Adsorption (2011) 17: 573-581
DOI 10.1007/s10450-011-9330-x

Synthesis, characterization and in vitro cytotoxicity of Pt-TiO,

nanoparticles

T. Lopez - M. Alvarez - R.D. Gonzalez - M.]J. Uddin -
J. Bustos - S. Arroyo - A. Sanchez

Received: 18 December 2010 / Accepted: 28 January 2011 / Published online: 12 February 2011

© Springer Science+Business Media, LLC 2011

Abstract The adverse toxicological profile of cisplatin (cis-
dichlorodiammineplatinum (II)), characterized by nephro-
toxicity and neurotoxicity is the main factor that limit the
clinical usefulness of this antineoplastic drug, specifically
the possibility of applying it in effective high-dose regi-
mens. In order to overcome these disadvantages, many ef-
forts in the search for new drugs have been made. Due to
this particularity, we obtained via sol-gel process Pt(acac),—
TiO, (NPt) nanostructured materials with antitumoral ac-
tivity to be used as an alternative in the treatment of can-
cer tumors. The biocatalysts were prepared by the sol—gel
route using the complex Pt(acac),. Sol-gel parameters were
controlled in order to obtain high platinum dispersion and
particles in the nano-size range. TEM, FTIR, N, adsorp-
tion and XPS characterization studies of the samples were
carried out. In order to investigate interactions between the
biocatalyst and DNA, agarose gel electrophoresis was per-
formed, and we observed the formation of DNA adducts.
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45 minutes after contact, NPt completely degraded the DNA
(cisplatin 120 minutes). These results demonstrate that us-
ing a metal supported and dispersed over an inorganic bio-
compatible oxide, can be effectively used in the treatment of
localized tumors.
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1 Introduction

Nanotechnology is an area of science devoted to the design,
construction, and utilization of functional structures on the
nanometer scale. There are numerous applications for nan-
otechnology referred as “nanomedicine” by the National In-
stitute of Health (Bethesda, MD, USA): biosensing (Pirozzi
et al. 2009; Kaushik et al. 2009), biological separation (Giil-
tekin et al. 2009), molecular imaging (Song et al. 2009)
and anticancer therapy (Zhou et al. 2009; Kuo et al. 2009),
these applications are related with their novel properties and
functions that differ from their bulk counterparts (Gao and
Xua 2009). Although all these nanomedical devices allow
new opportunities for many diseases, their practical applica-
tion has been limited by problems with toxicity, instability,
and/or lack of selectivity.

To overcome these limitations, researchers have made
several modifications by physically or chemically anchor-
ing biocompatible polymers on the surfaces of diagnostic
and treatment nanomedicines (Patil et al. 2009). The surface
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modification of nanoparticles with hydrophilic groups re-
duces the interfacial energy in an aqueous environment, thus
preventing unwanted aggregation due to secondary interac-
tions between nanoparticles (Qiu and Wang 2008; Park et al.
2010). In addition, the surface functionalization of these par-
ticles with hydrophilic groups may the recognition by pro-
teins and cells in the body, allowing the nanomaterials to cir-
culate in the blood for a longer period of time and increasing
the possibility that it will reach the target site.

Cancer cells often display increased cell surface ex-
pression of proteins that may be found at low levels on
normal cells (tumor-associated antigens), as well as pro-
teins that are found exclusively on cancer cell surfaces
(tumor-specific antigens). Active drug targeting is usually
achieved by chemical attachment to a targeting component
that strongly interacts with antigens (or receptors) displayed
on the target tissue, leading to preferential accumulation of
the drug in the targeted organ, tissue, or cells. The use of
a targeting moiety not only decreases adverse side effects
by allowing the drug to be delivered to the specific site of
action, but also facilitates cellular uptake of the drug by re-
ceptor mediated endocytosis, which is an active process re-
quiring a significantly lower concentration.

In the search of new therapeutic cancer drugs, platinum
complexes are very interesting due to the anticancer demon-
strated activity of platinum (Galanski et al. 2004; Jadhav et
al. 2010; Pang et al. 2007). Recent studies have shown that
nanoparticles of inorganic polymers such as SiO; and TiO;
used as catalytic supports of platinum complexes can inter-
act with cancer cells (Lépez et al. 2008, 2010; Trewyn et al.
2008; Liu et al. 2010; Chen et al. 2007; Zhu et al. 2010).
In the present work we obtained NPt nanoparticles, using a
chelate agent as solvent, these nanoparticles were character-
ized by physicochemical techniques and tested for in vitro
activity against DNA.

