
A

J
Å

a

A
R
R
A
A

K
T
S
L
W
E

1

h
e
(
t
a
t
a
h
a
t
t
t
c
c
o
u
t
o
r

m
e
r

0
d

Journal of Chromatography A, 1217 (2010) 6469–6474

Contents lists available at ScienceDirect

Journal of Chromatography A

journa l homepage: www.e lsev ier .com/ locate /chroma

nalysis of thyroid hormones in raw and treated waste water

esper Svanfelt, Johan Eriksson, Leif Kronberg ∗

bo Akademi University, Laboratory of Organic Chemistry, Biskopsgatan 8, FIN-20500 Turku, Finland

r t i c l e i n f o

rticle history:
eceived 18 May 2010
eceived in revised form 23 July 2010
ccepted 11 August 2010
vailable online 19 August 2010

a b s t r a c t

An analytical method for the quantification of thyroid hormones (3,5,3′,5′-tetraiodo-l-thyronine,
3,3′,5-triiodo-l-thyronine, 3,3′,5′-triiodothyronine, 3,5-diiodothyronine, 3,3′-diiodothyronine) in differ-
ent water matrices has been developed. The method, consisting of solid phase extraction (SPE) and liquid
chromatography–tandem mass spectrometry (LC–MS/MS), was validated for tap and surface water as
eywords:
hyroid hormones
PE
C–MS/MS

aste water treatment plant

well as raw and treated waste water. The limits of quantifications (LOQs) were lowest in tap water,
where they ranged from 1.1 to 13.3 ng L−1, and highest in raw wastewater (10.5–84.9 ng L−1). Of the tar-
get analytes 3,5,3′,5′-tetraiodo-l-thyronine (T4) could be quantified in the influent and effluent of a waste
water treatment plant (WWTP) in Finland. The study showed that despite a relatively high removal rate
during treatment (66%), part of the incoming T4 will reach the aquatic environment and, due to the high
endocrine activity of this compound, further studies are needed in order to assess its environmental fate

osyst
nvironment and impact on natural ec

. Introduction

A vast number of studies worldwide have demonstrated that
uman active pharmaceutical ingredients (APIs) enter the aquatic
nvironment predominantly via waste water treatment plant
WWTP) effluents [1,2]. Although the environmental concentra-
ions normally are low (ng L−1), some APIs such as the hormonal
gent ethinylestradiol have been found to cause endocrine disrup-
ion at levels as low as 0.1 ng L−1 [3]. The occurrence of both thyroid
nd estrogen disrupting compounds in influents of several WWTPs
as recently been reported [4]. Enhanced biological effects have
lso been observed when test organisms have been exposed to mix-
ures of APIs instead of single compounds [5]. As it is highly unlikely
hat APIs will reach concentrations in the environment at which
hey may pose an acute toxic threat to organisms, the major con-
ern expressed over APIs relates to the potential hazardous effects
aused by chronic exposure either to some specific compounds
r to multi-component mixtures; subjects which are still largely
ninvestigated. Therefore, there is an evident need both to monitor
heir occurrence in the environment, which requires development
f analytical methods, and to assess the fate and potential ecological
isks of these substances.
Thyroid hormones, which are found in all chordate ani-
als, have important roles in many physiological processes e.g.

mbryonic development, cell differentiation, metabolism, and the
egulation of cell proliferation [6]. Thyroxine (3,5,3′,5′-tetraiodo-
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l-thyronine, T4) is the major thyroid hormone secreted from
the thyroid gland. People who suffer from hypothyroidism are
prescribed medicinal T4 in order to maintain a normal plasma con-
centration. The synthetic form of T4 (levothyroxine) has the same
stereochemical configuration as the natural hormone, i.e. both
adopt an S-configuration at the asymmetric carbon. Liothyronine
(3,3′,5-triiodo-l-thyronine, T3) is the more active of the thyroid
hormones and is also used in the treatment of hypothyroidism. T4
is converted to T3 in the kidneys and liver through deiodination
at the phenolic ring, although formation of 3,3′,5′-triiodothyronine
(r-T3) also occurs to some extent via deiodination at the alkyl sub-
stituted phenyl ring. Further deiodination of T3 and r-T3 yields
3,5-diiodothyronine (3,5-T2) and 3,3′-diiodothyronine (3,3′-T2).
However, there are studies suggesting that the metabolic deiod-
ination of T4 and T3 does not result in complete loss of biological
activity. For example, 3,5-T2 has been shown to affect mitochondria
and bioenergetic mechanisms, ion-exchangers, enzymes, as well as
the transcription of some genes [7]. In addition, both r-T3 and 3,3′-
T2 have been demonstrated to have a stimulating effect on thyroid
hormone regulated functions by acting via the same receptors that
mediate T3 actions [8].

