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The solubility of ITO nanoparticles in this water/hexane
mixture phase remains lower than in pure water, and therefore,
small ITO nuclei form at an extremely high reaction rate owing
to the high degree of supersaturation. The large surface energy
of the nanoparticles makes them unstable, causing them to
form large aggregations in the absence of an organic modifier.
When the fabrication was repeated in the presence of hexanoic
acid, the organic ligand capped the nanoparticle surface
immediately and limited their growth and tendency for
aggregation. As was reported in the previous resealrch,u’22
strong binding reaction occurs on the surface, which was
confirmed by the TGA analysis. As a result, the particle size was
controlled. The hydrophobic nature of the surface modifier
allows excellent dispersion of the nanoparticles in organic
solvent.

The electric resistance of ITO nanoparticles was measured
isothermally at room temperature using the four-probe method.
To initiate close interparticle contacts, the nanoparticles were
pressed to form transparent thin pellets. The conductivity,
calculated from electric resistance, is shown in Figure 6. Electric
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Figure 6. Change in conductivity of modified ITO.

conductivity increases gradually with increasing pressure. At a
pressure of 9.6 MPa, a sheet conductivity of 1.2 X 107" (S/cm)
was measured. This value is roughly the same as for other
colloidal ITO particles reported previously, although these
nanoparticles are much smaller and display better dispersibility
in organic solvent.

B CONCLUSIONS

We report a simple and rapid synthetic process for preparing
ITO nanoparticles with simultaneous surface modification with
an organic ligand by SCFRS. The surface modified particles are
highly crystalline ITO nanocrystals with excellent dispersion in
organic solvent. Aggregation and crystal growth were effectively
suppressed by organic ligand capping. We can get 1-10 g/h
under this supercritical condition.
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Abstract The assembly of metal oxide nanoparticles
(NPs) on a biomolecular template by a one-pot
hydrothermal synthesis method is achieved for the
first time. Magnetite (Fe;O,) nanoneedles (length:
~100 nm; width: ~ 10 nm) were assembled on cyclic-
diphenylalanine (cFF) nanorods (length: 2-10 pm;
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width: 200 nm). The Fe;O, nanoneedles and cFF
nanorods were simultaneously synthesized from
FeSO, and L-phenylalanine by hydrothermal synthesis
(220 °C and 22 MPa), respectively. The samples were
analyzed by powder X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (IR), transmission
electron microscopy (TEM), and superconducting
quantum interference device (SQUID) magnetometry.
Experimental results indicate that Fe;O, nanoneedles
were assembled on cFF nanorods during the hydro-
thermal reaction. The composite contained 3.3 wt%
Fe;04 nanoneedles without any loss of the original
magnetic properties of Fe;O,.

Keywords Self-assembly - Magnetite - Peptide -
Hydrothermal - One-pot synthesis

Introduction

At present, it is considered that the hierarchical
structures formed by the self assembly of nanopar-
ticles (NPs) of inorganic materials such as metals,
semiconductors, and ceramics can be used to develop
novel electronic, magnetic, and optical devices on
account of certain interactions between the excitons,
magnetic moments, or surface plasmons of individual
NPs (Nie et al. 2010). Many research groups have
reported the assembly of isotropic 2D and 3D NPs
using various techniques to form structures such as

@ Springer
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films/sheets and superlattice crystals (Pileni 2001;
Collier et al. 1998; Claridge et al. 2009; Gasser
2009). In contrast, few studies have demonstrated the
assembly of anisotropic structures such as rods or
fibers, probably on account of the difficulties
involved in the preparation of such structures along
anisotropic directions (Tang and Kotov 2005).

Biomaterials are highly ordered from the molec-
ular scale to the nano- and microscales, often in a
hierarchical manner; most functional hard tissues are
characterized by intricate nanostructure comprising
biomolecules and inorganic materials (Sarikaya et al.
2003). It is anticipated that biomolecules can serve as
highly powerful tools in the development of scaffolds
for NP assembly. In general, inorganic NPs tend to
aggregate because of their high surface energy.
Consequently, prior to assembly, a solution contain-
ing completely dispersed NPs must be prepared.
However, the requirement for completely dispersed
NPs can be bypassed by the formation of NPs on or in
a biomolecular scaffold substrate.

To prepare anisotropic NP assemblies, self-
assembling biomolecules such as DNA (Braun et al.
1998; Alivisatos 2004; Hatakeyama et al. 2004),
peptides (Banerjee et al. 2005; Sone and Stupp
2004; Fu et al. 2003; Carny et al. 2006), proteins
(Scheibel et al. 2003; Patolsky et al. 2004; Platt et al.
2005; Ostrov and Gazit 2010), and polysaccharides
(Feng et al. 2005; Wang et al. 2009; Huang and
Kunitake 2003) have been used; these biomolecules
are utilized not only in applications involving cell
manipulation (Hultgren et al. 2003) and drug delivery
(Tan et al. 2006) but also as templates for the
arrangement of inorganic NPs. In general, approaches
involving biomolecular assembly are carried out in
aqueous solutions under physiologically mild condi-
tions, because biomolecules are typically hydropho-
bic and heat-labile. However, a high temperature is
usually required to obtain high-quality inorganic
material.

In our previous study, we synthesized cyclic-
diphenylalanine (cFF) crystals from L-phenylalanine
(L-Phe) with a high yield by hydrothermal treatment,
and we found that excess cFF synthesis caused the
spontaneous assembly of cFF crystals with a rod-like
morphology (Togashi et al. 2006). Interestingly, the
reaction conditions used for the synthesis of cFF
nanorods can also be utilized to synthesize organic
modified metal oxide NPs (Byrappa and Adschiri

@ Springer

2007; Yoshimura and Byrappa 2008). We consider
that cFF nanorods and metal oxide NPs can be
simultaneously synthesized and that cFF nanorods
can be utilized as a template for metal oxide NP
assembly.

In this report, we propose a one-pot synthesis
method to assemble metal oxide NPs on a biomolec-
ular template in water at high temperature and
pressure. L-Phe and iron ions were used for synthe-
sizing cFF and magnetite (Fe;O4) NPs, respectively.
In addition, the synthesized Fe;O,4 was conjugated on
cFF rods during the reaction.

Experimental
Chemicals

L-Phenylalanine (L-Phe) and iron sulfide (FeSO,) and
potasium hydroxide (KOH) were purchased from
Wako Pure Chemical Industries Ltd. and used
without further purification.

Synthesis

A pressure-resistant tube reactor (SUS 316) with an
inner volume of 5.0 mL was used for the hydro-
thermal synthesis of cFF and the cFF-Fe;O, conju-
gate. For synthesizing the cFF-Fe;O, conjugate,
0.49 g of L-Phe powder was placed in the reactor,
after which 2.14 mL of 100 mM FeSO, aqueous
solution and 2.14 mL of 200 mM KOH aqueous
solution were added and the reactor was heated in an
electric furnace controlled at 220 °C to carry out the
reaction. The estimated pressure inside the reactor at
220 °C is 22 MPa. After 30 min, the reaction was
terminated by cooling the reactor in a water bath at
room temperature. The products were washed by
three cycles of centrifugation at 9200g for 30 min,
decantation, and redispersion into double distilled
water (ddH,O) to remove unreacted L-Phe and
water-soluble chemicals. The obtained products were
dried under vacuum at room temperature. For
synthesizing cFF and Fe;O, NPs, the FeSO, and
KOH solution was replaced with water and the
concentration of L-Phe was varied in the range
0-100 mM, respectively.
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Analysis

Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) were performed on a
JEM-1200 EXII electron microscope (JEOL Ltd.,
Japan) operating at 120 kV and a Hitachi H-7100
electron microscope (Hitachi Inc, Japan) operating at
200 kV, respectively. The samples were dispersed in
ddH,0 and the dispersed samples were dropped on a
carbon-coated copper grid. For the products, attenu-
ated total reflectance Fourier transform infrared (ATR
FT-IR) spectra were measured on a FT/IR680
spectrometer (Jasco Corp., Japan). Powder X-ray
diffraction (XRD) patterns of the products were
recorded on a Rigaku RINT 2000 system (Rigaku,
Japan) using Cu Ko radiation at 20 values ranging
from 10° to 80°. The oriented particulate monolayer
XRD (OPML-XRD) method was also employed to
analyze the sample. To prepare the sample for
OPML-XRD, a few drops of 3 wt% gelatine solution
containing 1 wt% sample powder was evenly spread
over a glass plate and dried overnight at room
temperature; by using this procedure, the direction of
alignment of the elongated crystals could be con-
trolled such that it was parallel to the plane of the
glass plate.

