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Abstract

A surface plasmon resonance (SPR) immunosensor based on a competitive immunoreaction for the determination of trinitroph
is described. A goat anti-mouse IgG (1st antibody), which recognizes an Fc moiety of an antibody, was immobilized on a go
an SPR sensor chip by physical adsorption. A TNP solution containing a fixed concentration of a mouse anti-TNP monoclona
(2nd antibody) and a TNP-keyhole limpet hemocyanin (KLH) conjugate was incubated in one-pot and introduced into the sensor
TNP-KLH conjugate competes with TNP for binding with the 2nd antibody. The resulting complex of the 2nd antibody with the TN
conjugate was bound to the 1st antibody, which is immobilized on the sensor chip. The SPR sensor signal based on resonance
dependent on the concentration of TNP in the incubation solution in the range from 25 ppt to 25 ppb, and the coefficient of varia
SPR signals for the 25 ppb TNP solution was determined to be 13% (n= 4). The experimental results for the adsorption constant of th
antibody on the sensor chip and the binding constant of the 1st antibody complex with the 2nd antibody are discussed, together with
considerations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A great deal of efforts has been devoted to development
of a chemical sensor for trinitrotoluene (TNT) and related
nitro-aromatic compounds to detect the location of buried
landmines, as an alternative to or combined with conventional
metal detectors. A number of reports on analytical meth-
ods for the determination of TNT and related compounds,
such as capillary electrophoresis, fluorescence spectropho-
tometry, etc., as well as chemical sensors for such explosive

∗ Corresponding author. Tel.: +81 92 642 3569; fax: 81 92 642 4134.
E-mail address: imato@cstf.kyushu-u.ac.jp (T. Imato).

compounds[1–20]. Because of its sensitivity and selec
ity, a surface plasmon resonance (SPR) immunosens
would be a promising chemical sensor for such purpo
In our previous papers, an SPR immunosensor for TNT
related compounds based on a competitive immunoa
was reported[21–23]. In a continuation of this research,
reported on attempts to develop an SPR immunosens
several approaches for enhancing its sensitivity with res
to explosive compounds.

Three approaches can be considered for the SPR
mination based on a competitive immunoassay. The
approach involves the immobilization of an antibody on
gold film of an SPR sensor chip. The second is the imm
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lization of an antigen (or a conjugate of the target molecule)
on a sensor chip and the third is the immobilization of an
antibody (1st antibody) that recognizes an Fc moiety of the
2nd antibody on the sensor chip. In our previous paper[24],
in an example of the first approach, we utilized a gold binding
polypeptide (GBP) and Protein G for the immobilization of
an anti-2,4-dichlorophenol antibody on the gold film of the
SPR sensor and applied this immobilization technique to the
determination of 2,4-dichlorophenol. The immobilization
procedures used here led to the orientated immobilization
of the antibody, in a stable form, in a high density. Although
this procedure is excellent for laboratory use, its use in
a field analysis, such as the detection of a landmine, it
is complicated and the GBP and Protein G reagents are
costly. The second approach is to immobilize the target
molecule on the sensor chip. Miura et al. reported on an SPR
immunosensor based on this approach for the determination
of benzo[a]pyrene and other polyaromatic hydrocarbon
as well as trinitrophenol (TNP) by using a bovine serum
albumin (BSA) conjugate with the target molecule[25–27].
In their method, the BSA conjugate was immobilized on the
gold film of the sensor chip by physical adsorption. They
pointed out the advantages of this method, in which the sen-
sor chip could be regenerated after the assay by dissociation
of the antibody complex with the target molecule-BSA con-
jugate by a treatment with HCl/glycine solution or a pepsin
s tive
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mass change on the sensor chip. In this paper, we wish to
report on the determination of trinitrophenol (TNP) as a
model of TNT based on the third approach, i.e. the use of
a high molecular weight conjugate, keyhole limpet hemo-
cyanin.

