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Chapter I 

 

General Introduction 

 

mmunoassay techniques, such as enzyme immunoassay (EIA) [1], radio 

immunoassay (RIA) [2], and fluorescence immunoassay (FIA) [3], have been 

widely used for the detection and quantitation of the immunocomplex in samples. 

Recently, immunosensors [4] (e.g., surface plasmon resonance (SPR) [5], quartz crystal 

microbalance (QCM) [6]) have been utilized for the high-throughput screening of 

immunocomplex. In order to improve the sensitivity and specificity of these 

immunoassays systems, the oriented immobilization of antibodies has been considered 

as one of the important issues [7, 8]. 

 For EIA, two types of strategies using macromolecules have been utilized in 

the reaction with antibody to improve the sensitivity. One type of macromolecule allows 

the clustering of antibodies and labeling molecules (enzyme, radioactive material, 

fluorophore). For examples, polymeric horseradish peroxidase (HRP)-streptavidin 

conjugate [9], 3DNA dendrimer [10], and IgG-poly-D-glutamic acid-(HRP)n conjugate 

[11] have been used previously. However, these macromolecules require chemical 

modification of antibodies, and do not allow the oriented immobilization of antibodies 

[8], which improves the avidity and antigen recognition of antibodies [12]. In general, 

chemical modification is considered to reduce the stability or antigen-binding activity of 

antibodies. Another type of macromolecule is expected to permit the oriented 

immobilization of antibodies. For examples, nanoparticles have been used for 

displaying antibodies on their surface, e.g., streptavidin-conjugated nanobeads [13] and 

biotin-coated liposomes [14]. Because biotinylation occurred randomly at free amino 

groups on the surface of antibodies, these nanoparticles partially accomplished oriented 

immobilization of antibodies using a biotin-avidin complex. These results encouraged 

us to develop macromolecules that can assemble antibodies and labeling molecules 

without chemical modification, in the manner of oriented immobilization. 

 On the other hands, for immunosensors, the immobilization of antibodies on 

the solid phase (e.g., gold surface) is accomplished by chemical crosslinking without 

any control of orientation through single or mixed self-assembled monolayers (SAMs) 

[15], an immunoglobulin (Ig) G Fc-interacting protein A or G [7, 8], a 

biotin/(strept)avidin complex [16], or synthetic polymers [17–19]. Since these 

immobilization methods often utilize agents that react nonspecifically with the protein 

I 
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amino groups for tethering antibodies or other interacting molecules to the sensor 

surface, the IgG Fv regions are not always oriented to the solvent. While several 

methods have been reported for the oriented immobilization of an antibody (e.g., a Fab′ 

fragment grafted with a thiol group [8]), almost all methods are necessary to modify the 

IgG antibody by chemical treatment. Thus, it has been paid much attention to develop 

the new method that is able to improve the sensing techniques without using chemical 

modification of antibodies. 

 In 1992, our group developed bio-nanocapsules (BNCs) which are hollow 

particles of about 50 nm in diameter consisting of HBsAg (hepatitis B virus surface 

antigen) L proteins and phospholipids, and are efficiently synthesized in the 

recombinant yeast Saccharomyces cerevisiae (up to about 40% (w/w) of total soluble 

proteins) [20]. In 2003, our group succeeded in loading payloads, such as drugs, 

polystyrene beads and DNAs, into the inside of BNCs by electroporation [21], and in 

2008 by liposome-mediated fusion [22]. By exploiting the infection mechanism of HBV 

(hepatitis B virus), these BNCs have been used to deliver payloads to human 

hepatocyte-derived cells ex vivo and to a mice xenograft model in vivo [21-24]. 

Additionally, the tropism of BNCs can be altered from human liver cells to other cell 

types, such as epidermal growth factor (EGF) receptor-expressing cells by genetic 

substitution of EGF for the pre-S1 region of BNC [21, 24]. Recently, our collaborators 

have made a derivative of BNC in which the N-terminal region (amino acid residue 

from 51 to 159) of L protein is replaced with a tandem sequence of the IgG 

Fc-interacting region (Z domain) derived from Staphylococcus aureus protein A [25] 

and designated it ZZ-BNC (see Figure 3.1A) [26]. The ZZ-BNC allowed us to display 

antibodies on its surface and to deliver various therapeutic materials to tissues of 

interest in an antibody-dependent manner [26]. Hence, all IgG Fc domains are expected 

to spontaneously attach onto the surface of ZZ-BNC as well as displaying all the IgG Fv 

regions outwardly for effective binding of antigens. These situations led me to evaluate 

the ZZ-BNC could adsorb antibodies onto its surface in the manner of oriented 

immobilization and consequently improve the sensitivity and specificity of antibodies in 

various immunoassays. 

 When I started the study, it has been inefficient and time-consuming to obtain 

the large amounts of BNCs. Since the previous purification method for BNC involved 

two ultracentrifugational steps, both rotor volume and running time of 

ultracentrifugation have limited the mass scalability and the time efficiency of this 

purification process, respectively. Furthermore, due to the trace amount of contaminated 

yeast-derived proteinases, the functional domains displayed onto the surface of BNC are 
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often degraded during the long-term storage. In Chapter II, I demonstrated that the 

combination of heat treatment and sulfated cellulofine column chromatography 

significantly improved the efficiency of time and mass scalability of BNC production 

and the purity and yield of purified BNC. In addition, the lyophilization in the presence 

of an excipient (e.g., sucrose) was also found to greatly prolong the lifetime of BNC 

without impairing their function. These improvements should facilitate the use of BNCs 

(including ZZ-BNCs) in a wide variety of biomaterials. Next, in Chapter III, I examined 

if ZZ-BNCs could contribute to signal enhancement of enzyme-linked immunosorbent 

assays (ELISAs) and western blot analysis through the formation of IgG-ZZ-BNC 

complexes. The addition of ZZ-BNCs in the aqueous phase was found to enhance the 

sensitivity of antigen detection significantly. In combination with the avidin–biotin 

complex (ABC) system, biotinylated ZZ-BNCs showed more significant signal 

enhancement in ELISAs and western blot analyses. These results suggested that 

ZZ-BNC contributes not only to the clustering of antibodies and labeling molecules but 

also presumably to the oriented immobilization of antibodies. This data led me to 

decipher the directions of antibodies adsorbed onto ZZ-BNC in Chapter IV. In the 

previous study conducted by my colleagues, BNC could adsorb onto a mica surface 

without disrupting its particle structure [27], strongly suggesting that ZZ-BNC is 

applicable for the scaffold for oriented immobilization of antibodies in the solid phase 

of various immunoassay systems. In Chapter IV, I evaluated the robustness of ZZ-BNC 

onto gold surface and then examined if the ZZ-BNC could enhance the sensitivities and 

antigen-binding capacities of antibodies in the immunosensor chips of QCM and SPR. 

Furthermore, I analyzed the effect of ZZ-BNC on the affinity of antibodies to 

corroborate the oriented immobilization of the antibodies. In Chapter V, I prepared the 

ZZ-BNCs labeled with distinct fluorophores as bio-imaging probes to expand the 

applications of ZZ-BNC in immunofluorescence techniques. The fluorophore-labeled 

ZZ-BNCs were found not only to enhance both sensitivity and signal intensity of 

various immunological assays but also to facilitate the simultaneous immunolabeling of 

multiple antigens. Even if the available antibodies are derived from the same animal 

species, the fluorophore-labeled ZZ-BNCs enable the simultaneous detection of 

multiple antigens in western blot analysis, immunocytochemistry, and flow cytometric 

analysis. Taken together, these findings described in this thesis indicated that ZZ-BNC 

is a unique biomaterial facilitating the oriented immobilization of the antibodies, which 

allows us to improve various immunosensing techniques. 
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Chapter II 

 

Efficient and Rapid Purification of Drug- and Gene-Carrying 

Bio-nanocapsules, Hepatitis B Virus Surface Antigen L particles, from 

Saccharomyces cerevisiae 

 

2.1. Introduction 

 

epatitis B virus (HBV) is a 42-nm DNA virus that infects the human liver and 

causes hepatitis, cirrhosis and hepatocarcinoma [1]. Its envelope (env) 

proteins consist of three HBV surface antigen (HBsAg) proteins: (1) S (small) 

protein, the major constituent (226 amino acid residues (aa)) of the HBV env protein; 

(2) M (middle) protein, containing an additional 55 aa (pre-S2 region) at the N-terminus 

of the S protein; (3) L (large) protein, containing a further 108 (subtype y) or 119 

(subtype d) aa (pre-S1 region) at the N-terminus of the M protein [2]. The pre-S1 region 

is indispensable for HBV infection in human and chimpanzee hepatocytes [3, 4]. 

Bio-nanocapsules (BNC) are hollow particles of about 50 nm in diameter consisting of 

HBsAg L proteins and phospholipids, and are efficiently synthesized in the recombinant 

yeast Saccharomyces cerevisiae (up to about 40% (w/w) of total soluble proteins) [5]. In 

2003, our group succeeded in loading payloads, such as drugs, polystyrene beads and 

DNAs, into the inside of BNCs by electroporation [6], and in 2008 by 

liposome-mediated fusion [7]. These BNCs have been used to deliver payloads to 

human hepatocyte-derived cells ex vivo and to a mice xenograft model in vivo [6-9]. 

Additionally, the tropism of BNCs can be altered from human liver cells to other cell 

types, such as epidermal growth factor (EGF) receptor-expressing cells by genetic 

substitution of EGF for the pre-S1 region of BNC [6, 9]. 

 As an immunogen of recombinant HBV vaccine, HBsAg S and M particles 

(BNC-related particles) have been produced in various cells (e.g., Saccharomyces 

cerevisiae, Pichia pastoris, Chinese hamster ovary (CHO) cells, and insect cells) for the 

last 30 years [10-13]. In particular, S. cerevisiae-derived S particles have been widely 

used in clinical fields for reasons of safety, cost-effectiveness, and scalability for mass 

production [11, 14]. These situations led us to develop S. cerevisiae-derived BNCs as a 

potential drug delivery system (DDS) and as a gene delivery system (GDS) carrier for 

nanomedicines. 

 In 1992, our group succeeded in producing HBsAg L particles (BNCs) in S. 

cerevisiae AH22R
-
 strain carrying the BNC-expression plasmid pGLDLIIP39-RcT [5]. 

H 
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The BNCs were then purified by fractionation with polyethylene glycol (PEG), 

followed by one CsCl equilibrium and two sucrose density gradient ultracentrifugation 

steps [15]. However, because of the sequential ultracentrifugation steps, preparation of 

BNC from wet cells took at least 1 week. Furthermore, the volume capacity of the 

ultracentrifuge rotor prevented us from expanding the production scale. Although the 

overall yield of BNCs from wet cells was estimated to be <20% [15], the BNC 

preparation was sufficient for an immunogen of HB vaccine, but sometimes showed 

cytotoxic effect on cultured cells (unpublished observation), prompting us to further 

purify BNC by gel filtration before use as DDS and GDS carriers (Table 2.1). Finally, 

by using this purification protocol, only about 3% of the BNCs expressed in yeast cells 

could be used as DDS and GDS carriers. Unexpectedly, the BNC-surface pre-S region 

degraded during long-term storage; presumably because of trace contamination with 

yeast proteinases (see Figure 2.4A). Taken together, the process used to purify BNCs 

was time-consuming, had limited scalability for mass production, and did not 

completely remove contaminating yeast-derived proteinases. These factors might 

adversely affect the development of promising BNC-based nanomedicines. 

 Here, I demonstrate that a combination of heat treatment and sulfated 

cellulofine column chromatography significantly improved the purity and yield of BNC 

preparations. Lyophilization in the presence of an excipient (e.g., sucrose) was also 

found to greatly prolong the storage of BNC without impairing their function. These 

improvements should facilitate the use of BNCs in DDS and GDS. 

 

 

Table 2.1 Purification of BNC from yeast cells harboring pGLDLIIP39-RcT using the 

original protocol 

Purification steps 
Protein  

(mg)
 a
 

BNC 

antigenicity 

(unit)
 b
 

Purification 

(fold-change) 
Yield (%) 

Crude extract 5,970  225,000 1.0 100 

PEG 6000 precipitate 2,770  55,800 5.3 25 

CsCl (10–40%) equilibrium 

ultracentrifugation 
54.7 34,600 16.8 15 

Sucrose (10–50%) density 

gradient ultracentrifugation 
37.9 24,400 17.0 11 

Gel filtration 10.3 7,120 18.3 3 

a
The protein concentration was determined by the BCA assay using BSA as a standard. 

b
BNC antigenicity was measured with an IMx HBsAg assay kit using BNC as a standard. 
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2.2. Experimental Procedures 

 

2.2.1. Physicochemical analyses of BNC 

 

 The protein concentrations of BNCs were determined at each step using BCA 

protein assay reagent (Sigma) with bovine serum albumin as a standard. The 

antigenicity of BNC was measured using commercial IMx HBsAg enzyme 

immunoassays (Abbott), which is based on a sandwich enzyme-linked immunosorbent 

assay utilizing anti-HBsAg S antibody as solid phase antibody, horseradish 

peroxidase-labeled anti-HBsAg S antibody as aqueous phase antibody, and purified 

BNCs as standard. The samples were analyzed by (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver staining and 

western blotting using mouse anti-BNC polyclonal antibodies (mouse monoclonal 

anti-S antibody clone 824; Institute of Immunology). The average diameter of the BNCs 

was determined in water at 25°C by dynamic light scattering using a Zetasizer Nano-ZS 

(Malvern). 

 

2.2.2. Original purification protocol for recombinant yeast-derived BNC 

 

 The original purification protocol is described in more detail elsewhere [15]. 

Briefly, the yeast S. cerevisiae AH22R
-
 harboring pGLDLIIP39-RcT was disrupted with 

glass beads. The crude extract was mixed with a PEG 6000 solution to concentrate the L 

particles, and was then separated in the CsCl equilibrium ultracentrifugation (10–40%, 

w/v). In the original procedure, sucrose density gradient ultracentrifugation (10–50%, 

w/v) was performed twice. However, here, I performed it once to provide better 

separation and yield. The sample was further purified by gel filtration chromatography 

using a Sephacryl S-500 HR column. 

 

2.2.3. New purification protocol for recombinant yeast-derived BNC 

 

 Step 1. Preparation of the crude extract 

 The yeast S. cerevisiae AH22R
-
 harboring pGLDLIIP39-RcT [5] was cultured 

in 2 L of 8S5N-P400 medium for 72 h, as previously described [15]. Yeast cells in the 

stationary growth phase were harvested by centrifugation at 4,450 ×g for 15 min 4°C. 

The wet cells (35 g) were then suspended in 240 mL of buffer A (7.5 M urea, 0.1 M 

Tris-HCl, pH 7.4, 50 mM NaH2PO4, 15 mM EDTA, 0.1% (v/v) Tween80) and 4 mM 
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phenylmethylsulfonyl fluoride (PMSF, Sigma). The yeast cells were then disrupted with 

0.5-mm glass beads (175 mL) using a Bead-Beater (Biospec) with five sets of 

disruption for 2 min and a 1-min interval. The whole cell extract (215 mL) was obtained 

by centrifugation at 34,780 ×g for 30 min at 4°C, and dialyzed twice against 5 L of 

phosphate-buffered saline (PBS; 137 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, 1.5 mM 

KH2PO4) containing 1 mM EDTA for 2 h at 4°C. Finally, the extract was dialyzed 

overnight against 10 L of PBS containing 1 mM EDTA at 4 °C. 

 Step 2. Heat treatment 

 The dialyzed extract (275 mL) was divided into approximately 40-mL portions 

in 50-mL CORNING tubes, incubated at 70°C for 20 min in a water bath, and 

immediately chilled on ice. Insoluble materials were removed by centrifugation at 

34,780 ×g for 30 min at 4°C, and then filtered using a 0.45-μm PVDF filter (Millex-HV, 

Millipore). 

 Step 3. Sulfated cellulofine column chromatography 

 The filtered solution (250 mL) was applied onto the sulfated cellulofine column 

(1.6 × 20 cm; Cellufine™ sulfate, Chisso) equipped on an AKTA system (GE 

Healthcare) and equilibrated with 10 mM PBS (pH7.2) and 0.15 M NaCl. After 

extensive washing with the equilibration buffer, the BNC fractions were eluted by 

stepwise increases in the NaCl concentration using 0.15, 1.0, and 2.0 M NaCl (flow rate, 

4 mL/min). The active fractions were combined and concentrated to approximately 5 

mL by ultrafiltration (Amicon ultra, NMWL 100K, Millipore).  

 Step 4. Gel filtration 

 The concentrated solution (5 mL) was filtered using a 0.45-μm PVDF filter 

(Millex-HV), and applied onto a Sephacryl S-500 HR column (1.6 × 60 cm; GE 

Healthcare) equipped on an AKTA system (GE Healthcare) and equilibrated with buffer 

B (PBS, 1 mM EDTA, 0.005% Tween 80), which was. The BNC fractions were eluted 

with buffer B (flow rate, 0.5 mL/min), combined, and filtered with a 0.2-μm PVDF 

filter (Minisart RC-15, Sartorius).  