Result and discussion

In order to analyze the crystal growth direction of the
cFF nanorods in the precipitates synthesized by the
hydrothermal reaction of r-Phe without FeSO,,
the products were analyzed using powder X-ray
diffraction (XRD) and the OPML-XRD method
(Fig. 1). The powder XRD pattern of the products
(Fig. 1b) was similar to the diffraction pattern of
single cFF crystals calculated using the single crystal
geometry data for cFF reported by Gdaniec et al.
(Fig. 1a) (Gdaniec and Liberek 1986). The OPML-
XRD pattern (Fig. 1c) revealed three peaks that were
assigned to the diffractions of the (012), (024), and
(018) facets of the cFF crystal. The OPML-XRD
method was used to estimate the Miller indices of the
facets of the polyhedral microcrystals, the basal plane
of the pellet particle, and the evolution axis of
elongated particles (Sugimoto et al. 1993). The
estimation results revealed that anisotropic crystals
were laid on the glass plate surface, with their axes
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Fig. 1 XRD pattern of cFF. (a) Diffraction pattern calculated
using single crystal geometry data, (b) XRD pattern of cFF
synthesized by hydrothermal reaction at 220 °C and 22 MPa
for 30 min, and (c) OPML-XRD pattern of synthesized cFF

positioned parallel to the plane of the glass plate,
thereby indicating that the cFF nanorods grew along
the x-axis. Figure 2 shows the single crystal geometry
of cFF. Intermolecular hydrogen bonds of diketopip-
eradine are formed through amide group linkages
along the x-axis. These intermolecular hydrogen
bonds of the amide groups may serve as a driving
force in the formation of anisotropic cFF nanorods
(Fig. 2).

Figure 3 shows photographs of the products that
were obtained by the hydrothermal treatment of L-Phe
and FeSO, solutions at 220 °C and 22 MPa for
30 min. As previously reported, the hydrothermal
treatment of 100 mM L-Phe solution led to the
synthesis of a small amount of cFF (Togashi et al.
2006), but an increase in the L-Phe concentration to
710 mM led to the synthesis of a large amount of cFF
(Fig. 3a(i)). The hydrothermal reaction of 100 mM
L-Phe in a 50 mM FeSO, solution resulted in the
formation of a black-colored insoluble product
(Fig. 3a(ii)); however, an increase in the L-Phe
concentration to 710 mM led to the formation of a
brown-colored aggregate (Fig. 3a(iii)). The black-
and brown-colored products synthesized in the
50 mM FeSO, solution were attracted toward a
permanent magnet generating a magnetic field of
0.35 T at the magnet surface (Fig. 3b), while the
aggregates synthesized without FeSO,; were not
attracted by the applied external magnetic field

@ Springer
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(a)

HN
NH

Fig. 2 (a) Chemical structure of L-Phe (b) Rod-like assembly
model of the single crystal structure (This figure appear in
color in online, yellow: carbon atom, blue: nitrogen atom,
red: oxygen atom)

(Fig. 3(i)). These results imply the formation of a
magnetic iron oxide such as magnetite (Fe;O4) or
maghemite (y-Fe,O3;) during the hydrothermal
reaction.

The powder XRD patterns of the products (Fig. 4)
were measured in order to identify magnetic mate-
rials in the black- and brown-colored products
synthesized from L-Phe with FeSO, (Fig. 4). The black-
colored products synthesized from 100 mM L-Phe
in 50 mM FeSO, could satisfactorily be assigned to
spinel-type iron oxide, Fe;Oy4, or y-Fe,O5 (Fig. 4a).
Further, the crystalline phase was identified as Fe;Oy4
from the lattice parameter calculated using the
d-value of the {311} plane; this parameter was
evaluated to be 8.40 A on the basis of the reported
lattice parameters of y-Fe,O; (8.346 A; JCPDS:
39-1346) and Fe;O, (8.396 A; JCPDS: 79-4190).
Thus, the synthesized magnetic materials were

Fig. 3 Photographs of the
synthesized products in a
plastic cuvette. The
products were synthesized
by hydrothermal treatment

identified as Fe;0,4. The powder XRD pattern of the
brown-colored products revealed small diffraction
peaks that were assigned to the (220), (311), and
(440) planes of spinel-type iron oxide (closed circles
in Fig. 4c), whereas it also revealed some intense
peaks in the lower angle region (10-30°) that were
well matched with those of cFF (Fig. 4b, c).

To obtain additional data for characterization of
spinel-type iron oxide, the brown-colored product
was measured by FT-IR spectrum. Before measure-
ment, the brown-colored product was washed with
dimethyl sulfoxide (DMSO) and methanol to remove
cFF that included in brown-colored product, and the
color of the obtained sample was black (see Fig. S1 in
Supporting Information). Figure 5 shows the FT-IR
spectra of purchased Fe;Oy, y-Fe,0j3, these are used
as references, and samples that were obtained from
brown-colored products by washing with DMSO. The
IR-spectrum of purchased Fe;O,4, one broad peak at
578 cm ™' can be seen and this band is assigned as
Fe—O bond of Fe;0, (Fig. 5a) (Cornell and Schwert-
mann 2003). In the IR spectrum of y-Fe,;Os3, the
broad bands at 698, 638, 580, and 562 cm ™! can be
seen (Fig. 5b) these are assigned as Fe—O bond of
1-Fe,03 (Cornell and Schwertmann 2003). The IR
spectrum of sample has broad band at 576 cm™" and
no additional peaks (Fig. 5c). This result strongly
support to assignment of the contained iron oxide as
Fe;0,. Therefore, we conclude that the brown-
colored products were composed of Fe;O4 and cFF.

To observe the morphology of the synthesized
Fe;0, particle and cFF-Fe;0, conjugate, transmis-
sion electron microscopy (TEM) images were

obtained (Figs. 6, 7). Figure 6a shows the TEM

? () (i) (ii

of (i) 710 mM vr-Phe, (if)
100 mM r-Phe and 50 mM
FeSOy, and (iii) 710 mM
L-Phe and 50 mM of FeSO,4
at 220 °C and 22 MPa for
30 min. Left: Without
external magnetic field.
Right: With external
magnetic field for 5 min
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Fig. 4 XRD patterns of the crystals synthesized using
(a) 100 mM L-Phe and 50 mM FeSO,, (b) 710 mM vL-Phe,
and (¢) 710 mM r-Phe and 50 mM FeSO4

image of Fe;O4 synthesized from 100 mM r-Phe in
50 mM FeSO,. The image reveals needle-like struc-
tures with widths and lengths of ~10 and ~ 100 nm,
respectively. The distance between two adjacent
points perpendicular to the long axis of a Fe;O,4
nanoneedle is ~3 A (Fig. 6b), which corresponds to
the lattice spacing of the (220) plane of Fe;O,.
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Fig. 5 FT-IR spectrum of (a) purchased Fe;Oy, (b) purchased
y-Fe,03, and (¢) sample

Fe;O, particles synthesized by hydrothermal
treatment without L-Phe have spherical or cubic
shapes with particle sizes ranging from 50 nm to
100 nm (see Fig. S2a in Supporting Information). As
the concentration of L-Phe is increased, the particle
shape changes from a spherical shape to a needle-like
shape (see Fig. S2b and c in Supporting Information).
The order of surface energy of the different facets is
{111} < {100} < {110} for the fcc structure (Fan
et al. 2009); therefore, the organic molecules pre-
dominantly bind to the facet that has a higher surface
energy (Xia et al. 2009). Our results suggest that the
capping of L-Phe on the (110) surface suppressed the
growth of the (220) plane.

