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Introduction

Benzene, toluene, ethylbenzene and ortho-, meta-, para-xylenes 
(BTEX) are volatile organic components of petroleum and its 
derivates, such as gasoline and diesel fuel.  They are used as 
solvents for many purposes,1 and because of their relative 
solubility in water they can contaminate the soil and groundwater, 
and thus provoking environmental pollution.  In the last years 
their toxicity and carcinogenetic effects, in the case of benzene, 
have become a serious concern for human health.2  The admitted 
limits for benzene in drinking water are set at 5 and 1 μg L–1 in 
United States and European Union, respectively.3,4  After the 
accidental contamination of soil and water, the BTEX 
concentrations are generally several orders of magnitude higher.

Several methods are used for BTEX determination and the 
choice among the various extraction, separation and detection 
techniques also depends on the matrix to be analyzed.5  In water 
and soil the most commonly employed methods are based on 
solid-phase microextraction (SPME) coupled to gas 
chromatography–mass spectrometry (GC-MS),6–8 or to a gas 
chromatography–flame ionization detector (GC-FID).9–11  BTEX 
determination using gas chromatography is quite time 
consuming, and needs special instrumentation, and thus the 
development of alternative methods that could be used even 
on-site is highly required.5,12,13

Immunochemical assays represent simple, rapid and low-cost 
methods, often allowing examining samples without extensive 
pretreatment.14  Immunological methods reported for BTEX are 
mainly ELISAs,15,16 and also fluorescence polarization 
immunoassay.17  So far, assays based on chemiluminescent 
detection were not reported, although they have been shown to 
be less interference-prone and more sensitive than the 
conventional colorimetric method.18

The aim of the present work was to develop an indirect 
competitive chemiluminescent enzyme-linked immunosorbent 
assay (CL-ELISA) for BTEX using the same antiserum that 
proved to be optimal for ELISA development.14,15  In contrast to 
this earlier reported assay, new coating antigens were synthesized 
based on different phenyl-alkanoic acids and bovine serum 
albumin (BSA) and ovalbumin (OVA) as carrier proteins.  
Related to the high volatility of target analytes, considerable 
efforts were devoted to verify the estimated optimal ELISA 
conditions, such as the temperature and incubation time, as well 
as the addition of an organic co-solvent.  In excess of water 
samples, the application of CL-ELISA to soil monitoring was at 
the focal point of the presented investigation.

Experimental

Reagents and chemicals
All reagents were of analytical grade.  Benzene, toluene, 

ethylbenzene and o-, m-, p-xylenes were from Sigma Aldrich 
(Steinheim, Germany) and goat anti-rabbit IgG-horseradish 
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peroxidase (IgG-HRP) was purchased from DakoCytomation 
(Glostrup, Denmark).  The primary anti-BTEX polyclonal 
antibody was prepared as described earlier.15  Five haptens were 
synthesised from phenol–(CH2)n–COOH, and were all conjugated 
to the proteins ovalbumin (OVA), with the exception of BTEX-4; 
also to bovine serum albumin (BSA), as described.17

The 0.05 M carbonate–bicarbonate buffer (CBB), pH 9.6 
(15 mM Na2CO3, 30 mM NaHCO3), 10 mM phosphate buffer 
(PBS), pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
2 mM KH2PO4), 1 mM PBS-Tween 20 (PBST) (10 mM PBS, 
0.05% Tween 20), PBS-gelatine 1X (PBSG 1X) (1 mM PBS, 
0.5% fish gelatine), PBS-gelatine 2X (PBSG 2X) (2 mM PBS, 
1% fish gelatine) and 0.2 M borate buffer (BB), pH 8.5 (50 mM 
Na2B4O7·10H2O, 200 mM H3BO3) were employed.

The chemiluminescent mixture, prepared in 0.2 M BB, pH 8.5 
contained: 1 mM luminol, 0.5 mM p-iodophenol (both from 
Sigma, Germany) and 1 mM hydrogen peroxide (Merck, 
Germany).

