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Abstract

Sol–gel synthesized nanostructured TiO2 matrix were produced with different channel sizes, where drug are immersed, producing a
reservoir with Temozolomide (TMZ). This drug is particularly important for the treatment of cancer tumors, which are fundamentally
a consequence of the uncontrolled reproduction of human cell. In this way the chemotherapy plays an important role in the treatment of
both recurrent and newly diagnosed patients. In the handling of brain tumors TMZ has been discovered as a recent and efficient second
generation drug employed in the control of advanced brain gliomas, and it is a welcome addition. Its active component binds to the
cancerous DNA cells, thus preventing their disordered growth, destroying them. In this work, we report the synthesis of TiO2 nanostruc-
tured reservoir with TMZ, focusing the effort to the understanding of structural effects on the TMZ configuration by using nuclear mag-
netic resonance, Raman and IR spectroscopy methods. Our results establish that TMZ molecules are quite sensible to chemical processes
and it produces the activation of the molecule, which is followed and understood with help of quantum molecular simulation methods.
The study of the molecules allows determining the conditions that produce the activation and chemical selectivity of the molecules, which
determines the conditions of synthesis. This information gives parameters for the reservoir structural and chemical optimization.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

One of the main goals for all the new nanostructured
materials is to find optimal conditions of synthesis for
being applied in a particular function [1]. In this way the
synthesis parameters are related directly to the expected
properties, and consequently the materials design depends
on the understanding of the involved behavior of the mate-
rial. This becomes particularly important for the possible
use of nanostructured reservoirs in drug delivery processes,
the understanding of the produced structures and the cor-
responding effects on the drug molecules, which are consid-
ered to administrate [2,3]. In previous reports we have
demonstrated the synthesis of nanostructured reservoirs
based on TiO2 [2] and SiO2 [3] aggregates producing por-
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ous matrixes, which are obtained by sol–gel methods.
These structures have demonstrated to generate morpholo-
gies with channels [2] and tubular shapes [3], while the own
drug molecules act as micelles keeping the internal struc-
ture of the channels.

The use of nanostructured reservoirs for drug delivery
has been focused mainly to the treatment of neurodegener-
ative diseases as epilepsy or cancer tumors. In this way,
cancer is a disorder of the processes of cellular growth,
development, and repair. It consists fundamentally in an
uncontrolled growth of cells that differ morphologically
and biochemically from the original ones. Tumors of the
central nervous system (CNS) are the most frequently
found in children (70–80%), and they arise from glial cells
tending to metastasize outside the CNS unless there is a
surgical intervention. Chemotherapy plays an important
role in the treatment of both recurrent and newly diag-
nosed patients. One of the most important recent means
to control and treat these CNS tumors is provided by the
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use of TMZ, which belongs to a recent second generation
of highly efficient chemical drugs active in the control of
high grade brain gliomas, whose complete surgical removal
is seldom accomplished because of their infiltrative nature
[4].

Temozolomide (TMZ), TemodarTM in North America,
TemodalTM in Europe is a new oral alkylating agent with
high efficacy in the treatment of diverse tumors, such as pri-
mary malignant brain tumors and metastatic melanoma [5–
11]. TMZ features some advantages when compared with
other alkylating agents, because of its simple molecular
structure and pharmacokinetic properties [12,13]. Due to
its small molecular weight, TMZ efficiently crosses the
blood–brain barrier [14], becoming effective against brain
tumors and central nervous system malignancies. Studies
are being made to demonstrate its efficacy in the chemother-
apy of newly diagnosed high-grade gliomas.

TMZ can be administered orally, entering the blood
stream with practically total 100% efficiency. Perhaps
the major advantage of TMZ over other competing drugs
is its ability to penetrate the central nervous system
(CNS) and interrupting metastases. TMZ is spontaneously
converted to its active metabolite identified as 5-(3-
dimethyl-1-triazenyl) imidazole-4-carboxamide (MTIC),
by a hydrolysis reaction immediately after crossing into
the CNS [13]. So one of the main conditions to use the
nanostructured reservoir for this drug administration is to
keep the no active molecular configuration during synthesis
of the complex. In this work we study experimentally and
theoretically the evolution of the drug in the TiO2 matrix,
in order to deduce the parameters that must be considered
for optimum developments. With help of experimental
characterization and theoretical methods, the understand-
ing of the structure and the corresponding electronic prop-
erties becomes clearer and deeper [15–17], so in this work we
use both for the study of the structural configurations
involved in the reaction.

