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Recent concern on international terrorism and weapons of mass destruction demands the development
of novel analytical methods for identification and quantification of explosive molecules. 2,4-Dinitrotoluene
(2,4-DNT) is one of the decomposed compounds from 2,4,6—trinitrotoluene (TNT), a main explosive com-
pound, and has high vapor pressure and life time than TNT. 2,4-DNT, thus, become a chemical signature of
explosives. Monoclonal antibody against 2,4-DNT was prepared by using rat lymph node method. Four
hybridoma cells which produce anti-DNPh antibody were produced out of 61 fusion positive cells. The best
hybridoma cell (named DNPh-mAb2 cell) was selected for the production of monoclonal antibody (DNPh—
mAb2). The properties of DNPh-mADb2 were investigated such as cross-reactivity and affinity constant. The
prepared DNPh-mAb2 has high avidity to 2,4-DNT compared with other nitroaromatic compounds except
N—(2,4,6-tirinitrophenyl) glycine (TNP-Gly, ca. 50%). TNP-Gly is not contained in general explosives,
appearing no problem. The antibody has high affinity constant of 3.6X10°mol L™ to 2,4-DNT. The limit of
detection of 2,4-DNT by indirect competitive ELISA was ca. 5ng mL™, showing suitable for 2,4-DNT detec-

tion.

INTRODUCTION

Recent concern on international terrorism and weap-
ons of mass destruction demands the development of
novel analytical methods for identification and quantifica-
tion of explosive molecules. 2,4,6-Trinitrotoluene (TNT)
is an important explosive compound and its detection is
highly important in many areas including security and
health of people, environmental and toxicological effects,
landmine search, aviation security and prevention of ter-
rorist attack (Yinon, 2002; Rouhi, 1997; Talmage et al.,
1999; Miura et al., 2007). Thus, detection of TNT has
been the main target for search of explosives. However,
TNT released into the environment is decomposed and
converted to dinitrotoluenes (DNTs) and aminodinitro-
toluenes (ADNTs), among other products, by microorgan-
isms, light, and heat (Kaplan, 1992; Borch and Gerlach,
2004; Becher, 1995).

Among them, 2,4-dinitrotoluene (2,4-DNT) is con-
tained in TNT as a manufacturing impurity and it has
much higher vapor pressure and life time than TNT.
Therefore, 2,4-DNT may become the most common
“chemical signature” of explosive compounds (Jenkins et
al., 2001).

Explosive-related compounds have been measured
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by using HPLC or other instrumental analytical devices
(Borch and Gerlach, 2004; Ahmad and Roberts, 1995).
These instrumental analyses, however, require tedious
pre—treatments such as extraction from samples (Halasz
et al., 2002). On the other hand, detection methods using
an antigen—antibody reaction, such as enzyme-linked
immunosorbent assay (ELISA) and fluorescent and
chemiluminescent immunosensors, are more useful and
are able to detect ng mL™ levels of explosive compounds
(Goldman et al., 2003; Green et al., 2002; Wilson et al.,
2003).

One of the key components for successful immu-
noassay is how high affinity antibodies can be made for
the target molecules, such as TNT and 2,4-DNT. For
this purpose, we have engaged in producing polyclonal
and monoclonal antibodies for TNT and 2,4-DNT (Sakai
et al., 2003; Matsumoto et al., 2005; Nagatomo et al., sub-
mitting). Recently, a novel method was developed for
preparation of rat monoclonal antibodies by using rat
medial iliac lymph node cells. This method has some
superiority such as: 1) no necessity of booster injection,
2) short time after first injection (ca. 2 weeks), 3) high
rate of appearance of positive hybridomas (Kishiro et al.,
1995; Sado et al., 1995; Sado et al., 2006).

In this paper, we prepared anti—2 4-dinitrotoluene
monoclonal antibody by using rat medial iliac lymph node
cells and characterized its properties using solid—phase
enzyme-linked immunosorbent assay (ELISA).

