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Bio-nanocapsule-based scaffold for biosensing molecules: enhancement of sensitivity
by the clustering and oriented immobilization of sensing molecules

Masumi lijima, Shun’ichi Kuroda* (Department of Bioengineering Sciences, Graduate School
of Bioagricultural Sciences, Nagoya University, Furo-cho, Chikusa, Nagoya, Aichi, 464-8601
Japan) Seibutsu-kogaku 93: 248-258, 2015.

Biosensing is a state-of-the-art sensing technique that detects the interactions between biomolecules,
such as antigen-antibody, ligand-receptor, and sugar chain-lectin interactions. Since the target analytes are
often of higher molecular mass and their binding affinities are sometimes weak, the sensing molecules on
biosensing probes should be sensitized as much as possible by displaying them in a close-packing manner
and reducing steric hindrance around the analyte-binding site. It is thus believed both clustering and ori-
ented immobilization of sensing molecules on biosensing probes are important for enhancing the sensitiv-
ity and specificity of probes. Conventionally, sensing molecules have clustered onto solid phases (e.g.,
gold, silver, carbon nanotubes, liposomes) with scaffolds (e.g., linkers, self-assembled monolayers, protein
A, avidin) to improve biosensing probes. However, neither of these strategies has yet accomplished both
clustering and oriented immobilization of sensing molecules. Recently, we have developed bio-nanocapsules
(ZZ-BNC) of ~30-nm diameter, which display ~120 molecules of a tandem form of immunoglobulin (Ig)
G Fc-binding Z domains derived from Staphylococcus aureus protein A, that serve as a scaffold for the
clustering and oriented immobilization of IgGs and Fc-fused biosensing molecules. Here, we describe the
molecular basis of ZZ-BNC-based technology, and introduce the versatility of this technology not only in
immunosensors but also in other biosensors.
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(Fig. 1A 1B, Tablel). 22T, WinNA+try v
FTORSE, R FAFIv Ly VRERBLES
B0, v vy v T BN R RS
TE5E9, vy vt as A5 —{LLDoD,
ZORMEE >/ LNV THIE L CREIRRT 2127 5
AZ—AbE T LNWEGL ] Bl OFAFESERE R L
%52 (Fig. IATE).

ROt 22 TS FREELE

ATk, MERBOLZODL L) 70T ¥
(immunoglobulin (19)) G LA %2 HIZ & D Z2ehin,
ERPBEHBE LoD v Y v I FDr 5 Ay —{LL#
FHEIZ X BN F 2 v o v 7 OEEEALIZ O W TS
%. 19gGOfiEE, 2AROHEH (HEH) L 2ARKOWEMH (L
$H) BYVANT 4 FEEALTYZERO4ERE R L
N KR PR A (Fv) % &2 B Fab #8
ETEHOFeHiEA» HREK S5 (Fig. 1B). F72, 73
J BRECHI D3 AR 2 7R 37 KR (constant region
(Ch. Crzo Cug) &, HFEPEAMEV W ZERAL (variable
region (Vy, VL)) PHEFE L, Crp SALICHESEZ 2. o
&b HHZR 19G OB b, 196 % B A _E A
UWEaEH (77 > FVT—V A, Bl Bk,
WA E) I2XBb0THHY. Akid, 19G & K& Hi
DEFMDLIENTE LD, 19G A IRFF R I [E 52
ND72OBMED T >~ & 22 7% ) FvORER Y o 2k ke
ERSICHIEME RV, 22T, EMHECZIgEE Y T A
& — Atz & O EREE 2 i 2 TESIME L CEE L, Fv)E
BOARBEE RS 2 RSB SHmE S hTws 2,

T3, IgGek2HWwWA HFEE LT, IgGRED 7
1) — ONH, 31619242 19G 7 1) — > COOH #2027,
IgG D HESH (WHMEAL L 721) %, F 721k 1gG D Fe#
B0 & S F L F RS T R A L CARREA I
B b3 % b 5 (Fig.2). 72, 1IgGERT T v
RBEIH 2-ANAT vy 7 —NTIV) THRAILL

Table 1. Elements of biosensing techniques
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Fig. 1. (A) Effect of randomized (upper panels) or oriented
(lower panels) immobilization of sensing molecules on the
recognition of target molecules. Sensing molecules in aqueous
phase for detecting target molecules on solid phase were
indicated (left panels). Sensing molecules on solid phase for
detecting target molecules in aqueous phase were indicated
(right panels). (B) Y-shaped structure of IgG.

