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ABSTRACT 

The metaiodobenzylguanidine (MIBG) radiopharmaceutical, an analogue of norepinephrine, has been used to diagnose 
certain diseases in the cardiovascular system when radiolabeled with 123I. This radiopharmaceutical can also be used to 
treat tumors, such as neuroblastomas and pheochromocytomas, when radiolabeled with 131I. Its clinical use is often ac- 
companied by a slow intravenous administration, where a significant dose of radiation can directly affect workers in 
nuclear medicine services. To overcome this problem, the incorporation and controlled release of radiopharmaceuticals 
from the matrix of mesoporous systems based on silica, such as SBA-15 and hybrid [SBA-15/P(N-iPAAm)], can lead to 
a significant reduction in radiation doses received by workers. In the present study, silica matrices SBA-15 and hybrid 
[SBA-15/P(N-iPAAm)] containing the radiopharmaceutical MIBG were prepared and physicochemically characterized 
through FTIR, SEM, and small angle X-ray diffraction techniques. The release profiles of MIBG from SBA-15 and 
[SBA-15/P(N-iPAAm)] were studied in a simulated body fluid (SBF) to evaluate their potential application as vehicles 
for controlled releases. Furthermore, in vitro studies were performed to assess the cytotoxicity of matrices as compared 
to human lung fibroblast cells (MRC-5). The results revealed that the amount of MIBG incorporated within the studied 
matrices was indeed quite different, showing that only the hybrid [SBA-15/P(N-iPAAm)] system allowed for a more 
adequate release profile of MIGB. Taking all results into consideration, it can be concluded that the hybrid matrix 
[SBA-15/P(N-iPAAm)] can be considered a potential alternative material for the controlled release delivery of radio- 
pharmaceuticals. 
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1. Introduction 

The Metaiodobenzylguanidine (MIBG) radiopharmaceu- 
tical is an analogue of norepinephrine, which competes 
for capture, accumulation, and release processes in adren- 
ergic nerve endings. MIBG is not metabolized by Cate-
chol-O-Methyl-Transferase (COMT) and Monoamine 
Oxidase (MAO), which, once radiolabeled with 123I, al- 
lows for its use in the noninvasive evaluation of the 
adrenergic activity of the cardiovascular system, provid- 
ing valuable prognostic information [1-4]. Furthermore, 
MIBG can be used in tumor treatments, such as neuro- 
blastomas and pheochromocytomas, when radiolabeled 
with 131I [5-7]. The clinical use of MIBG is often ac- 
companied by a slow intravenous administration, where a 
significant dose of radiation can directly affect workers 
in nuclear medicine services [8-10]. 

One means through which to solve this problem is the 

use of implants composed of materials that can promote 
the controlled release of the radiopharmaceutical, thus 
avoiding the presence of workers during the infusion 
process. In this context, ordered mesoporous materials 
have been the subject of a growing number of studies in 
different applications, including the controlled release of 
drugs [11,12]. The mesoporous silica with hexagonal 
structure, SBA-15, presents an ordered hexagonal ar- 
rangement of unidirectional mesoporous channels con- 
taining a diameter of approximately 6 to 10 nm; a high 
surface area of above 800 m2/g, depending on the syn- 
thesis conditions; and good thermal and hydrothermal 
stability [13,14]. Due to these structural characteristics, 
SBA-15 materials present a high potential for the incor- 
poration and release of a wide variety of molecules (or- 
ganic and inorganic) that can provide therapeutic acti- 
vities [15,16]. 

Temperature-responsive hydrogels, such as poly(N- 
isopropylacrylamide) P(N-iPAAm), are also a well-studi- *Corresponding author. 
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ed class of drug delivery systems, as they can respond 
pronouncedly to temperature changes [17-20]. In water, 
P(N-iPAAm) exhibits a phase transition at a lower criti- 
cal solution temperature (LCST) of approximately 33˚C. 
Below the LCST, the hydrogel incorporates water and 
swells, whereas the release of water in response to an 
increase in temperature causes shrinkage [21,22]. 

Therefore, the combination of the mesoporous material 
SBA-15 with the polymeric gel poly(N-isopropylacryla- 
mide) can lead to the formation of a hybrid material with 
a potential for application as new drug delivery systems, 
given that self-regulated delivery allows for drug release 
when needed [23]. 

Some studies on hybrid systems based on P(N-iPAAm) 
and ordered mesoporous materials have been reported in 
the literature and have shown interesting results [24-26]. 
Studies have found that the resultant hybrid systems, as 
compared to pure polymers, exhibit an increased me- 
chanical and chemical performance and even unique 
properties due to their regular mesoscopic structure and 
space restriction effect [17,27]. In this sense, the incor- 
poration of the polymer phase into mesoporous silica can 
led to a significant change in the structural properties of 
the system without destroying the ordered hexagonal 
structure of SBA-15, which makes this system promising 
for a variety of intelligent applications, especially in the 
controlled release of the radiopharmaceutical. 