MATERIALS AND NETHODS

Materials and apparatus
Bovine serum albumin (BSA), N-hydroxysuccinimide
(NHS), o-phenylene diamine (0-PD) and gelatin were
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obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Ovalbumin  (OVA), 2,4—dinitrotoluene (2,4-DNT),
N-(2,4—dinitrophenyl) glycine (2,4-DNP-Gly), 2,4—dini-
trophenylacetic acid (2,4-DNPA) and 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC) were
obtained from Sigma (St. Louis, MO, USA).
2,6-Dinitrotoluene (2,6-DNT), 2,4-dinitrobenzoic acid
(2,4-DNBA), 1,2-diaminoethane, 1,4-diaminobutane,
1,8-diaminooctane, 1,10-diaminodecane and GIT medium
were obtained from Wako Pure Chemicals Ind., Ltd.
(Osaka, Japan). 1,3-Dinitrobenzene (1,3-DNB) and
2,4 6-trinitrophenol (TNP-OH) were purchased from
Kishida Chemical Co., Ltd. (Osaka, Japan). N-(2,4,6—
trinitrophenyl) glycine (TNP-Gly) was obtained from
Funakoshi Co. (Tokyo, Japan). 2,4-Dinitrophenol
(2,4-DNP-OH) and 2,4—dinitroaniline (2,4-DNA) were
from Riedel-de Haen (Seelze, Germany).
2,4-Dinitrobenzenesulfonate sodium salt (2,4-DNBS)
was from Research Chemicals (Toronto, Canada).
2,4,6-Trinitrotoluene (TNT) and 2-methyl-1,5—-diami-
nopentane were from Supelco (Bellefonte, PA, USA) and
Tokyo Kasei Co. Ltd. (Tokyo, Japan), respectively.
Freund’s complete adjuvant was obtained from Difco
(Detroit, MI, USA). Sevofrane was from Maruishi
Pharmaceutical Co. Ltd. (Osaka, Japan). Fetal bovine
serum (FBS) and BM-condimed H1 were from Gibco
(OK, USA) and Roche (Basel, Switzerland), respectively.
Horse radish peroxidase labeled polyclonal rabbit anti—
rat immunoglobulin G (HRP-anti-rat IgG) was from
Daco Japan Co. (Tokyo, Japan). 2,4-DNPh-KLH (key-
hole limpet hemocyanin) conjugate was purchased from
Merck (Dalmstadt, Germany) as DNPh-KLH-400, which
was guaranteed the hapten numbers more than 400-mol
per mol-KLH. The Hi Trap Protein G column and PD-10
column were purchased from Amersham Bioscience
(Piscataway, NJ, USA). All other reagents were of ana-
lytical-reagent grade. All buffer solutions were prepared
using water purified with a Milli-Q filter (Millipore,
Bedford, MA, USA).

ELISA measurements were performed using 96-well
immunoplates (NUNC, No. 446612, Roskilde, Denmark)
and a microplate reader (Wallac 1420, Perkin Elmer Life
Science Japan, Tokyo, Japan). Spectrophotometric meas-
urements were performed using a Shimadzu Multi Spec
1500 (Kyoto, Japan).

Immunization of rats

Rats, anesthetized with sevofrane, were immunized
with DNPh-KLH-400 conjugates according to the fol-
lowing procedures. Conjugates dissolved in phosphate
buffered saline (PBS, 1 mg mL™") and an equal volume of
Freund’s complete adjuvant were emulsified in two 2—mL
glass syringes with a three—way stopcock. After emulsi-
fication was completed, the emulsion was sucked in one
mL of plastic syringe attached with 25 Gx1” needle.

Nine-week-old female WKY rats (Charles River
Japan, Inc., Yokohama) were injected intramuscularly at
the right and left tail base with the prepared emulsion
(0.2mL in total). Rats were kept in plastic cages contain-
ing wood shavings for bedding. All animal experiments

were conducted under the control of the guideline for
Animal Experiment in Kyushu University and the Law
(No. 105) and Notification (No. 6) of the Government.

