 44.9% while the PSA test showed 30.8% 

specificity (49). It is generally agreed that percent [-

2]proPSA differentiates between prostate cancer and benign 

prostate disease when the tPSA level is in the 2-10 ng/mL 

range (49-51). In another study, percent [-2]proPSA was 
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significantly higher in patients with a higher Gleason score and 

more aggressive cancers (49). Taken together, these findings 

indicate that [-2]proPSA can be a potential biomarker not only 

for the accurate detection of prostate cancer but also for 

determining prognosis. 
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Figure 1. Prostate specific antigen biosynthesis 

 

 

 

 

 

 

 



21 

 

Phage display 

Phage display refers to the display of functional foreign 

peptides or small proteins on the surface of bacteriophage. 

Phage display technology was introduced in 1985 by George P. 

Smith (52). He showed that foreign DNA fragments could be 

inserted into filamentous phage genome, which initiated the new 

technology of phage display (52). Phage genome is a single-

stranded DNA that is encased in coat proteins, i.e., the major 

coat protein, pVIII, (with about 2700 copies per phage) and 

minor coat proteins, pIII, pVI, pVII and pIX (each with five 

copies per phage). Bacteriophages propagate within bacterial 

hosts upon infection. The phage takes over the hosts’ 

biosynthetic machinery to produce all the necessary enzymes 

for phage protein production and replication of phage genetic 

materials for subsequent phage assembly. Each infected 

bacterial cell can produce over a thousand of identical phage 

particles.  

Filamentous phage was first used to display small peptides, 

other proteins and antibodies by fusion to the minor coat 

protein, pIII (53, 54). The antibody fragment can be displayed 

as single chain Fv fragment which is composed of VH domain, a 
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flexible linker and VL domain in order (55, 56). Also, it could 

be displayed as Fab fragment, in which one chain is fused to 

pIII and the other is secreted into the periplasm (57-60). When 

antibody fragments are fused to the N-terminus of pIII, the 

phage maintain their infectiveness. However, if the N-terminal 

domain of pIII is excised for making the second domain, the 

phage loss their infectiveness. In this case, wild type pIII must 

be provided by helper phage (61, 62). The major coat protein 

of the phage, pVII, can also be used to display peptides (63-65) 

and antibody fragments (66, 67). Pentapeptides (63) and 

hexapeptides (64) could be fused close to the N-terminus of 

pVIII, but the phage encoding longer peptides did not generated 

unless wild type pVIII was provided (68). Therefore, pIII rather 

than pVIII have been preferred for antibody display. 

 

Bio-panning 

Bio-panning is the procedure of selecting binding pairs from 

phage display libraries. Antibody displaying phage particles are 

incubated with the immobilized antigen coated plates (69), 

column matrices (57), cells (70), or to biotinylated antigen in 

solution followed by capture (71). After incubation, non-
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specific phages bound to the solid phase are removed by 

washing steps, and then phages attaching antigens by antigen 

and antibody interaction on the solid phase are eluted by acid 

(69) or alkali (72). The eluted phages are used to infect E. coli 

and subsequently re-amplified for further rounds of selection. 

This selection cycle is commonly carried 4 or 5 times until 

satisfactory enrichment achieved. The overall process is shown 

in Figure 2 . Phages can be enriched 20-1000 fold by a single 

round of selection (73, 74). In this way, enrichment factors of 

only 50-fold in each round can build up to 107-fold 

enrichments over four rounds of selection (72). Bio-panning 

based on phage display technology most widespread method for 

developing antibodies and for the engineering of selected 

antibodies. It is highly versatile method to isolate high-affinity 

human antibodies from nonimmune and synthetic libraries (75-

77). Moreover, it offers an opportunity for developing 

picomolar affinity antibodies by affinity maturation (78), and 

discover antibodies with unique properties from nonimmune and 

immune libraries from animal or human donors (79).  
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Figure 2. Overall process of antibody generation from 

construction of antibody library to selection of antibody clones 
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MATERIAL AND METHODS 

1. Establishment of expression vectors and the expression of 

recombinant proteins 

The proPSA cDNA was purchased from the Korea Research 

Institute of Bioscience and Biotechnology (KRIBB). The genes 

encoding [-2]proPSA, [-7]proPSA, and PSA were isolated by 

PCR using 5’-CCCAAGCTTATGTGGGTCCCGGTTGTCTTCC 

TCACCCTGTCCGTGACGTGGATTGGCGCTGCGCCCCTCATCC

TGTCTCGG-3’,5’-CCAAGCTTATGTGGTCCCGGTTGTCTTC 

CTCACCCTGTCCGTGACGTGGATTGGCGCTTCTCGGATTGT

GGGAGGCTGG-3’, and 5’-CCCAAGCTTATGTGGGTCCCGG 

TTGTCTTCCTCACCCTGTCCGTGACGTGGATTGGCGCT ATT 

GTGGGGGCTGGGAGTGC-3’ with HindIII restriction site 

(underlined) as reverse primer, respectively, and 5’-

CTGGCCGGCCTGGCCGGGGTTGGCCACGATGGTGTC-3’ with 

SfiI restriction site (underlined) as a forward primer. The 

amplified genes were digested with HindIII and SfiI restriction 

enzymes (both from New England BioLabs, MA, USA) and 

ligated into a pCEP4 expression vector (Invitrogen, CA, USA) 

which was modified to contain the human Cκ domain using T4 

DNA ligase (Invitrogen) as reported previously (80). 
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HEK 293F cells (Invitrogen) were cultured in GIBCO 

FreeStyleTM 293 Expression media containing 10,000 IU/L 

penicillin and 100 mg/L streptomycin (Invitrogen) at 37 °C in an 

orbital shaking incubator (Minitron, INFORS HT, Bottmingen, 

Switzerland) with 7% CO2 at 135 r.p.m. Cells were transfected 

with the pCEP4 expression vectors using 25 kDa linear 

polyethylenimine (Polysciences, PA, USA) as described 

previously (81). After 5 days of culture, the culture 

supernatant was subjected to affinity chromatography using 

KappaSelect resin (GE Healthcare, London, UK). The 

recombinant proteins were purified according to the 

manufacturer's instructions. 

