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bstract

Based on the sensitizing effect of formaldehyde on the chemiluminescence (CL) reaction of propylthiouracil (PTU) and methylthiouracil (MTU)
ith acidic potassium permanganate and the combination technique of high-performance liquid chromatography (HPLC), a sensitive, selective

nd simple post-column CL detection method for determining PTU and MTU is described. The optimal conditions for the CL detection and

PLC separation were carried out. The linear ranges were 0.1–20 �g mL−1 for MTU and 0.1–10 �g mL−1 for PTU, the detection limits were
.03 �g mL−1 for PTU, 0.03 �g mL−1 for MTU and the quantification limits were 0.1 �g mL−1 for PTU, 0.1 �g mL−1 for MTU. The method has
een satisfactorily applied for the determination of MTU and PTU in human serum samples.

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

PTU (Fig. 1A) and MTU (Fig. 1B) are the drugs of thiouracil
ntithyroid family which block thyroid hormone synthesis and
hey are commonly used to treat hyperthyroidism in pregnancy
nd liver disease. On the other hand, PTU and MTU have been
pplied illegally to animals to obtain a higher live weight gain in
ome regions. The first effect gives a fraudulous higher weight
“water instead of meat”) and the uncontrolled introduction of
his and other thyreostats into the human food chain could have
erious health implications. Consequently specific legislation
as been promulgated within the European Union prohibiting
he use of thyreostats in animal production [1,2]. Based on these
easons, the need for an analytical procedure capable of both
dentifying and quantifying PTU and MTU is very significative.
Several different analytical methods for the determination
f PTU and MTU have been described such as Polarography
3,4], conductometric titration[5], potentiometric titration [5–7]
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nd spectrophotometry [8,9], but these methods can only be
pplied in pharmaceutical preparations due to their lower sensi-
ivity or lack of selectivity. In biological fluids, they have been
etermined by liquid chromatography [10–11], radioimmunoas-
ay [12] and gas–liquid chromatography [13]. Although these
ethods have their respective advantages, but some different

hortcomings also exist. A gas–liquid chromatographic tech-
ique, which involves the conversion of PTU to its salt form
ith tetrapropylammonium hydroxide is time consuming and

echnically difficult and radioimmunoassay are very laborious.
In recent years, chemiluminescence (CL) has become an

ttractive detection method for liquid chromatography due to
ts high sensitivity, selectivity and wide linear working ranges.
nd to our knowledge, the method of HPLC with chemilumi-
escence detection for determination of PTU and MTU has not
een published until now.

Acidic potassium permanganate is one of the most important
xidants utilized in chemiluminescent reactions and consider-
ble numbers of the investigations have been published [14–16].

n our study, we found that only weak CL signal was generated
y the oxidation of PTU or MTU with acidic potassium perman-
anate, which can’t be applied to the HPLC–CL because of its
nferior sensitivity. However, in the presence of HCHO, the CL

mailto:weiyue_2005@hotmail.com
mailto:zzj18@hotmail.com
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Fig. 1. The structure of (A) PTU and (B) MTU.

mission intensity can be enlarged to about 15 times; therefore,
e established a new method based on the combination tech-
ique of HPLC with the CL reaction of MTU and PTU with
cidified potassium permanganate and the sensitizing effect of
ormaldehyde on the CL system. And the method was validated
nd applied to determine MTU and PTU in biological samples
uccessfully.

. Experimental

.1. Chemicals and solutions

All chemicals were of analytical reagent grade unless oth-
rwise specified and distilled water was used throughout.
ethanol (MeOH) and water (HPLC grade) were from Fisher

cientific (Fair Lawn, NJ, USA).
PTU and MTU were purchased from National Institute for

he Control of Pharmaceutical and Biological Products (Beijing,
hina).

Stock standard solutions of PTU and MTU were prepared in
ethanol at 2 mg mL−1. The stock solutions were diluted with

he mobile phase before use.
Potassium permanganate, formaldehyde and sulfuric acid

ere obtained from Xi’an Chemical Reagent Factory (Xi’an,
hina).

