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A gel-based immunoassay that can be used for the detection of 2,4,6-trinitrotoluene (TNT) in water

samples was developed. Four polyclonal antibodies were generated in chickens using TNT derivatives.

The assay was based on the immunoaffinity preconcentration and immuno-enzyme analysis of

TNT in the gel. The results of the assay, assessed by color development, were evaluated visually and

also by using a flatbed scanner and subsequent digital processing of the scanned gel. The most sensitive

color mode, parameter S (saturation, HSB mode), was used for the immunoassay optimization and

evaluation of the results. The immunoassays with the best parameters were optimized and

characterized. A cut-off level of 5 mg TNT L�1 was reached for water samples. It was shown that tap and

environmental water samples could be analyzed directly, without sample preparation and dilution.

The developed test is acceptable for use in an on-site field test to provide rapid (about 15 min for six

samples), qualitative and reliable results for making environmental decisions such as identifying ‘‘hot

spots’’, monitoring of military and terrorist activities, and selecting of site samples for laboratory

analysis.
Introduction

The detection of 2,4,6-trinitrotoluene (TNT) is an important

environmental, security and health concern for the global

community. TNT enters the environment in waste waters and

solid wastes resulting from the manufacture of the compound,

the processing and destruction of bombs and grenades, and the

recycling of explosives; different military and terrorist activities

(e.g., manufacturing, waste discharge, testing and training) have

resulted in extensive contamination of soil and ground water by

TNT.1

Generally, liquid–liquid extraction or solid-phase extraction

followed by analysis with gas or liquid chromatography are used.

But these assays require preconcentration of analyte and are

relatively time-consuming and difficult to perform on-site.

Consequently, sensitive and reliable analytical methods are

needed to evaluate the presence of TNT in field conditions.

Immobilized biomolecules are emerging as a popular analytical

tool because of their reusability and sensitivity. This has led to the

development of a wide variety of immunoassay detection systems

in numerous fields. As solid supports for biomolecules immobi-

lization different kinds of plates, incl. microtiter plates,2 beads,3

waveguides,4 gold surface,5–7 membranes,8 etc. are used, which
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enabled to develop different kinds of tests for TNT detection. The

tests were developed for laboratory and non-laboratory appli-

cation that use simple equipment: ELISAs,2 different kinds of

sensors,9–12 fluoroimmunoassays13 and microarray techniques.14

Non-instrumental rapid tests could be a method of choice for

the screening of explosives and other environmental pollutants

because they can be promptly performed outside a laboratory

environment, in the place of sampling (even without power

supply). Rapid tests with visual result evaluation are based

mostly on membranes. Lateral flow tests for TNT detection were

reported in the review, Ref. 15. For optimization of the

membrane-based tests16,17 and also for improvement of test

sensitivity18,19 different kinds of reader were used as a quantita-

tive test system, making the on-field application more difficult.

Recently gel-based rapid tests for mycotoxins and PAH

detection have been developed.20–23 Gel-based immunoassay

enabled combination preconcentration with an immunoaffinity

column and detection of analyte by an enzymatic reaction. As the

sample solution is drawn through the column, the analyte

concentrates on specific antibody binding sites. The next applied

enzyme-analyte conjugate (tracer) could be bound by an anti-

body only if they are not occupied by an analyte. Consequently,

the intensity of the color developed after chromogenic substrate

application is in inverse relationship with the analyte concen-

tration. In the presence of analyte no color development occurs.

The development of any color at detection time was interpreted

as a negative result. So the main source of errors originates from

a wrong interpretation of the developed color.

We herein report the development of a rapid test for TNT

detection. Different readers and color system parameters were

examined for results evaluation in comparison with results,

evaluated with the naked eye.
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Fig. 1 Synthetic pathways used for the preparation of protein conju-

gates. A: 4-ADNT–GA–Protein; B: TNB–Protein.
Experimental

Materials

TNT standard and 2,4,6-trinirobenzenesulfonic acid (TNBS)

were supplied from ‘‘Supelco’’ (Bornem, Belgium). Tween 20

(Tween) was purchased from Sigma Chemical Co. (Bornem,

Belgium). CNBr-activated Sepharose 4B (Sepharose) was

supplied from GE Healthcare Bio-Sciences (Uppsala, Sweden).