 

2. Synthesis of peptide conjugates  

Peptides representing the N-terminal sequence of [-7], [-5], 

and [-2]proPSA, namely APLILSRIVGGWEC (7pro), 

LILSRIVGGWEC (5pro), and SRIVGGWEC (2pro), respectively, 

were chemically synthesized by Peptron Inc. (Yuseong-gu, 

Daejon, Korea). The synthesized peptides were conjugated to 

bovine serum albumin (BSA), keyhole limpet hemocyanin 

(KLH), or ovalbumin (OVA) as described previously. 
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3. Gel electrophoresis and immunoblot analysis 

The recombinant proteins or peptide-BSA conjugates were 

resolved by SDS-PAGE using NuPage 4-12% Bis-Tris gels 

(Invitrogen) according to the manufacturer’s instructions. To 

visualize protein bands, the gel was subjected to Coommassie 

Blue staining as described previously (82).  

For immunoblot analysis, the proteins were transferred to 

nitrocellulose membrane as described previously (83). Then 

the membrane was blocked with 5% skim milk (BD Biosciences, 

CA, USA) in TBS containing 0.2% Tween-20 (TBST) at room 

temperature for 1 h. After blocking, the membrane was 

incubated with the D6B1 and D11E1 antibodies (Cell Signaling 

Technology, MA, USA) diluted 1:2,000 in 5% skim milk/TBST 

for 12 h at 4 °C. After washing three times with 0.2% TBST, 

the membrane was probed with HRP-conjugated anti-rabbit 

IgG (Fc-specific) antibody (anti-rabbit Fc-HRP) (Abcam, 

Cambridge, UK) diluted in 5% skim milk/TBST at 37 °C for 1 h. 

In parallel, the membrane was subjected to extended blocking 

procedures without incubation with anti-PSA antibody and but 

only with HRP-conjugated anti-human Cκ antibody (anti-

human Cκ-HRP) (Millipore, MA, USA) or anti-rabbit Fc-HRP 
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diluted in 5% skim milk/TBST at 37 °C for 1 h. Afterwards, the 

membrane was washed again with 0.2% TBST and was 

visualized by SuperSignal Pico West chemiluminescent 

substrate (ThermoFisher Scientific, IL, USA) according to the 

manufacturer’s instructions. 

To test the specificity of the anti-[-2]proPSA antibody 

(2pro6P), the membrane was sequentially incubated with anti-

[-2]proPSA scFv-hFc fusion protein (2pro6P scFv-hFc) and 

HRP-conjugated anti-human Fc antibody (anti-human Fc-

HRP) (ThermoFisher Scientific) with intermittent washing as 

described above. In a parallel experiment, the membrane was 

sequentially probed with D6B1 and anti-rabbit Fc-HRP and 

visualized as described above. 

 

4. N-terminal sequencing of recombinant proteins 

N-terminal sequencing of the recombinant proteins purified 

from the culture supernatant of HEK 293F cells transfected 

with expression vector encoding [-2]proPSA, [-7]proPSA, 

and PSA fused with human Cκ domain was performed by e-

MASS (Guro-gu, Seoul, Korea) with ABI 492 protein 
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sequencer as described previously (84). The first five residues 

at the N-terminus were identified. 

 

5. Mass spectrometry of recombinant proteins 

Liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS) of [-2]proPSA, [-5/-7]proPSA, and [+4]PSA 

fused with human Cκ domain wasereas performed byby e-

MASS with AB SCIE TripleTOFTM 5600 which is a tool for 

measuring analizing molecular weight as described previously 

(85). 

 

6. Size exclusion chromatography of recombinant proteins 

To check the percentage of protein aggregation, size exclusion 

chromatography was performed by high performance liquid 

chromatography (SEC-HPLC). SEC-HPLC of [-2]proPSA-Cκ, 

[-5/-7]proPSA-Cκ, and [+4]PSA-Cκ protein was performed 

by Abclone (Guro-gu, Seoul, Korea) with Agilent 1260 as 

described previously (86). 

 

7. Stability test of recombinant proteins 
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Thirty μg of [-2]proPSA-Cκ, [-5/-7]proPSA-Cκ, and 

[+4]PSA-Cκ were prepared in 1.5 mL microcentrifuge tubes. 

The tubes were placed in deep freezer at -80 °C for 16 h and 

then samples were thawed at 4 °C . After the recombinant 

proteins underwent 1, 5 and 10 times of freezing and thawing 

process, percentage of protein aggregate in samples was 

analyzed by Abclone with SEC-HPLC as described previously 

(87). 

 

8. Generation of antibody library from immunized chickens 

Three white leghorn chickens were immunized and boosted 

three times with 5 μg of peptide-KLH or peptide-OVA on an 

alternating basis by BioPOA Inc. (Gwonsun-Gu, Suwon, Korea). 

Blood was collected from the wing vein two weeks after each 

immunization or boost. 

A phage display library of single-chain variable fragments 

(scFvs) was constructed using total RNA isolated from the 

harvested spleen, bone marrow, and bursa of Fabricius of the 

immunized chickens, as described previously (88). A total of 

five rounds of biopanning were performed as described 

previously using magnetic beads conjugated with recombinant 
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[-2]proPSA-Cκ or [-5/-7]proPSA-Cκ protein, respectively. 

To select binders, phage ELISA was performed using microtiter 

plates coated with peptide-BSA and recombinant protein as 

described previously (89). 

 

9. Overexpression and purification of the antibodies for proPSAs 

as scFv-hFc fusion protein  

From a phagemid DNAs encoding scFvs reactive to [-

2]proPSA or [-5/-7]proPSA, the gene encoding scFv were 

prepared by digestion with SfiI restriction enzyme, 1% agarose 

gel electrophoresis, and DNA extraction. The gene was ligated 

into a pCEP4 expression vector modified to contain the human 

immunoglobulin Fc domain (hFc) using T4 DNA ligase (90). 

HEK 293F cells were transfected with the vector as described 

previously (81). After 5 days, overexpressed scFvs-hFc were 

purified from the culture supernatant by affinity 

chromatography using Protein A agarose beads (Repligen Corp., 

MA, USA) according to the manufacturer's instructions. 

