Available online at www.sciencedirect.com

screnor (@omeer- Talanta

ELSEVIE Talanta 68 (2005) 198206

www.elsevier.com/locate/talanta

Flow immunoassay of trinitrophenol based on a surface plasmon
resonance sensor using a one-pot immunoreaction with
a high molecular weight conjugate

Masatoshi Kobayashj Masahiro Sat8, Yan Li?, Nobuaki Sol, Koji Nakand?,
Kiyoshi Toko®, Norio Miura®, Kiyoshi Matsumotd, Akihide Hemmg,
Yasukazu Asang Toshihiko Imatd-*

@ Graduate School of Engineering, Kyushu University, Fukuoka 812-8581, Japan
b Graduate School of Information Science and Electrical Engineering, Kyushu University, Fukuoka 812-8581, Japan
C Art, Science and Technology Center for Cooperative Research, Kyushu University, Kasuga-shi, Fukuoka 816-8580, Japan
4 Graduate School of Engineering, Kyushu University, Fukuoka 812-8581, Japan
€ Mebius Advanced Technology, Suginami-ku, Tokyo 167-0042, Japan
f Hachinohe National College of Technology, Tamotai, Hachinohe 039-1192, Japan

Available online 10 August 2005

Abstract

A surface plasmon resonance (SPR) immunosensor based on a competitive immunoreaction for the determination of trinitrophenol (TNP
is described. A goat anti-mouse IgG (1st antibody), which recognizes an Fc moiety of an antibody, was immobilized on a gold film of
an SPR sensor chip by physical adsorption. A TNP solution containing a fixed concentration of a mouse anti-TNP monoclonal antibody
(2nd antibody) and a TNP-keyhole limpet hemocyanin (KLH) conjugate was incubated in one-pot and introduced into the sensor chip. The
TNP-KLH conjugate competes with TNP for binding with the 2nd antibody. The resulting complex of the 2nd antibody with the TNP-KLH
conjugate was bound to the 1st antibody, which is immobilized on the sensor chip. The SPR sensor signal based on resonance angle shift
dependent on the concentration of TNP in the incubation solution in the range from 25 ppt to 25 ppb, and the coefficient of variation of the
SPR signals for the 25 ppb TNP solution was determined to be 1394)#nThe experimental results for the adsorption constant of the 1st
antibody on the sensor chip and the binding constant of the 1st antibody complex with the 2nd antibody are discussed, together with theoretic:
considerations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction compoundg1-20]. Because of its sensitivity and selectiv-
ity, a surface plasmon resonance (SPR) immunosensor is
A great deal of efforts has been devoted to developmentwould be a promising chemical sensor for such purposes.
of a chemical sensor for trinitrotoluene (TNT) and related In our previous papers, an SPR immunosensor for TNT and
nitro-aromatic compounds to detect the location of buried related compounds based on a competitive immunoassay
landmines, as an alternative to or combined with conventional was reported21-23]. In a continuation of this research, we
metal detectors. A number of reports on analytical meth- reported on attempts to develop an SPR immunosensor by
ods for the determination of TNT and related compounds, several approaches for enhancing its sensitivity with respect
such as capillary electrophoresis, fluorescence spectrophoto explosive compounds.
tometry, etc., as well as chemical sensors for such explosive Three approaches can be considered for the SPR deter-
mination based on a competitive immunoassay. The first
* Corresponding author. Tel.: +81 92 642 3569; fax: 81 92 642 4134,  a@pproach involves the immobilization of an antibody on the
E-mail address: imato@cstf.kyushu-u.ac.jp (T. Imato). gold film of an SPR sensor chip. The second is the immobi-
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lization of an antigen (or a conjugate of the target molecule) mass change on the sensor chip. In this paper, we wish to
on a sensor chip and the third is the immobilization of an report on the determination of trinitrophenol (TNP) as a
antibody (1st antibody) that recognizes an Fc moiety of the model of TNT based on the third approach, i.e. the use of
2nd antibody on the sensor chip. In our previous p§d4}, a high molecular weight conjugate, keyhole limpet hemo-
in an example of the first approach, we utilized a gold binding cyanin.
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 2. Experimental
determination of 2,4-dichlorophenol. The immobilization
procedures used here led to the orientated immobilization 2.1. Preparation of reagent solution
of the antibody, in a stable form, in a high density. Although
this procedure is excellent for laboratory use, its use in A phosphate buffer solution was prepared by dissolving
a field analysis, such as the detection of a landmine, it 0.29 KHPQy, 1.14 9 NaHPQy, 8.0g NaCl and 0.2 g KCl
is complicated and the GBP and Protein G reagents arein 1.0L of deionized water for the preparation of antibody
costly. The second approach is to immobilize the target solutions, etc. Goat anti-mouse 1gG, an Fc affinity purified
molecule on the sensor chip. Miura et al. reported on an SPRpolyclonal antibody (abbreviated as the 1st antibody) was
immunosensor based on this approach for the determinationpurchased from Chimcon International Inc. (USA), and a
of benzo[a]pyrene and other polyaromatic hydrocarbon 2400 ppm solution was diluted to an appropriate concen-
