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bstract

The objectives of this study were first to set up and validate the quality criteria of the Xenobiotic Detection Systems—chemical activated luciferase
ene expression (CALUX) bioassay for the analysis of cow’s milk samples spiked with polychlorinated dibenzo-p-dioxins and polychlorinated
ibenzofurans (PCDD/Fs). The application of this bioassay was then tested by analyzing 28 commercially available pasteurized milk samples
nd comparing the data with the reference method for PCDD/F analysis. The CALUX criteria from the U.S. EPA and the European Union (EU)
ere calculated from 16 replaced spiked milk (SM) samples and 8 performance evaluation (PE) samples to validate the CALUX bioassay system.
he CALUX bioassay criteria included control chart for quality control (QC) standards, recovery efficiency, and data comparability. The control
hart for QC standards were both within the μ ± 2σ range. The recovery efficiencies ranged from 60.4% to 106% with an average of 79.9%
relative standard deviation (RSD): 20.7%). The mean of data comparability (i.e., relative percent difference, RPD) between CALUX bioassay
nd high-resolution gas chromatography and high-resolution mass spectrometry (HRGC/HRMS) was 19.0% for SM samples. For the PE samples,
earson’s correlation coefficient between CALUX and the HRGC/HRMS method was 0.953. The high correlation shows that the CALUX system

s suitable as a screening method and a semi-quantitative method to analyze the PCDD/F concentration in milk samples. Next, the validated
ALUX bioassay was applied to measure 28 commercially available pasteurized milk samples. These milk samples were also analyzed with the

RGC/HRMS method to compare the analysis data from two different methods. There is no false negative sample when applying the bioassay to
asteurized milk and PE samples as a screening method and a semi-quantitative method. The present study indicates that CALUX is a powerful
ioassay method for screening a large number of milk samples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Humans are exposed to various persistent organic pollu-
ants (POPs) in daily life. These POPs can cause serious

iseases and adverse bioaccumulation effects in the environ-
ent, with polychlorinated dibenzo-p-dioxins (PCDDs) and

olychlorinated dibenzofurans (PCDFs) of particular concern.

∗ Corresponding author at: Department of Environmental Engineering,
ational Cheng Kung University, No. 1 University Road, Tainan City 70101,
aiwan. Tel.: +886 6 2757575x65831; fax: +886 6 2752790.
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,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) has been
ategorized as a group 1 agent (i.e., carcinogenic to humans)
y the International Agency for Research on Cancer (IARC).
,3,7,8-TCDD has been shown to be a risk factor for soft-tissue
arcoma, non-Hodgkin lymphoma, malignant neoplasm [1], and
ancer [2], although it is not a direct genotoxin [1]. One of the
,3,7,8-TCDD genotoxic hypotheses is the aryl hydrocarbon
eceptor (AhR)-mediated alteration in the expression of net-
orks of genes involved in cell growth and differentiation [1].

he chemical activated luciferase gene expression (CALUX)
ioassay was established (from Xenobiotic Detection Systems)
or detecting the AhR-mediated luciferase expression induced
y those dioxin-like chemicals.

mailto:wjlee@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.11.023


rdous

(
P
l
t
i
c
i
w
m

h
a
c
H
a
T
P
t
4
[

l
c
a
t
p
m
i
(
(
t
c
t
m
b

t
d
a
m
t
s

2

2

a
t
p
s
X
w
t
(

2

8
a
e
3
e

s
s
o
t
t
P
e
d
r
C

2

[
(
t
p
c

u
p
s
w
g
w
i
m
(
T
a
X
c
(
w
u

V
p
l
g
t
7
S

I.-C. Chou et al. / Journal of Haza

A food survey in 2004 from the Department of Health Taiwan
TDOH) in which the contaminated pasteurized milk showed a
CDD/F level higher than 3.0 pg-WHO-TEQ/g fat, exceeded the