Detection systems  Solid phases Scaffolds Sensing molecules Target molecules
ELISAY Gold*™" Cross-linkers'® IgGs Antigens
FIA? Silver? SAMs™) Receptors Ligands
RIAY Semiconductor” Streptavidin®® DNA-binding proteins ~ DNA
QCMm? Carbon nanotube®®  DNA structures’® Aptamers DNA/RNA
SPRY Silica'? Protein A® Sugars Lectins
Ellipsometry® Liposome™ Protein G* Lectins Sugars

Glass' IgG-Fc-binding peptide?”®  Enzymes Substrates

ELISA, enzyme-linked immunosorbent assay; FIA, fluoroimmunoassay; RIA, radioimmunoassay; QCM, quartz crystal
microbalance; SPR, surface plasmon resonance; SAMs, self-assembled monolayers; IgGs, immunoglobulin Gs.
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Fab' SH
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Half Ab SH -
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Cys-fused- Au®)
S\ His-tag-fused-Ni2*/Nitrilotriacetic acid-linker- Aut0)
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Cutinase-GS linker-fused-Phosphonate and triethylenegrycol-SAM-SH-  Au2)
a-PS-peptide-fused- PS (O, plasma treated)*?)
(2Lys on rodent V| C)-NHS-biotin-Neutravidin- Aut)
VHH Free NH,
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Fig. 2. Strategies for IgG immobilization on solid phase. scFv, single-chain Fv; VHH, Camelidae-derived single variable domain of
heavy chain of heavy chain of antibody; Tos, tosyl group; NHS, N-hydroxysuccinimide; SAM, self-assembled monolayer; Dex, dextran;
ssDNA, single strand DNA; CPY, carboxypeptidase Y; a-Fc-peptide, Fc-recognizable peptide; a-Au peptide, gold binding polypeptide;
77, two Fc-binding Z domains of Staphylococcus aureus protein A; a-PS peptide, polystyrene-binding peptide; OmpA, transmembrane
domain of outer membrane protein A; PEG, polyethylene glycol; GS, glycine-serine; CNT, carbon nanotube; PS, polystylene.

(Camelidae-derived single variable domain of heavy
chain of heavy chain of antibody (VHH)) ®71) —®
NH, 39 % @ b § 2 JiEdvd 2. LHALuadS, 1gG
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THoH720, TEGEIMEZERTE B\, DErS,
IgG D27 5 A% —{bB L UF /7 L X)VEFIL % [F] B 12 5E
WTED o L BEBY LR TIE, OBek - KB
fili IgG O —fa&ifr L FFRMITHEEG L, @IgGHE &A% 4%
FIFER L, @ IgGHE G A B BIRE THEL, @
LR - WA b L 2 LTt THh 2 2 LDV EE
EEZLNT. ZO XS BT, B, KMTT7AEY
JL8 (surface plasmon resonance (SPR)) O 4ZEARK 112,
thioPEG (1-mercaptoundec-11-yltriethylene glycol) T
NLEZ L, ZZctOmpA (¥ 7 ¥ 7 EKHK Protein
AHIEIQG-FCHAZ N AL Y 2EG L2y V87 8
ZHOAATH I MIE7 V7 2 Y IgG ZFEILL, b
MALE 7 V7 3 v 2 5 FEads Shizas™, b
AN ETRTHZTHOTIERd o7

NAFF/h7EIL (BNC)