Soil and water samples
Soil samples were collected at different sites and at different 

depths in the area, suspected to be contaminated by hydrocarbon 
spills of an Italian chemical factory now out of use.  The first 
group included samples A1 (depth 0 m), A2 (depth 7 – 8 m), A3 
(depth 11 – 12 m) and B (depth 10 – 11 m).  Three months later 
samples S1 (depth 1 – 2 m), S2 (depth 2 – 7 m), and S3 (depth 
12 – 13 m) were collected.  Water samples (W1, W2, and W3) 
were collected in wells and drilling points in the polluted area at 
the same time of A and B soil samples.  All water samples 
presented an oily fraction on the water fraction, and only the 
water fractions were analyzed without any pretreatment.

Extraction of soil samples
The soil samples were extracted by putting 2 g of soil into 

5 mL of methanol and following two different procedures.  “S” 
extraction: the sample was shaken for 30 min on an MTS2 
shaker (IKA Labortechnik, Staufen, Germany) and centrifuged 
10 min at 2000g in an ALC centrifuge Model 4222 
(ALC  International, Cologno Monzese, Milano, Italy).  “SS” 
extraction: the samples were treated for 5 min with ultrasound 
(138 W average absorbed power, 28 – 34 kHz frequency, 
Starsonic 60, Liarre s.r.l., Bologna, Italy) and then centrifuged 
as described above.  The supernatant was stored in a refrigerator 
until use.

Spiked samples
In order to estimate the influence both of the matrix and the 

extraction method on the recovery value, the blank soils and 
blank soil extracts were spiked with BTEX standard solutions.  
A standard stock solution was prepared by mixing equivalent 
volumes of individual standard solutions (10 g L–1 in methanol) 
of each of the six standards: benzene, toluene, ethylbenzene and 
o-, m-, and p-xylenes.  The working solutions for spiking were 
obtained by the dilution in methanol of the standard stock 
solution; 1 mL of blank soil extract was spiked with the working 
solution to obtain a final concentration of 5, 15, and 30 μg mL–1, 
whereas 2 g of blank soils were spiked to obtain samples with 
contents of 10, 20 and 50 μg g–1 of BTEX.  After spiking, the 
soil was left at room temperature for 1 h before extraction.

Indirect competitive chemiluminescence ELISA (CL-ELISA)
Indirect competitive ELISA (Fig. 1) was carried out in 96-well 

microtiter plates (Costar® assay plate, high binding, flat bottom, 
Corning Inc., NY) that were coated with hapten conjugates in a 
concentration range of 0.5 – 2.0 μg mL–1, by using 0.05 M 

CBB, pH 9.6 (100 μL/well).  After incubating overnight at 4°C, 
the plates were washed (Wellwash 4, Labsystem, Sweden) 
3 times with 200 μL of PBS; the uncoated sites were blocked by 
adding 200 μL/well of PBSG 1X and by incubating at 37°C for 
30 min, with shaking.  After washing, 50 μL/well of antiserum 
dilution, in the range from 1/1000 to 1/3000 in PBSG 2X, and 
50 μL/well of standard solutions or sample extracts were added 
and incubated for 30 h at 4°C.  After washing, 100 μL/well of 
goat anti-rabbit IgG-HRP diluted 1:2000 in PBSG 1X (according 
to the manufacturer guidelines) was added, and the plate was 
further incubated for 90 min at RT.  After a final wash, 100 μL 
of the substrate solution was added to each well, and the 
luminescence was measured by a Victor 1420 Multilabel 
Counter (Wallac-Perkin Elmer, Waltham, MA).

For each of the nine BTEX-protein conjugates the optimal 
combination of its coating concentration and the anti-BTEX 
antiserum dilution was determined by checkerboard titration.  
The effects on the performance of the immunoassay of the 
organic solvents methanol (MeOH), acetonitrile (ACN), and 
dimethyl sulfoxide (DMSO) at final concentrations of 1, 5, and 
10% and the effects of the temperature and incubation time on 
the competitive incubation step were evaluated.