2 Experimental
2.1 NPt synthesis

Pt(acac); —TiO, (NPt) nanoparticles were obtained by mod-
ifying the previously reported synthesis (Sdnchez et al.
1996), using Titanium (IV) butoxide (Sigma-Aldrich, 97%)
as precursor, acetylacetone as solvent and without hy-
drolysis catalyst. Two samples were prepared: TiO; ref-
erence and NPt under same stirring, temperature and pH
condition. In the case of NPt, the appropriate amount of
Pt(acac), (Sigma-Aldrich, 97%) was dissolved in acety-
lacetone in order to obtain 1% mol of Platinum. The sam-
ples were dried at 70°C and crushed for further analysis
(PCT/IB2009/006079-june29.06.2009).
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2.2 Characterization
2.2.1 FTIR

The samples were characterized by FTIR spectroscopy us-
ing a FTIR IR Affinity-1 spectrophotometer (Shimadzu).
The samples (5%wt) were pressed together with KBr, into
wafers (100 mg) for their analysis.

2.2.2 UV-Vis spectroscopy

The spectra of the powders were collected in a Cary-1 Var-
ian spectrophotometer with integrating sphere from 200 to
800 nm. The samples were analyzed as obtained without any
treatment.

2.2.3 Electronic microscopy

Scanning electron microscopy (SEM) was performed on a
Hitachi-4800 Field Emission Scanning Microscope oper-
ated at 3 kV to investigate porous morphology and nanos-
tructure. The cryogenic conditions maintained with a con-
stant liquid nitrogen flow through the SEM analysis cham-
ber. The aqueous phase from the top surface of the bubble
shape frozen sample removed by maintaining temperature
gradient (10°C) for 5 min between the sample and the anti-
contaminator plate. The sample was then transferred under
the protection of high vacuum into the cryo-FESEM mi-
croscope chamber and imaged at an accelerating voltage of
2 kV and at a working distance of 5 to 6 mm.

The high magnification Transmission Electron Micro-
scopy (TEM) images were obtained using TEM; JEOL
2010, operated at 120 kV voltage equipped with energy
dispersive spectroscopic (EDS) microanalysis system (OX-
FORD). The images were obtained using a CCD Mega Vi-
sion (III) camera.

2.2.4 XRD

The X-ray diffraction (XRD) patterns were obtained using
a Brucker D-5000 diffractometer equipped with Cu-Ko ra-
diation of wavelength of 1.5418 A. The accelerating voltage
and the applied current were 45 kV and 40 mA, respectively.

2.2.5 XPS

The spectra were collected in a VSW Scientific Instrument
HA100 with 285 lens, the excitation source was Al K, (E =
1486.6 eV), the instrument is equipped with spherical sector
analyzer; the analyzer pass energy was 22 eV and resolution
of 0.6 eV. Calibration and reference spectra were taken the
same day. A Shirley function was applied for background
correction.
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2.2.6 N> adsorption measurements

Adsorption measurements were made in a BELSORP II (Bel
Japan Inc.) equipment using N> as adsorbate (77 K). Prior
adsorption the porous samples were outgassed under high
vacuum (<1x10~% Torr) at 100°C. Specific surface areas
were calculated using the BET equation®® and pore size dis-
tributions were obtained by the BJH method, pore size dis-
tribution was estimated using BJH method.

2.2.7 Invitro DNA test

Total DNA was extracted from C6 cells using the Qiagen kit.
The DNA concentration was measured using a Biorad bio-
photometer. 2 uL. of a DNA solution (500 pg/mL) was mixed
with 2 uL of the nanoparticle solution (100 mg/500 puL) and
incubated at 37 °C for different times. Following incubation,
electrophoresis in 1% agarose gel was performed at 120 V
for 1 hr. The gels were stained with ethidium bromide and
images were acquired using a Biorad GelDoc.

2.2.8 Invivo antitumor activity

C6 glioma cells were cultured using DMEM containing 10%
FBS, 10000 U penicillin/10 mg/ml estreptomycin at 37°C
in 5% CO; atmosphere. The cells were washed with PBS
sterile and added 800 ml of trypsine (0.05%, EDTA) for
each box. The cells were stained in trypan blue (4%), and
counted. 1 x 10° cells were suspended in a vial and in-
jected in a hole drilled into the left side of the skull (Bregma
AP = 1.6 mm, Lateral = 3.0, Vertical = 2.0 mm) of male
Wistar rats (200-250 g) previously anesthetized (80 mg/kg
ketamine and 10 mg/kg xylazine) by means of stereotaxic
surgery. The animals were allocated in 3 groups (n = 10)
namely Control (A), NPt-ref (B) and NPt (C). One week
after cell injection, the animals were administrated with
compressed cylinders made of NPt-ref (group B) and NPt
(group C) materials in the same coordinates and with the
same surgical procedure. In order to evaluate in vivo anti-
tumor activity the animals were monitored in the following
months and then sacrificed to remove the brain for further
histological study (Hematoxiline-Eosine stain).