BN 27 4 W ADEMBEL ¥ » 37 (3897 3
J B (aa)) 1, NEKuMW X 9 Pre-S14H % (108 aa),
Pre-S2 #Hi% (55 aa), X OFSHHIE (226 aa) »* HHEL
S (Fig. 3A), MIFEMRNTL Y 387 HE BRI
SETHEOSNLEENI0nm O ZEF KT [354 FF
J 51 7%k (bio-nanocapsule (BNC)) | 1%, 3mIEHE
WO LY 787 B 110 501 EE R ME AR B H sk V) R
VAR INTOTFFYRY —LTH DY,
BNCiZ, =L 27 baRL—Ya viENBIOFY) Ry —
LEEESC R ) s EEF WY CGEH, ®IzZT, 4
YT, ALEWE L) % BNCHIBIZHE B #E T,
L% > 787 B Pre-S1HHIAFAET B & b IR EEFR AL
12X 1% in vitrob X O%in vivolZ BTk TR
M E 72 3R S E AR ETEL T /XX )T Th
%40, Jr4E, k413 Pre-S14HI% B X O Pre-S2 i D —
# (51-159 aa) %, Protein A®D IgG-FcAE&Z K x4~
(QFAR (127 aa)) VB L 72 ZZ-L ¥ > 3 7 B 2 {8
L, H3F@EANTBNCEFMERIZZZ Y 7i/R B BNC
(ZZ-BNC) #%FBL 72" (Fig. 3A). FFBIEERE
Wik%E 79 A= X L, % 70°C <20
SrRIBVILER U CRERESR ¥ ooy R R LR, TS
G774 =74 —27uUx b 7774 —BLUT VA8
sUux M T74—=I1CXDFMZZ-BNCZH 5 Z & 28
T&7:%. ZZ-BNCE—HTH72 0 #1204 1DZ2Z ¥
XA Y EFLRLTHE D (Fig. 3A)%, Hi bRz gt i 5 W
T-=2%k (epidermal growth factor receptor (EGFR))
9G¥ B X UHICD11c IgG® 2 ZZ F A4 Y %/ L T
ZZ-BNC FIZHRT 5 2 LT, #MWE (#6 GFP,
PUE) ZinvivolZB W, ZNZNEGFR BRI FEHHKE
B L OGP IR AR A I 5E S 5 2 LI L 7.
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Db 6, ZZ-BNCIZR T3 TReiffii 2 2 7% E 1k
O, FvaHEHRICEIMEL CTIURTE B L8 2 7. £
C T, ZZ-BNC & %Hi1gG & O #4 b & K5 3R 1%
#RKFE (quartz crystal microbalance (QCM)) 2 & 1 il
ELAER, ZZ-BNCidt v —F v 7OEIEN LI
#70.36 pmol/cm? (ZZ-L % ¥ 732 & & L T#145 pmol/
cm?) W5 L (Fig. 3B), ZZ-L% ¥ 32 E15FH72 0
WATROSAHTOI I AEIGGLHETAI L 2w
72 L 7= (#160%-T/ZZ-BNC 1K:1)% (Fig. 3C). 7,
ZZ-BNC & & &F 2Bk D 1gG & D&k
1Z, Protein AL HFPLL TV, &kiZ, <4 & EICH
%€ L 72ZZ-BNC % {5 @ 5 1 [ 7 B 88 (high-speed
atomic force microscopy (HS-AFM))®) % v Cigrf i
295 L, ZZ-BNCIE F— 240408 2 MR L T L,
PERIRICZZ-L Y v 8 7 H2 Ak (EEH6nm) 27
SF (HEARK545T) HEKH2 nm 245 % 0° 5 i
BRELTWE I LZRWAELAEY® (Fig. 3D). 20k
R, WHPOZZ-BNC 17121, ZZ-L¥ ¥ /327 E2
AR 5451 (R 10840 T) HEEL, 1gGA°
RAR216 5 THEGWREL A d sz, —F, Z2Z-
BNC » #fif % ~ 7 A 1gG3 & Fc #3801 f T B3
% L #1971 D= w7 A 1gG3 A3 FE AR E CTHER ]
REEHRED SN, WBDZZ FAL Y EEZZADED
&, ZZ-BNCRHEEW LS eEZ N L
L9132 ZZ-BNC 17257 7 24:19G % i K TH 60
SRR L7722 EHS, 759 vilE e 519G [At7s
A0 ) G o TZZ-BNCREDAZZ ¥ A A ¥ LA
HTELPo/zl L ZRBRLTNE. ZD L) LHTY,
Z7-BNC EICFcfitia /i L TR S N7z 1gGid, i
KA (FyviEl) BB oS AREE 51 s
TWwhEEZ LN EBIC, &M EICHEE L ZZ-
BNC & <7 2 1gG3 D TOfE Ak % HS-AFM 12
SV A LS TABLLIZEZ A, FHED IgG3 A
ZZ-BNC TRz e LTl 7 o 7 v g%
1o TW5b I EAVHI L7 (P33 0.92 nm/#, &k
fi g 44°) (Fig.3E). BLE2 S, 4 1XZZ-BNCHFc
A 2 JEH TR E 22 ) TO R X1k, Fv sz IR
WCETULIOR T 2 B T ChHH I L EKiE L7, 22
T, TAIXZZ-BNCOSEZEHENA T v A RN A+t
YH =BT, OB DZZ-BNCIZ &L % 1gG D 7
TRy —AfbE F 7 LRVESML, @R Lo ZZ-BNC
WCEBIgGD Y T A —bB LT/ LRVESILE, @
A 119G OBLPEEHIi 2 B 5 5 12 =— 27 g <
FUVTNTHEI LRV LEOT, RELFEIIHED
¥ % (Fig. 4).
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Fig. 3. Structure and properties of ZZ-BNCs. (A) Capsular structure of ZZ-BNC. Each ZZ-BNC particle consisted of ~120 ZZ-L
proteins embedded in a liposome. The ZZ domain and S protein were necessary for interaction with the IgG-Fc region and particle
formation, respectively. Schematic structure of original L protein and ZZ-L protein are indicated in dashed line box. (B) Schema of
ZZ-BNCs and ZZ-L proteins on gold surface of sensor chip. The number of molecules of ZZ-BNCs (~0.36 pmol/cm?) and ZZ-L
proteins (~45 pmol/cm?) are estimated by QCM analyses. (C) Binding capacity of the ZZ-L protein to various IgGs determined using
a QCM. Results are given as means = SD (n = 3). (D) HS-AFM image of ZZ-BNCs on mica surfaces. Bar, 20 nm. (E) HS-AFM
analyses of mouse IgG3 on ZZ-BNC in solution. Video images and binarized video images of the movement of mouse 1gG3 on ZZ-
BNC (upper panels). Yellow arrow, the addition of mouse IgG3. The locations where mouse IgG3 appeared are indicated by white
arrowheads. Times after the start of observation are indicated in the upper margin. Bar, 20 nm. The postulated structure of mouse
IgG3 on ZZ-BNC is indicated (lower panel). Mouse IgG3 was tightly bound to ZZ-BNC through the Fc subunit, with Fab subunits

