
D
e

M
a

b

a

A
R
A
A

K
T
M
S
B
T

1

t
u
m
i
r
t
a
R
a
e
h

s
h
b
a
m
T
f
m
i
t

1
d

Journal of Chromatography B, 879 (2011) 2229– 2233

Contents lists available at ScienceDirect

Journal  of  Chromatography  B

j ourna l ho me  page: www.elsev ier .com/ locate /chromb

etermination  of  temozolomide  in  serum  and  brain  tumor  with  micellar
lectrokinetic  capillary  chromatography

elinda  Andrásia,  Brigitta  Törzsöka,  Álmos  Kleknerb,  Attila  Gáspára,∗

Department of Inorganic and Analytical Chemistry, University of Debrecen, H-4010 Debrecen, POB 21, Hungary
Department of Neurosurgery, Medical and Health Science Center, University of Debrecen, 4012 Debrecen, POB 7, Hungary

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 January 2011
ccepted 6 June 2011
vailable online 13 June 2011

a  b  s  t  r  a  c  t

Micellar  electrokinetic  capillary  chromatographic  (MEKC)  with  photodiode-array  detection  was  applied
to determine  temozolomide  (TMZ)  in  human  serum  and brain  tumor.  The  limit  of  quantitation  (LOQ)
was  0.096  �g/mL  using  325  nm  as  detection  wavelength.  The  method  made  possible  that  the  TMZ  could
be  detected  in  in  vivo serum  samples  without  sample  pretreatment.  In  order  to  detect  TMZ  at  lower
eywords:
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erum
rain

concentration,  an  extraction  with  ethyl  acetate  was  applied  to preconcentrate  the  analyte.  Small  amount
of brain  tumor  tissues  (less  than  1  g) were  lyophilized  and  pretreated  using  extraction  as  a  clean  up and
concentrating  step.  After removing  the  organic  solvent  a final  sample  volume  of  only  10  �L  was  analyzed.
The  obtained  peak  concentrations  (8.2–10.1  �g/mL)  and  Tmax (44–65  min)  of  TMZ  in  serum  were  similar
to  the  data  reported  by  others,  the  in  vivo  TMZ  concentrations  found  in brain  tumor  ranged  between
umor 0.061  and  0.117  �g/g.

. Introduction

Glioblastoma is a highly proliferating malignant brain tumor
hat tends to invade the normal brain and in spite of the combinant
se of irradiation and chemotherapy it recurs in every case. The
ain problem regarding the chemotherapy against brain tumors

s the low drug effectiveness due to the moderate penetration
ate through the blood–brain barrier. The overall median survival
ime in glioblastoma patients is less then 18 months [1],  so there
re exhaustive efforts for developing effective chemotherapeutics.
ecently the only drug routinously administered as first line ther-
py in the treatment of glioblastoma is the temozolomide, but its
xact local concentration in the human brain tissue or brain tumor
as not been directly determined [2].

Temozolomide (TMZ) is an anticancer prodrug that undergoes
pontaneous chemical degradation at physiologic pH to form the
ighly reactive alkylating agent, methyl-triazenyl imidazole car-
oxamide (MTIC). The TMZ  readily crosses the blood–brain barrier
nd it is one of the most often used compounds for the treat-
ent of malignant primary brain tumors (e.g. glioblastoma) [3,4].

emozolomide capsules are administered in combination with
ocal radiotherapy followed by several cycles of temozolomide
onotherapy. Temozolomide demonstrated activity against exper-
mentally induced tumors in mice and rats [5,6]. Positron emission
omography (PET) scanning in patients showed that intravenous
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E-mail address: gaspar@science.unideb.hu (A. Gáspár).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.06.005
© 2011 Elsevier B.V. All rights reserved.

11C-labeled temozolomide readily crossed the blood–brain barrier
and entered brain tissue [7].  A predictive pharmacokinetic model
was developed by Gallo et al. [2],  because the direct measurement
of drug concentrations in human tumors was found difficult to
achieve.

Relatively few methods have been described for the determi-
nation of temozolomide and these methods were limited to blood.
The most often used technique for the determination of TMZ  is the
reversed-phase high-performance liquid chromatography (HPLC)
with UV [8–10],  MS/MS  [11,12] or radioanalytical (14C-TMZ was
applied) [4] detection. For sample pretreatment the blood plasma
samples were acidified and extracted with methanol [13] or ethyl
acetate [14] or cleaned by solid-phase extraction (SPE) [8].

