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ABSTRACT 
 

Ordered silica nanoparticles are compounds highly organized which have very interesting 

textural characteristics, such as high thermal stability, well defined pore size, narrow size 

distribution and high area surface. Among the various types of nanomaterials ordered, the 

SBA-16 have a mesostructure that can be considered very interesting due to the fact of the 

arrangement of mesoporous (tridimensional as a cage) and spherical morphology, which 

make it in a promising material for a range of bioapplications such as incorporation of drugs 

and radioisotopes. In this study Gadodiamide® (Omniscan-General Electric Healthcare 

Company), a frequently non-ionic gadolinium complex contrasting used in MRI’s, was 

incorporated in the silica matrix SBA-16 as a carrier. From this gadolinium it is possible to 

obtain the isotope 
159

Gd by neutron irradiation, wherein the isotope 
158

Gd captures a neutron 

and becomes 
159

Gd [
158

Gd(n,c)
159

Gd]. The 
159

Gd is a beta (endpoint energy of 970.6 keV) and 

gamma (main energy: 363.54 keV) emitter with a half-life of 18.59 hours. These 

characteristics are similar to that of other isotopes already used in nuclear medicine such as 
90

Y. In this work, the 
158

Gd incorporated in the Gd-silica was activated by the neutron flux 

generated by the cyclotron located in the Centro de Desenvolvimento da Tecnologia Nuclear 

(CDTN) during the production of the 
18

FDG. Atomic emission spectroscopy (ICP-AES) and 

infrared spectroscopy (FTIR) were used to confirm the presence of the gadolinium complex 

in the silica matrix. The antitumor activity of the complex after the irradiation was evaluated 

through citotoxicity assay with T98 cell lines derived from a human glioblastoma multiform 

tumor. 

 

Keywords: SBA-16, gadolinium, incorporation. 

 

 

1. INTRODUCTION 

 

Recently a large number of nanostructured materials have been studied as carriers of drugs 

and radioisotopes for cancer treatment. These systems have the main objective of controlled-

release and selective delivery of anticancer drugs or radioisotopes to target tissues, preserving 
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healthy tissue. These nanostructures can be formed by biodegradable systems such as 

liposomes and solid lipid nanoparticles, inorganic materials such as silica nanoparticles, 

metal oxides and carbon nanotubes [1, 2, 3, 4]. 

 

Among these systems, the liposomes were the most researched in the last decades, with the 

formulation Doxil
®
 (pegylated liposomal doxorubicin), one of the few nanostructured 

systems in clinical use worldwide aiming to treat cancer [5, 6]. On the other hand, the 

nanostructured mesoporous silica alongside other inorganic systems has proved to be  a 

promising new carrier system or "Drug delivery system".  According to studies conducted by 

Andrade and co-workers [7], Hu and co-authors [8], Pasqua and co-workers [9], these 

nanoparticles are biocompatible and have the ability to adsorb significant amounts of 

substances into the mesopores. 

 

In 1999, the FDA (Food and Drug Administration) approved the use of silica microspheres, 

with a size ranging between 20 and 30 microns, attached to 
90

Y for the treatment of liver 

tumors not treatable. These systems are known commercially by SirSphere
®
 and 

TheraSphere
® 

(MDS Nordion, Ottawa, Ontario, Canada) [10, 11]. 

 

In the same direction follows the growing interest in the development of 

radiopharmaceuticals for cancer treatment. These molecules are designed to deliver 

therapeutic doses of ionizing radiation to specific sites in cancerous tumors in the body with 

high specificity. Many of those pharmaceuticals have been used for the treatment of cancer 

for over five decades [12]. The radionuclide contained in the compounds depends on the 

nuclear physical properties, such as half-lives, energies and branching ratios for beta and 

gamma decays. 
159

Gd is a promising radiopharmaceutical because the half-life of 18.59 hours 

and emission of negative beta particles with endpoint energies of 970.6 keV [12, 13]. 

 

The 
159

Gd can be obtained by exposing 
158

Gd to a beam of thermal neutrons from an 

appropriate source, such as a nuclear reactor, a californium source (
152

Cf) or the neutrons 

generated by a cyclotron [13]. In this last, a beam of neutrons can be generated, for example, 

through the nuclear reaction 
18

O(p, n)
18

F utilized for the production of FDG. The 

bombardment of the 
18

O in enriched water with the protons of the cyclotron produces a 

neutron radiation field. These neutrons contribute not only for immediate radiation exposure 

of the workers, but also, for long-term exposure due to activation of the cyclotron 

components and concrete bunker [14, 15].. 