 

10. Enzyme-linked immunosorbent assay (ELISA)  
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The each well of the microtiter plate (Corning Costar Corp., MA, 

USA) was incubated with 100 ng of recombinant protein or 

peptide-BSA conjugates in sodium bicarbonate buffer (pH 8.6) 

overnight at 4 °C. After blocking with 3% BSA (Millipore) in 

PBS for 1 h at 37 °C, scFvs-hFc (2pro6P-hFc and 7pro13R-

hFc) diluted in 50 ul of blocking buffer to a final concentration 

of 5 μg/ml were applied to each well and incubated for 1 h at 

37 °C. After washing with 0.05% Tween-20 in PBS (PBST), 

the samples were incubated with 1:5,000 diluted anti-human 

Fc-HRP in blocking buffer at 37 °C for 1 h. The plate was 

washed again and 50 μL of 2,2-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate 

solution (AMRESCO, OH, USA) was added into each well. The 

absorbance of each well was measured at 405 nm using 

Labsystems Multiskan Ascent microplate reader 

(ThermoFisher Scientific). All the experiments were performed 

in triplicate.  
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RESULTS 

Construction of expression vectors and expression of 

recombinant PSAs  

I constructed a vector expressing a gene encoding the leader 

peptide of PSA (MGWSCIILFLVATATG) followed by [-

2]proPSA (SRIVGGWECEKHSQ… ANP) and the human kappa 

constant (Cκ) domain using a mammalian expression vector. I 

also cloned the [-7]proPSA (APLILSRIVGGWECEKHSQ…. 

ANP) and PSA (IVGGWECEKHSQ…. ANP) genes into the same 

expression vector in place of [-2]proPSA (Figure 3A). HEK 

293F cells were transfected with these expression vectors and 

then the culture supernatant was harvested and subjected to a 

purification process using KappaSelect resin reactive to the 

human Cκ domain. The purified proteins were resolved by SDS-

PAGE and visualized by Coomassie Blue staining (Figure 3B). 

No other visible bands were observed except the 40 kDa band 

expected for the fusion proteins. To confirm the identity of the 

purified proteins, we performed immunoblot analysis using two 

commercially available antibodies; rabbit antibodies against PSA 

(D6B1 and D11E1) and anti-human Cκ antibody conjugated to 

horseradish peroxidase (HRP). Recombinant [-2]proPSA 
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protein, as well as the other recombinant proteins, reacted with 

these antibodies(Figure 3 C).  

 

N-terminal sequencing of recombinant PSAs  

For determination of residues 1-5 from N-terminus of the 

recombinant proteins, the proteins were analyzed by Edman 

degradation as described previously (91). In Edman cycles, the 

N-terminal amino acid in organic-based Edman reagent is 

converted to phenylthiohydantoin amino acid (PTH-amino acid) 

derivatives. The recombinant proteins generated using the 

expression vectors encoding [-2]proPSA-Cκ, [-7]proPSA-Cκ, 

and PSA-Cκ showed an N-terminal sequence of SRIVG with 95% 

purity, a mixture of LILSR and APLIL at a ratio of 7:5, and 

WEXEK, respectively (Figure 4). Among them, PTH-cysteine 

exhibited a unique property that was not detected at 269 nm, 

which was repeated previously (92). Therefore, the third 

residue in the PSA-Cκ fusion protein was determined to be 

cysteine. In Edman cycles, a carry-over (sequence lag) effect 

could occur in which the signal from a previous PTH-amino 

acid is transferred to a subsequent cycle (92) due to 

incomplete coupling and cleavage of the N-terminal residue. In 
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this study, peaks indicating glutamic acid (E) were observed at 

the third and fifth residue positions of the recombinant PSA-Cκ 

fusion protein; these were considered as carry-over. In 

summary, the expression vectors encoding [-2]proPSA, [-

7]proPSA, and PSA generated [-2]proPSA-Cκ with 95% purity, 

a mixture of [-5/-7]proPSA-Cκ, and [+4]PSA-Cκ, 

respectively. 

 

LC-MS/MS of recombinant PSAs  

To measure an exact molecular weight, recombinant proteins 

were analyzed by LC-MS/MS. In the LC-MS/MS, mass to 

charge ratios (m/z) of [-2]proPSA-Cκ and [+4]PSA-Cκ were 

in the range of 400097-40770 m/z. The molecular mass of [-

5/-7]proPSA-Cκ was in the range of 40664-41266 m/z. The 

peaks with the strongest intensity of [-2]proPSA-Cκ, [-5/-

7]proPSA-Cκ and [+4]PSA-Cκ were represented at 40666 m/z, 

41098 m/z and 400096 m/z, respectively (Figure 5). The 

molecular masses were higher than the expected value which 

were 38506.29 Da, 39013.63 Da and 37936.96 Da for [-

2]proPSA-Cκ, [-5/-7]proPSA-Cκ and [+4]PSA-Cκ, 

respectively.  
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The differences in the molecular mass than the expected 

value might be caused by post-translational modifications 

(PTMs) such as glycosylation, acetylation, biotinylation and 

phosphorylation which were frequently observed in the 

recombinant proteins (93). Among the PTMs, glycosylation of 

proteins expressed in mammalian cells was common and as the 

glycosylation of PSA was studied already (82), it was assumed 

that glycosylation in [-2]proPSA-Cκ, [-5/-7]proPSA-Cκ and 

[+4]PSA-Cκ is responsible for increase in the molecular mass. 

The variations of molecular mass about 500 Da in recombinant 

proteins might be caused by glycosylation patterns (93) or 

chemical modifications such as methylation and phosphorylation 

in amino aicds (94).   

Also, sequences of the recombinant proteins were analyzed 

by LC-MS/MS and sequencing resultes were matched to the 

expected sequences encoding [-2]proPSA-Cκ, [-5/-

7]proPSA-Cκ and [+4]PSA-Cκ. 

 

SEC-HPLC of recombinant PSAs 

To validate protein properties such as aggregation, monomeric 

or oligomeric form and stability, SEC-HPLC under the native 
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condition was carried out. SEC-HPLC is a tool for analyzing 

percentage of small protein aggregates which exist in solution 

but is invisible and insoluble (95). In the SEC-HPLC, [-

2]proPSA-Cκ, [-5/-7]proPSA-Cκ and [+4]PSA-Cκ showed a 

single peak without multiple peaks of protein aggregates 

(Figure 6). As peaks of recombinant proteins were discovered 

singly and lacated nearby peak 5 with molecular weight of 44 

kDa, it was proved that [-2]proPSA-Cκ, [-5/-7]proPSA-Cκ 

and [+4]PSA-Cκ existed as a monomer with molecular weight 

about 40 kDa.  

