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Abstract

Monoclonal antibodies have been prepared against water-solu-
ble porphyrins, viologen derivatives, and transition-metal com-
plexes, respectively. These monoclonal antibodies were utilized
to devise biosensing and catalytic systems.

� Introduction

The immune system has an ability to generate antibodies
against virtually any molecule of interest. Recently, much atten-
tion has been directed toward antibodies not only in the field of
biology but also in the field of chemistry because of their
unique structures and functions. Antibodies, immunoglobulins,
have been studied as sensors,1 diagnostics,2 DDS,3 catalysts
(catalytic antibodies),4 and components for nanotechnology.5

With the advent of cell technology,6 it has become possible
to prepare individual immunoglobulins that are called ‘‘mono-
clonal antibodies’’ in large amounts and in homogeneous form.
We have focused our attention on the special behavior of anti-
bodies, especially monoclonal antibodies, because they can
recognize a larger and more complex compound with higher
specificity than enzymes can. We have prepared monoclonal
antibodies for porphyrins,7 viologens,8 and transition-metal
complexes9 to construct supramolecular materials10 and to use
these complexes as biosensing materials or specific catalysts
(Scheme 1).

The first topic in this review is the construction of antibody
supramolecules and their application for biosensing systems.
Antibodies have been widely used as efficient reagents to detect
target molecules. Based on the principle that an antibody reacts
with an antigen specifically and by non-covalent bonds, several
procedures have been developed in the immunosorbent assay.11

Labeled antibodies or antigens are used for the detection, local-
ization, and quantification of biological constituents. More re-
cently, an optical technique based on surface plasmon resonance
(SPR)12 or a microgravimetric quartz-crystal-microbalance
(QCM)13 technique has been found to be useful for measuring
and characterizing macromolecular interactions in the increas-
ingly expanding area of biosensor technology. SPR in particular
has great potential for macromolecular interaction analysis in
terms of sensitivity and signal translation. The use of biosensors
based on SPR has made it possible to determine kinetic param-
eters in real time and without any labeling of biomacromolecules

for detection. However, the SPR response reflects a change in
mass concentration at the detector surface as molecules bind
or dissociate; the specific sensing of substrates with low molecu-
lar weight is difficult. In such a case, functional molecules with a
high molecular weight such as antibodies have a great potential
for amplification of the response signals. Here, we designed lin-
ear and dendritic antibody supramolecular complexes. These
supramolecular formations are utilized for the amplification of
detection signals for biosensor techniques.

The second topic is concerned with functionalized catalysts
prepared by the combination of monoclonal antibodies with co-
factors. The development of general strategies for introducing
catalytic activity into antibody combining sites could lead to a
new class of enzyme-like catalysts with tailored specificities. Es-
pecially, strategies that allow incorporation of cofactors into an-
tibody combining sites should expand the scope of antibody cat-
alysis. We used porphyrins or transition-metal complexes as a
cofactor. Peroxidase activity of iron porphyrin–antibody com-
plexes has been investigated. The electron-transfer reaction from
porphyrin molecules to electron acceptors could be controlled by
the binding of the antibodies to porphyrin molecules. We have
constructed a hydrogen evolution system using porphyrin–anti-
body complexes.

Transition metals such as Rh, Pd, Pt, and Ru have been ex-
tensively used as heterogeneous catalysts14 for various transfor-
mations of molecules. A great number of transition-metal com-
plexes have been prepared and used as homogeneous catalysts,15

because they are considered as an intermediate of metal-cata-
lyzed reactions. However, complexes of transition metals such
as Rh, Pd, Pt, and Ru have not been found in enzymes. If these
complexes can be used as if they are cofactors of enzymes, the
scope of the catalysts will be revolutionarily broadened. Asym-
metric catalyses16,17 have attracted much attention because of the
importance of chirality for living systems. In recent years, water-
soluble complexes of transition metals with proteins or DNAs
have played an important role in synthetic chemistry as environ-
mentally benign catalysts.18 In all cases, the metal complexes
were incorporated into biomolecules by non-direct methods,
for example the utilization of avidin–biotin interactions during
the complex formation of avidin with a biotinylated metal com-
plex.19 The most important method to directly incorporate tran-
sition-metal complexes into proteins is thought to be the prepa-
ration of monoclonal antibodies20 against transition-metal com-
plexes. Now we have succeeded in preparing monoclonal anti-
bodies for a transition-metal complex.
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� Linear Antibody Supramolecules:
Application for a Novel Biosensing
Method