 

Cytotoxicity is a complex in vivo phenomenon, which can result in a wide spectrum of 

effects, from cell death to metabolic aberrations, which occur functional changes in a some 

specific way. The evaluation of cytotoxicity is the first step to ensure the biocompatibility 

and estimate the potential clinical application of a new material [7]. In this work MTT assay 

was used in order to access cell metabolism viability. 

  

Considering the above context, the present work involves the synthesis, characterization and 

the in vitro study of nanostructures based on silica SBA-16 containing the 
159

Gd radioisotope 

applied to cancer treatment. 
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2. REASON 

 

Cancer is a leading cause of death worldwide and malignant neoplasms of the lung, stomach, 

liver, colon and breast cancer [16]. Given this reality, there is an ongoing investigation in the 

search for news and betters methods that may contribute to early diagnosis and a cancer cure 

[17]. 

 

Radiotherapy, one of the most commonly used therapeutic approaches against several types 

of solid tumors, stumbles upon serious difficulties in bringing proceedings selectively in to 

discriminate oncogenic cells from normal cells and, therefore, accounts until nowadays, 

several side effects as radiodermatitis, extensive skin burns and also considerable reduction 

of immune capacity of patients. They also observed a significant increase these effects when 

the lesions are located in regions of high anatomical complexity, requiring ionizing radiation 

through healthy tissue to find the oncogenic cells, depositing in its path, part of its energy 

[18]. To circumvent these problems, therapy with radiopharmaceuticals is an alternative to 

conventional radiotherapy working mainly on malignant cells without impacting healthy 

tissues. 

 

Whereas the use of silica nanoparticle SBA-16 may prove to be a radioisotope carrier and the 
159

Gd presents potential as radiopharmaceutical, the aim of this work is to develop in vitro 

studies using SBA-16 that can selectively concentrate in malignant cells therapeutic amounts 

of the radioisotope 
159

Gd inducing  them to death. 

 

 

4. METHODOLOGY 

 

4.1. Synthesis of SBA-16 

 

Silica-block copolymer mesophases were synthesized using Pluronic F127 (poly (ethylene 

oxide)-block-poly(propylene oxide)block-poly(ethylene oxide), Mav=12600, as a templating 

agent at room temperature. In a typical preparation, 3.0 g of Pluronic P127 was dissolved in 

144 mL of water and 14 mL of 38% HCl solution under constant stirring at 25°C. After 

approximately 30 minutes, 11 mL of co-surfactant butanol was added to reach a 1:3 

(F127:BuOH) mass ratio in the ternary system. Next 15.3 mL of tetraethyl orthosilicate 

(TEOS, Sigma-Aldrich) was added to the solution under constant stirring at 45°C for 24 h. 

After aging at 100°C for 24 h in a hermetically closed recipient, the solids were collected by 

filtration and dried at 60°C for approximately 24 h. The surfactant was removed by 

calcination, which was carried out by increasing the temperature to 550°C under a constant 

nitrogen flow for 5 hours. Chemical analysis showed that the surfactant had been completely 

removed by this thermal treatment. 

 

4.2. Incorporation of Gd-DTPA-BMA in SBA-16 

 

For incorporation of Gd-DTPA-BMA into SBA-16, 2.0 g of the silica was dispersed in 150 

ml of MilliQ
®
 water and left for 30 minutes under sonication process (about 15 kJ was 

deposited in the dispersion) and then 2.0 g (7 ml) of complex Gd-DTPA-BMA ( 551.04 mg 

of gadolinium) was added. Afterwards, the solution was kept for an incubation time of 120 

hours (labeled as SBA-16/Gd) at 25 °C.  The solution was filtered with a membrane filter of 

0.45 µm, and analyzed by atomic emission spectrometry method with inductively coupled 
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plasma (ICP-AES) to calculate the amount of complex Gd-DTPA-BMA on silica SBA-16. 

The equipment was calibrated with gadolinium chloride standard Sigma-Aldrich. 

 

4.3. Infrared Spectroscopy 

 

Fourier Transform Infrared Spectroscopy (FTIR) was used to characterize the typical groups 

of the silica network (SBA-16), the complex Gd-DTPA-BMA (OMNISCAN 
®
) and SBA-

16/Gd. The IR spectra covering the region 4000 - 600 cm-
1
 were obtained using a Thermo 

Scientific
®
 Nicolet FTIR spectrophotometer 6700. The spectra were obtained at room 

temperature with the sample powder (SBA-16 complex, and Gd-DTPA-BMA associated with 

the silica) and liquid (Gd-DTPA-BMA), and were acquired at a resolution of 4 cm
-1

 and 64 

scans.min-
1
. 