The capillary electrophoresis (CE) has proven to be a powerful
technique for the analysis of pharmaceuticals and ability to detect
minute quantities of samples even in complex (biological) matri-
ces [15,16]. Micellar elektrokinetic capillary chromatography can
be especially useful for determination of drugs in samples having
high protein content (clinical samples, biofluids) reducing disad-
vantageous matrix effects caused by organic materials and proteins
[17,18]. In a recent publication [19] we have demonstrated that the
MEKC is a useful technique to simultaneously determine the TMZ
and its degradants in model solution. Special advantages of MEKC
were utilized to study the solution stability of the TMZ  at different
pH values. It was shown that at low pH, the TMZ  is stable for weeks,

but at physiological pH and above, the TMZ  quickly hydrolizes.

This paper focuses on the applicability of micellar electroki-
netic capillary chromatography for the in vivo determination of
temozolomide in serum and brain tumor samples. It is not often
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Table 1
Analytical parameters of determination of TMZ.

LOD (�g/mL)a 200 nm 0.042
325 nm 0.029

LOQ (�g/mL)b 200 nm 0.14
325 nm 0.096

RSD%c in serum Migr. time 1.07
Peak area 1.48

a
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ossible to monitor a drug in clinical samples in a therapeutic
oncentration level using UV detection. It was possible in the
ase of TMZ, because it has strong absorbance both at 200 and
25 nm.  The necessity of sample pretreatment and the possibil-

ty of direct injection were also studied. For this study we obtained
uman brain tumor samples due to an urgent operation after drug
dministration.

. Experimental

.1. Instrumentation

The capillary electrophoresis instruments were HP 3DCE and
100 models (Agilent, Waldbronn, Germany). In all measurements
ydrodynamic sample introduction (50 mbar, 2 s) was used for

njecting samples. The sample solutions were introduced at the
nodic end of the capillary. Separations were performed using a
olyimide-coated fused-silica capillary of 72 cm × 50 �m i.d. with
xtended light path (Agilent, Waldbronn, Germany). The applied
oltage was +25 kV. The detection was carried out by on-column
iode array photometric measurement at 200 and 325 nm.  The
lectropherograms were recorded and processed by ChemStation
omputer program of B.04.02 version (Agilent).

.2. Chemicals

Reagents of analytical grade were obtained from various
istributors. Sodium dihydrogen phosphate, disodium hydro-
en phosphate, HCl, NaOH and sodium dodecyl sulphate (SDS)
or preparing buffer electrolytes were purchased from Reanal
Hungary). The 1.80 mg/mL  sample stock solutions were prepared
y dissolving the temozolomide (Temodal 20 mg,  Schering-Plough,
russels, Belgium) in 0.1 M HCl. Ethyl acetate was  obtained from
erck (Darmstadt, Germany).

.3. Clinical samples and their preparation for analysis

.3.1. Serum samples
Serum samples of patients with glioblastoma were taken

0–250 min  after receiving TMZ  orally at a single dose of 400 mg.
dditionally, serum samples were obtained from non-tumor
atients for control samples and for matrix effects study, too.
hese samples were acidified with concentrated HCl to set their
H around 2 (1 mL  serum was spiked with 10 �L concentrated HCl
nd vortex mixed) to avoid the hydrolysis of TMZ. All samples were
tored at −20 ◦C before analysis. Prior CE analysis the serum sam-
les centrifuged at 4 ◦C using 9000 × g for 15 min.

.3.2. Brain tumor samples

.3.2.1. Obtaining tumor samples. Brain tumor samples were
btained from a neurosurgical operation of a patient with recurrent
lioblastoma in the right frontal lobe. The patient was  on temo-
olomide monotherapy and last temozolomide dose (400 mg)  was
dministered 1 h before the surgical intervention. During the oper-
tion three tumor samples (0.9915 g, 0.7803 g and 0.7647 g) and
ne piece of non-tumoral brain sample (peritumoral brain, frontal
ole covering the tumor) (0.3782 g) were removed at 15 min  inter-
als, rinsed with water and were immediately frozen on the surface
f liquid nitrogen and stored at −80 ◦C until analysis. For analyti-
al determinations tumor tissues were selected to disclose necrotic
reas and to avoid additional blood presence, thus only serum free

umor tissues were forwarded for analytical procedures. To achieve
adical tumor removal peritumoral brain areas were also evacu-
ted, one of these tissue samples were studied as non-tumor brain
issue.
S/N = 3.
b S/N = 10.
c Intra-day reproducibility, c = 20 �g/ml, n = 10.