A stock standard solution of potassium permanganate 0.01 M
as prepared daily by dissolving 158.0 mg of KMnO4 in 100 mL
f water; A formaldehyde stock solution (10%, v/v) and a sul-
uric acid solution (1.0 M) were also prepared.

The HPLC mobile phases were prepared fresh daily, filtered
hrough a 0.45 �m filter (Xinya, Shanghai, China), and then
egassed prior to use.

.2. Apparatus

Batch model IFFM-D luminescence analyzer (Ruimai Com-
any, Xi’an, China) was employed to study the characteristics
f the CL reaction. The flow manifold finally proposed for
he HPLC–CL detection is schematically illustrated in Fig. 2.
he HPLC system consisted of a model high-pressure pump

LC-6A, Shimadzu, Japan), a manual sampling valve injec-
or with a 20 �L loop, an analytical column (Nucleosil C18,
50 mm × 4.6 mm i.d., 5 �m, Macherey-Nagel, Germany). The
L detection was conducted on a flow injection chemilumi-
escence system comprising of a peristaltic pump (Ruimai

ompany, Xi’an, China), PTFE tubing (0.8 mm i.d.) which was
sed as connection material in the flow system and a glass spiral
ype flow cell. The change of CL signal in the flow cell was
etected and recorded with a computerized IFFM-D lumines-

2

a

ig. 2. Schematic flow diagram of HPLC–chemiluminescence detection system.

ence analyzer. Data acquisition and treatment were performed
ith IFFM software running under Windows XP.

.3. Sample preparation

The serum samples were collected from a patient, after he
ook orally 200 mg of propylthiouracil and 200 mg of methylth-
ouracil for some time, and the serum samples were collected
n tubes. The extraction procedure, modified from the litera-
ure [11,17], consisted of addition of 4 mL of dichloromethane
o 0.5 mL of serum (pH 6.0 adjusted with 10% HCl). Mixtures
ere then submitted to vortex-mixing for 10 min. After centrifu-
ation at 3000 r min−1for 10 min, the organic phase of 3.8 mL
as carefully transferred to conical tubes and evaporated to dry-
ess in a water bath at about 40 ◦C; the residue was dissolved
n mobile phase. After mixing for 30 s, 20 �L aliquots of the
olution were taken for chromatographic analysis directly. The
amples used in the recovery studies were fortified by the addi-
ion of a known concentration of PTU (MTU) in the mobile
hase (0.5, 1, 2 �g mL−1).

.4. Standard solutions and calibration

A standard stock solution, containing the two drugs, was pre-
ared at a concentration of 1 mg mL−1 of each compound in
ethanol, and was kept stable at −20 ◦C. Several tubes were

aken, different amounts of standard solution of PTU (MTU)
ere added to 0.5 mL drug-free serum in order to get the con-

entrations of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 �g mL−1

f PTU (MTU), and then the above method was followed to
ope with human samples. Volumes of 20 �L were then chro-
atographed as described. The calibration curve was obtained

y linear regression of the peak–height ratio.
.5. Procedure

Separation of thiouracil antithyroid drugs was carried out on
Nucleosil C18 column with an isocratic elution program at
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by potassium permanganate are non-fluorescent compounds. It
was shown that the enhanced CL did not result from oxida-
tion of PTU by potassium permanganate and must be from the
intermediate radical products.
Y. Wei et al. / J. Chroma

flow rate of 1 mL min−1. The mobile phase was the mixture
f methanol and water (40:60, v/v) and the volume of sample
njected was 20 �L in all instances (blanks, standards and sam-
les). As shown in Fig. 2, the solutions of HCHO first reacted
ith the effluent from the HPLC column and then mixed with

olutions of KMnO4 in a mixing coil in the flow cell by a peri-
taltic pump at a flow rate (per tube) of 2 mL min−1. The emitted
ight was monitored by the photomultiplier tube (operated at

800 V). The quantitative determination was based on the net
L intensity �I = Is − I0, where IS was the CL intensity in the
resence of antithyroid drugs and I0 was the intensity in the
bsence of antithyroid drugs.

