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a b s t r a c t

Simultaneous detection of multiple antigens by conventional immunological methods has been limited
by the source of primary antibodies. Each antibody should be derived from a different host species (or
subclass of immunoglobulin (Ig)) for suppressing the cross-reactions of secondary antibodies. Here we
describe an innovative method for simultaneous, rapid, and sensitive detection of multiple antigens
using w30-nm bio-nanocapsules (BNCs) displaying IgG Fc-binding Z domains derived from Staphylo-
coccus aureus protein A (ZZ-BNC). When Cy2-labeled ZZ-BNC (Cy2-ZZ-BNC) was used instead of Cy2-
labeled secondary antibody in western blot analysis, both sensitivity and signal intensity were signifi-
cantly increased. The complex of Cy5-ZZ-BNC and mouse IgG2a (which shows moderate affinity to the Z
domain) was not dissociated, even in the presence of 8-fold excess of free mouse IgG2a. In addition,
crosslinking with BS3 (bis-sulfosuccinimidyl suberate) efficiently stabilized the interaction. The ZZ-BNCs
labeled with various Cy dyes facilitated the simultaneous detection of multiple antigens using primary
antibodies derived from the same host species, by western blot analysis, immunocytochemistry and flow
cytometry, which could expand the possibility of bio-imaging probes in various immunofluorescence
techniques.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The simultaneous detection of multiple antigens in one spec-
imen by immunological methods (e.g., western blot analysis,
immunocytochemistry, flow cytometric analysis, and immunohis-
tochemistry) has been considered as a powerful tool for the eluci-
dation 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 anti-
bodies from the same host species. Each immunolabeling step is

carried out using a secondary antibody labeled with a distinct flu-
orophore [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 immunolab-
eling steps. Tyramide signal amplification (TSA) [6] is also used to
reduce the amount of primary antibodies in the first immunolab-
eling 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 frag-
ments [9], enzyme-labeled anti-IgG Fab/F(ab0)2 fragments [10], and
fluorophore-labeled anti-IgG F(ab0)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 prac-
tically limited to two immunolabelings. False-positive signals may
also occur by the cross-reaction of secondary antibodies. To over-
come 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,
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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].

We have previously generated a nanocapsule of w30 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
(Fig. 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 w60 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 we present a study of the capacity of fluorophore-
labeled ZZ-BNCs to enhance the sensitivity and signal intensity of
various immunological assays and the possibility of establishing
simultaneous immunolabeling methods for multiple antigens.

2. Materials and methods

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-BNCswere extracted by the disruptionwith glass beads and purified
by affinity chromatography on porcine IgG and gel filtration equipped on an AKTA
system (GE Healthcare, Amersham, UK).

2.2. Reagents

Cy2-, Cy3-, Cy5-, and Cy7-bis-reactive Dye were from GE Healthcare. Rabbit
muscle actin was from SigmaeAldrich 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 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 gluta-
thione (GE Healthcare).

2.3. Conventional western blot analysis

Each antigen (actin, desmin, GST, vimentin; 0.5e500 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 TriseHCl, 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 mg/mL). These membranes were washed three times with TBST, and incubated
with the Cy2-labeled goat-derived anti-mouse IgG (2 mg/mL) secondary antibody at
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
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Fig. 1. Capsular structure of Cy-labeled ZZ-BNC. One ZZ-BNC particle consists of w120
ZZ-L proteins and a lipid bilayer.

Table 1
Primary antibodies used in this study.