On days, 0, 7, 14 and 16, the rats were bled from tail
veins, and the antisera were collected by centrifugation
of the blood samples. The antisera were tested by direct—
ELISA. Ninety—six—well immunoplates were coated with
100 L of DNPh-KLH-400 conjugates or DNPh—C8-OVA
conjugates (both of concentration: 10 ug mL™" in PBS)
overnight at room temperature. The plates were then
washed three times with PBS containing 0.05% Tween
20 (PBST) and treated with 150 L of 1% gelatin for 1 h
at room temperature, and again washed three times with
PBST and reacted with antisera at ten different dilutions
(1/100-1/51200 in PBS), which were added to the wells
(50 uLL to each well) and incubated for 1.5 h at room tem-
perature. The plates were washed again three times with
PBST, and the solution of HRP-labeled anti-rat IgG
(1 ug mL™) was added (100 uL to each well) and incu-
bated for 1h at room temperature. The plates were
washed again, and 150 pL of the substrate solution
(0.4 mg mL" of o-PD and 0.4 L mL" of 30% H,0, in PBS)
was added to each well and incubated for 30 min at room
temperature. After the reaction, 50 uL of 3mol L' (M)
sulfuric acid was added to terminate the enzyme reac-
tion, and then the absorbance at 490 nm was measured.
The rats were bled without boost injection for 16 days
for obtaining iliac lymph cells and 21 days for obtaining
polyclonal antibodies.

Cell fusion

A mouse myeloma cell line, Sp2/0-Agl4 (Dainihon
Sumitomo Pharmacy), was used for cell fusion. The rats
were sacrificed at 16 days after first injection. The
Iymph node cells were passed through a 200-mesh stain-
less steel wire mesh. The cells were suspended in GIT
medium containing 10% FBS and centrifuged at
1000 rpm for 2min and rinsed with the 5mL of same
medium. The collected lymph node cells were mixed with
myeloma cells in a ratio of 10:1 (2Xx107lymph cells and
2x10°myeloma cells) and centrifuged. One mL of poly-
ethylene glycol 1500 was added drop by drop over 1 min
to the cell pellet. After that, 4.5 mL of Dulbecco’s modi-
fied eagle medium (DMEM) (Gibco, USA) was slowly
added over 3 mL and then another 4.5 mL was added over
2min. After centrifugation (1600 rpm, 2 min), the super-
natant was removed and 50 mL of HAT selection medium
was added.

The HAT selection medium was GIT medium con-
taining 10% FBS, 10% BM-condimed H1, 0.16 mM hypox-
anthine, 0.016 mM thymidine and 0.4 #M aminopterin.
The resulting suspension was subjected to cell culture
with 96—well plates. Suspensions containing HAT selec-
tion medium (150 uL to each well) were added to each
well.  On day 9, supernatants were collected and
screened.

Serum antibody titers and screening assay
The supernatants were screened for production of
DNPh-antibody by indirect ELISA. ELISA plates were
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coated with 100 L of DNPh—-C8-OVA conjugate (10 ug
mL™") overnight at room temperature. The plates were
washed and blocked with 1% BSA for 1 h at room tem-
perature. The plates were washed and 50 uL of the
supernatant of each cultured well were added to each
well. One series of experiments was performed to check
the association of supernatants (antibodies) to the coat-
ing conjugates. Another series of experiments was per-
formed to check whether the supernatants (antibodies)
will be inhibited with free 2/ 4-DNT as follows: after the
addition of supernatant, 50 uL of 2,4-DNT solution was
added at the final concentration of 1 g mL™". The sub-
sequent procedures for both experiments were almost
the same as above. The cells, which were confirmed the
production of DNPh—antibody and the ability of associa-
tion toward free 2,4-DNT, were suspended in GIT
medium containing 10% FBS. The suspensions were sub-
jected to the limit dilution methodology, and the screen-
ing and cloning were repeated for three times, and then
monoclonal antibody producing hybridomas were estab-
lished.