. Results and discussion

.1. Optimization of the separation system

As for HPLC–CL detection, the composition of the mobile
hase and its flow rate were optimized as a compromise between
he resolution and the CL intensity. In our experiment, acetoni-
rile and methanol have been examined as the organic part of the

obile phase. Although acetonitrile–water and methanol–water
ould almost completely separate PTU and MTU with an iso-
ratic elution program, the use of mobile phase containing
cetonitrile greatly quenched the CL signal and produced serious
ackground noise while methanol produced a lower background
mission and its baseline was fairly smooth, the results showed
ethanol–water was chosen as the mobile phase for the further

tudy. The concentration of methanol in the mobile phase was
nitially optimized by varying the methanol–water mixture ratio
n the range 25–50% at a constant flow rate of 1 mL min−1, and
0% methanol was proved to be more effective on the separation.

.2. Optimization of the CL system

TO obtain the maximal relative CL intensity, the concentra-
ion of KMnO4, HCHO and sulfuric acid were investigated. We
ound that formaldehyde can enhance the CL emission inten-
ity by the reaction of the studied PTU and MTU with KMnO4
n sulfuric acid medium. It may be suggested that the HCHO
ccelerates the CL reaction between potassium permanganate
nd thiouracil antithyroid drug in acid medium, and increases
he luminescence quantum efficiency [18].

The kinetic curve, CL, UV and the fluorescence spectra
ere examined in order to obtain more information about the

nhanced CL mechanism.
The kinetic curve of the CL reaction was tested with a static

ystem by using the reaction of PTU (MTU), KMnO4 and HCHO
n sulfuric acid solution. The typical CL kinetic curve was shown
n Fig. 3. It can be seen from Fig. 3 that this CL reaction was so
apid that the CL intensity reached a maximum at 1.3 s. And it
lso indicated that the CL intensity of the reaction of acidic

MnO4 with PTU (MTU) was enhanced in the presence of
CHO.
The CL spectrum generated from the reaction was examined

y using a series of interference filters to obtain an idea about

F
5
P

ig. 3. Kinetic curves of chemiluminescence. (a) KMnO4–H2SO4–PTU–
CHO, (b) KMnO4–H2SO4–MTU–HCHO, (c) KMnO4–H2SO4–H2O–PTU,

d) KMnO4–H2SO4–H2O–MTU.

he reaction product and is shown in Fig. 4 which demonstrated
hat only formaldehyde enhanced the CL emission intensity and
id not influence the CL spectra (λmax = 630 nm), which revealed
hat the emitter is the same in presence and absence of formalde-
yde. Therefore, it can be concluded that formaldehyde does not
hange the mechanism of the CL reaction.

The UV spectra of PTU and its oxidation products were
easured and are shown in Fig. 5. For PTU, there are two charac-

eristic absorption bands at 213 nm and 274 nm before addition
f KMnO4 (see Fig. 5a). However, the characteristic absorp-
ion bands at 213 nm and 274 nm are gradually shifted toward
iolet direction after addition of KMnO4 and formaldehyde, at
he same time, the absorption bands of KMnO4 at 305 nm and
25 nm disappeared, which indicates that PTU is oxidized by
MnO4 in the acidic solution.
The fluorescence spectra of PTU–H2SO4, KMnO4–PTU–

2SO4 and KMnO4–PTU–HCHO–H2SO4 were recorded in the
ange of 200–700 nm in static, respectively. But no fluorescence
missions were observed in the range of 250–700 nm. These
esults indicate that PTU and the product of oxidation of PTU
ig. 4. The CL spectra curve (1): KMnO4 2.0 × 10−4 M, H2SO4 1 M, PTU
.0 × 10−6 g mL−1, HCHO 10% (v/v); (2): KMnO4 2.0 × 10−4 M, H2SO4 1 M,
TU 5.0 × 10−6 g mL−1.
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ig. 5. The UV spectra curve (a) PTU5.0 × 10−6 g mL−1, H2SO4 1 M; (b)
MnO4 2.0 × 10−4 M, H2SO4 1 M, PTU 5.0 × 10−6 g mL−1, HCHO 10% (v/v);

c) KMnO4 2.0 × 10−4 M, H2SO4 1 M.