2.3.2.2. Sample pretreatment. The non-tumor brain and brain
tumor samples were lyophilized and homogenized. Then the
homogenates (0.075–0.12 g) were carefully dissolved in minimal
volume (300–600 �L) of 0.1 M HCl. The pH of the aquatic solutions
used in the pretreatment procedures should be acidic (below pH
2) to avoid the hydrolization of TMZ  (shown in our earlier work
[19]). The obtained dense, viscous solutions were chilled and cen-
trifuged at 4 ◦C using 9000 × g for 15 min. The supernatant was
directly injected into the CE instrument.

For preconcentration procedures 50 �L aliquots of the super-
natants have been extracted with 3 × 300 �L ethyl acetate (10 min
vortex mixing). The ethyl acetate phases were combined into a
glass vial of 1 mL  and evaporated dry in rotary vacuum evapora-
tor (Büchi) at 30 ◦C under 10 mbar vacuum. The dried material was
dissolved in ethyl acetate and washed into a smaller vial (100 �L)
applicable for CE instrument. The solvent was removed in the evap-
orator, and the dried material was dissolved into 10 �L 0.1 M HCl.
The sample was  stored at −20 ◦C before analysis.

All clinical samples have been obtained from Department
of Neurosurgery, University of Debrecen. All procedures were
approved by the National Ethical Committee, and the patient signed
an informed consent form.

2.4. Analysis of TMZ

The condition of direct determination of temozolomide in
model solutions was described elsewhere [19], the same separa-
tion parameters were used for serum and brain tumor analysis. The
buffer electrolyte was  25 mM phosphate and 40 mM SDS at pH 6.8.
The capillaries were preconditioned with the buffer electrolyte for
5 min. In the case of the analysis of serum and tumor samples a post-
conditioning (0.5 M NaOH (4 min) and buffer (3 min)) was applied
to remove all possibly adsorbed materials from the capillary. Prior
to CE analysis all buffers were filtered through a 0.45 �m syringe
filter and stored in refrigerator at +4 ◦C.

In this work, in order to improve the LOQ for TMZ, the newest
model of CE instrument was  used, thus the obtained LOQ was about
10 times better than that achieved in Ref. [19]. It is not often possible
to monitor a drug in clinical samples in a therapeutic concentration
level using UV detection. Fortunately, it was  possible in the case of
TMZ, because it has strong absorbance both at 200 and 325 nm.  The
most important analytical performance data of TMZ  determination
were summarized in Table 1.

3. Results and discussion

3.1. Analysis of serum samples

In general, the pharmaceutical analysis is carried out in a serum
sample after deproteinization (using solid phase cartridge [20] or

perchloric acid [21] or acetonitrile [22]), but all of these meth-
ods require complicated and time-consuming sample preparation,
which can also cause measurement errors to occur easily. Since
the SDS can be considered as a protein solubilizer, it is known that
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Fig. 1. The MEKC electropherograms of serum sample spiked with 20 �g/mL TMZ.
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Fig. 2. MEKC electropherograms obtained for a serum of a cancer patient after 1 h
having a single dose of 400 mg per os TMZ  (the serum (1 mL)  was treated by 10 �L
concentrated HCl). The detection was carried out at 200 nm (a) and 325 nm (b). UV
spectrum of TMZ  is shown (c). (Separation conditions were as in Fig. 1, but using
3DCE instrument with normal capillary (without extended light path).)
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Fig. 3. MEKC electropherograms of serum spiked with 1 �g/mL TMZ with direct

centration) of 8.2 and 10.1 �g/mL, Tmax values (time to maximum
plasma concentration) of 44 and 65 min  and t1/2 values (elimination
half-life) of 119 and 142 min. These values are close to the values of
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he sample is injected in 2 min  (a) and 30 min  (c) after spiking with TMZ. MEKC
lectropherogram of serum including serum protein peaks (the position of TMZ  is
arked) (b) (conditions: 25 mM phosphate, 40 mM SDS, pH: 6.8, +25 kV, � = 200 nm).

he serum samples can be directly injected and the drugs can be
nalyzed, because the drugs often elute before the proteins [23].
umerous MEKC works (where the SDS is included in the running
lectrolyte) can be found in literature, which report the direct injec-
ion of serum and other biofluids samples [24,25].  Therefore, in

EKC determination of TMZ, the serum samples were merely sub-
ected to a centrifugation to remove particular materials avoiding
logging of the capillary.