2. Methods and approaches

2.1. Synthesis

The titania and temodal occluded in titania sol–gel have
an Eg = 3.1 eV, due to the vacancies and free electrons
present in the sample. The Eg is the same in both cases
because a real bond does not exist, and apparently just
weak interactions occur. When samples are treated at
50 �C the spectra are the same, indicative of their stability
even at this temperature. Thus, the reservoir protects the
drug, avoiding its decomposition. General synthesis condi-
tions are based on previous reports [2,3].

2.2. Characterization

Solid-state 13C, 1H single and CP/MAS NMR spectra
were acquired on a BRUKER AVANCE SPECTROSPIN
400 MHz spectrometer operating at 100.62 MHz using a
triple resonance probe with a 4.0 mm rotor. Spectra were
acquired at spinning rates of 8–10 kHz to ensure that all
rotational sidebands would fall outside of the spectral
region of interest. All 13C and 1H NMR spectra are refer-
enced to TMS. FTIR analysis was done with a NICOLET
spectrometer model 710, following the KBr wafer method,
while Raman spectra were obtained with the micro-raman
accessory of the JOBIN-YVON spectrometer model
T64000, using a laser line of 514 nm.

2.3. Theoretical approaches

Structural models were built from the TMZ molecular
configuration, and the experimental determined data for
the extra configurations produced in the reservoir matrix.
Models were used to calculate the corresponding geometry
optimization and electronic properties mainly highest occu-
pied molecular orbital (HOMO), lowest unoccupied molec-
ular orbital (LUMO) and electrostatic potential (EP)
distribution and values. The calculi were obtained using
the DMol3 software [18] (as part of the Cerius2 software),
which is based on the density functional theory. It was used
the PBE functional [19] and a self consistent field tolerance
of 10�5 eV/atom for the higher precision.

3. Results and discussion

In order to establish the structure of the produced mate-
rial, and also the effects of the synthesis on the drug mole-
cules, which are considered to be delivered, the use of
NMR, Raman and IR spectroscopy are used to determine
the modifications and compare the pure materials against
the obtained after the synthesis where the TMZ is occluded
in the TiO2 (anatase) matrix. Cross polarization and magic
angle spinning in NMR experiments of solids are widely
used techniques for studying amorphous solids where the
polarization–magnetization transfer is used for detecting
the presence of rare nuclei by studying their influence on
the signal of an abundant spin system and to establish con-
nectivity between different nuclear sites. Furthermore, by
eliminating broadening from chemical shift anisotropy
and dipolar coupling. In this case, single and CP NMR-
MAS experiments of 13C and 1H to aid further in the assign-
ments of protonated and non protonated carbon atoms.

Pure TMZ 13C NMR-MAS spectrum shows two broad
bands. The most intense of them is located between 90
and 160 ppm include all sp2 carbons (three olefinic carbons
and two carbonil groups) while the broad band centered at
13 ppm can be assigned to methyl group in the nitrogen of
six members ring. The spectrum of proton (1H) shows three
signals. The most intense and sharp of them, located at
0.11 ppm is due to protons in methyl group and the smallest
ones at 0.93 and 1.36 ppm are related to amine and olefinic
protons, respectively, Fig. 1. When TMZ is obtained inside
the crystalline TiO2 anatase phase, following the ‘‘incipient
wetness’’ mode, the broad and intense band in 13C NMR-
MAS spectrum is similar to pure TMZ spectrum, showing
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Fig. 1. NMR-MAS analysis of pure TMZ. (a) 1H (proton) and (b) 13C
spectra.
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Fig. 2. NMR-MAS spectra of TMZ–TiO2 (Anatase) system. (a) 13C and
(b) 1H spectra.
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a small shift to low field and it becomes sharper than the one
of pure TMZ, probably due to the fact that TMZ is
occluded in the porous of anatase, suffering of a weak
shielding. There is not the methyl signal in spectrum. On
the other hand, 1H NMR-MAS analysis of the same sam-
ple, shows a spectrum with two signals, one of them, sharp
and very intense around 5 ppm besides a second band at up-
field, the first signal is assigned to methyl and the second
one to protons of amine group. Weak and symmetric sig-
nals can be seen in spectrum but they could be sidebands
due to the spinning in the experiment, Fig. 2.

