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Abstract
Uncontrolled combustion due to garbage recycling is a widespread activity among slum dwellers
in distressed economy countries and has been indicated as a major source of dioxin contamination.
However, because of the high cost and complexity of gas chromatography/high-resolution mass
spectrometry (GC-HRMS) analysis, the magnitude of the problem remains largely unknown. The
present study describes a first approach toward the use of a dioxin antibody-based enzyme-linked
immunosorbent assay (ELISA) as the basis for a sustainable, simple, and low-cost monitoring
program to assess the toxicological impact of uncontrolled combustion in slums. A panel of 16
samples was analyzed by GC-HRMS and ELISA on split extracts. Close to 20% of the analyzed
samples showed dioxin concentrations up to almost twice the guidance level for residential soil in
several countries, pointing out the need for performing a large-scale monitoring program. Despite
the potential for variations in dioxin congener distribution due to the mixed nature of the
incinerated material, there was a good correlation between the toxic equivalents as determined by
GC-HRMS and ELISA. Furthermore, an interlaboratory ELISA validation showed that the
capacity to perform the dioxin ELISA was successfully transferred between laboratories. It was
concluded that the ELISA method performed very well as a screening tool to prioritize samples for
instrumental analysis, which allows cutting down costs significantly.
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INTRODUCTION
Dioxin is a generic term for polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans
(PCDF). Together they represent a family of compounds comprising 210 chemically related
molecules (congeners). These molecules are very toxic and persistent organic compounds
produced unintentionally as a by-product of combustion of different materials such as
municipal waste, coal and wood in power plants, and wood in forest fires as well as in
certain industrial processes. Seven PCDDs and 10 PCDFs, all with chlorine in lateral
positions (i.e., 2, 3, 7, and 8), have been assigned toxic equivalency factors (TEFs) [1,2].
They all act through a common mechanism, initiated by binding to the aryl hydrocarbon
receptor in living cells, and exhibit toxic characteristics similar to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), the most toxic of the dioxin congeners [1,2].

Dioxins tend to bioaccumulate in the environment and in the food chain. They have been
associated with an increased risk of cancer, developmental and reproductive problems, and
other adverse health effects [3–11]. As a consequence of the Stockholm Convention on
Persistent Organic Pollutants, 23 countries have reported PCDD/PCDFs release inventories
using harmonized methodology [12]. These reports identify open fires from different
sources, including open burning of wastes, as major sources of PCDD/PCDFs worldwide. In
the United States and other developed countries, because of strong regulation and control
efforts, dioxin emissions have decreased in the past decades [13]. However, in most of the
Third World countries, the actual level of emissions to the environment and to the food
chain is largely ignored.

The reference method for the determination of PCDD/PCDFs is gas chromatography/high-
resolution mass spectrometry (GC-HRMS) [14,15]. However, there are very few
laboratories performing this analysis in South America (none in Uruguay). Because of the
high cost and complexity of this methodology, the environmental dispersion of these
compounds remains unknown. This is an important issue because in less economically
developed countries, a significant percentage of the population lives in slums (at least one
billion persons in the whole world) with little or no services and a marginal economy
(http://www.citymayors.com/report/slums.html). In these areas many people subsist by
recycling different materials from garbage and copper from stolen electric wires. The
materials with little or no value, as well as the plastic cover of the electrical wires, are
disposed of by burning in areas that are generally close to or even inside these slum areas.
According to the national inventory of emissions of dioxin (2002–2003), uncontrolled
combustion is estimated to be the greatest source of dioxin pollution in Uruguay and
accounts for two-thirds of the total emissions for the country
(http://www.nip.gub.uy/docu/inventario2003.pdf). As much as 5% of the total urban solid
waste residues generated in Montevideo, the capital city of Uruguay, is processed by
informal recyclers, and the leftovers (about one-third) are burnt in open fires at low
temperature. Dioxin contamination is thus likely to occur, so affordable monitoring
programs are urgently needed to assess the actual risk of this activity.

As an analytical alternative to GC-HRMS, immunoassays offer the possibility to analyze
many samples simultaneously under simple experimental conditions, facilitating rapid and
cost-effective results [16,17]. A highly sensitive polyclonal antibody-based enzyme-linked
immunosorbent assay (ELISA) for dioxins has been developed by Sugawara et al. [18]. The
method uses 2,3,7-trichloro-8-methyl-dibenzo-p-dioxin (TMDD) as a surrogate standard,
which has the advantage of a lower toxicity than TCDD [18]. The antibody used in the assay
has strong cross-reactivity with the most toxic PCDD/PCDF congeners. It has been
demonstrated that the ELISA readout can be used as an estimate of the toxic equivalency
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(TEQ) value for biological and environmental samples (fish, eggs, soils, and sediments)
[19–22].