In this study, methyl viologen is selected as one of the target
molecules to be detected. Although viologens are harmful, they
are well-known functional molecules which act as herbicides
and electron acceptors. Methyl viologen (MV) has been suggest-
ed as a potential etiologic factor in Parkinson’s disease because
of the structural similarity to the known dopaminergic neurotox-
icant, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.21 Anti-vi-
ologen antibodies22 may be expected to be useful not only as a
highly sensitive reagent for viologens but also as a functional
material to control the electron transfer from electron donors
to viologens. However, the detection of viologens at low concen-
trations is difficult owing to the low sensitivity (small response)
in a common SPR biosensor technique using corresponding anti-
bodies. To improve the sensitivity, it is important to detect MV
as a large response signal caused by the antibody bindings. A so-
lution to this problem is thought to be the inhibition of the supra-
molecular formation between the anti-viologen antibody and
viologen dimer by MV.

Monoclonal antibody 10D5 (IgG1) has been elicited for the
viologen derivative 1 and was found to bind MV with a dissoci-
ation constant Kd ¼ 2:0� 10�7 M.We investigated the complex
formation of antibody 10D5 with MV or viologen dimer 2 using
the SPR biosensor. The specific binding of the antibody and 2
produces supramolecules such as linear or cyclic antigen–anti-
body oligomers. Figure 1 shows the sensorgram of the repeated
injection of the aqueous viologen dimer and antibody solutions
to the sensor chip on which the antibody 10D5 was precoated.
The signal intensity was enhanced by the binding of the antibody
to the 2–antibody complex. The viologen dimer molecule is con-
sidered to act as a connector between antibodies. It is suggested
that the phenomena observed in the SPR measurement are as-
cribable to higher-order complex formation between antibodies
and viologen dimer.

We found that the supramolecular formation of antibody
10D5 and 2 effected an SPR signal enhancement of the biosen-
sor. The additional binding of the antibody to the 2–antibody
complex gave a remarkable increase in signal intensities. On
the other hand, the addition of MV (viologen monomer) instead
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Scheme 1. Functionalization of monoclonal antibodies.
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Figure 1. The sensorgram of repeated injection of aqueous vi-
ologen dimer 2 (a, c, and e) and antibody (b, d, and f) solutions.
[Viologen dimer 2] = 2.0mM and [antibody] = 2.0mM in phos-
phate borate buffer. Injection period 60 s for a–c and 120 s for d–
f. A solution of viologen dimer 2 or the antibody passes over the
surface of the sensor chip for 60 or 120 s at a constant flow rate of
20mL/min. The surface of the sensor chip was subsequently
washed with buffer.
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Scheme 2. Strategy for the highly sensitive detection of MV
based on SPR biosensor technique. Inhibition of the complex
formation of the antibody with viologen dimer 2 by MV and
the signal enhancement due to the supramolecular formation be-
tween the antibody and viologen dimer. Antibody 10D5–2 com-
plex is immobilized onto the surface of the sensor chip. An aque-
ous solution of antibody 10D5 and a sample including MV or
that without MV is injected into the flow cell (i) before the addi-
tion of the complex between antibody 10D5 and viologen dimer
2 (ii). The supramolecular formation between antibody 10D5
and 2 without MV (a), and that in the presence of MV (b) and
(c). [MV] < [antibody combining site]: (b) and [MV] � [anti-
body combining site]: (c).
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of 2was expected to block the antigen-binding sites and to inhib-
it the additional antibody binding. A small amount of MV can be
detected as a decrease in signal enhancement due to the inhibi-
tion of the complex formation between viologen dimer and anti-
body by MV, compared with the signal intensity of complete su-
pramolecular formation between the antibody and 2. Scheme 2
shows the strategy for the amplification of detection signals
for MV based on the signal enhancement by the supramolecular
formation between the antibody and 2 using the biosensor tech-
nique. This system includes a two-step procedure as follows. (i)
The aqueous solution of antibody 10D5 with MV is injected into
the sensor chip, whose surface is modified with the antibody–2
complex, and then (ii) an antibody–2 (1:2) complex is added
to the previous state. The changes in the signal intensities in
the presence of MV are compared with those in the absence of
MV. The amount of antibody immobilized to the sensor chip de-
creased as the concentration of MV increased. To enlarge the
difference in the signal intensities in the presence of a small
amount of MV, a solution of the antibody–viologen dimer com-
plex was added to the previous state (i). The sensitivity in this
system was 140-fold larger than that in the simple addition of
MV to the antibody immobilized to the surface of the sensor
chip. It was found to be clear that this system can be utilized
for the quantitative detection of MV. Amplification of MV sens-
ing processes was realized by the inhibition of complex forma-
tion between the antibody and 2–antibody complex and signal
enhancement due to the supramolecular formation of the anti-
body and 2. The amount of MV (Mw ¼ 257) was expressed as
the amount of the antibody (Mw ¼ 150000) that could not form
the supramolecules between 2 and the antibody.