The chemiluminescence data, expressed as relative luminescent 
units (RLU), were normalized according to the following 
expression: %B/B0 = 100(A – Aexcess)/(A0 – Aexcess), and then 
mathematically fitted to a four-parameter logistic equation using 
the Sigmaplot® software (SPSS) Ver. 8.0, as already described.19

Gas chromatographic analyses
The BTEX content in soil and water samples extracted with 

dichloromethane was determined by gas chromatography–mass 
spectrometry (GC-MS) (HP Agilent 6890N GC gas 
chromatograph-5973N mass spectrometer, Santa Clara, CA) 
according to the U.S.-EPA methods 5021A20 and EPA 8260C.21

Results and Discussion

Optimization of the CL-ELISA protocol
The optimal proportions of the immunoreagents obtained by 

testing different concentrations of coating antigen and antiserum 
are summarized in Table 1.

Concerning the effect of organic solvents, each conjugate was 
tested by means of the indirect competitive immunoassay.  

Fig. 1　Schematic drawing of the indirect CL-ELISA format (HRP, 
horseradish peroxidase).  A, Coating with coating-antigen and the 
addition of a standard/sample and anti-analyte antibody; B, addition of 
a secondary enzyme-labelled antibody (HRP); C, addition of an 
enzyme substrate (luminol/H2O2).
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For  this investigation, a blank sample without the addition of 
any BTEX standard solution was tested.  By using various 
conjugates, the changes observed in light emission were 
generally minimal, as shown for the BTEX-1-BSA conjugate in 
Fig. 2.  While a small increase of the light emission was 
recorded by using methanol or ACN, a small decrease after the 
addition of 10% DMSO was found.

On the contrary, by using the BTEX-1-OVA conjugate, 
a  completely different behavior was observed (Fig. 3).  
Independently from the solvent, a continuous and significant 
decrease in the light emission was noticed with increasing 
solvent concentration.  This effect was most pronounced for 
DMSO addition.  Based on these findings, it was decided to use 
methanol at a final concentration of 5% in all assays with the 
exception of those assays employing the BTEX-1-OVA 
conjugate, which were carried out with 1% of methanol.

When analyzing BTEX, the difficulty created by their extreme 
volatility must be considered.  Particularly when the assay is 
performed in containers with a great surface-to-volume ratio, 
like in the case of microplate wells.  First of all, the influence of 
the temperature on assay sensitivity was investigated carrying 
out the various steps of the assay both at room temperature and 
at 4°C.  While preparing the standard curve solutions and their 
deposition into the microplate wells, the test tubes and the plate 
were kept in iced water (~4°C) or at room temperature.  The 
competitive step was performed while leaving the microplate 
inside the fridge, or at room temperature.

Further, with the aim to minimize the loss of analytes, we 
tested the effect of using a sealing sheet on the plate (Microtiter 
Sealing Plate, Sigma-Aldrich) during the competitive step and 
the luminescence measurement.  In the latter case, basically to 
reduce the atmospheric influence on the background signal of 
luminol-based chemiluminescence assays.22

Concerning the competitive step, the best results were obtained 
at 4°C and without a sealing sheet on the plate, confirming the 
findings of Beyer et al.14,15  At room temperature the sensitivity 
of the assay decreased drastically, making it sometimes 
impossible even to obtain an acceptable calibration curve.  
When sealing the plates during the luminescence measurement, 
a decrease from 11 to 9% of the coefficient of variation (CV) 
was observed.  Although the reduction of the imprecision of the 
assay was not as high as reported by Towbin,22 its favorable use 
was convincing.

In order to study the effect of time on the competitive and 
secondary antibody incubation steps, periods of 15, 30, 60 and 
90 min were tested.  The highest sensitivity was reached with 
30 min of incubation without any shaking for the primary 
antibody, whereas a longer time of 90 min with shaking proved 
to be optimal for the incubation of the secondary antibody.