as well as trinitrophenol (TNP) by using a bovine serum tration with the above the phosphate buffer. The mouse
albumin (BSA) conjugate with the target moleci{@s—-27]. anti-TNP monoclonal antibody (abbreviated as the 2nd anti-
In their method, the BSA conjugate was immobilized on the body) was purchased from PharMingen Inc. (USA), and
gold film of the sensor chip by physical adsorption. They a 500 ppm solution was diluted to an appropriate concen-
pointed out the advantages of this method, in which the sen-tration with above phosphate buffer solution. The 2,4,6-
sor chip could be regenerated after the assay by dissociatioririnitrophenyl-KLH (keyhole limpet hemocyanin) conjugate
of the antibody complex with the target molecule-BSA con- (abbreviated as TNP-KLH conjugate) was obtained from
jugate by a treatment with HCl/glycine solution or a pepsin Biosearch Technologies, Inc. (USA) and was dissolved in
solution. In our previous paper, a Bisphenol A derivative the phosphate buffer to prepare a stock solution. 2,4,6-
was immobilized on the gold film by means of an amino- Trinitrophenol (TNP) and the other reagents were purchased
coupling method with the assistance of 2-aminoethanethiol from commercial source and were used without further purifi-
and the immobilization method was used for the determi- cation. A polymer solution of poly(methacryloyloxyethyl
nation of Bisphenol A based on the SPR immunosensor phosphorylcholine) with a hydrophobic moiety, donated by
[28]. the Nippon Yushi Co. Ltd. (Japan) was used as a blocking
The third approach is to immobilize an antibody (1st solution.
antibody) that recognizes the Fc moiety of another anti- A sample solution containing 25-50ppm of the
body (2nd antibody) for a target molecule. The immobi- 1st antibody, 100-200 ppm of TNP-KLH conjugate and
lization of an antibody for a target molecule with a high 25 ppt—25 ppb of TNP and 0.05% Tween 20 was incubated at
orientation on a solid phase is required for the selective 25°C for periods of 5min to 120 min.
and sensitive binding to the target molecule or its conju-
gate, when an immunoreaction between the target molecule2.2. Apparatus
or its conjugate in an aqueous solution and the antibody
adsorbed on the solid matrix is conducted. While, the inher-  An SPR system was constructed from an SPR sensor
ent selectivity between the antibody and target molecule with a flow-cell and a syringe pump (Cavro, 3000X) and an
or its conjugate is maintained for the immunoreaction in a injector (Rheodyne, 7125) with a sample loop (1@2Q. The
homogenous aqueous phase. If an antibody (1st antibody),SPR sensor used in this work was developed by some of the
that recognizes an Fc moiety of the objective antibody (2nd authors. The SPR sensor is a dual type, with reference and
antibody), is immobilized on the SPR sensor chip, even sample channels. Detailed information on the performance
though the immobilization of the 1st antibody is not ori- of the SPR sensor has been reported elsewf2dk The
ented perfectly, a selective SPR determination of the targetflow-cell was assembled on the SPR sensor by attaching a
molecule is possible by the use of a competitive immunoas- silicon sheet with a thickness of 0.5 mm with two grooves
say, in which the target molecule and its conjugate competi- (3 mmx 14 mm) between the gold film deposited on a cover
tively bind to the 2nd antibody by incubating in a one-pot glass (sensor chip) and a prism of the SPR sensor. The sen-
reactor and the incubated solution is introduced into the sor chip (16 mmx 16 mmx 0.15mnY) was obtained from
SPR sensor chip. If a conjugate with a molecular weight Eliotech Co. (Japan). Matching oil with a reflective index of
much higher than that of the 2nd antibody is utilized, a 1.5616 was coated between the backside of the cover glass
large SPR signal would result, because the sensitivity of the of the sensor chip and the prism. The SPR sensor was placed
SPR sensor is dependent on the magnitude of the inducedn a thermostated incubator at 25.1°C.
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2.3. Protocol tion. When a solution containing 25 ppm of the 2nd antibody,
250 ppb of TNP and 100 ppm of TNP-KLH conjugate was
The sensor chip was sonicated for 20 min in acetone injected ((c) inFig. 1), the angle shift was increased by about
and then soaked in a piranha solution (congS8,/30% 0.025, indicating the binding of the 2nd antibody species to
H,0, = 1/1, v/v) for 15 min. After washing with deinonized the 1st antibody on the sensor chip.
water and drying, the sensor chip was then placed in the The overall SPRimmunoassay consisted of three steps: (1)
SRP sensor. A 100L aliquot of 100 ppm 1st antibody solu- an immobilization step for the 1st antibody onto the sensor
tion was introduced into the sample channel of the sensorchip, (2) an incubation step for the 2nd antibody, the TNP-
chip from the injector at a flow rate of 20L/min by a car- KLH conjugate and TNP and (3) a competitive binding step
rier solution from the syringe pump in order to immobilize of the 2nd antibody species in the incubated solution with the
the 1st antibody on the sensor chip. The phosphate bufferlst antibody immobilized on the sensor chip. The chemical