The substrate chromogenic solution used was Colorburst�Blue

TMB/Peroxide (ALerCHEK, Inc. USA). 4-amino-2,6-dini-

trotoluene (4-ADNT) and 2-amino-2,6-dinitrotoluene

(2-ADNT) were purchased from Promochem (Wesel, Germany).

N-hydroxysuccinimide (NHS) was supplied from Sigma

(Steinheim, Germany). N,N0-dicyclohexylcarbodiimide (DCC)

were purchased from Sigma (Poole, Dorset, UK). Soybean

trypsin inhibitor (STI), bovine serum albumin (BSA), chicken

egg albumin (ovalbumin, OVA), horse-radish peroxidase (HRP),

were supplied from Sigma (Steinheim, Germany). All the other

chemicals and solvents were of analytical grade; doubly distilled

water was used throughout. Tubes (Bond Elut reservoir, 1 ml)

and polyethylene frits (1/4 in. diameter) were supplied by Varian

Belgium NV/SA (Sint-Katelijne-Waver, Belgium).

Phosphate-buffered saline (PBS) 0.01 M, pH 7.4, was used as

an assay buffer for the gel-based immunoassay. Proclin 300

(5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-iso-

thiazolin-3-one) was purchased from Supelco (Bellefonte, PA,

USA) and was added to PBS as an antimicrobial preservative.

PBS with 0.05% Tween (v/v) was used as a wash solution. Stock

solutions of TNT, toluene, 4-ADNT, 2-ADNT, and TNBS,

(100 mg L�1) were prepared in acetonitrile and diluted with water

to obtain standard solutions which cover the concentration range

1–1000 mg L�1.

Immunogen synthesis

4-ADNT–GA–STI. The N-(4-methyl-3,5-dinitrophenyl)-glu-

taric acid monoamide (4-ADNT-GA) was synthesized from

4-ADNT and glutaroyl dichloride according to Schuetz et al.24

Briefly, 45 mg of 4-ADNT were dissolved in 500 ml anhydrous

dimethoxyethane. This solution was added drop by drop to

450 ml ice cooled glutaroyl dichloride under stirring. The reaction

mixture was hydrolyzed with 20 ml water and the pH was

adjusted up to 13. The mixture was extracted (during 2 hours)

twice with 5 mL of chloroform and the product was precipitated

with 2 N hydrochloric acid. The residue was filtered, washed with

0.1 N hydrochloric acid and dried in vacuum. The yield was

37.5 mg (53%).

4-ADNT–GA was activated by standard succinimide method.

11.5 mg (100 mmol) of NHS and 20.6 mg (100 mmol) of DCC

were dissolved in 1 ml of pure dimethyl formamide (DMF).

12.5 mg (40 mmol) of 4-ADNT-GA was dissolved in 400 ml of this

solution. The reaction mixture was incubated overnight at the

room temperature. Then it was centrifuged at 9000 g for 10

minutes and the supernatant was used for coupling with proteins.

STI (0.5 mmol) was dissolved in 2 ml of 50 mM carbonate

buffer (pH 9.6) with addition of 5% (vol.) DMF. 150 ml of

4-ADNT-GA NHS ester solution was added drop by drop under

stirring (mole ratio hapten/protein was 30 : 1). The reaction

mixture was incubated overnight at the room temperature and
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then dialyzed in distilled water at 4 �C during 3 days. After that

conjugate was lyophilized and kept at 4 �C until immunization.

The synthetic pathway is given in Fig. 1A.

TNB–protein. TNB–protein immunogens were synthesized by

coupling TNBS with proteins (BSA, STI and OVA). Protein

(0.5 mmol) was dissolved in 2 mL of 0.5 M NaHCO3 water

solution each. 100 ml of 0.15 M TNBS water solution was added

into the vials with protein solutions (mole ratio hapten/protein

was 30 : 1), then mixed and incubated overnight at the room

temperature. Methods of purification and storage were the same

as described above. The synthetic pathway is given in Fig. 1B.