Figure 7 shows the TEM images of the synthe-
sized cFF-Fe;04 conjugate. The materials have large
rod-like morphologies with widths of 200 nm and
lengths of 2-10 um (Fig. 7a), into which needle-
shaped Fe;O, particles are stacked (Fig. 7b). Previ-
ously, we reported that the hydrothermal treatment of
710 mM L-Phe in ddH,O resulted in the formation of
a cFF aggregate with a rod-like morphology such
that the particles had diameters of 200-500 nm
and lengths of 5-10 pm (Togashi et al. 2006). The

@ Springer
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Fig. 6 TEM images of the synthesized Fe;0,4. a TEM image
and b HRTEM image

TEM images in this study implied that the self-
assembly of cFF to form a rod-like morphology was
not affected by the simultaneous synthesis of needle-
shaped Fe;O4 NPs.

To evaluate magnetic property of the products and
the mass of Fe;04 in the cFF-Fe;O, conjugate,
superconducting quantum interference  device
(SQUID) magnetometry of the cFF-Fe;O,4 conjugate
was performed. The magnetic properties of the cFF—
Fe;0,4 conjugate and the synthesized needle-shaped
Fe504 NPs were measured by using SQUID at 300 K
(Fig. 8). The saturation moments of the cFF-Fe;0,
conjugate and the needle-shaped Fe;O; NPs were
2.18 and 63.45 emu/g, respectively (Fig. 8a). How-
ever, the needle-shaped Fe;O4 NPs included the
4.3 wt% of organic molecules (see Fig. S3a in
Supporting Information). To estimate the contribu-
tion of the Fe;0, particles in the Fe;O4 nanoneedle,
Mee,0,, was calculated using the equation described
below

@ Springer

Fig. 7 TEM images of the synthesized cFF-Fe;O4 conjugate.
a Low magnification and b high magnification

Mobserved

MFe,0,  Waamgls. — Wera)

where Mopserveds Wsamples and W, are the observed
saturation magnetization value of the Fe;O, nano-
needle with SQUID, the weight of the measured
Fe;04 nanoneedle, and the weight of the organic
molecules included in the needle-shaped Fe;O4 NPs
as estimated by TG measurement data respectively.
The saturation magnetic moment of pure Fe;O4
included in the Fe;0,4 nanoneedle was 66.58 emu/g.
The amount of Fe;O, present in the cFF-Fe;O,,
Wee,0,, Was calculated using the equation described
below

M FF_Fes0,

Wee,0, =
e MF6304

where Wre,0,, McFF—Fe;0,, and MF,0,, are the amount
of Fe;0, present in the cFF-Fe;O,, the observed
magnetization value of Fe;O4, and the calculated
magnetization value of the needle-shaped Fe;O04 NPs,
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respectively. The amount of Fe;O, present in the
cFF-Fe;0,4 was 3.3 wt%.

Both the TEM and SQUID results indicate that the
Fe;O,4 nanoneedle were present on the surface of the
cFF nanorods. In addition, the cFF-Fe;0,4 conjugate
and Fe;O, nanoneedle showed almost the same
coercivity about 100 Oe at 300 K (Fig. 8b).

To obtain information regarding the organic molec-
ular structure, the Fourier transform infrared (FT-IR)
spectra were measured (Fig. 9). In the case of the cFF—
Fe;0,4 conjugate (Fig. 9b), all peaks were identical to
those of cFF synthesized without Fe;O,4 (Fig. 9a). In

(a) 100

------- Composite
-~ Particle

M, (emu/g)

-100 a1 o

-10000 -5000 0 5000 10000
H (Oe)
b 10 f 77
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B, “
—

e
-10 ....l....li':...l.é.i-...l....l....(....
-400 -200 0 200 400

H (Oe)

Fig. 8 Magnetic properties of the synthesized materials at
300 K (open circle: cFF-Fe304 conjugate, open triangle:
synthesized Fe;O,4 with 100 mM r-Phe)

addition, the FT-IR patterns were well matched with
that of cFF synthesized using a previously described
organic synthesis method (Brown et al. 1965). This
result suggests that cFF constitutes the only organic
component in the cFF-Fe;0,4 conjugate.

The FT-IR spectra of L-Phe and the synthesized
needle-shaped Fe;04 NPs are shown in Fig. 9c and d,
respectively. All the peaks in the L-Phe spectrum were
assigned as per the data provided by Mahalakshmi
et al. (2006) (see Table S1 in Supporting Information).
In the FT-IR spectrum of the synthesized Fe;O,
(Fig. 9d), a broad band at 1584 cm ™! is visible; this
band can be assigned as n,,(COO™) bound to the
transition metal (Nakamoto 1970). Furthermore, the
peaks at 1493, 1453, 1410, 1308, 1152, 1018, and
849 cm~! can be assigned as f(NH3 ™), V(C—C)ying +
by(CH,), n(COO™), 725(CHy), 6(C—H)sing, A(C-H)ying,
and y(C—H)ying, respectively. Thus, the obtained results
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Fig. 9 FT-IR spectrum of (a) synthesized crystals with
710 mM of L-Phe, (b) synthesized crystal with 710 mM L-
Phe and 50 mM FeSO,, (c¢) pure L-Phe, and (d) synthesized
crystal with 100 mM L-Phe and 50 mm FeSOy,
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suggest the conjugation of L-Phe on Fe;O,4 during the
hydrothermal reaction.

Carny et al. reported that peptide-coated gold (Au)
NPs could bind with peptide-based nanofibers in an
aligned manner (Carny et al. 2006). The peptide that
was conjugated on the Au NPs exhibited affinity
toward the peptide nanofiber; as a result, the conju-
gated AuNPs could interact with the peptide nanofiber.
This peptide—peptide interaction may constitute one of
the main driving forces in the arrangement of Au NPs
on the peptide nanofiber. In our study, the synthesized
Fe3;0,4 nanoneedle is covered with L-Phe. The conju-
gated L-Phe and synthesized cFF have an aromatic ring
at their side chain. It is possible that these aromatic
rings undergo p—p interactions with each other. Thus,
we consider that the n—= interaction between cFF and
L-Phe conjugated on the Fe;O,4 nanoneedle serves as
one of the driving forces in the adherence of the Fe;0,
nanoneedles to the cFF nanorod.

A cFF-Fe;0,4 conjugate was synthesized in situ by
a one-pot hydrothermal reaction. The morphology of
Fe;04 changed from spherical and cubic shapes to a
needle-like shape on account of the capping of L-Phe
on the Fe;O, surface. Fe;O, nanoneedles were
assembled on cFF rod-like crystals by hydrothermal
synthesis under a high cFF concentration. This
method may be applied to the production of NP
arrays of various metal oxides from metal ions
and amino acids and to the synthesis of rod-like
cFF-metal oxide NP hybrids.

Conclusion

A cFF-Fe;0, conjugate was synthesized in situ by a
one-pot hydrothermal reaction. The morphology of
Fe;0, changed from spherical and cubic shapes to a
needle-like shape on account of the capping of L-Phe
on the FeszO, surface. Fe;O, nanoneedles were
assembled on cFF rod-like crystals by hydrothermal
synthesis under a high cFF concentration. This
method may be applied to the production of NP
arrays of various metal oxides from metal ions and
amino acids, L-Phe, and to the synthesis of rod-like
cFF-metal oxide NP hybrids.
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ABSTRACT: Modular bispecific antibodies (BsAb’s) that interact

Biomimetic Engineering ¢

directly with a gold surface were engineered for immobilization on . ® N
biosensing devices. The BsAb’s consist of the variable fragments of ) ;-"‘""‘4 >

antigold and antilysozyme antibodies connected via one of three N e .
linkers derived from naturally occurring proteins. The BsAb’s were 4id
bound tightly to both the gold surface and to lysozyme, thus Cellulase w =
functioning as interface molecules between lysozyme and the gold B

surface without a substantial loss of antigen-binding activity. The

Bispecific Antibody for Gold surface

antigen-binding capacity (the ratio of the amount of immobilized

lysozyme to the amount of immobilized BsAb) on the gold surface reached 82%. An analysis of the correlation between binding
capacity and linker characteristics indicated that the presence of a long, rigid linker sequence derived from a cellulase resulted in a
higher antigen-binding capacity than did the presence of a long but relatively flexible glycine-rich linker. This result suggests a
strategy for designing linkers suitable for BsAb-based biomolecular immobilization.