The estimated normal daily metabolic turnover of T4 is approxi-
mately 90 �g, of which ∼80% is converted to T3 and ∼20% excreted
through the bile, mainly as sulfate and glucuronide conjugates [9].
Following biliary excretion T4 glucuronides may be hydrolyzed

back to the aglycone by bacterial enzymes (�-glucuronidases) in
the large intestine, which explains the presence of endogenous T4
in feces [10]. T4 concentrations in feces of normal humans have
been reported to be 1.03 ± 0.64 nmol g−1 (n = 6) feces [9], while the
reported mean daily urinary excretion of unconjugated T4, T3, r-T3,

dx.doi.org/10.1016/j.chroma.2010.08.032
http://www.sciencedirect.com/science/journal/00219673
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Table 1
Physico-chemical properties of the studied APIs.

Compound MW (g mol−1) Structure pKa Consumption in Finland (kg year−1) References

T4 776.7 2.40 (COOH) 7.28 [18,19]

6.87 (Ph–OH) [18]
9.96 (NH2)

T3 650.8 8.4 (Ph–OH) Not sold [20]

r-T3 650.8 n.a. –

3,5-T2 524.9 n.a. –

3,3′-T2 524.9 n.a. –

Nitro-T3 (IS) 695.8 n.a. –
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,5-T2 and 3,3′-T2 by healthy humans is 1.41, 0.63, 0.06, and 0.52 �g,
espectively [11]. Considering that a human on an ordinary diet pro-
uces on average 25 g of feces (dry weight) per day [12] the daily
ecal excretion of unconjugated T4 amounts to 20 ± 12 �g. Deconju-
ation of glucuronide conjugates of natural and synthetic estrogens
as been reported to take place in raw waste water, probably
ue to the presence of significant amounts of the �-glucuronidase
nzyme produced by fecal bacteria [13,14]. Consequently, decon-
ugation of glucuronides to the free hormones in raw waste water

ay affect the observed removal rate of the compounds during
reatment [13]. Since �-glucuronidases are responsible for the
n vivo deconjugation of T4-conjugates, deconjugation to free T4

ay also be expected to take place in the waste water treatment
acilities.

Despite a rather low predicted environmental concentration
PEC = 19 ppt) T4 has been recognized as a potential waste water
ontaminant of considerable environmental concern [15]. The high
otency of T4 may be illustrated by comparing the therapeutic dose
defined daily dose, DDD) of a common anti-inflammatory agent
uch as ibuprofen (DDD = 1.2 g, ATC code: M01AE01) with that of
4 (DDD = 0.15 mg, ATC code: H03AA01) [16]. Consequently, it is
mportant to acknowledge that the environmental concentration-

evels of potential concern may vary significantly between APIs,
epending on the biological activity of the drugs.

The aim of this study was to develop a method for identifi-
ation and quantification of the thyroid hormones T4, T3, r-T3,
,5-T2 and 3,3′-T2 in influents and effluents of WWTPs, surface
water and tap water. The method is based on solid phase extrac-
tion (SPE) and liquid chromatography–tandem mass spectrometry
(LC–MS/MS) for separation and detection. Recently, the applicabil-
ity of SPE and LC–MS/MS to the analysis of thyroid hormones in
the thyroid gland was successfully demonstrated [17], however, to
the best of our knowledge this is the first method for the simultane-
ous quantitative analysis of these compounds in the different water
matrices.