2. Experimental

2.1. Preparation of reagent solution

A phosphate buffer solution was prepared by dissolving
0.2 g KH2PO4, 1.14 g Na2HPO4, 8.0 g NaCl and 0.2 g KCl
in 1.0 L of deionized water for the preparation of antibody
solutions, etc. Goat anti-mouse IgG, an Fc affinity purified
polyclonal antibody (abbreviated as the 1st antibody) was
purchased from Chimcon International Inc. (USA), and a
2400 ppm solution was diluted to an appropriate concen-
tration with the above the phosphate buffer. The mouse
anti-TNP monoclonal antibody (abbreviated as the 2nd anti-
body) was purchased from PharMingen Inc. (USA), and
a 500 ppm solution was diluted to an appropriate concen-
tration with above phosphate buffer solution. The 2,4,6-
trinitrophenyl-KLH (keyhole limpet hemocyanin) conjugate
(abbreviated as TNP-KLH conjugate) was obtained from
Biosearch Technologies, Inc. (USA) and was dissolved in
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olution. In our previous paper, a Bisphenol A deriva
as immobilized on the gold film by means of an ami
oupling method with the assistance of 2-aminoethane
nd the immobilization method was used for the dete
ation of Bisphenol A based on the SPR immunose

28].
The third approach is to immobilize an antibody (

ntibody) that recognizes the Fc moiety of another a
ody (2nd antibody) for a target molecule. The immo

ization of an antibody for a target molecule with a h
rientation on a solid phase is required for the sele
nd sensitive binding to the target molecule or its co
ate, when an immunoreaction between the target mol
r its conjugate in an aqueous solution and the antib
dsorbed on the solid matrix is conducted. While, the in
nt selectivity between the antibody and target mole
r its conjugate is maintained for the immunoreaction
omogenous aqueous phase. If an antibody (1st antib

hat recognizes an Fc moiety of the objective antibody
ntibody), is immobilized on the SPR sensor chip, e

hough the immobilization of the 1st antibody is not o
nted perfectly, a selective SPR determination of the t
olecule is possible by the use of a competitive immun

ay, in which the target molecule and its conjugate com
ively bind to the 2nd antibody by incubating in a one-
eactor and the incubated solution is introduced into
PR sensor chip. If a conjugate with a molecular we
uch higher than that of the 2nd antibody is utilized

arge SPR signal would result, because the sensitivity o
PR sensor is dependent on the magnitude of the ind
l

,

t

d

the phosphate buffer to prepare a stock solution. 2
Trinitrophenol (TNP) and the other reagents were purch
from commercial source and were used without further pu
cation. A polymer solution of poly(methacryloyloxyeth
phosphorylcholine) with a hydrophobic moiety, donated
the Nippon Yushi Co. Ltd. (Japan) was used as a bloc
solution.

A sample solution containing 25–50 ppm of
1st antibody, 100–200 ppm of TNP-KLH conjugate
25 ppt–25 ppb of TNP and 0.05% Tween 20 was incubat
25◦C for periods of 5 min to 120 min.

2.2. Apparatus

An SPR system was constructed from an SPR se
with a flow-cell and a syringe pump (Cavro, 3000X) and
injector (Rheodyne, 7125) with a sample loop (100�L). The
SPR sensor used in this work was developed by some
authors. The SPR sensor is a dual type, with referenc
sample channels. Detailed information on the perform
of the SPR sensor has been reported elsewhere[29]. The
flow-cell was assembled on the SPR sensor by attach
silicon sheet with a thickness of 0.5 mm with two groo
(3 mm× 14 mm) between the gold film deposited on a co
glass (sensor chip) and a prism of the SPR sensor. The
sor chip (16 mm× 16 mm× 0.15 mmt) was obtained from
Eliotech Co. (Japan). Matching oil with a reflective inde
1.5616 was coated between the backside of the cover
of the sensor chip and the prism. The SPR sensor was p
in a thermostated incubator at 25± 0.1◦C.
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2.3. Protocol