B INTRODUCTION

Biomolecular recognition has made possible the use of biop-
robes to detect small quantities of target molecules in crude
samples.! Antibodies are attractive bioprobes because they have a
high affinity and specificity for their target antigens, and anti-
bodies have been widely used for immunoassays and the biosen-
sing of various antigens,2 toxins,” and cancer markers.* In anti-
body-based biosensing systems, immobilization of the antibodies
on solid-phase supports is indispensable for capturing target
antigens and transducing the target information into a detectable
signal. Physical adsorption and covalent cross-linking such as
thiol chemistry or N-hydroxysuccinimide/N-ethyl-N'-dimethy-
laminopropylcarbodiimide (NHS/EDC) chemistry are methods
commonly used for immobilizinog proteins. However, these
methods are subject to problems>® such as the structural defor-
mation of the proteins on the solid phase, random orientation of
the proteins, low immobilization yields, and the complexity of the
procedure. To control the orientation of proteins on solid
substrates, proteins have been modified with various affinity
tags. For example, proteins with polyhistidine tags fused at the
terminus can be orientationally immobilized on solid substrates
with nickel-resin surfaces,” and antigen peptides such as c-myc,®
FLAG peptides,” and biotinylated peptides'® can also be used to
control protein orientation at surfaces. Staphylococcal protein A,
which can specifically recognize the Fc fragment in antibodies, is
also utilized to control the orientation of immobilized proteins,

V ACS Publications © 2011 American chemical Society

and recent technology with enzymatic reactions had enabled the
site-selective immobilization of protein A on phospholipid polymer
surface to immobilize antibodies in a single direction.'’ These
protein immobilization can control the direction of immobilized
proteins; however, in many cases, surface fabrication of substrate
and complicated conjugation processes should be necessary for
protein immobilization. 2

In this study, we developed a protein immobilization method
without the need for surface fabrication of the substrate or
complicated conjugation processes, utilizing a novel type of
antibody with an affinity for a material surface. Recently, we
generated an antigold antibody (A14P-b2) with a high affinity
(Kp = 1.7 nM) and specificity for gold surfaces."> Here, we
utilized the antigold antibody as a binding unit for the immobi-
lization of proteins on biosensing devices with gold surfaces. For
the utilization of antigold antibodies for protein immobilization,
we designed a modular bispecific antibody (BsAb). We suspected
that a modular structure, that is, a structure in which the immobi-
lized region and the sensing domain are separated, would effec-
tively retain the binding activity of proteins immobilized on a
solid surface while avoiding deleterious effects on the conforma-
tion and function of the sensing domain. Modular structures are
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found in naturally occurring proteins; we therefore believed that
a biomimetic approach to the autonomic immobilization of
modular antibodies with a native antigen-binding capacity for
use as biosensing devices could be fruitful. In this study, we
designed three BsAb’s with modular structures consisting of
three domains: an antigold antibody (for immobilization onto
the gold surface), antilysozyme antibody HyHEL10'* (for im-
mobilizing lysozyme as a model antigen), and one of three linker
sequences derived from proteins with modular structures. For
the linkers, we focused on three kinds of multisubunit proteins
with distinctive linker sequences: a bacterial cellulase,">!® which
contains a long, rigid linker; filamentous bacteriophage coat protein
g3p,17 which contains a long, flexible linker; and a diabody,1 which
contains a short, flexible linker.

The designed BsAb’s were spontaneously bound to the gold
surface and retained good antigen-binding activity in their bound
states. We also discussed the correlation among the structural
characteristics of the different linker regions and their effects on
the binding activities. Our results suggest a strategy for designing
effective linkers for optimum biosensing performance.

B MATERIALS AND METHODS

Linker Design. A rigid, extended linker region was designed on the
basis of naturally occurring proteins: bacterial enzymes such as cellu-
lases,"” chitinases,” and polyhydroxybutyrate depolymerase.”’ Cellu-
lases consist of three functionally independent domains:**** a domain
that binds to a crystalline cellulose surface, a catalytic domain that
hydrolyzes cellulose, and a linker region that connects the other two
domains. The linker regions of enzymes such as Cellulomonas fimi
xylanase Cex***® have distinctive amino acid sequences that are highly
enriched in threonine and proline residues, which impart conforma-
tional restrictions that lead to rigid structures. We designed a proline-
and threonine-rich linker (designated PT21) with a length of 21 amino
acid residues, derived from this cellulase.

Flexible linkers also occur in vivo and are used in protein engineering
to link two domains so that their functions are not hindered. Filamen-
tous bacteriophage fd coat protein g3p, which is composed of three
domains, has a very flexible linker region containing glycine-rich repeat
units (referred to as glycine-rich region 2). This protein plays a major
role in infection processes.'” We used this region as a flexible linker with
alength of 31 amino acid residues; this glycine-rich linker is designated
as GR31.

We also used a conventional antibody-engineering technique to
design a BsAb with a short linker based on a diabody. Diabodies®® have
been developed for clinical uses such as cancer therapy. In contrast to the
proteins that we have described so far, diabodies have relatively short
linkers (typically less than five amino acid residues) and thus effectively
cause the dimerization of scFv's*® Therefore, we used a diabody to
construct a conventional BsAb so that we could compare its antigen-
binding capacity with the binding capacities of the modular BsAb’s on
the gold surface.

The designed linker sequences derived from the modular proteins are
listed in Table 1.

Construction of BsAb Expression Vectors. Oligo DNAs were
purchased from Nihon Gene Research Laboratory (Sendai, Japan).
Gene fragments for the single-chain variable fragment (scFv) from
antilysozyme antibody HyHEL10 and the heavy-chain variable region
(VH) from antigold antibody A14P-b2 were amplified from plasmids
pUTE* and pRAFHL," respectively, by a polymerase chain reaction.
DNA cassettes encoding the linker sequences were chemically synthe-
sized. Gene fragments for the antibodies and each linker sequence were
linked by an overlap extension polymerase chain reaction. The synthesized

Table 1. Linker Sequences of BsAb’s”

linker amino acid sequence
PT21 (PT);T(PT);T(PT),PST
GR31 GSG(GGGS),(GGGSE),(GGGS),GS
diabody GGGGS

“GR31 and PT21 linkers were engineered from a glycine-rich region of
g3p from bacteriophage fd and a proline-rich region of C. fimi xylanase as
templates.

gene fragment of each BsAb was digested with the restriction enzymes
HindIII and Sacll, and the resulting fragments were gel purified after
electrophoresis and then ligated into expression vector pRA (designated
as pRABsAD).

Preparation of Antibodies by Means of a Refolding Sys-
tem. BsAb’s and HyHEL10 scFv were prepared by means of a bacterial
expression system similar to that described previously.”” Escherichia coli
strain BL21 (DE3) transformed with the expression vectors was cultured in
2 X YT medium containing 100 4¢g/mL ampicillin. Expression of the gene
products was induced in the presence of 1 mM isopropylthiogalactoside.
The cultures were harvested 16 h after induction. The gene products were
collected as an insoluble inclusion body by centrifugation (13 000g, 30 min)
after sonication of the bacteria. The inclusion body was solubilized in 6 M
guanidine hydrochloride (Gdm-HCl) denaturant and then purified by
metal chelate affinity chromatography on His-Bind resin (Novagen,
Madison, WI). The denatured antibodies were refolded by stepwise dialysis.
Briefly, Gdm-HCI was removed from the denatured antibody solution by
dialysis (from 6 M Gdm-HCl to 3,2, 1, 0.5, or 0 M) at 4 °C. The refolded
antibodies were purified by size-exclusion chromatography on a Superdex
200pg column (GE Healthcare), and the monomer fraction was collected.

Kinetic Analysis of the BsAb—Lysozyme Interaction. The
binding activity was measured by means of surface plasmon resonance
(SPR). Hen egg lysozyme was purchased from Seikagaku-Kogyo Inc.
(Tokyo, Japan). Lysozyme was immobilized on a CMS sensor chip
(GE Healthcare) by means of NHS/EDC chemistry in accordance with
the chip manufacturer’s protocol. The binding of BsAb to lysozyme was
analyzed with a Biacore 2000 instrument (GE Healthcare) at a flow rate
of 20 uL/min in phosphate-buffered saline containing 0.1% Tween 20.
The kinetic parameters in a 1:1 binding model were determined with
Biaevaluation 3.0 software (GE Healthcare).

