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Two MCM-41-type aluminosilicate materials were employed as vehicles 
for the design of irinotecan-based delivery systems. The mesostructured 
supports were prepared via the sol-gel method combined with a 
hydrothermal treatment using tetraethyl orthosilicate as silicon source 
and aluminum sec-butoxide or sodium aluminate as aluminum precursor. 
The adsorption of the cytostatic agent on the studied carriers was 
performed by an impregnation procedure, while its in-vitro desorption 
was carried out in simulated body fluid (SBF – phosphate buffer 
solution, pH = 7.4). The drug uptakes (around 36%) and retention yields 
(around 90%) obtained for the aluminosilicates were higher than in the 
case of MCM-41 silica support. Also, slower delivery kinetics and lower 
values of the maximum cumulative release for aluminosilicate-type 
carrier were noticed. These phenomena were ascribed to the acidity 
induced by the presence of aluminum in the silica framework. 

 

 
 

 
INTRODUCTION* 

The development of drug delivery systems 
(DDS) is necessary when conventional 
administration of a therapeutic agent is not 
adequate. DDS have some major advantages over 
the classical pharmacological formulations: 
controlling the drug release profile in a desired site 
of the human body, optimizing the dosage, and 
minimizing the side-effects of the biologically 
active molecule.1 In the case of antitumor 
compounds, the employment of delivery devices 
with specific site targeted release could 
significantly reduce the impact of the drug toxicity 
over the healthy tissues.  

The first step in developing a successful DDS 
represents the right choice of materials used as 
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drug reservoirs.2 Among these, mesostructured 
silica can be regarded as efficient carriers due to its 
suitable features: large specific surface area, high 
total pore volume, ordered pore array with narrow 
size distribution. Additionally, the biocompatibility 
of such materials has been proved to be adequate 
to the development of new delivery systems.3 
Hence, a large number of biological active 
molecules with various therapeutic indications 
were successfully incorporated into silica-based 
DDS.4 In most of the studies, the supports was 
chosen between MCM-41, the pioneer in this 
field,5 and SBA-15, both exhibiting hexagonal 
arrangement of the mesopores. 

In order to obtain a hybrid system with an 
adequate drug release profile, tailored interactions 
between biological active molecules and the 
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mesostructured support should be favored. This 
can be achieved by functionalization of the pore 
surface with different organic moieties4b,h,i,k,l and/or 
by the incorporation into the mesostructured 
framework of different atoms. For example, the 
introduction of aluminum ions into the silica matrix 
is accompanied by an increase of the acidity that can 
influence the drug adsorption and its release.6,7 

Herein, we report the use of two ordered 
mesoporous MCM-41 aluminosilicates with 
different aluminum content as support for drug 
delivery systems. The selected drug for loading 
into the mesoporous carriers was irinotecan 
(Scheme 1), mainly used in the therapy of colon 
cancer.8 In recent papers of our group,9,10 we 
incorporated irinotecan onto MCM-41-type silica 
framework and its functionalized derivatives and 
proposed various kinetic models for its in-vitro 
release behavior. Moreover, we observed an 
enhanced toxicity of the anticancer agent loaded on 
the mesostructured supports towards murine 
embrionary fibroblastic cells. 

 

 
Scheme 1 – Molecular structure of irinotecan. 

 
The aluminosilicate supports were prepared via 

the sol-gel method combined with the hydrothermal 
treatment using tetraethyl orthosilicate as silicon 
source and aluminum sec-butoxide (S1 sample) or 
sodium aluminate (S2 sample) as aluminum 
precursor. In order to emphasize the influence of the 
acidity induced by the presence of aluminum in the 
silica matrix towards the retention and in vitro release 
of irinotecan molecules, the collected data were 

compared with our previous study concerning the use 
of the commercially available MCM-41 support.9 

RESULTS AND DISCUSSION 
 

Characterization  
of the mesostructured supports 

The detailed description of the supports 
synthesis was presented elsewhere11,12 and 
consequently, only a short recount of the carriers 
characterization is provided here. The low angle  
X-ray diffraction patterns (Fig. 1) revealed the 
presence of the 2D hexagonal pore network, 
specific to MCM-41-type materials,3d,13 exhibiting 
a strong diffraction peak corresponding to {100} 
Bragg reflection, for all samples. For MCM-41 
support, three additionally smaller peaks assigned 
to {110}, {200}, and {210} reflections are also 
displayed, characteristic for a long range ordered 
pore arrays. This feature can be noticed also in the 
case of the S1 sample, although the peaks became 
larger and less intense as result of aluminum 
incorporation in the silica framework. 