The sensor chip was sonicated for 20 min in acetone
and then soaked in a piranha solution (conc. H2SO4/30%
H2O2 = 1/1, v/v) for 15 min. After washing with deinonized
water and drying, the sensor chip was then placed in the
SRP sensor. A 100�L aliquot of 100 ppm 1st antibody solu-
tion was introduced into the sample channel of the sensor
chip from the injector at a flow rate of 20�L/min by a car-
rier solution from the syringe pump in order to immobilize
the 1st antibody on the sensor chip. The phosphate buffer
was used as the carrier solution. After 30 min, 100�L of
the blocking solution was injected into the sensor chip by
the carrier solution at a flow rate of 20�L/min for 30 min.
Subsequently, 100�L of a solution containing the 2nd anti-
body, TNP and the TNP-KLH conjugate, prepared prior to
the experiment, was injected into the sensor chip at the same
flow rate of 20�L/min for 30 min. The phosphate buffer solu-
tion was also pumped into the reference channel at a flow
rate of 20�L/min. During the three injections of each of the
solutions, the resonance curves of the SPR sensor from the
sample and reference channels were monitored by means of a
computer and at the same time, the resonance angle from the
sample channel subtracted from the reference channel was
monitored by the computer.
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tion. When a solution containing 25 ppm of the 2nd antibody,
250 ppb of TNP and 100 ppm of TNP-KLH conjugate was
injected ((c) inFig. 1), the angle shift was increased by about
0.025◦, indicating the binding of the 2nd antibody species to
the 1st antibody on the sensor chip.

The overall SPR immunoassay consisted of three steps: (1)
an immobilization step for the 1st antibody onto the sensor
chip, (2) an incubation step for the 2nd antibody, the TNP-
KLH conjugate and TNP and (3) a competitive binding step
of the 2nd antibody species in the incubated solution with the
1st antibody immobilized on the sensor chip. The chemical
equilibrium in the incubation solution and the competitive
binding are considered in this section. The immobilization
step is described in Section4.

The concentrations of the second antibody species, the free
antibody,CAb2, the antibody-TNP complex,CAb2-Ag, and the
2nd anti-body-TNP-KLH conjugate complex,CAb2-AgC, can
be calculated from the following binding constants and the
mass balance concerning with the 2nd antibody, TNP and the
TNP-KLH conjugate:

Ab2 + Ag → Ab2-Ag

K1 = CAb2-Ag

CAb2CAg
(1)
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. Theoretical considerations of the present SPR
mmunoassay

Fig. 1shows a typical sensor response obtained whe
hree solutions were sequentially injected, as described
xperimental section. When 100 ppm of the 1st antibody
ion was injected ((a) inFig. 1), the angle shift was increas
y about 0.035◦, indicating the successful immobilizati
f the 1st antibody on the sensor chip. When the bloc
olution was injected ((b) inFig. 1), a small angle shift wa
bserved, indicating that any unmodified gold film of
ensor chip was blocked, thus preventing the adsorpti
ny extraneous substances in the subsequent injected

ig. 1. Typical sensor response to the 1st antibody, blocking reagent a
ncubation solution: (a) 100 ppm 1st antibody solution (100�L), (b) block-
ng solution (100�L) and (c) incubation solution containing 25 ppm 2
ntibody, 250 ppb TNP and 100 ppm TNP-KLH (100�L). Carrier solution
hosphate buffer, pH 7.2, flow rate 20�L/s.
-

b2 + AgC → Ab2-AgC

2 = CAb2-AgC

CAb2CAgC
(2)

here K1 and K2 are the binding constants of the 2
ntibody-TNP complex and the 2nd antibody-TNP-K
onjugate complex, respectively.

T
Ab2 = CAb2 + CAb2-Ag + CAb2-AgC (3)

T
AgC = CAgC + CAb2-AgC (4)

T
Ag = CAg + CAb2-Ag (5)

hereCT
Ab2, CT

AgC andCT
Ag are the total concentrations of t

nd antibody, the TNP-KLH conjugate and TNP, respectiv
From Eqs.(1)–(5), an equation concerning with the c

entration of the free 2nd antibody,CAb2, is derived.