The aim of the present study was to evaluate the ELISA method as a screening tool to
estimate the occurrence of toxic PCDD/PCDF in slum soils where there have been small-
scale uncontrolled combustion of diverse materials and to perform an interlaboratory
validation of the immunochemical dioxin analysis of these soils. Thus, the present study is a
first approach to a low-cost sustainable monitoring program to study the possible
contamination by PCDD/PCDF in slum soils. Toward this end, we analyzed a set of 16 soil
samples originating from uncontrolled combustion in different slums of Monte-video,
Uruguay. The samples were analyzed by GC-HRMS, and the results were compared to those
obtained by ELISA on split extracts. It should be noted that the study objective represented a
very challenging demand for the ELISA method since the congener profile of the samples,
as well as the interfering compounds present, could be quite variable.

MATERIALS AND METHODS
Chemicals

The solvents used for extraction and cleanup (acetone, toluene, n-hexane, dichloromethane,
and methanol) were of glass-distilled grade from Honeywell Burdick and Jackson
(Muskegon, MI, USA). Dimethylsulfoxide (DMSO; analytical grade) was from Scharlau
(Barcelona, Spain) and tetradecane (olefin free) from Fluka (Buchs, Switzerland). Silica
(Kieselgel 60) and anhydrous sodium sulfate were from Merck (Darmstadt, Germany) and
diatomaceous earth (Celite 545) from Fluka. The activated carbon (AX-21) originated from
Anderson Development (Adrian, MI, USA) but is not currently commercially available.

Bovine serum albumin (BSA), goat anti-rabbit immunoglobulin G conjugated to horseradish
peroxidase, 3,3′,5,5′-tetramethylbenzidine, and polysorbate 20 (Tween 20) used in the
ELISA experiments were from Sigma (St. Louis, MO, USA). Phosphate-buffered saline
(PBS) solution (pH 7.5) was prepared by dissolving 8 g NaCl, 0.2 g KH2PO4, 2 g
Na2HPO4·7 H2O, and 0.2 g KCl/L deionized water, and PBS was added with 0.05% Tween
20 (PBST). The coating buffer (pH 9.6) was 1.6 g Na2CO3 and 2.9 g NaHCO3/L deionized
water. The substrate solution was 400 μl of 0.6% 3,3′,5,5′-tetramethylbenzidine in DMSO
and 100 μl of 1% H2O2 in 25 ml of 100 mM citrate/acetate buffer (pH 5.5). High-binding
96-well microtiter plates were from Nunc (Roskilde, Denmark). Development of the coating
antigen (III-BSA) and the antibody (7598) have been described elsewhere [18,19]. The
synthesis of the surrogate standard, TMDD, used in the ELISA has been previously reported
[23]. The isotopically labeled recovery and internal standards used for GC-HRMS analysis
were obtained from Cambridge Isotope Laboratories (Andover, MA, USA). A standard
solution containing the 17 native PCDD/PCDFs congeners and polychlorinated biphenyls
(PCBs) 77, 81, 126, and 169, supplied by Wellington Laboratories (ON, Canada), was used
to quantify target analytes.

Samples
Sixteen samples from sites showing visual signs of small-scale combustion were collected
from eight different slums in Montevideo. In all cases the sampling spots were close to the
combustion trace (1–2 m). The samples were superficial (depth 0–5 cm) and were collected
with a thoroughly cleaned stainless-steel scoop. Rocks, vegetation, and debris were
removed. Each sample was dried overnight at 100°C, crushed and sieved through a 2-mm
screen, thoroughly homogenized, and weighed before extraction.