Preparation of coating antigen—protein conjugates
The coating antigen—protein conjugates (DNPh—OVA
and DNPh-Cx—0OVAs) were prepared according to our
previous report (Nagatomo et al., submitting) with a lit-
tle modification, except DNPh-blanched C6-0OVA.
DNPh-blanched C6-OVA conjugate was prepared as fol-
lows: in a solution of 25 mM borate buffer (pH 8.0, 3mL),
53 mg of OVA and 12.8 mg of NHS were dissolved, and
then 312 mg of EDC was added to the solution and stirred
1 h at room temperature. 2-Methyl-1,5—diaminopentane
(3.5mL, liquid) was gently added to the reaction mix-
ture and stirred over night. The mixture was dialyzed
against five changes of H,O at room temperature and
centrifuged. The supernatant was lyophilized to produce
blanched—C6-0OVA. After the lyophilized powder (12 mg)
was dissolved in 1 mL of 4% NaHCO, solution, 1 mL of
2,4-DNBS solution (40 mg mL™") was added to the solu-
tion and stirred over night at room temperature. The
reaction mixture was dialyzed against H,O and lyophi-
lized to produce DNPh-blanched C6-OVA conjugate.

Association properties of monoclonal anti-DNPh-
KLH-400 antibody to various kinds of nitroaro-
matic compounds

The avidity of anti-DNPh-KLH-400 antibody to
nitroaromatic compounds was investigated by indirect
competitive ELISAs using DNPh—C8-OVA as a coating
antigen—protein conjugate. The IC,, was defined as the
concentration of added DNPh— or TNPh—derivative that
yields 50% inhibition compared with no inhibition (100%).
Molar cross-reactivities were related to 2,4-DNT (100);
namely, all molar cross—reactivities were determined in
relation to the 2,4-DNT standard inhibition curve. The
molar cross-reactivity was calculated using the 1C,, of
each derivative according to the following equation
(Weiler and Zenk, 1976):

CR = (IC,*/IC,) X100
where CR is molar cross-reactivity [%], IC,* is the IC,, of

the 2,4-DNT standard [M], and IC,, is the 1C,, of deriva-
tives or related compounds [M].

RESULTS AND DISCUSSION

Immunization property

The results of the immunization of the rat with
DNPh-KLH-400 conjugate are shown in Fig. 1. The antis-
era titers of the immunized rat increased, especially after
14 days after injection. All the blood from the rat was
collected at day 16 or 21. The concentration of the anti—
DNPh-KLH-400 antibody after Protein G treatment was
estimated to be about 5mg mL™" of serum, standardized
as human IgG. The antisera recognized not only the KLH
protein but also the DNPh—moiety of DNPh-KLH-400
conjugates, because the titers using DNPh—KLH conju-
gate (Fig. 1-a) and DNPh-C8-OVA conjugates (Fig.
1-b) as coating antigen were almost the same.

(b)
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Fig. 1. Time course of antigen—specific antibody concentration in
sera from rats immunized with DNPh-KLH-400 conjugate.
(a) Using DNPh-KLH-400 conjugate as coating conjugate.
(b) Using DNPh—-C8-OVA conjugate as coating antigen. The
concentration of each coating conjugates was 10 g mL™".
Symbols are as follows: X, Before immunization; X, Seven
days after immunization; /\, Fourteen days after immuni-
zation; @, Sixteen days after immunization.