was used as the carrier solution. After 30 min, QOof equilibrium in the incubation solution and the competitive
the blocking solution was injected into the sensor chip by binding are considered in this section. The immobilization
the carrier solution at a flow rate of 2Q/min for 30 min. step is described in Sectidn

Subsequently, 10QL of a solution containing the 2nd anti- The concentrations of the second antibody species, the free

body, TNP and the TNP-KLH conjugate, prepared prior to antibody,Cap2, the antibody-TNP complex;apo-ag, and the

the experiment, was injected into the sensor chip at the same2nd anti-body-TNP-KLH conjugate comple€ap2-agc, can

flow rate of 20u.L/min for 30 min. The phosphate buffer solu- be calculated from the following binding constants and the
tion was also pumped into the reference channel at a flow mass balance concerning with the 2nd antibody, TNP and the
rate of 20uL/min. During the three injections of each of the TNP-KLH conjugate:

solutions, the resonance curves of the SPR sensor from the
sample and reference channels were monitored by means of g\bz +Ag — Ab2-Ag

computer and at the same time, the resonance angle from the

sample channel subtracted from the reference channel wasg, — Cab2-Ag (1)
monitored by the computer. Capn2Cag

Ab2 + AgC — Ab2-AgC

3. Theoretical considerations of the present SPR
immunoassa Cab2-AgC

Y Kp = 22RO )