 Step 5. Lyophilization 

 Aliquots (about 250 μL) of purified BNCs (100 μg of protein) were mixed with 

10 μL of 50% (w/v) sucrose in a 2-mL polypropylene tube. The mixture was frozen by 

immersion into liquid nitrogen, lyophilized in vacuo (~5 Pa) at –40°C for 4 h using a 

centrifugal concentrator model CC-105 (TOMY), and then stored at 4°C in a desiccator. 
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2.2.4. Ex vivo transfection of HepG2 cells using BNC-containing fluorescent beads 

 

 Two milliliters of 0.2% (w/v) FluoSpheres beads (FITC-labeled 100-nm 

polystyrene beads; Molecular Probe) were mixed with 61 mg of lyophilized anionic 

liposomes (COATSOME EL-01-A; NOF) according to the manufacturer‟s instructions. 

Next, 12 μL of the bead/liposome solution and 88 L of distilled water were dissolved 

in freeze-dried BNCs (100 g protein). Human hepatocellular carcinoma HepG2 cells 

were seeded (2 × 10
4
 cells/well) on a 24-well plate in Dulbecco‟s modified eagle 

medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), and cultured 

for 24 h. Three microliters of the BNC/bead/liposome mixture was added to each well. 

The cells were cultured for 16 h in a humidified atmosphere at 37°C under 5% (v/v) 

CO2. The cells were observed under a confocal laser-scanning microscope (LSM5 

PASCAL, Carl Zeiss). 

 

2.2.5. Ex vivo transfection of Huh7 and HEK293 cells using BNCs containing the 

luciferase gene 

 

 Luciferase expression plasmid (pGL3 control, Promega; 252 μg in 1 mL water) 

was mixed with 1.51 mg of freeze-dried cationic liposomes (Coatsome-El-01-D, NOF) 

according to the manufacturer‟s instructions. Then, 100 μL of the liposome-plasmid 

complex (lipoplex) was mixed with lyophilized BNC (100 μg protein) and incubated at 

room temperature for 15 min. Human hepatocellular carcinoma Huh7 cells were seeded 

(2 × 10
4
 cells/well) on a 24-well plate in DMEM supplemented with 10% FBS. The 

BNC-lipoplex mixture containing 30 ng of the plasmid was added to each well. The 

cells were cultured for 48 h in a humidified atmosphere at 37°C under 5% CO2. 

Luciferase activity of cell lysates was determined by a luciferase assay system 

(Promega). Human embryonic kidney 293 (HEK293) cells and commercial transfection 

reagent FuGENE6 (Roche) were used as negative controls. 

 

2.2.6. Immunization of Balb/c mice with BNC 

 

 Purified and lyophilized BNCs (1 μg/mouse) were reconstituted with water, 

and then intravenously administrated once a month for 6 months to 5-week-old male 

Balb/c mice (CREA Japan, Inc.). One week after each administration, blood was taken 

from the orbital vein, and the plasma was collected by centrifugation at 5,000 ×g for 15 

min at room temperature. The plasma anti-S antibody titer was measured using an 
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anti-HBs enzyme immunoassay (Immunis, Institute of Immunology Co., Ltd.) by 

according to the manufacturer‟s protocol, which is based on the sandwich 

enzyme-linked immunosorbent assay using HBsAg S particles as solid phase antigen 

and horseradish peroxidase-labeled HBsAg S antigen as aqueous phase antigen. The 

cutoff index (COI) was defined as (test plasma A490nm) / (2.5 × negative control A490nm). 

Plasma samples with anti-HBsAg antibody titers >1 × COI were considered 

seropositive. 
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2.3. Results 

 

2.3.1. Heat treatment 

 

 When the HBsAg M particle was purified from recombinant yeast cells, the 

pre-S2 region displayed on the surface was often degraded by yeast-derived proteinases 

during purification and storage [16]. To inhibit yeast proteinases, it was necessary to add 

7.5 M urea as a denaturant to the crude extract [10]. However, for purification of BNCs 

(HBsAg L particle), 7.5 M urea was not sufficient to completely inhibit proteinase 

activity. Thus, contamination with trace amounts of yeast proteinase in the BNC 

preparations hindered long-term storage of BNCs, also as shown later (cf. Figure 2.4A). 

On the other hand, plasma-derived HB vaccines have been produced from blood of HB 

patients and the contaminated HBV was inactivated by heat treatment (at 101°C for 90 

s) [17], indicating excellent heat stability of HBsAg. Our previous study revealed that 

about 90% (w/w) of the BNCs retain their structure after heat treatment at 80°C for 5 

min [15]. Therefore, I introduced heat treatment to the purification of BNCs to 

inactivate yeast proteinases. After the crude extract from S. cerevisiae overexpressing 

BNCs was prepared in the presence of 7.5 M urea, the samples were heated to 60–90°C 

for 10–20 min and the supernatants were subjected to SDS-PAGE followed by silver 

staining (data not shown). Although the degradation of the BNCs was repressed, the 

cellular impurities were not efficiently removed in any condition, suggesting that urea 

enhances the solubilization of impurities. Next, the crude extract was dialyzed in PBS 

containing EDTA and subjected to heat treatment at varying temperature, time and pH. 

When the crude extract was heated to 70°C for 15 min at various pH, the BNCs were 

precipitated in acidic conditions (pH 3–5) while the impurities were not precipitated in 

alkaline conditions (pH 8–10). Accordingly, pH 7.4 was chosen for further optimization. 

Finally, I found that neither the remaining amount of intact BNC nor the removal of 

impurities was significantly changed by varying the temperature between 70 and 80°C 

for 20–50 min; the optimal condition for heat treatment was thus pH 7.4 at 70°C for 20 

min. The heat-treated crude extract predominantly contained the ~52-kDa HBsAg L 

protein (Figure 2.1A, lane 2), which was recognized by anti-BNC polyclonal antibodies 

(Figure 2.1B, lane 2). The protein of ~100-kDa observed in Figure 2.1B is a homodimer 

of HBsAg L proteins, and has a similar ternary structure to that of endogenous HBsAg 

proteins. Based on the BNC antigenicity determined by commercial IMx HBsAg 

enzyme immunoassays, the recovery yield of BNCs after heat treatment was estimated 

to be 77% (Table 2.2).  
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Figure 2.1 SDS-PAGE and western blot analyses of the heat-treated crude extract. The 

crude extracts of S. cerevisiae harboring pGLDLIIP39-RcT were incubated at 70°C for 20 min 

at pH 7.4, and centrifuged at 34,780 ×g for 30 min at 4°C. The supernatant was subjected to 

12.5% SDS-PAGE followed by silver staining (A) or western blotting with anti-BNC antibodies 

(B). Lane 1, crude extract (2 g protein); lane 2, heat-treated sample derived from crude extract 

(2 g protein). The 52-kDa band corresponding to the BNCs is indicated with an arrowhead. 

 

 

2.3.2. Sulfated cellulofine column chromatography 

 

 Sulfated cellulofine columns have been used to purify various viral particles 

because the mammalian-derived carbohydrate moieties of viral env proteins often show 

high affinity to sulfate residues [18]. Therefore, the heat-treated sample was applied 

onto the sulfated cellulofine column, and the absorbance of fractions at 280 nm was 

monitored spectrophotometrically (Figure 2.2A). SDS-PAGE followed by silver 

staining confirmed the presence of the ~52-kDa HBsAg L protein in fractions 5–7 

(Figure 2.2B). Based on the antigenicity of BNCs, the recovery yield of BNCs by 

sulfated cellulofine column chromatography was estimated to be 42% (Table 2.2). The 

N-linked 6-kDa or O-linked 3-kDa carbohydrate moieties of BNCs [10] may bind to the 

sulfated cellulofine, indicating that the sulfated cellulofine is applicable not only for 

mammalian-derived carbohydrate moieties but also yeast-derived moieties. Thus, if the 

BNCs are fully modified with carbohydrates on production in yeast cells, the recovery 

A B 
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yield of BNCs could be improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Purification of BNCs by sulfated cellulofine column chromatography. (A) 

Elution profile obtained on a sulfated cellulofine column (40 mL). The absorbance at 280 nm 

(solid line) is shown. After increasing the concentration of NaCl from 0.15 M to 1 M at fraction 

number 1, a major peak was collected (fraction volume, 5 mL). Fractions 5–7 (shaded area) 

were combined, concentrated by ultrafiltration, and subjected to gel-filtration column 

chromatography. (B) Each fraction was subjected to 12.5% SDS-PAGE followed by silver 

staining. The 52-kDa band corresponding to the BNCs is indicated with an arrowhead. 

A 

B 
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2.3.3. Gel filtration column chromatography 

 

 The sample was applied onto the Sephacryl S-500 column, and the absorbance 

of fractions at 280 nm was monitored spectrophotometrically (Figure 2.3A). SDS-PAGE 

followed by silver staining confirmed that fractions 17–24 exclusively contained the 

~52-kDa HBsAg L protein (Figure 2.3B). The protein bands could be detected by 

western blotting using anti-BNC antibodies (Figure 2.3C). The purity of BNC was 

>95%, comparable to that of the original purification protocol [15] (Table 2.1). The 

recovery yield for the gel filtration column was about 50%, and the recovery yield for 

the complete purification process was about 16% (Table 2.2). These results indicate that 

the BNCs were efficiently purified using this new protocol involving fewer purification 

steps than the original protocol. 

 

 

Table 2.2 Purification of BNCs from yeast cells harboring pGLDLIIP39-RcT using the 

new protocol 

Purification steps 
Protein  

(mg)
 a
 

BNC antigenicity 

(unit)
 b
 

Purification 

(fold-change) 

Yield 

(%) 

Crude extract 1,090  41,000 1.0 100 

Heat treatment 130  31,700 6.5 77 

Sulfated cellulofine 18.4 13,100 18.9 32 

Gel filtration 9.1 6,540 19.2 16 

a
The protein concentration was determined by the BCA assay using BSA as a standard. 

b
BNC antigenicity was measured with an IMx HBsAg assay kit using BNC as a standard. 
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Figure 2.3 Purification of BNCs by gel-filtration column chromatography. (A) Elution 

profile obtained on a Sephacryl S-500 HR gel filtration column (120 mL). The absorbance at 

280 nm (solid line) is shown. The eluate was fractionated into 5-mL tubes. Fractions 17–24 

(shaded area) were combined, concentrated by ultrafiltration, sterilized with a 0.2-μm PVDF 

filter, and lyophilized. (B) Each fraction was subjected to 12.5% SDS-PAGE followed by silver 

staining. The 52-kDa band corresponding to BNCs is indicated with an arrowhead. (C) The 

concentrated BNC fractions were subjected to western blotting analysis with anti-BNC 

antibodies. The 52-kDa band corresponding to the BNCs is indicated with an arrowhead. 

 

A 

B C 
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2.3.4. Stability of BNCs in solution 

 

 When the BNCs purified by the original purification protocol were stored at 

4°C or 37°C for 16 h, the ~52-kDa HBsAg L protein was degraded to 43- and 31-kDa 

proteins at 37°C (Figure 2.4A; SDS-PAGE followed by silver staining), which was 

thought to be caused by contamination with trace amounts of yeast-derived proteinases. 

N-terminal analyses of these proteins revealed that the yeast-derived proteinases digest 

the polypeptide bonds at Ala
60

-Gly
61

 and Leu
139

-Tyr
140

 within the pre-S region of the 

BNC, and digestion at these sites was assumed to generate the 43- and 31-kDa proteins, 

respectively. Under the same conditions, the BNCs purified by the new protocol were 

stable at 4°C and at 37°C for 16 h (Figure 2.4B). Thus, the combination of heat 

treatment and sulfated cellulofine column chromatography might facilitate the complete 

removal of yeast-derived proteinases from the BNC preparations. 

 

2.3.5. Lyophilization 

 

 To develop BNCs as a carrier of nanomedicines, it is important that the BNC 

maintain their functional activity for at least 1 year. BNCs in solution may be damaged 

by various physical stresses (e.g., heat, oxidation and dryness) during long-term storage. 

Since the CHO cell-derived HB vaccine was lyophilized for long-term storage [19], I 

examined the effects of lyophilization of BNCs with or without sugar (glucose, sucrose, 

trehalose and mannose) as an excipient. We measured the BNC antigenicity, which 

reflects the formation of particulate structures [15], and the size of the BNC, which 

should be maintained at around 100 nm for efficient in vivo delivery of the BNCs [7]. 

The antigenicity of BNCs was >90% for 6 months at 4°C in the presence of 5% (w/v) 

glucose, 10% sucrose or 10% trehalose, but was <50% and <10% in 10% mannose and 

the negative control, respectively. Furthermore, the particle size of BNC increased by 

approximately 3-fold after lyophilization with 10% mannose and without an excipient 

followed by storage for 3 months at 4°C. Thus, I chose sucrose as the excipient for 

further optimization. By changing the concentration of sucrose (3, 5 or 10%), I 

measured the antigenicity and particle size of lyophilized BNCs after storage for 6 

months at 4°C. Storage in 10% sucrose slightly decreased the BNC antigenicity, while 

3% sucrose increased the particle size several-fold. Thus, I chose 5% sucrose as the 

excipient for long-term storage of BNC. In fact, storage of lyophilized BNCs for 14 

months at 4°C did not affect the molecular mass (Figure 2.4C). Furthermore, the 

ζ-average diameter of BNCs (91.7 nm at 0 months; polydispersity index (PDI) = 0.25 at 
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0 month) was not significantly affected by long-term storage for 14 months (95.8 nm; 

PDI = 0.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Stability of BNC obtained from the original and new protocols. BNCs were 

purified by the original protocol (A) or the new protocol (B) and stored at 4°C or 37°C for 16 h, 

and separated by 12.5% SDS-PAGE followed by silver staining (2 μg protein/lane). (C) BNCs 

purified by the new protocol were lyophilized in the presence of 5% sucrose, and stored at 4°C 

for 0 or 14 months, and subjected to 12.5% SDS-PAGE followed by silver staining (2 μg 

protein/lane). 

 

 

2.3.6. Ex vivo transfection efficiency of BNC 

 

 The anionic liposomes containing 100-nm FITC-labeled beads were conjugated 

with lyophilized BNCs obtained by the original or the new purification protocols. The 

BNCs-beads-liposome mixture was applied to the culture medium of HepG2 cells. After 

16 h, the beads were incorporated into the cells by the action of the BNCs [7] (Figure 

2.5A). The transfection efficiency of the BNCs produced by the original purification 

protocol was 91.7 ± 2% (n = 3; 1000 cells per measurement) versus 97.9 ± 2% for 

BNCs obtained by the new protocol (n = 3; 1000 cells per measurement). Next, the 

cationic liposomes containing the lipoplex were conjugated with each type of 

A B C 
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lyophilized BNC, and were applied to the culture medium of Huh7 cells (BNC target 

cells) and HEK293 cells (non-target cells). After 48 h, the crude cell lysates were 

subjected to luciferase assays (n = 5; Figure 2.5B). Compared with the commercial 

transfection reagent FeGENE6, which is based on cationic liposomes, both types of 

BNC showed excellent transfection efficiency in Huh7 cells but not in HEK293 cells. 

These data indicate that the new protocol, as well as the original protocol, does not 

affect the transfection efficiency or the human liver-specificity of BNC, suggesting that 

the conformation of the pre-S region is not damaged by the purification process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Ex vivo transfection using BNCs. (A) BNCs purified by the original or the new 

protocol were conjugated with anionic liposomes containing 100-nm FITC-labeled beads, and 

then added to the medium of HepG2 cells grown on a 24-well plate. After 16 h, the cells were 

observed under a confocal laser scanning microscope. Scale bar, 100 μm. (B) BNCs purified by 

the original or the new protocol were conjugated with cationic liposomes containing luciferase 

expression plasmid (30 ng/well), and then added to the medium of Huh7 and HEK293 cells 

grown on a 24 well plate. After 16 h, the cell lysates were subjected to luciferase assay (n = 5). 

FuGENE6, a commercial cationic liposome, was used as a control.  

 

Original protocol

New protocol

A B 
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2.3.7. Antigenicity of BNC 

 

 When BNCs are used as a drug/gene carrier, the administration route in humans 

is likely to be intravenous. Thus, the antigenicity of intravenously injected BNC, 

purified by the new protocol, is an important factor. Therefore, immediately after the 

addition of water to the lyophilized BNCs, five Balb/c mice were intravenously injected 

with 1 μg/mouse of BNC (without an adjuvant) once a month for 6 months (24 weeks). 