� Dendritic Antibody Supramolecules

IgG is a basic type of antibody, consisting of two heavy pep-
tide chains with a molecular weight of about 50000 and two light
chains with a molecular weight of about 25000. There are two
identical binding sites at the top of Fab fragments of IgG that
are bound by flexible hinges with a single constant stem. IgG
takes a Y or T shape.23 IgG is generated in a final stage of immu-
nization, so it is matured and highly selective. IgM has a pen-
tameric structure of IgG and ten antigen binding sites in a single
molecule. The presence of ten antigen binding sites enables IgM
to bind tightly to antigens containing multiple identical epitopes.
However, IgM is generated in an initial stage of immunization,
so it is unmatured and less specific for the antigen than IgG. In
order to design an antibody system with a high specificity and
a high affinity, a combination of the functions of both IgG and
IgM seems to be important. We designed and prepared dendritic
antibody supramolecules, in which IgM is placed in a core and
many IgGs are bound around the IgM. Scheme 3 shows the route
for the construction of the dendritic supramolecules. A monoclo-
nal antibody (IgM) for cationic porphyrin 3 was prepared. IgG
specific for anionic porphyrin 4 was also prepared. The cationic
porphyrin 3 was attached to the IgG via activation of carboxylic
acid in 3 using the condensation agent, carbonyldiimidazole. The
IgG–3 conjugate was purified by column chromatography using
Sephadex G-150 to remove the porphyrins that did not react with
the antibody. The characteristic binding ability and specificity of
IgG were found to remain during the chemical modification of
IgG with 3. When IgM for 3 is treated with the IgG–3 conjugate,

IgM binds 3 attached on the IgG to give a dendritic antibody su-
pramolecule ‘‘antibody dendrimer’’ (G1 in Scheme 3). The bind-
ing property of the antibody dendrimer G1 with a cationic or
anionic porphyrin was measured by enzyme-linked immuno-
sorbent assay (ELISA). Figure 2a shows the binding properties
of IgG, IgM, and G1 with the cationic porphyrin 5. Although
IgG did not bind 5 and IgM bound 5, the dendrimer did not bind
5. These results show that the cationic porphyrin attached to IgG
occupies the binding sites of IgM in the dendrimer; thus there are
no free binding sites against 5 on IgM. Figure 2b shows the bind-
ing of IgG, IgM, and G1 to 4. The IgM used in this study can
bind both anionic and cationic porphyrins, owing to the low
specificity of IgM against porphyrins. Both IgM and IgG bound
4, while G1 bound 4 more efficiently than IgM or IgG. The in-
crease in affinity of G1 for 4 indicates that many IgG molecules
attach to the surface of the IgM molecule.

The biosensor technique based on SPR shows that the anti-
body dendrimer has an advantage in its amplification of detec-
tion signals for antigens. A solution of G1 was added to the sen-
sor chip on which 4 was precoated by the coupling with hexa-
methylenediamine as a spacer. The signal intensity increased
by the injection of the antibody dendrimer was sufficiently larger
than that of simple addition of IgG. Taking into account the
change of the binding property of the antibody dendrimer for
porphyrins with the increase in the amount of bound antibody
to 4 on the SPR biosensor, the antibody dendrimer had many
IgG molecules successively bound to IgM molecule. The struc-
tural observation of the antibody dendrimer was carried out by
using atomic force microscopy (AFM).24 The sample surface
was observed under suitable conditions such that any damage
caused by scanning the cantilever is minimized and that any non-
specific assembly among antibodies does not occur. Figure 3
shows AFM images of starting IgM and the dendrimer. The im-
age of the dendrimer was twice as large as that of starting IgM.
Some branches (IgGs) can be seen outside of the IgM core. Such
an assembled structure was not observed in a chemically modi-
fied IgG solution or an IgM solution alone. The characteristic
features of the antibody dendrimer are that they (1) are com-
posed of proteins, (2) are composed of noncovalent bonds, and
(3) bind antigens strongly with high specificity.