2. Experimental

2.1. Chemicals

T4 (CAS: 6106-07-6), T3 (CAS: 55-06-1), r-T3 (CAS: 5817-39-0),
3,5-T2 (CAS: 1041-01-6) and 3,3′-T2 (CAS: 4604-41-5) were pur-
chased from Sigma–Aldrich (Schnelldorf, Germany). The internal
standard 2-amino-3-[4-(4-hydroxy-3-iodo-5-nitrophenoxy)-3,5-
diiodophenyl]propanoic acid (IS) was synthesized according to the
procedure described in Section 2.5. All standards were of ≥95%
purity (Table 1). All organic solvents were of HPLC or LC–MS grade.
Stock solutions of 0.1–1 g L−1 were prepared in methanol (MeOH)

and stored at −18 ◦C. Working standard solutions were prepared
by dilution of the stock solutions with MeOH. All glassware were
washed with concentrated solutions of sodium hydroxide and sul-
furic acid, hot water and rinsed with distilled water and acetone
prior to use.
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.2. Solid phase extraction (SPE)

The analytes were extracted from water samples with Waters
asis HLB extraction cartridges (0.2 g, 6 cc). The sample volume was
00 mL for tap water and surface water, and 250 and 100 mL for
WTP-effluent and WWTP-influent samples, respectively. Surface
ater, effluent and influent water were filtered through 0.45 �m

lass fiber filters (GF 6, Whatman)-prewashed with methanol and
istilled water-prior to extraction. Following adjustment of the
ater solutions to pH ∼ 2.5, using concentrated HCl and 10% NaOH,

50 ng of the IS was added. The SPE cartridges were preconditioned
ith 6 mL of MeOH and 6 mL of distilled water (pH 2.5) before

xtraction. Extraction was carried out at an approximate flow rate
f 5–10 mL min−1 through the PTFE tubes, depending on the sam-
le. After drying the cartridges over a gentle stream of nitrogen
as the analytes were eluted with 4 mL × 1 mL of MeOH. A reacti-
herm heating module (50 ◦C) from Pierce (Rockford, IL, USA) was
sed for evaporation of the solvent. The analytes were redissolved

n 150 �L MeOH and 150 �L 0.2% formic acid. All samples were
nalyzed immediately after preparation.

.3. Liquid chromatography

The Agilent 1100 system (Agilent Technologies, Espoo, Fin-
and) used consisted of a binary pump, a vacuum degasser, an
utosampler, and a thermostated column oven (set to 30 ◦C). Chro-
atography was achieved on a reversed phase phenyl column

ACE 5 �m phenyl, 125 mm × 2.1 mm) from Advanced Chromatog-
aphy Technologies (Aberdeen, Scotland). The analytical column
as equipped with a guard column of the same material and from

he same company. Sample aliquots of 30 �L were introduced into
he column at a flow rate of 0.350 mL min−1. The analytes were sep-
rated using aqueous (0.2%) formic acid (A) and 0.2% formic acid in a
:1 mixture of MeOH:ACN (B). The initial condition (10% B) was kept
or 1 min, after which the concentration of B was linearly increased
o 85% over 15 min. The initial condition was then reestablished
ver 1 min and the column was conditioned for 6 min prior to the
ext injection.

.4. Mass spectrometry

A Quattro Micro triple-quadrupole mass spectrometer (Micro-
ass, Manchester, UK), equipped with an electrospray ionization

ESI) source operating in positive ionization mode, was used for
etection of the analytes. The instrument was set to operate in mul-
iple reaction monitoring mode (MRM), recording parent–daughter
ransitions at a dwell time of 0.2 s and an inter-channel delay of
.2 s. Argon was used as collision gas at a collision cell pressure of
.98 × 10−3 mbar. Optimization of the MS and MS/MS dependent

arameters (Table 2) was achieved by introducing pure standard
olutions (5 �g mL−1) of the analytes into the ESI at a flow rate
f 10 �L min−1. Nitrogen was used as desolvation and nebulizing
as at 700 and 20 L h−1, respectively. The source temperature was
20 ◦C and the desolvation temperature was 325 ◦C.

able 2
C–MS/MS parameters for each analyte.