In Fig. 1a the MEKC electropherogram of serum sample spiked
ith 20 �g/mL TMZ  is analyzed. The TMZ  reaches the detection
indow much faster than the SDS micelle protein complexes,

herefore, although the proteins are present in a concentration with
everal orders of magnitude larger than the TMZ  (Fig. 1b), no inter-
erences were obtained.

The serum is spiked with a quite large amount of TMZ, to
llustrate the fast conversion of TMZ  to MTIC and 5-amino-
midazole-4-carboxamide (AIC) in neutral pH. In Fig. 1a beside the
MZ  small amount of MTIC could be detected (sample is injected
n 2 min  after spiking with TMZ). In 30 min  the 55% of TMZ  was
educed to AIC (via MTIC) (Fig. 1c). In our earlier work the conver-
ion of TMZ  in water and serum was studied and it was  shown that
he clinical samples should be acidified to keep the TMZ  content
onstant [19].

The conventional CE instruments with UV detection (HP 3DCE
nstrument, without capillary with extended light path) are just
ble to detect the TMZ  content in a serum of a cancer patient hav-
ng a therapeutic dose of TMZ  (Fig. 2). The peak of the TMZ  can
e very easily identified and integrated when 325 nm is used for
he detection, because the TMZ  has an absorption maximum at this
avelength (Fig. 2c), but the other components of serum do not
ave. A liquid–liquid extraction of TMZ  as a preconcentration step
akes possible the determination of TMZ  at the level as small as 1%

f the peak concentration. Ethyl acetate was used for extraction of
MZ  in Ref. [14]. When 200 �L serum spiked with TMZ  (20 �g/mL)
as extracted to 3 mL  ethyl acetate, the efficiency was  around 50%,

ut repeating the extraction twice, the efficiency grew to 85%. The
rganic phase was evaporated and the dried material was dissolved
n 10 �L 0.1 M HCl. With this extraction step the sensitivity could

e improved by a factor of 17 (the peak heights of TMZ can be com-
ared in Fig. 3a and c), and a large part of the matrix components
ere also removed (Figs. 3b and 4d). Using this procedure the con-

entrations of TMZ  in the serum of two cancer patients (with similar
injection detected at 325 nm (a) and 200 nm (b); and after extraction to ethyl acetate
and evaporation detected at 325 nm (c) and 200 nm (d). (Separation conditions were
as in Fig. 1.)

age and weights) after having single doses of 400 mg  per os (orally
administrated) were monitored (Fig. 4). The concentration curves
were relatively similar with Cmax values (maximum plasma con-
Time (min)

Fig. 4. Monitoring the concentration of TMZ  in serum of two  cancer patients in time
after  having a single dose of 400 mg per os.
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Table  2
Temozolomide contents determined in human brain and brain tumor samples.

Sample Time of sampling after
having TMZ  dose (min)

Mass before
lyophilization (g)

Mass after
lyophilization (g)

TMZ  content
(�g/g)

Non-tumoral brain 105 0.3782 0.0748 0.0476
0.99
0.78
0.76
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Tumor 1 135 

Tumor 2 150 

Tumor 3 165 

.7–1.9 h obtained by others [26,27]). It is interesting to note that in
he earlier in vitro serum studies the half-lives of TMZ  were found
o be only 15 min  [14] and 33 min  (and 28 min  in water at pH 7.9)
19], which are much smaller than those obtained in this present
n vivo analysis. Here further investigation is needed to find the
xplanation.