HRP conjugates synthesis

4-ADNT–GA–HRP. 20 mg of HRP (0.5 mmol) was dissolved

in 2 ml of 50 mM carbonate buffer (pH 9.6) with addition of 5%

DMF (vol.). 15 ml of activated 4-ADNT–GA solution were

added and mixed. Ratio hapten : HRP was 3 : 1. The reaction

mixture was incubated overnight at the room temperature, then

dialysed in 3 l deionised water at 4 �C during 3 days. The

conjugate solution was labeled as 4-ADNT–GA and stored at

a concentration of 0.2 mg ml�1 in 50% glycerol at �20 �C.

TNB–HRP. 2,4,6-Trinitrobenzene sulfonic acid (1 mg/ml,

0.5 M NaHCO3 solution pH 7.0) was reacted with 1 ml of 0.5 M

NaHCO3 solution containing 30 mg of HRP for 2 h at 37 �C

(mole ratio hapten/protein was 5 : 1). After the reaction, the

conjugate mixture was dialysed in 3 l deionized water at 4 �C for

3 days. The produced TNB–HRP conjugate was stored at

a concentration of 0.2 mg ml�1 in 50% glycerol at �20 �C.

Immunization and immunoglobulin isolation

Chickens were immunized adapting the method originally

described by De Meulenaer et al.25 Briefly, 4-ADNT–GA–STI,
Anal. Methods, 2009, 1, 170–176 | 171



TNB–BSA, TNB–STI, TNB–OVA, conjugates were dissolved in

PBS. The concentration was 0.5 mg ml�1. These solutions were

mixed with complete Freud’s adjuvant 1 : 1 and emulsified. The

chickens were injected with 1 ml of emulsion intramuscularly.

The second immunization was 40 days later, and the incomplete

Freud’s adjuvant was used instead of the complete one. Totally 3

chickens were immunized with each conjugate and 3 more

chickens were used as a blank control.

The immunoglobulins were isolated from the egg yolk using

a modified aqueous dilution method.25,26 After separation of the

egg yolk from the egg white, it was washed with in 300 ml

distilled water by manually stirring the egg yolk without breaking

it. The egg yolk was broken, separated from the sieve and diluted

with distilled water 10 times, and pH was set with 1 M HCl

between 5.0 and 5.2. After incubation for 16 h at 4 �C and

centrifugation (10 000g, 1 h, 4 �C), the supernatant was filtered.

Then 72 g of ammonium sulfate and about 170 mL of water was

added in order to achieve a 60% saturated solution of ammonium

sulfate, the mixture was incubated for 1 h at room temperature

(RT) and centrifuged (10 000g, 20 min, RT). The residue was

dissolved in a 19% (w/v) sodium sulfate solution. After it was

incubated for 20 min at RT and centrifuged (2000g, 20 min, RT),

the residue was dissolved in a 14% (w/v) sodium sulfate solution.

After it was incubated for 20 min at RT and centrifuged (2000g,

20 min, RT), the residue was dissolved in sixth of PBS and stored

in small aliquots at �18 �C.
Gels preparation

Gel coupled with anti-TNT antibody and blocked gel prepara-

tion was adapted from Goryacheva et al.21 Namely, for coupled

gel preparation 0.5 g of freeze-dried Sepharose (gave about

1.7 ml final gel volume) was washed on a sintered glass filter using

100 ml 1 mM HCl. For antibody binding, 250 ml of antibody

solution (1 mg ml�1) and 100 ml of PBS were added and this

suspension was shaken for 2 h at RT. After incubation, the gel

was washed with 5 ml of NaHCO3 buffer, 0.1 M, pH 8.3 con-

taining 0.5 M NaCl to remove excess antibody. For the blocking

remaining active groups five gel volumes of the blocking agent

(0.2 M glycine, pH 8.0) were added to the gel and mixed for 2 h at

RT. Furthermore, the gel was washed with 3 cycles of alternating

pH and five gel volumes of each buffer. Each cycle consisted of

a wash with 0.1 M acetate buffer, pH 4.0, containing 0.5 M NaCl

followed by a wash with NaHCO3 buffer, 0.1 M, pH 8.3 con-

taining 0.5 M NaCl. The blocked gel was prepared by the same

way except for a binding step.