Plasma samples were collected at 0, 1, 5, 9, 13, 17, 21 and 25 weeks, and were 

subjected to an enzyme immunoassay for the anti-S antibody, the major protective 

antibody to HBV, to determine the COI values (Figure 2.6). Seropositivity was first 

identified in some mice at 5 weeks (1 week after the second injection), and all mice 

were seropositive after 13 weeks (1 week after the fourth injection). After the sixth 

injection, the anti-S antibody titer was significantly increased in several mice. These 

data indicated that BNC can be used for a carrier of nanomedicines several times but 

repetitive injections should be avoided. Since the epitope of anti-S antibody is 

conformational [20], the S region of the BNCs purified by new protocol is likely to have 

the correct conformation, which is similar to that of endogenous HBsA 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Antigenicity of BNC purified by the new protocol. The purified and lyophilized 

BNCs were reconstituted with water, and the BNCs (1 µg/mouse) were immediately injected 

intravenously. Five Balb/c mice were administrated once a month for 6 months (arrows indicate 

the intravenous injections). One week after administration, plasma anti-S antibodies were 

measured by enzyme immunoassays (n = 2). The cutoff index (COI) was determined as (plasma 

A490nm) / (2.5 × negative plasma A490nm). The gray bars show the average COI values (n = 10).
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2.4. Discussion 

 

 The new protocol for purifying BNC was established by utilizing heat 

treatment and affinity chromatography. This approach improved the yield and purity of 

BNCs, and shortened the time for purification from 1 week to 2 days. In addition, I 

found that lyophilization with sucrose preserved the function of BNC for at least 14 

months. When preparing the crude extract of yeast cells expressing HBsAg M particles 

(BNC-related particles) at 4°C, I found that protease inhibitors (e.g., PMSF, EDTA) are 

not sufficient to fully inhibit the degradation of the pre-S region by yeast-derived 

proteinases [16]. Therefore, I genetically modified the pre-S region by deleting six aa 

encoding Ser
44
–Thr

49
, a region that is particularly susceptible to proteinases. In addition, 

I found that the addition of 7.5 M urea effectively suppressed proteinase activity in the 

crude extract. The modified HBsAg M particles and 7.5 M urea facilitated the 

purification of HBsAg M particles from yeast cells, which was used as an immunogen 

of hepatitis B vaccine in humans [21]. Similar activity of yeast proteinases was reported 

in the purification of HBsAg S particles by other researchers [22]. In this study, owing 

to the excellent heat stability of the BNCs [15], heat treatment at 70°C at pH 7.4 for 20 

min completely removed the yeast proteinases from the crude extract (Figures 2.1 and 

2.4). BNCs in the heat-treated supernatant were confirmed to be stable for >1 week, 

even when stored at 37°C. When PEG6000 precipitation was changed to heat treatment, 

the yield of BNCs from the pretreated crude extract was improved from 25% (Table 2.1) 

to 77% (Table 2.2). In the original protocol, the pretreated crude extract was further 

processed by one CsCl equilibrium step and one sucrose density gradient 

ultracentrifugation step, which usually took about 4 days. Furthermore, the use of an 

ultracentrifuge rotor prevented us from adapting the original protocol for mass 

production of BNCs. In the new protocol, the use of affinity column chromatography 

allowed us to complete the processing of the pretreated crude extract within 3 h, 

representing a simple, time-saving, cost-effective and easily adaptable approach suitable 

for larger-scale production. The overall purification efficiency of this new protocol 

(16%) was higher than that of other protocols used to purify HBsAg S and M particles 

produced in S. cerevisiae (3–13%) [10, 14, 23]. Since HBsAg has been successfully 

expressed in a particulate form in a number of different eukaryotic hosts, including S. 

cerevisiae, Pichia pastoris [12, 24], Hansenula polymorpha [25], mammalian cells [13], 

insect cells [26] and plants [27], the new protocol could be applied to purify HBsAg 

from these hosts. Furthermore, to maximize BNC recovery, the following two problems 

need to be solved. First, the content of BNCs containing carbohydrates could be 
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enhanced by optimizing the yeast cells and the culture conditions for efficient 

adsorption to affinity column chromatography, as described above. Second, the in vitro 

conditions of L particle (BNC) formation should be optimized. Although the 

synthesized L proteins comprised >40% of the total soluble proteins in the yeast cells [5, 

15], a large proportion of the L proteins did not assemble into L particles during the 

preparation of crude extract in the presence of a surfactant. About 80% of the 

synthesized L proteins were estimated to exist in a disassembled form [24]. Thus, it is 

essential to optimize the conditions for cell disruption, particularly the use of surfactants 

to enhance the formation of the liposomal structure of BNCs.  

 To produce biopharmaceuticals by recombinant organisms for clinical use, it is 

essential to completely remove any host-derived proteins and DNA. For HBsAg M 

particles produced by S. cerevisiae as an HB vaccine [10], sequential chromatography 

steps using three gel-filtration columns and one immunoaffinity column are necessary to 

obtain highly purified antigens. In particular, immunoaffinity column chromatography is 

indispensable to completely remove host-derived materials (i.e., yeast-derived DNAs 

and proteins). However, some of the immunoglobulin was released from the column and 

was present in the eluate, which has prompted us to search for other resins that 

specifically interact with HBsAg. In this study, I found that sulfated cellulofine interacts 

with BNC, presumably the carbohydrate moieties of BNC, and may substitute for the 

immunoaffinity column in the production of biopharmaceuticals, at least for HB 

vaccines. Our results indicate that the new purification protocol is rapid and efficient for 

the purification of BNCs and is suitable for mass-production of BNCs. I also optimized 

the conditions for long-term preservation of functional BNCs and demonstrated that 

BNCs lyophilized with 5% sucrose are stable for up to 14 months at 4°C, without 

impaired transfection efficiency. 

 In summary, the new purification and preservation protocols reported here will 

increase the availability of BNCs and should promote the use of BNCs as a carrier in 

DDS and GDS in clinical fields. 
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Chapter III 

 

Bio-nanocapsule-Based Enzyme–Antibody Conjugates for 

Enzyme-Linked Immunosorbent Assay 

 

3.1. Introduction 

 

nzyme immunoassay (EIA), radioimmunoassay (RIA), and fluoroimmunoassay 

(FIA) have been widely used for high-throughput screening of 

immunocomplexes. To increase the sensitivity of these immunoassays, two types 

of macromolecules have been utilized in the reaction with antibody. One type of 

macromolecule allows for clustering of antibodies and labeling molecules (enzyme, 

radioactive material, fluorescence). For examples, polymeric horseradish peroxidase 

(HRP)-streptavidin conjugate [1], 3DNA dendrimer [2], and IgG-poly-D-glutamic 

acid-(HRP)n conjugate [3] have previously been used. However, these macromolecules 

require chemical modification of antibodies, and do not allow the oriented 

immobilization of antibodies [4], which improves the avidity and antigen recognition of 

antibodies [5]. In general, chemical modification is considered to reduce the stability or 

antigen-binding activity of antibodies. Another type of macromolecule is expected to 

permit the oriented immobilization of antibodies. For examples, nanoparticles have 

been used for displaying antibodies on their surface, e.g., streptavidin-conjugated 

nanobeads [6] and biotin-coated liposomes [7]. Because biotinylation occurred 

randomly at free amino groups on the surface of antibodies, these nanoparticles partially 

accomplished oriented immobilization of antibodies using a biotin-avidin complex. 

These results encouraged us to develop macromolecules that can assemble antibodies 

and labeling molecules without chemical modification, in the manner of oriented 

immobilization. 

 On the other hand, our group previously developed a yeast-derived hollow 

nanoparticle applicable for pinpoint delivery of drugs and genes [8]. The nanoparticle 

(bio-nanocapsule; later abbreviated as “BNC”) has a diameter of about 30 nm and is 

composed of hepatitis-B virus (HBV) surface antigen (HBsAg) L-proteins embedded in 

a liposome [9]. The L-protein is a three membrane-spanning protein possessing a pre-S 

region at the N-terminal of the S region (see Figure 3.1A) [10]. BNCs can incorporate 

various therapeutic materials (drugs, genes) by electroporation [8] and liposome fusion 

[11], and deliver them specifically to the human liver [8] based on the liver-specific 

recognition ability of the pre-S region [12]. Recently, in order to alter the tissue 

E 
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specificity of BNC, our collaborators made a derivative of BNC by replacing the pre-S 

region with a tandem sequence of the IgG Fc-interacting region (Z domain) derived 

from Staphylococcus aureus protein-A [13] and designated it “ZZ-BNC” [14] (Figure 

3.1A). The ZZ-BNC allowed us to display antibodies on its surface and to deliver 

various therapeutic materials to tissues of interest in an antibody-dependent manner 

[14]. 

 These properties led us to imagine that ZZ-BNC spontaneously adsorbs 

antibodies in the manner of oriented immobilization. In the present study, I examined if 

ZZ-BNCs could contribute to signal enhancement of ELISA through formation of 

IgG-ZZ-BNC complexes. 
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3.2. Experimental Procedures  

 

3.2.1. ZZ-BNCs 

 

ZZ-BNCs were overexpressed in Saccharomyces cerevisiae AH22R
–
 carrying 

the ZZ-BNC-expression plasmid pGLD-ZZ50 [14]. According to the preparation 

method for BNCs [8], ZZ-BNCs were extracted by the disruption with glass beads, and 

purified using an AKTA chromatography system (GE Healthcare, Amersham, UK) by 

affinity chromatography on porcine IgG and gel filtration. 

 

3.2.2. Transmission electron microscopy (TEM) 

 

ZZ-BNCs (1 g as protein) were mixed with 10-nm gold particle-labeled goat 

total IgG (50 L, Sigma Aldrich, Saint Louis, MO), adsorbed onto a carbon-coated 

copper grid (JEOL, Tokyo, Japan), negatively stained using 2% (w/v) phosphotungstic 

acid (pH 7.0), and subjected to TEM using a model JEM1011 (JEOL, Tokyo, Japan).  

 

3.2.3. ELISA for ovalbumin (OVA) on solid phase 

 

OVA (100 L, 0-6.25 ng/mL; Sigma-Aldrich, St. Louis, MO) was adsorbed to 

each well of a Nunc-Immuno Plate II (96 wells; Nalge Nunc International K.K., 

Rochester, NY). The plate was kept at 4°C overnight, and washed three times with 200 

L of phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2PO4, 2 

mM KH2PO4, pH 7.4) containing 0.05% (V/V) Tween-20 (PBST). Antibodies were 

diluted with PBST containing 5% (W/V) skimmed milk (Nacalai Tesque, Kyoto, Japan). 

A primary antibody, a mouse anti-OVA IgG1 antibody (100 L, 0.4 g/mL; Abcam, 

Cambridge, UK), was added to each well, incubated at room temperature for 1.5 h, and 

washed three times with PBST. A secondary antibody, HRP-conjugated rabbit 

anti-mouse IgG (100 L, 2 g/mL; Sigma-Aldrich), was added to each well, incubated 

at room temperature for 1.5 h, and washed three times with PBST. When biotinylated 

rabbit anti-mouse IgG (100 L, 2 g/mL; Sigma-Aldrich) was used as the secondary 

antibody, the avidin-biotin complex (ABC) system (ABC peroxidase staining kit, 

Pierce) was used for the labeling with HRP. The colorimetric reaction was carried out at 

room temperature for 15 min in 100 L per well of a 3,3',5,5'-tetramethylbenzidine 

(TMB) substrate kit (Pierce, Rockford, IL). The reaction was stopped with 100 L of 

2N H2SO4. Absorbance at 450 nm was measured on a Varioskan microplate reader 
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(Thermo Fisher Scientific, Waltham, MA) using absorbance at 690 nm as the reference. 

When the calibration curve was generated using 0-6.25 ng/mL OVA (n = 8), the wells 

containing 0 ng/mL OVA were defined as blank wells for subtracting background. 

 

3.2.4. ELISA for anti-OVA IgE antibodies in aqueous phase 

 

OVA (100 L, 15 g/mL) was adsorbed onto each well of a Nunc-Immuno 

Plate II. The plate was kept at 4°C overnight, and washed three times with 200 L of 

PBST. Mouse anti-OVA IgE antibody (0-6.25 ng/mL, 100 L, AbD Serotec, Oxford, 

UK) diluted with PBST containing 5% skimmed milk was added to each well, incubated 

at room temperature for 1.5 h, and washed three times with PBST. An HRP-conjugated 

rabbit anti-mouse IgE Fc antibody (100 L, 5 g/mL, Nordic Immunological 

Laboratories, Tilburg, The Netherlands) was added to each well, incubated at room 

temperature for 1.5 h, and washed three times with PBST. When biotin-labeled rabbit 

anti-mouse IgE Fc antibody (100 L, 5 g/mL, Nordic Immunological Laboratories) 

was used as the secondary antibody, the ABC peroxidase staining kit was used for the 

labeling with HRP. The colorimetric reaction was carried out at room temperature for 15 

min in 100 L per well of a TMB substrate kit. The reaction was stopped with 100 L 

of 2N H2SO4. Absorbance at 450 nm was measured on a Varioskan microplate reader 

using absorbance at 690 nm as the reference. When the calibration curve was generated 

using 0-6.25 ng/mL anti-OVA IgE (n = 8), the wells containing 0 ng/mL anti-OVA IgE 

were defined as blank wells for subtracting background. 

 

3.2.5. Western blot analysis 

 

One L of OVA (0.001-10 mg/mL) was blotted onto a PVDF membrane 

(Millipore, Billerica, MA), and dried at room temperature for 30 min. The membrane 

was blocked with 5% skimmed milk in TBST (20 mM Tris-HCl, 140 mM NaCl, 0.05% 

Tween-20, pH 7.4) at room temperature for 30 min, and then incubated at room 

temperature for 1 h with the mouse anti-OVA IgG1 antibody (1 g/mL) diluted with 

TBST. The membrane was washed three times with TBST, incubated with the 

HRP-conjugated rabbit anti-mouse IgG (1 g/mL) at room temperature for 1 h. When 

biotinylated rabbit anti-mouse IgG (1 g/mL) was used as the secondary antibody, the 

ABC system was used for the labeling with HRP. After washing three times with TBST, 

the membrane was treated with ECL Western blotting detection reagents (GE 

Healthcare), and then the immunoreactive spots were visualized under a luminescence 
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image analyzer LAS-4000mini (Fujifilm, Tokyo, Japan). 
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3.3. Results and Discussion 

 

3.3.1. Display of antibodies on the ZZ-BNC surface 

 

BNC is a yeast-derived hollow nanocapsule consisting of about 110 HBsAg L 

proteins embedded in a liposome [8]. Recently, our group replaced the N-terminal 

region of L protein (pre-S region) with a tandem sequence of protein A-derived IgG 

Fc-binding domain (Z domain) and designated it ZZ-BNC [14] (Figure 3.1A). When 

mixed with anti-EGFR (epidermal growth factor receptor) antibody, the ZZ-BNCs 

labeled with EGFP (enhanced green fluorescent protein) accumulated on the surface of 

human cervical carcinoma HeLa cells, which express EGFR abundantly [14]. I therefore 

mixed ZZ-BNC with 10-nm gold particle-labeled goat total IgG, and observed it under 

TEM. As shown in Figure 3.1B, approximately 30-nm ZZ-BNCs were surrounded by 

several molecules of 10-nm gold particle-labeled goat total IgG. This result strongly 

suggested that ZZ domains surrounding on the ZZ-BNC surface tether the IgG Fc 

domains to display all IgG Fv regions outwards for effective antigen binding. Thus, 

ZZ-BNC was expected to cluster antibodies on its surface in the manner of oriented 

immobilization, which might improve the avidity and antigen recognition of antibodies 

[5]. 
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Figure 3.1 Structures and properties of ZZ-BNCs. (A) Schematic structure of a ZZ-BNC. (B) 

TEM images of ZZ-BNC conjugated with 10-nm gold particle-labeled goat total IgG. Bar, 40 

nm.  
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3.3.2. ELISA for antigens on solid phase 

 

The enhancement of the sensitivity was examined in the detection of antigen 

(ovalbumin (OVA)) by ELISA with or without ZZ-BNCs (see Figure 3.2A, panels 1 and 

2).  As described in Materials and methods, OVA (0-6.25 ng/mL) was adsorbed onto 

each well of immunoplate, contacted with primary antibody, and then contacted with 

secondary antibody (see Figure 3.2A, panel 1). When the purified ZZ-BNCs (2 g/mL 

as protein) were preincubated with the secondary antibody (2 g/mL) at room 

temperature for 30 min and then added to each well (see Figure 3.2A, panel 2), the 

signal at 3.125 ng/mL of OVA was about 10-fold higher than that without ZZ-BNCs 

(Figure 3.2B, lines 1 & 2). The avidin-biotin complex (ABC) system has been widely 

used for the enhancement of ELISA signals because it forms a tetrameric avidin-based 

complex of biotinylated antibodies and biotinylated HRP (see Figure 3.2A, panel 3). 