Considering that the special properties of these hybrid 
systems are useful in various structural and biomedical 
applications due to their specific characteristics, the pre- 
sent work aimed to evaluate a special synthesis route to 
obtain [SBA-15/P(N-iPAAm)]. This study investigated 
the cytotoxicity of both samples by MTT assay, as well 
as the influence of the presence of a polymeric species 
within SBA-15 on the behavior of silica matrices as a 
controlled drug release device, and compared the release 
kinetics of the model drug (MIBG) from pure SBA-15. 

2. Experimental 

2.1. Synthesis 

SBA-15 silica was prepared according to Zhao [14] using 
commercial triblock copolymer Pluronic P123—PEO20- 
PPO70-PEO20 [poly(ethylene glycol)-block-poly (pro-
pylene glycol)-block-poly(ethylene glycol)] (Sigma-Al- 
drich) as a templating agent. The P123 copolymer was 
dissolved in a mixture of distilled water and HCl under 
stirring, followed by the addition of tetraethyl orthosili- 
cate (TEOS). The mixture was maintained at 35˚C for 24 
h, and then for an additional 24 h at 100˚C under static 
conditions in a Teflon-lined autoclave. The obtained ma- 
terial was filtered and dried at 40˚C and the surfactant 
was removed by calcination (550˚C for 5 h). 

The hybrid was prepared using the following proce- 

dure [28]: 0.5 g of calcined SBA-15 was added to a 3.5 
mL solution of 0.245 g of monomer (N-isopropylacryla- 
mide—N-iPAAm) and 0.005 g of crosslinking agent 
(N,N,N’, N’-methylene-bisacrylamide—MBA). The mix- 
ture was transferred to an INNOVA 4200 (150 rpm) shaker, 
and the mixture was continuously purged with nitrogen. 
The solution was then allowed to polymerize for 24 h in 
a water bath at 10˚C. The obtained hybrid material was 
dried at 60˚C for 24 h and subsequently washed to re- 
move the excess of monomers, crosslinking agent, ini- 
tiator, and accelerator. In the washing stage, the material 
was disaggregated, suspended in water, and continually 
stirred. The hybrid was then collected by centrifugation 
at 3600 rpm for 3 min and dried at 60˚C for 24 h [29]. 

2.2. Characterization 

The FTIR measurements were conducted with an ABB 
Bomen model MB102 spectrophotometer within the 
range of 4000 - 400 cm–1. The FTIR spectra were re- 
corded at room temperature using KBr pellets and a 
resolution of 4 cm–1 and 64 scans/min. SEM charac- 
terization was performed in a scanning electron micro- 
scope (Quanta 200 FEG-FEI) operating at 30 kV. The 
small-angle XRD patterns were obtained using an Ultima 
IV ® (Rigaku Inc.) 3 kW generator rotating equipment 
anode X-ray diffraction equipped with a copper anode (λ 
= 1.54 Ǻ). The generator was operated at 40 kV and 30 
mA. The incident X-ray was set at a wavelength of 1.488 
Å, while the angle scattering 2θ ranged from 0˚ to 5˚. 

2.3. MIBG Loading and in Vitro Release  
Study 

SBA-15 and [SBA-15/P(N-iPAAm)] were loaded with 
Metaiodobenzylguanidine (MIBG) as follows: 0.2 g of 
the powder sample was added to 25 mL of an MIBG so- 
lution (800 µg·mL–1) and shaken for 48 h at 25˚C (200 
rpm). A 1:10 weight ratio of the MIBG/solid sample was 
used. Powder MIBG-loaded samples were recovered by 
filtration, washed with distilled water, and left to dry for 
24 h at 60˚C. The in vitro release profile was obtained by 
soaking the samples (50 mg) in 30 mL of a simulated 
body fluid (SBF) [30] for 24hs at room temperature. The 
UV spectrometry procedure (Shimadzu UV-VIS V-V 
2550) was used to monitor the amount of MIBG that had 
been loaded and released as a function of time. The solu- 
tions were continuously stirred, and the concentration of 
MIBG in SBF was determined by the intensity of the 
absorption band at 230 nm. 

2.4. Cytotoxicity Study 

The cytotoxicity of SBA-15 and [SBA-15/P(N-iPAAm)] 
were evaluated by means of MTT ((3-(4,5-Dimethylthi- 
azol-2-yl)-2,5-diphenyltetrazolium bromide) assay in hu- 
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man lung fibroblast cells (MRC-5), obtained from the 
radiobiology laboratory from the Center for the Deve- 
lopment of Nuclear Technology (CDTN/CNEN). 