   Protein stability was tested by repetitive freezing and 

thawing process. [-2]proPSA-Cκ, [-5/-7]proPSA-Cκ and 

[+4]PSA-Cκ underwent 1, 5 and 10 times of freezing and 

thawing individually and the recombinant proteins were 

analyzed by SEC-HPLC. From the SEC-HPLC, the 

recombinant proteins showed a single peak nearby peak 5 with 

molecular weight of 44 kDa regardless of the number of 

freezing and thawing process (Figure 7). Hence, all the 

recombinant proteins were resistant in generating protein 

aggregates even after experiencing 10 times of freezing and 

thawing process. In summury, [-2]proPSA-Cκ, [-5/-
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7]proPSA-Cκ and [+4]PSA-Cκ generated in developed 

expression and purification system were very stable and 

existed as a monomer without protein aggregates. 

 

Generation and characterization of anti-proPSA antibody 

To geenerate polyclonal antibodies for proPSAs, Three 

chickens were immunized with the peptide-KLH and peptide-

OVA conjugates, alternatively. Then a phage display of a 

combinatorial scFv library was generated using cDNA prepared 

from bone marrow, spleen, and bursa of Fabricius of immunized 

chickens. 2pro6P and 7pro13R antibody were selected using 

phage display technique.  

The 2pro6P was expressed as scFv-hFc fusion protein 

reacted very specifically to the 2pro-BSA and [-2]proPSA-Cκ 

fusion proteins without crossreacting to other controls in ELISA 

(Figure 8A) and immunoblot analysis (Figure 9). Critical 

residue for antigen-antibody binding of 2pro6P is considered 

as of the S residue at the N-terminus in [-2]proPSA because 

[-5]proPSA and [-7]proPSA contain the entire amino acid 

sequence of [-2]proPSA. The 7pro13R was also expressed as 

scFv-hFc fusion protein bound to the 7pro-BSA, 5pro-BSA 
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and [-5/-7]proPSA-Cκ fusion proteins without crossreacting 

to other controls in ELISA. Epitope of 7pro13R is considered as 

of the L residue at the N-terminus in [-5/-7]proPSA because 

[-5]proPSA and [-7]proPSA contain leucine residue in 

common (Figure 8B). 
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Figure 3. Overexpression and purification of recombinant [-2], 

[-7]proPSA, and PSA. (A) Schematic diagram of recombinant 

PSA expression vectors. The gene encoding the leader peptide 

of PSA followed by [-2]proPSA, [-7]proPSA, or PSA and the 

human kappa constant (Cκ) domain were cloned into mammalian 

expression vector pCEP4. (B) Recombinant proteins were 

overexpressed in HEK 293F cells and purified by affinity 

chromatography. Purified recombinant proteins were subjected 

to 4-12% SDS-PAGE and visualized by Coomassie Blue 

staining. (C) Recombinant [-2]proPSA-Cκ protein was 

subjected to 4-12% SDS-PAGE, transferred to nitrocellulose 
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membrane, and then incubated with two commercially available 

rabbit anti-PSA antibodies, D6B1 and D11B1, followed by 

HRP-conjugated anti-rabbit IgG (Fc-specific) antibody (anti-

rabbit Fc-HRP). The membrane was also probed with anti-

rabbit Fc-HRP or HRP-conjugated anti-human Cκ antibody 

only. 
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Figure 4. N-terminal sequencing of recombinant proteins. High 

pressure liquid chromatography was performed after Edman 

degradation of the recombinant proteins purified from the 

culture supernatant of HEK 293F cells transfected with 

expression vector encoding (A) [-2]proPSA-Cκ, (B) [-

7]proPSA-Cκ, and (C) PSA-Cκ. Black arrows indicate major 

amino acids and white arrows indicate minor amino acids at 

each position.  
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Figure 5. LC-MS/MS of recombinant proteins. LC-MS/MS was 

performed to determinea an exact molecular weight of 

recombinant proteins purified from the culture supernatant of 

HEK 293F cells transfected with expression vector encoding 

(A) [-2]proPSA-Cκ, (B) [-5/-7]proPSA-Cκ, and (C) 

[+4]PSA-Cκ. 
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Figure 6. SEC-HPLC of recombinant proteins. To validate 

protein properties such as aggregatation and formet, 

recombinant proteins were analyzed by SEC-HPLC. (A) The 

standards used were bovine thyroglobulin, IgA, IgG, ovalbumin, 

myoglobin and uridine. (B) [-2]proPSA-Cκ, (C) [-5/- 

7]proPSA-Cκ, and (D) [+4]PSA-Cκ. 
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Figure 7. Stability test of recombinant proteins. Recombinant 

proteins were underwent 1, 5 and 10 times of freezing and 

thawing process individually and the recombinant proteins were 

analyzed by SEC-HPLC. (A) The standards used were bovine 

thyroglobulin, IgA, IgG, ovalbumin, myoglobin and uridine. (B) 

[-2]proPSA-Cκ with 1 time of freezing and thawing process, 

(C) [-2]proPSA-Cκ with 5 times of freezing and thawing 

process, (D) [-2]proPSA-Cκ with 10 times of freezing and 

thawing process, (E) [-5/-7]proPSA-Cκ with 1 time of 

freezing and thawing process, (F) [-5/-7]proPSA-Cκ with 5 

times of freezing and thawing process, (G) [-5/-7]proPSA-Cκ 

with 10 times of freezing and thawing process, (H) [+4]PSA-

H I 

J 
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Cκ with 1 time of freezing and thawing process, (I) [+4]PSA-

Cκ with 5 times of freezing and thawing process, (J) [+4]PSA-

Cκ with 10 times of freezing and thawing process. 
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Figure 8. Epitope mapping of antibodies against [-2]proPSA and 

[-5/-7]proPSA protein. (A) Various peptide-BSA conjugates, 

naïve PSA and recombinant proteins were coated on microtiter 

plate The microtiter plate was incubated with 2pro6P-hFc for 

[-2]proPSA, then probed with HRP-conjugated anti-human Fc 

antibody (anti-human Fc-HRP). Absrobance was measured at 
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405 nm (B) Various antigens such as proteins and peptide 

conjugates were coated on microtiter plate The microtiter plate 

was incubated with 7pro13R-hFc for [-5/-7]proPSA, then 

probed with HRP-conjugated anti-human Fc antibody.  
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Figure 9. The specificity test of 2pro6P antibody. (A)Various 

peptide-BSA conjugates and recombinant proteins were 

subjected to 4-12% SDS-PAGE and transferred onto 

nitrocellulose membrane. The membrane was incubated with 

2pro6P scFv-hFc, then probed with HRP-conjugated anti-

human Fc antibody (anti-human Fc-HRP). (B) Various 

peptide-BSA conjugates and recombinant proteins were 

subjected to 4-12% SDS-PAGE and then transferred onto 
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nitrocellulose membrane. The membrane was incubated with 