imit imposed by the European Union (EU). In the same year,
he TDOH released a draft concentration limit for PCDD/Fs
n pasteurized milk (3 pg-WHO-TEQ/g fat) in response to con-
erns from the public. TDOH further confirmed the regulation
n 2006. This affair showed that the public is highly concerned
ith the issue of PCDD/Fs in commercial pasteurized cow’s
ilk.
The traditional high-resolution gas chromatography and

igh-resolution mass spectrometry (HRGC/HRMS) analysis is
chemical method commonly used to measure the PCDD/F

oncentration of pasteurized milk. The advantages of the
RGC/HRMS analysis are its high accuracy and good reli-

bility for the separation of individual PCDD/F congeners.
he HRGC/HRMS method requires 4–6 weeks to obtain the
CDD/F concentration in a pasteurized milk sample. However,

he recommended storage time for pasteurized fresh milk, at
–7 ◦C is approximately 7–10 days if the container is not opened
3].

The CALUX bioassay used in this study is an in vitro
uciferase assay, which can be used to measure the PCDD/F
oncentration of pasteurized milk within 3–7 days. The major
dvantage of the CALUX bioassay is that it directly determines
he total sum of dioxin toxic equivalency (TEQ) in the test sam-
les. In fact, similar CALUX bioassay have been applied to
easure the content of PCDD/Fs in various matrices, includ-

ng marine life (eels [4,5], mussels [6], and fish [7]), foodstuff
beef [8], cod liver [8], and milk [5]), feed [8,9], human tissue
blood plasma [10,11] and human milk [12]), and environmen-
al media (soil and sediment [13]). However, few studies have
onducted the measurement of PCDD/F in cow’s milk using
he CALUX. Moreover, different matrices could contain some

aterials (e.g., metals) that could affect the reading of CALUX
ioassay [14,15].

The objective of this study was to set up and validate
he quality criteria of the CALUX bioassay for analyzing
ioxin levels in the PCDD/F-spiked cow’s milk samples. The
pplication of this bioassay was then tested by analyzing 28 com-
ercially available pasteurized milk samples and comparing

he results with the reference method for PCDD/F analy-
is.

. Materials and methods

.1. Chemicals

The EPA-1613 stock (17 PCDD/F congener standards)
nd 2,3,7,8-TCDD were purchased from Wellington Labora-
ories (Canada). Acetone, sulfuric acid, and silica gel were
urchased from Merck (Germany). Celite and anhydrous
odium sulfate were purchased from Sigma–Aldrich (USA). 1%

CARB/Celite was from XDS (USA). Toluene and n-hexane
ere purchased from TEDIA (USA). The Luciferase Assay Sys-

em (luciferase reagent) was purchased from Promega Corp.
USA).
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.2. Sample collection and preparation

A total of 28 full-fat pasteurized milk samples produced by
different companies were collected from two chain stores

nd two supermarkets in Southern Taiwan. The fat content of
ach sample ranged from 3.3% to 4.1%, with an average of
.7% (w/w). Each sample was labeled and stored at 4 ◦C until
xtraction.

One of the milk samples was spiked with a PCDD/F standard
olution up to 3 pg-WHO-TEQ/g fat as a constant concentration
piked milk (SM) sample. To determine the recovery efficiency
f the pretreatment and the stability of the CALUX bioassay,
he SM sample was separated into 16 samples (SM1–SM16) for
he bioassay. The performance evaluation (PE) samples (PE0,
E1, PE2, PE3, and PE4) were produced by taking 100 mL of
ach pasteurized milk sample, and spiked with the PCDD/F stan-
ard solution to levels of 0, 1, 2, 3, and 4 pg-WHO-TEQ/g fat,
espectively. Each PE sample was divided into 2 aliquots for the
ALUX analysis.

.3. CALUX bioassay

The cell line used in the bioassay was a modified cell line
10], H1L6.1c2, which was obtained from Hiyoshi Corporation
Japan) and is the same as that from Xenobiotic Detection Sys-
ems (XDS, USA) [16]. CALUX bioassay was performed as
reviously described [17], except for the extraction method and
lean-up procedure.