swinging outwards. IgG centers of mass are indicated with black asterisks. A maximum deflection angle of the centroidal line (44
degrees) is indicated by red lines.

i B 2 1GG) TR 2B & S
HABRD ZZ-BNCIC& 310G DY 52y —fL & *ﬁ{i Eﬂwﬂ”’f;d 196) Efiz"ﬁ%ﬁ(m;ij
'j_/ [//\“}l/%yl]{t TR cenzyme-imked 1mmunosoroent assay

IBWT, PRk L ZZ-BNCE A L 72 kit

A L3P (AR 7 V7 32 ¥ (ovalbumin (OVA)) k- ZZ-BNCHEHEKRZRIMT 5 &, ZKIUED A DY
—kPik (FLOVA~ Y Z1gGLl) L PHEETH ¥ A+ FERNTHIOFRINEEF LR T2 e 2 AWAEL
¥ ¥ % —¥ (horseradish peroxidase (HRP)) ik K 7259 (Fig. 5A). %7z, ZZ-BNC & Ry T €Y
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Fig. 4. Functions of ZZ-BNC in immunoassays and immunosensors.

v —-ExF AR (avidin-biotin complex (ABC))
VATFLAEHGAE, EHITEEIZER L (B201).
FARIZ, w2 A% y7ay MEIZBWTH ZZ-BNCIZ
X0, EHLIUROBBIEE IR0 LA L, ABCY
AT LOPFAIZ L DA 10065 LA L7, —F5, 7T
7+ A7 7% —+ (alkaline phosphatase (ALP)) THZ
W L7 kPR o4y, ZZ-BNCIZ X % %P 51381
BENLHho7. Thid, HRPHT (#40kDa) &It
T, ALPS ¥ (#%100kDa) 25Kk X Wz & 59,
CTRVKEALPG T RO R SY YA —EE L (B
0.5nm) FCHEIBEHLER L %Y, ZZ-BNC EHET
EhwhkoeEzohi (Fig. 5B). 22T, kg
—ALPH®Y A —ExxEMAF1.20m) 342 LT,
ZZ-BNCIZ & % ALPEE G R PUR O K EE E 5 25E K &
N7 —F EoOoYryrs— (H16nm, #¥40nm)
PWEERTZERILAZDIEZ, Vra—l&iIns
PEG$§1C X 2 KR ik Pufk & — Wk bifk & oM 1R
HEIRHI Lz EZ 5Nz,

wKIZ, EMEOKMERIE (775>, 7RIV,
FVyFF ST A7 T — ¥ (glutathione
S-transferase (GST)), ¥ X v F ) %, &fli—Wk¥ifk (i
77 F = AIgG2a, LT A Iy~ A1gG2a, i
GST~w 2 1gG2a, ¥ % v F <7 AlgG2a) & Cy2
gk RPUR (Y FHi~ 2 1gG) TR S FIALC
BWT, ZRIEDOR D D IZCy2 8% ZZ-BNC % i »
%L, Cy2BE kIR DG & T, MHIEEDY
10 LA 2RV L7229 (Fig. 6A). %7,
F—EHIE E NS S F S F LU ORI 21T 9 W
&, WEE—RYUROBWFE L 721377 T ADOER®
MFT, ENFNITHIET 5 ZRIEZ R TLEND -
728 22T, ZZ-BNC#% & F&F ata®k (Cy2,
Cy3, Cy5, Cy7) THE#L, 4HFoE (GST, 7
2FV, FAIV, B-F =7 ) TP Bt
GST~w™ 2 19G2a, #i7 7F ¥~ Z19G2a, 7 A 3
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Fig. 5. ELISA using ZZ-BNCs. (A) Detection of OVA on
solid phase by HRP-based ELISA systems. Conventional
ELISA using an anti-OVA mouse IgG1 and an HRP-conjugated
anti-mouse secondary antibody (open circles); conventional
ELISA in the presence of ZZ-BNCs (solid circles); conventional
ELISA with the ABC system in the presence of biotinylated
ZZ-BNC  (solid squares). Schema for postulated
immunocomplexes are shown to the right. Results are means
= SD (n = 8). (B) Detection of OVA on solid phase by ALP-
based ELISA systems using various ALP-conjugated IgGs in
the presence of ZZ-BNCs. Triangles, ALP-~0.5 nm linker-IgG;
circles, ALP-~1.2 nm linker-IgG; squares, ALP-~16 nm linker-
IgG; and diamonds, ALP-~40 nm linker-IgG. Solid symbols
and bold lines, with ZZ-BNCs; open symbols and broken lines,
without ZZ-BNC. Schema for postulated immunocomplexes
are presented on the right. Results are means = SD (n =4).
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Anti-GST IgG Anti--tubulin IgG
(Mouse IgG2a) (Mouse IgG2b)
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# /‘ Anti-desmin 1gG
’\ >-& (Mouse IgG2a)
Antigens
PVDF membrane