The gel coupled with anti-TNT antibody and the blocked gel

were suspended in PBS (1/3, v/v) and stored at 4 �C.
Fig. 2 Scheme of the assay procedure.
Column test preparation

To prepare the assay gel for the test layer, the gel with coupled

specific anti-TNT antibody was mixed with the blocked gel.

Dilution of the coupled gel was necessary to decrease the quan-

tity of antibody specific binding sites and thus to increase

sensitivity. The optimal ratio was found to be 1 : 200. The assay

gel (200 ml) was placed on the bottom frit in the 1 ml tube and

then covered with the second frit.
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Assay procedure

For the assay procedure an aliquot of 5 ml of the standard TNT

solutions or water sample (0, 1.0, 3.0, 5.0 or 10 mg L�1) was drawn

into the tube through the top by the plunger of 10-ml syringe.

The next step was the application of 4-ADNT–GA–HRP

conjugate solution (50 ml) in appropriate dilution (1 : 4000,

0.05 mg ml�1) through the bottom of the tube. The test layer was

incubated with the conjugate solution for 1 min. For removing

the excess of conjugates, PBS–Tween 0.2% (v/v, 3 ml) was passed

through the top of the tube. The last step was the application of

the chromogenic substrate (50 ml) via the bottom of the tube

(Fig. 2). The color of the test layer was visually evaluated in

3 minutes after chromogenic substrate application. The cut-off

level was validated as the lowest TNT concentration which did

not result in color development during this detection time.
Quantitative results interpretation

To evaluate the possibility for quantitative data interpretation,

three kind of reading machines were used: flatbed scanner

(‘‘CanoScan LiDE 25’’, Canon), digital photocamera (DiMADE

S414, Konika-Minolta) and a densitometer (‘‘Sorbfil’’, Sorbpo-

limer, Krasnodar, Russia, equipped with digital videocamera

NV-RZ17, Panasonic). The whole columns with the test layers

were placed on the flatbed scanner or in the densitometer. The

images were saved in JPEG format. To evaluate the obtained

images ‘‘Adobe Photoshop CS3’’ was used and values of all

possible parameters were tested: red (R, non-dimensional value),

green (G, non-dimensional value), blue (B, non-dimensional

value) (RGB mode); hue (H, �), saturation (S, %), brightness

(B, %) (HSB mode); cyan (C, %), magenta (M, %), yellow (Y, %),

black (K, %) (CMYK mode); lightness (L, non-dimensional

value) and also color ranges a and b (non-dimensional values)

(Lab mode). For that, a rectangular zone of the gel was selected,

lens blur filter was applied and the values of each of the above

mentioned parameters was obtained using the Color Picker

dialog box, which directly displays the values. At least three

measurements were performed for each column (by turning the

column) and the average value was used further.
This journal is ª The Royal Society of Chemistry 2009



Determination of 2,4,6-trinitrotoluene in water samples

The anti-TNB–BSA antibody, the 4-ADNT–GA–HRP conju-

gate and four water types (lake water, river water, melted snow

and tap water) were used for the investigation of matrix influence

on the developed gel-based immunoassay. The surface water

samples were collected near the banks of the river Volga (pH 6.2)

and a lake from the town park (Saratov) (pH 5.3). The tap water

(pH 5.1) was obtained from the local water supply system using

Volga river water as a source. Snow was collected in the central

part of Saratov city and melted at the room temperature

(pH 4.8). The surface water samples and snow were collected in

glass bottles (1 L) and directly used for the immunoassay,

i.e. without any sample pretreatment like filtration or extraction.

Results and discussion

Minimization of nonspecific interaction

The Sepharose gel has a higher specific surface compared to

traditionally used membranes and other solid supports. Gener-

ally, this permits use of high sample volume and thus high assay

sensitivity can be achieved. On the other hand, nonspecific

sorption on the surface could also be sizeable. So the first step of

the optimization was to look for those experimental conditions

to minimize nonspecific sorption of the tracer. Columns with

only blocked gel were prepared and tracer solution, washing

buffer and chromogenic substrates were applied as it was

described in Experimental section.