3 Results and discussion
3.1 FTIR and UV-vis spectroscopy

It has been reported that sol—gel method is a suitable method
to obtain supported catalysts with highly metal dispersion
(Hu et al. 2006; Lambert and Gonzalez 1998). Moreover,
modification of TiO; surface can be achieved through ad-
dition of functionalizing agents as well as by using a vari-
ety of solvents (Schubert 2005). In our case, we report on

575
1.4
1.24
1.0
= 084
s
<
0.6+
; of | |
Naw
0.44 s b) i
0.2 a h
T T T T T T T T
2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 1 FTIR of the KBr supported samples (a) NPt-ref, (b) Pt com-
pound and (¢) NPt

the synthesis of functionalized TiO, materials with acety-
lacetone groups. FTIR spectra of the sol-gel samples NPt
and NPt-ref as well as Pt(acac), are showed on Fig. 1. In
the high energy region, we can observe for NPt and NPt-ref
samples, the presence of a wide band around 3400 cm™!,
characteristic of sol-gel materials. The appearance of two
additional bands in the NPt sample, that are higher than the
observed in NPt-ref and are not presented in platinum com-
pound spectrum, involved three different vibrations associ-
ated with vibrations of O-H bonds due to the presence of
water, the formation of hydrogen bonds between Ti—~OH and
acac groups. In the low energy region (Fig. 1b), NPt and
NPt-ref spectra showed typical doublet around 1550 cm™!
associated with the Ti—O—(acacaH) vibrations, this is sup-
ported by the band observed at 441 cm™!' (Klein 1988;
Guzmén et al. 2007). Between 1300 and 500 cm™! all the
spectra are similar and exhibits the corresponding bands to
C—H vibrations; the band observed at 474 cm™! in the plat-
inum compound corresponding to Pt—O vibrations, appears
like a small shoulder in the band centred at 439 cm ™! in the
NPt and NPt-ref spectra. In these samples a band located at
ca. 830 cm~! appears, this band is due to the presence of
C-H bond vibrations due to the interaction between titania
surface and acetylacetonate groups (Sdnchez et al. 1996).
The obtained spectra showed that complexant ligands behave
as terminal functional groups, and indicates that the mate-
rials were efficiently functionalized. We suggest that C=0
or C—O- of the platinum acetylacetonate, linked to the tita-
nia net, through the hydroxyl groups of the surface and des-
orbing H»O. Then, the loaded platinum is mainly over the
surface but some platinum atoms can be incorporated into
titania net replacing some titanium atoms, moreover the use
of acetylacetone as solvent, leads to the formation of some
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TiO(acac); as can be observed by XRD, mainly in the sur-
face of the materials.

To confirm the information obtained from FTIR charac-
terization, UV-visible spectra of the samples were collected
(Fig. 2). The absorption of the Ti4+ tetrahedral symmetry
normally appears at around 350 nm (Choi and Kang 2007).
In the case of NPt-ref, the fundamental absorption edge of
TiO, appeared in the UV region at about 304 nm that cor-
responds to charge transfer from O 2p to Ti 3d orbitals. The
maximum absorption for NPt and was observed at 304 nm
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Fig. 2 UV-Vis spectra of (a) NPt-ref, (b) Pt compound and (c) NPt
samples

Fig. 3 FESEM images of

(a) NPt (b) higher amplification,
cryo-FESEM images of (¢) NPt
dissolved and vitrified in H,O
and (d) higher magnification
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too with an additional band at 335 nm. UV-vis spectrum of
pure Pt(acac); is also displayed in Fig. 2 for comparison.
The presence of a shoulder around 400 nm in NPt sample
showed the incorporation of platinum acetylacetonate into
NPt material.

3.2 Electronic microscopy

Morphology of the NPt nanoparticles is showed in Fig. 3.
FESEM showed agglomerates formation for both samples.
When NPt sample was analyzed by cryo-FESEM we ob-
served that NPt can be dispersed in water very well (Fig. 3¢
and 3d). These agglomerates are formed by very tiny par-
ticles as TEM confirmed, with particles size of less than
10 nm.