Fig. 6. Fluoroimmunoassays using ZZ-BNCs. (A) Western
blot analyses using distinct fluorophore-labeling methods:
conventional Cy2-labeled secondary antibody (left panel), and
Cy2-labeled ZZ-BNC/IgG complex (right panel). Western blots
containing 0.5-500 ng/lane of actin, desmin, GST, and vimentin
were used. (B) Simultaneous immunolabeling of multiple
antigens by western blot with various Cy-labeled ZZ-BNC/IgG
complexes. Schema for simultaneous detection of GST, actin,
B-tubulin, and desmin by a 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
(left panel). Immunoblot of GST (lane 1, red), actin (lane 2,
green), B-tubulin (lane 3, cyan), desmin (lane 4, yellow), and
mixture (lane 5) (right panel). Molecular sizes (kDa) are
indicated to the right.

v A1gG2a, Hip-F2—7) »< A1gG2b) & F
NENIIR S, AEHONEZ &L 70y MIFEEKEIZ
A L72E 25, KHEZEREPOFIEICHET 2 2
EHRTE72% (Fig. 6B). Zhid, ZZ-BNCHEHEDGR
AL B 1T 2 Bt iR T d - 7o PR O B)
B XY 77 5 AZBT 5 R A AR IR T &
HTERRLTWAS. Pk, ZZ-BNCIE#HHH
KaeFKBIZr 5 A5 — b b NTEYMLL, Pikl1HT
B0 OFGRIFEHED L HNBEO G T REED LT L
THEEERIEZRRICT 2 EE 2 6N

E#E_LDZZ-BNCIZ & 2 1gG D
9 R9—{t&F/ LRIVESIHL

QCMANA F ¥ H—1ZBVT, Ly ¥—F v TO4E

254

100005 w ZZ-BNC

«—

«—T ..w/ Protein A
’ T el s

I f . 0w

1,000

o
15y

=)

Bound actin (ng/cm?)

Actin

)Q_Qf_()‘// Anti-actin IgG

- Sensor chip

o

T T TTTTI T T TTTT] T T TTTI T T TTTTm
10 100 1,000 10,000 100,000

Actin (ng/mL)

D Direct

1.0 [l zz-8NC-mediated
0.8-|
0.6-1
0.4-|
0.2-|
0

I
&
o
&

Bound antigens (mol/mol of IgG)

\
O

Fig. 7. Immunosensors using ZZ-BNCs. (A) Effect of anti-
actin mouse IgG2a immobilization on sensitivity and actin-
binding capacity. The amounts of bound actin calculated from
frequency changes measured with a QCM were plotted against
the concentrations of injected actin for direct (open circles),
protein A-mediated (open triangles), SAM-modified protein
A-mediated (solid squares), and ZZ-BNC-mediated (solid
circles) immobilization methods. Limit of detection (2 ng/cm?)
is indicated by a dashed line. Approximate dynamic
concentration ranges of the measured antigens are shown with
lines for each immobilization pattern. Schema for postulated
immunocomplexes are presented on the right. (B) The amounts
of bound antigen per immobilized antibody. The antibodies
used are anti-actin IgG2a, anti-B-tubulin IgG2b, anti-chicken
IgY polyclonal IgG, and anti-MSP1;4 polyclonal IgG. Open
bars, direct immobilization method; closed bars, ZZ-BNC-
mediated immobilization method.