Calculation of the Antigen-Binding Capacity of BsAb on a
Gold Surface. Gold sensor chips from an SIA Kit Au (GE Healthcare)
were cleaned with piranha solution (3:1 H,S0,/H,0,). Before the
binding-capacity assay, the chips were subjected to a running buffer
(phosphate-buffered saline containing 0.1% Tween 20) for 1 h. Treat-
ment with the buffer containing the surfactant was crucial to blocking the
nonspecific adsorption of lysozyme. The binding of BsAb to the gold
surface and lysozyme was analyzed with a Biacore 2000 instrument
(GE Healthcare). The nonspecific adsorption of lysozyme was checked
after BsAb was dissociated from the sensor chip with 50 mM NaOH. The
amount of lysozyme immobilized by BsAb was determined by subtract-
ing the amount of nonspecifically adsorbed lysozyme from the total
amount of lysozyme bound on the gold surface.

The SPR response (in response units, RU) is proportional to the
protein mass concentration at a surface.”® The amounts of immobilized
BsAb and lysozyme were determined from RU values normalized by the
respective molecular weights of the proteins. To evaluate the biosensing
performance, we calculated the antigen-binding capacity of the BsAb’s
on the gold surface as the ratio of the amount of immobilized lysozyme
to the amount of immobilized BsAb as follows

Rlysozyme / M‘vlysnlymt

binding capacity (%) = Rows/ M
BsAb “WBsAb

(1)
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Figure 1. Schematic representation of an engineered bispecific anti-
body (BsAb) with a modular structure. The structures of HyHEL10 scFv
and A14P-b2 VH were generated with Protein Data Bank code 1C08
and homology modeled coordinates,®® respectively. CPK representa-
tions of the C-terminal end of A14P-b2, and the N-terminal end of
HyHELI10 scFv are shown in green. Complementarity-determining
regions of antibodies are shown in red. The inset shows the modular
structure of C. fimi xylanase (Cex). The catalytic domain (CexCD) and
the cellulose-binding domain (CexCBD) were modeled with Protein
Data Bank codes 2EXO and 1EXG, respectively.

where R is the immobilized amount (in RU) and M,, is the molecular
weight of bound protein.

B RESULTS AND DISCUSSION

Design and Preparation of BsAb’s. We developed a strategy
for the design of BsAb’s with modular structures consisting
of an antigold antibody (A14P-b2), an antilysozyme antibody
(HyHEL10), and one of three linker regions that connected the
two antibody domains (Figure 1). To obtain a rigid linker, a flexible
linker, and a short linker, we chose two naturally occurring proteins
(a bacterial cellulase and filamentous bacteriophage fd coat protein
g3p) and an artificial antibody fragment (diabody).

The three kinds of BsAb’s (BsAb PT21, BsAb GR31, and
diabody) were genetically engineered and prepared in an E. coli
expression system with in vitro refolding. The diabody was
obtained without high-molecular-weight aggregates, whereas
aggregates of BsAb PT21 and BsAb GR31 were produced during
the refolding step. The aggregates were removed by size-exclu-
sion chromatography (Figure 2). Monomeric BsAb’s with GR31
and PT21 linkers were obtained in final yields of 15 and 35 ug
from 1 L culture, respectively. The relatively low yields are
probably due to their long linker sequences. Improvement of the
preparation such as the use of mammalian expression system
should be the next issue to be addressed for further practical
application.

The binding of BsAb’s to lysozyme was analyzed by SPR
(Supporting Information Figure S1)). The Kp, values for BsAb
PT21, BsAb GR31, diabody, and HyHEL10 scFv were 3.2, 0.79,
3.2, and 1.3 nM, respectively. The affinities of BsAb’s were
comparable to that of HyHEL10 scFv, indicating that neither
of the long linkers attached at the N terminus of HyHEL10 scFv
hindered binding to lysozyme. The specificity of the gold surface

0 100 200 300 400
elution volume (ml)

Figure 2. Size-exclusion chromatogram of BsAb PT21 prepared by
means of a refolding system. The refolded BsAb was purified on a
Superdex200pg column. The purity and uniformity were verified by
nonreducing SDS-PAGE (inset). The monomer fraction of the BsAb
was collected from the 210 to 240 mL fraction.

800
700
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400
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Figure 3. SPR sensorgram for the simultaneous binding of BsAb GR31
to a gold surface and to lysozyme. Arrows indicate the injection of BsAb
(arrow 1) and lysozyme (arrow 2) at concentrations of 380 and 650 nM,
respectively. The inset is a schematic diagram of the experiment showing
the immobilization of lysozyme via BsAb on the gold surface. The
amount of immobilized BsAb (double-headed arrow a) was obtained
from the RU value just before the injection of lysozyme. The amount of
lysozyme immobilized by BsAb (double-headed arrow b) was obtained
by subtracting the amount of nonspecifically adsorbed lysozyme (curve
in black) after lysozyme injection.

was confirmed by the immunostaining of six different metals
(Supporting Information Figure S2). The refolded BsAb dis-
criminated gold from other metals, including platinum, palla-
dium, silver, aluminum, and tungsten, demonstrating the high
affinity and specificity conferred on the BsAb.

Lysozyme Immobilization via BsAb’s Immobilized on a
Gold Surface. We measured the simultaneous binding of BsAb’s
to a gold surface and lysozyme by SPR; the sensorgram for BsAb
GR31 is shown in Figure 3. Injection of the BsAb produced a
clear SPR response, indicating tight binding to the gold sensor
chip (arrow 1 in Figure 3); the Kp of BsAb GR31 was calculated
to be 8.7 nM by curve fitting. When lysozyme was injected after
the SPR response stabilized (arrow 2 in Figure 3), the added
lysozyme was also captured on the BsAb-coated sensor chip.

9658 dx.doi.org/10.1021/1a2006259 |Langmuir 2011, 27, 9656-9661
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Figure 4. (a) SPR sensorgrams for the binding of BsAb PT21 (—),
BsAb GR31 (---), and the diabody (- --) to the gold surface and to
lysozyme. The BsAb’s and lysozyme were injected at concentrations of
380 and 650 nM, respectively. (b) Lysozyme binding by HyHEL10 scFv
immobilized on a CMS sensor chip. The HyHEL10 scFv was immobi-
lized at a density of 494 RU. Lysozyme was injected at a concentration of
650 nM. The experiment was performed under the conditions used for
the BsAb’s. The dotted line shows the nonspecific adsorption of
lysozyme in a reference flow cell.

Note that before the SPR test the gold surface had been blocked
with 0.1% Tween 20 to minimize the nonspecific adsorption of
proteins. The surfactant prevented the adsorption of lysozyme
but did not affect the interaction of BsAb’s with both gold and
lysozyme (Supporting Information Figures S1 and S3). Only a
slight increase in RU due to the nonspecific adsorption of
lysozyme was observed in the absence of BsAb (Figure 3, black
curve). The amount of lysozyme immobilized by each BsAb was
obtained by subtracting the amount of nonspecifically adsorbed
lysozyme from the RU value after lysozyme injection. The SPR
sensorgrams for the binding of lysozyme by the three kinds of
BsAb’s clearly demonstrate binding to the gold surface and the
stacking of lysozyme (Figure 4). We also observed the differences
in the BsAb binding on the gold surface. Lesser responses of
GR31 and PT21 were probably due to their refolding efficiencies
that reduced the effective concentrations of active gold-binding
domains. Judging from the analysis of the interaction between
BsAb’s and lysozyme (Supporting Information Figure S1), the
antilysozyme antibody domains of BsAb’s were well refolded and
capable of lysozyme-binding activity.