Trindade et al. Page 3

Environ Toxicol Chem. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sample preparation
The soil samples were Soxhlet extracted for 15 h with toluene at the Department of
Chemistry, Umeå University (Umeå, Sweden). The resulting extracts were split, and
isotopically labeled internal standards were added to one part to allow for correction of the
GC-HRMS analysis for analyte losses during cleanup. The extracts were purified in parallel
in accordance with protocols described by Liljelind et al. [24]. Briefly, consecutive columns
were used for cleanup. Initially, the extracts were applied to a multilayer silica column
(packed with 35% KOH-silica [w/w], activated silica, 40% sulfuric acid-silica [w/w], and
Na2SO4 on top) and eluted with hexane. Then a carbon column was utilized that contained
AX-21/celite (1:12, w/w). Interfering compounds were eluted with dichloromethane/n-
hexane (1:1, v/v). The carbon column was then inverted to elute target analytes with toluene.
As a final step, a miniaturized multilayer silica column was used and eluted with n-hexane.
The solvent of the spiked purified extracts containing internal standards was changed to
tetradecane prior to GC-HRMS analysis. The solvent of the nonspiked purified extracts was
changed to DMSO, and the resulting samples were split in two parts for ELISA analysis;
one sample was sent to the University of California, Davis (UC Davis, Davis, CA, USA) and
the second to the Laboratory of Environmental Quality, Intendencia Municipal de
Montevideo (Montevideo, Uruguay).

GC-HRMS analysis
The instrumental analysis by GC-HRMS was done as previously described according to
European Union standard methods [24,25]. The selected ion-monitoring mode and a
resolution of 8,000 to 10,000 were used for the quantification of the dioxin congeners with
the isotope dilution technique. The GC-HRMS results for the 17 target PCDD/PCDF
congeners were converted to a single dioxin TEQ value for each sample according to the
TEF classification of the World Health Organization (WHO) [2]. Congener acronyms are
defined as follows: 2378-tetrachloro dibenzo-p-furan (TCDF) (1), 2378-tetra-chloro
dibenzo-p-dioxin (TCDD) (2), 12378-pentachloro diben-zo-p-furan (PeCDF) (3), 23478-
PeCDF (4), 12378-pentachloro dibenzo-p-dioxin (PeCDD) (5), 234678-hexachloro dibenzo-
p-furan HxCDF (6), 123478-HxCDF (7), 123678-HxCDF (8), 123789-HxCDF (9), 123478-
hexachloro dibenzo-p-dioxin (HxCDD) (10), 123789-HxCDD (11), 123678-HxCDD (12),
1234789-heptachloro dibenzo-p-furan (HpCDF) (13), 1234678-HpCDF (14), 1234678-
heptachloro dibenzo-p-dioxin (HpCDD) (15), octachloro dibenzo-p-furan (OCDF) (16), and
octachloro dibenzo-p-dioxin (OCDD) (17).

The concentration of non-ortho polychlorinated biphenyls (PCBs 77, 81, 126, and 169) were
determined in order to evaluate possible interferences or contributions to the ELISA results.

Principal component analysis
The software SIMCA-P+™ version 11 (Umetrics, Umeå, Sweden) was used to evaluate
relationships among the samples with regard to congeneri profiles by principal component
analysis (PCA) [26]. Prior to PCA, data describing the relative abundance of non-ortho
PCBs and/or PCDD/PCDF congeners in each sample were log transformed, scaled to unit
variance, and mean-centered. Two principal components were calculated.

ELISA analysis
The ELISA method was performed as previously reported [19,22]. High binding microtiter
plates were coated overnight at 4°C with 100 μl per well of III-BSA coating antigen (0.05
μg/ml in coating buffer). After washing with PBST, 200 μl of blocking solution (0.5% BSA
in PBS) were added, and the plates were incubated for 30 min at room temperature and
subsequently washed three times with PBST. An aliquot of 50 μl per well of antibody 7598
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diluted 1/3,500 in PBS with 0.2% BSA and 50 μl per well of sample or standard (TMDD
prepared in DMSO containing 0.01% Triton X-100-PBS 1:1, v/v) were added. The plates
were incubated for 90 min and then washed five times with PBST. Goat anti-rabbit
immunoglobulin G conjugated to horseradish peroxidase (diluted 1:3,000 in PBST, 100 μl
per well) was added, and the plates were incubated for 60 min at room temperature. After
another washing step with PBST (five times), the substrate solution (100 μl per well) was
added. The blue color development was stopped with 2 M sulfuric acid (50 μl per well) after
10 to 20 min, and absorbances were measured at two wavelengths: 450 and 650 nm.
Standard curves were obtained by plotting absorbance (A450–A650) against the logarithm
of TMDD concentration, which were fitted to a four-parameter logistic equation: y = {(A −
D)/[1 + (x/C)B]} + D, where A is the maximum absorbance at no analyte, B is the curve
slope at the inflection point, C is the concentration of analyte giving 50% inhibition, and D
is the minimum absorbance at infinite concentration. For the immunoassay, a surrogate
standard, TMDD, was used [23]. Soil samples were analyzed by ELISA with the TMDD
standard curve, and the results were expressed in TCDD equivalents using the cross-
reactivity factor for TMDD (130%). All sample extracts and standards were analyzed in
triplicate. The accuracy was evaluated on the basis of the recoveries obtained from TMDD
spiked extracts and the precision as the percent relative standard deviation (% RSD) between
intra- and interplate replicate analyses. Sample extracts were analyzed using at least three
different dilutions.