Antigen Species Manufacturera Binding affinity
to ZZ-BNC (%)b

Actin Mouse IgG2a SigmaeAldrich 29
Desmin Mouse IgG2a Abnova 29
GST Mouse IgG2a Nacalai Tesque 29
Vimentin Mouse IgG2a Progen 29
b-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 b1 Mouse IgG2a Santa Cruz 29

Mouse total IgG SigmaeAldrich 100
Human total IgG SigmaeAldrich 80
Rat total IgG SigmaeAldrich 10
Mouse IgG1 SigmaeAldrich 6
Mouse IgG2a SigmaeAldrich 29
Mouse IgG2b SigmaeAldrich 31

a SigmaeAldrich, 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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fluorescence image analyzer (GE Healthcare) equipped with 473-nm laser. In the
case of visualization of immunoreactive bands with chemiluminescence, we used
Immobilon-P PVDF membrane (Millipore), horseradish peroxidase (HRP)-conju-
gated rabbit anti-mouse IgG (SigmaeAldrich), ECL Western blotting detection
reagent (GE Healthcare), and a luminescence image analyzer (LAS-4000mini, Fuji-
film, Tokyo, Japan).

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 mg) was incubated with 5 mL of Zenon labeling reagent (Cy2-
labeled anti-mouse IgG2a Fab fragment) at room temperature for 5 min, mixed
with 5 mL of Zenon blocking reagent (mouse IgG) at room temperature for 5min, and
then diluted in 1 mL of TBST. The western blots were immersed into the buffer,
incubated at room temperature for 1 h, and thenwashed three times with TBST. The
Cy2-labeled bands were visualized under a Typhoon FLA-9000 fluorescence image
analyzer.

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 mg as protein)
were preincubated with each primary antibody (1 mg) in 50 mL 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.

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 mM of BS3 (bis-sulfosuccinimidyl suberate) cross-linker (Thermo Fisher
Scientific Inc. (Rockford, IL, USA)) was added to each Cy-labeled ZZ-BNC/IgG complex
(5 mg of BNC and 1 mg of primary antibody in 50 mL PBS) and incubated at room
temperature for 30 min. To eliminate the unbound IgGs, the complex was passed
through 100 mL (50% slurry) of nProtein A Sepharose 4 Fast Flow resin (GE Health-
care), followed by the addition of ZZ-BNC (5 mg 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-b-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 fluores-
cence 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.

2.7. Immunocytochemistry

Human breast cancerMDA-MB435 cells (ATCC, HTB-129) (approximately 1�105

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 30min. One mg
of each primary antibody (anti-b-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 mL of blocking buffer,
added to each well, incubated at room temperature for 1 h, and then washed three
times with PBS. One mg of Cy2-labeled goat-derived anti-mouse IgG and Hoechst
33342 (1:10000 dilution) were diluted with 250 mL of blocking buffer, added to each
well, incubated at room temperature for 1 h, and thenwashed 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 633-nm laser.

2.8. Flow cytometry

Human epithelial carcinoma A431 cells (Riken, RCB0202) (approximately
1 � 106 cells) were incubated in 1 mL blocking buffer on ice for 30 min. The
100 mL aliquot of cell suspension was mixed with 1 mg of each primary antibody
(anti-EGFR mouse IgG2a, anti-integrin b1 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 mg 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 sub-
jected 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. Acqui-
sition data analysis was performed on 20,000 cells/sample using FACSDiva
Software (BD Biosciences).

3. Results and discussion

3.1. Cy-labeled ZZ-BNC/IgG complex for western blot analysis

ZZ-BNC contains w120 molecules of ZZ-substituted L (ZZ-L)
protein as a lipid bilayer-embedding form, and can bind w60

Fig. 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 0.5e500 ng/lane of actin, desmin, GST, and vimentin were used.
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molecules of mouse total IgGs per single ZZ-BNC (Fig. 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, we first examined
whether the fluorophore-labeled ZZ-BNC could be applicable to
enhance the intensity and sensitivity of western blot analysis. ZZ-
BNCwas 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 1e3 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 conve-
ntional fluorophore-labeled secondary antibody (Fig. 2a), the
fluorophore-labeled Fab fragment (Fig. 2b), and the fluorophore-
labeled ZZ-BNC (Fig. 2c), were examined to compare the sensi-
tivity and the signal intensity in western blot analysis using
a membrane containing four antigens (actin, desmin, GST, and
vimentin; 0.5e500 ng/lane). Both the Cy2-labeled secondary
antibody and Cy2-labeld 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 immobi-
lization, which may improve the avidity and antigen recognition
of antibodies.