� Peroxidase Activity of Antibody–Fe-
Porphyrin Complex

Monoclonal antibody 12E11G, which was also obtained by
the immunization of the conjugate between cationic porphyrin 3
and a carrier protein to mice, bound not only to 5 but also to iron
complex of 5 (Fe–5). The dissociation constant of the complex
between antibody 12E11G and Fe–5 was found to be
2:6� 10�7 M. The catalytic effects of the complex of Fe–5 with
antibody 12E11G on the oxidation of substrates, which are oxi-
dized by horseradish peroxidase (HRP), were investigated. The
complex of antibody 12E11G with Fe–5 (0.5mM) was dissolved
in tris-acetate buffer (90mM, pH 8.0) and incubated for 2 days
at room temperature. Hydrogen peroxide (50mM) was then add-
ed, followed by a substrate. The changes of absorbance at �max

for the oxidation product of each substrate were monitored. Re-
sults showed that the Fe–5–antibody 12E11G complex had cat-
alytic effects on catechol, guaiacol, and pyrogallol. In particular,
the complex markedly catalyzed the oxidation of pyrogallol.
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Peroxidation catalyzed by the antibody–Fe–5 complex was fast-
er than oxidation in the presence of Fe–5 alone. Further addition
of the substrate caused a further catalytic reaction in the presence
of the antibody–Fe–5 complex, indicating that the catalyst was
still active. On the other hand, the catalytic activity of Fe–5
alone disappeared. It was suggested that the porphyrin catalyst
in the absence of the antibody would be destroyed by an excess
amount of hydrogen peroxide. The complex of the antibody with
Fe–5 accelerated the oxidation of smaller substrates such as cat-
echol, guaiacol, and pyrogallol; however, it had no effect on the
oxidation of the substrates with a large molecular size such as

ABTS or o-dianisidine. The substrate specificity of the anti-
body–Fe–5 complex on the catalytic oxidation might be due to
the limitation of space around the active site by the binding of
the antibody to the porphyrin molecule. The complex of Fe–5
with antibody 83B5D, which was also obtained by the immuni-
zation of the 3-conjugate, had no catalytic effect on the oxidation
of pyrogallol and the other substrates. Antibody 12E11G was
suggested to have catalytic residues in its antigen-combining site
and antibody 83B5D was thought to have no binding space for
the substrates or no catalytic residues. The increase of the cata-
lytic activity of the Fe–5–antibody 12E11G complex was ascrib-
able mainly to the high reactivity of the cationic Fe–porphyrin
itself and stabilization of Fe–porphyrin by the binding of the an-
tibody. The differences in kcat values of the Fe–5–antibody com-
plex and HRP are found to be within a factor of three. Although
the kcat=Km value was 2:2� 106 M�1 min�1 for HRP, being 28
times higher than that of the Fe–5–antibody complex, the Fe–
5–antibody complex was highly reactive (Table 1). The catalytic
activity of HRP decreased at higher concentrations of H2O2,
however that of the antibody–porphyrin complex was retained.
Naturally occurring catalyst, HRP, catalyzes the oxidations of
various substrates, not only pyrogallol but also hydroquinone,
catechol, resorcinol, guaiacol, ABTS, and o-dianisidine. The re-
actions promoted by HRP are nonspecific. In contrast, the cata-
lytic oxidation by the Fe–5–antibody complex was selective for
small molecular substrates such as catechol, guaiacol, and pyro-
gallol.

� Hydrogen Evolution SystemUsing An-
tibody–Porphyrin Complex as Photo-
sensitizer

One of the complexes between monoclonal antibody 2B6
for 4 and Zn–425 was used to construct an energy conversion sys-
tem. The antibody 2B6 could bind Zn–4 with a dissociation

Table 1. Kinetic parameters for the oxidation of pyrogallol by
Fe–5 in the absence and presence of antibody 12E11G or HRP

Catalysts Km/mM kcat/min�1 kcatK
�1
m /M�1 min�1

Fe–5 83
Fe–5–12E11G 8.6 680 7:9� 104

HRP 0.81 1750 2:2� 106
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constant of 2:1� 10�8 M, estimated by ELISA. When antibody
2B6 was added to an aqueous solution of Zn–4, the lifetime of
its singlet exited state was lengthened from 1.7 to 2.1 ns. The
triplet state lifetime of Zn–4 was also lengthened from 0.5 to
1.2ms.