To evaluate the biosensing performance quantitatively (i.e.,
the retention of binding activity on the gold surface), we deter-
mined the antigen-binding capacity of the BsAb’s immobilized
on the gold surface. The antigen-binding capacity is given by the

Table 2. Quantitative Analysis of the Biosensing Perfor-
mance of BsAb’s”

immobilized immobilized antigen-binding
antibody antibody (RU) lysozyme (RU) capacity (%)
BsAB PT21 488 + 43 136 £ 6 82+t4
BsAb GR31 608 £ 118 136 + 27 66 +9
diabody 1352 £ 38 84 =21 22£6
HyHEL10 scFv 494 160 59

“The antigen-binding capacity was calculated from the amounts of
immobilized antibody and antigen. The data are the means + S.D.

ratio of the amount of immobilized antigen to the amount of
immobilized BsAb; the immobilized amounts were calculated
from the RU values of lysozyme and BsAb normalized by their
respective molecular weights. BsAb PT21 showed the highest
antigen-binding capacity (up to 82%), followed by BsAb GR31
(66%) and the diabody (22%) (Figure 4 and Table 2). Although
PT21 and GR31 have fewer active gold-binding domains than
the diabody, the PT21 and GR31 adsorbed on the gold surface
showed higher antigen-binding capacities than that of the dia-
body in spite of their lower refolding efficiencies. Although we
previously confirmed that the diabody functions as a biointerface
molecule that allows the specific accumulation of lysozyme onto
patterned gold spots," the results obtained here indicate that
approximately 80% of the immobilized diabody lost binding
activity on the gold surface. We assumed that the adsorbed proteins
underwent some degree of structural deformation and that the
five-residue linker of the diabody was not sufficiently long to
completely separate the lysozyme-binding domain from the
surface. A comparison between the results for the BsAb’s with
long linkers (PT21 and GR31) and the results for the diabody
suggested that the higher antigen-binding capacities of the
former were due to the elongation of the linker, which separated
the sensing domain from the gold surface.

We also found that the activity of the BsAb’s depended on
whether the linker was rigid or flexible. The PT21 linker derived
from a cellulase, which contains multiple proline and threonine
residues, conferred a higher antigen-binding capacity than did the
glycine-rich linker from fd phage g3p (BsAb GR31). This result
suggests that a rigid structure was more effective at retaining the
binding activity. Considering that the linker regions of many
cellulases that function on solid phases have evolved to contain
proline-rich sequences,” the rigid structure must be necessary
for maintaining the proper orientation of the functional domain
of cellulases. It is interesting that the necessity of a rigid linker was
extended to a BsAb with a cellulose-derived linker designed to
function on the gold surface of a biosensing device.

How did the proline- and threonine-rich linker improve the
antigen-binding capacity? We suggest that both the linker shape
and the orientation of the linker with respect to the gold-binding
region were responsible for retention of the binding activity.
Small-angle X-ray scattering studies of cellulases have indicated
that they have an extended “tadpole shape,”**** which favorably
orients the two domains for the expression of their respective
functions. The binding site of an antibody (known as the comple-
mentarity-determining region) is positioned at the opposite end
of the C terminus to which the PT linker is fused (Figure 1).
Therefore, a possible explanation of the improvement that we
observed is that the long, rigid linker effectively oriented the
antigen-binding domain and separated it from the gold surface.
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Similarly, the importance of the chain conformation has been
suggested in chemical cross-linking,” in which the activities of
immobilized antibodies are not a direct function of the spacer
length. In summary, we concluded that the optimum linker for
BsAb must be long enough to separate the sensing domain from
the surface (20 amino acid residues in this study) and must have a
rather rigid structure.

Comparison of BsAb-Based Immobilization with Conven-
tional Immobilization Methods. BsAb-based immobilization
provides a novel and effective alternative to conventional meth-
ods such as physical adsorption or NHS/EDC chemistry. The
physical adsorption of proteins often results in a loss of their
activity. For instance, Butler et al. reported that <3.0% of adsorbed
antibodies capture antigens on polystyrene surfaces.® In contrast,
the BsAb’s that we designed retained their binding abilities on the
gold surface, with a maximum antigen-binding capacity of 829%.
NHS/EDC chemistry, in which the protein of interest is coupled
via primary amino groups, has been widely used for immobiliza-
tion. For comparison with this conventional method, we im-
mobilized HyHEL10 scFv on a CMS sensor chip by amine coupling
and determined the antigen-binding capacity. The antigen-binding
capacity of the amino-coupled HyHEL10 scFv was calculated to be
59% (Figure 4b, Table 2); this indicated that BsAb-based immo-
bilization afforded an antigen-binding capacity comparable or
superior to that obtained by means of NHS/EDC chemistry.

Furthermore, BsAb-based immobilization has an advantage
over conventional methods in that direct immobilization on a
solid surface can be accomplished with no chemical modification
of the surface. This method can be applied to material surfaces
that are difficult to modify covalently as long as a binder with
affinity for the material can be obtained. We previously reported
the in vitro selection of antibodies for various material surfaces
such as biodegradable plastic*® and ZnO,*" and we have used
these antibodies to perform antibody-based surface modifica-
tion®> and antigen biosensing.”” In principle, the combination of
the selection technology with the molecular design discussed
here enables us to generate biointerface molecules that are
specific to any material surface. An antibody that folds into a
specific structure has a high affinity and specificity for its target
surface, without the need for affinity improvement that is often
required for pepticles,“’35 and is well suited to act as a high-
affinity binder applicable to other surfaces of sensor devices.

B CONCLUSIONS

By taking advantage of antibody—antigen recognition and the
modular structures of some naturally occurring proteins, we
generated BsAb’s that functioned as biointerface molecules
between a biomolecule and a material surface. A BsAb with a
cellulase-derived linker retained its activity on a gold surface. The
correlation of the activity and linker shape demonstrated that a
modular structure with two distinct domains and a long, rigid
linker provided the optimum antigen-binding capacity. This
BsAb is a promising candidate for biosensing molecules and
building blocks for nanoscale fabrication.
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© supporting Information. Description of the SPR anal-
ysis of the BsAb—lysozyme interaction, the metal specificity of an
antigold BsAb, and adsorption experiments. This material is
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Cytotoxic Enhancement of a Bispecific Diabody by Format
Conversion to Tandem Single-chain Variable Fragment (taFv)
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Diabodies (Dbs) and tandem single-chain variable fragments
(taFv) are the most widely used recombinant formats for con-
structing small bispecific antibodies. However, only a few stud-
ies have compared these formats, and none have discussed
their binding kinetics and cross-linking ability. We previously
reported the usefulness for cancer immunotherapy of a hu-
manized bispecific Db (hEx3-Db) and its single-chain format
(hEx3-scDb) that target epidermal growth factor receptor and
CD3. Here, we converted hEx3-Db into a taFv format to inves-
tigate how format affects the function of a small bispecific an-
tibody; our investigation included a cytotoxicity assay, surface
plasmon resonance spectroscopy, thermodynamic analysis,
and flow cytometry. The prepared taFv (hEx3-taFv) showed an
enhanced cytotoxicity, which may be attributable to a struc-
tural superiority to the diabody format in cross-linking target
cells but not to differences in the binding affinities of the for-
mats. Comparable cross-linking ability for soluble antigens
was observed among hEx3-Db, hEx3-scDb, and hEx3-taFv with
surface plasmon resonance spectroscopy. Furthermore, drastic
increases in cytotoxicity were found in the dimeric form of
hEx3-taFv, especially when the two hEx3-taFv were covalently
linked. Our results show that converting the format of small
bispecific antibodies can improve their function. In particular,
for small bispecific antibodies that target tumor and immune
cells, a functional orientation that avoids steric hindrance in
cross-linking two target cells may be important in enhancing
the growth inhibition effect.

Bispecific antibodies (BsAbs)? are recombinant antibodies
that can bind to two different antigenic epitopes. Bispecificity
can be used in cancer immunotherapy to cross-link tumor
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cells to immune cells such as cytotoxic T cells, natural killer
cells, and macrophages. This cross-linking accelerates the
destruction of the tumor cells by the immune cells, so that the
high potency of BsAb may translate into improved antitumor
therapy and lower treatment costs by decreasing the neces-
sary doses (1, 2). However, the use of BsAbs in clinical studies
has been hampered by difficulties in producing them on a
large scale. Conventional chemical conjugation has been used,
but the quality of the antibodies produced is inconsistent (3).
The production of BsAbs by somatic fusion of two hybrido-
mas to form a quadroma yields BsAbs of more consistent
quality but results in the formation of various chain-shuffled
antibodies; for instance, 10 different antibodies can be gener-
ated after random association of two heavy and two light
chains (4, 5).