The signal at 3.125 ng/mL of OVA with the ABC system was about 4-fold higher than 

that with the conventional ELISA (Figure 3.2B, lines 1 & 3). When ZZ-BNC (2 g/mL 

as protein) was preincubated with the biotinylated secondary antibody (2 g/mL) at 

room temperature for 30 min and then added to each well (100 L, see Figure 3.2A, 

panel 4), the signal at 3.125 ng/mL of OVA was about 13-fold higher than that without 

ZZ-BNCs or ABC system (Figure 3.2B, lines 1 & 4). Next, biotinylated ZZ-BNCs (2 

g/mL as protein) were prepared with EZ-Link Sulfo-NHS-Biotin (Pierce) according to 

the manufacturer‟s protocol and added to the secondary antibody instead of ZZ-BNCs 

(see Figure 3.2A, panel 5). The signal at 3.125 ng/mL of OVA was about 19-fold higher 

than that without ZZ-BNCs or ABC system (Figure 3.2B, line 1 & 5). The sensitivity for 

ELISA is defined by the limit of detection (LOD, mean ± 3SD) and the limit of 

quantitation (LOQ, mean + 10SD) [15] at the lowest end of the quantifiable 

concentration range of OVA (n = 20). As shown in Table 3.1, the LOD and LOQ of 

ELISA (see Figure 3.2A, panel 1; 750 pg/mL and 1500 pg/mL, respectively) were 

decreased by 47% using ZZ-BNCs (see Figure 3.2A, panel 2; 350 pg/mL and 700 

pg/mL, respectively), indicating that the two sensitivities (LOD and LOQ) were 

increased 2.1-fold. The ABC complex enhanced the two sensitivities 2.5- and 20-fold in 

the presence of ZZ-BNCs (see Figure 3.2A, panel 4) and biotinylated ZZ-BNCs (see 

Figure 3.2A, panel 5), respectively. 
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Figure 3.2 Sensitivities of various ELISA systems for OVA. (A) Schematic representations of 

various ELISA systems for OVA detection. 1, conventional ELISA using an anti-OVA antibody 

and an HRP-conjugated anti-mouse IgG antibody; 2, conventional ELISA in the presence of 

ZZ-BNC; 3, conventional ELISA with the ABC system; 4, conventional ELISA with the ABC 

system in the presence of ZZ-BNCs; 5, conventional ELISA with the ABC system in the 

presence of biotinylated ZZ-BNC. Abbreviations: OVA, ovalbumin; Ab, antibody. (B) Detection 

of OVA (solid phase) by various ELISA systems. Results are means ± SD (n = 8). Numbers 

correspond to the methods shown in (A). (C) Detection of anti-OVA IgE (aqueous phase) by 

various ELISA systems. Results are means ± SD (n = 8). Numbers correspond to the methods 

shown in (A).  
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3.3.3. ELISA for antibodies in aqueous phase 

 

I investigated the enhancement of the sensitivity of detection of the primary 

antibody by ELISA using ZZ-BNCs and biotinylated ZZ-BNCs. OVA adsorbed onto 

each well was contacted with primary antibody (0-6.25 ng/mL), and then contacted with 

secondary antibody (see Materials and methods and Figure 3.2A, panel 1). When 

ZZ-BNC (1.25 g/mL as protein) was preincubated with the secondary antibody (5 

g/mL) at room temperature for 30 min and then added to each well (see Figure 3.2A, 

panel 2), the signal at 3.125 ng/mL of mouse anti-OVA IgE antibody was 2.3-fold 

higher than that without ZZ-BNCs (Figure 3.2C, lines 1 & 2). Next, with the concurrent 

use of biotinylated secondary antibody (5 g/mL), biotinylated ZZ-BNCs (2.5 g/mL as 

protein), and ABC system, the signal at 3.125 ng/mL of mouse anti-OVA IgE antibody 

was 4.4-fold higher than that of conventional ELISA (Figure 3.2C, lines 1 & 5). 

Furthermore, the sensitivity for ELISA is defined by LOD and LOQ [15] at the lowest 

end of the quantifiable concentration range of anti-OVA IgE (n = 20). LOD was 

decreased by 50% and 8% using ZZ-BNCs and biotinylated ZZ-BNCs, respectively 

(Table 3.1). 

 

 

Table 3.1 Sensitivities of various ELISA systems for OVA 

Methods 
LOD (pg/mL) CV (%) LOQ (pg/mL) CV (%) 

Mean ± 3SD  Mean + 10SD  

For detection of antigen (OVA)     

Conventional ELISA 750 4.5 1500 3.4 

+ ZZ-BNC 350 6.4 700 6.9 

+ ABC 

+ ABC + ZZ-BNC 

+ ABC + bio-ZZ-BNC 

500 

300 

40 

3.0 

5.3 

3.5 

1000 

600 

80 

3.1 

11.8 

4.3 

For detection of primary antibody (anti-OVA IgE) 

Conventional ELISA 500 5.0 ND
b
 ND 

+ ZZ-BNC 250 5.4 500 4.6 

+ ABC + bio-ZZ-BNC 40 4.2 130 3.6 

a
 Abbreviations: OVA, ovalbumin; ABC, avidin–biotin complex system; bio-, biotinylated-. 

b
 Not detected. 
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3.3.4. Western blot analysis 

 

 Signal enhancement of ELISA for antigens on solid phase by ZZ-BNCs led us 

to examine if they are applicable for Western blot analysis. The dot-blot containing OVA 

(from 1 ng/spot to 10 g/spot) was incubated with the primary antibody at room 

temperature for 1 h, incubated with the secondary antibody at room temperature for 1 h, 

and then subjected to the chemiluminescence detection (see Material and methods). 

When ZZ-BNCs (1 g/mL as protein) were preincubated with the secondary antibody (1 

g/mL) at room temperature for 30 min, the spot containing 10 ng OVA could be 

detected, which was about 50-fold higher than that without ZZ-BNCs (Figure 3.3, lanes 

1 & 2). Next, the use of ABC system and biotinylated secondary antibody facilitated us 

to detect the spot containing 50 ng OVA (lane 3). The adaptation of ZZ-BNCs (1 g/mL 

as protein) and biotinylated ZZ-BNCs (1 g/mL as protein) to this system achieved 

approximately 5- and 10-folds higher sensitivity (lanes 4 & 5, respectively), comparable 

to 50- and 100-folds enhancements from the conventional method (lane 1). It was 

confirmed that the combinated use of ABC system and biotinylated ZZ-BNCs 

significantly enhanced the sensitivity of not only ELISA but also Western blot analysis. 

Furthermore, ZZ-BNCs might be applicable for the signal enhancement of 

immunohistochemical analysis. 
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Figure 3.3 Western blot analyses of spotted OVA by various detection methods. Lane 

numbers correspond to the methods shown in Figure 3.2 (A). The minimum OVA amounts 

detectable by each method are indicated with arrow heads. 

 

 

3.3.5. Conclusions 

 

 It has been demonstrated that ZZ-BNCs could assemble antibodies on their 

surface even without chemical modification. ZZBNCs could then enhance the signals in 

the detection of antigens and antibodies when added to the aqueous phase of 

conventional ELISA and Western blot analysis. A combination of the ABC system and 

biotinylated ZZ-BNCs significantly improved the sensitivity of conventional ELISA and 

Western blot analysis. In Figure 3.1B, ZZ-BNCs are shown to tether the Fc regions of 

IgG on the ZZ domain so that all of the Fv regions are displayed outward for effective 

formation of immunocomplexes. Thus, oriented immobilization of antibodies has 

presumably been achieved on the surface of ZZ-BNCs. As mentioned above, BNCs 
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(including ZZ-BNCs) can incorporate various materials by electroporation and liposome 

fusion. This indicated that ZZ-BNCs may be applicable for RIA and FIA. BNCs could 

be adsorbed onto a mica surface without the disruption of its particle structure [16]. 

Therefore, ZZ-BNCs would also be applicable for the oriented immobilization of 

antibodies in the solid phase of various immunoassay systems. 
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Chapter IV 

 

Nanocapsules Incorporating IgG Fc-Binding Domain Derived from 

Staphylococcus aureus Protein A for Displaying IgGs on Immunosensor 

Chips 

 

4.1. Introduction 

 

riented immobilization of the antibody on the surface of a sensor chip is one 

of the important criteria for improving the sensitivity and specificity of 

immunosensors [1–3]. In general, immobilization of antibodies on the solid 

phase (e.g., gold surface) is accomplished by chemical crosslinking without any control 

of orientation through single or mixed self-assembled monolayers (SAMs) [4], an 

immunoglobulin (Ig) G Fc-interacting protein A or G [1–3], a biotin/(strept)avidin 

complex [5], or synthetic polymers [6–8]. These immobilization methods often utilize 

agents that react nonspecifically with the protein amino groups for tethering antibodies 

or other interacting molecules to the sensor surface, so the IgG Fv regions are not 

always oriented to the solvent for antigens to access easily. Several methods have been 

reported for the oriented immobilization of an antibody (e.g., a Fab′ fragment grafted 

with a thiol group [2]), but chemical modification of IgG is necessary. 

 Our group previously developed a yeast-derived novel nanocapsule applicable 

for pinpoint delivery of drugs and genes [9]. The nanocapsule (abbreviated later as 

BNC) has a diameter of ~30 nm and is composed of hepatitis B virus surface antigen 

(HBsAg) L proteins embedded in liposomes [10]. The L protein is a transmembrane 

protein possessing pre-S1 and pre-S2 regions at the N-terminal of the S region (Figure 

4.1A) [9]. Our collaborators recently made a derivative of BNCs by replacing the 

pre-S1+pre-S2 region with a tandem sequence of the IgG Fc-interacting region (Z 

domain) derived from Staphylococcus aureus protein A [11] and designated it ZZ-BNC 

(Figures 4.1A and B) [12, 13]. Hence, all IgG Fc domains are expected to spontaneously 

attach onto the surface of ZZ-BNC as well as displaying all the IgG Fv regions 

outwardly for effective binding of antigens. In conventional enzyme-linked 

immunosorbent assays (ELISAs) and western blot analyses, the addition of ZZ-BNCs in 

the aqueous phase was found to enhance the sensitivities of antigen detection by 10-fold 

and 50-fold, respectively [14]. In combination with the avidin–biotin complex (ABC) 

system, biotinylated ZZ-BNCs showed more significant signal enhancement in ELISAs 

and western blot analyses. These results suggested that ZZ-BNC contributes not only to 

O 
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the clustering of antibodies and labeling molecules, but also presumably to the oriented 

immobilization of antibodies. To expand the applications of ZZ-BNC in various 

immunoassays, I attempted to utilize it as a scaffold of antibodies for immunosensors. 

An inspiration for this application was derived from our earlier finding that BNCs were 

observed by atomic force microscopy (AFM) as a monolayer crammed with 

dome-shaped nanocapsules on the mica substrate [15]. ZZ-BNC (as well as BNC) is 

considered to be mechanically stable upon treatment with heat or detergent [16]. In the 

present study, I examined if ZZ-BNCs enhance the sensitivities and antigen-binding 

capacities of immunosensors due to oriented immobilization of antibodies.
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4.2. Experimental Procedures 

 

4.2.1. BNCs 

 

 ZZ-BNCs are overexpressed in Saccharomyces cerevisiae AH22R
–
 cells 

carrying the ZZ-BNC-expression plasmid pGLD-ZZ50 [10, 13]. According to the 

preparation method for BNC [16], ZZ-BNCs were extracted by disruption with glass 

beads and purified using an AKTA™ (GE Healthcare, Amersham, UK) by affinity 

chromatography on porcine IgG and gel filtration. 

 

4.2.2. Reagents 

 

 The following materials were obtained commercially. Total IgGs derived from 

mouse, human, rabbit, sheep, goat, and rat; human IgG1–4; mouse IgG1, 2a, 2b, and 3; 

anti-actin mouse-derived monoclonal IgG2a; anti-chicken IgY rabbit polyclonal IgG; 

and actin were purchased from Sigma–Aldrich (Saint Louis, MO, USA). Anti--tubulin 

mouse-derived monoclonal IgG2b was obtained from Millipore Corporation (Billerica, 

MA, USA). Chicken IgY was from R&D Systems (Minneapolis, MN, USA). Skimmed 

milk was purchased from Nacalai Tesque (Kyoto, Japan) and tubulin was from 

Cytoskeleton Incorporated (Denver, CO, USA). The 19-kDa C-terminal region of the 

Plasmodium falciparum merozoite surface protein 1 (MSP119) and mouse-derived 

anti-MSP119 antiserum are described elsewhere [17].  

 

4.2.3. Transmission electron microscopy (TEM) 

 

 ZZ-BNCs (1 g as protein) were mixed with 10-nm gold particle-labeled 

goat-derived anti-rabbit total IgG (50 L, Sigma–Aldrich). They were adsorbed onto a 

carbon-coated copper grid (JEOL, Tokyo, Japan), negatively stained using 2% (w/v) 

phosphotungstic acid (pH 7.0), and subjected to TEM using model JEM1011 (JEOL).  

 

4.2.4. AFM 

 

 Surface topology images of the fabricated surfaces of immunosensors were 

analyzed by an AFM model SPA-300 (SII NanoTechnology Inc., Chiba, Japan). Raw 

AFM images were undertaken in non-contact mode in air at room temperature. The 

scanning rate was modulated for 1 Hz for a 200 × 200 cm
2
 scale image. The average 
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surface roughness (Ra) for each AFM image was calculated by means of the software 

provided with the instrument. 

 

4.2.5. Static light scattering (SLS) 

 

 The molecular mass (Mr) of ZZ-BNC was measured by a SLS model Zetasizer 

Nano ZS (Malvern Instruments, Worcestershire, UK) with a constant scattering angle of 

173°. The apparent Mr and second virial coefficient (A2) were estimated from the 

relationship:  

 

KC/Rθ = (1/ Mr + 2 A2C) Pθ 

 

where K, C, Rθ, and Pθ are the optical constant, protein concentration, Rayleigh ratio, 

and scattering angle, respectively. By measuring Rθ at a series of protein concentrations, 

apparent values of Mr and A2 were obtained from Debye plots. Measurements were 

carried out in triplicate. 

 

4.2.6. Quartz crystal microbalance (QCM) 

 

 The amount of IgG bound to ZZ-BNC was determined by a QCM model 

Twin-Q (As One Corp., Osaka, Japan). The sensor chip of the QCM consisted of a 

9-mm-diameter disk made from an AT-cut 27-MHz quartz crystal with gold electrodes 

on both sides (diameter, 2.5 mm; area, 4.9 mm
2
). A frequency change (F) of 1 Hz 

corresponds to a weight change of 0.6 ng/cm
2
. The temperature of the measuring bath 

(~600 L) was kept at 25°C with mixing at 600 rpm with a stirring tube. Protein 

samples were dissolved in 500 L of phosphate-buffered saline (PBS, 137 mM NaCl, 10 

mM Na2PO4 and 2 mM KH2PO4, pH 7.4). Measurements were done until a stable 

frequency (less than ± 3 Hz) was observed for >1 min in triplicate. 

 

4.2.7. Preparation of the gold surface 

 

 Five microliters of ZZ-BNC (1 mg/mL as protein) were spotted onto the gold 

surface (Auro sheet (111) HS; Tanaka Kikinzoku Kogyo K.K., Tokyo, Japan). The gold 

surface was incubated for 30 min at room temperature, washed with distilled water, and 

dried in air. It was then incubated with 5 L of anti--tubulin mouse IgG2b (1 mg/mL) 

at room temperature for 1 h, washed thoroughly in distilled water, and dried in air. As a 
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control, 5 L of protein A (1 mg/mL) were spotted onto a bare surface or a 

dithiobis-succinimide propionate (DSP; Thermo Fisher Scientific Inc., Rockford, IL, 

USA)-modified gold surface [18], incubated at room temperature for 30 min, washed 

with distilled water, and dried in air. The gold surface was incubated at room 

temperature for 1 h with 5 L of anti--tubulin mouse IgG2b (1 mg/mL), washed 

thoroughly in distilled water, and dried in air. 

 

4.2.8. Fluorescence imaging 

 

 Aliquots (0.01, 0.1, 1, 10 g) of Alexa Fluor 546-labeled goat-derived 

anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) were spotted onto four types of gold 

surface (i.e., bare gold; protein A-coated; DSP-protein A-coated; ZZ-BNC-coated) and 

kept at room temperature for 1 h. After washing three times with phosphate-buffered 

saline (PBS), immunoreactive spots were visualized under a fluorescence image 

analyzer model OV-100 (Olympus, Tokyo, Japan). 