1K2C
3
Ab2 + (K1K2(CT

Ag + CT
AgC−CT

Ab2)+K1+K2)C2
Ab2

+ (K1C
T
Ag + K2C

T
AgC − (K1 + K2)CT

Ab2 + 1)CAb2

− CT
Ab2 = 0 (6)

A suitable root forCAb2 can be obtained by numeric
alculation using Eq.(6)by assuming the appropriate bind
onstantsK1 andK2 and assuming that the values of the t
oncentrations of the second antibody,CT

Ab2, the conjugate
T
AgC, and TNP,CT

Ag, are constant.
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Fig. 2. Concentration of 2nd antibody, 2nd antibody complex with antigen
and 2nd antibody complex with the conjugate in the incubation solution
as a function of the concentration of the antigen calculated from Eqs.(4)
to (6), assumingK1 = 1.0× 107, K2 = 0.8× 107 andCT

Ab2, = 2.0× 10−6 M,
CT

AgC = 4.0× 10−6 M.

The concentrations of the 2nd antibody-TNP complex,
CAb2-Ag, and the 2nd antibody-TNP-KLH conjugate com-
plex, CAb2-AgC, were calculated fromCAb2 and Eqs.(4)
and (5). In Fig. 2, the calculatedCAb2, CAb2-Ag and
CAb2-AbC are plotted as a function of the total concen-
tration of TNP when the following values are assumed:
K1 = 1.0× 107, K2 = 0.8× 107 and CT

Ab2 = 2.0× 10−6 M,
CT

AgC = 4.0× 10−6 M. As can be seen fromFig. 2, the con-
centration of the 2nd antibody-TNP-KLH conjugate complex
gradually decreases with increasing concentrations of TNP,
while the concentration of the 2nd antibody-TNP complex
gradually increases with increasing concentrations of TNP.
This indicates that the 2nd antibody in the incubation solu-
tion binds competitively to the TNP-KLH conjugate and TNP.
In other words, the 2nd antibody preferentially binds to TNP
with increasing concentrations of TNP in the incubation solu-
tion.

When the incubation solution is introduced into the sensor
chip immobilized with the 1st antibody, the 2nd antibody
species binds competitively to the 1st antibody on the sensor
chip, because the 1st antibody has an affinity for the Fc moiety
of the 2nd antibody. The surface concentration of the 2nd
antibody species can be estimated from the following binding
reactions by assuming a Langmuir isotherm equilibrium:

Ab1 + Ab2 → Ab1-Ab2

K

A

K4 = [Ab1-Ab2-AgC]

[Ab1] CAb2-AgC
(8)

Ab1 + Ab2-Ag → Ab1-Ab2-Ag

K5 = [Ab1-Ab2-Ag]

[Ab1] CAb2-Ag
(9)

where the chemical species with underlines denote those
adsorbed on the sensor chip and chemical species in brackets
denote the surface concentrations in nmol mm−2.

From the mass balance of the 1st antibody on the surface
of the sensor chip, the following equation holds:

[Ab1]T = [Ab1-Ab2] + [Ab1-Ab2-AgC] + [Ab1-Ab2-Ag]

(10)

where [Ab1]T is the total surface concentration of the 1st
antibody on the sensor chip.

As a first approximation, it is possible to consider that
the binding constants of the complexes formed on the 1st
antibody layer with the 2nd antibody species do not differ
substantially among the 2nd antibody species. Namely, it is
reasonable to assume thatK3 = K4 = K5. This is because the
nature of the binding of the Fc moieties of the 2nd antibody
s bound
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3 = [Ab1-Ab2]

[Ab1] CAb2
(7)

b1 + Ab2-AgC → Ab1-Ab2-AgC
pecies does not change, even when the 2nd species is
o TNP and the TNP-KLH conjugate.

If the binding of the 2nd antibody species with the 1st a
ody on the sensor chip can be assumed to obey the Lan

sotherm equation, the following equations hold:

[Ab1-Ab2]

[Ab1]T
= K3CAb2

1 + K3CAb2 + K4CAb2-AbC + K5CAb2-Ag

(11)

[Ab1-Ab2-AgC]

[Ab1]T

= K4CAb2-AgC

1 + K3CAb2 + K4CAb2-AbC + K5CAb2-Ag
(12)

[Ab1-Ab2-Ag]