RESULTS AND DISCUSSION
Because of the high cost of the GC-HRMS analysis, the number of samples was limited to
16. These soil samples from slum sites where uncontrolled combustion had occurred
contained significant amounts of PCDD/PCDF, as determined by GC-HRMS (Fig. 1). Three
of the samples (19%) showed dioxin concentrations above the guidance level of 1,000 pg
TEQ/g for residential soil (according to criteria of the U.S. Environmental Protection
Agency, Germany, and Japan;
http://www.mfe.govt.nz/publications/hazardous/taranaki-dioxin-report-sep02/appendix-d-
sep02.pdf). Actual values observed for these three samples were 1,005, 1,070, and 1,790 pg/
g by GC-HRMS analysis.

The Agency for Toxic Substances and Disease Registry has established three different
guidance levels for residential soil contamination with PCDD/PCDFs: screening level (TEQ
value ≤50 pg TEQ/g), evaluation level (TEQ value between 51 and 999 pg TEQ/g), and
action level (TEQ value ≥1,000 pg TEQ/g) [27]. If one or more soil samples exceed the
screening level, further site-specific evaluations are needed, and if the concentration in
residential soil exceeds 1,000 pg TEQ/g, the agency’s health assessors should consider site-
specific public health recommendations/actions to prevent or interdict exposures.

Approximately 70% of the samples were above the screening level (Fig. 1), which highlights
the magnitude of the problem. In Montevideo alone, a more comprehensive study would
require the analysis of hundreds of samples, which would be an unaffordable task using GC-
HRMS. Therefore, the question is whether ELISA may be used as a low-cost screening
technique to identify burning sites that contain more than the action level of 1,000 pg TEQ/
g.

ELISA/GC-HRMS validation
Congener profile and principal component analysis—The ELISA used in the
present study has been shown to correlate with the TEQs as determined by GC-HRMS in
sediments, soils, and biological matrices [19,22]. However, this correlation depends on the
congener profile of the samples, and major sample-to-sample variations would require the

Trindade et al. Page 5

Environ Toxicol Chem. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mfe.govt.nz/publications/hazardous/taranaki-dioxin-report-sep02/appendix-d-sep02.pdf
http://www.mfe.govt.nz/publications/hazardous/taranaki-dioxin-report-sep02/appendix-d-sep02.pdf


use of ELISA correction factors to estimate the toxicity equivalents, limiting the usefulness
of the technique [22]. Since this can be particularly critical in the case of the uncontrolled
combustion of miscellaneous waste material, we initially used GC-HRMS results to study
the inherent variability of the PCDD/PCDF composition in our sample panel.

The PCDD/PCDF congener profiles of the 16 soil samples are presented in Figure 2. The
relative abundance of each congener is obtained by dividing its concentration by the total
concentration of the 17 congeners analyzed. In agreement with previous reports on congener
profiles from diverse combustions [28], the most abundant compounds in our samples were
the highest chlorinated dioxins (Fig. 2a). In terms of toxicity, tetra- and penta-CDD/Fs are
the most relevant, while the more highly chlorinated compounds are less important (Fig. 2b).
Figure 2 shows a similar congener profile for all samples. To reveal possible differences and
groupings among them, PCA was used.

Principal component analysis was applied to study both the congeners of PCDD/PCDFs as
well as those of PCDD/PCDFs, including non-ortho PCBs. The relative abundance of each
congener was obtained by dividing its concentration by the total concentration of the
quantified target congeners, and the first principal component (PC 1) was related to this
relative abundance (Figs. 3 and 4). The first two components of the models (PC 1 and PC 2)
explained 79% of the variance, both with and without the non-ortho PCBs. Principal
component 1 captured slightly more than half the overall variance for PCDD/PCDFs or
approximately two-thirds of the overall variance when both PCDD/PCDFFs and non-ortho
PCBs are considered. The score plots in Figures 3a and 4a, illustrate how the different
objects (samples) were related to each other. The positions of the variables (congeners) in
the loading plots (Figs. 3b and 4b) were related to the positions of the objects that can be
used to interpret groupings in the score plot.