Compound Retention time (min) Parent ion (m/z) D

T4 15.0 777.4 7
T3 13.9 651.7 6
r-T3 14.4 651.7 6
3,5-T2 12.2 525.7 4
3,3′-T2 13.2 525.7 4
IS 15.8 696.5 6
A 1217 (2010) 6469–6474 6471

2.5. Synthesis of 2-amino-3-[4-(4-hydroxy-3-iodo-5-
nitrophenoxy)-3,5-diiodophenyl]propanoic acid (IS)

To a stirred solution of T4 (0.1 mmol, 90 mg) in 2.5 M H2SO4 and
tetrahydrofuran (1:1, 8 mL) at 0 ◦C was added drop wise an aqueous
solution (1 mL) of sodium nitrite (0.13 mmol, 9 mg). The reaction
mixture was kept at 0 ◦C for 1 h, after which it was slowly brought
to room temperature and allowed to react for an additional 4 h. The
mixture was diluted with water and the precipitate was separated
and dissolved in MeOH and water (∼4:1). The product was purified
with semi-preparative HPLC on a reversed-phase phenyl column
(ACE 5 �m phenyl, 250 mm × 10 mm) from Advanced Chromatog-
raphy Technologies. Finally, the pure product was recrystallized in
MeOH/H2O and dried. Yield = 43.8%, 30.5 mg. 1H NMR (399.75 MHz,
DMSO-d6, 25 ◦C) ı = 7.87 (s, 2H, H-2 and H-6), 7.65 (d, 3J = 3.1 Hz,
1H, H-5′), 7.21 (d, 3J = 3.1 Hz, 1H, H-3′), 4.05 (dd, 3J = 8.3, 5.5 Hz, 1H,
CH), 3.18 (dd, 14.6, 5.5 Hz, 1H, CH2), 2.95 (dd, 14.6, 8.3 Hz, 1H, CH2),
13C NMR (100.52 MHz, DMSO-d6, 25 ◦C) ı = 170.00 (COOH), 151.71
(C-3, C-5), 148.05 (C-4′), 147.80 (C-1′), 141.15 (C-2, C-6), 137.55
(C-4), 135.28 (C-2′), 132.46 (C-5′), 110.48 (C-3′), 92.76 (C-6′), 92.01
(C-1), 53.17 (CH), 34.06 (CH2). HRMS (ESI+): 696.7806; 696.7824
(C15H12I3N2O6, calc. m/z); error 2.6 ppm.

2.6. Quantification and method validation

For verification of compound identities the retention times
and the parent–daughter ion transitions obtained for the refer-
ence compounds were used. A calibration curve ranging from 5
to 1000 ng L−1 (7 points) for each analyte was obtained by spik-
ing non-contaminated surface water (500 mL) with the analytes
and the IS (250 ng) prior to SPE-extraction. The calibration curves
were plotted as the ratios of the analyte to IS peak area (analyte/IS)
vs. concentration. The instrumental quantification limit (IQL) and
instrumental detection limit (IDL) were determined by analyzing
pure standards of decreasing concentration with the LC–MS/MS
method. A signal to noise ratio (S/N) of 10 and 3 was used to define
the IQL and IDL, respectively. To evaluate the repeatability of the
LC–MS/MS system a standard solution (c = 100 �g L−1) was ana-
lyzed ten consecutive times. The limit of quantification (LOQ) for
the complete method in the respective water matrix was calculated
according to the equation:

LOQ = IQL × 100
Rec × C

(1)

where IQL is the instrumental limit of quantification (ng L−1),
Rec is the absolute recovery of the analyte (%), and C is the concen-
tration factor (1667, 1667, 833, 333 for tap water, surface water,
WWTP-effluent and WWTP-influent, respectively). For calculation
of the LODs, the same equation as shown above was applied by
inserting IDL instead of IQL. Absolute recoveries for all analytes
were determined by dividing the peak areas of SPE-concentrated

spiked water samples with those of reference samples prepared
directly in the eluent. Similarly, relative recoveries were calcu-
lated by taking the relationship between the analyte to IS ratios of
SPE-concentrated spiked samples and those of reference samples
prepared by dilution in the eluent.

aughter ion (m/z) Cone voltage (V) Collision energy (eV)

32 28 21
06 28 23
06 28 23
80 28 20
80 28 20
50.9 31 23
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.7. Sample collection