Calibration curve
Under these conditions, useful competition curves only by 

using BTEX-5-BSA coating conjugates were obtained (Fig. 4).
Upon using any of the other conjugates, the competition 

curves were unusable.  The optimal concentration of the hapten-
conjugate and antiserum dilution used were 0.2 μg mL–1 and 
1:2500 for BTEX-5-BSA and 1 μg mL–1 and 1:2000 for 
BTEX-1-BSA, respectively.  The IC50 and the least-detectable 
dose (LDD90) values were estimated at 4.56 and 0.50 μg mL–1 
for BTEX-5-BSA and 0.12 and 0.01 μg mL–1 for BTEX-1-BSA, 
respectively.  The LDD90 was defined as the lowest BTEX 
concentration exhibiting a 90% mean luminescence intensity of 
the zero standard.  The competition curves obtained by using the 
other prepared conjugates showed IC50 values higher than 
50 μg mL–1, making them unsuitable for analyses.

The repeatability (precision), expressed as the coefficient of 

Fig. 2　Effect of the methanol (MeOH), acetonitrile (ACN) and 
dimethyl sulfoxide (DMSO) concentrations on the luminescence 
signal using BTEX-1-BSA as a coating conjugate.

Fig. 3　Effect of MeOH, ACN and DMSO concentrations on the 
luminescence signal using BTEX-1-OVA as a coating conjugate.

Table 1　Optimal concentrations of immunoreagents

Coating conjugatea Coating conjugate 
concentration/μg mL–1

Anti-BTEX 
antiserum dilution

BTEX-1-BSA
BTEX-2-BSA
BTEX-3-BSA
BTEX-5-BSA
BTEX-1-OVA
BTEX-2-OVA
BTEX-3-OVA
BTEX-4-OVA
BTEX-5-OVA

1
1
0.5
0.2
1
1
0.5
0.1
0.1

1/2000
1/2000
1/2500
1/2500
1/2000
1/2000
1/2500
1/2000
1/2000
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variation (CV), was 20% for 1-BSA and 9% for 5-BSA.
The two above-mentioned coating conjugates were used for 

testing the antiserum specificity for each single component of 
the BTEX mixture.  The antiserum showed higher affinity for 
benzene and xylene(s) than for toluene and ethylbenzene, as 
reported in Table 2.

The BTEX-1-BSA conjugate showed higher sensitivity, but 
lower reproducibility, compared with BTEX-5-BSA, and thus 
we decided to use the latter for the soil and water sample 
analyses.

Calibration curves were established with spiked extracts of 
blank soil samples obtained both by the “S” and “SS” extraction 
procedures (Fig. 5).  The IC50 and LDD90 values were 3.7 and 
0.3 μg mL–1 for the “S” extract and 2.1 and 0.2 μg mL–1 for the 
“SS” extract.  These values were comparable to those obtained 
for the BTEX calibration curve in water/methanol, indicating 
negligible interferences of the matrix on the assay.

By comparing CL-ELISA data obtained with spiked blank soil 
“S” and “SS” extracts, higher recovery rates and higher precision 
were observed for the “SS” extracts, i.e., samples that were 
prepared by ultrasonication (Table 3).

Analyses of real samples
The soil samples (n = 7) were extracted by using the SS 

extraction method, whereas the water samples (n = 3) did not 
need any extraction procedure.  With the exception of sample 
S1, which did not show contamination by both GC-MS and 
CL-ELISA analysis, all soil samples were identified as being 
positive, i.e., were contaminated by BTEX.  No false positive or 

false negative results were obtained by the immunoassay.  A 
clear decrease of BTEX contamination was observed in parallel 
with the depth (Table 4).  Exactly the same behavior was found 
with both analytical techniques.  Compared with soil samples, 
all analyzed water samples were polluted in a significantly 
higher amount.  Importantly, the concentrations determined by 
CL-ELISA were underestimated by a factor of about two 
compared to GC-MS.  This is not surprising if the cross-reactivity 
of the used antiserum with the individual BTEX analytes is 
considered.

Conclusion

In this work the performance of nine hapten-protein conjugates 
and other assay parameters for the development of a CL-ELISA 
for the determination of BTEX were evaluated and optimized.  
The indirect competitive CL-ELISA was proven to be applicable 
to water samples and soil extracts from a contaminated site.  As 
previously reported, the immunological analysis of small and 

Fig. 4　Calibration curves obtained by using different coating 
conjugates and the BTEX standard solution prepared in methanol:water 
(5:95, v/v).  ●, BTEX-1-BSA; ▼, BTEX-5-BSA.  Error bars, ± standard 
deviation (n = 3).