The PCA model for PCDD/PCDF congeners (Fig. 3) did not show any clear groupings. Yet
it is observed that samples 15, 20, 29, 34, 39, and 52 (to the left) contained mostly
octachloro-dibenzo-dioxin. In samples 7, 17, 37, 40, 41, 42, 45, and 47 (to the right), the
PCDD/PCDF congeners appear to be more evenly distributed. When the non-ortho PCBs
were included in the model, it was evident that samples 40, 41, and 42 contained a large
proportion of PCB 77 (Fig. 4).

Hence, even though the soil samples originated from different uncontrolled combustion
sites, the composition of congeners observed are not expected to produce divergent ELISA
responses because PCB 77 has a very low cross-reactivity and octachloro-dibenzo-dioxin
does not cross-react at all with the antibody used [19]. Therefore, it is expected that the
immunochemical method can be used as a screening tool for dioxin assessment of the
uncontrolled combustion sites included in the study.

Correlations between ELISA and WHO-TEQs—The comparison between theoretical
and experimental ELISA TCDD equivalents (ELISA determination performed at UC Davis)
with total GC-HRMS WHO-TEQs is shown in Figure 5. The theoretical ELISA value is
computed as the sum of the concentrations of each congener (determined by GC-HRMS)
multiplied by the corresponding cross-reactivity factor.

In agreement with the previously mentioned hypothesis generated by PCA, there is an
outstanding correlation (Spearman’s R = 0.99) between the theoretical ELISA result and the
corresponding WHO-TEQ values, and the linear regression curve for the log-transformed
data has an excellent regression coefficient (r2) of 0.99 (Fig. 5a). This further supports the
result that all samples have a similar relative concentration of the most relevant toxic
congeners. The moderate tendency of the ELISA to, in theory, underestimate the GC-HRMS
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TEQ value is probably due to differences between the cross-reactivity and the TEF of the
individual PCDD/PCDFs congeners present in the samples.

Figure 5b shows the relationship between experimental ELISA results analyzed at UC Davis
and WHO-TEQ results obtained by GC/HRMS at Umeå University. Although ELISA
appears to overestimate the values lower than 100 pg WHO-TEQ/g dry weight, the overall
correlation is good (Spearman’s R = 0.76), and the linear regression curve for the log-
transformed data has an r2 of 0.69. We can also note that the log-log scale used in Figure 5b
makes it difficult to appreciate that there are two samples slightly above the action level by
GC-HRMS of ≥1,000 pg TEQ/g with values of 1,005 and 1,070 pg/g and only one sample
that is grossly contaminated (1,790 pg/g). The ELISA technique, by itself, correctly found
this to be the most contaminated sample by a large margin. Thus, the possibility of guiding
the decision-making process for prioritization of site cleanup based on ELISA analysis alone
may also be worthy of consideration if future studies demonstrate such a correlation to be a
consistent finding.

Definition of cutoff values for screening PCDD/PCDFs with ELISA—In order to
find out whether ELISA may be used as a low-cost screening technique to identify burning
sites that contain more than the action level of 1,000 pg TEQ/g, we had to define a threshold
ELISA value.

With the present results, we decided to propose a preliminary cutoff level for ELISA that
would be used for a starting point in a larger-scale screening phase so that only those
samples above the cutoff limit would be analyzed by GC/HRMS. Because of the limited
sample size of the present study, we needed to start with a very conservative boundary in
order to select practically all positive samples.

As shown in Table 1, we found that by setting an ELISA cutoff of 100 pg TCDD/g soil, we
can identify all samples above 1,000 pg TEQ/g soil and two samples with less than 1,000 pg
TEQ/g soil (false positives). Actually, the same ELISA cutoff value could be used to detect
a 250-pg TEQ/g soil (the limit for residential soils in Sweden) with zero false negatives and
zero false positives (Table 1). These figures are very satisfactory; however, we cannot
assume that they represent the actual rate of false positives and false negatives that would be
found in a larger-scale study. In order to estimate the expected rate, we need to build a
statistical model. Unfortunately, this has been an impossible task with the present results
since two different statistical models (logarithmic and linear) that show similar agreement
with the experimental data display discordant estimates of the false-negative rates.
Therefore, the model should be refined in the next phase of the present study. In the
Conclusions section, we present more details on how the next phase will proceed. We find
the lack of false negatives reassuring, as we will be able to cut costs significantly by
screening while still remaining protective of public health.