When titania-TMZ system prepared ‘‘in situ’’ (where the
drug was added while TiO2 was synthesized by the sol–gel
method at pH controlled conditions) was analyzed, signifi-
cant changes in spectra are found. 13C NMR-MAS spec-
trum has an intense signal (doublet) at 39 ppm that could
be assigned to methylene groups of carbon aliphatic chains
from organic residuals formed during the synthesis of titania
from alkoxides route in addition to a weak signal located at
22 ppm due to methyl group bonded to nitrogen atom. At
downfield, a broad and weak band centered at 112 ppm is
originated by olefinic carbons in the five members ring and
only one signal at 171 ppm due to one carbonyl group
(amide type) can be seen, Fig. 3. The 1H NMR-MAS spec-
trum of the same sample exhibits several signals: the most
intense at 2.77 ppm probably due to the presence of protons
in alkyl chains of synthesis residuals. At up-field, it can be
seen a small band (2.05 ppm) originated by the methyl on
nitrogen, beside a broad band around 5–6 ppm of protons
bonded to nitrogen of amide group plus alkene type car-
bons, Fig. 3. In all cases, NMR-MAS spectra are quite dif-
ferent than those of ones of pure TMZ and TMZ-anatase
system. Furthermore, spectrum generated by CP 1H-13C
experiments in TMZ-TiO2 system shows changes in 13C sig-
nals respect to the simple experiment. Methyl group has an
enhanced signal (triplet) centered at 25 ppm while the dou-
blet at 41 ppm is now a singlet signal, a weak signal at
110 ppm from olefinic carbon and the last, but enhanced
peak at 180 ppm of carbonyl group, corroborating the
assignments above discussed, Fig. 4.

The modifications to the TMZ denote structural effects
of the synthesis on the drug molecular configuration, which
must be better understood in order to apply this nanostruc-
tured material as reservoir. Consequently vibrational spec-
troscopies (FTIR and Raman) were utilized in order to
understand the TMZ-Titania system. FTIR spectrum has
a broad and strong band in the upper side originated by
the stretching vibration of O–H (water and structural
hydroxyls of TiO2). Around 3000 cm�1 there are several
sharp peaks related to stretching vibrations of C–H bonds
(unsaturated and saturated). In the middle of spectrum,
we can see only a very weak shoulder that could be related
to a carbonyl group, the bending vibration of water at
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Fig. 3. NMR-MAS spectra of TMZ–TiO2 (Sol–Gel) system. (a) 13C and
(b) 1H spectra.
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Fig. 4. Cross polarization NMR-MAS spectrum of TMZ–TiO2 sol–gel.
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Fig. 5. FTIR spectra of (a) pure TMZ and (b) TMZ–TiO2 sol–gel sample.
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1643 cm�1, the amine and C–C double bond at 1565 cm�1,
the bending deformation vibrations of C–H (methyl group)
at 1425 cm�1 and the most intense band of spectrum in the
lowest region due to the titania structure. As it can be seen
in Fig. 5, there is not similarity between the IR spectrum of
pure TMZ and the one of the TMZ–TiO2 sample, suggest-
ing that TMZ has changed to other chemical specie.

Raman analysis support the aforesaid because the spec-
trum of the TMZ–TiO2 sample present mainly the intense
and characteristic bands in the lowest region of spectrum
of amorphous TiO2 with weak signals of C–H bonding
around 1417 cm�1, sharp peaks up and down of 3000 cm�1

(alkyl and alkene C–H), which demonstrate the presence
of organic material into titania matrix. Besides, when
Raman spectrum of pure TMZ is analyzed, any likeness
was found with the above described spectrum, Fig. 6. Spec-
troscopic results show that TMZ has changed during the
sol–gel synthesis of titania, probably to the MTIC structure,
as it is well known that happen when it is exposed to basic pH
or drastic conditions.

Considering that TMZ belongs to a new class of alkylat-
ing agents known as imidazotetrazines, containing an imid-
azole ring. And also that TMZ is a small (molecular weight
194) lipophilic molecule that can be absorbed in the diges-
tive tract to cross the blood–brain barrier, which it is stable
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Fig. 6. Raman spectra of pure TMZ and the system TMZ–TiO2 sol–gel.

Fig. 7. Structural evolution of TMZ to be transformed on the M
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at the acidic pH of the stomach but once it is in contact
with the slightly basic pH of the blood, TMZ suffers hydro-
lysis to the active metabolite MTIC, which rapidly breaks
down to form the reactive methyldiazonium ion, Fig. 7
[13]. Then from this well determined degradation process
of TMZ, we can identify that the molecular modification
evidenced in the vibrational spectra are related to the pres-
ence of intermediate stages of the synthesis shown in Fig. 7.