The volume of the milk samples was 60 mL. Acetone was
sed to extract milk fat from individual pasteurized milk sam-
les with liquid–liquid extraction. The water and impurities in
amples were removed by passing through an extraction column,
hich contained celite and anhydrous sodium sulfate. Nitro-
en blowing was used to completely remove the solvent and
ater from the extract. The fat was passed through an acid sil-

ca gel column and an XCARB column to further extract the
ilk fat. The acid silica gel column consisted mainly of 45%

w/w) sulfuric acid silica gel and anhydrous sodium sulfate.
he XCARB column consisted mainly of 1% XCARB/Celite
nd anhydrous sodium sulfate. The PCDD/F samples from the
CARB column were collected, dissolved in toluene, and con-

entrated to dryness using the vacuum centrifuge concentrator
JOUAN RC10.10, France). The pretreated PCDD/F samples
ere dissolved in 4 mL n-hexane and then were stored at 4 ◦C
ntil analysis.

Luciferase activity was measured by using a Wallac
ICTOR3 1420 Multilabel Counter coupled with a dis-
enser (PerkinElmer Inc., USA) to automatically inject the
uciferase reagent. The 2,3,7,8-TCDD calibration curve was
enerated from the CALUX readings resulted from a serial dilu-
ion of 2,3,7,8-TCDD standards (250, 125, 62.5, 31.3, 15.6,
.81, 3.91, 1.95, 0.977, 0.488, 0.244 pg-TCDD/mL medium,
TD1–STD11) by fitting into a Hill’s 4 parameters sigmoid

urve. The CALUX results of quality control (QC) standard
0.250 ng I-TEQ/mL DMSO diluted from the 1613 stock) and
amples were extrapolated into 2,3,7,8-TCDD TEQ values by
sing the calibration curve.
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.4. HRGC/HRMS analysis

The HRGC/HRMS method that was chosen as the refer-
nce method to validate the data of the CALUX bioassay was
dopted from the Taiwan Environmental Protection Adminis-
ration NIEA M801.11B [18] and U.S. EPA Method-1613B
19].

The pretreatments and analyses of milk samples were per-
ormed in the Super Micro Mass Research and Technology
enter, Cheng Shiu University, Taiwan. The PCDD/F analy-

is laboratory in Cheng Shiu University has been certified by
aiwan’s EPA. The reference method used to determine the
CDD/F concentration in milk samples has been certified by
aiwan Accreditation Foundation (TAF). The clean-up proce-
ure was performed with a Power-PrepTM automated clean-up
ystem equipped with a multi-layer silica column, an alumina
olumn, and a carbon column (Fluid Management Systems,
SA).
The HRGC (Agilent 6890 Series gas, USA) was equipped

ith a DB-5 MS fused silica capillary column (60 m × 0.25 mm,
lm thickness = 0.25 �m) (J&W Scientific, USA) with splitless

njection. Helium was used as a carrier gas. The HRMS (Micro-
ass Autospec Ultima, Manchester, UK) was equipped with a

ositive electron impact (EI+) source. The analyzer mode of the
elected ion monitoring (SIM) was used with a resolving power
f 10,000. The electron energy and source temperature were
pecified at 35 eV and 250 ◦C, respectively. The QA/QC criteria
ollowed U.S. EPA Method-1613B [19].

. Results and discussion

.1. Quality control criteria for the CALUX bioassay

Because the internal standard of PCDD/F (i.e., 13C-labeled
CDD/F congeners) could be harmful to the H1L1.6 cells, qual-

ty control criteria were used to make sure that the CALUX
ioassay system was reliable for quantification of the PCDD/F
oncentration in the pasteurized milk samples. For the repro-
ucibility and consistency of detecting CALUX-TEQs in this
ioassay’s system, QC standard and PE samples were used to
ake sure quality control of the samples [20].
The validation of extremely sensitive responses for PCDD/F