The overall savings by using ELISA as a screening tool would be proportionally greater if
the population of samples to be tested had a lower rate of PCDD/PCDF contamination and
lesser if the samples had a higher rate of contamination. In the case of these 16 samples, we
would have saved approximately 70% of the instrumental analysis costs since we would
have selected only five samples for GC-HRMS analysis. This is very important, especially
because the cost of using this noncommercial test is insignificant in comparison with the
instrumental analysis. The most important cost associated with noncommercial ELISA
testing is hand labor, and, provided that proper training is available, this should not be an
obstacle in low-income countries.
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Interlaboratory validation of the dioxin ELISA
In the course of six months, the average parameter values of 15 ELISA calibration curves
performed in Uruguay were midpoint 25.3 ± 4.7 pg TCDD/ml, and the limit of detection
(defined as the concentration giving 80% of the maximum response) was 10.9 ± 2.3 pg
TCDD/ml. To demonstrate that we had consistent calibration curves whether the ELISA was
performed in Davis [19] or in Montevideo, we performed a two-sample Student’s t test, with
a null hypothesis that the midpoints for the two populations were the same. We found a p
value of 0.2, so we do not reject the null hypothesis and can conclude that these values are
not significantly different from each other.

The interlaboratory comparison between UC Davis and Uruguay was studied using a subset
of 11 extracts in DMSO (five of the samples of the original sample panel were unfortunately
lost during international transportation) that were independently analyzed in the UC Davis
and Uruguay laboratories. The correlation between ELISA TCDD equivalents and WHO-
TEQ equivalents by GC-HRMS measured by the Uruguayan group (Spearman’s R = 0.79)
was very similar to that obtained at the UC Davis laboratory (Spearman’s R = 0.76; see Fig.
5b). Furthermore, the ELISA TCDD data obtained by both laboratories showed an excellent
correlation (Spearman’s R = 0.87), showing the reproducibility of the ELISA method.

In both laboratories, the precision of the ELISA method, calculated as the % RSD between
both intra- and interplate replicates, was very similar, with an intra-plate % RSD between 1
and 13% and an inter-plate RSD in the range of 3 to 35%. In addition, accuracy, as
calculated on the basis of the recoveries of spiking cleaned-up extracts with TMDD, was
similar in both laboratories and in the range of 72 to 140%. These values are acceptable
according to the European Commission requirements for the control of dioxins by screening
methods (recoveries in the range of 30–140%) [29].

These results show that the capacity to perform noncommercial dioxin ELISAs was
successfully transferred to a laboratory overseas. The limit of detection as well as the
accuracy and precision parameters obtained can be considered highly adequate for screening
purposes [14,17].

CONCLUSIONS
To our knowledge, we are reporting the first data of PCDD/PCDFs in slum soils from small-
scale uncontrolled combustions in South America. It is noteworthy that the successful
application of ELISA in this case critically depends on the sample preparation procedures.
Our attempts to simplify the sample cleanup procedure by omitting the carbon column have
been unsuccessful; the extracts showed important matrix effects, and the results did not
correlate with the corresponding GC-HRMS TEQ values (data not shown). Thus, a thorough
extract cleanup method including multilayered silica and carbon is necessary to obtain a
high correlation with GC-HRMS. Fortunately, this laborious procedure required is not
expensive and can be manually performed in laboratories with only simple equipment
available, so it does not represent an impediment for using ELISA as a screening tool in
poor countries.

To follow up on the present study and to refine the ELISA threshold, we have several tasks
to perform. To reduce costs, only those samples with ELISA values above 100 pg TCDD/g
soil will be tested by GC-HRMS. If many samples with 100 to 120 pg TCDD/g soil test as
positive for high dioxin levels by GC-HRMS, this will be evidence that we have set our
threshold too high, and we would have to redefine our cutoff value. Assuming that this does
not happen, we will learn about the relationship between GC-HRMS and ELISA levels near
our threshold of interest. We will then have empirical rather than model-based evidence

Trindade et al. Page 8

Environ Toxicol Chem. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from which to select the desired trade-off between false positives and false negatives to pass
from the ELISA to the GC-HRMS.