Can2Cagc

Fig. 1shows a typical sensor response obtained when the
three solutions were sequentially injected, as described in theWhere K1 and K> are the binding constants of the 2nd
experimental section. When 100 ppm of the 1st antibody solu- @ntibody-TNP complex and the 2nd antibody-TNP-KLH
tion was injected ((a) iffig. 1), the angle shift was increased Conjugate complex, respectively.
by about 0.035 indicating the successful immobilization T

of the 1st antibody on the sensor chip. When the blocking Cavz = Cabz + Cabz-ag + Cabz-Age 3)
solution was injected ((b) ifrig. 1), a small angle shift was C/T\gc = CagC + Cab2-AgC )
observed, indicating that any unmodified gold film of the

sensor chip was blocked, thus preventing the adsorption ochg = Cpg + Cab2-Ag (5)

any extraneous substances in the subsequent injected solu-
whereCpp,, CAqc andCA, are the total concentrations of the
2nd antibody, the TNP-KLH conjugate and TNP, respectively.

0008 From Egs(1)—(5), an equation concerning with the con-

§’ 0.006 +%9 centration of the free 2nd antibodyapz, is derived.
2
% 0.004 __ Oc; 251/ ek K1K2C3ps + (K1K2(Chg + Chge—Cap2)+K1+K2)Capa
o
£ oo (g) ) +(K1CAg + K2Crgc — (K1 + K2)Capp + 1)Cab2

S A 2 28 4 .

o ~Cho2 =0 (6)
0 2000 4000 6000
Time/s

_ _ _ . A suitable root forCap2 can be obtained by numerical
Fig. 1. Typical sensor response to the 1st antibody, blocking reagent and thecalculation using Eqﬁ) by assuming the appropriate binding

incubation solution: (a) 100 ppm 1st antibody solution (L@, (b) block- .
ing solution (10Q.L) and (c) incubation solution containing 25 ppm 2nd constants, andk> and assuming that the values of the total

antibody, 250 ppb TNP and 100 ppm TNP-KLH (100). Carrier solution: C?_ncentrations othhe second antibody,,,, the conjugate,
phosphate buffer, pH 7.2, flow rate g0/s. CAng and TN P,CAg, 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 @Js.

to (6), assumingky =1.0x 107, K2=0.8x 10’ andC},, =2.0x 1075 M,
Cagc=4.0x107°M.

The concentrations of the 2nd antibody-TNP complex,
Cab2-Ag: and the 2nd antibody-TNP-KLH conjugate com-
plex, Cap2-agc, Were calculated fronCapz and Egs.(4)
and (5). In Fig. 2, the calculatedCap2, Can2-ag and
Capb2-Abc are plotted as a function of the total concen-
tration of TNP when the following values are assumed:
K1=1.0x 10’, K»=0.8x 10" and C},,=2.0x 10°°M,
Cagc=4.0x 107°M. As can be seen frorfig. 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

201

[Ab1-Ab2-AgC]

- = 8
4= TADL] Caozngc ®
Ab1 + Ab2-Ag — Ab1-Ab2-Ag
[Ab1-Ab2-Ag]
Ks 9)

~ [Ab1] Canz-ag

where the chemical species with underlines denote those
adsorbed on the sensor chip and chemical species in brackets
denote the surface concentrations in nmolmm

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 [Abl] 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 thi&f= K4 =Ks. This is because the
nature of the binding of the Fc moieties of the 2nd antibody
species does not change, even when the 2nd species is bound
to TNP and the TNP-KLH conjugate.

If the binding of the 2nd antibody species with the 1st anti-
body on the sensor chip can be assumed to obey the Langmuir
isotherm equation, the following equations hold:

gradually increases with increasing concentrations of TNP. 1ap1-Ab2-AgC]

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 o > antibody,

reactions by assuming a Langmuir isotherm equilibrium:
Abl + Ab2 — Abl1-Ab2

[Ab1-Ab2]
[Abl] Cabz

()