easurement in this commercial CALUX bioassay were done
s previously described [17] by repeatedly analyzing the calibra-
ion standards (n = 5). The lowest concentration of the coefficient
f variation (CV) <30% was defined as the limit of quan-
itation (LOQ). The lowest concentration of CV < 20% was
efined as the limit of detection (LOD). As shown in Table 1,
he LOD and the LOQ values in our CALUX bioassay were
.488 and 0.977 pg/mL medium, respectively. The values of
OD and LOQ could also calculated to be 0.168 and 0.335 pg-
EQ/g fat, respectively, based on the assumption with an average
.7% of milk fat and 60 mL cow’s milk. Quantification of the

igmoid calibration curve ranged from 0.977 to 62.5 pg/mL
edium.
The QC standard, i.e., QC chart- and calibration-standard

olution (STD6), was used to monitor the quality of calibration Ta
bl
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PE samples were spiked at different levels in the HRGC/
HRMS analysis and CALUX bioassay in Fig. 3. Because
CALUX-TEF were mostly based on AhR binding affinity, some

Table 2
The CALUX bioassay values of milk SM samples spiked up to 3 pg-WHO-
TEQ/g fat

Sample number XDS-CALUX
(pg-TEQ/g fat)

XDS-CALUX × CFa

(pg-TEQ/g fat)

SM1 3.99 2.07
SM2 5.47 2.83
SM3 5.76 2.98
SM4 5.81 3.01
SM5 5.56 2.88
SM6 7.44 3.85
SM7 8.03 4.16
SM8 8.19 4.24
SM9 4.64 2.40
SM10 7.45 3.86
SM11 8.62 4.47
SM12 7.11 3.68
SM13 7.53 3.90
Fig. 1. Control chart for the (A) QC chart and the (B) STD6 standard.

urve and the sensitivity variation of CALUX bioassay in each
late. The Shewhart control charts are shown in Fig. 1(A) and
B). Both control charts followed the decision rules for detect-
ng non-random patterns on control charts that were suggested in
he Western Electric Handbook [21]. According to the decision
ules, the control limits were μ ± 3σ and the warning limits
ere μ ± 2σ. The CALUX bioassay and the standard solu-

ions were re-checked when the QC standard was not within
he warning limits. The measured CALUX-TEQ is two times
igher than the I-TEQ of the QC chart standard solution (see
ig. 1(A)). Because the CALUX relative potencies (REP) val-
es are actual toxicity equivalency factor (TEF) values for the
ongeners in the CALUX bioassay they represent the actual
otency of the specific congener to activate the AhR pathway
23].

.2. Quality control criteria for milk analysis

Before analyzing the pasteurized milk samples, 16 SM sam-
les were analyzed by using CALUX bioassay to examine their
esults. Fig. 2 shows the control chart of the 16 SM samples. Sim-

lar to QC standards, all the data were within the warning limits.
s shown in Table 2, the CALUX bioassay data range from 3.99

o 8.62, with an average of 6.49 pg-CALUX-TEQ/g fat. Euro-
ean Union suggested that the relative standard deviation (RSD)

S
S
S

ig. 2. Control chart of 16 constant concentration spiked milk (SM) samples
RSD = 20.7%).

rom the precision test of CALUX bioassay needed to be smaller
han 30% [25], and when the value is less than 20%, the U.S.
PA defined that the precision test of the CALUX bioassay is
igh [13]. The RSD of SM samples was 20.7%, indicating that
he precision of CALUX bioassay was acceptable. The control
hart also conformed to the decision rules of Western Electric
21].