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 suffi-
ciently excluded that IgGs on ZZ-BNCs are replaced by other IgGs
spontaneously, which may increase the background in immuno-
assays. We therefore added BS3 cross-linker (0e1.0 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 Fig. 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 approxi-
mately 48-, 50- and 25-kDa, respectively. When ZZ-BNC/IgG
complex was incubated with various concentrations of BS3 for
30min, smeared bands (>100 kDa, asterisk in lanes 4e7) appeared
with increasing BS3 concentration, indicating that IgGs and ZZ-
BNCs form stable complexes when crosslinked with BS3. Next,
we prepared ZZ-BNCs labeled with various Cy dyes (Cy2, Cy3, Cy5,
and Cy7), mixed with mouse IgGs against GST, actin, desmin, and
b-tubulin, respectively, and subjected them to simultaneous
immunolabeling of multiple antigens by western blot analysis
(Fig. 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 mM BS3-
mediated crosslinking (see asterisks in lower panels). Based on the
results, the optimal concentration of BS3 was determined at 50 mM
for further experiments.

3.3. Evaluation of antibody swapping of ZZ-BNC/IgG complexes

As shown in Fig. 3b, the combination of ZZ-BNC and BS3 cross-
link 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, we evaluate the incidence of antibody swapping using human
epithelial carcinoma A431 cells and anti-EGFR IgG (mouse IgG2a).
We first mixed Cy5-labeled ZZ-BNC/anti-EGFR IgG (mouse IgG2a,
20 mg/mL as IgG) complexes with known amounts of non-specific

Fig. 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 BS3 (0e1.0 mM, lanes 3e7). 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 (þ) or without (�) the crosslinking reaction
with BS3. The blots containing various antigens (GST, actin, b-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-b-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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antibodies derived from various animal species (0e160 mg/mL) at
room temperature for 30 min, and allowed the mixtures to contact
with A431 cells on ice for 30 min (Fig. 4a). The Cy5-derived fluo-
rescence 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 mg/mL mouse total IgG, presumably by

antibody swapping (Fig. 4b); however, this suddenly increased to
150% by the addition of 80 mg/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 mM BS3 showed stable fluorescence, even after
the addition of 160 mg/mL mouse total IgG. Since one Fc region
could interact with two Z domains [19], excess amounts of IgGs
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Fig. 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. (beg) Relative fluorescence intensities (%) of Cy5-labeled ZZ-BNC/mouse anti-EGFR IgG2a/A431 cells in 2.5e160 mg/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 mM BS3.
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might induce crosslinking of ZZ-BNCs. The BS3 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 mg/mL human total IgG, and suddenly increased to 115% by
160 mg/mL human total IgG (Fig. 4c). The BS3 treatment enabled the
use of 160 mg/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 mg/mL of respective IgG, regardless of BS3

treatment (Fig. 4deg). 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 BS3 treatment, even in the presence of an 8-fold excess
of free IgGs.

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,
b-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-b-tubulin IgG2b;mouse
anti-desmin IgG2a) and ZZ-BNCs labeled with multiple Cy dyes
(Cy2-, Cy3-, Cy5-, and Cy7-, respectively) in western blot analysis
(Fig. 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 mM of BS3. The mixture of four Cy-labeled ZZ-
BNC/IgG complexes was then subjected to western blotting for
multiple antigens. As shown in Fig. 5b, we succeeded in the
simultaneous immunolabeling of four antigens using mouse
primary antibodies, with no non-specific bands.