 

4.2.9. Surface plasmon resonance (SPR) 

 SPR measurements were performed with a gold sensor chip (PS-01; ICx 

Nomadics, Inc., Oklahoma City, OK, USA) equipped with an automated SPR-based 

instrument for biomolecular interaction analyses (SensíQ Pioneer; ICx Nomadics, Inc.) 

at 25°C. Assay data files were analyzed with Qdat analysis software (ICx Nomadics, Inc. 

and BioLogic Software). 
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4.3. Results and Discussion 

 

4.3.1. Structure of ZZ-BNC on the gold surface 

 

 I first studied the physical properties of ZZ-BNC. Its molecular mass (Mr) was 

determined to be 6.57 ± 0.73 MDa (n = 7) by SLS [19], which agrees well with the 

value previously reported for BNC [16]. Based on the composition of BNC (~90% 

(w/w) L glycoprotein and 10% (w/w) yeast endoplasmic reticulum membrane-derived 

lipid bilayer) [20], one particle of ZZ-BNC was estimated to contain ~120 molecules of 

ZZ domain-substituted L (ZZ-L) protein (Mr, 48 kDa) (see Figure 4.1B). TEM analyses 

showed that ZZ-BNCs of diameter 32.4 ± 4.0 nm (n = 50) were surrounded by several 

molecules of 10-nm gold particle-labeled goat total IgG (Figure 4.1C, right). This 

confirmed that ZZ domains are displayed on the surface of ZZ-BNC. Moreover, the 

topology image of individual ZZ-BNCs (2.5 ng as protein per spot) on the gold surface 

was analyzed by AFM. This showed dome-shaped nanocapsules with a smooth surface 

(10.2 ± 0.5 nm in height (n = 40); 44.3 ± 1.2 nm in diameter (n = 10); 0.56 ± 0.11 nm in 

average surface roughness (Ra) (n = 5)) (Figure 4.1D). Assuming that a ZZ-BNC on a 

gold surface has a dome-shaped capsule structure, the volume and the surface area of 

the ZZ-BNC were calculated to be 3410 nm
3
 and 8449 nm

2
, respectively. These values 

correspond to those of a spherical particle of ~30 nm in diameter, which agrees well 

with the diameter obtained by TEM (32.4 nm). The thickness of a lipid bilayer is ~5 nm 

[21], so the height of a ZZ-BNC on a gold surface (10.2 nm) is sufficient for double 

lipid bilayers. Thus, it is considered that a ZZ-BNC is in contact with a gold surface 

without disrupting its capsule structure as well as displaying its ZZ domains outwards. 
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Figure 4.1 Structure and properties of ZZ-BNCs. (A) Schematic structure of original L 

protein (upper) and ZZ-L protein (lower). (B) Capsular structure of ZZ-BNCs. One ZZ-BNC 

particle consists of ~120 ZZ-L proteins and a lipid bilayer. (C) TEM images of ZZ-BNC with 

(+) and without (–) 10-nm gold particle-labeled goat total IgG. Scale bar = 40 nm. (D) AFM 

image of two ZZ-BNC particles on a gold surface. 
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4.3.2. Interaction of ZZ-BNC with various IgG molecules 

 

 I then measured the binding capacity of ZZ-BNCs for IgG molecules from 

various species and subclasses using a QCM [22]. The sensor chip in the measuring 

bath was first treated with ZZ-BNC (10 g/mL as protein), then blocked with skimmed 

milk (2.0 × 10
3
 g/mL), and finally reacted with excess amounts of various IgG 

molecules (n = 3). As shown in Figure 4.2B, 2387 ± 44 ng/cm
2
 of ZZ-BNCs were 

bound on the sensor chip as estimated from the initial frequency change (F) of –3979 

± 74 Hz. After repeated injection (five times) onto the skimmed milk-blocked sensor 

chip, 3284 ± 146 ng/cm
2
 (corresponding to F of –5473 ± 244 Hz) of mouse total IgG 

(Mr, ca. 150 kDa) was adsorbed (≤95% adsorption was accomplished after the third 

injection). Under the same condition, 111 ± 5 ng/cm
2
 (corresponding to F of –185 ± 8 

Hz) of mouse total IgG was adsorbed non-specifically onto the gold surface in the 

absence of ZZ-BNCs (Figure 4.2A). These data indicated that a maximum of ~0.5 mol 

of mouse total IgG was bound per mol of ZZ-L protein. Assuming that only about half 

of the surface of ZZ-BNC bound to the sensor chip was available for IgG binding, this 

result suggested that each ZZ-L protein can bind one molecule of IgG. This corresponds 

to binding ~60 molecules per single ZZ-BNC. Thus, the ZZ domains show a 

‘half-of-the-sites reactivity’. If an IgG molecule binds to one Z domain, another IgG 

cannot bind to the neighboring Z domain contained in the same ZZ-L protein (see 

Figure 4.1B), presumably due to steric hindrance. 

 In the same way, fifteen types of IgG molecule (derived from seven species) 

were examined by QCM for adsorbing onto ZZ-BNC, and the amounts of IgG bound to 

ZZ-L protein were calculated on a molar basis (n = 3, Table 4.1). Total IgG from 

humans, mice, rabbits, sheep and goats exhibited similar high binding affinities to ZZ-L 

protein (0.34–0.49 mol of IgG per mol of ZZ-L protein), whereas rat total IgG and 

chicken IgY showed much lower affinities (0.05 and 0.01 mol of IgG per mol of ZZ-L 

protein, respectively). With respect to subclasses of IgG molecules, human IgG1, IgG2, 

IgG4, and mouse IgG3 showed high binding affinities; mouse IgG2a and IgG2b showed 

moderate affinities, and human IgG3 and mouse IgG1 had very low affinities. The 

IgG-binding properties of ZZ-L protein reflect those of protein A [23]. 
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Figure 4.2 QCM analyses for the interaction of ZZ-BNCs with mouse total IgG. The 

frequency changes (F) upon successive injections of ZZ-BNC (triangle), skimmed milk 

(circle), and mouse total IgG (200 g × 5; squares) were recorded. (A) Without ZZ-BNC. (B) 

With ZZ-BNC. 

 

 

Table 4.1 Binding capacity of the ZZ domain to various IgG molecules determined by 

QCM 

Species Subclass of antibody IgG/ZZ domain* 

Human Total IgG 0.39 ± 0.04 

 IgG1 0.30 ± 0.03 

 IgG2 0.28 ± 0.02 

 IgG3 0.01 ± 0.00 

 IgG4 0.35 ± 0.03 

Mouse Total IgG 0.49 ± 0.01 

 IgG1 0.03 ± 0.01 

 IgG2a 0.14 ± 0.02 

 IgG2b 0.15 ± 0.04 

 IgG3 0.47 ± 0.02 

Rabbit Total IgG 0.47 ± 0.08 

Sheep Total IgG 0.34 ± 0.03 

Goat Total IgG 0.41 ± 0.07 

Rat Total IgG 0.05 ± 0.01 

Chiken IgY 0.01 ± 0.00 

* Number (mol) of IgG molecules bound per mol of the ZZ domain. 
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4.3.3. IgG-binding capacity of ZZ-BNC-coated gold surface 

 

 The IgG-binding capacity of ZZ-BNC led us to examine the ZZ-BNC-coated 

gold surface as immunosensors. I coated bare gold surfaces with protein A (5 g per 

spot, Figure 4.3B), with DSP and subsequently protein A (5 g per spot, Figure 4.3C), 

and with ZZ-BNC (5 g as protein per spot, Figure 4.3D). Then, the gold surfaces were 

treated with anti--tubulin mouse IgG2b, which shows moderate binding affinity to 

ZZ-BNC (see Table 4.1). The topology images of each gold surface were acquired at 

200 × 200 nm
2
 by AFM (n = 3). The height and Ra of the bare gold surface were 1.04 ± 

0.32 nm and 0.14 ± 0.01 nm, respectively. After modification with protein A and 

DSP-protein A, heights were increased by 1.33 nm and 4.37 nm, respectively, with 

small increase in Ra (Figure 4.3, line 2). Modification with ZZ-BNC significantly 

increased height and Ra. Protein A on a mica surface in air showed a highly extended 

shape of 1.5 × 25 nm to 1.5 × 30 nm [24]. The linker length of DSP is ~1.2 nm. The 

height of ZZ-BNC on a gold surface was 10.2 ± 0.5 nm (Figure 4.1D). Thus, the 

increases of each height were consistent with the sizes of protein A , DSP, and ZZ-BNC. 

 When anti--tubulin mouse IgG2b was applied onto each gold surface (Figure 

4.3, line 3), the heights of bare, protein A-coated, and DSP-protein A-coated gold 

surface were increased by 1.14 nm, 0.68 nm, and 1.07 nm with a small increase in Ra 

(0.31 nm, 0.19 nm, and 0.43 nm), respectively. AFM observation of IgG molecules on a 

mica surface in air have shown that the hinge region of IgG is sufficiently flexible so 

that two Fab regions can rotate about their axes to present its side to the mica surface 

with deposition of the Fc region to opposite side (triangular form, ~10 nm of each side; 

~1.3 nm in height) [25], so the restrained configuration of IgG2b molecules might result 

in a change in their heights of ~1 nm on each gold surface. Next, the height of the 

ZZ-BNC-coated gold surface was significantly increased by 10.98 nm by the adsorption 

of IgG2b molecules with small decrease in Ra (0.38 nm). These results could be because 

the change in height by IgG2b molecules on the ZZ-BNC-coated gold surface was much 

higher than that of the bare, protein A-, or DSP-protein A-coated gold surface (10.98 nm 

vs. 0.68–1.14 nm), presumably due to the upward disposition of Fab regions. The small 

decrease in Ra by IgG2b molecules on the ZZ-BNC-coated gold surface (which was not 

observed in other gold surfaces) may be caused by the oriented immobilization of IgG 

molecules. 

 I also examined the IgG-binding capacity on each gold surface by fluorescence 

imaging (Figure 4.3, line 4). When aliquots (0.01–10 g) of Alexa Fluor 546-labeled 

goat-derived IgG were spotted onto each gold surface, the ZZ-BNC-coated gold surface 
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could capture the largest amounts of IgG compared with other gold surfaces. The 

minimum amount of IgG necessary to be detected on ZZ-BNC-coated gold surfaces was 

0.01 g, whereas those of bare, protein A-coated, and DSP-protein A-coated gold 

surfaces were 10 g, 1 g, and 10 g, respectively. These results indicated that ZZ-BNC 

allows the binding of more IgG molecules (>100 times) than protein A and DSP-protein 

A, indicating that ZZ-BNC plays as an efficient scaffold for IgG molecules for 

immunosensors probably by reducing steric hindrance due to oriented immobilization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 IgG-binding capacity of the ZZ-BNC-coated gold surface. Line 1, schematic 

representation of antibody immobilization on the gold surface. Lines 2 and 3, AFM images of 

gold surfaces without (–) and with (+) IgG, respectively. H, height (nm); Ra, roughness (nm). 

Line 4, fluorescence images of gold surfaces with IgG. Row A, antibody alone; row B, protein 

A-coated; row C, DSP-protein A-coated; row D, ZZ-BNC-coated. 
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4.3.4. Effect of ZZ-BNC on the sensitivity and antigen-binding capacity in QCM 

 

 I assessed the effect of ZZ-BNC on the sensitivity and antigen-binding capacity 

of immunosensors in QCM. Antigen binding to the sensor chip was studied with four 

arbitrarily chosen antigens (tubulin, actin, chicken IgY, malaria merozoite surface 

protein 1 (MSP119)) for which antibodies were readily available (anti--tubulin mouse 

IgG2b, anti-actin mouse IgG2a, anti-chicken IgY rabbit polyclonal IgG, and anti- 

MSP119 mouse antiserum, respectively). The gold surface of the sensor chip was first 

thoroughly modified with antibody alone (6 g/mL for anti--tubulin and anti-actin; 

23.6 g/mL for anti-chicken IgY; 300 g/mL for anti- MSP119), protein A (10 g/mL), 

DSP-protein A (10 g/mL), or ZZ-BNC (10 g/mL) (designated patterns 1, 2, 3, and 4, 

respectively, in Figure 4.4A), the latter three of which were then fully reacted with the 

same antibody. The QCM equipment had a limit of detection (LOD) of a weight change 

of 2 ng/cm
2
 (corresponding to F of –3.3 Hz). Therefore, to compare the sensitivities of 

the sensor chip in the four patterns, the lowest concentrations of antigens necessary to 

give this LOD were determined. With tubulin, the lowest concentrations were ~31, 100, 

328, and 7 ng/mL (Figure 4.4B); with actin, the concentrations were ~6200, 1205, 1491, 

and 49 ng/mL (Figure 4.4C); with chicken IgY, the concentrations were ~213, 11, 1.5, 

and 1.3 ng/mL (Figure 4.4D), in patterns 1, 2, 3, and 4 (Figure 4.4A), respectively. With 

MSP119, the concentrations were ~6600 and 0.001 ng/mL (Figure 4.4E), in patterns 1 

and 4, respectively. Thus, the sensitivity of the sensor chip increased dramatically in all 

cases by adsorbing antibodies onto ZZ-BNC. The antigen-binding capacity of each 

sensor chip was compared in terms of the upper limit of antigen binding (calculated 

from the maximum F). The sensor chip modified with ZZ-BNC could bind the largest 

amount of antigens for all cases examined. Consequently, the use of ZZ-BNC 

significantly expanded the dynamic concentration ranges of antigens (ca. 20–2200, 

220–7700, 2–2200, and 0.006–0.666 ng/mL for tubulin, actin, chicken IgY, and MSP119, 

respectively; Figures 4.4B–E). 

 Immobilization of antibodies on ZZ-BNC was also effective for increasing 

their antigen-binding efficiencies (avidities) [26] as judged from the amounts of bound 

antigen per immobilized antibody. For example, 0.03, 0.11, 0.10, and 0.89 mol of 

tubulin bound per 1 mol of an anti--tubulin mouse monoclonal IgG2b immobilized in 

patterns 1, 2, 3, and 4, respectively (Figure 4.4A). The 33.1-fold (vs. antibody alone), 

8.3-fold (vs. protein A) and 8.7-fold (vs. DSP-protein A) increases in antigen-binding 

efficiency of the antibody immobilized on ZZ-BNC far exceeded those reported for 

conventional orientation-controlled antibody immobilization methods (e.g., protein 
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A-coated plasma-polymerized film (PPF) (5.35-fold, vs. antibody alone) [27, 28], 

protein A-coated SAM (2.1-fold, vs. antibody alone) [29], protein A-coated 

nanopatterned PPF (1.2-fold, vs. antibody alone) [30], and Fab′ fragment-coated PPF 

[31]). Based on the significant increases in sensitivities and antigen-binding capacities, 

ZZ-BNC might provide immunosensors with more efficient oriented immobilization of 

antibodies. 
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Figure 4.4 Effect of antibody immobilization on sensitivity and antigen-binding capacity. 

(A) Schematic representation of antibody immobilization on the sensor chip with an antibody 

alone, protein A, DSP-protein A or ZZ-BNC (patterns 1, 2, 3, and 4, respectively). The amounts 

of bound antigen calculated from frequency changes in QCM were plotted against 

concentrations of the injected antigen (B, tubulin; C, actin; and D, chicken IgY; E, MSP119) for 

immobilization patterns 1 (blue diamonds), 2 (green triangles), 3 (orange squares), and 4 (red 

circles). LOD (2 ng/cm
2
) is indicated by dashed lines. Dynamic concentration ranges of 

measured antigens are shown approximately with lines for each immobilization pattern. 
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4.3.5. Effect of serum on the ZZ-BNC-coated sensor chip in QCM 

 

 To expand the possibility of using ZZ-BNC-coated gold surfaces on various 

immunosensors used in clinical fields, the antigen-binding capacity was measured using 

tubulin (2–20,000 ng/mL) in PBS and fetal bovine albumin (FBS) by QCM. The 

presence of 100% (v/v) FBS did not have a significant influence on the background nor 

antigen-binding capacity of the anti--tubulin mouse IgG2b immobilized onto 

ZZ-BNC-coated sensor chips (Figure 4.5A). Similar results were obtained using 

anti-actin IgG2a (Figure 4.6A). 

 

4.3.6. Repetitive use of ZZ-BNC-coated sensor chips in QCM 

 

 The stability of ZZ-BNC-coated sensor chips was examined by repetition of the 

antibody adsorption and regeneration of ZZ-BNCs. The sensor chip was coated with 

ZZ-BNC and subsequently skimmed milk as described in the “Materials and 

Methods” section. After stabilization of F (less than ± 3 Hz for >1 min), anti-chicken 

IgY rabbit polyclonal IgG (11.8 g/mL) was injected into the measuring bath (squares 

in Figure 4.5B). After 5-min measurement, the chip was rinsed twice with 2N HCl (20 

L) for stripping bound antibodies (arrows), washed three times with PBS, and then 

used for blocking with skimmed milk (first cycle, left dashed box in Figure 4.5B). The 

cycle of adsorption and removal of antibodies was repeated 21 times (21st cycle, right 

dashed box). The frequency change (F) observed in the 21st cycle was >98% of F in 

the first cycle. A similar result was obtained using mouse total IgG (Figure 4.6B). Even 

after removal of bound antibodies by washing under harsh conditions (e.g., pH 2–12, 

50°C, 1 M NaCl, 2N HCl), the sensor chip fully retained the ZZ-BNCs and could be 

used repeatedly for immobilization of antibodies. Thus, ZZ-BNC is stably adsorbed 

onto the gold surface of a sensor chip, presumably by forming Au–S covalent linkages 

with some of the 14 Cys residues in the S region of the ZZ-L protein. 
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Figure 4.5 Effects of fetal bovine serum and repetitive use on the function of 

ZZ-BNC-coated sensor chips. (A) The antigen-binding capacity of anti--tubulin mouse 

IgG2b immobilized onto ZZ-BNC-coated sensor chips. PBS alone (closed circles) and 100% 

(v/v) FBS (open circles). (B) Anti-chicken IgY rabbit polyclonal IgG (squares) was injected 

onto the ZZ-BNC-coated sensor chip. After 5-min measurement, the chip was rinsed twice with 

2N HCl (arrows) to strip bound antibodies. The cycle of adsorption and removal of antibody 

was repeated 21 times. Insets, frequency changes in the 1st and 21st cycle are shown. 
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Figure 4.6 Effects of fetal bovine serum and repetitive use on the function of 

ZZ-BNC-coated sensor chips. (A) The antigen-binding capacity of anti-actin mouse IgG2a 

immobilized onto ZZ-BNC-coated sensor chips. PBS alone (closed circles) and 100% (v/v) FBS 

(open circles). (B) Mouse total IgG (squares, 11.8 g/mL) was injected onto the 

ZZ-BNC-coated sensor chip. After 5-min measurement, the chip was rinsed twice with 2N HCl 

(arrows) to strip bound antibodies. The cycle of adsorption and removal of antibody was 

repeated 21 times. Insets, frequency changes of the 1st and 21st cycle are shown. 
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4.3.7. Effect of ZZ-BNC on the antigen-binding affinity of immunosensors in SPR 

 

The advantages of ZZ-BNC in QCM immunosensors led us to use ZZ-BNC in 

SPR [32]. First, ZZ-BNC (50 g/mL, channel 3) or protein A (50 g/mL, channel 1) 

was adsorbed onto the surface of a bare gold sensor chip in each channel of SPR using 

distilled water at a flow rate of 30 µL/min for 10 min. Subsequently, anti-actin mouse 

IgG2a (12.5 nM) or anti-chicken IgY rabbit polyclonal IgG (7.5 nM) was immobilized 

to protein A- or ZZ-BNC-coated gold sensor chips using the running buffer (20 mM 

NaH2PO4 pH 8.0, 300 mM NaCl and 0.005% (v/v) Tween-20) for 3 min, and then 

subjected to the interaction analysis of the antigen with its respective antibody (Figure 

4.7). The maximal response if all available ligand binding sites are occupied (Rmax) 

induced by antigen binding to gold sensor chips based on ZZ-BNC (actin, 56.3 RU; IgY 

38.4 RU) were, respectively, 2.3- and 1.5-times higher if compared with the signals 

obtained for protein A. This indicated that the antigen-binding sites on protein A were 

partially blocked due to an incorrect binding position of the antibody whereas, on 

ZZ-BNC, the antigen-binding sites were more readily accessible from the solution front, 

which agreed well with the results observed in QCM (see Figure 4.4). To determine the 

kinetic rate constant for association and dissociation, the simple 1:1 kinetic model was 

fitted to each dataset with terms for the on-rate constant (ka) and off-rate constant (kd). 