K3 =

Abl + Ab2-AgC — Ab1-Ab2-AgC

[Abl-Ab2] K3Cap2
[Abl]T 1+ K3Cab2 + K4Cab2-abc + KsCap2-Ag
(11)
[Ab1]"
_ K4Cpb2-AgC (12)
1+ K3Cap2 + KaCap2-abc + KsCab2-ag
[Abl-Ab2-Ag] _ K5Can2-ag
[Ab1]" 14 K3Cab2 + KaCab2-abc + K5Cab2-Ag
(13)

whereCapz, Canz-ab andCapz-abc are the concentrations of
the 2nd antibody-TNP complex and the
2nd antibody-TNP-KLH conjugate complex, respectively, in
the incubation solution. The surface concentrations of the
2nd species are calculated from E@$0)—(13) by using

the concentrations of the 2nd species showikion 2 and
assuming the binding constartz=6.8x 108 M~1. This
value was obtained experimentally and is discussed in the
next sectionFig. 3 shows the surface concentrations of the
2nd antibody species. As can be easily estimated from the
concentration of the 2nd antibody species in the incubation
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Fig. 3. Surface concentration of 2nd antibody, 2nd antibody complex with F19- 4. Relationship between angle shift of SPR sensor and concentra-
antigen and 2nd antibody complex with conjugate on the 1st antibody layer tion of antigen in the incubated solution calculated from Bd) assum-
as a function of the concentration of the antigen calculated from &ad}. ing capz = 1.5x 10%, aap2-ag = 1.5x 10" andaabz-agc =7 x 10*-11x 10*
to (13), assuming<z = K4 =K5=6.8x 108 M~1. The values for the other [ mn? nmol].
parameters are the same a§ig. 2.
on the surface concentration of the 2nd antibody-TNP-KLH
solution, the dependency of the surface concentrations ofcomplex. In addition, the sensitivity to TNP is estimated to be
the 2nd antibody species bound to the 1st antibody layer onenhanced by using the higher molecular weight TNP-KLH
the concentration of TNP is the same as that of the con- conjugate.
centrations of the 2nd antibody species in the incubation
solution.
If we adopt a relationshii30] between the angle shift 4. Results and discussion
of the SPR sensor and the mass change on the sensor chip
by binding the analyte in which the angle shift of ‘{)dpr— 4.1. Estimation of adsorption constant of the Ist
requnds to a change in mass of 1 ngTrthe following antibody on the gold film of the sensor chip
equation for the angle shift\6, of the present SPR sensor

holds: In the first step, in the present immunoassay, the 1st anti-
. body layer was formed on the gold film of the sensor chip
A6 = apna ADI-ADZ] + aabz-aglAb1-Ab2-Ad] by physical adsorption, as described in Seciom order to
+ aab2-Agc[Ab1-Ab2-AgC] (14) estimate the adsorption constant of the 1st antibody on the
o gold film and to evaluate the amount of the 1st antibody that
whereaanz, aap2-ag @ndaapz-agc are coefficients that are a5 immobilized on the sensor chip, the angle shifts were
proportional to the molecular weight of the 2nd antibody, measured when the 1st antibody at various concentrations
the 2nd antibody-TNP complex and the 2nd antibody-TNP- \yere introduced into the sensor chip.
KLH conjugate complex, respectively. These values have  The adsorption of the 1st antibody on the gold film of the
dimensions of {mm nmol~]. The angle shift of the SPR  sensor chip is assumed to be in adsorption equilibrium. The
sensor can be calculated from the surface concentrationsgsorption constankag, can be expressed by the following
of the 2nd antibody species from E(14), using the sur-  gqyation:
face concentrations of the 2nd antibody species on the 1st
antibody layer calculated in the manner shownFig. 3 [Ab1]
and by assumingapz=1.5x 10%, aap2-ag=1.5x 10* and ad= o (15)
apb2-Age=T7 x 10-11x 10* [ mm? nmol~1]. The values
for « are assumed, based on the fact that the molecularwhere [Ab] and Capz1 are the surface concentration of the
weight of the 2nd antibody and its complex with TNP is 1stantibody adsorbed on the sensor chip in nmolthonits
about 1.5< 10° Da and that of KLH is about 7-1 10° Da and the concentration of the 1st antibody in the solution adja-
[31]. The calculated angle shifts as a function of the concen- cent to the sensor chip in mol driunits, respectively. If the
tration of TNP and as a parameterogfyz-agc, are shown in adsorption of the 1st antibody obeys a Langmuir-type adsorp-
Fig. 4. This indicates that the angle shift is mainly dependent tion equation, the following equation is derived from ELp),
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the same as Eqél1)—(13): 0.05 ——TTT—