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-BNCwas used to detect two
cytoskeletal proteins (b-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-b-tubulin IgG2b; mouse anti-

Fig. 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, b-tubulin, and desmin by the mixture of Cy2-labeld ZZ-BNC/mouse anti-GST IgG2a, Cy3-labeled ZZ-BNC/mouse anti-actin IgG2a, Cy5-labeled ZZ-BNC/mouse anti-b-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), b-tubulin (lane 3, blue), desmin (lane 4,
cyan), and mixture (lane 5). Molecular sizes (kDa) are indicated in the right margin. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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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 per-
meabilized cells, followed by staining with Hoechst 33342 (Fig. 6b).
As a control, the same antibodies were used for conventional
immunocytochemistry using Cy2-labeled anti-mouse IgG

secondary antibody (Fig. 6a). Both methods could visualize the
intracellular localizations of cytoskeletal proteins (b-tubulin and
vimentin), mitochondrial protein (Tom20), lysosomal protein
(LAMP2), and nuclear protein (PML) to a similar extent. Although
the ZZ-BNC/IgG complex is w53 nm in diameter (by dynamic light
scattering), the Cy2-labeled ZZ-BNC/IgG complex could pass

Fig. 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 b-tubulin
(2nd panels), vimentin (3rd panels), Tom20 (4th panels), LAMP2 (5th panels), and PML (bottom panels). Nuclei were stained with Hoechst 33342. Bars, 10 mm.
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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 1), it is noteworthy that mouse
IgG1 can be used for the Cy-labeled ZZ-BNC complex as a primary
antibody, without BS3 treatment. We then examined the applica-
bility of Cy-labeled ZZ-BNCs for simultaneous immunolabeling of
multiple antigens in immunocytochemistry (Fig. 7a). After prepa-
ration of Cy2-labeled ZZ-BNC/mouse anti-b-tubulin IgG2b and Cy5-
labeled ZZ-BNC/mouse anti-Tom20 IgG2a complexes without BS3

treatment, both complexes were combined into a single tube, and
then added to fixed and permeabilized cells, followed by staining
with Hoechst 33342 (Fig. 7b). The specimen clearly showed the
localization of b-tubulin and Tom20 in cells without any non-
specific signal.

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 Fig. 4, the Cy5-labeled ZZ-BNC/IgG
complex could work in flow cytometry. The expressions of EGFR
and integrin b1 on the surface of A431 cells were measured by
mouse anti-EGFR IgG2a and mouse anti-integrin b1 IgG2a,
respectively, using a flow cytometric analysis (Fig. 8a). After tryp-
sinization, A431 cells were contacted with either Cy2-labeled ZZ-
BNC/anti-EGFR antibody or Cy5-labeled ZZ-BNC/anti-integrin b1
antibody, and then analyzed with a flow cytometer (Fig. 8b and c,
dark areas). The fluorescent-intensity was comparable to that of the
conventional method (Fig. 8a, left panel; Fig. 8b and c, light areas).
When applying both Cy-labeled ZZ-BNC/IgG complexes (Fig. 8a,
right panel), each fluorescent-intensity was obtained without
signal attenuation (Fig. 8d). Moreover, each Cy-labeled ZZ-BNC/IgG
complex was observed at the cell surface under confocal laser

scanning microscope (Fig. 8e), strongly suggesting that the
complexes bound to specific antigens.

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 immu-
nolabeling of multiple antigens.

Because hepatitis B virus infects with human liver cells specif-
ically, we 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

Fig. 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-b-tubulin IgG2b and Cy3-labeled ZZ-BNC/mouse anti-Tom20 IgG2a formed on MDA-MB435 cells. (b) Immunocytochemical images obtained by using
antibodies against b-tubulin (green) and Tom20 (red). Nuclei were stained with Hoechst 33342. Bars, 10 mm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Cy-labeled ZZ-BNC/IgG complexes function as bio-imaging probes
applicable not only in vitro but also in vivo.

4. 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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Fig. 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 b1 on A431 cells. Histogram plots of expression levels of integrin b1 obtained with mouse anti-integrin b1 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 b1 on A431 cells. Histogram plots of expression levels of EGFR and
integrin b1 obtained with Cy2-labeled ZZ-BNC/mouse anti-EGFR IgG2a (dark green) and Cy5-labeled ZZ-BNC/mouse anti-integrin b1 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 b1 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 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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