These kinetic constants were fitted globally for each assay set. The kinetic interaction of 

antigens for each antibody (KD) was of a higher affinity when analyzed on a 

ZZ-BNC-coated sensor chip (actin, 3.09 nM; chicken IgY, 43.2 nM) compared with on 

a protein A-coated sensor chip (actin, 8.93 nM; chicken IgY, 151.6 nM), respectively 

(Table 4.2). The on-rate constants (ka) of these interactions were nearly identical for 

both gold sensor chips. However, the off-rate constant (kd) exhibited a slower 

dissociation from the ZZ-BNC-coated sensor chip (actin, 6.28 × 10
–5

 s
–1

; chicken IgY, 

4.57 × 10
–5

 s
–1

) when compared with a protein A-coated sensor chip (actin, 2.06 × 10
–4

 

s
–1

; chicken IgY, 1.7 × 10
–4

 s
–1

). These data indicated that ZZ-BNC mainly contributes 

to reduce the dissociation rates of antigens from each antibody. The steric hindrance 

around antigen-binding sites may be decreased by the oriented immobilization of 

antibodies on ZZ-BNC, thereby stabilizing the antigen–antibody complexes. 
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Figure 4.7 Kinetic analyses of antigen–antibody interactions on protein A- (left panels) and 

ZZ-BNC-coated (right panels) sensor chips using SPR. The doubling dilution series of each 

antigen ((A) actin, 0–500 nM; (B) chicken IgY, 0–50 nM) were injected for 3 min and 

dissociation monitored for 10 min. The response curves were overlaid and double-referenced by 

subtracting the reference curve signal and the signal of a buffer blank. The simple 1:1 kinetic 

model (red lines) was fitted to each dataset with terms for the on-rate constant (ka) and off-rate 

constant (kd). These kinetic constants were fitted globally for each assay set. 

 

 

Table 4.2 Comparison of association (ka), and dissociation (kd), and estimated equilibrium 

dissociation (KD) constants for the interaction of actin and chicken IgY with respective 

antibodies immobilized onto protein A- and ZZ-BNC-coated sensor chips 

 Actin (analyte)  Chicken IgY (analyte) 

 ka  

(M
–1

s
–1

) 

kd  

(s
–1

) 

KD 

(nM) 

 ka  

(M
–1

s
–1

) 

kd  

(s
–1

) 

KD 

(nM) 

IgG/Protein A 2.31 × 10
4
 2.06 × 10

-4
 8.93  1.12 × 10

6
 1.7 × 10

–4
 151.6 

IgG/ZZ-BNC 2.03 × 10
4
 6.28 × 10

–5
 3.09  1.06 × 10

6
 4.57 × 10

–5
 43.2 
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4.3.8. Repetitive use of ZZ-BNC-coated sensor chips in SPR 

 

 I examined if ZZ-BNC-coated gold surfaces could be used multiple times for 

antibody immobilization in SPR. A doubling dilution series of anti-actin mouse IgG2a 

or anti-chicken IgY rabbit polyclonal IgG was prepared from a stock concentration of 

50 nM (anti-actin) and 100 nM (anti-chicken IgY) in running buffer. Each concentration 

of the antibody dilution series was injected for 3 min at a flow rate of 30 L/min and 

dissociation during buffer flow monitored for 10 min. The sensor surface was 

regenerated by injecting 10 mM HCl for 1 min. Duplicate injections of anti-actin and 

anti-chicken IgY were performed for determining the overall change in 

antibody-binding activity of the protein A- and ZZ-BNC-coated gold sensor chips 

(Figure 4.8). The assay cycles were carried out at random to eliminate systematic 

artifacts. The mean percentage differences were calculated using the following formula:  

 

[(R2 – R1)/ Rmax] × 100 (%) 

 

where R2 is the second of two responses at a given concentration and R1 is the first of 

two responses. The Rmax induced by antibody binding to these sensor chips was 114 RU 

(anti-actin vs. protein A), 257 RU (anti-chicken IgY vs. protein A), 131 RU (anti-actin 

vs. ZZ-BNC), and 312 RU (anti-chicken IgY vs. protein A). The result showed that 

ZZ-BNC possesses a better overall stability and tends to degrade at a much slower rate. 

Furthermore, ZZ-BNC-coated sensor chips were assumed to be robust because 

appreciable dissociation of ZZ-BNC was not observed over 2 days. 
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Figure 4.8 Repetitive use of ZZ-BNC-coated sensor chips in SPR. The doubling dilution 

series of each antibody ((A) anti-actin mouse IgG2a, 0–50 nM; (B) anti-chicken IgY rabbit 

polyclonal IgG, 0–100 nM) were injected for 3 min and the dissociation monitored for 10 min. 

The sensor surface was regenerated with 10 mM HCl for 1 min. Duplicate injections of each 

antibody were performed for determining the overall change in the antibody-binding activity of 

each sensor chip. The mean percentage differences (upper right) were calculated using the 

following formula: [(R2 – R1)/ Rmax] × 100 (%), where R2 is the second of two responses at a 

given concentration and R1 is the first of two responses. 

 

 

 

 

 

 

 

Injection number

0

R
e

s
p

o
n

s
e

 (
R

U
)

100

80

60

20
0

5 10 15 20 25 30 35 40

140

120

40

160

0

Injection number

R
e

s
p

o
n

s
e

 (
R

U
)

100

80

60

20
0

5 10 15 20 25 30 35 40

140

120

40

160
-8.6 ± 6.9 % -2.0 ± 3.9 %

Anti-actin

0

Injection number

R
e

s
p

o
n

s
e

 (
R

U
)

200

100

0

5 10 15 20 25 30 35 40

300

400

0

Injection number

R
e

s
p

o
n

s
e

 (
R

U
)

200

100

0

5 10 15 20 25 30 35 40

300

400
-6.6 ± 7.9 % -0.3 ± 0.8 %

Anti-chicken IgY

A 

B 



 
Chapter IV   Bio-nanocapsules Incorporating IgG Fc-Binding Domain for Displaying IgGs on Immunosensor Chips   62 

 

 62 

4.3.9. Conclusions 

 

 This study demonstrated that ZZ-BNCs are a promising scaffold for displaying 

antibodies on a solid phase. They improve the sensitivity, antigen-binding capacity, and 

affinity of immunosensors, presumably in the manner of oriented immobilization of 

antibodies. ZZ-BNCs also associate firmly with glass and plastic surfaces (unpublished 

results). The extraordinarily high stability of ZZ-BNC-bound chips makes them an ideal 

sensor applicable for various immunosensing technologies, including QCM and SPR, 

but also surface acoustic wave (SAW) [1], laser nephelometry [33], fluorescence 

anisotropy [34] and immunologically modified field effect transistors (ImmunoFET) 

[35]. 
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Chapter V 

 

Fluorophore-labeled nanocapsules displaying IgG Fc-binding domains 

for the simultaneous detection of multiple antigens 

 

5.1. Introduction 

 

he simultaneous detection of multiple antigens in one specimen by 

immunological methods (e.g., western blot analysis, immunocytochemistry, 

flow cytometric analysis, and immunohistochemistry) has been considered as a 

powerful tool for the elucidation of functions and cellular localizations of various 

biomolecules. However, primary antibodies derived from the same host species cannot 

be used simultaneously, because one secondary antibody may cross-react with multiple 

primary antibodies. Usually, we have chosen primary antibodies from different or 

non-crossreactive species/subclasses [1]. Such convenient pairs of antibodies are not 

always available. Even if we have excellent primary antibodies, the cross-reactivity 

limitation has hampered the expansion of possibilities of these immunological methods. 

Generally, „sequential immunolabeling methods‟ have been applied to enable the 

detection of multiple antigens with primary antibodies from the same host species. Each 

immunolabeling step is carried out using a secondary antibody labeled with a distinct 

fluorophore [1], enzyme, or hapten [2], which are sometimes coupled by heat treatment 

[3, 4], low pH, and detergent [5] to eliminate the residual antibodies on the specimen for 

subsequent immunolabeling steps. Tyramide signal amplification (TSA) [6] is also used 

to reduce the amount of primary antibodies in the first immunolabeling step. 

Alternatively, each primary antibody used in the first immunolabeling step is blocked by 

anti-IgG Fab fragments to reduce the cross-reaction of secondary antibodies in the 

second immunolabeling step [7, 8]. Fluorophore-labeled anti-IgG Fab fragments [9], 

enzyme-labeled anti-IgG Fab/F(ab‟)2 fragments [10], and fluorophore-labeled anti-IgG 

F(ab‟)2 fragments [11] could be used for the immunolabeling of primary antibodies in 

the first step. However, these methods are time-consuming, not applicable for the 

simultaneous immunolabeling of multiple antigens, and practically limited to two 

immunolabelings. False-positive signals may also occur by the cross-reaction of 

secondary antibodies. To overcome these problems, „simultaneous immunolabeling 

methods‟ have been developed to detect multiple antigens with primary antibodies from 

the same host species as follows; (a) direct labeling, where each primary antibody is 

directly labeled with a distinct enzyme [12] or fluorophore [13]; (b) protein A complex, 

T 
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where each primary antibody is conjugated with fluorophore-labeled Staphylococcus 

aureus protein A [14]; and (c) anti-IgG or anti-Fc Fab fragment, where each primary 

antibody is conjugated with a fluorophore-labeled anti-Fc or anti-IgG Fab fragment [15, 

16]. These methods could facilitate the simultaneous immunolabeling for multiple 

antigens in one step. However, in the case of „direct labeling method,‟ the chemical 

modifications of each primary antibody are laborious and require a large amount of 

antibodies, which may damage the antigen-binding activity and stability of primary 

antibodies. The „protein A method‟ is applicable for a variety of IgGs, but it does not 

sufficiently exclude the possibility that primary antibodies on protein A are replaced by 

other primary antibodies, which may increase the cross-reactions of the primary 

antibodies. Additionally, the amount of fluorophore per one molecule of primary 

antibody cannot be increased significantly over that of conventional methods. The 

„anti-IgG or anti-Fc Fab fragment method‟ requires the preparation of Fab fragments for 

each animal species and IgG subclass, which is time-consuming and laborious. The 

signal intensity is also comparable to that of conventional methods [15, 17]. 

 Our group has previously generated a nanocapsule of ~30 nm diameter by 

expressing the hepatitis B virus surface antigen (HBsAg) L gene in Saccharomyces 

cerevisiae [18]. The nanoparticle (abbreviated later as BNC, bio-nanocapsule) is 

composed of about 110 molecules of HBsAg L proteins embedded in a liposome. Our 

collaborators have recently made a derivative of BNC in which the N-terminal region 

(amino acid residue from 51 to 159) of L protein is replaced with a tandem sequence of 

the IgG Fc-interacting region (Z domain) derived from protein A [19] and designated it 

ZZ-BNC (Figure 5.1) [20]. ZZ-BNC displays about 120 molecules of the ZZ-L protein 

(N-terminally ZZ-fused L protein) on its surface, and can capture ~60 mouse total IgG 

molecules, as well as displaying all the IgG Fv regions outwardly for effective antigen 

binding [21]. When ZZ-BNCs were used as a scaffold of antibodies for the 

immunosensor chip of quartz crystal microbalance (QCM) and surface plasmon 

resonance (SPR), they markedly improved the sensitivity, antigen-binding capacity, and 

affinity of the antibodies on the gold surface of immunosensor chip, presumably by the 

oriented immobilization of the antibodies. Furthermore, in conventional enzyme-linked 

immunosorbent assays (ELISAs) and western blot analyses, the addition of ZZ-BNCs 

with secondary antibodies in the aqueous phase enhanced the sensitivities of antigen 

detection by 10-fold and 50-fold, respectively [22]. These results indicated that 

ZZ-BNC contributes not only to the clustering of antibodies and labeling molecules, but 

also to the oriented immobilization of the antibodies. 

 In this paper I present a study of the capacity of fluorophore-labeled ZZ-BNCs 
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to enhance the sensitivity and signal intensity of various immunological assays and the 

possibility of establishing simultaneous immunolabeling methods for multiple antigens.
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5.2. Experimental Procedures 

 

5.2.1. BNCs 

 

 ZZ-BNCs were overexpressed in S. cerevisiae AH22R
–
 cells carrying the 

ZZ-BNC-expression plasmid pGLD-ZZ50 [18, 20]. According to the preparation 

method for BNC [23, 24], ZZ-BNCs were extracted by the disruption with glass beads 

and purified by affinity chromatography on porcine IgG and gel filtration equipped on 

an AKTA system (GE Healthcare, Amersham, UK).  

 

5.2.2. Reagents 

 

 Cy2-, Cy3-, Cy5-, and Cy7-bis-reactive Dye were from GE Healthcare. Rabbit 

muscle actin was from Sigma-Aldrich Inc. (Saint Louis, MO, USA). Recombinant 

human desmin and recombinant human vimentin were from Progen Biotechnik GmbH 

(Heidelberg, Germany). Tubulin from porcine brain was from Cytoskeleton Inc. 

(Denver, CO, USA). Cy2- or Cy5-labeled goat-derived anti-mouse IgG were from 

Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). Zenon Cy2 

mouse IgG2a labeling kit was from Molecular Probes, Inc. (Eugene, OR, USA). The 

primary antibodies used in this study are listed in Table 5.1. Glutathione-S transferase 

(GST) was expressed in Escherichia coli BL21 carrying the GST-expression plasmid 

pGEX6P-1 (GE Healthcare), and was purified by affinity chromatography on 

glutathione (GE Healthcare).  

 

5.2.3. Conventional western blot analysis 

 

 Each antigen (actin, desmin, GST, vimentin; 0.5–500 ng) was separated by a 

0.1% (w/v) sodium dodecyl sulfate-12.5% (w/v) polyacrylamide gel (12.5% 

SDS-PAGE), and blotted onto an Immobilon-FL polyvinylidene fluoride (PVDF) 

membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% (w/v) 

skimmed milk (Nacalai Tesque, Kyoto, Japan) in TBST (20 mM Tris-HCl, 140 mM 

NaCl, 0.05% (v/v) Tween-20, pH 7.4) at room temperature for 30 min, and then 

incubated at room temperature for 1 h with each primary antibody (anti-actin mouse 

IgG2a, anti-desmin mouse IgG2a, anti-GST mouse IgG2a, and anti-vimentin mouse 

IgG2a; 1 g/mL). These membranes were washed three times with TBST, and incubated 

with the Cy2-labeled goat-derived anti-mouse IgG (2 g/mL) secondary antibody at 
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room temperature for 1 h. After washing three times with TBST, the Cy2-derived 

fluorescence (emission 506 nm) was visualized under a Typhoon FLA-9000 

fluorescence image analyzer (GE Healthcare) equipped with 473-nm laser. In the case 

of visualization of immunoreactive bands with chemiluminescence, I used Immobilon-P 

PVDF membrane (Millipore), horseradish peroxidase (HRP)-conjugated rabbit 

anti-mouse IgG (Sigma-Aldrich), ECL Western blotting detection reagent (GE 

Healthcare), and a luminescence image analyzer (LAS-4000mini, Fujifilm, Tokyo, 

Japan). 