Appearance of monoclonal antibody hybridoma

The appearance of the hybridoma cells which pro-
duce monoclonal anti—-DNPh antibody (DNPh-mAb) was
four cells of 61 fusion positive cells. We denoted the
hybridomas as DNPh-mAb1 cell to DNPh-mAb4 cell.
The inhibition profiles by the indirect competitive ELISA
are shown in Fig. 2 along with that of rat anti-DNPh—
KLH-400 polyclonal antibody (DNPh-pAb). From Fig.
2, we selected the DNPh-mADb2 hybridoma as a best one,
and used hereafter.

Association properties of monoclonal anti-
DNPh-400 antibody to various kinds of nitroaro-
matic compounds

The avidity of the prepared antibody to nitroaro-
matic compounds was evaluated by indirect competitive
ELISAs. The coating antigen—protein conjugate was
DNPh-C8-OVA. Midpoints (IC,,) and molar cross-reac-
tivity are listed in Table 1. The skeletal structure of the
nitroaromatic compounds is shown in Fig. 3 and the
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Fig. 2. Binding profiles of monoclonal antibodies from established
hybridomas. The concentration of coating conjugate
(DNPh-C8-OVA) was 10 ug mL™". Symbols are as follows:
[J, DNPh-mAb1; <, DNPh-mAb2; +, DNPh-mAb3; @,
DNPh-mAb4; A, DNPh-pAb.

chemical groups of the side chain (R, R,, R, and R,) are
shown in Table 1. As shown in Table 1, 2,4-DNP-OH,
2,4-DNBA and 2,4-DNPA showed cross-reactivity of less
than 2% or no association, when the molar cross-reac-
tivity of 2,4-DNT was set as 100%. These results show
that the monoclonal anti-DNPh-400 antibody (DNPh—
mADb2) discriminates the side chain groups of —OH,
—COOH and —CH,—~COOH moieties on the benzene ring.
2,6-DNT showed about 18% of cross-reactivity, showing
that this DNPh-mAb2 discriminates the position of nitro
group but also recognizes a little for dinitrophenyl—
compounds.1,3-DNB, 2,4-DNP-Gly and 2,4-DNA showed
the cross—reactivity ranging from 12% to 39%, showing
that dinitro—groups are recognized a little and recogni-

Fig. 3. Skeletal structure of the nitroaromatic compounds.

tion of —NH, group on the benzene ring is a little higher.
Recognition to TNPh—-Gly was about 50%, while those to
TNT and TNP-OH were lower about 21% and 6%. The
reason is not clear but this DNPh-mAbZ2 would recognize
trinitro-compounds. The low recognition of TNP-OH
would be caused by the —OH group on the benzene ring
like 2,4-DNP-OH. TNP-Gly is not contained in explo-
sives and decomposition compounds, so the recognition
to this compound produces no problem. Overall, the
produced DNPh-mAb2Z has relatively high selectivity to
2,4-DNT compared with other nitroaromatic compounds
and useful for detection of 2,4-DNT.

Optimization of the spacer structure of the coat-
ing antigen—-protein conjugates

Kim et al. (2003) reported that heterology in the
spacer structure of the coating antigen produced a
remarkable improvement in the sensitivity of indirect
competitive ELISA. According to our previous research
(Nagatomo et al. submitting), the spacer structure on

Table 1. Cross reactivities of anti—-DNPh mADb2 for 2,4-DNT relevant compounds

Compound R, R, R, I1C,, (M) Cross reactivity (%)
2’47((121,12?10:())1510%1)16% CH, NO, NO, H 5.0%107 100
2’4’G*triﬁi%;?gﬁggy)l’glyd“e NH-CH-COOH ~NO, NO, NO,  1OX10° 50
o e NH, NO, NO, H  13x10° 39
173‘?11,‘31%%%29“ H NO, NO, H  23x10° 22
2,4,641??2%:;0111@.3 CH, NO, NO, NO,  2.4x10° 21
2,67((121712?]":());1(?11‘1)1ene CH, NO, H NO,  28x10° 18
2’4"11(1211’2?81231%[5)13"31“6 NH-CH,-COOH ~ NO, NO, H 4.2x10° 12
2’4’67(‘Tt§§f60£;‘e“01 OH NO, NO, NO,  86x10° 6
27“‘*(‘5}1?3;1;521; acid COOH NO, No, H  32x10° 1
27*“““(2‘?2{‘5%%‘3“0 “d CH_COOH  NO, No, H  62x10° 1
2,4-dinitrophenol OH NO, NO, H  Notdetected -