The PCDD/F recovery efficiency was defined as the ratio of
ALUX-TEQs of SM sample to the CALUX-TEQs of standard

olution without pretreatment process. The PCDD/F recovery
fficiencies of SM samples for CALUX ranged from 60.4% to
06% with an average of 79.9%, and were within the criteria
ange of the internal standards for HRGC/HRMS (from 40%
o 130%), indicating that PCDD/F recovery efficiencies of the
ALUX bioassay for pasteurized milk samples were acceptable.
M14 6.45 3.34
M15 5.29 2.74
M16 6.52 3.38

a CF = 0.518.
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and the same false positive samples are in the confirmed area,
ig. 3. CALUX results vs. HRGC/HRMS results for spiked performance eval-
ation (PE) samples.

ther compounds like polybrominated dibenzodioxins (PBDDs)
nd polybrominated dibenzofurans (PBDFs) being AhR ligands
ay contribute to outcomes of CALUX bioassay. Addition-

lly, non-AhR ligands may also reduce [14] or promote [15]
he luciferase light in a similar CALUX bioassay system.
hus, the variation of dioxin-like compounds in the clean-up
ystems should be possibly eluted before CALUX bioassay
ests [22]. Although the values measured by the CALUX and
RGC/HRMS are not the same, however, the result of Pearson’s

orrelation of PE samples revealed that these two methods were
ighly correlated (r = 0.953, p < 0.01) (see Fig. 3). Moreover, a
onversion factor (CF) could be used to predict dioxin-TEQ lev-
ls by HRGC/HRMS method from the values of CALUX-TEQ
etermined by CALUX bioassay according to a good correlation
oefficient of 0.953.

The value of CF between HRGC/HRMS and CALUX in 10
E samples (shown in Fig. 3) was 0.518 (p < 0.01), which is
igher than that in 28 pasteurized samples (0.409, p < 0.01).
ompared to the matrices of flue gas (CF = 0.253), fly ash and
ottom ash (CF = 0.345) [17], fish-oil (CF = 0.700) [23], the CFs
f biological matrices are higher than those of environmental
atrices.
If we recognize CALUX bioassay as one of the semi-

uantitative methods, the CALUX-TEQ levels of SM samples
re transformed to I-TEQ levels based on the assumption that
e multiply CALUX-TEQ levels by a CF (CALUX × CF) as

hown in Table 2 with a mean ± S.D. of 3.36 ± 0.70 pg-TEQ/g
at, respectively.

The definition of accuracy (R-value) [13] is the mean
oncentration value calculated from the CALUX replicate mea-
urements divided by the HRGC/HRMS value, and the ideal
alue is 100%. The relative percent difference (RPD) values
anged from −25% to +25% indicating good agreement between

he values of CALUX × CF and HRGC/HRMS measurements
13]. For SM samples, the R-value was 112% and the RPD val-
es ranged from 0.32% to 39.3% (mean 19.0%) when the CF
as 0.518.

t
F
b
a

ig. 4. Graphical representation of CC�, CC�, and CC�* for analyzing pas-
eurized milk samples using the CALUX bioassay.

As shown in Fig. 4, the values of 16 SM samples determined
y the CALUX bioassay have a normal distribution with a confi-
ence level of 95%. Considering that the probability of type I and
I error were the same (α = β = 5%) [24], the confirmation range
as between 4.28 pg-TEQ/g fat (CC�*) and 10.9 pg-TEQ/g fat

CC�). When CALUX-TEQ is higher than CC�* and lower
han CC�, the samples should be confirmed by HRGC/HRMS

ethod. A value lower than CC�* is regarded as a negative
esult, while that higher than CC� is regarded as a positive one.
mong the 16 SM samples, only one (SM1) was a negative

esult, indicating that the CALUX bioassay is ideal for screening
ilk samples.

.3. Analysis of pasteurized milk samples

As described in Table 3, the results of the 28 pasteurized
ilk samples and 10 PE samples were analyzed using the
ALUX bioassay and the HRGC/HRMS method. The differ-
nces between the results of CALUX × CF TEQ and WHO-TEQ
analyzed by HRGC/HRMS) were 0.012–0.748 pg-TEQ/g fat,
or an average of 0.246 pg-TEQ/g fat. The CALUX × CF TEQ
nd the WHO-TEQ levels for pasteurized milk samples were
tatistically tested by the paired sample Student’s t-tests with
o statistically significant difference (p = 0.114). According
o the statistical results, it was also performed that the CF
alue of 0.518 could be used to predict WHO-TEQ levels
rom HRGC/HRMS in pasteurized milk after the calculation
f CALUX × CF TEQ.