D6B1 antibody and probed with anti-rabbit Fc-HRP. 
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DISCUSSION 

PSA or kallikrein-related peptidase 3 is encoded by a single 

gene (KLK3) located at chromosome 19q13.41. During the 

post-translational modification process, the N-terminal leader 

peptide is removed. Studies have shown that [-7], [-5], [-4], 

and [-2]proPSA could be generated during this process. Of 

these four proPSAs, [-2]proPSA is the most extensively 

studied biomarker (96, 97). To measure the serum [-

2]proPSA level by ELISA, the [-2]proPSA standard and 

specific antibody are essential. Since the amount of [-

2]proPSA in serum or semen is quite low (1). it is impractical 

to purify it from biological fluid. Until now the whole PSA gene 

is cloned into expression vector and [-2]proPSA generated in 

minor fraction is purified using high-performance hydrophobic 

interaction chromatography (98). In this study, I constructed an 

expression vector with a sequence composed of the PSA leader 

peptide and [-2]proPSA fused with human Cκ domain 

immediately following the C-terminus of PSA. Edman 

degradation analysis was revealed that [-2]proPSA is the 

major form of the recombinant protein. The enzyme responsible 

for digesting the final amino acid of the leader peptide (G) and 
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the first amino acid of [-2]proPSA (S) could be either hK2 or 

prostin (99). In LC-MS/MS, molecular weights of [-2]proPSA, 

[-5/-7]proPSA protein were confirmed to be 40.666 kDa and 

41.098 kDa, respectively. Moreover, it was validated by SEC-

HPLC that recombinant proteins generated in developed 

expression and purification system was stable and existed as a 

monomer without protein aggregates.  

The 7pro13R and 2pro6P antibody were produced and 

isolated following chicken immunization with peptide-KLH and 

peptide-OVA, alternatively. The 7pro13R-hFc bound to the 

7pro-BSA, 5pro-BSA and [-5/-7]proPSA-Cκ fusion proteins 

without crossreacting to naïve free PSA, [+4PSA and [-

2]proPSA in ELISA. Epitope of 7pro13R is considered as of the 

L residue at the N-terminus in [-5/-7]proPSA because [-

5]proPSA and [-7]proPSA contain leucine residue in common. 

The 2pro6P preferentially bound to [-2]proPSA but not to 

naïve free PSA, [+4]PSA, [-5] proPSA, or [-7] proPSA. 

Since [-5]proPSA and [-7]proPSA contain the entire amino 

acid sequence of [-2]proPSA, the position of the S residue at 

the N-terminus is considered to be critical for antibody binding. 

Moreover, these antibodies reacted to the native form of [-
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2]proPSA-Cκ coated directly onto the plate or captured by an 

anti-PSA antibody. These data suggest that the N-terminus of 

[-2]proPSA-Cκ is exposed on the outside of the protein in its 

native form. Because this antibody reacted to the denatured 

form of [-2]proPSA in immunoblot analysis, it is clear that the 

N-terminus of [-2]proPSA is also exposed after denaturation. 

This observation raised the possibility that this antibody could 

be used to visualize proPSAs in immunohistochemical analysis.   

I also attempted to use developed antibodies to 

immunoprecipitate proPSAs from patient sera, but the 

experiment was not successful. Additional investigation to 

increase the affinity of the antibody or to better prepare the 

sample may be necessary to immunoprecipitate proPSAs from 

biological samples. As there is already a commercially available 

assay kit for determining the concentration of proPSAs (100), I 

think that immuno-affinity purification of proPSAs from sera 

could be achievable after affinity maturation of the antibody. 
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CHAPTER 2 

Antibody and Raman imaging 
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INTRODUCTION 

SWNT as a Nanomaterial 

Nanomaterials have been widely used in various applications 

ranging from biomedicine (101-103) to electronics (104-106). 

There is various nanomaterials such as quantum dots, 

nanowires, gold nanoparticles, nano-Photonics, magnetic 

nanostructures and new format nanomaterials under 

developeing  

Nanomaterials  have the potential to be applied to 

bioimaging since nanonaterials emit higher and longer 

fluorescence than conventional organic probes. They have been 

expected to be applied in biomedical fields such as biomaterials, 

immunoassay, diagnostics, and even in therapeutic (107). As 

the biomedical probes, nanomaterials were required to be 

conjugated with biomolecules such as antibodies, peptides and 

DNAs to detect for their specific target molecules (108-111) 

by chemical conjugation processes.  

Several conjugation steps, however, significantly affects the 

binding efficacy between nanomaterial bioconjugates and target 

molecules. Therefore, controling density of biomolecules per 

nanomaterial and orientation on the nanomaterial interface were 
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very essential for maximizing the binding efficiency between 

biomedical probes and target molecules. Many studies have 

been reported to control the orientation and position of protein 

ligands on nanomaterials, including biotin-avidin affinity 

chemistry (112), bioorthogonal cycloaddition chemistry (113, 

114), metal-affinity coordination with histidine-tagged 

proteins(115, 116), and scFv antibody fused with a 

nanoparticle-capture domain (117, 118). However, there is 

needs for development of advanced conjugation approaches that 

can lead to enhancement of the effective binding between 

nanomaterial and target molecules by adjusting the molecular 

arrangement. 

Among nanomaterials, Single-walled carbon nanotube 

(SWNT) kind of Carbon nanotubes (CNTs), is allotropes of 

carbon with a nanostructure. SWNT have a 1 nanometer 

diameter, with a tube length that can be up to 28 million times 

longer than other materials and structure of a SWNT is cylinder. 

Depending on their structure the SWNTs are named as zigzag, 

armchair, graphene nanoribbon or chiral. SWNT is the most 

likely candidate for miniaturizing electronics beyond the micro 

electromechanical scale currently used in electronics. SWNT is 



61 

 

ideal nanomaterial as a biosensor and imaging platform because 

it exhibits near-infrared (NIR) photoluminescence (119) 

without photobleaching threshold and show strong resonance 

Raman signal (120, 121). As these outstanding properties of 

SWNT, it have been applied in the detection of target molecules 

(122) and imaging for tissue (101) and tumor (106). 