Continuous light irradiation of Zn–4 was performed in the
presence of the antibody and MV. The color of the solution
turned blue and a product with a maximum absorbance at
602 nm appeared.26 Methyl viologen cation radical (MVþ�)
was obtained by the photoinduced electron transfer from porphy-
rin in the binding site of the antibody to MV. The half-life of
MVþ� was over 15min. No color changes were observed without
antibodies. The antibody was found to catalyze the electron
transfer to give a stable MVþ�. We found that the MVþ� obtained
in the antibody–porphyrin complex system could be utilized
for producing chemical energy, hydrogen.27 The antibody–
porphyrin complex, MV, and colloidal Pt were equipped for
the construction of a hydrogen evolution system. An increase
of the concentration of hydrogen was observed in the solution
of the antibody–porphyrin complex. The electron transfer could
take place efficiently from porphyrin in the antibody binding site
to MV outside of the binding pocket (Figure 4).

� Asymmetric Hydrogenation Catalyzed
by Antibody–Transition Metal Com-
plex

We chose a rhodium cyclooctadiene phosphine complex as a
transition-metal complex, because the Rh complex catalyzes a
variety of reactions such as hydrogenation, hydroformylation,
and isomerization.28 Achiral Rh complex 6, (1,5-cycloocta-
diene){N,N-bis[2-(diphenylphosphino)ethyl]succinamido}rho-
dium(I) perchlorate,29 was synthesized. The Rh complex 6 was
used as a hapten to obtain monoclonal antibodies for the Rh cat-
alyst. The hapten was covalently attached to a keyhole limpet he-
mocyanin (KLH) or bovine serum albumin (BSA) via activation
of the carboxyl group in the hapten molecule using carbonyldi-
imidazole. The conjugates KLH–6 and BSA–6 were purified by
size exclusion chromatography and used as an antigen to immu-
nize mice and in ELISA, respectively. Balb/c mice were immu-
nized with KLH–6 conjugate in saline emulsified 1:1 in Freund’s

complete adjuvant four times at two week intervals. The hybrid-
omas secreting anti-6 antibodies were cloned twice by limiting
dilution. Four monoclonal antibodies specific for Rh complex
6 were chosen and their subclasses were found to be IgM. The
dissociation constant of the complex between one of the antibod-
ies (1G8) and 6 was found to be 2:3� 10�7 M. The hydrogena-
tion of amino acid precursors was examined. The Rh complex
was added to the aqueous solution of antibody 1G8 under argon
atmosphere at room temperature. The substrate was added to the
mixture and H2 was introduced to the solution at 1 atm, 37 �C for
12 h. The HPLC and GC diagrams of the hydrogenation products
of each amino acid precursor were monitored. Without antibod-
ies, 2-acetamidocinnamic acid (phenylalanine precursor) was
converted to racemic N-acetylphenylalanine by the Rh catalyst
in 14% yield. However, no catalytic reaction was observed for
phenylalanine precursor in the presence of the antibody 1G8–6
complex. We examined the hydrogenation of 2-acetamidoacryl-
ic acid (alanine precursor) catalyzed by Rh complex 6 in the ab-
sence and presence of antibody 1G8. The product obtained by
the complex of antibody 1G8 with 6 was S enantiomer (N-ace-
tyl-L-alanine) with >98% ee (Scheme 4). The turnover frequen-
cy of the Rh complex in the presence of the antibody was found
to be 1.2min�1. On the other hand, the substrate was converted
to racemic N-acetylalanine by the achiral Rh complex without
antibodies. The substrate specificity of this Rh catalyst–antibody
1G8 complex indicated that the antibody binding to the catalyst
could control the accessibility of substrates to the Rh catalyst.
We have tested the catalytic hydrogenation of alanine precursor
by the Rh complex with the other antibodies and the conjugate of
the Rh complex with BSA. In these cases, ee values were less
than 10% or 0%. Only antibody 1G8 could catalyze the hydroge-
nation of 2-acetamidoacrylic acid with high enantioselectivity,
although all antibodies tested in this study could bind Rh com-
plex 6. These results suggested that a suitable environment
around Rh complex could be introduced by the binding of anti-
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body 1G8 to control the catalytic activity, substrate specificity
and enantioselectivity of the hydrogenation reaction. This work
represents the first example of asymmetric hydrogenation of an
amino acid precursor catalyzed by the complex of a transition
metal with immunoglobulin.

� Summary

Linear and dendritic supramolecular formations of mono-
clonal antibodies have been investigated. These supramolecular
assemblies are used to amplify the sensing signals for the target
molecules. A series of catalysts with a substrate specificity or a
high enantioselectivity have been prepared by the combination
of monoclonal antibodies with functional small molecules such
as porphyrins or transition-metal complexes. An energy conver-
sion system was also constructed by using an antibody–metallo-
porphyrin complex. Monoclonal antibodies may become more
and more important offering high possibilities as new chemical
and tailor-made materials by making the best of their ability.
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