[Ab1]T
= K5CAb2-Ag

1 + K3CAb2 + K4CAb2-AbC + K5CAb2-Ag

(13)

hereCAb2, CAb2-Ab andCAb2-AbC are the concentrations
he 2nd antibody, the 2nd antibody-TNP complex and
nd antibody-TNP-KLH conjugate complex, respectively

he incubation solution. The surface concentrations o
nd species are calculated from Eqs.(10)–(13) by using

he concentrations of the 2nd species shown inFig. 2 and
ssuming the binding constant,K3 = 6.8× 108 M−1. This
alue was obtained experimentally and is discussed i
ext section.Fig. 3 shows the surface concentrations of
nd antibody species. As can be easily estimated from
oncentration of the 2nd antibody species in the incuba
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Fig. 3. Surface concentration of 2nd antibody, 2nd antibody complex with
antigen and 2nd antibody complex with conjugate on the 1st antibody layer
as a function of the concentration of the antigen calculated from Eqs.(11)
to (13), assumingK3 = K4 = K5 = 6.8× 108 M−1. The values for the other
parameters are the same as inFig. 2.

solution, the dependency of the surface concentrations of
the 2nd antibody species bound to the 1st antibody layer on
the concentration of TNP is the same as that of the con-
centrations of the 2nd antibody species in the incubation
solution.

If we adopt a relationship[30] between the angle shift
of the SPR sensor and the mass change on the sensor chip
by binding the analyte in which the angle shift of 0.1◦ cor-
responds to a change in mass of 1 ng mm−2, the following
equation for the angle shift,�θ, of the present SPR sensor
holds:

�θ = αAb2[Ab1-Ab2] + αAb2-Ag[Ab1-Ab2-Ag]

+ αAb2-AgC[Ab1-Ab2-AgC] (14)

whereαAb2, αAb2-Ag andαAb2-AgC are coefficients that are
proportional to the molecular weight of the 2nd antibody,
the 2nd antibody-TNP complex and the 2nd antibody-TNP-
KLH conjugate complex, respectively. These values have
dimensions of [◦ mm2 nmol−1]. The angle shift of the SPR
sensor can be calculated from the surface concentrations
of the 2nd antibody species from Eq.(14), using the sur-
face concentrations of the 2nd antibody species on the 1st
antibody layer calculated in the manner shown inFig. 3
and by assumingαAb2 = 1.5× 104, αAb2-Ag = 1.5× 104 and
α = 7 ×104–11× 104 [◦ mm2 nmol−1]. The values
f cular
w is
a
[ cen-
t
F dent

Fig. 4. Relationship between angle shift of SPR sensor and concentra-
tion of antigen in the incubated solution calculated from Eq.(14) assum-
ing αAb2 = 1.5× 104, αAb2-Ag = 1.5× 104 andαAb2-AgC = 7 ×104–11× 104

[◦ mm2 nmol−1].

on the surface concentration of the 2nd antibody-TNP-KLH
complex. In addition, the sensitivity to TNP is estimated to be
enhanced by using the higher molecular weight TNP-KLH
conjugate.

4. Results and discussion

4.1. Estimation of adsorption constant of the 1st
antibody on the gold film of the sensor chip

In the first step, in the present immunoassay, the 1st anti-
body layer was formed on the gold film of the sensor chip
by physical adsorption, as described in Section2. In order to
estimate the adsorption constant of the 1st antibody on the
gold film and to evaluate the amount of the 1st antibody that
was immobilized on the sensor chip, the angle shifts were
measured when the 1st antibody at various concentrations
were introduced into the sensor chip.

The adsorption of the 1st antibody on the gold film of the
sensor chip is assumed to be in adsorption equilibrium. The
adsorption constant,Kad, can be expressed by the following
equation:

Kad = [Ab1]
(15)

w the
1
a dja-
c e
a sorp-
t

Ab2-AgC
or α are assumed, based on the fact that the mole
eight of the 2nd antibody and its complex with TNP
bout 1.5× 105 Da and that of KLH is about 7–11× 105 Da

31]. The calculated angle shifts as a function of the con
ration of TNP and as a parameter ofαAb2-AgC, are shown in
ig. 4. This indicates that the angle shift is mainly depen
CAb1

here [Ab1] and CAb1 are the surface concentration of
st antibody adsorbed on the sensor chip in nmol mm−2 units
nd the concentration of the 1st antibody in the solution a
ent to the sensor chip in mol dm−3 units, respectively. If th
dsorption of the 1st antibody obeys a Langmuir-type ad

ion equation, the following equation is derived from Eq.(15),



M. Kobayashi et al. / Talanta 68 (2005) 198–206 203

the same as Eqs.(11)–(13):