Fig. 5　BTEX standard calibration curves prepared in ● 
methanol:water (5:95, v/v), ■ “SS” extract and ▼ “S” extract, using 
BTEX-5-BSA as conjugate.  Error bars, ± standard deviation (n = 3).

Table 2　IC50 and LDD90 values for the individual components 
of the BTEX mixture obtained by using BTEX-1-BSA or 
BTEX-5-BSA as coating conjugates at a concentration of 1 and 
0.2 μg mL–1, respectively

Analyte

BTEX-5-BSA conjugate BTEX-1-BSA conjugate

IC50/
μg mL–1

LDD90/
μg mL–1

IC50/
μg mL–1

LDD90/
μg mL–1

Benzene
Ethylbenzene
Toluene
o-, m-, p-Xylene

0.03
1.65
0.97
0.06

0.002
0.102
0.019
0.003

0.31
0.70
0.88
0.02

0.010
0.036
0.051
0.005

Table 3　(A) Matrix effect of the two kind of blank soil extracts 
(“S” and “SS”) on the measurement of added standard BTEX 
solution, (B) recovery values of BTEX spiked to blank soils 
obtained on “S” and “SS” extracts

(A) Blank soil extracts spiked with BTEX standard solution
BTEX amount 
added/μg mL–1

Soil  
extract

BTEX amount 
measured/μg mL–1

CV,  
%

Mean 
recovery, %

 5

15

30

S
SS
S

SS
S

SS

 2.1
 3.3
 8.8
12.3
21.9
25.2

13.3
11.1
12.1
10.3
 7.2
 6.4

42.0
66.2
58.7
82.3
73.0
83.7

(B) Blank soil samples spiked with BTEX standard solution
BTEX amount 
added/μg g–1

Extraction 
method

BTEX amount  
measured/μg g–1

CV,  
%

Mean 
recovery, %

10

20

50

S
SS
S

SS
S

SS

 3.1
 6.6
 7.8
14.4
21.5
38.9

19.3
16.8
13.3
11.5
19.1
15.8

31.0
66.2
38.9
72.1
43.0
77.8
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volatile analytes, such as BTEX, is challenging.  A temperature 
of 4°C and an incubation time of 30 min, without sealing the 
microtiter plate, for the competitive step were found to be 
optimal.  By using the same antiserum and different coating 
conjugates, very similar IC50 and LDD90 values of 4.6 and 
0.5 μg mL–1, respectively, compared to the reported 
BTEX-ELISA were obtained.14,15  For this immunoassay, as for 
each class-specific ELISA, underestimated concentrations will 
be obtained when unknown samples will be measured, which is 
caused by the target analyte distribution and corresponding 
antibody affinity.  This limitation can be overcome by 
site-specific calibration.  In detail, the target analyte partition of 
a few random samples from the contaminated site should be 
determined by a reference method as the base for the calibration 
of the CL-ELISA with known cross-reactivities of the single 
compound.
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Sample

CL-ELISA GC-MS

BTEX 
content/
μg mL–1

Repeatability 
CV, %

BTEX 
content/
μg mL–1

Repeatability 
CV, %

Soil: A1 (0 m)
Soil: A2 (7 – 8 m)
Soil: A3 
 (11 – 12 m)
Soil: B 
 (10 – 11 m)
Soil: S1 (1 – 2 m)
Soil: S2 (2 – 7 m)
Soil: S3 
 (12 – 13 m)
Water: W1
Water: W2
Water: W3

13.6
6.9
3.4

12.4

ND
9.8
7.5

197
308
397

1.8
3.1
2.6

1.3

—
2.3
2.4

16
15
11

25.2
15.4
7.6

27.4

ND
18.5
15.4

467
585
595

3.6
2.9
4.3

5.3

—
3.1
3.7

20
12
15

Soil samples: each depth is indicated in parentheses.