The cells (1500 cells/well) were subjected to treatment 
for 48 hours, under increasing concentrations of SBA-15 
and [SBA-15/P(N-iPAAm)] (0.1 to 200 μg·mL–1). Eight 
replicates were investigated for statistical evaluation. The 
determination of the absorbance at 570 nm of the formed 
product is a measure of metabolic cell viability, and both 
quantities are directly proportional. 

2.5. Statistics 

All experiments were performed in triplicate and ex- 
pressed as the mean ± standard deviation, unless other- 
wise stated. The specific activity data were compared by 
means of the Student’s t-test, using the prism 4.0 soft- 
ware, considering a 95% confidence interval. 

3. Results and Discussion 

3.1. Synthesis 

Figure 1 shows the FTIR spectra of all studied samples. 
The spectra of pure SBA-15 and the hybrid sample ex- 
hibited different absorption bands. The SBA-15 spectrum 
was dominated by O-H modes, presenting a broad and 
intense band at 3440 cm–1 assigned to hydroxyl groups. 
A broad and very intense band in the range 1000 - 1200 
cm-1, corresponding to Si-O-Si modes of the SBA-15 
siliceous matrix, was also present. The band at 960 cm–1 
could be assigned to δ (HOH) physisorbed water and the 
Si-O stretching vibration of surface Si-OH groups. In 
hybrid systems, the bands corresponding to the C-H 
modes of P(N-iPAAm) are commonly observed between 
2972 and 2875 cm–1; the bands attributed to the isopropyl 
group were located at 1386 and 1368 cm–1; the band cor- 
responding to the bending vibration of CH3 was located 
at 1456 cm–1; while the bands arising from C=O stretch- 
ing and N-H bending vibrations were observed at 1645 
and 1550 cm–1, respectively. 

The monomer characteristic bands (C=C 1620 cm–1; 
CH2 = 1409 cm–1; H2C=C- 1305 and 1325 cm–1; vinyl 
group at 990 and 916 cm–1) were not present in the hy-
brid sample spectra, as can be seen in the scale-expanded 
FTIR spectrum in the 1800 - 900 cm–1 region (Figure 2). 
These results prove the presence of P(N-iPAAm) in SBA- 
15 pores with no other significant synthesis components 
(monomer, initiator, or accelerator) and demonstrate the 
successful conversion of the monomers into polymer 
[29]. 

Figure 3 shows SEM images of the SBA-15 and 
[SBA-15/P(N-iPAAm)] samples. SBA-15 consists of 
many rope-like domains with average sizes of 1.7 μm ag- 
gregated into wheat-like macrostructures, Figure 3(a). A 
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Figure 1. FTIR spectra of N-iPAAm, P(N-iPAAm), [SBA- 
15/P(N-iPAAm)], and SBA-15. 
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Figure 2. FTIR spectra of N-iPAAm, P(N-iPAAm), [SBA-15/ 
P(N-iPAAm)], and SBA-15 expanded in the range of 1800 - 
900 cm–1. 
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(a)                             (b) 

Figure 3. SEM micrographs of (a) SBA-15 and (b) [SBA- 
15/P(N-iPAAm)] hybrid samples. 
 
similar morphology was observed after the polymerize- 
tion of P(N-iPAAm) within the SBA-15 network, pre- 
senting a 450 nm width (Figure 3(b)), indicating that the 
incorporation of the hydrogel did not change this typical 
characteristic of mesoporous silica. 

Figures 4(a) and (b) show the profile at a low angle 
for pure SBA-15 and [SBA-15/P(N-iPAAm)], respectively. 
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Figure 4. Small-angle XRD patterns of SBA-15 (a) and 
[SBA-15/P(N-iPAAm)] (b). 
 
The three diffraction peaks of the former, at 2 = 0.87, 
1.51, and 1.75, can be indexed as (1 0 0), (1 1 0), and (2 
0 0) reflections, respectively, which are typical of hex-
agonally structured SBA-15 silica with highly or- dered 
mesoporous channels. A shift of these diffraction peaks 
to smaller 2 values was identified for [SBA-15/ P(N- 
iPAAm)] (Figure 4(b)), possibly due to the formation of 
the hydrogel phase within the silica channels. The values 
of interplanar spacing, d(100), and the unit cell parameter, 
a100, found for the SBA-15 and [SBA-15/ P(N-iPAAm)] 
samples are reported in Table 1. 

3.2. Drug Loading and Release Study 

The uptake of MIBG by different samples was deter- 
mined by UV-Vis. Table 2 shows this radiopharmaceu- 
tical content for SBA-15 and [SBA-15/P(N-iPAAm)] 
samples. The results reveal that the hybrid system sam- 
ple presents a higher amount of the incorporated drug, 
which is likely related to a greater available interaction 
among them. 