[Ab1]

[Ab1]T
= KadCAb1

1 + KadCAb1
(16)

If the angle shift of the SPR sensor,�θ1, is proportional
to the surface concentration of the 1st antibody adsorbed to
the gold film, the relative surface concentration to the total
surface concentration of the 1st antibody, [Ab1]T, can be
expressed as follows:

[Ab1]

[Ab1]T
= �θ1

�θ1,max
(17)

where�θ1,maxdenotes the angle shift of the SPR sensor when
the 1st antibody completely occupies the surface of the gold
film.

The relationship between the concentration of the 1st anti-
body solution, which was introduced into the sensor chip, and
the angle shift of the SPR sensor,�θ1, is derived from Eqs.
(16)and(17):

KadCAb1

1 + KadCAb1
= �θ1

�θ1,max
(18)

Rearranging Eq.(18), the following equation can be
derived:

CAb1 = CAb1 + 1
(19)
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Fig. 5. (a) Relationship between angle shift and concentration of the 1st anti-
body injected into the SPR sensor system. Sample volume of the 1st antibody
solution: 100�L, carrier solution: phosphate buffer solution, pH 7.2, flow
rate 20�L/min. (b) Relationship between concentration of the 1st antibody
andC1st antibody/θ1. The experimental conditions are the same as in (a).

order to estimate the binding constant for the complex of
the 1st antibody on the gold film with an Fc moiety of the
2nd antibody, angle shifts were measured when various con-
centrations of the 2nd antibody solutions were introduced
into the sensor chip, where the 1st antibody was immobilized
using a 100 ppm solution of the 1st antibody. In this case,
as described in Section2, the blocking reagent solution was
introduced onto the 1st antibody immobilized sensor chip
prior to introduction of the 2nd antibody solution, in order to
prevent a specific adsorption of the 2nd antibody. As can be
seen fromFig. 6(a), since the 2nd antibody is bound to the
1st antibody on the sensor chip, an increase in the angle shift
of the SPR sensor is observed, which is dependent on the
concentration of the 2nd antibody solution injected into the
sensor system. At concentrations of the 2nd antibody higher
than 50 ppm, the angle shift reaches a constant angle shift.
�θ1 �θ1,max �θ1,maxKad

Fig. 5(a) shows the angle shift obtained when several
entrations of 1st antibody solutions were injected. As
e seen fromFig. 5(a), the angle shift gradually increas
ith increasing concentration of the 1st antibody. This i
ates that the 1st antibody is adsorbed on the gold film o
ensor chip. From these data,CAb1/�θ1 is plotted agains
Ab1 as shown inFig. 5(b). A linear relationship exis
etweenCAb1/�θ1 andCAb1, consistent with the estimatio

rom Eq. (19). This indicates that the adsorption of the
ntibody on the gold film holds for the Langmuir adso

ion isotherm. The adsorption constant,Kad= 3.7× 109 M−1

nd the angle shift in the case that the gold film is c
letely adsorbed with the 1st antibody,�θ1,max= 0.041◦ are
btained from the intercept and the slope of the linear

ionship inFig. 5(b). The total surface concentration of the
ntibody, [Ab1]T, is estimated to be 2.7× 10−6 nmol mm−2

rom �θ1,max= 0.041◦, assuming the molecular weight
he 1st antibody to be 1.5× 105 Da. Subsequent experime
ere carried out using the gold film of the sensor chip a

ntroducing a 100 ppm solution of 1st antibody. The sur
oncentration of the 1st antibody by this procedure is
ated to be 2.3× 10−6 nmol mm−2.