[AD1] _  KadCab1 (16)
[Ab1]T 14 KadCap P il S |

If the angle shift of the SPR sensa¥g,, 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, [Ablcan be
expressed as follows:

[Abl A6
[Ab1]T  A61max

whereA61 maxdenotes the angle shift of the SPR sensor when

the 1st antibody completely occupies the surface of the gold

film. ol vy
The relationship between the concentration of the 1st anti- 0 20 40 60 80 100 120

body solution, which was introduced into the sensor chip, and C1st antibody/ppm

the angle shift of the SPR sensayg1, is derived from Egs. S

(16)and(17): CEEREEEL R R R

KadCap1 A6
1+ KadCapt  A61 max

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

0.08 |- —

01/deg

0.02 - -

17)

(18) 2500

-1

n
o
=]
o
T
I

Capb1  Chan1 1
Ay A91,max A91,ma><Kad

(19)

-y
wn
o
o

Fig. 5(a) shows the angle shift obtained when several con-
centrations of 1st antibody solutions were injected. As can
be seen fronFig. 5(a), the angle shift gradually increased 1000
with increasing concentration of the 1st antibody. This indi-
cates that the 1st antibody is adsorbed on the gold film of the T Y
sensor chip. From these datdy,1/A61 is plotted against 5000 20 40 80 80 100 120
Cap1 as shown inFig. 5(b). A linear relationship exists C1st antibody/PPM
betweenCap1/A81 andCap1, consistent with the estimation
from Eq.(19). This indicates that the adsorption of the 1st Fig.5. (a) Relationship between angle shift and concentration of the 1st anti-
antibody on the gold film holds for the Langmuir adsorp— body_injectedintothe_SPR sensorsystem.Samplevolum‘eofthe 1stantibody
tion isotherm. The adsorption constakify= 3.7 x 100 M1 solution: 10(_}LL, carrier _solutl_on: phosphate buffer s_olutlon, pH 7.2, _flow

o ) . rate 20u.L/min. (b) Relationship between concentration of the 1st antibody
and the angle shift in the case that the gold film iS COM-  andcyq aniboafés. The experimental conditions are the same as in (a).
pletely adsorbed with the 1st antibody§1 max=0.04T are
obtained from the intercept and the slope of the linear rela- order to estimate the binding constant for the complex of
tionship inFig. 5(b). The total surface concentration of the 1st the 1st antibody on the gold film with an Fc moiety of the
antibody, [Ab]T, is estimated to be 27 10-% nmol mn12 2nd antibody, angle shifts were measured when various con-
from Af61max=0.04F, assuming the molecular weight of centrations of the 2nd antibody solutions were introduced
the 1st antibody to be 1.6 10° Da. Subsequent experiments  into the sensor chip, where the 1st antibody was immobilized
were carried out using the gold film of the sensor chip after using a 100 ppm solution of the 1st antibody. In this case,
introducing a 100 ppm solution of 1st antibody. The surface as described in Sectidh the blocking reagent solution was
concentration of the 1st antibody by this procedure is esti- introduced onto the 1st antibody immobilized sensor chip

C1st antibody/81/ppm deg

mated to be 2.% 10~% nmol mn1?2. prior to introduction of the 2nd antibody solution, in order to
prevent a specific adsorption of the 2nd antibody. As can be