In a first series of experiments, the composition of the HRP-

conjugate solution was optimized. It was shown that in the case

of 4-ADNT–GA–HRP dilution at 1 : 100 in PBS and washing

with 5 ml of PBS, the development of the blue color started

immediately after the application of the chromogenic substrate.

A similar 4-ADNT–GA–HRP dilution in PBS containing 0.1%

casein (w/v) as well gave a clear reduction of color development,

which indicated diminution of the nonspecific interaction.

Therefore, PBS �0.1% casein (w/v) was used for the dilution of

the tracer in further experiments.

In order to find the optimal conditions, three columns were

prepared: the first one without specific antibody (to control

nonspecific interaction) and the others with specific antibodies

(anti-4-ADNT–GA–STI antibody, dilution at 1 : 40). Blank

solution (5 ml) was passed through the first and second columns

and solution with 10 mg L�1 TNT (5 ml) through the third

column. According to our previous developments, the optimal

region of immunoreagents’ concentration provides color devel-

opment within 2–10 min in the case of absence of analytes.

Dilutions of HRP conjugates at 1 : 100, 1 : 200, 1 : 500, 1 : 1000,

1 : 2000, 1 : 4000, 1 : 6000 in PBS �0.1% casein (w/v) were tested

and dilution at 1 : 4000 (0.25 mg ml�1) was chosen for 4-ADNT–

GA–HRP as optimal. For the TNB–HRP tracer optimal dilution

was found at 1 : 200 (5 mg ml�1). An application of higher

concentrations of conjugates resulted in too fast color develop-

ment and less difference in the color intensity for spiked and

blank solutions. Lower concentration of HRP conjugates resul-

ted in weak and slow color development.

To optimize the washing procedure, PBS–Tween (Tween

concentration at 0, 0.05, 0.2, 0.4% v/v) and PBS–casein (casein

concentration at 0, 0.1, 0.5, 1% w/v) at a volume of 2, 3, 5, 7 ml
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were evaluated. Usually, increasing the volume of washing

solution and surfactant concentration results in the minimization

of the nonspecific interactions. However, both may result in

a decrease of the specific interactions between coupled antibody

and analyte, thus reducing the assays’ sensitivity. The optimal

result (color development in the second column and no color

development in the first and third columns) was provided by the

application of 3 ml of PBS–Tween (0.2% v/v).
Antibody testing and application of detection equipment

To check the binding of HRP-conjugates to different antibodies,

four different gels with bound antibodies were prepared, diluted

5 times with the blocked gel and placed between two frits into the

columns. One column, containing only blocked gel, was used as

a control for nonspecific interaction. 4-ADNT–GA–HRP

conjugate (50 ml) was applied to each column and after the

washing step (3 ml of PBS–Tween (0.2% v/v)) 50 ml of chromo-

genic substrate was added. Results obtained for 4-ADNT–GA–

HRP are presented in Fig 3A. The blocked gel remained white

for 10 minutes. A very slow color development indicated a lack of

nonspecific sorption of the tracer on the gel. The same procedure

was repeated for TNB–HRP-conjugate (Fig. 3B). The outcomes

for the two conjugates were similar. The most intense color and

fast color development were for the 4-ADNT–GA–HRP tracer,

in combination with the anti-TNB-BSA antibody or the anti

4-ADNT–GA–STI antibody. These indicated the good binding

of the tracer with the antibodies. For anti-TNBS-OVA antibody

and anti-TNBS–STI antibody the color development was less

intense.

In order to enable a quantitative interpretation of the data, the

color of the gels was electronically assessed as described in the

experimental section. In preliminary experiments it was shown

that images, obtained with densitometer, characterized with

a bad image definition quality. Digital photo camera was high

sensitive to any changes in light conditions. Application of digital

camera with ‘‘black box’’ also was not successful. For this reason

flatbed scanner was further employed.