The in vitro MIBG release properties from these sam- 
ples were investigated as a function of time and are 
 
Table 1. Structural parameters of SBA-15 and [SBA-15/ 
P(N-iPAAm)] samples. 

Sample 2θ d100(nm) a100(nm) 

SBA-15 0.87 10.16   11.74 

[SBA-15/P(N-iPAAm)] 0.85 10.39  12.00 

 
Table 2. Loading rate of MIBG into SBA-15 and [SBA- 
15/P(N-iPAAm)] samples. 

Sample Quantity Incorporated (% m/m) 

SBA-15 14 

[SBA-15/P(N-iPAAm)] 65 

shown in Figure 5. It could be observed that the MIBG- 
loaded SBA-15 sample did not show a sharp initial burst 
release during the first hours. By contrast, the release pro- 
files of [SBA-15/P(N-iPAAm)] exhibited a pronounced 
initial burst release effect of 70%, followed by a slow 
release pattern. The initial burst release can be attributed 
to the immediate dissolution and release of the portion of 
the drug located on or near the surface of the disks. It 
could also be observed that the SBA-15 matrix released a 
smaller percentage of MIBG than did hybrid samples. 

To investigate more precisely the effect of the meso- 
porous network due to the presence of a hydrogel on the 
release of MIBG, the results were analyzed according to 
the Higuchi model [31], an empirical exponential expres- 
sion used to relate drug release with fractional release 
time (Equation 1): 

nMt M Kt                 (1) 

where Mt/M∞ is the fractional solute release, t is the re- 
lease time, K is a constant, and n is the diffusional expo- 
nent characteristic of the release mechanism. 

A linear regression was used to fit the data. The 0.5 
diffusional exponent in the plot indicates a predomi- 
nantly diffusional control with regard to the leaching of 
the drug into the immersion fluid. The drug is presumed 
to dissolve slowly into the fluid phase and to diffuse 
from the system along the solvent-filled capillary chan- 
nels. The values of the kinetic constant k for different 
samples are presented in Table 3. 

Comparing the results, the [SBA-15/P(N-iPAAm)] sam- 
ple presented a higher level of MIBG release kinetics. 
Differences in microstructure are suggested to explain 
these behaviors. It has been previously suggested that 
structural mesopores can present micropores, depending 
on synthesis parameters [27]. In this sense, it can be sug- 
gested that the favorable release kinetic of MIBG from  
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Figure 5. Release profiles of MIBG from SBA-15 and [SBA- 
15/P(N-iPAAm)] samples. 
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Table 3. Kinetic parameters. 

Sample K r2 

SBA-15 3.3 0.99 

[SBA-15/P(N-iPAAm)] 51.5 0.98 

 
the [SBA-15/P(N-iPAAm)] system is due to the absence 
of microporosity in the structure of these samples. 
Therefore, the slower release of MIBG from pure SBA- 
15 can be attributed to the presence of micropores in the 
structure of these samples, which may well influence the 
release kinetics. A second possibility suggests the inter- 
action between radiopharmaceuticals and the mesoporous 
silica through hydrogen bonds due to the affinity of MIBG 
molecules and silanol groups present in the mesoporous 
silica. 

3.3. Cytotoxicity Study 

The cytotoxicity profile of a new material should be in- 
vestigated since undesirable side effects can occurs when 
this material is used in in vivo applications. The cytotox- 
icity of the hybrid [SBA-15/P(N-iPAAm)] and SBA 15 
were evaluated through MTT assay, and the results show- 
ed that the groups of cells exposed to SBA-15 and [SBA- 
15/P(N-iPAAm)], in all tested concentrations, presented 
a viability of approximately 100% (Figure 6). 

The MTT assay evaluates the ability of the enzyme 
succinate dehydrogenase to reduce the MTT substrate in 
formazan crystals through mitochondrial activity. Thus, 
the metabolic activity of the cells can be evaluates. The 
obtained results indicate, even in high concentrations, 
that both studied materials are not harmful to normal 
body cells. However, more detailed studies should be con- 
ducted to confirm the biocompatibility of these materials. 

4. Conclusion 

Mesoporous silica SBA-15 was synthesized in a hybrid 
system using P(N-iPAAm) as an organic phase and in- 
corporated within MIBG to establish the influence of the 
presence of an polymeric species within the SBA-15 
structure on controlled radiopharmaceutical release. Cha- 
racterization shows that the properties of the formed sol- 
ids are highly influenced by the presence of hydrogels. 
The results indicate that the [SBA-15/P(N-iPAAm)] hy- 
brid-ordered mesopores present a potential to encapsulate 
bioactive molecules and demonstrate that MIBG can be 
incorporated in significant amounts within studied ma- 
trices. However, only SBA-15/P(N-iPAAm) hybrid sys- 
tem allowed for a more adequate release profile of 
MIGB. 
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