Because the peak of chemiluminescence spectrum is at
30–640 nm, which is very similar to that of singlet oxygen
hemiluminescence (630–650 nm), we assumed that KMnO4
ould react with PTU in the presence of formaldehyde to pro-
uce 1O2

1O2 (1�g
1�g), a complex oxygen molecule of single

tate, which could transform into 3O2 (3�g), a triplet state oxy-
en. During the transformation, it could produce CL and the
ormaldehyde could accelerate oxidation reaction rate [19,20].
he similar phenomenon (including CL kinetic response curve,
L, UV and the fluorescence spectra) was also found when
TU was replaced by MTU. This was attributed to the simi-

arities of PTU with MTU in molecular structure. Therefore,
he enhanced CL mechanism of PTU can be identical with that
f MTU. And the possible reaction mechanism is suggested as
ollowing:

MnO4
− + H+ + formaldehyde + PTU (MTU)

→ 1O2(1�g) + H2O + Mn(II) + products

1O2(1�g) → 1O2
1O2(1�g

1�g)

O2
1O2(1�g

1�g) → 2 3O2(3�g) + hν (λmax = 630 nm)
The effect of KMnO4 concentration on the CL intensity was
tudied in the range of 1.0 × 10−5 to 2.0 × 10−4 M. As shown in
ig. 6, the CL intensity increased with the increase in KMnO4
oncentration up to 1.0 × 10−4 M and then decreased gradually

ig. 6. Effect of KMnO4 concentration on CL signal, CH2SO4 = 1.0 M;

HCHO = 10% (v/v); flow rate = 2.0 mL min−1 for each flow line.

m
i
d
a

F
1

ig. 7. Effect of sulfuric acid concentration on CL signal, CKMnO4 = 1.0 ×
0−4 M; CHCHO = 10% (v/v); flow rate = 2.0 mL min−1for each flow line.

ith a continuous increase in the concentration. The decrease in
he signal at higher concentration of KMnO4 was owing to the
dsorption of light emission by the intense color of the perman-
anate solution. Thus, the optimal concentration of KMnO4 was
.0 × 10−4 M.

Hydrochloric acid, phosphoric acid, polyphosphoric acid,
ulfuric acid and nitric acid were used as the reaction media
o study their effect on the CL intensity. The results showed
hat sulfuric acid was a more suitable medium for all ana-
ytes since it gave the strongest light intensity and the highest
ignal-to-noise ratio (S/N). The effect of sulfuric acid con-
entration in the range of 0.1–2 M was further studied and
he results are shown in Fig. 7. Sulfuric acid solution 1.0 M
as chosen as the optimum sulfuric concentration in KMnO4

olution.
Fig. 8 shows the effect of HCHO concentration on CL inten-

ity. The maximal relative CL intensity was achieved at 10%. As
result, 10% HCHO was chosen. The effect of flow rate on the
L intensity ranged from 0.8 to 2.5 mL min−1. Under optimal

otal flow rate condition, the flow rate of HCHO and KMnO4
as 2 mL min−1.

.3. Method validation

In the present work, the HPLC–CL method for the deter-
ination of PTU and MTU was validated by determining
ts performance characteristics regarding linearity, limit of
etection (LOD), limit of quantification (LOQ), precision and
ccuracy.

ig. 8. Effect of formaldehyde concentration on CL signal, CKMnO4 = 1.0 ×
0−4 M (in 1.0 M H2SO4); flow rate = 2.0 mL min−1 for each flow line.
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Fig. 9. Chromatograms obtained with (A) a standard mixture of MTU and PTU; (B) blank serum; (C) a serum sample at 1 h after oral administration of PTU and
MTU, (1) MTU, (2) PTU, (1′) unknown substance in serum.

Table 1
Parameters of calibration graphs and precision values obtained with HPCL–CL

Compounds Calibration equation (�g mL−1) Correlation coefficient LOD (�g mL−1) LOQ (�g mL−1)