MR I, 19G L7 2 F v~ 219G2a) % ML,
Protein A% 4~ 3 % Ji i (Protein A% ), SAMIE fii
Protein A% 43 %5 (SAM-Protein Ai), BI O
7ZZ-BNC % /-5 A J7iE (ZZ-BNC#:) THEZEIL 7.
VR (727Fv) 28 L-L 25, ZZ-BNCHE:IZT
FREAERB L OMBEEICBWT, TNEREEEON
24715 B XL U 128 1%, Protein A0 8158 L U 25
f%, SAM-Protein ALK 0B L OHR3LEE L FE L <
FRTBZE R MWL (Fig. 7A). 72, ok
MR ERR Jip-F2—71) <~ A1gG2biz & 5
B-F 2 —7 ) ViEh, HoT MY IgY vHERY s o—
FVIgGIZ X 5 =7 MY IgY &, PLMSPl,y” ¥
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RKYzua—FNIgGIc kB~ ) THESY v 7Y
(MSP1,) %E#®) IZBWTHZZ-BNC IR R %
RL7Z ¥, i7r s F v~ R1gG2ab & Ut
MSPLl,, 7 4 EFRY) 7 o —F)vIgGid, B TP
OB SN EETdH > 7245, ZZ-BNCEIZ X ) Bl fg
o7z Lk, PURHM TR T ¥ & A 2 IRKE
I 0y, ZZ-BNCosYitkx 7 9 2 ¥ — (L I E51{L
FTAHILT, —PukE —PUEO S HORET LD ik
117 % B OPUE £ £ B OPUE O O E T 5
BT, fEEIOKM (Avidity) A LR L Z 25
N7z, 612, BEfbLz9nT 7 F v~ A1gG2a 14+
FIHEET ATV TF v OENMLEER L E A, EHEE
H0.0112x LCTZZ-BNCHE1.22 2122 ER$H 2 &
ZW\W72 L7 (Fig. 7B). [AkkZRRHRIE, Mo SR %
BRTHHE SN B-F2—7Y > (§308), =7 b
VIgY (#116%), MSPl, (#13f%)). Z o0&k
T OV EREE T S MR RIE, BUEE TlcHk
HINTVL I FSERRGHM (FI9AXAESGT 4NV
2 (PPF) f5ii Protein A#: (#95.356% (Cohidi))®),
SAM i Protein A (R2.11 (WE#3:))%9, + 7
7% % — > PPF 54 Protein A (#1245 Cehmfii:) )
XD LEMIENTEBY, ZZ-BNC DO EF LRI OB
MHERTLOTHL. DLokEix, ZZ-BNCiXlgG
O FeHI A REIZHEE L, Fvildz iRy s
H, PVl Lo VAR ERE L {EFEL, g6 >
5 A5 AL BHULE RIRFIGER TE e THDLH I L
ERLTWS.

X512, QCM A *t v H—I2B1F % ZZ-BNC DHi
RAEERE, ERULE (0.16 N HCD 12 X S HiED B4
Z20M LMY BELTHEDS L o72%. T,
ZZ-L% V7B H VKR F VRN (SHE) 12
AT 5 14O CysiREDO VTN A, & -TREHO
BHE LR E R L Cwh bt Ez bk, 72,
BNC Ok T id 2 (70°C, 304) B L O FrmigtE#l
(0.2% SDS, i, 30%4) DWMIIZLLRETDH %,
k25, ZZ-BNCldt v 4 —F v 7O &N Tt
FHB I ORI A b L 2K LTt 2 R En e
WCThhHIEIREN, QCMUMNDL ik BrEE F T
JHENDEFNA & v F—OEERELIC S ILHITEET
HrLEZOLND,

ZZ-BNCIZ & 3 EIE1t 19G DECA 1 F

NWAFT ey v ZIZBWTHEM EOX Y v v 7 5T0
BelaPEZ 2 LAV THIE L, fadifbd 2 2 &3IERIC
BEETHL. HEL EPoORaRERIETSEZ L
2 &) FE RO BETLE A\ & ik s 5 2%, FEERIC

20154 5557

B LY v ¥ ¥ 75T OBIEAER STV 5 H0E
ARWPTH D, BRIETIE, KESHHEK (AFM®), #HT
SEMEEO, TRATHER kA 4 Y EREASHEY, Ziiwk
RTHED % L) 2T, EAREO RS EH -
D 19G ORELE AL L7zl 7 X 7 Bo e 7» &2
DEFHMEINTVBEA, TN S IZHMETHRIMEMEICZ L.
L LRAS, Nty vy ZI3RAEWHEETHW S
NTWEDT, ¥y 7aToRIMED X b iz
M ORBEPULETH D, TDO LX) R, L EEM L
DT vFAIHEEESNZZIgG L D b, FEM EPURIC X
D BB AL S 219Gt L, ZZ-BNC A% W #HAl
HERRTZE 2RV L2 (Fig. 8A). Zhid, ZZ-
BNCA3EAH F.o> 1gG D B[4 % i 1 3P4l C & 5 = —
I TU—=TTHAHILERLTNAS.