      

Bispecific tandem antibody 

Bispecific tandem antibody is composed two single-chain 

variable fragment (scFv) and human constant region. Bispecific 

antibodies bound to target molecules and cotinine, a hapten, 

simultaneously (Figure 10). Cotinine is a small size molecule 

and has many advantages to be used as a hapten. As a 

metabolite of nicotinine, cotinine is very safe and stable in our 

body (123). Also, as described above, cotinine is non-

immunogenic in our body. Trans-4-cotininecarboxylic acid is 

easy to induce chemical reaction by its functional group, as well 

(124). Because anti-cotinine scFv antibody in bispecific 

antibody binds to SWNT coated cotinine with hight affinity, 

scFv antibody being another component of bispecific antibody is 

exposed freely. It might give a direction or orientation of the 
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bispecific antibody on SWNT surface.  
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Figure 10. The construction of bispeicific antibody and SNA. (A) 

The bispecific antibody is composed of anti-HER2 scFv, anti-

cotinine scFv and human Fc domain. (B) Diagram of SNA. The 

SNA was consisted of SWNT chemically synthezied with 

cotinine and anti-HER2 × cotinine antibody. 
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MATERIAL AND METHODS 

1. Construction and expression of bispecific antibodies. 

Bispecific tandem antibody composed of two scFv antibodies 

and the hinge region of human IgG1 and the CH2–CH3 domains. 

Two SfiⅠ restriction enzyme sites was used anti-HER2 or 

anti-PSA scFv insertion, AgeⅠ(Invitrogen, Grand Island, NY) 

and NotⅠ(Invitrogen) restriction enzyme sites for anti-

cotinine scFv insertion. Sequence confirmed clone was 

transfected to 293F cells using 25 kDa linear polyethylenimine 

according to previous reports, 2.5 μg/mL plasmid DNA and 5 

μg/mL polyethylenimine mixed in prewarmed 150 mM NaCl 

solution. After 15 min incubation at room temperature, added 2 

× 106 cells/mL HEK293F cells. The cells were grown in 

FreeStyle 293 Expression Medium for 5 days at 37 ℃ in 

anatmosphere containing 7% CO2 on an orbital shaking 

incubator (Minitron) at 135 r.p.m. After five days, supernatant 

was harvested and purified using protein A bead (RepliGen, 

Waltham, MA) following manufacturer’s instructions.  

 

2. Binding test of expressed bispecific antibodies 
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The each well of the microtiter plate was incubated with 100 ng 

of HER2 or PSA in sodium bicarbonate buffer (pH 8.6) 

overnight at 4 ℃. After blocking with 3% BSA in PBS for 1 h at 

37 ℃, anti-HER2 × cotinine antibody or anti-PSA × cotinine 

antibody diluted in 50 μL of blocking buffer to a final 

concentration of 5 μg/mL was applied to each well and 

incubated for 1 h at 37 ℃. After washing with 0.05% Tween-

20 in PBS (PBST), the samples were incubated with 1: 500 

diluted cotinine-HRP at 37 ℃ for 1 h. The plate was washed 

again and 50 μL of 1,3,5-trimethylbenzene (TMB) substrate 

solution was added into each well. The absorbance of each well 

was measured at 650 nm using Labsystems Multiskan Ascent 

microplate reader. 

 

3. Synthesis of Cotinine-Modified Phenoxy Dextran 

To synthesize PhO-dex, 1 g of dextran (10 kDa) was dissolved 

in a 1 M NaOH solution (10 mL) and 0.75 mL of 1,2-epoxy-

3-phenoxypropane added (125). After stirring at 40 ℃ for 10 

h, 150 mL of methanol were slowly added into the mixture to 

precipitate the desired product (PhO-dex). Then, mixture was 

washed with methanol several times and dried. To introduce the 
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cotinine groups to PhO-dex, Cot (0.13 or 0.4 g) was added to 

the PhO-dex/DMF solution (1 g of PhO-dex in 50 mL DMF) in 

the presence of (benzotriazol-1-yloxy)tris(dimethylamino) 

phosphonium hexafluorophosphate (BOP, 0.4 or 1.2 g) and 4-

(dimethylamine)pyridine (DMAP, 0.1 or 0.3 g). stirring mixture 

at 60 ℃ for 5 h, then 500 mL of methanol was added slowly 

into the  mixture to precipitate products (1-Cot-PhO-dex and 

3-Cot-PhO-dex). The precipitated products were purified by 

dialysis in water using a cellulose dialysis membrane (MWCO 8 

kDa) for three days and dried. 

 

4. Synthesis of the SWNT/Bispecific Tandem Antibody 

Conjugates (SNAs) 

Five milligrams of SWNTs (CoMoCAT) were added into a 5 mL 

Cot-PhO-dex aqueous solution (10 mg/mL), and then the 

mixture was sonicated using a probe tip sonicator (10 W) for 

90 min in an ice. The SWNT dispersion was centrifuged at 

15,000 g for 1.5 h, and collected the supernatant. To synthesize 

the SWNT with bispecific antibody, SWNT solution was first 

centrifuged with a centrifugal filter device (MWCO 100 kDa) to 

remove the free Cot-PhO-dex polymer in solution as well as 
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to exchange water with PBS (pH 7.4, 10 mM). After 25.08 g 

bispecific antibody was added into 0.956 mL of functionalized 

SWNT solution (0.84 mg/mL), resulting solution was gently 

shaken for 4 h at room temperature. Unbound antibodies were 

removed by centrifugation at 5,000 g using a centrifugal filter 

device (MWCO 300 kDa). The synthesized SNA was analyzed 

by PL, Raman spectroscopy (Alpha 300 R+, WITec, Germany).  

 

5. Measurement of the affinity of SNA against HER2 

After injecting the PBS solution containing Tween-20 (0.005 

vol%) into a sensor chip in a BIAcore instrument for 10 min, an 

EDC/NHS solution (0.6 M of EDC and 0.2 M of NHS) was 

injected into the CM5 chip at 10 μL/min for 5 min to activate 

the carboxyl groups on the chip surface. After the chip was 

washed with PBS for 5 min to remove an excess of reagents, a 

90 μL of target molecule (HER2-Fc, 75 μg/mL) was injected 

into the chip until the response signal reached 24,000 RU. After 

washing the chip with the PBS solution containing Tween-20 

(0.005 vol%), 50 μL of ethanolamine (0.5 M) were injected to 

deactivate the carboxyl-NHS ester. After the chip bearing 

HER2-Fc was washed with a running buffer (PBS), 200 μL of 
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SNA (100 to 800 μg/mL) were injected at 10 μL/min until a 

saturated response was observed. Then, the running buffer 

flowed over the chip for 10 min.  After each cycle of the 

experiment, the sensor chip was regenerated by the injection of 

a glycine/HCl solution (10 mM, pH 2.0) for 6 min. The 

measurement of the effective binding affinity of the SWNT 

bioconjugate which was a product of EDC coupling with 

bispecific antibody and SWNT was also carried out in the same 

way. 