All supports employed in this study present 
type-IV isotherms, reversible in the relative 
pressure (P/P0) range of 0-0.45, typical for MCM-
41 materials (Fig. 2).3d,13,14 At P/P0 > 0.45, the 
isotherms of the supports have hysteresis because 
of mesopores filling by cappilary condensation of 
nitrogen. The main textural properties, BET 
specific surface area calculated from adsorption 
branch of the isotherm in the relative pressure 
range of 0.05-0.25, the average pore size 
determined using Barrett-Joyner-Halenda model 
(BJH) from desorption branch of isotherm and the 
total pore volume measured at P/P0=0.9983, are 
gathered in Table 1. One can observe the 
occurrence of pores with the average size situated 
in the mesopores scale, along with high specific 
surface area and the total pore volume values. 

 
Table 1 

Structural and textural properties of the aluminosilicate-type mesoporous carriers along with the parameters characterizing the 
processes of irinotecan retention and its in-vitro release 

Support Si/Al 
ratio 

SBET 
(m2/g) 

Vpore   
(cm3/g) 

dBJH   
(nm) 

Irinotecan 
uptake  

(%) 

Retention 
yield  
(%) 

Irinotecan maximum 
cumulative release at 24 

h (%) 
S1 21 993 0.71 3.34 36.1 89.8 74.0  

S2 30 595 0.59 3.45 36.1 89.5 65.6  

MCM-41 - 912 1.37 2.76 35 83.7 99.5  
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The successfully incorporation of aluminum 
ions into the silica framework was confirmed by 
X-ray fluorescence technique corroborated with 
EDX analysis. These measurements demonstrated 
a relatively uniform composition. The Si/Al molar 
ratios values, included in Table 1, indicate a higher 
aluminum content for S1, the material prepared 
using Al(secBuO)3 as aluminum precursor.  

 
Irinotecan uptake and its in-vitro release 

The values of the parameters characterizing the 
irinotecan uptake and its in-vitro release are 
indicated in Table 1, suggesting a good storage 
capacity of the aluminosilicate materials for the 
antitumoral molecules. High irinotecan uptake 
values (around 36%) and retention yields (around 
90%, defined as the ratio between the amounts of 
irinotecan loaded onto supports and contained in 
the initial solutions) can be noticed for all three 
inorganic carriers. Reporting these values to the 
specific surface area, or to the total pore volume, 
even higher values were obtained for aluminum 
containing MCM-41-type supports than for  
MCM-41 carrier. This enhancement of the drug 
adsorption could be explained by the synergy 
between the highly porous nature of the support 
and the interactions induced by aluminum presence 
into silica matrix.12 Besides the hydrogen bonds 
and host-guest associations, additional electrostatic 
forces between the positively charged drug 
molecules (existing in the irinotecan hydrochloride 
form) and the negatively charged aluminosilicate 
surface could be possible. 

The presence of organic molecules into the 
mesopores was confirmed by FTIR spectroscopy, 
wide angle XRD and nitrogen adsorption-
desorption isotherms. Wide-angle XRD patterns of 
hybrid samples proved that the most of cytostatic 
drug molecules were localized into pores in 
amorphous state, but a weak tendency of the 
irinotecan crystallization can be noticed (Fig. 1 – 
inset). The FTIR spectra were performed before 
and after the loading procedures. Because the FTIR 
spectra for the AlMCM-41-type samples and for 
those of the corresponding hybrid materials are 
very similar, only the ones involving S1 support 
will be discussed here (Fig. 3). A thorough 
discussion of the infrared absorption spectra 
belonging to an aluminosilicate-type material was 
given elsewhere.12 Typically, several vibration 
bands, located in the 1200-400 cm-1 range revealed 
the occurrence of AlMCM-41 matrix (1086 cm-1: 