The influent and effluent water were collected in February
010 from a WWTP processing waste water from approximately
00,000 residents living in Turku and its environs. The incom-

ng waste water is treated according to a five-step procedure: (1)
creening (debris and sand removal); (2) primary clarification (sed-
mentation); (3) activated sludge process (biological treatment); (4)
eration (enhancement of microbial activity: ferrous sulfate addi-
ion, oxygenation); (5) secondary clarification (biomass removal,
and filtration). Samples from influent and effluent water were
repared (filtered and extracted) within 4 h upon collection and
nalyzed immediately after preparation. The surface water was
ollected from Lake Kakskerta, a secluded lake about 15 km south-
outhwest of central Turku, with 1390 permanent and about 4900
oliday residents living around the lake area. Waste water (black
ater) from these households is mostly collected in septic tanks,

lthough outside lavatories may be commonly used by holiday res-
dents.

. Results and discussion

.1. SPE

The retentive ability of Waters Oasis HLB, containing a poly-
eric sorbent made up of divinylbenzene and N-vinylpyrrolidone

nits, was evaluated for extraction of T4 and T3 at pH 2.5, 6 and 10.
istilled water (500 mL) at the respective pH was spiked with T4
nd T3 (50 ng L−1) and extracted. No retention was observed at pH
0 for neither of the analytes and the best results were observed at
lightly acidic conditions (pH 2.5). Another stationary phase mate-
ial, i.e. Waters Oasis MAX (mixed mode anion exchanger), was also
ested for extraction of T4 and T3 from distilled water (500 mL). The

AX cartridges were treated according to a previously described
rocedure successfully employed for the analysis of beta-lactam
ntibiotics in waste water [21]. It was found that the HLB (at pH 2.5)
rovided significantly better recoveries (∼80% for HLB vs. ∼50% for
AX) for both compounds and was selected for use in the further
ork.

The absolute recoveries of T4 and T3 after extraction with HLB-
artridges were 75 ± 3% and 82 ± 8%, respectively (n = 3). Distilled
ater (DW) is virtually free from all impurities and thus the influ-

nce of coeluting matrix components on the LC–MS/MS analyte
ignal intensities should be minimal. Therefore, the SPE-recoveries
rom spiked DW may be considered representative of the ability
f the solid phase material to retain the studied compounds. On
he basis of the observed signal intensity, it could be concluded
hat about 20% of T4 and T3 was not recovered by the SPE pro-
edure. At pH 2.5 the amino group will be protonated and hence
ositively charged (Table 1) and since charged molecules normally
end to adsorb less readily to the sorbent, this may be a plausi-
le explanation for the losses during SPE. Poor SPE-recoveries of
ther amphoteric pharmaceuticals has also been reported previ-
usly [22].

.2. LC–MS/MS

The ACE 5 �m phenyl column used provided excellent peak
hapes and good separation of the analytes, despite their close
tructural resemblance (Fig. 1). Phenyl columns, although not being

sed as frequently as their aliphatic counterparts (e.g. C4, C8 and
18), offer an additional retention mechanism (aside from the
ydrophobic interactions) by introducing the possibility of �–�

nteractions between the stationary phase and the unsaturated
nalyte molecule [23]. When a C18 column was used significant
A 1217 (2010) 6469–6474

tailing of the analyte peaks was observed, however, changing the
stationary phase to phenyl eliminated this problem. We found that
by using acetonitrile (with 0.2% formic acid) as the organic sol-
vent nice peak shapes could be achieved, but the separation of
the analytes, especially of the two isomeric pairs (T3/r-T3 and 3,5-
T2/3,3′-T2), was not satisfactory. Methanol, instead, gave better
separation but slightly broader peaks. Thus the needed separation
and sharpness of the peaks could be achieved with a 1/1 mixture
of methanol and acetonitrile with an addition of 0.2% formic acid.
Acetonitrile has previously been found to impede the selective �–�
interactions between analytes and the phenyl groups in the station-
ary phase, whereas the use of methanol as an organic modifier has
been shown to improve the selectivity based on �–� interactions
[23].

The presence of an acid additive (0.2% formic acid) in the elu-
ent was found to further improve the chromatographic behavior
of the analytes. At the pH of the aqueous part of the eluent (∼2.5)
T4 is quite hydrophobic [18], which enables good retention to the
stationary phase upon introduction into the analytical column. In
addition, the presence of an acidic buffer facilitated the formation
of positive ions during ESI.