.2. Estimation of binding constant of complex of 1st
ntibody with Fc moiety of 2nd antibody

The third step in the present immunoassay is the com
tive binding of the 2nd antibody species in the incuba
olution with the 1st antibody layer on the sensor chip
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Fig. 6. (a) Relationship between angle shift and concentration of the 2nd
antibody injected into the SPR sensor system. The 1st antibody was immo-
bilized on the sensor chip by injecting 100�L of 100 ppm solution, volume
of the 2nd antibody solution: 100�L, carrier solution: phosphate buffer solu-
tion, pH 7.2, flow rate 20�L/min. (b) Relationship between concentration
of the 2nd antibody andC2nd antibody/θ3. The experimental conditions are the
same as in (a).

In this experiment, the binding constant,K3, is expressed
by Eq.(7), as described in the theoretical section. If the angle
shift of the SPR sensor,�θ3, is proportional to the surface
concentration of the 2nd antibody bound to the 1st antibody
on the sensor chip, [Ab1-Ab2], the relative surface concen-
tration to the total surface concentration of the 2nd antibody
[Ab2]T can be expressed as follows:

[Ab1-Ab2]

[Ab2]T
= �θ3

�θ3,max
(20)

where�θ3,maxdenotes the angle shift of the SPR sensor when
the surface of the 1st antibody immobilized sensor chip is
completely bound to the 2nd antibody.

The following Langmuir-type adsorption isotherm can be
derived in a manner similar to Eq.(16):

[Ab1-Ab2]

[Ab2]T
= K3CAb2

1 + K3CAb2
(21)

whereCAb2 is the concentration of the 2nd antibody solution
injected. From Eqs.(20)and(21), the following equation can
be derived:

CAb2

�θ3
= CAb2

�θ3,max
+ 1

�θ3,max
K3 (22)

According to Eq.(22),CAb2/�θ3 was plotted againstCAb2
using the data shown inFig. 6(a) in order to confirm that
the Langmuir-type adsorption isotherm holds in the present
system. As can be seen fromFig. 6(b), a good linear rela-
tionship betweenCAb2/�θ3 andCAb2 was found, indicating
that the Langmuir-type isotherm adsorption isotherm holds.
�θ3,max andK3 were calculated to be�θ3,max= 0.014◦ and
K3 = 6.4× 108 M−1, respectively, from the slope and inter-
cept of theCAb2/�θ3 versusCAb2 plot.

The total surface concentration of the 2nd antibody,
[Ab2]T, is estimated to be 9.3× 10−7 nmol mm−2 from
�θ3,max= 0.014◦, assuming the molecular weight of the 2nd
antibody to be 1.5× 105 Da. This value is one-third of the
total concentration of the 1st antibody on the sensor chip.
Therefore, one-third of the 1st antibody on the sensor chip is
e o-
t rbed
t

4

p of
t e 2nd
a ba-
t ion
i tion
t ted.
A tion
o hate
b the
r here
t en-
s st
a gle
s ation
t time
o rved
a ction
i uent
e .

4

, the
c ate
ffective in binding the 2nd antibody. In other words, tw
hird of the 1st antibody on the sensor chip is simply adso
o the gold film in a non-oriented state.

.3. Effect of incubation time

Incubation time would be important in the second ste
he immunoassay, because immunoreaction between th
ntibody and TNP and the TNP-KLH conjugate in the incu

ion solution is approaching equilibrium. A short incubat
s desirable for a rapid immunoassay. The effect of incuba
ime on the sensitivity of the SPR detection was investiga
25 ppm solution of the 2nd antibody and a 100 ppm solu
f the TNP-KLH conjugate were incubated in the phosp
uffer solution for times in the range of 5–120 min and
esulting solution was introduced into the sensor chip, w
he 1st antibody was immobilized on the gold film of the s
or chip by injecting 100�L of a 100 ppm solution of the 1
ntibody first, followed by the blocking solution. The an
hift of the SPR sensor was nearly constant for incub
imes was longer than 30 min. Even for an incubation
f 5 min, the angle shift was 83% of the angle shift obse
t 30 min. This indicates that the present immunorea

s relatively fast in a homogeneous solution. In subseq
xperiments, an incubation time of 30 min was adopted