Advances in recombinant technology have made it feasible
to generate small recombinant BsAbs constructed from two
different variable antibody fragments, such as variable frag-
ments (Fv) and single-chain Fv (scFv). These recombinant
BsAbs include bispecific diabodies (Dbs) (6), single-chain dia-
bodies (scDbs) (7), tandem scFv (taFv) (8), and minibodies
(dimeric scDb-CH3 fusion proteins) (9). Compared with clas-
sic BsAbs prepared through chemical conjugation or
quadroma production, small BsAbs have a convenient size for
rapid tissue penetration and high target retention (10, 11).
Although their rapid blood clearance and monovalency may
limit therapeutic applications for small BsAbs, the length and
amino acid composition of the linkers can be engineered to
allow small BsAbs to assemble into multimers, such as tan-
dem scDbs (12) and bispecific Db tetramers (tetrabodies) (13),
with higher molecular weights and bivalency for the target
antigens.

Among these small recombinant BsAbs, Dbs and taFv are
the most widely used formats in constructing BsAbs, and their
features and structural differences have been reviewed (2, 5,
14). In brief, Dbs can generally be produced in bacteria as sol-
uble proteins, which is an important advantage over taFv. Al-
though inactive homodimers can be produced along with the
active heterodimers, homodimer formation can be avoided by
connecting the two hetero-scFv fragments with an additional
middle linker (i.e. by making scDbs). In contrast, taFv can be
produced as a single species. Furthermore, the two binding
sites in a taFv can rotate freely, and their axes can be kinked,
which might facilitate simultaneous binding of two antigen
epitopes juxtaposed on two different cell surfaces.
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To date, however, there have been few reports presenting
comparative analyses of bispecific Dbs and taFv consisting of
identical valuable fragments (15) and no reports that discuss
differences in binding kinetics and cross-linking ability. There
have also been no reports on the influence of format on the
cytotoxicity of small BsAbs that retarget immune cells against
tumor cells. We previously reported the marked antitumor
activity in vitro and in vivo of a humanized bispecific Db tar-
geting EGF receptor (EGFR) and CD3 (hEx3-Db) (16). Here,
we converted the hEx3-Db into a taFv format to discuss in
detail the influence of BsAb fusion format on function.

For a comparative analysis, it is desirable to prepare high-
quality small BsAbs using the same host-vector system for
both samples. In addition, the peptide tag usually required for
purification may affect function. We previously developed a
preparation method for high quality, tag-free small BsAbs
using the Fc fusion format and protease digestion (17). In this
study, we applied this method for the preparation of a taFv
format of hEx3 (hEx3-taFv). Interestingly, the resulting hEx3-
taFv showed an enhanced cytotoxicity, which may be attribut-
able to a structural superiority to the diabody format in cross-
linking between target cells rather than to a difference in
binding affinity. Furthermore, drastic increases in cytotoxicity
were found in the dimeric form, especially when two hEx3-
taFv were covalently linked. Our results show that the effec-
tiveness of small BsAbs targeting tumor and immune cells
could be improved by changing their recombinant formats.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant BsAbs—We previously devel-
oped a method for the preparation of tag-free small BsAbs
using the Fc fusion format and a restriction protease, and we
successfully prepared hEx3-Db and hEx3-scDb in their Fc
fusion formats, hEx3-Db-3C-Fc and hEx3-scDb-3C-Fc, re-
spectively (17). In this study, we applied this method for the
preparation of an hEx3-taFv dimer linked by a hinge region
(hEx3-(taFv’),). To construct the gene for hEx3-taFv, human-
ized anti-EGFR scFv with a variable light-variable heavy do-
main orientation and humanized anti-CD3 scFv with a vari-
able heavy-variable light domain orientation were joined via a
GGGGS linker by overlap PCR. Then, the hEx3-taFv and the
human IgG1 Fc region were connected via the recognition
site (LEVLFQGP) for human rhinovirus 3C protease
(HRV3C) in two different manners. For hEx3-taFv, the recog-
nition site was inserted before the hinge region; for hEx3-
(taFv'),, it was inserted after the hinge region. The gene con-
structs, hEx3-taFv-3C-Fc and hEx3-taFv'-3C-Fc, were
inserted into pcDNA3.1/Neo mammalian expression vectors
(Invitrogen). The leader peptide sequences for protein secre-
tion were derived from mouse OKT3 IgG (18).

The methods for expression using CHO cells and purifica-
tion have been described previously (17). In brief, IgG-like
BsAbs of hEx3-taFv-3C-Fc and hEx3-taFv’'-3C-Fc were first
purified on a protein A column (GE Healthcare) and then di-
gested by HRV3C protease fused to glutathione S-transferase
(PreScission protease; GE Healthcare) according to the proto-
col described by the manufacturer. The protease was removed
on a glutathione-Sepharose 4B column (GE Healthcare), and
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the flow-through was loaded on the protein A column again
to remove the digested Fc and undigested Fc fusion protein.
The presence of the BsAbs was confirmed by SDS-PAGE at
each stage of purification.

Gel Filtration Chromatography—Gel filtration analysis with
a Hiload Superdex 200-pg column (10/300; GE Healthcare)
was used to evaluate the structure of the BsAbs. The column
was equilibrated with PBS, and then 250 ul of purified BsAbs
was applied to the column at a flow rate of 0.5 ml/min. For
functional analyses, each BsAb solution was fractionated on a
Hiload Superdex 200-pg column (26/60; GE Healthcare). The
column was equilibrated with PBS, and then 5 ml of purified
BsAbs was applied to the column at a flow rate of 2.5 ml/min.

In Vitro Growth Inhibition Assay—Lymphokine-activated
killer cells with the T-cell phenotype (T-LAK) cells were in-
duced as reported previously (19). In brief, peripheral blood
mononuclear cells were cultured for 48 h at a density of 1 X
10° cells/ml in a medium supplemented with 100 IU/ml of
recombinant human IL-2 (Shionogi Pharmaceutical Co.,
Osaka, Japan) in a culture flask (A/S Nunc, Roskilde, Den-
mark) that was precoated with anti-CD3 monoclonal anti-
body (10 pg/ml).

The in vitro growth inhibition of TFK-1 (human bile duct
carcinoma) cells was assayed with a 3-(4,5-dimethylthiazole-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt (MTS) assay kit (CellTiter 96 AQueous
Nonradioactive Cell Proliferation Assay; Promega, Madison,
W1I) as reported previously (19).

Surface Plasmon Resonance Spectroscopy—The interactions
between soluble EGFR (sEGFR) and the BsAbs were analyzed
by surface plasmon resonance (SPR) spectroscopy with a
BIACORE 2000 (GE Healthcare). Methods for the expression
and purification of sEGFR have been described previously
(20). The sEGFR was immobilized on the cells in a CM5 sen-
sor chip up to 2716 resonance units. Various concentrations
of BsAbs in PBS with 0.005% Tween 20 were flowed over the
SEGFR. The data were normalized by subtracting the re-
sponse of a blank cell with blocking. BIAevaluation software
(GE Healthcare) was used to analyze the data. Kinetic param-
eters were calculated by a global fitting analysis with the as-
sumption of a 1:1 Langmuir binding model.

Isothermal Titration Calorimetry—Thermodynamic analy-
ses of the interactions of BsAbs with sSEGFR and CD3ey were
performed by microtitration calorimetry using a VP-ITC from
MicroCal, Inc. (Northampton, MA) (21). The methods for the
expression and purification of CD3evy have been described
previously (22). Each sample (1.5 um in PBS, pH 7.2, 0.005%
Tween 20) was placed in a calorimeter cell and titrated with
30 uM sEGER in the same buffer; for CD3evy, 1.25 um hEx3
was titrated with 50 um CD3evy. The ligand solution was in-
jected 25 times in 10-ul portions over a period of 15 s. Data
acquisition and subsequent nonlinear regression analyses
were done in terms of a simple binding model, using the
MicroCal ORIGIN software package (version 5.0).

Confirmation of Cross-linking Ability—FITC-sEGFR was
prepared with the fluorescein labeling kit NH2 (Dojindo Lab-
oratories, Kumamoto, Japan) for confirmation of cross-linking
between sEGFR and T-LAK cells. T-LAK cells (1 X 10°) were
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FIGURE 1. A, schematic illustration of the hEx3-taFv-3C-Fc fusion protein. The HRV3C protease cleavage site used for preparation of hEx3-taFv is indicated.