The MRM transitions for each compound were optimized upon
introducing pure standards into the ESI-interface followed by frag-
mentation of the resulting [M+H]+ ions in the collision cell of
the mass spectrometer (Table 2). The most stable and intense
daughter ion was chosen for monitoring. In all cases, a mass
loss of 46 Da, corresponding to the elimination of water and car-
bon monoxide [H2O + CO], was observed. �-Cleavage at the amino
acid side chain with subsequent formation of the immonium ion
[RCH NH2]+ is a characteristic fragmentation behavior of pro-
tonated �-amino acids upon collision induced dissociation (CID)
[24]. The [RCH NH2]+ ions formed in this study were highly
abundant in the spectrum and a further increase of the colli-
sion energy generally resulted in very unstable fragment ions,
which were not considered suitable for monitoring. Both cone and
collision energies were optimized separately for each compound
(Table 2).

3.3. Method validation

The repeatability of the LC–MS/MS method was assessed by
analyzing a standard solution (100 �g L−1) 10 consecutive times.
The relative standard deviations obtained ranged from 6 to 9% and
the method was considered repeatable. The linearity (R2 > 0.99)
of the LC–MS/MS system was assessed over the concentration
range 1–1000 �g L−1 by injection of pure standard solutions. All
compounds were found to give a linear signal response over the
investigated range except 3,3′-T2 and r-T3, which were linear from
7.5 to 1000 �g L−1. The calibration curves for the off-line SPE
LC–MS/MS method were prepared in unpolluted surface water and
in this matrix all analytes displayed R2-values > 0.999 over the con-
centration range 5–1000 ng L−1. In order to attest method linearity
a statistical F-test was applied to two series of measurements and
for all analytes values close to one (≥0.95) were observed.

LOQs were calculated for the analytes in each of the different
matrices (tap water, surface water, WWTP-effluent and WWTP-
influent water) with Eq. (1) (Table 3). T4 showed the lowest LOQs
in all matrices except the influent water, where T3 could be quan-
tified at a slightly lower concentration (Table 3). The IQLs and IDLs,
presented as injected amounts of each API, ranged from 20 to 186 pg
and 6 to 56 pg, respectively (Table 3).
Absolute and relative recoveries of the analytes were deter-
mined by analyzing three spiked samples of each matrix with the
off-line SPE LC–MS/MS method. The spiked amount was 50, 500,
500 and 1000 ng for tap water, surface water, influent water and
effluent water, respectively (Table 4). For each water sample, three
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Fig. 1. LC–MS/MS chromatogram of a SPE-extracted spiked WWTP effluent sample.

Table 3
Method validation parameters.

Compound IDL (pg injected) IQL (pg injected) LOQ/LOD (ng L−1)

TW SW WWTP effluent WWTP influent

T4 6 20 1.1/0.3 1.9/0.6 5.5/1.6 16.4/4.9
T3 8 26 1.4/0.4 2.8/0.9 6.1/1.9 12.9/4.0
r-T3 38 127 9.9/3.0 10.8/3.2 25.1/7.5 67.6/20.2
3,5-T2 7 22 2.0/0.6 3.0/1.0 6.3/2.0 10.5/3.3
3,3′-T2 56 186 13.3/3.9 18.9/5.7 48.3/14.5 84.9/25.6

Table 4
SPE-recovery data (n = 3) for the selected compounds and the dissolved organic carbon (DOC) content of each matrix.

Matrix DOC (mg L−1) Recovery (%)

T4 T3 r-T3 3,5-T2 3,3′-T2

TW 1.93 AR 38 ± 9 36 ± 5 26 ± 4 22 ± 10 29 ± 7
RR 95 ± 8 90 ± 3 64 ± 2 54 ± 9 71 ± 5

SW 229.9 AR 21 ± 6 19 ± 1 23 ± 2 15 ± 6 20 ± 5
RR 67 ± 5 62 ± 7 77 ± 6 48 ± 8 65 ± 11

Effluent 130.5 AR 15 ± 1 17 ± 1 20 ± 3 14 ± 1 15 ± 4
RR 50 ± 8 59 ± 10 69 ± 11 47 ± 11 53 ± 13