Table 3 also shows that the PCDD/F WHO-TEQ levels in
asteurized milk samples are below the recommended EU non-
ommercialization threshold value of 3 pg-WHO-TEQ/g fat.
he semi-quantitative results in 28 pasteurized milk samples
nd 10 PE samples were examined in Table 3. There is only
ne false positive sample (2.63%) and no false negative sam-
les. The false negative rate of the CALUX bioassay screening
ethod is smaller than the criteria in the EU (<1%) [25]. How-

ver, when CALUX bioassay is used as a screening method
he samples should be re-checked using HRGC/HRMS method.
uture work is needed to validate that CALUX bioassay could
e surveyed in the contaminated area especially for the hot spot
reas.
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Table 3
The PCDD/F results for the pasteurized milk samples using the CALUX bioassay and the HRGC/HRMS method

Sample number XDS-CALUX (pg-TEQ/g fat) XDS-CALUX × CFa (pg-TEQ/g fat) HRGC/HRMS (pg-WHO-TEQ/g fat)

1 2.927 1.197 0.743
2 2.402 0.982 1.02
3 3.399 1.390 1.11
4 1.694 0.693 0.96
5 2.318 0.948 0.983
6 2.272 0.929 1.23
7 1.671 0.683 0.55
8 1.911 0.782 0.892
9 0.996 0.407 0.918
10 4.543 1.858 1.13
11 2.008 0.821 0.912
12 0.825 0.337 0.906
13 1.759 0.719 0.936
14 1.765 0.722 0.71
15 1.469 0.601 0.55
16 0.456 0.187 0.56
17 0.878 0.359 0.189
18 1.042 0.426 0.221
19 1.251 0.512 0.532
20 1.189 0.486 0.684
21 1.227 0.502 0.878
22 1.619 0.662 1.41
23 0.87 0.356 0.55
24 1.176 0.481 0.729
25 2.324 0.951 1.01
26 1.703 0.697 0.971
27 1.368 0.560 0.7
28 1.531 0.626 0.55

PE1-0 1.073 0.556 0.628
PE1-1 2.682 1.39 1.416
PE1-2 2.712 1.40 2.086
PE1-3 5.413 2.80 2.855
PE1-4 7.268 3.76 3.926
PE2-0 2.372 1.23 0.628
PE2-1 3.119 1.62 1.416
PE2-2 3.934 2.04 2.086
P
P

4

d
a
d
c
(
b
f
s
i
s
p
H
f
C
q
p

A

F
c
s

R

E2-3 6.452 3.34
E2-4 7.17 3.71

a CF = 0.409 for pasteurized milk samples; CF = 0.518 for PE samples.

. Conclusions

The control chart for the QC chart and the STD6 stan-
ard (in the μ ± 2σ range), the LOD (0.168 pg-TEQ/g fat),
nd the LOQ (0.335 pg-TEQ/g fat) were obtained from the
ioxin standard solutions. The RSD (20.7%), recovery effi-
iencies (averaged 79.9%), Pearson’s correlation coefficient
0.953), the accuracy R (average 112%), and the compara-
ility RPD (average 19.0%) of CALUX-TEQ were obtained
rom SM samples. The percentage of occurring false negative
ample is 6.25%, when using CALUX bioassay as a screen-
ng method for SM samples. Using CALUX bioassay as the
creening method for pasteurized milk samples and PE sam-
les, four samples (10.5%) needed to be confirmed by the
RGC/HRMS method. CALUX-TEQs show no significant dif-
erence with dioxin-TEQs. The finding of this study proves that
ALUX bioassay is a good screening tool and a potential semi-
uantitative method to determine the PCDD/F TEQ levels in
asteurized milk.
2.855
3.926
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