.4. Effect of composition of incubation solution

As can be estimated from theoretical considerations
omposition of the 2nd antibody and the TNP-KLH conjug
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Fig. 7. Relationship between angle shift and concentration of TNP in
the incubation solution. Concentrations of TNP-KLH conjugate and 2nd
antibody in the incubation solution: (a) 100/25 ppm, (b) 150/25 ppm, (c)
150/35 ppm and (d) 200/35 ppm, respectively. The 1st antibody was immo-
bilized on the sensor chip by injecting 100�L of a 100 ppm solution, volume
of the incubation solution: 100�L, carrier solution: phosphate buffer solu-
tion, pH 7.2, flow rate 20�L/min.

in the incubation solution would greatly affect the sensitivity
of the detection of TNP, because TNP and the TNP-KLH con-
jugate bind competitively to the 2nd antibody depending on
the composition of the incubation solution and the resulting
2nd antibody species bind to the 1st antibody layer on the sen-
sor chip, which is dependent on the fraction of the 2nd species
in the incubation solution. In the same protocol described in
Section2, effect of the composition of the incubation solution
was investigated.Fig. 7shows the relationship between angle
shift and the concentration of TNP in the incubation solution,
where the concentration of the 2nd antibody and the TNP-
KLH conjugate are kept constant. As can be seen fromFig. 7,
by comparing (a) and (b) or (c) and (d), it is clear that a lower
detection of TNP is better for an incubation solution contain-
ing the TNP-KLH conjugate at a higher concentration when
the concentration of the 2nd antibody is the same. By com-
paring (b) and (c), it is clear that a lower detection of TNP
is better for an incubation solution containing the 2nd anti-
body at higher concentrations when the concentration of the
TNP-KLH conjugate is the same. This result indicates that
detection of lower levels of TNP is improved by increasing
the concentrations of the 2nd antibody and the TNP-KLH
conjugate. This may be due to the fact that the fraction of
the complex of the 2nd antibody-TNP-KLH conjugate in the
incubation solution increased and the resulting complex was
preferentially bound to the 1st antibody layer on the sensor
c as
e ntra-
t ere
3 .

Fig. 8. The calibration curve for TNP. Incubation solution: mixed solution
containing 200 ppm TNP-KLH conjugate, 35 ppm 2nd antibody and TNP.
Volume injected: 100�L, carrier solution: phosphate buffer solution, pH 7.2,
flow rate 20�L/min. The error bar was obtained from triplicate measure-
ments.

4.5. Calibration curve for TNP and repeatability of
measurements

Under optimum conditions, the calibration curve for TNP
was obtained, as shown inFig. 8. The error for the determi-
nation of 25 ppt is as large as 40%, but in the concentration
region higher than 250 ppt, a good relationship between the
concentration of TNP and the angle sift of the SPR sensor
exists, with a relatively smaller error. The repeatability of
the determination of 2.5 ppb for four measurements showed
a coefficient of variation of 12.8%.

5. Conclusion

A one-pot immunoreaction method was applied to the
present SPR sensor system for the determination of TNP as a
model of TNT, in an attempt to develop a landmine detector.
Although the immobilization of the 1st antibody occurred by
physical adsorption, about 30% of the adsorbed 1st antibody
was found to be effective for binding to the 2nd antibody. This
may be due to the fact that the active site of the 1st antibody
for recognition of the Fc moiety of the 2nd antibody is not
hindered by adsorption to the gold film of the sensor chip,
even though a special oriented immobilization technique for
the 1st antibody was not utilized. The more effective immo-
b tion
u ting
t

t that
t r as
w LH
c ever,
hip. The repeatability of the calibration curve for TNP w
xamined under optimum conditions, in which the conce
ions of the 2nd antibody and the TNP-KLH conjugate w
5 and 200 ppm, respectively, in the incubation solution
ilization of the 1st antibody is currently under investiga
sing a fragment of the 1st antibody by splitting or cut

he Fab moiety.
One of the drawbacks of the present method is the fac

he free 2nd antibody is bound to the 1st antibody laye
ell as the complex of the 2nd antibody with the TNP-K
onjugate, as described in the introduction section. How
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utilization of a much higher molecular weight TNP conjugate
would be expected to lead to an increased sensitivity to TNP.
KLP was used as the conjugate protein in the present work.
However, if a protein conjugate with much higher molecular
weight by polymerization of the protein could be used, the
detection limit would be improved and this scenario is also
under investigation.
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