Influent 60.1 AR 12 ± 2 20 ± 1 19 ± 1 21 ± 2 22 ± 1
RR 76 ± 6 127 ± 2 117 ± 1 132 ± 7 137 ± 5

Abbreviations: TW: tap water, SW: surface water, AR: absolute recovery, RR: relative recovery.
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ndependent treatments were carried out. Although the absolute
ecoveries for all analytes were quite poor, the relative recoveries
anged from good to excellent (Table 4), indicating a good ability
f the IS in compensating for analyte losses during SPE and sig-
al intensity losses during LC–MS/MS analysis. In order to estimate
he influence of the matrix on the loss of signal intensity during
C–MS/MS, three effluent samples (250 mL) were SPE-extracted
ccording to the described procedure. Effluent water was selected
ue to the fact that the worst analyte recoveries were observed

n this matrix. Two of these samples were spiked with IS (250 ng),
hereas the remaining sample was extracted without added IS. One

f the samples containing IS was prepared as normally (reference),
hile the extracts of the other two were combined, evaporated

nd diluted to the same volume as the reference. Finally, the two
amples were analyzed by the LC–MS/MS system and the signals
f the IS were compared. It was concluded that 50% of the signal
esponse was lost for the sample containing twice the amount of
xtract. As there was no distinguishable decrease in the solubility
f the extract (no precipitate), ion suppression during ESI, caused
y components of the SPE-extract, is believed to be a major cause
f the observed signal-intensity losses. Consequently, ion suppres-
ion during LC–MS/MS may significantly affect the calculation of
PE recoveries.

.4. Samples

Of the studied thyroid hormones only T4 could be found in the
nfluent and effluent of the WWTP. The measured concentration of
4 in the influent was 64 ng L−1 and in the effluent 22 ng L−1, which
ives a removal rate of approximately 66%. Theoretically, influent
oncentrations of APIs may be roughly estimated by the following
quation [25]:

= A × P × e

365 × Q

here C is the theoretically calculated concentration of an API in the
WTP influent (g m−3), A is the amount of API used per year and per

apita (g inh−1 year−1), P is the number of inhabitants serviced by
he WWTP, 365 is the number of days per year, e is the fraction of the
PI excreted unchanged and Q is the influent flow (m3 d−1). Calcu-

ated values obtained using the above equation for several common
PIs have previously shown good agreement with measured con-
entrations [25]. It is possible to conduct a similar calculation for
nconjugated T4, providing a few assumptions are made: (1) no
et contribution from medicinal T4, i.e. medicinal T4 is assumed
o induce normal T4-levels in hypothyroid patients and; (2) the
aily average (dry) weight of feces is 25 g [12]. The calculation is
ade on the basis of available data on daily excretions of unconju-

ated T4 through feces and urine of normal, healthy individuals
10,11]. The following values were inserted into the equation:
= 7.82 × 10−3 ± 4.84 × 10−3 g inh−1 year−1; P = 300,000 inh; e = 1;

3 −1
= 100,000 m d . Performing the calculation for the studied
WTP a value of 64 ± 40 ng L−1 is obtained. Despite the large

eviation, it may be concluded that the measured and calculated
oncentrations are similar in magnitude and, consequently, pro-
ides further assurance of the reliability of the method. Also, the

[
[
[
[

A 1217 (2010) 6469–6474

measured effluent concentration of T4 is comparable to those
reported for other natural hormones [13,26].

4. Conclusion

A method consisting of off-line SPE and LC–MS/MS has been
developed for quantitative analysis of thyroidal hormones in tap
water, surface water and in WWTP influents and effluents.

Of the target analytes only T4 could be detected and quantified
in the raw and treated waste water. The measured effluent con-
centration of T4 can be argued to be low, but the compound may
yet be of environmental significance due to its exceptional high
biological activity and to its steady occurrence in waste water efflu-
ents. Therefore, the potential hazards to aquatic organisms and the
environmental fate of T4 need to be assessed.

Acknowledgements

The Finnish Graduate School in Environmental Science and
Technology is gratefully acknowledged for financial support. We
also wish to thank special laboratory technician Päivi Pennanen for
running NMR.