 

6. Raman imaging of cancer cells with SNA 

The SNA was applied to the detection and imaging of HER2-

overexpressing cancer cells. The receptor tyrosine kinase 

HER2 is overexpressed in various cancer tissues including 

breast and ovarian cancer (126) making it an important 

biomarker for the diagnosis of cancers. The SK-BR-3 breast 

cancer cell, which is well known to overexpress HER2 (127) 

was chosen as a positive cell line for the detection of HER2 on 

the cell surface with SNA. As a negative control cell, the MCF-

7 breast cancer cell that exhibits a very low HER2 expression 

level was chosen. SNA (10 μg/mL) was incubated with each 
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cell line at 25 °C for 1.5 h after the cells were fixed to prevent 

the internalization of the SNA into the cytosol. Then, the SNA 

treated cells were washed with the cell medium and PBS (pH 

7.4) several times, and they were imaged using a confocal 

microscope Raman system. 
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RESULTS 

ELISA of bispecific antibodies 

HEK 293F cells were transfected with gene either anti-HER2 

ⅹ cotinine antibody or anti-PSA × cotinine antibody in pCEP4 

vector and then cultured. After 5 days, supernatants were 

harvested and expressed proteins were purified by protein A 

beads reactive to the human Fc domain. To confirm binding 

property of the purified bispecific antibodies, ELISA was 

carried out. In ELISA, expressed anti-HER2 × cotinine 

antibody and anti-PSA × cotinine antibody were individually 

reactive to cotinine and target molecules, simultaneously 

(Figure 11). 

 

Analysis of SWNT with bispecific antibody (SNA) 

The SNA displayed strong NIR fluorescence in their 

excitation/emission profile. In the Raman spectroscopy (Alpha 

300 R+, WITec, Germany), the relative intensity of the SNAs 

decreased slightly after the conjugation of bispecific antibodies 

to SNAs due to the charge transfer from SNAs to the redox 

active moieties such as tyrosine, tryptophan and histidine in the 

antibodies. This intensity decrease of SNAs fluorescence by 
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protein adsorption was also observed in the previously reported 

literature (116). Therefore, this decrease in fluorescence 

intensity indirectly suggests the successful conjugation of the 

tandem antibodies to the carbon nanotube. Anti-HER2 × 

cotinine antibody and anti-PSA × cotinine antibody showed a 

strong resonance of Raman peak at 1593 cm-1, and 1583 cm-1, 

respectively (Figure 12). It could be used as an optical signal 

for the selective detection of target molecules. 

 

Measurement of the affinity of SNAs against HER2 

To examine the effect of antibody orientation and density on 

the effective binding affinity of the SNA against HER2, we 

measured the binding kinetics by BIAcore assay. The target 

molecule, HER2, was immobilized on the sensor chip surface as 

previously reported (128), which resulted in the HER2 density 

of 250 fmol/mm(129). To determine the binding rate constants 

of the SNAs for HER2, the concentrations of SNA and the 

SWNT bioconjugate were varied from 100 to 800 μg/mL. The 

response values for SNA and the SWNT bioconjugate were 

increased with incresement of the injection concentrations. It is 

indicating that the association between the SNA and HER2 



72 

 

occurred on the chip surface. After the injection of a running 

buffer into the chip, the dissociation value was also measured. 

Then, the result of sensorgrams were fitted by a Langmuir 

binding model to obtain the binding rate constants as well as the 

equilibrium dissociation constants of the SNA and the SWNT 

bioconjugate. SNA containing the orientation controlled 

antibody showed a much lower equilibrium dissociation constant 

(KD) of 4.73 × 10-9 M than that of the SWNT bioconjugate 

with antibody attached randomly which represented a KD of 

1.54 × 10-6 M (Figure 13). This lower equilibrium dissociation 

constant of SNA indicates that its effective binding affinity 

against HER2 is three orders of magnitude higher than that of 

the SWNT bioconjugate. This result suggests that an increase 

in the density of an orientation-controlled tandem antibody on 

the SWNT surface allows further enhancement of the effective 

binding affinity of an SNA to the target. This affinity 

enhancement by density control of an tandem antibody at the 

nanoscale might be attributed to the improved multivalency of 

SNA for the target (130). Therefore, SNA could be employed 

for the selective detection and imaging of HER2-

overexpressing cancer cells.            
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Raman imaging of cancer cells with SNA 

SNA was applied to the detection and imaging of HER2-

overexpressing cancer cells using Raman signal. The receptor 

tyrosine kinase HER2 is overexpressed in various cancer 

tissues including breast and ovarian cancer(126), making it an 

important biomarker for the diagnosis of cancers. The SK-BR-

3 breast cancer cell, which is well known as HER2 

overexpression cell (127), was chosen as a positive cell line for 

the detection of HER2 on the cell surface with SNA. As a 

negative control cell, the MCF-7 breast cancer cell that 

exhibits a very low HER2 expression level was chosen. SNA 

(10 μg/mL) was incubated with each cell line at 25 ℃ for 1.5 

h after the cells were fixed to prevent the internalization of the 

SNA into the cytosol. Then, the SNA treated cells were washed 

with the cell medium and PBS (pH 7.4) several times, and they 

were imaged using a confocal microscope Raman system. 

Raman signal was not detectable in the MCF-7 cell imaging 

with SNA by Raman. On the other hands, a strong Raman signal 

was clearly observed in the Raman imaging of the SK-BR-3 

cells with SNA (Figure 14). In summary, SNA was able to 

selectively detect HER2 molecules on SK-BR-3 cells which is 
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the HER2-overexpressing cancer cells. 
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Figure 11. Binding test of bispecific antibodies. Expressed 

bispeicifc antibodies were incubated with HER2 or PSA antigen 

coated on microtiter plate. After 1h, cotinine-HRP as the 2nd 

antibody was added into well and incubated for 1 h, then 

absorbance was measured at 650nm.  
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Figure 12. Raman spectroscopy of SNAs. (A) Raman 

spectroscopy of SWNT (B) In Raman spectroscopy, anti-HER 

2 × cotinine antibody was shown a peak at 1593 cm-1. (C) 

Raman spectroscopy, anti-PSA × cotinine antibody 

represented a peak wich was appeared at 1583 cm-1. 
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Figure 13. SPR sensorgrams for the binding of SNA and SWNT 

bioconjugates to HER2. (A) SPR sensorgrams of SNA (B) SPR 

sensorgrams of SWNT bioconjugate. The concentration of 

SNAs was varied from 100 to 800 μg/mL. 
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Figure 14. Selective detection of HER2-overexpressing cancer 

cells with SNA. (A)-(C) Optical images (left column) and 

Raman imaging (right column) was confirmed on MCF-7 cells 

as a negative control after treatment with SNA (10 mg/mL). 