X512, WHoR—Z € N —728EAT P2 R
W29 A v FAL )Ty ELIIBWT, @EIZS
WHURAHE T ORI 1gG DA Z FERIZFER L,
FOWMPRHIgG L IMHEMEH L E 51235720, fi
HBLOMRMHIGGC xR 28 7213727 T A
T BRBEDRH 7™ 22T, TAIEM oMM

A

!
| Weak #ﬁﬁ#ﬁﬁ?hm
v

1gG—nw
Sold phase — Antigens -OCOBCOEOEO
Randomized Oriented
HRP-conjugated secondary
/ antibodies
Yl digGs
14 - “ — (anti-desmin mouse IgG2a)
&7 .
& Human desmin
1.2
* clgGs
1.0 \(ami-desmin mouse IgG2a)
o Immunoplate

4

<
) It Biotinylated HRP
< 064 ™ ’% Avidin
04 oy s —Biotinylated ZZ-BNC
0.2— g

0 T T T T T T
0 5 10 15 20 25 30 35
Human desmin (ug/mL)

Fig. 8. Mode of function of ZZ-BNCs. (A) Postulated
mechanisms for discriminating IgGs on a solid phase by ZZ-
BNC. IgGs immobilized in a randomized (left panel) and
oriented manner (right panel). (B) Detection of human desmin
by sandwich ELISA, using an anti-human desmin mouse
monoclonal IgG2a as capture-IgG (clgG) and detection-IgG
(dIgQ). Open triangles, clgG, Ag, dlgG, and HRP-conjugated
goat anti-mouse Fc-specific IgG (secondary antibody); and
closed circles, clgG, Ag, dlgG, biotinylated-ZZ-BNCs, and
biotinylated-HRP-avidin complex. Schema for postulated
immunocomplexes are presented to the right. Results are means
= SD (n=4).
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19G 1T ¥ ¥ AICHEEILENTWAH DT, ZZ-BNC &%
HLlAhwEEz 7 BRI, R (A3 Y (B
R74 7 A (ZHERK)) &, WAL IR
IgGIZ i —difk LFAI VYT AE /) 27 u—F )b
19G2a) VTS 2% Y KL v F A4 LT vEA
IZBWT, Zkbiufk (HRPEGRR ™Y H Fhi~ 7 A Folest
WARY Z7a—F11gG) Db hIZ, ZZ-BNC & HRP
EDORMIZABCY AT 22T 2R L. €D
R, ZRPURE, BB X O 19G ol #E IS
G LYEARAE M 2 I ST BE Td o 7225, ZZ-BNC
EEAR T3 196G — Pl - B A 1gG iG] %
TER L 7B 19G O A & FERIISREG L, PURIKAE
B EREIC L2 (Fig. 8B). 4, i3t 1gG
A L72PURIC & 0 BRI 1gG @ Fe 3 #6514k S
ZZ-BNCHFF RIS L7z e E 2 ohiz Dk
DRI, H—T Y b—=T 2 f 7 2 HRAROHUFIZ L8
B, F—T ¥ b7 E2EEET HIUEERET S
UL v FA LT v EAIIBWT, FUIQG % Hlifk
HABLOBMAIgG & LCHRICER L, kiR fi
B L OB ORER 2 EOR#E L e\ CHlifED
DOEREICHMIMTE 5 2 & % ZZ-BNC 39 TH REIC
L7722 E&RRLTWAS.

BB LD ZZ-BNCIZ & B FcRAEZBHD
92 R9—tEF/ LNILETIL

INA F X2y v 7B THURPUR UG 1 2 4 ki
HRTH LD, LEOEGHFOMERIILY) S TSTR
ARG T B (284K #7 K, DNAKG S
Y7 EDNA, DNAT7 7o ~— L ENGT, LT
v EBESH, BERLIE) A F kY v omR
EhoTETWS., £ TERAF, ¥y rrip1iy)
LR E LTOZZ-BNCOHHEZ SO B 72012,
ZEHARD) T FREETL R S DM R 2 4 e b
IgG1-Fc & DR &1k % IV CTQCM S 4 £ ¥ H—
EEEALERET L2, BARIICIE, vy —F v 7D
GEEMR S, b PN N f2 A A (vascular
epidermal growth factor receptor (VEGFR)) #ifig#}
AL Y OHNVEFTEEMIe MgGl-Fe % @i d L 7:
Fchll& VEGFR (160 kDa) % 3% o [ e fbik: (EH%,
Protein A%, ZZ-BNCi:) THEEL, V# ¥ F (VEGF
(38.2kDa)) DM %47 572 (Fig. 9). Z D%, Z2Z-
BNC G HE & T, N F & v — ok
BIXO TV FEGRD, TRENR3BMEE X U4
AT EERWELL $512, BElbL7zFc
A ZEELGTA~DY) F v FiEEEIIEHEE0.17 5T
WZxF L CZZ-BNCiEIZ 139 T &7 65173352k
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Qr s
L W ipeat e — ZZ-BNC
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>
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L R AL g4— VEGFR-Fc protein

Sensor chip

=3

Bound VEGF (ng/cm?)