It was observed that the most sensitive parameters were R, H

and S for images, obtained with the flatbed scanner and digital

processing using Adobe Photoshop CS3. Fig. 3C–E presents the

value of R, H and S parameters for the gels shown in Fig. 3A and

3B. As can be observed, parameter S (Fig. 3E) showed to be the

most sensitive, since it changed from 4–6 value for white blocked

gel up to value of 46 for both tracers in combination with the of

TNB–BSA antibody. Consequently, parameter S was selected for

the quantitative evaluation of the results in further optimization

experiments. The comparison of the obtained qualitative (the

naked eye) and quantitative (parameter S) results evaluation

showed us that the color, perceptible as white by the naked eye,

corresponds to 3–4 up to 6–7 range of parameter S. Blue color

corresponds to S value above 8. At least three measurements

were performed for each column by turning the column. It was

shown that the absolute deviation between obtained parameter S

values did not exceeded 1 unit. Reproducibility from column to

column depended on the color intensity. Maximal absolute

deviation for S value was for intense colored gels (parameter

S value >25) and did not exceed 3 (relative deviation �12%).
Anal. Methods, 2009, 1, 170–176 | 173



Fig. 3 Response of the gels coupled with different antibodies and blocked gel to HRP–conjugates. A: scanning image, tracer 4-ADNT–GA–HRP; B:

scanning image, tracer TNB–HRP; C: parameter R values (RGB mode); D: parameter H values (HSB mode); E: parameter S values (HSB mode).

Detection time is 10 min.
Sensitivity of tests

The four pairs of immunoreagents, which gave the most intense

color (pair A: anti-TNB–BSA antibody and 4-ADNT–GA–

HRP; pair B: anti-4-ADNT–GA–STI antibody and 4-ADNT–

GA–HRP; pair C: anti-TNB–BSA antibody and TNB–HRP;

and pair D: anti-4-ADNT–GA–STI antibody and TNB–HRP)

were chosen for further development. A series of TNT standard

solutions were analyzed. The optimal concentration of specific

antibodies was adjusted by dilution of the antibody-coupled gel

with the blocked gel in a 1 : 5 to 1 : 400 range. The highest

effective dilution of the coupled gel, which provided the best

sensitivity, was 1 : 200 for both antibodies in combination with

4-ADNT–GA–HRP dilution at 1 : 4000 or TNB–HRP dilution

at 1 : 200. As can be observed from Fig. 4A and 4C, 4-ADNT–

GA–HRP in combination with both antibodies enabled to

distinguish TNT concentrations in the range of 0, 1, 3, 5, and

10 mg L�1. The blank solution resulted in the most rapid color

development. Increasing TNT concentrations gave rise to

a decrease of both color intensity and rate of its development.

Application of TNB–HRP with both antibodies (Fig. 4B and 4D)

resulted in not so good difference in intensity developed color.

Therefore, the combinations of anti-TNB–BSA and anti-4-

ADNT–GA–STI antibodies with 4-ADNT–GA–HRP were

chosen for further experiments in which the cut off value of the

assay was determined. As the detection time, 3 min was chosen
174 | Anal. Methods, 2009, 1, 170–176
because of the good difference in the developed color, which was

in fact easily distinguishable by the naked eye. It was shown that

to color development could be stopped by the washing buffer

application (to remove chromogenic substrate). The obtained

results are presented in Fig. 5. TNT concentration higher than

5 mg L�1 resulted in no color development (evaluated by naked

eye). Comparison of the quantitative color development results

showed that both tested antibodies (anti-TNB–BSA and anti-4-

ADNT–GA–STI) enabled to get a reasonable sensitivity.

Time-dependent response of immunoassay for TNT, toluene

and also for haptens, used for conjugate synthesis, was examined

and compared (Fig. 6). The results showed that the blocked gel

remained white for 5 min and afterwards an insignificant color

developed. The most rapid color development (after 1 min) was

obtained for the blank (curve 1) and toluene solution (curve 2).

Color development for the TNT solution at the cut off level

(curve 6) and for haptens at the same concentrations (curves 3–5)

started in 4 min after the chromogenic substrate application. As

2-ADNT and 4-ADNT are also metabolites of TNT and could

appear in water samples. It should be mentioned that the

proposed assay could detect only their total amount.