 

4.4. Dynamic Light Scattering (DLS) 

 

This analytical procedure allows one to determine the average particle size and polydispersity 

index (PDI), which is a dimensionless measure of amplitude size distribution. The analytical 

procedure was performed on the equipment Zeta-Sizer Nanoseries ZS Malvern
®
. The results 

are expressed as mean and standard deviation of at least three different batches of each matrix 

preparation silica SBA-16. The zeta-potential was determined by Laser Doppler Anemometry 

(LDA) using the same equipment. The samples silica SBA-16 were analyzed in a dispersion 

of 0.1 mg/mL in MilliQ
®

 water after undergoing the process of sonication for five minutes. 

 

4.5. Neutron activation of gadolinium 

 

The complex Gd-DTPA-BMA (0.5 mmol/mL) and SBA-16/Gd samples were exposed to 

neutron flux in the cyclotron target PETtrace GE-8 (16.5 MeV energy), in the Seção de 

Pesquisa e Produção de Radiofármacos (SECPRA) in Centro de Desenvolvimento da 

Tecnologia Nuclear (CDTN) during the production of FDG. 

 

The confirmation of radioactive gadolinium present in the samples was performed by gamma 

spectroscopy on a system equipped with ultra-pure germanium detector (HPGe) 

CANBERRA 5019 and 2000 v2.0 software Gennie CANBERRA, preceded after neutron 

activation which can be observed characteristic peaks of the energies of gadolinium. 

 

4.6. Evaluation of the survival rate of cancer cells (MTT assay) 

 

The cytotoxic effects were quantified by colorimetric assay with MTT [3 - (4,5-dimethiol-2-

thioazolyl) -2,5-diphenyl tetrazolium bromide]. The test was performed on cancer cells of cell 

line T98 (human glioblastoma multiform), and these were seeded in culture plates of 96 wells 

(1500 per well) and incubated at 37 °C/ at 5% CO2 for 24 hours. After this, cells were treated 

with the samples SBA-16, Gd-DTPA-BMA, 
159

Gd-DTPA-BMA, SBA-16/Gd and  SBA-

16/
159

Gd, previously dispersed in sterile PBS containing increasing concentrations of 0.1; 

10.0, 50.0, 100.0 and 200.0 µg/mL. After 48 hours of incubation at 37 °C, the MTT reagent 

was added to each well and maintained for 4 hours away from light. The group defined as 

control was not treated with the samples, received only the complete medium and it was kept 

under the same conditions as the treated group. The supernatant from each well was 

discarded and 100 mL of DMSO were added to solubilize formazan crystals. Samples were 

measured spectrophotometrically in a microplate reader UV-visible (Molecular Devices) at 
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570 nm. The survival fraction was calculated as percentage of control (control = Absorbance 

at 100% survival).  

 

5. RESULTS AND DUSCUSSIONS 

 

5.1. Infrared Spectroscopy  
 
The infrared spectrum of the sample SBA-16 is shown in Fig. 1. It was observed the 

absorption bands related to the fundamental vibrations of the silica network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Infrared spectrum of SBA-16 

 

The infrared spectrum bands related to the fundamental vibrations of the silica network, are 

approximately 3700-3100, 1200-1080, 960, 810 cm
-1

. The band between 1160 and 1080 cm
-1

 

is related to the asymmetrical stretching of the Si-O-Si SiO4. The bands at 1640 cm
-1

 and 960 

cm
-1

 are assigned to silanol groups existing in the silica matrix structure of the material. The 

band around 810 cm
-1

 is related to the symmetric stretching of the Si-O-Si. Broadband in the 

region of 3550-3100 cm
-1

 is related to the hydroxyl group of the water and the mode of 

vibration of axial deformation of Si-OH-OH group. 

 

The spectrum of the infrared for the complex Gd-DTPA-BMA is shown in Fig. 2. The band 

presents in the region between 3550-3100 cm
-1

 can be attributed to -OH bonds of water 

molecules, which is the solvent of solution. In the regions between the 1640-1590 cm
-1

 and 

1695-1650 cm
-1

 can be attributed to C=O bonds and C=O-NHR (amide), respectively. It was 

also observed intense transmission in the region of 700-600 cm
-1

 which could be attributed to 

deformation out of the plane type -NH and -CH-type bonds and, finally, a light transmission 

in the region of 1415 cm
-1

 attributed also links the type -CH. All chemical groups of the 

complex Gd-DTPA-BMA were identified and are conducted according to study by Soares 

and co-workers [19]. 
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Figure 2. Infrared spectrum of SBA-16 

 

The infrared spectrum for the sample SBA-16/Gd shown in Fig.3 indicates that transmissions 

bands related to the fundamental vibrations of silica network (1200-1080, 960, 810 cm
-1

) 

were maintained. Also t can be observed, in lower intensities, additional bands (1640-1590 

cm
-1

 and from 1695 to 1650 cm 
-1

) which can be related to the gadolinium complex, 

confirming the incorporation of the gadolinium complex in the silica matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Infrared spectrum of samples SBA-16, Gd-DTPA-BMA complex and SBA-

16/Gd. 
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5.2. Dynamic Light Scattering (DLS) 

 

The results of dynamic light scattering (DLS) revealed that the silica nanoparticles showed 

size of 167.5 nm, a PDI of 0.608 and a Zeta Potential in the region of -31.3.  