 

5.2.4. Western blot analysis using fluorophore-labeled Fab fragments 

 

 The western blots were prepared and blocked as described in section 2.3. Each 

primary antibody (1 g) was incubated with 5 L of Zenon labeling reagent 

(Cy2-labeled anti-mouse IgG2a Fab fragment) at room temperature for 5 min, mixed 

with 5 L of Zenon blocking reagent (mouse IgG) at room temperature for 5 min, and 

then diluted in 1 mL of TBST. The western blots were immersed into the buffer, 

incubated at room temperature for 1 h, and then washed three times with TBST. The 

Cy2-labeled bands were visualized under a Typhoon FLA-9000 fluorescence image 

analyzer. 

 

5.2.5. Western blot analysis using single fluorophore-labeled ZZ-BNCs 

 

 The western blots were prepared and blocked as described in section 2.3. For 

immunolabeling with a single fluorophore, Cy2-labeled ZZ-BNCs (5 g as protein) 

were preincubated with each primary antibody (1 g) in 50 L of PBS at room 

temperature for 30 min, and then diluted in 1 mL of TBST. The western blots were 

immersed into the buffer, incubated at room temperature for 1 h, and then washed three 

times with TBST. The Cy2-labeled bands were visualized under a Typhoon FLA-9000 

fluorescence image analyzer.  

 

5.2.6. Western blot analysis using multiple fluorophore-labeled ZZ-BNCs 

 

 To reduce the spontaneous release of IgGs from each Cy-labeled ZZ-BNC/IgG 

complex, 50 M of BS
3
 (bis-sulfosuccinimidyl suberate) cross-linker (Thermo Fisher 

Scientific Inc. (Rockford, IL, USA)) was added to each Cy-labeled ZZ-BNC/IgG 

complex (5 g of BNC and 1 g of primary antibody in 50 L PBS) and incubated at 
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room temperature for 30 min. To eliminate the unbound IgGs, the complex was passed 

through 100 L (50% slurry) of nProtein A Sepharose 4 Fast Flow resin (GE 

Healthcare), followed by the addition of ZZ-BNC (5 g as protein). The western blots 

containing four antigens (GST, actin, tubulin, and desmin) were prepared as described 

in section 2.3. The membrane was immersed in the mixture of four types of Cy-labeled 

ZZ-BNC/IgG complexes (Cy2-labeled ZZ-BNC/anti-GST mouse IgG2a, Cy3-labeled 

ZZ-BNC/anti-actin mouse IgG2a, Cy5-labeled ZZ-BNC/anti--tubulin mouse IgG2b, 

and Cy7-labeled ZZ-BNC/anti-desmin mouse IgG2a), incubated at room temperature 

for 1 h, and then washed with TBST three times. The following fluorescent signals were 

visualized separately under a Typhoon FLA-9000 fluorescence image analyzer: 

Cy2-derived fluorescence (emission 506 nm) by a 473-nm laser, Cy3-derived 

fluorescence (emission 570 nm) by a 532-nm laser, Cy5-derived fluorescence (emission 

670 nm) by a 635-nm laser, and Cy7-derived fluorescence (emission 776 nm) by a 

785-nm laser. 

 

5.2.7. Immunocytochemistry 

 

 Human breast cancer MDA-MB435 cells (ATCC, HTB-129) (approximately 1 

× 10
5
 cells) were cultured in 8-well chamber slides (Nalge Nunc International, 

Rochester, NY, USA) for 24 h, and washed three times with PBS. Cells were then fixed 

with ice-cold 100% methanol on ice for 10 min, washed three times with PBS, and 

blocked with blocking buffer (2.5% (w/v) BSA in PBS) at room temperature for 30 min. 

One g of each primary antibody (anti--tubulin, anti-vimentin, anti-Tom20 

(translocase of outer membrane 20), anti-LAMP2 (lysosomal-associated membrane 

protein 2), and anti-PML (promyelocytic leukemia)) was diluted with 250 L of 

blocking buffer, added to each well, incubated at room temperature for 1 h, and then 

washed three times with PBS. One g of Cy2-labeled goat-derived anti-mouse IgG and 

Hoechst 33342 (1:10000 dilution) were diluted with 250 L of blocking buffer, added to 

each well, incubated at room temperature for 1 h, and then washed three times with PBS. 

The fluorescent images were acquired using a FluoView FV1000D confocal laser 

scanning microscope (Olympus, Tokyo, Japan). Hoechst 33342-derived fluorescence 

(emission 461 nm) was excited by 457-nm laser, and Cy2-derived fluorescence 

(emission 506 nm) by a 488-nm laser. For the immunocytochemistry using multiple 

Cy-labeled ZZ-BNCs, the preparation of multiple Cy-labeled ZZ-BNC/IgG complexes 

was as described in section 2.5. The Cy3-derived fluorescence (emission 570 nm) was 

excited by a 543-nm laser, and the Cy5-derived fluorescence (emission 670 nm) by a 
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633-nm laser. 

 

5.2.8. Flow cytometry 

 

 Human epithelial carcinoma A431 cells (Riken, RCB0202) (approximately 1 × 

10
6
 cells) were incubated in 1 mL blocking buffer on ice for 30 min. The 100 L aliquot 

of cell suspension was mixed with 1 g of each primary antibody (anti-EGFR mouse 

IgG2a, anti-integrin 1 mouse IgG2a, and mouse total IgG (negative control)), 

incubated on ice for 30 min, washed three times with blocking buffer, and then mixed 

with 1 g of secondary antibody (Cy2-labeled anti-mouse IgG or Cy5-labeled 

anti-mouse IgG). After incubation on ice for 30 min, the cells were washed three times 

with blocking buffer, and then subjected to quantitative analysis by using a flow 

cytometer (BD FACScan Canto II; BD Biosciences, San Jose, CA, USA) with linear 

amplification for forward/side scatter and logarithmic amplification for Cy2 and Cy5 

fluorescence. The Cy2-derived fluorescence (emission 506 nm) was excited by a 

488-nm laser and Cy5-derived fluorescence (emission 670 nm) was excited by a 

633-nm laser. Acquisition data analysis was performed on 20,000 cells/sample using 

FACSDiva Software (BD Biosciences). 
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Table 5.1 Primary antibodies used in this study 

Antigen Species Manufacturer
 a
 Binding affinity to  

ZZ-BNC (%) 
b
 

Actin Mouse IgG2a Sigma-Aldrich 29 

Desmin Mouse IgG2a Abnova 29 

GST Mouse IgG2a Nacalai Tesque 29 

Vimentin Mouse IgG2a Progen 29 

-tubulin Mouse IgG2b Millipore 31 

Tom20 Mouse IgG2a Santa Cruz  29 

LAMP2 Mouse IgG2a Santa Cruz 29 

PML Mouse IgG1 Santa Cruz 6 

EGFR Mouse IgG2a Katayama 29 

Integrin 1 Mouse IgG2a Santa Cruz 29 

 Mouse total IgG Sigma-Aldrich 100 

 Human total IgG Sigma-Aldrich 80 

 Rat total IgG Sigma-Aldrich 10 

 Mouse IgG1 Sigma-Aldrich 6 

 Mouse IgG2a Sigma-Aldrich 29 

 Mouse IgG2b Sigma-Aldrich 31 

a
Sigma-Aldrich, Inc. (Saint Louis, MO, USA); Abnova Corporation (Taipei, Taiwan); Nacalai 

Tesque, Inc. (Kyoto, Japan); Progen Biotechnik GmbH (Heidelberg, Germany); Millipore 

Corporation (Bedford, MA, USA); Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); 

Katayama Chemical Industries Co., Ltd. (Osaka, Japan). 

b
Binding affinity to each antibody was defined as percentage (%) of that of ZZ-BNC to mouse 

total IgG [21]. 
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5.3. Results and Discussion 

 

5.3.1. Cy-labeled ZZ-BNC/IgG complex for western blot analysis 

 

ZZ-BNC contains ~120 molecules of ZZ-substituted L (ZZ-L) protein as a lipid 

bilayer-embedding form, and can bind ~60 molecules of mouse total IgGs per single 

ZZ-BNC (Figure 5.1) [21]. When using the ZZ-BNC in ELISA and immunosensors, as 

described in the Introduction, ZZ-BNC has shown to improve both sensitivity and 

antigen binding capacity by clustering antibodies by oriented immobilization [21, 22]. 

Therefore, I first examined whether the fluorophore-labeled ZZ-BNC could be 

applicable to enhance the intensity and sensitivity of western blot analysis. ZZ-BNC 

was labeled with Cy2-, Cy3-, Cy5-, and Cy7-dye using NHS (N-hydroxysuccinimide) 

chemistry, and the molar ratio of Cy-dye/ZZ-L was estimated at 1–3 by 

spectrophotometry. Although one ZZ-L protein molecule displays at least 15 primary 

amine residues derived from 15 Lys residues localized outside of the lipid bilayer, the 

antibody-binding activity of ZZ-BNC was slightly affected by Cy-dye-conjugation. For 

example, in the case of Cy5-labled ZZ-BNC, the number of antibodies displayed on the 

ZZ-BNC was changed from 43 to 28 by Cy5-conjugation. 

Then, three fluorophore-labeling techniques, including conventional 

fluorophore-labeled secondary antibody (Figure 5.2A), the fluorophore-labeled Fab 

fragment (Figure 5.2B), and the fluorophore-labeled ZZ-BNC (Figure 5.2C), were 

examined to compare the sensitivity and the signal intensity in western blot analysis 

using a membrane containing four antigens (actin, desmin, GST, and vimentin; 0.5–500 

ng/lane). Both the Cy2-labeled secondary antibody and Cy2-labeled Fab fragment 

showed comparable levels of sensitivity (e.g., 50 ng in actin, desmin, GST, and 

vimentin), while prolonged exposure allowed us to detect 5 ng of GST and vimentin. 

Under the same condition, Cy2-labeled ZZ-BNC showed about 10-fold higher levels of 

sensitivity for desmin, GST, and vimentin without prolonged exposure (e.g., 5 ng). The 

signal intensities were also improved by the use of Cy2-labeled ZZ-BNC (e.g., 3.4- and 

5.1-fold enhancement in 50 ng of actin and desmin). As demonstrated in our previous 

study [22], the Cy-labeled ZZ-BNC could cluster antibodies on its surface by oriented 

immobilization, which may improve the avidity and antigen recognition of antibodies. 
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Figure 5.1 Capsular structure of Cy-labeled ZZ-BNC. One ZZ-BNC particle consists of 

~120 ZZ-L proteins and a lipid bilayer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Western blot analyses using three distinct fluorophore-labeling methods. (A) 

Conventional Cy2-labeled secondary antibody, (B) Cy2-labeled Fab fragment, and (C) 

Cy2-labeled ZZ-BNC/IgG complex. Western blots containing 0.5–500 ng/lane of actin, desmin, 

GST, and vimentin were used. 
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5.3.2. Generation of stable ZZ-BNC/IgG complex by crosslinking 

 

 When multiple Cy-labeled ZZ-BNC/IgG complexes are used for simultaneous 

immunolabeling methods, it has not been sufficiently excluded that IgGs on ZZ-BNCs 

are replaced by other IgGs spontaneously, which may increase the background in 

immunoassays. I therefore added BS
3
 cross-linker (0–1.0 mM) to the mixture of 

ZZ-BNC (300 ng) and mouse total IgG (300 ng), and examined the degree of 

crosslinking between IgGs and ZZ-BNCs by western blot analysis. As shown in Figure 

5.3A, the immunoreactive bands of ZZ-L protein (lane 1, arrow) and mouse total IgG 

heavy and light chains (lane 2, arrowheads) were detected at approximately 48-, 50- and 

25-kDa, respectively. When ZZ-BNC/IgG complex was incubated with various 

concentrations of BS
3
 for 30 min, smeared bands (>100 kDa, asterisk in lanes 4–7) 

appeared with increasing BS
3
 concentration, indicating that IgGs and ZZ-BNCs form 

stable complexes when crosslinked with BS
3
. Next, I prepared ZZ-BNCs labeled with 

various Cy dyes (Cy2, Cy3, Cy5, and Cy7), mixed with mouse IgGs against GST, actin, 

desmin, and -tubulin, respectively, and subjected them to simultaneous 

immunolabeling of multiple antigens by western blot analysis (Figure 5.3B). Although 

non-specific immunoreactive bands (see arrowheads in upper panels) were observed in 

each blot when using a non-crosslinked ZZ-BNC/IgG complex, the specificity of the 

western blot analysis was significantly improved by 50 M BS
3
-mediated crosslinking 

(see asterisks in lower panels). Based on the results, the optimal concentration of BS
3
 

was determined at 50 M for further experiments. 
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Figure 5.3 Optimization of the crosslinking reaction of the ZZ-BNC/IgG complex. (A) 

Western blot analysis of ZZ-BNC (lane 1), mouse total IgG (lane 2), ZZ-BNC/IgG complexes 

with BS
3
 (0–1.0 mM, lanes 3–7). ZZ-L protein (arrow), mouse total IgG heavy chain (upper 

arrowhead), light chains (lower arrowhead), and ZZ-BNC/IgG complex (asterisk) were 

observed. Molecular sizes (kDa) are indicated in the left margin. The ZZ-L proteins on the blot 

were visualized with HRP-conjugated anti-mouse IgG. (B) Simultaneous immunolabeling of 

multiple antigens by various Cy-labeled ZZ-BNC/IgG complexes with (+) or without (-) the 

crosslinking reaction with BS

. The blots containing various antigens (GST, actin, -tubulin, 

and desmin; each 500 ng/lane) were treated with the mixture of Cy2-labeled ZZ-BNC/mouse 

anti-GST IgG2a, Cy3-labeled ZZ-BNC/mouse anti-actin IgG2a, Cy5-labeled ZZ-BNC/mouse 

anti--tubulin IgG2b, and Cy7-labeled ZZ-BNC/mouse anti-desmin IgG2a complexes. Specific 

bands and non-specific bands are shown with asterisks and arrowheads, respectively. Molecular 

sizes (kDa) are indicated in the right margin. 
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5.3.3. Evaluation of antibody swapping of ZZ-BNC/IgG complexes 

  

 As shown in Figure 5.3B, the combination of ZZ-BNC and BS
3
 crosslink 

reaction facilitated the simultaneous immunolabeling of multiple antigens using 

antibodies derived from the same animal species. However, the antibodies displayed on 

ZZ-BNC should not be replaced by free antibodies in an antibody-swapping manner. 

Thus, I evaluate the incidence of antibody swapping using human epithelial carcinoma 

A431 cells and anti-EGFR IgG (mouse IgG2a). I first mixed Cy5-labeled 

ZZ-BNC/anti-EGFR IgG (mouse IgG2a, 20 g/mL as IgG) complexes with known 

amounts of non-specific antibodies derived from various animal species (0–160 g/mL) 

at room temperature for 30 min, and allowed the mixtures to contact with A431 cells on 

ice for 30 min (Figure 5.4A). The Cy5-derived fluorescence in A431 cells was measured 

by a flow cytometer. When using mouse and human total IgG, both exhibited high 

binding affinity to the ZZ-L protein [21]. The relative fluorescence intensity was 

decreased to 82% by 40 g/mL mouse total IgG, presumably by antibody swapping 

(Figure 5.4B); however, this suddenly increased to 150% by the addition of 80 g/mL 

mouse total IgG. The sudden increase of fluorescence intensity was attributed to the 

aggregation of ZZ-BNCs. The Cy5-labeled ZZ-BNC/anti-EGFR IgG complexes 

crosslinked with 50 M BS
3
 showed stable fluorescence, even after the addition of 160 

g/mL mouse total IgG. Since one Fc region could interact with two Z domains [19], 

excess amounts of IgGs might induce crosslinking of ZZ-BNCs. The BS
3
 treatment 

would modify the ZZ-BNC surface to reduce the non-specific binding of IgGs. 