According to the TEM (Fig. 4), particle size of NPt
nanomaterial is very small (from 1 to 2 nm). On the other
hand, following reduction, the observed particle size is much
larger (from 50 nm upwards). The result is that on the orig-
inal non-reduced sample the Pt is mono-dispersed (high Pt
dispersion) but not so on the reduced material, that exhibits a
low dispersion. The method of synthesis allows us to obtain
this high dispersion due to the inclusion of platinum at the
beginning of the process. It has been extensively reported
that highly dispersed metal enhances its catalytic activity
(Lambert et al. 2009; Bosch et al. 1993). Moreover, when
particle size of supported platinum is very small, as well as
the oxidation state increases considerably selectivity of the
catalyst.
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Fig. 4 TEM of NPt material

Fig. 5 EDX spectra of NPt
obtained by SEM

EDX analysis showed the composition of NPt material
(Fig. 5). As it can be observed, the material is mainly com-
posed by Ti, O, C and Pt. The large amount detected of car-
bon is due to the presence of acetylacetonate ligands, that are
forming mono or bidentate ligands with the oxygen atoms of
octahedral titania.

3.3 XRD

In order to study the influence of TiO(acac), compound, the
NPt sample was reduced under Hy at 500°C during 4 hours.
XRD measurements (Fig. 6) showed that in NPt sample the
presence of TiO(acac); can be detected (this information is
in agreement with the observed by FTIR). When the sam-
ple was reduced, anatase and rutile signals are observed and
TiO(acac), signals disappear. Before reducing the sample,
NPt material showed a crystallite size of 47 nm. Once the
NPt is reduced anatase is the main crystalline phase (ca.
88%) but some rutile is present (ca. 12%) and crystallite size
are 17 and 20 nm respectively.

Adsorption isotherms of NPt, NPt-red and NPt-ref were
measured in order to obtain information about textural prop-
erties of the samples (Fig. 7). The form of isotherms is
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Fig. 6 XRD patterns of NPt and reduced NPt

very close and is a type IV according to IUPAC classifi-
cation, this is characteristic of mesoporous solids. NPt-ref
and NPt-red samples exhibited isotherm with no hysteresis,
these materials exhibits a very small surface area (2.5 and
15.6 m? g~ ! respectively) since the pores are both meso and
micropores, in this case the limiting uptake is governed by
the accessible micropore volume rather than by the internal
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Fig.7 Adsorption-desorption N; isotherms of NPt and NPt-reference.
The inset corresponds to particle size distribution of both samples

surface area. For the NPt material something similar hap-
pens (Sper = 2.5 m? g_l) but isotherm in this case showed
hysteresis type HI, associated the presence of agglomerates
and this is in agreement with the observed by electronic mi-
croscopy. The low BET values are related with the presence
of agglomerates of particles too. This could be explained
by the presence of a large amount of acetylacetone groups
linked to the surface through Ti—~OH groups and Ti—O of the
particles that limits the access to N, atoms. Here, incorpo-
ration of acetylacetone during the synthesis of the materials
promotes the formation of these agglomerates as SEM im-
ages showed.

As mentioned before, one of the most important features
for catalytic activity is related with the chemical species
present over the support. The full XPS spectrum for NPt
nanomaterial is showed in Fig. 8. We observed the presence
of Ti, O, Pt and C elements.

3.4 XPS

XPS spectra of both NPt and NPt-reduced samples are
showed in Fig. 9. The Ti 2p spectrum, displays the spin—
orbit split lines to Ti 2p3;» (459.67 eV) and Ti 2py,2
(465.46 eV), A2p;;n—2p32 for the NPt nanomaterial is
5.79 eV indicating the presence of Ti(IV) species. The
C 1s xps spectrum is in Fig. 9 and shows two peaks at 285.63
and 287.7 eV, which correspond to amorphous carbon not
bonded to TiO, and to C=O0O from the organic solvent re-
spectively. The peak positions of Ti 2p3;2 and O 1Is in the
XPS spectrum can be assigned to the Ti—O bonds of TiO».
Regarding to the O 1s signal, we observed that for NPt
material, this signal is centered at 532.2 eV, and is slightly
shifted from the reported for conventional TiO; commonly
around 529 eV; this signal is formed by two bands: one
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Fig. 8 Full XPS spectrum of NPt

located at 531.02 and the other one at 532.51 eV, indicat-
ing different oxygen species The first corresponds to oxy-
gen bonded in TiO; and the last one to oxygen in the car-
bonyl group of acetylacetone ligand (Beamson and Briggs
1992). The environment of these oxygen species are mainly
Ti atoms from TiO,, hydrogen from hydroxylated surface
and to carbon atoms. When the sample is reduced, the O 1 s
signal showed that oxygen species from C=0O are absent of
the material, and this is due to the thermal treatment when
the sample is reduced.