The significant percentage of samples (19%) showing PCDD/Fs above the criteria for
residential soil according to the U.S. Environmental Protection Agency confirms the need
for performing a larger-scale monitoring program in uncontrolled combustion slum soils in
order to define critical areas and to perform a proper risk assessment.

Because of the high cost of instrumental analysis, the number of samples in the present
study is not high enough to allow the determination of the rate of false positives and false
negatives with precision. However, the use of an ELISA cutoff level of 100 pg TCDD
equivalents/g soil made possible the detection of all samples containing more than 250 pg/g
TEQ equivalents, a value considerably lower than the guidance level of the U.S.
Environmental Protection Agency for residential soils, which could be used as a starting
point cutoff value to prioritize samples to be tested for instrumental analysis, thus cutting
costs significantly. It is possible that with a larger database, we will be able to raise this
ELISA cutoff level and achieve further economies of analysis without compromising human
health.

Despite the inherent complexity of the samples, the ELISA used in the present study has
shown itself to be promising for screening purposes and easily transferable to laboratories in
different countries. Therefore, it can be of great help to make a larger-scale screening
program viable, even in countries with distressed economies.
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Fig. 1.
Gas chromatography/high-resolution mass spectrometry (GC-HRMS) analysis of
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-p-furans for the 16 soil
samples. The results for the 17 target polychlorinated dibenzo-p-dioxin/furan congeners
were converted to a single dioxin toxic equivalent value (TEQ) for each sample according to
the toxic equivalency factors of the World Health Organization (WHO). The dotted line at
50 pg TEQ/g shows the upper limit of the screening level of the Agency for Toxic
Substances and Disease Registry, and the line at 1,000 pg TEQ/g shows the lower limit of
the Agency for Toxic Substances and Disease Registry action level [27].
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Fig. 2.
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-p-furans (PCDD/PCDF)
congener profiles for 16 soil samples determined by gas chromatography/high-resolution
mass spectrometry (GC-HRMS). The different samples are presented in the z-axis, in the
following order, from back to front: 7, 12, 15, 17, 20, 29, 34, 37, 39, 40, 41, 42, 45, 46, 47,
and 52. (a) The relative abundance of each congener obtained by dividing its concentration
by the sum of concentrations of the 17 quantified congeners in each sample. (b) The
percentage of toxic equivalent value (TEQ) contributed by each congener to the total TEQ
value for each sample. Congeners: 2378-TCDF (1), 2378-TCDD (2), 12378-PeCDF (3),
23478-PeCDF (4), 12378-PeCDD (5), 234678-HxCDF (6), 123478-HxCDF (7), 123678-
Hx-CDF (8), 123789-HxCDF (9), 123478-HxCDD (10), 123789-HxCDD (11), 123678-
HxCDD (12), 1234789-HpCDF (13), 1234678-Hp-CDF(14), 1234678-HpCDD (15), OCDF
(16), and OCDD (17). Congener acronym definitions are presented in the Materials and
Methods section under GC-HRMS Analysis.
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Fig. 3.
Score plot (a) showing relations between the 16 slum soil samples (S7–S52) and loading
plot (b) showing the corresponding relationships among target dioxin congeners. Congener
acronym definitions are presented in the Materials and Methods section under GC-HRMS
Analysis. PC = principal component.
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Fig. 4.
Score plot (a) showing relations between the 16 slum soil samples (S7–S52) and loading
plot (b) showing the corresponding relationships among target dioxin and polychlorinated
biphenyls (PCBs) congeners. Congener acronym definitions are presented in the Materials
and Methods section under GC-HRMS Analysis. PC = principal component.
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Fig. 5.
Correlation between enzyme-linked immunosorbent assay (ELISA) for 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) equivalents and gas chromatography/high-resolution
mass spectrometry (GC-HRMS) toxic equivalents (TEQs) for 16 slum soil samples. (a) The
theoretical ELISA values (TCDD equivalents), computed as the sum of the concentration of
each congener (determined by GC-HRMS) multiplied by the corresponding cross-reactivity
versus GC-HRMS TEQ values. (b) Experimental ELISA (University of California, Davis,
UC Davis, CA, USA)-determined TCDD equivalents versus GC-HRMS TEQ values. WHO
= World Health Organization.
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