Likewise, the relative fluorescence intensity was not changed by 80 g/mL human total 

IgG, and suddenly increased to 115% by 160 g/mL human total IgG (Figure 5.4C). The 

BS
3
 treatment enabled the use of 160 g/mL human total IgG. On the other hand, when 

using low affinity IgGs to ZZ-BNC (rat total IgG and mouse IgG1) and moderate 

affinity IgGs to ZZ-BNC (mouse IgG2a and mouse IgG2b), the relative fluorescence 

intensities did not change significantly by the addition of 160 g/mL of respective IgG, 

regardless of BS
3
 treatment (Figures 4D-G). Taken together, the results demonstrate that 

antibody swapping on the ZZ-BNC/IgG complexes could not be observed in a 2-fold 

excess of free IgGs and was substantially abolished by BS
3
 treatment, even in the 

presence of an 8-fold excess of free IgGs. 
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Figure 5.4 Evaluation of antibody swapping of ZZ-BNC/mouse anti-EGFR IgG2a 

complexes. (A) Schema for the competition assay of Cy5-labeled ZZ-BNC/mouse anti-EGFR 

IgG2a complexes on A431 cells with non-specific IgGs. (B-G) Relative fluorescence intensities 

(%) of Cy5-labeled ZZ-BNC/mouse anti-EGFR IgG2a/A431 cells in 2.5–160 g/mL of various 

non-specific IgGs ((B) mouse total IgG, (C) human total IgG, (D) rat total IgG, (E) mouse IgG1, 

(F) mouse IgG2a, and (G) mouse IgG2b). The relative fluorescence intensity of Cy5-labeled 

ZZ-BNC/mouse anti-EGFR IgG2a/A431 cells in the absence of non-specific IgGs was defined 

as 100%. The Cy5-labeled ZZ-BNC/mouse anti-EGFR IgG2a complexes were treated with 

(closed circles) or without (open circles) 50 M BS
3
. 
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5.3.4. Cy-labeled ZZ-BNC/IgG complexes for simultaneous immunolabeling of multiple 

antigens in western blot analysis 

 

 Simultaneous immunolabeling of multiple antigens (GST, actin, -tubulin, and 

desmin) was performed using primary antibodies of the same animal species or the 

same IgG subclass (mouse anti-GST IgG2a; mouse anti-actin IgG2a; mouse 

anti--tubulin IgG2b; mouse anti-desmin IgG2a) and ZZ-BNCs labeled with multiple 

Cy dyes (Cy2-, Cy3-, Cy5-, and Cy7-, respectively) in western blot analysis (Figure 

5.5A). To reduce the likelihood of antibody swapping of each Cy-labeled ZZ-BNC/IgG 

complex, each Cy-labeled ZZ-BNC/IgG complex crosslinked with 50 M of BS
3
. The 

mixture of four Cy-labeled ZZ-BNC/IgG complexes was then subjected to western 

blotting for multiple antigens. As shown in Figure 5.5B, I succeeded in the 

simultaneous immunolabeling of four antigens using mouse primary antibodies, with no 

nonspecific bands.  
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Figure 5.5 Simultaneous immunolabeling of multiple antigens by western blot analysis 

with various Cy-labeled ZZ-BNC/IgG complexes. (A) Schema for simultaneous detection of 

GST, actin, -tubulin, and desmin by the mixture of Cy2-labeled ZZ-BNC/mouse anti-GST 

IgG2a, Cy3-labeled ZZ-BNC/mouse anti-actin IgG2a, Cy5-labeled ZZ-BNC/mouse 

anti--tubulin IgG2b, and Cy7-labeled ZZ-BNC/mouse anti-desmin IgG2a complexes. (B) 

Western blot analysis of GST (lane 1, green), actin (lane 2, red), -tubulin (lane 3, blue), desmin 

(lane 4, cyan), and mixture (lane 5). Molecular sizes (kDa) are indicated in the right margin. 
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5.3.5. Cy-labeled ZZ-BNC/IgG complexes for simultaneous immunolabeling of multiple 

antigens in immunocytochemistry 

 

 Simultaneous immunolabeling of multiple antigens by Cy-labeled ZZ-BNCs in 

western blot analysis led us to examine whether the Cy-labeled ZZ-BNC/IgG 

complexes are applicable for immunocytochemistry. Cy2-labeled ZZ-BNC was used to 

detect two cytoskeletal proteins (-tubulin and vimentin), one mitochondrial protein 

(Tom20), one endosomal protein (LAMP2), and one nuclear protein (PML) in human 

breast cancer MDA-MB435 cells. Each primary antibody (mouse anti--tubulin IgG2b; 

mouse anti-vimentin IgG2a; mouse anti-Tom20 IgG2a; mouse anti-LAMP2 IgG2a; 

mouse anti-PML IgG1) was mixed with Cy2-labeled ZZ-BNC, and then each complex 

was applied to fixed and permeabilized cells, followed by staining with Hoechst 33342 

(Figure 5.6B). As a control, the same antibodies were used for conventional 

immunocytochemistry using Cy2-labeled anti-mouse IgG secondary antibody (Figure 

5.6A). Both methods could visualize the intracellular localizations of cytoskeletal 

proteins (-tubulin and vimentin), mitochondrial protein (Tom20), lysosomal protein 

(LAMP2), and nuclear protein (PML) to a similar extent. Although the ZZ-BNC/IgG 

complex is ~53 nm in diameter (by dynamic light scattering), the Cy2-labeled 

ZZ-BNC/IgG complex could pass through the nuclear membrane. Moreover, for the 

IgG subclass, while mouse IgG1 shows lower affinity to ZZ-BNC than other mouse IgG 

subclasses (see Table 5.1), it is noteworthy that mouse IgG1 can be used for the 

Cy-labeled ZZ-BNC complex as a primary antibody, without BS
3
 treatment. I then 

examined the applicability of Cy-labeled ZZ-BNCs for simultaneous immunolabeling of 

multiple antigens in immunocytochemistry (Figure 5.7A). After preparation of 

Cy2-labeled ZZ-BNC/mouse anti--tubulin IgG2b and Cy5-labeled ZZ-BNC/mouse 

anti-Tom20 IgG2a complexes without BS
3
 treatment, both complexes were combined 

into a single tube, and then added to fixed and permeabilized cells, followed by staining 

with Hoechst 33342 (Figure 5.7B). The specimen clearly showed the localization of 

-tubulin and Tom20 in cells without any non-specific signal. 
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Figure 5.6 Evaluation of each Cy2-labeled ZZ-BNC/IgG complex for 

immunocytochemistry. (A) Conventional Cy2-labeled secondary antibody method. (B) 

Cy2-labeled ZZ-BNC/IgG complex method. Schemas for the immunocomplexes formed on 

MDA-MB435 cells (upper panels). Immunocytochemical images obtained using antibodies 

against -tubulin (2nd panels), vimentin (3rd panels), Tom20 (4th panels), LAMP2 (5th panels), 

and PML (bottom panels). Nuclei were stained with Hoechst 33342. Bars, 10 m. 
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Figure 5.7 Simultaneous immunolabeling of multiple antigens by immunocytochemistry 

with various Cy-labeled ZZ-BNC/IgG complexes. (A) Schemas for the immunocomplexes of 

Cy2-labeled ZZ-BNC/mouse anti--tubulin IgG2b and Cy3-labeled ZZ-BNC/mouse 

anti-Tom IgG2a formed on MDA-MB435 cells. (B) Immunocytochemical images obtained 

by using antibodies against -tubulin (green) and Tom20 (red). Nuclei were stained with 

Hoechst 33342. Bars, 10 m. 
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5.3.6. Cy-labeled ZZ-BNC/IgG complexes for simultaneous immunolabeling of multiple 

antigens in flow cytometric analysis 

 

 The potential for multiple immunolabeling with Cy-labeled ZZ-BNC/IgG 

complexes was investigated in the context of flow cytometry. As described in Figure 5.4, 

the Cy5-labeled ZZ-BNC/IgG complex could work in flow cytometry. The expressions 

of EGFR and integrin 1 on the surface of A431 cells were measured by mouse 

anti-EGFR IgG2a and mouse anti-integrin 1 IgG2a, respectively, using a flow 

cytometric analysis (Figure 5.8A). After trypsinization, A431 cells were contacted with 

either Cy2-labeled ZZ-BNC/anti-EGFR antibody or Cy5-labeled ZZ-BNC/anti-integrin 

1 antibody, and then analyzed with a flow cytometer (Figure 5.8B and C, dark areas). 

The fluorescent intensity was comparable to that of the conventional method (Figure 

5.8A, left panel; Figure 5.8B and C, light areas). When applying both Cy-labeled 

ZZ-BNC/IgG complexes (Figure 5.8A, right panel), each fluorescent-intensity was 

obtained without signal attenuation (Figure 5.8D). Moreover, each Cy-labeled 

ZZ-BNC/IgG complex was observed at the cell surface under confocal laser scanning 

microscope (Figure 5.8E), strongly suggesting that the complexes bound to specific 

antigens. 
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Figure 5.8 Flow cytometric analyses using various Cy-labeled ZZ-BNC/IgG complexes. (A) 

Schemas for the immunocomplexes formed on A431 cells. Conventional Cy-labeled secondary 

antibodies (left panel), and Cy-labeled ZZ-BNC/IgG complexes (right panel). (B) Flow 

cytometric analysis of EGFR on A431 cells. Histogram plots of expression levels of EGFR 

obtained with mouse anti-EGFR IgG2a in combination with Cy2-labeled secondary antibody 

(light green) and Cy2-labeled ZZ-BNC/IgG complex (dark green). Negative controls were 

obtained with mouse total IgG in combination with Cy2-labeled secondary antibody (light gray) 

and Cy2-labeled ZZ-BNC/IgG complex (dark gray). (C) Flow cytometric analysis of integrin 1 

on A431 cells. Histogram plots of expression levels of integrin 1 obtained with mouse 

anti-integrin 1 IgG2a in combination with Cy5-labeled secondary antibody (light blue) and 

Cy5-labeled ZZ-BNC/IgG complex (dark blue). Negative controls were obtained with mouse 

total IgG in combination with Cy5-labeled secondary antibody (light gray) and Cy5-labeled 

ZZ-BNC/IgG complex (dark gray). (D) Simultaneous flow cytometric analysis of EGFR and 

integrin 1 on A431 cells. Histogram plots of expression levels of EGFR and integrin 1 
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obtained with Cy2-labeled ZZ-BNC/mouse anti-EGFR IgG2a (dark green) and Cy5-labeled 

ZZ-BNC/mouse anti-integrin 1 IgG2a (dark blue) complexes. Negative controls were obtained 

with Cy2-labeled ZZ-BNC/mouse total IgG (light gray) and Cy5-labeled ZZ-BNC/mouse total 

IgG (dark gray) complexes. (E) Immunocytochemical and differential interference constant 

images (DIC) of A431 cells stained with Cy2-labeled ZZ-BNC/mouse anti-EGFR IgG2a (green) 

and Cy5-labeled ZZ-BNC/mouse anti-integrin 1 IgG2a (blue) complexes. Both Cy2-labeled 

ZZ-BNC/mouse total IgG and Cy5-labeled ZZ-BNC/mouse total IgG complexes were used as 

negative controls. Bars, 10 m.  

 

 

5.3.7. Significance of Cy-labeled ZZ-BNC/IgG complexes as biomaterials 

 

 When the Cy-labeled ZZ-BNCs are compared with the fluorophore-labeled Fab 

fragments (also known as Zenon labeling reagent) [15], our method requires only 

ZZ-BNCs labeled with various fluorescent dyes. However, the Zenon method requires 

many kinds of Fab fragments specific to Fc regions (dependent on animal species and 

IgG subclass), which must be labeled with various fluorescent dyes, requiring many 

more reagents than the ZZ-BNC method. Additionally, a ZZ-BNC could function as a 

scaffold for oriented immobilization of antibodies [21], resulting in enhanced sensitivity 

and antigen binding capacity. Recently, several types of nanoparticles have been 

introduced as bio-imaging probes with higher stability and stronger fluorescence 

intensity, such as semiconductor nanoparticles (quantum dots) [25], silica spheres [26], 

and lipidic nanoparticles [27]. However, it has been difficult to control the direction of 

bio-recognition molecules (especially, antibodies) on their surfaces. If these 

nanoparticles are incorporated into ZZ-BNCs by liposomal fusion, as described 

previously [28], these ZZ-BNC-coated nanoparticles, including the fluorophore-labeled 

ZZ-BNCs, become promising bio-imaging probes for immunofluorescence techniques, 

facilitating both oriented immobilization of antibodies and simultaneous 

immunolabeling of multiple antigens.  

 Because hepatitis B virus infects with human liver cells specifically, our group 

previously developed BNC (i.e., HBsAg L particle) as a novel carrier for the in vivo 

pinpoint delivery of genes and drugs [29]. BNCs efficiently deliver encapsulated 

materials to tissues derived from the human liver in vivo by exploiting the infection 

mechanism of hepatitis B virus. These data strongly suggested that Cy-labeled 

ZZ-BNC/IgG complexes function as bio-imaging probes applicable not only in vitro but 

also in vivo. 
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5.3.8. Conclusions 

 

 This study demonstrated that a series of Cy-labeled ZZ-BNCs improves both 

the sensitivity and signal intensity of western blot analysis, presumably by oriented 

immobilization of the antibodies. Where the available antibodies are derived from the 

same animal species, the Cy-labeled ZZ-BNCs enable the simultaneous 

immunolabeling of multiple antigens in western blot analysis, immunocytochemistry, 

and flow cytometric analysis. 
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Chapter VI 

 

6.1. Comprehensive Discussion 

 

everal strategies have been reported to improve the sensitivity, antigen-binding 

capacity and specificity of immunoassay systems by introducing the oriented 

immobilization of antibodies to bio-sensing probes. However, conventional 

strategies (e.g., chemical crosslinking without any control of orientation through single 

or mixed self-assembled monolayers (SAMs), an immunoglobulin G Fc-interacting 

protein A or G, a biotin/(strept)avidin complex, or synthetic polymers) [1, 2] have still 

harbored potential problems as described in the Introduction of Chapter IV. Therefore, 

the aim of this study is to develop new strategies accomplishing the completely oriented 

immobilization of antibodies without affecting the function of antibodies. On the other 

hand, our groups have developed a hollow nanocapsule consisting hepatitis B virus 

surface antigen L protein (known as BNC, bio-nanocapsule) as a new drug delivery 

system (DDS) carrier. In the course of the improvement of BNC, we generated BNC 

displaying the ZZ domain (IgG Fc-binding region) derived Staphylococcus aureus 

protein A (known as ZZ-BNC) for the antibody-dependent pinpoint DDS. These 

situations led me to investigate if ZZ-BNC could be a scaffold for the completely 

oriented immobilization of antibodies in bio-sensing probes. 

 Since the availability of BNC has so far been limited due to the inefficiency of 

purification process, as described in Chapter II, I have established the new purification 

process for BNCs, which utilized heat treatment and affinity chromatography. 

Especially, I found that heat treatment at 70°C at pH 7.4 for 20 min completely 

inactivated the yeast proteinases resided in the crude extract (see Figures 2.1 and 2.4). 

Consequently, both yield and purity of BNCs have been significantly improved and the 

time required for whole purification process has been shortened from 1 week to 2 days. 

Furthermore, lyophilization with sucrose was found to preserve the function of BNC at 

4°C for at least 14 months. Thus, these improvements have broadened the versatility of 

BNC in the biomaterial field. 

 In Chapter III, I demonstrated that ZZ-BNC could assemble antibodies on their 

surface even without chemical modification. Then, ZZ-BNC could enhance the signals 

in the detection of antigens and antibodies through the formation of ZZ-BNC-antibody 

complex when added to the aqueous phase of conventional ELISA and Western blot 

analysis. Combination of the avidin-biotin complex (ABC) system and biotinylated 

ZZ-BNC significantly improved the sensitivity of conventional ELISA and Western blot 

S 
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analysis. ZZ-BNC was postulated to tether the Fc regions of IgG on the ZZ domain so 

that all the Fv regions are displayed outwards for effective formation of 

immunocomplexes. Since our group previously reported that BNC (including ZZ-BNC) 

can incorporate various materials by electroporation [3] and liposome fusion [4], 

ZZ-BNC might be applicable for the immunoassays utilizing various labeling molecules 

(e.g., fluorophores, radioisotopes, quantum dots, chromophores). 

 Our group previously reported that BNCs could adsorb onto a mica surface 

without the disruption of its particle structure [5]. In Chapter IV, I tried to utilize 

ZZ-BNC as a scaffold of antibodies for immunosensors, and demonstrated that ZZ-BNC 

enhanced the sensitivities and antigen-binding capacities on the immunosensor chips by 

the oriented immobilization of antibodies. ZZ-BNC could associate firmly not only 

mica and gold but also with glass and plastics (unpublished results). The extraordinarily 

high stability of ZZ-BNC-bound chips makes them an ideal bio-sensing probe 

applicable for various immunosensing technologies, including QCM and SPR, but also 

surface acoustic wave (SAW) [6], laser nephelometry [7], fluorescence anisotropy [8] 

and immunologically modified field effect transistors (ImmunoFET) [9]. 

 Finally, to expand the applications of ZZ-BNC in immunofluorescence 

techniques, in Chapter V, I prepared various types of fluorophore-labeled ZZ-BNC as 

bio-imaging probes. As described in Chapter IV, I found the improvement of sensitivity 

and antigen-binding capacity of antibodies by conjugating with ZZ-BNC 

fluorophore-labeled ZZ-BNCs, and established the simultaneous immunolabeling 

methods for multiple antigens. Where the available antibodies are derived from the 

same animal species, the fluorophore-labeled ZZ-BNCs enable the simultaneous 

immunolabeling of multiple antigens in western blot analysis, immunocytochemistry, 

and flow cytometric analysis. These data strongly suggested that the 

fluorophore-labeled ZZ-BNC/IgG complexes function as bio-imaging probes applicable 

not only in vitro but also in vivo. 

 In conclusion, I demonstrated that ZZ-BNC is an ideal scaffold for the oriented 

immobilization of antibodies in the bio-sensing probes. Although the interaction of 

biomolecules is not only antigen-antibody but also ligand-receptor [10], lectin-sugar 

chain [11], DNA-nucleotide binding protein [12], and so on. Recently, biosensors [13, 

14] have been utilized to detect these specific interactions, which are very important to 

maintain the biological activity in the fields of food analysis [15], bioterrorism [16, 17], 

environmental survey [16-18] and in the area of human health monitoring and 

diagnostics [19, 20]. In the near future, ZZ-BNC could display various biomolecules 

(e.g., antibodies, ligands, lectins, DNAs) by using the IgG-Fc-fusion technique [21] in 
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an oriented immobilization manner, which would facilitate the development of new 

bio-sensors and new applications for these fields. 
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