.2. Analysis of brain tumor samples

Whereas the serum can be directly injected into the CE capillary,
t is not possible in the case of the brain tumor samples due to their
olid consistence. Additional difficulties are that the contents of the
harmaceuticals in the brain (tumor) are typically much smaller
han in the serum, and the available amount of the in vivo tumor
amples are small (less than 1 g). The lyophilization and subsequent
issolution of the dried material is a simple and effective procedure
o ensure the homogeneity and to dissolve the analyte in a proper
olution. The lyophilized tumor samples were dissolved in a mini-
al  volume of 0.1 M HCl (300–600 �L) to prevent the hydrolization

f the TMZ  and to keep the dilution of the analyte small. Although
he obtained solution was  dense, its direct injection and determi-
ation was possible. The peak of the TMZ  was just detectable (close
o the LOQ) from a sample of a cancer patient after 165 min  having

 single dose of 400 mg,  but it was already not detectable in other
umor samples.

In order to improve the sensitivity of the determination, the
yophilized and dissolved sample (50 �L) was extracted to ethyl
cetate (85% extraction efficiency) and after removing the organic
olvent a final sample volume of only 10 �L acidic solution (dried
aterials was dissolved in 0.1 M HCl) was analyzed. After the

xtraction preconcentration the TMZ  could be well detected from
he non-tumoral brain and the three brain tumor samples (Fig. 5).

he confirmation of the identity of the TMZ  peaks was  obtained by
omparing the spectra of the sample peaks and the TMZ  standard,
nd by spiking the samples with TMZ.

98765
min

0.
3 

m
A

U

TMZ

a,

b,

ig. 5. MEKC electropherograms obtained for (a) a brain tumor (lyophilized and
reconcentrated with extraction) of a cancer patient after 165 min  having a single
ose of 400 mg and (b) this tumor sample spiked with TMZ  (0.4 �g/mL). (Separation
onditions were as in Fig. 1, � = 325 nm.)
15 0.1047 0.0852
03 0.1217 0.0614
47 0.1211 0.117

The TMZ  contents of the tumor samples are summarized in
Table 2. The results of the few numbers of tumor samples are
not enough to make a concentration curve of TMZ  in time, and
probably the analyte concentrations in the different tumor pieces
cannot be compared due to their heterogeneities and vascularities.
(The rapidly proliferating tumor tissue has areas of consider-
ably different proliferating activity and vascularisation that makes
glioblastoma inhomogeneous.) From the results of the obtained
tumor samples (Table 2.) it can be concluded that the TMZ  crosses
the blood–brain barrier, but the peak concentration in the analyzed
tumor tissue cannot be higher than 0.15 �g/g. This TMZ  concentra-
tion found in vivo in the brain was smaller than the one reported by
others. In the intracerebral microdialysis study the TMZ  peak con-
centration in brain interstitium was found to be around 0.6 �g/mL
[2,28]. Based on a predictive pharmacokinetic model 1.8–3.7 �g/mL
predicted peak TMZ  concentration was found in normal brain [7].
The differences are supposed to be primarily due to the difference
in the physiologic compartment being sampled [28].

The smaller TMZ  content obtained in our study can be the rea-
son for the different vascularity of the tumor. (Tumor samples
were originating from a recurrent tumor. The patient had con-
comitant radio-chemotherapy 6 months before tumor regrowth,
so recent tissue samples were removed from a glioblastoma with
relatively reduced vascularity and vitality due to the combinant
oncotherapy.)

4. Conclusion

We  have demonstrated that the MEKC technique with a com-
mon  UV spectrophotometric detection is well applicable to direct
determination of the in vivo TMZ  content in the serum of cancer
patients. Below 1 �g/mL (the 10% of the peak concentration of TMZ),
an extraction is needed to apply to preconcentrate the analyte.

Knowledge of drug concentrations in tumors is critical for
understanding the drug effectiveness and accumulation. The prob-
lem of measuring drug concentrations in human brain tumors
highlights a void in data on drug disposition in human tumors. The
MEKC seems advantageous for analysis of brain tumor investiga-
tions, too. In the present work relatively small work-up procedures
were involved and as little as 0.8 g sample (tumor) was required
for preconcentration and analysis. In the case of the MEKC deter-
mination of TMZ  in serum or brain tumor samples, pretreatments
(extraction or lyofilization) are needed to either improve the LOQ
or obtain an injectable, liquid-state sample from a solid consistency
material as brain tumor.

The obtained peak concentrations (8.2–10.1 �g/mL) and Tmax

(44–65 min) of TMZ  in serum were similar to the reported serum
data, but the in vivo TMZ  concentrations found in brain and brain
tumor (0.047–0.117 �g/g) using our direct analysis largely differ
from the values obtained by others with indirect procedures. Here
further investigations are needed.
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