(2,4-DNP-OH)
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the coating antigen—protein conjugate affects the sensi-
tivity of 2,4-DNT detection. So, we examined the effect
of spacer structure having DNPh—-OVA ~ DNPh-C8-0OVA
including DNPh-blanched C6-OVA on the sensitivity of
DNT detection. Judging from the experimental results,
we selected DNPh—-C4-OVA as a best coating antigen,
although the DNPh—-C2-0OVA coating antigen was almost
the same (data not shown).

Detection of 2,4-DNT by indirect competitive
ELISA

Figure 4 shows the standard curve of inhibition by
2,4-DNT using DNPh-mADb2 in indirect competitive
ELISA along with the inhibition curve using rat anti-
DNPh-KLH-400 polyclonal antibody (DNPh-pAb). The
coating antigen—protein conjugates were DNPh-C4-0OVA
and DNPh-C8-0OVA for DNPh-mAb2 and DNPh-pAb,
respectively. As shown in Fig. 4, 2,4-DNT was detected
at the concentration of ca.5b ng mL", when more than

120

1008 i

A/A, (Y%bound)
3
BHOA

20 §
A
)
0 10 108 107 10° 103

2,4-DNT (g mL™)

Fig. 4. Standard curve of 2,4-DNT in indirect competitive ELISA.
The results are shown as mean values (n=6) and error bars
represent standard divisions. The concentrations of coat-
ing conjugate (DNPh—C4-OVA for DNPh-mAb2 and DNPh—
C8-OVA for DNPh—pAD respectively.) were 0.5ug mL™.
Symbols are as follows: A, DNPh-mAb2; O, DNPh—-pAD.
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Fig. 5. Estimation of dissociation constants by Seligman’s method
using data from Fig. 4. (a) Using DNPh-mAb2 as compet-
ing antibody. (b) Using DNPh-pAb as competing antibody.
Seligman’s Formula; a/f=K/(1-)+7, ; v=(A,~A,)/A, where
A, is the absorbance without 2,4-DNT and 4, is the absor-
bance with 24-DNT; a,, initial concentration of 2,4-DNT;,
J=yv'; ,, initial antibody concentration.

15% decrease of the signal from non—analyte (100%) was
chosen as a detection limit. The affinity constants
between free 2,4-DNT and anti-DNPh-KLH antibodies
(monoclonal and polyclonal) were also estimated by
using Seligman’s method (Seligman, 1994) using the
data of Fig. 4, and the results are shown in Fig. 5. The
evaluated values were K,=3.6X10°M" and K,=8.0x10°M"
for DNPh-mAb2 and DNPh-pAb, respectively. These
results show that monoclonal antibody has better associ-
ation property than that of polyclonal antibody.

CONCLUSIONS

Monoclonal antibody against 2,4-DNT was success-
fully prepared by using rat lymph node method. Four
hybridoma cells which produce anti-DNPh antibody
were produced out of 61 fusion positive cells. The best
hybridoma cell (DNPh-mADb2 cell) were selected for the
production of monoclonal antibody (DNPh-mAb2). The
properties of DNPh-mAb2 was investigated such as
cross—reactivity and affinity constant. The prepared
DNPh-mADb2 has high selectivity to 2,4-DNT compared
with other nitroaromatic compounds and high affinity
constant of 3.6X10°M™" to 2,4-DNT. The limit of detec-
tion of 2,4-DNT by indirect competitive ELISA was ca.
5ng mL", showing suitable for 2,4-DNT detection.
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