The physicochemical understanding of these intermedi-
ate stages and the MTIC becomes indispensable if we want
to establish the perspectives of application for delivering
processes. So the use of quantum molecular simulation
was applied for each molecule in the reaction, Fig. 8. The
geometry optimization and the consequently electronic
properties were obtained for each one. The effects of the
first modification include also a charge modification for
the molecule considered as second step in the reaction,
where the OH group is added to the molecule. However,
for the third step the charge is neutral again and just elec-
tronic distributions change significantly as consequence of
ring opening. Finally the redistribution of electrons and
atoms produce the MTIC, which is well established as
the most active configuration of these molecules derived
from the TMZ.

Considering the frontier molecular orbital (HOMO and
LUMO) distributions, we can understand better the effects
on the chemical selectivity and the capability of the mole-
cules to be receptor or donor of electrons in a possible
interaction with the matrix in the reservoir or with the neu-
rons in case it is delivered properly [20–23]. It is clear that
HOMO distribution changes dramatically since for the ori-
ginal molecule it is localized in the region with the oxygen
exposed atom, while for the second step it is distributed
generally in the molecule, but for the last two structures
the HOMO is found in the right section, mainly over the
nitrogen exposed atoms. Besides LUMO is more homoge-
neously distributed for the three first configurations, but
TIC, which is the active structure used for cancer treatment.



Fig. 8. Quantum mechanics analysis of structures involved in the TMZ transformation. (a) TMZ, (b) second step, (c) third step and (d) MTIC. In all cases
the model, HOMO, LUMO and EP configurations.
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similarly to HOMO, the MTIC molecule shows a localiza-
tion of the orbital over the N exposed atoms. Values of
these molecular orbitals can be associated to the chemical
selectivity with help of the Pearson theory, which relate
the HOMO–LUMO gap with the plausibility of accept or
donate electrons during an acid–base reaction [20–22]. In
this way the hardness can be expressed as

g / LUMO�HOMO

2
;

which are shown in Table 1 for each configuration and also
for the TiO2 (anatase). The comparison between the differ-
ent structures allows identifying that while the original
TMZ has a very different hardness and consequently the
chemical interaction would be no plausible between TMZ
and the TiO2 matrix. However for the produced molecules
in the reaction, the interaction with the anatase matrix
must be strong and consequently it is not a favorable for
drug delivery. From the calculated electronic properties,
it is also of particular interest to determine the electrostatic
potential (EP) that allows identifying possible polarization
Table 1
Molecular hardness from the electronic structure

Model HOMO (eV) LUMO (eV) g (eV)

TMZ �1.1298 �1.5446 �0.2074
Step 2 �6.1786 �3.2679 1.4553
Step 3 �5.8122 �2.6431 1.5845
MTIC �5.5669 �1.9824 1.7923
TiO2 (anatase) 1.72
effects. In Fig. 8, it is clear that with exception of the second
step, which is no charge neutral, the other structures show
a similar polarization and consequently the effects of this
on the electrical environment in the brain is no modified,
and the real effect are based purely on the chemical selectiv-
ity determined by the frontier orbital distributions and
values.

4. Conclusions

From our results we can determine that the nanostruc-
tured reservoir has the ability to be obtained with the
TMZ occluded in it, however the conditions of synthesis
must be considered carefully, since our results determine a
molecular degradation of the TMZ generating the MTIC.
This process involves a stronger interaction of the produced
molecules with the inorganic matrix making more compli-
cated its administration, since the MTIC has a high chemi-
cal affinity to be fixed to the TiO2 walls. Moreover the
molecular modifications produce the MTIC before this go
inside the region to attack the cancer evolution, and that
is one of the most important conditions for its success
[10–13]. Theoretical analysis allows determining the process
of electronic structure that determines the requirement of
this molecular structure to remain with weak interaction
against inorganic matrix, which can be directly associated
to the hardness and HOMO–LUMO gap. Also the polariza-
tion of the molecules can be identified in the theoretical
results, which associate no important modifications between
the configurations, discarding the dependence of the polar-
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ization of the molecules on its use for cancer treatment. In
this way, we can conclude that the synthesis of the complex
of TiO2 with TMZ is no adequate under the basic conditions
of pH, since this produce structural change to the TMZ and
consequently this will have a strong interaction with the
TiO2 and also the effect to the damaged cells will be no
successful.
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