4.2. Estimation of binding constant of complex of 1st seen fromFig. 6(a), since the 2nd antibody is bound to the

antibody with Fc moiety of 2nd antibody 1st antibody on the sensor chip, an increase in the angle shift

of the SPR sensor is observed, which is dependent on the
The third step in the present immunoassay is the compet-concentration of the 2nd antibody solution injected into the
itive binding of the 2nd antibody species in the incubation sensor system. At concentrations of the 2nd antibody higher
solution with the 1st antibody layer on the sensor chip. In than 50 ppm, the angle shift reaches a constant angle shift.
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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 of 100 ppm solution, volume

of the 2nd antibody solution: 1Q€L, carrier solution: phosphate buffer solu-
tion, pH 7.2, flow rate 2Q.L/min. (b) Relationship between concentration

of the 2nd antibody an@2ng antibody?3- The experimental conditions are the
same as in (a).

In this experiment, the binding constafi, is expressed
by Eq.(7), as described in the theoretical section. If the angle
shift of the SPR sensorn\03, is proportional to the surface
concentration of the 2nd antibody bound to the 1st antibody
on the sensor chip, [Ab1-AB2the relative surface concen-
tration to the total surface concentration of the 2nd antibody
[Ab2]T can be expressed as follows:

[Ab1-Ab2]  Af3
—= = (20)
[Ab2 AO3 max

whereA63 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.
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The following Langmuir-type adsorption isotherm can be
derived in a manner similar to E¢L6):
[Ab1-Ab2] _ K3Can2

[Ab2]T 14 K3Cap2
whereCap2 is the concentration of the 2nd antibody solution

injected. From Eqg20)and(21), the following equation can
be derived:

(21)

1
A93,max

Cab2  Chan2
A93 A93,max

K3 (22)

According to Eq(22), Can2/ AB3 was plotted againgiap,
using the data shown iRig. 6(a) in order to confirm that
the Langmuir-type adsorption isotherm holds in the present
system. As can be seen froRig. 6(b), a good linear rela-
tionship betweerCap2/ Af3 and Capz Was found, indicating
that the Langmuir-type isotherm adsorption isotherm holds.
A63 maxand K3 were calculated to b&63 max=0.014 and
K3=6.4x 108 M~1, respectively, from the slope and inter-
cept of theCapa/ A3 versusCap2 plot.

The total surface concentration of the 2nd antibody,
[Ab2]T, is estimated to be 9810 'nmolmnT?2 from
A63 max=0.014, assuming the molecular weight of the 2nd
antibody to be 1.5 10° 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
effective in binding the 2nd antibody. In other words, two-
third of the 1st antibody on the sensor chip is simply adsorbed
to the gold film in a non-oriented state.

4.3. Effect of incubation time

Incubation time would be important in the second step of
the immunoassay, because immunoreaction between the 2nd
antibody and TNP and the TNP-KLH conjugate in the incuba-
tion solution is approaching equilibrium. A short incubation
is desirable for a rapid immunoassay. The effect of incubation
time on the sensitivity of the SPR detection was investigated.
A 25 ppm solution of the 2nd antibody and a 100 ppm solution
of the TNP-KLH conjugate were incubated in the phosphate
buffer solution for times in the range of 5-120 min and the
resulting solution was introduced into the sensor chip, where
the 1st antibody was immobilized on the gold film of the sen-
sor chip by injecting 10Q.L of a 100 ppm solution of the 1st
antibody first, followed by the blocking solution. The angle
shift of the SPR sensor was nearly constant for incubation
times was longer than 30 min. Even for an incubation time
of 5 min, the angle shift was 83% of the angle shift observed
at 30 min. This indicates that the present immunoreaction
is relatively fast in a homogeneous solution. In subsequent
experiments, an incubation time of 30 min was adopted.