 

Figure 4. Statistics graph of particle size of the SBA-16. 

 

In addition, the surface charge showed good values and good hydrodynamic stability, which 

implies that studies dispersion of silica in aqueous solutions needs to be performed. 

 

5.4. Incorporation of gadolinium in SBA-16 

 

The results of the incorporation of Gd-DTPA-BMA in the silica SBA-16 obtained by ICP-

AES show that there was a 93% (SD ± 0.13). Regarding to the mass of silica, the content of 

gadolinium was approximately 25 %. These results indicated that was possible to obtain a 

good level of incorporation of the complex Gd-DTPA-BMA in the silica nanoparticle 

demonstrating its ability of incorporating molecules. 
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5.5. Activation of gadolinium 
 
The isotope 

159
Gd was produced from the irradiation of the sample gadodiamide (0.5 

mmol/ml) and SBA-16/Gd samples which were exposed to neutron flux generated from the 

cyclotron PETtrace GE-8 (16.5 MeV energy) as describe in section 4.5. The Fig 5 shows the 

energy spectrum of 
159

Gd, which is the main peak observed in the range of 363keV [13, 19], 

demonstrating that it is possible to use the cyclotron as a source of neutrons. 

 

Figure 5. Gamma spectrum of 
159

Gd 

 

5.6. Evaluation of the survival rate of tumor cells lines. 

 

The cytotoxic effects of SBA-16 samples in T98 cells treated for 48 hours were evaluated and 

the results are shown in Figure 6. The different concentrations showed a cell viability of 

around 60 and 70%. Even at the highest concentration there was no significant cytotoxic 

activity of matrix silica SBA-16. 

 

363 keV 
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Figure 6. Cytotoxic effects of the samples SBA-16, Gd-DTPA-BMA and SBA-16/Gd in 

T98 cells treated for 48 hours with concentrations between 0.1 - 200 µg/mL. 

 

The samples of the complex Gd-DTPA-BMA and 
159

Gd-DTPA-BMA showed similar cell 

viability, Figure 7. All concentrations showed viability of at least 95%. Even the cell being 

treated with the higher concentration, cell viability showed a value close to 100%. 

 

Fig. 7 shows a viability of almost 100% in the majority of concentrations, but when observed 

concentration of 50.0 µg/mL material has a viability of approximately 80%, which is not 

observed at the highest concentration (200 µg mL). 

Figure 7. Cytotoxic effects of the samples 
159

Gd-DTPA-BMA and SBA-16/
159

Gd in T98 

cells treated for 48 hours with concentrations between 0.1 - 200 µg/mL. 
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These results showed that all sample do not obtained a dose-dependent response. The fact 

that the sample SBA-16/Gd (non-irradiated and irradiated) does not present a significant 

cytotoxic activity.  This not indicates that this material is not harmful for the cells; perhaps 

the amount of 
159

Gd in the silica matrix (approximately 25 %) is insufficient to cause damage 

in this cell line. In this sense, despite the recognized merit of MTT test, it can be said that the 

SBA-16/Gd sample as obtained does not present potential to be used as a system for cancer 

treatment. 

 

It does not mean that the obtained material cannot be used for such application, but the 

experimental conditions employed to develop this study must be altered, i.e., a higher neutron 

flux, a greater time of neutron irradiation, a higher concentration of gadolinium in the 

preparation of solution or even all of them should be used. In fact, this would be considered 

an advantage of this material whereas it is possible to generate others radioisotopes using the 

same cyclotron that produce 
18

FDG.  

 

 

6. CONCLUSION 

 

This work was carried out the synthesis of ordered mesoporous silica SBA-16 and the 

incorporation of Gd-DTPA-BMA, as well as the chemical and structural characterization. 

The neutron activation of gadolinium was successfully achieved, which can add to studies on 

formation of new radionuclides and radiopharmaceuticals due to the neutron flux generated 

from the cyclotron target. 

 

The mesoporous silica SBA-16 showed cell viability in direct contact with cell culture. The 

sample of SBA-16/
159

Gd, after irradiation, showed no significant cytotoxic activity. Although 

important, these conclusions are preliminary and deeper studies of incorporating gadolinium 

to enhance its content in the silica matrix, and alter both the time of neutron irradiation, and 

the neutron flux is planned for future work. 
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