υas(Si-O-Si) overlapped with δ(Al-OH); 803 cm-1: 
υs(Si-O-Si)) superposed with γ(Al-OH); 957 cm-1: 
υ(Si-OH); 464 cm-1: δ(Si-O)).15 Additionally, the 
large and medium band with maximum at 3438 
cm-1 is due to the stretching vibration of the 
associated OH groups, whereas the medium sharp 
band at 1632 cm-1 characterizes the bending 
deformation of the physiosorbed water, δ(H2O). 
The FTIR spectrum of the hybrid system, iri@S1, 
(Fig 3b) displays several absorption bands 
distinctive from the S1 sample used as support. 
Two characteristic absorption bands located at 
2926 cm-1 and 2855 cm-1 were ascribed to the 
asymmetric and symmetric stretching vibrations of 
the CH2 groups that belong to the irinotecan 
molecules (Fig. 3d). The vibration bands situated 
in the 1600-1750 cm-1 range are due to the C=O 
stretching vibration modes of the irinotecan 
molecules.16 The specific vibration modes of the 
AlMCM-type support were well preserved in the 
hybrid sample. The irinotecan adsoption into the 
mesopores of the supports was also proved by 
type-II N2 adsoption-desoption isotherms of 
hybrids, typical for nonporous materials, illustrated 
for iri@MCM-41 in Fig. 2. The specific surface 
area and total pore volume values for hybrid 
samples were in the range of 51-68  m2/g and 0.07-
0.1 cm3/g, respectively. The scanning electron 
microscopy (SEM) investigation revealed no 
significant change in the morphology of hybrid 
samples (Fig. 4A) in comparison with the 
corresponding pristine supports (Fig. 4B). 

Irinotecan in-vitro delivery experiments were 
carried out at 37 °C under magnetic stirring (120 
rpm). At certain time intervals, portions of the fluid 
were withdrawn and analyzed by UV-Vis 
spectroscopy. The delivery profiles are displayed 
in Fig. 5 and are presented as a plot of the 
cumulative release versus time. According to 
Vallet-Regi et al,3a these patterns belong to the a-
type delivery profile, specific to the un-
functionalized carriers. These consist in a “burst” 
effect (a fast desorption of a considerable amount 
of the drug within the first hours of the 
experiment) followed by a slow release. Compared 
with MCM-41 based hybrid (Fig. 5c), whose 
behavior was described elsewhere,9 the delivery of 
irinotecan loaded on aluminosilicate-type carriers 
(Fig. 5a and b) was slower. This trend could be 
explained by the presence of Lewis acidic sites 
responsible for the supplementary interactions 
occurred between the drug molecules and the 
carriers. Hence, after 8 hours, the cumulative 
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release from the hybrid based on the carrier with 
higher aluminum content (iri@S1) was lower 
(61.3%) than that of iri@S2 hybrid (63.6%), with 
lower aluminum content. The pronounced 
interactions between aluminosilicate-type carrier 
and irinotecan molecules caused lower cumulative 
release values in comparison with silica MCM-41 
type support, the maximum cumulative release 

values being 74% (iri@S1) and 65.6% (iri@S2), 
respectively, as compared with almost 100% for 
iri@MCM-41. The presence of residual drug 
molecules in the hybrids isolated after the delivery 
experiments was proved by FTIR spectra, which 
preserved vibration bands, although less intense, 
specific to the drug molecules (Fig. 3c). 

 
 

 
Fig. 1 – Small-angle XRD patterns of the MCM-41-type silica and aluminosilicate supports.  

Inset-wide-angle XRD of iri@MCM-41 (up) and irinotecan hydrochloride (bottom). 
 
 

 
Fig. 2 – N2 adsorption/desorption isotherms of MCM-41-type supports and iri@MCM-41 hybrid sample. 
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Fig. 3 – FTIR spectra of S1 support (a), iri@S1 hybrid (b), iri@S1f,  

the hybrid isolated after the delivery experiment (c), and irinotecan hydrochloride (d). 
 
 
 

  
 

Fig. 4 – SEM micrographs of iri@MCM-41 hybrid sample (A) and MCM-41 support (B). 
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Fig. 5 – Irinotecan in-vitro delivery profiles of hybrid samples: iri@S1 (a), iri@S2 (b), iri@MCM-41 (c). 