4.4. Effect of composition of incubation solution

As can be estimated from theoretical considerations, the
composition of the 2nd antibody and the TNP-KLH conjugate
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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) 100/25ppm, (b) 150/25ppm, (c)
150/35 ppm and (d) 200/35 ppm, respectively. The 1st antibody was immo-
bilized on the sensor chip by injecting 100 of a 100 ppm solution, volume

of the incubation solution: 100L, carrier solution: phosphate buffer solu-
tion, pH 7.2, flow rate 2@.L/min.

in the incubation solution would greatly affect the sensitivity
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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: 10Q.L, carrier solution: phosphate buffer solution, pH 7.2,
flow rate 20uL/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

ofthe detection of TNP, because TNP and the TNP-KLH con- was obtained, as shown kig. 8. The error for the determi-
jugate bind competitively to the 2nd antibody depending on nation of 25 ppt is as large as 40%, but in the concentration
the composition of the incubation solution and the resulting region higher than 250 ppt, a good relationship between the
2nd antibody species bind to the 1st antibody layer on the sen-concentration of TNP and the angle sift of the SPR sensor
sor chip, which is dependent on the fraction of the 2nd speciesexists, with a relatively smaller error. The repeatability of
in the incubation solution. In the same protocol described in the determination of 2.5 ppb for four measurements showed
Sectiorn?, effect of the composition of the incubation solution  a coefficient of variation of 12.8%.

was investigatedtig. 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- 5. Conclusion

KLH conjugate are kept constant. As can be seen fram?,

by comparing (a) and (b) or (c) and (d), itis clear thatalower A one-pot immunoreaction method was applied to the
detection of TNP is better for an incubation solution contain- present SPR sensor system for the determination of TNP as a
ing the TNP-KLH conjugate at a higher concentration when model of TNT, in an attempt to develop a landmine detector.
the concentration of the 2nd antibody is the same. By com- Although the immobilization of the 1st antibody occurred by
paring (b) and (c), it is clear that a lower detection of TNP physical adsorption, about 30% of the adsorbed 1st antibody
is better for an incubation solution containing the 2nd anti- was found to be effective for binding to the 2nd antibody. This
body at higher concentrations when the concentration of the may be due to the fact that the active site of the 1st antibody
TNP-KLH conjugate is the same. This result indicates that for recognition of the Fc moiety of the 2nd antibody is not
detection of lower levels of TNP is improved by increasing hindered by adsorption to the gold film of the sensor chip,
the concentrations of the 2nd antibody and the TNP-KLH even though a special oriented immobilization technique for
conjugate. This may be due to the fact that the fraction of the 1st antibody was not utilized. The more effective immo-
the complex of the 2nd antibody-TNP-KLH conjugate in the bilization of the 1st antibody is currently under investigation
incubation solution increased and the resulting complex wasusing a fragment of the 1st antibody by splitting or cutting
preferentially bound to the 1st antibody layer on the sensor the Fab moiety.

chip. The repeatability of the calibration curve for TNP was One of the drawbacks of the present method is the fact that
examined under optimum conditions, in which the concentra- the free 2nd antibody is bound to the 1st antibody layer as
tions of the 2nd antibody and the TNP-KLH conjugate were well as the complex of the 2nd antibody with the TNP-KLH
35 and 200 ppm, respectively, in the incubation solution. conjugate, as described in the introduction section. However,
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utilization of a much higher molecular weight TNP conjugate [12] C.A. Groom, A. Halasz, L. Paquet, S. Thiboutot, G. Ampleman, J.
would be expected to lead to an increased sensitivity to TNP.  Hawari, J. Chromatogr. A 1072 (2005) 73-82.

KLP was used as the conjugate protein in the present work.[13] E:R. Goldman, I.L. Medintz, J.L. Whitley, A. Hayhurst, A.R. Clapp,

However. if rotein coni te with much hiaher mol lar H.T. Uyeda, J.R. Deschamps, M.E. Lassman, H. Mattoussi, J. Am.
owever, It a protein conjugate uch higher molecula Chem. Soc. 127 (2005) 6744—6751.

weight by polymerization of the protein could be used, the [14] A. Uzer, E. Erag, R. Apak, Anal. Chim. Acta 534 (2005) 307-317.
detection limit would be improved and this scenario is also [15] L.M. Dorozhkin, V.A. Nefedov, A.G. Sabelnikov, V.G. Sevastjanov,

under investigation.
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