P 63
M 72

3

c
i
o
i
a
u
d
T
a
o
s
f
o

3

t
l
t
r

w
i
a
A
c
t
a
c

3

a
p
f
s

3

T
D

C

P

M

TU �I = 8.0307C + 5.4862 0.99
TU �I = 4.131C + 4.0171 0.99

.4. Linearity and sensitivity

Representative chromatograms are shown in Fig. 9. Under the
hromatographic conditions described, endogenous components
n human serum did not give any interfering peaks. Under the
ptimum conditions described in the previous section, the cal-
bration curves were prepared over the range 0.1–20 �g mL−1

nd 0.1–10 �g mL−1 for MTU and PTU, respectively. The fig-
res of merit in the present KMnO4–HCHO chemiluminescence
etection method for MTU and PTU are summarized in Table 1.
he regression coefficients (r) were greater than 0.9950 for
ll the curves, The limit of detection at a signal-to-noise ratio
f three is 0.03 �g mL−1 and the limit of quantification at a
ignal-to-noise ratio of ten is 0.1 �g mL−1, which is valuable
or detecting these compounds in biological samples in order to
btain therapeutic and toxic levels.

.5. Precision and accuracy

The intra-day precision was tested with 11 repeated injec-

ions of PTU (MTU) sample solutions at three concentration
evels (0.5, 2.5 and 5 �g mL−1). The relative standard devia-
ions (R.S.D.s) were 3.5% 3.8%, 3.2% (3.6%, 3.9%, 3.5%),
espectively, the inter-day precision of the proposed method

3
s

r

able 2
etermination of propylthiouracil and methylthiouracil in serum samples

ompounds Original (�g mL−1) Added (�g mL−1)

ropylthiouracil
2.10 0.5
2.16 1.0
2.14 2.0

ethylthiouracil
2.08 0.5
2.12 1.0
2.14 2.0
0.03 0.1
0.03 0.1

as studied by analyzing two identical samples (at 5 �g mL−1)
njected six times every day, on five consecutive days. The rel-
tive standard deviation was 4.0% for PTU and 4.8% for MTU.
ccuracy was calculated as the percentage recovery. The pre-

ision (R.S.D.) were all less than 5%. These results indicated
hat the present method had a good precision and accuracy
nd would be acceptable for the quantitation of human plasma
oncentration in clinical use.

.6. Stability

MTU and PTU were observed to be stable for at least 7 days
t −20 ◦C and for at least 1 month at −80◦C. In conclusion, the
roposed HPLC method is sufficiently sensitive and selective
or monitoring unchanged propylthiouracil in pharmacokinetic
tudies.

.7. Application of the method
.7.1. Determination of MTU and PTU in human serum
amples

To test the applicability of the proposed HPLC method to
eal sample, the present KMnO4–HCHO chemiluminescence

Total (�g mL−1) Recovery (%) R.S.D. (%) (n = 5)

2.59 97 4.5
3.12 96 4.0
4.26 106 4.8

2.56 96 5.0
3.07 95 5.5
4.16 101 4.7
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etection method was applied for the determination of MTU
nd PTU in human serum, following the method described
bove; the results are summarized in Table 2. Fig. 9A shows
chromatogram with CL detection obtained from a standard
ixture of MTU and PTU and as can be seen, the retention

ime of MTU and PTU is 4 min and 6 min, respectively. The
etection limit was 0.03 �g mL−1 and the linear response cov-
rs a wide range of PTU and MTU levels that may occur in
erum of patients during variable stages of therapy and drug
egimens. Fig. 9B and C shows a chromatogram with CL detec-
ion obtained from the drug-free serum and a patient serum
ample at 1 h after oral administration of PTU and MTU. The
ethod enables the determination of MTU and PTU in human

erum without significant interference. The proposed method
ad a wider linear range and lower detection limit than those
eported the HPLC methods using UV [10,11], therefore, the
ethod offered an alternative, sensitive and simple approach

or the determination of PTU and MTU in human serum
amples.

. Conclusion

Based on the sensitizing effect of formaldehyde on the
L reaction of thiouracil antithyroid drugs with acidified
MnO4 and the combination technique of HPLC, a novel
L—post-column detection method has been established for

he determination of PTU and MTU. Based the obtained results,
he following conclusions can be drawn. The method has proved
hat the CL reaction is well compatible with the mobile phase
f HPLC. The detection limits are acceptable for the deter-
ination of PTU and MTU in biological samples and the
inear calibration range is wide enough for quality control of
harmaceuticals. Moreover, the method allowed for simulta-
eous sensitive detection of these antithyroid drugs in human
erum.
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