 
EXPERIMENTAL 

Reagents 

All the chemicals, tetraethylorthosilicate (TEOS, Fluka 
99,0%), sodium aluminate (NaAlO2, Sigma Aldrich), 
aluminum sec-butoxide (Al(OsecBu)3, Sigma), 
1-hexadecyltrimethyl ammonium bromide (CTAB, Merck), 
MCM-41 (Aldrich), ammonia solution 25% (Scharlau), 
potassium dihydrogen phosphate (Merck), sodium hydroxide 
(Sigma-Aldrich), and irinotecan hydrochloride (Sigma) were 
used as received without further purification.  

Synthesis of the supports 

AlMCM-41-type materials were synthesized as previously 
described.11 Briefly, aluminum sec-butoxide (for S1 sample) 
and sodium aluminate (for S2 sample), respectively have been 
used as aluminum source. A mixture of TEOS and aluminum 
precursor was slowly added to a solution prepared by the 
dissolution of the surfactant in deionized water and 25% (wt) 
aqueous ammonia solution. After the hydrothermal treatment 
of the resulted white suspension, a calcination step at  
550 °C/5h of the isolated powders was performed. To give a 
reliable correlation between the acidity of the mesostructured 
samples and the influence of various structural and textural 
features of the mesoporous supports towards the retention and 
in-vitro release of irinotecan molecules, a commercially 
available support MCM-41 was also employed. 

Irinotecan loading and its in-vitro release 

The uptake of the cytostatic agent on the AlMCM-41-type 
supports and its in-vitro delivery were carried out using 
procedures similar to those reported in our recent paper 
dealing with the irinotecan loading onto MCM-41 sample and 
its functionalized derivatives.9 The biologic active molecule 
content was monitored by UV-Vis spectroscopy, by measuring 
the solution absorbance at λ = 255 nm. Previously, the 
calibration curve was obtained by a linear regression, fitting 
the experimental data with high correlation coefficient. 

Typically, irinotecan adsorption was achieved following an 
impregnation procedure from drug aqueous solution, the 
resulted hybrid materials being thereafter denoted iri@S1 and 
iri@S2. The drug delivery experiments were performed by 
immersing the irinotecan–based hybrids in simulated body 
fluid (SBF, phosphate buffer solution, pH=7.4). 

Materials characterization  

Both carrier-type materials and the corresponding hybrid 
systems were characterized by several techniques. The 
infrared spectra (in KBr pellets) were collected on a Bruker 
Tensor 27 spectrophotometer in the 4000-400 cm-1 range. The 
N2 adsorption/desorption isotherms were measured at 77 K 
using a Quantachrome Autosorb iQ porosimeter. The small- 
and wide-angle XRD analyses were performed on a Rigaku 
MiniFlex II diffractometer with CuKα X-ray radiation 
(λ=1.5406 Ǻ). The SEM investigation was performed on 
Tescan Vega III microscope. The Si/Al molar ratios were 
determined by X-ray fluorescence technique on a Rigaku 
Sequential X-ray fluorescence spectrometer (ZSX Primus II), 
corroborated with data from energy dispersive X-ray (EDX) 
analysis carried out on SEM. The UV-Vis spectra were 
recorded on Ocean Optics USB 4000 equipment.  

CONCLUSIONS 

MCM-41-type aluminosilicate materials were 
employed as support for the design of irinotecan 
delivery systems. The drug was successfully 
entrapped into the pores of the mesostructured 
matrices. The irinotecan uptake values in the 
resulted hybrid samples and the retention yields 
were higher than those founded in the case of 
MCM-41 silica matrix. The higher values of the 
parameters characterizing the irinotecan adsorption 
experiments were related to the acidity of the 
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aluminosilicate carriers, which induced stronger 
interactions between the biologically active 
molecules and support. The presence of the 
aluminum atoms also influenced the profile of the 
in-vitro delivery of irinotecan. A slower 
desorption, along with a decrease of the maximum 
cumulative release of the drug was observed for 
hybrids with high aluminum content. The values of 
the drug uptake and the shape of the delivery 
profile suggested that these inorganic matrices are 
good candidates for elaborating irinotecan-based 
delivery systems.  
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