(D)–(F) Optical images (left column) and Raman imaging (right 

column) was varified on SK-BR-3 cells expressing HER2 

molecules after treatment with SNA (10 mg/mL).  
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DISCUSSION 

Molecular imaging played important roles in biology and 

medicine owing to high spatial resolution and detection 

sensitivity. For long-term imaging and monitoring of 

fluorescently labeled substances was a major issue in 

fluorescence imaging because photo-bleaching was a major 

problem for most organic fluorescent dyes (131). And it arouse 

a high background of biological tissues. In recent years, carbon 

nanotubes have been explored in biological applications of 

sensing and detection and imaging (132). SNA was generated 

by nanotechnology designing, manufacturing and utilizing 

nanomaterials. To generate the SNA, SWNT synthesized with 

cotinine and then incubated with a bispecific antibody. As the 

bispecific antibody attached carbon nanotubes by the interaction 

of cotinine and anti-cotinine scFv, another sFv exposed more 

frequently. It was proved by BIAcore analysis measuring an 

affinity of SNA comparing with SWNT bioconjugates for HER2. 

SNA showed a much lower equilibrium dissociation constant 

(KD) of 4.73 × 10-9 M than SWNT bioconjugate represented a 

KD value of 1.54 × 10-6 M.  

As SNA shown unique intrinsic optical properties and strong 
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resonance without photo-bleaching and background signal, it 

would be an ideal nanomaterial as biosensing and imaging 

platforms. The synthesized SNAs contaning anti-HER2 × 

cotinine antibody and anti-PSA × cotinine antibody showned a 

intensified Raman peak at 1593 cm-1 and 1583 cm-1, 

respectively. Especially, SWNT with anti-HER2 × cotinine 

antibody  represented meaningful valeus as an optical signal 

for detecting target molecues on cancer cells. In the Raman 

imaging, the specificity of SNA was proved by cell imaging for 

detection of HER2 molecules on SK-BR-3 cell surface. Herein, 

I suggest the SNA as a biomedical probe presenting a 

sensitivety and specificity as a diagnostic tool. Until now, the 

concentration of free PSAs such as [-2]proPSA, mature PSA 

and [-5/-7]proPSA in human serum was individually detected 

by ELISA for diagosing the protate cancer. As SNA could be 

generated with variant forms by adjusting C13/C12 isotope 

compositions (133), it is possible that SNA isotopes could be 

labeled with anti-[-2]proPSA antibody, anti-[-5/-7] 

antibody and anti-PSA antibody, respectively. SNA isotopes 

with different antibodies would be applied for detecting of free 

PSAs in human serum with a single tube. It will be next study 
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developing an assay for detecting various forms of free PSAs at 

the same time and study is ongoing. 
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국문 초록 

 

서론:  전립선 암을 진단하는 방법 중 하나로서 사람 혈청 내 존재

하는 Free PSA, complex PSA 를 측정하는 방법이 있다. 최근 들

어, 이들 단백질의 전구체인 proPSA 가 free PSA 나 complex 

PSA 보다 전립선 암을 정확하게 진단하는데 유용하다고 보고되고 

있으며 전립선암 특이적 마커로서 [-2]proPSA, [-5/-7]proPSA

에 대한 연구가 활발히 이루어지고 있다. 또한 최근 연구 동향에 따

르면, 항체공학과 나노테크놀로지를 접목시켜 전립선암을 진단하는 

방법에 대한 연구가 활발히 이루어지고 있다.  

 

방법: 본 연구에서는 proPSA 를 HEK293F 세포에서 발현 및 정제

하였다. proPSA 는 단백질 아미노말단 서열분석 및 질량분석법을 

통하여 단백질을 분석하였다. 아미노말단 서열이 확인된 proPSA 

단백질과 펩타이드-컨쥬게이트를 각각 닭에 면역하였으며, 닭 혈청 

내 항체 역가는 면역블롯을 통하여 측정하였다. 닭의 조직으로부터 

구축한 파지 라이브러리는 panning 과정을 거쳐 [-2]proPSA, [-

5/-7]proPSA 특이적인 항체들를 선별하였다. 선별된 항체들의 항

원에 대한 특이성 및 결합도는 효소분석법을 통하여 측정하였다. 이

와 더불어 본 연구진은 a-HER2 × cotinie 항체, a-PSA × 
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cotinine 항체를 발현 및 정제하였으며 라만분석법을 통하여 이들 

항체가 접합된 카본나노튜브의 특성을 분석하였다. 

 

결과:  파지 디스플레이기법을 통하여[-2]proPSA, [-5/-

7]proPSA 단백질과 펩타이드-컨쥬게이트 면역 라이브러리로부터 

[-2]proPSA, [-5/-7]proPSA 의 아미노말단 서열에 특이적인 항

체를 발굴하였다. 발굴한 항체의 항원결합부위를 분석한 결과 항-

[-2]proPSA  항체는 아미노 말단에 존재하는 세린 잔기에 특이적

으로 붙는 것을 확인하였으며, 항-[-5/-7]proPSA 항체는 아미노

말단에 존재하는 루이신 잔기가 항원결합부위임을 밝혀냈다. 또한 

라만 스펙트럼을 통하여 이중특이성항체와 카본나노튜브 접합체를 

분석한 결과, 개발한 생체 프로브가 항원에 특이적으로 결합하는 것

을 세포 이미징 기법을 통하여 확인하였다.  

 

결론: 본 연구에서는 [-2]proPSA, [-5/-7]proPSA 의 아미노말

단 서열에 특이적으로 결합하는 항체와 더불어 이중특이성항체와 

카본나노튜브 접합체라는 새로운 생체 프로브를 개발하였다. 발굴한 

항체와 생체 프로부는 향후, 바이오메디컬 센서로서 전립선암을 진

단하는데 적용 가능할 것이라 보여진다. 
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