In the platinum XPS spectra we show the 417/, and 415,
signals at 74.13 and 77.26 correspondingly. These signals
appears at 71.4 and 74.95 in the reduced sample where the
oxidation state is Pt(0). This is indicative of higher oxida-
tion state in the NPt nanomaterial, probably a combination
of Pt(II) and Pt(IV) species.

3.5 In vitro DNA degradation

The obtained nanoparticles were tested in vitro directly with
DNA of cancer cells (C6 cell line). A suspension of nanopar-
ticles was incubated directly with DNA and in a first exper-
iment we observed a total DNA degradation after 6 hours.
In a more detailed study (Fig. 10) we follow DNA degrada-
tion at shorter periods of time. We observed that at ¢ = 30,
NPt (lane 5) begins to interact with DNA since the band be-
comes to disappear even before than cisplatin (a well known
antitumor agent). At ¢ = 60, all the DNA was degraded
while the equivalent amount of cisplatin reached this after
180 minutes of incubation. This could be explained essen-
tially by the functionalized surface of the NPt material. Here
we observed that even bare reference (without platinum) de-
graded DNA after 24 hours. The presence of TiO(acac),
formed during the synthesis of NPt, gives additional actives
sites to charge deficient sites in the surface of TiO, for in-
teraction with DNA bases.
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Fig. 9 XPS spectra of Ti 2p and Pt 4f from NPt and NPt-reduced in H, samples

Fig. 10 Electrophoretograms at
different times. Lanes /. Control
(+), 2. cisplatin; 3. NPt-Ref,

4. cisplatin-TiO,, 5. NPt,

6. NPt-red
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Fig. 11 H-E staining of processed brain tissue (a) natural evolution of
induced GBM after 26 days, (b) interface tumor-normal tissue, (c) post
treatment (4 months), (d) higher amplification

3.6 In vivo antitumor activity

In order to confirm in vitro DNA activity, an animal model
using Wistar rats was performed. Because of high aggres-
siveness glioblastoma multiforme (GBM) is one of the tu-
mors with poorest prognosis and there is no effective treat-
ment to date. For this reason we use a GBM model induced
in rats, inoculating C6 cell line. Although rodent GBM char-
acteristics are not the same than human GBM, has been a
good approximation for testing purposes. In our experiment,
once the animals developed the intracranial tumor, and no
treatment was administrated the survival was no longer than
30 days (control group). Due to the size of the animals, the
tumor was induced in motor cortex in order to evaluate and
determine with observation any change in motor skills of the
animals. An interesting result was observed when NPt was
administrated. A cylinder made of NPt (5 mg) was surgi-
cally placed into the tumor by stereotaxic surgery. Fourth
months later, the animals were sacrificed and the brains
processed for pathologic analysis. Hematoxiline-Eosine
(H-E) stain photographs of the processed brains are shown
in Fig. 11. In the animals of the control group, we can ob-
serve the free evolution of the tumor with some of the main
characteristics of GBM like high cell proliferation and vas-
cularization as well as necrosis (a, b). In the other hand, the
tumors treated with NPt showed lower growth and less in-
vasiveness. In Fig. 11c treated tumor image shows the pres-
ence of the compressed NPt device, we can observe that
surrounding tissue is formed by normal cells (no tumor cells
appears), meningothelial hyperplasia was observed between
the material and the normal cells. We assume that the tumor
growth was slow down due to interaction between the NPt
and cancer cells, avoiding its spread. At the same time, we
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must notice that since the NPt cylinder remains fixed, antitu-
mor action is strongly related with surface contact and more
experiments need to be carried in order to improve the via
of administration that allow an optimal interaction between
cancer cells and NPt material.

4 Conclusions

We synthesized NPt nanoparticles, with high dispersed plat-
inum and functionalized surface. Addition of a chelate
agent as acetylacetone brings new features to the supported
nanoparticles. Formation of titanium acetylacetonate due to
synthesis conditions leads to the anchoring of this chemi-
cal compound to the surface of TiO,. Although low surface
area values were observed for the obtained nanomaterials
this parameter not influences in DNA degradation, since NPt
showed high interaction in a shorter time than a conven-
tional chemotherapeutic drug (cisplatin). However, it seem
that the oxidation sate of platinum is a more relevant para-
meter, since Pt(0) of the NPt-reduced sample showed lower
activity than NPt where platinum exhibits a higher oxidation
state. These results suggest that NPt nanoparticles could be
used as antitumor agent with the main advantage that cyto-
toxic agent (platinum) remains anchored to the support, as
well as the acetylacetonate groups, decreasing its concentra-
tion into the body and diminishing the adverse side effects.
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