B, reducing SDS-PAGE of each purification step in the preparation of hEx3-taFv from hEx3-taFv-3C-Fc. Lane 1, protein A chromatography-purified hEx3-taFv-
3C-Fc; lane 2, after HRV3C protease digestion; lane 3, after removal of HRV3C protease by glutathione-Sepharose 4B chromatography; lane 4, purified hEx3-
taFv after removal of the Fc region by protein A chromatography. C, gel filtration of purified hEx3-taFv. mAU, milliabsorbance unit.

incubated on ice with 400 pmol of each BsAb for 30 min. Af-
ter a wash with PBS containing 0.1% NaNj, they were exposed
to 1 pg of FITC-sEGER for 30 min on ice. The stained cells
were analyzed by flow cytometry (FACSCalibur, Becton Dick-
inson, San Jose, CA) (16). To test the cross-linking between
sEGFR and CD3evy, 0.5 uM fractionated hEx3s in PBS with
0.005% Tween 20 were flowed over the SEGFR-immobilized
sensor chip for 50 s. After PBS with 0.005% Tween 20 was
flowed over the chip for 110 s, an excess of CD3e7y was flowed
for 50 s.

ELISA—BsAbs at the final concentration of 10 nM were co-
cultured with T-LAK cells (5 X 10%) in the presence or ab-
sence of overnight-adhered TFK-1 cells (5 X 10°). After 12 h
of co-culture, the supernatants were harvested and applied for
ELISA with human IL-2 and interferon-y ELISA Ready-SET-
Go! (Bay Bioscience, Co., Ltd., Hyogo, Japan), following the
manufacturer’s instructions.

RESULTS

Preparation of hEx3 in a Tandem scFv Format—W'e previ-
ously reported the preparation of high quality hEx3-Db using
the Fc fusion format (hEx3-Db-3C-Fc) and a restriction pro-
tease (17). To investigate the effects of BsAb formats on their
functions, we prepared hEx3 in a tandem scFv format (hEx3-
taFv) by applying the same method (Fig. 14). The expressed
hEx3-taFv-3C-Fcs were purified by protein A affinity chroma-
tography and digested with glutathione S-transferase-fused
HRV3C protease. The treated solution was loaded onto a glu-
tathione-immobilized column followed by a protein A col-
umn to remove added protease and digested Fc. SDS-PAGE
analysis of each purification step showed the successful prep-
aration of hEx3-taFv from its Fc fusion format (Fig. 1B). Be-
cause two peaks corresponding to the monomers and dimers
of hEx3-taFv were found in subsequent gel filtration chroma-
tography (Fig. 1C), we used each fractionated hEx3-taFv for
further analyses. The final yields of monomers and dimers
were 1 mg and 0.5 mg/liter culture, respectively.

Effect of BsAb Format on Growth Inhibition—To evaluate
the influence of the two BsAb formats on the inhibition of
human carcinoma cell growth, we analyzed hEx3-Db and
fractionated hEx3-taFv monomer with MTS. In the presence
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of T-LAK cells, the hEx3-taFv monomer inhibited cell growth
more effectively than the hEx3-Db (Fig. 24), suggesting that
the tandem scFv format is structurally superior to the diabody
format for hEx3. When peripheral blood mononuclear cells
were applied as effector cells, the hEx3-taFv also inhibited
more effectively than the hEx3-Db (Fig. 2B). For further con-
firmation of this superiority, we compared the growth inhibi-
tion effects of their IgG-like BsAb formats before digestion:
hEx3-Db-3C-Fc and hEx3-taFv-3C-Fc. Both IgG-like BsAbs
strongly inhibited the growth of TFK-1 cells even at a concen-
tration of 0.1 pmol/ml, and the hEx3-taFv-3C-Fc, with a tan-
dem scFv format, was also highly effective at a much lower
concentration (Fig. 2C). The two small BsAb portions of the
taFv format might contribute to this substantial difference.
Thus, the activity of BsAbs can be enhanced by changing their
structural formats.

Comparison of Binding Constants with SPR Spectroscopy
and Thermodynamic Analysis—We previously reported that
hEx3-Db has an effect similar to that of its single-chain form,
hEx3-scDb (23, 24). To compare the growth inhibition effects
and binding affinities among hEx3-Db, hEx3-scDb, and hEx3-
taFv, we performed kinetic analyses for immobilized sSEGFR
by SPR imaging. Although hEx3-scDb showed the highest
affinity for sSEGFR, major differences among these three small
BsAbs were not observed for any of the kinetic parameters
(Table 1). Because the binding kinetics for CD3 were not de-
termined, due to the inactivation of immobilized CD3 on a
sensor chip, we performed thermodynamic analyses for
sEGFR and CD3 by means of isothermal titration calorimetry.
Whereas the K, values for sEGFR were comparable to those
found by SPR imaging for each small BsAb, the affinity for
CD3 was 28X as great in hEx3-scDb and 9X as great in hEx3-
taFv as in hEx3-Db. These results may indicate that the bind-
ing affinity of BsAbs, especially for effector cells, has little cor-
relation with their growth inhibition effects, at least in hEx3
BsAbs.

Cross-linking Ability of Each BsAb—To investigate which
factors contributed to the higher antitumor effects of hEx3-
taFv, we examined the cross-linking ability of small BsAbs by
flow cytometry and SPR spectroscopy. The multimeric form
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FIGURE 2. Growth inhibition of EGFR-positive TFK-1 cells by each BsAb.
Comparison between small BsAb formats (A and B) and Fc fusion formats (C).
BsAbs and T-LAK cells were added to TFK-1 cells at a ratio of 5to 1 (A and Q).
BsAbs and peripheral blood mononuclear cells were added to TFK-1 cells at a
ratio of 10:1. B, data are presented as the mean value =+ S.D. and are representa-
tive of at least three independent experiments with similar results.

TABLE 1

Binding kinetics for sEGFR evaluated with surface plasmon
resonance spectroscopy

Ko Kot Ky
x10° w1571 X107 577 X107 m7!
hEx3-Db“ 2.6 5.5 4.8
hEx3-scDb 1.9 5.4 3.6
hEx3-taFv 1.4 6.5 2.1

“ Data from our previous report (22) are shown.

was observed not only in the prepared hEx3-taFv solution
(Fig. 1C) but also in hEx3-Db (17) and hEx3-scDb (data not
shown). In the unfractionated samples, all the BsAbs showed
the ability to cross-link between T-LAK cells and sEGFR, and
the most effective was hEx3-taFv (upper panel, Fig. 3A). In
contrast, in the fractionated samples (dimer fraction for hEx3-
Db, monomer fractions for hEx3-scDb and hEx3-taFv), only
hEx3-taFv showed effective cross-linking ability (lower panel,
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FIGURE 3. Confirmation of cross-linking ability of small BsAbs. A, in the flow
cytometry analysis, T-LAK cells were incubated with PBS as a negative control
(open area) or with each BsAb (shaded area), and incubation was followed by
staining with FITC-sEGFR. Results for prepared BsAbs before gel filtration (upper
panels) and for BsAbs fractionated by gel filtration (lower panels). B, in the sur-
face plasmon resonance spectroscopy analysis, CD3ey was injected after hEx3s
were flowed over the sEGFR-immobilized sensor chip. RU, resonance units.

Fig. 3A). Interestingly, no major differences in cross-linking
ability for soluble antigens were observed between the small
BsAbs in the SPR analyses (Fig. 3B). The flexibility of the taFv
format might contribute to the avoidance of steric hindrance
with other cell surface molecules in the cross-linking between
target cells.

Effect of BsAb Format on Cytokine Production—To investi-
gate whether the differences in cross-linking ability affect cy-
tokine production from T-LAK cells, we analyzed the concen-
trations of IL-2 and IFN-v in the culture supernatant of
T-LAK cells with BsAbs in the presence or absence of TFK-1
cells. hEx3-taFv showed higher production of IL-2 and
IFN-vy compared with hEx3-Db especially in the presence of
target cells (Fig. 4). The structural superiority of taFv format
increases cytokine production of effector cells, resulting in its
enhanced cancer growth inhibition effects.

Comparison of Growth Inhibition Effect of Each Multimeric
hEx3—Recently, we reported the highly enhanced activity of a
dimeric hEx3-Db (22). To evaluate the influence of the dimer-
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