References

[1] N. Vieno, T. Tuhkanen, L. Kronberg, J. Chromatogr. A 1134 (2006) 101.
[2] T.A. Ternes, Water Res. 32 (1998) 3245.
[3] F. Zhang, M. Bartels, J. Brodeur, E. McClymont, K. Woodburn, Rapid Commun.

Mass Spectrom. 18 (2004) 2739.
[4] M.L. Jugan, L. Oziol, M. Bimbot, V. Hauteau, S. Tamisier-Karolak, J.P. Blondeau,

Y. Lévi, Sci. Total Environ. 407 (2009) 3579.
[5] M. Cleuvers, Toxicol. Lett. 142 (2003) 185.
[6] H. Yamanaka, M. Nakajima, M. Katoh, T. Yokoi, Drug Metab. Dispos. 35 (2007)

1642.
[7] F. Goglia, Biochemistry (Moscow) 70 (2005) 164.
[8] S. Papavasiliou, J. Martial, K. Latham, J. Baxter, J. Clin. Invest. 60 (1977) 1230.
[9] G.P. Talwar, L.M. Srivastava, Textbook of Biochemistry and Human Biology, 3rd

edition, Asoke K. Ghosh Prentice-Hall of India Private Limited, New Delhi, 2006,
p. 847.

10] R. Bouillon, L. Verresen, F. Staels, M. Bex, P. De Vos, M. De ROO, Thyroid 3 (1993)
101.

11] J. Faber, M. Busch-Sørensen, P. Rogowski, C. Kirkegaard, K. Siersbaek-Nielsen,
T. Friis, J. Clin. Endocrinol. Metab. 53 (1981) 587.

12] I. Rabinowitch, A. Fowler, J. Nutr. 16 (1938) 565.
13] G. D’Ascenzo, A. Di Corcia, A. Gentili, R. Mancini, R. Mastropasqua, M. Nazzari,

R. Samperi, Sci. Total Environ. 302 (2003) 199.
14] R. Gomes, M. Scrimshaw, J. Lester, Environ. Sci. Technol. 43 (2009) 3612.
15] M. Kostich, J. Lazorchak, Sci. Total Environ. 389 (2008) 329.
16] WHO Collaborating Center for Drug Statistics Methodology, Norwegian

Center of Public Health, Available at www format: http://www.whocc.no/
atc ddd index/, Visited 13.04.2010.

17] T. Kunisue, J. Fisher, B. Fatuyi, K. Kannan, J. Chromatogr. B 878 (2010) 1725.
18] C.M. Won, Pharm. Res. 9 (1992) 131.
19] Finnish Medicines Agency, Available at www format: http://www.fimea.fi/,

Visited 15.03.2010.
20] R. Smith, Med. Chem. 2 (1964) 477.
21] E. Benito-Peña, A.I. Partal-Rodera, M.E. León-González, M.C. Moreno-Bondi,

Anal. Chim. Acta 556 (2006) 415.
22] J. Cahill, E. Furlong, M. Burkhardt, D. Kolpin, L. Anderson, J. Chromatogr. A 1041
(2004) 171.
23] M. Yang, S. Fazio, D. Munch, P. Drumm, J. Chromatogr. A 1097 (2005) 124.
24] N. Dookeran, T. Yalcin, A. Harrison, J. Mass Spectrom. 31 (1996) 500.
25] N. Lindqvist, T. Tuhkanen, L. Kronberg, Water Res. 39 (2005) 2219.
26] E. Vulliet, J.-B. Baugros, M.-M. Flament-Waton, M.-F. Grenier-Loustalot, Anal.

Bioanal. Chem. 387 (2007) 2143.

http://www.whocc.no/atc_ddd_index/
http://www.whocc.no/atc_ddd_index/
http://www.fimea.fi/

	Analysis of thyroid hormones in raw and treated waste water
	Introduction
	Experimental
	Chemicals
	Solid phase extraction (SPE)
	Liquid chromatography
	Mass spectrometry
	Synthesis of 2-amino-3-[4-(4-hydroxy-3-iodo-5-nitrophenoxy)-3,5-diiodophenyl]propanoic acid (IS)
	Quantification and method validation
	Sample collection

	Results and discussion
	SPE
	LC–MS/MS
	Method validation
	Samples

	Conclusion
	Acknowledgements
	References