Validation of the test using spiked water samples

To assess TNT in different water types, we used surface water

from a river and a lake, tap water and melted snow for the
This journal is ª The Royal Society of Chemistry 2009



Fig. 4 Kinetics of the color development for series of TNT concentra-

tions C (TNT): 1 – 0 mg L�1; 2 – 1 mg L�1; 3 – 3 mg L�1; 4 – 5 mg L�1;

5 – 10 mg L�1. Detection time is 3 min (dashed line). A: anti-TNB–BSA

antibody (coupled gel dilution at 1 : 200) and 4-ADNT–GA–HRP

(dilution at1 : 4000); B: anti-4-ADNT–GA–STI antibody (coupled gel

dilution at 1 : 200) and 4-ADNT–GA–HRP (dilution at 1 : 4000); C:

anti-TNB–BSA antibody (coupled gel dilution at 1 : 200) and TNB–HRP

(dilution at 1 : 200); D: anti-4-ADNT–GA–STI antibody (coupled gel

dilution at 1 : 200) and TNB–HRP (dilution at 1 : 200).

Fig. 6 Kinetics of the color development for 1: blank solution;

2: toluene; 3: 4-ADNT; 4: 2-ADNT; 5: TNBS; 6: TNT (tracer 4-ADNT–

GA–HRP, dilution at 1 : 4000). A: gel coupled with anti-TNB–BSA

antibody; B: gel coupled with anti 4-ADNT–GA–STI antibody.

C (analyte) ¼ 5 mg L�1. For comparison the results for TNT application

to gel without an antibody (blocked gel) are also presented.
investigation of matrix effect, e.g. the interference of other

sample constituents such as humic acids. The evaluation of the

matrix effect was done by comparing the standard curves run in

different water types (Fig. 7). Standard curves run in the
Fig. 5 TNT determination with tracer 4-ADNT–GA–HRP (dilution at

1 : 4000). A: Scanning image, gel coupled with anti-TNB–BSA antibody;

B: Parameter S values, gel coupled with anti-TNB–BSA antibody (n ¼ 3); C:

Parameter S values, gel coupled with anti-4-ADNT–GA–STI antibody (n¼ 3).

Detection time is 3 min. Dashed lines present the cut-off level of the assay.
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standard solutions, in the tap water and in the melted snow were

almost identical, i.e. no interferences were found. A slight

decrease of the intensity of blue color was observed when the lake

water and the river water were analyzed. In the case of a quan-

titative assay this could result in the overestimation of the ana-

lyte, especially at low concentrations. For qualitative test with

the cut-off level at 5 mg L�1 this was not critical, because TNT at

5 mg L�1 completely suppressed the color development in all

tested water types. The blank sample and sample spiked with

TNT at 1 mg L�1 produced blue color after the chromogenic

substrate application. For the river water and the lake water at

3 mg L�1 of TNT (S value at 7.0 � 1.0 and 7.4 � 0.6, respectively)

the color of the gel was almost white and could overcome false

positive results. For no water types false negative results were

obtained, so this test could be recommended for TNT

on-site screening in water samples with a cut-off level at 5 mg L�1.

The reason of the relatively week matrix effect for samples

without any sample pretreatment was a big volume of washing

buffer (3 ml of PBS–Tween 0.2% v/v), which removed most of

interfering substances.
Fig. 7 Dose–response of the gel-based immunoassay with 4-ADNT–

GA–HRP for TNT prepared with anti TNB–BSA antibody in different

water types (n ¼ 3).
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Conclusions

A non-instrumental test for TNT rapid screening in water with

a control level at 5 mg L�1 was developed with chicken antibodies,

produced against two different haptens. The application of

scanning the gels and digital processing of the color data, gave

the possibility to use quantitative parameters for the develop-

ment of the assay. In the present study a flatbed scanner was

evaluated as the detection equipment for immunoassays. This

permitted us to compare assay selectivity and sensitivity, to

choose optimal immunoreagents and conditions of assay.

Homological (anti-4-ADNT–GA–STI antibody and 4-ADNT–

GA–HRP) and heterological (anti-TNB–BSA antibody and 4-

ADNT–GA–HRP) pairs of immunoreagents were found to be

optimal for TNT screening. There was no necessity for sample

preparation like extraction, centrifugation, filtering etc. We

suggest that the proposed assay could be applied to non-instru-

mental in situ monitoring of TNT in complex matrices such as

surface water, rainfall, and ground water.
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