Y3
[~ 0oed0sle — rrotin A

A&
T T TTTTIT T T TTTTIT T T TTTTT T T TTTTI
0.001 0.01 0.1 1 10
VEGF (ug/mL)

Fig. 9. Effect of ZZ-BNC-mediated immobilization on
sensitivity and VEGF-binding capacity of VEGFR-Fc protein.
The amounts of bound VEGF -calculated from frequency
changes measured using QCM were plotted against the
concentrations of injected VEGF for direct (open circles),
protein A-mediated (solid triangles), and ZZ-BNC-mediated
(solid circles) immobilization methods. Limit of detection
(2 ng/cm?) is indicated by a dashed line. Approximate dynamic
concentration ranges of measured antigens are shown with
lines for each immobilization pattern. Schema for postulated
immunocomplexes are presented on the right.

W22 L7 Zhid, ZZ-BNC L CFeRl &2 ik 0
75 Ay —bBIOESLIN, ) FiBakEALE A
DVAKBEEINZE L WHE SN otEZ N T2,
Rk R R IO T F (VLT F Yy, TusrFr,
JEBESE T 1) 12X 5 FhZEhoFe@l a2 R/IkT
b INZ L5, ARZZ-BNCRESHAM X, ik
DS DX v v Tt oIS IS HERTTRETH 5
Z AR E NI (B ).

LD

ARTIZ, ZZ-BNCO=— 2 Z2HfE (IgGD 2 5 A
¥ —4t, 1gG D F /7 L N\ )VEEFIME, [k 1gG o F itk
P ICX B4 2 v —OERELZ ML TE .
¥ 72, ZZ-BNCIIL#MB L O A F L ZZH L
THFITEHZEREZRTE LB, 1gGORDb Y I
Fecal &2 amkz Va2 & T & 24401 RH
HAEH OB S MM RSFTEL T L R0
2. 518 3FEFIhryI T EZZ-LY Vo8
7B ORIV Z MR LG HIEERET A e TE
ML, RZZ-BNCIZ X B4 F ¥ ¥ v FHAf I
WISHEBRL SRS bDEEZONS. E512, BNC
(AL 2 DNAFA 737 oAb i 7912 X O Akt o
TERTRBIZEIIR LY, L7 baRL— 3
YRRV — LAEAIZ X ) BNCHERIC &A1 % # A
L0 TAHIENTELI NS, S, 56 306
B DT 7V ERT LS E ST oBEHSTICD
WHWREIC R EEZONS. YErs, ZZ-BNCIZ
XB27 5 A% —Abk F 7 LROVEEGIEEA O I
N G v FHEEBIZT TR, EHB X OEET
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VAT AR, X OICKREMEHANIEFEIRICB VT
TXhEEZOLNS.

B B

AT Y TOEBREALBNT, -
YT TRTDr T A =B XU LRVEESIE
ZEDOTEETHLH, WH % FRIER T 576K
ML AR o7z FEH LI, Protein ADI1gG-Fc
WAHEZ AL V28K BHITIRT 5 AR BRIF %~
ANVADEEPURL 7 > 237 Bk (ZZ-BNC) A°19G
DAY —AbE F ) LNVIEBIAL 2 RIRIER T X 5
BREMEDE L == 7 R R FTHDHI LRV
L, &fif2/77vx4 (ELISA, Yx A% 7y
Mk, HOBRIEMED) BXOA A v — (QCM,
SPR) OEEKEALZER L7z (] : QCMIZ X % Prlsie
HORT, PERIE © PURHE &5 247 £, M 128 6%).
E 52, ZZ-BNC I A Lo 1gG o Bk % fifi i 12 5F
fficksa70—7L LTHETLIILEDRVELL K
ZZ-BNC 5%, 19GUA DX v ¥ v 751 (Fc
A Z R ICOIHWEETH B 2 0D, HERDONA
vy ok ORE - R 2RENICYEET
ErLEZ6N5.

%E
IET0N

B

RWFFEEATICH 2D, T Z W272wiz, HARZENRE
KPR AR 6 - JEOEJE (A) (25242043 (HRHD)), #
FWe (B) (25870310 (FM)), ARAAATBUENESE - STk
SEBATR A OETERRAE - 2R W RIS RSP I ek v 5 —
(FRHD), FEMOKEESE - fanESER A PO JEHERESSE (R,
IR BRI e A B & CRIE) (SHRE L £
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